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Abstract. Drug metabolism in pharmaceutical research has traditionally focused on the well-defined

aspects of absorption, distribution, metabolism and excretion, commonly-referred to ADME properties

of a compound, particularly in the areas of metabolite identification, identification of drug metabolizing

enzymes (DMEs) and associated metabolic pathways, and reaction mechanisms. This traditional

emphasis was in part due to the limited scope of understanding and the unavailability of in vitro and

in vivo tools with which to evaluate more complex properties and processes. However, advances over the

past decade in separate but related fields such as pharmacogenetics, pharmacogenomics and drug

transporters, have dramatically shifted the drug metabolism paradigm. For example, knowledge of the

genetics and genomics of DMEs allows us to better understand and predict enzyme regulation and its

effects on exogenous (pharmacokinetics) and endogenous pathways as well as biochemical processes

(pharmacology). Advances in the transporter area have provided unprecedented insights into the role of

transporter proteins in absorption, distribution, metabolism and excretion of drugs and their

consequences with respect to clinical drugYdrug and drugYendogenous substance interactions, toxicity

and interindividual variability in pharmacokinetics. It is therefore essential that individuals involved in

modern pharmaceutical research embrace a fully integrated approach and understanding of drug

metabolism as is currently practiced. The intent of this review is to reexamine drug metabolism with

respect to the traditional as well as current practices, with particular emphasis on the critical aspects of

integrating chemistry and biology in the interpretation and application of metabolism data in

pharmaceutical research.
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INTRODUCTION

In the complex and multidisciplinary process of drug
discovery and development where groups with diverse back-
grounds and expertise such as medicinal chemistry, pharma-
cology, preclinical development, safety assessment, clinical
development and regulatory affairs are represented, drug
metabolism (and pharmacokinetics) scientists play a delicate
and important role in interfacing with the various disciplines
(Fig. 1). In early discovery, drug metabolism input provides a
basis for choosing chemical structures and lead compounds
with desirable drug metabolism and pharmacokinetic
(DMPK) or safety profiles and later, preclinical data aids in
the development of clinical plans with regard to human drug
exposures and safety. In fact in 1990 it was estimated that
approximately 40% of drug attrition was due to undesirable
DMPK properties and in 2000, this number was reduced to
10% (Fig. 2). This may be attributed to the increased efforts
in applying DMPK principles for drug candidate optimiza-

tion, selection and characterization during the drug discovery
and development process. Traditional drug metabolism
research focused on areas such as absorption, distribution,
metabolism and excretion (ADME), with particular emphasis
on in vivo and in vitro metabolite identification, enzymology
of DMEs, and associated metabolic pathways and reaction
mechanisms. However, there has been a shift in paradigm, as
advances in fields such as pharmacogenetics, pharmacoge-
nomics and transporters, have provided unprecedented
insights into the biochemical processes that can affect the
ADME properties of a drug. In order to fully maximize the
impact of these emerging sciences on drug metabolism and
the drug discovery and development process, the design and
conduct of drug metabolism studies and interpretation of
results must take into account these advances. Drug metab-
olism scientists must also in depth understanding of the
discovery and development process, in order to design timely
and appropriate studies that are in alignment with the
traditional drug discovery and development process.

Drug metabolism approaches and methodologies
employed during discovery and development can be vastly
different, primarily because of the different needs and
endpoints. In Discovery, the primary purpose is to screen
large numbers of compounds in order to select ideal
candidates for development, hence require technologies with
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high throughout capabilities. These methods can either be
in vitro, in silico, in situ and isolated organs or in vivo, and
vary greatly with regards to their physiological relevance,
time and cost. On the other hand, development studies
require more in depth analyses of a single compound,
employing methods that have been thoroughly validated,
from a good laboratory practice (GLP) perspective.

The intent of this review is to highlight advances in the
fields of pharmacogenetics, genomics, and transporters, and
how their integration with the traditional aspects of drug
metabolism can impact the drug discovery and development
process. A brief historical review of drug metabolism and
how it has traditionally been applied in the pharmaceutical
industry will also be discussed.

EARLY ASPECTS OF DRUG METABOLISM

While current drug metabolism departments typically
comprise scientists with diverse backgrounds, the emergence
of drug metabolism as a discipline, is intricately linked to the
evolution of the field of organic chemistry. Hence the early
stages of drug (xenobiotic) metabolism research were dom-
inated by chemists such as the Millers (1Y6) and later, RT
Williams, who is credited as founder of the modern field of

drug metabolism. Williams proposed the concept of a two-
phase elimination of xenobiotics. He classed reactions such as
oxidation, reduction and hydrolysis as phase 1 and activating,
and reactions such as conjugation as phase 2 and detoxifying
in nature (7,8). While this concept of Phase 1 and 2 reactions
has and continues to be applied, it has recently been
challenged as flawed because it groups mechanistically
unrelated reactions together, while placing mechanistically
similar reactions in different phases (9). It has instead been
suggested that reactions be grouped into broad categories
such as oxidations, reductions, conjugations and/or nucleo-
philic trapping processes, without making use of the phase 1
and 2 classification.

Metabolite identification, metabolic pathways and reac-
tion mechanisms dominated early drug metabolism studies,
with examples including the metabolism of aminoazo dyes
(3Y5), amphetamines and ephedrine (1), and hydroxylation of
steroids (2,6). The concept of mixed-function oxidation
stoichiometry and the discovery of P450 enzymes were aided
by the research efforts of individuals such as Mason (10),
Cooper (11), Sato (12), Estabrook (13), Lu and Coon, who
demonstrated that the enzyme system from rabbit liver
microsomes responsible for metabolic transformations con-
sisted of NADPH-P450 reductase and cytochrome P450 (14).

The Role of Cytochrome P450s in Drug Metabolism

Although cytochrome P450s are not the only enzyme
family responsible for phase 1 reactions, they are responsible
for the phase 1 transformation of the majority of pharma-
ceutical drugs. Their role in drug metabolism, their catalytic
mechanisms and the common reactions they catalyzed have
been extensively reviewed (15,16). There are multiple forms
of P450s, with isoforms in the same family sharing over-
lapping substrate requirements (17Y20). As many as 57
human P450 genes have been identified and characterized
(21). The CYP1, CYP2 and CYP3 subfamilies are involved in
the metabolism of xenobiotics, including pharmaceutical
drugs. Examples of probe substrates for these CYPs are
given in Table I. Of the xenobiotic metabolizing classes, the
CYP3A subfamily is of critical importance in drug metabo-
lism because in humans, it accounts for approximately
30Y40% of total liver and intestinal CYP content and is
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responsible for the metabolic transformation of 50Y70% of
commonly used pharmaceutical drugs (15,16,21Y28). Many of
the P450 genes are polymorphic and the significance of these
polymorphisms is exemplified by the individual variability
associated with the hydroxylation of debrisoquine in man,
which is attributed to polymorphisms at the CYP2D6 gene
locus (29Y32). Many functional polymorphisms with clinical
consequences have now been identified, including those at the
CYP2C9 and CYP2C19 loci that affect the disposition of drugs
such as warfarin and phenytoin (21,25,26). In addition to
genetic polymorphisms, cytochrome P450 enzymes are also
susceptible to inhibition, activation and induction by structur-
ally diverse chemicals and the impact of these on drug
metabolism will be discussed in later sections of this review.

Metabolic Activation in Drug Toxicity

As early as the 1940s, the potential role of xenobiotic
metabolism and bioactivation in drug toxicity was postulated.
The Millers first discovered that chemical carcinogens such as
p-dimethyl-aminoazobenzene were biotransformed to elec-
trophilic metabolites that covalently bound macromolecules,
including DNA and proteins (33). In the 1970s, hemoglobin
adducts were implicated in the toxicity of xenobiotics such as
aromatic amines (34). Classically, it was demonstrated that
covalent binding of acetaminophen metabolites to hepatic
proteins was responsible for its hepatotoxicity (35,36). In the
past two decades, a large amount of data linking bioactiva-
tion of certain functional groups to form protein adducts and
their relevance to toxicity, such as idiosyncratic reactions, has
emerged (37Y41). For example, formation of electrophilic
acyl glucuronides or sulfates of many drug compounds has
been associated with drug toxicity. The drugYprotein adducts
cause toxicity either by impairing physiological functions of
the modified proteins or through immune-mediated mecha-
nisms. Table II gives examples of drugs whose toxicities are
attributed to covalent binding of metabolites to proteins.
Bioactivation of xenobiotics which contain certain functional
groups such as a tertiary amine, furan ring or acetylene
function, can also cause mechanism-based inactivation of
P450s, leading to adverse clinical drugYdrug interactions
(42Y44). Advances in analytical instrumentations, notably
LC/MS/MS and LC/NMR, have markedly expanded our
capability to detect and identify adduct formation via

reactive intermediates. It remains difficult, however, to
accurately predict potential adverse drug reactions due to
formation of these protein adducts, since not all of them
result in drug toxicity.

EVOLVING ASPECTS OF DRUG METABOLISM

Pharmacogenetics, genomics and drug transporters have
profoundly impacted drug metabolism research by providing
plausible mechanisms for interindividual variability in drug
response and metabolism-related toxicity. They provide tools
with which to understand enzyme regulation, identify factors
that affect drug exposure, the potential for drugYdrug
interactions and species differences in drug disposition.
Knowledge from these areas can form the scientific basis
for designing appropriate clinical studies and data interpre-
tation, which can lead to development of safer and more
efficacious drugs.

Pharmacogenetics and Pharmacogenomics

Pharmacogenetics is the study of the effects of genetic
differences between individuals on inter-individual responses
to medicines (45,46). It is an old discipline which has been
invigorated mainly due to an increased understanding of
molecular biology and development of associated technolog-
ical tools with which to conduct studies (47). Pharmacoge-
nomics is a more recent term, coined to define a more
Fholistic_ or global approach in which the expression levels,
regulation, functions and interactions of multiple genes are
simultaneously studied, and their effects on overall variability
in drug response determined (48). It is sometimes used
interchangeably with pharmacogenetics, despite these subtle
differences. These fields are continually being integrated in
various aspects of the life sciences, including drug discovery
and development, with the expectations that they would lead
to the development of personalized medicines (49,50).
Genome wide screening is used to identify single nucleotide
polymorphisms (SNPs) that co-segregate with certain dis-
eases with a view to using these SNP regions as potential
targets for drug development (51,52). Global gene expression
analysis is used preclinically and clinically, to identify
surrogate markers of toxicity (toxicogenomics) and/or effica-
cy (53Y55). That individuals differ in response to drug is not

Table I. Examples of Commonly used Substrates, Inhibitors And Inducers of Cytochrome P450s (107)

CYP Isozyme Substrate/Probe Inhibitors Inducers

Inducers

Conc. mM) Fold Induction

1A2 Ethoxyresorufin Furafylline Omeprazole 25Y100 14Y24

Phenacetin a-Naphthoflavone b-Naphthoflavone 33Y50 4Y23

Caffeine 3-methylcholanthrene 1Y2 6Y26

2A6 Coumarin Tranylcypromine Methoxsalen Dexamethasone 50 9.4

2B6 S-mephenytoin Phencyclidine Phenobarbital 500Y1,000 5Y10

Sertraline Thiotepa Rifampicin 10

2C8 Taxol Montelucast Quercetin Rifampicin 10 2Y4

2C9 Diclofenac S-warfarin

Tolbutamide

Sulfaphenazole Fluconazole

Fluvoxamine Fluoxetine

Rifampicin 10 3.7

2C19 S-mephenytoin Ticlopidine Nootkatone Rifampicin 10 20

2D6 Bufuralol Dextromethorphan Quinidine

3A4 Midazolam Testosterone Ketoconazole Troleondomycin Rifampicin 10 4Y31
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new and there have always been suggestions that a genetic
component could be responsible, although it could not be
directly proven due to lack of appropriate technologies.
Nevertheless, differences in plasma levels of antidepressants
such as nortriptyline and imiprimine were attributed to
genetic factors (56,57). The debrisoquine-CYP2D6 polymor-
phism is a more recent and famous example of drugs whose
exposure and disposition is dramatically affected by genetic
polymorphisms at the CYP2D6 locus (30,58,59). Many
functional polymorphisms have now been identified in many
gene families, with the variant alleles occurring with varying
frequencies among different ethnic populations (60Y70).
Pharmacogenetics/genomics approaches are beginning to be
fruitful as evidenced by the approval of the drug BiDil for the
treatment of heart failure in African Americans, based on
knowledge of differences in the synthesis of nitric oxide in
African Americans, compared to other ethnic groups (71,72).
As another example, Perlegen Sciences and Mitsubishi
Pharma are developing MCC-555 (a peroxisome proliferator
activated receptor (PPAR) agonist) for the treatment of
diabetes and other metabolic disorders. They are applying
whole genome pharmacogenomics technologies to select
patients most likely to benefit from the treatment (73). While
these efforts and successes show a continuing maturity of the
field, data interpretation and application still face many
challenges, as the genetic basis of any disease is often
multifactorial and also impacted by the interplay between
nature and nurture, hence the relevance of any gene, SNP or
genotype cannot always be predicted based on genetic
analysis alone.

Nuclear Receptors and Transcriptional Regulation

Interest in gene regulation and the potential impact on
the efficacy and safety of new drug candidates is steadily
increasing. One of the consequences of transcriptional regu-
lation is clinical drugYdrug interactions with co-administered
drugs and also the observation that some drugs induce the
enzymes involved in their metabolism; hence altering their
kinetic properties. It is therefore important that the effects of

new drug compounds on the expression of drug metabolism
genes form an integral part of drug metabolism studies. The
discovery and characterization of the cytochrome P450s in the
1950s (1,74Y76), their solubilization (14,77) and elucidation of
the mechanisms underlying their by polycyclic aromatic
hydrocarbons (78,79) are critical milestone in our under-
standing of the biotransformation of xenobiotics including
pharmaceuticals drugs. Although it had been known since
their characterization that some P450s were inducible, (79,80)
it was knowledge of the interactions between steroid
hormones and their targets within the cell that led to the
hypothesis that induction of these microsomal enzymes by
ligands was via a mechanism similar to that of steroid
hormones (81Y83). This hypothesis was later supported in
subsequent experiments that eventually led to the character-
ization and identification of the aryl hydrocarbon hydroxy-
lase (Ah) receptor as responsible for CYP1A1 induction (83).
Several nuclear receptors have now been cloned and the
downstream genes they regulated have been identified.
(84Y86). These include pregnene X receptor PXR, with
CYP3A4, CYP2C and UGT as the prototypic downstream
genes, constitutive androstane receptor (CAR), which regu-
lates genes in the CYP2B family and UGTs, liver X receptor
(LXR), the master regulator of cholesterol homeostasis,
farnesoid X receptor (FXR), peroxisome proliferator-acti-
vated receptor (PPAR), vitamin D receptor (VDR), gluco-
corticoid receptor (GR) and hepatocyte nuclear receptor 4
(HNF4) (87Y89). These receptors control a complex network
of endogenous pathways and often exhibit cross-talk between
them in relation to their ligands and downstream regulated
genes (90). It is therefore not surprising that regulation of
nuclear receptors by drug candidates has the potential not
only to impact targeted pathways, but also affect off target
genes leading to unexpected efficacy and/or safety outcomes.

Applications of Genetics/Genomics in Drug Metabolism
and Safety

Genotyping Studies. One of the major reasons for inter-
individual variations in drug response is genetic polymorphism
that result in proteins with variable activities (50,69,91Y93).

Table II. Examples of Drugs that Form Reactive Intermediates and Exhibit Toxicity (41)

Drugs Reactive Intermediate Toxicity

Acetaminophen Quinone-imine Hepatotoxicity

Carbamazepine 2-Hydroxy, Quinone-imine Agranulocytosis, Aplastic anemia

Clarithromycin Nitroalkane Hypersensitivity

Clozapine Desmethylcloazpine Agranulocytosis

Dapsone Hydroxylamine, Nitroso Hemolysis, hypersensitivity

Diclofenac Acyl glucuronide, Benzoquinone imine Hepatotoxicity

Halothane Trifluoroacetyl Hepatitis

Indomethacin Iminoquinone Hypersensitivity, Agranulocytosis, hepatotoxicity

Isonizaid Isonicotinic acid, acetylating species Hypersensitivity

Phenacetin p-Nitrosophenetole Hepatotoxicity

Procainamide Hydroxylamine, Nitroso Agranulocytosis

Tacrine 7-OH-tacrine Hepatotoxicity

Tamoxifen N-oxide, N-oxide-epoxide Carcinogenicity

Ticlodipine Keto, S-oxide Agranulocytosis, aplastic anemia

Tienilic acid Thiopene S-oxide Hypersensitivity, hepatitis

Troglitazone Conjugates, Benzoquinone, Quinone epoxide Hepatotoxicity

Valproic acid Acyl glucuronides, 2-N-propyl-4-pentenoic acid Hypersensitivity, Hepatotoxicity
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While polymorphisms have been identified in drug trans
porters, receptors and pathway genes, polymorphisms in the
P450 gene family have had the most impact on the fate of
pharmaceutical drugs (94). CYP2D6, CYP2C9 and CYP2C19
polymorphisms are the most clinically relevant since these
three isozymes contribute to the metabolism of about 40% of
drugs currently on the market and exhibit single nucleotide
polymorphisms that can be directly correlated with a
particular phenotype (95).

The efficacy and or safety of a drug predominantly
metabolized by a polymorphic gene, is directly impacted by
the genotype of the individual taking the drug (96,97).
Information on the genotypes of participants in clinical trials
will not only provide data that could be used to explain
potential individual differences in response, but also ensure
that those with an altered phenotype are properly monitored.
This is particularly important with drugs that have a narrow
therapeutic window, outside of which severe toxicity or
therapeutic failure may occur (98). The impact of genetic
variations at the CYP2C and CYP2D6 loci on the metabo-
lism and safety of drugs such warfarin, phenytoin and
debrisoquine is well known. While the impact of polymor-
phisms on these drugs was identified when the drug were
already on the market, genetics information is increasingly
being used proactively during the discovery and development
process. An example is the use of CYP genetic information in
designing the clinical program for a CNS program in which
the authors are involved. CYP2C9 contributes to approxi-
mately 40% of the metabolism of the investigational drug
and this information is being incorporated in designing phase
3 clinical studies. Genotyping studies are now possible and
practical because of technologies such as Taqman allelic
discrimination assays, high throughput sequencing and SNPs.
The availability of site directed mutagenesis, recombinant
DNA and transgenic technologies are also powerful tools
with which to study genetic polymorphisms and to correlate
genotypes with phenotypes (99Y102). This could potentially
lead to a better classification of patients, with prescriptions
and doses individualized and optimized based on a patient_s
genotype.

Different pharmaceutical companies have adopted dif-
ferent genotyping paradigms. A few companies conduct
genotyping studies on preclinical samples, for instance, to
offer a rationale for differences in efficacy or toxicity,
observed in different animals (103Y106). However, preclinical
genotyping data cannot be applicable in the late stages of
drug development since most polymorphisms are species-
specific and not likely to be conserved in humans. The
predominant practice is to genotype samples from phase 1
clinical trials, for compounds that are metabolized by a
polymorphic CYP. Nevertheless, due to redundancies in the
drug metabolizing enzymes, not all polymorphisms translate
into clinical implications because other enzymes may com-
pensate for the poor phenotype, in vivo. As such most
genotyping is done retroactively only if clinical observations
suggest influence of the polymorphisms. Depending on the
purpose of a study, volunteers may be genotyped prior to
enrollment, to select the volunteers most likely to respond or
not. This approach is particularly useful when comparing
pharmacokinetic parameters between extensive and poor
metabolizers, to determine the potential for drugYdrug

interactions with co-administered drugs, in the different
phenotypic groups. This approach might also be useful when
a drug has a narrow therapeutic window and the consequen-
ces of the polymorphism are well characterized and under-
stood (e.g. CYP2D6), to avoid any undue exposing trial
participants to any undue serious adverse events. One
limitation in using phase 1 and 2 clinical samples is the
sample size because low frequency alleles may not be
present. Thus genotyping data from phase 1 studies should
always be interpreted with allowance given for the limitations
associated with a small sample size.

Whole blood is the most practical tissue used for
genotyping human subjects and the genes commonly geno-
typed are CYP2D6, CYP2C9 and CYP2C19. Some MDR1
haplotypes have been associated with reduced protein
activity and MDR1 genotyping is also being recommended
for drugs that are MDR1 substrates (66). At gene loci where
more than two allelic variants exist, the decision on which
variant to study should be based on the most common allele
existing in the population from which the samples are drawn
and also its potential consequences (64).

Enzyme Induction Studies. Potential induction of DMEs
by new chemical entities is now routinely evaluated because
of their potential to cause clinical drugYdrug interactions that
may result in loss of efficacy or toxicity. In fact, an FDA draft
guidance on in vitro and in vivo drug interaction studies lends
credence to the fact that the agency considers induction data
as integral to their ability to appropriately evaluate new
chemicals entities for potential drugYdrug interactions (107).
However, despite this interest, there is no consensus on the
acquisition, interpretation and application of induction data.
One of the reasons is the fact that the clinical significance of
gene regulation cannot be determined in isolation, without
knowledge of factors such as the relative contribution of the
induced isozyme to the metabolism of the inducer or co-
administered drug/s, the clinical exposure of the compound/s
at the efficacious dose (Cmax) and whether this is
significantly altered by induction, whether induction is
observed at doses below or above the efficacious Cmax, the
magnitude of induction and the therapeutic window of the
drug. In addition, since any in vitro system is only a proxy of
the in vivo system, there has to exist the possibility that
in vitro observations may not translate to in vivo and this
could be due to compensatory pathways and feedback/feed
forward mechanisms operating in vivo that may negate in
vitro findings. The FDA draft guidance is therefore an effort
to harmonize methods, systems and data interpretation for
easy comparison of induction data across laboratories and
different compounds.

Preclinical enzyme induction studies are performed
primarily ex-vivo, particularly in tissues such as liver where
DMEs are predominantly expressed. At Wyeth, induction
studies are carried out on a need to bases, in liver samples
taken from routine safety studies (maximum tolerated dose,
(MTD). Induction studies are conducted if data from first in
man studies or other preclinical parameters (such as increases
in liver weights, reductions in exposure following multiple
dosing, off-target toxicity) suggest induction may be occur-
ring (108). Historically, these studies are conducted by
determining enzyme activities in microsomes prepared from
these livers and the rate of metabolism between vehicle and
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treated groups compared. Increasingly genome-based
approaches using technologies such as, real-time quantitative
PCR (103,106) and global gene expression (genechips) are
being using to determine enzyme induction at the level of
transcription, accurately and specifically capture isozyme
specific induction (109Y111). Preclinical induction studies
can also be done in vitro systems such as primary cells, cell
lines, transgenic models and cell-based gene reporter assays.
However, the in vivo relevance of such data has not been
established, hence can only be used as diagnostic rather than
predictive tools (105,108,112).

The FDA draft guidance on enzyme induction studies is
an attempt to harmonize systems, methods, study design,
data analysis and interpretation of in vitro studies. The
method recommended by the FDA, is measurement of
enzyme activities in primary or platable cryopreserved
human hepatocytes, treated with test compound and vehicle
controls, although there are known limitations to this
medium such donor variability, detection methods, probe
substrates and lack of substrate specificity (113Y116). In
order to correlate in vitro to in vivo relevance, the FDA
recommends the use of three concentrations flanking the
predicted or known exposure in humans (up to 10 times
Cmax) and induction by test compound should be compared
with that observed with an accepted positive control. The
compound is considered a strong inducer, with a potential to
cause in vivo drugYdrug interactions, if it causes induction
that is greater than or equal to 40% of that observed with the
positive control (107).

Although analysis of mRNA expression is becoming
routine, the lack of a direct correlation between mRNA
expression and enzyme activities for most genes has meant
that the FDA still considers mRNA data only as supplemen-
tal to enzyme activity data (117,118). Nevertheless we, and
others have found transcriptional regulation to be directly
correlated with enzyme activity data for most inducible CYPs
and UGTs ((108). In addition, mRNA data is useful in cases
where both enzyme induction and mechanism base inhibition
are concurrently operative. For instance, ritonavir, an anti-
retroviral drug, acts as both an inducer and mechanism based
inhibitor of CYP3A4 protein (119), and enzyme activity
measurements alone do not reveal transcriptional regulation
of CYP3A4 because enzyme activity remains the same.
Nevertheless, although overall CYP3A4 activity is not
affected, other genes that are co-regulated with CYP3A4
but are not inhibited by ritonavir may be affected. mRNA
data is also useful in cases where genes in the same subfamily
are differentially regulated in an isozyme and gender-related
manner (120). Gender specific regulation is not common in
humans, but it is a common phenomenon in rodents and
since preclinical data is often used to predict human data,
knowing the mechanism by which these genes are regulated
in different species is useful when determining whether
preclinical induction will be relevant in humans (121Y123).
Since no single method or approach is perfect, we have
employed an integrated approach that takes advantage of
genome-based methodologies as well enzyme activity assays
to provide comprehensive data sets that provide better in
sights into potential in vivo interactions (108).

Other in vitro systems that are increasingly being applied
in enzyme induction studies are reporter gene assays that

result from transient or stably transfected cell lines express-
ing the DME of interest. High throughput AhR and PXR
reporter gene assays have been developed and utilized to
screen compounds for CYP1A and CYP3A induction
(122,124). The CYP3A4 assay entails co-transfecting cells
with a CYP3A4 luciferase reporter construct containing the
CYP3A4 proximal promoter and distal enhancer, integrated
into a modified luciferase vector, and a PXR construct
containing the full length open reading frame of human
PXR (124). As with many in vitro systems, cell-based
reporter gene assays also have certain limitations, one of
which is the fact that correlation of receptor binding and
activation with in vivo enzyme induction has not yet been
established and standardized.

Drug Transporters

The role of transporter proteins in drug and endogenous
substance disposition has increasingly gained recognition. As
late as 1995, the role of transporters in biliary excretion was
not recognized and as a result, species differences in biliary
excretion were not readily explainable (125). It has now
become clear that transporters are responsible both for the
uptake and efflux of drugs and other chemicals in various
tissues and may be key determinants of the pharmacokinetic
characteristics of a drug (126Y130). Several transporters have
been cloned and considerable progress has been made in
understanding the molecular characteristics of individual
transporters. Table III gives a list of transporter families
and the individual genes expressed in humans.

Transporters have been classified as primary, secondary
or tertiary active transporters. Primary active transporters
require ATP-dependent hydrolysis as the first step in
catalysis. Examples are ATP-binding cassette transporters
such as multidrug resistance protein (MDR), multidrug
resistance-associated protein (MRP) and breast cancer resis-
tance protein (BCRP). Secondary or tertiary active trans-
porters are driven by an exchange or cotransport of
intracellular and/or extracellular ions with the substrate.
Examples include organic anion transporter (OAT), organic
anion transporting polypeptides (OATP), sodium taurocho-
late co-transporting peptide (NTCP), organic cation trans-
porter (OCT), novel organic cation transporter (OCTN) and
oligopeptide transporters (PEPT) (131).

Of the known transporters, P-glycoprotein (P-gp or
MDR1) is by far the most characterized and understood
efflux transporter. It is predominantly expressed in tissues
such as intestines, brain and liver, and plays an important
role in intestinal absorption, brain penetration and biliary
excretion of drug substrates. Drugs that are P-gp substrates
tend to have lower oral absorption and brain penetration,
due to P-gp-mediated drug efflux at the intestinal lumen or
bloodYbrain-barrier. Considerable efforts continue to be
exerted during the drug discovery phase to identify and
select drug candidates that are not (or poor) P-gp substrates
in an attempt to improve oral absorption, and for CNS-
targeted drugs, to improve brain penetration. The absence of
P-gp-mediated efflux, together with high passive permeabil-
ity, distinguishes between CNS and non-CNS drugs (132). P-
gp has also been implicated in clinical drugYdrug interactions
involving concomitant drugs that are either its substrates or
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inhibitors. Examples of clinical drugYdrug interactions involv-
ing P-gp are shown in Table IV. For drugs with narrow
therapeutic windows such as digoxin, anticancer agents and
immunosuppressants, adverse effects resulting from P-gp-
related drug interactions are particularly problematic.

Other transporters whose possible role in clinical
drugYdrug and drugYfood interactions continue to emerge
are MRP2, OATPs and bile salt export pump (BSEP).
OATPs are a superfamily of uptake transporters with wide
tissue distribution including the liver, gut, and bloodYbrain-
barrier. They are responsible for the transport of a variety of
amphipathic organic anions such as steroid conjugates, bile
acids and drugs. OATP has been implicated as a factor in the
interactions between fruit juices and fexofenadine (133), in
which the systemic exposure of orally administered fexofe-
nadine is reduced by approximately 30% when taken with
grapefruit, apple or orange juice. The mechanism appears to
be inhibition of OATP-mediated intestinal absorption of
fexofenadine by fruit juices and this has been demonstrated
using cell lines expressing OATPs (134).

Some drug transporters such as MRP2 and BSEP have
been implicated in drug and endogenous substrate-induced
toxicity. Identification of ligands that are substrates or
inhibitors of MRP2 or BSEP may help to reduce the pos-
sibility of drug-induced toxicity. MRP2 is involved in the
biliary excretion of anion drugs and their conjugates at the
bile canalicular membrane. It is now believed that the toxic
effects of methotrexate in the intestines result from the active
excretion of methotrexate into the bile by MRP2, with
subsequent accumulation in the intestine leading to the
observed toxicity (135). The excretion of the reactive
glucuronides of diclofenac by MRP2 and its accumulation

in bile is also thought to contribute to the toxic effects
diclofenac on bile canalicular membranes (136). Inhibition of
BSEP has also been implicated in drug-induced cholestasis
caused by intracellular accumulation of toxic bile salts
(taurocholate). Inhibition of BSEP-mediated transport of
bile salt is also suggested as a mechanism responsible for
cholestasis caused by cyclosporine and estradiol-17b-
glucuronides (137). Other examples of transporter involve-

Table III. Human Drug Transporter Gene Families (125,130)

Gene Family Gene Product (Gene Symbol)

Multidrug Resistant Protein/P-glycoprotein MDR1/P-gp (ABCB1)

Bile Salt Export Pump BSEP (ABCB11)

Multidrug Resistance-Associated Protein MRP1 (ABCC1)

MRP2 (ABCC2)

MRP3 (ABCC3)

MRP4 (ABCC4)

Breast Cancer Resistant Protein BCRP (ABCG2)

Sodium Taurocholate Co-Transporting Peptide NTCP (SLC10A1)

Oligopeptide Transporters PEPT 1 (SLC15A1)

PEPT 2 (SLC15A2)

Organic Anion Transporting Polypeptides OATP-A/OATP1A2 (SLC21A3)

OATP-B/OATP2B1 (SLC21A9)

OATP-C/OATP1B1 (SLC21A6)

OATP8/OATP1B3 (SLC21A8)

OATP-D/OATP3A1 (SLC21A11)

OATP-E/OATP4A1 (SLC21A12)

OATP-F/OATP1C1 (SLC21A14)

Organic Cation Transporters OCT1 (SLC22A1)

OCT2 (SLC22A2)

OCT3 (SLC22A3)

Novel Organic Cation Transporters OCTN1 (SLC22A4)

OCTN2 (SLC22A5)

Organic Anion Transporters OAT1 (SLC22A6)

OAT2 (SLC22A7)

OAT3 (SLC22A8)

OAT4 (SLC22A9)

Table IV. Examples of the Possible Involvement of P-gp in Clinical

DrugYDrug Interactions (125)

Inhibitor Inhibited Drug

Atrovastatin Digoxin

Clarithromycin Digoxin

Cyclosporine Doxorubicin, Taxol, sirolimus

Diltiazem Tacrolimus

Erythromycin Atrovastatin, Digoxin, Fexofenadine,

Cyclosporine, Saquinavir, Talinolol

Itraconazole Digoxin, Quinidine

Ketoconazole Fexofenadine, Saquinavir, Tacrolimus

Propafenone Digoxin

Quinidine Digoxin

Ritonavir Saquinavir

Talinolol Digoxin

Verapamil Digoxin

Valspodar Digoxin, Taxol, dexamethasone

Inducer Induced Drug

Rifampicin Fexofenadine, Talinolol, Tacrolimus,

Digoxin, Saquinavir

St. John_s Wort Digoxin, Cyclosporine
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ment in toxicity include troglitazone, a diabetic agent that
was withdrawn from the market due to liver toxicity. It is
believed the toxicity was via a cholestatic mechanism, since
troglitazone and its sulfate conjugate have been shown to
inhibit BSEP-mediated taurocholate transport (138).

Methods in Drug Transporter Studies

A variety of in vitro and in vivo models are available to
assess the role of different transporters in drug disposition.
Amongst in vitro systems, the colon carcinoma cell line
(Caco-2) is one of the most widely used model for predicting
intestinal drug absorption (139,140). Caco-2 cells express a
variety of drug transporters including MDR1/P-glycoprotein
(P-gp) and MRP2 and can be used to assess drugYdrug
interactions involving multiple transporters. However, the
presence of multiple transporters can also be a limitation
because it can be difficult to determine the involvement of a
particular transporter, unless there are specific inhibitors and/
or substrates available. As a result, Caco-2 cells are used
mainly to evaluate P-gp interactions in a monolayer-based
format, with selective inhibitors or substrates of P-gp.
Various factors such as culture time, passage number and
culture conditions can affect P-gp expression, hence these
conditions need to be optimized and standardized to ensure
data reproducibility. Other cell lines include canine kidney
cell line (MDCK). Their advantage over Caco-2 cells is
shorter culture time and the fact that they can be specifically
transfected to over express human P-gp, thus increasing
sensitivity and specificity (140). Sandwich-cultured hepato-
cytes represent a potentially useful in vitro model to study
drug transporters (141,142). Biliary excretion in long-term
sandwich-cultured rat hepatocytes has been shown to corre-
late well with in vivo biliary excretion, though evaluation of

in vitroYin vivo correlation in humans remains difficult.
Sandwich-cultured hepatocytes may also allow the study of
the biliary excretion of metabolites, provided the relevant
metabolic activities are maintained.

Efforts in cloning and transgenic technologies have also
been put towards understanding transporter biology and their
importance in drug discovery and development. Single-
transfected cells that stably or transiently express individual
transporters are used to determine whether a compound is a
substrate or inhibitor of particular transporters (143,144).
Double-transfected cells or monolayers that stably express
human or rat uptake and efflux transporters have been
developed (144) to better understand the synergistic role of
uptake and efflux transporters under in vivo conditions.
Although these expression systems have the advantages of
allowing the qualitative identification of specific drug trans-
porters involved in a drug_s disposition, quantitative predic-
tion of in vitroYin vivo correlations remain to be established
before these systems can gain widespread applications.

In addition to cell based systems, canalicular membrane
vesicles (CMVs) are used to assess transport of substances and
drugs into the bile (145,146). CMVs have been shown to provide
a good prediction of transporter-mediated biliary drug clear-
ance. CMVs express many of the efflux transporters found on
the canalicular membrane of hepatocytes, including P-gp,
MRP2 and BSEP. CMVs can be prepared from livers of
various species using similar procedures and therefore allow for
the simultaneous assessment of species differences or similari-
ties. One limitation of CMVs, however, is variability in quality
between different livers (human and non-human primates), and
strict adherence protocol to ensure reproducible expression of
the various transporters. Sinusoidal membrane vesicles (SMVs)
are prepared from the sinusoidal (basolateral) membrane of
hepatocytes and are used to evaluate transporters expressed on

Table V. Key Milestones in the History of Drug Metabolism Research (197)

Date Key Participants Key Event

1828 Friedrich Woehler Synthesizes urea, a compound he had examined in his studies on

urinary waste products

1841 Alexander Ure Conducts first human metabolism study by observing the conversion

of benzoic acid to hippuric acid

1931 R.T Williams Founder of field of Drug Metabolism, introduces concept of phase II

and phase II metabolism

1947 Bernard B. Brodie et al Develop separation and detection techniques that enable measurement

of parent compound and metabolites

1955 Axelrod Determines microsomal oxidizing system as sub-cellular component

of metabolism of drugs and other chemicals

1955Y1958 Garfinkel, Klingenberg, Hayashi,

Mason, Omura, Sato

Discovery and characterization of Cytochrome P450s

1969 Lu and Coon Isolation of membrane-bound P450s

1970s Nebert et al Identification of the AhR and Mechanism of P450 induction

1977Y1990 Mahgoub, Smith, Eichelbaum, Meyers,

Gonzales, Wolf et al

Identification and characterization of the CYP2D6 polymorphism,

linkage of genotype with phenotype

1990s Various Characterization of drug transporters and elucidation of and their role

in drug metabolism

1990s Various Advances in Molecular Biology and associated technological tools; high

throughput sequencing and genotyping, gene-reporter assays, real-time

quantitative PCR, genechips siRNA, transgenic models, SNPs

1998 Kliewer, Moore Cloning and characterization of PXR, the nuclear receptor responsible

for the transcriptional regulation of CYP3A4
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the basolateral membranes of hepatocytes (125). They are
however, not as widely used as more validated systems.

INTEGRATING TRADITIONAL AND EMERGING
ASPECTS OF DRUG METABOLISM

A multidisciplinary approach forms the basis of success-
ful drug discovery and development efforts, hence drug
metabolism invariably has to adapt to changing science and
technology, be more versatile and expand beyond its
traditional role. Traditional thinking and approaches in
ADME will need to incorporate fields such as pharmacoge-
nomics, pharmacogenetics, drug transporters, metabonomics
and systems biology. Even well established and understood
areas, such as cytochrome P450 enzymes, enzyme kinetics,
metabolic transformations and activations, continue to evolve
with increasing understanding of these systems and concepts,
thus presenting new challenges for the future. The availabil-
ity of new in vitro and in silico tools continues to provide new
opportunities to better understand and address questions
related to drug metabolism. Examples of areas where
integrated approaches are of particular importance are
reviewed below.

Identification of Clearance Pathways and Factors that Affect
Drug Exposure

Identifying and understanding the pathways involved in
the clearance and exposure of a pharmaceutical is one of the
most important aspects of drug discovery and development.
During the drug discovery and optimization phase, it is often
desirable to identify and select compounds that have low
clearance and high oral absorption, so that systemic exposure
may be maximized and frequency of dosing minimized and
still achieve the desired pharmacological activity. Identifica-
tion of the pathways for clearance and factors that affect
exposure is a critical prerequisite for structural modifications
when attempting to improve systemic drug exposure of a
structural series. During the drug development phase,
identifying the clearance pathways allows clinicians to design
the proper clinical studies to evaluate the impact of
endogenous and exogenous factors on systemic exposure
(e.g. drugYdrug or drugYfood interactions). It is therefore
essential that one possess a thorough understanding of
possible factors that can affect drug clearance and exposure,
to ensure that the proper studies are conducted at the
appropriate time. Metabolic clearance is considered the
major pathway for drug clearance, followed by renal and
biliary clearance (147), and cytochrome-mediated pathways
are the most dominant metabolic pathways, with other
enzyme systems such as uridine diphosphate glucuronosyl-
transferases (UGTs), sulfotransferases (SULTs), flavin-
containing monooxygenase (FMO), N-acetyltransferases
(NATs) and monoamine oxidases (MAOs) playing lesser roles.

For in vitro studies, hepatic microsomes and freshly
isolated hepatocytes are the in vitro systems of choice for the
prediction of drug clearance, with freshly isolated hepato-
cytes regarded as the preferred system since they represent a
more realistic physiological entity (148). The fundamental
approach is to use intrinsic clearance (Vmax/Km) derived from
an in vitro system to scale-up to in vivo hepatic clearance

using different physiological models, including parameters
such as microsomal yield and liver weights. Due to the need
for increased throughout during drug discovery, the use of
substrate depletion at a single drug concentration was
introduced to estimate in vitro intrinsic clearance (149Y151)
although the inherent limitations of this approach (e.g. drugs
with low Km or limited turnover) need to be considered. In
order to improve the accuracy of in vitroYin vivo predictions
factors such as microsomal binding, hepatic uptake and
scaling factors need to be taken into consideration
(152,153). More recently, cryopreserved hepatocytes have
been demonstrated to provide results comparable to freshly
isolated hepatocytes for in vitroYin vivo extrapolations, hence
have been proposed as the in vitro system of choice due to
their increased accessibility (153,154). When using in vitro
metabolism data to predict human pharmacokinetics, inter-
pretations and inferences should always be performed with
caution because of inherent assumptions, limitations and
exceptions associated with their application. It is also
important that the in vitro system chosen is relevant to the
nature of the compound under investigation. For example,
carbamoyl glucuronide conjugation of amine containing
drugs may not readily occur under usual in vitro incubation
conditions since initial reactions required dissolved carbon
dioxide followed by glucuronidation of the resulting carbox-
ylic acid (155). Thus the relevance of this pathway may have
been overlooked when in vitro incubations are performed
without enrichment with carbon dioxide. Besides hepatic
metabolism, drug-metabolizing enzymes (e.g. CYP3A4 and
UGTs) are present in the small intestine and contribute to
first-pass metabolic clearance of some drugs (156,157).
Currently, there are no reliable and validated models to
evaluate the contribution of intestinal drug metabolism to
overall metabolic clearance of a drug.

Besides metabolic clearance, direct drug elimination via
excretion is not uncommon and should not be overlooked.
Drug transporters, aside from passive diffusion processes,
have been recognized to play an active role in renal and
biliary excretion of many xenobiotics and endogenous
substances. Since in vivo study of renal or biliary excretion
may not be always readily conducted during the drug
discovery phase, and realizing that species differences exist
in renal or biliary drug clearance (125), in vitro approaches in
assessing renal or biliary clearance have been proposed, and
may provide guidance on the significance of these pathways
in drug clearance. These approaches and precautions were
previously discussed the Drug Transporters section. Together
with physicochemical properties such as molecular weight,
solubility and permeability, the identification of transporter
involvement (particularly for efflux transporters P-gp and
MRP2) greatly enhances our capability to predict compounds
that are renally or biliary excreted. Transporter-drug metab-
olizing enzyme interplay, primarily involving P-gp-CYP3A4
in the intestine, was thought to limit the oral absorption of
certain drugs (158). Though in vitro systems, such as cell
monolayers expressing CYP3A4 and P-gp, to assess the role
of transporter-enzyme interplay on drug absorption have
been used (159,160), the quantitative extrapolation of in vitro

data to in vivo situations remains to be established.
An example of a drug where transporter-enzyme inter-

play may play an important role in its metabolic disposition is
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sirolimus, a macrolide antibiotic used as an immunosuppres-
sive agent to prevent allograft rejection in kidney transplan-
tation. Sirolimus was metabolized by CYP3A and a majority
of the administered dose was biliary excreted (161). Preclin-
ical in vitro studies, using models including liver microsomes
and Caco-2 cell monolayers expressing CYP3A, indicated
that sirolimus was susceptible to macrolide ring-opening via
hydrolysis/dehydration, and cytochrome P450 CYP3A-
mediated oxidation and P-gp-mediated efflux (160). In vitro

results therefore suggested that sirolimus would subject to
CYP3A- and non-CYP- mediated metabolic clearance, as
well as P-gp-mediated biliary excretion; and its oral bioavail-
ability could be limited by intestinal and hepatic CYP3A-
catalyzed first-pass effect and intestinal P-gp-mediated efflux.
In contrast, failure to recognize the clinical significance of
factors that can affect drug exposure can lead to drastic
consequences, such as the withdrawal from the market of the
non-sedating antihistamine terfenadine, a CYP3A substrate
that resulted in life-threatening ventricular arrhythmia when
coadministered with CYP3A inhibitors (162). Recognition of
the reason for the failure of terfenadine led to the develop-
ment of fexofenadine, the active metabolite of terfenadine
that does not undergo significant biotransformation in
humans (163). Wu and Benet (158) recently proposed a
revised Biopharmaceutics Classification System (BCS) that
may be useful in predicting overall drug disposition, including
routes of elimination and effects of efflux and uptake
transporters on oral drug absorption, and the clinical
significance of transporter-enzyme interplay on oral bioavail-
ability and drugYdrug interactions. The widespread applica-
tion of these proposed usages to facilitate the successful
development of future drug candidates remains to be seen.

Prediction of Clinical DrugYDrug Interactions

Due to the central role of P450-catalyzed metabolism in
drug clearance and bioavailability, the inhibitory (reversible)
effects of a drug on P450 activity is the first step towards
assessing the potential for clinical metabolic drugYdrug
interactions. MichaelisYMenton kinetics is the common
model for CYP-mediated reactions but Fatypical kinetics_,
first described for CYP3A4 and later for CYP2C9, has been
identified relevant model for some enzymes. Secondly, non-
MichaelisYMenton kinetics, notably autoactivation (coopera-
tivity) and substrate inactivation, can also influence in

vitroYin vivo extrapolations (164Y166). Various in vitro
systems such as liver microsomes, hepatocytes and recombi-
nant enzymes are employed in inhibition studies, with
recombinant enzymes preferred in discovery to provide high
throughput data for compound selection (167,168). During
preclinical and clinical development stages, liver microsomes
are preferred because they are considered to be more
physiologically relevant than recombinant enzymes.

Mechanism-based inactivation (MBI) of CYP enzymes
and potential in vivo consequences are increasingly being
recognized (169Y175). Understanding the mechanisms lead-
ing to MBI allows the development of possible structure-
inhibition relationships, and the opportunity to design drugs
devoid of structural features that are involved in bioactiva-
tion and inhibition. Examples of functional groups involved
in MBI are acetylenes, furans, thiophens, secondary or

tertiary amines and their associated bioactivation pathways
(42Y44). Detailed methods and precautions in the use of in
vitro MBI data to predict clinical outcome have been
described extensively and continue to evolve (164Y169,
171Y176). Several in vitro methodologies are used to identify
the possible mechanisms leading to MBI, such as trapping of
reactive intermediates using glutathione to determine in-
volvement of covalent binding or measurements of metabo-
lite intermediate complexes for mechanisms involving heme-
coordination (42Y44). Automated Fcocktail_ methods and
platforms have been developed to provide high throughput
capabilities (170,177). Experimental conditions, such as
duration of preincubation and extent of dilution of the
preincubation solution for subsequent determination of
residual P450 activities, can have a marked effect on
inactivation kinetics (KI and kinact) of MBI and their
subsequent extrapolation to in vivo situations (175), hence
the use of in vitro MBI data to predict in vivo drugYdrug
interactions remain to be fully established as methods and
data interpretation become validated and standardized.
Certain methods, such as the trapping of reactive intermedi-
ates, are indirect methods that may not provide unequivocal
evidence of the involvement of a particular structural feature
in MBI, but provide the basis for further investigations. A
recent and practical example of the implication of MBI in
clinical drugYdrug interactions was the increase in plasma
AUCs of CYP2D6 substrate drugs by paroxetine (178,179)
The magnitude of the AUC increases appeared inconsistent
with the extent of reversible in vitro inhibition of CYP2D6,
and appeared to be explained, in part, by the mechanism-
based inhibition of CYP2D6 by paroxetine presumably via
bioactivation of the methylene dioxane moiety (178,180).

The use of in vitro MBI data to extrapolate to in vivo
situations is further complicated by the fact that certain
MBIs, such as HIV protease inhibitors, are also inducers of
CYP enzymes, in particular CYP3A4 (119,182). In such
cases, the use of liver microsomes or recombinant enzymes
to evaluate enzyme inhibition may not provide the correct
extrapolation to in vivo situations. An approach involving
determination of both mRNA changes as well as enzyme
activities in an inducible system, such as primary human
hepatocytes, should be used (119).

Besides CYP enzymes, the inhibition of drug trans-
porters can result in changes in drug clearance and in drug
exposure, leading to either adverse effects or inadequate
pharmacological activity (125,126) Since P-gp is the most well
understood drug transporter with respect to its role in clinical
drugYdrug interactions, considerate efforts have been put
into identifying and characterizing drugs that P-gp substrates
or inhibitors during drug discovery and development, using in
vitro models such as bi-directional transport employing
monolayers (e.g. Caco-2, MDCK cells), uptake/efflux of
fluorescent or radiolabeled probes (e.g. Calcein-AM, rhoda-
mine-123), or simulation of ATPase activity using membrane
vesicles derived from tissues or cells expressing P-gp
(107,140). Bi-directional transport using monolayers express-
ing P-gp is considered the most reliable method for identi-
fying P-gp substrates or inhibitors, since the method has the
advantages of allowing the direct measurement of efflux
across the cell barrier and evaluation of P-gp involvement
(107). Similar to studies involving CYPs, criteria can be set
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up to identify whether a drug is a substrate (e.g. efflux ratios
>2) or an inhibitor (e.g. IC50 values in inhibiting digoxin
efflux) of P-gp. However, dissimilar to CYPs, the extrapola-
tion of in vitro P-gp inhibition data to clinical situation has
not been well established, in part due to the wide tissue
distribution of P-gp (i.e. intestinal lumen, liver, kidney and
bloodYbrain-barrier) and that relevant inhibitor concentra-
tion that needs to be considered (167).

Due to the overlapping substrate and inhibitor selectiv-
ity for CYP3A and P-gp, it has become increasingly
recognized that drugYdrug interactions may also be mediated
by this transporter-enzyme interplay. For example, inhibition
of P-gp in a CYP3A4 transfected Caco-2 cellular system in
the apical to basolateral direction decreased the extraction
ratio of sirolimus (a substrate for both P-gp and CYP3A),
suggesting that inhibition of intestinal drug efflux can lead to
decreased intestinal metabolism of the concomitant drug due
to decreased access of the drug to the enzyme by reducing
recycling (158,159). In contrast, inhibition of P-gp in the
basolateral to apical direction increased the extraction ratio
of sirolimus, suggesting that inhibition of hepatic drug efflux
can increase the extent of hepatic metabolism of the
concomitant drug due to increased access of the drug to the
active enzyme. It was suggested (158) that drugYdrug
interactions as a result of transporter-enzyme interplay might
be more significant for drugs with low solubility and
extensive metabolism (Class 2 drugs). Continued research is
needed in this area to further demonstrate the clinical
significance of transporter-enzyme interplay, and to assess
approaches to predict likely clinical outcome from in vitro
methodologies for drugs that are inhibitors of transporters
but not of CYP enzymes. An example of a drug where lack of
proper integration of drugYdrug interaction data can lead to
drastic consequence is mibefradil, a calcium channel blocker
used for hypertension, which was withdrawn from the market
in 1998 due to serious drug interactions with concomitant
medications that are CYP3A or P-gp substrates. The serious
drug interactions caused by mibefradil might have been
anticipated with the proper conduct of preclinical studies,
since it is shown to be a potent reversible and mechanism-
based inhibitor of CYP3A and a potent inhibitor of P-gp
(181,182).

Identification of Metabolism-related Drug Toxicity

Toxicogenomics is a branch of the Fomics_ technologies
that refers to the study of toxicological changes at the level of
transcription, in response to toxic exposure to a chemical
(183Y185). One of its potential applications is to determine
the underling molecular causes of toxicological findings. The
application of this technology to characterize toxicity in cells
or animals, in order to predict toxicity based on chemical
structures, has attracted a lot of attention as its proponents
contend that it has the potential to replace and/or shorten the
time and cost of traditional toxicology studies conducted
during drug development (53,186,187). However, rather than
provide an alternative to traditional toxicity studies, toxico-
genomics is currently being applied successfully to elucidate
molecular-based mechanisms responsible for toxicological
observations and also to identify biomarkers for the early
detection of toxicity during clinical trials (54).

Adverse drug reactions (ADR) can either be pharma-
cologic or idiosyncratic. Pharmacologic reactions result from
augmentation of the normal/expected pharmacologic re-
sponse of the drug and are sometimes referred to as an
exaggerated response. Idiosyncratic reactions on the other
hand, are of unknown etiology and are not manifestations of
the expected pharmacologic response (188,189). It is current-
ly difficult to accurately predict which drugs will be
associated with a significant incidence of idiosyncratic drug
reactions. Formation of reactive metabolites and covalent
adduct formation of these intermediates with cellular com-
ponents such as proteins and DNA has been associated with
IDR and is used as a screening tool to predict which
molecules can potentially cause IDR (190). However, since
not all reactive metabolites covalently bind to cellular
components and even when they bind, not all cause IDR,
predicting which metabolites will affect endogenous signaling
pathways potentially leading to IDR, remains a challenge. In
addition, some reactions are species-specific, making it
difficult for predictions based on preclinical data to be made
(37,190). Recently, it has been suggested that genetic factors
play a crucial causative role in IDR and studies have shown
that drugs associated with IDR also upregulate protective
genes in vivo (191). Thus polymorphisms in enzymes that
catalyze bioactivation reactions, the proteins to which
reactive metabolites covalently bind, receptor proteins and
protective genes could potentially affect the formation of
IDR and account for the individual differences in suscepti-
bility to IDR. Use of genomics technologies to determine
gene expression profiles and genotypes therefore has the
potential to develop into a more effective screening tool for
IDR, as genetically susceptible subsets of the population
could be identified.

Loss-of-function polymorphisms have the potential to
affect pathways not directly related to the predicted mecha-
nism of action of a drug. Recent advances in nuclear
receptors and signal transduction fields have increased our
knowledge and understanding of the complex biological
processes of gene regulation and their impact on normal
physiology as well as the pathological outcome of variations
in this network. We now know for instance that nuclear
receptors, initially named Forphan_ receptors because of lack
of endogenous ligands, actually control a cascade of bio-
chemical processes and pathways essential for the normal
functioning of organisms. Thus the nuclear receptor, LXR,
acts as a cholesterol sensor and helps to maintain lipid
homeostasis. CAR, AhR and PXR have the ability to
modulate thyroid hormone levels by modulating the expres-
sion of UGT enzymes, which are involved in the conjugation
of thyroid hormones (192). In addition to these critical roles,
it is also known that there is cross talk between nuclear
receptors such that they share similar ligands and in some
cases, regulate the same downstream genes (87). One
consequence of this cross talk is that genes in pathways not
directly affected by a ligand, may well be modulated and the
normal biochemical processes they control, disrupted, lead-
ing to unexpected adverse events. Thus understanding
nuclear receptor chemistry and their involvement in target
independent toxicity provides added value to interpreting
toxicological findings. As an example of how a Ftoxicogenomics_
approach can offer plausible explanations for off-target pre-
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clinical safety observations, we used an integrated genome-
based approach to provide a molecular mechanism for thyroid
hypertrophy and changes in circulating thyroid hormones in a
14-day dose ranging study in rats. A nonsteroidal progestin was
shown to cause transcriptional induction of microsomal UGTs,
which are predominantly responsible for the conjugation and
elimination of thyroid hormones in the rat (193Y195).

CONCLUSIONS AND OUTLOOK

Over the last ten years, our understanding of the field of
drug metabolism has greatly increased due to advances in areas
such as pharmacogenetics, pharmacogenomics and transport-
ers. Some of the key milestones in the history of drug
metabolism research are summarized in Table V. Integration
of these fields with traditional drug metabolism studies has and
continues to have an impact on pharmaceutical research. Their
impact of predicting drugYdrug interactions, clearance path-
ways and factors affecting drug exposures is without question
and it is anticipated that these emerging sciences will also
impact our ability to elucidate the mechanisms involved in
idiosyncratic drug reactions and off-target toxicity. Other fields
that have the potential to impact drug metabolism research are
proteomics, metabonomics, and systems biology. Lack of high
throughput capabilities and the associated bioinformatics tools
with which to mine the data generated by these technologies
currently limit their global application in drug metabolism
research. However, as technological advances continue to be
made, their application will continue to grow, enabling
scientists to benefit from the type of global and high
throughput successes that genome-based technologies have
achieved. Finally, in order to have the greatest benefits from
these advances, drug metabolism scientists need to embrace
and incorporate emerging trends in science and technology,
ask the right questions, select appropriate tools, conduct
studies in a timely manner, and accurately interpret data to
facilitate alignment of drug metabolism studies/data with the
drug discovery and development process.
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