
 

 

Systems Pharmacology, Natural 
Products and Drug Discovery 

through Compound Libraries 

Network Pharmacology 
Rational drug design in the past has proceeded based on the reductionistic 

philosophy of the one disease-one gene-one drug paradigm. However, this 

approach has been questioned as to its effectiveness given the lack of success of 

the approach in some critical areas. 

For example, the attrition rates in phase 2 and phase 3 drug trials, are on the rise, 

where approximately 30% of failures can be attributed either to a lack of efficacy or 

to questions about safety. 1  This failure is due in part to an apparent discrepancy 

between results at the bench and at the bedside and to an incomplete 

understanding of the pathways—and, importantly, the interrelationships of these 

pathways. In oncology, 59% of drugs entering phase 3 clinical trial fail.  Overall, 

only about 1 in 9 drugs gets approved 

by US or European regulatory 

agencies.  In some therapeutic areas, 

however, the rate approaches 1 in 5. 

Why do some therapeutic areas show a 

greater rate of success in drug 

approval (e.g. in cardiovascular 

disease)whereas others, such as 

oncology or CNS disorders show only 

5-8% bench to bedside success rates?  

Is it because we understand the 

cardiovascular system better than we 

understand cancer or the function of 

the CNS? Or is it because the network(s) involved in cardiovascular disease are 

somewhat less complex than those involved in tumorigenesis and/or the CNS? 

One of the premises of network (or systems) pharmacology is that a drug, its 

ligand, its mechanism of action and the unwanted (or unsuspected) adverse drug 

effects are best examined using principles of systems biology, focusing on the 

complex network of interactions rather than the reductionistic approach of the past.  

It must of course be said in this regard that the reductionistic approach has 

provided us with the requisite tools to approach rational drug design in a more 

holistic or systems (network)based  manner. In systems or network pharmacology 

and drug design, the focus is not on a search for a single target drug that 

suppresses or induces a gene, metabolic pathway or protein.  In systems or 
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network pharmacology the goal is to “identify the perturbations in the disease-

causing network.”2,3 

Another premise of network pharmacology is that the perturbations in any system 

that result in disease are multiple—that disturbance at a single node of the network 

will likely not affect any single function because of redundancy and compensatory 

signaling pathways built into the system. 4 For example, examining a number of 

animal model systems, less than 20% of genes examined are considered 

essential.2,5,6  Thus, the loss of a single gene in knockout mice results in an 

estimated 10% that may have utility for rational drug design.2,7  

The alternative approach of network pharmacology is through polypharmacology—

understanding the effects of the binding of a drug to multiple biological targets.  

Many antibiotics for example affect a single target.  The more effective antibiotics 

such as the β-lactams and the fluoroquinolones target two or more molecules.  

Knudson’s two-hit hypothesis of tumorigenesis is perhaps an early example of the 

concept.  If disease is rarely caused by a single event but instead caused by a 

series of perturbations in an interrelated network of molecular interactions, then it 

seems more clear that to “reset” the network, one must look at multiple targets. 

The key challenges in network pharmacology are: 

 The identification of node or nodes within the network that have been 

perturbed with disease resulting.  One could imagine identifying a node or 

nodes that describe a “pre-disease state” as well—personalized medicine is a 

growing area of interest and is concerned with predicting, and preventing 

diseases and well as designing personalized and participatory approaches to 

health and wellness.8 

 The identification and characterization of an agent or agents with the 

appropriate profile to “unperturb” the network. 

It is believed that the structure or topology of the networks can provide vital clues 

for drug discovery—recent work on “betweenness centrality”9-11, “bridging 

centrality”10,12,13 and “degree centrality”9,14-18.  Betweenness centrality has been 

defined as the “number of nonredundant shortest paths traveling through a node”2.  

Bridging centrality has been defined as the “nodes between and connecting 

subgraph clusters defined by the ratio of the number of interactions of a 

neighboring node in a subgraph over the number of remaining edges in the 

subgraph”2,19 Degree centrality is defined as “the number of direct interactions 

intersecting a node”2 Bottlenecks, areas with high degrees of betweenness rather 

than interconnectedness, appear to be critical in finding emergent essential proteins 

and emergent phenotypes.  These proteins and phenotypes can then be the new 

targets for drug discovery. 20-22 



 

 

Methods in Network Pharmacology based on Systems 

Biology 
Computational approaches are used to analyze the results of combinations of 

experiments measuring many cellular processes and to analyze the data sets 

resulting.  Computational modeling is performed as an iterative process that can 

use non-intuitive hypotheses that may be validated and expanded.  The 

computational approaches may be top-down (data-driven) or bottom-up 

(hypothesis-driven). The top-down methodologies (network modeling, for example) 

involve high through-put “omics” data and uses statistical modeling techniques for 

analysis. Bottom-up methodologies (e.g.dynamical or mechanistic modeling) are 

generally used on the smaller systems and require deriving the appropriate 

equations with various estimates employed for the quantitative details that may be 

lacking. 

Five areas in which these approaches have resulted in recent advances 23 include: 

1. Drug-target networks showing interactions with multiple targets 

(polypharmacology).  Promiscuous or dirty drugs can be designed based on 

existing libraries that bind to multiple targets with the potential of increasing 

clinical efficacy while decreasing adverse drug effects and toxicity—and 

thereby decreasing the rates of attrition mentioned above.  Keiser et al have 

demonstrated that receptors can be related to each other based on ligand 

similarity. 24  Li et al have developed a disease-specific drug-protein 

computational framework to study potential molecular signature differences 

that may exist between classes of drugs in the context of a specific condition 

or disease state.25 

2. Predictions of drug-target interactions.  Cheng et al have determined that a 

network-based set of inferences performed best prediction drug-target 

interactions: they tested drug-based similarity inference (DBSI), target-

based similarity inference (TBSI) and network-based inference (NBI).26 They 

concluded that NBI could be “powerful tools in prediction of DTIs and drug 

repositioning.” 

3.  Investigations of the adverse effects of drugs. Adverse drug effects (ADE) 

constitute one of the fundamental issues in drug attrition rates. In silico 

interactomes have indicated that drugs that share the same or very similar 

ADE profile also share drug-protein interactome profiles.27,28 

4. Drug repositioning/repurposing has the potential to save time and reduce the 

risks of drug development.  Iskar et al were able to identify drug-induced 

biclusters (transcriptional modules) that were conserved across human and 

rat cell lines.  They were then able to predict and validate experimentally, 

modulators of PPARγ, hormone and adrenergic receptors and cell cycle 

inhibitors. 29 

5. Predictions of drug combinations.  Time- and order-sensitive drug 

combinations can result in increase efficacy and safety.  For example, for 

antitumor agents, Huang et al recently developed a computational approach, 



 

 

DrugComboRanker to identify and prioritize drug combinations able to 

function synergistically.  They also built disease-specific networks (based on 

individual genomes) and interactome data and identified specific 

combinations by searching drug libraries.30 

Natural Products and Systems Pharmacology 
Interestingly, compound libraries are also being used in a 

form of “reverse pharmacoengineering” where natural 

products in the form of herbal combinations used for 

centuries in Traditional Chinese Medicine (TCM) are being 

studied using systems pharmacology approaches to 

elucidate mechanisms of action and forms of interactions.  

Using compound libraries such as DrugBank, PDTD, TTD, 

PharmGBK, MetaCore, CPDB, ChEMBL, MMsINC, CB, 

ChemSpider, ChemProt, LookChem and others as well as 

natural products databases such as HIT, CHMIS-C and 

specialized databases for TCM such as TD@T, TCMGeneDIT, 

TCM-ID, TCMID and others has lead to greater 

understanding of combinatorial rules, MOAs in complex 

disease and the disease process.  In addition, comparing the data with that in 

existing libraries has led to new potential targets, new drug discovery potential and 

new potential combinations.11,31 in silico strategies can be used to understand the 

complex interactions that exist in herbal medicines and as a platform for new drug 

discovery.32 

For example, Liu et al examined two sets of herbs using a pattern recognition 

model, discriminant analysis, eADME prediction, target fishing and network analysis 

to clarify the herb-target associations and to construct networks.  They found that 

one class of herbs (the energy (qi)-toning herbs) acted as an adjuvant and an anti-

inflammatory while another class (the blood tonifying herbs)stimulated 

hematopoiesis.33 

Others have used TCM herbs and natural products as a resource library for 

discovering anti-infectives and anti-inflammatory drugs, 34-36 cardioactive drugs, 37-

39 and antineoplastic agents,40 41 41 and acetylcholinesterase inhibitors. 11,42 

Herbs that are used in existing combinations which have a long history (albeit an 

often anecdotal history) of safety and efficacy can be studied using all the tools of 

systems pharmacology and serve as a platform for new drug discovery using 

existing compound libraries as the springboard.  In addition, systems pharmacology 

methods can be used to elucidate potential interactions between natural products 

and prescription medications.43-46  
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