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Abstract. Cytochrome P450 (CYP) induction-mediated interaction is one of the major concerns in
clinical practice and for the pharmaceutical industry. There are two major issues associated with CYP
induction: a reduction in therapeutic efficacy of comedications and an induction in reactive metabolite-
induced toxicity. Because CYP induction is a metabolic liability in drug therapy, it is highly desirable to
develop new drug candidates that are not potent CYP inducer to avoid the potential of CYP induction-
mediated drug interactions. For this reason, today, many drug companies routinely include the
assessment of CYP induction at the stage of drug discovery as part of the selection processes of new
drug candidates for further clinical development. The purpose of this article is to review the molecular
mechanisms of CYP induction and the clinical implications, including pharmacokinetic and pharmaco-
dynamic consequences. In addition, factors that affect the degree of CYP induction and extrapolation of
in vitro CYP induction data to in vivo situations will also be discussed. Finally, assessment of the
potential of CYP induction at the drug discovery and development stage will be discussed.
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INTRODUCTION

Cytochrome P450 (CYP) induction-mediated interaction
is one of the major concerns in clinical practice and for the
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pharmaceutical industry because of potential involvement of
multidrug therapy. There are two major issues associated
with CYP induction. First, induction may cause a reduction in
therapeutic efficacy of comedications. For drugs whose effect
is produced primarily by the parent drug, induction would
increase the drug’s elimination, resulting in lower drug
concentrations, and decrease the drug’s pharmacological
effect. For instance, rifampicin had caused acute transplant
rejection in patients treated with cyclosporine, presumably
because of induction of the CYP3A4-mediated metabolism
of cyclosporine (1,2). Second, induction may create an
undesirable imbalance between detoxification and activation
as a result of increased formation of reactive metabolites,
leading to an increase in the risk of metabolite-induced
toxicity (3,4). For example, induction of CYP1A enzymes
may activate some xenobiotics to their reactive metabolites,
leading to toxicity (5,6). Induction of CYP2E! is also
considered undesirable because the enzyme level of CYP2E1
highly correlates with the susceptibility of hepatotoxicity (7).
CYP2EL1 induction is believed to increase the severity of
hepatotoxicity not only by increasing the formation of
reactive metabolites of numerous compounds, but also by
generating reactive oxygen species (oxidative stress) during
its catalytic cycle.

Unlike CYP inhibition, which is an almost immediate
response, CYP induction is a slow regulatory process. It takes
time to reach a higher steady-state enzyme level as a result of
a new balance between the rate of biosynthesis and
degradation (8). Similarly, it also takes time to return the
enzyme basal level after discontinuing the treatment with
inducer. Kinetic analysis of verapamil trough concentration
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revealed that a full induction was reached in roughly 1 week
after starting rifampicin, and the recovery to baseline activity
was attained in about 2 weeks after discontinuing rifampicin
(9). Because of the nature of time-dependent process, CYP
induction may complicate drug-dosing regimens in chronic
drug therapy. Addition of any potent inducer to or with-
drawal of a potent inducer from an existing drug-dosing
regimen may cause pronounced changes of drug concentra-
tions, leading to failure of drug therapy or adverse effects. It
should be performed gradually with appropriate monitoring
for therapeutic efficacy and adverse events.

Because CYP induction is a metabolic liability in drug
therapy, it is highly desirable to develop new drug candidates
that are not potent CYP inducer. Ideally, the information on
whether a new drug candidate is a potent CYP inducer
should be obtained at the drug discovery stage before the
drug candidate is selected for clinical development. Several
in vitro models have been established to assess the potential
of CYP induction, including liver slices, immortalized cell
lines, and primary hepatocytes (10-13). Among these models,
primary culture of human hepatocytes is probably the most
predictive model for evaluating CYP induction. However, a
major problem associated with the use of human hepatocytes
has been the erratic supply of human liver tissue. From an
industrial perspective, a convenient and reliable method for
routine screening for potential CYP induction at the stage of
drug discovery is highly desirable.

Recent advances in molecular biology have led to a
significant increase in our understanding of the regulation of
CYP enzymes. Kliewer et al. (14,15) first identified an orphan
nuclear receptor, pregnane X receptor (PXR), that transcrip-
tionally activates the CYP3A genes by interacting with the
PXR response elements in the genes. Since then, numerous
studies by other investigators confirmed that PXR transcrip-
tionally activates the CYP3A4 gene in humans (16,17). The
discovery of PXR has led to the development of PXR
reporter gene assays for screening the induction potential of
drugs (18-20). Today, many drug companies routinely
include the PXR gene assay at the drug discovery stage as
part of the selection processes of drug candidates for clinical
development. Several different intracellular receptors have
also been identified to be involved in induction of CYP
enzymes, including the aryl hydrocarbon receptor (AhR), the
constitutive androstane receptor (CAR), and the glucocorti-
coid receptor (GR) (21).

The purpose of this article is to review the molecular
mechanisms of CYP induction and clinical implications,
including pharmacokinetic and pharmacodynamic conse-
quences. In addition, factors that affect the degree of CYP
induction and extrapolation of in vitro induction data will
also be discussed. Finally, assessment of the potential of CYP
induction at the drug discovery and development stage will
be discussed.

MOLECULAR MECHANISMS OF CYP INDUCTION

One of the intriguing aspects of CYPs is that some of
these enzymes, but not all, are inducible. Human CYP1A,
CYP2A, CYP2B, CYP2C, CYP2E, and CYP3A enzymes are
known to be inducible. Although CYP induction has been
known for almost half century, our understanding of the
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molecular mechanisms of the induction has just begun, which
is attributed to the recent advances in molecular biology and
biotechnology. Recent studies indicate that most CYP genes
are induced via receptor-mediated mechanisms leading to an
increase in gene transcription. CYP gene families 2 and 3
have a similar mechanism of gene activation through a
ligand-activated nuclear receptor (CAR and/or PXR). Both
CAR and PXR belong to the same gene family (family NR1)
and share a common heterodimerization partner, retinoid X
receptor (RXR) (14,22). On the other hand, the AhR-
regulating CYPIA genes belong to the Per-Arnt-Sim (PAS)
family of transcription factors and require AhR nuclear
translocator (Arnt) as its heterodimerization partner (23).

Whereas in most cases CYP induction is the conse-
quence of an increase in gene transcription, some non-
transcriptional mechanisms also are known to be involved.
For example, troleandomycin induces rat CYP3A resulting
from a decrease in the rate of CYP3A protein degradation
without increasing the rate of protein synthesis (24). Similar-
ly, induction of CYP2E1 by alcohol, acetone, and isoniazid is
caused by a posttranslational mechanism by stabilization of
the enzyme protein, not involving a receptor-mediated
mechanism (25,26). Moreover, increased protein level of
CYP2EL1 in spontaneously induced diabetic rats seems to be
caused by a nontranscriptional mechanism by stabilization of
mRNA (27).

CYP Induction by Nuclear Receptors
Aryl Hydrocarbon Receptor

The human CYP1A subfamily consists of two members,
CYP1Al and CYP1A2. Whereas CYP1A2 is one of the
major CYPs in human liver, accounting for approximately
10% of total amount of hepatic CYPs, CYP1Al is mainly
expressed in human lung, placenta, and lymphocytes in a
much less abundance (21,23). Although both CYP1A1l and
CYP1A2 are inducible, CYP1A1 is generally much sensitive
to inducers than CYP1A2. The induction of CYP1A enzymes
by polycyclic aromatic hydrocarbons has been studied
extensively since 1970s. Initial evidence of AhR involvement
in the induction of CYP1A enzymes is the identification of a
hepatic cytosolic protein that exhibits stereospecific and high
affinity binding to 2,3,7,8-tetrachlorodibenzo-p-dioxin
(TCDD), an environmental toxin (28). The discovery led to
the identification of a gene that encodes the AhR. Subse-
quently, the role of AhR in CYP1A induction was confirmed
by the studies in inbred strains of mice. TCDD is about 10-
fold more potent in inducing CYP1A1l in AhR-more-
responsive strains (C57B/6) than in AhR-less-responsive
strains (DBA/2) (29). In this study, both the TCDD
inducibility and the expression level of AhR correlate well
with the genetic polymorphism of AhR in mice.

Additional study in mouse hepatoma cell lines led to the
identification of a second regulatory protein, Arnt, in
CYP1A induction (30). Three hepatoma cell lines, namely,
wild-type, AhR-defective, and Arnt-defective cell lines, were
used in this study. The AhR-defective variant cells contained
an altered AhR, which had low affinity for TCDD, and
responded poorly to TCDD. Whereas TCDD binding to the
AhR in Arnt-defective cells was almost identical to that in



CYP Induction-Mediated Drug Interactions

wild-type cells, the Arnt-defective cells failed to respond to
TCDD (30). Collectively, these data indicate that both AhR
and Arnt are required for CYP1A induction. Both the AhR
and Arnt are expressed various tissues, being abundant in
liver and less abundant in intestine and lung (31). The
unliganded AhR is almost exclusively located in the cyto-
plasma, whereas the Arnt is found to be exclusively nuclear
with or without ligands (inducers).

Both AhR and Arnt are prototypical members of the
basic helix-loop-helix (bHLH) proteins belonging to the
PAS family of transcription factors (23). The structure is
quite similar between the AhR and Arnt; the N-terminal
regions of both the AhR and Arnt have a bHLH domain and
a PAS region with two subdomains (PAS A and PAS B)
juxtaposed to the bHLH domain. The basic region (b)
contributes to DNA binding, and the HLH region is
responsible for protein—protein dimerization. Protein-cross-
linking studies suggest that the basic region of Arnt binds to
the 5GTG3' sequence of xenobiotic-responsive element
(XRE) of CYPIAI gene, whereas the basic region of AhR
binds neighboring nucleotides. The PAS domains also
contribute to protein—protein dimerization and influence the
DNA recognition by bHLH/PAS heterodimer. Interestingly,
despite their structural similarity, the PAS domains of AhR
and Arnt do not function identically. For example, the PAS
domain of AhR binds to ligand and heat-shock protein
(hsp90), whereas Arnt PAS domain binds neither (23). The
unliganded AhR is maintained in cytoplasma as a complex
containing chaperone proteins, such as dimer of heat-shock
protein Hsp90 and p23 that are required in the stabilization
of AhR (31). Upon ligand binding, AhR sheds the chaperone
proteins away and translocates into the nucleus, where it
forms heterodimer with the Arnt through the HLH and PAS
domains of both proteins.

Although it was originally believed that Arnt trans-
locates AhR into the nucleus, the original belief has been
challenged by intracellular distribution studies of Arnt. If
Arnt does translocate AhR into the nuclei after inducer
exposure, the distribution of Arnt is expected to be increased
in the nuclei. Using anti-Arnt antibody, immunohistochem-
ical studies revealed that there were no detectable changes in
the Arnt distribution in the nucleus when comparing the
nucleus in uninduced mouse hepatoma cells with that in
induced cells (23,32). These results therefore strongly suggest
that the Arnt does not involve in the translocation of AhR. In
support of the notion that Arnt is not a nuclear translocator,
the AhR can still translocate into the nucleus even in Arnt-
deficient cells (32). One possible explanation for the miscon-
ception of the original belief is that the process of AhR/Arnt
heterodimerization produces the appearance of AhR trans-
location because it leads to a shift in the distribution of the
liganded AhR toward the nucleus.

The AhR/Arnt heterodimer (complex) activates CYP
1A1 gene by interacting with responsive elements of the
gene. Transfection experiments revealed that the DNA
upstream of the CYPIAI gene contains two types of trans-
criptional elements. The more distal element has the
functional properties of AhR-dependent transcriptional en-
hancer, spanning about 400 base pairs (bp) in about 1000 bp
upstream of the CYP1A1 transcription start site, whereas the
more proximal element functions as a transcriptional pro-
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moter, spanning about 150 bp immediately near the tran-
scriptional start site (33,34). The enhancer contains at least
three binding sites for the AhR/Arnt complex. In contrast,
the promoter has no binding sites for the AhR/Arnt complex.
Together with the findings of AhR and Arnt, the discovery
of transcriptional elements in the CYPIA gene provides
the basis for our understanding of how the cells recognize the
inducers and how the induction signal is conveyed to the
transcriptional machinery.

Transfection studies revealed that neither the enhancer
nor the promoter, individually, is sufficient to mediate a
transcriptional response to TCDD, suggesting that there must
be a mechanism for transmitting the induction signal from
enhancer to promoter after binding of the AhR/Arnt hetero-
dimer to the AhR-responsive enhancer (34). However, the
precise mechanism of enhancer—promoter communication is
still not fully understood. Studies by Wu and Whitlock (35)
suggest that the mouse Cyplal promoter is inaccessible to
transcriptional factors that are constitutively present in
uninduced cells, whereas the AhR/Arnt complex—enhancer
interaction increases the accessibility of the promoter, allow-
ing the transcriptional factors to bind and transcription to
occur. Furthermore, genetic reconstitution experiments
revealed that deletion of the C-terminal region of AhR
abolished the ability of AhR/Arnt complex to induce changes
in chromatin structure at the promoter, whereas the deletion
had no effect on changes in chromatin structure at the en-
hancer. Collectively, these results suggest that the enhan-
cer-promoter communication involves changes in chromatin
structural in two steps. The first step is local chromatin
structural changes at the enhancer after AhR/Arnt binding to
the enhancer, which does not require the C-terminal region
of AhR, and the second step is local chromatin structural
changes at the promoter that does require the C-terminal
region of AhR (23).

Constitutive Androstane Receptor

Compared with the well-studied AhR-mediated induc-
tion of CYPIA genes, the progress of our understanding of
the molecular mechanism of CYP induction within subfami-
lies 2 and 3 has been relatively slow. Although the key
nuclear receptors, including CAR, PXR, and GR, have been
identified for more than a decade, their functional role in the
induction of CYP2B, CYP2C, and CYP3A genes has just
only begun to understand. These receptors form a tangle of
networks and share the overlapping ligands and DNA
response elements of target genes (36). Functional studies
have shed light on the nature of interplay between these
receptors. However, there are still many regulatory mecha-
nisms that remain to be elucidated. For example, one of the
unsolved issues of CYP induction is how can a single
chemical compound induce more than one CYP gene.
Phenobarbital (PB) is a potent inducer for human CYP2B6,
and, to a lesser extent, it also induces human CYP2C9 and
CYP3A4. Likewise, human CYP3A4 is efficiently induced by
rifampicin, whereas CYP2B6 and CYP2C9 are also induced
by rifampicin to a lesser extent (36).

CAR was first isolated in 1994 by Baes et al (37)
through screening of a cNDA library. The functional role of
CAR in CYP2B induction has been clearly demonstrated in
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transgenic mice. Although treatment with PB significantly
induced Cyp2b10 gene in CAR™" mice, PB had no inductive
effect in CAR™'™) mice (38). The study of CAR null mice has
provided direct evidence that CAR is an essential mediator of
the transcriptional response to PB. In contrast to the classical
nuclear receptors, which are activated by their cognate
ligands, the CAR forms a heterodimer with RXR that binds
to retinoid acid response elements (RAREs) and trans-
activates the target genes of RAREs in a constitutive manner
in the absence of ligands. Because CAR can transactivate the
target genes in a constitutive manner without ligands, CAR is
referred to as “constitutive androstane receptor.” The unique
nature of CAR has led to an intensive search of endogenous
ligands of the receptor. While searching for potential ligands
of CAR, androstane metabolites, such as androstanol and
androstenol, were found to effectively inhibit the constitutive
activity of CAR (39). Forman et al. (40) showed that the
intrinsic activity of CAR was completely inhibited by en-
dogenous steroids androstanol and androstenol, with an ICs,
value of about 400 nM. These androstane ligands are good
examples of naturally occurring inverse agonists that reverse
transcriptional activation by nuclear receptors.

The CAR/RXR heterodimer transcriptionally activates
the CYP2B genes by interacting with the PB-responsive
DNA elements (PB-responsive enhancer module; PBREM).
A major breakthrough in CYP2B induction was made by
Trottier et al. (41) who identified a 163-bp PBREM in the rat
CYP2B2 5'-flanking region situated at —2318 to —2155 bp
upstream of the transcription start site. The identification of
PBREM made a very significant contribution to our under-
standing of the role of CAR in the induction of CYP2B genes
by PB and a number of PB-like inducers. Sequence compar-
ison of the rat CYP2B2 PBREM and the subsequently
identified mouse Cyp2b10 and human CYP2B6 PBREM
revealed that the PBREM is a conserved arrangement of two
nuclear binding sites (NR1 and NR2) and a nuclear factor 1
(NF1) binding site between NR1 and NR2 (42,43).

Both the NR1 and NR2 are direct repeat separated by 4-
bp (DR-4) motifs. NR1 is identical between rats and mice,
and only a single base pair difference is observed in human
NRI1. Only the NR binding sites are essential for the PB
response activity, although the NF1 binding site may be
required to confer full PBREM activity (22,44). Mutations of
either NR1 or NR2 decreased PBREM activity to one third
of the wild-type activity in transfected primary hepatocytes,
whereas simultaneous mutations of both NR sites completely
abolished the PBREM activity. The responsive elements that
confer induction by PB have also been identified for CYP2C
and CYP3A genes. In contrast to the highly conserved
CYP2B PBREM, there are marked species differences in
the amino acid sequence of PBREM of CYP2C and CYP3A
genes (36).

CAR is predominately expressed in the liver and, to a
lesser extent, in the intestine (37). Similar to AhR, CAR is
located in the cytoplasma of hepatocytes of uninduced mice
(45). Western blot as well as immunohistochemical analyses
confirmed that CAR is completely absent in the liver nuclei
of untreated mice. After the administration of PB in primary
hepatocytes, CAR is accumulated rapidly in the nuclei,
suggesting that CAR nuclear translocation is the first
activation step in response to PB (45). However, even with
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sensitive in vitro binding assay, PB has not been shown to
bind directly to either human CAR or mouse CAR.
Therefore, ligand binding seems not to be critical for CAR
nuclear translocation. The question of how PB translocates
CAR into the nucleus leads to an extensive investigation.
Although the mechanism involved in CAR nuclear translo-
cation is still not fully understood, it seems to involve a
specific and sensitive dephosphorylation event. In mouse
primary hepatocyte cultures, the phosphatase inhibitor oka-
daic acid was found to effectively inhibit PB-mediated CAR
translocation and Cyp2b10 induction, providing evidence that
dephosphorylation of mouse CAR is required for the nuclear
translocation process (46). In addition, CAR nuclear trans-
location seems to be dependent on a leucine-rich region near
the C-terminus of the receptor (47).

Immediately after being accumulated in the nucleus,
CAR forms heterodimer with RXR and interacts with DNA
(48). Studies with a reporter gene assay suggest that CAR
alone without ligand is able to stimulate PBREM, supporting
the notion that CAR is transcriptionally active in the absence
of inducer (48). However, nuclear activation of CAR seems
to be quite complicated and requires coregulators. It is
believed that CAR adopts its active conformation by
recruiting transcriptional coactivator, such as steroid receptor
cofactor-1 (SRC-1), in the absence of ligand and is shifted
toward an inactive conformation by binding to the naturally
occurring inverse agonists, such as androstanol and andros-
tenol through dissociation of the coactivators SRC-1 from
CAR, resulting in the suppression of CYP2B gene transcrip-
tion. This suppression is overcome by treatment with PB-like
inducers, which abolish the inhibitory effects of inverse
agonists from CAR. Interestingly, recent studies with PB-
induced mouse primary hepatocytes revealed that calcium/
cAMP-dependent kinase (CaMK) might be involved in the
CAR activation process (49). This finding has added an
additional dimension of the complexity to gene regulation by
CAR.

Pregnane X Receptor

Although CYP3A enzymes have long been known to be
inducible, the molecular mechanism remained unknown until
the identification of PXR. Database searching and subse-
quent cDNA cloning resulted in the discovery of a new
mouse orphan nuclear receptor designated PXR by Kliewer
et al. in 1998 (14). Direct evidence that PXR mediates the
induction of CYP3A genes was provided by transgenic mice.
Although pregnenolone-160-carbonite (PCN) and dexameth-
asone significantly induced Cyp3all gene in wild-type
PXR™“™) mice, the PXR"'™) mice failed to induce Cyp3all
gene expression when challenged with PCN or dexa-
methasone (50). Soon after the discovery of mouse PXR,
human PXR was identified by Bertilsson et al. (17). Since
then, PXR orthologs in rats, rabbits, dogs, and monkeys have
also been cloned (51-54). PXR is expressed predominately in
human liver and, to a lesser extent, in small intestine, and it
mediates the induction of CYP3A4, CYP2B, and CYP2C
enzymes. PXR is a promiscuous nuclear receptor, which can
be activated by numerous structurally diverse xenobiotics
and drugs, and is referred as the “master” regulator of CYP
enzymes. The number of compounds identified as PXR li-
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gands continues to grow (19,20). In addition to rifampicin,
two high-affinity human PXR ligands, hyperforin and
SR12813, have been identified (55). The former is a putative
active component of St. John’s wort, and the latter is an in-
vestigational cholesterol-lowering drug. However, there is no
obvious quantitative structure/activity relationship of these
ligands.

Activation of PXR seems to be less complicated com-
pared to that of CAR. PXR is generally thought to be
retained in the nucleus and can be activated by direct binding
of ligand (22,36). However, Squires et al. (56) have recently
shown that PXR is located in the cytoplasma of untreated
mouse liver cells and is concentrated in the nucleus after
treatment with PCN, suggesting translocation of PXR into
the nucleus. Using hsp90 antibody, these investigators further
demonstrated that PXR formed a complex with endogenous
cytoplasmic CAR retention protein (CCRP) and hsp90 in
HepG2 cells. Based on these results, the investigators
concluded that nuclear translocation of PXR occurs, and
the PXR-CCRP-Hsp90 complex maintains the receptor in
the cytosol. Apparently, the finding of nuclear translocation
of PXR in mice is not consistent with the general belief that
PXR is expressed in the nucleus. Certainly, Squires et al.’s
finding will stimulate future research on the nuclear locali-
zation and the mechanism of PXR activation following drug
treatment.

Like many other nuclear receptors, PXR contains two
functional domains: ligand binding domain (LBD) and highly
conserved DNA binding domain (DBD). The highly con-
served DBD, characterized by two C4-type zinc fingers, links
the PXR to the specific regions of the target genes (57).
Crystal structure analyses suggest that the LBD of the human
PXR is highly hydrophobic and flexible. The unique structure
of the ligand pocket not only allows PXR to bind a diverse
set of substrates of different molecular size, but also permits
a single molecule to dock in multiple orientations (58). This
explains why PXR can be activated by various structurally
diverse ligands. The LBD serves as the binding site for
ligands and also contains the transcriptional activation
domains such as the activation function-2 (AF-2) helix. The
binding of a ligand to the LBD results in a conformational
change in AF-2 helix, leading to the recruitment of coac-
tivators and cointegrators, and, in turn, transactivation of the
target genes (57).

PXR interacts with its cognate response elements in the
5'-flanking region of the target genes as a heterodimer with
RXR. Three DNA binding sites have been identified for
human CYP3A4 gene. One site is located at approximately
—150 bp region of the proximal promoter, and another two
sites are found between —7733 and —7672 bp of the distal
enhancer region of CYP3A4 gene, termed as xenobiotic-
responsive enhancer module (XREM) (22). The XREM is
composed of two hexameric half-sites [AG(G/T)TCA] orga-
nized as a direct repeat with a three-nucleotide spacing (DR-
3) and an everted repeat separated by 6 bp (ER-6), whereas
the promoter element contains an ER-6 motif (59). Mutation
studies suggested that all three DNA binding sites are
required for PXR activation. A mutation of either one of
these three sites alone decreased the response activity only
by 30%, whereas mutation of all three sites completely
abolished the response activity (22).
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In conclusion, although the discovery of nuclear receptor
represents a major breakthrough that contributes significant-
ly to our understanding of the induction of CYP genes, much
remains to be learned about the molecular mechanisms of
CYP induction. For example, how does the AhR/Arnt, CAR/
RXR, or PXR/RXR heterodimers access its binding sites
within nucleosomes, and how does the enhancer—promoter
communication take place after the binding of the hetero-
dimers to their cognate responsive elements? Do these
nuclear receptors require additional coregulators and cofac-
tors to trigger the gene transcription, and what are their
identities? Considering a new steady-state enzyme level by a
new balance between the rate of biosynthesis and degrada-
tion of CYP enzymes during induction (60), does a feedback
mechanism exist in equilibrium between the rate of biosyn-
thesis and degradation of CYP enzymes? Could the rate of
CYP degradation be altered during CYP induction?

Cross Talk between CAR and PXR

One of the intriguing aspects of CYP induction is the
overlapping induction profiles of CYP2B, CYP2C, and
CYP3A enzymes with respect to one single inducing agent.
Rifampicin is known to be a good inducer of CYP2B6,
CYP2C9, and CYP3A4 genes in humans (36,57). Similar to
the overlapping induction profiles of CYP enzymes, accumu-
lating evidence from in vitro studies indicates that there is a
remarkable redundancy between CAR and PXR with regard
to the overlapping ligand spectrum. In addition, there is also
a significant overlapping affinity between the binding of CAR
and PXR to the DNA response elements of many genes. As
will be discussed later, each of CYP genes contains multiple
xenobiotic response elements, and each of the response ele-
ments can be recognized by more than one nuclear receptor.
The process that individual gene can be activated by more
than one nuclear receptors is often referred to as “cross talk.”
In fact, the cross talk (interplay) between CAR and PXR be-
comes one of the central themes in the field of CYP induction.

The cross talk between CAR and PXR is best illustrated
by the use of CAR and PXR null mice. For example, both
Cyp2b10 and Cyp3all genes were significantly induced by
PB and 1,4-bis-[2-(3,5,-dichloropyridyloxy)]benzene (TCPO-
BOP) in CAR“™ mice, whereas the inducers failed to induce
Cyp2b10 and Cyp3all genes in CARC'™) mice (61). In
contrast, dieldrin and clotrimazole (PXR activators) greatly
increased Cyp3all gene, but not Cyp2bl0 gene in both
CAR“"™ and CAR"™) mice (61). These results suggest that
Cyp3all gene can be activated by not only PXR, but also
CAR. The CAR-mediated induction of Cyp3all gene is
further supported by the study with PXR"7) mice. In the
PXR null mice, Cyp3all was efficaciously induced by clo-
trimazole and PB (62). Collectively, these results strongly
suggest that CYP3A genes can be induced by both PXR and
CAR through a cross talk.

Consistent with the results with transgenic mice, Xie et
al. (62) reported that CAR/RXR heterodimer is able to bind
and transactivate the response elements for PXR/RXR
heterodimers in CYP3A genes in a transfected cell assay.
These investigators provided compelling evidence that CAR
was able to activate a response element (IR-6) from the
human CYP3A4 gene, when a synthetic CYP3A4/IR-6
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containing reporter gene was introduced into CV-1 cells in
the presence of CAR. Similarly, CAR can also bind to a PXR
response element (DR-3) of rat CYP3A23 gene and activate
the gene (62). In addition, Goodwin et al. (63) have shown
that CYP3A4 gene can be induced by CAR. The CAR-
mediated CYP3A4 induction was shown to be primarily
mediated by two high affinity-binding sites located in the
distal XREM and promoter proximal regions of the CYP3A4
gene (63). Collectively, these in vitro results further support
the in vivo observations that CAR can bind to the response
elements of CYP3A genes.

Additionally, it has been demonstrated that PXR is able
to activate CYP2B genes by binding to the response elements
of CYP2B genes. In an in vitro study using an electrophoretic
shift assay, it was clearly demonstrated that PXR bound to
the NR1 of the PBREM of human CYP2B6 gene in a fashion
similar to the binding of CAR to the PBREM (62). In
another study with primary human cultured hepatocytes,
CYP2B6 gene was highly inducible by a number of com-
pounds known to be potent human PXR ligands, including
rifampicin and hyperforin (64). In this study, PXR was also
shown to be capable of activating the PBREM of CYP2B6
gene, a 51-bp enhancer element that mediates induction of
CYP2B6 gene by CAR (64). Recently, a distal XREM was
identified in the promoter of CYP2B6 gene (65). Functional
analyses demonstrated that the XREM could also be
activated by PXR. Interestingly, maximal activation of
CYP2B6 gene expression was observed with a luciferase
reporter construct containing both the PBREM and XREM
(65). In addition, Smirlis e al. (66) reported that CAR and
PXR competed with each other for binding to the same
responsive element, when equimolar amounts of CAR and
PXR expression vector were cotransfected with a PBREM-
reporter construct. The ability of CAR and PXR to bind the
common elements clearly indicates that the cross talk
between these two nuclear receptors occurs.

In addition to CYP3A and CYP2B, many other genes of
drug-metabolizing enzymes and transporters are also known
to be activated by CAR and PXR (67-71). It is likely that the
cross talk between CAR and PXR might also be involved in
the induction of these enzymes and transporters. In fact,
CAR/PXR cross talk has been reported for the CYP2C9
induction (52). Two functional responsive elements in the
regulatory region of CYP2C9 gene have been identified: a
glucocorticoid-responsive element (—1648/—1684 bp) and a
CAR-responsive element (a DR4 motif at —1803/—1818 bp).
Interestingly, the CAR-responsive element of the CYP2C9
gene is not only recognized by CAR, but also activated by
PXR (52). The cross talk between CAR and PXR has also
been reported for the induction of UDP-glucuronosyltrans-
ferase (UGT) 1A1 (69,70). Both CAR and PXR are able to
activate UGTIAI gene by binding to a common 290-bp distal
enhancer sequence (—3499/—3210) of the gene. Collectively,
CAR and PXR are able to bind common response elements
in the CYP3A4, CYP3A23, Cyp3all, CYP2B6, Cyp2bl0,
CYP2C9, and UGTIAI genes.

Glucocorticoid Receptor

The role of GR on CYP induction has long been a
controversial topic, and there are conflicting reports on this
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subject. Using GR"* and GR"'") mice, Schuetz et al. (72)
demonstrated that dexamethasone (a GR activator) failed to
induce Cyp2bl0 gene in GR-null mice, whereas Cyp2bI0
gene was readily induced in GR®'*) mice. Unlike Cyp2bI0
gene, Cyp3all gene was induced by dexamethasone in either
GR™ and GR"/) mice. These results suggest that GR is
essential for the induction of Cyp2bl0 gene, whereas the
induction of Cyp3all gene is independent of GR. The lack of
GR effect on Cyp3all gene suggests that GR has little effect
on PXR activation in mice. In contrast, GR seems to play an
important role in human PXR activation. In Huh7 cells,
dexamethasone had no effect on PXR-mediated CYP2B6
gene expression, when human PXR was only cotransfected
with PBREM. Upon cotransfection of GR with PXR and
PBREM, dexamethasone greatly enhanced PXR-mediated
CYP2B6 gene expression in Huh7 cells (73). These results
suggest that dexamethasone enhances PXR-mediated
activation of CYP2B6 gene expression by a GR-dependent
mechanism. Similarly, GR has a direct effect on human
CAR-mediated induction. When human CAR was
cotransfected with CYP2B6 PBREM and GR into Huh7
cells, GR enhanced CAR-mediated CYP2B6 gene expression
(73). These results suggest that dexamethasone exhibits
synergistic effect on gene expression through CAR- and
PXR-dependent manner in humans, indicating that GR may
function as a coregulator that facilitates the binding of CAR
and PXR to the target response elements.

In addition to synergistic effect, GR may induce CYP
genes expression by directly interacting with the responsive
elements of CYP genes without interfering CAR- or PXR-
mediated pathways. Deletion analysis of CYP2C9 regulatory
region suggested the presence of a glucocorticoid-responsive
element (—1648/—1684 bp) in CYP2C9 gene. Further studies
showed that GR can interact directly with the glucocorticoid-
responsive element (52). Identification of these functional
elements provides molecular basis for CYP2C9 induction by
dexamethasone. Like CYP2C9 gene, CYP3A4 gene can also
be induced by glucocorticoids through a PXR-independent
pathway (74). This pathway involves hepatocyte-nuclear-
factor-3/CCAAT enhancer binding protein o (HNF-3/CEBP)
binding site in the proximal promoter of the CYP3A4 gene.
Mutation of the HNF-3/CEBP resulted in a decrease in
CYP3A4 induction by dexamethasone, but had no effect on
the PXR-dependent CYP3A4 induction by rifampicin (74).
Taken together, it is strongly suggested that the GR can
enhance CYP induction through PXR- or CAR-dependent,
and/or independent, pathways.

Recently, the role of GR on the gene regulation of CAR
and PXR has been reported. Studies by Pascussi et al. (75)
have demonstrated that PXR seems to be regulated by GR.
Using human hepatocytes, both RXR and PXR mRNA
expressions were increased by dexamethasone, but not by
rifampicin and clotrimazole. Similarly, a significant increase
in PXR and RXR mRNA by dexamethasone was also
reported by Huss and Kasper (76). As for the PXR,
dexamethasone also enhanced the CAR expression in human
hepatocytes in a GR-dependent manner (77). Several lines of
evidence support the hypothesis that the expressions of PXR
and CAR are induced by GR: (1) dexamethasone did not
affect the degradation of PXR and CAR mRNA; (2) in-
creases in PXR and CAR mRNA by dexamethasone were
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reduced by the glucocorticoid antagonist; and (3) increases in
PXR and CAR mRNA by dexamethasone were inhibited by
actinomycin D, an RNA synthesis inhibitor (75,77). There-
fore, it is reasonable to conclude that the GR may function as
a regulator for the regulation of both CAR and PXR.

A marked sexual dimorphism in CAR expression in
Wistar Kyoto (WK) rats has been reported (78). Treatment
of male WK rats with PB significantly increased the level of
CYP2BI mRNA in a time-dependent manner, whereas PB
had no inductive effect on the level of CYP2BI mRNA in
female rats. Additional studies revealed extremely low levels
of CAR expression in the female WK rats compared with
male rats. Based on these results, the investigators concluded
that the sex-dependent induction of CYP2BI gene in WK
rats is attributable to the marked difference in the CAR
expression between male and female rats. Because of the
marked gender difference in the CAR expression, it is
expected that GR will have differential effect on the CAR
expression between male and female WK rats. Therefore, the
WK rat may serve as a good animal model for the evaluation
of the GR effect on the regulation of CAR.

Species Differences in Nuclear Receptors

To date, our understanding of the molecular mechanisms
regarding the role of nuclear receptors in the induction of
CYP genes is based mainly on in vitro models and animal
studies. Although it is believed that CYP induction is
regulated in humans in principle in the same fashion as in
animals, inductive response to inducers is markedly different,
both quantitatively and qualitatively, among animal species.
For example, omeprazole, a gastric-acid-suppressing drug, is
a good CYP1A enzyme inducer in humans, but has little
inductive effect in mice or rabbits (79,80). Similarly, signif-
icant differences in CYP3A induction were also observed
between animal species. Rat CYP3A enzymes are readily
induced by PCN, whereas neither rabbit nor human CYP3A
enzyme is induced by PCN. In contrast, rifampicin is a potent
inducer for CYP3A enzymes in rabbits and humans, whereas
it has little inductive effect on CYP3A enzymes in rats
(81,82). Species-dependent induction of CYP1A1l and
CYP1A2 by TCDD was also observed in cultured rat and
human hepatocytes (83). TCDD induced predominately
CYP1AL1 in rat hepatocytes, whereas TCDD induced mainly
CYP1A2 in human hepatocytes.

Marked species differences in CYP induction even occur
between rodents. Degawa et al. (84) reported that significant
species differences in CYP1A1/2 induction were observed
among rodents, including mice, rats, hamsters, and guinea
pigs, when treated with 2-amino-1-methyl-6-phenyl-imidaz-
ole[4,5-b]pyridine (PhIP). Treatment with PhIP caused
significant increases in the levels of CYP1A1/2 in the liver
of rats. However, CYP1A1/2 was not induced by PhIP in
mice, hamsters, and guinea pigs. Species-dependent induction
between mice and rats was also reported for CYP2B and
CYP3A after treatment with tamoxifen (85). Treatment with
tamoxifen resulted in significant increases in both CYP2B
and CYP3A proteins as well as their enzyme activities in rats,
whereas no induction was observed in mice. In contrast,
treatment with 4-vinyl-1-cyclohexene caused significant in-
duction of CYP2A and CYP2B in mice, but not in rats (86).
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The molecular basis for the observed species differences
in CYP induction has been intensively studied. A transfection
study was conducted by Barwick er al. (87) to determine
whether the observed species difference in CYP3A induction
was a result of species differences in the sequences of the
promoters in the CYP3A genes. The CYP3A promoters from
rat and rabbit CYP3A genes were transfected separately into
primary hepatocytes from rats and rabbits. The rat CYP3AI
promoter was transcriptionally activated by PCN in rat
hepatocytes, but not in rabbit hepatocytes. Conversely, the
rabbit CYP3A6 promoter was transcriptionally activated by
rifampicin in rabbit hepatocytes, but not in rat hepatocytes.
These results suggest that the observed species differences in
CYP3A induction by xenobiotics are not caused by the
structural differences in the gene promoter.

Subsequently, PXR was identified as the cellular factor
responsible for species differences in CYP3A induction.
Jones et al. (88) compared the CYP3A induction of a variety
of different compounds, such as dexamethasone, RU486,
clotrimazole, PB, and rifampicin, in rat and rabbit hepato-
cytes with their ability to activate the rat and rabbit PXR.
There were marked differences in the induction of CYP3A
gene expression between rat and rabbit hepatocytes. For
example, rifampicin markedly increased CYP3A6 mRNA in
rabbit hepatocytes, but had no effect on CYP3A1 mRNA in
rat hepatocytes. In contrast, PCN significantly increased
CYP3A1 mRNA in rat hepatocytes, but not in rabbit
hepatocytes. Consistent with the observations in hepatocytes,
a good inducer in hepatocytes of a given species was also a
good activator of PXR for the same species. PCN is a good
activator for rat PXR, but not for rabbit PXR, whereas
rifampicin is an efficacious activator for rabbit PXR, but not
for rat PXR (88). These results suggest that structural
difference in PXR is the molecular basis for the observed
species differences in CYP3A induction.

The notion that structural difference in PXR is respon-
sible for the observed species differences in CYP3A induc-
tion is further supported by the study with humanized PXR
mice (50). Although Cyp3all gene was markedly induced in
mice by PCN and dexamethasone, targeted disruption of the
mouse PXR gene resulted in loss of PCN and dexametha-
sone-mediated Cyp3all gene induction. The disruption of
PXR alleles was confirmed by the absence of PXR expres-
sion in the liver and small intestine, two principal PXR-
expressing tissues. The transgenic mPXR-null mice (absence
of mouse PXR) were then humanized by introduction of
human PXR. Interestingly, the humanized mice responded to
human CYP3A4 specific-inducer, rifampicin, but not PCN.
Therefore, humanization of PXR is sufficient to convert the
induction characteristics from mice to humans. Similarly, the
conversion of species-specific inducibility of CYP3A was
observed in vitro, when human PXR was transfected into rat
hepatocytes (50). In control rat hepatocytes, CYP3A23 was
strongly induced by PCN, whereas rifampicin and clotrima-
zole had little or no inductive effect on CYP3A23 induction.
However, there was a significant induction of CYP3A23 by
rifampicin and clotrimazole, when human PXR was cotrans-
fected into rat hepatocytes. These results provide direct
evidence that species differences in CYP3A induction are
caused mainly by the structural differences in PXR between
species.
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Structurally, PXR consists of a DBD and an LBD in the
same fashion across animal species. Structural comparison of
PXR from different species revealed that there is greater
than 95% sequence homology in the DBD regions, but only
76-83% homology for LBD regions (51,57). Because the
DBD is highly conserved among the PXR across species, the
species differences in CYP3A induction are more likely a
result of the structural differences in the LBD. Indeed,
mutation studies indicated that alteration of four amino acids
in the LBD of mouse PXR to human PXR (Arg 203 Leu, Pro
205 Ser, Gln 404 His, and GIn 407 Arg) was sufficient to
switch the mouse PXR that responds to PCN to a human-like
PXR that is activated effectively by SR-12813, but not by
PCN (58).

Alignment analysis reveals that only nine amino acids
substitutions (Asp/Gly;ss, Val/Phe gy, Ser/Argyos, Val/Leuyi,
His/Tyro60, Glu/Aspags, Arg/Hisssz, Glu/Lysssze, and Thr/
Seryy4) are different in the LBD between rat and mouse
PXR, suggesting close similarity between rats and mice (51).
Interestingly, although there are only minor structural differ-
ences in the LBD, significant species differences in CYP3A
induction between rats and mice still occur. Rifampicin
caused a significant increase in CYP3A enzyme in mice,
when a dose of 40 mg/kg was given once daily for 3 days (89).
However, no induction of CYP3A was observed in rats, even
when a dose of 200 mg/kg was given once daily for 7 days
(90). Collectively, these results suggest that the LBD in the
PXR, rather than the promoter or DBD sequence of gene
structure, is responsible for the species differences induction
on CYP3A gene transcription.

Similar to the PXR, comparison of CAR amino acid
sequence revealed that the human and rat CAR share only
about 70% amino acid homology in their LBD and demon-
strates marked species differences in responses to xenobiotics
(91). For example, clotrimazole is an efficacious deactivator
of human CAR, but has little or no effect on mouse CAR
(57). Conversely, TCPOBOP is a potent deactivator for
mouse CAR but lacks any activity on human CAR (57).
Similarly, there is significant species difference in CYP2B
induction between rats and mice. TCPOBOP, the most
potent ligand for mouse CAR, has little effect on rat CAR
(57). Like PXR, it is reasonable to assume that the structural
difference in the LBD of nuclear receptors is the major
cellular factor responsible for species differences in CYP2B
induction (91). Collectively, it becomes evident that it is
difficult to make the prediction of CYP induction in humans
by using animal models because of the marked species
differences.

Interindividual Variability in CYP Induction

Variability in the protein levels of CYP enzymes among
individuals has been recognized as an important determinant
in drug disposition and pharmacological response in humans.
In a comprehensive study of human livers of 30 Japanese and
30 Caucasians, Shimada et al. (92) have found that the level
of each individual CYP enzyme is highly variable. The
interindividual differences in the protein levels are approx-
imately 5-fold for CYP2C and CYP3A4, 12-fold for CYP2EI1,
20-fold for CYP1A2, and >50-fold for CYP2A6, CYP2B6,
and CYP2D6. Large interindividual variability also has been
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reported by other investigators. There was a 37-fold variation
in the level of CYP3A4 protein in biopsy tissues of 21 liver
donors (93). Interindividual variability in the content of CYP
enzymes has also been found in the small intestine. Paine et
al. (94) showed that the levels of intestinal CYP3A4 in
duodenum, jejunum, and ileum were extremely variable
among 20 human donors. The content of CYP3A protein
ranged from 3.0 to 91, 2.1 to 98, and 1.9 to 60 pmol/mg
protein for the duodenum, jejunum, and ileum, respectively.

Many environmental factors, such as diet, pollutants,
and tobacco smoking, can contribute to the interindividual
variability in the level of CYP enzymes. It has been
demonstrated that dietary composition can modulate the
level of CYP enzymes. For example, the enzyme activity of
CYP1A enzymes was increased significantly following a 2-
week high protein/low carbohydrate diet (95). Additionally,
certain vegetables including Brussels sprouts, cabbage, broc-
coli, and cauliflower contain chemicals that can induce
CYP1A enzymes (96,97). Consumption of charcoal-broiled
meat is also known to increase the levels of CYP1A enzymes
through the contamination of polycyclic hydrocarbons,
resulting from the incomplete combustion of meat drippings
(98). Like charcoal-broiled meat, tobacco smoke contains a
variety of polycyclic hydrocarbons. Tobacco smoke has been
reported to increase the levels of CYP1A enzymes. The
average content of CYP1A2 in the liver biopsies from
smokers (16.3 pmol/mg microsomal protein) was significantly
higher than that from nonsmokers (4.7 pmol/mg microsomal
protein) (99). In addition, infections or inflammatory stimuli
can also change the expression levels and activities of CYP
enzymes (100).

As for the interindividual variability in the expression
level of CYP enzymes, there is also a large variability in the
extent to which inducers can induce CYP enzymes in humans
(101). In a clinical study, there was an 18-fold difference in
the degree of CYP3A4 induction after the treatment with
rifampicin (600 mg/day) for 4 days (102). Fourteen patients
were included in this study, in which liver biopsies were
collected before and after rifampicin treatment. The extent of
CYP3A4 protein induction ranged from 1.6- to 29-fold
increase in these patients. Similar to hepatic CYP3A4
induction, considerable interindividual variability in human
intestinal CYP3A4 induction by rifampicin was also reported
in healthy volunteers. The extent of increase in mRNA of
CYP3A4 in enterocytes during rifampicin treatment (600 mg/
day for 7 days) ranged from no change in one subject to a 12-
fold change in another volunteer (103). A large interindivid-
ual variability was also seen in intestinal CYP1A induction
by omeprazole. Endoscopic tissue specimens from six healthy
volunteers were analyzed for mRNA and enzyme activity of
CYP1A before and after omeprazole treatment. The extent
of increases in both mRNA and activity was quite variable
among these individuals and ranged from no change in one
volunteer to a 6-fold increase in another subject (80).

Interestingly, the degree of CYP induction elicited by a
given inducer seems to be dependent on the basal level of the
enzyme in hepatocytes before inducer treatment. Chang et al.
(104) reported that induction of oxazaphosphorine 4-hydrox-
ylation activity by rifampicin in human hepatocyte cultures
was inversely related to the basal activity of the hepatocytes.
Similar results were also observed for taxol-mediated CYP3A4
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induction (11). The lower the basal level, the higher the extent
of CYP3A4 induction, and there was a negative correlation
between the basal level of CYP3A4 in human untreated
hepatocytes and fold increase of testosterone 6-p-hydroxylase
activity after treatment with taxol (11). Similarly, a negative
correlation between the basal CYP3A4 activity and rifampi-
cin-mediated induction was reported by LeCluyse (13). In
this study, the maximal CYP3A4 induction of 17 liver donors
was determined by treating with high concentration of
rifampicin. Although there was a marked variation in the
basal activity (10-fold) of hepatocyte preparations from the 17
liver donors, the CYP3A4 activity at the maximal induction by
rifampicin seemed to be quantitatively similar between dif-
ferent donors (13). These data demonstrated that the extent
of CYP induction is dependent on the basal CYP3A4 ac-
tivity. Moreover, the maximally induced enzyme levels tend
to be quantitatively similar among individuals, suggesting a
limit to which the CYP enzymes can be maximally induced.

Consistent with in vitro data, there was also a negative
correlation between the degree of CYP3A4 induction by
dexamethasone and the basal enzyme activity in vivo in
humans (105). The effect of dexamethasone on CYP3A4
activity in 12 healthy volunteers was determined with the
erythromycin breath test. The extent of CYP3A4 induction
was inversely correlated with baseline erythromycin breath
test. In this study, the effect of dexamethasone on CYP3A4
activity was also assessed in hepatocytes. The extent of
CYP3A4 induction in hepatocytes was also inversely corre-
lated with baseline activity. Collectively, the in vivo data
support the notion that the extent of CYP induction is
dependent on the baseline levels of CYP enzymes. There-
fore, the large interindividual variability in CYP induction
can be explained, at least partially, by the interindividual
variation in the baseline levels of CYP enzymes. Individuals
with low basal levels of CYP enzymes would be more sus-
ceptible to induction than those with high basal levels.

Although numerous environmental factors can contrib-
ute to the interindividual variability in CYP induction, a
significant component of interindividual variability in CYP
induction can be explained by the genetic polymorphism.
Many polymorphisms of nuclear receptors have been identi-
fied. Four allelic forms of the AhR have been identified in
mice, namely, Ah®') A, AW, and Ahr? (106,107).
TCDD is about 10-fold more potent in inducing Cyplal
gene in C57B/6 mice than in DBA/2 mice (29). The
difference in inductive sensitivity between C57B/6 and
DBA/2 mice is caused mainly by the AhR polymorphism.
DBA/2 mice with Ahr? allele are much less sensitive to
TCDD as compared with C57B/6 mice with Ahr®! (106,107).
This is because the Ahr? allele has an A375V substitution in
the LBD and exhibits a lower binding affinity for TCDD as
compared with Ahr®’. Because most of the biochemical and
toxic effects of TCDD are mediated by the AhR, genetic
variations in the AhR may lead to substantial differences in
sensitivity to biochemical and toxic effects of TCDD and
related compounds (108).

Similarly, there is a substantial difference in response to
TCDD in rats. TCDD-sensitive Long-Evans and resistant
Han/Wistar rats have more than 100-fold difference in
CYP1A induction and lethality. The cDNA coding regions
of Ahr genes of Long-Evans and Han/Wistar rats have been
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cloned. The Long-Evans rats were found to have the same
cDNA sequence of Ahr as reported for Sprague-Dawley rats
(wild-type allele designated as Ahr**), whereas the Ahr
(designated as Ah/™) of Han/Wistar rats had a critical
point mutation in the first base of intron 10, leading to
three splicing variants with deletions and insertions (109).
The point mutation in intron causes altered carboxyl-
terminal structure and function of the Ahr of the TCDD-
resistant rat strain. In addition to AhR, polymorphism of
Arnt has also been reported. Several Arnt isomers have been
identified in rats: deletions at exon 5, 3’ end of exon 6, or 5’
end of exon 11, or with an insertion at 5 end of exon 20
(110). However, additional studies suggest that the variants
of Arnt do not contribute to TCDD resistance (110).
Discovery of AhR polymorphisms in animals has
spurred the search for genetic variants in humans. To date,
at least six genetic variants of human AhR have been
identified, including a proline-to-serine substitution at codon
517, an arginine-to-lysine substitution at codon 554, and a
valine-to-isoleucine substitution at codon 570 (111). The
effect of polymorphism AhR on CYP1A induction has been
studied ex vivo using human cultured lymphocytes. In a study
with Japanese subjects, Kawajiri et al. (112) reported that the
codon 554 polymorphism had no significant effect on CYP1A
induction in cultured lymphocytes as compared to the wild
type. Similarly, there was no significant effect of the codon
554 polymorphism on CYP1A induction in lymphocytes from
French subjects (113). In addition, there was no apparent
effect of the codon 570 polymorphism on CYP1A induction
(114). However, when the combined Lys 554 + I1e570 variant
or the combined Lys 554 + I1e570 + Ser517 variant haplotype
was introduced in Hepa-1 Group B mutant cells, they lost the
ability to induce the CYP1A1 by TCDD (115). In conclusion,
unlike in rodents, single AhR variant seems to have little
effect on the CYP1A inducibility in humans, whereas the
combination of AhR variants may have significant impact on
the CYP1A induction. However, it should be noted that the
combination of AhR variant genotypes is rare and seems to
be confirmed primarily to persons of African descent (115).
Polymorphisms have also been reported for CAR and
PXR (116-118). Zhang et al. (116) have identified 38 single
nucleotide polymorphisms (SNPs) of PXR including 6 SNPs
in the coding region. Three of the coding SNPs are non-
synonymous resulting in new PXR alleles (PXR*2, P27S;
PXR*3, G36R; PXR*4, R122Q). PXR*2 and PXR*3 are
located in exon coding of the N-terminal region and the
DNA binding. Transactivation properties of these variants
are not distinguishable from the wild-type PXR. On the other
hand, PXR*4 is located in the third helix of DBD. This
variant is deficient in DNA binding, but it displays only a
minimal loss of transcriptional activity in transiently trans-
fected cells (116). These results suggest that these three PXR
variants do not exhibit any obvious phenotypic alterations.
Recently, another four human PXR variants (R98C, R148Q,
R381W, and 1403V) have been identified by Koyano et al.
(117). Using a gene reporter assay in COS-7 and HepG2
cells, it was found that the R98C variant failed to trans-
activate the CYP3A4 reporter. The R381W and 1403V
variants showed varying degrees in transactivation. However,
the R148Q variant had no effect on transactivation. These
results suggest that R98C, R381W, and 1403V may influence
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the induction of CYP3A4 gene. In addition to PXR,
polymorphism of CAR has been identified. Recently, four
splice variants of CAR have been identified, although their
functional role remains to be determined (118).

As shown in Fig. 1, a large number of factors could
contribute to the variability in CYP induction, including
physiological and environmental variables (119). A better
understanding of the mechanisms that underlie the variability
in CYP induction will help to predict and tailor drug
therapies to individual patients. Although many genetic
variants have been identified for AhR, CAR, and PXR in
humans, they cannot explain fully the wide interindividual
variability in CYP inducibility in the population. Undoubt-
edly, this could reflect, at least partially, the complexity of
CYP induction. It is also possible that important variants that
might alter the functional activity of the nuclear receptors are
still not yet identified.

CLINICAL IMPLICATIONS
Effects of CYP Induction on Pharmacokinetics of Drugs

In animal studies, CYP induction can be readily
evidenced by direct measurement of the enzyme amount
and activity in the liver. However, owing to ethical consid-
erations and practical limitations, direct assessment of CYP
induction in vivo by measuring enzyme amount and activity
in the liver is difficult in humans. A simple but indirect way
of assessing the effect of CYP induction in clinical settings is
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the comparison of the area under plasma concentration—time
curve (AUC) of a drug before and after coadministration of
an inducer. As will be discussed below, the magnitude of
changes in the plasma AUC after inducer treatment is highly
dependent on the route of administration and the kinetic
characteristics of drugs. Therefore, the changes in plasma
AUC of a drug after treatment with an inducer may not
directly reflect the changes of enzyme activity. A 10-fold
increase in the plasma AUC by an inducer does not
necessarily reflect a 10-fold increase in enzyme activity.

In addition, changes in AUC after inducer treatment
may reflect the sum of induction of multiple CYP enzymes in
various tissues. Because CYP enzymes are not only expressed
in the liver (they are also present in other tissues, including
intestine, lung, and kidney), it is expected that CYP induction
also occurs in various tissues besides the liver. For example,
after treatment of mice with TCDD (10 pg/kg), a 20- to 40-
fold CYP1AL1 induction was observed in liver, lung, and skin
in mice (120). The enzyme level of CYP1AL1 in the lung was
about 4% of that in the liver before the TCDD treatment,
whereas the pulmonary CYP1A1 enzyme level was increased
to about 10-15% of that in the liver after the TCDD
treatment. Therefore, interpretation of the effect of CYP
induction based on the kinetic analysis of AUC data is not as
straightforward as generally believed. The situation can be
further complicated by the fact that many drug transporters
are also susceptible to induction through the same nuclear
receptors that regulate CYP enzymes. Changes in the
expression of transporters may have significant effects on
the plasma AUC.
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Fig. 1. Physiological and genetic variables contributing to interindividual variability in CYP3A4
induction [from Tang et al. (119), with permission].
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Route of Administration and Drug’s Characteristics

Depending on the pharmacokinetic characteristics of
drugs, the route of drug administration may have a significant
impact on the AUC changes caused by CYP induction
(101,121,122). For high hepatic clearance drugs, a marked
decrease in AUC during CYP induction is expected following
oral administration, whereas CYP induction has little effect
on the AUC after intravenous administration. Kinetically,
the AUC (AUC;,) of a drug after intravenous administration
is determined mainly by the systemic clearance. Because the
systemic clearance of high hepatic clearance drugs is limited
by hepatic blood flow, it is not sensitive to the changes in
enzyme activity. Therefore, for high hepatic clearance drugs,
an increase of metabolic (intrinsic) clearance caused by CYP
induction will have little effect on the AUC,, after intrave-
nous administration. In contrast, the AUC (AUGC,,) after
oral administration is determined by both systemic clearance
and bioavailability. Although the systemic clearance is not
sensitive to the changes in enzyme activity for high hepatic
clearance drugs, their bioavailability is very sensitive to the
changes in enzyme activity because of changes in first-pass
metabolism.

The pentobarbital-alprenolol interaction is a good
example in support of the notion that the magnitude of the
AUC changes of a drug by CYP induction is highly
dependent on the drug’s pharmacokinetic characteristics
and the route of drug administration. The metabolism of
alprenolol, a high hepatic clearance drug with a clearance of
1200 mL/min (a value approaching to the hepatic blood flow
of 1500 mL/min in humans), is known to be significantly
induced by pentobarbital in humans. Alprenolol was admin-
istered orally or intravenously to five healthy subjects on two
different occasions before and after 10-14 daily doses of 100
mg pentobarbital (123). The AUC,, of alprenolol after a 200-
mg oral dose decreased dramatically from an average of 706
to 154 ng h/mL with barbiturate treatment. In contrast, the
AUC,, of alprenolol following an intravenous administration
of 5-mg dose only slightly decreased from 67 to 58 ng h/mL
with pentobarbital treatment. There was a 4.5-fold decrease
in the AUC,, of alprenolol after oral dosing and only a 15%
decrease in the AUC;, of alprenolol after intravenous
administration. There was no significant change in the
elimination half-life (approximately 2 h) of alprenolol before
and after pentobarbital treatment, independent of the route
of administration, supporting the argument that CYP induc-
tion has little effect on the systemic clearance of high hepatic
clearance drugs. The marked decrease in the AUC,, of
alprenolol is mainly because of a decrease in bioavailability
resulting from an increase in first-pass metabolism.

Similarly, treatment with rifampicin had little effect on
the metabolism of nifedipine (a high hepatic clearance drug)
after intravenous administration, whereas it greatly reduced
the AUC of nifedipine following oral administration (124).
After 7 days of rifampicin treatment (600 mg/day), the
AUGC,, of nifedipine decreased from 280 to 18 ng h/mL
when a 20-mg oral dose of nifedipine was given. In contrast,
the AUC,, of nifedipine only slightly reduced from 38 to 27
ng h/mL, when the drug was dosed intravenously at 20-ug/kg
body weight. There was a 15.5-fold decrease in the AUC,,, of
nifedipine after oral administration, whereas only 30%
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decrease in the AUGC,, after intravenous dosing. As with
alprenolol, rifampicin had little effect on the elimination half-
life (~2 hr) of nifedipine after either oral or intravenous
administration.

The differential effect of route administration has also
been reported for another high hepatic clearance drug,
verapamil. Treatment with rifampicin had little on the AUG;,
of (S)- and (R)-verapamil after intravenous administration of
verapamil, whereas it caused a dramatic decrease in the
AUC,, of (S) and (R)-verapamil after oral administration of
verapamil by 30- to 50-fold (9). After rifampicin treatment
for 16 days (600 mg/day), the AUC,, of (S)-verapamil
decreased from an average of 151 to 5 ng h/mL after oral
administration (120 mg), whereas the AUC;, of (S)-verapa-
mil decreased from 77 to 61 ng h/mL following intravenous
dosing (10 mg). Overall, these results from the above
examples clearly demonstrated that for high hepatic clear-
ance drugs, CYP induction has little effect on the AUGC;,
after intravenous administration, whereas it causes a marked
decrease in the AUC,, after oral dosing.

Unlike high hepatic clearance drugs, enzyme induction
yields significant effects on both the systemic clearance and
AUC for low hepatic clearance drugs, independent of the
route of administration. The systemic clearance of low
hepatic clearance drugs is enzyme-limited and sensitive to
the changes in enzyme activity. Because low hepatic clear-
ance drugs are generally not subject to significant first-pass
metabolism, both the AUC;, and AUC,, are determined
mainly by the systemic clearance. Therefore, an increase in
the intrinsic clearance caused by CYP induction will have
significant effect on both the AUC;, and AUC,, of the low
hepatic clearance drugs. It is expected that the magnitude of
the changes in the AUC of the low hepatic clearance drugs
will be quantitatively similar between oral and intravenous
administration. In addition, CYP induction will also have a
significant effect on the elimination half-life of low hepatic
clearance drugs, regardless of the route of administration.

The methadone-rifampicin interaction is a good exam-
ple that both the AUC;, and AUC,, of the low hepatic
clearance drugs are sensitive to the changes of enzyme
activity caused by CYP induction. In a study, the effect of
rifampicin (600 mg/day for 5 days) on the pharmacokinetics
of methadone has been studied with 12 healthy volunteers
(125). Methadone, a low hepatic clearance drug with a
clearance of 140 mL/min, is used to treat opiate addiction
by preventing opiate withdrawal syndrome. After an intra-
venous dose (4.5 mg), the AUGC;, and half-life of methadone
decreased from an average of 816 ng h/mL and 38 h before
rifampicin treatment to 259 ng h/mL and 18 hr after
rifampicin treatment, respectively. Similarly, the AUC;,
and half-life of methadone decreased from an average of
1128 ng h/mL and 33 h before rifampicin treatment to 262 ng
h/mL and 25 h, respectively, after oral administration of
methadone (10 mg).

The elimination of alprazolam, a low hepatic clearance
drug, was investigated in two groups of healthy volunteers
with and without rifampicin treatment at dose 450 mg daily
for 4 days (126). The AUC,, of alprazolam was about 8-fold
lower in the rifampicin treatment group (28.4 ng h/mL)
compared to the control group without rifampicin (224 ng h/
mL) after an oral dose of 1 mg alprazolam. Similar to the
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AUC, the half-life was also decreased dramatically from an
average of 14 h in the control group to 2.6 h in the rifampicin-
treated group. In another clinical study, the disposition of
diazepam, a low hepatic clearance drug, was investigated in
21 healthy subjects before and after 7 days administration of
rifampicin 600 mg. In this study, diazepam was given orally at
a dose of 10 mg. After treatment with rifampicin, there was a
significant decrease in the AUC and half-life of diazepam
(127). The AUC of diazepam decreased from an average of
4430 ng h/mL before rifampicin treatment to 1040 ng h/mL
after treatment. In addition, the elimination half-life of
diazepam decreased from an average of 52 h before rifam-
picin treatment to 15.8 h after the treatment. Overall, these
results from the above examples clearly demonstrate that for
low hepatic clearance drugs, CYP induction has similar effect
on the AUG,;, after intravenous administration and the
AUGC,, after oral dosing. In addition, CYP induction also
has significant effect on the half-life of low hepatic clearance
drugs. Unlike high hepatic clearance drugs, the changes in
plasma AUC of low hepatic clearance drugs after treatment
with an inducer may more accurately reflect the changes of
enzyme activity.

Another intriguing aspect of the effect of CYP induction
on the pharmacokinetics of drugs is that the magnitude of
changes in the AUC,, after oral dosing tends to be greater
for high hepatic clearance drugs compared to that for low
hepatic clearance drugs. The clearance (<200 mL/min) of
methadone, alprazolam, diazepam, zolpidem, and zolpiclone
is substantially smaller than hepatic blood flow (1500 mL/
min), whereas the clearance (>1000 mL/min) of nifedipine
and verapamil is approaching to the hepatic blood flow.
Thus, the drugs of former group are defined as low hepatic
clearance drugs, and those in the latter group are considered
as high hepatic clearance drugs (9,124,128,129). As shown in
Table I, the magnitude of the decrease in the AUC tends to
be smaller for the low hepatic clearance drugs (4- to 8-fold)
than that for high hepatic clearance drugs (15- to 50-fold).
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Similar to the high clearance drugs, the moderate hepatic
clearance drugs (~500 mL/min), such as midazolam and
triazolam, are also subject to a significant decrease in the
AUC,, after oral dosing during CYP induction (130,131).

CYP2C8 and CYP2C9 can also be induced by rifampicin
(132,133). However, the effect of rifampicin on drugs that are
predominately metabolized by CYP2CS8 or CYP2C9 seems to
be less significant compared to that on drugs metabolized by
CYP3A4 (Table II). Rifampicin treatment only caused 2- to
4-fold changes in both the AUC and half-life of warfarin,
which is metabolized predominately by CYP2C9 (134). After
the treatment with rifampicin at 300 mg twice daily for 4
days, the AUCs and half-life of (R)-warfarin decreased from
an average of 159 pg h/mL and 43 h to 48 pg h/mL and 17 h,
respectively, whereas the AUCs and half-life of (S)-warfarin
decreased from 220 pg h/mL and 26 h to 59 pg h/mL and 13
h, respectively, in healthy volunteers receiving an oral dose,
0.75 mg/kg body weight, of racemic warfarin.

Rosiglitazone, an insulin-sensitizing agent for the treat-
ment of patients with type 2 diabetes, is eliminated predom-
inately by CYP2C8 (135). After the treatment of rifampicin
600 mg once daily for 6 days in healthy volunteers, the
AUGC,, of rosiglitazone decreased from an average of 2676
ng h/mL to 988 ng h/mL after an oral dose of 8 mg
rosiglitazone (136). Glimepiride is a new sulfonylurea anti-
diabetic agent, which is eliminated predominated by
CYP2C9-mediated metabolism (137). There was only a 1.5-
fold decrease in the AUC,, of glimepiride after the
treatment of rifampicin 600 mg once daily for 5 days (138).
Following an oral dose of 1 mg glimepiride, the AUC,,, of
glimepiride decreased from 287 ng h/mL before the rifampi-
cin treatment to 190 ng h/mL after the treatment. Similarly,
rifampicin has less profound effect on the AUC,,, of gliclazide,
glyburide, and glipizide, which are eliminated predominately
via metabolism by CYP2C9 (139,140). The changes in the
AUC,, after the rifampicin treatment ranged from 1.3- to
2.9-fold for gliclazide, glyburide, and glipizide (Table II).

Table I. Effect of Rifampicin on the Oral AUC of Drugs that are Metabolized Predominately by CYP3A4

AUC (ng h/mL)

Drug Type of Clearance (CL)” Rifampicin (mg/day) Before RIF After RIF Fold Induction” Ref.
Cyclosporine Low 600 mg x 11 days 8986 2399 3.7 2)
Tacrolimus Low 600 mg x 18 days 351 112 3.1 (179)
Methadone Low 600 mg x 5 days 1128 262 43 (125)
Alprazolam Low 450 mg x 4 days 224 28 8.0 (126)
Diazepam Low 600 mg x 7 days 4430 1040 42 (127)
Zolpidem Low 600 mg x 5 days 1202 336 3.6 (128)
Zopiclone Low 600 mg x 5 days 473 86 5.5 (129)
Quinidine Moderate 600 mg x 7 days 8000 910 8.8 (185)
Midazolam Moderate 600 mg x 5 days 612 25 24.0 (130)
Triazolam Moderate 600 mg x 5 days 14.8 0.74 20.0 (131)
Nifedipine High 600 mg x 7 days 280 18 15.5 (124)
Indinavir High 600 mg x 8 days 18.8¢ 1.2¢ 16.0 (199)
(8)-Verapamil High 600 mg x 12 days 152 5 30.0 )
(R)-Verapamil High 600 mg x 12 days 724 14 52.0 )

AUC: area under plasma concentration-time curve; RIF: rifampicin.

“Type of clearance: low clearance < 200 mL/min; moderate clearance > 500 mL/min; high clearance > 1000 mL/min.

b Fold induction: the ratio of AUC before and after rifampicin.
“pg h/mL.
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Table II. Effect of Rifampicin (RIF) on the Oral AUC of Drugs that are Metabolized Predominately by CYP2C8 or CYP2C9 in Humans

AUC (ng h/mL)

Drug Type of Clearance (CL)“ Rifampicin (mg/day) Before RIF After RIF Fold of Induction” Ref.
Rosiglitazone Low 600 mg x 6 days 2676 988 2.7 (136)
Glimepiride Low 600 mg x 5 days 287 190 1.5 (138)
Gliclazide Low 600 mg x 6 days 44¢ 15¢ 2.9 (139)
Glyburide Low 600 mg x 5 days 324 198 1.6 (140)
Glipizide Low 600 mg x 5 days 801 621 1.3 (140)
(S)-Warfarin Low 600 mg x 4 days 220° 59¢ 3.7 (134)
(R)-Warfarin Low 600 mg x 4 days 159¢ 48°¢ 33 (134)

“Type of clearance: low clearance < 200 mL/min/.

?Fold induction: the ratio of oral AUC before and after rifampicin treatment.

“ug h/mL.

All of the CYP2C8/CYP2C9 drugs listed in Table II can
be defined as low hepatic clearance drug because their
clearance value is less than 200 mL/min in humans. The
relatively small changes in the AUC,, of these CYP2CS8/
CYP2C9 drugs after rifampicin treatment are consistent with
the notion that the magnitude of changes in the AUC,, after
CYP induction tends to be lower for low hepatic clearance
drugs compared to that for high hepatic clearance drugs.
However, even for the class of low hepatic clearance drugs,
the effect of rifampicin seems to be less significant for
CYP2C8/CYP2CY9 drugs compared to CYP3A4 drugs. As
shown in Tables I and II, the changes in AUC,, were
generally smaller for CYP2C8/CYP2C9 drugs (1.3- to 3.5-
fold) than that for low clearance drugs of CYP3A4 (3.5- to 8-
fold). The differences in the magnitude of changes in the
AUC,, between CYP3A4 drugs and CYP2C8/CYP2C9 drugs
may be a result of differential induction between different
CYP genes by rifampicin, suggesting that the CYP2C8 and
CYP2C9 genes are less sensitive to rifampicin as compared to
the CYP3A4 gene.

The argument that CYP2C8 and CYP2C9 genes are less
sensitive to rifampicin is supported by data from in vitro
studies. In a study with human hepatocytes, the CYP3A4
mRNA increased about 25-fold, whereas the CYP2C8 and
CYP2C9 mRNA only increased 3- to 4-fold after incubation
for 24 h with rifampicin (141). In another study with cultured
human hepatocytes, protein and activity of CYP2C8 and
CYP2C9 were induced by 3- to 5-fold after rifampicin
treatment, whereas the protein and activity of CYP3A4 were
induced by 10-fold after rifampicin treatment (142). Similar
observations of differential induction of CYP genes by
rifampicin have been reported by other investigators
(133,143). Although the PXR response elements of CYP2C8
and CYP2C9 genes have not been identified, the differential
induction between CYP2C and CYP3A genes by rifampicin
may reflect the differences in the affinity of PXR/RXR to the
responsive elements between CYP2CS/CYP2C9 genes and
CYP3A4 genes (144-146).

Time- and Dose-Dependent CYP Induction

Enzyme induction is a slow regulatory process, involving
biosynthesis of mRNA and protein. Therefore, the CYP
induction is expected to be a time- and concentration (dose)-
dependent process. The time- and concentration-dependent
induction of CYP1A1l and CYP1A2 by TCDD has been

demonstrated in studies using human splenic lymphocytes
and colon carcinoma cell line LS180 (147,148). In the human
splenic lymphocytes and LS180, TCDD markedly induced
mRNA, protein, and enzyme activity in a time- and
concentration-dependent manner. In the LS180 cell cultures,
maximal mRNA induction of CYP1Al and CYP1A2 oc-
curred between 6 and 24 h after the treatment with TCDD.
CYP1A1 protein reached its maximum at 48 h, whereas the
CYP1A2 protein reached its maximum between 48 and 72 h.
These results clearly suggest that there is a lag time between
the biosynthesis of mRNA and protein synthesis, reflecting
an extra time required for protein synthesis.

Consistent with in vitro observations, time- and dose-
dependent TCDD-mediated CYP1A1/CYP1A2 induction
has also been demonstrated in rats (149). The protein
expression of CYP1A1 and CYP1A2 was induced in a dose-
dependent manner in rats over a dose range of TCDD
(0.01-30 pg/kg). The EDsy for TCDD-induced CYP1A1 and
CYP1A2 protein expression was estimated to be 0.22 and 0.4
ng/kg, respectively. Although a significant increase in the
expression of TCDD-induced CYP1A1 and CYP1A2 protein
was observed at 24 h, both CYP1A1 and CYP1A2 reached
their maximal levels at 7 days after following a single oral
dose of TCDD (10 pg/kg). After reaching the peak, the
protein level declined slowly via protein degradation. Even at
35 days after TCDD administration, only a slight decrease
was observed. The persistence of the expression of TCDD-
induced CYP1A1 and CYP1A2 protein may be related to the
slow hepatic elimination of TCDD. Hepatic concentration of
TCDD reached a maximum about 8 h after TCDD admin-
istration followed by a slow elimination with a half-life of
approximately 10 days. A physiologically based pharmacoki-
netic model incorporating tissue retention of TCDD and its
affinity binding to AhR has been successfully developed to
describe the persistence of CYP1A induction in rats and mice
for TCDD and its analogs (150-152).

In addition to TCDD, the time- and dose-dependent
induction of CYP1A1 and CYP1A2 by omeprazole has been
demonstrated in human hepatoma cell line HepG2 (153,154).
Consistent with in vitro observations, dose dependency of
CYP1A1/CYP1A2 has also been observed in humans.
Induction of intestinal CYP1A by omeprazole was studied
in six healthy volunteers (80). In this study, endoscopic tissue
specimens were analyzed for mRNA and enzyme activity
measured by deethylation of ethoxyresorufin before and
after the treatment with omeprazole 20 mg/day for 1 week.
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Large interindividual variations of CYP1A induction were
observed. The extent of CYP1A induction ranged from no
change in one subject to a 6-fold increase in another subject.
The individual who did not initially respond (20 mg/day) had
a marked increase in both mRNA and enzyme activity after
receiving 60 mg of omeprazole daily for 1 week, suggesting
that enzyme induction is dose-dependent. Similarly, dose-
dependent induction of CYP1A2 by omeprazole has been
demonstrated between 40- and 120-mg doses, as measured by
3C-[N-3-methyl]-caffeine breath test (155). In another
clinical study, CYP1A2 was induced in poor metabolizers
(PMs) of CYP2C19, but not in extensive metabolizers (EMs)
after 7 days treatment with omeprazole at 40 mg/day (156).
Because omeprazole is eliminated predominately by
CYP2C19-mediated metabolism, the plasma AUC of
omeprazole in PMs of CYP2C19 was approximately 5-fold
higher than that in EMs after an oral dose of 40 mg.
Therefore, the differential effect of omeprazole on CYP1A
induction between PMs and EMs of CYP2C19 can be ex-
plained by concentration-dependent induction. Collectively,
these results clearly demonstrate that omeprazole induces
CYPIAI and CYPIA2 genes in a concentration (dose)-de-
pendent manner.

Cigarette smoking is known to induce CYP1A2 enzyme,
and the smoking-induced CYP1A2 returns to the basal level
after cessation of smoking via protein degradation. The
degradation half-life of the smoking-induced CYP1A2 has
been studied in heavy cigarette smokers after cessation of
smoking (157). This study was conducted with eight men and
four women who smoked 20 cigarettes or more per day.
Subjects were phenotyped for CYP1A2 activity at 6, 4, and 1
day before smoking cessation and at 0, 1, 2, 3, 6, 8, 10, and 13
days thereafter by measuring caffeine clearance. The
CYP1A2 activity decreased as a function of time, and a
maximal decrease was observed at 6 or 8 days after cessation.
The degradation half-life of CYP1A2 activity was estimated
to be about 36 h. Similar to the degradation half-life of
CYP1A2 enzyme in humans, the degradation half-life of the
Aroclor-induced CYP1A1 and CYP1A2 has been estimated
to be 20 and 37 h, respectively, in rats (158,159).

Rifampicin is one of the most potent inducers of human
CYP3A4 isozyme. The time- and dose-dependent induction
of CYP3A4 by rifampicin has also been demonstrated in
primary cultures of human hepatocytes (11,13,160,161). In
human hepatocytes treated with rifampicin, the induction of
CYP3A4 activity (measured by testosterone 6B-hydroxyl-
ation) was concentration dependent, and the ECsq for
rifampicin was estimated to be 0.3-0.5 uM (162). The dosage
of rifampicin in the treatment of tuberculosis is usually
between 450 and 600 mg once daily (163). In a clinical study,
the effect of rifampicin on the pharmacokinetics of diazepam
(a low hepatic clearance drug) was not significantly different
between 600- and 1200-mg oral dose (127). The AUC of
diazepam decreased from an average of 4430 to 1040 ng h/
mL after the treatment with rifampicin at 600 mg, whereas it
decreased from an average of 4170 to 1130 ng h/mL after
1200 mg rifampicin. Similarly, the effect of rifampicin daily
dose of 600, 900, and 1200 mg on the disposition of
propranolol (a high hepatic clearance drug) was also not
significantly different (164). Together, these results suggest
that the inducing effect of rifampicin at the dosage of
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450-600 mg is near maximal. The notion of maximal
inductive effect at 450-600 mg is further supported by the
comparison of the ECsy and the systemic exposure of
rifampicin at clinical dose. In a clinical study, the peak
plasma concentration and AUC of rifampicin were 20 ug/mL
and 100 pg h/mL, respectively, following an oral dose of 600
mg (165). The peak concentration and average exposure
(measured by AUC/24 hr) are much greater than the ECsq
for rifampicin (0.3-0.5 uM).

Time-dependent CYP3A4 induction by rifampicin has
also been demonstrated in humans. In a clinical study, the
time course of the CYP3A4 induction was evaluated by
measuring the trough concentrations of verapamil before,
during, and after a 12-day treatment with rifampicin 600 mg
once daily (9). As shown in Fig. 2, the maximal effect of
rifampicin on the CYP3A4 activity was observed at 8 days
after starting the rifampicin treatment and returned to the
baseline activity about 2 weeks after discontinuing rifampicin
treatment. The half-life for increase in CYP3A4 activity was
estimated about 0.9 day for (R)-verapamil and 1.0 day for
(S)-verapamil, and the half-life for decrease in CYP3A4
activity was 1.5 days for (R)-verapamil and 2.1 days for (S5)-
verapamil. It is reasonable to assume that the increase in
CYP3A4 activity reflects mainly the synthesis of CYP3A4
protein, and the decrease in CYP3A4 activity reflects mainly
the degradation of CYP3A4 protein. If the assumption is
valid, these results suggest that the process of protein
degradation is somewhat slower than the process of protein
synthesis.

Consistent with the half-life of CYP3A4 induction of
approximately 1 day, a significant CYP3A4 induction was
observed as early as 8 h after a single rifampicin treat-
ment (166). Nifedipine (10 mg) was given orally 8 h after a
single pretreatment of rifampicin (1200 mg) in healthy
volunteers. The AUC,, of nifedipine decreased from an
average of 573 ng h/mL before rifampicin treatment to 205 ng
h/mL at 8 h after a single rifampicin treatment. Although the
change in the AUC,, of nifedipine after 8 h (2.8-fold) is
much less than that after a 7-day treatment (15.5-fold as
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Fig. 2. Mean (S)- and (R)-verapamil trough concentrations before
(day 4), during (days 8-16), and after (days 19-24) induction with
rifampicin treatment. Half-life of induction phase (increase in
enzyme activity) was determined between days 4 and 8, and half-
life of recovery phase was measured between days 16 and 24 [from
Fromm ez al. (9), with permission].



CYP Induction-Mediated Drug Interactions

shown in Table I), an 8-h pretreatment with rifampicin is a
sufficient period to bring about significant increase in the
activity of CYP3A4.

Intestinal and Hepatic CYP Induction

Because of its anatomical situation, the small intestine
contributes to overall first-pass metabolism of many drugs.
Some studies have even suggested that the role of intestinal
metabolism is quantitatively more important than that of he-
patic metabolism in the overall first-pass effect (9,124,167,168).
Much of the evidence for such claims has derived indirectly
from comparisons of the AUCs following intravenous and
oral administration, before and after treatment of rifampicin.
In a clinical study, Wu et al. (167) claimed that the intestinal
first-pass metabolism (50%), expressed as hepatic extraction
ratio, for cyclosporine is approximately twice the hepatic first-
pass metabolism (24%). Similarly, Gorski ef al. (168) claimed
that the intestinal first-pass metabolism of midazolam is quan-
titatively more important than hepatic first-pass metabolism
of midazolam in health volunteers. The intestinal and hepatic
first-pass metabolism was estimated to be 53 and 29%, re-
spectively. Moreover, in another clinical study, Holtbecker
et al. (124) concluded that intestinal CYP3A4 is more sen-
sitive to rifampicin than hepatic CYP3A4. After rifampicin
treatment (600 mg/day for 7 days), the intestinal first-pass me-
tabolism of nifedipine increased from 21.8 to 75.8% (a 3.5-fold
increase), whereas the hepatic first-pass metabolism increased
from 47.4 to 67.4% (a 40% increase). Based on these results,
these investigators concluded that the contribution of intes-
tinal metabolism to overall first-pass metabolism is quanti-
tatively as important as hepatic metabolism, or even more
important than hepatic metabolism. In addition, they claimed
that the intestinal metabolism is induced preferentially by oral-
ly administered inducers compared with hepatic metabolism.

The notion that small intestine plays a quantitatively
more important role in first-pass metabolism has been
critically questioned (169). The quantitative importance of
intestinal first-pass metabolism may have been exaggerated
as a result of invalid assumptions and problems inherent in
the kinetic analysis of the AUC data. The argument that the
role of small intestine in first-pass metabolism is not as
quantitatively important as liver is further supported by the
fact that the protein levels (per milligram of microsomal
protein) of CYP enzymes, such as CYP2C8, CYP2C9, and
CYP3A4 in hepatocytes, are 5- to 10-fold greater than that in
the enterocytes of mucosal epithelium of the small intestine
(94,170,171). This difference is even greater when one
considers the total mass of microsomal protein in the in-
testinal mucosa and liver. Similar to the observations in
humans, the protein levels of CYP enzymes are much lower
in the small intestine than in the liver in rats (172,173).
Consistent with the low protein levels of intestinal CYP3A4,
in a clinical study, Kleinbloesem et al. (174) have demon-
strated that the intestinal first-pass metabolism of nifedipine
in patients with a portacaval shunt was absent because the
bioavailability of nifedipine was almost complete (100%) in
these patients, whose portal blood circulation bypassed the
liver. In another clinical study, the intestinal first-pass meta-
bolism of verapamil in patients with a portacaval shunt was
also reported to be absent (175). Collectively, these results
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clearly suggest that the role of small intestine in first-pass
metabolism is not as important as some scientists claimed.

There is another widespread misconception that the
intestinal CYP enzymes are preferentially induced by orally
administered inducers compared to hepatic CYP enzymes.
This misconception arises in part from the general belief that
there is more direct availability of the orally administered
inducers in the intestine as compared to the liver, and in part
from the observations that the decreases in the oral AUC of
drugs are generally greater than those in the intravenous
AUC after induction. However, mere observation of a great-
er change in the oral AUC,, than the intravenous AUC;,
after induction does not necessarily reflect a greater degree
of induction in the small intestine. As discussed earlier, CYP
induction has more profound effect on the AUC,,, than the
AUC,,, particularly for high hepatic clearance drugs
(9,124,167,168). Moreover, although Holtbecker et al. (124)
concluded that intestinal CYP3A4 is more sensitive to
rifampicin than hepatic CYP3A4, the calculation of the
intestinal and hepatic first-pass metabolism was performed
with invalid assumptions and problems inherent in the data
analysis.

In fact, the literature data suggest that the degree of
CYP3A4 induction in the intestine is generally lower than the
degree of hepatic CYP3A4 induction. In a clinical study, the
protein level of hepatic CYP3A4 was increased by about 6-
to 10-fold after the treatment with rifampicin (102). Fourteen
patients were included in the study, in which liver biopsies
were collected before and after rifampicin treatment (600
mg/day for 4 days). On the other hand, rifampicin adminis-
tration (600 mg/day for 10 days) only resulted in a 2- to 3-fold
induction of CYP3A4 protein in the small intestine, in a
recent clinical study with six healthy volunteers (176).
Similarly, in another study, the intestinal CYP3A4 mRNA
was increased by approximately 3- to 4-fold in five healthy
volunteers after rifampicin treatment (600 mg/day for 7 days)
using endoscopic biopsies (103). The observed 3- to 4-fold
increase in intestinal CYP3A4 mRNA is much lower than the
reported 10- to 50-fold increases in hepatic CYP3A4 mRNA.
These results are consistent with the fact that the expression
levels of PXR are substantially lower in the small intestine
than those in the liver (54). Similar to humans, a greater
induction degree of CYP3A enzymes was observed in the
liver compared with the small intestine after the treatment of
rats with dexamethasone (172).

Effects of CYP Induction on Pharmacodynamics of Drugs

For drugs whose elimination is cleared primarily by
CYP-mediated metabolism, CYP induction will decrease the
therapeutic efficacy as a result of a decrease of systemic ex-
posure. In some cases, changes in drug dosage are required to
attain and maintain a therapy during the initiation, mainte-
nance, and discontinuation of the coadministration of a
potent CYP inducer. In addition, CYP induction may create
an undesirable imbalance between detoxification and activa-
tion, leading to an increase in metabolite-induced toxicity.
Although the research on the potential risk of CYP induction-
mediated toxicity has received much less attention than the
pharmacokinetic and pharmacodynamic consequences, there
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is increasing evidence that CYP induction could be a serious
cause for drug-induced toxicity.

Reduction in Therapeutic Efficacy

Rifampicin—cyclosporine interaction is a good example
that CYP induction causes a reduction in therapeutic
efficacy. There is a high incidence of tuberculosis among
renal transplant recipients. In a retrospective study, analysis
of the records of 880 renal transplant recipients in Turkey
revealed that 36 patients were infected and developed
tuberculosis after renal transplantation (177). In another
study, a high incidence of tuberculosis (42%) was reported
among 305 renal transplant recipients in India (178). Because
rifampicin still remains as an effective antituberculosis agent,
it is often concomitantly used with cyclosporine (or tacroli-
mus) in transplant recipients. Therefore, clinically significant
drug interaction between rifampicin and cyclosporine is
expected. In a clinical study, treatment with rifampicin 600
mg once daily for 11 days caused a more than 3-fold decrease
in the AUC,, of cyclosporine, presumably because of
CYP3A4 induction (2). As a result of the significant decrease
in cyclosporine blood concentrations, rifampicin had caused
acute transplant rejection in patients treated with cyclospor-
ine (1). In another clinical study, an 18-day treatment with
rifampicin 600 mg daily markedly reduced the AUC,, of
tacrolimus (a good substrate of CYP3A4) by about 3-fold
(179). Therefore, an increase in the tacrolimus dosage was
required to attain the effective blood concentration of tacro-
limus to avoid graft rejection in transplant recipients (180).

Warfarin—-rifampicin interaction is a well-documented but
underappreciated drug interaction. Warfarin, a prototypic
CYP2C9 substrate, remains as the first-line anticoagulant
therapy. The unfavorable narrow range of therapeutic con-
centration makes warfarin prone to potentially life-threaten-
ing drug—drug interactions (181). In a clinical study with eight
healthy volunteers, the AUC,,, of warfarin was decreased by
about 3-fold after a 21-day treatment with rifampicin 600 mg
daily (182). The reduction of warfarin plasma concentration
is believed to be a result of the rifampicin-mediated CYP2C9
induction. Consistent with a 3-fold decrease in warfarin
plasma concentration, rifampicin treatment caused a 3-fold
decrease in the anticoagulant effect of warfarin. In a case
report (183), a patient receiving concomitant rifampicin and
warfarin to treat a mycobacterial infection and intraventric-
ular thrombus, respectively, required a more than 2-fold
increase in the dosage of warfarin to attain the therapeutic
efficacy, measured by international normalized ratio (INR).
Because of temporal changes of enzyme level, the dose of
warfarin should be reduced gradually after discontinuing
rifampicin treatment to maintain a balance between thera-
peutic efficacy and adverse effect. A gradual 70% reduction
in warfarin dosage over 4-5 weeks was necessary to maintain
the therapeutic INR after rifampicin discontinuation (183).
In another case report, a 72-year-old patient who was taking
warfarin was concurrently administered with rifampicin for
several months (184). During this period, satisfactory anti-
coagulation was achieved only when a high dose of warfarin
(20 mg) was given. After discontinuation of rifampicin ther-
apy, warfarin dose was adjusted gradually, until the stabili-
zation of the prothrombin time at warfarin 7.5 mg.
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Because of narrow therapeutic index of antiarrhythmic
agents, potential interaction with other drugs is of major
therapeutic importance in the clinical practice. Quinidine, a
substrate of CYP3A4, is used for the treatment of cardiac
arrhythmias. After 7 days of daily treatment with rifampicin
600 mg in six healthy volunteers, the AUC,, of quinidine
decreased dramatically by 9-fold (185). In another clinical
study, a 7-day treatment with rifampicin 600 mg daily caused
a 5-fold decrease in the AUC,, of quinidine (186). Although
no published studies or case reports have described the
pharmacodynamic changes with respect to the quinidine
-rifampicin interaction, it is likely that the interaction could
be clinically significant. A clinically significant reduction in
the QRS prolongation has been reported as a result of
rifampicin—propafenone interaction. Propafenone, a sodium
channel-blocking antiarrhythmic drug, is metabolized by
CYP2D6 to 5-hydroxy-propafenone and by CYP3A4 to N-
dealkylation metabolite (187). Both 5-hydroxy-propafenone
and N-dealkylation-propafenone are active metabolites with
activity as potent as the parent drug. The oxidative metab-
olites are subsequently eliminated by phase II metabolism,
glucuronidation and sulfation. The effect of rifampicin on the
pharmacokinetics and pharmacodynamics of propafenone
was studied in six EMs and six PMs of CYP2D6 (188). After
a 9-day rifampicin treatment (600 mg/day), the AUC,, of
propafenone decreased from an average of 6.9 to 1.8 uM h
in the EMs and from 54 to 16 uM h in PMs. Interestingly,
rifampicin also had similar effect on the pharmacodynamics
of propafenone (a 1.6-fold decrease in QRS prolongation) in
both EMs and PMs of CYP2D6. The maximum QRS
prolongation decreased from 21 to 13% in EMs and from
15 to 9% in PMs. Because of the formation of active
metabolites, interpretation of clinical consequences would
be somewhat complicated in this case.

Similarly, the pharmacokinetic interaction of rifampicin
with codeine is quite complex. Codeine is a widely used
opiate analgesic agent that is converted through O-demethyl-
ation to morphine by CYP2D6 in humans (189,190). Al-
though the formation of morphine accounts for less than
10%, morphine is responsible for most of the analgesic effect
of codeine. Unlike morphine, which is eliminated mainly by
UGTs, codeine is metabolized by multiple enzyme systems,
including CYP2D6, CYP3A4, and UGTs (191,192). The
effect of rifampicin on the pharmacokinetics and pharmaco-
dynamics of codeine has been studied in EMs and PMs of
CYP2D6 (192). After treatment of rifampicin (600 mg/day)
for 3 weeks, rifampicin had little effect on pharmacodynamics
of codeine in PMs of CYP2D6. Because CYP2D6 is not
inducible by rifampicin, it is expected that rifampicin will
have no significant effect on the pharmacodynamics of
codeine in EMs as well. Surprisingly, the codeine’s pharma-
codynamic effects were attenuated in EMs of CYP2D6 after
rifampicin treatment. This is because rifampicin significantly
decreased the concentration of codeine through an increase
in the clearance of the major elimination pathways of
codeine, namely, CYP3A4-dependent N-demethylation and
UGT-dependent glucuronidation, which were induced by
rifampicin. Thus, the conversion of morphine from codeine
was significantly reduced in the EMs of CYP2D6 because of
the decreased codeine concentration during rifampicin treat-
ment. In addition to the decreased morphine formation, the
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elimination of the converted morphine can also be enhanced
via glucuronidation by rifampicin-induced UGTs.

Morphine is eliminated exclusively by UGTs to form
glucuronide-3-morphine and glucuronide-6-morphine in
humans (193). A significant drug interaction has been
observed between morphine and rifampicin. In a clinical
study with ten healthy volunteers receiving an oral dose of
morphine (10 mg), the serum concentrations of morphine,
glucuronide-3-morphine, and glucuronide-6-morphine were
measured before and after the treatment with rifampicin 600
mg once daily for 13 days (194). There was only a moderate
decrease in the serum concentrations of morphine after the
treatment with rifampicin. The AUC and C,,,x of morphine,
respectively, decreased from an average of 132 nM h and 34.5
nM before rifampicin treatment to 97 nM hr and 18 nM after
rifampicin treatment, respectively. Similarly, there was also a
moderate decrease in the AUC of glucuronide-3-morphine
and glucuronide-6-morphine (194). Although rifampicin
treatment only caused a moderate decrease in concentrations
of morphine and its active metabolite, a complete loss of
analgesic effect of morphine was observed in these volunteers
after the treatment of rifampicin. Apparently, the complete
loss of analgesic effect of morphine cannot be attributed to
the moderate UGT induction by rifampicin.

The human immunodeficiency virus (HIV) protease
inhibitors are used for the treatment of patients infected
with HIV. Because of the increasing incidence of tuberculosis
among patients infected with HIV, rifampicin is often
concomitantly used with HIV protease inhibitors. Therefore,
rifampicin-mediated CYP induction becomes a serious con-
cern in the treatment of HIV infection (195). After a 14-day
rifampicin treatment (600 mg/day), both the AUC,, and
Ciax Of saquinavir decreased by more than 4-fold in healthy
volunteers (196). Similarly, treatment with rifampicin (600
mg/day) for 7 days caused a 5-fold decrease in both the
AUC,, and Cp,,x of nelfinavir (197). Significant reduction in
the AUC,, and Cyax of ritonavir and indinavir after the
rifampicin treatment has also been reported (198,199).
Because the antiretroviral effect is highly dependent on the
systemic exposures of the HIV protease inhibitors, the use of
rifampicin is contraindicated to avoid treatment failure. In
some cases, a dosage adjustment may be required to achieve
the antiretroviral effect. For example, the dosage of efavir-
enz, a nonnucleotide transcriptase inhibitor, needs to be
adjusted from 400 to 800 mg daily, when rifampicin is
concurrently administered (200). Interestingly, efavirenz is
also a CYP3A4 inducer. In a clinical study, the AUC,, of
indinavir was decreased by 35% when coadministered with
efavirenz (201). To compensate the efavirenz-mediated
induction, the dosage of indinavir was suggested to increase
from 800 mg three times daily to 1000 mg three times daily.

The effect of rifampicin on the central nervous system
drug action has also been studied. A 5-day rifampicin
treatment (600 mg/day) caused a more than 3-fold decrease
in the AUC,, of zolpidem (128). In parallel, a significant
reduction in the effects of zolpidem was seen in all
psychomotor tests (digit symbol substitution, critical flicker
fusion test, and Maddox wing test). In another clinical study,
rifampicin treatment at 600 mg daily for 5 days resulted in a
5.5-fold decrease in the AUC,,, of zopiclone and a significant
reduction in the hypnotic effects (129). Similarly, a 5-day
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rifampicin treatment (600 mg/day) caused a 10- to 20-fold
decrease in the AUC,, of midazolam and triazolam
(130,131). As a result of the substantial decrease in systemic
exposure, both midazolam and triazolam are ineffective in
patients taking rifampicin. Therefore, it is advisable to use
hypnotic agents that are not predominantly metabolized by
CYP3A4 during treatment with rifampicin.

Induction in Toxicity

Epidemiological and animal studies have suggested that
many xenobiotics and drugs cause toxicity by generating
reactive metabolites or reactive oxygen species (202-204).
CYP1A enzymes are responsible for metabolic activation and
detoxification of some xenobiotics, such as polycyclic aro-
matic hydrocarbons. Although it is still highly controversial
whether CYP1A induction is beneficial because of detoxifi-
cation or is detrimental because of metabolic activation
forming reactive metabolites, there is increasing evidence
that CYP1A induction could be a risk factor that may cause
toxicity and cancer (205-207). For example, cigarette smoke
has been found to be associated with pulmonary, cardiovas-
cular diseases, and cancer via CYP1A induction (208-211).
Recently, in vitro and animal studies suggest that some
xenobiotics exert their toxicity, not only by generating
reactive metabolites, but also by altering expression of
specific genes through AhR activation (204,205). Therefore,
from an industrial perspective (for fear of possible toxic or
carcinogenic effects), it may be desirable to select a drug
candidate that is not a potent CYP1A inducer.

Induction of CYP2E1 by ethanol is believed to be
responsible for hepatotoxicity by generating oxidative stress
species (212,213). Microsomes from ethanol-treated rats, in
which CYP2E1 was significantly induced, increased the rates
of formation of superoxide and hydrogen peroxide (214,215).
In vitro studies with human CYP2E1-expressed HepG2 cells
suggest that human CYP2E1l is also capable of forming
reactive oxygen intermediates and catalyzing lipid peroxida-
tion (216). There is increasing evidence that ethanol-induced
hepatotoxicity is linked to the increased production of
oxidative stress species. For instance, the ethanol-induced
hepatotoxicity has been shown to correlate with the expres-
sion levels of CYP2E1 as well as the elevated lipid
peroxidation in rats (217). Furthermore, treatment of diallyl
sulfide, an inhibitor of CYP2E1, prevented the elevation of
lipid peroxidation and partially blocked the ethanol-induced
hepatotoxicity. Similarly, increases in formation of reactive
oxygen species after ethanol treatment are prevented by anti-
CYP2E1 IgG (218).

Hepatotoxicity caused by CYP2EL induction in humans
has been suggested (219). A male subject was in the habit of
consuming three glasses of wine regularly with dinner. He
stopped ingesting ethanol when he contracted influenza and
began taking acetaminophen for treatment. Several days
later, he had a complete liver failure. It is believed that the
hepatotoxicity is caused by an increased formation of
reactive metabolite of acetaminophen, N-acetyl-p-benzoqui-
none imine (NAPQI), as a result of CYP2El induction
caused by heavy alcohol drinking. In vitro studies with human
liver microsomes have demonstrated that CYP2E1 can
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modulate the formation of NAPQI (220). Interestingly,
ethanol is able not only to induce but also to inhibit CYP2E1
activity (221). Based on the dual effect of ethanol, Slattery et
al. (219) have developed a kinetic model to explain the
complex ethanol-acetaminophen interaction. Through the
model simulations, it becomes clear that the time interval
between the last consumption of alcohol and ingestion of
acetaminophen is very important in terms of the risk of
hepatotoxicity. If acetaminophen is taken in the morning
because of a headache as a result of the heavy drinking the
night before, there is a high risk of hepatotoxicity. This is
because at the next morning after heavy drinking, the low
level of ethanol concentration is insufficient to inhibit the
formation of NAPQI in the liver where CYP2E1 enzyme
activity was induced, resulting in an increased formation of
the toxic metabolite. However, if acetaminophen and ethanol
are taken together at the same time, the formation of NAPQI
is not expected to increase because of the opposite effects of
CYP2E1 inhibition and induction by ethanol.

In addition to CYP2E1, NAPQI can also be formed by
human CYP1A2 and CYP3A4 (221,222). Therefore, it has
been suggested that CYP1A2 and CYP3A4 may be also
related with the acetaminophen-induced hepatotoxicity. The
role of CYP1A2 in acetaminophen-induced hepatotoxicity
has been studied in wild-type, Cyp2el™'7), and Cypla2~'7)
mice (223-225). Following the administration of acet-
aminophen at 250 mg/kg, there were no significant dif-
ferences in the serum alanine aminotransferase between
Cypla2™™ and Cypla2~') mice. In addition, there was no
difference in the urinary metabolites excreted over a 24-
h period, including those derived from glutathione (GSH)
conjugation of the major reactive metabolite NAPQI of ac-
etaminophen, between the Cypla2™*) and Cypla2C'7)
mice. With these results, the investigators concluded that
CYP1la2 does not play a significant role in acetaminophen
hepatotoxicity in mice. Consistent with the findings in mice,
induction of human CYP1A2 seems to have little effect on
the formation of the reactive metabolite NAPQI of
acetaminophen. In a clinical study with EMs and PMs of
CYP2C19, omeprazole was administered orally at 40 mg
daily for 7 days (226). A significant CYP1A2 induction was
observed only in the PMs, but not in EMs of CYP2CIO9.
Despite induction of CYP1A2 activity in the PMs, there was
no significant difference in the formation of thioether
conjugates, which are terminal metabolites of NAPQI.

Recently, the role of CYP3A enzymes on the acetamin-
ophen-induced hepatotoxicity has also been studied in PXR-
null mice (227). Pretreatment with PCN, a potent inducer of
mice Cyp3all, markedly enhanced acetaminophen-induced
hepatotoxicity, as revealed by increased serum concentration
of liver enzymes and hepatic centrilobular necrosis in wild-
type mice, but not in PXR null mice following an intraper-
itoneal dose of acetaminophen (350 mg/kg). Furthermore,
PCN treatment significantly increased the GSH-derived
metabolites of NAPQI in wild-type mice, but not in PXR
null mice. These results suggest that Cyp3all plays an
important role in acetaminophen-induced hepatotoxicity in
mice. In contrast to mice, the contribution of CYP3A4 to the
formation of NAPQI of acetaminophen seems to be negligi-
ble as compared to CYP2E1 in humans (228). The involve-
ment of CYP2E1 was assessed through pretreatment of
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healthy volunteers with disulfiram to inhibit the activity of
CYP2E1 enzyme, and the role of CYP3A4 was measured by
pretreatment with rifampicin (600 mg/day) for a week. The
recovery of the thiol metabolites formed by NAPQI with
GSH was significantly decreased by 69%, and the formation
of NAPQI was decreased by 74% when treated with
disulfiram. However, rifampicin treatment had no effect on
the formation of NAPQI or the recovery of thiol metabolites
formed by conjugation of NAPQI with GSH. These results
strongly suggest that CYP2EI, rather than CYP3A4, is the
major enzyme responsible for the acetaminophen-induced
hepatotoxicity in humans.

ASSESSMENT OF CYP INDUCTION

From an industrial perspective, CYP induction is a
highly undesirable drug property. This is not only because
of metabolic liability with respect to the potential of
decreased therapeutic efficacy and increased toxicity, but
also because of the concern of marketing competition (229).
Therefore, it is desirable to develop new drug candidates that
are not potent CYP inducers to avoid the potential of CYP
induction-mediated drug interactions. Ideally, information
pertaining to CYP induction should be obtained at the stage
of drug discovery before the selection of new drug candidates
for drug development. For this reason, today, many drug
companies routinely include early evaluation of CYP induc-
tion at the drug discovery stage as part of the selection
processes of drug candidates (230,231).

Although many of the CYP enzymes are known to be
inducible, CYP3A4 induction is probably the most important
cause of the documented induction-based interactions
(232,233). This is because CYP3A4 accounts for roughly
40% of the total CYP in human liver and catalyzes the
metabolism of more than 60% of clinically used drugs.
Therefore, most drug companies focus mainly on the as-
sessment of CYP3A4 induction. The induction potential for
other CYP enzymes is evaluated only when there is a need.
Although animal models may provide some useful informa-
tion on the factors that affect CYP induction, significant
species differences in the inductive response preclude the use
of animal models for the assessment of human CYP3A4
induction for new drug candidates. Therefore, the use of in
vitro systems is the only means by which the potential of
human CYP3A4 induction can be assessed.

In Vitro Methods for the Assessment of CYP3A4 Induction

Several in vitro models have been established for
assessing the potential of CYP3A4 induction for new drug
candidates, including liver slices, immortalized cell lines, and
primary hepatocytes. Each method has its advantage and
disadvantage, and the readers are referred to other review
articles for further information on this topic (10-13,234).
Among these models, primary cultures of human hepatocytes
have been used extensively by academic and industrial
laboratories for evaluating CYP3A4 induction. It is generally
accepted that the primary hepatocyte culture is the most
predictive in vitro model for assessing CYP induction. Thus,
primary cultures of human hepatocytes have become the
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“gold standard” for in vitro testing of CYP3A4 induction and
widely accepted by drug companies in assessing the potential
CYP3A4 induction of new drug candidates (10,230,231). It
should be noted, however, that hepatocytes in culture are not
always a faithful model for predicting CYP induction, unless
optimal experimental conditions have been established.

Conditions of cell culture can have a significant impact
on the extent of CYP induction. For example, coating dishes
with Matrigel resulted in marked improvements in rat
hepatocyte morphology and CYP gene expression (235). In
addition, overlaying the hepatocyte monolayer with an
additional layer of extracellular matrix, the so-called colla-
gen-sandwiched hepatocytes, enhances the CYP induction
response in rat hepatocyte cultures. Although the extracellu-
lar matrix seems to be critical for CYP induction in “rodent”
hepatocytes, the extracellular matrix has little effect on
CYP3A4 induction in “human” hepatocytes (235-237). The
CYP3A4 induction by rifampicin was not significantly
different between human hepatocytes maintained on a
substratum of either Matrigel or collagen (237). Similarly,
studies by Silva et al. (10) showed that extracellular matrix
had little effect on CYP3A4 induction in human hepatocytes.
Similar to extracellular matrix, in vitro studies revealed that
the medium formulation seems to have little effect on the
inductive response of human hepatocytes. For example, the
induction of CYP3A4 by rifampicin was almost identical in
human hepatocytes when different medium conditions (mod-
ified Chee’s medium, Williams’ E medium, and hepatocyte
medium) were used (13).

Although the extracellular matrix and medium condi-
tions seem to have little effect on CYP3A4 induction, the
plating density of human hepatocytes (number of cells per
unit area of substratum) seems to have an important impact
on CYP3A4 induction. For example, plating at low cell
density resulted in a lower inductive response to rifampicin
treatment in human hepatocytes (13). Significant alterations
in the morphology and integrity of hepatocytes were
observed at low plating density. Many of the individual cells
exhibited fibroblast-like morphological features with de-
creased cell contacts at low plating density. In addition, it
has been shown that the cytoskeletons, especially micro-
tubules and actin microfilaments, are present in hepatocytes
maintained at high plating density, but not at low density
(13). These results suggest that cell-cell interactions may play
an important role in hepatocyte cell function, possibly
through adhesion receptors. Based on these results, it is
concluded that the optimal plating density of hepatocytes is
around 120,000 and 180,000 cells/cm?® (13).

During the cell culture, there is a time-dependent
decrease in the expression of CYP3A4 mRNA, the
corresponding protein level and enzyme activity (measured
by testosterone 6B-hydroxylation) in hepatocytes, reaching
the lowest levels within 24 h (13,237). After reaching the
nadir, the CYP3A4 mRNA, protein level, and enzyme
activity return to the basal levels within the next 24 h.
Therefore, the temporal changes in the CYP3A4 mRNA,
protein level, and enzyme activity should be taken into
account when conducting CYP3A4 induction in human
hepatocytes. Another important factor that may affect
CYP3A4 induction in hepatocytes is the effect of solvents
that are commonly used in the preparation of drug stock
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solution. LeCluyse et al. (238) have shown that dimethylsulf-
oxide (DMSO) can induce CYP3A4 in a concentration-
dependent manner over a concentration range between 0.1
and 1% (v/v). The DMSO-mediated CYP3A4 induction
seems to be related to the activation of PXR. In a separate
study, Lehmann et al. (15) have demonstrated that DMSO
can activate human PXR in a concentration-dependent
manner over a concentration range of 0.1-1% (v/v). These
results suggest that DMSO may induce CYP3A4 in human
hepatocytes. Therefore, the effect of solvent on CYP
induction should be carefully evaluated and incorporated
into the experimental design for the assessment of CYP
induction.

Although it is generally accepted that primary culture of
human hepatocytes is the “gold standard” for in vitro testing
of CYP3A4 induction, a major problem associated with using
human hepatocytes has been the erratic supply of human
liver tissue. Even from commercial sources, the timing and
availability of human hepatocytes are not always convenient.
In addition, the quality of the cells is often compromised in
shipping from the vendor to the laboratory, and the quantity
of hepatocytes is often limited. Therefore, a routine and
robust screen for potential CYP3A4 induction is needed,
particularly at the early stage of drug discovery. Recently,
several in vitro reporter gene assays have been developed for
assessing the induction of the CYP3A4 gene (19,20).

In a study, 14 commercially available compounds were
evaluated and compared for their ability to induce CYP3A4
in human hepatocytes and to activate human PXR in a
reporter gene assay (20). Sandwiched primary cultures of
human hepatocytes from six donors were used, and CYP3A4
activity was assessed by measuring microsomal testosterone
6B-hydroxylase activity. Hepatic CYP3A4 mRNA and pro-
tein levels were also analyzed using branched DNA technol-
ogy/Northern blotting and Western blotting, respectively. A
reasonably good correlation between human PXR activation
and CYP3A4 induction in human hepatocytes was observed
for these 14 compounds. In another study, 17 compounds,
including known CYP3A4 inducers, were evaluated for their
PXR activation, using a reporter gene assay cotransfected
PXR and GR (19). The rank order of the potency of the
known CYP3A4 inducers was generally in agreement with
the results from the PXR/GR cotransfected reporter gene
assay. Collectively, these results suggest that the PXR
reporter gene assay can be used as a reliable in vitro model
for CYP3A4 induction. Because of its robustness and
reliability, the PXR reporter assay is particularly useful at
the stage of drug discovery for high-throughput screen.
However, it is important to note that the PXR reporter assay
should be considered as a supplement, but not a replacement
of human hepatocytes for assessment of CYP3A4 induction.

Assessment of CYP3A4 Induction and Data Presentation

Whereas enzyme induction is defined as an increase in
mRNA and enzyme protein levels, the associated change in
the enzyme activity is probably more clinically relevant than
the changes in mRNA and protein level in assessing the
potential for CYP3A4 induction. For example, ritonavir
induced CYP3A4 mRNA and protein levels in human
hepatocytes in a concentration-dependent manner, but there
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was a decrease in CYP3A4 enzyme activity because of its
strong CYP3A4 inhibition activity (239). In the clinical
setting, ritonavir inhibits the CYP3A4-mediated metabolism
of drugs, and the induction of CYP3A4 activity is offset by its
strong inhibitory effect. Therefore, it is desirable to have all
three endpoint measurements (mRNA, protein levels, and
enzyme activity) at the same time for a compound’s ability to
induce CYP3A4 to accurately interpret the data. Kinetically,
the intrinsic parameters ECsq (effective concentration for
50% maximal induction) and E,,,x (maximal CYP induction)
of a drug are probably more useful for the interpretation of
in vitro induction data. The ECs, for an inductive agent
allows a direct comparison to be drawn between the plasma
concentration of the agent and its ability of induction
following drug administration, whereas FE,.x predicts the
maximal extent of CYP induction of the agent in patients.

The ECsy and E,.x values have been used to compare
the capacity of troglitazone and rifampicin to induce
CYP3A4 activity in primary human hepatocyte cultures and
to predict the induction potential of troglitazone in humans
(162). Whereas E,,x for troglitazone induction (measured as
testosterone 6B-hydroxylation, 6 nmol/mg protein/min) was
comparable to that of rifampicin, troglitazone’s ECsy (5-10
uM) was 10- to 30-fold higher than that of rifampicin (0.3-0.5
puM). Thus, the intrinsic induction activity (Eq.x/ECso) of
troglitazone is only about 10% of the rifampicin value. In
addition, the derived ECsy of troglitazone for CYP3A4
induction is much higher than the steady-state plasma
concentration of troglitazone in clinical studies (2 pM).
Taken together, these results suggest that troglitazone is a
weak CYP3A4 inducer at the clinical dose range. In another
study with human hepatocytes, the ECsy and E.« for
CYP3A4 induction by SR12813 were estimated to be
0.6-1.0 pM and 5 nmol/min/mg protein, respectively, and
the corresponding values for rifampicin were 0.3 uM and 10
nmol/min/mg protein (13,88). Because the E,,,, of SR12813
is about 50% of the value of rifampicin, significant induction
by the compound would occur in vivo only when plasma
concentrations of SR12813 are much greater than 1 pM.
From the above two examples, it is clear that the potential of
a drug to induce CYP3A4 depends not only on its intrinsic
activity (Enax/ECsp), but also on the relationship between its
plasma concentration and ECs; value.

However, determination of the ECsy and E,,,x may not
be very practical for routine screening purpose during the
drug discovery or early development stage because of the
limited availability of human hepatocytes and the require-
ment of including more concentration points to estimate the
kinetic parameters. Sometimes, it may be difficult to obtain
an E..x value because of the cell toxicity of the test
compound at high concentrations. Alternatively, the induc-
tion potential (fold change in relation to the basal level) or
induction potency (as a percentage of the rifampicin value at
10 pM) can be used to assess CYP3A4 induction in
hepatocytes at the drug discovery stage (10). The primary
advantage of the use of fold-change method is that this
approach can provide useful information on interindividual
variability of CYP3A4 induction in hepatocyte preparations
from different donors.

However, the use of the fold-change method without
proper reference may sometimes lead to inappropriate
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conclusions (10). There are two reasons for this. First, the
basal levels of CYP3A4 in some individuals are so low that
they are difficult to accurately quantify, leading to an
inaccurate estimation of the fold change. Thus, based on
the fold change of enzyme activity, one may inaccurately
conclude that the drug candidate is a potent CYP3A4
inducer, although it would only be a moderate inducer based
on the percentage induction relative to rifampicin. Second,
the basal CYP3A4 level and associated enzyme activity can
be highly variable between hepatocyte preparations obtained
from different donors. As discussed earlier, the fold change
in CYP3A4 induction elicited by a given inducing agent is
highly dependent on the basal level of CYP3A4 in hepato-
cyte preparations; the lower the basal level, the higher the
fold induction (11,104). Because of limited availability of
liver donors (normally N = 3-4), it is quite possible that
hepatocytes may be obtained from the liver donors that all
have low basal CYP3A4 level (or high basal CYP3A4
level).

In Vitrolin Vivo Extrapolation

The ultimate goal of in vitro induction studies is to
predict induction-based drug interactions in the clinical
settings. However, the prediction of CYP induction by in
vitro data is quite complicated. As discussed above, CYP
induction by drugs is not only a concentration-dependent but
also a time-dependent process. In addition, the magnitude of
CYP induction depends on the net balance of enzyme
biosynthesis and degradation in the time course during the
chronic dosing of inducing agent. It would be very difficult to
predict the extent of CYP induction as function of time.
However, after a sufficient period of chronic dosing, CYP
induction reaches a steady-state condition, and the process
becomes time invariant. In theory, at the steady state, the
magnitude (E) of in vivo induction can be predicted for a
drug candidate using the following equation with in vitro
ECsp and E, .« values at the steady-state concentration of a
drug (C).

Emax X C

E=—0— 1
ECso+ C ()

Theoretically, the drug concentration (C) used for
predicting CYP3A4 induction should be the unbound drug
concentration at the active site of the PXR (or CAR)
receptor. It is believed that only the unbound drug would
activate PXR (or CAR) and induce the biosynthesis of
CYP3A4 in hepatocytes. Because direct measurement of
unbound drug concentration at the active site is almost
impossible, the unbound drug concentration in plasma is used
in lieu of unbound drug concentration at the active site,
based on the assumption that drug binds reversibly to plasma
and tissue proteins, and that equilibrium of unbound drug
occurs readily between plasma and hepatocytes. Although it
is generally accepted that plasma protein binding plays an
important role in determining the degree of CYP inhibition
(240-242), there is no information on the effect of plasma
protein binding on CYP3A4 induction. In fact, the effect of
plasma protein binding on CYP3A4 induction is still a
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debatable topic. Some scientists believe that the role of
plasma protein binding in CYP3A4 induction may not be as
important as in CYP3A4 inhibition. This is because the
process of CYP3A4 induction is a cumulative effect, whereas
that of CYP3A4 inhibition is an immediate effect. However,
other scientists believe that the role of plasma protein
binding in CYP induction is as important as CYP inhibition
because there is always a clear relationship between the
magnitude of CYP induction and drug concentration in the
in vitro hepatocyte system after a sufficient period of
incubation time. Without a full understanding of the role of
plasma protein binding in CYP induction, it is difficult to
predict the degree of CYP induction in vivo. Therefore,
more efforts should be made to evaluate the effect of plas-
ma and tissue protein binding on the in vivo CYP3A4
induction.

In spite of the difficulties, attempt has been made to
predict in vivo induction by comparing in vitro and in vivo
Enax- As shown in Eq. (1), the in vitro E . of an inducer can
be obtained when the drug concentration of the inducer is
much greater than its ECsy value, and the in vivo E,,,x of the
inducer can also be obtained when a high dose of the inducer
is given. As aforementioned, E,,,x becomes a time-invariant
parameter when a steady-state condition is reached after
sufficient period of dosing. In addition, the issues of plasma
protein binding and biologic variability become less signifi-
cant, when the E,,,x approach is applied. There are several
good examples of the use of the E,.x approach to predict
CYP induction. For example, the in vitro E.,x of CYP3A4
induction in rat hepatocytes by dexamethasone is in good
agreement with the in vivo E.. determined in rats (243).
The mean in vitro E.,x was estimated to be 6-fold over its
basal activity after 72-h incubation in rat hepatocytes at a
high concentration of dexamethasone (15 uM). On the other
hand, the mean in vivo E,,x was determined to be about 5-
fold in rats following administration of dexamethasone at 50
mg/kg/day for 4 days. It should be noted that the ECsy of
dexamethasone was determined to be about 1.0 uM (243).
Similarly, a good correlation between the maximal in vitro
and in vivo CYP3A induction for 13 compounds has been
reported by Silva et al. (10). In this study, rat hepatocytes
were incubated with the test compounds at concentration of
50 uM for 4 days (96 h), whereas the compounds were given
orally to rats at 400 mg/kg/day for 4 days. These results
suggest that the in vivo E\,,x can be predicted reasonably well
by using in vitro E,.x data.

The in vitrolin vivo E,,x approach has also been applied
for rifampicin in humans. The in vitro E,.x of rifampicin was
estimated to be in the range of 10- to 20-fold of its basal
CYP3A4 protein level in human hepatocytes at 10 pM
(145,244,245). The in vitro En,x (fold change) of CYP3A4
by rifampicin is in good agreement with the in vivo E.
reported by Ged et al. (102). In Ged et al.’s study, there was
an 18-fold increase in protein levels of CYP3A4 in liver
biopsies after rifampicin treatment (600 mg/day for 4 days).
The peak plasma concentrations of rifampicin are in the
range of 5-15 uM in patients following an oral dose of 600
mg, and that the plasma protein binding of rifampicin is
about 70-80% in human plasma (246). Thus, a maximal
CYP3A4 induction of rifampicin would occur in vivo when
given at 600-mg oral dose.

1109

CONCLUSION

Although our understanding of CYP induction has
advanced significantly over the last 10 years through the
discovery of key nuclear receptors, much still remains to be
learned about the molecular mechanisms of CYP induction.
One of the unsolved issues is the wide interindividual var-
iability in CYP induction. There are a large number of factors
that could contribute to the variability, including genetic and
environmental variables. The relative contribution between
the genetic and environmental variables is not readily assessed
because, in part, of the complexity of CYP induction and in-
sufficiency of proper experimental tools. Another critical issue
that may complicate the prediction and interpretation of CYP
induction is the interplay between efflux transporters and
CYP enzymes. Although there is now an increasing evidence
to suggest the interplay between CYPs and efflux transporters
because of a striking overlap in substrates and inducers with
CYP enzymes and efflux transporters, our knowledge about
this interplay is very limited (247-250). This is because it is
very difficult to accurately estimate the relative contribution
of CYP enzymes and transporters to drug absorption and
disposition. This is particularly true for drug interactions that
are caused by CYP and transporter induction.

Because of the complexity of the contributing factors,
quantitative prediction of CYP induction is very difficult, if
not impossible. Although numerous in vitro systems have
been developed to assess CYP induction, these systems are
only useful for semiquantitative assessment whether a new
drug candidate has a potential for CYP induction. Information
obtained from in vitro induction studies is still limited in its
ability to predict whether there is a “probability” of induc-
tion-based drug interactions. If the in vitro data suggest that a
drug candidate could have a potential for CYP induction,
clinical studies should be conducted earlier to assess the
degree of induction. Therefore, the induction data obtained
from in vitro systems should not serve as a “No-Go” decision
for drug development without a proper clinical assessment.
Finally, it should be noted that in many cases, the CYP
induction is manageable by adjusting dosage regimen.
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