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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 
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possibilities for human studies are limited, most of the information gathered comes 
from fundamental research that examines modes of interaction of specifi c sub-
stances with any given novel targets, and the modulation of their physiological roles, 
by combining several approaches, including  in vivo  studies. 

 The next step is to defi ne whether a newly discovered potential drug target is a 
feasible target, by identifying the binding site of the proposed molecular target. In 
this respect, the potential for data mining has been greatly enhanced by the recent 
development of a druggable - protein database. This can provide information that is 
useful for deriving rules for the computational identifi cation of drug binding sites. 
Indeed, there are now algorithms designed specifi cally for this purpose  [21] . Some 
analyses relate to the identifi cation of pockets within the binding site that serve as 
potential specifi c drug targets. However, this approach can be complicated, since the 
binding pocket that is targeted by an endogenous or natural modulator of target 
function might include only part of the binding site, or might lack it altogether. A 
recently described approach to this problem, in which 2D heteronuclear NMR is 
used to screen drug - like and fragment libraries for interactions with proteins, 
generates additional reliable data than is obtainable from conventional high -
 throughput screens. While such information can be used for computational applica-
tion, including the refi nement of protein models, it is limited by the number of 
protein structures that are currently available. An exception to this are quantitative 
structure – activity relationships (QSARs) generated by computational techniques 
such as CoMFA, which rely on molecular descriptors for molecules that are specifi c 
for a target, in order to generate a set of conformers that can be used to predict the 
ability to bind to a protein.   

  1.3   TRADITIONAL APPROACHES TO DRUG DISCOVERY 
AND DEVELOPMENT 

  1.3.1   Hit to Lead 

 The current attrition rate for NCEs can be gauged from the fact that, on average, 
for every 7 million molecules screened, only one product is marketed  [22] . These 
odds have resulted in the concentration by pharmaceutical companies on refi ning, 
rather than expanding, their chemical libraries and methods. A further important 
factor that determines the success of early drug screening is the choice of method-
ologies used to identify hits and to screen potential leads and their derivatives. In 
this section, we describe the key stages and methodologies used for hit generation, 
hit confi rmation, lead, identifi cation and lead characterization (Table  1.3 ).   

 Before 1980, nearly all drugs were small molecules of around 50 to 1000 times 
smaller than the size of a typical protein at around 500 daltons, or smaller. Extensive 
combinatorial libraries of small molecules are generated in - house by all large phar-
maceutical companies, often by diversity - oriented synthesis, in which small molecular 
building blocks are randomly combined in all possible spatial orientations. Screening 
libraries can consist of thousands of chemicals and rely on an appropriate hit genera-
tion and lead characterization strategy. The chemicals concerned must meet certain 
purity, molecular weight, lipophilicity (log  P ), and functional conformer criteria. 

 Schreiber  [23]  fi rst used diversity - oriented synthesis to generate bead - attached 
libraries of target - oriented and diversity - oriented chemicals. This approach involves 
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 TABLE 1.3    Key Methods Used During Hit Generation and Lead Optimization   a

 Methods  Assay Principles  Advantages  Limitations 

Affi nity - based biophysical methods
    Mass 

spectrometry
 Relies on the affi nity 

of a compound for a 
protein to cause 
mass/charge shifts. 

 Can handle large 
drug - like/
fragment
mixtures. 

 Not truly an HTS 
platform; poor at 
resolving mixtures; 
false hits. 

    NMR  Monitors the location 
of radionuclides in 
the target – ligand 
complex and is used 
to probe the active 
site of folded/ in situ
proteins/DNA. A 
number of new 
higher resolution 
techniques (e.g., 
magic angle spinning 
NMR) do not 
require high purity 
target proteins. 

 Provides 
structural
information for 
in silico
platforms; 
suited to 
screening large 
fragment
libraries. 

 Does not provide 
SAR data; false 
hits; weakly potent 
fragment hits are 
poorly detected. 

    X - ray 
crystallography

 X - ray diffraction by 
crystallized protein/
protein – ligand 
complexes. 

 Provides 
structural
information; 
HTS platform. 

 Weakly potent 
fragment hits are 
poorly detected; 
erroneous
assumption about 
structural similarity 
can lead to some 
compounds being 
discarded; there are 
not crystal 
structures available 
for all target 
proteins. 

Biochemical screens
    Scintillation 

proximity
assay

 Monitors energy 
transfer changes as 
an indicator of 
binding interactions. 

 Provides kinetic 
data

 High background; 
limited plate 
format; not easily 
correlated to 
physiological effect. 

    Radiometric 
binding assays 

 Uses radioactive 
tracing of target –
 tracer/molecule 
interactions. 

 Direct 
measurement of 
binding
interactions; 
adaptable for a 
wide range of 
possible target -
 based screens. 

 Relatively expensive 
to generate suitable 
tracer; health and 
safety
considerations; not 
real - time 
measurements. 
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 Methods  Assay Principles  Advantages  Limitations 

    SPR  Commonly based on 
the target being 
immobilized on a 
chip and the 
compound mixture 
being passed over it. 
Interactions are 
monitored as an 
electrical readout. 

 Permits kinetic 
measurements; 
can be used to 
identify hits 
from complex 
mixtures. 

 Chip preparation and 
availability; 
requires relatively 
large amounts of 
materials; more 
suited to detailed 
mechanistic studies 
than HTS. 

    Nonradioactive 
assays

 Includes colorimetric/
absorbance - based 
assays (such as 
ELISA), 
luminescence - based 
assays, and 
fl uorescence - based 
assays (e.g., FRET, 
real - time fl uorimetry, 
fl uorescence 
correlation
spectroscopy), as 
generally used in 
conjunction with 
cell - based assays 
(see below). 

 Generate 
quantitative
data suited to 
SAR; can give 
real - time data; 
can provide 
mechanistic
information; 
suitable to HTS 
formats. 

 Often more suited to 
later stages of lead 
discovery. 

Cell - based assays
    Reporter gene 

assays
 Involves the use of 

genes such as those 
encoding GFP, 
luciferase, and  β  -
 galactosidase 
coupled to a 
biochemical pathway 
modulated by a 
substance to monitor 
the extent or 
modulation. 

 Generates 
quantitative
data suited to 
SAR; minimum 
resources
needed. 

 Not truly HTS; can 
give equivocal data; 
false hits; not well 
suited for fragment 
screens. 

    FRET  Monitors energy 
transfer between a 
fl uorescent energy 
donor and acceptor 
as a measure of the 
proximity between 
the two groups, 
commonly found on 
the target and a 
tracer. 

 Suitable for high 
density formats; 
provides
mechanistic
information; 
broad range of 
applications; 
real - time 
monitoring of 
interactions. 

 High incidence of 
false hits; prone to 
fl uorescence 
quenching. 

TABLE 1.3 Continued
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 Methods  Assay Principles  Advantages  Limitations 

    BRET  Similar principles to 
FRET. 

 Suitable for 
medium density 
formats; 
provides
mechanistic
information; 
suitable for 
monitoring
protein – protein 
interactions; 
real - time 
monitoring of 
interactions. 

 Some limitations on 
application; 
involves protein 
engineering of the 
target. 

    Reporter gene  Based on recombinant 
protein engineering 
and expression 
technology to couple 
an endogenous 
pathway to the 
expression and/or 
activity of a protein 
from a transgene in 
response to drug 
modulation of a 
target. 

 Several 
commercially
available
plasmids (e.g., 
with cAMP, 
calcium, and 
estrogen
responsive
elements); 
sensitive high 
throughput
assay formats. 

 High incidence of 
false hits; long 
incubation times; 
indirect correlation 
with target 
modulation. 

    Electrical 
readout

 Includes biosensor -
 based methods and 
patch clamping. 

 Suitable for 
monitoring
channel activity. 

 Not truly suited to 
HTS; limited utility 

    Second 
messenger
assays

 Based on a direct 
measurement of one 
of more downstream 
changes in signal 
mediators in 
response to drug 
modulation of a 
target. Includes 
assays such as those 
that measure 
changes in 
intracellular calcium 
(FLIPR/
Aequroscreen), 
cAMP, and many 
more. 

 Direct 
measurement of 
the effects of a 
substance. 

 Only suited to some 
types of targets 
(e.g., receptor, 
channels, enzymes); 
time consuming. 

TABLE 1.3 Continued
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 Methods  Assay Principles  Advantages  Limitations 

    Fluorophore and 
chromophore -
 based methods 

 Rely on the use of an 
ion - sensitive dye to 
detect intracellular 
changes in ion 
content. 

 Suitable for 
monitoring
increases in 
intracellular
calcium, 
potassium, and 
sodium ions. 

 Sensitivity dependent 
on dye chemistry. 

    Cell proliferation 
assays

 Includes methods such 
as dye or 
radioisotope uptake, 
protein estimations, 
cell counting, and 
oxygen sensor 
measurements to 
monitor the 
competence, 
viability, and growth 
rate of cells. 

 Minimum 
resources
needed; generic 
application; 
quantitative
data can be 
obtained. 

 Diffi culty equating to 
physiological
endpoint. 

In silico methods
    Protein modeling Ab initio  or homology -

 based protein 
structure modeling 
based on amino acid 
sequence analysis 
and biophysical/
biochemical data. 

 Binding site 
identifi cation 
and
pharmacophore
modeling. 

 Need experimental 
confi rmation of 
fi ndings. 

    Molecular 
docking/SAR/
combinatorial
chemistry

 Molecular dynamics 
simulations and 
energetic
calculations. 

 Virtual screening 
prior to 
chemical
synthesis. 

 Need experimental 
confi rmation of 
fi ndings. 

    PBPK modeling  Mathematical 
prediction of the 
fate of a drug. 

 Can be used to 
identify the 
sites of action 
of a drug and to 
estimate likely 
internal dose. 

 Reliant on large 
amounts of data; 
can involve 
considerable
mathematical
expertise. 

a A number of different approaches are used during drug discovery and development. Here, a list of 
methods applicable to hit generation and lead development are listed alongside the main advantages 
and limitations of each method or group of methods. HTS, high - throughput screen.   

TABLE 1.3 Continued

the use of fragments — small chemicals — of around 120 – 250   kDa. Generally, these 
fragments display lower (10    μ M to millimolar) affi nities for a target than do more 
complex, drug - sized chemicals (affi nities within the nanomolar range). It is there-
fore necessary to complement fragment screens by using sensitive analytical tech-
niques, such as protein - detected or ligand - detected NMR  [24] , MS  [25] , X - ray 
crystallography  [26] , and SPR  [27]  (although the last named is generally more appli-
cable for hit confi rmation; see later discussion). These techniques are preferable to 



20 PRECLINICAL DRUG DEVELOPMENT PLANNING

bioassays, such as cell - based binding or functional assays, or to the step - wise com-
bination of hit fragments either by chemical synthesis or by combining pharmaco-
phores  [28] . Despite the fact that the method used to screen fragments affects the 
success of such screens, the hit rate for fragment - based lead discovery is substan-
tially higher than that for drug - like screens, there being an apparent inverse relation-
ship between chemical complexity and target complementarity. Indeed, a screen of 
< 1000 fragments might identify several useful hits for lead development. 

 A  “ library in tube ”  method is being developed for large mixtures of chemicals, 
which has been adapted from a concept put forward by Brenner and Lerner in 1992 
 [29] . This technique involves coding each chemical with a DNA tag, in order to 
identify the attached chemical by PCR, such that mixtures of chemicals can be 
panned against a target. This approach has much potential for diversity - oriented hit 
generation (see Ref.  30  for a review). 

 Biochemical screening can be performed by using several types of readout, 
including those reviewed in Ref.  31 . Whatever the assay used, it should display good 
signal - to - noise ratios and should also be reproducible. The two most commonly used 
screening formats are radiometric and nonradiometric assays, both of which are 
suitable for intact cell or tissue - based studies. Radiometric assays include fi ltration -
 based methods, where the unbound radioactive probe (generally the radioligand 
specifi c for the target) competes for ligand binding with the unlabeled screen com-
pound, after which it is removed in readiness for scintillation counting, or for scin-
tillation proximity assays (SPAs), where  β  - particle emissions from isotopes with 
short β  - particle path lengths (namely,  3 H and  125 I) are measured  in situ  by using 
scintillant - impregnated microspheres. The amount of reduction of the radiolabel 
signal intensity due to competition is measured. The use of the former isotope 
renders the method amenable to a 384 - plate format, while the latter is generally 
more suited to a 96 - well format. 

 Nonradiometric assays include those based on colorimetric, fl uorescent, lumines-
cent, or electrical changes. Commonly used methods include proximity - based fl uo-
rescent resonance energy transfer (FRET), which can be used to monitor interactions 
between a fl uorescent donor and an acceptor on the target, and to screen chemicals. 
This technique is suited for both monitoring a wide range of molecular interactions 
and to 1536 - well formats. One example of how FRET may be useful is in the screen-
ing of enzyme inhibitors  [32] . The drawbacks of this method are the high incidence 
of false positives and problems with fl uorescent quenching. Bioluminescent reso-
nance energy transfer (BRET) is another proximity - based screen. This method, 
while being prone to quenching, requires the use of proteins such as  renilla reinfor-
mis  luciferase donor and green fl uorescent protein (GFP) acceptor, in the presence 
of coelenterazine a (luciferase substrate). BRET is generally more useful for screen-
ing interactions between large molecules, such as proteins, due to the bulky nature 
of acceptor and donor groups, luciferase, and GFP. Nevertheless, it can also be used 
to screen for chemicals that perturb such interactions, and indeed, BRET has been 
proposed as a screen for HIV - 1 protease inhibitors  [33] . The sensitivity of both 
FRET and BRET is dramatically improved when there is a large difference between 
the emission spectra prior to and following energy transfer from the donor to the 
acceptor group. 

 Other commonly used screens rely on the expression of a reporter gene (e.g., 
β  - galactosidase or luciferase) in response to the activation of a specifi c pathway. 
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However, many more screening techniques are specifi c for the targets in question, 
as is the case for GPCRs  [34]  and HIV - 1  [35] . An example of the usefulness of 
electrical readouts is the examination of the interaction between DNA and metal-
locompounds. In this case, the DNA is immobilized on electrodes, and interactions 
with the drug can alter the electrical output  [36] . Generally, these functional assays 
(with the notable exception of SPA) can provide a mechanistic overview of drug 
action. However, further insight can be gained by using surface plasmon resonance 
(SPR). SPR is a real - time monitoring system based on change in mass, in which 
microgram amounts of the target are immobilized on a chip and exposed to the test 
chemical. The fl ow rate and wash rate can be varied, such that not only can the 
individual chemicals in a mixture be resolved according to rank order of affi nity, 
but also the on – off rates of binding can be monitored. Membrane protein targets, 
however, are diffi cult to isolate and refold into the chip matrix, so SPR is far more 
useful for the screening of drugs that target soluble proteins and DNA  [37] . 

 As a typical screen of 1 million chemicals can take 6 months to complete, there 
is interest in expediting hit generation by using higher density plate formats or by 
chemical pooling. Increasing the assay density by increasing the well density is fea-
sible, but is highly dependent on the nature of the screen. Chemical pooling involves 
placing multiple chemicals into each well of a plate, with a single chemical overlap 
between two wells. This can reduce the screening time to a matter of weeks. However, 
factors such as the possibility that two of the compounds in the same well will cancel 
the effects of each other or will act synergistically, can result in false negatives and 
positives, respectively. It is also general practice to include pairs of structurally 
related chemicals in each screen. 

 A new drug can also be developed as a result of rational drug design, particularly 
when there is extensive knowledge of the structure and function of the target 
protein, as well as available computer models and the capability to dock virtual 
compounds into the active site. In many cases, however, the original fi rst - in - class 
compound was designed by modifi cation of the endogenous ligand for the target. 
The classical example of this is the design of small nonpeptide antagonists that 
target neuropeptide receptors (e.g., neurokinin receptors) by gradual structural 
minimization and constraint of the natural endogenous receptor ligands  [28] . In 
general, the design of these smaller nonpeptide ligands, based on knowledge of the 
natural ligand, requires extensive peptide analogue generation and screening for 
effi cacy and activity, so as to identify the key interactions and functional groups on 
the peptide that determine specifi city and activity. In the above example of neuro-
kinin receptor binding, the key interactions were identifi ed as being with the termi-
nal Phe - X - Gly - Leu - Met - NH 2  motif. Indeed, all ligands that retain neurokinin 
receptor affi nity contain aromatic rings and amine groups that fi t into the receptor 
pocket. 

 The latter analogue - based minimization of the natural ligand for a target protein 
is particularly relevant, given that larger molecules such as peptides and proteins 
are increasingly being investigated as clinical agents. Currently, more than 40 pep-
tides are marketed worldwide, with some 700 more at various stages of development 
as drug leads. Similarly, there are some 120 antibody - , hormone - , and enzyme - based 
therapeutics currently on the global market. Many of these therapeutics are more 
specifi c and more active than their small molecule counterparts, and they accumu-
late less readily in tissues, with generally lower oral bioavailability and less stability. 
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They are all potentially immunogenic and are relatively expensive to manufacture. 
These molecules are also not generally amenable to rational design strategies and 
are often developed by de novo  routes with limited  in silico  approaches, in view of 
the diffi culties associated with docking fl exible peptides and proteins into the target 
protein. 

 Screening for peptide, polypeptide, and protein therapeutic leads presents a 
problem, in that large libraries are generally not amenable to chemical synthesis. 
One solution to this problem is to use systems in which the peptide is linked to the 
DNA that encodes it. Phage display, for instance, is a technique that allows one or 
more genes encoding any number of protein variants to be expressed in an anchored 
form amenable to affi nity probing. The genes of interest are inserted into the 
genome of a nonlytic phage, which is introduced into bacteria. The proteins encoded 
by the genes are expressed (displayed) on a defi ned coat protein of the respective 
phage. Phage display libraries of over a billion different peptide or protein sequences 
can be prepared, the only limitation being the effi ciency with which the bacteria are 
infected. By using the molecular target as a probe to isolate hits from this library, 
it is possible to undertake successive rounds of optimization until the most specifi c 
hits are identifi ed. Phage display, and the similar, more recent ribosomal display 
systems  [38] , can be used to screen for protein and hapten hits for drug development 
and have proved particularly useful with respect to the development of specifi c 
antibodies  [39] . However, the need for folded proteins has led to the development 
of a yeast - display technology, whereby proteins are presented in their folded form 
on the yeast cell wall. These anchored systems all facilitate miniaturized screening 
and, in the case of the yeast - display libraries, FACS  [40] . 

 The techniques used for developing genetically based therapeutics share some 
similarities with more traditional drug discovery approaches. Genetically based 
therapeutics include plasmids containing transgenes for gene therapy, oligonucle-
otides for antisense applications, DNAzymes, RNA aptamers, and small interfering 
RNAs for RNAi  [41] . So far, two such products have been approved for clinical use 
and many more are in the course of development, so this important group of thera-
peutics requires specifi c consideration in the context of preclinical planning. Very 
little is currently understood about the suitability of many genetically - based thera-
peutics. It is known, however, that the design of the vector crucially determines 
delivery and nuclear uptake, and also that the promoter used will determine the 
expression levels of the transgene and the effi ciency of gene silencing (reviewed in 
Ref.  41 ). Since uptake is a key determinant of effi cacy, the development of these 
therapeutic agents must be used together with an evaluation of DNA delivery tech-
niques, such as microinjection, electroporation, viral delivery systems, and carrier 
molecules that either promote cellular endocytosis (e.g., cationic lipids or amines) 
or facilitate uptake (e.g., carbon nanotubes) (see Ref.  42  for a review and Section 
 1.4.4 ). Equally, the expression of the encoded DNA is reliant on the precise nucleo-
tide sequence, with codon use often resulting in changes in the expression of the 
encoded protein product and, in some cases, to its cellular fate. 

 Whatever the discovery route for a lead compound from drug - like libraries or 
fragment libraries, it is clear that most of the drugs that are currently marketed are 
highly similar to the leads from which they were derived  [43] . This makes lead dis-
covery a crucial step in the drug discovery process. The most widely used approach 
to confi rming leads is affi nity - based screening  [44] , where qualitative (e.g., rank 
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order) or quantitative ( Kd , IC 50 ) measurements are used to monitor interactions 
between compound libraries and protein, RNA, or DNA targets, by using approaches 
such as standard binding assays, NMR, SPR, or X - ray crystallography. Other 
approaches involve the use of changes in biochemical events that have been identi-
fi ed from target modulation or predicted by  in silico  screening. A combination of 
all three approaches has the advantage over using biochemical techniques alone, of 
reducing the number of false hits while allowing higher screening throughputs. For 
instance, experimentally based screening may result in false hits, because of (1) 
nonspecifi c interactions (predominantly hydrophobic in nature), (2) aggregation or 
poor solubility of the drug, and (3) purities, reactive groups, or chemical stability 
that are not readily discernible from in silico  predictions. MS - based methods result 
in fewer false positives because of nonspecifi c hydrophobic interactions, poor solu-
bility, impurities, and reactive functional groups. In practice, however, the method 
used for hit generation is dependent on the resources available. 

 In the case of  in vitro  biochemical and cellular assays, miniaturized formats can 
be used to screen around 1 million drug - like molecules, by using 1 – 50    μ M concentra-
tions and a 30 – 50% activity cutoff between potential hits and failures  [45] . Where 
fragment libraries are used, activity might only be detectable at substantially higher 
concentrations, and by using more - sensitive techniques. As a result of these selection 
criteria, the rate of false hits (and failures) is also relatively high. 

 Hit confi rmation generally involves biochemical assays to confi rm that the 
observed activity is linked to the desired mechanism of action. The choice of meth-
odologies is important, since it is at this stage that eliminating false - positive hits 
becomes most important and depends on the necessary properties of the fi nal drug. 
It is also at this stage that hits begin to be ranked according to specifi city, activity, 
and suitability to be used for lead development. Indeed, data from hit confi rmation 
studies are often amenable to structure – function analysis by using  in silico  methods 
that may ultimately guide decisions as to the most favorable leads. 

 This process is developed further during the hit - to - lead stage, in which potency is 
no longer considered to be the deciding factor, but selectivity, the feasibility of chemi-
cal synthesis and modifi cation, the mechanisms of target interaction and modulation, 
pharmacokinetics, and patentability of the fi nal drug have become increasingly 
important. Many of these issues are considered later. It is important to note, however, 
that determining whether individual fragment hits fulfi ll these criteria is much more 
problematical. The ability to chemically modify a hit lends itself to the three main 
ways of generating a lead compound from initial promising hits and subsequently 
derivatizing and modifying the lead to give the fi nal drug, namely, by using biophysi-
cal or biochemical methods, cell - based screens, or  in silico  predictions. 

 It is at the above stage of development that the possible risks associated with a 
new drug candidate begin to be addressed. The affi nity and specifi city of the drug 
candidate for the desired target can often dictate whether it will be discarded at an 
early stage. For instance, if there is a difference of several orders of magnitude in 
affi nities for selected targets and off - targets, the drug is less likely to have predict-
able side effects. That is, it is possible that a drug may have a desirable effect within 
one concentration range, above which it causes toxicity. The relationship between 
the desired therapeutic effects of a drug and its adverse effects is expressed as a 
margin of safety (MOS; also referred to as therapeutic index) — being the difference 
between the effective dose and that which gives rise to toxicity. 
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 Two important sources of information can contribute to a widening of the MOS 
during lead optimization. The fi rst is a fundamental understanding of the mecha-
nisms of interaction with the desired target and off - targets. The second is informa-
tion from combinatorial chemistry and rapid in vitro  screens to determine the 
relationship between structure and activity, which can then be applied to developing 
computational analysis techniques. This is a fundamental principle of rational drug 
design, where the original lead is often structurally related to the endogenous sub-
stance that modulates target activity. On a fi nal note, however, rational drug design 
is not applicable in all circumstances, and a great deal of drug discovery still relies 
heavily on the serendipitous discovery of new drugs by empirical screening of 
various chemical classes.  

  1.3.2   Pharmacokinetics 

Introduction   Lead derivation and optimization are guided by three predominant 
factors: effi cacy, specifi city, and pharmacokinetics. Pharmacokinetics is the study of 
the time course of drug absorption, distribution, metabolism, and excretion (ADME), 
and how ADME relates to the therapeutic and toxic effects of a drug. The key 
parameters and methods used in ADME studies are listed in Table  1.4 . During 
the 1990s, it was noticed that many drug candidates were abandoned during 
clinical trials due to poor pharmacokinetics  [46] . This, in part, refl ects problems with 

 TABLE 1.4    Key  ADME  Parameters and Methodologies a    for Early Studies 

Physicochemical properties
    Chemical stability and degradation 
    Solubility 
    p Ka

    Lipophilicity (log    P ) 
Binding target screens
    Plasma protein binding 
    Nonspecifi c interactions/binding studies 
Absorption and distribution
    Passive transport into the systemic circulation system — Caco - 2 MDCK cells 
    P - gp substrate/transporter assays 
    Absorption screening — models of the blood – brain, placental/reproductive, epithelial, 

and, corneal barriers 
    PBPK modeling 
Metabolism and excretion
    CYP metabolism 
    CYP inhibition/induction 
    Glucuronidation 
    Nuclear receptor activation 
    Regulation of lipid and cholesterol metabolism 
    Aromatase inhibition 
    Metabolite stability 
    Kidney cells and tissue preparations 

a These approaches are increasingly being used by pharmaceutical companies in an attempt to reduce 
drug attrition rates.   


