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ABSTRACT

Undesirable pharmacokinetic properties, such as poor bioavailability and drug-drug
interactions, have been one of major reasons for the failure of new pharmaceuticals in
clinical trials. These dropout risks can be reduced by early knowledge of human
pharmacokinetics in the drug discovery process. Although new drug candidates have
been first tested in animal-based systems, the prediction of human pharmacokinetics from
animal data has been unsuccessful due to species differences in the enzymes involved in
drug metabolism.

Recent progress in molecular biology made it possible to develop ir vitro drug
metabolism systems using human metabolic enzymes, such as purified microsomes or
expressed cytochrome P450. These systems are useful in profiling the enzymes involved
in the human metabolism and extrapolating the in vitro findings to in vivo situations. The
in vitro systems may yield a rapid drug metabolism screening of numerous compounds
generated through combinatorial chemistry and high-throughput pharmacological
screening. The integration of these technologies into the drug development process will
significantly reduce the dropout risks in clinical trials and shorten the period between the
drug discovery and market introduction.
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CHAPTER ONE

Introduction

1.1 Background
(1) Dropout risks in clinical trials due to pharmacokinetics

Pharmaceutical developmental processes have been understood as pipelines —the
flow of compounds in various development stages. It is a generally accepted idea
in the pharmaceutical industry that these pipelines are pretty leaky affairs. For
every approved drug that comes out of a traditional pipeline, about 10,000
molecules have got lost somewhere within the process (Carr, 1998).

The development of novel therapeutic agents has become a high-risk challenge to
pharmaceutical companies. A recent survey shows that on the average $400
million will have been spent between the drug discovery and the final approval by
Food and Drug Administration (Lin, 1998). The major portion of the cost is
allocated to generate data that prove the clinical efficacy and safety of candidate
compounds. To avoid costly withdrawal in clinical trials, pharmacological and
toxicological properties of the drug candidate molecules have been evaluated with
animal models and in vitro systems before the clinical trials are initiated.
However, these preclinical efforts have not necessarily secured drug candidates
from unexpected termination in the clinical development process.

A survey of 319 drug candidates that were evaluated in clinical trials revealed that
77 out of 198 failed candidates were terminated due to pharmacokinetic problems
(Prentis et al., 1988). The failure rate due to poor pharmacokinetics (39.4 % =77
/ 198 x 100) exceeded the rate due to clinical inefficacy (29.3 %). This study
suggests that early understanding of human pharmacokinetic properties, which
enable desired pharmacological effects by drug delivery to the target site, may
have significant impact on reducing the dropout risk of drug candidates in clinical
stages of evaluation.

Undesirable pharmacokinetic properties in the clinical trial can be classified into
four categories: Absorption, Distribution, Metabolism and Excretion (ADME)
(Table 1-1). It should be emphasized that metabolism is involved in all the
undesirable pharmacokinetic properties.



Table 1-1. Undesirable pharmacokinetic properties and ADME factors that may
affect the pharmacokinetics of the drug

Undesirable phamacokinetic ADME factors

properties

1. Poor bioavailability - Poor absorption
- Extensive first-pass metabolism

2. Inter-individual variability - Polymorphism in metabolism

3. Drug-drug interaction - Inhibition of distribution and excretion
- Metabolic inhibition or induction

4. Too long or too short half-life - All ADME factors

Scientists in the pharmaceutical industry are facing significant challenges to
minimize these dropout risks in clinical trial by predicting clinical
pharmacokinetics in the pre-clinical stage. To achieve this goal, two
methodologies have been employed and pharmacokinetic principles that can
support these two methodologies have been developed (Lin and Lu, 1997; Lin,
1998; Ito et al., 1998). They are:

(i) “Scale-up” pharmacokinetic data from i»n vivo animal models to humans
(ii) “Extrapolate” pharmacokinetic data from in vitro systems to in vivo models

In reality, however, the application of the first methodology to actual drug
development projects has been limited, mainly because of large species-specific
differences in the enzymes involved in drug metabolism (Gonzalez, 1992). The
inter-species differences have resulted in the failure of candidate drugs in various
clinical stages, such as the antiviral terpenoid carbenoxolone, the antiasthmatic
compound FPL 52757, and the cardiotonic drug amirinone (Easton et al., 1990).

(2) Limitations in predicting human pharmacokinetics by animal models

The primary objective of pre-clinical pharmacokinetics has been to clarify ADME
properties of drug candidates in animal models in order to predict human
pharmacokinetics both qualitatively and quantitatively. If pharmacokinetic
properties obtained in animal models are similar to those in humans, results from
pharmacological and toxicological studies in animals may be more directly related
to the clinical efficacy and safety in humans. However, the intrinsic differences
among species, especially in drug metabolism, make it difficult to find the “right”
animal models that simulate human pharmacokinetics. There has been a popular
belief that the monkey is the most comparable model to human, and monkeys are
often used by the pharmaceutical industry as a representative mammalian species
for drug testing. However, Stevens et al. (1993) disputed this traditionally
accepted idea. They compared hepatic drug metabolism activities between the
rhesus monkey and humans using purified liver subcellular fractions. This study
revealed that at least seven metabolic activities in thesus monkeys are
significantly different from those in humans.



Although the cytochrome P450s, as the major drug metabolizing enzymes in
mammals have been thought to evolve from a single ancestral gene, biochemical
evidence provides numerous examples of differences in the genetic structure of
cytochrome P450s among animal species. Although at least 14 cytochrome P450
gene families have been identified in mammals and these genes are possessing
highly conserved regions of amino acid sequences, there are significant variations
in the primary sequences among species (Nelson et al., 1996). Even a small
change in the amino acid sequence can cause large differences in substrate
specificity. This fact may lead to the significant inter-species differences in terms
of metabolism rate and metabolite profile. In addition to these qualitative
differences, it is reported that the enzyme level of cytochrome P450 isoforms also
differs across species (Guengerich, 1995). Due to these quantitative differences,
traditional animal scale-up approach could not predict the human metabolism of
antipyrine (Boxenbaum, 1980). Differences exist not only in catalytic activities of
drug metabolizing enzymes from species, but also in their interactions (Kobayashi
etal., 1989, Diaz et al., 1990). These studies demonstrate that drugs that have no
activity to induce animal cytochrome P450 enzymes may induce these enzymes in
humans, and vice versa.

These examples indicate that the predictions of pharmacokinetic properties from
animals to humans are difficult, largely due to intrinsic differences in drug
metabolism among animal species. When significant differences exist between
animals and humans, additional experiments may be required to evaluate the
benefits and risks of the new drug candidate. For example, if a major metabolite
in humans is not observed in the species used for toxicological evaluation,
additional studies may be needed to evaluate the toxicological profile of that
metabolite. Therefore, the prediction of human pharmacokinetics by animal
models remains risky and costly unless an integrated model to explain the species
differences is developed.

(3) Emerging opportunities of in vitro human metabolism systems

While the progress in molecular biology has improved the understanding of drug-
metabolizing enzymes, the increased availability of commercial resources for
human in vitro metabolism systems have made this approach more feasible to
predict human pharmacokinetics at the preclinical stage. Due to the simplicity of
in vitro systems for the study of drug metabolism, the application of in vitro
systems has expanded largely in 1990s. Many studies have proved that the in
vitro systems are very useful to investigate the factors influencing drug
metabolism; such as profiling of metabolites, identification of involved enzymes,
and the understanding of reaction mechanisms (Houston and Carlile, 1997).

On the other hand, the use of in vitro systems has another opportunity to be fully
exploited: quantitative prediction of in vivo drug metabolism by in vitro-in vivo
extrapolation. There have been arguments regarding the quantitative



predictability of in vivo metabolic clearance and bioavailability from in vitro
systems. Some scientists (Sugiyama et al., 1989; Pang and Chiba, 1994) have
positive views about this methodology, whereas others (Gillette, 1984) believe
that it is still difficult to predict in vivo metabolism quantitatively from iz vitro
metabolism data.

From an industrial perspective, Lin (1998) suggested that quantitative ix vitro

metabolic data can be extrapolated reasonably to in vivo situations if the following

conditions are satisfied.

(1) Invitro experimental conditions are carefully designed to simulate the in vivo
situations

(i1) Appropriate pharmacokinetic principles are applied to the analysis of
experimental results.

Some pharmaceutical companies are adopting more empirical approaches where

test animals, such as rats, are used to confirm the quantitative relationship

between in vitro-in vivo metabolism in the earliest development stage.

(4) Needs for high-throughput screening of drug metabolism

In recent years, the advent of combinatorial chemistry and high-throughput
pharmacological screening necessitates the high-throughput evaluation of ADME
properties, including drug metabolism. Combinatorial chemistry revolutionized
the drug discovery process by creating huge, previously unattainable numbers of
molecules from quite a small number of starting modules (Carr, 1998). Screening
library compounds for positive targeted activities is highly mechanized with high-
throughput screens. The capacity for screening these molecules against targets of
interest is rapidly growing beyond 100,000 per week (Hook, 1996). These
technological advances have now given discovery scientists the ability to deliver
large numbers of lead compounds for final optimization. These changes have
lead to pressure on the throughput of downstream functions in the traditional drug
development process. Therefore, the downstream area of pharmaceutical R&D
including pharmacokinetic evaluation, which has not been shaken up by
technological innovation, is becoming a bottleneck in the middle of the drug
development process (Tarbit and Berman, 1998). This results in the need for
higher throughput method of screening for drug metabolism.

1.2 Objectives

The primary objective of this thesis is to demonstrate how pharmaceutical
companies can establish their competitive advantages through the formation of a
technology strategy around an innovative technology: human metabolic enzymes.
Toward this objective, this thesis will focus on proposing strategies to integrate in
vitro human metabolism systems into the drug discovery process.

In chapter 2, the latest knowledge about cytochrome P450 (CYP450), the major
xenobiotic metabolizing enzymes, are reviewed in terms of their role for drug



metabolism. Clinically important issues related to CYP450 including
pharmacogenetics and drug-drug interactions, and principles that quantitatively
link CYP450 metabolism with pharmacokinetics are also discussed. Based on the
understanding of the CYP450 system, chapter 3 explores the new in vitro
technologies that can be used to predict human metabolism in the early drug
development stage and discusses the limitation of each technology. The possible
use of transgenic mice that encode human CYP450, the model that may replace
current animal models in the future, is also discussed. Chapter 4 discusses the
strategic options enabled by the new technologies and proposes the integration of
these options. Chapter 5 illustrates how a pharmaceutical company can improve
its drug discovery and development process by integrating the new technologies
into combinatorial chemistry and high-throughput screening. A case study is
analyzed in chapter 6, where a new drug discovery process that incorporates the in
vitro drug metabolism system was implemented with an organizational change.
The thesis concludes in chapter 7 by predicting the future technological changes
in the in vitro drug metabolism system and their impact on the drug discovery and
development system.
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CHAPTER TWO

Drug metabolism systems in human

2.1 Cytochrome P450: critical roles in the drug metabolism

In terms of the numbers of drugs metabolized and clinical significance, the
cytochrome P450s (CYP450) are the most important group of enzymes among
drug metabolizing enzymes. The primary role for the CYP450 system seems to
be the biotransformation of endogenous compounds in the process of digestion. It
suggests that drug metabolism by the CYP450 system is a relatively new role in
the history of evolution. The primary purpose of drug metabolism in the body is
to make drugs more water-soluble and thus more readily excreted into urine or
bile (Slaughter and Edwards, 1995). CYP450-mediated oxidations can make the
parent compounds more hydrophilic not only by altering the functional groups on
the molecules, but also by introducing polar functionality into the molecules even
if they are as unreactive as saturated or aromatic hydrocarbons. The oxidation
mechanisms of CYP450 are particularly critical for the metabolism of lipophilic
compounds without functional groups suitable for conjugation reactions. The
CYP450 enzymes involved in the oxidation of drugs are usually membrane-
bound, with particularly high concentrations in the endoplasmic reticulum of the
liver, intestine, kidney, and lung (Vainio and Hietane, 1980).

The nomenclature of cytochrome P450 is based on the functional identity that
decreases in inverse proportion to an evolutionary distance from a common
precursor. By using protein sequence information as the basis for assigning
names, CYP450s are classified according to their structural and functional
similarity. The cytochrome P450s are identified by: (i) a number that denotes the
family, (ii) a letter that denotes the subfamily, and (ii1) a number that identifies the
specific member of the subfamily (Guengerich, 1995; Gonzalez, 1993). The
CYP1, CYP2, CYP3, and CYP4 families dominate the cytochrome P450-
dependent metabolism of drugs in humans. CYP3A4 is the most abundant
isoform, which represents approximately 30% of the cytochrome P450 in the
human liver, while CYP1A2 represents 13%, CYP2A6 4%, the CYP2C (CYP2C9
and 2C19) enzymes 20%, CYP2D6 2%, and CYP2E1 7% of the total (Shimada et
al., 1994).

However, the significance of these isoforms to drug metabolism is determined by
not only their abundance, but also their substrate specificity, historic exposure to
environmental factors, and their genetic polymorphism. Though over 30 human
CYP450 systems have been identified to date, the major ones responsible for drug
metabolism are six isoforms: the CYP1A2, CYP2C9, CYP2C19, CYP2D6,
CYP2E1 and CYP3A4. These enzymes play critical roles for the metabolism of
the majority of drugs given to humans (Table 2-1; Cupp and Tracy, 1998).
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Table 2-1. Substrates, inhibitors and inducers of human CYP450 isoforms

Isoform

Compounds (merchandise name)

CYP1A2

CYP2C9

CYP2C19

CYP2D6

CYP2E1

Substrates

Inhibitors

Inducers

Substrates

Inhibitors

Inducers
Substrates

Inhibitors

Substrates

Inhibitors

Substrates
Inhibitors
Inducers

Amitriptyline (Elavil), Clomipramine (Anafranil),
Clozapine (Clozaril), Imipramine (Tofranil),
Propranolol (Inderal), R-warfarin, Theophylline
Fluvoxamine (Luvox), “Quinolones” Ciprofloxacin
(Cipro), Enoxacin (Penetrex) > norfloxacin
(Noroxin) > ofloxacin (Floxin) > lomefloxacin
(Maxaquin)

Omeprazole (Prilosec), Phenobarbital, Phenytoin
(Dilantin), Rifampin (Rifadin, Rimactane)
“Nonsteroidal anti-inflammatory drugs”, Phenytoin
(Dilantin), S-warfarin, Torsemide (Demadex)
Fluconazole (Diflucan), Ketoconazole (Nizoral),
Metronidazole (Flagyl), Itraconazole (Sporanox),
Ritonavir (Norvir)

Rifampin (Rifadin, Rimactane)

Clomipramine (Anafranil), Diazepam (Valium),
Imipramine (Tofranil), Omeprazole (Prilosec),
Propranolol (Inderal)

Fluoxetine (Prozac), Sertraline (Zoloft),
Omeprazole, Ritonavir (Norvir)

“Antidepressants”: Amitriptyline (Elavil),
Clomipramine (Anafranil), Desipramine (Nopramin),
Doxepin (Adapin, Sinequan), Fluoxetine (Prozac),
Imipramine (Tofranil), Nortriptyline (Pamelor),
Paroxetine (Paxil), Venlafaxine (Effexor)
“Antipsychotics”: Haloperidol (Haldol),
Perphenazine (Etrafon, Trilafon), Risperidone
(Risperdal), Thioridazine (Mellaril)

“Beta blockers”: Metoprolol (Lopressor), Penbutolol
(Levatol), Propranolol (Inderal), Timolol
(Blocadren)

“Narcotics”: Codeine, Tramadol (Ultram)
“Antidepressants”: Praxetine > fluoxetine >
sertraline (Zoloft) > fluvoxamine (Luvox),
Nafazodone (Serzone), Venlafaxine > clomipramine
(Anafranil) > amitriptyline

Cimetidine (Tagamet), Fluphenazine (Prolixin)
“Antipsychotics”: Haloperidol, Perphenazine,
Thioridazine

Acetaminophen (Tylenol), Ethanol

Disulfiram (Antabuse)

Ethanol, Isoniazid (Laniazid)
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CYP3A4 Substrates ~ Amitriptyline (Elavil), “Benzodiazepines”:

Alprazolam (Xanax), Triazolam (Halcion),
Midazolam (Versed), Calcium blockers,
Carbamazepine (Tegretol), Cisapride (Propulsid),
Dexamethasone (Decadron), Erythromycin, Ethinyl
estradiol (Estraderm, Estrace), Glyburide (Glynase,
Micronase), Imipramine (Tofranil), Ketoconazole
(Nizoral), Lovastatin (Mevacor), Nefazodone
(Serzone), Terfenadine (Seldane), Astemizole
(Hismanal), Verapamil (Calan, Isoptin), Sertaline
(Zoloft), Testosterone, Theophylline, Venlafaxine
(Effexor), “Protease inhibitors”: Ritonavir (Norvir),
Saquinavir (Invirase), Indinavir (Crixivan),
Nelfinavir (Viracept)

Inhibitors “Antidepressants”: Nefazodone > fluvoxamine
(Luvox) > fluoxetine (Prozac) > Sertraline,
Paroxetine (Paxil), Venlafaxine, “Azole
antifungals”: Ketoconazole (Nizoral) > itraconazole
(Sporanox) > fluconazole (Diflucan), Cimetidine
(Tagamet), Clarithromycin, Diltiazem,
Erythromycin, Protease inhibitors

Inducers Carbamazipine, Dexamethasone, Phenobarbital,
Phenytoin (Dilantin), Rifampin (Rifadin, Rimactane)

Understanding of the involvement of CYP450 systems in preclinical development
has significant impact on two clinical issues:

(1)

Prediction and explanation of an individual’s response to a particular
therapeutic regimen: If elimination of a drug occurs via a single metabolic
pathway without any other elimination route, individual differences in
metabolic rate leads to large differences in drug concentrations in the blood
and tissues. In some cases, these differences exhibit a two-peak distribution
among the investigated population, indicating a generic polymorphism of
metabolic enzymes. When a generic polymorphism affects an important
metabolic route of elimination, large dosing adjustments may be necessary to
achieve the safe use of the drug.

(ii) Rational management of possible drug-drug interactions: Many elimination

routes via CYP450 metabolism can be inhibited by concomitant drug
treatment. As a result, abrupt changes in metabolism can occur in a single
individual with a co-administered agent. Such interactions can lead to
substantial increases in the blood and tissue concentrations of a drug and may
cause the accumulation of a toxic substance. These types of changes can alter
a new drug’s safety profile in important ways, particularly a drug with a
narrow therapeutic range.

To minimize these risks in clinical trials, it is essential to clarify whether the drug
is eliminated primarily by excretion of unchanged drug or by one or more routes
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of metabolism. If elimination is affected primarily by metabolism, the principal
metabolizing route(s) should be thoroughly understood. This information will
identify the implications of metabolic differences between and within individuals
and the importance of certain drug-drug interactions.

2.2 Pharmacogenetics of cytochrome P450
(1) Polymorphisms in cytochrome P450 gene family

Inter-individual variability in drug response is a serious problem if the drug has a
narrow therapeutic window. Variability in drug response can be divided into
pharmacological and pharmacokinetic factors. Sources of pharmacokinetic
variability are also divided into the acquired factors (environment, disease, and
age) and the innate factors, genetic polymorphisms.

Genetic polymorphisms in the genes that regulate the expression of metabolizing
enzymes can cause inter-individual variability in drug metabolism, depending on
the type of catalytic reaction and substrates. The polymorphism in drug
metabolism may cause two different types of undesirable consequences in specific
population:

(i) Increase in the plasma and tissue drug concentration to the toxic level, if there
is a deficiency in metabolizing enzymes responsible for the elimination of the
drug

(ii) Inefficient pharmacological response, if the metabolic activation of the drug
by a polymorphic enzyme is essential, or if higher than normal levels of a
metabolizing enzyme cause too rapid elimination rate (Brosen and Gram,
1989).

Polymorphisms in drug metabolism were studied by use of ethnic populations
involving phenotype determination. The recent progress in molecular biology has
enabled the genetic understanding the polymorphisms, which are now identified
in the several genes encoding various cytochrome P450 isoforms. Although the
genetic polymorphisms are reported for about five isoforms, CYP 2D6 and
CYP2C19 are of clinical importance because these isoforms metabolize a wide
variety of commonly prescribed drugs.

CYP2D6

A lot of prescribed drugs are metabolized by the cytochrome P450 2D6:
antidepressants, antipsychotics, betablockers, and antiarrythmics (Cholerton et al.,
1992; Gonzalez and Idle, 1994). In terms of molecular biology, the CYP2D6
polymorphism is explained by at least 17 different allelic variation (Daly et al.,
1996), where most mutations in CYP2D6 are either deletions, point mutations or
amino acid substitutions (Evert et al., 1994; Marez et al., 1996). Approximately
7% of Caucasians who lack CYP2D6 activity are categorized as poor drug
metabolizers (Nakamura et al., 1987), whereas the individuals with normal
metabolic activity are known as extensive drug metabolizers. Although the risk
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of adverse effects by elevated plasma and tissue concentration depends on the
contribution of CYP2D6 to the overall metabolism, poor metabolizers may
generally face at a higher risk of adverse effects than extensive metabolizers
(Cholerton, 1992). For example, the increase in plasma concentrations in poor
metabolizers has been reported for the antidepresseants and neuroleptic drugs in
which CYP2D6 metabolism is involved (Dahl and Bertilsson, 1993; Jerling et al.,
1996). Furthermore, the withdrawal of perhexilene and phenformin from the
market is caused by the toxicity in poor metabolizers.

CYP2C19

Although fewer drugs are metabolized by CYP2C19 than CYP2D6, the
polymorphism in CYP2C19 is no less clinically important than CYP2D6 for two
reasons. First, substrates of CYP2C19 include frequently prescribed drugs, such
as omeprazole, propranolol, and imipramine (Daly et al., 1993; Goldstein and de
Morais, 1994; Brosen et al., 1995). Second, a considerable portion of certain
ethnic group lacks this enzyme: for example, approximately 20% of Asians are
poor metabolizer of CYP2C19 (Wilkinson et al., 1989).

(2) Impact of GeneChip technology on tailored therapeutics

In 1997, Affymetrix, Inc. launched its GeneChip® CYP450 assay kit for research
applications. The GeneChip CYP450 assay is more informative, faster and easier
to use than current genotyping methods, such as conventional dideoxy sequencing
and fragment length analysis. The GeneChip CYP450 assay uses over 8,000
different oligonucleotide probes synthesized on a glass chip to identify
cytochrome P450 gene sequences encoding the known variations in the CYP2D6
and the CYP2C19 gene. The assay system is the DNA probe array based assay
(Chee et al., 1996) for the simultaneous detection of 15 known mutations of the
CYP2D6 gene and 3 mutations of the CYP2C19 gene (Press release from
Affymetrix, 1997). The validity of the assay system has been confirmed by a
greater than 99.7% base calling concordance with dideoxy sequencing method for
known variants of the CYP2D6 and CYP2C19 genes (Press release from
Affymetrix on Nov 6, 1997).

The GeneChip CYP450 assay is a product that addresses the field of
pharmacogenetics, which will play an increasingly important role in drug research
and clinical trials. The assay system enables clinical investigators to screen
patients according to their genetic profile in order to maximize efficacy and
minimize toxicity of many important classes of drugs. It means that the assay
system has a potential to change the current drug development and marketing
process. These assays can not only assist in more effective prescribing for
compounds that can give rise to serious toxicity in the patients with a deficiency
in the metabolizing enzyme, but also help in recognizing problems with
polymorphic drug metabolism during drug development process. The assay
system has been marketed to clinical laboratories and pharmaceutical companies.
These companies will develop more appropriate dosing regimens to reflect
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individual patient’s metabolic rates, with the understanding of the involvement of
specific CYP450 isozymes in the metabolism of new drug candidates.

2.3 Metabolic drug-drug interactions and clinical significance

Concomitant administration of several drugs is common and is often the situation
in hospitalized patients. Whenever two or more drugs are administered over
similar or overlapping time periods, the possibility for drug interactions exists. As
the number of marketed drugs is increasing, clinical drug-drug interaction studies
have become an important aspect of the drug development process. In reality,
however, clinical interaction studies are conducted with a limited number of drug
combinations, because studies of all possible interactions are neither practicable
nor economic. Principally, the selection of drug interaction studies is usually
based on two main criteria: the therapeutic index and the likelihood of co-
administration (Tucker, 1992). Even with these criteria, clinical studies to assess
drug interactions with new drug candidates are still very costly and time
consuming. Therefore, the significance of preclinical efforts to predict possible
drug-drug interaction is increasing in whole drug development process.

(1) Metabolic induction

Metabolic induction is associated with an increase in the intracellular
concentration of a drug-metabolizing enzyme, caused by an increase in
transcription of the associated gene. The extent of gene expression is influenced
by exposure to a variety of endogenous and exogenous factors. Induction of drug
metabolizing enzymes contributes to inter- and intra-individual variation in drug
efficacy and potential toxicity associated with drug-drug interactions. There exist
two scenarios in the induction-based interactions. The common situation is that a
drug shows reduced therapeutic efficacy and increased metabolic clearance when
the drug’s deactivation by metabolism is induced by another drug. The other
situation is that a drug shows increased toxicity if the drug is activated to yield a
toxic metabolite. In reality, the changes in drug efficacy and toxicity are affected
by:

@) the extent of enzyme induction,

(i)  the therapeutic ratio of substrate and metabolite and

(iii)  the relative importance of the involved enzyme in multiple

metabolism pathways.

The clinical significance of the metabolic induction is dependent on the involved
isoforms of cytochrome P450 enzymes. Several human CYP450s, such as
CYP1A1, CYP2EL, and CYP3A4, are induced by dietary factors, smoking,
drinking, and other drugs (Guengerich, 1995). The most clinically important
metabolic induction is the elevated first-pass metabolism of CYP3A substrates
following prolonged antibiotic or anticonvulsant treatment. In contrast, CYP2D6
appears to undergo no metabolic induction. Well-known inter-individual
variation in CYP2D6 activity is the result of genetic polymorphism (Gonzalez et
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al., 1988). However, it is evident that the major part of the human drug-
metabolizing CYP450s are either polymorphic or inducible, explaining the
important variation in CYP450-catalyzed drug metabolism (Table 2-2).

Table 2-2. Genetic polymorphism and inducibility among the important human
cytochrome P450s (Ronis and Ingelman-Sundberg, 1999)

Isozyme Polymorphism Inducibility
CYP1A2 No Yes
CYP2A6 Yes Yes
CYP2C9 Yes Yes
CYP2C19 Yes Yes
CYP2D6 Yes No
CYP2E1 Yes Yes
CYP3A4 No Yes

Over recent years, enormous advances have been made in characterizing the
isoforms of cytochrome P450 enzymes and in establishing which isoforms
catalyze particular biotransformation reactions. These progresses have brought
about reasonable definition for which isoforms are induced by particular inducing
agents (Spatzenegger and Jaeger, 1995). This increased knowledge has made the
prediction of induction-based interaction much more reliable (Table 2-1).

(2) Metabolic inhibition

Most metabolic inhibitors will increase the plasma concentrations of affected
drugs, which potentially result in drug toxicity. The increase in the plasma level
may improve efficacy as far as the concentration remains within the therapeutic
range. The consequences of inhibitory interactions are, therefore, more clinically
severe than those of induction which usually leads to diminished efficacy. For
example, cimetidine (Tagamet), an H; receptor antagonist and a potent inhibitor
of CYP3A4, inhibits the CYP450-catalyzed metabolism of many drugs. It is
reported that cimetidine may pose particular hazards when combined with
warfarin and other anticoagulants (Serlin et al., 1979), qunidine (Hardy et al.,
1983), or lidocaine (Knapp et al., 1983). Although cimetidine has been widely
prescribed for ulcers, a considerable market share was lost to the noninhibitory
alternative ranitidine (Zantac) through advertising, on the basis of the prospect of
drug-drug interactions.

Due to the progress of molecular biology, detailed knowledge is becoming
available concerning the specificity of inhibitors (Table 2-1). CYP1A is inhibited
by ciprofloxacin, enoxacin, norfloxacin, and several related drugs (Fuhr et al.,
1992); CYP2B by chloramphenicol (Ciaccio et al., 1987) and secobarbital
(Lunetta et al., 1989); CYP2C by cimetidine (Chang et al., 1992) and cannabidiol
(Narimatsu et al., 1993); CYP2D6 by many compounds, including quinidine,
fluoxetine, clomipramine, and sertraline (Crewe et al., 1992); and CYP3A4 by
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nifedipine (Pichard et al., 1990), cimetidine (Chang et al., 1992), verapamil,
erythromycin, ethinyl estradiol (Pichard et al., 1990), and many other drugs. This
expanding knowledge of the isozyme specificities of inhibitors makes possible the
prediction of many drug interactions.

Several types of inhibition have been reported for the CYP450s. The most
common mechanism is competitive inhibition. Other types of inhibition are
product inhibition, tight-binding inhibition, mechanism-based inactivation, and
covalent binding. For example, quinidine and most other CYP2D6 inhibitors seem
to act in competitive manner (Koymans et al., 1992). Azoles are one example of
ligands that are bound to the heme iron (Murray and Wilkinson, 1984).
Discrimination among the types is essential when pharmacokinetic principles are
applied for quantitative consideration.

2.4 Quantitative relationship between drug metabolism and pharmacokinetics

Most of in vitro drug metabolism studies have been interpreted in a qualitative
manner, concerned with profiling metabolites, identifying the enzymes(s)
involved, and investigating the reaction mechanisms. However, recent progresses
in in vitro methodologies together with advances in analytical chemistry provide
drug metabolism scientists with good opportunities to be more quantitative in the
studies of drug metabolism. Figure 2-1 presents a four-stage procedure that
extrapolates in vitro metabolism data to in vivo pharmacokinetic evaluation
(Houston and Carlile, 1997). This approach assumes that enzyme systems in vifro
operate in a manner comparable to the in vivo situation.

Figure 2-1. Four-stage procedure for the prediction of in vivo pharmacokinetics
from in vitro drug metabolism systems

Determinaton of V,,, and K from in vitro metabolism study

l CLint = Vmax / Km

Calculation of in vitro CL;,, for metabolite formation

Scaling based on physiological information
\ 4

Extrapolation of in vitro CL,, into in vivo CL,

Assumption of liver model and other route
\ 4

Prediction of oral bioavailability and AUC

Intrinsic clearance (CLiy) is the principle parameter that can bridge the in vitro
drug metabolism and in vivo pharmacokinetics (Houston and Carlile, 1997). The
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term has units of flow rate (mL/min) and act as a proportional constant to describe
the relationship between the rate of metabolism of a substrate and its
concentration at the enzyme site (Cg) as eq. 1:

Rate of metabolism = CL;;; * Cg ¢))

Where Cg is the unbound concentration of drug within the liver and assumed to
equate with the concentration available to the enzymatic reaction. CLjy is also
considered in the Michaelis-Menten relationship using V. and Ky, as Eq. 2:

Rate of metabolism = [V / (Ky + Cg)] * Cg 2)

Where Vax is the maximal rate of metabolism and K, is the Michaelis constant
for the substrate-enzyme interaction. Under linear conditions, when the free
substrate concentration (Cg) is 10% or less of the Ky, then eq. 2 reduces to eq. 3:

Rate of metabolism = (Vipax / Ki) * Cg 3)
By comparison of eq. 1 and eq. 3,
CLint = Vimax / Km = Rate of metabolism / Cg 4%

This equation illustrates that the Michaelis-Menten parameters (Vi and Ky,)
obtained from in vitro system can be used to predict in vitro CL;y. Depending on
the underlying mechanism of the inhibitor, the V. value of a drug can be
decreased (non-competitive inhibition) or the K, value can be increased
(competitive inhibition). However, regardless of the mechanism, enzyme
inhibition always results in a decrease in the intrinsic clearance (CLiyt = Vinax /
Ki). Therefore, the concept of intrinsic clearance is the cornerstone for the
extrapolation of in vitro data to the in vivo situation as illustrated in further
discussion (Chapter 4.3).

In vivo consideration of CLjy is more complex because CLiy is not the sole
determinant of hepatic clearance (CLy), the term reflects the liver’s ability to
remove drug from the circulating blood. CLy is also influenced by hepatic blood
flow and the extent of binding of the drug to blood components, such as serum
albumin (Wilkinson and Shand, 1975). Moreover, the pharmacokinetic parameter
is expressed in terms of circulating blood concentrations and not drug
concentrations at the active site of the enzyme. The quantitative relationships
between CLy, hepatic blood flow, unbound fraction of drug in the blood, and
CLiy cannot be adequately defined without knowledge of the relationship between
circulating drug concentrations and Cg. Since this cannot be determined
practically, a liver metabolism model is necessary in order to relate these two
concentrations and is an implicit part of defining CL;y; in vivo (Wilkinson, 1987).
If the liver is the main organ to metabolize the drug, the total clearance (CLiy) is
approximately equal to the hepatic clearance (CLy) that can be expressed as eq. 5
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CLu=Qn*En=Qn* (fy * CLin) / (Qn + £, * CLino) %)

Where Qy, is the hepatic blood flow, Ej, is the hepatic extraction ratio, f; is the
unbound fraction of drug in blood, and CL;, the intrinsic clearance, is a measure
of the drug metabolizing activity (= Vima / Ki) in the liver in vivo. Based on this
relationship, the hepatic first-pass effect reflects the hepatic bioavailability (Fy,)
can be expressed as:

Fi=1-En=Qn/(Qun+fy * CLin) (6)

And the area under the blood concentration curve after oral dosing (AUC,,) can
be described as:

AUCra = Fy, * dose / CLy = dose / (f, * CLiy) @)

As shown in eq. 7, a decrease in the CLip (= Vinax/Km) caused by metabolic
inhibition will yield an almost proportional increase in the AUC after oral dosing.
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CHAPTER THREE

New technologies

3.1 In vitro human metabolism systems

In vitro models used for metabolism studies can be broadly separated into two
groups. The first group consists of intact cells, including freshly isolated and
cultured hepatocytes that do not require any cofactors or coenzymes added. The
second group of in vitro systems includes subcellular fractions (e.g., microsomes)
and hetrologous expression systems after reconstituted with appropriate cofactors
and coenzymes. Many of the available methods are complementary and the
impact of drug metabolism study is greatly increased when different approaches
are combined with the understanding of the advantages and disadvantages of each
system. The appropriate uses of three representative in vitro metabolism systems
are summarized in Table 3-1.

Table 3-1. Comparison of in vitro drug metabolism systems

System Appropriate Use Comment
Hepatocytes - Metabolite Profiling - Liver slices are also used
- Kinetic analysis - More reliable for in vivo
(Km, Vmax, and CLijy) prediction
- Drug-drug interaction - Useful for metabolic

induction and inhibition

Microsomes - Kinetic analysis - Less reliable for in vivo
(Km, Vimax, and CLjy) prediction
- Identification of enzymes - Regression analysis and
involved selective inhibition are
required
- Drug-drug interaction - Useful only for metabolic
inhibition
Expression - Confirmation of metabolism - For the identification of
System isoforms involved
- Drug-drug interaction - Useful only for metabolic
inhibition
- Bioreactors - Metabolite production

(1) Freshly isolated and primary cultured hepatocytes
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Freshly isolated or primary cultured hepatocytes offer a sophisticated
environment to study drug metabolism. Studies are conducted within a
physiological condition that contains normal concentrations of enzymes and
cofactors, as well as the cellular components necessary to regulate enzyme
induction. By analogy with hepatocytes found in vivo, drugs must cross a
biological membrane, interact with cellular organelles and receptors, and compete
with endogenous substrates for biotransformation. In comparison with many
other in vitro techniques, hepatocytes are clearly more akin to the in vivo
situation.

Hepatocytes have a multitude of applications in the field of drug metabolism from
an industrial perspective, where they are used as a model system to study drugs in
the discovery and development process. Hepatocytes have been isolated from a
large number of laboratory animal species, as well as human liver tissue (Oldham
et al., 1990). Hepatocytes have been used to study several aspects of drug
metabolism, such as metabolic profiling; identification of metabolism pathways,
and comparisons of metabolism among species to determine which animal species
best represents the human metabolism. In suspension or culture, hepatocytes are
also used to estimate in vivo pharmacokinetics.

Freshly isolated hepatocytes contain normal level of drug-metabolizing enzymes,
making them suitable for drug metabolism studies. These cells when placed in
suspension with appropriate nutrients can survive for extended periods, up to 3-4
h, after which significant cell death begins to occur (Sinz, 1999). Therefore,
suspension experiments are considered short-term experiments, whereas cultured
hepatocytes are considered longer-term experiments. Experiments best suited for
suspension type studies include those that require appropriate levels of drug-
metabolizing enzymes to form metabolites for identification purposes. These
studies would generally include cross-species comparisons of rate and metabolite
formation, in vivo estimations of drug pharmacokinetics, prediction of potential
drug-drug interactions, or the formation of toxic metabolites. Although some of
these studies can be performed in culture, it is more prudent to study these
phenomena when the cells contain a normal complement and quantity of drug-
metabolizing enzymes. Isolated hepatocytes in suspension are uniquely simple
drug metabolize system requiring no additional cofactors, except for an adequate
buffer system for suspension.

The application of cultured hepatocytes to the drug metabolism study is different
from the experiments that employ freshly isolated hepatocytes. These differences
in application stem from the changes that occur when the cells are placed in
culture. Once hepatocytes are placed in culture, the concentrations of various
drug-metabolizing enzymes tend to decrease, making hepatocytes in culture a less
attractive model system for some studies. On the other hand, some of the
architectural components of liver structure are resorted, such as attachment to a
basement membrane, cell-to-cell contacts, and regeneration of membrane
receptors that may have been removed during cell isolation. A major advantage
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of primary cultured hepatocytes is the ability to study drug metabolism that takes
longer than 2-3 h to manifest themselves, such as the effect of drugs on the
expression of drug-metabolizing enzymes (Donato et al., 1995).

Although the freshly isolated and primary cultured hepatocyte as a model of drug
metabolism is a close approximation to the in vivo functioning liver, the
hepatocyte model has several limitations. These issues include (i) poor
availability of human liver sample suitable for the preparation of fresh
hepatocytes, and (ii) the problems inherent in primary hepatocyte cultures
(Guillouzo et al., 1993). Even with these limitations, the hepatocyte serves as an
excellent model system for drug metabolism. Clearly, hepatocytes are becoming
more universal in their application to drug metabolism in such areas as evaluation
of potential drug-drug interactions and as a model system to study CYP450
enzyme induction. A standardization of hepatocyte characterization and culture
conditions would permit a more universal cross-referencing preservation of
human hepatocytes.

(2) Subcellular system: microsomes

The liver is considered the major drug-metabolizing organ, and hepatic cells
contain a multitude of drug-metabolizing enzymes that are usually localized to
specific organelles within the cell. The major enzymes involved in drug
metabolism, cytochrome P450s, are predominantly localized within the
endoplasmic reticulum. Consequently, isolated liver microsomes, highly
concentrated enzyme sources containing the endoplasmic reticulum, become the
most popular subcellular fraction for the use of in vitro drug metabolism studies.

Preparation of microsomes requires disruption of the cell by homogenization,
followed by differential centrifugation and resuspension of the pellet in a suitable
storage buffer. Advantages of microsomes for drug metabolism include their ease
of the preparation, flexibility of incubation conditions (cofactors, buffer, pH and
temperature), and simple long-term storage protocols. Microsomes can be stored
for a number of years at —80°C and still retain their enzymatic activity reflective
of fresh tissue (Pearce et al., 1996). Disadvantages of microsomes include loss of
some enzymes during preparation, and limitation of sequential metabolism that
requires multiple subcellular components to be complete. In this respect, freshly
isolated or cultured hepatocytes and liver slices may be considered advantageous.

In the drug development process, microsomal studies are currently applied for
metabolite identification, in vitro-in vivo extrapolation, and drug-drug interaction
studies. Microsomes are also used to generate metabolites of compounds that can
be rapidly identified using highly sensitive analytical techniques. After brief
incubations of test drugs with microsomal suspension, gas chromatography-mass
spectrometry (GC/MS) analysis has been used to identify metabolites (Woolf and
Adams, 1987). The metabolites formed by microsomes can also be rapidly
identified when this in vitro model is used with liquid chromatography-
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electrospray ionization-mass spectrometry (LC/ESI-MS), a powerful technique
for structural identification. A recent example of this technique is the use of LC-
ESI/MS to analyze metabolism of taxol after incubation with human microsomes
(Poon et al., 1996). The increasing sensitivity and automation of mass
spectrometry and related technology will continue to have a considerable effect
on the early drug development process.

Microsomes can provide the ideal means to estimate inter-individual variability in
humans owing to the relative ease of use and availability of various human
microsomes (Hoener, 1994). Human hepatic microsomes have been used
successfully to estimate intrinsic clearance (CLjn; Chapter 2.4) (Hoener, 1994).
Several studies have examined the relationship of the in vitro data derived from
various models with the observed in vivo pharmacokinetic parameters (Houston,
1994; Iwatsubo et al., 1996). When compared to liver slices and hepatocytes,
microsomes are found to be the inconsistent predictor of CLiy, possibly due to
end-product inhibition (Houston and Carlile, 1997). This system, however, can
produce acceptable prediction for many compounds and there is a need to define
the caveat of the use of microsomes, considering where the limitations occur.

Human microsomes with the required cofactors are sophisticated representation of
only part of the whole cell. They do not take into account the regulatory effects
of cell-cell communication or the heterogeneous cellular nature. These
considerations aside, it is clear that microsomes will continue to be the dominant
in vitro metabolism system and play many useful roles in the pharmaceutical
industry as far as the availability of fresh human tissue suitable for hepatocyte
preparation is limited.

(3) Expression system via recombinant DNA technology

Major metabolic enzyme systems, such as cytochrome P450, comprise different
enzymes called as isoforms. Each drug metabolism system often interacts
differently with any number of drugs, and the expression of these different
isoforms is under the control of different genetic factors, which contribute to the
inter-individual variability. To investigate the function of each isoform, drug
metabolism scientists have needed simplified iz vitro metabolism models. With
the development of heterologous expression systems (Remmel and Burchell,
1993), many investigators have turned to various “transgenic cell” lines as
additional sources of human drug metabolism systems.

Heterologous expression of CYP450s has been achieved in mammalian cells,
yeasts, insect cells, and bacteria. To introduce and express the genetic
information of drug-metabolizing enzymes in a cell, tissue mRNA should be
isolated and used as a source to synthesize the cDNA encoding the enzyme under
investigation. Several methods are available for this approach (Friedberg et al.,
1999). In the early studies, a few milligrams of tissue are required to obtain
sufficient quantities for the generation of cDNA libraries. However, using reverse
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transcription-polymerase chain reaction (RT-PCR), it is now possible to isolate a
particular cDNA from a single cell (Yang et al., 1989). The cDNA, recombined
with an expression vector containing a selection marker, is introduced into
suitable recipient cells. Unlike the parental cells, cells that have taken up the
vector should survive under selective pressure, and those that express the protein
encoded by the cDNA of interest are identified by immunological and enzymatic
assays.

A significant advantage of heterologous expression systems is that they can yield
enough starting material so that the drug-metabolizing enzymes of choice can be
purified to electrophoretic homogeneity. Although the purification of CYP450
enzymes from native human liver microsomes has been difficult, especially when
trying to purify low-abundance CYP450 isoforms (Guengerich et al., 1986), many
kinds of heterologously expressed CYP450 proteins, including CYP3A4, CY2C9
and CYP2D6, can be purified and reconstituted (Imaoka et al., 1996).
Researchers can now perform in vitro metabolism studies with commercially
available preparations of heterologously expressed human liver CYP450s. It
should be emphasized, however, that the kinetic parameters (Ve and Ky,)
obtained from the expressed systems have to be combined with the information
about the cellular concentration of the expressed enzymes to draw meaningful
conclusions. Even if the catalytic activity of CYP3A4 toward a specific substrate
is tenfold lower, but also if its concentration is tenfold higher than that of
CYP2D6, both isoforms will contribute equally to the metabolism of this
compound.

CYP450 expressed models are useful for confirming isozymes involved in
specific metabolism of a drug. Furthermore, they provide powerful means to
predict polymorphic drug oxidations and drug-drug interactions. Moreover,
recombinant DNA technology allows the generation of sufficient material for
structural studies on the drug-metabolizing enzymes. For example, heterologous
expression system as a means of obtaining antigens for antibody production is an
invaluable tool for the exact quantification of drug metabolizing enzymes
(Friedberg et al., 1991).

3.2 In vivo human metabolism system: transgenic mouse

Although mammalian, yeast, insect, and bacterial systems represent rapid and
simple methods for assessing the role of cytochrome P450s in drug metabolism,
they are nonetheless in vitro models and may not necessarily reflect the in vivo
situation. Heterologous in vitro expression models mimic only certain parts of the
processes that determine the in vivo drug metabolism. One crucial difference is
that in vivo drug disposition is determined by a range of parameters, including
absorption, distribution and excretion. Therefore, in vivo models give us the
opportunity to study the biological effects of gene expression under more
physiologically relevant conditions. The development of in vivo models can be
achieved by the use of transgenic animals either for heterologous protein
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expression or for gene inactivation by homologous recombination (Fernandez-
Salguero and Fonzalez, 1996). For the latter approach, the mouse is still the only
species for which the necessary technology is available.

Several techniques for gene transfer into animals have been developed (Boyd and
Samid, 1993). In one approach, the gene of interest is introduced by
microinjection into the germline of mice. Male pronuclei of fertilized mouse
oocytes are injected with several copies of the gene of interest and transferred into
the oviducts of pseudopregnant foster mice. Up to 90% of the injected mice
survive microinjection, approximately 20% of those develop to term, and 25% of
those carry the injected DNA and, therefore, are transgenic (final yield = 4.5%).
In another approach, the transgene is introduced into somatic cells in vitro by
retroviral transfer. Cells with the heterologous gene are then implanted into the
adult organism where the protein encoded by the foreign gene are produced
(Valerio, 1992). The studies on transgenic animals demonstrate that these
technologies are very powerful for elucidating the physiological role of drug-
metabolizing enzymes and their regulatory system.

The inactivation of selected genes, knockout, is also a meaningful approach.
However, the inactivation of a gene already in the germline may be problematic,
for in some cases no viable offspring is obtained. Moreover, the phenotype
obtained by the inactivation of a certain enzyme or regulatory protein may be
diverse, depending on the generated transgenic line. Although an elegant
technique has been recently devised to solve these obstacles (Rossant and Nagy,
1995), the knock-out models should be validated to confirm their applicability for
in vivo drug-metabolizing systems in the drug development process (Tarbit et al.,
1993; Rodrigues, 1994).

A number of laboratories are already expressing human drug-metabolizing
enzymes in rodents (Simula, 1993). These humanized animal models for drug
metabolism can facilitate the prediction of human pharmacokinetic properties at
the drug discovery stage in future because they allow the evaluation of in vivo
metabolic pathways catalyzed by the human enzymes.

L
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CHAPTER FOUR

Strategic options enabled by the new technologies

4.1 Profiling of metabolites

In the drug development process, early information on metabolite profiles of a
new drug in human is critical in selecting the appropriate animal species used for
the toxicological evaluation. In the preclinical toxicity study, regulatory agencies
require that the systemic exposure of a drug candidate and its metabolites in the
animal species should exceed the level expected in humans in order to ensure a
clinical safety margin. Therefore, it is critical to select the animal species that
have metabolite profiles similar to those of humans. However, the in vivo human
drug metabolism study is not carried out until the later stages of the drug
development process, which is too late for animal selection. Recently, the
increased availability of human tissues and advances in bioanalytical technologies
have provided the opportunities for the irn vitro human metabolism studies at the
early stage of the drug development process before the toxicity studies are
initiated (Wrighton et al., 1993).

In qualitative aspects, the in vifro metabolite profile of a drug can accurately
reflect the in vivo metabolite pattern by the use of human liver slices and
hepatocytes. From the physiological points of view, precision-cut liver slices are
quite useful because this system retains the enzymes and cofactors of both Phase I
and Phase II reactions and better simulates the in vivo situation (Dogterom, 1993).
Although liver slices are valuable in identifying metabolite profiles, their use in
obtaining kinetic parameters is limited. Worboys et al. (1996) showed that the
values of CLiyt (= Vimax/ Km) of a series of drugs in the liver slices are
significantly underestimated compared to those in hepatocytes, by a factor
ranging from 2 to 20. These results suggest that distribution equilibrium between
all of the cells within the liver slice and the incubation medium cannot be
achieved in the incubation period, because of the slice thickness (up to 260 pum).
Freshly isolated and cultured hepatocytes are free of the distribution problem and
may be more useful for identifying the metabolic pathway of drugs. For example,
in vitro metabolic profile of ketotifen, an antiasthmatic drug, by cultured human
hepatocytes was consistent with the in vivo metabolic pathways (Le Bigot et al.,
1987).

Another consideration in iz vitro metabolite profiling is the choice of drug
concentrations, because the major metabolic pathway may be shifted depending
on the drug concentration used. The clinical studies indicated that N-
demethylation is the major metabolic pathway of diazepam in humans. However,
in vitro studies in human liver microsomes indicated that 3-hydroxylation was the
major metabolic pathway when a high concentration (100 uM) of diazepam was
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incubated (Inaba et al., 1988). When a lower substrate concentration relevant to
in vivo situation was used (Yasumori et al., 1993), the major metabolic pathway
of diazepam was confirmed to be N-demethylation in human liver microsomes.
These studies indicate that the appropriate choice of drug concentration is critical
to in vitro profiling of metabolites.

4.2 Identification of CYP450 isozymes involved in drug metabolism

Metabolism of drugs is usually complex, involving several pathways and various
enzyme systems. In many cases, a single metabolic reaction may involve multiple
isozymes. For example, the S-oxidation of 10-(N,N-dimethylaminoalkyl)
phenothiazines in human liver microsomes is catalyzed by several cytochrome
P450s, including CYP2A6, CYP2C8 and CYP2D6 (Cashman et al., 1993). For
another example, amitriptyline is N-demethylated to nortriptyline in human by
numerous CYP450 isoforms, including CYP1A2, CYP2C9, CYP2C19, CYP2D6
and CYP3A4 (Venkatakrishnan et al., 1998). Thus the complexity of metabolism
results from the multiplicity of enzyme systems.

Definitive identification of the CYP450 isoforms involved in drug metabolism is
essential in predicting potential drug-drug interactions and inter-individual
variability due to polymorphism. Best combination of the in vitro approaches has
been studied in order to identify which cytochrome CYP450 isoform is
responsible for metabolizing a drug of interest (Guengerich and Shimada, 1993).
To determine the role of a CYP450 isoform in a specific metabolism pathway,
several criteria should be confirmed in the drug metabolism studies (Correia,
1995):
(i) Determination of the metabolism pathway by the purified enzymes
(i) Inhibition of the metabolic activity by isoform-specific inhibitors
and/or antibodies
(iii) Correlation of the metabolic activity in various liver samples with the
activities of marker substrates specific to the individual CYP450
isoform
(iv) Confirmation of the activity in heterologous expression system

In enzyme identification, selection of the substrate concentration is highly
important because several cytochrome P450 isoforms with distinct Ky, values may
contribute to the metabolism of a single drug. For example, a CYP2C antibody
shows no inhibition of diazepam N-demethylation at a substrate concentration of
200 pM but inhibits over 80% activity at a lower substrate concentration of 20uM
(Kato and Yamazoe, 1994). This illustrates the importance of using clinically
relevant substrate concentrations for in vitro studies in identifying drug-
metabolizing enzymes. It is also essential to select the appropriate concentration
of isoform-specific inhibitors (Newton et al., 1995).

4.3 Prediction of dropout risks in clinical trials
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(1) Drug-drug interaction

In the past, drug-interaction studies were conducted at a late clinical stage during
Phase Il and III. With the increasing availability of human drug metabolizing
enzymes, in vitro systems are used as screening tools to predict in vivo drug
interaction at a much earlier stage before the drug is selected for the preclinical
development. Oxidative metabolism represents a major route of elimination for
many drugs, and inhibition of cytochrome P450s is one of the main reasons for
drug interactions. A significant drug-drug interaction occurs only when drugs
compete for the same enzyme system and when the metabolic reaction is a major
elimination pathway. Therefore, before the drug-drug interaction study, it is
essential to identify the isoforms involved in the metabolism of particular drugs
and to evaluate the relative contribution of the isoforms to the whole metabolic
pathways. An understanding of the mechanism involved in enzyme inhibition
(e.g., competitive or mechanistic inhibition) is also critical in order to provide a
rational basis for designing experimental conditions and interpreting drug-drug
interaction data.

One of the important criteria in in vitro drug-drug interaction studies is the use of
clinically relevant concentrations of the inhibitor and the substrate. The use of
supra-therapeutic drug concentrations may produce a drug-drug interaction iz
vitro, but not in vivo, because the major metabolic pathway is shifted depending
on the drug concentration used. Another important criterion is the protein
concentration of hepatocytes, microsomes or expressed enzymes. The inhibitory
activity may be underestimated in the presence of a high concentration of protein
because of the depletion of the inhibitor by non-specific binding to the proteins.

Although increasing evidence has demonstrated that in vitro interaction studies
can accurately reflect the in vivo situation (Wrighton and Ring, 1994; Riesenman
1995), it must be emphasized that the correct extrapolation of the in vitro
interaction data to the in vivo situation requires a good understanding of
pharmacokineitc principles. For competitive inhibition, the rate of metabolism in
the absence (Vo) and presence (V;) of the inhibitor can be expressed as:

g

Vo= Vmax * S/ (Km + S) (®)

Vi=Vinax * S/ [Kn * (1 +1/K)) + 8] )]

Where Vnax is the maximum velocity, Ky, is the Michaelis constant of the
substrate, K; is the inhibition constant of the inhibitor, and S and I are the
substrate and inhibitor concentrations, respectively. By rearrangement of eq. 8

and eq. 9, the percent of inhibition can be described as:

(Vo-Vi) / Vo (%) =(1/K) /(1 +1/K; +S/Km) * 100 (10)
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As shown in eq. 10, the percent of inhibition is dependent on both the ratio of [I/
Ki] and [S / K]. Thus, an understanding of the relationship between the substrate
and the inhibitor concentrations is critical to the design and interpretation of in
vitro inhibition studies.

The goal of an in vitro interaction study is to predict the quantitative effect of
drug inhibition in vivo. For the competitive inhibition, the percent of inhibition of
intrinsic clearance (CLiyt = Vimax/ Km) can be described as eq. 11 (see Chapter 2.4):

(CLinto— CLinti ) / CLinto (%)= (I /Ki) / (1 +I/Ki +S/Ki) * 100 (11)

where CLin0 and CLiy; are the intrinsic clearance in the absence and presence of
the inhibitor, respectively. After drug administration in vivo, both [S] and [I]
continue to change as a function of time, unless they are maintained under steady-
state conditions. Therefore, appropriate pharmacokinetic models to simulate the
change of [S] and [I] are needed in order to obtain an accurate in vitro-in vivo
extrapolation. The physiologically based pharmacokinetic approach can provide
an accurate prediction of drug-drug interactions. For example, Lin et al., (1984)
successfully applied a physiologically based pharmacokinetic model to predict
product inhibition. However, this approach is very costly and time-consuming
when all of the parameters needed are obtained. A literature survey (Lin, 1998)
reveals that in vitro interaction studies are generally carried out in a qualitative
sense, by comparing the relative affinities of the substrate (Ky,) and the inhibitor
(K;) with their concentration ranges in clinical studies. One of the most common
approaches is the use of in vitro K; values together with in vivo values of the peak
plasma concentration (Cpax) of the inhibitor to forecast the possibility of in vivo
drug-drug interactions.

(2) Bioavailability

One of the main objectives of the in vitro metabolism is the quantitative
prediction of the in vivo pharmacokinetic parameters, such as bioavailability (F).
Knowing that the in vitro extrapolation is an approximation, the iz vitro metabolic
data can be extrapolated quantitatively well to the in vivo situation by applying
the appropriate pharmacokinetic principles with a good understanding of the
interdependent factors involved (Houston and Carlile, 1997). There are many
examples of good quantitative in vitro-in vivo extrapolation. Indinavir, a potent
HIV protease inhibitor, exhibited marked species differences in metabolic
clearance (CLin). This drug is metabolized mainly by the CYP3A4 isoform to
form oxidative metabolites in all species examined. The ix vitro metabolic
clearance obtained from incubations with rat, dog, and monkey liver microsomes
was in good agreement with the corresponding in vivo metabolic clearance of
indinavir (Lin et al., 1996). Iwatsubo et al. (1997 and 1998) successfully
predicted the in vivo metabolic clearance and bioavailability of YM796, a central
nervous system drug for the treatment of Alzheimer’s disease, by using a
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recombinant human CYP3A4 system together with the knowledge of the content
of this isoform in human liver microsomes.

Although hepatic drug metabolism can make a major contribution to
bioavailability, the combination of hepatic and intestinal drug metabolism often
has a large influence on first-pass drug metabolism after oral administration (Hall
etal., 1999). A literature review revealed that in some cases, in vitro metabolic
data failed to predict in vivo clearance (Lin and Lu, 1997). Sources of inaccuracy
in predicting the in vivo metabolic clearance include presence of extrahepatic
metabolism. CYP3A4, the most abundant cytochrome P450, presents both in the
liver (Guengerich et al., 1986; Shimada et al., 1994) and in the epithelial cells that
line the lumen of the small intestine (Watkins et al., 1987; Kolars et al., 1992).
Recently, it has become clear that some substrates for CYP3A4 also undergo
substantial metabolism in small intestine during absorption process (Wu et al.,
1995; Paine et al., 1996; Lown et al., 1997).

The bioavailability (F) of an orally administered drug is dependent on a number
of physical factors. These include disintegration and dissolution properties of the
drug formulation, solubility of the drug molecule in the gastrointestinal tract,
permeability through intestinal membrane, and metabolism by intra- and extra-
hepatic enzymes. By incorporating all these factors, the bioavailability (F) of a
drug can be expressed as eq. 12 (see eq. 6 in Chapter 2.4):

F=Fu*F; *Fy =Fy * (1-E)) * (1-En) (12)

Where Fp, represents the net fraction of a dose absorbed across the membrane of
the intestinal cell, and F; and F,, represent the fraction escaping first-pass intestinal
(D) or hepatic (H) metabolism, respectively. From a historical perspective, only
the first and third terms of eq. 12 (Fa and Fp) were considered to have a
significant impact on the bioavailability of most drugs. However, the discovery
of a major drug-metabolizing enzyme CYP3A4 in the gastrointestinal tract has
lead to an evaluation of its role as another determinant of oral drug bioavailability.
In recent years, it becomes possible to investigate the absorption and extra-hepatic
drug metabolism coordinately, using cell lines derived from small intestine, such
as Caco-2 (Crespi et al., 1996).

4.4 Bioreactors for metabolite production

The recent progress in combinatorial chemistry and its effect on the drug
discovery process have increased the number of structurally diverse and complex
drug candidates (Kubinyi, 1995), such as taxol (Rahman, 1994). However, the
modern-day drug development also makes it difficult to synthesize the
metabolites of which structures are identified. Pharmaceutical companies are
looking to use bioreactors as alternative means of the bulk synthesis of such
metabolites. The drug-metabolizing enzymes that carry out regio-selective or
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enantio-selective biotransformation can be harnessed to generate large amounts of
the desired products.

Basically, organisms that express drug-metabolizing enzymes have
biotechnological applications as bioreactors for the production of valuable
metabolites. Bacterial systems appear to be the most useful for this purpose,
because they can be grown to relatively high cell densities, express high levels of
recombinant protein, and need less cost for scale-up production. However, the
application of the bacterial systems requires an establishment of separation
technology, by which the metabolites are isolated from large volumes of culture
medium.

An approach to resolve this difficulty is to immobilize drug-metabolizing
enzymes to solid supports under mild conditions (Stempfer et al., 1996). The
immobilization procedure requires:

(1) covalent attachment to solid supports,

(ii)  absorption on solid supports, or

(iii)  encapsulation (Kathcalski-Katzir, 1993).

The technological advantages of the immobilized-bioreactors are easy separation
of products from incubation mixtures, stabilization of the enzyme against
degradation, and the opportunity to recover and reuse the enzymes (Dulik and
Fenselau, 1988). It is envisioned that computer-controlled systems will enable on-
line monitoring of drug loading and product recovery process in order to
circumvent the end-product or substrate inhibition. The establishment of
immobilized bioreactors technology will require inexpensive and large amounts
of sources of drug-metabolizing enzymes. Therefore, the technological goal of
the immobilized bioreactors will be met with currently available heterologous
expression systems.

4.5 Integration of strategic options

Many pharmaceutical companies are establishing rigorous drug metabolism
programs using expression systems, hepatic microsomes, hepatocytes, or liver
slices from appropriate species, including humans. This type of approach rapidly
assesses the metabolic labiality of a series of compounds and facilitates creation
of a structure-metabolism relationship around the obtained information (see
Chapter 5.1). Given that pharmaceutical companies are turning their attention to
combinatorial methods and high-throughput screening of drugs, the importance of
the in vitro methods for investigating the drug metabolism will continue to
increase. Moreover, the combined approach of various drug metabolism systems
will play an important role in the discovery and development of novel drug
entities, if the different systems are used in an integrated fashion. The framework
of an integrated approach proposed by Rodrigues and Wong (1997) involves the
use of the cDNA-expressed enzymes in conjunction with human hepatocytes,
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liver slices, and hepatic microsomes (Figure 4-1). Such an integrated approach
enables one to exploit the strengths of each drug metabolism system.

Figure 4-1. Integrated approach for studying the in vitro drug metabolism in the
drug development process.

Hepatocytes

and/or Microsomes Expressed
Liver Slices enzymes
Metabolite Profile Determination of Confirmation of
CYP450-
overall e 2
metabolism involved
metabolism
Y Determination of Confirmation of
. . ermination o onfirmation o
Kinetic Studies kinetic parameters == kinetic parameters
Koy Vingo Cli) Ky Vingo Cliny)
\ 4
Identification of Determination by Confirmation by
enzymes involved in selective inhibition and == selective inhibition and
metabolism regression analysis relative activity

l

Prediction of clinical
pharmacokinetics

In this approach, it is imperative that an overall metabolic profile is initially
obtained with intact cell models, especially when information concerning the in
vivo drug metabolism is not available. In turn, the data that are obtained with
either cDNA-expressed enzymes or microsomes can be viewed in perspective
(Rodrigues et al., 1995 and 1996). In this system, cDNA expressed enzymes
should be used to confirm the results obtained with native human liver tissue. In
addition, it is possible to use various cell lines (e.g., Caco-2), so that new drug
absorption and metabolism can be coordinately investigated (Crespi et al., 1996).

This integrated in vitro approach enables one to assess the involvement of specific
cytochrome CYP450 isozymes such as CYP2D6 or CYP3A4. If this information
is provided early in the drug discovery process, medicinal chemists can
understand the role of different functional groups on the parent molecule in
altering the systemic exposure of a drug. With increasing concerns about drug-
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drug interactions or inter-individual variability, early elimination of compounds
that inhibit CYP3A4 or compounds that are primarily metabolized by
polymorphic isozymes (CYP2D6 or CYP2C19) is of increasing importance. This
knowledge can assist in predicting the existence of poor drug metabolizers with
exaggerated systemic exposure and the likelihood of drug-drug interactions.
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CHAPTER FIVE

Integration of in vitro human metabolism system
into the drug discovery process

5.1 Impact of drug metabolism studies on the drug discovery process

Historically, pharmacokinetic studies have been initiated after a candidate
compound was discovered and optimized based on pharmacological endpoints
(Figure 5-1). However, pharmacokineticists have often experienced discrepancies
between in vitro potency and in vivo pharmacological models. Although there are
many pharmacokinetic reasons an early lead compound does not work in vivo, the
first step should be the determination of an exposure-response relationship in the
animal models. If the compound is present in the plasma, then target tissue levels
or protein binding may be the issues to be investigated. But if the drug is not
detectable in the in vivo animal models, then absorption or metabolism should be
re-evaluated in order to examine whether these factors are limiting in vivo
activity.

Figure 5-1. Traditional role of pharmacokinetic evaluation in the drug
development process
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Recently, industrial demands for greater throughput of new compounds with less
dropout risks in the clinical trials have resulted in early involvement of
pharmacokinetic studies in the drug discovery process. Therefore, it is now
essential to design a screening process to select both pharmacologically and
pharmacokinetically viable compounds in the drug discovery phase. There are
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three major criteria in which drug metabolism and pharmacokinetic studies can
have a significant impact on the drug discovery process (Inskeep and Day, 1999),
(1) Select compounds with pharmacokinetic parameters relevant to the target
therapeutic area.
(i) Predict human pharmacokinetics quantitatively to design phase I trial
rationally.
(iii) Customize pharmacokinetic properties that can differentiate a candidate
from other drugs.

However, the integration of the pharmacokinetic screening with the
pharmacological screening is a critical question for the establishment of an
effective drug discovery program. The vast numbers of compounds synthesized
with combinatorial chemistry are increasing the needs for quick support by
pharmacokinetic evaluation. One of the answers to the question is the “brute
force” approach (Campbell, 1994), in which many compounds are screened until
the desirable pharmacological and pharmacokinetic traits are found (Olah et al.,
1997). The primary focus of this approach is fine-tuning of both the structure-
activity relationship and the structure-metabolism relationship. Theoretically, this
strategy involves initiating pharmacology and pharmacokinetic studies in parallel.
Although this approach may provide a lot of data in a short time, it also requires
extensive resources and may be practical only for big pharmaceutical companies.
In reality, many companies are customizing this approach: they are carefully
selecting the studies in order to sequentially obtain the information necessary for
the progress in the drug discovery program and avoid studies that could be
delayed until the success of the compound is more assured (Figure 5-2).

In reality, the design of new drugs is still understood by many medicinal chemists
as a maximization of the desired drug activity within certain structural limits.
Sometimes, however, compounds that show very high in vifro activity may prove
later to have no in vivo activity, or to be highly toxic in in vivo models. Lack of in
vivo activity is often attributed to undesirable pharmacokinetic properties, and the
toxicity may result from the formation of reactive metabolites. Therefore, rational
drug design should also take both pharmacokinetic and metabolic information into
consideration, and the information should be incorporated with molecular-
biochemical and pharmacological data to provide promising drug design. This
lead-optimization process requires an iteration of reassessing structural changes to
obtain optimal pharmacological and pharmacokinetic properties. An efficient
feedback loop between the drug metabolism scientists and the medicinal chemists
should be established for simultaneous consideration of both structure-activity
relationship and structure-metabolism relationship (Figure 5-2).
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Figure 5-2. An example of the brute force approach for pharmacology and
pharmacokinetic studies in the drug discovery program
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5.2 Endpoints of in vitro drug metabolism screening

The responsibility of drug metabolism scientists in the drug discovery process is
to profile metabolic strength and weakness of new chemical entities and identify
the structural attributes most favorable for the desired in vivo pharmacokinetics.
Although most drug discovery projects have employed both in vitro and in vivo
techniques in the relative proportions to meet specific needs, in vitro approach is
far more appropriate than in vivo approach if a large number of compounds need
examination. It is also inappropriate to combine iz vivo animal models with
combinatorial chemistry and high-throughput screening, because in vivo animal
models are labor-intensive and their throughput is limited.

In vitro drug metabolism screening is useful in evaluating the pharmacokinetic
endpoints for the lead optimization in the proposed drug discovery program
(Figure 5-2). By using the intrinsic clearance (CL;y) as a parameter for the
extrapolation of in vitro data to the in vivo situation (see chapter 2-4), one can
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clearly define the pharmacokinetic endpoints to be evaluated in the in vitro drug
metabolism screening (Table 5-1).

Table 5-1. Endpoints of in vitro drug metabolism screening for the lead
optimization.

Pharmacokinetic properties Endpoints of in vitro drug metabolism screening

Bioavailability - Choose the compounds with the lowest CLjy;
values (see Chapter 2.4)
Drug-drug interaction - Prioritize the compounds which are metabolized

by multiple CYP450 isozymes

. Choose the compounds with the lowest
inhibition activity: (CLim,o - CLim,i)/ CLint,O (%)
(see Chapter 4.3)

Inter-individual variability =~ - Drop the compounds of which metabolism is
dominated by CYP2D6 or CYP2C19

- Choose the compounds with the smallest
coefficient variation of CL;y; calculated from
several microsome preparations

There are more advantages of the in vifro drug metabolism screening: (i) selection
of a candidate is not confounded by inter-species differences, (ii) it is easy to
characterize metabolites for potential activity, and (iii) information derived from
the in vitro models can be integrated into the ongoing synthetic efforts.

5.3 High-throughput approach of ir vitro drug metabolism screening

Drug metabolism departments within the pharmaceutical industry are re-
organizing themselves for the rapid evaluation of large numbers of compounds
(Tarbit and Berman, 1998). This is partly due to the need for high-throughput
approaches in drug metabolism, driven by the impact of the combinatorial
chemistry and the high-throughput pharmacological screening. Of equal
importance is the belief that large data sets will dramatically increase the ability to
model biological processes and relate these processes to structural features of the
compounds of interest. The in vitro drug metabolism approach can generally
accommodate a large number of compounds for evaluation. Although the systems
currently employed for drug metabolism screening can not be considered truly
high-throughput, several of them are rapid enough to be a practical part of the
screening paradigm for the fast-moving discovery programs (White, 2000). For
example, a rapid microtiter plate (MTP) assay has been successfully applied for
the high-throughput screening for CYP2D6 inhibitors (Favreau et al., 1999)
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The linkage of in vitro metabolism system with another technology also has a
great impact to change the drug discovery process. For example, new high-
throughput physicochemical methods are being linked to appropriate in vitro
metabolism systems. In the future, robotics and miniaturization will be further
applied to the measurement of physicochemcal and drug metabolism properties
(Kansy et al., 1998). Even though these approaches do not completely replace in
vivo methods, considerable progress has recently been made towards this future
perspective (Smith and van de Waterbeemd, 1999).
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CHAPTER SIX

Implementation of new drug discovery process:
a case study of EGT Pharmaceuticals, Inc.*

* The name of the company is disguised for confidentiality.
6.1 Dropout in clinical trial due to pharmacokinetic problems

Since 1970s, EGT Pharmaceuticals Inc. (EGT), had focused its drug research and
development (R&D) resources in developing biotechnology products for the niche
therapeutic area, and successfully, by 1990, marketed novel pharmaceuticals,
without experiencing any dropout of drug candidates. Since the success in
developing bio-products, EGT has tried to diversify its product lines, including
chemically synthesized compounds. The R&D structure was re-organized
according to this corporate goal. Figure 6-1 illustrates the organizational chart of
EGT since 1990, where the drug discovery process was implemented by three
functional groups in the research laboratory. Drug metabolism studies, in which
animal models were mainly used, were not involved in the drug discovery
program, but defined as the function of the pharmacokinetic evaluation in the
development laboratory (Figure 6-2).

Figure 6-1. R&D organization chart of EGT Pharmaceuticals Inc., in 1990-1999
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Figure 6-2. Flow chart of the drug discovery and development process for
chemical products in EGT Pharmaceuticals, Inc.
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In spite of these strategic attempts, the company through the 1990s suffered
successive failures of the drug candidates. Five drug candidates, all chemically
synthesized compounds, were forced to withdraw from their development
pipelines. The last failure that the company experienced was due to poor
pharmacokinetics in the phase I trial. The oral bioavailability of the candidate in
healthy volunteer was less than 1%, one-tenth of the value observed in dogs in the
preclinical pharmacokinetic studies. Moreover, an unmanageable inter-individual
variability was observed: two of eight volunteers in the same cohort showed about
ten times higher blood concentration than the other volunteers. These results
strongly suggested the existence of poor drug metabolizers due to polymorphisms
in the metabolism of the compound.

6.2 Project-team approach to a metabolism-driven drug discovery program

In parallel to the problematic phase I trial, new technologies of in vitro human
drug metabolism system, such as human microsomes and cDNA expressed
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systems, were introduced to the pharmacokinetic group of the development
laboratory (Figure 6-2). In order to elucidate the poor pharmacokinetics observed
in the clinical trial, scientists in the pharmacokinetic group were engaged in
establishing in vitro human drug metabolism system. They revealed that the
failed compound is, as speculated, metabolized extensively by CYP2D6 and inter-
individual variability is due to polymorphism of the CYP450 isoform.

This study drove EGT to reconsider their drug discovery and development
process. To examine the impact of the in vitro drug metabolism screening on the
drug discovery process, a project team was formed from drug-metabolism
scientists, medicinal chemists and pharmacologists. More than fifty chemical
entities, which were primarily screened by pharmacological endpoints, are
subsequently screened based on the metabolic labiality in the in vitro human
metabolism system. This approach successfully identified a promising compound
that had an acceptable bioavailability and little inter-individual variability.

The managers of EGT then attempted to change their drug discovery process by
incorporating in vitro drug metabolism systems, via a technology transfer from
the pharmacokinetic group in the development laboratory to the basic research
group in the research laboratory. However, the managers soon realized that the
transfer process was unsuccessful due to organizational constraints:

(1) The research laboratory lacks technology communicator, a scientist
capable of managing the knowledge about the in vitro drug metabolism
system in the drug discovery process.

(1) Organizational boundaries, including physical distance between two
laboratories, make people-to-people communication extremely difficult.

6.3 Implementation of new drug discovery strategy and organizational change

To settle these difficulties, an organizational change in the research laboratory
was implemented in the beginning of 2000, so that the new organizational
structure can accommodate the integration of the in vitro drug metabolism system
into the drug discovery process. Figure 6-3 illustrates the flow chart of the new
drug discovery process in EGT, in which a team responsible for the irn vitro drug
metabolism screening is established in the drug design group. The close
communication with the chemical engineering team can lead to the establishment
of a feedback loop for the lead-optimization based on the structure-metabolism
relationship, as well as the structure-activity relationship between the drug design
and the basic research group (Figure 6-3).

This case illustrates an example of organizational change driven by a
technological innovation, where the technology can be incorporated into the new
organizational structure. However, in order to keep the new drug discovery
process functional, further managerial efforts should be required, such as
facilitating people-to-people communication between the drug metabolism
scientists and the medicinal chemists.
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Figure 6-3. Flow chart for the new drug discovery process of chemical entities
after the organizational change
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CHAPTER SEVEN

Conclusion

The use of animal models to predict pharmacological effects in humans comes
from the belief in the unity life of mammals. Scientists had believed that the
central physiological functions, including the major routes of endogenous
metabolism, were common in all mammals. However, in reality,
pharmacokineticists have failed to find an animal species in which the drug
metabolism processes are consistently the same as those in humans.

Pharmaceutical companies in recent years have placed a greater emphasis on the
in vitro human drug metabolism studies in the drug discovery process. Early
identification of pharmacokinetic problems, such as the involvement of
polymorphic CYP450 isozymes may drive synthetic efforts to identify promising
agents that possess an appropriate pharmacokinetic profile in humans. The
establishment of predictive models using the in vifro human metabolism systems
may provide insight into any potential weakness in the metabolism in humans. An
approach adopting these models can have a greater degree of confidence before
expending resources to advance a compound into the clinical trial.

The concept that the properties of the whole are the sum of the properties of the
parts has had a profound impact on the manner of conducting science. Drug
metabolism scientists have applied this concept by using a broad spectrum of
methods, from expressed enzymes, microsomes to hepatocytes. However, the
extrapolation of the in vitro metabolic data to the in vivo situation is not always
straightforward. It is clear that each in vitro system has its advantages and
disadvantages. As long as their limitations are recognized and appropriate
considerations are taken into the study design, in vitro systems can aid in the
selection of the animal species for toxicity studies as well as provide preliminary
profiles of human metabolism.

With the recent breakthroughs in molecular biology, it is possible that in the very
near future we can use humanized animals for studying in vivo human drug
metabolism in the drug discovery stage. A number of genetically modified
animals have been established as models for human genetic diseases, but the
transgenic approach for evaluating the metabolism of drugs has not been utilized
yet to any large degree. Using standard techniques, it may not be difficult to
develop transgenic animals that express genes coding for both human cytochrome
P450s in the liver and intestine. This type of transgenic animal would certainly
provide valuable means for evaluating the intestinal and hepatic first-pass
metabolism of drugs.
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Based on the current technological trajectory, it is possible to predict the future
impact of in vitro drug metabolism studies on the drug discovery and
development process (Figure 7-1):
(i) High-throughput in vitro drug metabolism system, with enhanced data-
processing capability comparable to high-throughput pharmacological
screening
(ii) Integrated high-throughput screening system, in which drug candidates are
rapidly evaluated by pharmaco-toxicolological and pharmacokinetic
endpoints.
(iii) In vivo human metabolism model, which can replace animal models that
are currently used in the preclinical pharmacokinetic studies

With the growth in the technology, it is not enough to just provide a
pharmacologically potent agent. Depending on the therapeutic area, providing a
drug with the optimal pharmacokinetic profile may give that product a
competitive edge. Pharmaceutical companies are facing huge technological
opportunities and threats of the human metabolic enzymes. Pharmaceutical
companies that try to change their drug discovery and development process by
adapting innovative technologies will obtain sustainable advantages in ever-
present competition in the pharmaceutical industry.
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Figure 7-1. Expected technological changes in the drug metabolism studies in
next 10 years.
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