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The pharmaceutical industry continues to look for ways to reduce drug candidate
attrition throughout the drug discovery and development process. A significant cause
of attrition is due to safety issues arising either as a result of animal toxicity testing
or in the clinical programme itself. A factor in the assessment of safety during early
drug development is the pharmacokinetic profile of the compound. This allows safety
data to be considered in the light of systemic drug exposure and therefore permits
a quantitative assessment. This is particularly applicable when assessing the risk of a
new chemical entity (NCE) in relation to safety parameters such as QT interval
prolongation, where free plasma concentrations have been shown to be predictive
of this property in relation to potency in preclinical testing. Prior to actual human
exposure it is therefore important to be able to predict reliably the pharmacokinetic
behaviour of an NCE in order to place such safety findings into a quantitative risk
context. The emerging science of pharmacogenetics is likely to further our ability to
assess the risk of NCEs to populations and individuals due to genetic variance. The
drug metabolizing enzyme CYP2D6 has been recognized as providing the potential
to result in widely differing systemic drug exposure in the patient population due to
polymorphic expression. Further knowledge is likely to add to our understanding of
population differences in exposure and response and aid in the identification of risk
factors. One potential strategy for improving the effectiveness of the drug discovery
process is to obtain clinical pharmacokinetic data more rapidly in order to assess
more accurately the potential for both efficacy and safety of an NCE. Whilst procedures
and technologies are available that allow this on the microdose scale, it is impor tant
that we recognize potential limitations of these approaches in order that they can be
applied beneficially.

 

Introduction

 

The cost and time taken to bring new medicines to the
market has continued to rise over recent times [1, 2]
whilst the number of new drug approvals has declined
[3]. In order to try to maximize return on investment the
pharmaceutical industry is generally looking to improve
success rates and reduce candidate attrition during the
drug development process. Early termination of drug
development programmes that will ultimately fail is
seen as an approach that leads to overall cost reduction
[2]. In order to achieve this it is important to understand

the root causes of attrition that have led to drug devel-
opment failure in the past. A previously published sur-
vey on the causes of failure in drug development
(Figure 1) indicated that inappropriate pharmacokinet-
ics were a major cause [4]. Inappropriate pharmacoki-
netic behaviour includes such factors as low
bioavailability due to high extraction or poor absorption
characteristics, short elimination half-life leading to
short duration of action and excessive variability due to
genetic or environmental factors. This observation has
led to an increased emphasis on pharmacokinetic input
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to the drug discovery process throughout the pharma-
ceutical industry [5]. Much progress has been made in
developing tools for the prediction of drug absorption
[6–10], drug clearance [11–14] and drug–drug interac-
tions [15–18], in addition to the scaling of pharmacok-
inetic parameters from animals to man [19–22]. This
increased consideration of the suitability of the pharma-
cokinetic profile has led to a reduction in the early
termination of programmes due to pharmacokinetic
failings [23]. This in turn has highlighted the other
causes for compounds being considered unsuitable for
drug development. Such reasons include inadequate
safety and efficacy. Both of these aspects can be partially
addressed by extending the prediction of pharmacoki-
netic behaviour to include the pharmacodynamic profile
of the drug candidate. Preclinical pharmacodynamic
studies [24] and the identification of appropriate safety
and efficacy biomarkers [25, 26] provide avenues to
increase the confidence in rationale and safety of new
drug molecules. In combination, or as an alternative to
such approaches, consideration of the required drug
exposure providing the desired and/or undesired phar-
macological effect can contribute to a quantitative
assessment of the potential safety risk of a novel agent.

 

Free drug exposure as a basis for 
safety consideration

 

The free concentration of drug in plasma, i.e. the con-
centration that is not bound to plasma protein, is gener-
ally regarded as the concentration that is available to

interact with target receptors or ion channels [27, 28].
This is especially true for receptors and ion channels
where the binding site is accessed extracellularly and
thus is exposed to the free drug concentration in plasma
[29]. Therefore when novel molecules are being
assessed for their potential suitability as drug develop-
ment candidates it is important to consider the target
therapeutic free drug concentration that is expected to
be required for efficacy. This can then be considered
against the expected pharmacokinetic properties of the
compound to ascertain if the agent is likely to be able
to provide efficacious exposure on a realistic dose
regime. Target therapeutic free drug concentrations can
often be estimated from 

 

in vitro

 

 pharmacology studies,
which may be supported by studies in animal models of
the disease. A concentration providing 75% receptor
occupancy has been demonstrated as predictive of the
therapeutic active concentration for many G-protein
coupled receptor antagonists [29], although the degree
of occupancy required may vary depending on the dis-
ease target. If available, additional data from preclinical
pharmacokinetic–pharmacodynamic (PK/PD) studies
may be used to refine the prediction of compound expo-
sure required for efficacy. Having established target
therapeutic levels of a compound and made estimates of
the projected clinical pharmacokinetic profile, this can
be extended to assess the potential safety risk of the
novel agent in situations where plasma free concentra-
tion is considered relevant to compound safety. This is
illustrated in Figure 2, where relatively crude pharma-
cokinetic predictions have been applied to maintain free
drug exposure above a therapeutic threshold and com-
pared with projected exposure which is estimated to
pose a safety concern.

 

Figure 1

 

The reasons for failure of drug development programmes by the seven 

 

UK-based pharmaceutical companies in the period 1964–1985 [4]
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Figure 2

 

Modelled pharmacokinetic profile of a novel chemical entity with 

consideration of free drug exposure relative to projected efficacy levels 

(based on, e.g. receptor occupancy) and safety threshold (based on, e.g. 

 

level at which QT prolongation is anticipated)
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QT prolongation and PK/PD

 

The nonspecific pharmacology of many molecules to
induce the form of ventricular tachycardia known as
torsades de pointes (TDP) has become a major focus in
the identification and development of new drug candi-
dates [30–34]. Due to the potentially fatal outcome of
TDP and the number of drug withdrawals and restrictions
to use that have occurred as a consequence, it is clearly
desirable to identify the risk and avoid developing com-
pounds that may be associated with TDP. Prolongation
of the QT interval has been demonstrated to be predictive
of the risk of TDP and was exemplified in the case of
terfenadine [33]. Various 

 

in vitro

 

 and 

 

in vivo

 

 systems for
assessing QT prolongation have been developed [31, 34]
and these have been applied to the selection of com-
pounds with minimal risk. The ability of compounds to
inhibit HERG potassium currents in recombinant cell
systems has been extensively used in the early assess-
ment of compounds likely to prolong the QT interval
[35]. The close correlation between free plasma concen-
trations associated with QT prolongation in both dog and
man and the concentration associated with inhibition of
the HERG channel 

 

in vitro

 

 have been demonstrated for
terfenadine, terodiline, cisapride and E-4031 [36]. A
comprehensive analysis of available 

 

in vitro

 

 and 

 

in vivo

 

data relating to QT prolongation [37] demonstrated the
dependence of QT prolongation on free plasma concen-
trations and lent support to the application of a 30-fold
safety multiple between therapeutic activity and concen-
tration causing QT prolongation. This can be further
refined by the incorporation of a pharmacokinetic com-
ponent to provide greater assurance that clinical exposure
at proposed therapeutic doses will not approach free
plasma concentrations expected to cause this adverse
pharmacology (as illustrated in Figure 2). Hence com-
bining the predicted pharmacokinetic and pharmacody-
namic properties of a new compound enables a rational
decision to be made regarding the potential safety risk
and hence ability to develop the agent.

In reality, such considerations of safety in relation to
pharmacokinetics are little different from the compari-
sons made of systemic drug exposure in toxicology
studies and in clinical use. However, undertaking these
analyses in a predictive manner allows a risk assessment
to be made prior to actual human exposure.

 

Limitations to the application of systemic drug 
exposure to the assessment of safety

 

The above example regarding the potential to cause QT
prolongation demonstrates how systemic exposure can
be used to assess quantitatively the safety risk of a novel
agent. Systemic exposure is often of primary consider-

ation during early drug development and has become a
prime purpose of toxicokinetic studies [38]. Whilst no
formal requirements exist, drug development pro-
grammes are likely to proceed with far greater confi-
dence when systemic exposure in the toxicology species
at a no adverse effect dose greatly exceeds what is
expected or is observed in the clinical studies. Clearly
when the limiting safety factor can be linked to free drug
exposure, as in the case of QT prolongation, this can be
sensibly applied. However, the actual relevance of sys-
temic exposure (free or total) needs to be carefully con-
sidered, as many limiting safety findings are unrelated
to systemic drug concentration. Obvious examples are
hepatic toxicities. The chemical insult that occurs at the
liver following oral dosing is often unrelated to systemic
exposure because the extent of first-pass extraction may
result in low systemic exposure even though the liver
has been exposed to the whole dose. This can become
particularly important when comparing across species.
Marked variation in extent of hepatic extraction may
mean that the livers of two species are exposed to the
whole oral dose but there may be orders of magnitude
difference in the systemic exposure. Such is often the
case when comparing rodents and man. Hepatic extrac-
tion may be close to 100% in rodents and any resultant
toxicity may be associated with low systemic exposure
which bears no relation to the chemical insult imposed
on the liver. Where hepatic extraction is lower a similar
systemic exposure in man will be achieved at a frac-
tion of the dose and similar fraction of the chemical
insult to the liver. Rodent-specific induction of drug-
metabolizing enzymes by xenobiotics can exacerbate
the rodent–human differences in systemic exposure for
a given dose of compound [39, 40]. In such cases careful
consideration needs to be applied as to the relevance of
systemic drug exposure in toxicology studies (toxicok-
inetic data) to the assessment of safety. Other toxicities
may occur that are independent of systemic drug expo-
sure. Examples include the species-specific renal toxic-
ity of efavirenz in rats, which may be due to glutathione
conjugate formation unique to this species [41]. It is thus
always important to attempt to understand the aetiology
of the limiting drug safety finding in order to establish
the relevance (and limitation) of applying a con-
centration–effect relationship. It is also important to
appreciate the potential for interspecies differences
in pharmacodynamic response, which may limit the
extrapolation of toxicity data across species [42].

 

Pharmacogenetics and safety assessment

 

Pharmacogenetics has been defined as the use of bio-
logical markers (DNA, RNA or protein) to predict the
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efficacy of a drug and the likelihood of the occurrence
of an adverse event in individual patients [43]. Pharma-
cogenetic-guided drug discovery provides the potential
for developing treatments designed for individuals or
specific subpopulations with minimized adverse effects
[44]. Several drug-metabolizing enzymes have been
shown to be polymorphic as a consequence of single
nucleotide polymorphisms (SNPs), gene deletions and
gene duplications. In recent years, pharmaceutical com-
panies have increasingly aimed to screen out com-
pounds that are substrates solely for a polymorphic
enzyme in order to avoid the wider intersubject vari-
ability in exposure, and hence safety and efficacy, that
is associated with such agents [45]. The CYP2D6
enzyme is the most studied of the polymorphic drug-
metabolizing enzymes [46]. The structure of the active
site and hence structural requirements for substrates of
CYP2D6 have been characterized leading to a well-
defined pharmacophore template model [47, 48]. Such
a model allows the early identification of potential
CYP2D6 substrates based on chemical structure alone.
Such was the case for a calcium channel antagonist
(UK-84,149, Figure 3) under investigation at around
the time the pharmacophore model was being devel-
oped. Because, at this time, the science around
CYP2D6 polymorphic metabolism was not fully recog-
nized, this compound was continued to early clinical
studies. However, given the emerging pharmacophore
model together with additional 

 

in vitro

 

 data confirming
the CYP2D6 dependence, the panel of volunteers in the
first in human study were genotyped for CYP2D6
expression. Two individuals were characterized as poor

metabolizers for CYP2D6 (PMs) and were included in
the study. The resulting pharmacokinetic data demon-
strated a markedly higher exposure in these individuals
(Figure 3) and development of the compound was
immediately terminated [49]. The current comprehen-
sive knowledge about CYP2D6 polymorphic metabo-
lism provides the opportunity to routinely avoid
compounds shown to have a high dependence on this
enzyme for clearance. The excessive intersubject vari-
ability in exposure provides an increased safety risk for
such molecules and it is often possible to modify struc-
tures to reduce such dependence prior to nomination
for development [45].

Polymorphic expression of the cytochrome P450
enzyme,  CYP2C19, is also responsible for excessive
intersubject variability [45, 50, 51] and, like CYP2D6,
dependence on CYP2C19 metabolism is seen as an
undesirable safety risk. The increased availability of
SNP screening results in increasing identification
of polymorphisms and hence need for consideration of
clinical consequence. The enzyme CYP2C9 has two
common variant alleles (*2 and *3); however, unlike
CYP2D6 and CYP2C19, these retain enzymic activity
albeit at a reduced rate [52, 53]. Thus CYP2C9 poly-
morphisms have only a modest impact on pharmacoki-
netics and generally no significant effect on therapeutic
outcome, as demonstrated for the angiotensin II receptor
antagonist, irbesartan [54]. Conversely, losartan, another
selective angiotensin II receptor antagonist, has been
shown to possess reduced efficacy in individuals with
reduced catalytic activity of CYP2C9 due to reduced
formation of the active metabolite [55]. In the case of a
narrow therapeutic index drug such as warfarin,
CYP2C9 genotype has been shown to correlate with the
titrated dose in a population of 200 patients [56].
Patients homozygous for the wild-type *1 allele, which
has the highest catalytic activity, had the highest titrated
dose, whilst *3 homozygotes, which have the lowest
catalytic activity, also had the lowest titrated dose. Obvi-
ously compounds with therapeutic indices as low as
warfarin are the exception and in general it would
appear that CYP2C9 pharmacogenetics are not critical
to the ability to develop CYP2C9 substrates.

The relevance of pharmacogenetics for other proteins
involved in drug disposition is yet to be fully realised.
The drug transporter P-glycoprotein, which is increas-
ingly recognized as playing a significant role in the
pharmacokinetic profile of xenobiotics [57], is a case in
point. Twenty-eight SNPs for P-glycoprotein have been
identified; however, results from studies investigating
the consequence are equivocal and no clear clinical out-
come has been demonstrated [58].

 

Figure 3

 

Variation in area under the plasma concentration–time curve (AUC) 

following a single oral dose of the CYP2D6 substrate and calcium 

channel antagonist (UK-84,149) to human volunteers [49] Individuals 

characterised as poor metabolizers for CYP2D6 indicated by asterisks
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Making the drug development process more efficient

 

It is clear that consideration of the pharmacokinetic pro-
file of a new chemical entity can be extremely beneficial
to the assessment of its safety and efficacy. Generally it
is possible to make fairly robust predictions of the phar-
macokinetic profile in man using 

 

in vitro

 

 systems and
preclinical pharmacokinetic studies as previously dis-
cussed. However, the science is incomplete and there
remain occasions where 

 

in vitro

 

 and 

 

in vivo

 

 data
obtained on a molecule during the drug discovery pro-
cess may be ambiguous or even contradictory. A number
of options are then available. The risk may be consid-
ered too great to warrant further investigation or chem-
ical effort may be switched to an alternate series which
may provide more predictable pharmacokinetic proper-
ties. Alternatively, the decision may be taken to progress
the compound to man to obtain actual clinical pharma-
cokinetic data on which to base a decision on suitability
for development. Assuming some knowledge of the pre-
dicted dynamics relating to safety and efficacy, single-
dose clinical pharmacokinetic data can provide a very
clear decision on suitability of a particular compound
for further development.

Human microdosing has been proposed as one
approach to allow rapid evaluation of human pharmaco-
kinetics utilizing ultrasensitive technology, such as
accelerator mass spectrometry (AMS), to allow quanti-
fication of drug exposure after extremely low single-
dose administration [59]. As the microdoses are not
expected to have pharmacological activity, abbreviated
safety packages have been proposed to support these
limited clinical programmes. Indeed, the European reg-
ulatory bodies have issued guidance on such nonclinical
safety packages and human microdoses [60]. Whilst
some success has been achieved through this approach
[61–63], it is important that the limitations of such stud-
ies are fully appreciated. First, the cases where preclin-
ical drug metabolism tools fail to provide robust
predictions of the human pharmacokinetics are often
those where the science governing the drug disposition
is poorly understood [64] and therefore the predictabil-
ity of microdose pharmacokinetic data to pharmacolog-
ically relevant doses is highly questionable. Second,
such approaches may potentially impact on drug discov-
ery but do not speed up the drug development process,
as successful readout from a microdose study will then
require a full safety package to support a standard clin-
ical drug development programme at appropriate doses.
Finally, the use of AMS can only readily be applied to
the measurement of total radioactivity [61, 62] without
extensive sample preparation, hence the presence of
metabolites may confound interpretation of pharmaco-

kinetic data. However the increasing sensitivity that can
be obtained from state-of-the-art mass spectrometric
detection [65] does make specific analysis possible even
at microdose levels for some compounds. Careful con-
sideration therefore needs to be given to identify appro-
priate drug development programmes which might
benefit from such an approach [63]. The growing appre-
ciation of the role of drug transporters, such as P-
glycoprotein, in drug disposition provides several
examples which demonstrate the lack of dose linearity
which would clearly invalidate a microdose approach to
drug candidate selection. The greater ability of the drug
discovery process to remove drug candidates with high
metabolic lability has led to several examples where the
pharmacokinetic profile is dependent on P-glycoprotein.
These compounds show markedly nonproportional
absorption across dose ranges studied in first clinical
studies resulting in super-proportional increases in AUC
such that the initial low doses would not predict the
pharmacokinetics at therapeutic levels. An experimental
PDE5 inhibitor (UK-343,664) provides an example of
this nonproportional pharmacokinetics [65] as shown in
Figure 4. For this compound there was an estimated 14-
fold change in bioavailability between doses of 10 and
800 mg. Other examples in which P-glycoprotein
involvement results in nonproportional pharmacokinet-
ics cover a range of therapeutic classes from 

 

a

 

-
adrenoreceptor antagonists [66] and NK2-antagonists
[67] to 

 

b

 

-adrenoreceptor antagonists [68].

 

Figure 4
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Summary

 

In order to reduce the cost of overall drug development
it is essential that resources be focused on those com-
pounds most likely to succeed. The utility of pharmaco-
kinetic predictions (or at least estimations) in the drug
discovery phase has resulted in fewer compounds failing
as a result of inappropriate clinical pharmacokinetics.
This application of pharmacokinetic prediction is now
being extended to the pharmacodynamics of novel com-
pounds in order to gain better understanding of their
efficacy and safety profiles. The application of linking
pharmacokinetics and pharmacodynamics in the risk
assessment for QT prolongation is a notable example.
The growing knowledge of pharmacogenetics has iden-
tified additional risk factors for individuals and specific
groups and continued growth in this area is likely to
improve the ability to discover successful drugs for both
the wider and specific populations. Clearly pharmaco-
kinetics is key to the overall interpretation of the safety
profile; however, it is important that the link between
systemic exposure and effect is established in order to
allow appropriate consideration. In situations where
pharmacokinetic predictions are ambiguous or not pos-
sible, there are opportunities to change the drug devel-
opment paradigm to obtain information more rapidly.
However, it is important to realise that this may only
permit the rejection of compounds to be achieved more
rapidly and the application of such methods is not
universal.

 

The author would like to extend thanks to Dennis Smith,
Barry Jones, Rob Webster and Don Nichols for their
contributions to many of the discussion points within

 

this manuscript.
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