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Impact of systems toxicology on the 3 Rs
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Abstract
Systems toxicology is the integration of the classic toxicology paradigm with parallel global analyses across 

multiple levels of biological organization, and holds the promise of new biomarker development for predictive, 
preventive, and personalized public health. It typically involves measuring and integrating transcriptomic, 
proteomic, and metabolic (Omics) data. The aims of each of the Omics technologies are to extract information 
that has mechanistic and diagnostic value. Although each Omic technology can associate changes in a gene 
expression, protein, or metabolite profile with a physiological endpoint, the combination of these data may 
provide a holistic picture of the mechanism for the physiological endpoint of interest. Because each individual 
Omic method provides large numbers of potential alterations, several alternative models may be formed to 
explain the toxicology. By integrating the results of these new Omics tools, the number of possible models will 
be reduced and the functional activity of complete biochemical pathways and a more complete assessment of 
cellular alterations can be obtained. The application of a systems toxicology approach will result in maximizing 
the information obtained for each experimental animal, and thus reduce the number of animals used in 
experiments. The development of mechanistic-based biomarkers will result in potentially limiting or avoiding 
the subsequent use of additional animals.
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Introduction
The mission of the United States Food and Drug 

Administration is two-fold (http://www.fda.gov/
opacom/morechoices/mission.html). First, the FDA 
is responsible for protecting the public health by 
assuring the safety, efficacy, and security of human 
and veterinary drugs, biological products, medical 
devices, the nation's food supply, medical devices, 
cosmetics, and products that emit radiation. Second, 
the FDA is also responsible for advancing the 
public health by helping to speed innovations that 
make medicines and foods more effective, safer, 
and more affordable; and helping the public get the 
accurate, science-based information they need to use 
medicines and foods to improve their health. Thus, 
the role of the FDA is one of regulation, but also of 
encouraging the innovations that will deliver safe and 
effective medical products and foods. One of the new 
research areas that promise great benefits is Omics 
technologies. Omics technologies are defined here 
as tools for making comprehensive measurements 
of many or all of the expressed genes (microarray 
gene expression profiling), proteins (proteomics), and 
endogenous metabolites (metabolomics) of a tissue 
or organ. Systems toxicology is the integration of the 
classic toxicology paradigm with the parallel global 

measurements made possible by Omics technology, 
and will result in new biomarkers for predictive, 
preventive, personalized public health. While 
these technologies have obvious applications to 
understanding toxicity and disease mechanisms, they 
also may have tremendous potential for the 3 Rs - 
refinement (by the development of early biomarkers), 
reduction (by obtaining more information per animal), 
as well as replacement (by allowing monitoring of 
humans).

Results and discussion
U.S. Food and Drug Administration's Critical Path to 
New Medical Products

The United States Food and Drug Administration 
is responsible for the regulation of one-fourth of all 
consumer expenditures in the U.S., which translates 
into approximately $1 trillion annually in consumer 
products (http://www.cfsan.fda.gov/fdaoview.html). 
This regulatory activity covers human and veterinary 
drugs, medical devices, vaccines and other biological 
products. The Agency also protects the nation's food 
supply by regulations that cover more than 80% of 
the food consumed in the U.S. 

One o f the b igges t cha l l enges f ac ing the 
pharmaceutical industry is to convert the explosion 
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of new biological knowledge stimulated by the 
completion of the Human Genome Project into 
new and innovative drug and treatment paradigms. 
Current research and development spending by the 
pharmaceutical industry has increased steadily and 
was at nearly $40 billion in 2004 (Kessel and Frank, 
2007). The biotechnology industry has also increased 
research and development spending to more than $20 
billion in 2005 (Kessel and Frank, 2007). The number 
of new molecular entities, however, has not kept up 
with this spending and increase in knowledge. In fact, 
the number of new molecular entities submitted to the 
FDA for review has decreased from 44 in 1996 to 22 
in 2006 (Fuscoe et al., 2007). At the same time the 
cost of development to bring a new molecular entity 
to market has been estimated to be nearly $1 billion 
(Kola and Landis, 2004; Schmid and Smith, 2005). 

The drug development and approval process is a 
multi-step and multi-year process with thousands of 
chemical compounds being screened in the initial 
discovery phase. Pre-clinical testing may be done to 
varying degrees on hundreds of compounds, and these 
are winnowed down to a handful for Phase I clinical 
trials. Perhaps one of the original thousands of 
candidates will make it through FDA approval. This 
process is inefficient and the early procedures are not 
predictive of later success. The entire process is time-
consuming and can take 12-15 years. As mentioned 
above, it is also very expensive.

In March 2004, in response to the inefficiencies 
of bringing to market new drugs and biologics 
for disease prevention and treatment applications, 
the FDA produced a white paper, "Innovation or 
Stagnation: Challenge and Opportunity on the 
Critical Path to New Medical Products" (http://www.
fda.gov/oc/initiatives/criticalpath/whitepaper.html), 
outlining its analysis of the problem and potential 
solutions. The report recognized the urgent need to 
modernize the medical product development pipeline 
to increase the efficiency and predictiveness of the 
development process. The path from identification 
of new candidate products to final product approval 
requires new tools for evaluating both safety and 
effectiveness. Both safety and effectiveness issues are 
responsible for the failure of drugs relatively late in 
the developmental pipeline, and new evaluation tools 
with improved prediction are needed. New scientific 
and technical approaches and methods are urgently 
needed to improve the product development process, 
including biomarkers for safety and effectiveness, 
animal or computer-based predictive models, and new 
ways to design and evaluate clinical studies. 

In a fol low-up to the Cri t ical Path to New 
Medical Products white paper, the FDA released 
the Critical Path Opportunities Report in March 
2006 that spotlighted six topic areas that would 
have significant impact on modernizing the product 

development sciences (http://www.fda.gov/oc/
initiatives/criticalpath/reports/opp_report.pdf). 
These included (1) "New Biomarkers and Disease 
Models" for predicting a new product's performance; 
(2) "Streamlining Clinical Trials" by advancing 
innovative trial designs and improving measurements 
of patient responses; (3) "Bioinformatics" for the 
use of computational approaches to drug and disease 
modeling; (4) "Moving Manufacturing into the 21st 
Century" by developing the capacity to reliably 
manufacture complex high-quality products on 
a commercial scale; (5) "Developing Products to 
Address Urgent Public Health Needs" through rapid 
pathogen identification and better predictive models 
of potential bioterrorism agents; and (6) Alleviate 
problems of developing medical products for "At-
Risk Populations", in particular infants, children, 
and adolescents where adult safety and efficacy 
information may not directly apply. The combined 
efforts of government, academia, industry, and 
patients will be required to achieve these goals. A 
Critical Path Opportunities List has also been released 
by the FDA that focuses on 67 specific opportunities 
whose implementation promises to impact medical 
product development and approval.

Microarray technology was identified in the 
FDA's Critical Path initiative as a key tool in 
pharmacogenomics and toxicogenomics, disciplines 
that are vital to expanding personalized medicine 
and medical product development. New regulatory 
responsibilities for the FDA are expected to also 
include the regulation of microarray-based medical 
devices and the review of microarray data submitted 
as part of investigational new drug (IND) applications 
or new drug applications (NDA). Global gene 
expression profiling is becoming a widely-accepted 
method for understanding mechanisms of toxicity and 
in the development of biomarkers that may provide 
chemical- and mechanism-based toxicity and efficacy 
information. These kinds of data are being produced 
by pharmaceutical companies and will certainly 
impact the FDA mission of human health safety and 
efficacy evaluation, and risk assessment. In fact, 
the first in vitro diagnostic multivariate index assay 
(IVDMIA) device based on microarray technology 
was approved in February 2007 for the prognosis of 
breast cancer metastasis. Microarray-based devices 
also have enormous potential for direct identification 
of food-borne and bioterrorism pathogens without the 
need for extensive culturing. 
Standards Are Required to Realize the Promise of 
Omics Technologies

The three main Omics technologies include 
transcriptomics (the study of gene expression 
profiles), proteomics (the study of protein expression 
profiles), and metabolomics (the study of endogenous 
metabolite profiles). These are all high-information 
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content technologies that typically profile thousands 
to tens of thousands of analytes in single experiments. 
The aims of each of the Omics technologies (as 
described below) are to extract information that has 
mechanistic and predictive value. Although each 
Omic technology can correlate changes in a gene, 
protein, or metabolite profile with a physiological 
endpoint, each Omic technology by itself does not 
provide a holistic picture of the mechanism for 
the physiological endpoint of interest. Each of the 
Omics methods typically produces data that can 
be interpreted in a number of ways, which results 
in several alternative models being formed. By 
combining the results of these new Omics tools, the 
number of possible models will be reduced and the 
functional activity of complete biochemical pathways 
and a more complete assessment of cellular alterations 
can be obtained. One way to elucidate toxicological 
mechanisms and to discover robust preclinical 
safety biomarkers is to take a systems toxicology 
approach. This approach integrates the classic 
toxicology paradigm with parallel global analysis 
across levels of biological organization (transcripts, 
proteins, and metabolites). In this way, biomarkers 
can be developed for preventative, personalized, and 
predictive public health. Such an approach holds 
great promise in impacting the 3 R's. In terms of 
refinement, which is the minimization of suffering 
and distress, the discovery and application of early 
biomarkers will shorten the duration and intensity 
of animal testing. The large amount of information 
gathered per animal using the systems toxicology 
approach may mean that fewer animals will be 
needed for evaluation. This is expected to ultimately 
result in the reduction of animal usage. Finally, in 
terms of replacement, the development of predictive 
biomarkers may allow the direct determination of 
safety or disease in humans. 

Although the various Omics technologies have 
become standard research tools, the use of these tools 
in regulatory science requires that the data generated 
be highly reproducible and reliable. The use of these 
technologies for regulatory purposes, therefore, is 
dependent on standards that can be used to assess 
the technology. The transcriptomics field is further 
along in standards development than the other Omics 
technologies and will be discussed as an illustration. 
Several years ago there were two main challenges 
facing the microarray community: (1) to ensure the 
experimental proficiency of individual laboratories 
and (2) to objectively assess the merits of various data 
analysis methods. The MicroArray Quality Control 
(MAQC) project (http://www.fda.gov/nctr/science/
centers/toxicoinformatics/maqc/) took on these 
challenges and created calibrated RNA samples for 
proficiency testing, reliable benchmark datasets, and 
thorough and independent validation of microarray 

platforms. The MAQC project is a multi-institute 
collaboration lead by scientists at the FDA's National 
Center for Toxicological Research and involving the 
six FDA Centers, other government organizations 
(e.g., the Environmental Protection Agency, National 
Institute of Standards, and National Institutes 
of Health), academic laboratories, microarray 
platform manufacturers, RNA providers, and other 
stakeholders. The results of this effort were published 
in a series of six articles (Canales et al., 2006; Guo 
et al., 2006; Patterson et al., 2006; Shi et al., 2006; 
Shippy et al., 2006; Tong et al., 2006) and three 
commentaries (Dix et al., 2006; Frueh, 2006; Ji and 
Davis, 2006) in the September 8, 2006 issue of Nature 
Biotechnology. The main take-home messages from 
the MAQC project were: (1) two well-characterized 
reference RNA samples are commercially available 
for proficiency/validation testing; (2) large datasets 
are available at the MAQC web site for assessing 
the merits of various data analysis protocols and 
platform performance; (3) there is good within 
laboratory repeatability and between laboratory 
reproducibility when common standard operating 
procedures are used; and (4) microarray cross-
platform consistency is high; that is, there was a high 
degree of concordance in the lists of genes identified 
as differentially expressed between platforms. Even 
though the various platforms employed different 
approaches for probe design and methodology, 
similar results for differential gene expression 
were obtained. The various platforms, therefore, 
generated gene expression patterns reflective of the 
samples and not the particular technology platform. 
The key finding was that data generated by current 
microarray technology is reproducible when standard 
protocols are used by experienced laboratories. Thus, 
microarray technology provides the reliability and 
consistency necessary for regulatory submissions.
The Future - Omics Insights from Non-Invasive 
Imaging

Gene expression profiling has had a major impact 
in developing cancer biomarkers that are useful in 
etiology, prognosis, and response to therapy (Lemmer 
et al., 2006; Miller and Liu, 2007). Despite the value 
of this informative data, there are disadvantages that 
include invasive surgery to recover the tissue sample 
and the need for specialized equipment and expertise 
in gene expression profiling. The information 
generated also represents only a snapshot in time, 
and repeated invasive surgery would be required to 
monitor progression of the disease. In addition, the 
sample is destroyed during the analysis process. 

Recently, Segal et al. (2007) have shown that non-
invasive images generated by computed tomography 
(CT) reveal traits that correlate with gene expression 
programs in human hepatocellular carcinoma. 
Interestingly, even though many image features were 
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of unknown significance, these consistent distinct 
features were associated with gene expression 
patterns. The authors showed that combinations 
of features can be used to predict gene expression 
patterns associated with underlying biological 
processes such as cellular proliferation, extracellular 
matrix remodeling, or de-differentiation. It was also 
found that the imaging traits associated with early 
markers of venous invasion, a negative prognostic 
indicator, predicted survival in patients with 
hepatocellular carcinoma. Thus, the image features 
seem to reflect the underlying gene expression 
program. 

Extending these findings to toxicology testing, 
one can readily see potential applications toward the 
3 R's (Refinement, Reduction, and Replacement). 
Non-invasive imaging traits or features that correlate 
with the underlying molecular program reflected in 
the expression of genes, proteins, and metabolites of 
toxicological importance would revolutionize the use 
of animals in toxicology assessments. Application of 
this technology to toxicology will require databases 
of observations to associate particular image features 
with the underlying biology. The incorporation of 
imaging technology into systems toxicology studies, 
however, promises to have tremendous pay-offs in the 
future in terms of the 3 R's. 
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