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 PREFACE 

 This  Preclinical Development Handbook: Toxicology  focuses on the methods of 
identifying and understanding the risks that are associated with new potential drugs 
for both large and small therapeutic molecules. This book continues the objective 
behind this entire Handbook  series: an attempt to achieve a through overview of 
the current and leading - edge nonclinical approaches to evaluating the nonclinical 
safety of potential new therapeutic entities. Thanks to the persistent efforts of Mindy 
Myers and Gladys Mok, the 31 chapters cover the full range of approaches to iden-
tifying the potential toxicity issues associated with the seemingly unlimited range 
of new molecules. These evaluations are presented with a thorough discussion of 
how the approaches fi t into the mandated regulatory requirements for safety evalu-
ation as mandated by the U.S. Food and Drug Administration and other regulatory 
authorities. They range from studies on potential genotoxicity and cardiotoxicity in 
cultured cells to a two - year study in rats and mice to identify potentially tumorigenic 
properties. 

 The volume differs from the others in this series in that although the methods 
used by the researchers are fi xed by regulation at any one time, these methods are 
increasingly undergoing change as it is sought to become ever more effective at 
identifying potential safety issues before they appear in patient populations. 
Although we will never achieve perfection in this area, we continue to investigate 
new ways of trying to do so.       
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  1.1   INTRODUCTION 

  1.1.1   Overview of Objectives 

 It is well recognized that productivity in drug development has been disappointing 
over the last decade, despite the steady increase in R & D investment  [1]  and advances 
in techniques for producing potentially new candidate molecules. The principal 
problems appear to be a lack of effi cacy and/or unexpected adverse reactions, which 
account for the majority of drug withdrawals and drugs undergoing clinical testing 
being abandoned. This high attrition rate could be dramatically reduced by improv-
ing the preclinical testing process, particularly by taking account of multidisciplinary 
approaches involving recent technologies, and by improving the design of preclinical 
projects to facilitate the collection and interpretation of relevant information from 
such studies, and its extrapolation to the clinical setting. 

 The objective of this chapter is to provide an overview of the early drug discovery 
and development processes. The main focus is the use of  in vitro  and 
in silico  methods. This is because these techniques are generally applied during the 
earliest stages to identify new targets (target discovery) and lead compounds (drug 
discovery), as well as for subsequent drug development. They are also used to 
resolve equivocal fi ndings from  in vivo  studies in laboratory animals, to guide selec-
tion of the most appropriate preclinical in vivo  models, and to help defi ne the 
mechanistic details of drug activity and toxicity. However, the use of animals in 
preclinical testing is also considered, since animal data form part of new medicine 
dossiers submitted to regulatory bodies that authorize clinical trials and the market-
ing of new products. The drug development process that will be considered is shown 
in Fig.  1.1 . Defi nitions of the terminology and abbreviations/acronyms used in this 
chapter are listed in Table  1.1 .      



    FIGURE 1.1      The key stages of drug discovery and development.  A typical series of methods 
and strategies uses preclinical phases. Note that some of the studies may not be required and 
the process can be iterative. Refer also to Fig.  1.2  for a more detailed description of toxicity 
testing planning. 
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  1.1.2   Drug Development Models 

 An essential part of drug development is the selection of the most appropriate 
animal,  ex vivo ,  in vitro , or  in silico  systems, to allow the collection of information 
that can be interpreted in terms of the effects of a new therapeutic agent in humans 
or in one or more subpopulations of humans. There are several deciding factors that 
guide model selection. During early drug discovery screening, the main consider-
ation is whether the chosen model can cope with large libraries of potentially bioac-
tive molecules. It is generally accepted that, while nonanimal models generally lack 
the sophistication of studies on vertebrate animals and are based on nonclinical 
endpoints, they are a useful means of fi ltering out poor candidates during early drug 
discovery. The possibility of false hits during this stage is accepted as a trade - off, but 
it is also recognized that data from the use of several techniques and prior informa-
tion can assist with the weeding out of false hits. The drug development process 
involves a more extensive evaluation using  in vitro  and  in silico  approaches and 
preclinical studies in vertebrate animals on a limited number of potential thera-
peutic agents. 

 The drive toward the use of systems biology approaches that take into account 
the roles of multiple biological and physiological body systems earlier in the drug 
development process has prompted a dramatic change in the way that data from 
cell - based studies are used. In many instances, data from several tests can be assem-
bled and analyzed by using  in silico  models to gain a systems biology overview of 
drug ADMET and activity. Advances in comparative genomics have also opened 
up the scope for using zebra fi sh ( Brachydanio rerio ) and invertebrate organisms, 
such as nematode worms ( C. elegans ) and the fruit fl y,  Drosophila melanogaster , 
during the early stages of drug development. Likewise, advances in information 
mining, bioinformatics, data interpretation, the omics technologies, cell culture tech-
niques, and molecular biology have the potential to greatly enhance the drug devel-
opment process. Ironically, up to now, few of these methodologies has been 
standardized, formally validated, and accepted for regulatory use. Indeed,  in vitro  
data are generally considered supplementary to animal data, rather than as an 
alternative source of information that is useful and applicable in its own right. Nev-
ertheless,  in vitro  approaches provide information about the mechanisms of action 
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10 PRECLINICAL DRUG DEVELOPMENT PLANNING

of a drug that is vital for the design of in vivo  animal studies and can add substantial 
weight to the product dossier submitted to regulatory bodies. 

 Increasingly, predictions about the ways in which a particular chemical is likely 
to interact with its desired cellular target are made by undertaking in silico  model-
ing. These results are used to fi lter out poor candidate molecules according 
to chemical class and structural or functional features during drug discovery. 
However, fi ltering of this kind is sometimes impossible, so lead identifi cation 
still relies to some extent on serendipitous fi nds from random libraries, rather 
than on rational lead discovery. For instance, for new chemical entities (NCEs) 
for which there are no data, i.e., are fi rst - in - class,  in silico  screenings   are diffi cult to 
handle, particularly where there is also limited knowledge of the structure of 
the active site of the target. Also, there might be a lack of important information 
for other compounds. For example, predicting drug effects can be seriously compro-
mised when ADME data on the behavior of a molecule in different tissues and 
species are lacking. This is confounded by the reality that this kind of information 
for different individuals will always be limited. Both of the above situations are most 
evident in the case of large molecules, such as (1) peptides and proteins with 
complex structures and multiple conformations, (2) humanized products that 
could be differentially immunogenic in different species, and (3) nanoparticle 
formulations.  

  1.1.3   Information Required Prior to Drug Authorization/Approval 

 Once a new therapeutic candidate has been successfully identifi ed from preclinical 
studies, the next stage involves the authorization of clinical studies. The information 
required prior to the authorization of any clinical trial is crucial for the design and 
execution of preclinical studies, irrespective of whether the aim is to defi ne drug 
action or provide safety information. Such information includes (1) manufacturing 
quality, (2) physicochemical properties, (3) effi cacy, (4) proposed mechanism of 
action, (5) selectivity, (6) ADME, and (7) possible adverse effects in humans. 

 In the United States, the Food and Drug Administration (FDA) handles drug 
approvals. The FDA has fast tracked this process for treatments for serious diseases 
where no therapies currently exist  [2] . Drug developers are required to submit an 
Investigational New Drug (IND) Application, in which evidence from preclinical 
studies is provided for review by the FDA. The FDA decides whether it is reason-
ably safe for the company to test the drug in humans. Under the FDA ’ s jurisdiction, 
the Center for Drugs, Evaluation and Research (CDER) and the Center for Biolog-
ics, Evaluation and Research (CBER) are responsible for reviewing different types 
of therapeutic agent applications (Table  1.2 ). Note that these changes in jurisdiction 
mean that biological products, the testing of which was at one point based on limited 
animal tests (because of their poor predictivity), are likely to require more stringent 
testing under the CDER  [3] .   

 The FDA has exclusive executive control over decisions regarding drug approvals 
in the United States. However, in Europe, it is possible to have a drug approved by 
a number of different routes. This is because companies can apply either via the 
EMEA (European Medicines Agency) for pan - European approval or via one or 
more national agencies. However, since November 2005, all new drugs for the major 
diseases, including AIDS, cancer, diabetes, and neurodegenerative disorders, and 



medicinal products developed by means of biotechnological processes must be 
approved via the EMEA. 

 With the globalization of the pharmaceutical industry, the International Confer-
ence on Harmonization (ICH) guidelines have, since 1990, set out to standardize 
drug applications in terms of their content and format. Japan, the United States and 
the European Union (EU) comply with these requirements for the quality, safety, 
and effi cacy assessment of new drugs. These guidelines operate alongside national 
requirements. Quality assessment guidelines are provided to standardize the assess-
ment of drug stability (shelf - life), and the management of risks due to impurities, 
such as residual solvents and infectious agents, such as viruses (which can be present 
when a drug is isolated from plants, animals, humans, or cell lines). The guidelines 
also require the standardization of cell lines, test procedures, acceptance criteria, 
and procedures for formulation and development. Effi cacy guidelines are also pro-
vided, to standardize the conduct, interpretation, and reporting of clinical trials. 

 There are some important practical considerations that should be borne in mind 
when conducting preclinical studies. The most comprehensive guidelines are those 
provided for drug safety testing, which cover a number of toxicological endpoints, 
including carcinogenicity, genotoxicity, reproductive and developmental toxicity, 
and immunotoxicity. Some of the guidelines apply generically to all new drugs, while 
others focus on specifi c types of therapeutic agents, such as biotechnology products. 
These guidelines are essential reading for researchers engaged in drug development 
and are considered in more detail throughout the remainder of this chapter. 

 TABLE 1.2     CDER  and  CBER :   a    Review of New Therapeutic Agent Applications 

CDER

•  Traditional small molecule therapeutics 
•  Growth hormone, insulin, and other endocrine peptide therapeutics 
•  Monoclonal antibodies 
•  Proteins (e.g., cytokines, enzymes, and other novel proteins), except those specifi cally 

assigned to the CBER, namely, vaccines and blood products that are assigned to CBER 
•  Immunomodulatory agents (but not vaccines) 
•  Growth factors intended to modulate hematopoiesis  in vivo
•  Combination products where the primary mode of action is that of an agent assigned to 

the CDER 

CBER

•  Products composed of human, bacterial, or animal cells or fragments of cells, for use as 
preventative or therapeutic vaccines 

•  Gene therapy products 
•  Vaccines 
•  Allergenic extracts used for the diagnosis and treatment of allergic diseases 
•  Antitoxins, antivenins, and venoms 
•  Blood and blood products from humans or animals 
•  Combination products where the primary mode of action is that of an agent assigned to 

the CBER 

a The CDER and CBER are afforded jurisdiction by the U.S. FDA.   
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 Another important source of reference is the Organization for Economic Co -
 operation and Development (OECD). By ratifying the convention of the OECD, 
many European countries, Australia, Japan, New Zealand and the United States 
have agreed to abide by a set of test guidelines for assessing the human health 
effects of chemicals  [4] , which apply equally to the testing of therapeutic agents. 
Later, we refer to a number of nonanimal methods and refi nements of animal pro-
cedures accepted by the member countries of the OECD.   

  1.2   FINDING NEW DRUG TARGETS 

  1.2.1   Background 

 Until relatively recently, drug development focused on a limited number of targets, 
against which NCEs with a desired effect could be selected. These  “ druggable ”  
targets were once most extensively investigated by using animal models. However, 
greater access to recombinant DNA technology means that most early screens are 
now conducted primarily by using different genetically engineered cell lines express-
ing putative targets that can be arrayed into high density plastic plate formats suit-
able for interactions between the targets and potential lead chemicals (for methods, 
see later discussion). 

 Overington et al.  [5]  derived a consensus fi gure for the number of therapeutic 
drug targets for the FDA - approved drugs that were available in 2005. They identi-
fi ed 324 drug targets for all classes of approved therapeutic agents, which were tar-
geted by in excess of 1357 drugs, of which 1204 were small molecules and 166 were 
biologicals. Cell surface receptors and channels represented the targets for  > 50% 
of all the FDA - approved drugs. A further 10% of the drugs, including monoclonal 
antibodies, also target other cell surface proteins. Most of the remaining targets were 
enzymes, nuclear receptors, DNA, or ribosomes. These targets represent a minute 
fraction of the genome, and a mere 3% (266 proteins) of the predicted proteome. 

 According to this survey, on average 5.3 new druggable targets are discovered 
each year. This means that many more potential drug targets remain to be discov-
ered. Whether a potential drug target will be a good therapeutic target, however, 
depends on whether (1) it plays a key role in gene regulation, (2) it is selectively 
expressed in certain disease states or tissues, and (3) it has a defi nable and unique 
binding site. 

 Often, a further important piece of information is the nature or identity of the 
endogenous modulator. For example,  > 1000 G - protein - coupled receptors (GPCRs) 
have been cloned from various species, including 160 distinct human subtypes with 
known ligands, although these represent only a limited set of targets for current 
therapeutic agents. A further 100 or so are orphan receptors, for which there is cur-
rently no known natural ligand. In such cases, the starting point is the gene, from 
which the protein receptor can be expressed and used to screen large combinatorial 
libraries of chemicals in the search for a modulator. Such a reverse pharmacology 
strategy uses the orphan receptor as a  “ hook ”  for screening libraries and hit genera-
tion, where little is known about the natural ligand. In many cases, receptor models 
use the crystal structure of rhodopsin as a template, as this is the only GPCR whose 
structure has been resolved. The importance of GPCRs is emphasized by the fact 
that, although  > 20% of the top 200 current best - selling drugs interact with these cell 



surface receptors, they generate worldwide sales of drugs such as cimetidine, losar-
tan, and ropinerole of over  $ 20 billion (U.S.)  [6] .  

  1.2.2   Impact of New Technologies on Target Discovery 

 Comparative genetics can provide much relevant information, particularly with 
regard to the role of human - specifi c genes and the suitability of animal models for 
drug development. The application of microarray techniques, standards, and 
resources that permit the comparison of gene expression patterns across species and 
between cell types and tissues has started to provide some insight into the metabolic 
and biochemical differences between health and disease states. A good example of 
this is the Cancer Genome Anatomy Project ( www.ncbi.nlm.nih.gov/CGAP )  [7] , 
in which mutational sites in cancer cells have been identifi ed. 

 A cursory examination of the 373 completed genome sequences for archeal, 
prokaryote, and eukaryote  [8]  species suggests that, although genome size increases 
from archea through prokaryotes to eukaryotes, genome size is not directly linked 
to the number of genes within the functional genomes, nor with evolutionary status. 
It is, however, clear that, as the complexity of organisms increases, so does the com-
plexity of gene regulation and the level of genetic redundancy — the ability of several 
genes to rescue loss - of - function of another gene. Nevertheless, for highly conserved 
genes, such as those that are involved in early development, and homeobox genes, 
studies on early life stages of species such as zebra fi sh and invertebrate models can 
indicate the roles of genes. However, in general, such studies are more relevant to 
safety pharmacology than to mechanistic and effi cacy studies. It is worth bearing in 
mind that computational predictions and statistical analyses have suggested that the 
bacterial Escherichia coli  and human genomes account for 35 common metabolic 
pathways, namely, those that are important in biosynthesis and in degradation and 
respiratory processes  [9] , and that, possibly as a result of bacterial infection, a 
number of bacterial genes have become permanently integrated in the human 
genome  [9, 10] . This opens up the possibility of using bacterial studies to decipher 
a limited number of biochemical pathways affected by drugs, as well as for geno-
toxicity testing. 

 Unicellular eukaryotes, such as yeast, share remarkable genetic and functional 
similarities with multicellular eukaryotes. The most useful yeast strain in terms of 
dissecting protein and gene interactions is Saccharomyces cerevisiae . At 12,100 
kilobases, the  S. cerevisiae  genome is much smaller than the human genome. However, 
because its gene density is 50 times greater than that of the human genome, genes 
found in the S. cerevisiae  genome resemble around 30% of the genes associated with 
diseases in humans  [11] . Since the entire genome of  S. cerevisiae  encodes no more 
than 6000 proteins, it is relatively straightforward to investigate gene function in 
yeast and make genome - wide microarray measurements. Such data, together 
with information from other sources, have made it possible to identify a number of 
putative drug targets  [12]  and protein – protein interactions  [13] , thereby facilitating 
the development of extensive maps of protein and gene interactions. Such studies 
in S. cerevisiae  have been particularly useful in neurodegenerative and ageing 
research and in studies on diseases that arise as a consequence of mitochondrial 
DNA damage. One example is the observation that yeast mutants for  α  - synuclein 
result in a large change in yeast sexual reproduction, as well as causing cytotoxicity, 
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both endpoints of which are suited to high - throughput screening assays for new 
treatments for Parkinson disease  [14] . 

 Subsequent studies on yeast - based models of Parkinson disease have suggested 
that there is substantial scope for using yeast for the high - throughput screening of 
chemicals for drug discovery  [15] . For example,  S. cerevisiae  possesses three distinct 
G - protein - coupled receptors (GPCRs), which are involved in pheromone (Ste2 and 
Ste3 receptors) and glucose sensing (Gpr1)  [16] . These receptors are related, albeit 
to a limited extent, to the vastly expanded human GPCR repertoire. By coupling 
heterologously expressed human GPCRs to the yeast MAP kinase pathway (associ-
ated with yeast mating and growth arrest), in yeasts where the MAP kinase pathway 
is linked to reporter gene expression  [17] , it is possible to monitor receptor recogni-
tion and activation by simple growth or colorimetric reporter assays. 

Caenorhabditis elegans  is another organism that can be used in early drug dis-
covery. This nematode worm is transparent, has a short life span, is a mere 1   mm in 
length and 80    μ M in diameter, reproduces every 3 days by self - fertilization to 
produce over 300 offspring, and is a multicellular organism composed of exactly 959 
somatic cells. It displays many of the basic features of higher eukaryotes, including 
the possession of muscle, excretory cells, and neural cells, and has been extensively 
used to increase understanding of the mechanisms of gene regulation and gene 
function. Antisense knock - out or knock - down of gene expression can be achieved 
simply by feeding the worm with E. coli  bacteria transformed with plasmid DNA 
containing antisense DNA. More recently, RNA interference (RNAi) has been used 
to manipulate the genomes of organisms such as C. elegans , although the possibility 
of transmission of RNA silencing to subsequent generations can occur  [18] . Like all 
multicellular organisms,  C. elegans  exhibits programmed cell death (apoptosis)  [19] , 
in a way that is very similar to that seen in higher organisms as part of ageing and 
disease processes. Similarities between the signaling pathways involved in the regu-
lation of cell proliferation in C. elegans  and humans suggest that this organism might 
provide information on the regulation of cell proliferation, which will be of rele-
vance to cancer therapeutics. The entire 302 - cell nervous system of this worm has 
been mapped by electron microscopy, and although the average human possesses 
somewhere in the order of 100 billion neurons, it seems that neurotransmission is 
similar in the two species. Thus,  C. elegans  possesses the major classes of ion chan-
nels, receptors, transporters, and neurotransmitters that make it a suitable candidate 
for some forms of drug screening, such as the discovery of new dopaminergic drugs. 
Similarly,  D. melanogaster  shares much of its basic neurobiology with higher organ-
isms, including humans. It possesses the same neurodegenerative states, neurotrans-
mission mechanisms, and receptor homolog that are found in humans as key targets 
for neurally active therapeutic agents, making studies with these organisms useful 
for the development of treatments for conditions such as Parkinson ’ s disease  [20] .  

  1.2.3   Data Mining 

 Novel drug targets can also be found in other ways, including data mining. This 
involves analyzing the literature, to determine the biochemistry underlying particu-
lar human diseases, and human physiology. In addition, human population genetics 
studies can be undertaken, to determine the roles of human genes, how they interact, 
the consequences of population differences at the gene level, and, ultimately, 
the complete physiology of the human body. In the last - named case, since the 


