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Risk assessment is the process of quantifying the probability of a harmful effect to individuals or popula-
tions from human activities. Mechanistic approaches to risk assessment have been generally referred to as
systems toxicology. Systems toxicology makes use of advanced analytical and computational tools to inte-
grate classical toxicology and quantitative analysis of large networks of molecular and functional changes
occurring across multiple levels of biological organization. Three presentations including two case studies
involving both in vitro and in vivo approaches described the current state of systems toxicology and the
potential for its future application in chemical risk assessment.
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INTRODUCTION

Risk assessment, in the context of public health, is the
process of quantifying the probability of a harmful effect
to individuals or populations from human activities. The
approach to quantitatively assessing the health risks of chem-
ical exposure has not changed appreciably in the past 80
years; the focus remains on low-throughput, high-dose stud-
ies that measure adverse outcomes in homogeneous animal
populations. Conservative extrapolations are relied upon to
relate animal studies to much lower-dose human exposures.
The relevance of the current approach to translational safety
applied to predict risks to humans at typical low exposures
is questionable. Furthermore, this approach has made little
use of understanding the mechanism of action by which
chemicals perturb biological processes in human cells and
tissues.

With increasing public health concerns regarding the
potential risks associated with chemical exposure, there is a
clear need for more predictive and accurate approaches to
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risk-assessment (1). Developing these approaches requires a
mechanistic understanding of the process by which xenobi-
otic substances perturb biological systems and lead to toxic-
ity. Supplementing the shortfalls of traditional risk assessment
with mechanistic biological data has been widely discussed,
but not routinely implemented in the evaluation of chemi-
cal exposure. These mechanistic approaches to risk assess-
ment have been generally referred to as systems toxicology.
Systems toxicology borrows heavily from systems biology,
and attempts to model chemically induced pathophysiology
of the body with computational tools (2). Systems toxicol-
ogy makes use of advanced analytical and computational
tools to integrate classical toxicology and quantitative anal-
ysis of large networks of molecular and functional changes
occurring across multiple levels of biological organization
3).

Systems toxicology enables the integration of quantitative
systems-wide molecular changes in the context of chemical
exposure measurements and a causal succession of molecu-
lar events linking exposures with toxicity. Computational
models are then built to describe these processes in a quan-
titative manner. This integrated data analysis leads to the
determination of how biological pathways are perturbed by
chemical exposure, and ultimately enables the development
of predictive computational models of toxicological pro-
cesses, thereby improving the accuracy of risk assessment
(Fig. 1).

In a recent symposium at the ASIATOX 2015 meeting,
supported by an educational donation provided by Philip
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Fig. 1. An integration of systems biology and systems toxicology as a graphical representation of a quantitative translational safety

strategy for evaluating adverse effects of chemical in humans.

Morris International R&D, three presentations described the
current state of systems toxicology and the potential for its
future application in chemical risk assessment. A summary
of each presentation is outlined below.

PRESENTATION SUMMARIES

Toxicology as now used in the drug development/regula-
tory process remains descriptive, having changed little over
the last several decades but must become more mechanistic
in its approach if the process is to reach the goals of the 21
Century. Several examples of compounds where human
safety issues were not anticipated based on data from non-
clinical studies were presented. It was proposed that we lack
the tools and understanding required to implement a true
translational safety strategies in drug discovery and devel-
opment. The missing or incomplete tools include in vitro
assays to predict human safety, well characterized selective
and sensitive safety biomarkers, and an integrated under-
standing of systems biology/toxicology. Each of these tools
was discussed and a holistic approach to integration of these
tools was described as quantitative translational safety.

Insufficient therapeutic index is a major cause of candi-
date attrition in drug development. The lack of appropriate
prediction of safety liabilities results in unforeseen adverse
events in clinical trials or the unwarranted abandonment of
potentially safe and effective therapies. Key to any transla-
tional strategy is the ability to monitor basic biological pro-
cesses in both animals and humans. And with chemical
induced tissue injury, biomarkers are essential to bridging

toxicity between species.

Throughout the drug discovery process, therapeutic and
toxic exposures are determined, and clinical safety bio-
markers are essential for maximizing therapeutic index/clin-
ical safety in several ways. For example, safety biomarkers
can be applied to address candidate selection and manage
risk by monitoring the no-adverse-effect levels of exposure
in preclinical and clinical studies. Safety biomarkers are
also useful for assessing the human relevance of preclinical
safety findings and enabling the development of safe or
safer dosing paradigms. In nonclinical studies, target organ
toxicity is assessed using histopathological analysis. How-
ever, in clinical trials, histopathological analysis is rarely
available and biomarkers are critical to assess potential tar-
get tissue toxicity in humans. Thus, the most impactful
safety biomarkers will be those used in clinical trials with
direct translational ties to nonclinical safety studies.

The roles of the individual scientific stakeholders, includ-
ing regulators, academic scientists and industry scientists,
were discussed in the context of translational safety. Regu-
lators/health authorities will continue to play a dual role in
this process as both supporters of innovation and one of the
causes of stagnation through necessary regulation. Academic
researchers will need to better support translational safety
objectives and applied science. Industry scientists will need
to embrace a more mechanistic approach to safety assess-
ment and not just follow the box-checking exercise that cur-
rent regulations promote. Finally, it was acknowledged that
the implementation and optimization of quantitative transla-
tional safety strategies will take years to complete, and



Advancing Risk Assessment through the Application of Systems Toxicology 7

therefore must be implemented in a progressive manner that
allows the regulatory environment to keep pace with scien-
tific thinking and innovation.

Toxicology testing in the drug development process costs
$3 billion to regulate $10 trillion of trade. Issues with the
current paradigm for toxicology testing include throughput,
cost, use of animals, mixtures, need for high-dose to low-
dose extrapolation, current applicability to new products/
hazards (e.g. nano), and inter-individual and inter-species
differences. In addition, the current paradigm for toxicol-
ogy testing has low predictive capacity and the process has
become too precautionary. For example, today nonclinical
toxicology testing of aspirin in animals would result in an
LD50 = 150~200 mg/kg in rats and labeling as “harmful if
swallowed”, “irritant to eyes”, “respiratory irritant”, “irritant
to skin”, non-carcinogenic, but co-carcinogenic (promotor),
unclear mutagenicity, with embryonic malformations in cat,
dog, rat, mice, rabbit, and monkey. In fact, these findings
would make it very difficult to bring aspirin to market
today.

In 2008 the NIH proposed a shift from primarily in vivo
animal studies to in vitro assays, in vivo assays with lower
organisms, and computational modeling for toxicity assess-
ments. In 2011, the FDA has stated that thanks to advance-
ments in regulatory science and new tools including functional
genomics, proteomics, metabolomics, high-throughput screen-
ing, and systems biology, there is the potential to replace
current toxicology assays with tests that incorporate the
mechanistic underpinnings of disease and of underlying
toxic side effects.

Currently the adverse events that occur in response to a
toxicological insult are measured. What should be mea-
sured are the upstream events that cause the observed toxi-
cology including macromolecular interactions such as
receptor/ligand interactions, DNA binding and protein oxi-
dation, as well as cellular responses such as gene activa-
tion, protein production and altered signaling.

In addition to differential transcriptomics data, there is
also a need for genomics (i.e. methylation), proteomics (i.e.
phosphorylation), metabolomics, visualization, interpreta-
tion, text mining, and systems/network approaches. System/
network approaches are important because differential/
ANOVA statistics are not adequate to understand complex
systems. Enrichment (KEGG, BioCyc etc.) is dependent on
using existing annotations and knowledge. Systems/network
approaches allow for examining biology as a system rather
than on a part-by-part basis and offer a useful dimensional-
ity reduction.

A systems toxicology approach was used to reanalyze an
MPTP study in mice (4). Twelve transcriptomics arrays
were evaluated in total (four per group: 24 hr and 7 days,
MPTP 30 mg/kg and saline ip.). First a Weighted Gene
Correlation Network Analysis (WGCNA) was used to build
initial de novo network/modules. Next, a search for tran-

scription factor (TF) binding site enrichment was com-
pleted in each module. Text-mining for TF candidates and
MPTP and/or Parkinson was performed and candidates were
validated by a database of published interactions.

The WGCNA found 1247 genes in five significant clus-
ters. Clusters captured the relevant pathways including lyso-
somes, mitochondria (KEGG pathway Parkinson’s and
KEGG pathway oxidative phosphorylation), negative regu-
lation of apoptosis or programmed cell death, molecular
transport, and protein localization. Text-mining for TF can-
didates and MPTP and/or Parkinson’s found several well-
known TFs including JUN, NRF2 and ELKI1. In addition,
SP1, which had not described before, was found in almost
all modules indicating the potential that it plays a central
role in MPTP toxicity. Additional evidence for the central
role of SP1 was found when candidates were validated by
databases of published interactions including FANTOM4,
EdgeExpressDB database on ChIP data, siRNA and others.

In summary, the systems toxicology approach was con-
firmed by reanalyzing an MPTP study in mice which identi-
fied known MPTP pathways of toxicity. The key module
with transcription factors had no significant annotations. In
addition to confirming known pathways of MPTP toxicity,
this exercise using text mining and published interactions
derived a new hypothesis that TF SP1 plays a central role in
MPTP toxicity.

Manuel Peitsch presented an overview of systems biol-
ogy and defined it as the study of biological networks.
Mutations in a component part of the biological network
can cause disease. Drugs can also cause an adverse advent
by perturbation of a biological network. Biological network
perturbations are pivotal to understanding the causal link
between toxicants and their effects on health.

Systems Toxicology is the integration of the classic toxi-
cology paradigm with the quantitative analysis of the many
molecular and functional changes occurring across multi-
ple levels of biological organization. Systems Toxicology
research is aimed at developing a detailed, mechanistic, and
dynamic understanding of toxicological processes. A sys-
tems toxicology assessment leverages this detailed mecha-
nistic knowledge to enable a new paradigm of product
assessment including inter-species and system translation at
the mechanistic level.

The process of developing a biological network model
starts with a static model which maps and visualizes molec-
ular interactions through high level interpretation of experi-
mental data. A computable biological network model that is
able to quantify biological impact is then built by adding
new data, biological expression language, and gene ontol-
ogy to the static model. With the addition of kinetic data, an
executable biological network model is built which enables
the prediction of outcome. It is important to understand the
utility of animal models in toxicology, what biology can be
applied across species and which in vitro systems are neces-
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sary to recapitulate a meaningful part of whole body biol-
ogy in order to translate data into a workable predictive
biological network model.

A five step approach for systems toxicology-based prod-
uct testing was proposed. First, experimental data are col-
lected to measure multiple perturbations across multiple
experimental systems. Second, computation of differential
response profiles from a large number of measured biologi-
cal variables is used to compute the system response pro-
files. Third, biological processes perturbed by the product
are identified. Fourth, the perturbations of individual net-
works are quantified to compute network perturbation ampli-
tudes. And fifth, the product’s biological impact factor is
computed by quantifying the overall perturbation induced
by the product.

Experimental data collection requires the conduct of sys-
tematic experiments in several test systems. This includes
adequate selection of systems (primary cells whenever pos-
sible and animal model of disease), measurement of dose-
responses, time-resolved data, deep analysis of exposure
data, and multi-omics to cover mechanisms of toxicity. It is
important to build and maintain these biological networks
in order to identify mechanisms affected by product expo-
sure and build computable Network Models which must be
maintained over time as knowledge accumulates.

The computational process involves taking the systems
biology data, feeding it into the biological network model to
obtain network perturbation amplitude scores. The scores
are then aggregated to obtain a Biological Impact Factor.

Two case studies were presented to demonstrate the util-
ity of systems toxicology-based product testing. In both
examples the serious diseases that smoking causes, such as
cardiovascular disease, lung cancer and chronic obstructive
pulmonary disease (COPD), were examined. The first case
study used a systems toxicology in vifro approach to com-
pare the biological impacts of a reference combustible ciga-
rette (3R4F) and a prototypic reduced-risk product (RRP)
on primary human and rat lung epithelial cells. The second
case study used a systems toxicology in vivo approach to

compare the biological impact of a 3R4F and a prototypic
RRP on the development of emphysema in C57Bl/6 mice.
From the data presented it was clear that use of a systems
toxicology-based approach was able to differentiate the
impact of each product.

CONCLUSION

At the most fundamental level, systems toxicology will
eventually be integrated into our current approach to trans-
lational safety. In order for this to occur more quantitative
biomarkers are needed to assess human safety following
chemical exposure. Due to lack of sensitivity and/or speci-
ficity, the current battery of commonly used safety biomark-
ers is unable to reliably detect chemically induced organ
injury. Without accurate prediction by safety biomarkers, it
is impossible to construct and apply a reliable translational
safety strategy for use in quantitative risk assessment
regardless of the strength of nonclinical and in vitro safety
data.
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