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Abstract: The lead optimization paradigm includes a team of experts that has a multitude of parameters to consider when
moving from an initial lead compound through the lead optimization phase to the development phase. While in the past
the team may have had only a medicinal chemist and a pharmacologist, the current team would often include experts in
the areas of drug metabolism and pharmacokinetics (DMPK) as well as chemical toxicity. This review provides an
overview of the some of the recent advances in the areas of DMPK screening plus a discussion of some of the assays that
can be used to begin to screen for toxicity issues. The focus of this review is the major potential problem areas: oral
bioavailability, half-life, drug-drug interactions and metabolism and toxicity issues.
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INTRODUCTION

There has been a dramatic shift in how discovery lead
optimization has been performed in the last twenty years.
Previously, lead optimization was primarily an effort that
combined the skills of medicinal chemistry and biology to
discover novel drug candidates that could be put forward as
development compounds. This simple strategy was effective
and resulted in the discovery of drugs that are still used
today. However, the strategy has changed and now the lead
optimization paradigm includes a team of experts that has a
multitude of parameters to consider when moving from an
initial lead compound through the lead optimization phase. A
major part of this shift was the addition of drug metabolism
and chemical toxicity as important parameters for consider-
ation in the drug discovery stage [1, 2]

One of the reasons for this paradigm shift was the land-
mark study reported in 1990 in which it was reported that for
40% of the compounds that failed in clinical trials, the
problem was pharmacokinetics (PK) [3-6]. This finding led
to the adoption of a new strategy: involve drug metabolism
scientists in the lead optimization process. What followed
was the rapid expansion of exploratory drug metabolism and
pharmacokinetics (DMPK) departments that were given the
challenge to develop higher throughput screening assays to
test new chemical entities (NCEs) as part of the new lead
optimization program. These new screening assays were
designed to measure various absorption, distribution, meta-
bolism and excretion (ADME) properties of the NCE as well
as the pharmacokinetic (PK) parameters of the molecule [7-
20]. One of the reasons that scientists were able to provide
these higher throughput assays was the continuing advances
in the powerful high performance liquid chromatography-
tandem mass spectrometry (HPLC-MS/MS) instrumentation
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that became available in this same timeframe [21-33]. In
many cases, these new screens were inserted into the lead
optimization process in a linear, sequential paradigm as
shown in Fig. (1) [16]. In this paradigm, lower throughput
assays were performed later in the optimization process
when the number of compounds was lower. This new lead
optimization paradigm has already been shown to be very
effective. In a recent study of the attrition of compounds
during clinical testing, it was found that less than 10% of the
compounds failed due to PK reasons [3]. The major reasons
for failure in the clinical phase are now lack of efficacy
(28%), toxicity (20%), clinical safety (12%) and various
commercial concerns (28%) [3, 5]. These more recent
findings are adding to the need to find ways to screen for
safety and toxicity in the lead optimization phase [34-37]. As
the screening throughput has increased, some companies
have switched to a highly parallel process as shown in Fig.
(2). The advantage of the parallel process is that it can
shorten the amount of time required for the lead optimization
phase [1]. This review will provide an overview of some of
the recent advances in the areas of DMPK screening as well
as a discussion of some of the assays that can be used to
begin to screen for toxicity issues.

This review is not a comprehensive overview of all the
various ADME screens, instead the focus of this review will
be on four potential problem areas: oral bioavailability, half-
life, drug-drug interactions and metabolism and toxicity
issues. While these areas are in many ways inter-related,
there are some specific assays that are more closely related
to each topic.

ORAL BIOAVAILABILITY

As oral dosing is the preferred route of administration for
most drugs, oral bioavailability is a key DMPK parameter
that needs to be assessed early in the lead optimization
regime. As a general rule, low oral bioavailability (F) is not a
desirable property for a compound that will be dosed orally.
Low oral bioavailability generally leads to higher inter-
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Fig. (1). Figure shows the iterative nature of the lead optimization
phase in which higher throughput screens are performed earlier in
the process. Adapted, with permission from The Thomson
Corporation and Korfmacher W: Lead optimization strategies as
part of a drug metabolism environment. Current Opinion in Drug
Discovery & Development (2003) 6(4):481-485. Copyright 2008,
The Thomson Corporation.

individual variation in systemic exposure [38, 39]. On the
other hand, high oral bioavailability leads to smaller dosage
and lower API (active pharmaceutical ingredient) cost.

The first in vivo measurement of oral bioavailability is
usually obtained in the rodent (mouse or rat). The standard
measurement of oral bioavailability is typically obtained by
performing a “full PK” study in the mouse or rat. In this
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experiment, the NCE is dosed orally (PO) in three-four rats
or mice and is also dosed by the intravenous (IV) route in
three-four rats or mice. The percent oral bioavailability (%F)
is defined as:

AUC (infinity) PO * Dose IV
AUC (infinity) IV * Dose PO

%F =

Where AUC (infinity) PO is the area under the curve for
the concentration time plot for the samples obtained from
the PO dosed animals

AUC (infinity) IV is the area under the curve for the
concentration time plot for the samples obtained from the
IV dosed animals

Dose PO is the oral dose of the NCE
Dose IV is the IV dose of the NCE

As a general rule, the goal for a new drug is to have a
minimum %F of 30% in the clinical setting [39]. While the
projection of human pharmacokinetics can be done by
various methods, the most commonly used techniques rely
on some form of allometry-based system which needs the PK
data from three preclinical species (typically rat, dog and
monkey) in order to make the human PK predictions. Since it
is impractical to get the PK from three preclinical species
during the lead optimization process, most companies use a
screening paradigm to screen out NCEs that have poor oral
bioavailability. This %F screening paradigm may use various
in vitro assays as well as an in vivo screen.

Oral bioavailability (F) can be understood by realizing that it
is a combination of factors as shown in the following
equation:

F=Fa-Fg-Fh

where Fa is the fraction of the dose absorbed across the GI
wall and Fg is the fraction that survives gut metabolism and
Fh is the fraction that gets through the liver (avoids hepatic
elimination). Fg and Fh together are often referred to as “first
pass metabolism”. Thus, oral bioavailability can best be
characterized as a combination of absorption and metabolism
factors. Indeed, one approach for using in vitro screening for
oral bioavailability is to combine the results of an in vitro
absorption (permeability) screen with an in vitro metabolic
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Fig. (2). Non-linear screening paradigm. This paradigm uses multiple screens in a parallel mode to decrease the lead optimisation time.

Reprinted from MacCoss and Baillie [1] with permission from AAAS.
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stability screen. This approach was described by Mandagere
et al. [40] and found to be more predictive for those com-
pounds with high permeability and medium or high meta-
bolic stability.

Drug permeability is one of the main factors for pre-
dicting the fraction absorbed for a new chemical entity (NCE)
[41]. The most common in vitro absorption (permeability)
screen is still based on the Caco-2 cell (obtained from human
adenocarcinoma cells) assay [19, 42-45]. The Caco-2 cell
assay has the advantage that it is well understood, it is based
on a human cell line and it can also be used to measure the
effect of the P-glycoprotein (P-gp) transporter [46]. The
disadvantage of Caco-2 cells is that they can take up to three
weeks to complete the culture process. There are multiple
reports in the literature for how to use Caco-2 cells in a
higher throughput manner to support drug discovery scree-
ning [47-54].

Another in vitro absorption (permeability) screen that has
become more popular in recent years is the parallel artificial
membrane permeability assay (PAMPA) [19, 55-59]. The
PAMPA screen is not a cell-based assay, rather it is based on
an artificial membrane that separates two aqueous buffers.
The test compound is placed in the donor well and moves by
passive diffusion to the acceptor well. PAMPA is performed
using 96-well plates and utilizes a UV plate reader for the
analysis. Due to the simple design, the throughput is 10-fold
higher than a typical Caco-2 assay. Several researchers have
shown that both PAMPA and Caco-2 show similar corre-
lations to human oral absorption. Kerns et al. [60] showed
that PAMPA and Caco-2 correlate well with each other when
the predominant permeation mechanism for the compound is
passive diffusion. Furthermore, PAMPA permeation values
were much less than Caco-2 values when the predominant
permeation mechanism for the compound is absorptive trans-
port, while PAMPA permeation values were greater than
Caco-2 values when the predominant permeation mechanism
for the compound included secretory transport. Due to these
differences, Kerns et al. [60] proposed that PAMPA would
be best used as the first high throughput permeability screen
in the earlier discovery phase while the Caco-2 assay would
be used as a lower throughput permeability assay later in the
lead optimization phase of the study.

More recently, Balani er al. [14] have also proposed
using PAMPA as the primary screening tool for under-
standing the structure-permeability relationship, while reser-
ving Caco-2 as the secondary screen to better understand the
absorption mechanism and to assess the P-gp interaction
potential of the drug candidates. For those compounds that
show high PAMPA permeability, but low Caco-2 cell per-
meability, the difference is often due to the fact that the
compounds are P-gp substrates. Many compounds show
good oral bioavailability in preclinical animal models even if
they are P-gp substrates; this observation is likely due to
saturation of intestinal P-gp due to high drug concentration
in the gut after oral dosing of the compounds. In a similar
manner, P-gp can be saturated in humans so that a compound
that is a P-gp substrate may be well absorbed at typical
human doses of 100 mg or higher. In addition to P-gp, there
are many other transporters including multiple ATP binding
cassette (ABC) drug transporters that play a role in drug
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absorption as well as drug distribution, metabolism, excretion
and toxicity [19, 61-63].

While not high throughput, the best tool for assessing
oral bioavailability of a NCE is to orally dose the NCE into
laboratory animals [13]. Typically for early PK screening
purposes, the rodent (mouse or rat) is the most common
laboratory animal; mice and rats have the advantage that
relatively small amounts of compound are needed for a
typical PK screen. Due to the need to assess many NCEs,
various models have evolved for measuring the oral
bioavailability in rats or mice.

Previously, cassette dosing of rats or mice was viewed as
a way to increase the throughput of this oral PK screen. In
cassette dosing, multiple compounds (5-10) are formulated
into a single dose and given to a single rat or mouse [64-
68]. As long as the compounds are not isobaric it is nor-
mally possible to differentiate them in a single assay based
on high-performance-liquid chromatography-tandem mass
spectrometry (HPLC-MS/MS). The analytical issue with
cassette dosing is that it takes more effort to ensure that the
assay will be accurate due to the multiple compounds and
their potential (or known) metabolites [69, 70]. In order to
get a complete oral PK concentration-time course, blood
samples typically need to be taken from the laboratory
animals for multiple timepoints out to 24 hours. As described
by White and Manitpisitkul [69], the problem with cassette
dosing is that it can lead to both false positives and false
negatives for various important PK parameters due to drug-
drug interactions. Due to these limitations, cassette dosing
has been falling out of favor as a PK screening technique
[70-72].

Several authors have described alternatives to cassette
dosing that can still be used for reasonably high throughput
oral PK screening [73-76]. Fig. (3) provides a simple
description of various models that have been used for rodent
PK screening [76]. For example, Korfmacher et al. [75] have
described the use of cassette-accelerated rapid rat screen
(CARRS) as a rat oral PK screen. In the CARRS assay,
compounds are bundled into cassettes of six compounds, but
each compound is dosed into two rats (N = 2 rats/compound).
Six samples are taken from each rat at timepoints out to six
hours and the samples from the two rats are pooled at each
time point to give a total of six plasma samples for each
compound. In this way, a total of 36 plasma samples are
obtained for the six compounds in one cassette. Furthermore,
the standard curve is abbreviated to three levels in duplicate
plus a 0 level. The result is that all of the plasma samples and
standards for one cassette of six compounds fit in one 96-
well plate. The CARRS assay has been used successfully for
over 15,000 compounds over the last seven years. In a
retrospective study, Mei et al. [77] found that the AUC(0-6)
that is measured by the CARRS assay was very predictive of
the AUC(0-24) that would normally be measured by more
traditional PK screens. Therefore, the work of Mei et al. [77]
provided additional data to support the utility of the CARRS
assay.

Another report by Liu et al. [76] described an oral PK
screen that was similar to the CARRS assay with some
minor differences and referred to the assay as “snapshot
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Fig. (3). Figure compares full PK dosing in rats with three higher throughput screening procedures: cassette dosing, CARRS and snapshot

PK. Reprinted from Liu ef al. [76] with permission from Elsevier.

PK”. In the snapshot oral PK screen, the rodent species is the
mouse and only four timepoints are taken per compound.
The advantage of using the mouse is that smaller amounts of
compound are needed. The CARRS assay requires about 15
mg of compound for the dosing step, while the snapshot PK
model needs a smaller amount (ca. 5 mg) since it is based on
mice not rats as the rodent model. Furthermore, the snapshot
PK model may have an advantage over CARRS when the
efficacy model is based on a mouse model. In another “rapid
rat” model, Han ef al. [70] determined that three timepoints
(1, 4 and 8 hours) were sufficient to provide AUC values that
agreed well with the traditional seven timepoints that might
be taken to measure the AUC(0-8). Han et al. [70] also
showed that sample pooling could be used to further reduce
the number of samples. In their assay, they use two
rats/compound and sets of five compounds; this results in six
samples per compound and by pooling across compounds
(not across rats), they end up with only six samples for the
five compounds (using cassette assay strategy). The limi-
tation of their approach is that the five compounds must be at
least 5 Da apart from each other in terms of their molecular
weight; the authors also stated that pooling dilutes the
samples so that assay sensitivity could be an issue in some
cases. Finally, they cautioned that metabolites could lead to
interferences in the pooled assay. In spite of these potential
issues, Han et al. [70] stated that their rapid oral PK
approach worked well to support various drug discovery
programs.

HALF-LIFE

After oral bioavailability, half-life is probably the second
most common PK problem area for drug discovery. In most
cases, one would like to dose a new drug on a daily basis; in
order to have a once a day drug, the human half-life of the
compound would need to be in the range of 4-12 hours. For a
twice a day drug, the human half-life of the compound would
need to be in the range of 2-4 hours. The goal in the
discovery setting is to be able to collect sufficient data to

estimate the human half-life of the NCE. If the estimated
half-life does not meet the requirements for the planned use
for the drug, then the medicinal chemist needs to have tools
to look for ways to modify the structure of the compound so
as to reach the targeted half-life for the program.

Half-life (t;,) can be defined simply as the time it takes
for half of the drug level to be cleared from the drug
compartment. Half-life is related to two other PK para-
meters, Vd (apparent volume of distribution) and CLsys
(systemic clearance), by the following equation:

ti2=0.693- (Vd/CLsys).

It is important to understand that for a given compound,
Vd is typically very similar across species, while CLsys can
vary widely; this is why the t;;, of an NCE can have a wide
range of values across species. Once this is understood, then
it is apparent that in vivo PK studies can be used to obtain the
likely human Vd for a NCE, but that an in vitro assay will be
needed to estimate the human CLsys of a NCE. In this way,
it is clear that a combination of in vivo and in vitro assays
will be the best way to predict the human t,, of a NCE [78-
80]. CLsys is a measure of the rate of drug elimination; it is
calculated as shown in the following equation:

CLsys = Dose (iv)/AUC (iv)

where Dose (iv) is the dose (amount) of the drug
administered in the iv route and AUC (iv) is the area under
the curve in the resulting concentration-time plot in the PK
study. Furthermore, CLsys can be understood as a
combination of two parameters as follows:

CLsys = CLy + CL,

where CLy (hepatic clearance) is the result of liver
metabolism and biliary clearance and

CL, is simply renal clearance. For many compounds, CL,
is a small part of CLsys and can be ignored in the human PK
predictions; when CL, is significant, in vivo PK studies in
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laboratory animal can be used to estimate the importance of
this in the clinical setting. When CL, is minor (this is
typical), then CLsys is largely defined as CLy. CLy can be
estimated from either in vivo PK studies or various in vitro
assays. The simplest way to get an in vitro estimate of CLy is
by measuring the metabolic stability of the NCE (or series of
NCEs) [81, 82]. Both liver microsomes and hepatocytes have
been used for in vitro assays for metabolic stability; micro-
somes have been commonly used in the past, but most
researchers would state that hepatocytes are preferred in
terms of their value for improved in vitro predictivity [83-
89]. Hepatocytes provide the capability of producing both
Phase I (oxidation plus hydrolysis of esters and amides) and
Phase II (conjugative metabolism). However, because liver
microsomes tend to be cheaper and more robust than
hepatocytes, it is still common to use microsomes for a
metabolic stability screening assay for NCEs [83].

Whether one chooses to use liver microsomes or hepato-
cytes, the analytical challenges are the same for setting up a
higher throughput metabolic stability screen for NCEs.
Typical higher throughput metabolic stability assays rely on
some combination of robotics and HPLC-MS/MS in order to
be able to handle the large number of samples that are
generated and need to be assayed [19, 27, 90-104]. The basic
procedure is to incubate the NCE in the microsomes or
hepatocytes at 37 °C for a specified period of time and then
to stop the reaction and assay the sample. There are two
common ways to express the metabolic stability: single time-
point and multiple timepoints. In the single timepoint method,
the % NCE remaining at a set timepoint (e.g., 20 minutes)
can be used—this is very useful for ranking compounds. In
the multiple timepoint method, a series of sample timepoints
are taken (e.g., 5, 10, 20, 40 minutes) after the incubation is
started and these are assayed for the NCE—this is useful for
calculating the in vitro intrinsic clearance (Clint) of the NCE
[81]. In either process, the percent of the NCE remaining in
the sample can be determined by simply obtaining the peak
area ratio of the timepoint sample over the time zero sample
(8, 81, 82].

Janiszewski et al. [105] described a high-throughput
screen for metabolic stability based on automation and
HPLC-MS assays. The system made use of multiple injec-
tors as well as a dual-column chromatography system to
speed up the analytical step which was reported to be 30
seconds per sample. The described system was stated to have
a capacity of over 2,000 samples per instrument per day.
More recently, Chovan et al. [91] reported the use of a fast
gradient HPLC-MS/MS system combined with a robotic
system for handling the in vitro incubation step for use in a
high-throughput metabolic stability screen. This screen also
took advantage of commercially available MS method
development software tools in order to be able to handle the
large number of compounds that need to be assayed in this
type of system. Very recently, Plumb ez al. [106] described
the utility of ultra-performance liquid chromatography
(UPLC)-MS/MS for use in a microsomal metabolic stability
assay. These authors point out the importance of having a
high-resolution chromatographic system (such as UPLC) as
part of the analytical step in order to ensure that the results
are a true measurement of the NCE and not a combination of
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the NCE and some metabolite that may have been formed in
the incubation step [106]. The UPLC system produced very
sharp chromatographic peaks (peaks widths of 2-3 s).

DRUG-DRUG INTERACTIONS

Drug-drug interactions (DDIs) are a continuing concern
for any NCE. The potential for drug-drug interactions is now
well understood and there are multiple reports on the utility
of various in vitro assays that can be used to assess the
potential of a NCE for either producing drug-drug interac-
tions in the clinic or being affected by drug-drug interactions
in the clinic [7, 78, 107-122]. Typically, drug-drug interac-
tions are defined as the effect of one drug on the PK profile
of a second drug; these effects can either increase or dec-
rease the concentration of the second drug. Currently, the US
Food and Drug Administration (FDA) defines it as a clini-
cally relevant DDI when a drug coadministration increases
the AUC or Cmax (maximal plasma concentration) by
greater than two-fold [112, 123]. DDIs have been estimated
to be the cause of at least 500,000 adverse drug reactions
annually in the US alone [123]. Multiple drugs that were
once on the market have been recalled due to their potential
to cause fatal DDIs [119]. For these reasons, pharmaceutical
companies realize the importance of trying to screen out
NCEs that have the potential to cause DDIs and to do this in
the early discovery phase when possible.

The most common assay to check for DDI potential is the
cytochrome P450 (CYP) inhibition assay based on human
liver microsomes (HLM) [109, 123]. While there are
multiple human CYP isozymes, there are a smaller number
that account for most of the drug metabolizing activity (80%
of drugs are metabolized by either CYP3A4 or CYP2D6)
[19]. The CYP inhibition assays that are based on HLM, use
a standard incubation procedure (typically in a 96-well
format) with various probe reactions for individual CYP
enzymes (e.g., midazolam for CYP 3A4). Because the extents
of each of the probe reactions are monitored, the assay is
independent of the test compound. This feature allows one to
set up very high speed assays to measure the various probe
compounds. These assays are predominantly based on HPLC-
MS/MS techniques for the analytical step.

There have been multiple reports in recent years descri-
bing how HPLC-MS/MS can be used for providing higher
throughput assays to support various CYP enzyme inhibition
assays [24, 92, 106, 113, 117, 124-130]. For example, Peng
et al. [43] described a high throughput assay based on
HPLC-MS/MS to screen for five important CYP isozymes—
CYP 3A4, CYP2D6, CYP2C9, CYP2C19 and CYPIA2.
Their method was based on HLM incubation of six CYP-
specific probe substrates. The samples were analyzed using
HPLC-MS/MS with a monolithic silica rod HPLC column
that allowed for a ballistic gradient and a mobile phase flow
rate of 5 mL/min, resulting in a total sample run time of 24
seconds. Testino and Patony [129] describe the use of an in
vitro substrate cocktail incubated with human liver micro-
somes and analyzed by LC-MS/MS to provide high through-
put inhibition screening for five CYP enzymes (CYP1A2,
CYP2C9, CYP2C19, CYP2D6 and CYP3A4). Kim et al.
[117] have reported a high-throughput CYP inhibition assay
based on HPLC-MS/MS with a fast gradient; their system
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was designed to measure nine human CYP isozymes. Youdim
et al. [130] recently described the use of a miniaturized 384-
well assay format as part of their high-throughput CYP
inhibition assay. The 384-well assay used human liver
microsomes in conjunction with a cocktail of probe subs-
trates metabolized by five major CYP enzymes. Recently,
Rainville ef al. [128] described a high-throughput CYP
inhibition assay for six major CYP enzymes that utilized
UPLC-MS/MS to provide a chromatographic run time of less
than one minute per sample.

One area of some continuing discussion is the best way
to use the CYP inhibition potential data [16, 112]. Both
Bertrand et al. [111] and Masimirembwa et al. [131] show
logic diagrams for how to use these data. A typical use for
these data is described by Yan and Caldwell [132] who
classify a compound’s potential for inhibition based on the
measured IC50 value; a strong inhibitor has an IC50< 1 uM,
a moderate inhibitor has an IC50 from 1-10 uM, and a weak
inhibitor has an IC50 > 10 uM. Using this classification
scheme, Yan and Caldwell [132] describe a multi-step
approach (Fig. 5 in [132]) for obtaining and utilizing CYP
inhibition data.

A second area of research is the development of various
in vitro assays for the measurement of a compound’s
potential for enzyme induction when dosed in humans [8,
133-136]. The typical example of a drug that is an enzyme
inducer is the drug rifamicin (often used as a positive control
in enzyme induction assays). Rifampicin is a strong inducer
of CYP3A4; it can have a strong effect on coadministered
drugs that are metabolized by CYP3A4. For example, if
rifampicin is coadministered with cyclosporine, then the
plasma levels of cyclosporine would be reduced significantly
resulting in therapeutic failure for cyclosporine [8]. The
number of marketed drugs that are reported to cause enzyme
induction is small; Masimirembwa et al. [131] show a table
listing six drugs that show clinically relevant in vivo
induction. Yan and Caldwell [132] describe various assays
that have been developed for assessing enzyme induction
potential. Both Masimirembwa et al. [131] and Yan and
Caldwell [132] discuss the use of reverse transcriptase poly-
merase chain reaction (RT-PCR) as an in vitro method for
assessing the induction potential for a discovery compound.
Worboys and Carlile [137] provide a good discussion on the
challenges involved with properly assessing the clinical
induction potential of a compound that is tested using the
RT-PCR assay while still in the discovery phase. In a recent
report, Sinz et al. [136] describe the current best practices for
enzyme induction assays. According to Sinz et al. [136],
high throughput screening models utilize various nuclear
hormone receptors (e.g., PXR) in ligand binding or cell-
based transactivation/reporter assays. For example, a high-
throughput induction assay has been reported that is based on
a genetically engineered cell line that expresses a PXRE-
luciferase reporter gene [8, 138, 139]. In addition, Sinz ef al.
state that while immortalized hepatocyte cell lines can be
used to assess enzyme induction of specific drug metaboli-
zing enzymes, cultured primary human hepatocytes are the
best established in vitro model for predicting enzyme
induction and most accepted by various regulatory agencies
[136]. Indeed, Youdim et al. [140] have described a higher
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throughput cocktail assay based on human hepatocytes to
assess the CYP induction potential of NCEs; specifically,
their assay measured the induction of the major CYPs
(CYP3A4, CYP1A2, CYP2C9, CYP2C19 and CYP2D6).

It should be noted that while not a high-throughput assay,
it is important to understand the importance of the various
CYP isozymes in the metabolism of a candidate compound
(this is often referred to as CYP reaction phenotyping) [122,
141]. There are at least two in vitro ways to determine the
CYP enzyme that metabolizes a compound: one way is to
measure substrate depletion and the other way is to assess
the rate of metabolite formation [141]. For the latter process,
one needs to have some knowledge of the major routes of
metabolism for the test compound. It is important to
understand the CYP enzyme metabolic profile in order to
assess the likelihood that the compound will be prone to
DDIs when in the clinic. The significance of the CYP
enzyme profile is largely program dependant. One needs to
consider other drugs that may be co-dosed with the test
compound—are any of these drugs inducers of the CYP
enzyme that metabolizes the test compound? As a general
rule, the likelihood of DDIs is greater when a test compound
is predominantly metabolized by a single CYP enzyme
compared to a compound that is metabolized by several CYP
enzymes [141].

METABOLISM AND TOXICITY ISSUES

While the understanding of the metabolism of a drug in
clinical testing has clearly been an important topic over the
last two decades, the recently released draft guidelines on the
issue of metabolites in safety testing (MIST) have put a
spotlight on the need to have an understanding of the
metabolism of a candidate drug much earlier in the develop-
ment phase [142-147]. These guidelines mandate a need to
not only understand the structure of the human circulating
metabolites, but also to have a quantitative estimate of their
concentrations at steady-state. This requirement will increase
the pressure on both discovery and development scientists to
further understand the metabolism of their candidate drugs in
both humans and laboratory animals that are used for
toxicological evaluation of the candidate drug. This will also
put further emphasis on the need to be able to screen for
metabolism issues while still in the drug discovery setting.

The identification of drug metabolites is a topic of
continuing interest and there are multiple articles that have
described various techniques that can be used for metabolite
identification in various in vivo and in vitro samples [148-
171]. Most of these procedures are based on using various
types of mass spectrometers to both discover and charac-
terize the metabolites. For example, Yao et al. [168] describe
the use of multiple ion monitoring to look for potential
metabolites and to trigger the acquisition of enhanced
product ion scans; in this case, the authors made use of the
unique capabilities of the hybrid quadrupole-linear ion trap
mass spectrometer (QTRAP MS). Tiller ef al. [148] discuss
the utility of using a quadrupole-time-of-flight mass spectro-
meter (QTOF MS) to allow for a semi-automated high
throughput identification strategy; in this case the use of
higher mass resolution capabilities of the system allow them
to get accurate mass data that can be used to help with the
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metabolite identification. Tiller et al. [148] further reported
that this technology allowed them to provide in vitro
metabolite profiling data for 21 NCEs in one day. Recently,
Ruan et al. [151] have described the utility of the new hybrid
linear ion trap/Orbitrap mass spectrometer (a high mass
resolution instrument) and multiple post-acquisition data
mining techniques for the detection and characterization of
in vitro metabolites. As shown in Fig. (4), Lim et al. [169]
show the utility of using high mass resolution for disting-
uishing a metabolite from background components. One of
these post-acquisition data mining techniques is the use of
the mass defect filtering technique [151, 152, 161, 172].
Mass defect filtering takes advantage of the fact that most
drugs have a mass defect that is significantly different from
most endogenous compounds so that by using a high mass
resolution mass spectrometer, one can easily separate most
of the background compounds from the data which makes it
much easier to locate metabolites [152, 172].

While many metabolites are inactive and cleared rapidly,
some metabolites are pharmacologically active (“active
metabolites”) and other metabolites are reactive and toxic.
The formation of reactive or toxic metabolites is referred to
as bioactivation or metabolic activation and is a topic that
has received a lot of attention in recent years [173-180]. This
has led to an increased need to detect reactive metabolites in
the drug discovery stage [147, 160, 173, 174, 181-183]. A
typical example of metabolic activation of a drug to a
reactive metabolite is acetaminophen. Acetaminophen is
metabolized to the reactive metabolite, NAPQI, which is
then conjugated by glutathione (GSH) to form a stable
metabolite that can be easily detected [173]. Due to the fact
that many reactive metabolites form adducts with nucleo-
philes such as GSH, multiple research efforts have led to
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various ways to detect and identify GSH metabolites [184-
193]. These methods can be useful when analyzing samples
from in vitro incubations (liver microsomes or hepatocytes)
in which glutathione has been added or in vivo samples
(plasma, urine or bile) from laboratory animals dosed with
the NCE. For example, Wen ef al. [189] described the use of
the QTrap MS system for the detection and characterization
of glutathione metabolites by utilizing the negative precursor
ion mode (set for m/z 272) for detecting potential glutathione
metabolites. When a potential glutathione metabolite was
found, the MS system was switched to the positive ion mode
and an enhanced product ion (EPI) mass spectrum was
obtained in order to get product ion information which could
be used for characterizing the compound. This system was
used to find several GSH metabolites of acetaminophen and
clozapine after subjecting the test compounds to HLM
incubations (supplemented with 1 mM GSH).

Mutlib et al. [187] described the utility of a stable isotope
labeled glutathione for making it easier to detect glutathione
adducts. By using a +3 Da (Dalton) labeled GSH compound
in combination with unlabelled GSH (1:1 mixture), the
authors demonstrate the improved ability to screen for GSH
adducts formed from reactive metabolites in an in vitro
incubation. The authors also combined the capabilities of a
QTrap MS system to more quickly detect and characterize
the glutathione adducts.

Zhu et al. [192] described the use of high-resolution mass
spectrometry and mass defect filtering as another tool for
detecting glutathione adducts of reactive metabolites; in this
case, the technique was applied to in vitro samples as well as
rat bile samples. Finally, Mahajan and Evans [188] recently
reported on the use of a dual negative precursor ion approach
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Fig. (4). High mass resolution provided by the Orbitrap MS allows for the separation of a metabolite and a co-eluting isobaric matrix
component. Trace A shows the extracted mass chromatogram using nominal mass resolution (m/z 409). Trace B shows the exact mass
chromatogram for the metabolite (m/z 409.17580). Trace C shows the exact mass chromatogram for the coeluting endogenous compound
(m/z 409.16202). Adapted from Lim ez al. [169] Copyright © 2007, used with permission of John Wiley and Sons.
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as an improved procedure for detecting glutathione adducts.
In this report, they described the use of m/z 272 and 254 as
precursor ions when scanning in the negative ionization
mode and they stated that this resulted in improved selecti-
vity over the more common use of m/z 129 as the precursor
ion when scanning in the positive ionization mode [188].

Acyl glucuronides are another class of potentially reactive
metabolites that one should consider when testing a NCE in
an in vitro or in vivo metabolite identification assay [194-
197]. Acyl glucuronides have been considered to be poten-
tially toxic metabolites and a possible cause of at least some
cases of idiosyncratic toxicity [198-203]. Furthermore, acyl
glucuronides have the potential to react covalently with
proteins and these reactions have been implicated in the
toxicity that resulted in the withdrawal of several drugs from
the US market [202]. In order to assay samples for acyl
glucuronides, special sample collection and processing tech-
niques need to be observed as well as careful use of HPLC-
MS/MS conditions [195-197]. For example, under atmos-
pheric pressure chemical ionization (APCI) conditions, an
acyl glucuronide may be unstable in the MS source, while
the same compound may be stable when assayed using
electrospray ionization (ESI) conditions [196].

While in vitro studies are an efficient way to screen for
metabolites, perhaps the best way to collect relevant data on
biotransformation pathways is to make use of bile-duct-
cannulated (BDC) laboratory animals [202]. Studies with
BDC animals can provide an important perspective in terms
of the extent that a compound is metabolized down pathways
that result in either glutathione metabolites or acyl glucuro-
nide metabolites. While not commonly available during the
lead optimization process, the ideal way to perform these
studies is to use a radiolabelled version of the NCE. Use of
the radiolabelled version of the NCE provides a facile way to
quantify the various metabolites by quantifying the radio-
activity. Indeed if a radiolabelled version of the NCE is
available, one can also perform a mass balance study which
can provide some assurance that the drug related materials
are excreted in a timely manner. It should be noted that there
are some differing perspectives within the industry as to
what constitutes a positive mass balance study vs one that
should be repeated due to poor recovery [202, 204].

Another way to assess the potential for reactive metabo-
lites to bind with proteins is the covalent-binding assay that
is an attempt to put a quantitative value on the extent of the
protein-binding potential of the reactive metabolites [202].
The details for this protein-binding assay can be found in the
report by Evans et al. [205]. The protein-binding assay
requires a radiolabelled version of the NCE. For the in vifro
assay, the radiolabelled NCE is incubated at 10 pM in liver
microsomes with added GSH for enough time so that the
metabolism can occur to a significant degree. Then the
protein is precipitated and the pellet is washed and dissolved
for scintillation counting. Using a similar procedure, one can
also dose the radiolabelled compound in rats (PO 20 mg/kg)
and collect liver and plasma samples after various time
intervals out to 24 hours [205]. In this report, a binding level
of 50 pmol /mg protein was the proposed maximum level for
covalent binding of a NCE [202, 205]. It should be noted that
this test should be viewed in proper prospective. Other
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relevant parameters, such as the proposed drug’s dose,
indication and duration of treatment, should be part of the
decision making process.

It should be noted that the mere detection of one or more
GSH metabolites or acyl glucuronide metabolites would not
by itself preclude a compound from being considered for
nomination for development. One would want to assess the
percentage of the drug candidate that is metabolized to these
compounds. Furthermore, one would want to consider the
expected use of the drug; clearly a drug compound that
would be used as a decongestant would need to have lower
risks than a drug compound that might be effective against
liver cancer, for example. For these considerations, it is
important for the medicinal chemists to work closely with
their DMPK colleagues as well as the pharmacology scien-
tists in understanding the significance of any potentially
negative findings during the lead optimization phase of new
drug discovery.

In addition to the assays that have been described above,
there are other in vitro and in vivo toxicology assays that
have been used by various companies [8, 19, 37, 206-208].
One type of assay that is now well accepted is the hERG
assay; indeed, most regulatory agencies now expect to have
experimental hERG data as part of the drug development
package. In the drug discovery stage, various in vitro assays
to measure hERG activity are now available [19, 208-210].
The hERG patch clamp assay is considered the definitive in
vitro assay to measure hERG activity. For compounds that
show an undesirable hERG signal in the in vitro assay,
various in vivo assays can be used to provide a more defi-
nitive measure of the compounds potential to cause cardio-
vascular problems such as lengthening of the QT interval
[208, 211].

In the past, in vivo toxicology studies were typically
delayed until after a compound had been recommended for
development. This is starting to change as companies are
searching for ways to provide additional toxicity screens as
part of the lead optimization paradigm. One in vivo model
that has shown promise as an early toxicity screen is the
zebrafish model [19, 212-216]. Zebrafish have the advantage
that they are small, easy to grow and the embryo is optically
transparent [216]. The zebrafish is rapidly becoming an
accepted model for toxicology studies [216, 217]. Due to
their small size, it is possible to use zebrafish in a 96-well
plate format as an early toxicity screen as part of the lead
optimization effort [216].

CONCLUSIONS

Various ADME screens are now routinely used as part of
the drug discovery process in the lead optimization phase.
The fact that many of these ADME screens are relatively
high throughput has allowed them to be used in parallel in
order to provide useful data that can be used by the medi-
cinal chemist to synthesize compounds that have acceptable
ADME properties. At the same time, various safety/toxicity
assays are now being utilized earlier in the drug discovery
process. The results of this extra screening will be to produce
NCEs that have improved PK and safety profiles, which
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should help to reduce the attrition rate as compounds move
forward from discovery to development.
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