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Preface

Germination of the thought of “Enzyme- and Transporter-Based Drug–Drug
Interactions: Progress and Future Challenges” proceedings came about as part of
the annual meeting of The American Association of Pharmaceutical Scientists
(AAPS) that was held in San Diego in November 2007. The attendance of the work-
shop by more than 250 pharmaceutical scientists reflected the increased interest
in the area of drug–drug interactions (DDIs), the greater focus of pharmaceu-
tical industry, academia, and regulatory agencies, and the rapid pace of growth
in knowledge. The aims of the workshop were to address the progress made in
quantitatively predicting enzyme- and transporter-based DDIs as well as highlight
areas where such predictions are poor or areas that remain challenging for the
future. Because of the serious clinical implications, initiatives have arisen from the
FDA (http://www.fda.gov/cber/gdlns/interactstud.htm) to highlight the importance
of enzyme- and transporter-based DDIs.

During the past 10–15 years, we have come to realize that transporters, in addi-
tion to enzymes, play a vital role in drug elimination. Such insight has been possible
because of the continued growth in PK-ADME (pharmacokinetics-absorption-
distribution-metabolism-excretion) knowledge, fueled by further advances in
molecular biology, greater availability of human tissues, and the development of
additional and sophisticated model systems as well as sensitive assay methods for
the study of drug metabolism and transport in vitro and in vivo. This has sparked an
in-depth probing into mechanisms surrounding DDIs, resulting from ligand-induced
changes in nuclear receptors, as well as alterations in transporter and enzyme expres-
sion and function. Despite such advances, the in vitro and in vivo study of drug
interactions and the integration of various data sets remain challenging. Therefore, it
has become apparent that a proceeding that serves to encapsulate current strategies,
approaches, methods, and applications is necessary.

As editors, we have assembled a number of opinion leaders and asked them to
contribute chapters surrounding these issues. Many of them are the original work-
shop speakers whereas others had been selected specially to contribute on topics
related to basic and applied information that had not been covered in other refer-
ence texts on DDI. The resulting volume, entitled Enzyme- and Transporter-Based
Drug–Drug Interactions: Progress and Future Challenges, comprises of four sec-
tions. Twenty-eight chapters dedicated to various topics and perspectives related
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vi Preface

to the subject of metabolic and transporter-based drug–drug interactions are pre-
sented. Section I covers scientific issues and concepts that dwell on the fundamental
understanding of transporters and enzymes, their function and regulation by nuclear
receptors, and how these work in unison or in competition, in first-pass absorp-
tion, transport, and metabolism. Since the first mandate is an understanding of what
kinds of transporters, enzymes and eliminating organs are involved in the handling
of the drug in terms of deciphering the mechanisms involved in DDI, various organs
including the kidney are discussed. Kinetic concepts describing clearance mecha-
nisms and areas under the curve of not only drug but also metabolite have also been
introduced. Section II pertains to methodology for the study of DDI. Due to the cost
requirement in mounting in vitro vs. in vivo studies, DDI studies are often explored
in vitro and the tools, the extrapolation of data in vitro to in vivo from animal to man,
together with information retrieval from web data basis for transporters (www.Tp-
research.com) and enzymes (www.druginteractioninfo.org) as well as modeling and
simulations have been addressed. Section III covers the various topics that impact
DDIs and spans competitive to allosteric- and mechanism-based inhibition, induc-
tive, time-dependent alteration in drug elimination rates, inhibition of Phase II
pathways, changes in volume and first-pass metabolism, and the final integration
of data. Lastly, Section IV describes regulatory aspects and future developments,
stressing the use of clearance concepts, PBPK models, and modeling and simu-
lations as well as future challenges that would be faced. It is our hope that the
proceedings bring about an improved appreciation of the impact of DDI and a deeper
understanding of “where we had been and where we are going.”

K. Sandy Pang, Ph.D.Toronto, ON
A. David Rodrigues, Ph.D.Princeton, NJ

Raimund M. Peter, Ph.D.Macclesfield, UK
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Part I
Determinants of Drug ADME



Chapter 1
Enzymatic Basis of Phase I and Phase II
Drug Metabolism

Susan Kadlubar and Fred F. Kadlubar

Abstract Enzyme systems have evolved in humans to maintain cellular home-
ostasis and to facilitate the disposition of xenobiotics. These enzymes possess
complementary, and sometimes overlapping, functions, a feature which can set the
stage for drug–drug interactions. In this chapter, we provide an overview of the
phase I and phase II families of detoxification enzymes, their potential for induc-
tion and inhibition, and the role of genetic variants in the occurrence of drug–drug
interactions.

1.1 Introduction to Phase I and Phase II Metabolism

Humans have a myriad of enzymes that function to maintain cellular homeosta-
sis. This includes enzymes that metabolize endogenous lipophilic compounds, such
as steroids, and xenobiotics including drugs. Metabolism allows the utilization of
nutrients and the subsequent detoxification and excretion of potentially harmful
compounds and metabolites. The genes encoding metabolic enzymes are polymor-
phically expressed in humans; molecular biology and enzymology studies have
shown that there are many polymorphisms that have a functional consequence for
the expressed protein. This genetic variability can have consequences in the dispo-
sition of drugs and the occurrence of drug–drug interactions that in the past have
been observed clinically as idiosyncratic drug reactions.

Traditionally, drug metabolism has been classified into two groups based on
the types of enzymatic reaction catalyzed by the enzyme family under investi-
gation. Phase I drug metabolism typically involve the functionalization of endo-
and xenobiotics to generate more polar derivatives (alcohols, phenols, carboxylic

F.F. Kadlubar (B)
Department of Epidemiology, College of Public Health, University of Arkansas for Medical
Sciences, Little Rock, AR, USA
e-mail: fkadlubar@uams.edu

3K.S. Pang et al. (eds.), Enzyme- and Transporter-Based Drug–Drug Interactions,
DOI 10.1007/978-1-4419-0840-7_1,
C© American Association of Pharmaceutical Scientists 2010



4 S. Kadlubar and F.F. Kadlubar

acids). Phase I reactions can also involve reduction reactions, hydrolysis of com-
pounds, and cyclization/decyclization reactions. Phase I oxidative reactions are
typically carried out in the liver by mixed function oxidases primarily involving
hepatic cytochromes P450 (CYPs) that utilize NADPH and oxygen in their cat-
alytic cycle. However, CYP enzymes are also expressed extrahepatically where they
can participate in drug metabolism in target tissues. CYPs expressed in the intesti-
nal tract are particularly important in the first-pass metabolism of many classes of
drugs. In some instances, metabolites produced by phase I reactions are of suffi-
cient polarity to undergo excretion, but many others require additional metabolism
by phase II detoxification enzymes. Phase II reactions commonly involve conjuga-
tion of a substrate with an obligatory cosubstrate specific to each family of phase II
enzymes. The most common phase II families include the glutathione S-transferases
(GSTs), UDP-glucuronosyltransferases (UGTs), sulfotransferases (SULTs), and N-
acetyltransferases (NATs). It is the hallmark of drug development and discovery
to find therapeutic molecular entities that are substrates for more than phase I and
phase II enzyme, thereby avoiding drug–drug interactions that can cause deleterious
effects.

1.2 Phase I Enzymatic Reactions

1.2.1 Cytochromes P450

The CYP enzyme family constitutes a superfamily of metabolic enzymes that
are responsible for as much as 60% of the biotransformation of FDA-approved
drugs (Venkatakrishnan et al., 2001). They were originally discovered in micro-
somal preparations from animal liver (Omura, 1999) but were rapidly identified
in all eukaryotic organisms. In recent years, drug–drug interactions involving spe-
cific CYP isoforms have been increasingly recognized. For example, CYP3A4, the
most abundant hepatic isoform involved in the oxidative metabolism of the major-
ity of drugs, is subject to either induction or inhibition by a variety of therapeutic
agents and has been implicated in numerous occurrences of drug–drug interactions
(Zhou, 2008). Clearly, understanding the enzymology and factors influencing cat-
alytic activity of this important enzyme superfamily is required for safe use of
therapeutics.

1.2.1.1 P450 Catalytic Cycle

P450-catalyzed oxidative metabolism of substrates adheres to a common catalytic
cycle, regardless of the isoform involved. The generalized CYP reaction mechanism
is depicted as follows:

RH + O2 + 2H + 2e− CYP−→ ROH + H2O



1 Enzymatic Basis of Phase I and Phase II Drug Metabolism 5

Fig. 1.1 Catalytic cycle of cytochromes P450

Briefly, a substrate (represented by RH), an oxygen molecule, two hydrogens,
and two electrons are utilized by a P450 to produce an OH functional group and
one molecule of water. The P450 catalytic cycle is shown in Fig. 1.1. Substrate
binding causes a conformational change in the active site, thus releasing a water
molecule from the heme moiety (Waszkowycz et al., 1994). The result is to modify
the spectral properties of the enzyme, increasing UV absorbance at 390 nm with a
concomitant decrease in absorbance at 420 nm. This change can be detected spec-
trophotometrically by “type-I” difference spectrum (see inset graph in Fig. 1.1).
Substrates and inhibitors that are capable of binding directly to the heme iron gen-
erate a type-II difference spectrum (430/390 nm maximum/minimum – inset graph
in Fig. 1.1). Lack of reducing agents will stabilize this complex, thus facilitating the
measurement of binding by absorbance differences in in vitro assays. Changing the
electronic state of the active site allows the transfer of an electron from NAD(P)H.
Molecular oxygen can then bind covalently to the distal axial coordination position
of the heme iron. A second electron is transferred by the electron-transport system,
thus reducing the dioxygen moiety to a negatively charged peroxo intermediate.
This intermediate is rapidly protonated twice by local transfer from surrounding
amino-acid side chains, releasing one mole of water and forming a highly reac-
tive iron(V)-oxo species (Waszkowycz et al., 1994). The product is released from
the active site and the enzyme returns to its original state when a water molecule
returns to occupy the distal coordination position of the iron nucleus.
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1.2.1.2 Specific P450 Isoforms

CYP1 Subfamily

The CYP1A family consists of three members: CYP1A, CYP1A2, and CYP1B1.
Of these, only CYP1A2 is expressed to any appreciable degree in human liver.
CYP1A2 comprises approximately 10% of the total hepatic CYP pool (Shimada
et al., 1994). CYP1A1 and CYP1A2 share 70% homology and exhibit overlapping
substrate specificity. An important feature of the CYP1A family is the inducibil-
ity of CYP1A, particularly CYP1A1, by polyaromatic hydrocarbons (PAHs). The
discovery of this inducibility stemmed from reports from Conney et al. of PAHs
inducing their own metabolism (Conney, 1982). However, as far as the metabolism
of therapeutic drugs is concerned, CYP1A2 is the predominant CYP1A isoform
involved. CYP1A2 preferentially oxidizes planar aromatic amines and amides, and
is subject to induction/inhibition by various xenobiotics. Enzymatic activity of
CYP1A2 varies widely in human populations, exhibiting approximately 60-fold
differences in activity. Enzymatic activity of CYP1A2 has been assessed using
various probe substrates including caffeine (Butler et al., 1992; Fuhr and Rost,
1994), phenacetin (Ching et al., 2001), and theophylline (Bachmann et al., 2003).
Other pharmaceuticals metabolized by CYP1A2 include acetaminophen (Snawder
et al., 1994; Zaher et al., 1998), tizanidine (Backman et al., 2006), and propra-
nolol (Masubuchi et al., 1994; Johnson et al., 2000). There are some drugs that
serve as CYP1A2 inhibitors, including oral contraceptives (Karjalainen et al., 2008),
cimetidine (Reilly et al., 1988), ciprofloxacin (Raaska and Neuvonen, 2000), and
enoxacin (Kunii et al., 2005). Another area of concern with drug–drug interactions
of CYP1A2-metabolized drugs is the fact that CYP1A2 expression and activity can
be induced by dietary and environmental exposures. CYP1A2 activity is known to
be inducible by cigarette smoke (Mori et al., 1995), PAHs (Shimada et al., 2002),
and TCDD (Olson et al., 1994). Dietary constituents such as broccoli and other cru-
ciferous vegetables (Walters et al., 2004) have also been demonstrated to induce the
activity of CYP1A2.

CYP1A2 is also genetically polymorphic in humans. According to the
National Center for Biotechnology (NCBI) database (http://www.ncbi.nlm.nih.
gov/sites/entrez), 158 single nucleotide polymorphisms (SNPs) exist in CYP1A2,
and the frequency of these SNPs vary by ethnicity. The large number of SNPs iden-
tified is the result of completion of the HapMap project and subsequent resequencing
efforts. Many of these SNPs are relatively rare in human populations, and the func-
tional consequences of more common SNPs are yet to be established. However, no
genetic variant of CYP1A2 examined thus far for effect on phenotype has shown
a marked effect in Caucasian populations. Further functional characterization of
identified SNPs is needed.

CYP2B6

CYP2B6 has been shown to comprise approximately 5% of the P450 content in
human liver, with at least a 100-fold variation in expression in those livers (Hofmann
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et al., 2008). While expression of CYP2B6 is low under normal conditions, this
enzyme is extremely sensitive to induction by a variety of drugs and chemicals,
including rifampin (Rae et al., 2001), phenobarbital (Lee et al., 1998; Faucette
et al., 2004), and phenytoin. Induction of CYP2B6 in some, but not all, instances
is mediated by the pregnane X receptor (PXR) (Faucette et al., 2004). Induction by
phenobarbital-related drugs appears to involve the constitutive androstane recep-
tor (CAR) (Swales et al., 2005). Regulation by PXR and CAR gives rise to
cross-regulation of CYP2B6 with CYP3A4, UGT1A1, and numerous drug trans-
porters, increasing the complexity of potential drug–drug interactions. CYP2B6 has
also been shown to be highly inducible by organophosphate, organochloride, and
pyrethroid pesticides that are persistent in the environment (Lemaire et al., 2004),
potentially impacting the metabolism of drugs that are substrates of CYP2B6.

The CYP2B6 primarily oxidizes neutral/weakly basic non-planar molecules hav-
ing 1–2 hydrogen bond acceptors. Drug substrates of CYP2B6 include bupropion
(Zyban) (Faucette et al., 2000), cyclophosphamide (Huang et al., 2000), ketamine
(Yanagihara et al., 2001), methadone (Neff and Moody, 2001), and nevirapine
(Zanger et al., 2007), and their disposition in humans can be dependent on induc-
tion/inhibition of CYP2B6, as well as genetic polymorphisms in the gene. CYP2B6
is one of the most polymorphic of the P450 isoforms, with 451 SNPs deposited in
the NCBI SNP database. These variants differ in frequency by ethnicity (reviewed
in Wang and Tompkins, 2008), with the most common variant allele CYP2B6∗6
occurring at frequencies between 15 and 60% across populations. Interestingly,
the CYP2B6∗6 SNP has been associated with an increased likelihood of relapse
in smokers treated with placebo compared to Zyban as part of a smoking cessation
program (Lee et al., 2007).

CYP2C Subfamily

There are three major members of the CYP2C family: CYP2C8, CYP2C9, and
CYP2C19. A fourth member, CYP2C18, has been identified as an mRNA transcript
but for unknown reasons does not get efficiently translated into a protein (Lofgren
et al., 2008). Taken together, the CYP2C subfamily constitutes around 30–40% of
hepatic P450 content, with CYP2C9 being the most highly expressed, followed by
CYP2C8 and CYP2C19. The CYP2C family is strongly homologous, with >82%
sequence identity. All three isoforms are controlled transcriptionally by ligands of
PXR/CAR and glucocorticoid (GR) nuclear receptors via unique cis-acting element
in their regulatory regions (Ferguson et al., 2002; Pascussi et al., 2003; Ferguson
et al., 2005). Thus, CYP2C isoforms are highly inducible by rifampin, phenobarbi-
tal, and dexamethasone (Raucy et al., 2002).

CYP2C8 displays preference for relatively large, weakly acidic substrates.
CYP2C8 is notable in its metabolism of the antidiabetic drugs rosiglitazone
(Baldwin et al., 1999) and pioglitazone (Yamazaki et al., 2000; Sahi et al., 2003).
CYP2C8 is the major P450 catalyzing the 4-hydroxylation of all-trans retinoic acid
(Nadin and Murray, 1999) and the chemotherapeutic agent taxol (Walle, 1996).
CYP2C8 expression/activity is induced by rifampicin. Montelukast, a leukotriene
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receptor antagonist, is the most potent inhibitor of CYP2C8, raising concerns of
clinical drug interactions (Walsky et al., 2005). In another instance, cervistatin
was removed from the market because of fatalities resulting from drug interac-
tions with gemfibrozil, which, along with its glucuronide metabolite, were potent
inhibitors of CYP2C8 (Wang et al., 2002). Other pharmaceuticals are potent (clotri-
mazole, felodipine) to moderate (raloxifene, tamoxifen, loratadine) inhibitors of
CYP2C8. The NCBI SNP database reports 411 SNPs in CYP2C8; the most com-
mon functional alleles identified to date are CYP2C8∗2 and CYP2C8∗3, both of
which are associated with decreased activity and are important in taxol (paclitaxel)
pharmacokinetics (Dai et al., 2001).

CYP2C9 metabolizes weakly acidic substrates possessing a hydrogen bond
acceptor. Primary substrates for CYP2C9 include S-warfarin (Zhang et al., 1997),
tolbutamide (Lasker et al., 1998), and several non-steroidal anti-inflammatory drugs
such as celecoxib, diclofenac, flurbiprofen, ibuprofen, indomethacin, lornoxicam,
meloxicam, naproxen, piroxicam, suprofen, and tenoxicam. Genetic variants of
CYP2C9 influence clearance of non-steroidal anti-inflammatory drugs (reviewed
in Ali et al., 2009). Like other members of the CYP2C family, it is induced
by rifampicin, as well as barbiturates and carbamazepine. Inhibitors include sul-
famethoxazole, miconazole, and fluconazole. In fact, the first report of a drug–drug
interaction involving CYP2C9 occurred in 1963 and was due to the coadmin-
istration of sulfamethoxazole and tolbutamide, resulting in severe hypoglycemia
(Christensen et al., 1963). While hundreds of SNPs have been identified, most
appear to be rare across populations. The most studied alleles are CYP2C9∗2 and
CYP2C9∗3, both of which appear to decrease enzymatic activity.

CYP2C19 has the lowest hepatic expression levels of this P450 subfamily, but
was discovered before any of the others, due to the recognition of S-mephenytoin
(an anticonvulsant), poor and extensive metabolizer phenotypes (Ibeanu et al., 1998;
1999). It has a marked preference for proton pump inhibitors such as omeprazole
and pantoprazole but also plays a role in the metabolism of other classes of drugs
such as psychotropics and anticancer agents. CYP2C19 is induced by rifampicin
and St. John’s wort, and inhibited by chloramphenicol, fluconazole, fluoxetine, and
indomethacin. CYP2C19 is also polymorphic, and alone of the CYP2C subfamily, is
subject to a gene deletion, resulting in the absence of the enzyme and poor metabo-
lizer phenotype, whereas individuals with at least one functional allele are classified
as rapid metabolizers.

CYP2D6

In terms of drug metabolism, CYP2D6 is the most intensely studied CYP because
it was the first to be recognized as polymorphic. In the 1970s, volunteers par-
ticipating in pharmacokinetic studies of debrisoquine, an antihypertensive agent,
and sparteine, an antiarrhythmic drug, displayed unexpected adverse reactions. The
adverse reactions were found to be due to the individual’s inability to oxidize each
drug and the defect was under monogenic control (Mahgoub et al., 1977). This
defect resulted in categorization of poor metabolizer (PM), extensive metabolizer
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(EM), and ultra-rapid metabolizer (UM) phenotypes of patients treated with debriso-
quine or sparteine. The specific enzyme responsible for this phenotype was not
known at the time, but subsequent studies suggested that a deficiency in a CYP was
likely the culprit (Kahn et al., 1982). Gonzalez et al. (1988) isolated a full-length
cDNA that was subsequently assigned to the CYP2D family and called CYP2D6.
Consequently, CYP2D6 and its variants became one of the most intensively studied
drug-metabolizing polymorphisms. Although CYP2D6 accounts for only around
2% of hepatic CYP content, many different classes of drugs are metabolized by
it. Substrates include dextromethorphan, metoprolol, propafenone (probe substrates
for CYP2D6) (Zanger et al., 2008), haloperidol, risperidone, and imipramine. While
there are no known inducers of CYP2D6, it is subject to inhibition by celecoxib,
paroxetine, and quinidine.

CYP2D6 has received much attention in the arena of cancer therapy in recent
years due to its role in the production of the active metabolites of tamoxifen, 4-
hydroxytamoxifen, and endoxifen (Lim et al., 2005; 2006) used in the adjuvant
setting to treat estrogen receptor-positive breast cancer. CYP2D6 genotypes are
associated with plasma levels of endoxifen and 4-hydroxytamoxifen. Furthermore,
patients who were receiving selective serotonin reuptake inhibitors (also CYP2D6
substrates) for tamoxifen treatment-related hot flushes exhibited altered efficacy of
therapy that was dependent on CYP2D6 genotype (Jin et al., 2005). CYP2D6 has a
host of genetic variants, and these, along with their functional effects, have recently
been reviewed in Zanger et al. (2008).

CYP2E1

CYP2E1 makes up around 6% of hepatic P450 content, but it is primarily involved in
functions other than therapeutic drug metabolism. Notably, it is induced by ethanol
and is known to metabolize acetaminophen to a reactive metabolite that causes liver
damage. Several SNPs have been reported, and one allele CYP2E1∗5B has recently
been associated with alcohol-related cirrhosis of the liver (Khan et al., 2009).

CYP3A Subfamily

The CYP3A subfamily is composed of CYP3A4, CYP3A5, CYP3A7, and
CYP3A43. These isoforms are the most abundant in human liver, accounting for
approximately 30% of total P450 content. They are also highly expressed in the
small intestine, where they are positioned to play a role in first-pass metabolism of
drugs. Of the top 200 prescribed pharmaceuticals, CYP3A4 (the major adult iso-
form) metabolizes 37% of them (Zanger et al., 2008). CYP3A5 is expressed in
approximately 20% of the population, whereas CYP3A7 is a fetal isoform (Schuetz
et al., 1993). The role of CYP3A43 in drug metabolism is uncertain. CYP3A4
prefers lipophilic, large molecules and its substrates include erythromycin, nifedip-
ine, midazolam, testosterone, and verapamil (reviewed in Bu, 2006); inhibitors
include ethinylestradiol, antimycotics, and clarithromycin (Racha et al., 2003).
CYP3A4 is induced by a host of compounds (Kolars et al., 1992; Roby et al., 2000;
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Krusekopf et al., 2003; Matsubara et al., 2007), but much attention has centered on
the induction of CYP3A4 by hyperforin, a constituent of the widely used herbal St.
John’s wort (Madabushi et al., 2006).

1.2.2 Flavin-Containing Monooxygenases

Flavin-containing monooxygenases (FMOs) oxygenate a wide variety of therapeutic
agents, pesticides, and dietary constituents (Krueger and Williams, 2005; Cashman
and Zhang, 2006), although they have received scant attention compared to the
CYPs. Unlike the CYPs, FMOs do not appear to be subject to inhibition or induc-
tion (Cashman and Zhang, 2006) and thus are less likely to participate in drug–drug
interactions. For this reason, inter-individual variation in FMO activity is predomi-
nately due to genetic variation. The general reaction catalyzed by FMO is as follows:

RH + O2 + NADPH + H+ FMO−→ ROH + H2O + NADP+

FMOs, in common with the P450s, are expressed in the endoplasmic reticulum
of the cell, but they are mechanistically distinct from P450s. FMOs exist in an acti-
vated form which then reacts with a nucleophile to complete the catalytic cycle
(Fig. 1.2). Requirements for product formation with FMO substrates are simply con-
tact between the substrate and the oxygen of the stable intermediate, 4-hydroperoxy
flavin.

Fig. 1.2 Catalytic cycle of flavin-containing monooxygenases

Humans express five functional FMO isoforms (Mitchell, 2008). Of these, FMOs
1, 2, and 3 appear to be the most important in relation to metabolism of chemi-
cals. FMO1 is primarily expressed in the kidney (Phillips et al., 1995), where the
levels of expression exceed that of the P450s, positioning it to play a key role in
renal metabolism of drugs. FMO3 is the major isoform expressed in adult human
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liver. Substrates for FMO3 include amphetamines, tamoxifen, clozapine, deprenyl,
sulindac sulfide, methamphetamine, and phenothiothiazine drugs. FMO3 is highly
polymorphic and some of these polymorphisms have been associated with altered
enzymatic activity. Three SNPs in particular influence activity: 11177C>A results in
decreased enzymatic activity in a substrate-dependent manner (Koukouritaki et al.,
2007); 21599T>C increases enzymatic activity approximately fivefold (Lattard
et al., 2003); 15550C>T shows an intermediate effect on FMO activity but is asso-
ciated with substrate inhibition of sulindac sulfide S-oxygenation (Shimizu et al.,
2007). These variants are relatively rare in populations; the NCBI database reports
353 SNPs in the FMO3 gene, so clearly other studies are needed to examine the
functional consequences of genetic variation within this gene.

1.3 Phase II Enzymatic Reactions

1.3.1 Glutathione S-Transferases

Glutathione S-transferases (GSTs) comprise a family of phase II detoxification
enzymes whose function is to defend cellular macromolecules against reactive
electrophiles. They accomplish this task by catalyzing the conjugation of reduced
glutathione (GSH) to the electrophile, facilitating its removal via the mercapturic
acid pathway (Fig. 1.3). GSTs exist as two distinct families: the microsomal GSTs
and the cytosolic GSTs. The microsomal GSTs are structurally unrelated to the
cytosolic GSTs and are not considered further in this chapter. The cytosolic GSTs
consist of at least 16 genes in humans, grouped into eight classes: alpha, kappa, mu,
pi, sigma, theta, zeta, and omega.

The GST pi class contains a single gene (GSTP1) but the alpha (GSTA1–4),
mu (GSTM1–5), and theta (GSTT1, GSTT2) classes consist of clusters of closely
related genes coding for closely related GST subunits. Catalytically active GSTs are
dimers of subunits within the same class. The GSTs of the alpha, mu, pi, and theta
classes are known to accept a wide range of electrophilic substrates, including chem-
icals, chemotherapeutic drugs, and fatty acid hydroperoxides. Since genotoxic and
cytotoxic electrophiles are substrates for these GSTs, they are of particular interest
concerning the effectiveness of chemotherapeutic agents.

Tissue-specific expression of GSTs can be strikingly different. For instance, two
members of the GST alpha class, GSTA1 and GSTA2, are expressed at high levels
in human liver and can represent 3% of total cytosolic protein (van Ommen et al.,
1990; Rowe et al., 1997). In contrast, expression of GSTs in colon is relatively low
(0.2%) (Peters et al., 1991), with GSTP1 being the predominant GST expressed.
Predominant GSTP1 expression has also been demonstrated for other tissues such
as lung. GSTM1 is expressed at high levels in a few tissues, including liver, testis,
brain, and bladder (Berendsen et al., 1997; Rowe et al., 1997), but in colon and lung,
it is expressed at much lower levels than its related isoform, GSTM3 (Anttila et al.,
1995; Coles et al., 2000a). These patterns of expression are important in that it may
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Fig. 1.3 Glutathione conjugation catalyzed by glutathione S-transferases

predispose certain organs to genotoxic effects of chemicals and therapeutic agent
if they lack a GST with selective activity toward specific electrophiles (Coles and
Ketterer, 1990; Hayes and Pulford, 1995).

Drugs that are known to be substrates of GSTs include acetaminophen, valproic
acid, and busulfan (Slattery et al., 1987; Kassahun et al., 1991; Poonkuzhali et al.,
2001). In addition to these, alkylating chemotherapeutic agents are substrates for
GSTs. And while detoxification of reactive electrophiles generated by carcinogen
is a desirable function for GSTs, detoxification of alkylating chemotherapy drugs
would achieve the opposite result, decreasing therapeutic efficacy of the treatment.
GSTA1 catalyzes the detoxification of the therapeutic metabolite of cyclophos-
phamide, phosphoramide mustard (PM), and GSTP1 catalyzes the detoxification of
4-hydroxy-cyclophosphamide, the precursor of PM (Dirven et al., 1996). Although
there have been reports of GST induction in animal models, studies in humans
are limited. However, some compounds such as isothiocyanates (ITCs) are chemo-
preventive agents in animal models, perhaps due in part to their potent effects on
inhibition of phase I and induction of phase II enzymes, particularly GSTs (Talalay
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and Fahey, 2001). Inhibitors of GST activity have also not been well characterized,
but recent studies have shown that the natural plant products, ellagic acid and cur-
cumin, can inhibit GSTA1, A2, M1, M2, and P1, while genistein, kaempferol, and
quercetin are only capable of inhibiting GSTM1 and M2 (Hayeshi et al., 2007).

Several allelic polymorphisms occur in human GST genes and are known to
affect protein expression or to code for proteins with variant catalytic properties.
The GSTM1 “null” and GSTT1 “null” polymorphisms represent gene deletions, and
individuals who are homozygous null do not express these proteins (Rebbeck, 1997;
Hayes and Strange, 2000; Landi, 2000). A polymorphism in intron 6 of GSTM3
shows a minor effect on GSTM3 expression (Coles et al., 2000b). A polymorphism
in the promoter of GSTA1 affects GSTA1 expression in the liver via levels of basal
expression (Coles et al., 2001).

1.3.2 N-Acetyltransferases

N-Acetyltransferases (NAT) are a family of phase II detoxification enzymes that cat-
alyze several pharmacologically important reactions. In humans, two NAT isoforms
(NAT1 and NAT2) are expressed. Of these, NAT2 is expressed in the liver, while
NAT1 is primarily extrahepatic. NAT1 and NAT2 have overlapping substrate speci-
ficity but also show selectivity for other substrates. For instance, p-aminobenzoic
acid (PABA) is acetylated by NAT1, while sulfamethazine is selectively acety-
lated by NAT2 (Grant et al., 1991). The most common NAT-catalyzed reaction is
the N-acetylation of aromatic amines. Figure 1.4 depicts the acetylation of isoni-
azid, a substrate that historically brought much attention to this enzyme family.
Isoniazid was developed for the treatment of tuberculosis and is the first substrate for
which an acetylation polymorphism was clinically apparent. Some patients treated
with isoniazid developed peripheral neuropathy that was dependent on the patient’s
acetylation status (reviewed in Weber and Hein, 1985). Hughes et al. (Hughes, 1953)
subsequently demonstrated that other drugs that resembled isoniazid chemically

Fig. 1.4 Acetylation of isoniazid by N-acetyltransferases
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underwent acetylation before excretion and that acetylisoniazid was the main uri-
nary metabolite in humans. Furthermore, patients fell into high and low excretor
groups, which led to the discovery of the acetylator polymorphism. Since these early
days, the genetic basis of the NAT phenotype has been identified. Both NAT1 and
NAT2 are highly polymorphic (reviewed in Sim et al., 2008) and the nomenclature
and details of specific SNPs and their functions can be found at the nomenclature
website (http://www.louisville.edu/medschool/pharmacology/NAT.html).

NAT activity can be inhibited by nitrosoarene metabolites of various carcinogenic
arylamines (Liu et al., 2008), by the chemotherapeutic agent, cisplatin (Ragunathan
et al., 2008), and by components of Chinese herbal medicines (Chiu et al., 2004).

1.3.3 UDP-Glucuronosyltransferases

UGTs (EC 2.4.1.17) are a gene superfamily whose principal role is to convert endo-
and xenobiotics into water-soluble derivatives. UGTs are divided into two families
based on evolutionary divergence. The UGT1A locus is on chromosome 2 and can
potentially encode nine functional isoforms and three pseudogenes. The UGT1A
gene complex is composed of multiple tandem first exons that encode the variable
N-terminal part of the enzyme and are linked by differential splicing to common
exons that encode the C-terminal region. The first exons have unique TATA ele-
ments approximately 30 bp upstream, allowing for independent regulation of the
isoforms. Members of the UGT2B family are unique gene products and preferen-
tially glucuronidated steroids and bile acids, in addition to xenobiotics. To date,
at least eight 2B isoforms have been identified. UGTs are expressed primarily in
the liver but recently findings indicate that extrahepatic glucuronidation contributes
significantly to detoxification of endo- and xenobiotics, particularly in the gastroin-
testinal tract (Guillemette, 2003). UGTs execute their function by transferring the
glucuronic acid moiety from the universal donor substrate, uridine diphosphoglu-
curonic acid, to a host of acceptor molecules (Fig. 1.5). Most UGTs are involved, to
a greater or lesser extent, in the metabolism of drugs and other xenobiotics, but the
two most notable examples of isoforms relevant to pharmacogenomics are UGT1A1
and UGT2B7.

1.3.3.1 UGT1A1

The primary endogenous substrate of UGT1A1 is bilirubin, and impaired biliru-
bin glucuronidation by this isoform results in mild (Gilbert’s syndrome) to severe
(Crigler–Najjar syndrome) metabolic defects. UGT1A1 is also responsible for
the metabolism of the chemotherapeutic agent irinotecan (Innocenti et al., 2004).
Studies in animal models have shown that phenethyl isothiocyanate, a constituent
of cruciferous vegetables, leads to a slight increase in hepatic UGT activity in F344
rats. Induction of UGT activity has been reported in human-derived Hep G2 cells
by exposure to extracts of garden cress and white mustard, sprouts which vary in
their glucosinolate content (Lhoste et al., 2004). Exposure of Hep G2 cells to the
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Fig. 1.5 Glucuronidation reaction

extracts resulted in a 1.4- and 1.8-fold induction of UGT activity for garden cress
and white mustard, respectively. While these investigations showed induction of
UGT activity toward 4-methylumbelliferone, the specific isoform(s) induced were
not identified. Studies using the human cell lines Hep G2 and Caco-2 have demon-
strated that the flavonoid chrysin is a potent and fairly selective inducer of UGT1A1
(Walle et al., 2000). Treatment of cells with 25 μM chrysin resulted in a 20-fold
increase in the activity of UGT1A1 for bilirubin, its primary endogenous substrate.
Piperine, which is a major component of black pepper, has been shown to potently
inhibit UGT activity in intestinal epithelial cells of guinea pigs (Grancharov et al.,
2001a, b). This inhibition was observed to be time- and concentration dependent.
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Numerous mutations in UGT1A1 (reviewed in Guillemette, 2003) have been
identified but only a few are of sufficient frequency in the general population to be
classified as polymorphisms. One particular genetic variation that has been inves-
tigated in several studies of cancer risk is a dinucleotide repeat [A(TA) n TAA] in
the atypical TATA box region of the UGT1A1 promoter. Four variant alleles are
the result of variation in the number of dinucleotide repeats. Five repeats gen-
erate UGT1A1∗33; six repeats generate UGT1A1∗1(“wild type”); seven repeats
generate UGT1A1∗28; and eight repeats generate UGT1A1∗34. Functional studies
have shown that increasing numbers of repeats lead to decreased transcription of
UGT1A1. UGT1A1∗28 is the most common variant allele and has been associated
with the occurrence of Gilbert’s syndrome, a mild form of unconjugated hyperbiliru-
binemia (Clarke et al., 1997). The distribution of UGT1A1 alleles varies by ethnicity,
with UGT1A1∗34 much more common in African-Americans than in Caucasians.

1.3.3.2 UGT2B7

UGT2B7 is a member of the steroid UGTs and is responsible for the glucuronida-
tion of a host of endo- and xenobiotics including morphine (Coffman et al., 1997),
diclofenac (Daly et al., 2007), lorazepam (Chung et al., 2008), and the active
metabolites of tamoxifen (Blevins-Primeau et al., 2009). UGT2B7 has the highest
expression levels in liver of the UGTs and has been reported to be upregulated by
valproic acid (Valentini et al., 2007). UGT2B7 is inhibited by isolongifolol deriva-
tives (Bichlmaier et al., 2007) and ketoconazole (Takeda et al., 2006). Recent studies
have shown that UGT2B7 glucuronidates 4-hydroxytamoxifen and endoxifen (Sun
et al., 2007), metabolites responsible for tamoxifen’s estrogen receptor antagonist
activity. Genetic variants in UGT2B7 include an amino acid change at residue 268
(His>Tyr), and this change is associated with changes in glucuronidation activ-
ity toward both 4-hydroxytamoxifen and endoxifen. Therefore, UGT2B7 genotype
could influence the efficacy of tamoxifen therapy due to rapid elimination of active
metabolites.

1.3.4 Sulfotransferases

SULTs are classified as phase II detoxification enzymes and are responsible for con-
jugating xeno- and endobiotics with 5′-phosphoadenosine-3′-phosphosulfate, thus
rendering the substrate more water soluble. The generalized sulfonation reaction is
depicted below:

ROH + PAPS
SULT−→ PAP + ROSO−

3

The pK a of the sulfate group is around 1.5, so it remains fully ionized at any pH
found in biological systems.
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In some instances, sulfation of some xenobiotics results in their metabolic activa-
tion. In this instance, sulfation is a double-edged sword. Several SULT isoforms are
involved in the metabolism of drugs and other chemicals, but SULT1A1 is the most
highly expressed hepatic isoform and has the most widespread tissue distribution
of all sulfotransferase isoforms. SULT1A1 has preference for phenolic drugs and
compounds found in fruits and vegetables and plays a major role in catalyzing the
conjugation of dietary phytoestrogens, including daidzein and genistein. SULT1A1
is also potently inhibited by a variety of dietary chemicals (reviewed in Pacifici,
2004). For example, curcumin, which is under investigation as a chemopreventive
agent for colorectal cancer, inhibits SULT1A1 activity with an IC50 of 12.8 nM, a
level easily achievable in vivo (Pacifici, 2004).

SULT1A1 activity, as measured in human platelet preparations, has also been
shown to be inhibited by as much as 99% by red wine extracts (Pacifici, 2004).
In 1996, Harris and Waring reported the inhibitory effect of more than 30 dietary
constituents found in vegetables on SULT1A1 activity (Harris and Waring, 1996).
Using vegetable cytosols, they found that, of all cytosols tested, constituents found
in radishes, spinach, broccoli, bananas, and leeks were the most potent inhibitors of
both SULT1A1 and SULT1A3 activity, although the identity of the inhibitory sub-
stance was not identified. Later studies examined the identity of these compounds
and found that quercetin, an abundant flavonoid found in fruits and vegetables
(and in wine), inhibited SULT1A1 activity with an IC50 of 0.1 μM and was
also an inhibitor of SULT1A3, SULT1E1, and SULT2A1 (DHEA sulfotransferase)
(Pacifici, 2004). This is well within the range of the peak plasma levels of quercetin,
which have been reported to be between 0.3 and 0.7 μM. As with quercetin, other
dietary compounds inhibit SULT1A1, such as 5-OH-flavone and 3-OH-flavone and
both epicatechin gallate and epigallocatechin gallate.

The polymorphic nature of SULTs has long been recognized (Price et al., 1989;
Falany, 1997; Weinshilboum et al., 1997; Glatt et al., 2001). These studies have
demonstrated a large individual variation (about 50-fold in some studies) in the
activity of platelet SULTs in humans. It was reported that a large portion of this
variability could be explained by a common polymorphism (a G to A transition)
in the coding region (nucleotide 638) of the SULT1A1 gene (Raftogianis et al.,
1997; Ozawa et al., 1998). Another factor that may also affect enzymatic activity
is gene deletion and duplication. Recently, Hebbring et al. observed that SULT1A1
enzymatic activity is also correlated with SULT1A1 gene copy numbers in vitro
(Hebbring et al., 2007). The role of gene duplication in metabolism of SULT1A1
substrates remains to be examined.

1.4 Conclusions

Phase I and phase II detoxification enzymes have evolved to protect the organism
from toxic insult and from the buildup of endogenous lipophilic molecules. These
families show substrate redundancy within a family (i.e., multiple CYPS, UGTs)
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in most, but not all, cases so that impaired activity in one enzyme will be com-
pensated by another. In other instances, there is overlapping substrate specificity
between families. For example, UGTs and SULTs share substrates but differ in
their affinity for the substrates. In instances where an exposure is overwhelming,
as with pharmaceutical dosing with concomitant medications, impaired functioning
of one enzyme family member may be sufficient to produce toxicity due to drug–
drug interactions. This impaired functioning can result from inhibition of particular
drug-metabolizing enzymes, from induction of enzymes leading to rapid elimination
of the drug, or elevated production of toxic metabolites, or from genetic polymor-
phisms in the enzymes. A thorough understanding of all of these aspects is necessary
to predict, and thus prevent, adverse drug reactions.
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Chapter 2
Transporters: Importance in Drug Absorption,
Distribution, and Removal

Frans G.M. Russel

Abstract There is an increasing appreciation of the role that transport proteins play
in the absorption, distribution, and elimination of a wide variety of drugs in clini-
cal use. These transporters can be divided into efflux transporters belonging to the
ATP-binding cassette (ABC) family and solute carrier (SLC) family members that
mediate the influx or bidirectional movement of drugs across the cell membrane.
Their coordinated expression and activities at the basolateral and apical side of
transporting epithelia are significant determinants of drug disposition, drug–drug
interactions, and variability in drug response and toxicity. This chapter focuses on
the major SLC and ABC drug transporters expressed in intestine, liver, and kid-
ney, with special emphasis on their distribution, mode of action, and drug substrate
specificity.

2.1 Introduction

During the last 20 years, a large number of membrane transport proteins have been
identified. These transporters are important determinants in the absorption, distri-
bution, and elimination of drugs. The involvement of carrier-mediated processes
in drug excretion was already appreciated long before the first transporters were
cloned, and it has become increasingly apparent that transporters also play a critical
role in drug absorption and tissue uptake.

Drug transport proteins can be grouped into two major classes, the solute car-
riers (SLC) and ATP-binding cassette (ABC) transporters. Over 380 unique SLC
sequences have been obtained from the human genome, which can be divided into
48 subfamilies (Fredriksson et al., 2008). The transport activities for xenobiotics for
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approximately 19 of these gene families have been described. These transporters
include the organic anion transporting polypeptide (SLCO), the oligopeptide trans-
porter (SLC15), the organic anion/cation/zwitterion transporter (SLC22), and the
organic cation transporter (SLC47) families. Seven subfamilies of ABC transporter
genes have been identified, encoding for 49 different proteins (Dean and Allikmets,
2001; Sheps and Ling, 2007). A number of them have specificities for drugs, in par-
ticular transporters belonging to the ABCB, ABCC, and ABCG subfamilies (Szakacs
et al., 2008).

SLC and ABC transporters share a wide distribution in the body and are involved
in the transport of a broad range of substrates. Many of them can potentially con-
tribute to the permeability of drugs into cells and the processes by which drugs
gain access to their pharmacological and toxicological targets. There is growing
evidence to suggest that it is the rule rather than the exception that a given drug
will interact with a set of membrane transporters at some point of its disposition
in the body (Dobson and Kell, 2008). Since the intestine, liver, and kidney are
the principal organs that determine the absorption, distribution, and elimination of
drugs, this chapter focuses on the general characteristics of the major human drug
transporters expressed in these organs. The SLC and ABC transporters listed in
Tables 2.1 and 2.2 are currently considered to exert the greatest impact on overall
drug disposition, pharmacokinetic variability, and drug–drug interactions (Mizuno
and Sugiyama, 2002; Tsuji, 2002; Ho and Kim, 2005; Ito et al., 2005; Shitara et al.,
2005; Endres et al., 2006; Zair et al., 2008).

Depending on the direction in which carrier proteins translocate the substrate
across the cell membrane, they can be categorized as influx or efflux transporters.
ABC transporters are by definition efflux transporters because they use energy
derived from ATP hydrolysis to mediate the primary active export of drugs from
the intracellular to the extracellular milieu, often against a steep diffusion gradient.
Many of the SLC family members facilitate the cellular uptake or influx of sub-
strates, either by facilitated diffusion down the electrochemical gradient acting as
a channel or uniporter or by secondary active transport against a diffusion gradi-
ent coupled to the symport or antiport of inorganic or small organic ions to provide
the driving force. Certain SLC transporters exhibit efflux properties or are bidirec-
tional, depending on the concentration gradients of substrate and coupled ion across
the membrane.

It is important to understand that the interplay between transporters located on
apical and basolateral membranes in epithelial cells is critical in determining the
extent and direction of drug movement in organs such as the intestine, liver, and
kidney (Figs. 2.1, 2.2, and 2.3). Transport across each of these epithelia may be
impeded or facilitated by the asymmetrical membrane distribution of influx and
efflux transporters and ultimately contributes to the pharmacokinetic profile of
a drug substrate in the body. In this respect, transporters that mediate vectorial
drug transfer into the systemic circulation are named as absorptive transporters,
regardless of whether they are influx or efflux transporters. In contrast, secretory
transporters are involved in the excretion of substrates from the circulation into bile,
urine, or gut lumen.
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Fig. 2.1 Schematic model of the major drug transporters in enterocytes of human small intes-
tine. SLC transporters are depicted by open circles and ABC transporters by shaded ovals. Solid
arrows indicate the direction of drug transport. Dashed arrows depict the movement of driving
ions. OCT1 is an electrogenic uniporter that transports organic cations (OC+) from blood into
the cell driven by the inside-negative membrane potential. OCTN1 mediates OC+ uptake from
gut lumen as a H+/OC+ antiporter or can operate like OCTN2 as a bidirectional cation exchanger,
mediating influx or efflux. Peptidomimetic drugs are taken up by a H+/peptide symporter (PEPT1).
Amphipathic drugs are transported into the cell by the organic anion/HCO3

– antiporters OATP1A2
and OATP2B1 and are extruded as parent compound or metabolites back to the lumen or into blood
by the primary active ABC transporters MDR1/P-gp, MRP2, MRP3, MRP4, and BCRP

2.2 SLC Drug Transporters

The SLC subfamilies SLC15, SLC22, and SLCO are considered to have a major
role in drug uptake into intestine, liver, and kidney, whereas SLC47 members medi-
ate drug efflux into bile and urine (Table 2.1, Figs. 2.1, 2.2, and 2.3). Most of
these transporters have a similar protein structure in that they consist of 12 putative
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Fig. 2.2 Schematic model of the major drug transporters in human hepatocytes. SLC transporters
are depicted by open circles and ABC transporters by shaded ovals. Solid arrows indicate the
direction of drug transport. Dashed arrows depict the movement of driving ions. OCT1 is an elec-
trogenic uniporter that transports organic cations (OC+) from blood into the cell driven by the
inside negative membrane potential. MATE1 is a biliary OC+ efflux transporter that operates as
a H+ antiporter. Organic anions (OA–) are taken up by OAT2, an antiporter for which the driv-
ing ion is unknown. Amphipathic drugs are transported into the cell by the organic anion/HCO3

–

antiporters OATP1B1, OATP1B3, and OATP2B1 and are extruded as parent compound or metabo-
lites into bile or blood by the primary active ABC transporters MDR1/P-gp, MRP2, MRP4, and
BCRP

membrane-spanning domains and their molecular mass is approximately between
50 and 100 kDa.

Oligopeptide transporters (SLC15) operate as H+-coupled symporters of di- and
tripeptides and have the ability to transport peptidomimetics and other drug sub-
strates. PEPT1 is the small intestinal low-affinity, high-capacity peptide transporter,
which is also expressed at low levels in the kidney. PEPT2 is the predominant high-
affinity, low-capacity renal peptide transporter, although expression has also been
observed in other organs (Brandsch et al., 2008; Kamal et al., 2008; Rubio-Aliaga
and Daniel, 2008). Typical PEPT1 substrates have amino and carboxylic groups
that can be mapped onto a di- or tripeptide skeleton, which allows for rational pro-
drug design to improve oral drug availability upon increased intestinal absorption
(Bailey et al., 2006). PEPT2 reabsorbs renally filtered drugs from tubular fluid
into proximal tubules, thereby affecting the systemic pharmacokinetics of some
drugs. PEPT1/2 substrates include many important drug classes, including antivi-
rals, β-lactam antibiotics, and angiotensin-converting enzyme (ACE) inhibitors
(Table 2.1).
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Fig. 2.3 Schematic model of the major drug transporters in human renal proximal tubular cells.
SLC transporters are depicted by open circles and ABC transporters by shaded ovals. Solid arrows
indicate the direction of drug transport. Dashed arrows depict the movement of driving ions. OCT2
is an electrogenic uniporter that transports organic cations (OC+) from blood into the cell driven
by the inside-negative membrane potential. OCTN1 mediates luminal OC+ uptake as a H+/OC+

antiporter or can operate like OCTN2 as a bidirectional cation exchanger, mediating influx or
efflux. MATE1 is a urinary OC+ efflux transporter that operates as a H+ antiporter. Peptidomimetic
drugs are taken up by the H+/peptide symporters PEPT1 and PEPT2. Organic anions (OA–) are
taken up by the antiporters OAT1 and OAT3, which are driven by the exchange with α-ketoglutarate
(α-KG2–), and released by OAT4 in exchange for Cl–. A few amphipathic drugs are transported
into the cell by the organic anion antiporter OATP4C1, for which the driving ion is unknown. The
primary active ABC transporters MDR1/P-gp, MRP2, MRP4, and BCRP drive the efflux of a wide
variety of amphipathic drugs and metabolites into urine

Organic cation/anion/zwitterion transporters (SLC22) are characterized by a
remarkably broad substrate specificity and wide tissue distribution. The major drug
transporting members of this family can be found in the liver, kidney, and intestine.
The organic anion transporters (OATs) are mainly located in the kidney, but some



2 Transporters: Importance in Drug Absorption, Distribution, and Removal 37

also occur in the liver, placenta, and brain. They function as antiporters, by cou-
pling the cellular influx of an organic anion to the exchange with dicarboxylates or
other organic anions from the cell. The existing inside-out concentration gradient
of these anions provides the driving force for the active uptake of anionic drugs
against the inside-negative membrane potential. OATs are part of the excretory sys-
tems for anionic drug substrates and they typically interact with hydrophilic, small
molecular weight (MW < 400–500 Da) substrates, like p-aminohippuric acid (PAH),
which are categorized as type I organic anions (Table 2.1).

SLC22 subfamily members that specialize in the translocation of cationic drugs
consist of the organic cation transporters (OCT1/2) that operate as uniporters, the
organic cation and carnitine transporter (OCTN1) that could be a proton antiporter,
and the Na+-carnitine symporter (OCTN2) that also acts as a Na+-independent
organic cation antiporter. The tissue distribution of these transporters differs among
species; in human, OCT1 is widely expressed, most strongly in liver, to a lesser
extent in intestine and even lower in kidney. OCT2 is present abundantly in the kid-
ney, whereas the expression is low in the small intestine and absent in the liver.
OCTN1 is strongly expressed in kidney, skeletal muscle, bone marrow, and tra-
chea, and weaker in intestine and liver. OCTN2 is distributed ubiquitously, with
strongest expression in kidney, skeletal muscle, heart, placenta, and liver (Koepsell
et al., 2007). Both OCT1 and OCT2 mediate cellular uptake by facilitated dif-
fusion down the inside-negative electrochemical gradient of comparatively small
monovalent, type I (MW<400 Da) organic cations (Table 2.1). For OCT2, recent
quantitative structure–activity relationship models have emphasized the importance
of hydrophobicity, molecular size, and shape as important determinants in defining
the binding of drug substrates and may prove useful in the prediction of unwanted
drug interactions (Suhre et al., 2005). OCTN1 and OCTN2 exhibit a similar though
somewhat less extensive substrate specificity (Koepsell et al., 2007).

The SLCO subfamily consists of organic anion transporting polypeptides
(OATPs) that are involved in the cellular uptake of more bulky (MW>450 Da)
and relatively hydrophobic organic anions that are classified as type II (Table
2.1). In addition, the substrate specificity of the OATPs covers a wide range of
amphipathic organic compounds, including bile salts, steroid conjugates, thyroid
hormones, and various drugs (Hagenbuch and Gui, 2008). Current evidence sug-
gests that these transporters act as organic anion exchangers, although the precise
mechanism remains ambiguous. In rodents, substrate exchange for glutathione was
observed but for the human transporters there is evidence to support a role for bicar-
bonate as a counterion (Li et al., 1998; Mahagita et al., 2007; Leuthold et al., 2009).
OATPs seem to operate as pH-dependent bidirectional antiporters, stimulated by an
acidic extracellular environment (Hagenbuch and Gui, 2008). The tissue distribution
of OATPs differs for each of the isoforms, some are expressed ubiquitously, while
for others, the expression is restricted to a single organ. OATP1A2 is expressed
in kidney, small intestine, and bile duct, OATP1B1 and OATP1B3 have only been
detected in liver, whereas OATP2B1 has a wide tissue distribution, and OATP4C1
is considered to be kidney specific (Hagenbuch and Gui, 2008). The multitude of
structurally diverse compounds that are recognized by OATPs strongly suggests
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the presence of multiple substrate binding sites, and evidence for this is emerging
(Hagenbuch and Gui, 2008).

Recently, two human orthologs of the multidrug and toxin extrusion (MATE)
family of bacteria have been identified as H+/organic cation antiport systems and
assigned as members of the SLC47 subfamily (Table 2.1). MATE1 is primarily
expressed in the kidney, but also exists in the liver, adrenal gland, testis, and skele-
tal muscle, whereas MATE2-K has been found exclusively in the kidney (Tanihara
et al., 2007; Terada and Inui, 2008) MATE1 and MATE2-K are efflux transporters
energized by an inwardly directed proton gradient to overcome the outside positive
membrane potential (Moriyama et al., 2008). They typically transport type I organic
cations and with a few exceptions their substrate specificity is similar and much like
that of the OCT and OCTN transporters (Tanihara et al., 2007; Terada and Inui,
2008).

2.3 ABC Drug Transporters

ABC transporters that are involved in drug transport can be found in the ABCB,
ABCC, and ABCG families (Table 2.2). Because of their expression in transport-
ing epithelia, including the intestine, liver, and kidney, the ABC transporters play
an important role in the absorption, distribution, and removal of drugs (Figs. 2.1,
2.2, and 2.3). Many of them are also associated with multidrug resistance (MDR) of
tumor cells causing treatment failure in cancer. The minimal functional configura-
tion of an ABC transporter has a molecular weight of 150–200 kDa and is made of
two transmembrane domains, each consisting of six transmembrane helices and two
cytoplasmic ATP-binding domains (Locher, 2009). They bind and hydrolyze ATP
to drive primary active drug efflux, which is directly linked to their ATPase activity.

The MDR1/P-glycoprotein (P-gp) is encoded by the MDR1/ABCB1 gene and
has an unusually broad substrate specificity, recognizing hundreds of compounds
ranging from small molecules of 350 Da up to polypeptides of 4000 Da. A large
number of P-gp substrates fall in the category of bulky, often polyvalent, organic
cations (generally >500 Da), which are classified as type II organic cations (Zhou,
2008). Very recently, crystal structures of mammalian P-gp were reported, showing
distinct partially overlapping drug-binding sites in the internal cavity of the protein,
which provides the first molecular basis for its multispecificity (Aller et al., 2009).
P-gp is expressed in many tissues and is located on the apical side of intestine,
liver, and kidney epithelia where it reduces systemic drug exposure by limiting oral
absorption and promoting urinary and biliary excretion.

A close relative to P-gp is the bile salt export pump, BSEP/ABCB11, which
is exclusively expressed in the liver where it is localized at the apical membrane
(Stieger et al., 2007). BSEP is predominantly responsible for the excretion of mono-
valent bile acids into bile and constitutes the major driving force for the generation
of bile flow. Its substrate specificity is narrow and largely restricted to bile acids, but
a poor rate of transport for taxol, vinblastine, and pravastatin has been reported
(Alrefai and Gill, 2007). However, the relevance of BSEP in the overall biliary
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excretion of these drugs is uncertain. On the other hand, BSEP appears to be a key
target of drug-induced cholestasis. Drugs such as glibenclamide, rifampicin, bosen-
tan, and troglitazone can inhibit BSEP, which leads to intracellular accumulation of
bile salts, decreased bile flow, and ultimately liver injury (Stieger et al., 2007).

Within the ABCC subfamily, nine full multidrug resistance (associated)
protein (MRP) members have been identified, among which MRP2/ABCC2,
MRP3/ABCC3, and MRP4/ABCC4 are the most important drug transporters
(Table 2.2). The MRPs mediate the transport of organic anionic (generally type II)
compounds, including glucuronide, glutathione, and sulfate conjugates, but also
uncharged amphipathic, and even some cationic substrates in the presence of
reduced glutathione (Deeley et al., 2006). MRPs are expressed in intestine, liver,
and kidney, and other tissues with a barrier function, such as placenta and brain
capillaries (van de Water et al., 2005; Zhou et al., 2008). MRP2 is located at the api-
cal membrane of polarized cells, emphasizing its important function in the terminal
excretion of anionic drugs and conjugates (Nies and Keppler, 2007). Because of its
basolateral localization, MRP3 mediates the cellular efflux of mainly glucuronidated
drug conjugates from the intestine and liver into the blood (Borst et al., 2007). A
remarkable feature of MRP4 is its dual membrane localization. In hepatocytes the
transporter is localized at the basolateral membrane, whereas it is expressed at the
apical membrane of renal proximal tubule cells (van Aubel et al., 2002; Rius et al.,
2003). In the intestine, the subcellular distribution of MRP4 has not been established
yet, and localization to both the apical and the basolateral membrane was found in
a colonic epithelial cell line, with a higher apical abundancy (Li et al., 2007; Russel
et al., 2008).

The ABCG2 gene product, breast cancer resistance protein (BCRP), is the only
member of this subfamily that is involved in drug transport. Like other G-subfamily
members, BCRP is comprised of one ATP-binding site and one transmembrane
region, a structure half the size of a functional ABC transporter. These half trans-
porters are generally thought to homo- or heterodimerize to create the active
transporter. BCRP was initially discovered in drug-resistant cancer cell lines and
therefore many anticancer drugs are among the first reported substrates. To date,
a large number of hydrophobic drug substrates have been described, and although
a clear structure–transport relationship has not been identified, it should be noted
that many of them are also transported by P-gp (Table 2.2). Similar to P-gp, BCRP
is expressed in the apical membrane of intestine, liver, kidney, placenta, and brain
capillaries, and often in stem cell populations, where it is thought to play a role in
differentiation and protection against xenobiotics (Huls et al., 2009).

2.4 Transporters for Intestinal Drug Absorption

The absorption of drugs from the gastrointestinal tract is a critical factor in deter-
mining oral bioavailability. Enterocytes of the small intestine are equipped with
an array of influx transporters at the luminal membrane for the absorption of
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food components and drugs. Although much less is known about the subsequent
transport of substrates into the blood stream, ABC transporters in the basolateral
membrane could facilitate this step. However, as a first barrier against xenobi-
otics, the intestine also has a high expression of ABC transporters in the brush
border membrane that can effectively pump drugs back into the intestinal lumen,
thereby limiting the extent of substrate drug absorption (Fig. 2.1, Tables 2.1
and 2.2).

A number of SLC drug transporting proteins have been described at the brush
border membrane of human enterocytes, including PEPT1, OATP1A2, OATP2B1,
OCTN1, and OCTN2. Expression levels of some of these transporters appear to
vary along the gastrointestinal tract, but results from different studies on mRNA
and protein expression do not concord, except for PEPT1, which is predominantly
expressed in the small intestine (Glaeser et al., 2007; Hilgendorf et al., 2007; Meier
et al., 2007; Oostendorp et al., 2009). PEPT1 recognizes various peptide-like drugs
and targeting this transporter has been used to improve the oral bioavailability of
poorly absorbed drugs such as nucleoside analogs (Brandsch et al., 2008; Rubio-
Aliaga and Daniel, 2008). An example is acyclovir, the bioavailability of which
was enhanced by a factor of 2–3 via the oral administration of its valine ester
(valacyclovir), which is a PEPT1 substrate. Another promising but yet to be estab-
lished target for prodrug design is the apical sodium-dependent bile acid transporter
(ASBT/SLC10A2) (Balakrishnan and Polli, 2006).

Uptake of cationic drugs from the gut lumen is mediated by OCTN1 and OCTN2,
which are energized by electroneutral cation–cation exchange (Koepsell et al.,
2007). Mutations in the genes encoding for these transporters have been associ-
ated with inflammatory bowel disease and polymorphisms could be of influence on
cationic drug absorption (Koepsell et al., 2007; Zair et al., 2008). OATP1A2 and
OATP2B1 are responsible for the uptake of a broad range of amphipathic drugs
(Hagenbuch and Gui, 2008). While there is quite some overlap in specificity, some
substrates are preferentially or exclusively transported by one of them. For exam-
ple, only OATP1A2 is able to mediate fexofenadine uptake and the likely target of
inhibition by grapefruit juice (Glaeser et al., 2007).

The first step in secretion of cationic drugs from blood to gut lumen is mediated
by OCT1 in the basolateral membrane, followed by the action of efflux transporters
in the brush border membrane (Fig. 2.1). These are the OCTNs that can also oper-
ate as secretory transporters by exchanging luminal organic cations against a higher
concentration of intracellular cationic drugs. In addition, MDR1/P-gp pumps pos-
itively charged hydrophobic drugs back into the lumen, which could have entered
the cells by passive diffusion. The ABC transporters P-gp, MRP2, and BCRP are
all expressed in the brush border membrane where they have an important role
as gatekeeper in the gut, limiting the oral bioavailability of many drug substrates.
Modulation of their activity with selective inhibitors could be a useful strategy to
increase the oral bioavailability of substrate drugs. Examples of drug inhibitors
of P-gp and BCRP are HIV protease inhibitors (ritonavir, indinavir, saquinavir,
nelfinavir) and benzimidazole proton pump inhibitors (omeprazole, pantoprazole,
lansoprazole, and rabeprazole) (Oostendorp et al., 2009). The exact subcellular
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distribution of MRP4 needs to be clarified, as this relates to its importance in
intestinal drug transport.

The interplay between ABC transporters and drug-metabolizing enzymes makes
this barrier even more effective. P-gp and the Phase I enzyme cytochrome
P450 (CYP)3A4 appear to be functionally linked as they share the same sub-
strates, while MRP2 and BCRP accept anionic drug conjugates formed by Phase
II-metabolizing enzymes, including UDP-glucuronosyltransferases (UGTs), sulfo-
transferases (SULTs), and glutathione S-transferases (GSTs) (Kivisto et al., 2004;
Nies et al., 2008). At the basolateral membrane of enterocytes, MRP3 mediates
transport into the blood of non-conjugated and mostly conjugated organic anions,
with a preference for glucuronidated compounds (Borst et al., 2007). The expres-
sion of MRP1 and MRP5 at the basolateral membrane has been described, but their
role in facilitating intestinal drug absorption needs further investigation.

The same applies to the recently identified basolateral bile acid carrier, the het-
eromeric organic solute, and steroid transporter OSTα/OSTβ (Ballatori, 2005). The
genes encoding these transporters are unique in the human and mouse genome and
do not belong to the SLC or ABC transporter families. OSTα/OSTβ is expressed
at relatively high levels in the small intestine and substrate specificity is mainly
restricted to steroid-derived molecules, including the cardiac glycoside digoxin
(Ballatori et al., 2005).

Expression of MDR1/P-gp varies over the total length of the gastrointestinal
tract, gradually increasing from the stomach and duodenum to highest levels in
colon. MRP2 and BCRP transcript levels are highest in duodenum, even higher
than that of MDR1, and they decrease in the direction of colon. MPR3 expression
is higher in duodenum, ileum, and colon as compared to jejunum (Dietrich et al.,
2003; Murakami and Takano, 2008; Oostendorp et al., 2009). Regional distribution
of these transporters along the gastrointestinal tract could be of influence on the site
of drug absorption. In addition, genetic polymorphisms of particularly MDR1/P-gp
and BCRP affecting expression level and transporter function have been shown to
impact oral drug availability of a number of substrates (Maeda and Sugiyama, 2008;
Nakamura et al., 2008).

2.5 Transporters for Hepatic Drug Elimination

The liver has a remarkable ability to efficiently extract drugs with high protein bind-
ing from the blood circulation. The hepatic uptake of drugs is frequently followed by
Phase I and Phase II biotransformation and efflux of the metabolite(s) into bile and
contributes to the hepatic first-pass effect. Influx and efflux transporters expressed at
the sinusoidal (basolateral) and canalicular (apical) membrane of hepatocytes have
been recognized as critical determinants in drug elimination (Fig. 2.2, Tables 2.1
and 2.2).

Drug influx transporters expressed at the sinusoidal membrane include
OATP1B1, OATP1B3, OATP2B1, OAT2, and OCT1. In particular OATP1B1 is
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recognized as an important uptake transporter for many clinically relevant drugs,
such as macrolide antibiotics, statins (HMG-CoA-reductase inhibitors), glitazones
(thiazolidinediones), sartans (angiotensin II receptor antagonists), and angiotensin-
converting enzyme (ACE) inhibitors (Table 2.1). Clinically relevant drug–drug
interactions have been described for OATP1B1-mediated statin transport with
the immunosuppressant drug cyclosporine A (Endres et al., 2006). The homolog
OATP1B3 has similar substrate specificity, but its expression is more confined to
the hepatocytes surrounding the central vein. Because the activity of these trans-
porters is often the rate-limiting step in hepatobiliary elimination, their inhibition
and genetic variability are critical factors in the interindividual variation in drug
disposition and exposure. A recent genomewide study emphasized the strong associ-
ation of SLCO1B1 variants with an increased risk of simvastatin-induced myopathy
(Link et al., 2008). These genotypes are known to be associated with higher
statin blood concentrations, although surprisingly in vitro studies in cells express-
ing SLCO1B1 and its variants were inconsistent in identifying simvastatin as an
OATP1B1 substrate (Kameyama et al., 2005; Noe et al., 2007).

OAT2 is moderately expressed and could be involved in the hepatic uptake of
type I organic anions, such as salicylate and indomethacin (Rizwan and Burckhardt,
2007). Although OAT2 likely functions as an antiporter, its transport mode and par-
ticularly the identity of the intracellular counterions have not yet been resolved.
OCT1 mediates the influx of type I organic cations into hepatocytes; however, as
a bidirectional electrogenic uniporter it can also facilitate the efflux of cationic
drugs back into the blood, depending on the electrochemical gradient (Koepsell
et al., 2007). A clinically important substrate is metformin, which is among the
most widely prescribed drugs for the treatment of type 2 diabetes. Its antidiabetic
action is dependent on uptake into hepatocytes and certain loss of function variants
of the transporter could be associated with reduced therapeutic efficacy, although
recent clinical studies have not confirmed this supposition (Shikata et al., 2007; Shu
et al., 2007; Zhou et al., 2009).

Efflux transporters expressed in the canalicular membrane represent the final
step in the vectorial transport of drugs and drug metabolites from blood into bile.
Excretion of type I and II cationic drugs across the canalicular membrane is medi-
ated by MATE1 and MDR1/P-gp, respectively (Tables 2.1 and 2.2). Metformin is
a good substrate of MATE1, although the drug is mainly excreted into urine by
active tubular secretion. MRP2 and BCRP are primarily responsible for the canalic-
ular efflux of unconjugated and conjugated anionic drugs, including glucuronide-,
sulfo-, and glutathione conjugates (Table 2.2) (Nies and Keppler, 2007; Robey et al.,
2009). Not all Phase II drug metabolites formed in the hepatocyte are transferred to
bile. The localization of MRP3 and MRP4 at the sinusoidal membrane indicates
that these conjugates are also transported back into the circulation so that they can
undergo renal elimination. Interindividual variation in MRP3 protein levels is about
80-fold, whereas MRP4 abundance is very low under normal conditions (Lang et al.,
2004; Nies et al., 2008). Under cholestatic conditions, protein levels of both trans-
porters are increased and are able to mediate the efflux of bile salts since these are
substrates of both MRP3 and MRP4 (Nies et al., 2008). Whether MRP3 and MRP4
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have an impact on the overall hepatic clearance depends on the kinetic properties of
the drug. Their contribution will be negligible if uptake is the rate-limiting step in
elimination (Kusuhara and Sugiyama, 2009).

2.6 Transporters for Renal Drug Elimination

The renal handling of drugs involves passive processes, including glomerular fil-
tration and back diffusion along the nephron, and carrier-mediated secretion and
reabsorption that are mainly located in the proximal tubule. For most drugs that
undergo carrier-mediated transport in the kidney, renal secretion can be considered
as a vectorial process involving the uptake of substances from the blood across the
basolateral membrane of proximal tubular cells, followed by their efflux across the
brush border membrane into urine. At the basolateral membrane, separate influx
transporters exist for the uptake of mainly type I organic anions and cations, which
are notable for their high clearance capacity, wide variety of substrates accepted,
and involvement in drug–drug interactions (Masereeuw and Russel, 2001). Because
of efficient uptake, many drugs tend to accumulate in the cell sometimes causing
nephrotoxicity. The large number of efflux transporters expressed at the brush bor-
der membrane emphasizes the importance to ensure rapid efflux of potentially toxic
compounds into urine (Fig. 2.3, Table 2.1 and 2.2).

The uptake of anionic drugs at the basolateral membrane of renal proximal
tubule is regulated by OAT1 and OAT3. Both transporters have overlapping sub-
strate specificities and share the same mode of transport driven by the exchange
of organic anions with dicarboxylates (Rizwan and Burckhardt, 2007). OAT1 has a
higher affinity for hydrophilic organic anions with small molecular weights (type I),
like PAH, adefovir, cidofovir, and tenofovir (Table 2.1). OAT3 also transports
some amphipathic organic anions (type II) that are liver OATP substrates, includ-
ing benzylpenicillin, pravastatin, and olmesartan, and even some cationic drugs,
such as cimetidine and ranitidine (Table 2.1). The broader specificity, as well as
the relatively higher renal expression levels of OAT3 compared to OAT1, sug-
gests a more pronounced role of OAT3 in human renal organic anion transport
(Masereeuw and Russel, 2001; El-Sheikh et al., 2008). Severe drug–drug interac-
tions have been reported between methotrexate and NSAIDs due to competition for
OAT1- and OAT3-mediated uptake, although the interaction at the level of the apical
efflux transporters MRP2 and MRP4 probably also contributes to this mechanism
(El-Sheikh et al., 2007).

The first step in tubular secretion of cationic drugs is mediated by OCT2, the
predominant organic cation uniporter in the basolateral membrane. A splice variant
of OCT2 (OCT2A), which shares 81% identity, exhibits some transport activ-
ity for cationic drugs with different affinity (Urakami et al., 2002). Metformin
is also transported by OCT2, even with a higher affinity than by OCT1. Several
studies have identified race-specific OCT2 variants, but little is known regarding
their effects on pharmacokinetic variability (Zair et al., 2008). Coadministration of
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cimetidine with metformin has been shown to reduce the renal clearance of met-
formin, leading to a clinically relevant increase in plasma concentration (Wang
et al., 2008).

In human kidney, only OATP4C1 is expressed in the basolateral membrane
of proximal tubular cells, and a remarkable species difference exist with rodents
with regard to the renal expression of OATPs. Except for the ortholog Oatp4c1,
at least three Oatps, absent in humans, are located in the brush border mem-
brane of the rodent kidney (Sekine et al., 2006). The substrate specificity of
OATP4C1 is restricted to only a few drugs that are mainly excreted by the
kidney. Important examples are methotrexate, the cardiac glycosides, digoxin,
and ouabain, as well as thyroid hormones (Table 2.1). The transport mecha-
nism of OATP4C1 and the counter ion it exchanges its substrates for are not yet
identified.

At the proximal tubular brush border membrane, a team of four ABC trans-
porters mediate the primary active efflux of drugs, viz., MDR1/P-gp, MRP2, MRP4,
and BCRP. P-gp likely provides the efflux pathway for digoxin and a number of
hydrophobic cationic drugs (Masereeuw and Russel, 2001; Zhou, 2008). MRP2 and
MRP4 are involved in the efflux of anionic drugs and drug conjugates that have
been either formed in the proximal tubular cell or released from the liver and taken
up from the circulation (van de Water et al., 2005). MRP4 appears to have a higher
affinity for type I organic anions and its protein expression is approximately fivefold
higher (Smeets et al., 2004; Russel et al., 2008). BCRP has recently been localized
to the proximal tubule brush border membrane, suggesting its potential involvement
in renal drug excretion (Huls et al., 2008).

The SLC organic cation transporters MATE1, MATE2-K, OCTN1, and OCTN2
mediate the secondary active efflux of cationic drugs across the brush border mem-
brane. The H+/organic cation or organic cation/organic cation antiport used by these
transporters helps to overcome the outside positive membrane potential. Because of
their bidirectionality, OCTNs could be also involved in organic cation reabsorption.
The outside-in H+ gradient across the brush border membrane provides the driving
force for the MATE transporters. Several genetic variants of MATE1 and MATE2-
K with decreased activity have been recently described that could contribute to the
variability in renal handling of various cationic drugs such as metformin and lead to
accumulation of oxaliplatin, causing drug-induced nephrotoxicity (Kajiwara et al.,
2009).

The H+/peptide symporters, PEPT1 and PEPT2, are both expressed in a sequen-
tial order along the renal proximal tubule (Brandsch et al., 2008). However, PEPT2,
the high affinity, low capacity transporter appears to be the major player in the renal
reabsorption of peptide-like drugs (Kamal et al., 2008).

OAT4 exhibits characteristics of an asymmetric antiporter mediating efflux of
anionic drugs into urine, perhaps in exchange of Cl–, and reabsorption of endoge-
nous substrates like urate and estrone sulfate into the proximal tubular cell. The
substrate specificity of OAT4 has not been fully explored, but the number of
drugs accepted seems smaller than for OAT1 and OAT3 (Rizwan and Burckhardt,
2007).
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2.7 Conclusions

SLC and ABC transporters expressed in the intestine, liver, and kidney are
increasingly being recognized as significant determinants of drug disposition and
drug–drug interactions. Many examples have emerged in the literature describ-
ing the impact of transport proteins on the pharmacokinetics of established drugs
and new chemical entities and in recent years pharmaceutical companies and drug
regulatory authorities have realized the need for including transporter studies in
the early stages of drug development, in particular, for predicting the impact of
transporter-based drug interactions and genetic polymorphisms. Since there exists
a considerable functional redundancy in transporters, especially for apical efflux at
the intestine, liver, and kidney membranes, clinically relevant drug–drug interac-
tions and genetic variability are difficult to predict from in vitro experiments. An
important step is to elucidate the relative contribution of the target transporter to the
overall membrane transport of a specific drug (Endres et al., 2006; Kusuhara and
Sugiyama, 2009). Though not addressed in this chapter, the creation of a variety
of transporter knockout mouse models has contributed greatly to our understanding
of the pharmacological and toxicological roles of transporter proteins, despite their
species differences.

A wealth of information has been accumulated about the structure and function of
transporter proteins, but much remains unresolved regarding their molecular mecha-
nisms, structure–function relationships, and regulation. Many of the necessary tools
are now available to gain a greater insight into each of these fundamental questions.
A next challenge is to study the coordinated action of influx and efflux trans-
porters, drug-metabolizing enzymes, and their coregulation by nuclear receptors
as an integrated system (see Chapter 17). Such a system that includes quantitative
information on distribution, kinetics, genetic variation, and abundance of transport
proteins throughout the body, as already available for many metabolizing enzymes,
will eventually lead to an in silico human model which has the ability to predict
and simulate effectively the entire disposition and exposure of drugs in terms of
pharmacological networks. As genetic variability in pharmacokinetics is concerned,
it seems an oversimplification to suggest that one gene or single nucleotide poly-
morphism really matters. Rather, it is more likely that genes combine to create
interindividual variability (Maeda and Sugiyama, 2008; Robey et al., 2009). One
example discussed in this chapter is the interaction of metformin with different
organic cation transporters. To reach the goal of true individualized therapy, a sys-
tems pharmacology approach would likely prove to be essential. A similar case can
be made for studying drug–drug and drug–nutrient interactions in a comprehensive
model.

This chapter aims to give a concise overview of the importance of major human
transporters involved in the handling of clinically relevant drugs by intestine, liver,
and kidney and therefore has only briefly touched upon the manifold aspects regard-
ing their significance for drug–drug interactions, pharmacokinetic variability, and
drug-induced toxicity. Many of them will be discussed in more depth in the chapters
to follow.
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Chapter 3
ADME Pharmacogenetics and Its Impact
on Drug–Drug Interactions

Reinhold Kerb and Matthias Schwab

Abstract The extent of drug metabolism or drug transport-based pharmacokinetic
drug–drug interactions is highly variable between individuals. CYP enzymes such
as CYP2B6, CYP2C9, CYP2C19, and CYP2D6 and drug efflux and uptake trans-
porters such as ABCB1 and OAT1B1 display genetic polymorphisms (presence
of genetic variants in at least 1% of a population) that may result in altered drug
metabolism or transport capacities, respectively. These polymorphisms explain the
interindividual variable magnitude of a drug–drug interaction to a significant extent
by determining either the substrate susceptibility for interactions or the interaction
potential of an inducer or inhibitor. Knowledge of the activity of the enzyme that is
responsible for the metabolism of the affected drug or inhibitor can offer vital infor-
mation when assessing drug interactions. Drug efflux and uptake are increasingly
recognized to supplement this information. Nowadays, metabolic and transport sta-
tuses are easily accessible by genotyping and are an important prerequisite to fully
judge the potential of a drug for drug interactions.

3.1 Introduction

Pharmacogenetics and pharmacogenomics study the variation in single and multi-
ple genes in relation to interindividual variation in drug response – differences that
vary from potentially life-threatening adverse drug reactions (ADR) to a lack of
desired therapeutic effect. Pharmacokinetic pathways largely dictate drug response,
and thus variations in genes involved in absorption, distribution, metabolism,
and excretion (ADME) are major determinants of their interindividual variabil-
ity. Functional variants of drug-metabolizing enzymes determine to which extent
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a specific agent is metabolized in an individual patient, thereby affecting drug
exposure and subsequently efficacy and/or susceptibility to ADR. While the field
of pharmacogenetics began with a focus on drug-metabolizing enzymes (Meyer,
2004), it has been extended to membrane transporters (uptake and efflux) that
influence drug absorption, distribution, and excretion (Kerb, 2006).

Drug–Drug interactions (DDIs), especially through inhibition of P450-mediated
drug metabolism or P-glycoprotein (P-gp)-mediated transport by a coadminis-
tered drug, are one of the primary causes of serious adverse events occurring in
clinical practice (Kongkaew et al., 2008). Considering the prominent role of drug-
metabolizing enzymes and transporters as source for DDIs, it is obvious that the
presence of polymorphic variants may also affect the interindividual variable occur-
rence of DDIs and complicate their prediction. Genetic variants not only determine
to which extent a drug is metabolized, taken up or excreted by ADME genes, but
they also influence the various mechanisms of how two or more drugs interact with
the resulting protein. In the simplest case of two drugs competing for the same
metabolizing enzyme or transporter, the extent of interaction depends directly on
the amount of protein available. Genetic variants, which cause more or fewer pro-
tein being expressed, increase or lower the likelihood for the competition to become
clinically relevant. On the other hand, if the protein is absent or truncated and inac-
tive as it is the case with, e.g. partial or total gene deletions, the DDI can naturally
not occur. More difficult to predict is the impact of genetic variation which alter
the amino acid sequence of the protein. They may affect protein function (catalytic
efficiency) not for all drugs to the same extent. As a consequence, ADME genetic
variation may also change the DDI profile of drugs.

Furthermore, certain genotypes may directly affect the induction potential of a
drug. In general, the lower the baseline enzymatic activity, the higher the induction
achieved with inducers (Vesell and Page, 1969; McCune et al., 2000) while absent or
low baseline activity caused by null alleles or other genetic factors causing complete
absence or inactivity of the enzyme is naturally not inducible and no conclusive data
are available, whether, e.g., genetic variants in regulatory regions may change the
induction potential. However, the relationship between genetic variations and DDI
can be much more complex. Genetic variation in drug metabolism or transport or in
the receptors mediating the induction (e.g., PXR, CAR) may modify the systemic
availability of an inducer and subsequently the risk for induction-related failure of
coadministered drugs. Pharmacogenetics tools hold the potential to identify patients
who will respond favorably to a particular drug and hence avoid ADRs and diminish
treatment failure. They may also define the individual susceptibility for or the degree
of clinically relevant drug–drug interactions.

While the effects of genetic polymorphisms in drug-metabolizing enzymes and
transporters on drug exposure have been extensively studied, only little attention has
been given until very recently to whether these polymorphisms alter the interindi-
vidual susceptibility to or the degree of induction or inhibition. In this review we
present an overview of studies investigating how polymorphisms in ADME-related
genes affect drug–drug interactions. This pharmacogenetic review is limited to those
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genetically differential metabolic enzymes and drug transporters that have been
investigated in relation to drug interactions. In addition, other polymorphisms in
ADME genes exist, whose clinical consequences have not yet been addressed and
which are therefore not considered here.

3.1.1 CYP450s

The cytochrome P450 isoenzymes (CYPs) are responsible for about 75% of phase
I-dependent drug metabolism. About 40% of CYPs are genetically polymorphic:
CYP1A2, CYP2A6, CYP2B6, CYP2C8, CYP2C9, CYP2C19, CYP2D6, CYP3A5
(Ingelman-Sundberg et al., 2007; Zanger et al., 2008). Genetic variation in these
enzymes can alter drug metabolism and may result in patients that are either exten-
sive metabolizers (EMs), poor metabolizers (PMs), or intermediate metabolizers
(IMs) of drugs. For some isozymes an ultrarapid metabolizer phenotype (UM)
has been described in part based on gene amplifications (e.g., CYP2D6). Hence,
the same dose of drug could yield poor or no effect in EMs or a toxic response
in PMs, whereas PMs may suffer from therapy failure when given prodrugs that
require bioactivation by a polymorphic enzyme (e.g., activation of codein to mor-
phine by CYP2D6). ADRs due to defective alleles have been frequently reported
(Eichelbaum et al., 2006). In the following, a brief overview about the most relevant
metabolic polymorphisms is given, which is limited to common polymorphisms,
which occur with frequencies of >5% in at least one ethnicity. The clinically most
relevant CYP450 polymorphisms including their frequencies in African, Asian,
and Caucasian populations are summarized in Table 3.1. For a comprehensive
overview on P450 pharmacogenomics the reader is referred to a recent review
(Ingelman-Sundberg et al., 2007; Zanger et al., 2008).

3.1.2 CYP450 Polymorphism-Related Drug–Drug Interactions

3.1.2.1 CYP2B6

The CYP2B6 gene is highly polymorphic (Lang et al., 2001) and is subject to high
interindividual variability in expression and activity (Zanger et al., 2007).The most
common variant allele, CYP2B6∗6, consisting of two single nucleotide polymor-
phisms (SNPs), c.516G>T (Q172H) combined with c.785A>G (K262R), occurs
with frequencies between 12 and 49% across different populations and has been
associated with elevated plasma concentrations of efavirenz and nevirapine- and
efavirenz-related neurotoxicity in HIV-infected individuals. This is in agreement
with the lower activity of CYP2B6∗6, which however may be substrate dependent. In
contrast, isolated occurrence of c.785A>G (CYP2B6∗4) was detected with enhanced
activity in Caucasian (4%) and Asian (7%) populations, while a null allele lacking
any activity, CYP2B6∗18, is present (2–8%) in African populations (Zanger et al.,
2008). The possibility of diminished genotype-dependent drug interaction resulting
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Table 3.1 Common alleles in the functionally most important metabolizing enzymes and their
frequency distribution in Africans, Asians, and Caucasians

Frequency [%]

Gene Allelea Phenotype African Asian Caucasian

CYP2B6 Total frequency of PM phenotypes:
∗4 (Lys262Arg) PM 0 7 4
∗6 (Gln172His/Lys262Arg) PM 25–49 12–19 15–25
∗18 (Ile328Thr) PM 2–8 0 0

CYP2C9 Total frequency of PM phenotypes: 1–6 <1 2–6
∗2 PM 2–4 0 10–15
∗3 PM 1–2 1–4 5–10
∗5 PM 1–2 0 0
∗6 PM 0.6–3 0 0
∗8 PM/UMb 3–9 0 0
∗11 PM 2–5 0 <1

CYP2C19 Total frequency of PM phenotypes: 2–7 10–30 2–5
∗2 PM 10–25 20–50 13–19
∗3 PM 0–2 5–13 <1
∗17 UM 18 18 4

CYP2D6 Total frequency of PM phenotypes: 1–3 1–2 2–10
∗3 PM <1 0.8–1 1–3
∗4 PM 1–8 0.5–1 12–23
∗5 PM 1–7 5–6 2–7
∗6 PM <1 – 0.7–1.4
∗10 IM 3–9 39–70 2–8
∗17 IM 9–34 – <1
∗29 IM 5–7 (20)c – <1
∗1/2×N UM 2–5 (29)d 0.5–1 1–2

CYP3A5
∗3 PMe 12–40f 60–75 85–95
∗6 PMe 22 0 0
∗7 PMe 10 0 0

PM, poor metabolizer; UM, ultrarapid metabolizer; IM, intermediate metabolizer
aVariant nucleotide or amino acid in bold
bSubstrate-dependent phenotype
cIn Tanzanians
dIn Ethiopians
eSince CYP3A4 and CYP3A5 have largely overlapping substrate specificities, lacking CYP3A5
activity may be compensated by CYP3A4 for many drugs.
f12–15% in African, 30–40% in African-American populations

from CYP2B6 inhibition has been suggested after demonstrating lower sertraline
and clopidogrel inhibitor potency for CYP2B6-catalyzed efavirenz hydroxylation
by K262R (∗4) alone and particularly in combination with Q172H (∗6) in recombi-
nant expression systems (Talakad et al., 2009). Importantly, this genotype effect may
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be inhibitor-specific, because previous studies have demonstrated that ∗4, in contrast
to ∗6, is refractory to mechanism-based inactivation by 17alpha-ethynylestradiol
or efavirenz, while susceptibility of ∗4 to inactivation is preserved with berg-
amottin, N,N′,N′-triethylenethiophosphoramide, and 8-hydroxy-efavirenz (Bumpus
et al., 2005; 2006).

Whether coadministration of an inducer such as rifampin has differential effects
on CYP2B6 genotypes has not yet systematically been studied. CYP2B6∗6 polymor-
phism results in three distinctive phenotypes of efavirenz metabolism: PMs, IMs,
and EMs in homozygous CYP2B6∗6 carriers, heterozygous CYP2B6∗1/6 genotypes,
and homozygous CYP2B6∗1/1 genotypes, respectively (Zanger et al., 2007). After
coadministration of rifampin in HIV/TB-coinfected patients efavirenz clearance did
not any longer differ between CYP2B6∗1/6 and -∗1/1 genotypes suggesting a dif-
ferential genotype-dependent induction. On the other hand, efavirenz clearance was
significantly lower in homozygous carriers of the ∗6 allele, indicating that rifampin
induction cannot reverse the PM phenotype (Kwara et al., 2008). This is in agree-
ment with recent in vitro work showing that the CYP2B6∗6-causing c.516G>T
polymorphism results in aberrant mRNA splicing with deletion of critical protein
domains, and subsequently nonfunctional protein (Hofmann et al., 2008). Thus in
CYP2B6∗6 PMs rifampin enhances only aberrantly spliced mRNA, which will not
produce active enzyme. However, firm conclusions from this study are limited by
the lack of an untreated control group (Kwara et al., 2008). Similarly, the lower
hydroxybupropion-to-bupropion AUC ratio in CYP2B6∗6/6 compared to ∗1/1 geno-
types became more pronounced after induction with the herbal medicine baicalin in
a small clinical crossover trial (Fan et al., 2008a).

3.1.2.2 CYP2C9

To date, 30 CYP2C9 allelic variants located within the coding region have been
reported (Ingelman-Sundberg et al., 2008). The ∗2 and ∗3 alleles are present in
approximately 25% of Caucasian individuals, but are much less prevalent in black
and Asian populations (García-Martín et al., 2006). In vitro data have consistently
demonstrated that the CYP2C9∗2 and ∗3 alleles are associated with significant but
highly variable reductions in intrinsic clearance, depending on the particular sub-
strate (Lee et al., 2002). The ∗3 allele is more strongly affected than ∗2, with a
reduction in activity of up to 90% for some substrates. Numerous clinical studies
have demonstrated the clinical significance of the CYP2C9∗2 and ∗3 polymorphisms
for the oral clearance of substrate drugs and the occurrence of adverse drug reac-
tions like hypoglycemia from oral antidiabetic drugs, gastrointestinal bleeding from
NSAIDs, and serious bleeding from warfarin treatment (Zanger et al., 2008).

In vitro studies reported a genotype-dependent inhibitory profile of CYP2C9.
Kumar et al. compared the degree of inhibition of flurbiprofen oral clearance
by the prototypical inhibitor fluconazole between healthy volunteers of various
CYP2C9∗1/1, ∗1/3, and ∗3/3 genotypes (Kumar et al., 2006; 2008). Lowering of
flurbiprofen apparent oral clearance after coadministration of fluconazole was gene
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dose dependent. The degree of DDI observed decreased with the metabolic capacity
of CYP2C9, as determined by the numerical presence of CYP2C ∗3 alleles, with
virtually no change occurring in ∗3/3 subjects (Kumar et al., 2008). These results
suggested that the contribution of the <20–30% residual activity of the ∗3 allele to
overall flurbiprofen clearance is to minor to be inhibited by fluconazole.

3.1.2.3 CYP2C19

The CYP2C19 PM phenotype results from two null alleles, leading to the absence
of functional CYP2C19 protein. About 2–7% of white and black populations but
up to 30% of Asians are CYP2C19 PMs. The two most common null alleles are
CYP2C19∗2, which occurs almost exclusively in Caucasians, and CYP2C19∗3,
which occurs primarily in Asians (Shimizu et al., 2003). A promoter gene variant
(CYP2C19∗17) has recently been identified which appears to be related to increased
substrate turnover (UM) by an as yet unexplained mechanism (Sim et al., 2006).
The clinical impact of CYP2C19 gene polymorphism is well established. CYP2C19
PMs benefit from higher omeprazole plasma levels resulting in accelerated ulcer
healing (Schwab et al., 2004) but suffer from lower antiplatelet effect due to reduced
bioactivation of the prodrug clopidogrel (Geisler et al., 2008).

Most thoroughly investigated has been the genetically differential modula-
tion of CYP2C19 using proton pump inhibitors such as omeprazole as both
substrate and inhibitor. Omeprazole significantly inhibited (up to 2-fold) moclobe-
mide metabolism in EMs (CYP2C19∗1/1) but not in PMs (CYP2C19∗2/3 and
CYP2C19∗2/2) (Yu et al., 2001). After steady-state administration of omeprazole
(40 mg), the mean AUC of moclobemide more than doubled in the EMs, while the
AUC ratio of the major metabolite to parent compound was significantly reduced
indicating reduced activity of the CYP2C19 enzyme (Yu et al., 2001). Interestingly,
in a subsequent study in the same subjects, the same genotype-dependent interac-
tion was demonstrated for moclobemide on omeprazole reflecting the competitive
mechanism of inhibition. A single 300 mg moclobemide dose inhibited CYP2C19
enzyme activity causing an approximately 2-fold increase in AUC and maximum
plasma concentration (Cmax) and of the mean AUC ratios of omeprazole to 5-OH-
omeprazole, whereas only insignificant changes were observed in PMs (Cho et al.,
2002). The same differential inhibitory effects of CYP2C19 genotype on omeprazole
metabolism were also seen for the CYP2C19 inhibitor fluvoxamine (Yasui-Furukori
et al., 2004b), which were confirmed with the use of lansoprazole, another proton
pump inhibitor and CYP2C19 substrate (Yasui-Furukori et al., 2004a). Accordingly,
the omeprazole–R-warfarin (Uno et al., 2008) or allicin (Yang et al., 2009) interac-
tion was only detectable in CYP2C19 EMs. This is consistent with the expectation
of insignificant changes in pharmacokinetic parameters of a CYP2C19 substrate
among CYP2C19 PMs because of the PMs’ decreased baseline enzyme activity.

The magnitude of interaction is also strongly affected by the plasma concentra-
tion of inhibitors or inducers. Therefore, if an inhibitor or inducer is metabolized
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by a genetically differential enzyme, genotype becomes the determinant of its inter-
action potential. Clinically relevant DDIs have been observed between tacrolimus
and proton pump inhibitors in those CYP2C19 gene variants coding for PMs and
IMs, who exhibited higher proton pump inhibitor plasma concentrations, compared
to EMs (Itagaki et al., 2004; Miura et al., 2007; Hosohata et al., 2009). Although
the triazole antifungal voriconazole is metabolized by several CYPs (CYP3A4,
CYP2C19, and CYP2C9), the presence of deficient CYP2C19∗2 alleles resulted in
>3 times higher AUC and lower apparent oral clearance compared with the wild type
(Mikus et al., 2006). Surprisingly, inhibition of CYP3A4 by single dose coadminis-
tration of ritonavir was most prominent in CYP2C19 PMs. With a reduction of 86%
voriconazole oral clearance was almost abolished in PMs compared to a change of
only 34% in EMs (Mikus et al., 2006). Thus, having one metabolic pathway less,
in CYP2C19 PMs the remaining CYP3A4 was more susceptible for inhibition by
ritonavir.

In agreement with the findings in other CYP450 the induction of CYP2C19-
mediated metabolism of mephenytoin by St. John’s Wort was limited to CYP2C19
EMs (Wang et al., 2004). More complex was the voriconazole interaction with the
CYP3A inducer St. John’s Wort, which after an initial significant but small increase
in voriconazole exposure limited to the absorption phase, resulted in an extensive
2 times reduction of exposure after 15-day chronic application. Interestingly, the
increase in the CL/F and drop in exposure were smaller in the presence of the
CYP2C19∗2 allele compared with the wild-type group, which was explained by the
lack of co-induction of CYP2C19 metabolism in the PMs.

Another example of the complex interplay between genetic makeup in one CYP
pathway and induction potential for another CYP is the induction of CYP1A2 by
standard dose of omeprazole (40 mg), which is only seen in CYP2C19 PMs of
omeprazole (Ma and Lu, 2007). A 3 times higher dose of omeprazole is required
to achieve sufficiently high plasma concentrations of omeprazole needed to induce
CYP1A2 in EMs (Ma and Lu, 2007).

3.1.2.4 CYP3A4/5

The cytochrome P450 3A (CYP3A) subfamily members are the most important
drug-metabolizing enzymes in humans and participate in the metabolism of 40% of
the mostly prescribed drugs (Zanger et al., 2008). CYP3A expression and function
are highly variable. There is little evidence for a relevant contribution of CYP3A4
gene polymorphisms in determining CYP3A4 activity, although in very rare indi-
vidual cases, defective CYP3A4 mutants may provide an explanation for toxicity
(Westlind-Johnsson et al., 2006). In contrast, genetic determinants have been iden-
tified for much of the variable expression of CYP3A5. It has been shown that
the higher incidence of the inactive CYP3A5∗3 allele in Caucasians (85–95%) vs.
African Americans (30–50%) causes the lower expression levels of CYP3A5 pro-
tein in Caucasians over African Americans (<30 vs. ∼50%) (Wojnowski, 2004).
Other common genetic CYP3A5 polymorphisms are CYP3A5∗6 and ∗7; both are
without any functional activity and are found in subjects of African origin. Apart
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from a clear effect of CYP3A5 expression status for therapies with the immunosup-
pressant tacrolimus, the contribution of polymorphic CYP3A5 on CYP3A-mediated
metabolism remains controversial (Zanger et al., 2008). It is difficult to delineate the
relative contribution of CYP3A4 and CYP3A5 as their protein structure, function,
and substrates are so similar and functionally one may compensate for the lack of
the other.

The prediction of DDIs and the evaluation of the contribution of genetic variants
gets further complicated. From in vitro investigations it is known that the extent of
inhibition of CYP3A activity varies with substrate (Kenworthy et al., 1999; Stresser
et al., 2000; Wang et al., 2000). Several studies suggested that CYP3A5 expression
can influence the extent of hepatic CYP3A-mediated inhibition (Isoherranen et al.,
2008), and inhibitors and inducers may have different affinity for CYP3A4 and -
A5 (Gibbs et al., 1999). As a consequence, the genotype effect on the extent of
inhibitory or inducing CYP3A interactions may also vary depending on the CYP3A
substrate and the interacting drug used.

In several studies the extent of hepatic CYP3A inhibition in vitro and in vivo
varies with substrate and inheritance of CYP3A5. Surprisingly, the CYP3A5∗1
allele was significantly associated with reduced inhibitory effects of itracona-
zole and fluconazole on midazolam-mediated CYP3A activity (Yu et al., 2004;
Isoherranen et al., 2008), an effect which was not detectable using erythromycin
as CYP3A substrate (Isoherranen et al., 2008). At first view these findings are
contradictory to those in other CYP450s that inhibitory potency increases with
metabolic activity. However, considering that ketoconazole and fluconazole inhibit
CYP3A5 4-fold and 10-fold weaker than CYP3A4, respectively (Gibbs et al.,
1999) and midazolam, in contrast to macrolide antibiotics, is effectively cleared
by CYP3A5 (Williams et al., 2002). Therefore, one can speculate that in carriers of
the CYP3A5∗1 allele remaining CYP3A5 metabolizes midazolam, while CYP3A4
is effectively suppressed.

Similarly, CYP3A5 polymorphism appeared also to influence susceptibility to
induction-type drug interactions only for some inducers. While CYP3A5 polymor-
phism had no effects on the ability of the potent CYP3A4 inducer rifampin to induce
CYP3A activity when assessed by systemic clearance of midazolam or the ery-
thromycin breath test (Floyd et al., 2003; Yu et al., 2004; Roberts et al., 2008),
the inductive effects of dexamethasone on the erythromycin breath test were only
detected in the absence of the CYP3A5∗1 allele as a result of lower basal CYP3A
activity (Roberts et al., 2008).

3.1.2.5 CYP2D6

Although CYP2D6 expression constitutes only 2–5% of the total CYP content,
approximately 15% of the top 200 prescription drugs are metabolized by CYP2D6
(Zanger et al., 2008). In addition to the wild-type allele (CYP2D6∗1A), more than
80 variant alleles have been identified. CYP2D6∗1,∗2, ∗33, and ∗35 have normal
enzyme activity, whereas CYP2D6∗3, ∗4, ∗6, ∗7, and ∗8 have null enzyme activity.
CYP2D6∗5 represents deletion of the enzyme, and CYP2D6∗9, ∗10, ∗17, and ∗41
code for decreased enzyme activity (Ingelman-Sundberg et al., 2008).
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Studies evaluating drug interactions caused by CYP2D6 inhibition have con-
sistently shown a larger magnitude of inhibition in CYP2D6 EMs compared with
CYP2D6 PMs (Abdel-Rahman et al., 1999; Hamelin et al., 2000b; Llerena et al.,
2001; Bondolfi et al., 2002). Particularly relevant are CYP2D6-based DDIs in the
treatment of psychiatric disorders because many antidepressants and neuroleptics
are substrates and/or inhibitors of CYP2D6 (Flockhart, 2008). The genetic differ-
ences in the extent of DDIs have been demonstrated using the CYP2D6-metabolized
selective serotonin reuptake inhibitor (SSRI) venlafaxine. Coadministration of
diphenhydramine in EMs more than doubled venlafaxine AUC and decreased the
metabolic clearance to O-demethylated metabolites by approximately 3 times, while
the potent CYP2D6 inhibitor quinidine increased in EMs the AUC of (S)- and
(R)-venlafaxine by 4- and 12-fold, respectively, and reduced the conversion to
O-demethylated metabolites by 7- and 113-fold, respectively. In contrast, no sig-
nificant changes in the pharmacokinetic parameters occurred in CYP2D6∗4/4 -∗3/4,
∗7/7 PMs and CYP2D6∗3/4, ∗4/4 PMs after coadministration of diphenhydramine
or quinidine, respectively (Lessard et al., 2001; Eap et al., 2003). These results
further imply that concurrent administration of a CYP2D6 inhibitor with ven-
lafaxine to CYP2D6 EMs may require a dose reduction of venlafaxine, whereas
a dose reduction in CYP2D6 PMs could result in therapeutic failure. As indi-
cated above, SSRIs are also often potent CYP450 inhibitors (Flockhart, 2008). For
paroxetine and fluoxetine, plasma concentrations and dosage strongly influence the
magnitude of enzyme inhibition. Moreover, the potential of paroxetine (a CYP2D6
substrate) as an inhibitor was affected by CYP2D6 genotype and metabolic capacity
(Lam et al., 2002).

Less is known of how remaining metabolic activity in CYP2D6 IMs affects
inhibitory drug interactions. This question is of particular clinical importance
for Asian populations, because the population shift in Asians toward lower
metabolic rates is caused by a high frequency (<40%) of the reduced function
allele, CYP2D6∗10 (Bradford, 2002). Subjects with the CYP2D6∗10/10 IM geno-/
phenotype had lower flecainide basal clearance, which appeared unaffected by coad-
ministration of paroxetine, while the higher flecainide clearance of carriers of at least
one allele with normal CYP2D6 activity (EMs) was clearly inhibited by paroxe-
tine down to the IM levels (Lim et al., 2008). Therefore with respect to the absent
interaction potential IMs seem comparable to PMs.

3.2 Drug Transporters

Membrane-bound proteins involved in the in- or outward transport of compounds,
broadly referred to as transporters, play critical roles in delivery and overall dispo-
sition of numerous clinically used drugs (Nies, 2007; Nies et al., 2008). Multiple
genetic polymorphisms and haplotypes have been described in efflux and uptake
transporters and have been investigated with respect to potential implications for
drug disposition and to the apparent intersubject variability in drug response (Kerb,
2006). The following section considers only transporter polymorphisms, which have
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been evaluated in relation to DDI and which are more frequent than 5% in at least
one ethnicity. The pharmacologically most relevant polymorphisms of membrane
transport proteins including their frequencies in African, Asian, and Caucasian pop-
ulations are summarized in Table 3.2. For a comprehensive overview on transporter
pharmacogenomics the reader is referred to recent reviews (Kerb, 2006; Seithel
et al., 2008; Zaïr et al., 2008).

3.2.1 ABCB1 (P-gp) Polymorphisms and Drug Interactions

To date, more than 100 variants have been identified in the ABCB1 (MDR1) gene
(Kerb, 2006). A synonymous SNP in exon 26 (c.3435C>T) attracted particular
attention because it was found to be associated with altered P-glycoprotein (P-gp)
activity and function (Hoffmeyer et al., 2000). It has been demonstrated that codon
usage played a role in the effect of this silent polymorphisms on P-gp function
by altering the structure of substrate and inhibitor interaction sites (Kimchi-Sarfaty
et al., 2007). ABCB1 c.3435C>T is part of a common haplotype with c.1236C>T
and c.2677G>T (Kim et al., 2001). Although challenged by discordant results,
numerous studies reported c.3435C>T (alone or in combination) to be associated
with mRNA expression or ex vivo rhodamine 123 efflux in lymphocytes, phar-
macokinetics of typical P-gp drugs such as digoxin, fexofenadine, nelfinavir, and
cyclosporine in clinical studies, as well as with drug responsiveness in HIV or
epilepsy patients (reviewed in Kerb, 2006; Chinn and Kroetz, 2007).

Only very few studies have addressed the ABCB1 genotype-based interaction
with P-gp inhibitors or inducers. This is partly based on the fact that applica-
ble in vitro assays are experimentally and technically elaborative and of limited
availability. Furthermore, many P-gp substrates and inhibitors are also substrates
and inhibitors of CYP3A hampering to differentiate inhibition of P-gp transport
from inhibition of CYP3A-mediated metabolism in clinical studies. As a conse-
quence, clinical studies on P-gp-related DDIs have employed probe drugs with
negligible metabolism such as digoxin, fexofenadine, or talinolol. By use of a vac-
cine virus expression system, the specificity of P-gp for model substrates was not
substantially affected by any of the tested polymorphisms, while the c.1236T—
c.2677T—c.3435T haplotype exhibited a functional change in the presence of P-gp
inhibitors verapamil and cyclosporine suggesting an altered interaction potential
(Kimchi-Sarfaty et al., 2007). In vitro testing of rhodamine 123 and calcein-AM
transport in a stable recombinant P-gp expression system demonstrated that inhi-
bition activities varied with ABCB1 gene polymorphisms and with the inhibitor.
Inhibitory activities with decreasing potency were cyclosporine A > verapamil >
phenytoin > carbamazepine > lamotrigine > phenobarbital > valproic acid = leve-
tiracetam = gabapentin. The c.1236T—c.2677A/T—c.3435T haplotype resulted in
profoundly less inhibitory activities against rhodamine and calcein-AM with signif-
icantly lower intracellular substrate concentration (Hung et al., 2008). Kurata et al.
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reported a higher digoxin bioavailability and reduced digoxin renal clearance in sub-
jects with the ABCB1 c.3435T variant. Coadministration of the potent inhibitor of
P-gp drug efflux activity, clarithromycin, however, significantly increased digoxin
bioavailability only in c.2677C—c.3435C subjects causing the genetic differences
on digoxin bioavailability to disappear, although the effect of ABCB1 variants
on renal and secretory clearance was still observed suggesting that the digoxin–
clarithromycin interaction is attributable entirely to processes occurring in the gut
(Kurata et al., 2002). Thus, although gene expression or function is determined by
genotype to the same extent in all tissues, the genetic influence on the extent of
DDIs may differ in different tissues depending on the inhibitor levels to which var-
ious tissues and organs are exposed. Furthermore, membrane transport proteins are
not only involved in the systemic availability of drugs but they also control the
access of drugs to their target site of action. In these sanctuaries the local situation
with respect to fraction transported or the presence of competing transporters may
be completely different. As an example, loperamide, a potent opiate, which nor-
mally lacks CNS effects, because P-gp efflux at the blood–brain barrier effectively
prevents uptake into the brain, produced pronounced miosis (opiate CNS effect) in
ABCB1 3435T carriers, when P-gp was additionally inhibited by quinidine, an effect
which was not reflected in the loperamide plasma levels (Skarke et al., 2003).

Dipyridamole is an in vitro and in vivo P-gp inhibitor that increases digoxin
plasma concentrations by enhancement of its intestinal absorption. Although sub-
jects harboring the ABCB1 c.3435TT genotype had significantly higher digoxin
AUCs than carriers of ABCB1 3435CC, the modulation of digoxin pharmacoki-
netics by dipyridamole was similar in both genotypes (Verstuyft et al., 2003).
Even contrary results were reported by Shon et al., who found that the effect
of ABCB1 c.2677T—c.3435T haplotype on fexofenadine disposition was ampli-
fied in the presence of the potent P-gp inhibitor itraconazole (Shon et al., 2005).
In fact, itraconazole pretreatment increased fexofenadine pharmacokinetic param-
eters particularly in carriers of c.2677T—c.3435T and the moderate difference in
the pharmacokinetic parameters between the two ABCB1 haplotypes became more
prominent to reach statistical significance. However, the inhibitory effect of itra-
conazole appeared strong enough to influence peripheral antihistamine effects of
fexofenadine, as determined by the suppression of histamine-induced wheal and
flare reactions, whereas the effect of the ABCB1 haplotype remained clinically
insignificant (Shon et al., 2005).

The influence of ABCB1 genotype on P-gp induction was addressed in a clini-
cal study investigating the inductive effects of St. John’s Wort. Subjects harboring
the combined c.1236T—c.2677T—c.3435T polymorphism had lower basal intesti-
nal ABCB1 mRNA level and displayed an attenuated inductive response to St.
John’s Wort resulting in a 25% lower talinolol bioavailability, while talinolol
disposition remained unchanged in carriers of the wild-type allele (c.1236C—
c.2677C—c.3435C) (Schwarz et al., 2007). Under the conditions of P-gp induction,
the genetic differences in talinolol disposition minimized, whereas the genetic
differences in ABCB1 mRNA expression became apparent.

Because many P-gp substrates are also substrates of CYP3A, both are regu-
lated via pregnane X receptor (PXR) (Geick et al., 2001), P-gp may also affect
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drug metabolism and, indeed, in vitro experiments have demonstrated that intra-
hepatocyte concentrations and metabolic rates of drugs are influenced by P-gp
(Lan et al., 2000). However, the dynamic interplay between CYP3A and P-gp may
be even more complex. ABCB1 SNPs may also contribute to human variation in
basal CYP3A activity as well as to variation in CYP3A induction by rifampin. The
magnitude of CYP3A induction was inversely related to CYP3A constitutive expres-
sion in liver and intestine. Individuals harboring the ABCB1 c.3435T or the linked
c.2677T allele had higher basal hepatic CYP3A4 expression but a lower magnitude
of induction as assessed by testosterone 6β-hydroxylation in primary human hepa-
tocytes (Lamba et al., 2006). Consistent with these results a clinical study showed
that in persons induced with steroids, carriers of the ABCB1 c.3435T allele had
higher induction of etoposide clearance than those with the c.3435C allele (Kishi
et al., 2004). As a consequence, ABCB1 genetic variation may predict the extent of
CYP3A-mediated DDIs.

3.3 Drug Uptake Transporters

3.3.1 OATP Polymorphisms and Drug Interactions

OATP1B1 mediates the uptake on the sinusoidal membrane of human liver. Of more
than 40 sequence variations, 17 nonsynonymous (change of an amino acid) have
been identified in the SLCO1B1 gene encoding OATP1B1 (reviewed in Kerb, 2006).
Some variants have been associated with altered activity of OATP1B1. In particular,
the nonsynonymous c.521T>C (Val174Ala) SNP has consistently been associated
with reduced transport activity both in vitro (Tirona et al., 2001; Iwai et al., 2004; Ho
et al., 2006) and in vivo (Nishizato et al., 2003; Niemi et al., 2004; Kalliokoski et al.,
2008b). Particularly important are the 174Ala-encoding ∗5, ∗15, and ∗17 alleles for
the hepatic uptake and disposition of water-soluble statins (pravastatin, pitavastatin,
rosuvastatin, atorvastatin, and simvastatin acid) but not for simvastatin lactone and
fluvastatin (Niemi, 2007). The use of statins in humans is influenced by the potential
for pharmacokinetic DDIs. Gemfibrozil and cyclosporine are known to increase the
systemic exposure of statins increasing the risk for myopathy and rhabdomyolysis;
inhibition of OATP1B1 has been suggested to play a role in these DDIs (Neuvonen
et al., 2006). Most interestingly, a genome-wide scan of approximately 300,000
markers in 85 myopathy patients yielded a single strong association of myopathy
with the c.521T>C SNP (Link et al., 2008).

Analogous to the negligible effects of PMs in CYP2C19- and CYP2D6-mediated
interactions, cyclosporine increased the AUC of another OATP1B1 substrate,
repaglinide, 42% less in subjects harboring the SLCO1B1 c.521TC genotype com-
pared to the c.521TT genotype (Kajosaari et al., 2005). However, another study
using gemfibrozil as inhibitor produced a larger increase of repaglinide AUC in
carriers of the c.521C allele (Kalliokoski et al., 2008a) and in both studies, the
relative increases of AUC did not differ significantly between genotype groups
(Kajosaari et al., 2005; Kalliokoski et al., 2008a). While SLCO1B1 genotype was,
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concordant to earlier studies (Kalliokoski et al., 2008b), a major determinant of
repaglinide pharmacokinetics, these data suggest that, in contrast to the inhibition
of CYP2C8- (gemfibrozil) or CYP3A4-mediated metabolism (cyclosporine), inhi-
bition of OATP1B1 plays only a limited role in the interaction between gemfibrozil
or cyclosporine and repaglinide.

Because c.521C reduced the in vitro uptake of rifampin, a reduced PXR acti-
vation and subsequently reduced induction of drug metabolism and transport were
suggested (Tirona et al., 2003). Although men carrying the SLCO1B1 c.521C SNP
were more likely to have low CYP3A4 levels in primary human hepatocytes,
no association of SLCO1B1 genotype with CYP3A4 induction by rifampin was
detected (Lamba et al., 2006). Moreover, a clinical study in 38 subjects including
five carriers of the c.521∗TT genotype did not detect an effect of SLCO1B1 genotype
on the extent of induction of hepatic CYP3A4 as assessed by 4β-hydroxycholesterol
plasma concentration (Niemi et al., 2006). In contrast, an interaction was shown for
other OATP1B1 inductors such as the herbal medicine baicalin, which increased
rosuvastatin plasma concentrations in ∗15 in a gene dose-dependent manner (Fan
et al., 2008b).

3.3.2 OCT Polymorphisms and Drug Interactions

Currently, three OCTs are considered to be relevant for the transport of drugs.
While a number of polymorphisms in the SLC22A1 gene have been shown to affect
in vitro transport function of OCT1 (Kerb et al., 2002) and in vivo exposure and
glucose-lowering effects of metformin (Shu et al., 2007; 2008), their influence on
drug interactions has not yet been addressed. More than 40 genetic variations in the
OCT2 encoding SLC22A2 gene have been reported (Kerb, 2006), including mostly
rare variants (population frequency <1%), which exhibited altered transport func-
tion in vitro (Leabman et al., 2002). However, the only common nonsynonymous
SNP, c.808G>T (Ala270Ser) occurring with a frequency of 9–16% in various popu-
lations showed a decreased inhibitory sensitivity in recombinant oocytes (Leabman
et al., 2002). Recently, in Chinese healthy volunteers the inhibitory effect of cimeti-
dine on the OCT2-mediated renal clearance of metformin appeared to be dependent
on this polymorphism and was only detectable in the c.808∗TT genotype (Wang
et al., 2008). While the c.808G>T polymorphism was associated with a reduced
metformin renal tubular clearance yet without inhibition, the genotype effect on
AUC was only detected in the presence of cimetidine (Wang et al., 2008).

3.4 Clinical Relevance of Pharmacogenetics for DDI

While the effects of genetic polymorphisms in drug-metabolizing enzymes and
transporters on drug exposure have been extensively studied, only little atten-
tion has been given until very recently to whether these polymorphisms alter the
interindividual susceptibility to or the degree of induction or inhibition.
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With a few exceptions (e.g., refractoriness of CYP2B6∗4 to mechanism-based
inhibition), a greater magnitude of inhibitory drug interactions can be expected in
EMs than in PMs and the extent of inhibition can be predicted by genotyping of the
baseline metabolic activity of the responsible CYP enzyme. These consistent find-
ings are not surprising, given that the underlying genetic polymorphisms result in
the expression of inactive or absent proteins, such that no residual activity is present
to be inhibited. A similar concept applies to inducing drug interactions; the lower the
baseline enzymatic activity, the higher the induction achieved with inducers (Vesell
and Page, 1969; McCune et al., 2000) unless the low baseline activity is caused by
null alleles or other genetic factors causing complete absence or inactivity of the
enzyme.

Generally, the same concept should also apply to transport proteins. However,
being expressed at various tissues and organs throughout the whole body, membrane
transporters not only contribute to systemic exposure of drugs but also determine
drug access to pharmacological sanctuaries requiring a more sophisticated approach.
For instance, local concentrations of the interacting drug or the presence of redun-
dant transporters resulting in distinct fraction of the transported drug need to be
considered.

A number of factors may neutralize or abolish the clinical relevance of a genetic
polymorphism. Genetic polymorphisms are unlikely to have a major clinical impact
on inhibitory drug interaction unless the following applies for the drug being
affected:

• The drug has a low therapeutic index. If a drug is safe over a wide range of
concentrations that encompass the variation caused by genetics, then drug inter-
actions are most likely clinically not relevant as it is not important to consider
genetic polymorphisms in the therapeutic context.

• There is a clear association of plasma concentration with clinical endpoints, either
with desired effects or with concentration-related adverse effects. If pharma-
cokinetis effects does not translate into clinical effects a pharmacokinetic DDI is
unlikely to be of clinical relevance unless a transporter influences clinical effects
by mediating drug entry to the target tissue (e.g., brain).

• Metabolism or transport is mainly via a single pathway mediated by the poly-
morphism. With multiple pathways the fraction of the drug metabolized or
transported by a single of these pathways is so minor that inhibition either has
little effect or may be compensated by the other pathways. However, if one of
several metabolic pathways is omitted by PM geno-/phenotype, the interaction
susceptibility of the remaining pathway can increase.

3.4.1 Implications for Drug Treatment

A greater degree of drug interaction may lead to a greater likelihood of toxicity
or therapeutic failure. The above-summarized findings can be further interpreted
as EMs being at greater risk for clinically significant drug interactions when an
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inhibitory drug of the same CYP enzyme is introduced. Although changes in
pharmacokinetics cannot always be translated into expected changes in pharma-
codynamics, altered pharmacodynamics caused by increased drug exposure have
been shown with some commonly used drugs. For instance, coadministration of
diphenhydramine and metoprolol to EMs not only significantly altered pharma-
cokinetics but also prolonged negative chronotropic and inotropic effects (Hamelin
et al., 2000a). Such changes were not seen in the PMs. When an inhibitor impairs the
metabolism of a drug with a narrow therapeutic range dosed on a long-term basis
in an EM, there is a considerable chance of reaching toxic drug exposures with a
subsequent occurrence of ADRs. This may be further interpreted in the clinical set-
ting to indicate that dose adjustment may be necessary only in EMs who are taking
a genetically differentially metabolized substrate when an inhibitor of this enzyme
is initiated, but not in PMs.

Importantly, antipsychotics and antidepressants are often prescribed concurrently
to treat comorbid symptoms. Antidepressants such as paroxetine and fluoxe-
tine are potent inhibitors of CYP2D6, the enzyme responsible for metabolizing
many antipsychotic medications, most of which have a narrow therapeutic range
(Flockhart, 2008). Studies have reported that a significant rise in the concentra-
tions of the antipsychotic drug, resulting from initiation of paroxetine or fluoxetine,
can lead to an increased frequency or worsening of extrapyramidal symptoms
(Spina et al., 2008). Such adverse drug interactions are more likely to be seen in
EMs because the extent of inhibition is more significant in EMs than PMs.

Fewer information is available on the interaction potential of reduced func-
tion proteins such as the CYP2D6∗10 IM or the residual activity CYP2C9∗3
allele. Studies on CYP2C9-mediated flurbiprofen–fluconazole interaction and on
CYP2D6-mediated flecainide–paroxetine interaction indicated that these reduced
function alleles behaved, as if they were inactive (Kumar et al., 2008; Lim et al.,
2008), although results await confirmation with other inhibitor–drug combinations.

In this context, it is worthwhile to note that enzyme activity also varies broadly
among EMs (Ma and Lu, 2007). Consequently, the extent of inhibitory drug inter-
actions may also vary among EMs (Yasui-Furukori et al., 2004a; b). Whether
heterozygous EMs have the same change in drug exposure after the addition of an
inhibitory agent like homozygous EMs has not yet been elaborated. Therefore data
from homozygous EMs should be applied with caution to heterozygous EMs.

This concept further suggests that individuals with duplicated or amplified genes
of the CYP2D6 enzyme, also known as ultrarapid metabolizers, would have the
greatest extent of inhibitory effect as a result of elevated baseline enzyme activity
and an increased baseline drug dose.

While investigating DDIs between substrates and inhibitors of the same CYP
enzyme yielded consistent results, using a substrate that is metabolized through sev-
eral CYP pathways in EMs and PMs of one CYP enzyme and adding an inhibitor
of another CYP enzyme that is also responsible for metabolizing the substrate may
result in contradictory data as exemplified in the inhibitory effect of ritonavir on
voriconazole metabolism in CYP2C19 EMs vs. PMs (Mikus et al., 2006).
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For many medications not only several metabolic pathways but also drug trans-
port is involved. As shown for rifampin, SLCO1B1 genotype may affect hepatic
uptake and subsequently could contribute to variable ABCB1 transport or CYP3A
metabolism, advising the conclusion that transporters, metabolizing enzymes, and
regulatory factors should be viewed and evaluated as an integrative system rather
than single components.

3.4.2 Implications for Drug Development

A greater magnitude of inhibitory drug interactions occurs in EMs than in PMs and
the extent of inhibition can be predicted by the genotyping of the baseline metabolic
activity of the responsible CYP enzyme. Although it is logical that the extent of
drug interactions should be greater in EMs, only a limited number of drug inter-
action studies are currently performed that distinguish genotyped EMs and PMs
during the drug development process. When metabolizer status is not determined,
the role of genetic polymorphisms is ignored, and the potential for, and range of,
variation in drug interactions cannot be evaluated in relation to genotype. For exam-
ple, a drug interaction study that primarily includes PMs might miss inhibitory
effects leading to the false conclusion that there is no drug interaction. However,
very different results can be expected if only EMs are enrolled in the study. In
addition, because a different extent of drug interactions exists between EMs and
PMs, a study with an anonymous number or combination of EMs and null alleles
will likely show a large range in the magnitude of a drug interaction. This is a
frequent outcome of drug interaction studies. For these reasons, drug interaction
information on the product label or common medical references can be misleading
if presented as a mean or a range without identification of the subjects’ metabolizer
status.

Thus, a properly designed DDI study involving a drug that is metabolized by a
polymorphic enzyme should preselect volunteers based on their genotype. While
PMs can be excluded as they are inappropriate to investigate DDIs, inclusion of var-
ious EM genotypes may be necessary to consider that genetic variants can confer
variable susceptibility to inactivation, particularly if in vitro experiments suggest
mechanism-based inhibition (Bumpus et al., 2005; 2006). The latter example fur-
ther emphasizes that one should be careful to uncritically generalize results from
DDI studies, which typically involve only certain model substrates, inhibitors, or
inducers (FDA/CBER, 2006). The same principles and considerations also apply to
drug transporters which have been meanwhile adopted in regulatory guidance that
gives detailed recommendations on study design, substrates, dosing and data analy-
sis, and labeling to assess metabolic- and transporter-based drug–drug interactions
(FDA/CBER, 2006; Huang et al., 2007; 2008). However, if the investigational drug
in question is metabolized or transported by a genetically polymorphic protein, to
a clinically relevant extent (> 25%), genotyping of this pathway should be incor-
porated into the drug development and decision-making process and the extent of
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inhibitory drug interactions should be reported according to, e.g., metabolizer or
transporter status.

3.5 Conclusions

Understanding of genetic influences on metabolism, transport, and drug–drug
interactions is critical to the benefit/risk assessment of a drug. With improved under-
standing of the molecular bases of drug–drug interactions, and the interplay of
various genetic and non-genetic factors affecting these interactions, risks associated
with DDls can be assessed and managed to minimize unwanted effects. Although it
is difficult to untangle genetic factors from non-genetic factors when evaluating and
predicting DDls the influence of genetic factors on interindividual variability can
be reduced by genotyping. While this may challenge the drug development process
and the clinical use of drugs, it is essential for providing more accurate information
(package insert, drug labeling) and allows clinicians to better predict potential DDls
and recommend appropriate dose adjustments when necessary. Clinicians should be
cautious when using commonly available drug information resources to determine
drug dosage adjustments with interacting drugs, as these are mostly mean data not
considering the large ranges of the interactions in the population, and this variability
may be a result of genetic differential metabolism or transport. Thus, pharmacoge-
netic tools not only hold the potential to identify patients who will respond favorably
to a particular drug and hence avoid ADRs and diminish treatment failure but may
also define the individual susceptibility for or the degree of clinically relevant DDls.

3.5.1 WEB-Based Scientific Resources

Pharmacogenetics and genomics:

• PharmGkb. The Pharmacogenetics and Pharmacogenomics Knowledge Base.
Available from: http://www.pharmgkb.org/

Nomenclature of drug-metabolizing enzymes including a detailed description of
polymorphic alleles with their functional consequences:

• Sim SC. Home Page of the Human Cytochrome P450 (CYP) Allele
Nomenclature Committee. Last update Sep 9, 2009. Available from http://www.
cypalleles.ki.se/ [Accessed Jan 19, 2009]

• Nelson D. Cytochrome P450 Homepage. 2007 Available from http://drnelson.
utmem.edu/CytochromeP450.html [Accessed Nov 22, 2007]

• Flockhart DA. Drug Interactions: Cytochrome P450 Drug Interaction Table.
2008 Version 4.0 released on Aug 20, 2007. Available from http://medicine.
iupui.edu/flockhart/table.htm [Accessed Apr 28, 2008]
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Chapter 4
Impact of Nuclear Receptors CAR, PXR, FXR,
and VDR, and Their Ligands On Enzymes
and Transporters

Rommel G. Tirona

Abstract Nuclear receptors play a central role on the mechanism of induction-
type drug–drug interactions by acting as xenosensing transcription factors. Together,
PXR, CAR, FXR, and VDR form a core group of nuclear receptors that regulate the
expression of a number of important drug-metabolizing enzymes and drug trans-
porters. In this chapter, the molecular determinants of adaptive response to drug
exposure are detailed in the context of clinical relevance and drug development.

4.1 Introduction

It is estimated that 20% of all adverse drug effects are the result of drug–drug inter-
actions (Kohler et al., 2000). When one considers statistics from the Institute of
Medicine which indicates that 2 million adverse drug reactions occur yearly in the
United States, it is not difficult to believe that drug reactions are the fourth lead-
ing cause of death among hospitalized patients (Lazarou et al., 1998). Therefore, a
better mechanistic understanding, improved reporting, and heightened awareness of
drug–drug interactions will likely have a positive impact on the health of patients.
Among the mechanisms of drug–drug interactions, inhibition of drug metabolism
or drug transport is considered to be most important because this often leads to
increased systemic drug levels, resulting in overt toxicities. Perhaps less appreci-
ated are drug–drug interactions that involve changes (increase or decrease) in the
expression of metabolic and transport proteins. Commonly, this is in the form of an
induction-type interaction that results in reduction of plasma levels of drugs that are
concomitantly administered with the so-called offending drug. Hence, induction-
type drug–drug interactions often manifest as a loss of pharmacological response
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or withdrawal syndrome which, for some types of drug action, are subtle and can
be overlooked clinically. If one considers that only 10% of adverse drug effects are
reported and that for the most part, these comprise those that involve noticeable reac-
tions from inhibition of metabolic or transport pathways, one would expect that the
prevalence of induction-type drug–drug interactions is probably underappreciated.

There has been recognition over at least the last 50 years that drug or chemical
exposure can cause an adaptive biological response aimed at minimizing the poten-
tial toxic effects of xenobiotics that one may have been in contact. Indeed, studies
in the 1960s had shown that pretreatment with the anticonvulsant drug phenobar-
bital increased the hepatic biotransformation and shortened the sedative effects of
hexobarbital when administered to rats (Conney et al., 1960). Shortly thereafter, it
was observed that phenobarbital decreased the plasma concentration of the anti-
seizure medication phenytoin and coumarin anticoagulants in humans (Cucinell
et al., 1963). By the 1970s, it was determined that the hepatic cytochrome P450
(CYP) content was elevated in patients treated with phenytoin, phenobarbital, and
rifampin (Schoene et al., 1972; Remmer et al., 1973). Later in the 1980s, it became
apparent that induction of hepatic drug metabolism by exposure to certain drugs
was due to a transcriptional mechanism (Adesnik et al., 1981). The precise molecu-
lar mechanisms for the majority of xenobiotic sensing and inductive response were
defined in the late 1990s with the discovery of the ligand-activated nuclear recep-
tors pregnane X receptor (PXR) (Bertilsson et al., 1998; Blumberg et al., 1998;
Kliewer et al., 1998; Lehmann et al., 1998; Goodwin et al., 1999) and the constitu-
tive androstane receptor (CAR) (Baes et al., 1994; Forman et al., 1998; Honkakoski
et al., 1998; Sueyoshi et al., 1999). Concurrently, the bile acid-sensing nuclear
receptor, farnesoid X receptor (FXR), was cloned (Makishima et al., 1999; Parks
et al., 1999; Wang et al., 1999) and has been recognized lately as an important
regulator of drug metabolism and transporter genes. Moreover, the receptor for the
hormone 1α,25-dihydroxyvitamin D3 [1,25(OH)2D3], vitamin D receptor (VDR),
was identified (Baker et al., 1988) and later shown important in regulating intesti-
nal drug metabolism by acting as a bile acid sensor (Makishima et al., 2002). On a
parallel path, the signaling pathways involved in the adaptive metabolic response to
exposure to polyaromatic hydrocarbons such as tetrachlorodibenzo-p-dioxin were
clarified in the 1970s and the 1980s with the isolation and cloning of the aryl hydro-
carbon (Ah) receptor (AhR) (Poland et al., 1976; Hoffman et al., 1991; Burbach
et al., 1992). Furthermore, within the last decade, there has been significant progress
in understanding the role of oxidative stress in adaptive response to xenobiotic
exposure with the discovery of the nuclear factor-E2-p45-related factor 2 (Nrf2)
signaling pathway that regulates the transcription of select drug detoxication genes
(Venugopal and Jaiswal, 1996; Nguyen et al., 2000; Hayashi et al., 2003; Kwak
et al., 2003; Kang et al., 2004; Wakabayashi et al., 2004).

This chapter will review drug–drug interactions with respect to the pharmacology
of induction, clinically relevant induction-type drug interactions, and therapeutic
aspects of nuclear receptor-mediated regulation of drug-metabolizing enzyme and
transporter gene expression. Focus will be given on pathways involving the nuclear
receptors PXR, CAR, FXR, and VDR since these represent key transcriptional
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regulators for the most important drug-metabolizing enzymes and transporters.
Although as clinically relevant, this chapter will not discuss the roles of AhR
and Nrf2 in drug–drug interactions and the reader is directed to recent reviews
(Beischlag et al., 2008; Pickett et al., 2009).

4.2 Pharmacology of Induction

4.2.1 Nuclear Receptor-Mediated Regulation of Drug
Disposition Gene Expression

A simple and elegant system of xenosensing and hormonal regulation of gene
expression is mediated through the actions of the superfamily of nuclear receptor
genes (Mangelsdorf and Evans, 1995; Chawla et al., 2001). Typically, these nuclear
receptors are resident in the cellular cytoplasm and upon binding to ligands, a com-
mon signaling mechanism is elicited whereby the bound receptor translocates to the
nucleus, heterodimerizes with the 9-cis retinoic acid receptor (RXR) and binding
of the complex to regulatory regions of target genes. Upon release of co-repressor
proteins and the recruitment of co-activators, there is a stimulation of the general
transcriptional machinery. Ligand binding to each nuclear receptor within the het-
erodimer causes differential allosteric communication that results in permissive,
conditional, or non-permissive transcriptional activation (Shulman et al., 2004).

Arguably, the most important nuclear receptor involved in induction-type drug–
drug interactions is PXR. The title rests upon this protein in part because PXR is
a promiscuous receptor that is bound and activated by chemically diverse com-
pounds owing to a large and flexible ligand-binding cavity (Watkins et al., 2001;
2003a; 2003b). Secondly, PXR regulates the expression of the phase I enzyme
CYP3A4 and the ATP-binding cassette (ABC) efflux transporter P-glycoprotein
(P-gp) encoded by the MDR1 gene (Table 4.1). Both of these proteins are respon-
sible for the metabolism and transport of 50% of all drugs on the market. Wide
interindividual variation exists in the tissue activities of CYP3A4 and P-gp and
this is not the result of common non-synonymous polymorphisms in these genes
(Hoffmeyer et al., 2000; Kim et al., 2001; Lamba et al., 2002) but probably because
of differences in gene expression which are controlled by environmental chemical
exposure and PXR signaling. It should be noted that there are clear differences in the
activation of PXR orthologs between species that account for variability in CYP3A
inducibility by various drugs (Kocarek et al., 1995). For example, pregnenolone car-
bonitrile (PCN) induces the expression of rodent Cyp3a genes more powerfully than
human CYP3A4, while rifampin upregulates human CYP3A4 much more strongly
than Cyp3a in rodents. Studies using humanized PXR transgenic mice have ele-
gantly demonstrated that the species difference in CYP3A inducibility relates to
differential activation of PXR orthologs by xenobiotics (Xie et al., 2000). Part of
this species difference in drug-dependent activation is due to a single amino acid
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Table 4.1 Human drug disposition genes regulated by PXR and/or CAR

Gene References

Oxidative metabolism (phase I)
CYP2A6 Itoh et al. (2006)
CYP2B6 Goodwin et al. (2001) and Wang et al. (2003)
CYP2C9 Ferguson et al. (2002), Gerbal-Chaloin et al. (2002) and Chen

et al. (2004)
CYP2C19 Gerbal-Chaloin et al. (2001) and Chen et al. (2003)
CYP3A4 Goodwin et al. (1999)
CYP3A7 Pascussi et al. (1999), Bertilsson et al. (2001)
HCE2 Yang and Yan (2007)

Conjugation (phase II)
UGT1A1 Sugatani et al. (2001, 2004)
UGT1A3 Gardner-Stephen et al. (2004)
UGT1A4 Gardner-Stephen et al. (2004)
UGT2B7 Gallicano et al. (1999)
SULT2A1 Echchgadda et al. (2007) and Fang et al. (2007)

Transport (phase III)
MDR1 Geick et al. (2001)
MRP2 Kast et al. (2002)
MRP4 Assem et al. (2004)
OATP1A2 Miki et al. (2006) and Meyer zu Schwabedissen et al. (2008)

difference between rodent and human PXR that lies in a location which lines the
pore to the ligand-binding cavity (Tirona et al., 2004).

The nuclear receptor CAR is activated by fewer compounds than PXR but
is responsible for regulating similar target genes such as CYP3A4 and MDR1
(Table 4.1) and hence is a significant contributor to drug–drug interactions.
Interestingly, phenobarbital causes inductive responses through CAR signaling
despite that it is not a direct ligand of the receptor (Moore et al., 2000b). Recent
reports have demonstrated an important role of kinase activation in the non-ligand
activation of CAR (Hosseinpour et al., 2007; Inoue and Negishi, 2008; Sueyoshi
et al., 2008). Moreover, studies on CAR structure have shed insight into the molec-
ular mechanisms that determine the constitutive activity of this receptor (Suino et al.,
2004; Xu et al., 2004).

FXR activation has become a relevant nuclear signaling pathway regulating drug
metabolism and transport. Recent studies have identified functional FXR response
elements in genes such as CYP3A4 (Gnerre et al., 2004) and ABCC2 (MRP2) (Kast
et al., 2002) suggesting an important role in determining the pharmacokinetics of
numerous drugs (Table 4.2). While bile acids are endogenous ligands for FXR,
there have been no reports to date that indicate that prescription drugs are functional
FXR agonists. However, a number of FXR agonists are under drug development
(Dussault et al., 2003a; Hartman et al., 2009) or have been isolated from natural
products such as coffee (e.g. cafestol) (Ricketts et al., 2007). Moreover, several FXR
antagonists have been identified including the gugulipid constituent guggulsterone
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Table 4.2 Human drug disposition genes regulated by FXR

Gene References

Oxidative metabolism (phase I)
CYP3A4 Gnerre et al. (2004)

Conjugation (phase II)
SULT2A1 Miyata et al. (2006)
UGT2B4 Barbier et al. (2003)
UGT2B15 Kaeding et al. (2008)
UGT2B17 Kaeding et al. (2008)

Transport (phase III)
BSEP Ananthanarayanan et al. (2001), Schuetz et al. (2001), and

Plass et al. (2002)
MRP2 Kast et al. (2002)
NTCP Denson et al. (2001)
OATP1B3 Jung et al. (2002) and Ohtsuka et al. (2006)
OSTα/β Boyer et al. (2006) and Landrier et al. (2006)

(Urizar et al., 2002) and the soya lipid, stigmasterol (Carter et al., 2007). Hence,
there exists the possibility that food–drug interactions may occur due to interactions
at the level of FXR.

The role of vitamin D as a modulating factor in drug metabolism came to the
attention of scientists after the observation that the hormone was capable of inducing
CYP3A4 in the intestinal Caco-2 cell line (Schmiedlin-Ren et al., 1997). It was
later appreciated that VDR regulated intestinal CYP3A4 expression and potentially
first-pass intestinal drug metabolism (Thummel et al., 2001).

4.2.2 Drug-Metabolizing Enzymes Regulated by Nuclear Receptors

The drug-metabolizing enzymes regulated by PXR, CAR, FXR, and VDR are
summarized in Tables 4.1, 4.2, and 4.3, respectively. Among those genes reg-
ulated by PXR signaling, CYP3A4 expression is the most upregulated of all
enzymes when examined by microarray analysis of inducer-treated cultured human
hepatocytes (Healan-Greenberg et al., 2008). On the other hand, in human hep-
atocytes, CYP2B6 is most sensitive to the inductive effects of CAR activation
(Finkelstein et al., 2006). In precision-cut human liver slices and in the human
hepatocellular carcinoma cell model HepG2, treatment with the FXR agonist, chen-
odeoxycholate (CDCA), produced modest induction of CYP3A4 (Gnerre et al.,
2004; Jung et al., 2007). Recent studies have demonstrated a role for PXR in the
induction of carboxylesterase isoform 2 by 8-methoxypsoralen exposure (Yang and
Yan, 2007).



80 R.G. Tirona

Table 4.3 Human drug disposition genes regulated by VDR

Gene References

Oxidative metabolism (phase I)
CYP2B6 Drocourt et al. (2002)
CYP2C9 Drocourt et al. (2002)
CYP3A4 Thummel et al. (2001) and Makishima et al. (2002)

Conjugation (phase II)
SULT2A1 Echchgadda et al. (2004)

Transport (phase III)
MDR1 Saeki et al. (2008)
MRP3 McCarthy et al. (2005)

4.2.3 Drug Transporters Regulated by Nuclear Receptors

Drug transporters whose expression is modulated by nuclear receptors are listed in
Tables 4.1, 4.2, and 4.3. With respect to PXR activation, P-gp expression appears to
be strongly regulated (Geick et al., 2001). Indeed, rifampin-treated subjects had sig-
nificant upregulation of P-gp and multidrug resistance-associated protein 2 (MRP2)
in enterocytes (Greiner et al., 1999; Fromm et al., 2000). FXR activation is an
important component of homeostatic control of enterohepatic bile acid recircula-
tion. Hence, CDCA is known to induce the canalicular bile salt export pump (BSEP)
(Ananthanarayanan et al., 2001; Schuetz et al., 2001; Plass et al., 2002), the basolat-
eral organic anion transporting polypetide 1B3 (Jung et al., 2002; Briz et al., 2006;
Jung et al., 2007) in liver, and the apical organic solute transporter α/β in entero-
cytes (Boyer et al., 2006; Landrier et al., 2006), while reducing the expression of
the hepatic basolateral transporter, sodium-dependent taurocholate cotransporting
polypeptide (NTCP) (Denson et al., 2001).

Table 4.4 Selected modulators of CAR

Compound References

Activators
Artemisinin Burk et al. (2005)
Phenobarbital Kawamoto et al. (1999)
CITCO Maglich et al. (2003)
Oltipraz Merrell et al. (2008)
Di-(2-ethylhexyl) phthalate Dekeyser et al. (2009)
Phenytoin Wang et al. (2004a)
Cerivastatin Kobayashi et al. (2005)
Fluvastatin Kobayashi et al. (2005)
Simvastatin Kobayashi et al. (2005)
Atorvastatin Kobayashi et al. (2005)

Inhibitors
PK11195 Li et al. (2008)
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4.2.4 Nuclear Receptor Regulatory Networks in Drug Disposition

There is much complexity in the regulatory networks for drug disposition genes
due to variety of mechanisms. For example, any given drug can activate a number
of different nuclear receptors (lack of specificity). Such is the case for pheny-
toin, a drug that will activate PXR and CAR (Wang et al., 2004a) (see Tables 4.4
and 4.5). Each nuclear receptor can be activated or deactivated by many drugs,
which may or may not be co-adminstered in a patient (promiscuity). For instance,
PXR binds to a large variety of chemically diverse compounds (Table 4.5) where
binding for a drug can occur in different orientations and multiple ligands are
thought to be able to occupy the ligand-binding cavity (Watkins et al., 2001).
Furthermore, each nuclear receptor can activate a large gene battery which may

Table 4.5 Selected activators and inhibitors of PXR

Compound References

Activators
Rifampin Luo et al. (2002)
Hyperforin Moore et al. (2000a)
Clotrimazole Luo et al. (2002)
Phenytoin Luo et al. (2002)
Phenobarbital Luo et al. (2002)
Dexamethasone Pascussi et al. (2001)
Zearalenone Ding et al. (2006)
Flucloxacillin Huwyler et al. (2006)
Artemisinin Huang et al. (2004) and Burk et al. (2005)
Nicotine Lamba et al. (2004)
Nifedipine Drocourt et al. (2001)
Troleandomycin Trubetskoy et al. (2005)
Omeprazole Drocourt et al. (2001) and Raucy et al. (2002)
Paclitaxel Mani et al. (2005)
Forskolin Ding and Staudinger (2005a)
Carbamazepine Luo et al. (2002)
Topotecan Schuetz et al. (2002)
Etoposide Schuetz et al. (2002)
Mevastatin Raucy et al. (2002)
Sulfinpyrazone Luo et al. (2002)
Ritonavir Luo et al. (2002)
Pyrethroids Yang et al. (2009)
Genistein Li et al. (2009b)
Nafcillin Yasuda et al. (2008)
Colupulone Teotico et al. (2008)

Inhibitors
Ketoconazole Huang et al. (2007)
Trabectedin (ET-742) Synold et al. (2001)
Sulforaphane Zhou et al. (2007)
Stigmasterol Carter et al. (2007)
Coumestrol Wang et al. (2008a)
A-792611 Healan-Greenberg et al. (2008)
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overlap with those regulated by other xenosensors (broad target selectivity). Such
is the case for PXR and CAR whose target genes largely overlap, but the degree of
regulation by each receptor may differ (Maglich et al., 2002). Lastly, each drug dis-
position gene can be regulated by a number of nuclear receptors (redundancy) which
may compete or synergize with respect to target gene transcription. Such is the
case for the sulfotransferase enzyme SULT2A1 which is regulated by PXR (Sonoda
et al., 2002), CAR (Assem et al., 2004), VDR (Echchgadda et al., 2004), and FXR
(Miyata et al., 2006). To further add to the complexity of drug disposition gene reg-
ulation, the nuclear receptors themselves regulate each other. PXR is regulated by
FXR (Jung et al., 2006), CAR (Maglich et al., 2002), AhR (Maglich et al., 2002),
and itself (Maglich et al., 2002).

4.2.5 Prediction of Induction-Type Drug Interactions

Prediction of in vivo induction-type drug–drug interactions from in vitro sys-
tems is of certain interest to those involved in the discovery and development of
drugs. Hence, a number of experimental systems have been employed including
cultured primary human hepatocytes and liver slices, humanized mouse models,
transformed hepatocytes or cell lines, reporter gene assays, co-activator recruitment
assays, and receptor binding assays. Each system differs in the degree of biologi-
cal complexity and experimental ease. Examination of gene expression changes in
cultures of primary human hepatocytes after drug challenge is considered the “gold
standard” approach (http://www.fda.gov/CDER/guidance/6695dft.htm). A number
of “humanized” mouse models have been recently described, each with differing
variations in nuclear receptor composition (PXR/CAR) (Xie et al., 2000; Huang
et al., 2004; Scheer et al., 2008) or those also harbouring human drug-metabolizing
enzyme genes such as CYP3A4 (Ma et al., 2008). Given the cost and limited
availability of primary human hepatocytes, various transformed cell systems have
been developed to mimic the adaptive response in liver. These include the Fa2N-
4 immortalized human hepatocyte clone (Mills et al., 2004; Ripp et al., 2006;
Hariparsad et al., 2008) as well as the HepaRG human hepatoma cell line (Aninat
et al., 2006; Kanebratt and Andersson, 2008; Lambert et al., 2009a, b; McGinnity
et al., 2009). Of popular use are reporter gene assays whereby cell lines are
stably or transiently transfected with luciferase reporters and nuclear receptors
(Goodwin et al., 1999). The advantages of this system are its technical simplicity
and predictability of in vivo effects.

We have shown that the PXR reporter gene assay predicts well the magnitude
of CYP3A4 induction in vivo as assessed in high-quality clinical drug–drug interac-
tion studies (Tirona and Kim, 2009). In that analysis, data derived from reporter gene
assays were compiled with information pertaining to the potency (EC50) and effi-
cacy (Emax) of PXR activation for a number of drugs. Similar to other pharmacolog-
ical responses, the magnitude of inductive response is related to the target potency
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and the concentration of the active compound at the receptor site. When consider-
ing adaptive responses in liver, the maximum concentration of the drug in plasma
(Cmax) after (oral) dosing is thought to reflect the intracellular concentration of drug
in hepatocytes. Therefore, the ratio of Cmax to EC50 is a useful metric to predict the
propensity of a compound to elicit an inductive response on a PXR target gene such
as CYP3A4. To test this metric, data from drug–drug interaction studies that exam-
ined the effects of chronically administered compounds on the pharmacokinetics of
CYP3A4 probe drugs such as midazolam and simvastatin were used. The results
of this exercise demonstrated that when Cmax/EC50 was less than 0.1, such as in
the case of statin drugs and calcium channel blockers, no in vivo CYP3A4 induc-
tion was evident. For drugs whose Cmax/EC50 were between values of 0.1 and 1,
for example, bosentan, rifabutin, and efavirenz, moderate induction of CYP3A4
has been documented as demonstrated by a reduction of probe drug exposure (area
under the plasma concentration–time curve; AUC) of 15–55%. Now for drugs with
Cmax/EC50 values greater than 1, marked induction of CYP3A4 activity was evi-
dent. Indeed, the AUC of CYP3A4 probe drugs decreased 61–94%, after exposure
when PXR activators in this group such as carbamazepine, hyperforin, rifampin,
and phenobarbital. Although this analysis was performed to specifically understand
CYP3A4 inducibility by PXR activation, it is likely that a similar evaluation using
in vitro data for other nuclear receptor (CAR or FXR) responses by drugs and their
in vivo target gene (enzymes and transporters) induction will also yield comparable
results.

For some instances, however, the plasma concentrations of drugs (Cmax) do not
serve as good surrogate measures of the intracellular levels at the site of nuclear
receptors. One reason is because intracellular drug accumulation is modulated by the
actions of drug uptake and efflux transporters. One example of such an effect is given
by OATP1B1, the transporter for rifampin uptake, whose overexpression caused an
enhancement of PXR activation in vitro (Tirona et al., 2003). In another scenario,
induction of Cyp3a in the livers of mice that were P-gp deficient was greater than
that in wild-type mice when both were treated with rifampin (Schuetz et al., 1996).
This was consistent with elevated levels of rifampin in livers of P-gp knockout
compared to wild-type mice, presumably because P-gp transports rifampin.

4.3 Drugs and Herbal Medicines Involved in Clinically Relevant
Induction-Type Drug–Drug Interactions

While the list of compounds that activate the nuclear receptors PXR, CAR, and
FXR has rapidly grown over the last decade, it is interesting to note that from a
therapeutic perspective relatively few prescription drugs are known to cause clini-
cally relevant induction-type drug interactions. The number of such clinical inducers
amounts to roughly 20 drugs and these are found in only five major therapeu-
tic categories: anticonvulsants, antibiotics, human immunodeficiency virus (HIV)
protease inhibitors, non-nucleoside reverse transcriptase inhibitors, and miscella-
neous (Table 4.6). It can be appreciated that within each category, not all drugs are
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Table 4.6 Prescription medicines known to cause clinically relevant induction-type drug
interactions

Drug References

Anticonvulsants
Phenobarbital Conney et al. (1965) and Kawamoto et al. (1999)
Carbamazepine Luo et al. (2002)
Oxcarbazepine Lloyd et al. (1994)
Phenytoin Conney et al. (1965)
Valproic acid DeVane (2003)
Lamotrigine Benedetti (2000)
Topiramate Benedetti (2000)
Felbamate Benedetti (2000)

Antibiotics
Nafcillin Qureshi et al. (1984)
Rifampin Acocella (1978)
Rifabutin Finch et al. (2002)

HIV protease inhibitors
Ritonavir Product monograph
Nelfinavir Product monograph
Lopinavir Product monograph
Tipranavir King and Acosta (2006)
Amprenavir Justesen et al. (2003)
Atazanavir Perloff et al. (2005)

Non-nucleoside reverse
Transcriptase inhibitors
Efavirenz Mouly et al. (2002)
Nevirapine Murphy et al. (1999)

Other
Bosentan van Giersbergen et al. (2002)

inducers and therefore a “class effect” for inductive drug interactions does not exist.
This is highlighted in the case of HIV protease inhibitors. While many of the newer
compounds such as tipranavir and atazanavir are CYP inducers (PXR activators), a
handful of the older HIV protease inhibitors including indinavir and saquinavir are
devoid of this propensity. The inductive potential of many HIV protease inhibitors is
however negated somewhat by the fact that they are often co-administered with the
potent CYP3A4 inhibitor ritonavir in “boosted” therapy. The result of the ritonavir
and other HIV protease inhibitor co-treatment is net inhibition of CYP3A4 activity.
However, since ritonavir does not inhibit other PXR target genes such as CYP2B6,
several inductive drug interactions have been documented involving the CYP2B6
substrate methadone during boosted HIV protease inhibitor therapy (McCance-Katz
et al., 2003; Hendrix et al., 2004).

Within the rifamycin class of antibiotics, there appears to be differences in
the magnitude of inductive drug interactions when you compare the older agent
rifampin with that of the relatively newer rifabutin. Here, the reduction in antiretro-
viral drug plasma exposure is less marked with rifabutin than rifampin (Baciewicz
et al., 2008) despite that both drugs are equipotent with regard to PXR activation
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(EC50 values ∼1.5–1.9 μM). An explanation for this differential inductive effect
is that rifabutin concentrations in plasma are low (Cmax ∼0.5 μM) while those for
rifampin are high enough (Cmax ∼16.5 μM) to elicit an effect on PXR signaling.
One interesting drug in the rifamycin class is rifaximin. Rifaximin is used in the
treatment of irritable bowel syndrome and is structurally similar to other rifamycins.
Not surprisingly, rifaximin is a PXR activator in vitro (Ma et al., 2007) but unchar-
acteristically, it does not cause inductive drug interactions as was demonstrated
in the absence of effect on either ethinylestradiol or midazolam pharmacokinetics
(Pentikis et al., 2007; Trapnell et al., 2007). Here, the lack of in vivo inductive
effect is related to the fact that rifaximin is not absorbed to any great extent into
the systemic circulation to cause an elevation of hepatic drug elimination (Ma et al.,
2007).

Herbal medicine use has become popular with an estimated 38 million Americans
(19% of the population) having used this treatment modality within 12 months of
a 2002 survey (Kennedy et al., 2008). This statistic may be somewhat alarming if
you consider that only one-third of herbal medicine users inform their physician
(Kennedy et al., 2008) and that approximately 43% of herbal users also take pre-
scription medications (Peng et al., 2004). Moreover, these numbers are unsettling
because by 1999, it became clear that herbal medicine use was not innocuous as
generally believed, particularly because of the possibility of significant drug–herb

Table 4.7 Induction-type herb–drug interactions

Herb Drugs affected References

Hypericum perforatum
(St John’s Wort)

Cyclosporine Ruschitzka et al. (2000)
Indinavir Piscitelli et al. (2000)
Omeprazole Wang et al. (2004b)
Digoxin Johne et al. (1999) and Durr

et al. (2000)
Imatinib Frye et al. (2004)
Oral contraceptives Schwarz et al. (2003)
Tacrolimus Mai et al. (2003)
Warfarin Yue et al. (2000)
Theophylline Nebel et al. (1999)
Midazolam Dresser et al. (2003)
Fexofenadine Dresser et al. (2003)
Alprazolam Markowitz et al. (2003)
Quazepam Kawaguchi et al. (2004)
Talinolol Schwarz et al. (2007)
Ivabradine Portoles et al. (2006)
Irinotecan Mathijssen et al. (2002)

Echinacea purpurea or
augustifolia

Midazolam Gorski et al. (2004)

Allium sativum (garlic) Saquinavir Piscitelli et al. (2002)
Ginkgo biloba Omeprazole Yin et al. (2004)

Midazolam Robertson et al. (2008)
Panax quinquefolius (American

ginseng)
Warfarin Yuan et al. (2004)
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interactions. It was around this time that a number of reports documenting that treat-
ment with preparations of St. John’s Wort, commonly used for mild depression,
caused reduction in the plasma concentration of co-administered prescription med-
ications, including theophylline (Nebel et al., 1999), digoxin (Johne et al., 1999),
cyclosporine (Ruschitzka et al., 2000), and indinavir (Piscitelli et al., 2000). In the
cases with cyclosporine, the results of the herb–drug interaction were episodes of
heart transplant rejection stemming from inadequate immunosuppressant plasma
concentrations. Later, the active inducing component in St. John’s Wort, hyper-
forin, was isolated and interestingly, it is a compound with the greatest potency
of all activators of PXR (EC50 = 23 nM) (Moore et al., 2000a). In addition to St.
John’s Wort, Ginko biloba extract appears to also contain PXR and CAR activating
constituents (Yeung et al., 2008; Li et al., 2009a) and that formal drug interaction
studies with midazolam demonstrate that this herbal induces CYP3A4 activity in
vivo (Robertson et al., 2008). Currently, there are less compelling data for other
herbal medicines and their capacity for causing inductive herb–drug interactions
(Table 4.7)

4.4 Therapeutic Aspects of Induction-Type Drug Interactions

4.4.1 Time Course of Nuclear Receptor Responses

Understanding the time course of nuclear receptor responses in vivo has practi-
cal implications. For instance, clinicians need to know how long induction and
de-induction phases persist before new steady-state drug responses are reached
for patients initiating or discontinuing medications that are known to have induc-
tion properties. This would allow one to titrate co-medications when necessary at
appropriate time frames during drug therapy. Moreover, from a drug development
perspective, the design of induction-type drug–drug interaction studies requires
knowledge of the inductive response in order to plan the appropriate duration for
the intervention.

While increased transcription rate of target genes occurs within hours of xeno-
biotic exposure and nuclear receptor activation, there is a lag in the time for
protein levels to change. A number of studies have mapped the time course of
this induction process by following the plasma levels of drugs and/or metabo-
lites that are susceptible to changes in metabolic activity. One such study involved
monitoring of carbamazepine levels in children during treatment initiation as the
auto-induction process occurred. Within the first few doses, there was a decrease
in carbamazepine levels which reached steady state only by 1 month of therapy
(Bertilsson et al., 1980). In another study, the quantity of the 6β-hydroxylated
metabolite of cortisol in urine was measured as a marker of CYP3A4 activity in
subjects administered rifampin (Tran et al., 1999). Here, CYP3A4 induction was
obvious within a day of rifampin initiation, then enzyme activity peaked and reached
a plateau by 5 days. Upon discontinuation of rifampin, CYP3A4 activity declined
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after 2 days then returned to baseline levels by 7 days. Hence rifampin caused both
relatively rapid CYP3A4 induction and de-induction owing to the fact that it has
a short half-life of 3 h and that transcriptional enhancement is fast and CYP3A4
protein turnover is somewhat high. These data reflect the time course of inductive
response for CYP3A4 via PXR signaling. More studies are required to understand
the time course of adaptive response for other drug-metabolizing enzymes and
transporters.

4.4.2 Inhibition of Nuclear Receptors

There has been recent interest in identifying inhibitors of nuclear receptors for use
as therapeutic agents or as chemical tools to explore gene expression pathways
(Tables 4.4 and 4.5). PXR antagonists such as ketonconazole are being consid-
ered as adjunct treatment to counteract cancer chemotherapeutic drug resistance by
acting as agents to suppress the tumoral expression of drug-metabolizing enzymes
and transporters such as P-gp (Huang et al., 2007; Wang et al., 2007). In breast
cancer, PXR is highly expressed and regulates the expression of the estrogen
uptake transporter OATP1A2 (Miki et al., 2006; Meyer zu Schwabedissen et al.,
2008). Blockade of PXR activity by treatment with the HIV protease inhibitor
A-792611 (Healan-Greenberg et al., 2008) inhibits estrogen-mediated breast cancer
cell proliferation in vitro (Meyer zu Schwabedissen et al., 2008). The antineoplas-
tic agent trabectedin (ET-743), which is derived from the sea squirt, is among the
most potent PXR antagonists (IC50 = 50 nM). Other PXR antagonists include
the broccoli constituent sulforaphane (Zhou et al., 2007), the soya lipid stig-
masterol (Carter et al., 2007), and the phytoestrogen coumestrol (Wang et al.,
2008a). While a number of PXR antagonists have been identified, there has not
been clinical demonstration that when co-administered with PXR agonists such
as rifampin, these compounds would attenuate the induction of target genes such
as CYP3A4.

4.4.3 Nuclear Receptors and Drug Side Effects

In the treatment of tuberculosis, HIV infection, or epilepsy, chronic or lifelong
treatment with drugs occurs where nuclear receptors, as an off-target, are contin-
ually activated. Such sustained nuclear receptor activation has been associated with
a number of drug side effects. For instance, anticonvulsants (Kodama et al., 1989;
Eiris-Punal et al., 1999; Castro-Gago et al., 2007) and rifampin (Kodama et al.,
1989; Kim et al., 2007) cause hypothyroidism because of increased turnover of
thyroid hormone in liver resulting from induction of glucuronidation and sulfa-
tion (Qatanani et al., 2005) or biliary excretion (Curran and DeGroot, 1991; Wong
et al., 2005). Interruption of vitamin D signaling is thought to cause rifampin-
induced bone loss or osteomalacia (Shah et al., 1981). By acting on PXR,



88 R.G. Tirona

rifampin upregulates the vitamin D-metabolizing enzyme, CYP24, hence promoting
degradation of active hormone (Pascussi et al., 2005; Zhou et al., 2006a). In
addition, pseudo-Cushing’s syndrome (hypercortisolism) is caused by PXR activa-
tion by rifampin and subsequent disruption of glucocorticoid homeostasis (Terzolo
et al., 1995; Zhai et al., 2007). Lastly, chronic PXR and CAR activation causes
hepatic steatosis (Zhou et al., 2008a; Finn et al., 2009; Hoekstra et al., 2009), in
part due to upregulation of the fatty acid transporter cd36 (Zhou et al., 2008a).
Hence, treatment with HIV protease inhibitors is associated with the development of
fatty liver (Riddle et al., 2001; Sulkowski et al., 2005; Moreno-Torres et al.,
2007).

4.4.4 Interindividual Variation in Drug Response –
Pharmacogenetics of Nuclear Receptors

Polymorphisms in the NR1I2 (PXR) gene have been extensively studied (Zhang
et al., 2001; Koyano et al., 2002). Few, rare non-synonymous polymorphisms in
PXR are demonstrated to have reduced transcriptional activity (Hustert et al., 2001;
Lim et al., 2005). Other single-nucleotide polymorphisms (SNP) in PXR are located
in regulatory regions or introns of the gene and are linked with variation in hepatic
CYP3A4 content (Lamba et al., 2008). In a formal study of the PXR genotype and
phenotype, it was observed that subjects with the H1/H1 PXR haplotype possessed
lower basal CYP3A4 activity but increased CYP3A4 inducibility upon treatment
with St. John’s Wort, when nifedipine was used as a drug probe (Wang et al., 2009).
An influence of PXR genetics was also observed for doxorubicin pharmacokinet-
ics in breast cancer patients, whereby the PXR∗1b haplotype was associated with
decreased drug clearance (Sandanaraj et al., 2008). Moreover, a PXR SNP is associ-
ated with reduced and subtherapeutic levels of the HIV protease inhibitor atazanavir
(Siccardi et al., 2008). Genetic polymorphisms in PXR have also been linked to
increased risk for inflammatory bowel diseases such as Crohn’s disease and ulcera-
tive colitis (Langmann et al., 2004; Dring et al., 2006). In support of these findings,
mice with genetic deficiency in pxr show signs of intestinal inflammation (Shah
et al., 2007).The mechanism for control of gut inflammation appears to result from
mutual inhibition of PXR and NF-κB signaling (Zhou et al., 2006b; Shah et al.,
2007).

Interestingly, FXR (NR1I4) gene polymorphisms have become associated with
a number of phenotypes. The relatively common polymorphism within the Kozak
sequence (FXR∗1b) shows reduced function in vitro and is linked with decreased
hepatic target gene expression (e.g. OATP1B3) (Marzolini et al., 2007). At present,
there is no information to indicate that FXR polymorphisms relate to interindividual
differences in drug clearance. However, the FXR∗1b genotype is associated with an
increased risk for intrahepatic cholestasis of pregnancy (Van Mil et al., 2007) and
for cholesterol gallstone disease (Kovacs et al., 2008).



4 Impact of Nuclear Receptors 89

4.4.5 Xenobiotic Receptors as Drug Targets

The nuclear receptors that regulate drug disposition genes have been studied not
only for their relevance to drug–drug interactions but also for their potential as ther-
apeutic drug targets. This is not a novel concept as activating CAR by treatment
with phenobarbital has long been used in the treatment of neonatal hyperbiliru-
binemia to upregulate the expression of bilirubin glucuronidation (UGT1A1) and
biliary conjugate excretion (MRP2) (Sugatani et al., 2001; Huang et al., 2003;
2004). CAR may also be a druggable target because of its role in energy home-
ostasis. For example, CAR-deficient mice do not exhibit hypertriglyceridemia when
fed a high-fat diet (Maglich et al., 2009). There is also reason to believe that CAR
may be critical in the development of non-alcoholic steatohepatitis (Yamazaki et al.,
2007). Given that a specific CAR antagonist (1-(2-chlorophenyl-methylpropyl)-
3-isoquinoline-carboxamide) has already been discovered (Li et al., 2008), it
follows that drugs that inhibit CAR may find benefit in the treatment of lipid
disorders.

The use of PXR antagonists to circumvent drug resistance in various cancers
has already been discussed previously as a way to suppress drug metabolism
and transport in tumors. However, recent findings also indicate another mecha-
nism for modulating PXR activity in cancer. It appears that PXR has antiapoptotic
effect in colon cancer unrelated to regulation of drug metabolism but due to a
combination of upregulation of antiapoptotic genes and downregulation of proapop-
totic genes (Zhou et al., 2008b). Similar to CAR and FXR, PXR is involved
in lipid and cholesterol homeostasis and therefore targeting of this receptor may
have utility in the prevention or treatment of cardiovascular disease. Indeed,
PXR activation has complex effects on serum lipoproteins (Masson et al., 2005;
Sporstol et al., 2005; Ricketts et al., 2007; de Haan et al., 2009; Hoekstra et al.,
2009). The potential for therapeutic modulation of PXR activity for other dis-
eases of lipid excess has also been suggested for cerebrotendinous xanthomatosis
(Dussault et al., 2003b) and Niemann–Pick type C1 disease (Langmade et al.,
2006).

FXR agonists have received attention recently as a number of compounds under
drug development are beginning to show promise. For example, studies with the
FXR agonists INT-747 (Mencarelli et al., 2009) and WAY-362450 (Evans et al.,
2009; Flatt et al., 2009; Hartman et al., 2009) have compelling data to demon-
strate antiatherosclerotic activities in preclinical models. Moreover, FXR activation
results in hepatic and vascular anti-inflammatory responses (Li et al., 2007; Wang
et al., 2008b; Zhang et al., 2009) which may augment other cardiovascular bene-
fits. FXR agonism may also be a novel strategy in the treatment or prevention of
cholesterol gallstone disease by increasing phospholipid and bile acid concentra-
tions in the maintenance of cholesterol solubility in bile (Moschetta et al., 2004).
Furthermore, there is experimental evidence that activation of FXR may be of ben-
efit in the treatment of non-alcoholic fatty liver disease (Figge et al., 2004; Kong
et al., 2009).
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4.5 Perspectives

There has been much progress in understanding the role of nuclear receptors as
important determinants of drug–drug interactions and contributors to drug response
and toxicity. However, there are areas in nuclear receptor research that require fur-
ther study and are the topics of recent studies. In this regard, there remains more to
clarify with respect to mechanisms of epigenetic control of nuclear receptor expres-
sion and function. Indeed, studies have shown that PXR expression is regulated by
micro-RNAs which subsequently influence CYP3A4 levels (Takagi et al., 2008).
Furthermore, studies are beginning to clarify the roles of histone methyltransferases
in regulating PXR (Xie et al., 2009) and FXR (Rizzo et al., 2005) transcriptional
responses. Likewise, as what has become important for CAR signaling, nuclear
receptor phosphorylation of PXR (Ding and Staudinger, 2005b; Pondugula et al.,
2009) and FXR (Frankenberg et al., 2008; Gineste et al., 2008) determines their
activities.

Another new area of drug disposition research is the role of nuclear receptors in
the maintenance of the blood–brain barrier. It appears that PXR is expressed in brain
capillaries to regulate the expression of drug transporters (Bauer et al., 2004; 2006;
Bauer et al., 2008; Narang et al., 2008; Zastre et al., 2009). How regulation of drug
transport in the brain influences pharmacologic and toxic drug effects in humans
remains to be seen.

Lastly, there is compelling evidence for a clinical impact of nuclear receptor-
mediated control of CYP enzymes, UGTs, and MDR1. However, the in vitro and
animal models indicate that other drug-metabolizing enzymes and transporters are
induced by nuclear receptor activation. It will be important in the next few years to
demonstrate functionally in vivo that such similar regulation occurs and that there
may be an impact on drug response.

It can be expected that, as we gain further insight from molecular mechanisms to
clinical consequences, studies in the nuclear receptor field will provide knowledge
and means to develop safer and more effective drugs as well as better strategies for
the optimal use of medicines in current practice.
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Chapter 5
Impact of Physiological Determinants: Flow,
Binding, Transporters and Enzymes on Organ
and Total Body Clearances

K. Sandy Pang, Huadong Sun, and Edwin C.Y. Chow

Abstract Physiologically based pharmacokinetic (PBPK) models of the intestine,
liver, and kidney were developed to examine the influence of transporters as well as
enzymes on the area under the curve and clearances of drugs and metabolites. Whole
body PBPK models were then developed, with the kidney and intestine or the kid-
ney and liver as the organs for excretion and metabolism. From these PBPK models,
the influence of flow, binding, transporters, and enzymes and the presence of com-
peting pathways and competing organs on the areas of the drug and metabolite and
total body clearance were defined. These relationships on the drug and metabolite
AUC data are extremely useful for understanding the DDI mechanism, transport or
metabolism, or both.

5.1 Introduction

The absorption, distribution, metabolism, and excretion (ADME) of a drug deter-
mine the concentration–time profile of the drug in the body. These topics on drug
absorption, distribution, and the processing of drug or metabolite within eliminating
organs by enzymes and transmembrane transporters on ADME have been covered
in some detail in Chapters 1 and 2 of Part I. The composite effects of drug binding,
enzymes, and transporters on drug entry and excretion, together with blood flow
to the organ, may be collectively integrated as organ clearance. Addis (1917) and
Möller and coworkers (1928) were among the few who first commented on the renal
clearance of urea. They defined the renal clearance of urea as the volume of biolog-
ical fluid that is cleared of the contained urea per unit time. Needless to say, the
volume is not a real volume since, as blood flows through the kidneys, no single
milliliter has all of its urea removed in any transit. Rather, a portion of the urea
is removed from each of the many milliliter of blood that is perfusing the kidneys.
Clearance (CL) is obtained upon summation of the urea removed, and by expression
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of this as if elimination arose from the blood clearing all of the contained urea in a
much small volume.

The concept of clearance applies not only to the kidneys but also to other elim-
inating organs. Hepatic drug clearance is used to describe removal of drugs by the
liver. The concept was first introduced by Lewis (1949) who related hepatic clear-
ance to the ability of the liver to remove drugs. Clearance concepts surrounding the
liver has evolved, through the efforts of Rowland (1972) and coworkers (1973; 1995;
Pang and Rowland, 1977) and Wilkinson and colleagues (Wilkinson and Shand
1975; Wilkinson, 1987). The field has evolved for the consideration of intestinal
clearance (Klippert and Noordhoek, 1985; Yu and Amidon, 1998; Ito et al., 1999;
Cong et al., 2000; Pang, 2003, Yang et al., 2007).

Clearance relates to the rate of removal and determines the steady-state concen-
tration Css in infusion situations as infusion rate/CL. More importantly, clearance
relates to the efficiency of an organ to remove a drug (Rowland et al., 1973).
Clearance, together with the volume of distribution (V), serves as determinants of
the half-life (t1/2), in the relation t1/2 = 0.693V/CL (Rowland and Tozer, 1995). The
clearance of a prototypical substrate such as indocyanine green (ICG) (Faybik and
Hetz, 2006; Sakka, 2007), sorbitol (Molino et al., 1998; Li et al., 2003), bromosul-
fophthalein (Häcki et al., 1976; Vaubourdolle et al., 1991), or lidocaine (Ercolani
et al., 2000; Kaneko et al., 2001) has been used to assess liver function, and that
for p-aminohippurate, inulin, and creatinine, to appraise renal function (Brewer
et al., 1990; Toto, 1995). Clearance concepts play an important role in
pharmacokinetics and biopharmaceutics. Constancy in clearance is the basis of
bioavailability (F) estimates for the comparison of the dose-corrected area under
the curve (AUC) of the oral vs. intravenous dose (Wagner, 1972; Greenblatt et al.,
1973; Koch-Weser, 1974a, b). In this context, CL is a sensitive marker reflective of
changes in the handling of a drug and is a determinant of the drug exposure (area
under the curve) and drug toxicity.

5.2 Common Determinants of Clearance in Eliminating Organs

For most organs and tissues, the rate of removal, v, may be estimated as the prod-
uct of flow (Q) and the difference in input (CIn) and output (COut) concentrations
(Fig. 5.1a). Under steady-state conditions, the rate of loss (vss) is attributed to elim-
ination only, since the distribution and binding of the drug to tissue proteins are
complete. Upon normalization of vss to the input concentration, one obtains clear-
ance, whereas when vss is normalized to the rate of drug presentation (QCIn), one
obtains the extraction ratio (E) (Fig. 5.1b). It is readily recognized that clearance
at the steady-state (CLss) of an organ is the product, QEss (Rowland et al., 1973;
Wilkinson and Shand, 1975; Pang and Rowland, 1977), though in this simple rela-
tionship, the identity of the physiological variables that govern CL is not revealed.
Excretion, metabolism, and transport mechanisms need to be considered, with con-
comitant monitor of circulatory metabolites and unchanged drug in excretory fluids.
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Fig. 5.1 Schematic depiction of drug removal across an eliminating organ: the steady-state elim-
ination rate (vss) according to Fick’s law, and how vss relates to the steady-state clearance, CLss,
extraction ratio, Ess, and the intrinsic clearance, CLint

Removal pathways are mostly saturable processes that are characterized by the max-
imum velocity, Vmax, and the Michaelis–Menten constant, Km. In the absence of a
transmembrane barrier (flow-limited distribution), the rate of removal for a sub-
strate equals (Vmax [S])/(Km + [S]), where [S], the unbound substrate concentration
within the liver, equals the unbound drug concentration in liver blood that is exit-
ing the organ. The term, intrinsic clearance (CLint), is developed to relate to the
rate of removal, vss, which equals CLint[S] (Fig. 5.1c) (Gillette, 1971). The intrinsic
clearance may be used to define the activity pertaining to a transporter or enzyme;
multiplication of the intrinsic clearance to the (unbound) substrate concentration [S]
provides the rate, and hence the intrinsic clearance is the volume of cellular water
that is cleared of the unbound drug per unit time. Under first-order conditions, CLint
equals Vmax/Km (Gillette, 1971; Wilkinson and Shand, 1975).

5.2.1 Protein and Red Blood Cell Binding

Usually, the unbound drug is the species that enters the organ and becomes elimi-
nated. Binding to vascular components, including protein and red blood cell (rbc),
is regarded as an inhibitory factor for drug clearance. Plasma protein binding is a
key factor in the clearance of poorly extracted drugs (Yacobi et al., 1977; 1979;
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Bekersky et al., 1984; Schary and Rowland, 1983; Rodriguez and Smith, 1991;
Chiba and Pang, 1993; Boffito et al., 2003). The elimination rate may be rate-limited
by binding (expressed as the unbound or free fraction of the drug in the plasma)
and less on the intrinsic clearance when the CLint is high. Drug binding to pro-
teins is usually a reversible process, denoted by the on- and off-rate constants; the
ratio of these is the binding association constant, KA. The unbound concentration
of drug, CP,u, that is bound to a single class of binding site of n sites and protein
concentration, Pt, is given by

CP,u = −(1 + nKAPt − KACP) +√
(1 + nKAPt − KACP)2 + 4KACP

2KA⇒ CP,u = CP − CP,b

(5.1)

and is the difference between the total (CP) and bound (CP,b) plasma concentrations.
A binding association constant (KA) of < 104 M–1 suggests poor binding, whereas
one > 104 M–1 suggests tighter binding. The higher the KA, the greater will be the
likelihood of fluctuation due to saturation of binding sites (Coffey et al., 1971).
It is often assumed that only the unbound drug could enter the cells by passive
diffusion or active transport. The uptake of drug may be dependent on the dissocia-
tion of the drug–protein bound complex when the dissociation rate constant is very
slow (Weisiger, 1985). The unbound fraction in plasma (fP), given by the ratio of
the unbound plasma concentration, CP,u, and the total plasma concentration, CP, is
related to the binding dissociation constant (KD) or 1/KA, the binding capacity, nPt,
and the unbound plasma concentration.

fP = CP,u

CP
= KD + CP,u

nPt + KD + CP,u
(5.2)

In similar fashions, appreciable distribution of a drug into red blood cells, accom-
panied by slow efflux from red blood cells (rbc), constitutes an impediment to
drug removal within an eliminating organ (Goresky et al., 1975; Hinderling, 1984;
Goresky et al., 1988; Pang et al., 1995). It is therefore important to investigate the
effect of red cell distribution in drug disposition. The partitioning of drug from
plasma in the red blood cell is given by the following mass balance equation in
relation to the blood and plasma concentrations, CB and CP, respectively,

Crbc = CB − CP(1 − Hct)

Hct
(5.3)

showing the influence of the hematocrit, Hct. The equilibration of the unbound
drug in plasma and that within the red cells is shown in Fig. 5.2a. The equilibra-
tive rate constants for the exchange of unbound drug between that plasma and rbc
are expressed as kpr and krp, respectively. Due to the difficulty in the determination
of red cell binding, k′

rp or krp/frbc (where frbc is the unbound fraction in rbc) is used
in lieu of krp to relate to the movement of total and not the unbound concentration
from the red blood cell to plasma. The drug in the rbc is not readily available for
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Fig. 5.2 (a) Drug binding to plasma protein and red cell distribution and (b) the slow equilibration
between digoxin in red blood cell and plasma (from Liu et al., 2005, with permission)

transport or metabolism when the release or off-rate constant, k′
rp, is slow (Goresky

et al., 1975; Pang et al., 1995; Liu et al., 2005).
Experimentally, these distribution rate constants may be ascertained by mixing

the drug-containing plasma with blank whole blood. The rates of change of drug
concentrations in rbc (Crbc) and plasma (Cp) are

dCP

dt
= k′

rp Crbc
Hct

(1 − Hct)
− kprfpCP (5.4)

dCrbc

dt
= kprfpCP

(1 − Hct)

Hct
− k′

rp Crbc (5.5)

Immediately after admixture, there is movement of drug from the plasma into
rbc until equilibrium is reached (Fig. 5.2b). This method revealed a slow influx of
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digoxin from plasma to rbc (kpr of 0.468 min–1) and a slightly faster efflux from
rbc to plasma (k′

rp of 1.81 min–1) (Fig. 5.2b). If movement of drug from the plasma
into rbc is slow and efflux is fast in relation to the organ transit time, there will
be some but not an extensive accumulation of the drug concentration in rbc, as is
the case for digoxin (Liu et al., 2005). By contrast, if the rbc slowly releases the
drug content into plasma, drug removal, if rapid, may be rate-limited by the slow
release of bound drug from the rbc, as observed for acetaminophen sulfation (Pang
et al., 1995). When the equilibration time of drugs is fast, a red cell capacity effect
exists, whereas when the equilibration time is slow, a red cell carriage effect exists
(Goresky et al., 1975; 1988; Pang et al., 1995).

For rapidly equilibrative red cell binding, the unbound fraction in blood (fu) is
related to the unbound fractions in rbc (frbc) and fP, as shown in Equation (5.6)
below (Pang and Rolwand, 1977), with the assumption that there is no concentrative
transport of drug into the rbc and the unbound concentrations are the same in blood,
red cell, and plasma.

frbc = Hct
1

fu
− (1 − Hct)

fP

(5.6)

It is recognized that drugs compete for similar binding sites and cause displace-
ment of other drugs from their binding sites on plasma or the rbc. Significant
drug–drug interactions have been observed for displacement reactions in plasma
(McElnay and D’Arcy, 1983; Toon et al., 1986; Goulden et al., 1987; McNamara
et al., 1990; Yu et al., 1990; Orlando et al., 2009). Displacement of drug by its
metabolite for rbc (carbonic anhydrase) binding sites has been observed (Wong
et al., 1996), resulting in higher unbound fractions. Under these cases, the clearance
and the volume of distribution would increase.

5.2.2 Blood Flow

Blood flow is an important determinant of clearance, especially for drugs that are
removed with high intrinsic clearances and enter the organ rapidly, in a flow-limited
sense. The pattern of blood flowing into an organ is very important since it influ-
ences the pattern of mixing. The flow pattern: bulk flow, plug flow, or dispersive
flow, affects the degree of mixing within the liver and the manner in which the
drug recruits enzymatic and transporter activities (Perl and Chinard, 1968; Winkler
et al., 1973; Pang and Rowland, 1977; Roberts and Rowland, 1985; Pang, 1995).
Moreover, not all the total flow rate reaches the metabolic zones of the kidney or
the intestine. In the kidney, part of the plasma is filtered due to glomerular fil-
tration (Hekman and van Ginnekan, 1983), and in the intestine, only a small part
of the blood reaches the enterocyte region where absorptive and secretory apical
transporters and enzymes are present (Cong et al., 2000; Pang, 2003).
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5.2.3 Enzymatic Activity

The metabolism (biotransformation) of drugs has been traditionally regarded as
an important factor in drug clearance, especially for the liver. The reactions (and
responsible enzymes) in phase I metabolism include oxidation (cytochrome P450
and NADPH–cytochrome P450 reductase, flavin monooxygenases, monoamine
oxidase, and alcohol dehydrogenase), reduction (cytochrome P450 and NADPH–
cytochrome P450 reductase, carbonyl reductase, sulfatase, and glucuronidase),
and hydrolysis (carboxylesterases, peptidases, and epoxide hydrolase). The
enzymes in phase II metabolism include glucuronidation (UGT), sulfation (SULT),
glutathione conjugation (GST), methylation (methyltransferase), acetylation
(N-acetyltransferase), and amino acid conjugation (amino acid N-acetyltransferase)
(see Chapter 1). Phase II reactions involve the addition of a specific cosub-
strate to form conjugates, which include uridine-5′-diphosphoglucuronic acid
(UDPGA), 3′-phosphoadenosine-5′-phosphosulfate (PAPS), glutathione (GSH),
S-adenosylmethionine (SAM), and acetyl coenzyme A in glucuronidation, sulfation,
glutathione conjugation, methylation, and acetylation, respectively. The cosub-
strate could become a rate-limiting factor in phase II metabolism when it becomes
depleted (Gregus et al., 1992; Kim et al., 1995; Tirona et al., 1999).

5.2.4 Excretory Activity

Transporters present at the apical membrane mediate the excretion of both the
drug and metabolite species. For example, canalicular transporters of the liver:
P-glycoprotein (P-gp), the multidrug resistance-associated protein 2 (MRP2), bile
salt export pump (BSEP), and breast cancer resistance protein (BCRP) belong to the
ATP-binding cassette (ABC) gene superfamily and directly utilize ATP to excrete
drugs and metabolites into the bile (Trauner and Boyer, 2003; van Montfoort et al.,
2003; Eloranta and Kullak-Bulick, 2005; Shitara et al., 2006; Robey et al., 2007)
(see Chapter 2). P-gp is the most widely studied excretory transporter and pri-
marily mediates the transport of simple ions, complex lipids, hydrophobic cations,
and xenobiotics (Thiebaut et al., 1987; Ambudkar et al., 2008). MRP2 usually
excretes phase II products such as glucuronides, sulfates, and glutathione conju-
gates (Zamek-Gliszczynski et al., 2006). Being a half transporter, BCRP has been
found to involve in the excretion of sulfate conjugates of steroids and xenobiotics
(Mizuno et al., 2004; Krishnamurthy and Schuetz, 2006; Vlaming et al., 2009) and
plays a role in drug resistance to anticancer agents (Sugimoto et al., 2005).

5.2.5 Basolateral Transporters

Uptake transporters in the liver, kidney, and intestine have been thoroughly
reviewed, and these mediate the entry of substrate into the organ (for reviews,
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see Trauner and Boyer, 2003; van Montfoort et al., 2003; Eloranta and Kullak-
Ublick, 2005; Shitara et al., 2006). Many uptake transporters on the basolateral
membrane belong to the gene superfamily of solute carriers (SLC) that have been
covered in Chapter 2. The basolateral transporters include the organic anion trans-
porters (OAT), the organic cation transporters (OCT), the monocarboxylic acid
transporter (MCT), the bile acid-specific sodium-dependent taurocholate cotrans-
porting polypeptide (NTCP), and organic anion transporting polypeptides (OATPs)
that transport anionic, cationic, and neutral molecules into the liver. Intestinal and
renal absorptive transporters at the apical membrane, such as the oligopeptide trans-
porter 1 (PEPT1) and apical sodium-dependent bile acid transporter (ASBT), are
uniquely present to increase the cellular accumulation of di- and tri-peptides and
bile acids, respectively.

Efflux from the basolateral membrane of the organ back into the circulation
may occur via passive diffusion and/or transporters. These transporters, which
belong to the ABC superfamily, include MRP1 and MRP3–MRP8, members of the
MRP subfamily (Chandra and Brouwer, 2004; Kruh et al., 2007). Similar to the
uptake (influx) transporters, the efflux transporters could modulate drug clearance
by readily altering the drug concentration in the cell.

5.3 Physiologically-Based Pharmacokinetic (PBPK) Models

The roles of flow rate, red cell and plasma protein binding, and enzymes and trans-
porters on organ clearances are integratively summarized in physiologically-based
pharmacokinetic (PBPK) models. PBPK modeling relates organ or tissue structures
to the physiology of the organ or tissue, and is based on the concept that com-
partments are homogeneous and well-stirred. PBPK models describe compartments
of discrete volumes being perfused uniformly by blood flow. The organ–tissues
are interconnected by the circulation according to their anatomical arrangements.
Venous equilibration is assumed to occur, and the venous drug concentration is in
equilibrium with that within the blood of the organ.

Rate equations may be constructed to describe processes of binding and debind-
ing, flow, entry, efflux, metabolism, and removal. These models encompass trans-
porters and enzymes and their associated intrinsic clearances (CLin and CLef
for influx and efflux at the basolateral membrane, respectively, and CLint,sec and
CLint,met for excretion at the apical membrane and metabolism within the cell,
respectively). These PBPK models have been developed to examine hepatic (de
Lannoy and Pang, 1993; Tirona et al., 1999; Liu et al., 2005), renal (de Lannoy et al.,
1990; de Lannoy et al., 1993), and intestinal (Cong et al., 2000) clearances and will
be covered in detail in the ensuing sections. One of the greatest advantages of PBPK
models is that mathematical expressions that relate to flow, binding, and transporter
and enzymatic activities may be solved by matrix inversion for the area under the
curve under linear conditions. This method had been applied to single, eliminating
organs: the intestine, liver, and kidney (Pang et al., 2008; Sun and Pang, 2009a).
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These may be extended to whole body PBPK models that include, in addition, the
renal excretion of the intact drug and its metabolites (Sun and Pang, 2009b).

5.4 Rate-Limiting Step in Clearance

After attaining an understanding of the various determinants of CL, another impor-
tant concept is the identification of the rate-limiting step of clearance. As shown in
the ensuing section, clearance is influenced by flow, binding, the influx and efflux
clearances at the basolateral membrane, and the metabolic and excretory intrinsic
clearances. For a drug that is extremely highly cleared, meaning that the intrin-
sic clearance for elimination is extremely large, clearance approaches the value of
blood flow and the drug enters the organ readily (flow-limited distribution). In con-
trast, a drug will be extremely poorly cleared, either because it cannot enter the
organ due to poor permeation properties or that the intrinsic clearance for elimina-
tion is extremely low. Wilkinson and coworkers described these two conditions as
“non-restrictive” and “restrictive” clearances, respectively (Wilkinson and Shand,
1975; Wilkinson, 1987). In the first instance, clearance is limited by blood flow
(Benowitz et al., 1974; Xu and Pang, 1989; Sun et al., 2006), and in the second
instance, clearance is limited by the unbound fraction and/or the intrinsic clearance
for elimination. For instances where uptake is rapid, metabolism and/or excretion
is rate-limiting, as exemplified by the glutathione conjugation of bromosulfoph-
thalein in the dog liver (Goresky, 1964), hydrolysis of enalapril (Abu-Zahra et al.,
2000; Abu-Zahra and Pang, 2000) and sulfation of estrone (Tan and Pang, 2001)
in the perfused rat liver preparation. In other cases, the membrane can pose as a
barrier, barring the entry of drugs, hence drug clearance is diffusion rate limited
(de Lannoy and Pang, 1987). On occasion, transporters that mediate the uptake of
drugs could also be the rate-limiting step, when influx (uptake clearance) is much
slower than the metabolic and/or secretory intrinsic clearance. Poor transmembrane
entry had been found to rate-limit the metabolism or excretion of ethacrynic acid
(Tirona et al., 1999) and enalaprilat (Pang et al., 1985; de Lannoy and Pang, 1987;
Schwab et al., 1990; 1992). Lastly, the binding of drugs to plasma proteins is
known to delimit the entry of drugs and therefore removal of drugs. A good exam-
ple is the highly fluorescent substrate, bromosulfophthalein or BSP, which binds
strongly to albumin. In the presence of albumin, the intrahepatic gradient of BSP
concentration was very shallow. However, in absence of albumin, BSP became
highly cleared and exhibited a steep concentration grade across the liver lobule
(Gumucio et al., 1981; 1984).

5.5 Models for Hepatic Drug Clearance

The anatomical position of the liver renders it as a gatekeeper, acting as a
major first-pass organ for orally administered drugs, between the intestine and the
systemic circulation. About 1.5 liter of blood flow or 25% of the cardiac output
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enters the human liver in each minute, rendering it one of the most highly per-
fused organs in the body. The venous blood from the entire gastrointestinal tract
is enriched with nutrients that are absorbed from the intestine and brought to the
liver by the portal vein (PV) that constitutes about 75% of the liver blood flow. The
remaining 25% is oxygenated blood that is supplied by the hepatic artery (HA).
Within the liver, branches of PV and HA continue in parallel and converge at the
sinusoid, ending eventually at the terminal hepatic venule before drainage into the
hepatic vein (HV). The microcirculatory unit of the circulation in the liver is known
as the acinus that comprises of three zonal regions, 1, 2, and 3, regions (Rappaport,
1958) that are analogous to the periportal, midzonal, and pericentral metabolic zones
of the liver.

The concept of hepatic drug clearance has been firmly established in the early
1970s. Models of hepatic drug clearance that embellish physiological variables such
as blood flow, binding, and the enzymatic and excretory activities surfaced with
respect to their ability to predict drug removal by the liver. Among these models,
the “well-stirred” model is the simplest since it assumes venous equilibration, with
drug emerging from the outflow being in equilibrium with the drug within the liver;
the concentration within the liver is the same throughout (Rowland et al., 1973; Pang
and Rowland, 1977). The “parallel tube” (Winkler et al., 1973) and dispersion (Perl
and Chianrd, 1968; Roberts and Rowland, 1985) models, and the barrier-limited,
variable transit-time model of Goresky and coworkers (Goresky, 1964; Goresky
et al., 1973; Schwab et al., 1990; 1992) have been used to account for the observed
sinusoidal concentration gradient from the inlet and outlet and the binding of drugs
to vascular components (Pang et al., 1995). Other hepatic clearance models include
the series-compartment model of Gray and Tam (1987). A departure from these
models also exists, since, in reality, heterogeneity in flow, enzymes, and transporters
is not an unusual occurrence. For the improved description of metabolite formation
and sequential metabolism, the zonal-liver or enzyme-distributed model adds het-
erogeneity in enzymatic and transporter distribution within zonal regions to account
for drug metabolism and transport (Pang and Stillwell, 1983; Xu and Pang, 1989;
Xu et al., 1990; Kwon and Morris, 1997; Abu-Zahra and Pang, 2000).

The flow pattern and the degree of mixing constitute different inferences on what
the substrate concentration should be (Pang, 1995). For the well-stirred model, the
venous unbound concentration reflects the substrate concentration within the liver.
Substitution of this relation into the rate equation, with the assumption that the
unbound concentration leaving the organ, fuCOut, given by the unbound fraction
in blood, fu, multiplied to the outflow concentration COut, equals that in the organ
(venous equilibration). However, these assumptions usually view the lack of the
transmembrane barrier for the drug to enter the liver cell. The relationship will not
hold when a membrane barrier exists.

5.5.1 The Well-Stirred Model for Hepatic Drug Clearance

The well-stirred model, the most popular among the models of hepatic drug clear-
ance, is conceptually congruent with compartmental analysis for homogeneous



5 Impact of Physiological Determinants on Organ Clearance 117

or well-mixed compartments. To date, the liver blood flow, vascular (protein and
cellular) and tissue binding, transporters, and metabolic enzymes are regarded as
determinants that affect hepatic drug clearance according to the well-stirred model
(Pang and Rowland, 1977; Pang et al., 2008). A simple PBPK model for the liver is
based on the organ being the only eliminating organ, in a situation akin to the recir-
culating perfused rat liver preparation (Fig. 5.3) (Liu and Pang, 2006; Pang et al.,
2008). The unbound drug enters the cell by passive diffusion or relies on transporters
for entry. The liver is comprised of three subcompartments: liver tissue (L), liver
blood (LB), and the bile compartmnt (bile). The reservoir and liver compartments
of volumes VR and VL are interconnected by the blood flow, QH. VLB and VBile
represent the volumes of the liver blood and bile, respectively. The unbound frac-
tions in liver blood and liver are denoted by fu and fL, respectively. The recognition
that the membrane of the organ contains transporters or exhibits membrane-limited
transport has led to concepts of influx (CLH

in) and efflux (CLH
ef) clearances, or sums

of passive diffusive clearance and the carrier-mediated transport clearance that facil-
itate drug entry and efflux at the basolateral membrane. The drug within the tissue
is metabolized by enzymes of intrinsic metabolic clearance, CLint,met1,H (Vmax/Km
for first-order conditions), to form the primary metabolite, MiL, and CLint,met2,H to
form other primary metabolites; biliary excretion of the drug is a function of the

Fig. 5.3 Physiologically-based pharmacokinetic (PBPK) liver model, with liver as the only elim-
ination organ, as in the perfused rat liver preparation. See text for description (modified from Pang
et al., 2008)
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biliary intrinsic clearance, CLint,sec,H. A similar scenario may be described for the
metabolite, MiL, that is formed within the liver. The formed metabolite may be
further metabolized to other species with the intrinsic metabolic clearance of the
metabolite, CLint,met,H{mi}, and/or secreted into bile with the secretory intrinsic
clearance of the metabolite, CLint,sec,H{mi}. The metabolite enters and leaves the
cell at the basolateral membrane with transport clearances, CLH

in{mi} and CLH
ef{mi},

respectively.

5.5.2 Solutions for AUC and CL

The method of matrix inversion of the coefficients derived from rate equations for
drug and metabolite in the various compartments was used (Pang et al., 2008; Sun
and Pang, 2009a) to yield the area under the curve (AUC) from time 0 to ∞ for
the drug and the metabolite. The AUC for the drug after iv administration was
first solved for the liver, viewed as the only eliminating organ, and later with other
eliminating organs.

For the liver, the AUCiv is

AUCiv = Doseiv
[
QH (CLH

ef + CLint,H) + fuCLH
inCLint,H

]

fuCLH
inQHCLint,H

(5.7)

and the corresponding area under the curve for the formed metabolite,
AUCiv{mi,P}, is

AUCiv{mi,P}= DoseivCLint,met1,HCLH
ef{mi}

(CLint,met1,H+CLint,met2,H+CLint,sec,H) fu{mi}CLH
in{mi}CLint,H{mi}

(5.8)

Note that the AUCiv{mi,P} of the metabolite is dependent on its formation intrin-
sic clearance, CLint,met1,H from drug, and individual components of the total CLint,H
or sum of CLint,met1,H, CLint,met2H, and CLint,sec,H, as well as binding and the trans-
port clearances of metabolite (CLH

in{mi} and CLH
ef{mi}) and the metabolite’s total

hepatic intrinsic clearance, CLint,H{mi}.
The AUCiv in turn allows the total body clearance, CL, to be estimated, and,

since the liver is the only organ for removal, CL equals CLH, the hepatic clearance.

CL = CLH = Doseiv

AUCiv
= QH

fuCLint,HCLH
in

QHCLH
ef + CLint,H(QH + fuCLH

in)
(5.9)

When CLH
in and CLH

ef >> QH, Equations (5.7) and (5.9) collapse to yield
Equations (5.10) and (5.11), as shown by Rowland et al. (1973) and Pang and
Rowland (1977) for drugs that exhibit flow-limited distribution.
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AUCiv = Doseiv(QH + fuCLint,H)

QHfuCLint,H
(5.10)

CLH = QHfuCLint,H

(QH + fuCLint,H)
(5.11)

Note that CLH is related to the total hepatic blood flow (QH), the unbound fraction
in blood (fu), and the total hepatic intrinsic clearance CLint,H, sum of the metabolic
(CLint,met,H) and excretory (CLint,sec,H) intrinsic clearances.

Equation (5.11) relates to the special case of absence of a transport barrier (flow-
limited case) (Rowland et al., 1973). Under this condition, the drug permeability is
large and venous equilibration exists, with the unbound liver concentration being
equal to fuCOut. For this special condition where drug removal is solely by hepatic
metabolism, the ratio v/(fuCOut) estimates the hepatic intrinsic clearance or Vmax/Km
under first-order conditions and the hepatic intrinsic clearance may be estimated as
dose/(unbound AUCpo) when the orally administered dose is completely absorbed.
Otherwise, the transport clearance terms in Equation (5.8) must be included in the
definition of clearance (the longer formats), and v/(fuCOut) no longer yields the
intrinsic clearance. The total hepatic clearance (CLH) is the sum of the metabolic
(CLH,met) and biliary (CLH,ex) clearances, and it may be deduced that the ratio of the
metabolic to biliary clearance is the ratio of (total) CLint,met,H to CLint,sec,H under
linear kinetic conditions (Liu and Pang, 2006; Pang et al., 2008).

CLH,met

CLH,ex
=CLint,met,H

CLint,sec,H
(5.12)

Equations (5.7)–(5.12) are useful for enabling inferences to be made on the
mechanism of drug–drug interactions within the liver. A change in one elimina-
tory mechanism, secretion or alternate metabolism, will alter CLint,H in Equations
(5.7) and (5.8) and would result in an increase or a decrease in AUC of the drug and
metabolite. For example, a decrease in the metabolite formation intrinsic clearance,
CLint,met1,H, would increase AUC of drug but decrease AUC{mi,P}. The AUCiv of
the drug would be increased upon inhibition of the secretory pathway, the alter-
nate pathway (Equation (5.7)). The corresponding area of the formed metabolite,
AUCiv{mi,P}, would be decreased as a result of inhibition of the formation pathway
(CLint,met1,H) but would increase upon inhibition of the competing pathways, secre-
tion or alternate metabolism (CLint,sec,H and CLint,met2,H in Equation (5.7)) (Sirianni
and Pang, 1997). Generally speaking, an increase in basolateral efflux increases the
AUC, whereas an increase in basolateral influx decreases the AUC (Liu and Pang,
2006). Concomitantly, the metabolite AUC{mi,P}s and the amounts secreted would
show no change. Solutions for the oral case are similar, with the exception that Fabs
term is present (Sun and Pang, 2009b).
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5.5.3 Examples

The effects of physiological variables on clearance and AUC are illustrated by
many examples in rat liver perfusion studies. Digoxin is a poorly cleared lipophilic
drug that is mostly excreted by P-gp and to a lesser degree, metabolized. In a
simulation based on protein and red cell binding and removal characteristics of
digoxin (Liu et al., 2005), it was shown that changing the flow rate from 10 to
40 ml/min failed to alter the AUC or clearance of this poorly extracted compound
(Fig. 5.4a), whereas decreasing the binding to red cells and albumin enhanced clear-
ance (Fig. 5.4b). Moreover, decreasing CLH

in and increasing CLH
ef would increase the

AUC, whereas decreasing both CLint,sec,H and CLint,met,H would increase the AUC
(Fig. 5.4c–f).

Contrasting to this example is the fate of estradiol 17β-glucuronide (E217G), a
compound that is extremely highly cleared such that the hepatic extraction ratio,
EH, approaches 1 and CLH approaches QH. E217G enters the liver rapidly by the
rat Oatp family of transporters and is eliminated almost equally via sulfation by the
estrogen sulfotransferase, Sult1e1, and excreted via Mrp2 in the rat liver. A 50%
reduction in the E217G influx in tumor-bearing livers failed to alter levels of E217G
and its CL (Fig. 5.5a). The reduction in sinusoidal activity that commensurates with
tumor development proved to be unimportant since basolateral entry of E217G was
extremely rapid (50 × flow rate), and normally, CLH

in was extremely fast and not
the rate-limiting step. CL would remain relatively constant unless CLH

in was signif-
icantly reduced by > 60% (Fig. 5.5b). With tumor metastasis, however, induction
of Sult1e1 increased formation of the sulfate metabolite, E23S17G, and evoked a
compensatory decrease in the biliary excretion of E217G (Fig. 5.5c), even though
the activities of Mrp2 that was responsible for the excretion of both E217G and
E23S17G were unimpaired. An increase in one pathway (formation of the 3-sulfate
metabolite) evoked a compensatory decrease in the biliary excretion of E217G. The
observations illustrate nicely the interplay between the enzyme and the canalicular
transporter.

5.6 PBPK Modeling of Renal Drug Clearance

The kidney is an organ endowed with excretory mechanisms as well as enzymes
capable of drug biotransformation. The inadequate excretion of drugs in the kidney
is evidenced by the serious complications of aminoglycosides such as gentamicin
and amikacin on nephrotoxicity and ototoxicity since a large proportion of the intra-
venously administered dose accumulates in the kidney (about 10% of dose), whereas
little distribution of aminoglycosides to other tissues is observed (Nagai and Takano,
2004). Aminoglycosides are eliminated by glomerular filtration (Martínez-Salgado
et al., 2007), and a fraction is reabsorbed in the proximal tubule. Aminoglycosides
are taken up in epithelial cells of the renal proximal tubule and stay inside there
for a long time, resulting in nephrotoxicity (Nagai and Takano, 2004). Polycationic



5 Impact of Physiological Determinants on Organ Clearance 121

Fig. 5.4 Simulations of the effect of flow rate (a), red cell and albumin binding (b), CLin or influx
clearance (c), CLef or efflux clearance (d), CLint,met,H (e), and CLint,sec,H (d) on changes in Dg3
(digoxin) reservoir perfusate (Dg3R), bile (Dg3bile), and total metabolite formation (Dg2total) with
the PBPK model for the rbc–albumin-perfused rat liver preparation (Liu et al., 2005). The simu-
lation was based on physiological parameters obtained from the perfused rat liver preparation on
digoxin disposition. (a) The flow rate was changed from 10 ml/min (solid black line) to 40 ml/min
(blue and red lines); (b) when binding to red blood cell (red line, - - - -) or to serum bovine albumin
(red solid line) was set as zero. Also, parameter values for CLH

in (c), CLH
ef (d), CLint,met,H (e), and

CLint,sec,H (f) were doubled those of the rbc-perfused livers. The original, controlled condition was
denoted as the black solid line; changes were shown in blue and red (from Liu et al., 2005 and Liu
and Pang, 2006, with permission)
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Fig. 5.5 The fates of estradiol-17β-glucuronide (E217G) and its 3-sulfated metabolite, E23S17G;
both underwent biliary excretion in the perfused rat liver preparations of the sham-operated control
and Wag–Rij tumor rats that were inoculated with vehicle or CC-531 cells (4 weeks) (from Sun
et al., 2006, with permission). The CLH was extremely high (approaching flow rate). (a) According
to PBPK liver modeling, the optimized fit of the data on E217G in perfusate (diamond symbols)
showed rapid decaying and unchanged profiles, whereas the biliary excretion of E23S17G (•)
and E217G (�) of the sham-operated liver (blue solid symbols) was increased and decreased,
respectively in tumor-bearing livers (red open symbols). The change corresponded to the increase
in protein expression of Sult1e1 as detected by immunoblotting. This resulted in higher E23S17G
formation and excretion into bile, causing a compensatory decrease in the excretion of E217G in the
metastatic tumor group. The 50% reduction in uptake sinusoidal clearance (from 469 to 230 ml/min
or > 20× flow rate of 10 ml/min) as a result of tumor failed to affect the CLH of E217G, whose
entry remained flow-limited. Simulations with the PBPK model predicted that (b) perfusate decay
and (c) biliary excretion of E217G were slowed down only when CLH

in was reduced by >60%
(numbers on graphs denote % reduction of CLH

in ). The data inferred that the sinusoidal entry
of E217G was not the rate-limiting step. Changes from control (solid line) were observed upon
reduction of CLH

in by > 60% (— — — ) or 80% (— • — • — ) but not for 20% (••••••) or 40%
(– – – ) reduction in CLH

in
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Fig. 5.6
Physiologically-based
pharmacokinetic (PBPK)
kidney model, with kidney as
the only elimination organ.
The administered species is
filtered and appear in the
urine; the plasma flow
returning to the venous blood
is (QK–QU). Transport,
secretion, metabolism, and
reabsorption of drugs and
metabolite occur (from Pang
et al., 2008, with
modifications). See text for
description

aminoglycosides bind to anionic, brush border, phospholipid membranes and are
transported intracellularly (Swan, 1997).

PBPK modeling of the kidney was developed and described in its simplistic for-
mat, as in the isolated perfused kidney preparation (Fig. 5.6). Drug influx and efflux
at the basolateral membrane are denoted as CLb

in and CLb
ef, respectively. The renal

tubular cells are perfused by plasma that is partially removed due to glomerular
filtration (rate is GFR), and the remaining flow perfuses the renal tissue, where
metabolism and excretion at the luminal membrane, denoted by CLint,met,K and
CLl

ef, respectively, take place. Solutes that are prone to reabsorption are defined
by the reabsorptive clearance, CLl

in. The returning flow is (QK – QU) or the renal
plasma flow minus the loss due to urinary flow. The well-known phenomenon of
change in pH in the renal tubule that can affect drug reabsorption has also been
considered in PBPK modeling (Boom et al., 1994). These PBPK models enabled
an accurate description and analysis of the measured drug plasma levels and renal
excretion (Russel et al., 1987), saturable secretion and reabsorption (Boom et al.,
1994; Masereeuw et al., 1996), and effects of tubular (Russel et al., 1989) or basolat-
eral (Boom et al., 1998) inhibitors such as probenecid that interferes with secretion.
The model also views renal metabolism/excretion of a drug in the formation of its
metabolite (de Lannoy et al., 1989).
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5.6.1 Solutions for AUC and CLr

The equations for the AUC and renal clearance (CLr) for the kidney are highly
dependent on whether alternate pathways exist for the drug and the metabolite. For
a drug that is only renally excreted, the AUC is given by Equation (5.13).

AUCiv = Doseiv
{
(QK − QU)[CLl

inCLb
ef + QU(CLb

ef + CLl
ef)] + QUfuCLb

inCLl
ef

}

QUfu
[
QKCLb

inCLl
ef + GFR(QK − QU)(CLb

ef+CLl
ef)
]

(5.13)

Note that all of the transport clearances at the basolateral (CLb
inand CLb

ef) and
luminal (CLl

in and CLl
ef) membranes, GFR, and the flow terms, QK and QU, are

present in the solution of AUC, and renal clearance, CLr, is

CLr = QUfu
[
QKCLb

inCLl
ef + GFR(QK − QU)(CLb

ef + CLl
ef)
]

(QK − QU)[CLl
inCLb

ef + QU(CLb
ef + CLl

ef)] + QUfuCLb
inCLl

ef

(5.14)

and the ratio of the CLr/filtration clearance or CLr/(fpGFR) is the fractional
excretion (FE) or excretion ratio (ER).

When the drug further suffers metabolism, with the metabolic intrinsic clearance
CLint,met,K, the AUCiv and CLr are

AUCiv =
Doseiv

{
(QK − QU)

[
CLl

in(CLb
ef + CLint,met,K) + QU(CLb

ef + CLl
ef + CLint,met,K)

]

+fuCLb
in

[
QUCLl

ef + CLint,met,K(CLl
in + QU)

]}

GFRfu(QK − QU)
[
CLint,met,K(CLl

in + QU) + Qu(CLb
ef + CLI

ef)
]

+QKfuCLb
in

[
QUCLl

ef + CLint,met,K(CLl
in + QU)

]

(5.15)

CLr=

GFRfu(QK − QU)
[
CLint,met,K(CLl

in + QU) + Qu(CLb
ef + CLl

ef)
]

+QKfuCLb
in

[
QUCLl

ef + CLint,met,K(CLl
in + QU)

]

(QK − QU)
[
CLl

in(CLb
ef + CLint,met,K) + QU(CLb

ef + CLl
ef + CLint,met,K)

]

+fuCLb
in

[
QUCLl

ef + CLint,met,K(CLl
in + QU)

]

(5.16)

Under this instance, the total renal clearance exceeds the urinary clearance
and is the sum of the renal metabolic and excretory clearances. Values of FE
would be underestimated in the presence of renal metabolism (Sirianni and Pang,
1997).
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Again, this PBPK modeling approach accounts for sequential metabolism and
excretion readily despite that both models are well-stirred and assume venous equi-
libration, namely, the concentration of drug leaving the organ is the same as that in
the outflow blood. Solutions for AUC{mi,P} showed that flow, binding, and trans-
port and intrinsic clearances of both the metabolite and the drug are determinants of
clearance of the renally formed metabolite (Pang et al., 2008). However, the solu-
tions were too big to be presented, regardless of whether the formed metabolite is
further metabolized by the kidney or not (Pang et al., 2008).

5.6.2 Examples

PBPK modeling of secretory and metabolic events in the kidney has gener-
ated concepts on transporters for uptake and reabsorption, GFR, as well as
metabolism. Upon simultaneous administration of tracer [14C]benzoate and pre-
formed [3H]hippurate to the isolated perfused rat kidney, venous outflow, and
urinary concentrations of [14C]benzoate, formed [14C]hippurate, and [3H]hippurate
from the single-pass preparation were well predicted by the physiological model of
the kidney (Geng and Pang, 1999). The extraction of the administered metabolite,
E{hippurate} = (0.24), was lower than that of the hippurate formed from benzoate
(E{formed hippurate} or 0.39). The discrepancy was explained by the PBPK model,
that, due to facile formation of hippurate from benzoate and a faster luminal efflux
of hippurate, E{formed hippurate} > E{hippurate}.

The renal PBPK model was able to describe the metabolism and excretion of the
ACE inhibitor, enalapril, and explained the observed discrepancies between [14C]-
generated and preformed [3H]enalaprilat (metabolite) elimination in the constant
flow, single-pass and recirculating isolated perfused rat kidney preparations (IPKs).
The difference: a high extraction of the formed [14C]enalaprilat vs. a low extraction
for preformed [3H]enalaprilat was the result of the different origins of the metabo-
lites – formed within the kidney or entering into the kidney from blood. The finding
suggests the presence of a barrier for the entry of preformed enalaprilat into the
kidney, as also found for the liver (de Lannoy and Pang, 1987; 1993; de Lannoy
et al., 1989; 1993; Schwab et al., 1990; 1992). PBPK modeling further divulged an
interesting phenomenon for the excretion of a metabolite within its formation organ:
for the preformed metabolite, there was a relatively constant renal clearance of pre-
formed [3H]enalaprilat but there existed a greater, time-dependent renal clearance
for formed [14C]enalaprilat (de Lannoy et al., 1989; 1993). The time-dependent
renal clearance of formed [14C]enalaprilat was due to two components contributing
to the renal clearance: one from the [14C]enalaprilat in circulation and the other from
[14C]enalaprilat formed in situ the kidney that was immediately excreted (de Lannoy
et al., 1989; 1990; 1993). The conventional method of estimating urinary clearance
for the metabolite [(total) excretion rate/midpoint plasma metabolite concentration]
results in a greater metabolite clearance than that expected from the administration
of preformed metabolite (de Lannoy et al., 1989).
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Concepts on metabolism and excretion in the kidney have unraveled the con-
cept that the presence of competing pathways, enzymatic or secretory, tends to
decrease substrate concentration in the organ and reduces the apparent clearance
of the pathway (Sirianni and Pang, 1997). Metabolism and reabsorptive trans-
porters decrease the observed renal clearance or FE. A decrease in the enalapril
metabolism by paraoxon, an inhibitor of ester hydrolysis, in the single-pass iso-
lated perfused kidney resulted in doubling of the apparent urinary clearance and
FE. The observation was due to a greater concentration of substrate that becomes
available for more excretion (Sirianni and Pang, 1999). When facile metabolism
(CLint,met,K) for benzoate (Geng and Pang, 1999) was set as zero, the value
of FE predicted by the PBPK model was found to dramatically increase from
0.27 to 4.

5.7 Models for Intestinal Drug Clearance

Intestinal absorption is affected by both drug characteristics and physiology of the
gastrointestinal tract (GIT). The pKa of the weak acid or conjugate acid of the weak
base determines the extent of ionization at various pH values (pH 1.3 for stomach
and 6 for intestine) and the extent of passive drug absorption. It is generally consid-
ered that lipophilicity, often defined by the organic:water partition coefficient, is a
major determinant of extent of transmembrane permeation when aqueous solubility
is adequate and when the unstirred water layer is not an imposing barrier (Ungell
et al., 1998). Drugs that are unionized or undergo hydrogen bonding exhibit a
much greater lipophilicity toward membrane permeation than the ionic counterparts.
Agents that exhibit extremely high lipophilicity do not traverse the unstirred water
layer well, whereas hydrophilic agents experience the lipoidal membrane as an
austere barrier. Drugs possessing good hydrophilic and lipophilic balance penetrate
the unstirred water layer and membrane equally well; in this case, the blood flow
rate poses as the rate-limiting step for transmembrane transport.

Drug absorption occurs mostly in the small intestine because of the villi and
microvilli that greatly magnify the surface area many-fold, especially for the duo-
denum and jejunum whose surface area is larger than the ileum (Magee and Dalley,
1986). As in the liver and kidney, intestinal enzymes and transporters are abundant
within enterocytes and these would reduce the extent of absorption. The effects of
drug secretion may be negated if rapid reabsorption takes place (Lin et al., 1999;
Sun and Pang, 2009a). However, a faster GI transit reduces the extent of reabsorp-
tion and promotes irreversible drug loss, whereas an increased intestinal residence
time allows time for the drug to dwell longer in the intestinal lumen for absorption.

A simple PBPK model for the intestine is based on the tissue being the only elim-
inating organ, in a situation akin to the recirculating perfused intestinal preparation
(Fig. 5.7) (Cong et al., 2000). The unbound drug is absorbed by passive diffusion
or relies on transporters for entry; the summative process is described by the rate
constant of absorption, ka. The intestine is comprised of three subcompartments:
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Fig. 5.7 Physiologically based pharmacokinetic (PBPK) intestine models, the traditional model
(TM), and the segregated flow model (SFM), with the intestine as the only elimination tissue. For
the SFM, the intestine tissue is divided into the enterocyte (en) region and the serosal (s) region.
See text for description (from Cong et al., 2000, with modifications)

with intestinal tissue, intestinal blood, and the intestinal lumen. The body or reser-
voir (R, or blood compartment) and intestine compartments are interconnected by
the intestinal or portal venous blood flow QI or QPV, and the volumes are VR and
Vint, respectively. Vintb, Vint, and Vlumen represent volumes of the various intestine
subcompartments, intestine blood, intestine, and lumen, respectively. The unbound
fractions in plasma and intestine are denoted by subscripts “p” and “int,” respec-
tively. Recognition that the apical membrane of the intestine contains transporters
for absorption (denoted by ka) or secretion (CLint,sec,I) or exhibit membrane-limited
transport has led to concepts of influx (CLI

d1) and efflux (CLI
d2) clearances, sums

of passive diffusive clearance, and the carrier-mediated transport clearance that
facilitate drug entry and efflux at the basolateral membrane. The rate constant, kg,
represents the net loss in lumen, either due to degradation or ineffective absorption;
Fabs is the net fraction of dose absorbed into the superior mesenteric artery and is
given by the ratio, ka/(ka+kg). These various apical transporters for organic anions
and cations have been reviewed (see Chapter 2). Within the intestine, the drug is
metabolized by enzymes of intrinsic clearance, CLint,met1,I (Vmax/Km for first-order
conditions) that forms the primary metabolite, Miint, and CLint,met2,I that forms other
primary metabolites; luminal secretion of the drug is a function of the secretory
intrinsic clearance, CLint,sec,I. The intestinally formed metabolite, Miint, may be
further metabolized to other species with the metabolic intrinsic clearance of the
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metabolite, CLint,met,I{mi}, and/or secreted into lumen with the secretory intrinsic
clearance, CLint,sec,I{mi}. The metabolite enters and leaves the cell to enter blood at
the basolateral membrane with transport clearances, CLI

d1{mi} and CLI
d2{mi}.

The simple PBPK model, also known as the traditional model (TM), was first
introduced to describe the metabolism of morphine to morphine 6-glucuronide in
the perfused small intestine preparation (Cong et al., 2000). The phenomenon,
known as route-dependent intestine metabolism, reveals a greater extent of intesti-
nal metabolism for drugs given orally than those given systemically (Cong et al.,
2000; Pang, 2003). The TM was modified to yield the segregated flow model (SFM)
(Fig. 5.7b) that consists of a split flow to the enterocytic region (Qen, varying from
5 to 30% of total intestinal flow) and the remaining flow to the serosal region (Qs).
The corresponding influx (CLI

d3) and efflux (CLI
d4) clearances facilitate drug entry

and efflux at the serosal membrane (Cong et al., 2000).

5.7.1 Solutions for AUC and CLI

The inception of the TM and SFM had led to the development of a more flexible
model that incorporates alternate metabolism of the drug to form other metabolites
with CLint,met2,I and sequential metabolism of the metabolite with CLint,met,I{mi}.
Corresponding AUCs for the drug and metabolite were obtained (Sun and Pang,
2009a; 2009b). The area under the curve for drug after po administration is the
same for both the TM and SFM.

AUC
TM&SFM

po
= FabsdosepoCLI

d2

CLI
d1

[
(1 − Fabs) CLint,sec,I + CLint,met1,I + CLint,met2,I

] (5.17)

whereas the equations for the AUCiv for TM and SFM differed only for the flow
terms, QPV or QI for the TM and Qen for the SFM.

AUCTM
iv =

Doseiv

[
(1 − Fabs)CLint,sec,I(QI + CLl

d1) + QI(CLl
d1 + CLint,met,I) + CLl

d1CLint,met,I

]

QICLl
d1
[
(1 − Fabs)CLint,sec,I + CLint,met,I + CLint,met2,I

]

(5.18)

AUCSFM
iv =

Doseiv

[
(1 − Fabs)CLint,sec,I(Qen + CLl

d1) + Qen(CLl
d1 + CLint,met,I) + CLl

d1CLint,met,I

]

QenCLl
d1
[
(1 − Fabs)CLint,sec,I + CLint,met,I + CLint,met2,I

]

(5.19)

Several notable observations may be made. First, the transport clearances
(CLI

d3and CLI
d4) for the serosal compartment, a non-eliminating compartment, are
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irrelevant and absent in the equations (Equations 5.17 and 5.19). Second, the intrin-
sic secretory clearance of drug was modified by (1–Fabs), suggesting that if ka is
high and kg is low, secretion would become nil as Fabs approaches 1 [since Fabs is
ka/(ka+kg)].

For the formed metabolite, the AUCiv{mi,P} are identical for both the TM and
SFM. The equation for AUCpo{mi,P} is similar, except that Fabs is present. The area
under the curve for the metabolite is influenced by the effective secretory clearance
and metabolic intrinsic clearances of drug and the metabolite, as well as the forma-
tion intrinsic clearance, CLint,met1,I, and the transport clearance of the metabolite,
CLI

d1{mi} and CLI
d2{mi}.

AUCpo{mi,P}TM&SFM =
DosepoFabsCLint,met1,ICLI

d2{mi}
[
(1 − Fabs)CLint,sec,I + CLint,met1,I + CLint,met2,I

]
CLI

d1{mi} [(1 − Fabs{mi}) CLint,sec,I{mi} + CLint,met,I{mi}]

(5.20)

AUCiv{mi,P}TM&SFM =
DoseivCLint,met1,ICLI

d2{mi}
[
(1 − Fabs)CLint,sec,I + CLint,met1,I + CLint,met2,I

]
CLI

d1{mi} [(1 − Fabs{mi}) CLint,sec,I{mi} + CLint,met,I{mi}]

(5.21)

5.7.2 Examples

The SFM is needed to describe the greater extent of intestinal metabolism observed
for drugs given orally over intravenously (Pang, 2003). The SFM model was found
to be superior over the TM in explaining the absence of morphine glucuronidation
when the compound given systemically to the perfused rat intestine preparation,
whereas marked formation of morphine glucuronide occurred when given orally
(Fig. 5.8). The concept is being adopted by various simulation packages, including
Simcyp (Yang et al., 2007), in which a reduced intestinal flow rate was utilized
to predict intestinal clearance. Due to enzyme and transporter heterogeneity, the
TM and SFM have been expanded to include the three segmental regions – the
duodenum, jejunum, and ileum in the segmental segregated flow model (SSFM) and
the segmental, traditional model (STM) (Tam et al., 2003, Liu et al., 2006). This
type of modeling has been adopted by Badhan et al. (2009) to simulate intestinal
absorption in man.

5.8 Whole Body PBPK Modeling

One of the limitations of organ PBPK models is that the body consists of multiple
organs, and it would be prudent to examine PBPK modeling of enzymes and trans-
porters in the whole body. The renal clearances for the parent drug (CLr) and the
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Fig. 5.8 Fit of the data of morphine (M) and its metabolite, morphine 6-glucuronide (M6G) fol-
lowing intravenous (a) and oral (b) administration of morphine in the recirculating perfused rat
intestine preparation to the TM and the SFM. Glucuronidation of morphine was absent with sys-
temic dosing (a), whereas the metabolite, morphine 6-glucuronide, was detected in both lumen and
perfusate after oral dosing (b). The SFM fitted the data better than the TM. See text for description
(from Cong et al., 2000, with modifications)

metabolite (CLr{mi}) are placed in the central or blood compartment for simplifi-
cation; the influence of renal transporters or enzymes was not considered in these
examples. Due to the complexity in the solutions for AUC, PBPK models for renally
excreted drugs that also undergo intestine (case I) or liver (case II) metabolism only
were considered (Sun and Pang, 2009b). Otherwise, even when solutions are found,
these would be too lengthy to be expressed concisely. More general PBPK intestinal
and kidney (Fig. 5.9a) and liver and kidney (Fig. 5.9b) models that consider trans-
porters and enzymes for the handling of a drug and its metabolite with competing
pathways present for the drug and metabolite are presented. The drug forms more
than one metabolite that may undergo sequential metabolism.

Solutions for the AUCs of the drug and metabolite for case I and case II are sum-
marized in Tables 5.1 and 5.2 respectively. For case I, renal excretion and intestinal
metabolism exist. It is conceivable that examples may be found for the scenario
of intestinal metabolism only. The AUCiv and AUCpo are found influenced by the
intestinal transport clearances for drug CLI

d1and CLI
d2, the intestinal drug metabolic

(CLint,met1,I and CLint,met2,I) and secretory clearance (CLint,sec,I), and the intestinal
flow (Qpv) and the renal clearance (CLr). CLint,sec,I was reduced by reabsorption,
denoted by the fraction, 1–Fabs; and the AUCpo was further affected by Fabs. The
area under the curve of the intestinally formed metabolite (AUC{mi,P}) follow-
ing po and iv drug dosing is influenced by the parent drug transport, metabolic,
and excretory parameters, plus those of the metabolite: the (basolateral) transport
clearances of metabolite CLI

d1{mi} and CLI
d2{mi}, the metabolic (CLint,met,I{mi})
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Fig. 5.9 Whole body, physiologically based pharmacokinetic (PBPK) model, with drug and
metabolite being excreted by the kidneys with CLr and CLr{mi}, and metabolized only by the
intestine (a) or liver (b). Sequential metabolism of the formed metabolite occurs with the organ of
formation, and the drug may be further metabolized to other metabolites. The intestinal traditional
model (TM) was presented here pictorially. See text for description (from Sun and Pang, 2009b,
with modifications)
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Table 5.2 Solutions for AUCs for whole body PBPK models, case II: liver metabolism only
(Fig. 5.9b) (taken from Sun and Pang, 2009b)

QH = QHA + QPV; CLint,H = CLint,met1,H + CLint,met2,H + CLint,sec,H

PBPK modeling, case IIA – CLr and CLr{mi} > 0

AUCpo = FabsDosepoQH(CLH
ef + CLint,H)

CLrQH(CLH
ef + CLint,H) + CLH

inCLint,H(CLr + QH)

AUCiv= Doseiv
[
QH(CLH

ef + CLint,H)+CLH
inCLint,H

]

CLrQH(CLH
ef + CLint,H) + CLH

inCLint,H(CLr+QH)

AUCpo{mi,P} = FabsDosepoQHCLH
inCLint,met1,H(CLr+QH)

CLrQH(CLH
ef+CLint,H) + CLH

inCLint,H(CLr+QH)
×

CLH
ef{mi}

CLr{mi}QH(CLH
d2{mi} + CLint,H{mi}) + CLH

in{mi}CLint,H{mi}(CLr{mi}+QH)

AUCiv{mi,P} = DoseivQHCLH
inCLint,met1,H

CLrQH(CLH
ef+CLint„H) + CLH

inCLint,H(CLr+QH)
×

QHCLH
ef{mi}

CLr{mi}QH(CLH
ef{mi} + CLint,H{mi}) + CLH

in{mi}CLint,H{mi}(CLr{mi}+QH)

PBPK modeling, case IIB – CLr and CLr{mi} = 0

AUCpo=FabsDosepo(CLH
ef + CLint,H)

CLH
inCLint,H

AUCiv=Doseiv
[
QH(CLH

ef + CLint,H)+CLH
inCLint,H

]

QHCLH
inCLint,H

AUCpo{mi,P} =FabsDosepoCLint,met1,HCLH
ef{mi}

CLint,HCLH
in{mi}CLint,H{mi}

AUCiv{mi,P} = DoseivCLint,met1,HCLH
ef{mi}

CLint,HCLH
in{mi}CLint,H{mi}

and the secretory (CLint,sec,I{mi}) intrinsic clearances of the metabolite; it is further
noted that [1–Fabs{mi}] or [kg{mi}/((ka{mi}+kg{mi})], appeared as a product with
CLint,sec,I{mi} to denote the net secretion intrinsic clearance of Mi. The solutions
become much simplified when there is no excretion of the drug or the metabolite
(CLr and CLr{mi} = 0; case IB, Table 5.1). Although Table 5.1 expresses only the
condition for the TM, solutions for the SFM are similar. However, Qen should be
substituted for QPV in the equations for the SFM.
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The second case of metabolism in the liver only with excretion in the kidneys is a
more common occurrence for many drugs (case II). For a drug that undergoes liver
metabolism and renal excretion, solutions for AUCpo and AUCiv and AUCpo{mi}
and AUCiv{mi} were found (Sun and Pang, 2009b). The total liver blood flow, QH,
the transport clearances, CLH

d1 and CLH
d2, and the components of hepatic intrinsic

clearance, CLint,met1,H, CLint,met2,H, and CLint,sec,H, and CLr all affect AUCiv and
AUCpo (Table 5.2; case II). AUCpo{mi} and AUCiv{mi} were additionally affected
by parameters pertaining to the metabolite and Fabs{mi} (Table 5.2). For orally
absorbed drugs, the effective oral dose was reduced as FabsDosepo, and the solutions
were similar.

5.9 Transporter–Enzyme, Transporter–Transporter,
and Enzyme–Enzyme Interplay

The equations presented in this chapter and those in Tables 5.1 and 5.2 are useful
for visualization of how changes of transporters or enzymes or reduction of their
intrinsic clearances affect the area under the curve of drugs and metabolites and
in turn, clearance. A clear view of these events allows one to make inferences on
the mechanism of drug–drug interactions. A change in one eliminatory mechanism,
secretion, or metabolism in the liver alters CLint,H, whereas a decrease in CLint,met1,H
due to DDI would result in an increase in AUC of the drug, but a decrease in
the AUC of the metabolite, AUC{mi,P}, as defined in Equations (5.7) and (5.8)
and equations in Tables 5.1 and 5.2. Upon inhibition of the secretory and/or alter-
nate metabolic intrinsic clearance, CLint,met2,H, both AUCiv and AUCiv{mi,P} are
increased (Equation (5.7)) (Liu and Pang, 2006). These observations are predicted
outcomes of compensatory pathways (Morris and Pang, 1987; Sirianni and Pang,
1997) and reveal a see-saw phenomenon (Liu and Pang, 2006). Generally speak-
ing, the presence of two enzymes or two pathways for drug metabolism/elimination
within an organ compete for the same substrate, and each would mutually decrease
the reaction rate of the other, leading one to assume incorrectly that the enzymatic
activities are lower. The same holds for competition between an enzyme and api-
cal transporters that compete for the substrate for elimination (Sirianni and Pang,
1997). Inhibition of one pathway would apparently result in higher reaction rates of
alternate pathways although no induction exists due to a higher availability of sub-
strate (Morris and Pang, 1987). In addition, an increase in efflux clearance increases
the AUC, whereas an increase in the influx clearance would decrease the AUC (Liu
and Pang, 2006); concomitantly, metabolite AUC{mi,P}s and the amounts secreted
would exhibit opposite trends. Similar solutions and trends are found for the oral
case (Sun and Pang, 2009b).

An examination of the changes associated with AUC and AUC{mi,P} allows
one to decipher various DDI mechanisms, whether inhibition of enzymes or trans-
porters. This may be illustrated upon examination of the inter-relationship between
the hepatic formation intrinsic clearance, CLint,met1,H, the secretory intrinsic clear-
ance, CLint,sec,H, and the renal clearance, CLr, for drugs that are metabolized by the



136 K.S. Pang et al.

liver and excreted by the kidney (Fig. 5.10, Table 5.2). Inhibition of the metabolite
formation intrinsic clearance increased the AUC of drug but decreased AUC{mi,P}
whereas a reduction in CLintsec,H would bring about higher AUC and AUC{mi,P}
(Fig. 5.10a). A decrease in renal clearance of the drug, CLr, would also result in
increased AUC of drug and AUC{mi,P} (Figs. 5.10b and 5.10d).

Fig. 5.10 Simulations of the influence of CLint,met1,H, CLint,sec,H (a) and CLr (b) on the area
under the curve for drug (AUC) and AUC{mi,P} (c) and (d). These simulations were preformed
by setting QH as 1500 ml/min, CLint,met2,H as 300 ml/min, CLH

in and CLH
ef as 9000 ml/min,

CLr{mi} = 500 ml/min, and CLH
in{mi} and CLH

ef{mi} as 1000 ml/min as constants for the dose
of 100 units given intravenously (with equations in Table 5.2, case IIA). For (a) and (c), the value
of CLr was set as 200 ml/min; For (b) and (d), CLint,sec,H was set as 50 ml/min

Examples on changes in the AUC of drug and AUC{mi,P} for hepatically formed
metabolites due to DDI are found in Table 5.3. These changes encompass an
increase in drug AUC but an increase or decrease in AUC{mi,P}, pending on the
mechanism of inhibition. With knowledge of how the drug is being handled and
taking advantage of the AUC{mi,P} as a metric to the understanding of DDI, the
application of the conceptual frameworks outlined in this chapter allows the DDI
mechanisms to be deciphered. The success is high when the metabolite formed in
question is a major part of the total drug clearance.
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These concepts may be applied a priori to clinical observations on DDI, in addi-
tion to the seminal equation of Rowland and Matin (1973) on the AUC ratio of
drug (inhibited vs. control) being equal to (1 + [I]/Ki), where [I] is the inhibitor
concentration and Ki is the inhibition constant. Among this and other reports that
proposed further refinement of the equation (Ito et al., 1998; 2005; Wang et al.,
2004; Obach et al., 2006; Brown et al., 2005; 2006), there is the uncertainty of
what should be selected as the surrogate inhibitor concentration to reflect [I] (Tucker
et al., 2001; Ito et al., 2002). The most appropriate, of course, is that concentration at
the enzyme site. Moreover, most of these emphasize DDI due to enzymes, and less
exists to examine transporter inhibition. The present development of AUC solutions
from PBPK models that contain transporters and enzymes should fill some of the
void. The emphasis is to consider not only changes in AUC of drug but also those
of metabolites.

5.10 Conclusions and Perspectives

This chapter highlighted the usefulness of PBPK models to deduce the influence
of transporters, enzymes, flow, and binding on organ drug clearances and metabo-
lite formation. The PBPK models may also be used to fit or simulate data on DDI.
For example, Lin et al. (1982; 1984) had successfully examined the handling of
ethoxybenzamide in the rabbit and later defined the inhibition mechanism as product
inhibition with PBPK modeling. The understanding of the absorption, distribution,
and clearance by generic PBPK models by combining compound-specific, physico-
chemical, and pharmacokinetic properties with physiological processes allows, via
fitting and simulations, predictions of concentration–time profiles of plasma and
target tissues (Poulin and Theil, 2002; Lüpfert and Reichel, 2005; Peters, 2008a;
2008b). The utility of in silico- and in vitro-based prediction tools for absorption,
distribution, metabolism, and excretion (ADME) in these generic PBPK models to
rational drug development allows the prediction of DDI (Theil et al., 2003). Many of
these in vitro techniques and their applications are covered in Part II. Generic PBPK
models may be used to integrate data not only during drug discovery and in vivo ani-
mal studies to obtain tissue:plasma partition coefficients, plasma protein binding as
sole input parameters, and intrinsic clearance (CLint) for scale up to whole body and
man. The prevalent use of PBPK modeling in risk assessment is a clear indication of
the advantages (Andersen et al., 1987; 1997; Sarangapani et al., 2002; Clewell et al.,
2001; Corley and McMartin, 2005; Dobrev et al., 2002; Pang, 2009). In view of the
MIST document, FDA guidance for Industry. Safety Testing of Drug Metabolites.
February 2008 Pharmcology and Toxicology. http://www.fda.gov/cder/guidance/,
the need intensifies to improve PBPK modeling of drug and metabolite kinet-
ics for the prediction of DDI. It is the hope that more PBPK models involving
transporters and metabolism other than the liver are included for DDI consid-
erations, and that a dynamic and not a static concentration of the inhibitor is
used. A recent development has shed some light that this type of modeling is
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able to describe DDIs between the mechanism-based inhibitor diltiazem and its
N-desmethylated metabolite and the CYP3A4 substrate, midazolam, and the time-
and concentration-dependent clearance of the inhibitor (Zhang et al., 2009a).
Complex models of simultaneous reversible and irreversible inhibition would need
to be included (Zhang et al., 2009b). Metabolite monitoring is paramount, and the
contribution of metabolites as inhibitors of transport and metabolism should be
included (Shitara et al., 2004).
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Chapter 6
In Silico Approaches to Predict DDIs

Chad L. Stoner, Michael R. Wester, and Benjamin J. Burke

Abstract This chapter will briefly describe in silico methodologies for the pre-
diction of drug–drug interactions (DDIs) and highlight the broad application of
computational tools to study DDIs. This chapter outlines the main methodologies
currently applied including QSAR modeling, pharmacophore modeling, docking,
and the combination of in silico and experimental approaches. There is an emphasis
on cytochrome P450 and how in silico models are used in current drug discovery
efforts to reduce the risk of DDIs. The discussion of the limitations associated with
the various approaches as well as future aspects of DDI modeling and simulation
can give researchers helpful guidance to this useful and growing area.

6.1 Introduction

This chapter will introduce in silico methodologies for the prediction of drug–drug
interactions (DDIs) and describe the broad application of computational methodolo-
gies to study DDIs. These in silico or computer-based methodologies for predicting
DDIs have been developed for a large number of the experimental endpoints
described in the previous chapters. In silico models of DDIs have for the most part
focused on the cytochrome P450 family of enzymes. A good introduction to 3D
ligand-based methods and structure-based approaches for predicting DDIs can be
found in the following references (de Groot, 2006; Refsgaard et al., 2006).
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6.2 QSAR Modeling

In general, most of the models applied in early drug discovery are quantitative
structure–activity relationship (QSAR) models. A large number of QSAR models
for predicting DDIs have been developed based on chemical descriptors. Chemical
descriptors are simple properties or structural fragments (sometimes called finger-
prints) that can be calculated based solely on a compound structure (Refsgaard et al.,
2006). A variety of statistical and machine-learning computational algorithms have
been used to derive predictive models of DDI endpoints. These models tend to be
the least computationally intensive and thousands of compounds can be processed
in seconds. Data sets are generally split into two groups, a validation set (which is
excluded during the building of the model) and a training set (which is used to build
the model). The outputs from these models range from a simple Yes or No for a spe-
cific DDI, to a percent inhibition, to a predicted IC50 against a particular P450 iso-
form (Ekins et al., 2000b, c). They also vary in the type of confidence metric which is
reported to aid in interpretation of the result. For example, some models may report
the number of nearest neighbors; that is, the number of compounds in the training
set which are structurally similar to the compound being predicted. Other models
might report the structural fragment that is likely causing the DDI. Interpretability
of the model, which comes from understanding the relationships between chemical
descriptors and DDI, facilitates future compound designs and testing decisions.

Another subset of QSAR models for predicting DDIs have been developed based
on 3D descriptors using molecular fields (see Table 1 in de Graaf et al., 2005).
These models capture the important interactions between a set of ligands and the
P450 and can reflect the SAR differences between P450 isoforms (e.g., in terms
of size, lipophilicity, planarity, or basicity) (Refsgaard et al., 2006). Therefore,
these models were particularly important for developing an understanding of the
3D features of CYPs prior to P450 crystal structures. Certain 3D-QSAR models for
P450 inhibition require neither a postulated bioactive conformation nor an align-
ment rule (Afzelius et al., 2004), but many 3D-QSAR models essentially resemble
pharmacophore models.

6.3 Pharmacophore Modeling

The second most commonly applied approach to studying DDIs in silico is a phar-
macophore approach. Pharmacophore models have been built for P450 inhibition,
P450 heteroactivation, P450 induction as well as transporter function and induc-
tion. As is the case with a QSAR model, a pharmacophore model requires no
structural information regarding the protein, because the model takes into account
only the user-specified physical properties of the ligand. These properties usu-
ally include geometry, charge, and hydrophilic/hydrophobic information. What is
returned is a 3D arrangement of pharmacophoric features common to the training
molecules that describes the elements necessary for recognition in the binding site.
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Pharmacophore approaches typically require fewer training set compounds than sta-
tistical or machine-learning models and perform best when the training set contains
active, rigid ligands.

Early application of pharmacophores to pharmaceutically relevant ligands of
CYP1A2 (Fuhr et al., 1993), CYP2C9, (Ekins et al., 2000a) and CYP3A4 (Ekins
et al., 1999; 2003) has been described. Some more recent work by Jones et al.
highlights a pharmacophore model that aids in the prediction of reactive metabolic
intermediates implicated in time-dependent inhibition of P450 3A4 (Jones et al.,
2007). Two other groups used pharmacophores to design potent inhibitors of CYP19
or aromatase (Neves et al., 2007; Schuster et al., 2006). Finally, one must remember
that often the best approach integrates several sources of information, for exam-
ple, approaches combining pharmacophore and protein modeling have been used in
efforts to understand P450 inhibitors (Masimirembwa et al., 2002; de Groot et al.,
2002).

6.4 Docking

The third approach to modeling of DDIs does require structural information of
the protein. The structures of P450s have yielded detailed molecular interactions
occurring between the P450s active site and inhibitors (Fig. 6.1). As more P450
crystal structures are published in the public domain, the popularity of docking and
structure-based approaches will continue to expand. Some limitations of structure-
based approaches have been the accuracy of force fields and properly characterizing
the water and protein movements inherent in this class of enzymes. Advances
in computing power could allow for a more routine use of rigorous techniques
like QM/MM scoring (Bathelt et al., 2008) , MD sampling (Hritz et al., 2008),
including waters in scoring (de Graaf et al., 2006) or entropic calculations (Chang
et al., 2007). Scoring in these structure-based models is more complex than that of
standard QSAR approaches and requires an expert end user.

Fig. 6.1 Crystal structure of
the inhibitor clotrimazole in
complex with P450 3A4
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6.5 In Combo Modeling

A fourth approach, which we refer to as in combo is the use of in silico pre-
dictions in combination with wet experimental data (Smith et al., 2007). We
believe that the increased pressures of drug discovery will drive scientists to max-
imize the value derived from every experiment and result in increased use of
this approach. A simple in combo approach could be, for example the combi-
nation of an in silico prediction of P450 inhibition with a spectral shift assay
to elucidate the mechanism of inhibition. One could then model the ligand in
the active site of the P450 to identify the likely coordinating moieties. A more
complex in combo approach is the PBPK approach described in the subsequent
chapters. SIMCYP R© is one commercially available PBPK modeling package
that allows for studying the effects of a DDI in a patient population. This
approach can provide robust estimates of a pharmacokinetic changes caused by
the DDI, including predicting the changes in clinical exposure reported as AUC
(area under the curve) relative to an AUCi (area under the curve with inhibitor
coadministered) driven by various concomitantly administered drugs (Youdim
et al., 2008).

Recent advances in the screening of compounds for time-dependent inhibi-
tion (TDI) has also resulted in models that can predict compounds likely to be
mechanism-based inhibitors (MBIs) (Ekins and Swaan, 2004; Jones et al., 2007)
as well as those compounds that may form reactive metabolites (RMs) that could
produce a DDI. It should be noted however that not all RMs cause a TDI.

6.6 Industrial Application of DDI Modeling

The application of in silico methodologies to study DDIs has been on the rise
across the pharmaceutical industry. In silico, methodologies complements the
majority of the experimental endpoints and in some cases are used in advance of
the actual “wet” experiments. As drug discovery cost continues to increase, the
pressure to accelerate and improve design and maximize the value derived from
experimentation will increase.

In silico models can generally be categorized as a “global model,” a “local
model”, or a “compound-specific” model. Global models tend to be the most general
models and tend to have the largest and most diverse chemical matter in the training
sets. These models can be used to predict endpoints for a very diverse set of new
chemical entities (NCEs); however the accuracy of these predictions can be highly
variable depending on whether or not the NCEs are well described by the training
set used to build the model. Local models tend to be built for one chemical series
and are generally more predictive than a global model, when used to predict NCEs
from the same series. The downside to local models is the cost and time required
to generate a large enough training set to build this type of model. A compound-
specific model would generally refer to how a specific compound is likely to dock
into a specific P450 through a docking experiment (Ahlstrom et al., 2007).
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It is fairly common across the industry for a high-throughput screen (HTS) to
look at millions of potential chemical leads for a new therapeutic target. As the
“hits” from an HTS can result in thousands of leads, the pressure and cost to do
follow-up work to determine the drug-like qualities of these potential new lead series
have resulted in the incorporation of a large number of in silico filters being applied
to immediately remove those compounds and series that have the greatest risks for
ADME and safety liabilities. Along these same lines, global models for DDI are
used to filter virtual libraries to eliminate NCE designs that might produce a DDI.
The ability to assess a risk before a compound is even synthesized has a significant
cost and time savings potential.

Once a series has moved into lead development, a much more robust assessment
of DDI liability is likely. Just as the experimental scrutiny in this phase of drug dis-
covery increases from, for example, a cocktail DDI assay to a single probe substrate
with a specific clinically relevant probe, the in silico approach can also be optimized.
Series-specific models (local models) generally provide a significant increase in pre-
dictive confidence and can be assessed for isosteric (chemical) substitutions to help
with optimization.

6.7 The Current State of Enzymatic Predictions for DDI

In this section, we will provide an overview of the current statistical approaches
used to predict DDIs and provide some examples of how these models would be
used in contemporary drug discovery. We will also cover some recent advances in
P450 crystallography and the development of in silico docking approaches to aid in
drug design.

6.7.1 Overview of Statistical Approches

As mentioned above, the basis of statistical learning or QSAR models involves
establishing a relationship between a set of descriptors which characterize molec-
ular features to an “activity” (e.g., assayed inhibition of a P450). The data from
a single source eliminate lab-to-lab variation. For P450s, there is an important
dependence upon the molecular probe used to characterize the P450 inhibition
(Bell et al., 2008). Researchers often have their favorite sets of descriptors and
mathematical methods which in combination have varying degrees of interpretabil-
ity. Two-dimensional descriptors try to describe molecular features of shape, size,
electrostatics, polarizability, lipophilicity, and hydrogen bonding properties typi-
cally using graph theoretic, topological, electronic, and fragment-based descriptions
of molecules (Helguera et al., 2008). Fingerprints, E-state and MOE descrip-
tors (Labute, 2000) would fall into this category. Three-dimensional descriptors
arose from the concept of a pharmacophore where certain features in a particular
orientation elicit a molecular response (Kier, 1971). Three-dimensional descrip-
tors are generally categorized as alignment dependent where molecular overlays
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are a prerequisite to comparing the features between compounds, or alignment
independent where the feature description is based on autocorrelations, internal
distances, principal moments, or spectral comparisons (Doweyko et al., 2007).
Pharmacophores and comparative molecular field analysis (CoMFA) fall into the
first category, while GRIND (Pastor et al., 2000), WHIM (Bravi et al., 1997; Bravi
and Wikel, 2000) and EVA (Ferguson et al., 1997) fall into the second category.
Quantum mechanical descriptors related to the ability to donate or accept electrons
can come into play in some in silico models (Kriegl et al., 2005b).

Popular machine-learning techniques such as support vector machines (SVM),
decision trees (DT), and k-nearest neighbor (kNN) methods were recently reviewed
with an eye toward applications in ADMET (de Groot et al., 2007) (Li et al., 2007).
These methods, along with Bayesian methods (O′Brien and De Groot, 2005), have
found utility in building P450 inhibition classification models (Chohan et al., 2005).
Regression methods such as multiple linear regression (MLR) are useful for sim-
pler QSARs and, while PLS and its variants are the standards for regressions with
large systematic blocks of data, like those found in molecular field applications like
CoMFA or GRIND.

6.7.2 Examples of P450 Inhibition

Four reviews form a very strong foundation for understanding in silico approaches
to P450 inhibition (Refsgaard et al., 2006; de Graaf et al., 2005; de Groot, 2006; de
Groot et al., 2007). More recent updates to the progress in modeling P450 inhibition
can be found in two more recent reports (Fox and Kriegl, 2007; Stjernschantz et al.,
2008). Recent accomplishments include models that apply to broad chemical space,
provide measures of confidence in the model, emphasize QSAR interpretation, sug-
gest important protein–ligand interactions, or that use consensus as a way to derive
higher quality composite models.

The current state of the P450 inhibition statistical models range from the very
simple (multiple linear regression of single physicochemical properties like logD)
to complex (nonlinear mathematical relationships between several hundred descrip-
tors). One of the simplest relationships is the correlation between logD and P450
inhibition (Lewis et al., 2006a, b, 2007). Several models of P450 inhibition include
logP or logD terms, and some researchers have combined this feature with the pres-
ence of unhindered N-containing heterocycles to characterize DDI potential (Fox
and Kriegl, 2007). In general, this sort of simple correlation should be a minimum
benchmark to which more complicated models are compared.

Global DDI models can be used to triage HTS series or filter virtual compounds
to synthesize only those with desired properties (Byvatov et al., 2007). For
example, Aureus-Pharma developed a three-level (high, medium, low) inhibition
classification model for P450 1A2 and 2D6 compounds with classification accuracy
between 78 and 96% (Burton et al., 2006). Novo Nordisk developed a classification
model for P450 2D6 and 3A4 inhibition with classification accuracy between 82
and 88% (Jensen et al., 2007). For global models, the confidence in the prediction
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often varies with the similarity in structure to the compounds in the model and/or
the number of nearest neighbors which reflects whether or not the model covers the
chemical space for the test compound. Chemical space coverage was an important
characteristic for successful prediction of an external set of compounds for two
SVM models built using several hundreds to several thousands of compounds
(Arimoto et al., 2005; Zhou et al., 2007).

“Local” models using a few compounds can be developed when there is not
enough resolution in a global model to redesign compounds within a series. For
example, Wang built a Kernel-PLS model for a series of 55 nicotine analogs with a
Q2 of 0.70 that highlighted the relationship between E-state descriptors demonstrat-
ing a relationship between hydrogen bonding and aromatic carbon descriptors and
P450 2A6 inhibition (Wang et al., 2007).

The level of interpretation depends upon the descriptors and the mathematical
relationships used in the in silico models. Astra Zeneca undertook an effort to
develop models against five P450s (1A2, 2C9, 2C19, 2D6, and 3A4) using descrip-
tors that were “familiar to chemists” to help interpretation (Gleeson et al., 2007).
The descriptors focused on chemical fragments represented as SMART strings and
bulk properties (Daylight Chemical Information Systems, Inc. www.daylight.com).

Consensus modeling is an approach that is gaining popularity because multiple
models can be used to derive a better overall result than any single model. Hudelson
and coworkers used the consensus of three models to predict P450 2C9 inhibition
(Hudelson et al., 2008). When the models agreed, the predictive rate was 90%.
Boehringer Ingelheim used several P450 3A4 inhibition models in parallel to
reduce false positives (Kriegl et al., 2005a). A combination of three models boosted
the overall prediction rate for P450 2D6 inhibitors to 99% (O′Brien and De Groot,
2005).

A grand, unified model of the interaction between several P450s and a variety of
ligands was developed to yield “a single general model that represents all studied
entities” (Kontijevskis et al., 2008). This “proteochemometric” model used z-scale
descriptors to describe the protein active sites and GRIND descriptors to describe
ligand characteristics, and included a full set of interaction cross-terms.

6.7.3 P450 Crystallization

Modern structure-based (e.g., docking) approaches toward understanding P450-
mediated DDI are rooted in the relatively recent advances in the crystallography
of human drug-metabolizing cytochrome P450 enzymes. We believe that the appli-
cation of such in silico approaches is immature, but worthy of discussion since
these efforts appear to be useful to understand the ligand-binding events that give
rise to the DDI. This information can aid in the generation of new design ideas.
That redesign is aimed at minimizing the DDI risk by reducing affinity to a par-
ticular P450 while maintaining affinity against the therapeutic target. With an eye
toward understanding P450-mediated DDI and docking, this section will include
a high-level discussion of structural models available, the data needed to properly
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design docking experiments, common computational methods employed, and some
limitations of SBDD approaches.

The docking approaches used to investigate ligand-binding modes in cytochrome
P450s are similar, whether the investigator is seeking to understand metabolism
or inhibition giving rise to DDI. Investigations into DDI might be classified into
four general areas: perpetrators, victims, mechanism-based inhibitors (MBI), and
heteroactivators. Perpetrator docking studies are used to identify the active pose for
redesign to reduce the affinity to the P450 of interest. Victim docking experiments
are used to increase the diversity of metabolic liability (metabolic switching) by
altering compounds such that they can be metabolized by more than one P450. MBI
docking studies are used to identify the binding mode giving rise to the metabolic
activation as opposed to the inhibition event. Heteroactivators docking studies have
focused on docking in the presence of another ligand or docking to peripheral
binding sites.

Clearly the quality of the starting protein structure plays a significant role
in the likelihood of successful docking. To date, several structures of human
drug-metabolizing P450s have been published, including the structures of the P450s
3A4, 2C9, 2C8, 2E1, 2A6, and 2D6 (Williams et al., 2003, 2004; Wester et al.,
2004; Yano et al., 2004, 2006; Ekroos and Sjogren, 2006; Rowland et al., 2006;
Sansen et al., 2007; Porubsky et al., 2008). The ideal starting point for a docking
experiment would be a ligand-bound crystal structure, in the P450 isozyme of inter-
est, where the ligand is derived from the same series as the proposed compound to
be docked. However, due to the limited number of human P450 crystal structures
solved and the relatively complex process to obtain new structures, this is usu-
ally not attainable. Prior to the recent breakthroughs in P450 crystallization, and in
instances where the crystal structure has yet to be solved for the specific isozyme of
interest, homology models built upon structures of soluble bacterial P450 enzymes
or recently solved mammalian P450 enzymes have been used in docking experi-
ments with some success. An example of the later would be the design of P450
1A1 inhibitors using a homology model based on the recently solved 1A2 structure
(Sangamwar et al., 2008). A review of many homology models is available (de Graaf
et al., 2005).

6.7.4 P450 Docking

In order to initiate a docking experiment that will offer results that are useful in the
redesign of a compound (or series) facing DDI liabilities, several key pieces of infor-
mation are needed. While these requirements may seem obvious to some, the details
can be lost in a fast-paced drug discovery team setting. The first piece of informa-
tion is an understanding of the mechanism of DDI. We find that in vitro inhibition
experiments using recombinant P450 enzymes and known probe substrates are
straightforward to run and interpret. In addition, if the experiment is designed prop-
erly, time-dependent or mechanism-based inhibition can also be assessed (Hyland
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et al., 2009). In the instance of competitive inhibition, a researcher would routinely
seek to understand the binding in the active site of the P450 enzyme being inhib-
ited, while for heteroactivators, one may want to know whether a compound binds
to a particular part of the active site (Locuson et al., 2007; Kang et al., 2008).
Generally, the activating enzyme is the one that is also inhibited, but this is not
always the case. The second, related piece of information is the identification of the
P450 isoform implicated in the DDI. In addition, if the experiment is designed prop-
erly, time-dependent or mechanism-based inhibition can also be assessed (Hyland
et al., 2009). Ideally, a software package similar to isoCYP (Terfloth et al., 2007)
aimed at inhibitors instead of substrates will be developed to predict isoform speci-
ficity of P450 inhibition. Finally, any information regarding binding modes of the
inhibitors that can be attained through experiments such as spectral binding assays
will aid in the interpretation of docking results (Jefcoate, 1978). For example, if
one knows that a nitrogen-containing compound is giving rise to DDI through com-
petitive inhibition, and that it displays a type II binding spectrum when incubated
with the P450 isoform that is inhibited, one can pay particular attention to those low
energy binding poses that orient the nitrogen in proximity of the heme iron (Peng
et al., 2008). Ultimately, regardless of the structure-based method used, the final
poses must be assessed to determine if results are compatible with what is known
about the biochemistry of the DDI being studied and fit with the overall knowledge
of the metabolic cascade.

Some key tools to characterize P450 inhibitor binding in a structure-based format
are docking and molecular dynamics simulations. Docking comes in several vari-
eties and can use simple rigid protein representations. Some docking protocols, like
the docking package AUTODOCK, employ side chain flexibility that may be able to
effectively sample some of the various side chain conformations possible (Goodsell
et al., 1996; Morris et al., 2008). It may be important to include solvent molecules in
the active site. The poses will heavily depend on the force field parameters (Kirton
et al., 2005). Computationally more expensive approaches like molecular dynamics
simulations additionally allow a dynamically modeled active site cavity with solvent
that responds to the ligand. A listing of specific docking and molecular dynamics
packages is outside of the scope of this review; however a 2005 review article high-
lights many of the commercially available and public domain software packages
available for homology modeling, molecular dynamics simulations, and automated
docking (de Graaf et al., 2005).

The largest challenge facing computational ADME scientist attempting to model
P450 ligand-binding interactions stems from the conformational flexibility of the
protein. Large conformational changes have been observed upon ligand binding
for several of the mammalian drug-metabolizing P450s. The most striking exam-
ple is observed in the crystal structures of 3A4 published by Ekroos and Sjorgren
in 2006 where large shifts in the entire F–G helix region are observed (Ekroos
and Sjogren, 2006). However, even in the instance where major tertiary structure
changes are not observed, minor side-chain movements can result in rather strik-
ing differences in active site geometry. In the case of P450 3A4 independently
bound to either bromocriptine or clotrimazole, side chain conformation changes
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Fig. 6.2 Three panel view of P450 3A4 crystal structure, showing active site volumes in (left)
ligand free, (middle) bromocriptine, (right) overlay of A and B, differences in orange

results in greatly modified active site space (Fig. 6.2 unpublished data, manuscript
in preparation). Ways to effectively handle this problem include docking into an
ensemble of P450 structures and using scoring functions to sort the resulting poses
based upon predicted energies.

6.7.5 Mechanism Based Inhibitors

The development of in silico models to predict mechanism-based inhibitors (MBIs)
of cytochrome P450 3A4 has been reported by a number of groups (Jones et al.,
2007; Lightning et al.,2000). It is important for computational ADME scientist try-
ing to mitigate this problem to keep in mind a number of critical features. First,
when designing compounds with reduced MBI, any changes in the structure of an
NCE may shift the metabolism to another P450 or phase 2 mechanism. Second,
to potentially form an MBI, the NCE must be electronically appropriate to form
a reactive intermediate. Third, the compound must have the correct features to be
able to approach the heme for metabolic activation. Finally, the reactive moiety
must either coordinate with the heme or apoprotein in a destructive fashion. The
existing models tend to focus on electronics or identifying well-described reactive
moieties. One Pfizer in silico approach predicts the likelihood of a TDI based on a
Bayesian/fingerprint model. This model identifies the specific fragments that may
lead to the TDI (Zientek in preparation) and can aid in prioritizing which molecules
to test (high risk) as well as prioritize synthetic targets. Other groups have been
working on a subset of MBIs that lead to a time-dependent inhibition (TDI) of the
major P450s (Grime et al., 2009). For any of these reactions to occur in vivo, one
must consider the “free drug” available, the amount of turnover in the P450 sys-
tem, and the projected dose (concentration) of the NCE. One commercial product
from Molecular Discovery is a model that flags compounds likely to be mechanism-
based inhibitors in the MetasiteTM v. 3.0. MetasiteTM predictions for MBI are based
on whether the compound is a good P450 substrate, contains potentially reactive
moieties, and these moieties are likely to be exposed to the heme. This is a good
multistep approach, which when combined with biotransformation experimentation
can help aid project teams.
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6.8 Current State of Transporter-Based DDI Models

Just as is the case for P450s, DDIs for transporters can occur due to competition
from a more potent substrate or via direct inhibition. Most in silico models that
have been published currently focus on substrates for a specific transporter (Ekins
et al., 2007; Winiwarter and Hilgendorf, 2008; Zhang et al., 2002). However, there
have been a number of direct inhibition models developed. Many central targets in
drug discovery have transporter inhibition as the goal in therapeutic intervention.
One such report covers the QSAR relationship of a local series inhibiting dopamine
transporter (DAT), but there are many for Sert, Nat, Gaba, and system-L (Srivastava
et al., 2008). These QSAR approaches have added significantly to the scholarship
of transporter science over the last 30 years.

One of the more confusing aspects of transporter research has been the con-
stant shifting between common name, alias, and gene name and of course species
variations making it more difficult to determine if an in silico model exists for the
correct endpoint of interest. The following reviews (Hagenbuch and Meier, 2003;
Gottesman, 2002) provide some guidance to help understand the nomenclature, and
we suggest the reader also refer to the previous chapters.

One of the most broadly studied transporters for drug distribution is the human
MDR1 protein, commonly called P-glycoprotein (P-gp). P-gp has been among the
most studied transporters for DDI. Since many P-gp substrates are commonly pre-
scribed medications, in silico predictions of a significant DDI via P-gp may warrant
follow-up in vitro or in vivo studies (Wang et al., 2005). However, Fenner (Fenner
et al., 2009) has suggested that drug interactions solely related to P-gp may not be
generally clinically significant.

Pregnane X receptor (PXR) regulates the expression of P-gp, multidrug resis-
tance proteins, and cytochrome P450 enzymes. In silico models of PXR induction
were built for PXR systems from human and other orthologs (Ung et al., 2007;
Khandelwal et al., 2008). Pharmacophore modeling has identified the essential fea-
tures for binding, and both pharmacophore and docking models have been used
to identify additional agonists and antagonists (Lemaire et al., 2007; Ekins et al.,
2007). The ability to identify antibiotics that may cause drug–drug interactions using
pharmacophores was investigated (Yasuda et al., 2008).

Another transporter that has been linked with adverse events due to inhibition
is the bile salt export pump (BSEP). This transporter is also called ATP-binding
cassette transporter (ABCB11) and has become associated with hepatotoxicity. A
number of in silico methodologies to identify inhibitors are becoming more com-
mon as experimental screens are being incorporated into discovery funnels at many
pharmaceutical companies (Lin, 2007).

A growing number of academic groups are also actively contributing to the
generation of in silico methods to identify inhibitors. One recent human organic
transporter (OCT1) inhibition model was published applying PCA analysis and
pharmacophore approaches looking for shared inhibitor structural fragments (Ahlin
et al., 2008).
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While direct inhibition of transporters is clearly a concern, a number of in
silico methods also exist to identify those compounds that are good substrates of
a particular transporter and could inhibit the absorption or distribution of an NCE
competitively. Current example of this are OATP substrate models that are aimed
at identifying compounds likely to inhibit the hepatic distribution of statins (Lau
et al., 2007; Lin, 2007). Researchers at Pfizer have developed an in silico model of
OATP uptake that can identify compounds that may cause competitive inhibition
with other substrates of this transporter. As we continue to gain more knowledge
about transporter involvement in distribution, more in silico methodologies will be
applied. These models should aid in optimizing distribution across the blood–brain
barrier, distribution into the liver, and eventually aid in designing compounds that
inhibit efflux transporters in tumors.

6.9 Limitations in Current In Silico Methodologies

There have also been significant advances made in the predictive power of in silico
models and how predictions fit into drug design. Most major pharmaceutical com-
panies have spent significant resources to make in silico tools for DDI prediction
available to the teams designing new chemical entities (NCEs). It should be noted
however that these models can have major limitations and end users need to have
adequate training to know how to best apply these approaches.

One potential pitfall that in silico methods can have is called “model overtrain-
ing.” This can be a significant problem, especially when dealing with small data
sets. If the number of descriptors used is too large when compared to the training
set, the model can have substantial biases (Li et al., 2008).

Current statistical models are powerful for screening and provide rapid results;
however, this simplicity can be their Achilles heel. Current structure-based models
can be improved in the areas of protein and ligand sampling, solvation descriptions,
and energetics of complex formation.

Another potential source of error is the experimental data set used to gener-
ate the model. Errors can arise due to variability between laboratories, enzyme
batches, expression levels, NCE physicochemical properties (e.g., solubility), and
even experimentalists (Li et al., 2008). Most groups are striving to reduce micro-
somal and recombinant batch-to-batch variability by using positive controls to
maintain data quality and consistency, but there is still need for improvement. As an
example of the impact NCE physicochemical properties can play: If in an automated
screen, a large series of insoluble 3A4 inhibitors is tested at an experimental concen-
tration that yields erroneous data and these data are mistakenly incorporated into the
training set of the model, then the model will likely misclassify similar inhibitors.

6.10 Future Perspectives, Emerging Science, Conclusions

Data integration, visualization, and translation into new decisions and designs
remain as one of the greatest hurdles faced by drug discovery scientist (Stoner
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et al., 2004; Wishart, 2007). For decisions about testing, synthesis, and further
compound progression to be made in a rapid manner, more integrated tools will
need to be developed. Many of these tools will link in silico predictions with in
vitro, in vivo, and biomarker data. Analyzing this vast amount of data will require
the development of significantly more complex data decision tools.

Future models of DDI will need to become much more mechanistic and take into
account free drug theory. As microsomal binding and protein binding assays con-
tinue to become standard approaches, in silico methods for free fraction will become
as common for DDI predictions as they are currently for free clearance predictions.
In addition, as one P450 is inhibited, in silico models will eventually be able to pre-
dict the fraction metabolized (FM) shift to another clearance mechanism, and the
predicted impact on exposure in terms of AUC, Cmax, and associated pharmacoki-
netic parameters. Systems biology and the link between transporters throughout the
body and their impact on exposure related distribution can be modeled. Some in
silico approaches have attempted to link P450 3A4 and P-gp, but there are a sig-
nificant number of transporter enzyme systems that have yet to be understood at a
fundamental level.

Further revelations of the crystal structures of P450s and transporters and a
greater understanding of the importance of isoforms such as P450s 3A5 and 3A7
will continue to drive the evolution of DDI science. A greater understanding of
inhibitors of the phase 2 metabolic pathways such as aldehyde oxidase or sulfonyl
transferases is an area that is also poised for further modeling. While some basic
understanding of induction and inactivation exists experimentally, this knowledge
has yet to be fully translated into in silico approaches that have the ability to take
into account the effects of time and concentration on DDI. Eventually “grand con-
sensus” models will simulate the effects of DDI, taking into account induction,
inactivation, inhibition, and concomitant medication effects on fraction metabolized
and exposure.
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Chapter 7
In Vitro Techniques to Study Drug–Drug
Interactions of Drug Metabolism:
Cytochrome P450

J. Brian Houston and Aleksandra Galetin

Abstract Approaches are discussed for the generation and use of in vitro data on
metabolic reversible inhibition, time-dependent inhibition and induction to make
predictions of in vivo drug–drug interactions. The in vitro experimental conduct,
choice of probe substrates appropriate for individual P450 enzymes and the impor-
tance of nonspecific binding within in vitro systems are discussed. In addition
to the inhibitor/inducer properties, the importance of enzyme turnover and the
victim drug properties (e.g. parallel elimination pathways and gut enzymes) for
quantitative prediction via either of three interaction mechanisms are discussed.
Contribution of multiple inhibitors (or metabolites) and/or consequences of a mul-
tiple inhibition mechanisms are addressed, as well as mechanisms by which false
negatives and false positives may result. Finally, perspectives on future application
and improvements of these prediction strategies are outlined.

7.1 Introduction

Changes in cytochrome P450 activity represent an important mechanism for drug–
drug interactions (DDIs) and are of major interest to drug metabolism scientists
both in academia and within the pharmaceutical industry. The use of in vitro data to
delineate drug-related changes in P450-mediated drug metabolism and hence iden-
tify potential serious DDIs in humans is widespread. Over recent years, substantial
technological advances have been made in the conduct of in vitro studies in terms
of automation and generic protocols. However, there remains a lack of confidence
in the interpretation of the outcome, in particular with regard to false-negative and
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false-positive predictions. This may reflect a lack of understanding of the impor-
tance of integrating in vitro data with other pharmacokinetic phenomena to achieve
a holistic view of potential DDIs.

Mechanistically, a number of scenarios may result. First, there may be competi-
tive inhibition between two or more drug substrates for metabolism by a particular
cytochrome P450 enzyme. Second, there may be an alteration in the regulation of
these particular enzymes. This may take the form of enzyme inactivation as a result
of irreversible inhibition (time-dependent inhibition) or up-regulation of the synthe-
sis of particular P450 enzymes – induction. All three mechanisms will be considered
in this chapter. Emphasis will be on the utility of different in vitro approaches
with human systems in terms of the choices available, the caveats which must be
considered and also the particular needs and inherent limitations.

A major aim of in vitro studies is to generate kinetic parameters that can be used
within prediction strategies to assess possible in vivo consequences. The most com-
mon in vivo metric used to assess DDIs is the change in area under the plasma
concentration–time curve (AUC) of the victim drug following multiple dosing of a
second interacting drug relative to the control state (Ito et al., 1998; Tucker et al.,
2001; Yao and Levy, 2002). The AUC is the most reliable parameter as it inversely
reflects drug clearance. It is assumed that the second drug (putative modifier or per-
petrator) has reached steady state by the second phase of the study. Often the change
in the clearance is related to the average steady-state concentration of a modifier
within the dosing interval. In contrast to a time-averaged value, certain simulation
programmes (for example, Simcyp R©) (Jamei et al., 2009b) can incorporate the time
course of the modifier concentration and hence generate a temporal profile of the
process. This is a particularly valuable option when dealing with reversible inhibi-
tion mechanisms where marked changes may occur within a relatively short period
of time but is less critical for time-dependent inhibition and induction where the
altered state of activity is relatively stable, at least during the dosing interval period
of the study.

The link between AUC and the in vitro assessment of hepatocellular enzyme-
mediated clearance (CLint) can be seen through consideration of the well-stirred
liver model (Pang and Rowland, 1977) shown in Equation (7.1):

AUC = FA · FG · dose

fub · CLint
(7.1)

where FA and FG are the fractions of administered drug dose absorbed from the
intestine and escaping metabolism by the intestine, respectively, and fub is the
fraction of unbound drug in the blood.

Thus on the assumption that the change in P450-mediated clearance is not
accompanied by any effect on intestinal absorption or plasma protein binding, com-
parison of AUC under control conditions and in the presence of the modifier would
depend on both hepatic and intestinal events, as illustrated in Equation (7.2):
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AUC′

AUC
= FG

′

FG
· CLint

CLint
′ (7.2)

where the prime superscript indicates the parameter in the presence of the modifier.
It is valuable to expand this relationship to indicate the specific role of individual

P450 enzymes in clearance (Rowland and Matin, 1973; Ito et al., 2005) and to con-
sider a change in AUC for a particular drug resulting in the generic equation shown
below.

AUC′

AUC
= FG

′

FG
· 1

n∑

i

f mCYPi
CLint/CLint

′ +
(

1 −
n∑

i
f mCYPi

) (7.3)

where fmCYPi denotes the fraction of the victim drug clearance accountable to the
particular P450 subject to the inhibition/induction effect; the term i indicates the
existence of multiple enzymes (n). The overall consequence being dependent on
the sum of n P450s involved in the victim drug clearance and their respective change
in activity. The (1–�fmCYP) term in the denominator accounts for other clearance
pathways (other metabolic enzymes, biliary or renal excretion) for the victim drug
that are not altered by the modifier under investigation. While the second term in
Equation (7.3) relates to hepatic changes, the first comprises of the FG ratio and
allows for intestinal changes. For the latter the predominant expression of CYP3A
in the intestine (Paine et al., 2006) means that an fmCYP term is not necessary.
Interaction with intestinal CYP3A enzymes is accommodated in an analogous way
to the liver and the FG ratio can be expanded as indicated by Equation (7.4).

FG
′

FG
= 1

FG + (1 − FG)
CLint G

′
CLintG

(7.4)

It is clear from the generic equations that a number of other parameters are
involved in addition to the in vitro parameters that describe the change in CLint.
These particular terms (fmCYP and FG) are victim drug characteristics, rather than
inherent perpetrator properties. Thus, the success of a prediction relies as much on
how well the pharmacokinetic properties of the victim drug have been character-
ized as much as how accurate the in vitro kinetics of inhibition/induction have been
determined.

Each of the three mechanisms described above can be defined by a specific
mechanistic equation for the CLint ratio which can be substituted within the
generic equations (7.3 and 7.4) for the hepatic and intestinal components (see
Table 7.1 ). In these equations the interactant [I] (inhibitor/inducer) concentration at
the enzyme/effector site cannot be measured. Therefore, several surrogate concen-
tration terms have been proposed – both total and unbound plasma concentration
in either systemic or hepatic portal vein (for the liver) and intestinal luminal con-
centration (for the intestine) (Kanamitsu et al., 2000b; Ito et al., 2004; Obach et al.,
2006; Galetin et al., 2007). The hepatic input concentration combines the circulating
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Table 7.1 Mechanistic equations describing changes in hepatic and intestinal CLint

Mechanistic equation for CLint ratio

Mechanism Hepatic
CLint

CLint
′ Intestinal

CLint G

CLint G
′

Reversible inhibitiona 1 +
m∑

j
[I]j/Kij 1 +

m∑

j
[IG]j/Kij

Irreversible inhibitionb 1 +
m∑

j

kinact j [I]

kdeg
(
KIj + [I]

) 1 +
m∑

j

kinact j [IG]

kdeg
(
KIj + [IG]

)

Inductionc 1

1 +
m∑

j

Emax j [I]

[I] + EC50j

1

1 +
m∑

j

Emax j [IG]

[IG] + EC50j

a where [I] is the inhibitor concentration available to the enzyme and Ki is the inhibition constant,
[IG] refers to concentration in the intestine during absorption phase.
b where Kinact is the maximal inactivation rate constant, KI the inhibitor concentration at 50% of
Kinact and Kdeg is the endogenous degradation rate constant of the enzyme.
cwhere Emax is the maximal induction effect and EC50 is the concentration at 50% of Emax. In
each case the possibility of in inhibitory species is accounted for with the subscript j.

systemic plasma concentration and the concentration of an inhibitor occurring
during the absorption phase.

Multiple inhibitory species are accounted for in the mechanistic equations in
Table 7.1. The generic equations are also flexible in that they can be adapted to
accommodate simultaneously two or even all three mechanisms for one particu-
lar DDI (Equation 7.5) (Rostami-Hodjegan and Tucker, 2004; Fahmi et al., 2008b;
Hinton et al., 2008). This is far from an academic requirement as often perpetra-
tors cause induction as well as inhibition and inhibition may occur by both of the
mechanisms outlined above.

AUC′

AUC
= 1

f mCYP
p∏

k
CLint/CLintk

′
+ (1 − f mCYP)

(7.5)

where k indicates the number of mechanisms p involved.

7.2 General Approach and Practices

The prediction of DDIs can be envisaged in a number of stages, as summarized in
the four-step scheme shown in Fig. 7.1 Although a general strategy, it is instruc-
tive to consider first the specific case of reversible inhibition as this is the most
developed prediction scenario. As described by Equation (7.6) the CLint of a sub-
strate is reduced by a factor that relates inhibitor concentration [I] to its potency
(Ki). The distinction between competitive and non-competitive inhibition mecha-
nisms is not relevant when the substrate concentration is much lower than the Km
value, which is a commonly encountered in vivo situation.
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CLint
′ = CLint

1 + [I] /Ki
(7.6)

Substrate and enzyme properties
(e.g.,  fmCYP, FG, kdeg)

Change in clearance (AUC),
plasma concentration-time profile

Kinetic measures
(e.g., Ki, kinact, KI, EC50)

Concentration/potency ratio
(+PK information)

In vitro modeling

In vitro ranking

In vivo modeling

In vivo prediction

In vitro experiment

Fig. 7.1 General strategies for prediction of metabolic drug–drug interactions from in vitro
kinetic data

1. Data from the in vitro experiment are first modelled using traditional biochemical
models to determine Ki. The origins of the in vitro procedures used to obtain the
parameter values in the mechanistic equations are from standard enzymology
and are well documented in biochemistry textbooks; however, their application
to a multi-enzyme family such as the cytochrome P450 enzymes has always been
a subject for debate. There are several caveats associated with the application of
Michaelis–Menten kinetics to cytochrome P450 enzyme kinetics (see later).

2. An in vitro ranking can be made, provided that information from pharmacoki-
netic studies on the estimated in vivo concentration of inhibitor is available,
to place the in vitro data in context. The [I]/Ki rank order for different P450
enzymes helps in prioritizing the in vivo events, starting with the P450 with
largest [I]/Ki and therefore strongest inhibition potential (Obach et al., 2005;
Huang et al., 2007). At this level only hepatic interactions are accounted for in
the analysis. However, this can be valuable to qualitatively zone DDIs based on
inhibition/induction in vitro information (see later).

3. In the subsequent steps the data are modelled to predict an interaction for a
particular victim drug. At this stage, input of the specific victim drug-related
parameters (e.g. fmCYP, FG) and the inhibited enzyme (e.g. kdeg) is required to
allow the final prediction. Following the full strategy allows quantitative predic-
tion that is comprehensive with consideration of the existence of more than one
metabolic/elimination pathway, impact of multisite kinetics for CYP3A enzyme,
contribution of the intestinal inhibition, impact of enzyme properties and the role
of multiple inhibitors and mechanisms.

4. As part of the implementation of a comprehensive prediction exercise the choice
of [I] used may be explored. Although pharmacokinetic theory would favor the
use of unbound plasma concentration, in practice total concentration is often as
accurate.
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This basic relationship between the AUC ratio and [I]/Ki allows predictions of
inhibition DDIs to be categorized into four zones: true positives (AUC ratio>2,
[I]/Ki >1), true negatives (AUC ratio<2, [I]/Ki <1), false positives (AUC ratio<2,
[I]/Ki >1) or false negatives (AUC ratio>2, [I]/Ki <1) – see Fig. 7.2. Analogous
rationales can be envisaged for irreversible inhibition and induction. FDA has sug-
gested a lower cut-off ([I]/Ki of 0.1) as a decision-making criteria for whether a
clinical trial should be initiated (Huang et al., 2007; 2008). Examples of drugs as
inhibitors and inducers of CYP3A4 classified in accord with the AUC criteria are
shown in Table 7.2.
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Table 7.2 Classification of CYP3A inhibitors and inducersa adapted from FDA

Strong CYP3A
inhibitors/inducers

Moderate CYP3A
inhibitors/inducers

Weak CYP3A
inhibitors/inducers

Change in
AUC

≥5-fold change in AUC ≥2-fold but <5-fold
change in AUC

≥1.25-fold but <2-fold
change in AUC

Inhibitors Ketoconazole,
itraconazole,
clarithromycin,
indinavir, nelfinavir,
ritonavir, saquinavir

Amprenavir, aprepitant,
diltiazem,
erythromycin,
fluconazole,
fosamprenavir,
grapefruit juice,
verapamil

Cimetidine, azithromycin

Inducers Rifampicin, troglitazone Phenobarbital,
phenytoin, efavirenz

Eletriptan, gemfibrozil

a The dominant mechanism is shown
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Our experience with in vitro aproaches for each of the three mechanisms dif-
fers substantially and hence each is currently at a different level of development.
There is general confidence in the experimental generation of in vitro parameters
and the steps 1 and 2, and hence qualitative prediction/zoning. Further advances
to steps 3 and 4 to a quantitative level tend to be made more cautiously. The most
explored mechanism is reversible inhibition with the in vitro derived input param-
eter Ki. Time-dependent inhibition requires more extensive in vitro inputs in terms
of both the inhibitor properties (kinact and KI) and also the enzyme properties (kdeg).
The third mechanism, induction, is the least studied in terms of both optimizing in
vitro experimentation and extrapolating the data obtained in order to gain insight
into in vivo effects. However, the latter is an area of considerable activity at the
moment and it is likely that many advances will be made in the near future.

7.2.1 Experimental Conduct

Michaelis–Menten principles are commonly assumed for the determination of
kinetic constants from in vitro data on P450 metabolism using the steady-state and
rapid equilibrium approach. First it is assumed that there is only one substrate,
although strictly speaking this is not the case; P450-mediated reactions also have
NADPH and oxygen as substrates in addition to the test drug. NADPH is generally
ignored as it is added to the reaction at a saturating concentration (e.g. concentra-
tions of NADPH of 0.5–1 mM are typically used). Oxygen concentration, while
difficult to manipulate, is assumed to be constant. A second assumption is that the
enzyme is present at low concentrations relative to the substrate; thus at steady state
the formation of the enzyme–substrate complex is rapid. This ratio should be main-
tained for the duration of the experiment (typically minutes) and there should be
no significant impact on the substrate concentration as a consequence of enzyme
binding or metabolism of the substrate. Under pre-steady-state kinetics or at high
enzyme concentrations the mathematics is far more complex, hence the steady-state
approach is used (Segel, 1993). The ionic strength, pH and temperature should be
physiologically relevant (e.g. the use of phosphate or tris buffers at concentrations
of 50–100 mM at pH 7.4 and 37◦C) and should remain constant throughout the
reaction.

The amount of product formed should be negligible compared to the substrate
concentration. Up to 10% conversion of substrate to product over the duration of
the assay is generally considered acceptable, i.e. only one-tenth of the substrate is
exhausted. If too much substrate is exhausted the rate of reaction could decline due
to either the reduction in substrate concentration or the significant buildup of product
causing product inhibition. In order to select a suitable enzyme concentration the
linearity of the reaction with respect to the enzyme/protein concentration should be
determined. If the reaction is linear at a low substrate concentration it is likely that it
will also be suitable at higher substrate concentrations. The incubation time should
also be tailored such that the amount of product formed is negligible compared to
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the substrate concentration. Very short incubation times are in reality impractical
and may introduce further errors. Long incubation times unnecessarily prolong the
experiment and may result in degradation of the enzyme and reagents/substrates
used. Linear conditions should be established using a higher enzyme concentration
than required, which would then also be suitable for a lower enzyme concentration
if used. In practice, for many drug metabolizing enzymes a protein concentration of
<0.1 mg/mL and an incubation time of 5–10 min will produce a linear reaction with
readily detectable rates of reaction.

7.2.2 Probe Substrates

The first step in the general strategy is to measure the change in enzyme activ-
ity, whether this is due to competitive inhibition, irreversible inhibition or enzyme
induction. This is best assessed by using a selective probe for a particular P450
enzyme; the list of recommended probes by FDA is shown in Table 7.3 (Bjornsson
et al., 2003; Huang et al., 2007). There is much discussion over the appropriate
choice of probes and the table gives a selection of these. They are all well-studied
compounds and appropriate conditions in terms of linearity and analytical detail are
fully documented in the scientific literature. It is important to emphazise that these
probes have gained acceptance because of their selectivity and analytical benefits
and not because of their therapeutic importance. As a consequence, the change in
enzyme activity can be kinetically fully characterized and then extrapolated to a
variety of victim drugs at the further stages in the prediction strategy. Also these
probe compounds can be readily used in the high-throughput mode and hence are
used extensively to screen a number of possible perpetrators. Since these probes are
extensively studied any unusual kinetic aspects in terms of multisite enzyme kinet-
ics for CYP3A4 (Galetin et al., 2003) can be readily accommodated and in fact the
choice can be varied in order to minimize such complexities (Galetin et al., 2005).

7.2.3 Correction for Nonspecific Binding In Vitro

The incorporation of the fraction unbound in microsomes (fumic) has been recog-
nized as an important parameter in the in vitro–in vivo extrapolation strategies
(Obach, 1999; Margolis and Obach, 2003; Galetin et al., 2005; Ito and Houston,
2005; Rostami-Hodjegan and Tucker, 2007; Houston and Galetin, 2008). Significant
nonspecific binding to microsomal phospholipids and proteins may lead to a reduced
free inhibitor concentration and biased estimation of inactivator potency (Brown
et al., 2006; Grime and Riley, 2006; Houston and Galetin, 2008; Walsky and Boldt,
2008). Although generally accepted to improve the accuracy of clearance and DDI
predictions, the assessment of microsomal binding is still challenging, especially for
highly lipophilic drugs (Gertz et al., 2008c). Use of recombinant enzymes in inhi-
bition screening reduces the opportunity of nonspecific binding to protein/lipid, as
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Table 7.3 Examples of in vivo substrates, inhibitors (reversible and irreversible) and inducers for
specific P450 enzymes adapted from FDA recommendations (Huang et al., 2007)

P450 Substrate Inhibitor Inducer

1A2 Theophylline, caffeine Fluvoxamine Smokers vs.
non-smokers

2B6 Efavirenz Ticlopidine Rifampicin
2C8 Repaglinide, rosiglitazone Gemfibrozil and its

glucuronide, phenelzine
Rifampicin

2C9 S-Warfarin, tolbutamide Fluconazole, tienilic acid,
amiodarone (use of PM
vs. EM subjects)

2C19 Omeprazole, esoprazole,
lansoprazole,
pantoprazole

Omeprazole, fluvoxamine,
moclobemide (use of PM
vs. EM subjects)

Rifampicin

2D6 Desipramine,
dextromethorphan,
atomoxetine

Paroxetine, quinidine,
fluoxetine (use of PM vs.
EM subjects)

None identified

2E1 Chlorzoxazone Disulfiram Ethanol
3A4/ 3A5 Midazolam, buspirone,

felodipine, sildenafil,
simvastatin, triazolam

Clarithromycin, indinavir,
mifepristone, ritonavir,
itraconazole,
ketoconazole,
nefazodone, nelfinavir,
saquinavir, telithromycin

Rifampicin,
carbamazepine

high protein concentrations can be avoided due to the high enzyme activity (Obach
et al., 2006). However, certain experimental investigations require relatively high
microsomal protein concentrations; for example, most in vitro assessments of the
time-dependent inhibition potential use the two-step experimental procedure with
a high protein concentration (1–2 mg/mL) in the pre-incubation in order to allow
adequate dilution in the second step (Ghanbari et al., 2006; Venkatakrishnan and
Obach, 2007); thus, if binding is not accounted for bias in KI estimates may be
introduced (Venkatakrishnan and Obach, 2005; Houston and Galetin, 2008; Grime
et al., 2009).

Recently, two in silico approaches have been described to estimate the unbound
fraction in a microsomal preparation (Austin et al., 2002; Hallifax and Houston,
2006); both predictive tools are based on the lipophilicity of the compounds
(log P or log D7.4 for bases and acids/neutrals, respectively) and the microso-
mal protein concentration. The limitations of these empirical predictive tools and
their utility for fumic predictions over a range of lipophilicity have been addressed
recently (Gertz et al., 2008c). A significant difference in the fumic estimates was
seen in the area of intermediate lipophilicity (log P/D = 2.5–5) due to the nature
of the prediction equations and their sensitivity on the variability in the log P esti-
mates. The extent of nonspecific binding for highly lipophilic drugs (log P/D ≥
5) was poorly predicted by both equations, suggesting that the fraction unbound
should be determined experimentally for these drugs; this cutoff should be lower
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(log P/D ≥ 3) if a microsomal protein concentration >0.1 mg/mL is used. As overall
prediction accuracy was the highest at low microsomal protein concentration, it is
prudent to perform kinetic and inhibition studies at the lowest microsomal protein
concentration possible.

Analogous to applying a correction for microsomal drug binding, the fraction
unbound in hepatocyte incubations (fuhep) is also required for prediction of clear-
ance and DDIs (McGinnity et al., 2006; Brown et al., 2007a; Stringer et al., 2008).
Different experimental methods are employed to determine the drug binding in
hepatocyte incubations, namely oil centrifugation, dialysis and ultrafiltration using
either dead (freeze-thawed) or “live” hepatocytes (Austin et al., 2005; Henshall
et al., 2008). An issue with the freeze-thawed approach is that cells break open
during the process, which in turn can affect the binding of drugs to the hepatocytes
resulting in poor estimate of the fuhep. In contrast, use of “live” cells requires the
presence of inhibitors to prevent any potential metabolism. In addition to the exper-
imental methods, the relationship between the extent of binding in microsomal and
hepatocyte incubations has been used as an empirical tool for the prediction of fuhep
either directly from the drug lipophilicity metric or from a previously obtained fumic
value (Kilford et al., 2008). Analogous to microsomes, prediction of hepatocyte
binding must be undertaken with caution for drugs with log P/D ≥ 3 due to the
impact of inaccuracies in log P/D estimates and the general inaccuracy of the pre-
dictive tools in this lipophilicity area. In addition, for drugs for which hepatocellular
uptake is not limited to simple partitioning (e.g. lysosomal uptake for bases at low
drug concentrations (Hallifax and Houston, 2007) or active uptake in hepatocytes
(Hirano et al., 2006; Ho et al., 2006; Yamada et al., 2007)), the prediction of fuhep
will be further complicated. However, the use of these calculated unbound frac-
tions, while imprecise in many cases, is far preferable to ignoring this important
phenomenon.

7.3 Enzyme and Victim Drug Properties

As indicated earlier, it is evident from the equations that knowledge of the enzyme
and victim drug properties is as important as the inhibitory/induction properties of
the interacting drug in governing the magnitude of a DDI. This amounts to the need
for accurate estimation of the enzyme turnover (kdeg), the relative importance of
various clearance processes (fmCYP) and the role of the intestine as an eliminating
organ (FG) and will be addressed in the sections below.

7.3.1 Enzyme Turnover

At steady-state, the rate of change of active enzyme concentration (d[E]/dt) is
determined by the equilibrium between the rates of de novo synthesis (Ro) and
degradation of the enzyme, as illustrated in the following equations (Equations 7.7
and 7.8) (Wang et al., 2004; Yang et al., 2008):
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d[E]

dt
= Ro − kdeg[E] (7.7)

[E]ss = Ro

kdeg
(7.8)

where Ro and kdeg are the rate of enzyme synthesis and degradation rate constant,
respectively, [E]ss is the enzyme content at steady state. When the balance between
synthesis and degradation is disturbed (as in the case of either induction or irre-
versible inhibition), the abundance of particular P450 enzyme will change to reach
a new steady-state; the Ess and the time to reach steady state are determined by the
enzyme kdeg. Therefore, an accurate estimate of enzyme turnover has implications
for the successful prediction of both induction and time-dependent DDIs. Intrinsic
clearance of a substrate of the enzyme can be described by Equation (7.9):

CLint = [E]ss · kcat

Km
(7.9)

The assumption is that at the enzyme active site [S]<< Km, where kcat represents
the first-order rate constant that relates Vmax to Ess and Km is the Michaelis–Menten
constant. The relationship between CLint and Ess shown in Equation (7.9) is appli-
cable both in the absence and in the presence of a modifier (either inducer- or
mechanism-based inhibitor), but the CLint and Ess will differ.

In the presence of an irreversible inhibitor, the enzyme level will decrease as
described by Equation (7.10), reaching the new steady-state enzyme level and
intrinsic clearance, defined by Equations (7.11) and (7.12), respectively.

d[E]

dt
= Ro − kdegE − kobsE (7.10)

[E]ss = Ro

kdeg + kobs
(7.11)

CLint
′ = [E]ss

′ · kcat

Km
(7.12)

where kobs is the rate constant for inhibition observed in vitro over a range of
inhibitor concentrations and is dependent on kinact, KI and inhibitor concentration
according to the following relationship:

kobs = kinactI

KI + I
(7.13)

The ratio of CLint in the absence and presence of an irreversible inhibitor is
expressed by Equation (7.14):
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CLint

CLint
′ = [E]ss

[E]ss
′ = 1 + kinactI

kdeg(KI + I)
(7.14)

In the presence of an inducer, the enzyme level will increase as defined in
Equation (7.15). At the new steady state the enzyme level and intrinsic clearance
are defined by Equations (7.16) and (7.12), respectively.

d [E]′

dt
= Ro + kind · [E]′ − kdeg · [E]′

= Ro + (Rmax − Ro) · [I]

EC50 + [I]
− kdeg · [E]′

(7.15)

[E]ss
′ = Ro + (Rmax − Ro)

Kdeg
• [I]

EC50 + [I]
(7.16)

where kind is the rate constant for enzyme induction, Rmax the maximum rate of
enzyme synthesis, EC50 the concentration of inducer at 50% of maximal induction
and [E]′ss the enzyme content at steady state in the presence of an inducer.

The ratio of CLint in the absence and presence of an inducer is expressed by
Equation (7.17), where Emax is the maximum induction of enzyme (net fold increase
in enzyme) or (Rmax–Ro):

CLint

CLint
′ = [E]ss

[E]ss
′ = 1

1 + Emax · [I]

EC50 + [I]

(7.17)

Equations (7.13) and (7.17) are also shown in more general forms in Table 7.1.

7.3.2 Impact of Parallel Elimination Pathways

The fraction of the metabolic clearance of the victim drug that is catalyzed by the
enzyme subject to inhibition (fmCYP) depends on the fraction of the dose metabo-
lized and the contribution of each individual P450 to the total metabolic clearance.
Due to high sensitivity of the prediction models to this victim drug parameter (Fig.
7.3 ), in particular for victim drugs where the enzyme affected contributes >80% to
the overall elimination, its accuracy has a significant impact on the success of DDI
predictions (Brown et al., 2005; Ito et al., 2005; Chien et al., 2006; Galetin et al.,
2006; Hinton et al., 2008). The knowledge of the major routes of clearance is also
beneficial in order to avoid significant inter-individual differences due to metabolism
via polymorphic enzyme (Collins et al., 2006; Zhang et al., 2007).

A number of in vivo approaches can be employed to estimate fmCYP value, as
summarized recently (Houston and Galetin, 2008). The most unequivocal method
is based on the comparison of phenotyping data in extensive and poor metabolizers,
as illustrated in the case of CYP2D6 (Ito et al., 2005). A good alternative to this
approach is “pheno-copying” based on the difference between the urinary recovery
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Fig. 7.3 Effect of fmCYP on the prediction of drug–drug interactions. The sensitivity of the pre-
dicted AUC ratios on the fraction of the drug metabolized by the inhibited pathway via a particular
P450 enzyme (fmCYP) over a range of inhibitor potency defined by [I]/Ki

of metabolites in the presence and absence of a selective inhibitor (e.g. tolbu-
tamide in the presence of sulfaphenazole as CYP2C9 inhibitor) (Brown et al., 2005;
Kusama et al., 2009). In the case of CYP3A4, the most problematic P450 enzyme,
combined information on the urinary recovery of metabolites, biliary excretion and
the recovery of unchanged drug has been used (Brown et al., 2005; Galetin et al.,
2005; 2006). In addition to excretion data, the extent of increase in the victim drug
AUC in the presence of a selective CYP3A4 inhibitor (e.g. ketoconazole, itracona-
zole) has been suggested to estimate fmCYP3A4 (Shou et al., 2008). A limitation of
this approach is that it is based solely on the effect of the inhibitor on the hepatic
metabolism, even though a number of clinical studies have indicated a more pro-
nounced inhibition (and induction) of intestinal CYP3A4 in comparison to the liver
(Gomez et al., 1995; Palkama et al., 1999; Tsunoda et al., 1999; Saari et al., 2006;
Galetin et al., 2007).

Reaction phenotyping is commonly used in pharmaceutical industry to determine
the relative contribution of various enzymes to the metabolism of a new chemi-
cal entity (Zhang et al., 2007). A number of methods are used including the use
of recombinant proteins, enzyme-selective chemical inhibitors and antibodies (Lu
et al., 2003; Shou and Lu, 2009). As all these methodologies are readily avail-
able for human P450, in vitro reaction-phenotyping data are now routinely included
in most regulatory documents (Williams et al., 2003; Zhang et al., 2007). Recent
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studies have shown the use of inhibition and reaction-phenotyping recombinant
P450 data in the prediction of the magnitude of in vivo DDIs (McGinnity et al.,
2008; Youdim et al., 2008) using the modeling and simulation software Simcyp R©
(Jamei et al., 2009b). In addition to fmCYP, recent studies have reported the use of
in vitro data to estimate the extent of glucuronidation (fmUGT) (Cubitt et al., 2009;
Kilford et al., 2009). The contribution of glucuronidation can be determined in both
liver and intestine using separate incubations with either NADPH (P450) or UDPGA
(UGT) cofactors. Considering the increasing importance of glucuronidation elimi-
nation, this approach should be incorporated in the prediction of clearance or DDIs.
However, without accurate information on the role of renal elimination, an overes-
timation of either fmCYP or fmUGT can result; hence, cautious interpretation of the
in vitro data is necessary.

7.3.3 Prediction of FG from In Vitro Data

The contribution of an intestinal interaction can be incorporated into the pre-
diction equation using hepatic enzyme interaction data in the form of the ratio
of the intestinal wall availability in the presence and absence of the modifier
(FG

′ and FG, respectively); this approach is applicable for both inhibition and
induction interactions (Table 7.1) (Rostami-Hodjegan and Tucker, 2004; Wang
et al., 2004; Galetin et al., 2006; Obach et al., 2006; Fahmi et al., 2008b; Galetin
et al., 2008). Recent analysis has highlighted the sensitivity of DDI prediction
models to the accuracy of the estimated basal FG value, in particular for drugs
with a high intestinal first-pass extraction (>75%), either as a result of extensive
intestinal metabolism (e.g. buspirone) or proposed interplay with efflux transporter
(e.g. tacrolimus) (Galetin et al., 2007).

Direct measurement of FG is rarely performed in humans due to practical and
ethical reasons, with the exception of studies in anhepatic patients during liver trans-
plant operations or patients whose portal blood circulation bypassed the liver (Paine
et al., 1996; Thummel et al., 1996). One approach to estimate FG is to use plasma
concentration–time profiles after oral and i.v. administration, based on the assump-
tions that there is negligible metabolism in enterocytes after i.v. dose and that the
systemic clearance of a drug after i.v. administration reflects only hepatic elimi-
nation (Hall et al., 1999; Galetin et al., 2008). Alternatively, FG can be estimated
from interaction studies with grapefruit juice (Bailey et al., 1998; Saito et al., 2005),
assuming complete irreversible inhibition of CYP3A-mediated metabolism in the
intestine but no effect on hepatic enzymes or the fraction absorbed of the inves-
tigated drug. Recent analysis (Gertz et al., 2008a) has addressed advantages and
limitations of both of these methods, highlighting the limitation of the grapefruit
juice approach for the estimation of FG for drugs whose disposition is co-dependent
on efflux/uptake transporters and metabolic enzymes.

In silico approaches to estimate FG using physiologically based pharmacoki-
netic models require the incorporation of the drug absorption process together with
zonal and cellular heterogeneous distribution of metabolic enzyme and efflux/uptake
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transporters along the length of the intestine and enterocytic, rather than total
intestinal, blood flow. A number of models have been reported with different
levels of complexity and integration of passive permeability with the activity of
metabolic enzymes and transporters (Ito et al., 1999; Pang, 2003; Tam et al., 2003;
Dokoumetzidis et al., 2007; Badhan et al., 2009). Adaptations of the original com-
partmental absorption transit (CAT) (Yu and Amidon, 1999) and advanced CAT
model (Agoram et al., 2001; Tubic et al., 2006) are incorporated in the commercially
available softwares (GastroPlus and Simcyp R©). A major disadvantage of some of
these models is their complexity and limited availability of the parameters required
for the prediction of the FG. Therefore, addressing all the complexities of the intesti-
nal first-pass metabolism adequately and yet retaining a relatively practical model
remains a challenge. The quality and use of standardized experimental conditions
for in vitro data generation are essential in addition to the knowledgeable integration
of the data from different in vitro systems.

In contrast to complex physiologically based models, Yang et al. (2007a) pro-
posed a “minimal” Qgut model. This model overcomes the inadequacy of the
well-stirred approach adapted from the commonly used liver model (Rowland et
al., 1973; Wilkinson and Shand, 1975) to estimate FG (Lin et al., 1997; Thummel et
al., 1997). A mechanistic model to predict FG values from in vitro metabolism and
transporter data is shown in the Equations (7.18) and (7.19) (Yang et al., 2007a):

FG = Qgut

Qgut + f uG · CLintG

(7.18)

Qgut = CLperm · Qent

CLperm + Qent
(7.19)

where fuG represents the fraction unbound in the enterocytes, CLuintG is the intesti-
nal clearance and Qgut is “the nominal blood flow” in the small intestine. Qgut is a
hybrid function of the permeability clearance (CLperm) and enterocytic blood flow
(Qent), as illustrated in the Equation (7.19). Permeability input in the Qgut model
can be incorporated either in the form of apparent permeability data (Papp (A–B))
determined in either MDCK-MDR1 or Caco-2 cells or by predicting effective per-
meability (Peff) from the Papp values or in silico parameters (e.g. hydrogen bond
donors or polar surface area) (Winiwarter et al., 1998; Lennernas, 2007; Yang et al.,
2007a).

Sensitivity analysis of this model has indicated that intestinal extraction of
greater than 50% (FG < 0.5) is observed for drugs with approximate CLuintG ≥ 1
μL/min/pmolCYP3A) regardless of Qgut if fuG is 1 (Galetin et al., 2008). Prediction
of FG values from in vitro permeability and clearance data performed for a large
range of CYP3A4 substrates (Gertz et al., 2008b) indicated that the Qgut model is
less sensitive to the drug permeability in comparison to drug clearance. Therefore,
the incorporation of a permeability parameter is only significant for drugs where
Papp < 100 nm/s, whereas for other drugs the well-stirred gut model represents
an equally valid model to predict FG (Galetin et al., 2008; Gertz et al., 2008b).
Different surrogates can be used for the effective free fraction in the gut, namely
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unity or plasma or blood binding; however, an accurate estimate of this parameter
is difficult. It is clear however that the use of plasma or blood binding to obtain fuG
results in a general loss of prediction accuracy in comparison to assumption of no
binding (fuG=1) (Yang et al., 2007a; Gertz et al., 2008b).

7.4 Reversible Enzyme Inhibition

Evaluation of enzyme inhibition in vitro has become a routine method in drug
metabolism for the prediction and evaluation of DDIs, particularly for P450 (Ito
et al., 2004; Galetin et al., 2005; Brown et al., 2006; Obach et al., 2006; Einolf,
2007; Houston and Galetin, 2008; Walsky and Boldt, 2008; Youdim et al., 2008).
The rapid and simple experimental procedures developed have allowed substan-
tial technological advances in the conduct of in vitro studies and such information
is now expected from regulatory authorities (Tucker et al., 2001; Bjornsson et al.,
2003; Huang et al., 2007). The FDA-recommended inhibitors are listed in Tables 7.2
and 7.3, including ketoconazole and itraconazole (CYP3A4), quinidine (CYP2D6),
gemfibrozil (CYP2C8) and fluvoxamine (CYP1A2).

The main types of reversible inhibition are as follows:

(i) Competitive inhibition: Competitive inhibitor combines with an enzyme in such
a manner that it prevents substrate binding. It may bind to exactly the same
site, or partly share or mask the substrate-binding site. In competitive inhibition
substrate and inhibitor binding is mutually exclusive and there is reciprocity of
inhibition.

(ii) Non-competitive inhibition: A simple non-competitive inhibitor has no effect
on substrate binding and vice versa. S and I bind reversibly and indepen-
dently, but bound inhibitor does not inactivate the enzyme, but has an effect
of apparently decreasing the amount of enzyme present.

In order to assess reversible inhibition potential, IC50 values are obtained across
the range of P450 enzymes. IC50 represents the inhibitor concentration that reduces
the control rate by 50% and is frequently used, as these experiments are quicker and
easier to conduct than full Ki determinations. However, no information is obtained
on the inhibition mechanism and the IC50 can be substantially different from the
Ki depending on the substrate concentration used. The in vitro inhibition studies are
designed based on steady-state kinetic principles, i.e. that the inhibitor concentration
should be much higher than the enzyme concentration, such that inhibitor binding to
the enzyme does not alter the free concentration of the inhibitor. In the case of IC50
determinations the experiment should be designed to cover a range from virtually
no inhibition to virtually complete inhibition in concentrations evenly spread on a
log scale. The substrate concentration range should be in a similar range as that for
determination of Vmax and Km. The highly lipophilic nature of many developing
compounds may result in solubility problems and different strategies to address this
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issue have been discussed (Fowler and Zhang, 2008). IC50 plots are conventionally
plotted as rate vs. log [I], and the curve can be described by the following equation:

ν = ν0

1+
(

[I]
IC50

)s + b (7.20)

where v0 is the control rate, b is the background or non-inhibitable activity and
s is the slope factor. For selective assays there should be no background activity
and the slope should equal 1 irrespective of the mechanism of inhibition. The IC50
should always be calculated by nonlinear regression of the untransformed data.
Incorporation of the pre-incubation step may be used as an indicator of potential
irreversible inhibition and this is addressed in Section 7.5.

An indication of the inhibition potency of a potential drug candidate can be
obtained from IC50 data from Michaelis–Menten principles; the Ki values represent
IC50/2 in the case of competitive inhibition and IC50 for non-competitive inhibitors
at substrate concentration equal to Km of the probe used. Determination of the Ki

is necessary when complete in vitro characterization of an inhibitor is required and
for the prediction of potential DDI in vivo (Table 7.1). The value of Ki parameter is
independent of substrate concentration used, unlike IC50. In an ideal in vitro exper-
imental design the inhibitor concentrations should span from 0.5 to 5 expected Ki.
In order to determine the mechanism of inhibition involved, preliminary analysis
of the direct plots of reaction rate vs. substrate concentration should be performed
as an indicator of changes in kinetic parameters in the presence of an inhibitor (for
example, increase in Km with no effect on Vmax would suggest competitive inhibi-
tion). Data may also be linearized in the form of an Eadie–Hofstee plot (v vs. v/[S])
or as a Dixon plot (1/v vs. [I]). The Ki is not readily determined from the Eadie–
Hofstee plot, but this may be a useful way of presenting the data and identifying
the inhibition mechanism; in the Dixon plot the Ki is the point where all the lines
intercept (Houston et al., 2003). Ki should always be determined by simultaneous
nonlinear regression of the entire untransformed data set using a suitable software
package (Houston and Galetin, 2003; Fowler and Zhang, 2008; Walsky and Boldt,
2008).

7.4.1 In Vitro Systems Used for the Assessment of Reversible
Inhibition

The in vitro screens used in drug discovery focus on the six major human
drug metabolising P450s, CYP1A2, CYP2C8, CYP2C9, CYP2C19, CYP2D6 and
CYP3A4 (Walsky and Obach, 2004; Obach et al., 2005; Huang et al., 2007; Youdim
et al., 2008), although some other human P450 enzymes, such as CYP2B6, have
recently been gaining increased attention (Walsky et al., 2006). In terms of in vitro
systems, assessment of reversible inhibition potential mainly relies on the use of



186 J.B. Houston and A. Galetin

human liver microsomes and recombinant enzymes rather than hepatocytes. Human
liver microsomes remain the most used system, as their practical convenience over-
rides the common knowledge that hepatic microsomes do not contain transporter
proteins and all the drug metabolizing enzymes. The dilemma of selection of appro-
priate donor tissue that arises due to the large inter-individual expression of the
various P450s (Parkinson et al., 2004; Rowland-Yeo et al., 2004; Paine et al., 2006)
is often overcome by the use of pools of numerous donors. However, the use of hep-
atic microsomal inhibition data may significantly underestimate in vivo potency in
the case of accumulation of the inhibitor, as the occurrence of the active processes
will lead to high cellular concentrations of inhibitor (e.g. HIV protease inhibitors,
fluoroquinolones).

Inhibition data obtained in hepatocytes should be more representative of the in
vivo situation, due to the presence of intracellular proteins, organelles and intact
plasma membrane containing transporter proteins. Recent comparison of unbound
Ki values in rat microsomes and freshly isolated hepatocytes (Brown et al., 2007a) of
a series of P450 inhibitors illustrated very good agreement in the in vitro inhibitory
potency between the systems despite high cell-to-medium ratio observed for some
inhibitors (e.g. fluoxetine, ketoconazole). In these cases, although significant intra-
cellular binding of inhibitor to cellular proteins occurs, there is no significant
difference between the drug concentration in the hepatic cytosol and the incubation
medium and hence no difference in unbound Ki values between systems. In contrast,
for inhibitors that undergo active transport processes more potent hepatocyte Ki val-
ues are expected in comparison to microsomal values, as the unbound intracellular
and extracellular inhibitor concentrations are not equivalent (e.g. gemfibrozil and its
glucuronide, enoxacin, clarithromycin, unpublished data). Comparison of IC50 or Ki

values obtained in microsomes and hepatocytes represents a useful initial tool for
assessing potential hepatic accumulation of inhibitors prior to transporter-specific
inhibition studies and uptake studies in isolated hepatocytes.

7.4.2 Inhibition at Multiple Sites

The potential of substrates and modifiers of CYP3A4 to show homo- and het-
erotropic cooperative effects (Kenworthy et al., 2001; Shou et al., 2001; Galetin
et al., 2003; Henshall et al., 2008) confounds any straightforward in vitro–in vivo
correlation. Atypical kinetic phenomena attributed to the existence of multiple bind-
ing sites have been associated predominantly with CYP3A4 (Galetin et al., 2002;
Yano et al., 2004); however, recent studies indicate similar behavior for other P450s
and UDP glucuronosyltransferase enzymes (Egnell et al., 2003; Hutzler et al., 2003;
Uchaipichat et al., 2004; 2008).

Interactions with multiple binding sites may result in inhibition at only one of
the binding sites or a differential effect at each site (Galetin et al., 2003; Houston
et al., 2003). In order to explore the range of possible consequences of heterotropic
interactions the use of multiple substrates in vitro at various substrate concentra-
tions has been recommended (Kenworthy et al., 1999). Modeling of inhibition at
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multiple binding sites, alterations in binding affinity or in rate of metabolite for-
mation and the lack of reciprocity between competing binders have been addressed
(Galetin et al., 2005; Houston and Galetin, 2005). In order to assess the impor-
tance of cooperativity and predict changes in the in vivo plasma concentration–time
profile from CYP3A4 in vitro data, an equation was derived based on the same
rapid equilibrium /steady-state assumptions as the single-site model inhibition mod-
els (Galetin et al., 2005). In addition to [I]/Ki ratio, this two-site model equation also
incorporates the cooperative changes in the catalytic efficacy and binding affinity in
the presence of the inhibitor. The complexity of multisite kinetic analysis observed
with certain CYP3A4 substrates (e.g. testosterone) (Kenworthy et al., 2001; Galetin
et al., 2003) indicated the need for an assessment of alternative and/or more prag-
matic approaches and substrates for the prediction of potential DDI involving this
enzyme. Midazolam and quinidine were suggested as a more pragmatic choice of
CYP3A4 substrates in comparison to nifedipine and testosterone, due to their appar-
ent hyperbolic kinetics and good DDI prediction accuracy and precision observed
with azole inhibitors (Galetin et al., 2005).

7.5 Time-Dependent Inhibition

Mechanism-based or time-dependent inhibition interactions (TDI) involve the
metabolism of an inhibitor (i.e. require NADPH for P450 reactions) to reac-
tive species which inactivate the catalyzing enzyme by different mechanisms in
a concentration- and time-dependent manner. In the case of quasi-irreversible
inhibitors, these reactive intermediates coordinate with the heme prosthetic group
leading to the formation of a catalytically inactive metabolite–inhibitor complex of
the P450 enzyme. In contrast, reactive intermediates generated from the metabolism
of irreversible inactivators covalently react with an active site within the apoprotein
(Silverman, 1995; Kent et al., 2001; Zhou et al., 2005; Kalgutkar et al., 2007). Due to
the requirement for metabolic activation and therefore interaction with the enzyme
active site, time-dependent inhibitors will also inhibit the same enzyme in a competi-
tive reversible manner to some extent. The design and conduct of in vitro irreversible
inactivation studies are more complex compared to reversible inhibition due to the
time-dependent nature of the inhibition. Two main parameters are important for pre-
diction of TDI – the capacity parameter (kinact) defining maximal inactivation rate
constant and the potency term (KI) representing the inhibitor concentration leading
to 50% of kinact (Silverman, 1995; Zhou et al., 2005; Venkatakrishnan and Obach,
2007); both parameters are derived from inactivation data using multiple inhibitor
concentrations after multiple pre-incubation time points. Potent time-dependent
inhibitors include mibefradil, ritonavir and clarithromycin (CYP3A4), tienilic acid
(CYP2C9), phenelzine (CYP2C8), furafylline (CYP1A2) and paroxetine (CYP2D6)
(Polasek et al., 2004; Ernest et al., 2005; Pinto et al., 2005; Venkatakrishnan and
Obach, 2005; Obach et al., 2007).

The most commonly applied method to asses this type of inhibition interac-
tion in vitro uses varying concentrations of inhibitor preincubated with the enzyme
source (human liver microsomes or recombinant P450 preparation) and NADPH for
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various times prior to dilution into a secondary incubation (activity assay) contain-
ing NADPH and a probe substrate of the P450 of interest. This method is often
referred to as the two-step dilution assay and a number of recent studies have
addressed the critical aspects of its experimental design, all of which may affect
the estimates of inhibitor potency (Ito et al., 2003; Ernest et al., 2005; Pinto et al.,
2005; Galetin et al., 2006; Ghanbari et al., 2006; Polasek and Miners, 2007; Riley
et al., 2007; Fowler and Zhang, 2008). This approach assumes that the inhibitor con-
centration in the final incubation is negligible and therefore the rate of metabolism
of a probe substrate reflects the remaining enzyme activity; this may not be correct
depending on the conditions mentioned below. Ideally, pre-incubation time should
exceed the incubation, i.e. short secondary incubation time (5–10 min depending
on the enzyme) compared to pre-incubation in order to minimize further time-
dependent inhibition. In addition, careful selection of preincubation time points is
crucial to define the slope of the inactivation rate curve adequately for both slow
and rapid inhibitors while avoiding an excessive number of incubations (Yang et al.,
2005; Ghanbari et al., 2006).

After different pre-incubation times, aliquots of the enzyme–inhibitor mix are
diluted into the substrate solution and the remaining enzyme activity is determined.
A minimal 1:10 dilution factor should be applied to reduce the occurrence of
competitive inhibition and to allow enzyme inactivation to be distinguished from
inhibitory metabolite generation. Contrary to earlier studies where great inconsis-
tency in the experimental design was reported (Ghanbari et al., 2006), there is now
an increasing awareness of the importance of appropriate enzyme dilution to min-
imize the residual effects of the inhibitors. Current improved analytical sensitivity
of the LC-MS/MS methods allows the use of high dilution factors (20 or even 50)
(Obach et al., 2007; Walsky and Boldt, 2008) and much shorter incubation times
reducing the potential bias in in vitro parameter estimates. In addition, the use of
high substrate concentrations (at concentrations in excess of its Km, equivalent to
Vmax) and nonlinear regression analysis are recommended when obtaining the kinact
and KI parameters (Van et al., 2006; Yang et al., 2007b). The use of saturating
substrate concentrations in the second metabolic incubation contributes to reduc-
ing the effect of any potential reversible inhibition which may otherwise confound
estimation of the TDI kinetic parameters.

7.5.1 In Vitro Systems Used for the Assessment of Irreversible
Inhibition

Analogous to reversible inhibition, assessment of time-dependent inhibition
potential is predominantly performed in human liver microsomes and recombi-
nant enzymes (McConn et al., 2004; Ernest et al., 2005; Obach et al., 2007;
Venkatakrishnan and Obach, 2007; Fowler and Zhang, 2008; Zhang et al., 2009).
Recombinant P450 enzymes offer many attractions as they avoid issues asso-
ciated with the involvement of multiple enzymes, allowing the assessment of
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inhibition on a specific enzyme in a membrane environment. However, the choice of
recombinant system (with generally higher P450 content per mg of protein than
human liver microsomes), the concentration of accessory proteins (e.g. NADPH
P450-oxidoreductase and cytochrome b5) and their relative ratio to the P450 protein
may result in differential catalysis rates and degrees of uncoupling in comparison to
liver microsomes (Voice et al., 1999; Venkatakrishnan et al., 2000; Jushchyshyn
et al., 2005). Figure 7.4 shows a comparison of kinact/KI estimates obtained in
recombinant CYP3A4 and human liver microsomes from six different studies
(Kanamitsu et al., 2000a; McConn et al., 2004; Wang et al., 2004; Ernest et al., 2005;
McGinnity et al., 2006; Polasek and Miners, 2006). The kinact and KI values for 16
CYP3A4 inhibitors covered a 100- and 3000-fold range across studies, respectively.
Comparison indicated on average 4-fold higher kinact/KI in recombinant enzymes in
comparison to the liver microsomes.

The use of intact hepatocytes (in suspension or culture) in the assessment of
time-dependent inhibition is less common (McGinnity et al., 2006; Van et al., 2007)
in comparison to the assessment of clearance and induction studies (Brown et al.,
2007b; Hewitt et al., 2007b; Soars et al., 2007; Hallifax et al., 2008; Shou et al.,
2008). The studies have indicated a clear trend of lower kinact/KI in hepatocytes
compared to human liver microsomes and recombinant P450, mainly driven by a
significantly lower kinact estimates in hepatocyte systems, as observed for the time-
dependent inhibitors fluoxetine (CYP3A4 and CYP2C19) (McGinnity et al., 2006)
and MDMA (CYP2D6) (Van et al., 2007).
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Fig. 7.4 Comparison of the TDI metric kinact/KI obtained in recombinant enzymes and human
liver microsomes. Inhibitor data taken from (©) (Kanamitsu et al., 2000a), (�) (McConn et al.,
2004), (�) (Wang et al., 2004), (•) (Ernest et al., 2005), (�) (McGinnity et al., 2006) and (�)
(Polasek and Miners, 2006). The solid line represents unity and the dotted line represents the
average 4.3-fold bias
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The extrapolation of the in vitro kinact/KI to the in vivo situation depends on
the relative magnitude of this parameter to enzyme degradation; in the case when
the inactivation index – kinact· I/kdeg·(KI + I) is << kdeg (<10%, e.g. azithromycin)
a weak inhibitory effect can be expected, with an AUC ratio ≤2. Early predic-
tions of TDI (Ito et al., 2003; Wang et al., 2004) used CYP3A4 degradation
half-life estimates (t1/2 deg) obtained in either rat or Caco-2 cells (Correia, 1991),
resulting in t1/2 deg of 14–35 h. Recently, the estimates of human CYP3A4 kdeg
from both induction studies and in vitro investigations in liver slices have been
collated (Galetin et al., 2006; Ghanbari et al., 2006; Yang et al., 2008). The esti-
mated decay of CYP3A4 activity is 2-fold longer in comparison to some other
cytochrome P450 enzymes (Ghanbari et al., 2006) but comparable to CYP2D6
(Renwick et al., 2000; Venkatakrishnan and Obach, 2005). The differential degrada-
tion half-lives reported for CYP3A4 and CYP3A5 in vitro (79 vs. 35 h, respectively)
(Renwick et al., 2000) and the lesser susceptibility to inhibition observed for
CYP3A5 (McConn et al., 2004; Pinto et al., 2005; Wang et al., 2005) may con-
tribute to the extent of inter-individual variability observed in the magnitude of
interactions.

The importance of accurate enzyme degradation estimates has been shown for
the prediction of CYP2D6 inactivation by paroxetine (Venkatakrishnan and Obach,
2005); a recent comparable study was reported for CYP3A4 (Galetin et al., 2006).
The impact of inter-individual variability of human CYP3A4 t1/2 deg (20–146 h)
(kdeg of 0.8–5 × 10–4 min–1) on the assessment of TDI potential and DDI pre-
diction accuracy was investigated. The sensitivity of the predicted magnitude of
a DDI to a CYP3A4 degradation rate was dependent on fmCYP3A4. The predic-
tion accuracy was very sensitive to CYP3A4 degradation rate for victim drugs
mainly eliminated by this enzyme (fmCYP3A4 ≥ 0.8); minimal effects were observed
when CYP3A4 contributed less than 50% to the overall elimination in cases when
the parallel elimination pathway was not subject to inhibition. The study also
recommended the use of hepatic CYP3A4 t1/2 deg of 3 days (i.e. kdeg of 1.6 ×
10–4 min–1) in the assessment of time-dependent interaction potential, as this
approach yielded an 89% success rate (defined by 2-fold of observed in vivo values
criteria).

CYP3A4 intestinal kdeg can be estimated from the reported changes in the AUC
of the victim drug at different times after ingestion of grapefruit juice. This approach
allows the estimation of intestinal CYP3A4 t1/2 deg due to the selective and irre-
versible inhibition of intestinal CYP3A4 by components of grapefruit juice with
no effect on hepatic enzymes (Bailey et al., 1998; Saito et al., 2005). CYP3A4
recovery t1/2 of 13–33 h was obtained (mean value of 23±10 h) resulting in
the corresponding intestinal kdeg of 4.8 × 10–4 min–1 (Obach et al., 2007; Gertz
et al., 2008a; Yang et al., 2008). The estimated intestinal CYP3A4 t1/2 deg is shorter
in comparison to hepatic estimates, probably reflecting the turnover of intestinal
mucosal cells, and will impact on the accurate assessment of the contribution of
the intestinal interaction to the overall magnitude of time-dependent inhibition or
induction.
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7.5.2 Alternative Approaches for the Assessment of
Time-Dependent Drug–Drug Interactions

Recently, the use of IC50 shifts following various pre-incubation times has received
attention as a potential alternative approach to the resource intensive two-step dilu-
tion assay (Obach et al., 2007; Walsky and Boldt, 2008; Grime et al., 2009; Perloff
et al., 2009). In this method, the IC50 experiment is performed in the same man-
ner as in the case of reversible inhibition, but with the additional pre-incubation
of the inhibitor (usually 20–30 min) with the enzyme source (liver microsomes
or recombinant enzymes) and NADPH. Following the pre-incubation, probe sub-
strate is added at approximately Km concentration and incubated further (shorter
incubation, 2–10 min). In order to assess the impact of pre-incubation, an identical
experiment is performed without this step or with a pre-incubation lacking NADPH;
the shift to lower IC50 following pre-incubation compared to an IC50 obtained with-
out pre-incubation indicates time-dependent inhibition (von Moltke et al., 2000;
Yeo and Yeo, 2001; Yamamoto et al., 2004; Obach et al., 2007; Perloff et al.,
2009). Typically, a single pre-incubation time point is used which allows sufficient
time for time-dependent inhibition to be manifested (usually 30 min). However, a
single time-point approach means that the kinetics of IC50 reduction during the pre-
incubation is uncertain and a set pre-incubation of 30 min may not be suitable for
all inhibitors. Perloff et al. (2009) have investigated the utility of two pre-incubation
time points (10 and 30 min) for the assessment of time-dependent inhibitors of
a range of P450 enzymes. In the case of rapid inactivators (e.g. azamulin and
CYP3A4) the use of long pre-incubation times had no beneficial impact on the IC50
reduction compared to shorter pre-incubation times, opposite to the effect seen with
slow-acting inhibitors (e.g. verapamil and CYP3A4). The use of both short and long
pre-incubation time points should facilitate the subsequent selection of the opti-
mal conditions for the kinact/KI estimation. Therefore, short pre-incubation times
with closer time points would be more appropriate for the kinact/KI assays for rapid
inactivators (e.g. mibefradil/CYP3A4 and tienilic acid/CYP2C9), whereas longer
pre-incubation and more wider spread of time points are more suitable for slower
inhibitors (e.g. diltiazem/CYP3A4).

Significant depletion of an inhibitor over the pre-incubation time (e.g. mibefradil,
saquinavir) may result in a lack of any significant decrease in IC50 and a false-
negative result for a potent time-dependent inhibitor. In order to overcome this and
allow detection of inhibition despite inhibitor depletion, recent studies have intro-
duced the dilution step in the IC50 method, analogous to the kinact/KI assay (Obach
et al., 2007; Perloff et al., 2009). Although a dilution step has proved to be useful
in the assessment of saquinavir, it has also resulted in the artefactual shift in keto-
conazole IC50 due to enzyme/protein dilution (Fowler and Zhang, 2008). Inclusion
of a 10-fold dilution step resulted in a marginal IC50 shift of ritonavir, a potent
time-dependent and reversible CYP3A4 inhibitor (1.6- and 2.1-fold depending on
probe substrate) (Obach et al., 2007), suggesting that a greater dilution step may be
required to overcome the confounding issue of a potent reversible inhibition.
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Recently, attempts have been made to correlate IC50 data, obtained following
pre-incubation, with kinact and KI (Atkinson et al., 2005; Obach et al., 2007; Grime
et al., 2009); a mechanistic relationship between these parameters was proposed by
Maurer et al. (2000). Recent studies (Obach et al., 2007; Grime et al., 2009) have
shown good agreement between 1/IC50 values (after pre-incubation) and kinact/KI
data obtained from more detailed experiments for a range of inhibitors and over
a wide range of potency; the rank order in inhibitor potency was also comparable
between two approaches. These preliminary estimates of kinact and KI obtained from
the IC50 shift data should reduce the necessity for more detailed kinact/KI assays
depending on the potential risk of TDI and assist experimental design of those
studies.

A third possible approach involves the use of metabolite progress curves to mon-
itor time-dependent inhibition (Fairman et al., 2007). This is the least explored
method, yet potentially it may offer solutions to some of the limitations outlined
above. It allows measurement of a probe substrate metabolism independently of the
metabolism of an inhibitor; good reproducibility of the in vitro parameters obtained
by this method in comparison to the two-step dilution assay has been reported
(Wimalasena and Haines, 1996); further evaluation of the predictive utility of the
parameters obtained by this method is required.

7.6 Induction

Methods for in vitro assessment of P450 induction are less well characterized and
consequently the relationship between in vitro and in vivo is less clear in comparison
to the inhibition studies. However, in recent years considerable advances have been
made with a range of in vitro systems for P450 induction. In developing prediction
strategies, advantage has been taken of experiences with inhibition, and modeling
approaches that integrate both induction and inhibition are available.

The nature of the induction response, which results in an increase in the basal
level of P450 enzymes following exposure to certain drugs, makes the development
of a robust, sensitive in vitro system capable of generating parameter values for
in vivo modeling challenging. In comparison to inhibition, enzyme induction is a
slow process resulting from the change in the rate of enzyme synthesis and enzyme
degradation. An increase in the steady-state enzyme concentration can result from
increased synthesis rate or decreased degradation rate. Induction effects become
evident on multiple dosing when the steady-state concentration of inducing drug is
maintained long enough to result in an elevated enzyme level. This may be manifest
in the form of auto-induction where the clearance of the inducer itself decreases
with time or hetero-induction where a DDI results.

Although the concept of induction of drug metabolizing enzymes has been
known for several decades an understanding of the mechanisms of P450 induc-
tion has developed slowly. CYP3A4 has received most attention due to its high
inducibility and dominant role in the metabolism of many drugs. Also, of interest
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are the highly inducible CYP1A2 and the modest responses evident with CYP2C9,
CYP2C8, CYP2A6 and CYP2B6. Induction of CYP3A4 has been well character-
ized for an increasing number of drugs, in particular for the very potent inducer
rifampicin (EC50 < 1 μM). Other classic inducers such as phenobarbital, phenytoin
and carbamazepine are 100 times less potent but are associated with relatively high
therapeutic plasma concentrations. More recently developed drugs of interest for
their inducing properties include troglitazone, bosentan and efavirenz (Tables 7.2
and 7.3).

The major mechanism for CYP3A4 induction has been shown to occur via activa-
tion of a human orphan nuclear receptor known as pregnane X-receptor (PXR) (Sinz
et al., 2006; McGinnity et al., 2009). The inducer binds to PXR in the cytosol and
is translocated into the nucleus where it heterodimerizes with retinoid X-receptor
which in turn binds to a DNA responsive element upstream from the CYP3A4 gene
and activates its promoter leading to transcription. PXR also upregulates the tran-
scription of a number of other P450s albeit less potent, CYP2B6 and CYP2C9.
Other nuclear hormone receptors that play a role in the induction response for cer-
tain drugs include the constitutive androstane receptor (CAR) and aryl hydrocarbon
receptor (AHR – responsible for CYP1A2 induction).

Induction data are usually reported as a comparison of the test compound with
a negative and/or a positive control (rifampicin often being used). Hence the fold
induction can be expressed and this provides a crude measure of defining the capa-
bility of induction. When induction experiments are carried out over a wide enough
concentration range it is possible to characterize a response in terms of the classic
Emax model (Lin, 2006) with an EC50 and Emax as in vitro parameters which can be
used to make an in vivo prediction.

7.6.1 In Vitro Systems Used for the Assessment of Induction

Several in vitro tools for induction assessment are available. Primary human hepato-
cytes are considered the gold standard for in vitro induction assessment and are the
FDA recommendation (Huang et al., 2008). Hepatocytes are typically treated with
a test compound for 2–3 days; then P450 levels are compared with those in a vehi-
cle treated cells. P450 expression can be evaluated by measuring enzymatic activity
with a selective probe substrate or by measuring protein or mRNA. While primary
hepatocytes (fresh or cryopreserved) are considered the most reliable way to assess
induction, quantity, quality and availability of human hepatocytes remains limited.
Significant inter-donor variability in the induction response in primary hepatocytes
and the question of what is an average liver response are of major concern. The
option of generating pools of numerous donors is not a practical one in the case of
human hepatocytes; some preparations show very little response while others show
a high degree (Parkinson et al., 2004; Tang et al., 2005).

The balance of data would suggest that variability between donors predom-
inantly comes from Emax rather than EC50 (Silva et al., 1998; Meunier et al.,
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2000; LeCluyse, 2001a; Madan et al., 2003; McGinnity et al., 2009). Significant
inter-individual difference is observed in basal levels of P450 activity (and mRNA
expression) and this can result in a significant change in the fold induction observed
between donors as there appears to be a ceiling for the maximum inducible activity
(LeCluyse, 2001a). A number of laboratories include rifampicin as a positive control
and express their data relative to the effects seen with this particular inducer. While
the reasons for the choice of rifampicin are understandable it has a number of other
complications due to its reliance on uptake transporters to access the cells (Niemi,
2007; Zheng et al., 2009) and certain alternatives to primary human hepatocytes
(e.g. Fa2N-4 cells) do not express these particular proteins.

The use of cryopreserved hepatocytes for induction is increasing with the com-
mercial availability of donor cells with good adhesion properties and hence are
suitable for culture (Lin, 2006; Hewitt et al., 2007a; b; Fahmi et al., 2008b). Other
investigators favor the use of alternative systems to human primary hepatocytes
and a number of comparative evaluation studies have been reported (Hariparsad
et al., 2008; Kanebratt and Andersson, 2008; Kenny et al., 2008). Because species
differences in induction are known to be substantial in terms of both the spectrum
of enzymes affected and the extent of induction, the use of animal tissue sources is
inappropriate for assessing human induction (LeCluyse, 2001b).

The immortalized hepatocytes are considered to offer advantages as they are
easily maintained, propagated in culture and amenable to higher throughput appli-
cations and at the same time showing less intrinsic variability (Mills et al., 2004;
Hariparsad et al., 2008). An example being the Fa2N-4-cell line, which is derived
from immortalization of primary human hepatocytes and maintains expression and
inducibility of various drug metabolizing enzymes as well as maintaining the mor-
phological characteristics of primary hepatocytes. Fa2N-4 cells are responsive to
the prototypic inducers of CYP3A4 and 1A2 (Mills et al., 2004; Hariparsad et al.,
2008; Kenny et al., 2008) and appear to be a good surrogate for primary human hep-
atocytes when assessing AHR- and PXR-mediated induction but not CAR-mediated
(CYP2B6) induction (Kenny et al., 2008). Transfected HepG2 cells (HepaRG) have
also been used for this purpose and have additional advantages as they express sev-
eral P450s and the full range of known receptors plus conjugating enzymes and
membrane transporters. Currently HepaRG cell line appears to be the best alterna-
tive to primary human hepatocytes due to its comprehensive expression of inducible
proteins and good sensitivity and discriminating nature between various inducers
(Guillouzo et al., 2007; Kanebratt and Andersson, 2008; McGinnity et al., 2009).

Cellular systems offer the option to measure mRNA and protein (immunoblot-
ting) in addition to P450 functional activity using probe substrates. The
preferred option is to monitor a probe activity, for example, formation of 6β-
hydroxytestosterone or 1′-hydroxymidazolam in the case of CYP3A4. The avail-
ability of RT-PCR kits means that mRNA can be very conveniently assayed and this
has become a very attractive option. However, demonstrable correlations between
enzyme activity and mRNA transcription levels remain elusive.

Another endpoint that has the advantages of relatively high throughput and prac-
ticality for screening large number of compounds involves the use of reporter gene



7 In Vitro Techniques to Study Drug–Drug Interactions of Drug Metabolism 195

assays (El-Sankary et al., 2001; Luo et al., 2002; Lin, 2006). Induction potential is
measured by the ability of the test compound to activate transcription of a reporter
gene. PXR-based reporter assays involve cultured cell lines that have been trans-
fected with an expression vector for PXR and a reported gene construct containing
a responsive element for PXR. While these systems have a wide range of response
and are generally good indicators they do have a number of drawbacks. As they
are often run in tumor lines with limited or no metabolic capability, there is a con-
cern over whether the co-regulatory factors required for full transcription activation
are present. Also as they do not measure native gene expression or native enzyme
activity there is no base line. Consequently Kozawa et al. (2009) normalized data
on various inducers to that from rifampicin, rather than reporting an induction ratio.
Recent studies (Sinz et al., 2006; McGinnity et al., 2009) are very supportive of the
use of the PXR receptor assay. In contrast, Luo et al. (2002) reported very poor cor-
relations relative to human hepatocytes; thus, there are opposing views on the value
of this system and its correlation with primary human hepatocytes.

McGinnity and coworkers (McGinnity et al., 2009) have carried out an exten-
sive study involving 24 prototypic CYP3A4 inducers which were tested with the
PXR reporter gene assay, Fa2N-4 cells, HepaRG cells and primary human hepato-
cytes measuring mRNA and enzyme activity as endpoints. Overall mRNA endpoints
showed a greater response than enzyme activity, in some cases this was associated
with time-dependent inhibition as well as induction properties (e.g. ritonavir and
verapamil). Marked difference between these two endpoints has also been noted for
rifampicin by a number of investigators (Mills et al., 2004; Hariparsad et al., 2008;
Kanebratt and Andersson, 2008; Shou et al., 2008) and in this instance TDI was not
a contributing factor. Overall, there was a good correlation between EC50 for two
human donors and the reporter gene assay and the two cell lines (McGinnity et al.,
2009). However, a similar relationship was not established for Emax values, again
this is consistent with the reports from previous studies. This is particularly evident
with rifampicin where the Emax response can vary > 30-fold based on the enzyme
activity (Mills et al., 2004; Hariparsad et al., 2008; Kanebratt and Andersson, 2008;
Shou et al., 2008). In conclusion, these authors propose that the HepaRG cells are a
valuable addition to the armory of in vitro tools for CYP3A4 induction and appear to
be an excellent surrogate for primary human hepatocytes. However, this conclusion
must be tempered by the limited amount of information which has been reported
with the so-called gold standard human primary hepatocytes. Until this database
grows and some consistency is achieved, any evaluation is going to be somewhat
subjective.

In some in vitro studies it has become clear that it is important to include a Hill
function in the Emax model (Shou et al., 2008); in other cases the classic hyperbolic
curve is not achieved and a bell-shaped concentration response is observed (Ripp
et al., 2006; Hariparsad et al., 2008). Clearly it is important to investigate whether
cytotoxicity is the reason for the falling off of response. The Fa2N-4 cell line is
particularly sensitive to chemical insult relative to primary hepatocytes; however,
HepaRG cells also show this phenomenon.
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7.7 Predictive Utility of In Vitro Inhibition and Induction
Parameters

In recent years numerous efforts have been made to predict the magnitude of in vivo
DDI from in vitro data with varying degrees of success (Ito et al., 2004; Galetin
et al., 2005; Brown et al., 2006; Obach et al., 2006; Einolf, 2007; Obach et al., 2007;
Fahmi et al., 2008b; Shou et al., 2008; Youdim et al., 2008). The accurate determi-
nation of perpetrator concentration in vivo is problematic as direct measurement is
not possible and there is no generally accepted approach for the extrapolation of
inhibitor/inducer concentration in the plasma to that at the enzyme site. A number
of predictions of the drug–drug interactions have been attempted with differen-
tial of success using a range of [I] values as a surrogate, including the average
plasma total or unbound concentration or hepatic input concentration (Kanamitsu
et al., 2000b; Ito et al., 2004).

7.7.1 Qualitative Zoning and Ranking Approach of Drug–Drug
Interactions

Comprehensive analysis of 193 DDIs involving inhibition of CYP2C9, CYP2D6
and CYP3A4 (Ito et al., 2004) has shown that the use of hepatic input (hepatic
portal vein) concentration was the most successful for categorizing P450 inhibitors
and identifying true-negative interactions. This approach identified true-positive and
true-negative predictions, but resulted in a significant number of false positives and
marked over-prediction of most true positives (Fig. 7.2). The [I]/Ki ratio represents
a useful tool in qualitative zoning and ranking of putative metabolic inhibitors (Ito
et al., 2004; Obach et al., 2006; Fowler and Zhang, 2008; Walsky and Boldt, 2008).
Current FDA guidelines (Huang et al., 2007; 2008) propose that for cases where
[I]/Ki ratio for a particular P450 (based on maximum plasma concentration at steady
state after the highest proposed clinical dose of an inhibitor) is <0.1, no in vivo
inhibition study is required for victim drugs metabolized by that enzyme.

In an analogous way the relative induction score has been proposed for the qual-
itative assessment of potential inducers, as shown in Equation (7.21) (Ripp et al.,
2006; Fahmi et al., 2008a):

Relative induction score = Emax[I]

[I] + EC50
(7.21)

The values of the relative induction scores obtained are correlated to the magni-
tude of clinical DDI for midazolam or ethinyl estradiol. The relationship established
for a range of inducers and in a particular in vitro system allows predictions of
potential induction DDIs for any new developing compound. In cases when it is
not possible to achieve sufficiently high inducer concentrations to characterize Emax
and EC50, the slope of the response concentration curve can be used (Shou et al.,
2008). However, the use of the slope is acceptable providing the projected in vivo
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concentration of inducer is likely to be below its EC50. In the case of induction, the
FDA recommends that in vitro fold increase in enzyme activity <40% of the posi-
tive control (e.g. rifampicin for CYP3A) indicates no need for a subsequent in vivo
induction study.

A qualitative approach and decision tree based on [I]/Ki ratio is currently also
applied for the assessment of potential transporter-mediated DDIs (Zhang et al.,
2008). Analogous to the metabolic models, in the case of transporters, the assump-
tion is that transport occurs exclusively via the particular transport protein subject
to inhibition and that no passive uptake occurs.

These pragmatic approaches ignore the specific properties of the victim drugs;
therefore, significant number of over-predictions of true-positive metabolic and
transporter-mediated DDIs occurring may not be surprising (Ito et al., 2004; Hinton
et al., 2008). These qualitative approaches should be considered as initial discrim-
inating screens due to their empirical nature; however, subsequent mechanistic
studies are required for comprehensive evaluation of a positive result (Houston and
Galetin, 2008).

7.7.2 Quantitative Prediction of Inhibition

In order to progress towards a quantitative prediction, use of appropriate models and
consideration of a number of enzyme-, inhibitor- and substrate-related parameters
are required, including existence of more than one metabolic/elimination path-
way (Rostami-Hodjegan and Tucker, 2004; Brown et al., 2005; Ito and Houston,
2005; Galetin et al., 2006; Obach et al., 2006), contribution of the intestinal
interaction (Wang et al., 2004; Einolf, 2007; Galetin et al., 2007; Obach et al.,
2007; Fahmi et al., 2008b) and the role of multiple inhibitors and mechanisms
(Hinton et al., 2008; Templeton et al., 2008; Zhang et al., 2009). The impact of
these factors on the magnitude of the predicted DDI is discussed in the following
sections.

Application of an adequate prediction model is essential for quantitative predic-
tion, in particular in the case of more complex time-dependent and induction DDIs.
For example, the prediction of TDI using the [I]/Ki approach with the assumption
of reversible inhibition generally results in under-prediction of the interaction with
a significant number of predictions being classified as false negatives (Ito et al.,
2004; Rostami-Hodjegan and Tucker, 2004; Galetin et al., 2006). An assessment
performed on 37 CYP3A4 time-dependent DDIs (Galetin et al., 2006) resulted in a
marked reduction in the incidence of false negatives and in a significant increase in
the number of studies predicted within 2-fold (89%) when time-dependent predic-
tion model was applied. In the evaluation of prediction success it is also important
to cover a wide range of in vivo effects, i.e. to incorporate a representative number
of weak, medium and potent DDIs (Bjornsson et al., 2003; Huang et al., 2007) in
the validation data sets as illustrated in a number of studies (Galetin et al., 2005;
Brown et al., 2006; Einolf, 2007; Fahmi et al., 2008b).
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There is inconsistency within the literature in the choice of surrogate
inhibitor/inducer concentration at the enzyme (or transporter) active site (either hep-
atic input or average plasma concentration) and the use of either single point or
full inhibitor time profile (Brown et al., 2006; Galetin et al., 2006; Obach et al.,
2006; Einolf, 2007; Fahmi et al., 2008b; Youdim et al., 2008) in prediction models.
Although the use of plasma inhibitor concentration may be adequate for certain per-
petrators, it will underestimate the liver concentration in the case of hepatic uptake
into the cell resulting in false-negative predictions for those inhibitors. Recent stud-
ies (Brown et al., 2005) have shown the impact of accuracy of absorption rate
constants (ka) on the estimated inhibitor concentration for 10 inhibitors. Refinement
of this parameter from the widely assumed maximum value (0.1 min–1 assum-
ing the gastric emptying is the rate-limiting step for absorption) (Ito et al., 2004)
resulted in 2- to 14-fold lower ka, affecting significantly the relative ratio of the
absorption to systemic component. A number of recent studies have applied a stan-
dard value of 0.03 min–1 (Obach et al., 2007; Fahmi et al., 2008a) due to lack
of any prior knowledge on the absorption process which may not be correct for
some inhibitors and may also vary with the dose and intake of food (Daneshmend
et al., 1981). Considering the multifactorial nature of DDI models, the use of various
inhibitor concentrations will also affect the evaluation of the role of other parameters
in the prediction model. For example, the use of unrealistically high hepatic input
concentrations may compensate for ignoring the input of the intestinal interaction,
whereas incorporation of the same inhibitor concentration corrected for the plasma
binding in conjunction with the intestinal inhibition may result in a comparable
prediction.

The databases used so far to assess the impact of individual victim drug
properties (e.g. impact of intestinal inhibition or fmCYP) often differ in the
parameter estimates used in the algorithms and this contributes significantly
to the DDI prediction success (Ito et al., 2004; Wang et al., 2004; Galetin
et al., 2005, 2006; Brown et al., 2006; Obach et al., 2006; Einolf, 2007; Fahmi
et al., 2008b; Shou et al., 2008). Figure 7.3 illustrates the sensitivity of the predicted
change in the victim drug AUC to the fmCYP term in the case of reversible inhibition;
even minor changes in this parameter (e.g. from 1 to 0.95) alter prediction accuracy
significantly (Brown et al., 2005; Ito et al., 2005; Galetin et al., 2006). The change
in the AUC decreases progressively with the decreasing contribution of the enzyme
of interest to the overall elimination of a substrate; this is equally applicable for
induction and inhibition DDIs. Therefore, it can be concluded that for victim drugs,
where the enzyme of interest contributes less than 50% to the overall elimination,
the fold change in the AUC will not exceed 2 in the case of inhibition/induction
of that particular pathway. In general, the incorporation of fmCYP in the predic-
tion models reduces significantly the extent of over-predictions of true positives and
corrects several false-positive predictions. The importance of this parameter in the
DDI prediction model is illustrated in the extensive analysis of 115 in vivo inhibi-
tion DDI studies for CYP2C9, CYP2D6 and CYP3A4 (Brown et al., 2006), where
the incorporation of parallel pathways of substrate elimination with the in vitro
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Fig. 7.5 Relationship between predicted and observed AUC ratios for reversible drug–drug inter-
actions showing the improvement obtained by incorporating fmCYP. Predicted AUC ratios obtained
using the average systemic total drug plasma concentration, standardized in vitro data and incor-
porating fmCYP for CYP2C9 (©), CYP2D6 (�) and CYP3A4 (•) in the drug–drug interaction
database from Ito et al. (2004) (A), and the corresponding studies in the database from Brown
et al. (2006) (B). The grey boxes shown relate to potent, moderate and weak DDI using the AUC
ratio criteria (Bjornsson et al., 2003). Reproduced from Ito et al. (2004) and Brown et al. (2006)
with the permission from Wiley-Blackwell and Adis, respectively

inhibition data obtained under optimal standardized conditions substantially
improved the prediction accuracy (Fig. 7.5).

There is an increasing interest in a potential contribution of metabolic intesti-
nal interactions due to high concentrations of the perpetrator drug achieved during
the absorption phase (in some cases >100 μM, e.g. fluconazole and gemfibrozil)
(Galetin et al., 2007). Relative ratio of intestinal concentration of the inhibitor to
its estimated potency (IG/Ki) represents a useful initial indicator of a potential for
intestinal interaction to occur. However, the properties of the victim drug (as defined
by FG) also need to be considered, as minimal interaction is expected if the intesti-
nal extraction is low (FG >0.5), irrespective of the potency of the inhibitor and its
inhibition mechanism (Galetin et al., 2007). Physiological variability in enterocytic
blood flow (0.1–0.5 L/min, 2–10% cardiac output), inhibitor/inducer dose and intake
of food may all affect the concentration in the gut wall and therefore the magnitude
of potential interaction (Galetin et al., 2008).

A comprehensive assessment of the role of FG ratio has been performed recently
(Galetin et al., 2007). The analysis was based on the extensive database of 93
reversible and time-dependent inhibition CYP3A4 DDIs with 11 victim drugs with
differential importance of intestinal first-pass metabolism. More than half of the
interaction studies involved victim drugs with an intestinal extraction >50% (e.g.
felodipine, buspirone) and were classified as either moderate or potent (increase
in AUC of >2- or >5-fold, respectively). The analysis has shown a very good
agreement between maximal FG ratios (i.e. 1/FG when FG

′=1 due to complete
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intestinal inhibition) and observed in vivo values for interactions involving potent
inhibitors (regardless of the inhibition mechanism) and victim drugs predominantly
metabolized with no transporter issues (e.g. midazolam, nifedipine). However, the
assumption of complete intestinal inhibition (1/FG) over-predicted the observed FG
ratio for P-gp-influenced victim drugs (e.g. tacrolimus). Comparison of the pre-
dicted (Equation 7.4) and maximal FG ratios for 36 inhibitors in the data set resulted
in no significant difference between the two approaches for the majority of the stud-
ies (91%). Therefore, 1/FG approach was proposed as a pragmatic way to estimate
intestinal inhibition interactions; however, this assumption may result in an over-
prediction of the importance of intestinal inhibition in DDIs with moderate to weak
inhibitors (<2-fold change in AUC of a victim drug). No comprehensive assessment
has been performed for intestinal induction interactions.

The incorporation of the intestinal interaction into the DDI prediction strategy in
the form of FG

′/FG ratio has shown variable improvements (Rostami-Hodjegan and
Tucker, 2004; Wang et al., 2004; Obach et al., 2006, 2007; Einolf, 2007; Galetin
et al., 2007). Differences in the success cannot be associated solely with the incor-
poration of the intestine, as other parameters were not constant between the data
sets (e.g. limited number of victim drugs investigated, value of fmCYP3A4, use of
different inhibitors concentration in the prediction model). Galetin et al. (2006)
have investigated the impact of the maximal intestinal inhibition on the predic-
tion of 28 DDIs with nine victim drugs, covering a wide range of FG, from 0.21
to 0.98 in case of buspirone and alprazolam, respectively. The use of the 1/FG
approach minimized the number of false-negative predictions; however, the number
of predictions within 2-fold of in vivo value was also reduced by 20%. The predic-
tion of interactions with midazolam, triazolam and nifedipine as victim drugs was
generally improved by the incorporation of the intestinal interaction, whereas pro-
nounced over-predictions were observed for the interactions with cyclosporine and
buspirone, as illustrated in Fig. 7.6. The over-prediction trend was in agreement with
overestimation of atorvastatin and tacrolimus interaction observed when intestinal
interaction was incorporated into the prediction strategy (Brown et al., 2006). As
highlighted above, the potential intestinal contribution needs to be investigated in
conjunction with other perpetrator- and victim drug-related properties considering
the multifactorial nature of the DDI prediction models.

7.7.3 Importance of Multiple Inhibitors and Multiple Inhibition
Mechanisms

The contribution of multiple inhibitors (or metabolites) and/or the consequence
of multiple inhibition mechanisms is becoming increasingly important in the DDI
assessment (Isoherranen et al., 2004; Rostami-Hodjegan and Tucker, 2004; Houston
and Galetin, 2008; Zhang et al., 2009). Recent studies have reported appreciable
in vivo concentrations of itraconazole metabolites (hydroxy, keto and N-desalkyl-
itraconazole) (Templeton et al., 2008), in particular hydroxy-itraconazole which
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Fig. 7.6 Relationship between predicted and observed AUC ratios for time-dependent interactions
showing the consequences of incorporating maximal intestinal inhibition. Predictions of 28 TDI
using irreversible inhibition equation (Table 7.1) applying the average unbound plasma concen-
tration of the inhibitor, corresponding fmCYP3A4 and CYP3A4 t1/2 deg of 3 days. (A) No intestinal
interaction and (B) the effect of incorporating the maximal intestinal inhibition (FG

′=1). The solid
line represents line of unity and dashed lines represent the 2-fold limit in prediction accuracy. The
shaded areas correspond to the true-negative and true-positive time-dependent interactions defined
by the 2-fold increase in the AUC; F+ and F– represent false-positive and false-negative predic-
tions, respectively. Interactions identified according to the substrates: � represents midazolam, ©
triazolam, � alprazolam, � buspirone, � quinidine, ♦ simvastatin, � cyclosporine, • felodipine
and ∗ nifedipine. Reproduced from Galetin et al. (2006) with permission from ASPET

circulates in plasma at equal or higher concentrations than itraconazole. Based
on unbound plasma concentrations and IC50 data, all the metabolites of itracona-
zole were predicted to contribute to the magnitude of CYP3A inhibition observed.
The time course of CYP3A4 inhibition was linked to the relative contribution of
inhibitory metabolites, as their relative importance varied with time after dosing of
the parent drug; for example, N-desalkyl itraconazole was predicted to contribute
30–40% to overall CYP3A4 inhibition 24 h after last itraconazole dose. In addition,
comparable in vitro potency towards CYP3A4 inhibition between ketoconazole and
its N-desacetyl metabolite has been reported (Davis et al., 2008); the implications
of these in vitro findings in the clinical settings need to be investigated further.

In the case of inhibitors that act via inhibition of different metabolic pathways
the overall inhibitory effect is additive. However, when two inhibitors act on the
same enzyme and via the same mechanism, the impact of the least potent inhibitor
is negligible, in particular if the relative ratio of [I]/Ki of two inhibitors is > 100-fold
(Hinton et al., 2008). Therefore, in such cases it would be sufficient to include only
the more potent inhibitor in the prediction model, as the magnitude of DDI is driven
by more potent inhibitor. When inhibitors act via different inhibition mechanisms
(e.g. reversible and irreversible inhibitions of CYP2C8 in the case of gemfibrozil and
its acyl glucuronide, respectively) the overall effect is not additive (Equation 7.5)
and will depend on the potency of inhibitors and the individual contribution of the
inhibited enzymes to the overall elimination. Hinton et al. (2008) have shown that
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incorporation of the time-dependent inhibition of CYP2C8 into prediction model
affects the prediction outcome only in the case of victim drugs eliminated predom-
inantly (>80%) via CYP2C8. In addition, disease- and age-specific differences in
demography and differential metabolic activity of polymorphic enzymes need to
be considered as they will contribute to the inter-individual variability in the mag-
nitude of DDIs with multiple inhibitors/inhibition mechanisms (Rostami-Hodjegan
and Tucker, 2004; Jamei et al., 2009a).

Experimental design to assess the inhibitory potential of acyl glucuronides
on P450 enzymes using gemfibrozil glucuronide as an example has been pro-
posed recently (Ogilvie et al., 2006). The study has shown that gemfibrozil acyl
glucuronide is hydroxylated at a distal site to the glucuronide moiety and the
formation of this hydroxyglucuronide results in the inhibition of CYP2C8 in a
time-dependent, rather than a reversible manner. Experimental method proposed
to assess inhibitory potential of glucuronides consisted of two activation steps: pre-
liminary pre-incubation in alamethicin-activated microsomes and in the presence
of UGT cofactors (allows formation of the acyl glucuronide), followed by NADPH
pre-incubation before measuring P450 activity using specific probe, as described in
sections above. These examples illustrate the need to consider the contribution of
inhibitory metabolites in the DDI prediction for novel compounds.

In addition to metabolic DDIs, a number of recent studies have emphasized the
contribution of the hepatic uptake transporter OATP1B1 to the disposition of a wide
range of therapeutically used drugs and also the magnitude of observed DDI associ-
ated with these drugs (Niemi et al., 2005; Maeda et al., 2006; Lau et al., 2007; Zheng
et al., 2009). Current FDA methods for ranking of potential transporter-mediated
DDIs are based on the qualitative [I]/Ki approach (Huang et al., 2008; Zhang
et al., 2008). Hinton et al. (2008) proposed a refinement of this basic transporter
model with the incorporation of a substrate-specific property, defined as fraction of
drug transported by a particular transporter protein (ft). This parameter is analogous
to fmCYP in the metabolic prediction model and allows differential contribution of
the transporter of interest to the overall uptake. Prediction of transporter-mediated
DDIs will be addressed in more detail in other chapters.

7.7.4 Quantitative Prediction of Induction

In contrast to inhibition, the number of studies investigating prediction of induction
DDIs has been small. The use of the relative induction score or other induction
ratios (Kato et al., 2005; Fahmi et al., 2008a) is promising in illustrating a good rank
order between in vitro and in vivo and if it is assumed that fmCYP is 1, then certain
conclusions can be drawn regarding the relative potency. Using data on both mRNA
and activity from hepatocytes and Fa2N-4 cells, strong correlations with in vivo
studies for two victim drugs (midazolam and ethinyl estradiol) with six inducers
have been demonstrated (Ripp et al., 2006; Fahmi et al., 2008b).
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Recently, a comprehensive set of 103 DDI studies involving six inducers of
CYP3A4 and 38 victim drugs (fmCYP3A4 ranging from 0.05 to 0.94 for ropivacaine
and midazolam, respectively) was reported (Shou et al., 2008). Their database is
illustrated in Fig. 7.7 and is based on the generic DDI prediction model with the
induction mechanistic term (Table 7.1). In vitro data originated from human hepa-
tocytes and from a single donor, but similar success was seen with a second donor.
The predictions shown are based on the in vitro data obtained using testosterone
activity as an endpoint; when mRNA was used, a marked reduction in precision
was noted. Success was also evident in earlier studies (Kato et al., 2005) which
used in vitro data for eight inducers from a variety of laboratory sources with 12
victim drugs. Also of interest is the study by Onho et al. (2008) which examined
seven inducers and 22 victim drugs (total 37 DDIs) from a predictive stance. While
not using in vitro data they were able to illustrate the value of the generic equa-
tion approach stressing the applicability to both induction and inhibition through
the use of two elements (enzyme response and victim drug PK characteristics)
(Ohno et al., 2008).

Two other recent studies have investigated in vivo predictions of induction from
in vitro data. Fahmi et al. (2008b) predicted 28 induction studies as a part of com-
prehensive investigation of a mixed induction and inhibition DDI mechanism using
mRNA determination in cryopreserved human hepatocytes. Recently, reporter gene
assay data on five inducers from various laboratories were analyzed in order to
predict DDIs from 24 clinical studies (Kozawa et al., 2009). Both reports found that
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interactions. Predictions of 103 DDIs reported by Shou et al. (2008) using induction equation
(Table 7.1). The solid line represents line of unity and dashed lines represent the 2-fold limit in
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with incorporation of empirical calibration factors (that are donor specific) excellent
predictions were possible for the majority of studies.

7.7.5 Mechanisms for False-Negative and False-Positive DDI
Predictions

The potential for falsely categorizing a potential DDI based on in vitro data should
not be ignored and several mechanisms can be identified based on the above
considerations.

False negatives. This may result from unrecognized TDI inhibition mechanism as
well as an unrecognized contribution from inhibitory metabolites. Another potential
source of false negatives would be the existence of transporter involvement which
may lead to either an incorrect value for Ki or the inhibitor concentration available
to the enzyme. Alternatively, if induction occurs in addition to inhibitory effects, the
balance may differ in vitro from in vivo.

False positives. The most common mechanism for this is likely to be an incorrect
assignment of the fmCYP value. Considering the difficulties in estimating this param-
eter (Section 7.3.2) this is undoubtedly a very common shortcoming. This situation
also provides a rationale for some of the inconsistencies in different analyses in the
literature of the same in vivo data. A particularly striking example being alprazolam
DDIs; certain investigations use fmCYP value of 1 despite the literature documenting
renal clearance accounting for 20% of total elimination.

False negatives and false positives. In addition there are some mechanisms,
which may result in either a false-positive or false-negative conclusion. This would
include inhibition of CYP3A4 when the Ki values are substantially influenced by
multisite binding; therefore, the possibility of too high or too low Ki value can arise.
Similarly the involvement of transporters may create an inhibitor concentration
within the cell that differs from that in the medium.

7.8 Perspectives for Future Improvement of Prediction Strategies

Substantial advances have been made in the ease of generation of in vitro parameters
to assess DDI potential, fuelled by the need for high-throughput procedures and the
general acceptance of generic protocols. The availability of simulation programmes
(e.g. Simcyp R©) is assisting the better use of in vitro data for prediction purposes by
allowing the incorporation of inter-individual variability and the easy exploration of
various model options. Also, the realization that in vitro data per se are only part of
the requirements for a quantitative prediction is becoming more widely appreciated.

In the literature there are several independent demonstrations of good correla-
tions for prediction of DDI potential from in vitro data. This is particularly true for
inhibition and the numbers of reports for induction are rapidly growing. However,
the prediction algorithms required are multifactorial and involve various parameters
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that often have uncertain precision. In the literature it is clear that there is incon-
sistency over the values of certain key parameters that are used in conjunction with
the in vitro data (e.g. appropriate [I]). Unfortunately there is a large subjective ele-
ment in the selection of these additional parameters which is not always supported
by adequate documentation. Table 7.4 lists the values for enzyme and victim drug
properties that have in our personal opinion the strongest body of evidence to sup-
port their use in prediction strategies. A consensus on these values would prevent
further confusing analyses and allow a clearer view of the outstanding issues.

Table 7.4 Recommended parameter values for enzyme (kdeg) and victim drug properties (fmCYP
and FG). Victim drug listed are preferred by FDA for the assessment of potential drug–drug
interactions (Huang et al., 2007)

P450
(Recommended
kdeg) Victim drug

Recommended
fmCYP

Recommended
FG References

CYP3A4a

(1.6 and 4.8 × 10–4

min–1)

Buspirone 0.99 0.21 Galetin et al. (2006,
2008)

Felodipine 0.81 0.45 Brown et al. (2005)
and Galetin et al.
(2008)

Midazolam 0.94 0.51d Brown et al. (2005)
and Galetin et al.
(2008)

Nifedipine 0.71 0.78 Brown et al. (2005)
and Galetin et al.
(2008)

Sildenafil 0.9 0.54 Galetin et al. (2008)
and Houston and
Galetin (2008)

Simvastatin 0.99 0.14e Gertz et al. (2008a)
and Houston and
Galetin (2008)

Triazolam 0.92 0.75 Brown et al. (2005)
and Galetin et al.
(2008)

CYP2C9b

(1.1 × 10-4 min-1)

Tolbutamide 0.8 1 Brown et al. (2005)
S-warfarin 0.87 1 Brown et al. (2005)

CYP2D6c

(2.3 × 10-4 min-1)
Desipramine 0.88 1 Ito et al. (2005)

a Hepatic and intestinal value, respectively (Galetin et al., 2006; Gertz et al., 2008a; Yang et al.,
2008).
b Ghanbari et al. (2006) and Yang et al. (2008).
c Venkatakrishnan and Obach (2005) and Obach et al. (2007).
d Estimated from i.v./oral data from 315 individuals, FG ranging from 0.40 to 0.79 (Galetin et al.,
2008).
e Estimated from grapefruit juice interaction data in 30 individuals, FG ranging from 0.06 to 0.28
(Gertz et al., 2008a).
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Current trends in the type of new chemical entities under development as drugs
have necessitated a broadening of the scope of in vitro systems, and hence prediction
strategies. In addition to liver, many proteins responsible for clearance processes are
also expressed extrahepatically. Hence, prediction strategies need to be expanded to
include metabolic process in the gut and kidneys and to incorporate conjugation
enzymes in addition to the P450s. In the commonly used liver models the term
intrinsic clearance relies on the fact that clearance occurs via a number of parallel
(usually metabolic) processes hence individual clearance terms are additive. When
transporters operate for a drug the hepatic clearance may involve sequential pro-
cesses rather than parallel ones and this presents challenges for the future for both in
vitro and modeling methodologies. Combined physiologically based models incor-
porating both uptake transporters and metabolic pathways in a sequential manner
to provide a comprehensive prediction tool are needed to explore and accommodate
the range of possible outcomes and the added complexity that may result.
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Chapter 8
The In Vitro Characterization of Inhibitory
Drug–Drug Interactions Involving
UDP-Glucuronosyltransferase

John O. Miners, Thomas M. Polasek, Peter I. Mackenzie, and Kathleen
M. Knights

Abstract Inhibition of UDP-glucuronosyltransferase (UGT) activity gives rise to
both drug–drug (DDIs) and drug–endobiotic interactions in vivo. Furthermore,
several glucuronides have been shown to reduce the metabolic clearances of
cytochrome P4502C8 substrates. Experimental paradigms, based on the use of
human liver microsomes (HLM), hepatocytes, and recombinant UGTs as the
enzyme sources, are now available for the investigation of drug glucuronidation in
vitro including the prediction and characterization of DDIs. The reaction phenotyp-
ing of drug glucuronidation is becoming increasingly feasible with the availability
of ‘batteries’ of recombinant enzymes along with substrate and inhibitor probes for
the major hepatic drug metabolizing UGTs. However, the occurrence of homo- and
heterotropic activation potentially complicates screening for DDIs in vitro. Recent
advances in knowledge of factors that influence UGT activity in vitro have also led
to the development of experimental approaches that accurately predict the magni-
tude of known DDIs involving glucuronidated drugs, but further work in this area is
required to demonstrate the generalizability of these models.

8.1 Inhibitory Drug–Drug Interactions Involving Conjugation
Enzymes

Glucuronidation is the conjugation pathway of greatest significance in the clearance
of currently marketed therapeutic drugs. Indeed, drugs from almost all thera-
peutic classes (e.g., analgesics, anticonvulsants, antidepressants, antihypertensives,
antipsychotics, antiviral agents, cancer chemotherapeutics, general anesthetics, hor-
mones and hormone antagonists, hypnosedative anxiolytics, hypolipidemics, and
nonsteroidal anti-inflammatory drugs) are metabolized to a significant extent via
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glucuronidation (Miners and Mackenzie, 1991; Kiang et al., 2005). Drug–drug inter-
actions (DDIs) involving inhibition of metabolic clearance by glucuronidation have
been reported, many of which involve valproic acid (lamotrigine, lorazepam, and
zidovudine) and probenecid (e.g., acetaminophen, clofibric acid, lorazepam, and
zidovudine) (Miners and Mackenzie, 1991; Kiang et al., 2005). Other examples
include the zidovudine – fluconazole (Sahai et al., 1994) and lopinavir/ritonavir –
SN38 (the active metabolite of irinotecan) (Corona et al., 2008) interactions. Drugs
may also inhibit the glucuronidation of endogenous compounds, notably the hyper-
bilirubinemia arising from inhibition of UGT1A1 activity by indinavir (Boyd et al.,
2006).

After glucuronidation, sulfation and N-acetylation are generally considered to
be the conjugation pathways of most importance in drug clearance. However,
in comparison to glucuronidation and cytochrome P450 catalyzed biotransforma-
tion, N-acetylation and sulfation represent the primary clearance mechanism for
relatively few drugs and documented interactions involving inhibition of sulfo-
transferase and N-acetyltransferase are uncommon. Indeed, there appear to be no
reports of clinically significant interactions involving inhibition of N-acetylation.
Acetaminophen (paracetamol) is the agent most commonly implicated in the inhi-
bition of drug sulfation. Coadministration of acetaminophen is known to impair
the sulfation of ethinylestradiol, fenoldopam, minoxidil, and salicylamide, but none
of these interactions are of therapeutic significance.Decreased sulfation in vivo is
thought to involve both enzyme inhibition and cofactor (3′-phosphoadenosine-5′-
phosphosulfate) depletion.

Other known conjugation pathways in humans include glucosidation, methyla-
tion, and amino acid and glutathione conjugation. Although only a limited number
of drugs are cleared by these mechanisms, DDIs may occur. For example, olsalazine
has been reported to inhibit thiopurine methyltransferase and exacerbate the toxicity
of coadministered 6-mercaptopurine (Lewis et al., 1997).

8.2 The Glucuronidation Reaction
and UDP-Glucuronosyltransferase (UGT)

Glucuronidation reactions involve the covalent linkage (or conjugation) of glu-
curonic acid, derived from the cofactor UDP-glucuronic acid (UDPGA), to a
typically lipophilic substrate bearing a nucleophilic acceptor functional group,
namely alcohol (aliphatic and phenolic), carboxylic acid, amine, acidic carbon atom,
or thiol. The reaction is catalyzed by UDP-glucuronosyltransferase (UGT) and pro-
ceeds according to a second-order nucleophilic substitution mechanism. Most DDIs
involving glucuronidated substrates arise from inhibition of UGT activity, but other
mechanisms are possible. Glucuronides may inhibit cytochrome P450 (CYP) activ-
ity (see Section 8.7) and cofactor availability is potentially rate limiting in the
glucuronidation reaction. UDPGA is synthesized from UDP-glucose by the cytoso-
lic enzyme UDP-glucose dehydrogenase and then transported across the membrane
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of the endoplasmic reticulum (ER) to the luminally oriented UGT protein (Fig. 8.1).
Although it is generally believed that constitutive concentrations of UDPGA in hep-
atocytes and other tissues are sufficient to support drug glucuronidation at normal
exposures, mean cofactor concentrations in liver homogenate are within the range
of UDPGA Km values of UGT enzymes. While altered UDPGA availability at the
intra-luminal UGT active site may potentially affect drug clearance via glucuronida-
tion, there is no direct evidence at this stage for depletion of cytosolic UDPGA or
inhibition of cofactor synthesis or membrane transport as mechanisms of DDIs in
humans.

UGT comprises a superfamily of enzymes. Nineteen human UGT proteins have
been identified to date and these have been classified in families and subfamilies
(viz. 1A, 2A, and 2B) based on amino acid identity (Fig. 8.2) (Mackenzie et al.,
2005). The individual UGT enzymes exhibit distinct, but overlapping, substrate
and inhibitor selectivities (Section 8.4). With some exceptions, most UGT enzymes
are expressed in liver, kidney, and the gastrointestinal tract. However, UGT1A1 is
expressed in liver but not kidney while UGT1A7, 1A8, and 1A10 are expressed
primarily in the gastrointestinal tract and not liver (Tukey and Strassburg, 2000).
Apart from tissue-specific expression, numerous other factors affect UGT activity
in vivo; age (especially the neonatal period), diet, disease states, DDIs (induction
and inhibition), ethnicity, genetic polymorphism, and hormonal factors (Miners
and Mackenzie 1991). While most of these influences would be expected to differ
from enzyme to enzyme, the development of generalizable conclusions is limited
by the previous use of nonselective substrates in both in vitro and in vivo stud-
ies. The exception in this regard is knowledge of genetic polymorphism. As might
be expected, the individual UGTs exhibit differences in genetic polymorphism, in
terms of occurrence, frequency, and functional significance (Miners et al., 2002;
Guillemette, 2003).

Fig. 8.1 UDP-glucuronosyltransferase topology model showing membrane localization
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Fig. 8.2 Human
UDP-glucuronosyltransferase
proteins

8.3 The Characterization of Drug Glucuronidation In Vitro:
Experimental Considerations

8.3.1 Enzyme Sources

Studies of drug glucuronidation in vitro, including DDIs, variably employ human
liver microsomes (HLM), hepatocytes, and/or recombinant UGT enzymes as the
enzyme sources. Several studies have shown that prediction bias of in vivo intrinsic
clearance (CLint) is lower for kinetic constants generated with human hepatocytes
than with HLM (Brown et al., 2007; Riley et al., 2005), and hepatocytes have
been recommended as a superior enzyme source for in vitro–in vivo extrapola-
tion (IV-IVE) (Engtrakul et al., 2005). Apart from metabolic enzymes, hepatocytes
express uptake and efflux transporters and thus provide a theoretical advantage for
in vitro kinetic studies with compounds requiring transporter-mediated membrane
translocation. However, activities of low hepatic clearance glucuronidated drugs
may be difficult to measure with human hepatocytes (Soars et al., 2002). HLM offer
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benefits compared to hepatocytes, particularly cost and ease of preparation and han-
dling. Indeed, under appropriate experimental conditions (Section 8.6), values of the
Michaelis-Menten (Km) and inhibitor (Ki) constants obtained with HLM are essen-
tially identical to those reported for cryopreserved hepatocytes (Uchaipichat et al.,
2006a; Rowland et al., 2007, 2008a, b).

Like HLM, recombinant human UGTs are a readily available enzyme source
for IV-IVE and, under optimized experimental conditions, can provide a reli-
able estimate of Ki (Uchaipichat et al., 2006a). UGTs are commonly stably
expressed in human embryonic kidney (HEK) 293 or insect cells (baculoviral-
mediated expression). Most commercial sources market recombinant UGTs in the
form of insect cell microsomes. Irrespective of the enzyme source, experimental
systems for the characterization of drug glucuronidation must be optimized for
the various factors that influence UGT enzyme activity in vitro (see following
sections).

8.3.2 Latency of Microsomal UGT

As noted previously, glucuronidation is a bisubstrate reaction that requires both the
substrate (aglycone) and cofactor. Membrane translocation of UDPGA is a bidi-
rectional carrier-mediated ATP-independent process in intact microsomal vesicles
and the intact ER of permeabilized rat hepatocytes. The antiport mechanism in both
systems appears to primarily exchange UDPGA with UDP-N-acetylglucosamine.
Fully functional UDPGA transporters are assumed to exist in hepatocytes, but opti-
mal microsomal glucuronidation activity requires an activation step which disrupts
the ER membrane thereby permitting access of cofactor to the luminally oriented
UGT protein (Fig. 8.1). In the absence of activation, microsomal UGT remains in a
“latent” state. The glucuronidation activities of fully activated rat and human liver
microsomes are 1.5- to 10-fold higher than those of “native” microsomes depending
on the quality of the microsomal preparation and the UGT enzyme activity being
measured (Miners et al., 1990; Court et al., 2001).

Several treatments activate the glucuronidation activity of HLM particularly
detergents, physical disruption, sonication, and the pore-forming agent alame-
thicin. The latter is the preferred agent. Pre-incubation of HLM with alamethicin
(50 μg/mg microsomal protein) fully activates UGT activities without affecting
cytochromes P450 (Boase and Miners, 2002; Fisher et al., 2000). While the use of
a nonionic detergent such as Brij58 normally results in similar activation to alame-
thicin (Boase and Miners, 2002; Soars et al., 2003), particular care is required for
optimization of the rate of glucuronidation. Activation by detergents exhibits a “bell-
shaped” relationship that may vary from substrate to substrate (Miners et al., 1990).
Although alamethicin activation is generally employed with recombinant UGTs
expressed in insect cells, conditions appear not to have been optimized. Activation
is not required for HEK293 cell expression when cells are lysed by sonication.
However, care is required with sonication since UGT enzyme activities are heat
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labile to a variable extent (Uchaipichat et al., 2004). The glucuronidation activities
of HLM and recombinant UGTs are also stimulated by Mg2+ and hence incuba-
tions are routinely supplemented with MgCl2 (usually 4 mM) (Boase and Miners,
2002).

8.3.3 Dependence of UGT Activity on pH, Buffer Type, Ionic
Strength, and Organic Solvents

The glucuronidation activities of both recombinant UGTs and HLM vary with pH.
For example, human liver microsomal zidovudine glucuronidation is maximal at
pH 8 (Boase and Miners, 2002). The mechanism is unclear but probably reflects
the relative charge states of the substrate and active site amino acids. Similarly,
enzyme activity may change with buffer type and ionic strength (Boase and Miners,
2002; Soars et al., 2003; Engtrakul et al., 2005). Interestingly, highest human liver
microsomal zidovudine glucuronidation activity was observed for incubations in
carbonate buffer, apparently due to a reduction in Km (Engtrakul et al., 2005). Most
studies of UGT activity tend to use phosphate buffer, 100 mM at pH 7.4 but there is
still no consensus in this regard.

Since most UGT substrates and inhibitors are moderately lipophilic, organic
solvents are often required for solubilization. However, like cytochromes P450,
activities of the individual UGT enzymes are variably affected by organic solvents
(Uchaipichat et al., 2004). For example, 1% (v/v) methanol or ethanol reduces
UGT1A6 activity by 25–35% while DMSO has the greatest inhibitory effect on
UGT1A9. Thus, solvent selection should take into account the UGT activity under
investigation.

8.3.4 Glucuronide Stability

The glucuronide conjugates of alcohols and amines are stable at pH 7.4. However,
acyl glucuronides hydrolyze at pH values > 7. Where the rate of acyl glucuronide
hydrolysis is significant, incubations conducted at pH 6.8 may provide a more
accurate estimate of glucuronide formation rate (Miners et al., 1997). As most glu-
curonides are substrates of β-glucuronidase, saccharic acid lactone, an inhibitor of
this enzyme, is often added to incubations of HLM or recombinant UGTs. However,
the β-glucuronidase activity of human liver, kidney, intestinal and lung microsomes,
and recombinant UGTs expressed in HEK293 and insect cells is low or negligible
(Oleson and Court, 2008). In addition, saccharic acid lactone tends to lower the pH
of incubations, which potentially alters UGT activity. Thus, there appears to be no
advantage from the inclusion of saccharic acid lactone in incubations, unless there
is evidence that the enzyme source possesses β-glucuronidase activity that is likely
to result in product degradation.
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8.3.5 Cofactor Concentration

As noted in Section 8.2, glucuronidation is a bisubstrate reaction and hence rates
of glucuronide formation are potentially rate limited by UDPGA concentration.
It is generally believed that constitutive concentrations of UDPGA in hepato-
cytes and other tissues are sufficient to support drug and chemical glucuronidation.
Interestingly, however, the UDPGA Km values for UGT enzymes (ca. 50–500 μM)
span the mean cofactor concentration of human liver (280 μM). In order to simplify
the analysis of kinetic data generated using human liver microsomal and recombi-
nant UGTs as the enzyme sources and ensure adequate cofactor supply, the UDPGA
concentration of incubations is typically in the range 2–5 mM. Moreover, HLM
should be activated to ensure that transporter-mediated delivery of UDPGA to the
enzyme active site does not limit glucuronidation activity in vitro (Section 8.3.2).

8.3.6 Nonspecific Binding of Substrate and Inhibitor

The nonspecific binding of substrates and inhibitors to membranes of enzyme
sources (particularly HLM) must be taken into account in the calculation of Km,
IC50, and inhibitor constant (Ki). Where binding of substrate or inhibitor to the
incubation milieu is significant, concentrations at the enzyme active site are lower
than the added concentration leading to underestimation of Km, CLint (as Vmax/Km),
IC50, and Ki (McLure et al., 2000; Austin et al., 2002). Consequently, nonspecific
binding must be characterized and accounted for in the calculation of kinetic con-
stants. Several empirically derived models have been generated for the estimation
of the unbound fraction in incubations (Austin et al., 2002; Sykes et al., 2006;
Gertz et al., 2008) but the generalizability of most models is yet to be demon-
strated. Nonspecific microsomal binding is normally highest for organic bases, but
binding of acidic and neutral compounds cannot be discounted. Binding may occur
to both HLM and recombinant enzyme preparations. For example, Uchaipichat et
al. (2006b) reported extensive nonspecific binding of the lipophilic glucuronidated
base trifluoperazine to HLM and HEK293 cell lysate such that the Km values were
overestimated approximately 10-fold in the absence of correction for binding.

8.4 Reaction Phenotyping and the Qualitative Prediction of DDIs

Reaction phenotyping refers to identification of the enzyme(s) responsible for the
metabolism of any given compound. If factors that influence the activity of that
enzyme(s) in vivo are known, then perturbation of the hepatic clearance and extrac-
tion ratio of the compound in defined patient groups (e.g., DDIs due to inhibition
or induction, genetic polymorphism) may be predicted, at least at the qualitative
level. Reaction phenotyping is most commonly undertaken with HLM or hepato-
cytes as the enzyme source, since they express the full complement of hepatic UGTs.
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Several approaches may be adopted for reaction phenotyping in vitro (Miners et
al., 2004 and 2006): (i) reduction in the glucuronidation of the test compound by
UGT enzyme-selective chemical and antibody inhibitors; (ii) competitive inhibition
of the glucuronidation of a UGT enzyme-selective substrate by the test compound,
with Ki matching its known Km; (iii) a significant correlation between rates of glu-
curonidation of the test compound and immunoreactive UGT enzyme content or
activity in microsomes or hepatocytes from a panel of human livers; and (iv) screen-
ing for metabolism by a battery of recombinant UGTs along with comparison of
Km values for glucuronidation by the individual recombinant enzymes and HLM/
hepatocytes.

The use of UGT enzyme-selective inhibitors is considered the most defini-
tive approach for reaction phenotyping, at least when experimental conditions for
inhibitor selectivity (particularly concentration present in incubations) are well
established. For example, if a selective UGT inhibitor abolishes the glucuronidation
of the test compound by HLM and/or hepatocytes, then sole involvement of that
UGT enzyme can generally be assumed. However, the number of UGT enzyme-
selective inhibitors is currently limited. Hecogenin (10 μM) is a highly selective
inhibitor of UGT1A4 (Uchaipichat et al., 2006b) and inhibition by this compound
is generally taken as diagnostic of UGT1A4 involvement in a metabolic pathway.
Fluconazole, at an added concentration of 2.5 mM, is a moderately selective of
UGT2B7 (Uchaipichat et al., 2006a). Niflumic acid, 2 μM, selectively inhibits
UGT1A9, but inhibition of other UGT1A enzymes occurs at higher concentrations
(JO Miners, unpublished data). Some studies have utilized UGT enzyme-selective
substrates as inhibitors, but substrate and inhibitor selectivities are not necessar-
ily identical. For example, bilirubin, which is a specific substrate of UGT1A1,
has been reported to inhibit UGT1A4 activity. Kinetic considerations, particu-
larly the occurrence of homo- and heterotropic activation, must also be taken into
account in the interpretation of data from glucuronidation inhibition experiments
(see Section 8.5).

Whereas the availability of selective inhibitors is limited, selective substrates
are available for the major hepatically expressed drug metabolizing UGT enzymes
(Table 8.1). Special care is required in kinetic studies with several of these com-
pounds. In particular, bilirubin and trifluoperazine exhibit extensive nonselective
binding to HLM and HEK293 cell lysate (Uchaipichat et al., 2006b; Udomuksorn
et al., 2007). In addition, kinetic parameters (Km, Vmax, CLint) may differ markedly
between selective substrates for the same enzyme, which may influence the choice
of probe substrate. It should also be noted that some of these compounds may also be
metabolized by extra-hepatic enzymes. For example, propofol is glucuronidated by
UGT1A8 and 1A9, but the former is expressed exclusively in the gastrointestinal
tract. Thus, careful selection of probe substrate is required for studies compar-
ing metabolism in different tissues. As noted previously, glucuronidation activities
may vary with pH, buffer type and strength, cofactor concentration, and the pres-
ence of activators. It is therefore essential that the glucuronidation rates of the
test compound and a UGT enzyme-selective substrate be compared under identical
experimental conditions.
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Table 8.1 Selective substrates of the major human hepatic UDP-glucuronosyltransferasesa

Enzyme Selective substrate(s)

UGT1A1 bilirubin, estradiol (3-glucuronidation)b, etoposide
UGT1A3 hexafluoro-1α,25-dihydroxyvitamin D3
UGT1A4 trifluoperazine
UGT1A6 deferiprone
UGT1A9 propofol, sulfinpyrazone
UGT2B7 morphine (3-glucuronidation), 6α-hydroxyprogesterone, zidovudine
UGT2B15 S-oxazepam

aReferences: see Table 8.1, Miners et al. (2006) and Benoit-Biancamono et al. (2009); Bowalgaha
et al. (2007); Court (2005); Kerdpin et al. (2006); Wen et al. (2007).
bPartially selective (also metabolized by UGT1A3).

Comparative kinetic studies with HLM, hepatocytes, and recombinant UGT
enzymes must also be interpreted with caution. The respective Km and Ki values of
UGT substrates and inhibitors can differ from one enzyme source to another due to
the effects of endogenous inhibitors. For the same reasons, comparisons of the rates
of glucuronide formation of a test substrate by different UGT enzymes may not
reflect the relative contribution of the individual enzymes to metabolic clearance
via glucuronidation. At least with UGT1A9 and UGT2B7, however, these differ-
ences can be eliminated by the addition of bovine serum albumin to incubations
(Section 8.6).

8.5 Screening for Inhibition of Drug Glucuronidation
In Vitro – Kinetic and Pharmacogenetic Considerations

8.5.1 Atypical Glucuronidation Kinetics

The predictability of in vitro–in vivo extrapolation (IV-IVE) of kinetic data for
glucuronidated drugs is dependent on how closely key kinetic parameters, includ-
ing Ki for assessment of DDI potential, reflect altered enzyme activity in vivo.
Apart from the experimental considerations outlined previously, appropriate kinetic
analysis is essential. Impairment of drug glucuronidation is known to occur by
mechanisms other than simple competitive inhibition (Uchaipichat et al., 2004 and
2008) and the Ki value should be obtained using the relevant equation. Mechanism-
based inactivation (MBI), which can be assessed using a pre- versus co-incubation
strategy (Section 8.7.2) (Polasek and Miners, 2007), should be excluded since the
determination of inhibition kinetic parameters requires a different experimental
approach.

Knowledge of the kinetics of the victim drug also assumes importance for
the design and interpretation of experiments. Although most studies of drug glu-
curonidation assume a hyperbolic model, there is increasing evidence for atypical
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(i.e., non-Michaelis–Menten) kinetics (Miners et al., 2004). Studies with recom-
binant UGTs have reported hyperbolic, positive- (autoactivation) and negative-
homotropic cooperativity, and substrate inhibition (Stone et al., 2003; Uchaipichat
et al., 2004). Autoactivation and substrate inhibition have also been observed with
HLM as the enzyme source, for example (Kirkwood et al., 1998; Williams et al.,
2002; Bauman et al., 2005). Atypical kinetics may be modeled empirically using
the Hill or substrate inhibition equations or by mechanistic models based on the
existence of multiple substrate and/or effector binding sites. Models that assume
two equivalent substrate binding sites, that presumably arise from homodimeriza-
tion, have been successfully applied to drug and xenobiotic glucuronidation (Stone
et al., 2003; Uchaipichat et al., 2004, 2008).

8.5.2 Heterotropic Cooperativity

Heterotropic interactions, as might occur in screening studies to identify poten-
tial inhibitors of drug glucuronidation in vitro, add another level of complexity.
Modifiers may act as an inhibitor or activator, or both. In the latter regard, a com-
pound may activate enzyme activity at low concentrations but cause inhibition at
higher concentrations depending on interactions occurring with the active site and
the involvement of effector sites. For example, ethinylestradiol and anthraflavic acid
were shown to activate and inhibit human liver microsomal UGT1A1-catalyzed
estradiol 3-glucuronidation at low and high concentrations, respectively (Williams
et al., 2002).

Effects can vary from substrate to substrate and modifier to modifier, which has
been demonstrated with UGT2B7. 4-Methylumbelliferone (4MU) and 1-naphthol
(1NP) are widely used as model substrates for inhibition screening studies. Whereas
1NP inhibited 4MU glucuronidation by UGT2B7, 1NP glucuronidation was acti-
vated by 4MU (Uchaipichat et al., 2008). Both 4MU and 1NP inhibited UGT2B7-
catalyzed zidovudine glucuronidation, although in the presence of these modifiers
zidovudine glucuronidation changed from hyperbolic to sigmoidal. In all cases, data
were well described by multisite models that assume two equivalent substrate bind-
ing sites along with multiple effector sites. Differential effects of modifiers occur
depending on the binding affinity of modifier in the active site, overlap between
substrate/modifier “catalytic” binding sites, and the involvement of effector sites.
The multiplicity of binding and effector sites results in complex kinetic interac-
tions between the alternate UGT2B7 substrates, thereby complicating inhibition
screening approaches.

8.5.3 Genotype-Dependent Effects

Treatment with indinavir is known to elevate total, conjugated, and unconjugated
serum bilirubin in HIV patients. Indinavir was shown to inhibit a number of UGT
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enzymes in vitro including UGT1A1, the enzyme solely responsible for bilirubin
glucuronidation (Boyd et al., 2006). However, the elevation in serum bilirubin was
greatest in patients with mutant UGT1A1 genotypes due to already impaired biliru-
bin glucuronidation activity. Notably, the odds ratio for hyperbilirubinemia was
11-fold higher in patients with the combined UGT1A1 ∗6 and ∗28 genotype com-
pared to wild type. These data serve to demonstrate that an interaction may vary in
severity and clinical significance between UGT genotypes, which is an important
consideration given the highly polymorphic nature of UGT1A1 and several other
UGT enzymes.

8.6 Quantitative IV-IVE for DDI Involving Glucuronidated
Drugs

8.6.1 Theoretical Considerations

Theoretical aspects of IV-IVE for the prediction of DDIs have been reviewed by
Ito et al. (1998). For an orally administered drug at steady state that is metabolized
by the liver along a single metabolic pathway (by a single enzyme), the ratio of
the areas under the plasma concentration curve of the victim drug in the presence
(AUCi) and absence (AUC) of the inhibitor is given by

AUCi

AUC
= 1 + [I]

Ki
(8.1)

where [I] is the inhibitor concentration at the enzyme active site and assuming sub-
strate concentration is much lower than Km. Equation (8.1) further assumes that the
inhibitor has no effect on the absorption and fraction unbound of the victim drug
and the conditions of the well-stirred model of hepatic clearance apply. Although
the use of Equation (8.1) is relatively widespread in the extrapolation of in vitro
inhibition data, many drugs are metabolized along multiple pathways that involve
multiple enzymes and may also be eliminated in part by renal or biliary excretion.
In these circumstances, prediction of the AUC ratio in vivo is markedly improved by
accounting for fraction metabolized by the inhibited pathway/enzyme (fm) (Brown
et al., 2005; Ito et al., 2005b). Here,

AUCi

AUC
= 1

fm
1 + [I]/Ki

+ (1 − fm)
(8.2)

Equation (8.2) holds for both competitive and noncompetitive inhibition, but not
uncompetitive inhibition and mechanism-based inactivation (Ito et al., 1998). As
noted in Section 8.4, inhibitor probes are not yet available for all human UGT
enzymes and accurate assessment of fm may not be possible for all compounds.
Nevertheless, it has been possible to link the metabolism of several glucuronidated
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drugs to a single UGT employing a combination of the techniques outlined in
Section 8.4. For example, codeine, morphine, and zidovudine are glucuronidated
predominantly, if not solely, by UGT2B7 although all are additionally cleared in
part by other routes.

There is no consensus as to the value of [I] employed in Equation (8.2). However,
prediction of in vivo DDI potential is generally improved by use of the maximum
hepatic inlet concentration (Ito et al., 2005a), which takes into account input from
the systemic circulation and portal vein (Ito et al., 1998):

[I]inlet = [I] + ka × fa × D

QH
(8.3)

where [I] can be either the maximum or average concentration of inhibitor in the
systemic circulation, ka is the absorption rate constant, fa is the fraction absorbed
from the gastrointestinal tract, D is the inhibitor dose, and QH is hepatic blood flow.
The unbound inlet concentration is calculated by multiplying the right-hand side
of Equation (8.3) by fraction unbound. Studies of DDI involving inhibition of drug
glucuronidation have generally obtained optimal prediction of the AUC ratio using
inlet total drug concentration (Rowland et al., 2006).

8.6.2 Prediction of DDI Involving Glucuronidated Drugs

Numerous studies have investigated the inhibition of xenobiotic glucuronidation in
vitro, primarily using HLM and recombinant UGTs as the enzyme source (Kiang
et al., 2005). Many of these studies have employed UGT2B7-selective substrates as
the victim drug, including codeine, morphine, and zidovudine. It should be noted
in this regard that UGT2B7 appears to be the most important drug metabolizing
UGT, glucuronidating epirubicin, nonsteroidal anti-inflammatory agents, opioids,
valproic acid, zidovudine, and numerous other compounds. Ki values for inhibitors
of UGT2B7 substrates in vitro typically exceed 100 μM and are not uncommonly
>1 mM (Kiang et al., 2005). For example, reported Kis for the inhibition of human
liver microsomal zidovudine glucuronidation by fluconazole and valproic acid are
933 and 1600 μM, respectively (Ethell et al., 2003, Uchaipichat et al., 2006a). These
values greatly exceed plasma concentrations observed with therapeutic dosing and
DDIs would not be predicted on the basis of [I]/Ki ratios (Equations 8.1 and 8.2)
despite known interactions in vivo (Section 8.1). Relatively low Ki values (7.9–9.5
μM) have been reported for diclofenac inhibition of the microsomal glucuronidation
of codeine and dimethylxanthenone acetic acid (Ammon et al., 2000; Miners et al.,
1997), both UGT2B7 substrates, but again DDIs are not predicted given the low
concentrations (total and unbound) of diclofenac observed in vivo. On the basis of
the high Km values generally observed for glucuronidated compounds in vitro and Ki
values that generally exceed in vivo inhibitor concentrations, Williams et al. (2004)
argued a low likelihood of DDIs between drugs cleared by glucuronidation. It is now
known, however, that in vitro Km and Ki values for substrates and inhibitors of the
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major drug metabolizing UGTs are overestimated due to an experimental artifact
(Sections 8.6.3 and 8.6.4).

8.6.3 Endogenous Fatty Acids as Inhibitors of Drug
Glucuronidation In Vitro

As noted in Section 8.3.1, there is a preference for the use of human hepatocytes
over HLM for extrapolation of in vitro intrinsic clearance given the higher prediction
bias observed with the latter enzyme source (Riley et al., 2005; Brown et al., 2007).
Studies with the model glucuronidated drug zidovudine reported Km values that
were 6- to 9-fold higher for HLM and recombinant UGT2B7 compared to human
hepatocytes (Engtrakul et al., 2005). As a result of the high Km values observed with
HLM, IV-IVE of human liver microsomal glucuronidation kinetic data typically
underestimates in vivo intrinsic and hepatic clearances by an order of magnitude
(Boase and Miners, 2002; Miners et al., 2004).

The mechanism responsible for the higher Kms obtained with HLM and recom-
binant UGTs (and indeed many cytochrome P450 enzymes) has been elucidated
only recently. It was observed that long-chain unsaturated fatty acids, including
arachidonic, linoleic, and oleic acids, are potent inhibitors of UGT1A9, UGT2B7,
and microsomal UGT activity (Tsoutsikos et al., 2004). For example, the Ki for
arachidonic acid inhibition of microsomal 4-methylumbelliferone glucuronidation,
a reaction primarily catalyzed by UGT1A9, was 0.15 μM. Subsequent work demon-
strated that long-chain unsaturated fatty acids are released from membranes during
the course of incubations of HLM and recombinant enzyme preparations. These
fatty acids act as potent competitive inhibitors of UGT1A9 and UGT2B7 (and also
P450s such as CYP2C9), resulting in overestimation of the “true” substrate Km
(Rowland et al., 2007, 2008a, 2008b). In contrast, fatty acids appear to have only a
minor affect on the glucuronidation of UGT1A1, 1A4, and 1A6 substrates (Rowland
et al., 2006, 2008a). Interestingly, reported Km values for substrates of UGT1A1
(e.g., bilirubin) and UGT1A4 (e.g., trifluoperazine) are often lower than those of
UGT1A9 and UGT2B7 substrates.

The inhibitory effects of long-chain unsaturated fatty acids may be eliminated by
the addition of bovine serum albumin (BSA) or fatty acid free human serum albu-
min (HSAFAF) to incubation of HLM or recombinant enzymes. Albumin binds fatty
acids with high affinity and thus sequesters these endogenous inhibitors as they are
released from the membrane (Rowland et al., 2007, 2008a, 2008b). Consequently,
Km values of UGT1A9, UGT2B7, and CYP2C9 substrates determined from incuba-
tions conducted in the presence of albumin are approximately an order of magnitude
lower than those generated from experiments performed in the absence of albumin.
Importantly, the human liver microsomal Kms reflect hepatocellular Km values and
extrapolated intrinsic and hepatic clearances either are in close agreement with those
reported in vivo (UGT1A9 and CYP2C9) or give equivalent predictivity to data
generated from experiments with hepatocytes (zidovudine) (Rowland et al., 2007,
2008a, b).
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The “albumin effect” is predicted to apply to any UGT or CYP enzyme that is
inhibited by long-chain unsaturated fatty acids and to date has been demonstrated
for UGT1A9, UGT2B7, CYP2C9, and CYP1A2. As noted earlier, UGT1A1, 1A4,
and 1A6 activities are minimally altered by albumin. Since many substrates of UGT
(especially 1A9 and 2B7) and CYP enzymes are organic acids, they may bind
extensively to albumin. It is therefore essential that albumin binding, along with
nonspecific binding to HLM, is determined and taken into account in the calculation
of in vitro Km (and hence intrinsic clearance) and Ki values.

8.6.4 The Albumin Effect and DDI Prediction for
Glucuronidated Drugs

Just as Km values for substrates of UGT1A9 and UGT2B7 are overestimated due to
the effects of long-chain unsaturated fatty acids, fatty acid inhibition leads to overes-
timation of Kis for several UGT inhibitors generated using HLM and recombinant
enzymes. Thus, addition of BSA or HSAFAF to incubations provides “true” esti-
mates of this parameter and potentially improves IV-IVE for DDIs. This has been
demonstrated in two studies to date.

Ki values for fluconazole inhibition of zidovudine glucuronidation by both HLM
and recombinant UGT2B7 were reduced by approximately an order of magnitude
when BSA was included in incubation mixtures, from 1133 to 145 μM (HLM)
and 527 to 73 μM (UGT2B7) (Uchaipichat et al., 2006a). The Ki values generated
in the presence of BSA predicted the known mean increase in zidovudine AUC
(1.92-fold) observed in vivo within ± 25% using Equations (8.2) and (8.3). Thus,
where glucuronide formation is primarily due to a single UGT enzyme, it may be
possible to predict DDI potential from studies with recombinant enzymes rather
than HLM or hepatocytes. Similarly, the magnitude of the valproic acid–lamotrigine
interaction (2.6-fold increase in lamotrigine AUC in patients receiving valproic acid
500 mg twice daily) was well predicted by the Ki value obtained for valproic acid
from incubations of HLM supplemented with BSA (Rowland et al., 2006). Mean
Ki values generated in the absence and presence of BSA were 2465 and 387 μM,
respectively.

8.7 Inhibitory DDIs Due to Glucuronide Conjugates

8.7.1 Mechanism-Based Inactivation

Glucuronides may act as inhibitors of CYP-catalyzed drug biotransformation and
hence perpetrators of pharmacokinetic DDIs. Although the extent to which this
occurs is unknown, the serious interaction between gemfibrozil and cerivastatin is
well documented and illustrates the potential clinical significance of this mecha-
nism. Gemfibrozil is a more potent inhibitor of CYP2C9 than CYP2C8 in vitro,
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but the opposite is observed clinically. The explanation for this paradox is that
glucuronidation of gemfibrozil shifts the selectivity of inhibition from CYP2C9 to
CYP2C8. Under experimental conditions suitable for detecting reversible inhibition,
gemfibrozil 1-O-β-glucuronide is a stronger inhibitor of CYP2C8-catalyzed cerivas-
tatin metabolism than is gemfibrozil (IC50 = 4 and 28 μM, respectively) (Shitara
et al., 2004). Furthermore, gemfibrozil 1-O-β-glucuronide, but not its parent, is a
selective mechanism-based inactivator of CYP2C8. The kinetic constants of inacti-
vation, KI (the concentration required for half-maximal inactivation) and kinact (the
maximal inactivation rate), were estimated as 20–52 μM and 0.21 min–1, respec-
tively (Ogilvie et al., 2006). Although the exact molecular mechanism remains to be
determined, hydroxylation of the dimethylphenoxy moiety at the opposite end to the
glucuronide appears to be important in the formation of a reactive intermediate(s)
that inactivates CYP2C8.

8.7.2 Assessment of Mechanism-Based Inactivation
by Glucuronides

In vitro assessment of glucuronides as inhibitors of CYP should therefore consider
reversible and irreversible inhibitory mechanisms. These are readily differentiated
by time-dependent inhibition, a distinguishing feature of irreversible inhibition
(sometimes called mechanism-based inactivation). Briefly, the degree of CYP inhi-
bition following co-incubation of the glucuronide with a CYP-selective substrate is
compared with the degree of inhibition following a pre-incubation period prior to
the addition of selective substrate. Since catalytic turnover is required, glucuronides
that exhibit greater inhibition of CYP with time (i.e., following pre-incubation) are
likely to be mechanism-based inactivators. To characterize KI and kinact, an exper-
imental protocol involving two steps is typically employed. The glucuronide is
pre-incubated with a high concentration of CYP for various times prior to dilution
into a second incubation containing a saturating concentration of selective substrate.
A plot of the log of remaining CYP activity versus pre-incubation time allows
the observed inactivation rate at each glucuronide concentration to be estimated,
from which KI and kinact are solved by nonlinear least squares regression analysis
(Polasek and Miners, 2007). Importantly, Ogilvie et al. (2006) demonstrated that the
inactivation of CYP2C8 by gemfibrozil 1-O-β-glucuronide could also be observed
using an experimental design starting with gemfibrozil. To form the glucuronide,
gemfibrozil was initially incubated with alamethicin-activated HLM in the presence
of UDP-glucuronic acid (“glucuronidation step”). Samples were then incubated with
NADPH-regenerating system prior to dilution and measurement of residual CYP
activity (“CYP inhibition step”). In this example, the ability of gemfibrozil to inhibit
CYP2C8 was increased after both steps, firstly by formation of the glucuronide, and
subsequently via inactivation of CYP2C8 by the glucuronide which was NADPH
and time dependent. This in vitro approach therefore serves as a universal method
for determining whether test compounds are converted to glucuronides that inhibit
CYP via reversible or irreversible mechanisms.
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8.7.3 Potential Competitive Inhibition of CYP2C8 by Glucuronides

CYP2C8 is also known to metabolize diclofenac acyl glucuronide (Kumar
et al., 2002) and estradiol-17β-glucuronide (Delaforge et al., 2005). Likewise,
naproxen acyl glucuronide and testosterone-17β-glucuronide are subject to oxida-
tive metabolism by HLM (Delaforge M, personal communication). Although formal
studies have not been published, these and other drug glucuronides may act as an
important source of CYP inhibition, the clinical significance of which is currently
unknown.

8.8 Prospects

Reaction phenotyping for glucuronidated drugs is advancing. UGT enzyme-
selective substrates are now available for the major hepatic xenobiotic glucuronidat-
ing enzymes. Although the availability of selective inhibitors is limited, this is an
area of ongoing investigation in several laboratories and it is anticipated that the
reaction phenotyping of glucuronidated substrates will eventually be as feasible as it
is currently for drugs cleared by cytochrome P450. Complex homo- and heterotropic
effects and the recent identification of certain glucuronides as inhibitors of CYP2C8
create further levels of complexity in screening for DDIs, but these difficulties can be
overcome by careful experimental design. Similarly, experimental paradigms have
been developed in recent years to optimize the calculation of kinetic parameters for
glucuronidated drugs. In particular, the addition of BSA or HSAFAF to incubations
of HLM or recombinant UGTs may permit the accurate prediction of in vivo clear-
ance parameters and DDI potential, although further work is required to define the
scope of the albumin effect as it applies to glucuronidated drugs.
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Chapter 9
In Vitro Techniques to Study
Transporter-Based DDI

Kelly Bleasby, Xiaoyan Chu, and Raymond Evers

Abstract In recent years numerous examples have been published where pharma-
cokinetic drug–drug interactions could be ascribed to inhibition of uptake or efflux
drug transporters in, for instance, the liver and kidney. In drug discovery and devel-
opment, it therefore has become increasingly important to identify the propensity of
drug candidates to cause such interactions, either as a victim or perpetrator. In this
chapter, we describe the status of in vitro methodologies currently applied to pre-
dict the propensity of drug candidates to be a victim or perpetrator in DDIs due to
inhibition of transporter activity. Assay systems discussed are recombinant cell lines
expressing transporters, primary cells such as hepatocytes, and membrane vesicles.
Special focus is on transporters expressed in liver and kidney, with the exception of
ABCB1 which is covered elsewhere in this book. In addition, we present the current
understanding of how data generated in these systems can be used to predict DDI
potential of drug candidates.

9.1 Introduction

Based on current knowledge, transporters most relevant to drug transport in liver
and kidney are depicted in Fig. 9.1 Probe substrates and prototypical inhibitors are
summarized in Table 9.1. The molecular identification of transporters involved in
the disposition of drugs has resulted in the development of various in vitro assay
systems which can be used to monitor drug transport. These systems are being used
to elucidate pathways by which drugs are absorbed, distributed, and excreted by the
body. Using this information, it is possible to rationalize pharmacokinetic drug–
drug interactions (DDIs) which have been observed in the clinic and to predict
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Fig. 9.1 Drug transporters
expressed in human liver and
kidney

semi-quantitatively whether drug candidates in clinical development have
the potential to cause transporter-mediated DDIs, either as a victim or as a
perpetrator.

Several examples have been found where DDIs and cases of toxicity could be
ascribed to reduced transport, due to polymorphisms in transporter genes or inhi-
bition of transporter activity by coadministration of two drugs that used a shared
transporter mechanism for uptake or efflux. An elegant example of how polymor-
phisms can explain a toxicological response was obtained in a large correlation
study which demonstrated that the incidence of a non-synonymous polymorphism
(V174A) in the liver uptake organic anion transporting polypeptide 1B1 (OATP1B1)
correlated with the incidence of myopathy in individuals taking a 40 or 80 mg dose
of the cholesterol lowering drug simvastatin (Link et al., 2008). In another exam-
ple, it was found that in individuals carrying a reduced function polymorphism
of the organic cation transporter OCT1, the liver active antihyperglycemic agent
metformin had a significantly reduced efficacy (Shu et al., 2007).

Examples of DDIs explained by liver transporter inhibition are, for instance,
the coadministration of the nonspecific transporter inhibitor cyclosporine A (CsA)
with statins. Coadministration of CsA with pravastatin resulted in a 5- to 10-fold
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Table 9.1 Example in vitro probe substrates and inhibitors for major human drug transporters

Transporter Probe substrates Prototypic inhibitors References

MDR1 (ABCB1) Digoxin, quinidine,
verapamil

Cyclosporine A,
GF120918

Rautio et al. (2006)

BCRP (ABCG2) Prazosin, cimetidine Ko143 Allen et al. (2002)
MRP2 (ABCC2) Estradiol

17β-D-glucuronide,
ethacrynic acid
glutathione

Probenecid, MK-571,
benzbromarone,
indomethacin,
sulfinpyrazone

Zhou et al. (2008),
Chu et al. (2004)

MRP3 (ABCC3) Estradiol
17β-D-glucuronide,
leukotrien C4

MK-571, probenecid,
benzbromarone,
indomethacin,
sulfinpyrazone

Zeng et al. (2000),
Zelcer et al. (2001)

MRP4 (ABCC4) Folic acid MK-571, Probenecid Chen et al. (2002),
Chu et al. (2009)

NTCP (SLC10A2) Taurocholate BSP Hagenbuch and Meier
(1994)

BSEP (ABCB11) Taurocholate,
glycocholate

Cyclosporine A,
rifampicin

Byrne et al. (2002)

OCT1 (SLC22A1) MPP Decynium-22,
quinidine

Zhang et al. (1997),
Hayer-Zillgen et al.
(2002)

OCT2 (SLC22A2) TEA, MPP, cimetidine Decynium-22,
quinidine

Gorboulev et al. (1997),
Hayer-Zillgen et al.
(2002)

OAT1 (SLC22A6) Cidofovir, PAH Probenecid Cihlar et al. (1999)
OAT3 (SLC22A8) Cimetidine, estrone

sulfate
Probenecid Tahara et al. (2005)

MATE1 (SLC47A1) TEA, cimetidine,
metformin,
fexofenadine

Cimetidine Terada and Inui (2007),
Matsushima et al.
(2009)

MATE2 (SLC47A2) TEA, cimetidine,
metformin

Terada and Inui (2007)

PEPT1(SLC15A1) Gly-Sar, cephalexin β-lactam antibiotics Russel et al. (2002), Lee
and Kim (2004)

PEPT2 (SLC15A2) Gly-Sar, cephalexin β-lactam antibiotics Russel et al. (2002), Lee
and Kim (2004)

OATP1B1
(SLCO1B1)

Pitavastatin, estradiol
17β-D-glucuronide

Cyclosporine A, BSP,
rifampicin

König et al. (2000),
Hirano et al. (2004)

OATP1B3
(SLCO1B3)

Pitavastatin, estradiol
17β-D-glucuronide,
CCK-8

BSP, rifampicin König et al. (2000),
Hirano et al. (2004)

OATP2B1
(SLCO1B1)

Estrone Sulfate, BSP BSP, rifamycin SV Tamai et al. (2001),
Vavricka et al. (2002)

OATP4C1
(SLCO4C1)

Digoxin, ouabain,
sitagliptin

Digitoxin, digoxigenin,
thyroxine

Mikkaichi et al. (2004),
Chu et al. (2007)

increased plasma exposure of pravastatin (Regazzi et al., 1993). Other interactions
are explained by inhibition of organic anion and cation transporters in the kidney
such as the cimetidine–metformin interaction. The dual OAT3, OCT2 substrate
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cimetidine increased the AUC of the OCT2 substrate metformin by ∼50% and
reduced the CLrenal by 28%, whereas the pharmacokinetics for cimetidine were not
altered significantly (Somogyi et al., 1987). Recently, a number of excellent reviews
have been published on the topic of transporter-mediated DDIs, to which the reader
is referred for a complete overview of this area (Li et al., 2006; El-Sheikh et al.,
2008; Neuvonen et al., 2006).

The aim of this chapter is to provide a summary of the in vitro methodologies
currently available to monitor drug transport by transporters localized in the liver
and kidney and how data obtained in these models can be used to assess the potential
for substrates to act as perpetrators or victims in transporter-mediated DDIs.

9.2 Hepatocytes

9.2.1 Hepatocytes in Suspension

Freshly isolated or cryopreserved hepatocyte suspensions are a valuable tool to
study hepatic uptake transporters (Hewitt et al., 2007; Shitara et al., 2003b).
However, internalization of canalicular efflux transporters during hepatocyte iso-
lation limits the use of suspended hepatocytes to study the function of efflux
transporters (Roelofsen et al., 1995; Ghibellini et al., 2006).

A commonly used method to determine the contribution of transporter-mediated
uptake to total uptake using hepatocyte suspensions is to perform uptake studies
at 37◦C and 4◦C, as transporter-mediated uptake is highly temperature depen-
dent (Hewitt et al., 2007). The difference of rates of uptake at 37◦C and 4◦C can
be used to distinguish active and passive transport with the assumption that the
active transport is not functional at 4◦C. However, membrane fluidity, and there-
fore passive diffusion, is also temperature dependent to some degree. Therefore,
it may be difficult to distinguish the contribution of carrier-mediated transport
and passive diffusion for compounds with a high passive permeability (Poirier
et al., 2008). Preferably, temperature dependence studies should be combined with
a concentration dependence study to assess whether transport is saturated at higher
drug concentrations, or in the presence of transporter inhibitors. Concentration
dependence studies will give a detailed analysis of the contribution of transporter-
mediated vs. passive diffusion, and the Km and Vmax values obtained will aid in the
understanding of the affinity and capacity of carrier-mediated uptake. CLint calcu-
lated from Km and Vmax can potentially be used to predict hepatic clearance in vivo
(Webborn et al., 2007).

The kinetic parameters for the uptake of a compound into hepatocytes can be
calculated using Equation (9.1) (Hirano et al., 2004).

Vo = Vmax × S

Km + S
+ Pdif × S (9.1)
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where V0 is the initial uptake rate (pmol/min/mg protein), S is the substrate concen-
tration (μM), Km is the Michaelis constant (μM), Vmax is the maximum uptake rate
(pmol/min/mg protein), and Pdif is the non-saturable uptake clearance (μl/min/mg
protein).

Uptake of compounds into suspended hepatocytes can be measured by a rapid
centrifugation/filtration method. To test uptake of radiolabeled compounds, after
incubating hepatocytes with a test compound, uptake can be stopped by separat-
ing the cells from the buffer by rapid centrifugation of the cells through a silicon
cushion to prevent the loss of the compound back into the medium (Fig. 9.2). The
amount of compound retained in hepatocytes is measured by liquid scintillation
counting (Hirano et al., 2006). Uptake studies can also be conducted in 96 deep
well plates with either radiolabeled or non-labeled compounds. Uptake is stopped
by the addition of ice-cold phosphate buffered saline (PBS), followed by immediate
centrifugation at 4◦C and washing of the cell pellet with PBS. Cell pellets are resus-
pended in 50% acetonitrile and the amount of compound associated with the cell
pellets can be quantified by liquid scintillation counting or LC/MS/MS (Fig. 9.3).

Silicon/Mineral oil

KOH

Cell Incubation

Spin

Extracellular Medium

Silicon/Mineral oil

Lysed cells

Fig. 9.2 Rapid centrifugation
method for measuring uptake
into suspended hepatocytes

9.2.2 Sandwich-Cultured Hepatocytes

Sandwich-cultured hepatocytes have become another useful tool to evaluate both
uptake and efflux transporters (LeCluyse et al., 1994; Liu et al., 1999a,b). Sandwich-
cultured hepatocytes maintain the hepatocyte architecture, including tight junctions,
a canalicular biliary network, and functional transporters. Because depletion of
Ca2+ will open tight junctions, accumulation of compounds in hepatocytes and
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Fig. 9.3 Rapid centrifugation
method for measuring uptake
into cell suspensions

bile ducts, or in hepatocytes only can be determined in Ca2+ and Ca2+-free buffer,
respectively. Biliary elimination is then calculated as the difference of these two
measurements. Utilizing sandwich-cultured rat hepatocytes, good correlations have
been demonstrated between in vitro and in vivo biliary clearance for a number of
compounds (Liu et al., 1999a,b). In addition, the potential for prediction of in vivo
biliary clearance in humans using sandwich-cultured human hepatocytes has also
been investigated with Tc-99m sestamibi, mebrofenin, and piperacillin as probe
compounds (Ghibellini et al., 2007). Biliary excretion of these compounds was
determined in seven healthy volunteers using an oroenteric catheter to aspirate duo-
denal secretions, and gamma scintigraphy to determine gallbladder contraction. The
number of reports successfully using this model with human hepatocytes is limited,
however. A limitation of the sandwich-cultured hepatocyte model is the absence of
a constant bile flow, leading to characteristics of cholestasis like the upregulation of
MRP3 and intrahepatic accumulation of bile salts.

Overall, hepatocytes are a valuable model to study hepatic transport and can be
used as a tool to estimate the potential for drug–drug interactions. However, their
utility is confined by the limited capability to study the relative contribution of drug
uptake and efflux transporters. Additional disadvantages include the limited supply
of fresh and cryopreserved human hepatocytes, relatively high cost, and inter-donor
variation due to transporter polymorphisms and expression levels of transporters.
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One way to address the latter points is the use of pooled hepatocytes from various
donors.

9.3 Uptake into Recombinant Cell Lines

Recombinant cell lines expressing drug uptake transporters from the SLC22 (OAT,
OCT), SLC10 (NTCP), and SLCO (OATP) families have been described in the lit-
erature (see Table 9.1 for references). To determine if a test compound is a substrate
of an uptake transporter and thus has potential to be the victim of a transporter DDI,
direct accumulation can be measured in cell lines transiently or stably expressing
the transporter of interest. Uptake experiments can be performed with cells attached
to permeable membrane supports (Fig. 9.4), wells of plastic plates, or with cells in
suspension (in deep well plates, or individual tubes; Fig. 9.3).

A

Cell Monolayer

A

Apical

FilterBasolateral

Apical
Efflux Transporter

B

BasolateralUptakeTransporterUptake

Fig. 9.4 Bidirectional
transport assay. (A) Cell
monolayers are grown on
permeable filters, forming
apical and basolateral
compartments of the well.
(B) Cell monolayers may
express an efflux transporter
or both uptake and efflux
transporters

When measuring uptake in polarized cell monolayers, it is important to ensure
that the membrane domain the transporter is expressed on is accessible to the sub-
strate solution. For example, in MDCKII cells, OATP1B1 localizes to the basolateral
membrane (König et al., 2000, Sasaki et al., 2002), and so when measuring com-
pound uptake, the cells must either be in suspension, on a permeable support, or be
sub-confluent on the plate, to ensure that the compound can access OATP1B1.

In a typical experiment, cells are rinsed in buffer and incubated with substrate
for varying amounts of time, at 37◦C. Compound uptake is stopped by centrifuga-
tion of the cell suspension, or aspiration of the substrate for the attached cells, and
washing the cells several times in ice-cold buffer. The cells are then lysed and the
amount of drug in the cells can be analyzed by liquid scintillation counting or by
LC/MS/MS (Fig. 9.3). Uptake is usually calculated as amount of compound accu-
mulated per amount of protein or number of cells, over time (e.g., pmole/mg protein
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or 106 cells/minute). Uptake in the transfected cell line is compared to the parental
(untransfected) cell line to determine if the test compound is a substrate of the
transporter of interest. Once this is established, experiments can be performed with
inhibitors added to the substrate solution in order to assess the potential for DDIs.
The transporter-mediated uptake is calculated (uptake into transporter expressing
cells minus uptake into parental cells) at each concentration of inhibitor and, when
expressed as percent of control (without inhibitor), an IC50 value can be calculated
(Chu et al., 2007).

Although measurement of direct uptake into recombinant cell lines is often
an efficient means to determine if a compound is a substrate for an individual
transporter, limitations do exist. In particular, for compounds that bind to cell mem-
branes, or are substrates for endogenous uptake transporters, it may be difficult to
detect a clear difference between parental and recombinant cells. Furthermore, care
should be taken when extrapolating recombinant cell data to the in vivo situation,
as transporter expression levels can be very different from the native tissue, and the
interplay between multiple transporters with overlapping substrate specificities is
not accounted for.

9.4 Bidirectional Transport in Recombinant Cell Lines

Bidirectional transport assays are used to study efflux transporters and the interplay
between uptake and efflux transporters. These assays are performed with polar-
ized cultured cell monolayers (e.g., LLC-PK1 or MDCKII), grown on permeable
membrane supports (Fig. 9.4). Cells are stably or transiently transfected with efflux
and/or uptake transporters (Smit et al., 1998; Sasaki et al., 2002), which are localized
to the apical and basolateral cell membranes, respectively.

In recent years, several cell lines expressing two or more transporters have been
developed; for example, in order to model hepatic vectorial transport, MDCKII
cells expressing OATP1B1 in the basolateral membrane and MRP2 in the apical
membrane were established (Sasaki et al., 2002). Although this second generation
of recombinant cell lines has greatly enhanced our understanding of the interplay
between multiple transporters, quantitative extrapolation of data from these sys-
tems to the in vivo situation is complex, due to differences in transporter expression
levels, compensatory transport mechanisms and, for the OATP/Oatp family in par-
ticular, a lack of clear orthologs between species for some transporters (Sasaki
et al., 2004; Evers and Chu, 2008). Table 9.2 summarizes the recombinant cell lines
expressing two or more transporters currently described in the literature.

In a typical bidirectional transport experiment to establish whether a compound
is a substrate of the transporter and thus a potential DDI victim, the test compound is
added to the apical (A) compartment, with buffer in the basolateral (B) compartment
(A–B transport), and in separate wells, test compound is added to the basolateral
compartment, with buffer in the apical compartment (B–A transport). The mono-
layers are incubated at 37◦C, with samples removed for quantification from each
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Table 9.2 Polarized cell monolayers expressing two or more drug transporters

Cell line
Basolateral
transporter(s)

Apical
transporter References

MDCKII OATP1B1 MRP2 Sasaki et al. (2002)
MDCKII OATP1B1 BCRP Matsushima et al.

(2005)
MDCKII OATP1B1 MDR1 Matsushima et al.

(2005)
MDCKII OATP1B3 MRP2 Cui et al. (2001)
MDCKII OATP1B3 BCRP Ishiguro et al. (2008)
MDCKII OATP1B3 MDR1 Ishiguro et al. (2008)
MDCKII OATP1B1, OATP1B3,

OATP2B1
MRP2 Kopplow et al. (2005)

MDCKII Rat Oatp1b2 Rat Mrp2 Sasaki et al. (2004)
MDCKII OCT1 MDR1 Nies et al. (2008)
MDCKII OCT1 MATE1 Sato et al. (2008)
MDCKII OCT2 MATE2 Sato et al. (2008)
MDCKII Rat Ntcp Rat BSEP Mita et al. (2005)

compartment at various time points. The apparent permeability (Papp) is calcu-
lated (Equation (9.2)) for each direction of transport, and data are reported as the
Papp B–A/A–B ratio. Typically, the Papp B–A/A–B ratio is compared between con-
trol (untransfected) monolayers and those containing the transporter(s) of interest
(Yamazaki et al., 2001; Rautio et al., 2006).

Papp = Volume of receptor chamber (mL)
[Area of membrane (cm2)][initial concentration (μM)]

× � in concentration (μM)
� in time (s) (9.2)

Once it is established that the test compound is the substrate of the transporter of
interest, further experiments can be performed to assess the potential for transport
to be inhibited by prototypic inhibitors that may be coadministered in the clinic. In
these experiments, the inhibitor is added at various concentrations to both apical and
basolateral compartments. Similar experiments can be performed to assess whether
the test compound is an inhibitor of a known probe substrate and thus may be a
perpetrator of a transporter-based DDI. An IC50 can be calculated in several ways
and the method that is most predictive of in vivo DDI observations is the subject of
ongoing discussion (Troutman and Thakker, 2003; Acharya et al., 2008; Balimane
et al., 2008, Kalvass and Pollack, 2007). Figure 9.5 shows how IC50 values can
differ within the same data set, when calculated from either changes in net transport
(Papp B–A – Papp A–B) or changes in Papp B–A/A–B ratio.

Bidirectional transport assays are a sensitive method for determining transport
of compounds that tend to bind to cell membranes as only compound which is
fluxed through the cell monolayer, either trans- or para-cellularly, is measured, and
therefore transport measurements are less confounded by compound binding to cell
membranes (as in direct cell uptake studies). However, this method does have some
limitations: For cells expressing only efflux transporters, transport will be limited
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by the diffusion rate of the compound across the basolateral membrane and so for
low-permeability compounds, the Papp B–A/A–B ratio may be underestimated. In
some cases, this can be overcome by using cell lines expressing both uptake and
efflux transporters (Table 9.2); however, it must be noted that the commonly used
cell lines MDCKII and LLC-PK1 express significant amounts of canine Pgp and
porcine Bcrp, respectively, and thus careful controls such as single transfected cells
must be included to account for any contribution they may make to overall transport.
Furthermore, it is recommended to measure recovery of compound at the end of the
experiment to account for adhesion to the lab wear and, although not commonly
observed, the potential for compound metabolism.

9.5 The Vesicular Transport Assay

The vesicular transport assay is a valuable tool to study functional activity of
ABC-transporters and some SLC transporters (Glavinas et al., 2008). Membranes
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prepared under suitable conditions contain inside-out-oriented vesicles, with the
ATP-binding site and substrate-binding site of the transporter facing the buffer
(Fig. 9.6). The difference of the uptake of a substrate in the presence or absence
of ATP or other driving force such as Na+ and H+ is attributed to ABC-transporter
or uptake transporter-mediated transport, respectively. The rapid filtration method
can be used to separate the vesicles from the incubation solution (Ishikawa et al.,
1990; Saito et al., 2006). After filtration, the membrane vesicles are retained on the
filter and the amount of test compound trapped inside the vesicles can be measured
by LC/MS/MS, fluorescence detection, or liquid scintillation counting.

The membranes used in vesicular transport assay are typically prepared from
baculovirus-infected insect cells, transfected or selected mammalian cell lines, tis-
sues expressing the transporter of interest, or transfected yeast cells (Glavinas
et al., 2008; Cai and Gros, 2003), using a number of membrane preparation methods
(Steck et al., 1970). Membranes are partially purified or crude, and typically con-
tain a mixture of lamellae, inside-out and rightside-out vesicles. In vesicular uptake
studies, only the activity of transporters present in inside-out vesicles is detected, as
in these vesicles the ATP-binding domain is located extra-vesicularly (Figure 9.6).
Although membrane preparations can be purified to enrich for inside-out vesicles,
crude membranes have been used extensively to study ABC-transporters. Isolated
membrane vesicles can be suspended in a hypotonic or isotonic buffer and stored
at –80◦C or in liquid nitrogen for many months. The commercial availability of
transporter-expressing membrane vesicles makes this assay feasible and available
for routine use, especially to monitor transport by ABC-transporters.

The vesicular transport assay is most suitable for studying transport of com-
pounds with low membrane permeability and low nonspecific binding, such as
glutathione and glucuronide conjugates (Jedlitschky et al., 2006). These low-
permeable substrates are difficult to study in cell-based assays, as they do not
penetrate the cell membrane without the presence of an uptake transporter. The
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availability of membrane vesicles isolated from cells over-expressing a single trans-
porter makes it an efficient and useful tool, which can be applied to (i) directly
measure transport of substrate compounds across the cell membrane, (ii) conduct
detailed kinetic analysis of transported substrates, such as determination of Km and
Vmax values, (iii) study the interaction of test compounds with a prototypical sub-
strate of the transporter of interest to obtain Ki or IC50 values for inhibitors, and
(iv) study the driving force of transport, or the requirement for the presence of
cotransported molecules such as glutathione. For instance, some substrates of mem-
bers of the multidrug resistance protein family are associated with the cotransport
of reduced glutathione (Cole and Deeley, 2006; Borst et al., 2007). A limitation of
vesicular uptake studies is that this assay may give false-negative results for highly
lipophilic compounds due to high nonspecific binding to lipid membranes or high
passive diffusion. Compounds with medium-to-high passive permeability are not
retained inside the vesicles, which makes transport measurements for this class of
compounds difficult to perform.

9.6 Utility of In Vitro Transporter Assays in Assessing
Transporter-Based DDIs

Clinically relevant interactions mediated by transporters are one of the critical issues
in drug development. The in vitro transporter models described above provide
important tools to understand the contribution of transporters to drug absorption,
disposition, and elimination. Together with information on therapeutic concentra-
tions of the interacting drugs, the data obtained can be used to predict the propensity
for transporter-mediated DDIs. Recently, several studies have illustrated how in
vitro transporter assays can be applied to predict the potential for transporter based
DDIs.

The HMG-CoA reductase inhibitor cerivastatin was withdrawn from the market
in 2001 due to severe toxicity and DDIs. After coadministration with CsA, the Cmax
and plasma AUC of cerivastatin in kidney transplant patients increased 5-fold and
3.8-fold, respectively (Mück et al., 1999). The mechanism of this drug–drug interac-
tion was investigated in vitro (Shitara et al., 2003a). Uptake of cerivastatin by human
hepatocytes and OATP1B1-transfected MDCKII cells was saturable, and inhibited
by CsA with Ki values of 0.3–0.7 and 0.2 μM, respectively, which is lower than
the estimated maximum unbound concentration of CsA at the inlet of the liver. This
suggested that the drug–drug interaction between cerivastatin and CsA could be
attributed, at least in part, to inhibition of OATP1B1-mediated cerivastatin transport
by CsA.

Sitagliptin, a selective dipeptidyl peptidase 4 inhibitor for the treatment of type 2
diabetes, is primarily excreted into the urine via active tubular secretion in humans.
In vitro transporter studies indicated that sitagliptin is a substrate for the human renal
uptake transporter OAT3 and efflux transporter MDR1 Pgp (Chu et al., 2007). This
suggested that OAT3 and MDR1 Pgp might play a role in transporting sitagliptin
into and out of renal proximal tubule cells, respectively. Based on these findings,
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Table 9.3 Effect of various drugs on OAT3-mediated uptake of sitagliptin (Adapted from Chu
et al., 2007, and references therein)

Compound IC50 (μM) Plasma Cmax Dose (mg)

Cimetidine 79 ± 20 7.0a 400
Enalapril ∼100 0.83a 10
Enalaprilat >100 0.16a 10
Fenofibric acid 2.2 ± 0.1 0.26–0.81b 67 (Fenofibrate)
Furosemide 1.7 ± 0.4 5.1a

0.07b
40

Gabapentin >100 28a 400
Ibuprofen 3.7 ± 0.3 135a

0.7b
400

Indapamide 11 ± 1.7 0.91c 5
Probenecid 5.6 ± 1.4 12–44b 500–2000
Quinapril 6.2 ± 1.7 1.31d 20

aMaximal total concentration in plasma.
bMaximal concentration of unbound drug.
cMaximal total concentration in blood.
dMaximal total concentration of active carboxylic acid.

the propensity of sitagliptin to cause DDIs at the level of OAT3 and Pgp was eval-
uated in vitro. By comparing IC50 values obtained from OAT3 transfected cells
with unbound or total plasma concentration of clinically used drugs (Table 9.3),
the potential of sitagliptin to act as a victim when coadministered with these
drugs, including some OAT3 substrates and inhibitors, was examined. The results
suggested that renal secretion of sitagliptin could be inhibited by probenecid, a non-
specific inhibitor for organic anion transporters. However, the magnitude of the
interactions would be expected to be low, and the effects might not be clinically
meaningful, due to the high safety margin of sitagliptin. In vitro studies also sug-
gested that sitagliptin is unlikely to be a perpetrator of drug–drug interactions with
Pgp, OAT1, or OAT3 substrates at clinically relevant concentrations.

Varenicline is a selective nicotinic acetylcholine receptor partial agonist aiding
in smoking cessation (Feng et al., 2008). It is predominantly eliminated unchanged
in urine, and active tubular secretion partially contributes to its renal elimination.
In vitro studies using cell lines stably transfected with human renal transporters
were performed to determine the mechanism underlying the renal elimination of
varenicline and to evaluate its potential to be involved in DDIs with other renally
excreted drugs, such as cimetidine (Feng et al., 2008). Varenicline was identi-
fied as a moderate-affinity substrate for OCT2, and its OCT2-mediated uptake
was partially inhibited by cimetidine. Varenicline at high concentrations inhibited
OCT2-mediated uptake, while its inhibitory effect on other transporters, including
OAT1, OAT3, OCTN1, and OCTN2 was not observed in vitro. These in vitro data
were further confirmed by a clinical DDI study showing that coadministration of
cimetidine (1,200 mg/day) reduced the renal clearance of varenicline in 12 smok-
ers, resulting in a 29.0% increase in systemic exposure. This was not considered
clinically relevant, however, due to the safety margin of varenicline.
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9.7 Conclusions and Perspective

The currently available in vitro test systems for transporters allow the investigation
of the molecular mechanism by which drugs are eliminated via the kidney and liver.
Although more transporters may be identified in the future, the currently identified
ones provide a valuable framework to rationalize many of the transporter-mediated
DDIs qualitatively and in some instances semi-quantitatively. In the pharmaceu-
tical industry, a current challenge is to predict the susceptibility of development
candidates to cause DDIs more quantitatively. Development of compounds with
low liabilities in this regard is preferred from a safety, marketing, and regulatory
perspective.

Despite the considerable progress made in the field of transporter research in the
last decade, predicting transporter-mediated DDIs prospectively is still associated
with a number of significant challenges, some of which can be summarized as fol-
lows: (i) Currently, there is a lack of and/or general access to specific, or at least
selective, inhibitors for most transporters of interest. Availability of these would
be valuable to dissect the relative contribution of transporters in drug uptake in for
instance hepatocytes, which would allow more quantitative predictions of whether
a drug could be a victim in DDIs. (ii) The lack of the availability of absolute protein
concentration levels in recombinant systems, isolated primary cells, and human tis-
sues. Attempts have been made to obtain this information by Western blotting but in
most cases the information acquired was at best semi-quantitative and no absolute
amounts could be determined due to a variety of technical limitations. Recently, sev-
eral groups have been successful in measuring transporter levels using LC-MS/MS
technologies. For instance, a quantitative body atlas was generated for a range of
drug transporters in various mouse tissues (Kamiie et al., 2008), and using a similar
approach, MRP2/Mrp2 protein levels were determined in liver from various species
(Li et al., 2009). Correlating protein levels measured in tissues to those measured
in in vitro systems can be used to calculate scaling factors which will be useful to
more quantitatively assess the relative contribution of transporters to drug dispo-
sition both in vitro and in vivo, and therefore increase the capability to predict the
likelihood that DDIs will be found. (iii) The examples provided in this chapter where
DDI potential could be assessed were all for compounds excreted mainly as parent
drug. The situation is far more complex for compounds undergoing both metabolism
and transport such as, for example, atorvastatin (Lau et al., 2006). Availability of
systems able to predict such complex interactions therefore is needed. (iv) In the
expression systems available thus far, it is difficult to assess the relative contribution
of uptake and efflux transporters in the trans-epithelial flux of drugs and therefore
the rate-limiting step in excretion. Although progress has been made for human hep-
atocytes by the development of the sandwich culture system and double transfected
cell lines, significant challenges still need to be overcome. A technology that holds
promise is based on micropatterned cocultures of hepatocytes with 3T3 fibroblasts
(Khetani and Bhatia, 2008). Hepatocytes cultured under these conditions are able
to maintain phase I/II metabolism and canalicular transport over a period of several
weeks. Potentially, therefore, microscale cultures may provide transporter data more
representative for in vivo.
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In conclusion, improvements are needed in our methodologies to predict
transporter-mediated DDIs, but based on the examples provided above, it is likely
that significant progress will be made in the coming years. Therefore, it is to be
expected that exciting updates can be provided in future editions of this book.
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Chapter 10
In Vitro Techniques to Study Drug–Drug
Interactions Involving Transport: Caco-2 Model
for Study of P-Glycoprotein and Other
Transporters

William R. Proctor, Xin Ming, and Dhiren R. Thakker

Abstract Transporters play a pivotal role in defining disposition, therapeutic out-
come, and adverse reactions of medicines. P-glycoprotein (P-gp) is an efflux
transporter that is constitutively expressed in barrier tissues and excretory organs,
and has wide substrate specificity; consequently, it may be responsible for wide-
ranging drug–drug interactions (DDIs). This chapter critically evaluates the utility
and limitations of Caco-2 cells, a model for human intestinal epithelium that
expresses most intestinal transporters, in assessing DDIs mediated by P-gp and other
transporters.

10.1 Introduction

Efficacy of therapeutic agents depends not only on the potency and selectivity of
their interactions with biological targets but also on their ability to attain certain
threshold target concentrations for a desired period of time. The processes that
define the ability of compounds to attain and sustain the desired systemic and target
organ concentrations, i.e., absorption, distribution, metabolism, and excretion, play
a pivotal role in therapeutic outcome of drugs. For orally administered drugs, which
account for the vast majority of marketed drugs, absorption is the first critical step
for therapeutic efficacy. Intestinal epithelium presents a formidable barrier to drug
absorption (Madara and Trier, 1994).

Intestinal epithelium contains a wide variety of transporters that mediate absorp-
tion of nutrients (reviewed in (Oh et al., 1999). Drugs that can act as substrates for
these transporters are absorbed across the intestinal epithelium even if they are not
able to permeate the cell membrane. Unlike the absorptive transporters, the efflux
transporters in the apical membrane of enterocytes, most notably P-glycoprotein
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[P-gp; multidrug resistance 1 (MDR1); ABCB1], attenuate absorption of their sub-
strates. First discovered by Juliano and Ling (1976) as a trans-membrane protein that
is overexpressed in cells that are treated with high doses of cytotoxic compounds,
this efflux pump was found to confer multidrug resistance (MDR) in mammalian
cell lines treated with high doses of chemotherapeutic agents (Kartner et al., 1983).
It was discovered that P-gp is constitutively expressed in many barrier tissues includ-
ing the blood–brain barrier and the intestinal epithelium (Thiebaut et al., 1987) as
well as in excretory organelle such as bile canaliculus in hepatocytes (Chandra and
Brouwer, 2004). Therefore, it is not surprising that P-gp and related transporters can
play a significant role in the disposition of drugs in the body and can contribute to
serious drug–drug interactions (DDIs) (Troutman et al., 2008).

Caco-2 cells, which originated from human colon adenocarcinoma cells, were
developed as a cell-based model to study transport and absorption across human
intestinal epithelium (Hidalgo et al., 1989; Artursson, 1990). These cells, like
enterocytes in the intestinal epithelium, express P-gp on their apical membrane
(Augustijns et al., 1993; Hunter et al., 1993). Because of the ease with which various
transport characteristics of drugs can be studied with Caco-2 cell monolayers grown
in a TranswellTM setup, these cells have been extensively used to study mechanisms
of drug transport, including the role of P-gp and other efflux transporters in drug
disposition (Gan and Thakker, 1997). In this chapter, the use of Caco-2 cell model
to study the role of P-gp and other transporters in absorption-related and other DDIs
is critically examined.

10.2 Role of P-gp in Drug Disposition

After the withdrawal of terfenadine from market in the late 1990s, which was
attributed to CYP3A4-mediated DDI (Huang et al., 2004), there has been a
widespread awareness of the role of cytochrome P450 in DDIs. The attention given
to drug-metabolizing enzymes as mediators of DDIs is justified based on the avail-
able data on over 400 marketed drugs in the United States and Europe, which show
that cytochrome P450-mediated metabolism accounts for approximately 55% of
the all the clearance mechanisms of all marketed drugs (Clarke and Jones, 2008).
However, there is increasing awareness about the role played by transporters in renal
and biliary excretion, and in intestinal absorption of drugs (Chandra and Brouwer,
2004; Shitara et al., 2006). Hence, it is reasonable to expect that transporters would
play an important role in causing DDIs. Among many transporters that play a role in
the disposition of drugs, P-gp has been the most extensively investigated transporter
(Troutman et al., 2008).

10.2.1 Tissue Distribution of P-gp

P-gp is constitutively expressed in barrier tissues such as intestinal epithelium, pla-
centa, capillary endothelium in the blood–tissue barriers (e.g., brain, testis), and in
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Fig. 10.1 Relative substrate/inhibitor concentrations experienced by P-gp in the intestine, the
liver, the kidney, and the blood–brain barrier. A compound can enter the cell via an uptake trans-
porter and/or through passive diffusion (PD); P-gp attenuates its entry into barrier tissues (e.g., the
intestine and the blood–brain barrier) or accelerates its excretion by the liver and the kidney

organs of excretion (canalicular membrane of hepatocytes and epithelium in renal
proximal tubules) (Thiebaut et al., 1987; Cordon-Cardo et al., 1990). The pattern of
localization at the tissue/organ level and at the cellular level reveals two major func-
tions of P-gp, i.e., protection against entry of xenobiotics into critical tissues/organs
and excretion of compounds via the biliary or the renal route (Fig. 10.1). Based
on the observations regarding pharmacokinetic behavior of certain drugs (Gramatte
et al., 1996; Mayer et al., 1996; Terao et al., 1996), it is now believed that its pres-
ence in the intestinal epithelium may serve both these roles of preventing absorption
from intestinal lumen and secretion of compounds and metabolic products into the
intestinal lumen.

10.2.2 Substrates and Inhibitors of P-gp

P-gp displays broad substrate specificity with respect to the chemical space and
size of the substrates. In fact, the broad substrate specificity makes it difficult to
define structural characteristics of good substrates and/or inhibitors of P-gp. Hence,
only broad structural attributes can be used to describe P-gp’s substrates/inhibitors,
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such as the presence of aromatic groups or other planar domains, amphiphilic or
lipophilic behavior, the presence of a nitrogen group or a net positive charge, and
molecular weight of greater than 300 Da (Litman et al., 1997; Etievant et al., 1998).
It is important to recognize that substrates bind to P-gp while they are associated
with the inner leaflet of the cell membrane (Homolya et al., 1993) or at the inter-
face of the inner leaflet of the cell membrane and the cytosol (Altenberg et al., 1994).
Thus the behavior of a substrate/inhibitor within the cell membrane is likely to deter-
mine its interactions with P-gp. It is widely accepted that amino acids in the amino-
and carboxy-terminal halves interact to form a major compound interaction pore,
capable of accommodating two small molecules or a large molecule (Bruggemann
et al., 1992; Germann, 1996; Loo and Clarke, 2005). There are likely to be mul-
tiple sites of compound recognition within this compound interaction pore, and
different compounds can bind to distinct, perhaps allosterically coupled sites (Ferry
et al., 1995). A minimum of four distinct binding domains have been proposed,
three of which are substrate-binding sites and the fourth one binds compounds
that modulate the functional activity of P-gp (Martin et al., 2000a; b). An alterna-
tive explanation for multiple substrate-binding/substrate-modulating sites invokes a
concept of substrate-induced binding, in which the substrates could affect confor-
mational changes by interactions with amino acid residues within the binding pore
to enhance the substrate–P-gp interactions (Loo and Clarke, 2000). Our understand-
ing of how P-gp binds and affects their efflux continues to evolve as evidenced by a
recent commentary (Sheps, 2009).

10.2.3 P-gp and Drug Disposition

With its wide substrate specificity and its widespread expression, P-gp can have a
major influence on trafficking of drug molecules in the body. P-gp can affect absorp-
tion of compounds across the intestinal epithelium, distribution into organs, tissues,
and cells, metabolism in the enterocytes and hepatocytes by influencing the avail-
ability of substrates to intracellular metabolic enzymes, and excretion (secretion)
from the liver, the kidney, and the intestine.

Evidence has accumulated over the past several years that P-gp can efflux orally
administered drugs back into the intestinal lumen during their absorption across
the intestinal epithelium and therefore reduce their oral absorption (Relling, 1996;
Sparreboom et al., 1997). For example, AUC values of paclitaxel obtained in
mdr1a(–/–) animals after 10 mg/kg oral dose were several-fold greater than those
obtained in the mdr1a(+/+) mice (Sparreboom et al., 1997). The oral bioavailabil-
ity increased from 11% in the P-gp-competent mice to 35% in P-gp-deficient mice
(Sparreboom et al., 1997).

The distribution of drugs into those tissues that are protected by a blood–tissue
barrier (e.g., blood–brain barrier) is significantly influenced by P-gp. For exam-
ple, vinblastine concentrations in the brains of mdr1a(–/–) mice after 1 mg/kg dose
were ∼20-fold higher than those in the mdr1a(+/+) mice (Schinkel et al., 1994). In
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the same study, the brain concentrations of ivermectin were found to be ∼100-fold
higher in mdr1a(–/–) mice compared to those in the wild-type mice. In a separate
study, the brain tissue concentrations of 2,5-D-penicillamine enkephalin were found
to be two- to fourfold higher in mdr1a(–/–) mice compared to those in the wild-
type mice, and the dose required to elicit a comparable pharmacodynamic response
was ∼30-fold lower in the P-gp knockout mice (Chen and Pollack, 1998).

In the intestinal tissue, where P-gp can effectively influence the access of its
substrates to intracellular drug-metabolizing enzymes, it can have a significant
effect on the metabolism of dual P-gp/metabolic enzyme substrate. This was first
demonstrated in Caco-2 cells when it was observed that oxidative metabolism
of cyclosporin A was significantly higher during apical to basolateral transport
than during basolateral to apical transport (Gan et al., 1996). The modulation of
CYP3A-mediated metabolism of compounds by P-gp in intestinal tissue or CYP3A-
competent Caco-2 cells for dual substrates has been demonstrated in several studies
(Gan et al., 1996; Fisher et al., 1999; Cummins et al., 2002). However, whether
P-gp contributes to increase or decrease in the CYP3A-mediated metabolism of
compounds remains to be elucidated, as conflicting views have been expressed in
the literature (Benet et al., 1999; Johnson et al., 2003; Tam et al., 2003; Knight
et al., 2006).

While P-gp’s role in hepatic and renal excretion of drugs and metabolites is well
established (Chandra and Brouwer, 2004; Shitara et al., 2006), its importance in
secretion/excretion of compounds into intestinal lumen (Arimori and Nakano, 1998)
is not as well recognized. To the extent that intestine can act as an excretory organ,
P-gp is likely to play a significant role in this function. For example, after intra-
venous administration of vinblastine (1 mg/kg) to P-gp-competent mice, 25% of the
dose was eliminated as intact drug in the feces over a 24-hr period, whereas in the P-
gp knockout mice only 9% of the dose was recovered in the feces over the same time
period (van Asperen et al., 2000). Similar decrease in intestinal excretion occurred
in mdr1a(–/–) compared to wild-type mice for paclitaxel, digoxin, and doxorubicin
(Mayer et al., 1996; van Asperen et al., 1996; Sparreboom et al., 1997).

10.3 P-gp and DDI

P-gp-mediated efflux is a saturable process, which raises the potential for a DDI
when two substrates or a substrate and an inhibitor are co-administered. However,
unlike the DDIs involving drug-metabolizing enzymes, the DDIs with P-gp are
likely to be much more complex and therefore more difficult to predict based on
the information on the binding affinities, structure–transport relationships, or even
in vitro experimental determinations of DDIs. First, P-gp exhibits broad substrate
specificity due to either promiscuous binding site and/or multiple binding sites.
Second, P-gp can be inhibited by interfering with substrate binding or by inter-
fering with ATP binding and/or hydrolysis. Third, P-gp is widely distributed in the
body and can affect absorption, distribution, metabolism, excretion, or any combi-
nation of these processes for an orally administered drug that is a P-gp substrate.
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Of all the sites where P-gp operates, intestinal epithelium is the most likely site
for DDIs because P-gp is likely to be exposed to relatively high concentrations of
drugs achieved in the intestinal lumen after an oral dose. It is difficult to alter the
disposition of a P-gp substrate by modulating P-gp activity at other sites with a
co-administered substrate or inhibitor because it would be difficult to achieve high
enough concentrations to saturate the efflux transporter (or inhibit majority of its
activity) at these sites (Fig. 10.1). This is borne out by the fact that most of the
attempts in the clinic to improve therapeutic efficacy of chemotherapeutic agents
by inhibiting overexpressed P-gp in the tumor tissue with a co-administered P-gp
inhibitor have not succeeded (see (Troutman et al., 2008)).

A few examples of clinically observed DDIs that can be attributed to P-gp do
exist. For example, renal clearance of digoxin was decreased by co-administered
clarithromycin. In vitro studies using kidney epithelial cell lines confirmed
that the decrease in digoxin clearance by clarithromycin was due to inhibi-
tion of P-gp in the kidney (Wakasugi et al., 1998). Similarly, the P-gp mod-
ulator verapamil also decreased renal clearance of digoxin (Ito et al., 1993).
Cyclosporin A, a P-gp modulator, caused significant increase in the systemic
toxicity of the chemotherapeutic regimen involving three P-gp substrates: vin-
cristine/dactinomycin/cyclophosphamide. The increased toxicity was attributed to
decreased clearance and increased systemic exposure to the chemotherapeutic
agents caused by P-gp inhibition due to co-administered cyclosporin A (Theis
et al., 1998). Whether these DDIs could have been predicted using an in vitro assay
for P-gp inhibition remains to be determined.

An additional factor that could modulate P-gp activity, and therefore alter drug
disposition and resultant change in pharmacodynamic response or toxicity, involves
genetic polymorphisms of the MDR1 gene. As many as 28 single nucleotide poly-
morphisms have been identified on the MDR1 gene, and a functional analysis of
many of these polymorphism has been performed (Hoffmeyer et al., 2000; Sakaeda
et al., 2003; Troutman et al., 2008). These studies have revealed a wide-ranging
effect of these polymorphisms on the expression, localization, and function of P-gp
(see Troutman et al., 2008). When a P-gp-related DDI is suspected for a drug, it is
important to recognize that the unanticipated change in the disposition or pharma-
codynamic response may be due to a polymorphism in the MDR1 gene and not due
to a DDI.

Clearly, with a high potential for P-gp to affect the disposition and therapeutic
outcome of drug candidates, good in vitro tools need to be developed to assess the
DDI potential involving P-gp during the lead identification and/or the lead opti-
mization phase. As discussed in this chapter, it is extremely difficult to anticipate
how modulation of P-gp by a co-administered substrate and/or inhibitor will influ-
ence the disposition of a P-gp substrate. However, well-designed in vitro studies
can provide valuable information about the DDI potential of a drug candidate. The
following section describes the Caco-2 cell-based model that can be used to assess
the potential of drug candidates to encounter a P-gp-related DDI and provides a
critical evaluation of the utility and pitfalls of this model.
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10.4 In Vitro Assessment of Transporter-Related DDI

Cellular models have been extensively used to determine if a compound is a sub-
strate or an inhibitor of P-gp. These models also determine if its interactions with
P-gp will affect its absorption across intestinal epithelium, or excretion into the bile,
or distribution into the brain. However, in this section, only Caco-2 cell model will
be discussed.

10.4.1 Caco-2 Cell Model

Drugs can permeate across the intestinal epithelium via two pathways: paracellular
and transcellular. The paracellular pathway is size limited due to the presence of
the tight junction (TJ) and is typically favored by small hydrophilic drugs and ions
(Knipp et al., 1997). When establishing a Caco-2 cell model that mimics intestinal
epithelium, it is critical to characterize the “leakiness” of the monolayer in order to
adequately account for this pathway in the overall transport. Electrophysiological
measurements, such as transepithelial electrical resistance (TEER), are commonly
used to assess monolayer integrity prior to and immediately following a transport
experiment. TEER values can vary significantly across different laboratories (Walter
and Kissel, 1995) and across different Caco-2 cell clones (Fleet et al., 2002). In
addition, TEER values are dependent not only on monolayer integrity but also on
the relative expression of a class of TJ proteins, claudins. Specific claudin iso-
forms can gate or facilitate sodium flux, in turn altering the resistance across the
monolayer while not altering the paracellular transport of small molecules (Colegio
et al., 2003; Van Itallie and Anderson, 2006). A more direct and reliable measure-
ment of paracellular permeability is performed by measuring flux of a paracellular
probe compound (e.g., mannitol, inulin, dextran, lucifer yellow, and PEG 4000).

Transcellular transport occurs by passive diffusion across apical and basolat-
eral cell membranes and can be enhanced or attenuated by transporters at both
membranes. In addition to P-gp, Caco-2 cells express many intestinal transporters
that include both uptake and efflux processes. A brief description of the trans-
porters and metabolic enzymes expressed in Caco-2 cell monolayers is provided
below as this subject matter is covered in an excellent recent review by Sun et al.
(2008). Although mRNA has been detected for many intestinal transporters in
Caco-2 cells (Englund et al., 2006; Seithel et al., 2006; Hilgendorf et al., 2007;
Maubon et al., 2007; Hayeshi et al., 2008), protein expression, localization, and
function have yet to be determined for the majority of the transporters identified
in these studies. The transporters that exhibit message (mRNA), protein expres-
sion, and/or functional activity in Caco-2 cells are depicted in Fig. 10.2. On the
apical membrane, the organic anion-transporting polypeptide 2B1 (OATP2B1) (Sai
et al., 2006), organic cation transporter 3 (OCT3) (Muller et al., 2005), organic
cation/carnitine transporter (OCTN2) (Elimrani et al., 2003), H+-di–tripeptide trans-
porter 1 (PEPT1) (Saito et al., 1997), monocarboxylic acid transporter 1 (MCT1)
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Fig. 10.2 Apical and basolateral membrane transporters and metabolizing enzymes present in
Caco-2 cell monolayers

(Tamai et al., 1995), and the apical Na+-dependent bile acid transporter (ASBT)
(Hidalgo and Borchardt, 1990) facilitate uptake of drugs into the cells. The api-
cal membrane also contains several ATP-binding cassette efflux transporters: P-gp
(Anderle et al., 1998; Engman et al., 2001), breast cancer resistance protein (BCRP)
(Xia et al., 2005), and multidrug resistance-associated protein 2 (MRP2) (Gutmann
et al., 1999; Prime-Chapman et al., 2004). The relative expression of P-gp in Caco-
2 cells is comparable (within twofold) to human intestine and other polarized cell
models such as MDCK-MDR1 cell line (Troutman and Thakker, 2003b); there-
fore, this model can be used to predict potential intestinal P-gp interactions. The
presence of BCRP in Caco-2 cells has been controversial. Xia et al. (2005) have
provided evidence for functional activity of BCRP in Caco-2 cells, whereas sev-
eral other studies have reported significantly lower expression (mRNA) in Caco-2
cells than in the human intestine (Hilgendorf et al., 2007; Maubon et al., 2007)
with one study reporting almost 100-fold lower relative expression (Taipalensuu
et al., 2001). A recent report confirmed the finding by Xia et al. (2005) of the func-
tional activity of BCRP in Caco-2 cell monolayers by creating a stable knockdown
BCRP Caco-2 cell line without altering the expression of P-gp or MRP2 (Zhang
et al., 2009). It appears that certain Caco-2 cell clones, but not all clones, contain
functionally active BCRP on the apical membrane. Hence, the role of this trans-
porter in drug absorption or in DDIs may be underestimated by Caco-2 cell model
unless a BCRP-expressing clone is selected for these studies.

The basolateral membrane contains MRP3 (Prime-Chapman et al., 2004),
MRP4 (Ming and Thakker, 2009), and potentially MRP6 (mRNA only
(Prime-Chapman et al., 2004)) that facilitate efflux of anionic and/or zwitterionic
compounds from the cytosol to the basolateral compartment. In addition, the organic
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solute transporters (OSTα/β) are present in Caco-2 cells (Okuwaki et al., 2007) and
function on the basolateral membrane. On the other hand, uptake transporters that
may facilitate the secretion of cations from the serosal to the lumenal side have yet
to be identified. Although there are some reports of the presence of OCT1 (mRNA)
(Muller et al., 2005; Englund et al., 2006), direct localization and functional activ-
ity have yet to be determined. There does not appear to be any functionally active
organic anion transporters (OATs) that facilitate uptake of anions across the baso-
lateral membrane, although one cannot rule out the presence of anion secretory
processes across Caco-2 cell monolayers.

In addition to the various transporters, several drug-metabolizing enzymes
are also present in Caco-2 cell monolayers, including sulfotransferases (SULTs)
(Meinl et al., 2008), cytochrome P450 1A1 (CYP1A1) (Schreiber et al.,
2006), glutathione S-transferases (GSTs) (Peters and Roelofs, 1989), and UDP-
glucuronosyltransferases (UGTs) (Munzel et al., 1999). Caco-2 cells also express
several esterases, including carboxylesterase-1 and carboxylesterase-2, that have
been implicated in prodrug conversion in vitro (Imai et al., 2005). Under normal
culture conditions, Caco-2 cells do not express functionally active cytochrome P450
3A4 (CYP3A4), the predominant drug-metabolizing enzyme in the intestine (Paine
et al., 2006). CYP3A4 can be induced by treatment with the active form of vita-
min D3 (1α,25-diydroxyviamin D3) (Schmiedlin-Ren et al., 1997) or can be stably
expressed through transfection of the CYP3A4 gene (Brimer et al., 2000). These
modified Caco-2 cell lines have been used to study first-pass intestinal metabolism
(Fisher et al., 1999) or the interplay between transporters and intestinal metabolism
(Cummins et al., 2002; Paine et al., 2002).

10.4.2 Cell Culture- and Age-Dependent Changes to Caco-2 Cells

Culture conditions for Caco-2 cells can influence the expression and functional
activity of transporters, making it difficult to interpret and compare data obtained
from different laboratories when culture conditions are significantly different. The
differences observed across different Caco-2 cultures and laboratories are due, in
part, to the heterogeneity of the parental cell line, where sub-populations of cells
can be selectively passaged to become more prominent. Alternatively, this hetero-
geneity has been exploited to isolate more homogenous clones of the parental cell
line that have specific functional traits or phenotypes. Understanding the specific
Caco-2 clone and culture conditions used is paramount to making meaningful inter-
pretations of the transport data obtained. The following section will focus on the
morphology and protein expression of the parental clone of Caco-2 cells (ATCC
HTB-37) and the effects culture conditions have on these properties.

Transporter expression, in particular on the apical membrane, increases as a
function of culture time. For example, P-gp, MRP, BCRP, and PEPT1 expression
increases during the culture time and plateaus at around 21 days (Behrens and
Kissel, 2003; Xia et al., 2005; Englund et al., 2006). Consequently, transport exper-
iments with Caco-2 cells are typically performed at 21 days post seeding. The age
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or the passage number of fully differentiated Caco-2 cells can also affect the barrier
properties and protein expression. TEER increases with increasing passage number
(Lu et al., 1996; Briske-Anderson et al., 1997; Yu et al., 1997). Higher monolayer
resistance in late passage cells correlated with a reduction in the paracellular per-
meability of mannitol (Briske-Anderson et al., 1997; Yu et al., 1997), although in
another study an increase in TEER associated with late passage cells was not accom-
panied by a decrease in mannitol permeability (Lu et al., 1996). This example clearly
shows the importance of using a paracellular permeability probe (e.g., mannitol)
to estimate paracellular transport, as relying solely on the TEER value of the cell
monolayer may be misleading.

Increasing passage number appears to alter the expression of transport proteins.
Although the majority of the work in this area has focused on nutrient transporters
(e.g., glucose transporters), there has been some recent work looking at the changes
in the expression of the xenobiotic transporters such as P-gp and BCRP. Although
Caco-2 is generally known to express P-gp stably over a wide range in passage
numbers, it has been shown that in both the wild-type and Caco-2 cells treated with
the P-gp inducing ligand vinblastine, P-gp expression (mRNA) and function were
significantly reduced between passages 29 and 49 (Siissalo et al., 2007). Similarly,
the expression of BCRP was also affected by passage number, where the dimer
protein expression decreased approximately tenfold between passage 36 and pas-
sage 56 of Caco-2 cells (Xia et al., 2005). In short, passage number can potentially
alter both barrier function and transporter expression; therefore, functional activity
of the transporter of interest in the passage range employed needs to be properly
characterized.

As stated earlier, Caco-2 cells are made up of a heterogeneous population of
epithelial cells that form a confluent monolayer. Many clones have been isolated
to increase homogeneity or to enhance particular phenotypes. Different Caco-2
clones have distinct morphologic and phenotypic differences in relation to the
parental Caco-2 cell clone (ATCC clone HTB-37) and need to be properly char-
acterized. For example, the Caco-2 clone TC7 has high AP sucrase–isomaltase
activity, higher relative TEER, and similar mannitol permeability to the parental line
(Carriere et al., 1994; Ranaldi et al., 2003). Unlike the parental clone, which does
not have basal functional CYP3A activity, Caco-2/TC7 cells express stable levels of
CYP3A5 (Raeissi et al., 1997). For more detailed information regarding the differ-
ent Caco-2 clones and the affects of culture conditions on monolayer functional and
morphological characteristics, please refer to the review by Sambuy et al. (2005).

10.4.3 Experimental Approaches to Study Transporter-Mediated
DDI in Caco-2 Cell Monolayers

Caco-2 cell monolayers are grown on permeable porous membrane supports that
readily allow for solute and ion flux between the apical and the basolateral com-
partments through a monolayer of cells (Fig. 10.3). The appearance of drug into the
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Fig. 10.3 Schematic of experimental approaches to study drug–transporter interactions in the
Caco-2 TranswellTM model

receiver compartment (the basolateral compartment for absorptive transport and the
apical compartment for secretory transport) is monitored as a function of time. A
transport clearance, corrected for the surface area of TranswellTM insert, referred to
as the apparent permeability (Papp), is calculated using the following equation:

Papp = J

C0
= dX/dt

A∗Co
(10.1)

where J represents the flux of the mass of drug (X) transported over time (t) corrected
for the porous surface area (A) and C0 is the initial concentration in the donor com-
partment. Papp values are commonly measured in both absorptive (AP to BL) and
secretory directions (BL to AP) and over a range of donor concentrations. Changes
in Papp with donor concentrations indicate the presence of saturable processes and
the involvement of metabolic enzymes and/or transporters. Kinetic constants (Jmax,
Km, Kd, transport) can be obtained for transport data by fitting a model incorporating
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one saturable and one nonsaturable component to the overall transport using the
following equation:

J = (Jmax
∗C)

(Km + C)
+ Kd, transport

∗C (10.2)

where C is the donor concentration of the drug, Jmax is the maximal flux, Km is the
Michaelis–Menten constant, and Kd, transport is the nonsaturable component of trans-
port. The relative contribution of saturable process to the overall transport can be
estimated by stripping out the nonsaturable component (e.g., Kd, transport

∗C) from the
overall transport data (see Bourdet and Thakker, 2006). Although this approach can
indicate the presence of saturable processes, it does not allow for elucidation of the
specific transporters responsible and is not amenable to high-throughput screening
approaches due to the sample burden of assessing flux across a donor concentration
range.

A common screening approach to determine if a transporter is involved is to
measure absorptive transport (AP to BL or A–B) and secretory transport (BL to AP
or B–A) at a fixed concentration. The efflux ratio (EfR) can then be calculated using
the following equation:

EfR = Papp,B−A

Papp,A−B
(10.3)

A compound whose efflux ratio deviates from unity implies that there is a trans-
port mechanism acting on the drug. Typically, EfR values > 2 are deemed to be
substrates for apical efflux transporters, and the magnitude of EfR is related to the
efficacy of an efflux transporter in attenuating its absorptive transport. It is impor-
tant to note that compounds that have high passive permeability may produce low
EfR despite being good substrates for an apical efflux transporter (Troutman and
Thakker, 2003a). EfR determination does not provide information about a particular
transporter involved. Specific chemical inhibitors, knockout cell lines, or antibod-
ies, all of which would move the EfR value toward unity by removing the effect
of a specific transporter, can be used to tease out which transporter is responsible.
A list of specific substrates and inhibitors for the major drug transporters is pro-
vided in Table 9.1 (Chapter 9). EfR can be misleading sometimes in that it does not
inform on whether the efflux transporter is attenuating A–B transport or accelerat-
ing B–A transport; (Troutman and Thakker, 2003a). To assess the affect of P-gp in
each direction, the absorptive quotient (AQ) parameter has been proposed, which is
represented in the following equation:

AQ = (PPD,A→B) − (Papp,A → B)

(PPD,A→B)
(10.4)

where Papp and P PD represent the apparent permeability in the presence and absence
of functional transport activity (e.g., in the absence and presence of the specific
transporter inhibitor), respectively (Troutman and Thakker, 2003b). The AQ value
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ranges from 0 (no attenuation of absorptive transport by P-gp) to 1 (complete
attenuation by P-gp); a drug is considered a reasonable substrate for the efflux
transporter when the AQ value is greater than 0.3 (Thiel-Demby et al., 2004). This
unidirectional approach provides a better assessment of specific efflux transporter
involvement in absorptive transport rather than whether a drug is a substrate for any
efflux transporter. Furthermore, it is more amenable to high-throughput screen due
to limited number of samples generated. Although this method was developed to
better characterize interactions of P-gp with its substrates, it can also be applied to
other AP efflux transporters in Caco-2 such as BCRP and MRP2.

Overall transport across the cell monolayer accounts for multiple processes that
are occurring at each membrane and through the cell. The polarized monolayer of
the Caco-2 cell model allows for not only bidirectional transport studies but also for
studying uptake and efflux transport processes at each membrane (Fig. 10.3). Uptake
studies are performed by dosing either compartment and then monitoring the accu-
mulation or uptake into the cells as a function of time and donor concentration.
Akin to transport studies, saturable initial uptake (e.g., uptake occurring during the
initial linear phase with respect to time) indicates the presence of carrier-mediated
transport processes. Initial uptake data plotted as a function of donor concentra-
tion are commonly fitted to a model describing one saturable and one nonsaturable
component (10.5)

Uptake rate = (Vmax
∗C)

(Km + C)
+ Kd,uptake

∗C (10.5)

where C is the donor concentration, Vmax is the maximal velocity, Km is the
Michaelis–Menten constant, and Kd, uptake is the nonsaturable component of uptake
(see Bourdet and Thakker, 2006). Specific chemical inhibitors (refer to Table 9.1)
can be used to identify the particular uptake transporter class or specific isoform
involved. Efflux experiments can also be performed in the Caco-2 cell model,
in which drug is loaded into the cells to achieve pseudo-steady-state concentra-
tions. The loaded monolayer is repeatedly but rapidly washed with ice-cold buffer,
replaced with warm buffer, and appearance of drug into each compartment can be
monitored as a function of time (Fig. 10.3). Specific inhibitors can be placed in the
buffer following the washing to inhibit the efflux and tease out the role of a spe-
cific transporter in facilitating the efflux of the compound. Conversely, experiments
have been conducted in Caco-2 cell monolayers, where labeled drug is loaded into
the cells and unlabeled drug is present in the buffer, causing an increase in efflux.
This classical pulse-chase experiment or trans-stimulation approach has been used
to show functional evidence for bidirectional transport (Villalobos and Braun, 1998).

The methods outlined above demonstrate how to determine if a drug is a substrate
for a transporter, the net effect that transporter has on the overall transport across
the Caco-2 cell monolayer, and also information regarding what transporter(s) are
involved at each membrane. A drug can be a transporter substrate and consequently
an inhibitor; conversely, a drug may be a potent inhibitor and not a substrate for the
transport. Selective probe substrates for many of the transporters are known, so that



270 W.R. Proctor et al.

transport of these probe substrates can be evaluated in the presence and absence of
test compounds to identify transporter inhibitors. In this chapter, a brief description
of IC50 determination will be presented in which an inhibitory Emax model will be
described, although thorough description of different methodologies to determine
the extent of transporter inhibition in the Caco-2 cell model can be found in a recent
review by Sun et al. (2008). Concentration-dependent inhibition of a probe substrate
is used to determine the potency of a compound in inhibiting a specific transporter.
Inhibitory potency, or IC50 value, can be determined by using nonlinear regression
on the inhibitory Emax model using a modified Hill equation:

v = Vmax
∗[I]n

IC50
n + [I]n

(10.6)

where v is the rate of transport in nmol/min/cm2, Vmax is the maximal rate of uni-
directional transport of the probe substrate, I is the concentration of the inhibitor, n is
the Hill coefficient, and IC50 is the inhibitor concentration that produces 50% reduc-
tion in the rate of transport of the probe substrate (Rautio et al., 2006). Equation
(10.6) was adapted to fit bidirectional transport data (e.g., EfR), which the US
Food and Drug Administration (FDA) proposed in its guidance for studying P-gp-
mediated DDIs (Guidance for Industry, 2006), to yield the following expression:

EfRI

EfRW/O
= 1 − Imax

∗[I]n

[I]n + ICn
50

(10.7)

where Imax is the maximal inhibitory effect and the efflux ratios, EfRI and EfRW/O,
represent the inhibited and uninhibited efflux ratio, respectively. Efflux ratios are
preferred measurements over flux or permeability values to determine IC50 values,
for the latter two measurements can underestimate the extent of efflux inhibition
and overestimate the IC50 value (Kalvass and Pollack, 2007). The inhibitory Emax
model proposed by the FDA (Eq. (10.7)) not only can be used to identify transporter
inhibition in the Caco-2 TranswellTM model but also can be applied to other polar-
ized epithelial cell models, such as MDCK and LLC-PK1 cells. For a description
of these models and other in vitro assays to assay transporter DDIs, please refer to
Chapter 9.

10.5 In Vitro/In Vivo Relationships

Because P-gp can potentially affect drug disposition of a large number of com-
pounds, several in vitro assays have been developed to assess if compounds being
considered as drug candidates are substrates or modulators of P-gp. The general
approaches used in these assays involve measuring transport of test compounds in
both directions across polarized cell monolayers, or activation by test compounds
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of ATPase activity associated with P-gp-mediated efflux, or inhibition of efflux of
a pre-loaded fluorescent P-gp substrate (e.g., calcein-AM) by test compounds (Polli
et al., 2001; Zhang et al., 2003; Guidance for Industry, 2006). Each of these assays
has its benefits and pitfalls. As described previously in this chapter, the Caco-2 cell
model, in which the polarized transport of test compounds is measured, can pro-
vide valuable information about a compound’s interactions with P-gp. For example,
these studies can (i) reveal if a compound is a substrate and/or an inhibitor of P-gp,
(ii) provide relative potency of the test compound as a substrate and/or inhibitor of P-
gp in relation to known P-gp substrates and inhibitors, (iii) inform if P-gp may atten-
uate absorptive transport of the test compound across an epithelial or an endothelial
barrier, and (iv) assess if the test compound can increase absorptive transport of co-
administered P-gp substrates and/or if other P-gp substrates/inhibitors can increase
absorptive transport of the compound across an epithelial or an endothelial barrier.
The goal of obtaining this information is to assess and predict if P-gp will influence
absorption and other drug disposition parameters for the test compound and to pre-
dict if a co-administered P-gp substrate/inhibitor would increase exposure (AUC or
Cmax) to the test compound or vice versa.

The data generated with this model show that the efficacy of P-gp to attenuate
absorptive transport of a compound depends not only on the kinetic parameters that
define the interaction between the compound and the P-gp but also on the rate of pas-
sive diffusion across the cell membrane (Polli et al., 2001; Troutman and Thakker,
2003a). Further, it has been proposed that the behavior of compounds in the BCS
system can provide insight on whether an efflux transporter like P-gp would affect
disposition of these compounds (Wu and Benet, 2005). For example, it is proposed
that for compounds in class II (high permeability, low solubility) P-gp-mediated
efflux would play a significant role in intestinal absorption, whereas compounds in
class I (high permeability, high solubility) would readily overwhelm P-gp in the cell
membrane and therefore would not be affected by P-gp.

The emerging recognition of the importance of transporters in drug disposition
and of the potential for a transporter-based DDI is evidenced by the inclusion of
P-gp-related in vitro studies in the Guidance to Industry issued by the FDA on drug
interaction studies. This guidance includes “criteria for determining whether a test
drug is a substrate for P-gp, and whether an in vivo interaction study is needed.” The
draft guidance proposes that an in vivo drug interaction study may be warranted for
a test compound if it meets the following criteria: (i) the test compound yields an
efflux ratio of >2 in bidirectional transport studies using Caco-2 or MDCK-MDR1
cell monolayers and (ii) the efflux ratio can be decreased by a specific inhibitor for
P-gp (list of inhibitors provided in the draft guidance). Similarly, the guidance pro-
poses that an in vivo drug interaction study may be warranted for a test compound
(i) if it decreases efflux ratio of probe substrates for P-gp in a bidirectional transport
study as above, and (ii) if [I]/IC50 (or Ki) > 0.1, where [I] is the steady-state Cmax
value for total drug and IC50 (or Ki) represents the P-gp inhibitory potency of the
test compound.

It is understandable that the draft guidance may reflect the fact that our under-
standing of transporter-based DDIs is in its early phase of evolution. However, the
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draft guidance singles out just P-gp among many uptake and efflux transporters that
are likely to play a significant role in DDIs (see Section 10.6). Furthermore, the
draft guidance does not address a very real possibility that many test compounds
are likely to be substrates for multiple transporters, present on the same or different
cellular membrane. In such a case, the in vitro test sequence proposed will yield
ambiguous results at best and will not provide guidance for the design of an in vivo
DDI study. Also, the criteria proposed that would trigger a clinical DDI study do
not appear to be grounded in reality. For example, an efflux ratio of 2 would suggest
a fairly weak substrate activity for P-gp, not worthy of triggering a clinical DDI
study. On the other hand, many of the specific P-gp inhibitors listed in the draft
guidance interact with one or more other transporters and may not be appropriate as
P-gp inhibitor probes. Finally, a recent study by Fenner et al. (2009) in which well
over 100 clinical studies involving digoxin were analyzed, the authors make sev-
eral observations that highlight the inadequacy of the current draft guidance. The
authors observe that the pharmacokinetics of digoxin, a P-gp substrate that yields
efflux ratios significantly greater than 2, did not change greatly when it was co-
administered with widely varied drugs, many of which were potent P-gp inhibitors.
On the other hand, in addressing the draft guidance that [I]/IC50 > 0.1 would trig-
ger a clinical digoxin DDI study, the authors pointed out that 41% false-negative
rate was revealed for compounds with [I]/IC50 < 0.1. These results indicated that in
vitro data under-predicted the in vivo DDI involving digoxin and P-gp inhibitors.
It appears that the draft guidance for in vitro studies to guide decisions regarding
P-gp-mediated DDIs is quite premature at this point in time. More critical analy-
sis like the one reported by Fenner et al. (2009) will be needed before a rational
approach can be developed for in vitro studies that can guide decisions regarding
clinical DDI studies.

10.6 Other Uptake and Efflux Transporters in Caco-2 Cells

Due to high expression and broad substrate specificity, P-gp can play an impor-
tant role in mediating DDIs in the intestine. However, the knowledge of the role
played by other transporters, including uptake and efflux transporters, on DDIs in
the intestine is rapidly emerging. Many nutrients as well as hydrophilic drugs uti-
lize vectoral transport systems and achieve higher bioavailability than that expected
from their physicochemical properties. Vectoral transport systems for intestinal drug
absorption involve uptake transporters in the apical membrane and efflux trans-
porters in the basolateral membrane of the enterocytes (Fig. 10.2). Depending
on their relative efficiency and capacity, apical uptake transporters or basolateral
efflux transporters may control the transepithelial movement when the correspond-
ing transport step becomes rate limiting (Cheeseman, 1992). Conceivably, intestinal
basolateral transporters may also mediate efflux of hydrophilic compounds gener-
ated in the enterocytes, being either the active drugs generated from their prodrugs
or the metabolites of the parent drugs.
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In this section, current advances in our understanding of the intestinal trans-
porters other than P-gp are summarized. The potential utility of Caco-2 cells, which
express most of the transporters expressed by the intestinal epithelium, in study-
ing the transporters other than P-gp is highlighted. Also discussed in the section is
the complexity of interpreting transport data generated in the Caco-2 model when a
compound is a substrate for P-gp as well as other uptake and/or efflux transporters
present in Caco-2 cells.

10.6.1 Apical Uptake Transporters

Apical uptake transporters that may share substrate specificity with P-gp are OATP
transporters, mediating bidirectional, Na+-independent, pH-dependent transport of
anionic and zwitterionic drugs (Hagenbuch and Meier, 2004). Recent studies using
real-time PCR showed that the expression of OATP2B1 is much higher than other
subtypes (Sai et al., 2006; Hilgendorf et al., 2007). OATP2B1 protein is localized at
the apical surface of both human small intestine (Kobayashi et al., 2003) and Caco-2
cells (Sai et al., 2006). Functional studies demonstrated that OATP2B1 transports
bile acids and endogenous sulfate conjugates such as estrone-3-sulfate (Nozawa
et al., 2004), and the greater activity at lower pH broadens its specificity to include
some clinically used drugs such as the HMG-CoA reductase inhibitor pravas-
tatin, the antihistamine fexofenadine, and the antidiabetic glibenclamide (Kobayashi
et al., 2003). Recently, OATP2B1 was shown to aid in the apical uptake of fexofe-
nadine at pH 6.0 in Caco-2 cells (Ming and Thakker, unpublished). These studies
clearly suggest a potential role for OATP2B1 in the intestinal absorption of anionic
or zwitterionic drugs such as pravastatin and fexofenadine. Citrus juices and con-
stituents are able to inhibit OATP2B1 activity, identifying OATP2B1 as a potential
site for diet–drug interactions (Satoh et al., 2005).

10.6.2 Other Apical Efflux Transporters

BCRP is expressed in several tissues including the intestine, the liver, and the pla-
centa and localized to the brush-border membrane in the intestine (Maliepaard et al.,
2001). An increasing number of diverse drugs have been identified as substrates for
BCRP including anticancer compounds (e.g., mitoxantrone, daunorubicin, doxoru-
bicin) (Theis et al., 1998), sulfated conjugates of steroids and xenobiotics (Suzuki
et al., 2003), and the H2-receptor antagonist cimetidine (Pavek et al., 2005). Similar
to P-gp, BCRP likely attenuates the oral absorption of drug substrates, thus limiting
their overall oral bioavailability. BCRP knockout mice exhibited strong sensitivity
to the dietary chlorophyll breakdown product (and BCRP substrate) pheophor-
bide a, suggesting that the intestine limits systemic exposure to this toxin (Wang
et al., 2002). BCRP appears to reduce the oral bioavailability of the anticancer
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agent topotecan. Oral administration of topotecan in the presence of a BCRP/P-
gp inhibitor (GF120918) in P-gp-deficient mice resulted in a sixfold increase in
bioavailability compared to vehicle treated mice, clearly suggesting a role for BCRP
in limiting topotecan absorption (Jonker et al., 2000). As stated in Section 10.4.1,
the relative expression of BCRP in Caco-2 cells is low in comparison to human
intestine and variable depending on the clone employed; therefore, the role of this
transporter in drug absorption or in DDIs may be underestimated by the Caco-2 cell
model.

MRP2 is localized exclusively to the apical membrane of polarized cells, such
as hepatocytes, renal proximal tubule epithelia, and intestinal epithelia (Buchler
et al., 1996). Compared to the extensively studied and established role of MRP2
in detoxification of drugs in the liver, its role in the intestine has been less well stud-
ied. MRP2 is highly expressed in human jejunum and Caco-2 cells (Hilgendorf
et al., 2007). Studies utilizing wild-type and MRP2-deficient rats have clearly
demonstrated a significantly reduced intestinal excretion of a glutathione conjugate
DNP-SG, an MRP2 substrate, in the deficient rat after intravenous administra-
tion of the unconjugated parent (Gotoh et al., 2005). However, MRP2 may be
less important than P-gp in limiting the absorption of drugs, because an 8.5-fold
increase in oral bioavailability of paclitaxel in mdr1a/b(–/–) mice was observed
compared to the wild-type mice, whereas change was not detected in mrp2(–/–)
mice, despite the fact that Mrp2 plays an important role in biliary excretion of
paclitaxel (Lagas et al., 2006).

10.6.3 Basolateral Efflux Transporters

MRP3 transports organic compounds conjugated to glutathione, sulfate, or glu-
curonate, as well as bile salts and unconjugated drugs such as methotrexate
(Sparreboom et al., 1997). MRP3 mRNA is highly expressed in human jejunum
and in Caco-2 cells (Taipalensuu et al., 2001). Rat Mrp3 protein and human MRP3
protein are localized in the basolateral membrane in rat intestine (Rost et al., 2002)
and Caco-2 cells (Ming and Thakker, 2009), respectively. Mrp3 plays a minor role
(<20%) in the basolateral efflux of bile acids (Zelcer et al., 2006; Suzuki et al.,
2008). Recent study showed that MRP3 mediates the basolateral efflux of fexofe-
nadine and that overall absorptive transport of this drug is dependent on relative
activities of P-gp in the apical membrane and MRP3 in the basolateral membrane
(Ming and Thakker, unpublished).

MRP4, the fourth member of the ABCC family, was initially identified as a
homolog of MRP1 by screening databases of human expressed sequence tags (Kool
et al., 1997). MRP4 is the only transporter in ABCC family that shows tissue-
specific localization; it assumes basolateral localization in most organs such as liver
(Rius et al., 2003), whereas in kidney proximal tubules it is located at the apical
membranes (van Aubel et al., 2002). Recent results showed that MRP4 is localized
in the basolateral membrane of Caco-2 cells and mediates the basolateral efflux
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of adefovir generated intracellularly from its prodrug, adefovir dipivoxil (Ming
and Thakker, 2009). This study suggested that the oral bioavailability of adefovir
can be significantly affected if an MRP4 inhibitor is co-administered with adefovir
dipivoxil.

10.7 Conclusions

P-gp is an important efflux transporter that can influence disposition of drugs that are
its substrates. Its wide substrate specificity and extensive tissue distribution would
suggest that it affects disposition of a large number of drugs. It follows therefore that
P-gp may contribute significantly to DDIs. While this chapter mainly deals with
the use of Caco-2 and other related in vitro cell culture models in assessing DDI
potential of P-gp substrates and inhibitors, an attempt has been made to convey an
important message regarding P-gp and other transporters. That is, our understanding
about transporters is in its infancy, and accordingly, the current in vitro and in vivo
models to elucidate and predict roles of transporters in drug disposition and DDIs
are quite inadequate. Therefore, the results derived from these models should be
interpreted with much care and caution.

References

Altenberg GA, Vanoye CG, Horton JK and Reuss L (1994) Unidirectional fluxes of rhodamine 123
in multidrug-resistant cells: evidence against direct drug extrusion from the plasma membrane.
Proc Natl Acad Sci U S A 91:4654–4657.

Anderle P, Niederer E, Rubas W, Hilgendorf C, Spahn-Langguth H, Wunderli-Allenspach H,
Merkle HP and Langguth P (1998) P-Glycoprotein (P-gp) mediated efflux in Caco-2 cell mono-
layers: the influence of culturing conditions and drug exposure on P-gp expression levels. J
Pharm Sci 87:757–762.

Arimori K and Nakano M (1998) Drug exsorption from blood into the gastrointestinal tract. Pharm
Res 15:371–376.

Artursson P (1990) Epithelial transport of drugs in cell culture. I: a model for studying the passive
diffusion of drugs over intestinal absorptive (Caco-2) cells. J Pharm Sci 79:476–482.

Augustijns PF, Bradshaw TP, Gan LS, Hendren RW and Thakker DR (1993) Evidence for a polar-
ized efflux system in CACO-2 cells capable of modulating cyclosporin A transport. Biochem
Biophys Res Commun 197:360–365.

Behrens I and Kissel T (2003) Do cell culture conditions influence the carrier-mediated transport
of peptides in Caco-2 cell monolayers? Eur J Pharm Sci 19:433–442.

Benet LZ, Izumi T, Zhang Y, Silverman JA and Wacher VJ (1999) Intestinal MDR transport
proteins and P-450 enzymes as barriers to oral drug delivery. J Control Release 62:25–31.

Bourdet DL and Thakker DR (2006) Saturable absorptive transport of the hydrophilic organic
cation ranitidine in Caco-2 cells: role of pH-dependent organic cation uptake system and P-
glycoprotein. Pharm Res 23:1165–1177.

Brimer C, Dalton JT, Zhu Z, Schuetz J, Yasuda K, Vanin E, Relling MV, Lu Y and Schuetz EG
(2000) Creation of polarized cells coexpressing CYP3A4, NADPH cytochrome P450 reductase
and MDR1/P-glycoprotein. Pharm Res 17:803–810.

Briske-Anderson MJ, Finley JW and Newman SM (1997) The influence of culture time and pas-
sage number on the morphological and physiological development of Caco-2 cells. Proc Soc
Exp Biol Med 214:248–257.



276 W.R. Proctor et al.

Bruggemann EP, Currier SJ, Gottesman MM and Pastan I (1992) Characterization of the azidopine
and vinblastine binding site of P-glycoprotein. J Biol Chem 267:21020–21026.

Buchler M, Konig J, Brom M, Kartenbeck J, Spring H, Horie T and Keppler D (1996) cDNA
cloning of the hepatocyte canalicular isoform of the multidrug resistance protein, cMrp, reveals
a novel conjugate export pump deficient in hyperbilirubinemic mutant rats. J Biol Chem
271:15091–15098.

Carriere V, Lesuffleur T, Barbat A, Rousset M, Dussaulx E, Costet P, de Waziers I, Beaune P
and Zweibaum A (1994) Expression of cytochrome P-450 3A in HT29-MTX cells and Caco-2
clone TC7. FEBS Lett 355:247–250.

Chandra P and Brouwer KL (2004) The complexities of hepatic drug transport: current knowledge
and emerging concepts. Pharm Res 21:719–735.

Cheeseman C (1992) Role of intestinal basolateral membrane in absorption of nutrients. Am J
Physiol 263:R482–R488.

Chen C and Pollack GM (1998) Altered disposition and antinociception of [D-penicillamine(2,5)]
enkephalin in mdr1a-gene-deficient mice. J Pharmacol Exp Ther 287:545–552.

Clarke SE and Jones BC (2008) Human cytochromes P450 and their role in metabolism-based
drug–durg interactions, in Durg to Durg Interactions (Rodrigues DA ed) pp 53–87, Informa
Healthcare, New York.

Colegio OR, Van Itallie C, Rahner C and Anderson JM (2003) Claudin extracellular domains
determine paracellular charge selectivity and resistance but not tight junction fibril architecture.
Am J Physiol Cell Physiol 284:C1346–C1354.

Cordon-Cardo C, O‘Brien JP, Boccia J, Casals D, Bertino JR and Melamed MR (1990) Expression
of the multidrug resistance gene product (P-glycoprotein) in human normal and tumor tissues.
J Histochem Cytochem 38:1277–1287.

Cummins CL, Jacobsen W and Benet LZ (2002) Unmasking the dynamic interplay between
intestinal P-glycoprotein and CYP3A4. J Pharmacol Exp Ther 300:1036–1045.

Elimrani I, Lahjouji K, Seidman E, Roy MJ, Mitchell GA and Qureshi I (2003) Expression
and localization of organic cation/carnitine transporter OCTN2 in Caco-2 cells. Am J Physiol
Gastrointest Liver Physiol 284:G863–G871.

Englund G, Rorsman F, Ronnblom A, Karlbom U, Lazorova L, Grasjo J, Kindmark A and
Artursson P (2006) Regional levels of drug transporters along the human intestinal tract: co-
expression of ABC and SLC transporters and comparison with Caco-2 cells. Eur J Pharm Sci
29:269–277.

Engman HA, Lennernas H, Taipalensuu J, Otter C, Leidvik B and Artursson P (2001) CYP3A4,
CYP3A5, and MDR1 in human small and large intestinal cell lines suitable for drug transport
studies. J Pharm Sci 90:1736–1751.

Etievant C, Schambel P, Guminski Y, Barret JM, Imbert T and Hill BT (1998) Requirements
for P-glycoprotein recognition based on structure–activity relationships in the podophyllotoxin
series. Anticancer Drug Des 13:317–336.

Fenner KS, Troutman MD, Kempshall S, Cook JA, Ware JA, Smith DA and Lee CA (2009)
Drug–drug interactions mediated through P-glycoprotein: clinical relevance and in vitro–
in vivo correlation using digoxin as a probe drug. Clin Pharmacol Ther 85:173–181.

Ferry DR, Malkhandi PJ, Russell MA and Kerr DJ (1995) Allosteric regulation of [3H]vinblastine
binding to P-glycoprotein of MCF-7 ADR cells by dexniguldipine. Biochem Pharmacol
49:1851–1861.

Fisher JM, Wrighton SA, Watkins PB, Schmiedlin-Ren P, Calamia JC, Shen DD, Kunze KL
and Thummel KE (1999) First-pass midazolam metabolism catalyzed by 1alpha,25-dihydroxy
vitamin D3-modified Caco-2 cell monolayers. J Pharmacol Exp Ther 289:1134–1142.

Fleet JC, Eksir F, Hance KW and Wood RJ (2002) Vitamin D-inducible calcium transport and gene
expression in three Caco-2 cell lines. Am J Physiol Gastrointest Liver Physiol 283:G618–G625.

Gan LS, Moseley MA, Khosla B, Augustijns PF, Bradshaw TP, Hendren RW and Thakker DR
(1996) CYP3A-like cytochrome P450-mediated metabolism and polarized efflux of cyclosporin
A in Caco-2 cells. Drug Metab Dispos 24:344–349.



10 In Vitro Techniques to Study Drug–Drug Interactions Involving Transport 277

Gan LS and Thakker D (1997) Applications of the Caco-2 model in the design and development
of orally active drugs: elucidation of biochemical and physical barriers posed by the intestinal
epithelium. Adv Drug Deliv Rev 23:77–98.

Germann UA (1996) P-glycoprotein – a mediator of multidrug resistance in tumour cells. Eur J
Cancer 32A:927–944.

Gotoh Y, Kamada N and Momose D (2005) The advantages of the using chamber in drug
absorption studies. J Biomol Screen 10:517–523.

Gramatte T, Oertel R, Terhaag B and Kirch W (1996) Direct demonstration of small intesti-
nal secretion and site-dependent absorption of the beta-blocker talinolol in humans. Clin
Pharmacol Ther 59:541–549.

Guidance for Industry (2006). Drug interaction studies–study design, data analysis and
implications for dosing and labeling. FDA/CDER and CBER, 2006. Available from:
http://www.fda.gov/cder/Guidance/6695dft.htm [Last accessed 4 May 2009]

Gutmann H, Fricker G, Torok M, Michael S, Beglinger C and Drewe J (1999) Evidence
for different ABC-transporters in Caco-2 cells modulating drug uptake. Pharm Res 16:
402–407.

Hagenbuch B and Meier PJ (2004) Organic anion transporting polypeptides of the OATP/
SLC21 family: phylogenetic classification as OATP/ SLCO superfamily, new nomenclature
and molecular/functional properties. Pflugers Arch 447:653–665.

Hayeshi R, Hilgendorf C, Artursson P, Augustijns P, Brodin B, Dehertogh P, Fisher K, Fossati
L, Hovenkamp E, Korjamo T, Masungi C, Maubon N, Mols R, Mullertz A, Monkkonen J,
O‘Driscoll C, Oppers-Tiemissen HM, Ragnarsson EG, Rooseboom M and Ungell AL (2008)
Comparison of drug transporter gene expression and functionality in Caco-2 cells from 10
different laboratories. Eur J Pharm Sci 35:383–396.

Hidalgo IJ and Borchardt RT (1990) Transport of bile acids in a human intestinal epithelial cell
line, Caco-2. Biochim Biophys Acta 1035:97–103.

Hidalgo IJ, Raub TJ and Borchardt RT (1989) Characterization of the human colon carcinoma
cell line (Caco-2) as a model system for intestinal epithelial permeability. Gastroenterology
96:736–749.

Hilgendorf C, Ahlin G, Seithel A, Artursson P, Ungell AL and Karlsson J (2007) Expression of
thirty-six drug transporter genes in human intestine, liver, kidney, and organotypic cell lines.
Drug Metab Dispos 35:1333–1340.

Hoffmeyer S, Burk O, von Richter O, Arnold HP, Brockmoller J, Johne A, Cascorbi I, Gerloff T,
Roots I, Eichelbaum M and Brinkmann U (2000) Functional polymorphisms of the human
multidrug-resistance gene: multiple sequence variations and correlation of one allele with
P-glycoprotein expression and activity in vivo. Proc Natl Acad Sci U S A 97:3473–3478.

Homolya L, Hollo Z, Germann UA, Pastan I, Gottesman MM and Sarkadi B (1993) Fluorescent
cellular indicators are extruded by the multidrug resistance protein. J Biol Chem 268:
21493–21496.

Huang W, Lin YS, McConn DJ, 2nd, Calamia JC, Totah RA, Isoherranen N, Glodowski M
and Thummel KE (2004) Evidence of significant contribution from CYP3A5 to hepatic drug
metabolism. Drug Metab Dispos 32:1434–1445.

Hunter J, Hirst BH and Simmons NL (1993) Transepithelial secretion, cellular accumulation
and cytotoxicity of vinblastine in defined MDCK cell strains. Biochim Biophys Acta 1179:
1–10.

Imai T, Imoto M, Sakamoto H and Hashimoto M (2005) Identification of esterases expressed in
Caco-2 cells and effects of their hydrolyzing activity in predicting human intestinal absorption.
Drug Metab Dispos 33:1185–1190.

Ito S, Woodland C, Harper PA and Koren G (1993) The mechanism of the verapamil–digoxin
interaction in renal tubular cells (LLC-PK1. Life Sci 53:PL399–PL403.

Johnson BM, Charman WN and Porter CJ (2003) Application of compartmental modeling to an
examination of in vitro intestinal permeability data: assessing the impact of tissue uptake,
P-glycoprotein, and CYP3A. Drug Metab Dispos 31:1151–1160.



278 W.R. Proctor et al.

Jonker JW, Smit JW, Brinkhuis RF, Maliepaard M, Beijnen JH, Schellens JH and Schinkel AH
(2000) Role of breast cancer resistance protein in the bioavailability and fetal penetration of
topotecan. J Natl Cancer Inst 92:1651–1656.

Juliano RL and Ling V (1976) A surface glycoprotein modulating drug permeability in Chinese
hamster ovary cell mutants. Biochim Biophys Acta 455:152–162.

Kalvass JC and Pollack GM (2007) Kinetic considerations for the quantitative assessment of
efflux activity and inhibition: implications for understanding and predicting the effects of efflux
inhibition. Pharm Res 24:265–276.

Kartner N, Riordan JR and Ling V (1983) Cell surface P-glycoprotein associated with multidrug
resistance in mammalian cell lines. Science 221:1285–1288.

Knight B, Troutman M and Thakker DR (2006) Deconvoluting the effects of P-glycoprotein on
intestinal CYP3A: a major challenge. Curr Opin Pharmacol 6:528–532.

Knipp GT, Ho NF, Barsuhn CL and Borchardt RT (1997) Paracellular diffusion in Caco-2 cell
monolayers: effect of perturbation on the transport of hydrophilic compounds that vary in
charge and size. J Pharm Sci 86:1105–1110.

Kobayashi D, Nozawa T, Imai K, Nezu J, Tsuji A and Tamai I (2003) Involvement of human
organic anion transporting polypeptide OATP-B (SLC21A9) in pH-dependent transport across
intestinal apical membrane. J Pharmacol Exp Ther 306:703–708.

Kool M, de Haas M, Scheffer GL, Scheper RJ, van Eijk MJ, Juijn JA, Baas F and Borst P (1997)
Analysis of expression of cMOAT (MRP2), MRP3, MRP4, and MRP5, homologues of the
multidrug resistance-associated protein gene (MRP1), in human cancer cell lines. Cancer Res
57:3537–3547.

Lagas JS, Vlaming ML, van Tellingen O, Wagenaar E, Jansen RS, Rosing H, Beijnen JH and
Schinkel AH (2006) Multidrug resistance protein 2 is an important determinant of paclitaxel
pharmacokinetics. Clin Cancer Res 12:6125–6132.

Litman T, Zeuthen T, Skovsgaard T and Stein WD (1997) Structure-activity relationships of P-
glycoprotein interacting drugs: kinetic characterization of their effects on ATPase activity.
Biochim Biophys Acta 1361:159–168.

Loo TW and Clarke DM (2000) Drug-stimulated ATPase activity of human P-glycoprotein
is blocked by disulfide cross-linking between the nucleotide-binding sites. J Biol Chem
275:19435–19438.

Loo TW and Clarke DM (2005) Recent progress in understanding the mechanism of P-
glycoprotein-mediated drug efflux. J Membr Biol 206:173–185.

Lu S, Gough AW, Bobrowski WF and Stewart BH (1996) Transport properties are not altered
across Caco-2 cells with heightened TEER despite underlying physiological and ultrastructural
changes. J Pharm Sci 85:270–273.

Madara JL and Trier JS (1994) The functional morphology of the mucosa of the small intes-
tine, in Physiology of the Gastrointestinal Tract (Johnson LR ed) pp 1577–1622, Raven Press,
New York.

Maliepaard M, Scheffer GL, Faneyte IF, van Gastelen MA, Pijnenborg AC, Schinkel AH, van
De Vijver MJ, Scheper RJ and Schellens JH (2001) Subcellular localization and distribution
of the breast cancer resistance protein transporter in normal human tissues. Cancer Res 61:
3458–3464.

Martin C, Berridge G, Higgins CF, Mistry P, Charlton P and Callaghan R (2000a)
Communication between multiple drug binding sites on P-glycoprotein. Mol Pharmacol 58:
624–632.

Martin C, Berridge G, Mistry P, Higgins C, Charlton P and Callaghan R (2000b) Drug binding
sites on P-glycoprotein are altered by ATP binding prior to nucleotide hydrolysis. Biochemistry
39:11901–11906.

Maubon N, Le Vee M, Fossati L, Audry M, Le Ferrec E, Bolze S and Fardel O (2007) Analysis of
drug transporter expression in human intestinal Caco-2 cells by real-time PCR. Fundam Clin
Pharmacol 21:659–663.

Mayer U, Wagenaar E, Beijnen JH, Smit JW, Meijer DK, van Asperen J, Borst P and Schinkel
AH (1996) Substantial excretion of digoxin via the intestinal mucosa and prevention of



10 In Vitro Techniques to Study Drug–Drug Interactions Involving Transport 279

long-term digoxin accumulation in the brain by the mdr 1a P-glycoprotein. Br J Pharmacol 119:
1038–1044.

Meinl W, Ebert B, Glatt H and Lampen A (2008) Sulfotransferase forms expressed in human
intestinal Caco–2 and TC7 cells at varying stages of differentiation and role in benzo[a]pyrene
metabolism. Drug Metab Dispos 36:276–283.

Ming X and Thakker DR (2009) Role of Basolateral Efflux Transporter MRP4 in the
Intestinal Absorption of the Antiviral Drug Adefovir Dipivoxil. Biochem Pharmacol
(in press).

Muller J, Lips KS, Metzner L, Neubert RH, Koepsell H and Brandsch M (2005) Drug specificity
and intestinal membrane localization of human organic cation transporters (OCT). Biochem
Pharmacol 70:1851–1860.

Munzel PA, Schmohl S, Heel H, Kalberer K, Bock-Hennig BS and Bock KW (1999)
Induction of human UDP glucuronosyltransferases (UGT1A6, UGT1A9, and UGT2B7) by
t-butylhydroquinone and 2,3,7,8-tetrachlorodibenzo-p-dioxin in Caco-2 cells. Drug Metab
Dispos 27:569–573.

Nozawa T, Imai K, Nezu J, Tsuji A and Tamai I (2004) Functional characterization of pH-sensitive
organic anion transporting polypeptide OATP-B in human. J Pharmacol Exp Ther 308:
438–445.

Oh DM, Han HK and Amidon GL (1999) Drug transport and targeting: intestinal transport, in
Membrane Transporters as Drug Targets (Amidon GL and Sadee W eds) pp 59–88, Kluwer
Academic and Plenum Publishers, New York.

Okuwaki M, Takada T, Iwayanagi Y, Koh S, Kariya Y, Fujii H and Suzuki H (2007) LXR alpha
transactivates mouse organic solute transporter alpha and beta via IR-1 elements shared with
FXR. Pharm Res 24:390–398.

Paine MF, Hart HL, Ludington SS, Haining RL, Rettie AE and Zeldin DC (2006) The human
intestinal cytochrome P450 “pie”. Drug Metab Dispos 34:880–886.

Paine MF, Leung LY, Lim HK, Liao K, Oganesian A, Zhang MY, Thummel KE and Watkins PB
(2002) Identification of a novel route of extraction of sirolimus in human small intestine: roles
of metabolism and secretion. J Pharmacol Exp Ther 301:174–186.

Pavek P, Merino G, Wagenaar E, Bolscher E, Novotna M, Jonker JW and Schinkel AH (2005)
Human breast cancer resistance protein: interactions with steroid drugs, hormones, the dietary
carcinogen 2-amino-1-methyl-6-phenylimidazo(4,5-b)pyridine, and transport of cimetidine. J
Pharmacol Exp Ther 312:144–152.

Peters WH and Roelofs HM (1989) Time-dependent activity and expression of glutathione S-
transferases in the human colon adenocarcinoma cell line Caco-2. Biochem J 264:613–616.

Polli JW, Wring SA, Humphreys JE, Huang L, Morgan JB, Webster LO and Serabjit-Singh CS
(2001) Rational use of in vitro P-glycoprotein assays in drug discovery. J Pharmacol Exp Ther
299:620–628.

Prime-Chapman HM, Fearn RA, Cooper AE, Moore V and Hirst BH (2004) Differential multidrug
resistance-associated protein 1 through 6 isoform expression and function in human intestinal
epithelial Caco-2 cells. J Pharmacol Exp Ther 311:476–484.

Raeissi SD, Guo Z, Dobson GL, Artursson P and Hidalgo IJ (1997) Comparison of CYP3A
activities in a subclone of Caco-2 cells (TC7) and human intestine. Pharm Res 14:
1019–1025.

Ranaldi G, Consalvo R, Sambuy Y and Scarino ML (2003) Permeability characteristics of parental
and clonal human intestinal Caco-2 cell lines differentiated in serum-supplemented and serum-
free media. Toxicol In Vitro 17:761–767.

Rautio J, Humphreys JE, Webster LO, Balakrishnan A, Keogh JP, Kunta JR, Serabjit-Singh CJ
and Polli JW (2006) In vitro p-glycoprotein inhibition assays for assessment of clinical drug
interaction potential of new drug candidates: a recommendation for probe substrates. Drug
Metab Dispos 34:786–792.

Relling MV (1996) Are the major effects of P-glycoprotein modulators due to altered pharmacoki-
netics of anticancer drugs? Ther Drug Monit 18:350–356.



280 W.R. Proctor et al.

Rius M, Nies AT, Hummel-Eisenbeiss J, Jedlitschky G and Keppler D (2003) Cotransport of
reduced glutathione with bile salts by MRP4 (ABCC4) localized to the basolateral hepatocyte
membrane. Hepatology 38:374–384.

Rost D, Mahner S, Sugiyama Y and Stremmel W (2002) Expression and localization of the mul-
tidrug resistance-associated protein 3 in rat small and large intestine. Am J Physiol Gastrointest
Liver Physiol 282:G720–G726.

Sai Y, Kaneko Y, Ito S, Mitsuoka K, Kato Y, Tamai I, Artursson P and Tsuji A (2006) Predominant
contribution of organic anion transporting polypeptide OATP-B (OATP2B1) to apical uptake
of estrone-3-sulfate by human intestinal Caco-2 cells. Drug Metab Dispos 34:1423–1431.

Saito H, Motohashi H, Mukai M and Inui K (1997) Cloning and characterization of a pH-sensing
regulatory factor that modulates transport activity of the human H+/peptide cotransporter,
PEPT1. Biochem Biophys Res Commun 237:577–582.

Sakaeda T, Nakamura T and Okumura K (2003) Pharmacogenetics of MDR1 and its impact on the
pharmacokinetics and pharmacodynamics of drugs. Pharmacogenomics 4:397–410.

Sambuy Y, De Angelis I, Ranaldi G, Scarino ML, Stammati A and Zucco F (2005) The Caco-2 cell
line as a model of the intestinal barrier: influence of cell and culture-related factors on Caco–2

cell functional characteristics. Cell Biol Toxicol 21:1–26.
Satoh H, Yamashita F, Tsujimoto M, Murakami H, Koyabu N, Ohtani H and Sawada Y (2005)

Citrus juices inhibit the function of human organic anion-transporting polypeptide OATP-B.
Drug Metab Dispos 33:518–523.

Schinkel AH, Smit JJ, van Tellingen O, Beijnen JH, Wagenaar E, van Deemter L, Mol CA, van
der Valk MA, Robanus-Maandag EC, te Riele HP, et al. (1994) Disruption of the mouse mdr1a
P-glycoprotein gene leads to a deficiency in the blood–brain barrier and to increased sensitivity
to drugs. Cell 77:491–502.

Schmiedlin-Ren P, Thummel KE, Fisher JM, Paine MF, Lown KS and Watkins PB (1997)
Expression of enzymatically active CYP3A4 by Caco-2 cells grown on extracellular matrix-
coated permeable supports in the presence of 1alpha,25-dihydroxyvitamin D3. Mol Pharmacol
51:741–754.

Schreiber TD, Kohle C, Buckler F, Schmohl S, Braeuning A, Schmiechen A, Schwarz M
and Munzel PA (2006) Regulation of CYP1A1 gene expression by the antioxidant tert-
butylhydroquinone. Drug Metab Dispos 34:1096–1101.

Seithel A, Karlsson J, Hilgendorf C, Bjorquist A and Ungell A (2006) Variability in mRNA expres-
sion of ABC- and SLC-transporters in human intestinal cells: comparison between human
segments and Caco-2 cells. Eur J Pharm Sci 28:291–299.

Sheps JA (2009) Biochemistry. Through a mirror, differently. Science 323:1679–1680.
Shitara Y, Horie T and Sugiyama Y (2006) Transporters as a determinant of drug clearance and

tissue distribution. Eur J Pharm Sci 27:425–446.
Siissalo S, Laitinen L, Koljonen M, Vellonen KS, Kortejarvi H, Urtti A, Hirvonen J and Kaukonen

AM (2007) Effect of cell differentiation and passage number on the expression of efflux
proteins in wild type and vinblastine-induced Caco-2 cell lines. Eur J Pharm Biopharm
67:548–554.

Sparreboom A, van Asperen J, Mayer U, Schinkel AH, Smit JW, Meijer DK, Borst P, Nooijen
WJ, Beijnen JH and van Tellingen O (1997) Limited oral bioavailability and active epithelial
excretion of paclitaxel (Taxol) caused by P-glycoprotein in the intestine. Proc Natl Acad Sci
U S A 94:2031–2035.

Sun H, Chow EC, Liu S, Du Y and Pang KS (2008) The Caco-2 cell monolayer: usefulness and
limitations. Expert Opin Drug Metab Toxicol 4:395–411.

Suzuki T, Seth A and Rao R (2008) Role of Phospholipase C{gamma}-induced Activation of
Protein Kinase C{epsilon} (PKC{epsilon}) and PKC{beta}I in Epidermal Growth Factor-
mediated Protection of Tight Junctions from Acetaldehyde in Caco-2 Cell Monolayers. J Biol
Chem 283:3574–3583.

Suzuki M, Suzuki H, Sugimoto Y and Sugiyama Y (2003) ABCG2 transports sulfated conjugates
of steroids and xenobiotics. J Biol Chem 278:22644–22649.



10 In Vitro Techniques to Study Drug–Drug Interactions Involving Transport 281

Taipalensuu J, Tornblom H, Lindberg G, Einarsson C, Sjoqvist F, Melhus H, Garberg P, Sjostrom
B, Lundgren B and Artursson P (2001) Correlation of gene expression of ten drug efflux pro-
teins of the ATP-binding cassette transporter family in normal human jejunum and in human
intestinal epithelial Caco-2 cell monolayers. J Pharmacol Exp Ther 299:164–170.

Tam D, Sun H and Pang KS (2003) Influence of P-glycoprotein, transfer clearances, and drug bind-
ing on intestinal metabolism in Caco-2 cell monolayers or membrane preparations: a theoretical
analysis. Drug Metab Dispos 31:1214–1226.

Tamai I, Takanaga H, Maeda H, Sai Y, Ogihara T, Higashida H and Tsuji A (1995) Participation
of a proton-cotransporter, MCT1, in the intestinal transport of monocarboxylic acids. Biochem
Biophys Res Commun 214:482–489.

Terao T, Hisanaga E, Sai Y, Tamai I and Tsuji A (1996) Active secretion of drugs from the small
intestinal epithelium in rats by P-glycoprotein functioning as an absorption barrier. J Pharm
Pharmacol 48:1083–1089.

Theis JG, Chan HS, Greenberg ML, Malkin D, Karaskov V, Moncica I, Koren G and Doyle J
(1998) Increased systemic toxicity of sarcoma chemotherapy due to combination with the P-
glycoprotein inhibitor cyclosporin. Int J Clin Pharmacol Ther 36:61–64.

Thiebaut F, Tsuruo T, Hamada H, Gottesman MM, Pastan I and Willingham MC (1987) Cellular
localization of the multidrug-resistance gene product P-glycoprotein in normal human tissues.
Proc Natl Acad Sci U S A 84:7735–7738.

Thiel-Demby VE, Tippin TK, Humphreys JE, Serabjit-Singh CJ and Polli JW (2004) In vitro
absorption and secretory quotients: practical criteria derived from a study of 331 compounds
to assess for the impact of P-glycoprotein-mediated efflux on drug candidates. J Pharm Sci
93:2567–2572.

Troutman M, Luo G, Knight BM and Thakker DR (2008) The role of P-glycoprotein in drug
disposition: signifcance to drug development, in Durg to Durg Interactions (Rodrigues DA ed)
pp 359–434, Informa Healthcare, New York.

Troutman MD and Thakker DR (2003a) Efflux ratio cannot assess P-glycoprotein-mediated atten-
uation of absorptive transport: asymmetric effect of P-glycoprotein on absorptive and secretory
transport across Caco-2 cell monolayers. Pharm Res 20:1200–1209.

Troutman MD and Thakker DR (2003b) Novel experimental parameters to quantify the modulation
of absorptive and secretory transport of compounds by P-glycoprotein in cell culture models of
intestinal epithelium. Pharm Res 20:1210–1224.

van Asperen J, Schinkel AH, Beijnen JH, Nooijen WJ, Borst P and van Tellingen O (1996) Altered
pharmacokinetics of vinblastine in Mdr1a P-glycoprotein-deficient Mice. J Natl Cancer Inst
88:994–999.

van Asperen J, van Tellingen O and Beijnen JH (2000) The role of mdr1a P-glycoprotein in the
biliary and intestinal secretion of doxorubicin and vinblastine in mice. Drug Metab Dispos
28:264–267.

van Aubel RA, Smeets PH, Peters JG, Bindels RJ and Russel FG (2002) The MRP4/ABCC4 gene
encodes a novel apical organic anion transporter in human kidney proximal tubules: putative
efflux pump for urinary cAMP and cGMP. J Am Soc Nephrol 13:595–603.

Van Itallie CM and Anderson JM (2006) Claudins and epithelial paracellular transport. Annu Rev
Physiol 68:403–429.

Villalobos AR and Braun EJ (1998) Substrate specificity of organic cation/H+ exchange in avian
renal brush-border membranes. J Pharmacol Exp Ther 287:944–951.

Wakasugi H, Yano I, Ito T, Hashida T, Futami T, Nohara R, Sasayama S and Inui K (1998) Effect of
clarithromycin on renal excretion of digoxin: interaction with P-glycoprotein. Clin Pharmacol
Ther 64:123–128.

Walter E and Kissel T (1995) Heterogeneity in the human intestinal cell line Caco-2 leads to
differences in transepithelial transport. Eur J Pharm Sci 3:215–230.

Wang D, Jonker JW, Kato Y, Kusuhara H, Schinkel A and Sugiyama Y (2002) Involvement of
organic cation transporter 1 in hepatic and intestinal distribution of metformin. J Pharmacol
Exp Ther 302:510–515.



282 W.R. Proctor et al.

Wu CY and Benet LZ (2005) Predicting drug disposition via application of BCS: trans-
port/absorption/ elimination interplay and development of a biopharmaceutics drug disposition
classification system. Pharm Res 22:11–23.

Xia CQ, Liu N, Yang D, Miwa G and Gan LS (2005) Expression, localization, and functional
characteristics of breast cancer resistance protein in Caco-2 cells. Drug Metab Dispos 33:
637–643.

Yu H, Cook TJ and Sinko PJ (1997) Evidence for diminished functional expression of intestinal
transporters in Caco-2 cell monolayers at high passages. Pharm Res 14:757–762.

Zelcer N, Wetering K, Waart R, Scheffer GL, Marschall HU, Wielinga PR, Kuil A, Kunne C,
Smith A, Valk M, Wijnholds J, Elferink RO and Borst P (2006) Mice lacking Mrp3 (Abcc3)
have normal bile salt transport, but altered hepatic transport of endogenous glucuronides. J
Hepatol 44:768–775.

Zhang W, Li J, Allen SM, Weiskircher EA, Huang Y, George RA, Fong RG, Owen A and Hidalgo
IJ (2009) Silencing the breast cancer resistance protein expression and function in caco-2 cells
using lentiviral vector-based short hairpin RNA. Drug Metab Dispos 37:737–744.

Zhang Y, Bachmeier C and Miller DW (2003) In vitro and in vivo models for assessing drug efflux
transporter activity. Adv Drug Deliv Rev 55:31–51.



Chapter 11
Use of In Vivo Animal Models to Assess
Drug–Drug Interactions

Thomayant Prueksaritanont

Abstract In this chapter, theoretical basis and specific examples are presented to
illustrate the utility of the animal models in assessing and understanding the under-
lying mechanisms of DDIs. In vivo assessments in an appropriate animal model are
considered key to help verify in vivo relevance of in vitro studies and substantiate a
basis for extrapolating in vitro human data to clinical outcomes. From a pharmacoki-
netic standpoint, an important consideration for successful selection of the animal
model is based on broad similarities to humans in key physiological and biochem-
ical parameters governing drug absorption, distribution, metabolism, or excretion
(ADME) process of interest for both the interacted and the interacting drugs. Also
equally important are specific in vitro and/or in vivo experiments demonstrating
animal–human similarities, usually both qualitative and quantitative, in the ADME
property/process under investigation. Additional insights can also be gained with
the use of knockout animals lacking specific drug transporters or drug-metabolizing
enzymes and/or transgenic animal models with humanized mouse lines expressing
specific drug transporters and/or metabolizing enzymes of interest.

11.1 Introduction

Pharmacokinetic drug interactions, typically characterized by alterations of plasma
concentration–time curves, could be mediated via changes in processes of absorp-
tion, distribution, metabolism, and/or excretion (ADME) of a drug substance by
another compound given concomitantly. In drug discovery and development pro-
cesses, the assessment of drug–drug interaction (DDI) potential of a drug candidate
usually encompasses two main objectives: (1) to help select/design a new chemical
entity with least DDI liability potential in humans and (2) to help understand the
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underlying mechanism of DDI observed in preclinical and clinical studies. The for-
mer is the main focus during lead optimization in early discovery phase, while the
latter is accomplished throughout from discovery to post-marketing. In both cases,
in vitro studies using human tissue preparations are widely utilized and critical for
DDI assessments (Weaver, 2001; Worboys and Carlile, 2001). However, uses of the
in vitro models are to be successful only when their in vivo relevance can be estab-
lished. One of the approaches to help bridge this gap involves using a preclinical
model to demonstrate an in vitro–in vivo relationship, under conditions reflective of
a likely therapeutic scenario. A proper in vitro–in vivo preclinical assessment will
not only help form a basis for extrapolating in vitro human data to clinical outcomes
but also provide a mechanistic insight for the interpretation of interactions observed
clinically (Kanazu et al., 2004; Prueksaritanont et al., 2002).

Conceptually, an appropriate animal model for DDI studies should possess sim-
ilarities to humans with respect to key physiological or biochemical factors which
govern specific ADME characteristics of interest for both the drug candidate and
an interacting drug under study. Examples of these important factors are organ
blood flow, volume or pH, and tissue distribution/localization of drug transporters
or metabolizing enzymes. In order to maximize the outcome of the in vivo animal
DDI studies, there are three important considerations in choosing the animal model:
(1) a thorough understanding of underlying mechanisms of a specific ADME pro-
cess of both a drug candidate and the interacting drug in humans and the animal
model of choice, (2) information regarding similarities between humans and the
animal model in physiological and biochemical parameters relevant to the ADME
process of interest, and (3) evidence or specific experiments, to show animal–human
similarities, ideally both qualitative and quantitative, of a key factor governing the
ADME property under investigation. The first and the last considerations are com-
pound specific, necessitating conducting in vivo or in vitro experiments, while the
second one is more general and may be accomplished based on literature data. It
is important to emphasize that while qualitative similarities to humans with respect
to each of the ADME properties under investigation are “must have” to qualify an
animal model, quantitative differences are allowed and anticipated between the ani-
mal model and humans regarding a specific governing physiological factor, such as
expression levels of drug transporters or drug-metabolizing enzymes. Assessment
of the magnitude difference is needed for proper interpretations in gauging poten-
tial differences between the magnitude of DDI observed in the animal model and
anticipated in humans.

In the subsequent part (Section 11.2) of this chapter, animal models known to
possess AME-related physiological and biochemical properties common to humans
are described. Animal models and DDI cases specific to distribution process have
been scarce and thus will not be covered in this chapter. Detailed illustrations on
the utility of these animal models in assessing DDI and understanding its associ-
ated underlying mechanisms, especially at the levels of drug-metabolizing enzymes
and drug transporters, are presented in a following section (Section 11.3). Recent
advancements in transgenic animal models with humanized mouse lines express-
ing and knockout animals lacking specific drug transporters and/or metabolizing
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enzymes also are expected to provide additional valuable mechanistic insights into
the underlying mechanisms of DDIs. For the sake of completeness, general con-
cepts of the utility of these transgenic and knockout mouse models are included in
this chapter (Section 11.4); readers are referred to a recent excellent review article
on this topic (Lin, 2008) for more details.

11.2 Native Animal Models

11.2.1 Absorption Model

Although extent of drug absorption in humans can generally be extrapolated reason-
ably well from animal data (Lin, 1995; Lin and Lu, 1998), there have been reports
of marked species differences in absorption due to species differences in physiolog-
ical and/or biochemical parameters. Among the important factors known to cause
species differences in absorption include gastrointestinal pH and expression and
localization of drug transporters. It is important to emphasize that the term “absorp-
tion” is different from “oral bioavailability.” Oral bioavailability, which is often
used as an indirect measure of drug absorption in vivo, is dependent on both the
extent of absorption and the first-pass metabolism/elimination in the intestine and
the liver. While high oral bioavailability would be indicative of good absorption, the
opposite is not true for compounds subjected to extensive intestinal and/or hepatic
metabolism. For such a compound, study designs and data interpretations of in vivo
DDI studies are more complicated and are briefly discussed under Sections 11.2.2
and 11.3. Described below are generalities around species similarities and differ-
ences in physiological properties to aid in selecting an animal model for studying
DDI mediated via absorption.

Dogs: the dog is generally considered as an absorption animal model for humans
(Lin, 1995; Lin and Lu, 1998). This is attributable to the well-established similari-
ties in major gastrointestinal physiological features. Exceptions include compounds
with pH-sensitive solubility profiles, primarily due to differences in gastric pH
(higher in dogs than in humans) between dogs and humans (Lin, 1995). In addi-
tion, small, hydrophilic, and passively transported drugs have also been shown to
be better absorbed in dogs than in humans (Lenneras, 2007). To date, information
has been sparse regarding similarities between dogs and humans in drug trans-
porters expressed in the gastrointestinal tract. Among commonly utilized preclinical
species, dogs have been most frequently used for studying absorption-related inter-
actions, primarily between food and drugs (Lentz et al., 2007). However, results
from these studies should be interpreted with cautions, considering that food may
affect the gastric emptying time and intestinal transit time in dogs differently than
in humans (Paulson et al., 2001).

Rats: unlike dogs, rodents are categorized as gastric acid secretor and therefore
are used for studying pH-sensitive absorption. McConnell et al. (McConnell et al.,
2008) have recently reported that a mean intestinal pH in mice and rats was lower
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than that in man (<pH 5.2 in the mouse; <pH 6.6 in the rat). Also, the water content
in the gastrointestinal tract, when normalized for body weight, was higher in mice
and rats than in man. In theory, these physiological differences may have an impact
on the extent of drug absorption, but thus far experimental evidence supporting this
is lacking. Lenneras (2007) has recently shown a high correlation for drug intesti-
nal permeability between human and rat small intestine (R2 = 0.8–0.95) with both
carrier-mediated absorption and passive diffusion mechanisms. Moderate correla-
tion between the two species (R2 > 0.56) was also found for the expression levels of
transporters in the duodenum, which provides evidence for a similarity in the molec-
ular mechanism of drug absorption. Transport properties (permeability) for different
compounds were also highly correlated between rats and humans when using rat
intestinal specimens in the Ussing chamber model. Despite these similarities, reports
are limited with respect to successful DDI studies in rats, at the absorption level, due
presumably to differences in other key physiological parameters, including gastric
emptying and intestinal transit time.

Monkeys: Cynomolgus monkeys (Macaca fascicularis) have been suggested to
have both the gastric pH during fasted state and the gastric emptying rate similar to
humans. However, they have also been shown to express higher levels of MDR1,
MRP2, and BCRP in the intestine than those in human intestine (Takahashi et al.,
2008). The latter has been substantiated based on apparently lower intestinal per-
meability (Papp) of several compounds known to be substrates of these effluxes in
cynomolgus monkey intestine than in human intestine. To date, limited absorption-
mediated DDI studies have been reported in cynomolgus monkeys, but based on
these known differences, it is foreseeable that the cynomolgus monkeys could be
used to provide some insights into transporter-mediated interactions at the intestinal
absorption level.

11.2.2 Metabolism Model

Species differences/similarities in drug-metabolizing enzymes, particularly CYPs,
have been extensively studied. In the early 1990s, most comparisons were made at
enzyme functional activities (Sharer et al., 1995; Prueksaritanont et al., 1996). No
single animal species is completely similar to man with regard to functional activ-
ities of all drug-metabolizing enzymes. In general, higher species exhibit higher
degree of sequence identity to humans in the amino acid sequences. Recent advance-
ments in molecular biology have provided additional insights into the observed
differences/similarities at the molecular level. It is important to note that differ-
ences in enzyme catalytic specificity have been reported even when a high degree of
amino acid sequence identity exists between isoforms; readers are referred to a more
comprehensive review by Martignoni et al. on this topic (Martignoni et al., 2006).
Additionally, species differences have been reported in enzyme susceptibility to
inducers and inhibitors. Most notably, marked species differences between rodents
and humans are well documented in response to CYP inducers, including rifampin
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and omeprazole (Gibson et al., 2002; Graham and Lake, 2008). Complicating this
matter further is the finding that there are also species differences between animals
and humans in the expression levels and tissue localization of drug-metabolizing
enzymes. In this regard, Komura and Iwaki (Komura and Iwaki, 2008) showed that
as is the case with hepatic CYP3A, species differences exist in intestinal CYP3A
enzymes. Namely, identical CYP3A4 enzyme is expressed in human intestine and
liver, but different CYP3A isoforms are expressed in intestines (CYP3A62) and
liver (CYP3A1/2) of the rat. Additionally, CYP3A-mediated activities are also much
higher in human and/or monkey than rat intestines (Komura and Iwaki, 2008; Roller
et al., 2009). These differences could lead to differences in the pharmacokinetic pro-
files not only following systemic administration but also after oral administration of
compounds known to undergo extensive intestinal first-pass metabolism.

In the pharmaceutical industry, both rhesus monkeys (Macaca mulatta) and
cynomolgus monkeys have generally been considered to be more appropriate ani-
mal models than are rodents for drug metabolism studies, based on the sequence
and functional activity similarities of drug-metabolizing enzymes (Kanazu et al.,
2004; Sharer et al., 1995). Recently, rhesus monkey CYP3A64 has been cloned
and in vitro characterization results showed that CYP3A64 was most similar, in
protein sequences and functional activities, to human CYP3A4 (Carr et al., 2006).
Several CYPs of cynomolgus monkeys have also been cloned and characterized;
CYP2A23, CYP2A24, CYP2E1, CYP3A5, and CYP3A8 showed a high sequence
identity (93–96%) to the homologous human CYP cDNAs and metabolized typical
substrates for human CYPs in the corresponding subfamilies. In contrast, cynomol-
gus monkey CYP2C76 does not have a corresponding ortholog in humans – this
has been shown to be at least partly responsible for differences between cynomol-
gus monkeys and humans in the metabolism of pivastatin (Uno et al., 2006).
Interestingly, we have also recently observed species differences between rhesus
monkeys and humans in CYP2C-mediated metabolism of one of our compounds –
it is metabolized extensively by CYP2C75 in rhesus monkeys (Tang et al., 2008)
but CYP3A4 in humans (unpublished information). Also, unlike human CYP2C9,
rhesus CYP2C75 was not sensitive to the inhibitory effect of sulfaphenazole, a
potent inhibitor of human CYP2C9-mediated diclofenac 4′-hydroxylation (Tang et
al., 2007). These findings underscore the need to have a thorough understanding of
the catalyzing enzyme of a drug candidate in the animal model vs. in humans before
conducting preclinical in vivo metabolic DDI studies.

The chimpanzee (Pan troglodytes) has been characterized as a surrogate for
drug oxidation and glucuronidation in humans and as a pharmacokinetic model
for the selection of drug candidates (Wong et al., 2004; 2006). Chimpanzees
have levels of CYP3A (testosterone 6β-hydroxylation)- and 2C9 (tolbutamide
methylhydroxylation)-like enzyme activity similar to those of humans. However,
levels of CYP2D (dextromethorphan O-demethylation)- and 1A (phenacetin O-
deethylation)-like enzyme activity were shown to be higher (10-fold) in the
chimpanzee than in humans. With respect to the glucuronidation pathway, simi-
larities in the in vivo and/or in vitro metabolism of acetaminophen, estradiol, and
morphine have been reported between chimpanzees and humans, also consistent
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with Western immunoblot analysis of chimpanzee liver microsomes, which revealed
a single immunoreactive band when probed with anti-human UGT1A1, anti-human
UGT1A6, and anti-human UGT2B7 (Wong et al., 2006). In a more recent study,
chimpanzee CYP3A67 has been found to be closely related to human CYP3A7,
with the mRNA expression of CYP3A67 comparable to the expression of CYP3A4
(Williams et al., 2007). Also, 99.7% nucleotide similarity of CYP3A5 clone has
been reported between chimpanzee and humans (Williams et al., 2007). It is con-
ceivable that the chimpanzee would serve as an animal model for assessment of
DDI potential of a drug candidate undergoing CYP3A- and possibly UGT-mediated
metabolism.

11.2.3 Excretion Model

Biliary excretion – It is well known that the amount of xenobiotics, especially those
with the molecular size less than 700 Da, excreted in bile varies widely among
species (Lin, 1995). In general, the underlying mechanism for the species differ-
ences is poorly understood, and consequently, no animal species is considered as a
representative model for studying biliary excretion in humans. However, this may
be changing in the next decade, considering rapidly growing knowledge and under-
standing of the role and identity of drug transporters. For example, recent data
have revealed that rat liver contains much more (∼10-fold) multidrug resistance-
associated proteins 2 (Mrp2), consistent with a much higher capacity for the biliary
excretion of some of organic anions in rats than in humans or other preclinical
species (Zamek-Gliszczynski et al., 2006). More information is also becoming
available on functional differences and similarities of drug transporters between ani-
mals and humans (Herédi-Szabó et al., 2009), which should help provide basis for
choosing an animal model for biliary excretion studies.

Renal excretion – The rate of renal excretion (renal clearance) is dependent
on renal blood flow, glomerular filtration rate (GFR), and tubular secretion and
reabsorption. The GFR values vary considerably among species, depending on the
number of nephrons. It is generally well accepted that a good allometric relation-
ship holds for both the GFR and the number of nephrons and that for compounds
with GFR and passive reabsorption as major mechanisms for renal excretion, any
animal species could be considered as good animal models for humans (Lin, 1995;
Lin and Lu, 1998). However, due to species differences in drug transporters, marked
species differences in renal excretion may be observed for compounds subjected to
significant tubular secretion. In this regard, species differences in the functional-
ity of organic anion transporters (OATs) and tissue localization of organic cation
transporters (OCTs) between rats and humans have been reported to be associ-
ated with species differences in the renal elimination of cimetidine, as well as
a number of organic anions and cations (Tahara et al., 2005a, b). Recent studies
showed that, unlike the findings in rats, species similarities have been demonstrated
between cynomolgus monkeys and humans with respect to the function and tissue
localization of these transporters (Tahara et al., 2006). The authors also reported
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a successful use of cynomolgus monkeys to study the renal DDI between famoti-
dine/cimetidine and probenecid. In addition, the cynomolgus monkey may also be
useful in studying DDI mediated via P-glycoprotein (P-gp), based on high homol-
ogy in amino acid sequence (>96%) and functionality between cynomolgus P-gp
and human P-gp (Lin, 2004; Xia et al., 2006; Tang et al., 2009).

11.3 Case Examples – Use of Native Animal Models
for DDI Studies

In this section, we present a number of examples where an animal model has been
used to either assess DDI potential during lead optimization or help understand the
underlying mechanism of DDI observed for a drug candidate during efficacy/safety
evaluations of a drug candidate. The emphasis is given to common DDI cases,
namely metabolic and renal excretion interactions, mediated at the levels of drug-
metabolizing enzymes and drug transporters, respectively. Although not covered in
this chapter, it is important to note that DDI mediated through the interplay of uptake
and efflux transporters with metabolic enzymes has also been frequently demon-
strated (Custodio et al., 2008; Lam et al., 2007). In addition, our focus is on recently
reported DDI examples; readers are referred to a review by Marathe and Rodrigues
(2006) for more comprehensive and earlier preclinical case studies on CYP3A- and
P-gp-mediated DDIs. Where applicable, we also highlighted potential limitations of
the chosen animal model, as well as key experiments connecting findings between
animals and humans for meaningful interpretations.

11.3.1 Metabolic Drug Interactions

11.3.1.1 Rhesus Model to Assess CYP3A-Mediated DDI

In our recent study (Prueksaritanont et al., 2006a), the rhesus monkey was chosen
as an animal model for CYP3A-mediated DDI assessments based on our previ-
ous work (Carr et al., 2006), showing similarities between rhesus CYP3A64 and
human CYP3A4 with respect to their ability to metabolize known human CYP3A
substrates, including midazolam (MDZ). To further qualify the rhesus monkey for
an enzyme induction and inhibition study, we compared between rhesus CYP3A64
and human CYP3A4, and between rhesus monkey and human hepatocytes, their
susceptibility to induction and inhibition by a known CYP3A4 inducer, rifampin,
and a known inhibitor, compound A. We also showed that in rhesus monkeys, MDZ
was metabolized extensively in vivo, with 1′-hydroxy MDZ as the major metabolite,
similar to humans. However, rhesus monkeys exhibited a relatively higher metabolic
clearance and a lower hepatic availability (Fh = 16%), as compared to humans (Fh
∼40%). Consistent with the induction of hepatic metabolism of a high-clearance
compound, pretreatment with rifampin (for 5 days to achieve plasma concentrations
comparable to therapeutic concentrations in humans) did not significantly affect the
intravenous (i.v.) kinetics of MDZ but caused a pronounced reduction (∼10-fold)
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in the systemic exposure to MDZ and consequently its Fh following intra-hepatic
portal vein (i.pv.) administration of MDZ. The magnitude of DDI agreed well with
the finding that MDZ is a higher clearance compound in rhesus than in humans. It
is important to note that the i.pv. administration was used in this study to allow a
direct comparison with the in vitro hepatocyte studies and avoid potential compli-
cations from incomplete absorption and intestinal enzyme induction or inhibition.
The latter consideration deduced from the fact that there is little information on the
exact identity of CYP3A enzymes in the monkey intestine, unlike the liver, except
for comparative functional enzyme activities using CYP3A probes between human
and monkey intestines (Komura and Iwaki, 2008). Overall, our results suggested
that the rhesus could be used as an animal model to evaluate propensity of a com-
pound to induce CYP3A substrate or be susceptible to induction by a potent CYP3A
inducer, provided that appropriate key experiments connecting animal to human
findings are done to aid in proper interpretations. Similar in vitro–in vivo findings
were also observed with compound A, suggesting the potential applicability of the
rhesus monkey model for studying CYP3A inhibition studies in humans. Table 11.1
summarizes the key considerations and information acquired in this study to qual-
ify the rhesus monkey as the animal model for studying DDI between MDZ and
rifampin. The same principle could be applied for studying other compound pairs
of interest.

Tang et al. (2008) used the rhesus monkey as an animal model to help understand
the underlying mechanism of autoinduction observed after oral treatment (once
daily) for 4 weeks with a potent bradykinin B1 receptor antagonist. This compound
was primarily eliminated via biotransformation in rhesus monkeys, with oxidation
of the chlorophenyl ring as one of the major metabolic pathways (M11 and M13).
The formation rate of these two metabolites determined in liver microsomes from
compound-treated groups was ≥twofold greater than the value of a control group.
Studies with recombinant rhesus P450s and monoclonal antibodies against human
P450 enzymes suggested that CYP2C75 played an important role in the formation
of M11 and M13. The induction of this enzyme by the compound was further con-
firmed by a concentration-dependent increase of its mRNA in rhesus hepatocytes
and the enhanced CYP2C proteins and catalytic activities toward CYP2C75 probe
substrates, as well as M11 and M13 formation in liver microsomes from compound-
treated animals. The authors concluded that the compound, both a substrate and
an inducer for CYP2C75, caused autoinduction of its own metabolism in rhesus
monkeys by increasing the expression of this enzyme. The results from this work,
together with additional studies using human hepatocytes, helped to rationalize the
autoinduction potential of this compound in clinic (unpublished data).

11.3.1.2 Rhesus Model for Evaluating Diclofenac (DF) as a Valid
CYP2C9 Probe in Humans

Based on their in vitro metabolism studies, Kumar et al. (2002) have recently pro-
posed that the direct glucuronidation of DF is a more important component to the in
vivo clearance than the oxidation pathway in rats, dogs, and humans. If confirmed,
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the utility of DF as an in vivo CYP2C9 probe in humans is no longer valid. We
subsequently used the rhesus monkey as an animal model to show that the CYP2C-
mediated oxidative metabolism of DF is not the major determinant for its in vivo
clearance in monkeys, and likely in humans (Prueksaritanont et al., 2006b). This
conclusion was based on a couple of in vitro and in vivo experiments. First, in both
monkey and human liver microsomes (and later hepatocytes), DF underwent pre-
dominantly glucuronidation and modestly oxidation; the intrinsic clearance value
for the glucuronidation pathway accounted for >90% (vs. about 75% in human
liver microsomes) of the total (glucuronidation + hydroxylation) intrinsic clearance
value. Second, effects of rifampin on in vitro oxidative metabolism and in vivo
pharmacokinetics of DF were investigated in rhesus monkeys. Although rifampin
markedly induced DF 4′-hydroxylase activity in monkey hepatocytes (as well as
human hepatocytes), pretreatment with rifampin did not alter the pharmacokinetics
of DF obtained following either i.v. or i.pv. administration of DF to monkeys. At
the dose studied, plasma concentrations of rifampin reached 10 μM, far exceeding
the in vitro EC50 values for the DF 4′-hydroxylase activity (0.2–0.4 μM). Finally,
under similar treatment conditions, rifampin was previously shown to induce MDZ
1′-hydroxylation in rhesus monkey hepatocytes and markedly affected the in vivo
pharmacokinetics of MDZ in this animal species (Prueksaritanont et al., 2006a).
Based on these in vitro and in vivo studies in rhesus, together with the in vitro find-
ings in humans, it is concluded that rifampin may also elicit modest effects on the
DF pharmacokinetics, via induction of CYP2C9, in humans, as was the case in mon-
keys. Taken together, the results provided a convincing case that DF is not a suitable
in vivo probe for CYP2C9-mediated DDI studies in humans.

11.3.1.3 Rat Model for Assessing CYP3A-Mediated DDI

Mandlekar et al. (2007) used the rat as an in vivo screening model to rank order com-
pounds for their potential liability to interact with ketoconazole, a potent CYP3A
inhibitor. Based on the relative magnitude of pharmacokinetic interaction observed
with ketoconazole in the rat, the compounds were prioritized for further preclinical
development. To qualify the rat as an appropriate animal model, they conducted
in vitro reaction phenotyping using individual human and rat cDNA-expressed
CYP enzymes and human or rat liver microsomes in the presence of ketocona-
zole to demonstrate similarities between rats and humans with respect to the main
drug-metabolizing enzyme CYP3A. The authors acknowledged that the degree of
pharmacokinetic interaction with ketoconazole would also be dependent on the frac-
tion of compound metabolized (fm) in the rat relative to other disposition pathways
and that fm may be different between rats and humans. It is also important to note
that, as highlighted above, species differences exist in intestinal CYP3A proteins
between rats and humans and that while oral administration was used in this study,
comparative in vitro metabolism was not conducted with rat and human intestinal
tissues. These factors may impact different compounds to varying extents, and there-
fore successful uses of the rat in vivo screening model may be limited to a selected
group of compounds, and not applicable for an early broad screening.
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11.3.2 Transporter-Mediated Drug Interaction

11.3.2.1 Cynomolgus Monkey Model to Assess Renal DDI

Tahara et al. (2006) proposed the use of cynomolgus monkeys to assess renal DDI
mediated by OATs. The basis for choosing the cynomolgus as the animal model
was based on (1) a good correlation of the renal transport activities with respect
to that of reference compounds between monkey (mk) and human (h) OAT3, as
opposed to poor correlation between rat and human OAT3 (Zamek-Gilszczynski
et al., 2006), and (2) high expression levels of mkOCT1 and mkOCT2 in the liver
and the kidney, respectively, a pattern similar to humans. They further showed
that the transport activities of famotidine, a H2 receptor antagonist by mkOAT3,
were comparable to those by hOAT3. While famotidine was transported only by
mkOAT3, cimetidine and ranitidine, other H2 receptor antagonists, are substrates of
mkOAT1 and mkOAT3. In monkeys, both famotidine and cimetidine are predom-
inantly excreted into the urine, with almost identical relative contribution between
tubular secretion and glomerular filtrate rates to their respective renal clearances.
In monkeys, probenecid reduced the renal tubular secretion clearance of famo-
tidine, resulting in a twofold increase in the AUC, consistent with the previous
findings in humans. In contrast, the plasma concentration and renal clearance of
cimetidine were not affected by probenecid in this species, also similar to the find-
ing in humans. The authors concluded that monkeys, rather than rodents, can be
used to predict drug–drug interactions involving tubular secretion, particularly when
multiple transporters are involved.

11.3.2.2 Rat and Rhesus Models to Assess Potential Renal
Transporter-Mediated DDI

In this example, the mechanism of renal excretion of compound A, a potent and
selective αvβ3 integrin antagonist, and its renal transporter-mediated DDI poten-
tial were investigated (Prueksaritanont et al., 2004). In both rats and rhesus, renal
excretion of compound A involved tubular secretion; ratios between renal clearance,
corrected for unbound fraction in plasma (CLr,u), and GFR were greater than unity.
In rats, the tubular secretion of compound A was inhibited significantly, although
modestly (∼twofold) by relatively high plasma concentrations of the organic anion
PAH and the cation cimetidine but not by the P-gp inhibitor quinidine (∼50 μM).
In rhesus monkeys, the renal secretion of compound A was not affected by either
cimetidine or PAH. In both species, compound A had a minimal effect on the renal
tubular secretion of both cimetidine and PAH. In vitro, compound A was not a
substrate for P-gp in the Caco-2, human MDR1, and mouse mdr1a-transfected LLC-
PK1 cell lines but was shown using rOAT1- and rOAT3-transfected HEK cell lines
to be a substrate for rat OAT3 (Km = 15 μM), but not rat OAT1. These results sug-
gest that the tubular secretion of compound A is not mediated by P-gp but rather is
mediated, at least in part, via the organic anion transporter OAT3, the renal trans-
porter shown to be capable of transporting both the organic anion PAH and the
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organic cation cimetidine. Unfortunately, no information is available in the litera-
ture regarding renal transporters in rhesus monkeys and species differences in the
transporters between rats and monkeys. Nevertheless, given the relatively low mag-
nitude of interaction observed in both species, we concluded that the magnitude of
interaction between compound A and substrates or inhibitors of OAT3, at the renal
excretion level, would likely be modest in humans at clinically relevant doses.

11.4 Transgenic and Knockout Animal Models

With the recent breakthroughs in molecular biology, a number of genetically mod-
ified animals have been established as models for evaluating the metabolism and
transport of drugs, allowing better understanding of specific roles played by each
drug transporter or drug-metabolizing enzyme. Currently, there are many human-
ized and knockout mouse models of CYPs and other drug-metabolizing enzymes,
but mainly knockout mouse models are available for studying functional roles of
efflux or influx transporters. Very recently, van de Steeg et al. (2009) have gen-
erated and characterized a transgenic mouse model with specific and functional
expression of human OATP1B1 (SLCO1B1) in the liver. Although these human-
ized and/or knockout mouse models are powerful tools for scientific understanding
of the function and regulation of particular genes in ADME processes, their uses
for quantitative prediction of human pharmacokinetics and DDI assessment are not
fully validated. Significant limitations of the genetically modified mouse models
include the observations that modification of a given gene does not always result
in the anticipated phenotype. Specific examples include compensatory mechanisms
with increased sinusoidal membrane Mrp3 expression and activity observed in Mrp2
mutant rats (Konig et al., 1999; Johnson et al., 2006) and increased Mrp4 mRNA
and protein in liver and kidney in Mrp2-/- mice (Chu et al., 2006). In addition, dif-
ferences in liver cytochrome P450 and UGT1a levels between wild-type and mutant
rats were detected (Newton et al., 2005; Chu et al., 2006). Thus, interpretations
of the significance of the findings from studies using genetically modified mouse
models should be done with caution. An in-depth review of this topic with specific
examples is provided by Lin (2008).

11.5 Conclusions

Uses of preclinical models to assess DDI are complicated by species differences
commonly encountered in the expression level, the functional activity, and the tissue
distribution of drug-metabolizing enzymes and drug transporters, major determi-
nants of ADME processes. Although this issue can theoretically be addressed by
utilizing in vitro systems using human tissue preparations, the in vivo relevance of
such in vitro systems is uncertain and needs to be validated. In this chapter, we
describe an in vivo animal model approach to help bridge this gap. An appropriate
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animal model, when chosen and used properly, could be a valuable tool to pro-
vide a basis for extrapolating in vitro human data to clinical outcomes, as well
as a mechanistic insight for the interpretation of interactions observed clinically.
Other complementary tools for additional insights include knockout animals lacking
specific drug transporters or drug-metabolizing enzymes and/or transgenic animal
models with humanized mouse lines expressing specific drug transporters and/or
metabolizing enzymes of interest. Although quantitative assessments using these
animal models are currently limited, it is conceivable that in the next decade they
could become more valuable in DDI assessments during drug discovery and early
development processes.
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Chapter 12
Extrapolation of In Vitro Metabolic
and P-Glycoprotein-Mediated Transport Data
to In Vivo by Modeling and Simulations

Motohiro Kato, Yoshihisa Shitara, Masato Kitajima, Tatsuhiko Tachibana,
Masaki Ishigai, Toshiharu Horie, and Yuichi Sugiyama

Abstract Recently, a prediction method using in vivo Ki values for inhibitors of
cytochrome P450 with a physiologically based pharmacokinetic modeling was pro-
posed to improve the accuracy of the prediction. Also, a method to predict the
alterations caused by drug–drug interactions mediated by intestinal cytochrome
P450 3A4 or P-glycoprotein was introduced. In this chapter, these methods and
computerized simulation method are shown.

12.1 Prediction of Drug–Drug Interactions in Hepatic
Metabolism Using Physiologically Based Pharmacokinetic
(PBPK) Modeling

12.1.1 Introduction

Most drugs are cleared by cytochrome P450 (CYP)-mediated metabolism. In clini-
cal practice, combination therapies using multiple drugs are routinely applied. Thus,
one drug can sometimes inhibit the metabolism of others, consequently increasing
their plasma concentrations, which may cause severe adverse reactions. For exam-
ple, a combination of cerivastatin and gemfibrozil caused severe adverse effects and
has even resulted in some deaths (Shitara et al., 2004). Half of the withdrawals of
drugs for safety reasons from the US market between 1999 and 2003 were associ-
ated with important drug–drug interactions (DDIs) (Huang et al., 2008). It should be
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noted that, among withdrawn drugs, only mibefradil is an inhibitor, whereas astem-
izole, cerivastatin, cisapride, and terfenadine are victim drugs (substrate drugs).
Thus, to avoid clinically relevant DDIs, new drug candidates should be evaluated for
their possible interactions with other drugs, not only as inhibitors but also as victim
drugs. In particular, drug candidates with narrow therapeutic windows should be
evaluated with precision.

The ratio of the inhibitor concentration for CYP to the inhibition constant (I/Ki)
is generally used as an index of hepatic enzyme inhibition. When coadministered
with inhibitor drugs, the metabolic rate of substrate drugs reduces to 1/(1 + I/Ki),
under the condition that the substrate concentration is much lower than the Km value.
Therefore, when the inhibitor concentration is constant, one can predict the maxi-
mum degree of increase in the area under the concentration–time curve (AUC) by a
factor of (1 + I/Ki). Because human microsomes or human CYP expression systems
are now commercially available, it is possible to evaluate the Ki values for human
CYPs by in vitro studies. The I/Ki is useful as an index for predicting DDIs (Ito
et al., 2002, 2004; Obach et al., 2006). However, false negative predictions, where
the actual increased ratio of the AUC exceeds the predicted ratio, are inevitable
and this may reduce the success rate of drug candidates. To avoid false negative
predictions, the US Food and Drug Administration (FDA) draft guidance (2006)
for drug interaction recommends the use of the steady-state total maximum plasma
concentration (Ip,max) as the inhibitor concentration. In contrast, guidance from the
Ministry of Health, Labour and Welfare of Japan (2001) recommends the use of
the maximum unbound concentration at the inlet to the liver (Iu,max) as an inhibitor
concentration (12.1)

Iu,max = fu ·
(

Ip,max + ka · Fa · Dose

QH

)
(12.1)

where fu, ka, Fa, and QH represent the blood unbound fraction, the absorption rate
constant, the fraction absorbed, and the hepatic blood flow rate, respectively. Both
of these inhibitor concentrations should be sufficiently high to avoid false negative
predictions. However, these predictions overestimate the extent of DDIs, possibly
leading to false negative predictions. Thus, by these methods, a promising candi-
date drug may be excluded, although it would not actually interact with other drugs.
Therefore, the development of a prediction method with a higher accuracy is desired.
Predictions using physiologically based pharmacokinetic (PBPK) modeling may be
more accurate because the time profile of inhibitor concentrations in the liver is also
simulated. In addition, the plasma concentration–time profile of substrates coadmin-
istered with an inhibitor has been fitted to the PBPK model to estimate the in vivo
Ki values to produce more accurate predictions (Kato et al., 2008). In this chap-
ter, the prediction of DDIs with the PBPK model using in vivo Ki values will be
introduced.
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12.1.2 False Negative and False Positive Predictions Using
the I/Ki Method

To clarify which concentration of inhibitor, i.e., Ip,max or Iu,max, should be used,
the prediction using 1 + I/Ki and the extent of DDIs were evaluated by Monte
Carlo simulation using a PBPK model (Kato et al., 2003b). Prediction using Ip,max
sometimes provides false negative predictions, whereas that using Iu,max provides
no false negative predictions (Table 12.1). Overall, the frequencies of false positive,
true negative, and true positive predictions using Ip,max and Iu,max were comparable,
suggesting that the accuracy of both methods is similar. A report by Ito et al. (2004)
also supports this result. The relationship between Iu,max/Ki and Ip,max/Ki is shown in
Fig. 12.1 based on data by Ito et al. (2004). This relationship represents a 1:1 corre-
spondence. When Iu,max/Ki or Ip,max/Ki was less than 0.25, some inhibitors increased
the AUC of substrates by more than 1.25. False negative predictions were observed
when using both concentrations, even though maximum inhibitor concentrations
were assumed at any time. Some of the false negative predictions can be explained
by mechanism-based inhibition (MBI), whereas others remain unexplained. In vitro
Ki values might not reflect in vivo Ki values. Thus, the plasma concentration–time
profile of substrates when coadministered with inhibitors was fitted to the PBPK
model to estimate the in vivo Ki values.

Table 12.1 Comparison of the predictions using Iu,max, Ip,max,u, and Ip,max
a

Iu,max/Ki Ip,max,u/Ki Ip,max/Ki

True negative 556 732 534
True positive 32 87 45
False negative 0 14 6
False positive 412 167 415

aData are reproduced from the report by Kato et al. (2003b) with permission from the Japanese
Society for the Study of Xenobiotics. Iu,max, Ip,max,u, and Ip,max are the maximum unbound
concentration at the inlet to the liver, the maximum unbound, and total concentrations in the
circulating blood, respectively. A change in AUC of the substrate following coadministration
of the inhibitor was simulated 1000 times using the physiologically based pharmacokinetic
model.

12.1.3 The PBPK-Based Method

The in vivo Ki values of the inhibitors were estimated using a PBPK model
(Fig. 12.2) from the blood concentration–time profile of a substrate with coadmin-
istration of inhibitors. The following mass balance equations for the substrate and
the inhibitor were used.

For substrate drugs
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Fig. 12.1 Relationship between Ip,max/Ki and Iu,max/Ki. Ip,max and Iu,max is the steady-state total
maximum plasma concentration and the maximum unbound concentration at the inlet to the liver,
respectively. Open circle, closed square, and closed triangle represent <125, 125–200, and > 200%
increase of the control in the area under the plasma concentration–time curve (AUC), respectively.
Data are modified from the report by Ito et al. (2004)

V1
dCb

dt
= −QH · Cb + QH · CH · RB

KpH
− k12 · V1 · Cb + k21 · Xsub − CLNH · Cb (12.2)

VH
dCH

dt
= QH · Cb − QH · CH · RB

KpH
+ ka · (Fa · Fg

) · Dose · exp (− ka · t)

−fm · CLH,int

1 +
fu,p,i

/
RB,i · IH

Ki

· CH

KpH
· fu,p − (1 − fm) · CLH,int · CH

KpH
· fu,p (12.3)

dXsub

dt
= k12 · Cb · V1 − k21 · Xsub (12.4)

For the inhibitor drugs

V1,i
dIb

dt
= −QH ·Ib +QH · IH · RB,i

KpH,i
−k12,i ·V1,i ·Ib +k21,i ·Xsub,i −CLNH,i ·Ib (12.5)

VH
dIH

dt
=QH · Ib − QH · IH · RB,i

KpH,i
+ ka,i · (Fa,i · Fg,i

) · Dosei · exp
(−ka,i · (t + T)

)

−CLH,int,i · IH

KpH,i
· fu,p,i

(12.6)
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Fig. 12.2 Physiologically based pharmacokinetic model for the description of the time profiles of
substrate and inhibitor concentrations. CLH,int, V1, ka, k12, and k21 represent the intrinsic hepatic
clearance, the volume of systemic circulation, the absorption rate constant, the transfer rate con-
stant from the systemic circulation to the tissue compartment, and the transfer rate constant from
the tissue compartment to the systemic circulation, respectively. Cb, CH, and Xsub are the blood and
hepatic concentrations and the amount in the tissue compartment for a substrate, respectively. Ib,
IH, and Xsub,i are the blood and hepatic concentrations and the amount in the tissue compartment
for an inhibitor. The parameters with subscript “I” represent the parameters for an inhibitor. fm
is the contribution of each cytochrome P450 (CYP) isoform to the total hepatic metabolism of a
substrate. Fa, Fg, and QH are the fraction absorbed, the intestinal availability, and the hepatic blood
flow rate, respectively, which was assumed to be 96.6 L/h. QH and the hepatic volume (VH) were
assumed to be 96.6 L/h and 1.4 L, respectively

dXsub,i

dt
= k12,i · Ib · V1,i − k21,i · Xsub,i (12.7)

The fitting analyses of the itraconazole–midazolam interaction, which is a typical
example, are shown in Fig. 12.3. Because itraconazole inhibits CYP3A4 in the liver
and the intestine, this interaction was analyzed in two different ways: (i) estima-
tion of Ki alone as a variable, assuming that enzymes only in the liver are inhibited
and (ii) estimation of Ki and FaFg as variables, assuming that hepatic and intesti-
nal enzymes are inhibited. When Ki was estimated alone, the fitted curve was not
satisfactory; however, a good fit was obtained for the combined estimation of Ki
and FaFg (Fig. 12.3). The values of FaFg for cyclosporine, midazolam, sildenafil,
simvastatin, tacrolimus, and triazolam were estimated to have increased more than
1.3-fold by coadministration with CYP3A4 inhibitors. These drugs are metabolized
by intestinal first-pass metabolism (Kato et al., 2003a; Kato, 2008). The geometric
mean, maximum, and minimum values of the in vivo Ki values for 11 inhibitors are
shown in Table 12.2. The estimated in vivo Ki values varied widely. For example,
the in vivo Ki values of itraconazole were obtained from 12 independent studies
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Fig. 12.3 Blood concentration (Cb)–time profiles of midazolam. Open and closed circles represent
placebo and coadministration of itraconazole. Solid lines represent the fitted line. The solid line
with coadministration represents the fitted line, assuming inhibition both in the liver and in the
intestine. The dotted line represents the fitted line, assuming that there is inhibition only in the
liver. Data are reproduced from the report by Kato et al. (2008b) with permission from Springer

and varied widely depending on the studies. The maximum Ki value was more than
100-fold greater than the minimum Ki value (Table 12.2).

12.1.4 Discrepancy Between In Vitro and In Vivo Ki

Figure 12.4 shows the relationship between the in vivo Ki and mean values of the in
vitro Ki. There exists a tendency that in vitro Ki values are relatively higher than the
in vivo Ki values when they are relatively low. The Ki value for paroxetine was about
4000-fold greater than its in vivo Ki value (Fig. 12.4) because it is a mechanism-
based inhibitor (Bertelsen et al., 2003). The in vitro Ki value for itraconazole was
about 600-fold greater than the in vivo Ki value (Fig. 12.4). However, the in vitro
Ki values for itraconazole corrected by the unbound fraction in microsomes were
reported to be 1.3–4.7 nM (Ishigam et al., 2001; Isoherranen et al., 2004), which
is close to its in vivo Ki value (0.4 nM). Thus, the difference between the in vitro
and the in vivo Ki values might be at least partly because of the binding of itracona-
zole to microsomes. A good correlation between the c log P and the ratio of the in
vivo and the in vitro Ki values was observed, except for paroxetine and fluvoxamine
(Fig. 12.5). This result suggests that, for lipophilic drugs, in vitro Ki values should
not be used for the prediction of DDI unless these values are corrected. The cor-
rection of in vitro Ki values using the regression curve obtained from the c log P
values and the ratio of the in vivo Ki to the in vitro Ki might be useful. Reported in
vitro Ki values vary. The Ki values in the FDA draft guidance for drug interactions
also have ranges. For example, the Ki value of ketoconazole is 0.0037–0.18 μM and
the ratio of the maximum to the minimum value is about 50-fold. Some drugs are
concentrated in the liver by hepatic transporters (Shitara et al., 2003, 2005; Shitara
et al., 2006). The active hepatic uptake by transporters might also partly contribute
to this discrepancy between in vivo and in vitro Ki values.
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Fig. 12.5 Relationship between clogP and the ratio of in vitro Ki to in vivo Ki. The ratio was
calculated from the geometric mean values of in vivo Ki values, which were obtained by the PBPK
modeling analyses, and in vitro Ki values, which were obtained from literatures (Table 12.2). c log
P is computer-calculated logarithm value of octanol–water partition as neutral. Data are reproduced
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12.1.5 Prediction Result

To verify the accuracy of the predictions by the PBPK model, the results of drug
interaction studies for drugs that had been approved in Japan between 1999 and
2004 were analyzed by this method. Among them, azithromycin is an inhibitor,
whereas others are substrates. To evaluate predictability, the AUC ratios predicted
by the PBPK model were compared with those obtained from 1 + I/Ki using the
in vivo Ki values. Most of the predictions by 1 + I/Ki using the constant Iu,max
produced false positives, with some of them giving more than 100-fold overestima-
tions (Fig. 12.6). This remarkable false positive prediction is possibly because of
an assumption that there is one clearance pathway, although most drugs are cleared
via multiple pathways. When substrate drugs are cleared via multiple pathways,
even if an inhibitor acts on one of them, other pathways help their elimination and
the degree of DDI should be low. It has been reported that predictions using I/Ki
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Fig. 12.6 Relationship between the observed and the predicted values by 1+I/Ki (A) and the phys-
iologically based pharmacokinetic (PBPK) model using the in vivo Ki for the fold increases in the
AUC caused by drug–drug interactions. Data are reproduced from the report by Kato et al. (2008b)
with permission from Springer. For predictions with the PBPK model, the inhibition of intestinal
enzymes was assumed to be maximal (i.e., FaFg = 1)

method that consider fm, which represents the contribution of a single CYP enzyme
to the total metabolism, are more accurate (Obach et al., 2006). Predictions using the
PBPK model for each combination of inhibitor and substrate drugs, and simulations
of hepatic and intestinal inhibition, were performed (Fig. 12.6B). The predictions
using the PBPK model taking the time-dependent change of inhibitor concentra-
tions into account were more accurate than predictions using the constant Iu,max
(Fig. 12.6). As mentioned above, drug candidates should be evaluated as “inhibitors”
and “substrates.” Although the I/Ki method is widely used as a prediction method,
this method is unfavorable, especially when the drug of interest is a victim drug. The
method overestimates the degree of DDIs. In contrast, predictions using the PBPK
model are suitable for substrate and inhibitor drugs.

12.2 Prediction of DDIs in Intestinal Metabolism and Transport

12.2.1 Introduction

CYP3A4, the most abundant CYP isoform in the human liver, is also expressed
in human intestines and mediates the intestinal first-pass metabolism of drugs
(Thummel et al., 1996). CYP3A4 substrates and inhibitors interact in the intes-
tine (Kato et al., 2003a). The analysis, using the PBPK model mentioned above,
indicates that DDIs mediated by intestinal CYP3A4 affect intestinal metabolism. In
addition, P-glycoprotein (P-gp) is also expressed in the intestine and causes DDIs.
Oral administration of CYP3A4 or P-gp inhibitors causes a direct and high level of
exposure in the intestine. Therefore, even at a low dose, CYP3A4 or P-gp inhibitors
may cause DDIs in the intestine rather than in the liver when they are orally
administered. To predict intestinal DDIs, a method that considers the liver or the
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systemic concentration of an inhibitor results in false negatives. Rostami-Hodjegan
and Tucker (2004) proposed a prediction method for intestinal enzyme-mediated
DDIs, although this has not been validated. To date, there is no standard method
for the prediction of DDIs caused by CYP3A4 or P-gp in the intestine. One of the
problems in validating a method to predict intestinal DDIs is that it is not possi-
ble to estimate the alterations in intestinal availability (Fg). Another problem is the
inability to measure the inhibitor concentration in the intestine (I) (Lin et al., 1999).
Thus, in this chapter, I/Ki is substituted with the dose of inhibitors divided by Ki
(Dose, i/Ki), termed the drug interaction number (DIN), which indexes intestinal
interactions because Dose, i divided by intestinal fluid volume (Vg) is independent
of inhibitor type (Fig. 12.7) (Tachibana et al., 2009).

=

=

Vg
Ki

I
Ki

i,dose
DIN

Intestinal volume is unknown but constant.
So, dose,i/Ki can be an alternative to I/Ki.

Vg

iDose
I

,=

Fig. 12.7 The concept of drug interaction number (DIN). For the prediction of the extent of drug–
drug interactions caused by inhibition of intestinal cytochrome P450, the dose of inhibitors divided
by Ki (Dose, i/Ki) should be used instead of I/Ki. This value is termed as drug interaction num-
ber (DIN), which indexes the extent of drug–drug interactions caused by inhibition of intestinal
cytochrome P450 because intestinal fluid volume (Vg) is independent of inhibitor type. This figure
illustrates the concept of “DIN.”

12.2.2 The Dose/Ki Method

The DIN is defined as an index for DDIs and is determined by the following
equation:

DIN = Dose,i

Ki

(
= I

Ki
Vg

)
(12.8)

Dose,i, the oral dose of inhibitors, equals the product of I and Vg in cases where
the inhibitor dissolves completely in the intestine. Because Vg is independent of
inhibitor type, the DIN is an appropriate index for intestinal DDIs. The relationship
between the fold increase in the AUC of substrate drugs and the DIN was exam-
ined from DDI data for CYP3A4-specific substrates, which are not transported by
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P-gp, including felodipine, midazolam, and triazolam, and for P-gp-specific sub-
strates, which are not metabolized by CYP3A4, including digoxin, fexofenadine,
and talinolol, to elicit a method for predicting the risk of intestinal DDIs. The pre-
diction method was also applied to DDI data for dual CYP3A4/P-gp substrates
including atorvastatin, celiprolol, cyclosporine, docetaxel, paclitaxel, saquinavir,
and tacrolimus.

12.2.3 Results

The relationship between the DIN of inhibitor drugs and the AUC ratio for
CYP3A4-specific substrates (felodipine, midazolam, and triazolam) is shown in
Fig. 12.8. A greater DIN tends to correlate with a higher AUC ratio. The inhibitor
with the smallest DIN, which increased the AUC of the substrate by more than
1.25-fold, was ranitidine (DIN = 2.8 L). Among the inhibitors that did not increase
the AUC of the substrate by 1.25-fold but dissolved in the intestine (Do < 15.6),
aprepitant had the highest DIN (9.4 L). Thus, the boundaries for risk of CYP3A4-
mediated interactions in the intestine were defined – inhibitors with a DIN below 2.8
L have a low risk, those with a DIN between 2.8 and 9.4 L have a medium risk, and
those with a DIN above 9.4 L have a high risk. The relationship between the DIN
and the AUC ratio for each P-gp-specific substrate (digoxin, fexofenadine, and tal-
inolol) is shown also in Fig. 12.8. The highest AUC ratio among the P-gp-specific
substrates was 2.73-fold and was observed for fexofenadine coadministered with
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Fig. 12.8 The relationship between the DIN and the increase in the AUC ratio for CYP3A4 and
P-glycoprotein (P-gp) substrates coadministered with inhibitors. Circles and triangles represent
CYP3A4 substrates and P-gp substrates, respectively. Open and closed symbols represent less
than and more than 1.25-fold increase in AUC, respectively. Solid and dotted lines represent DIN
boundaries for CYP3A and P-gp inhibitors, respectively
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itraconazole, which was lower than that of the CYP3A4-specific substrates. The
inhibitor with the lowest DIN that increased the AUC of the substrate more than
1.25-fold was erythromycin (DIN = 10.8 L). The inhibitor with the largest DIN
that did not increase the AUC of substrates by 1.25-fold was R-verapamil (DIN =
27.9 L). Thus, the boundaries for risk of P-gp interaction are as follows: inhibitors
with a DIN below 10.8 L have a low risk, those with a DIN between 10.8 and 27.9 L
have a medium risk, and those with a DIN above 27.9 L have a high risk. These DIN
boundaries were also applied to the dual CYP3A4/P-gp substrates and were found
to be applicable.

Here, a novel index, DIN, for the prediction of intestinal interaction has been
introduced and applied to data from DDI studies of CYP3A4 and P-gp substrates
and inhibitors. From the results, a set of empirical rules that make possible the
prediction of the DDI risk regarding intestinal inhibition of CYP3A4 and/or P-gp
will be introduced. These empirical rules are comparable with the index for intesti-
nal DDI presented by the FDA (Zhang et al., 2008) as described below. For a new
drug candidate that has an inhibitory effect on CYP3A4 and/or P-gp, this prediction
method enables a safe clinical dose of the candidate drug to be determined by com-
paring Ki with the dose. A high DIN indicates a high risk; thus, researchers will be
able to address the problem by selecting other candidates at an earlier stage. Because
this method makes it possible to assess risk without defining inhibitor concentration
in the liver and the intestine, it should be useful during the new drug development
process.

12.2.4 Comparison with FDA Draft Guidance

In 2006, the FDA released draft guidance on transporter-mediated DDIs. In this draft
guidance, I/IC50 (or Ki), which determines that the mean value of total maximum
inhibitor concentration (protein-bound plus unbound) in the intestine following
administration of the highest proposed clinical dose of drugs at a steady state divided
by IC50 or Ki is higher than 0.1, was presented as a way of determining whether an
investigational drug is an inhibitor for P-gp and whether an in vivo drug interaction
study with a P-gp substrate such as digoxin is needed. Recently, this criterion was
modified in an article reported by Zhang et al. (2008). In the report, they proposed
that if I1/IC50 (or Ki) > 0.1 or I2/IC50 (or Ki) > 10, then an investigational drug is
an inhibitor for P-gp and an in vivo drug interaction study with a P-gp substrate is
needed, where I2 is the mean maximum concentration of inhibitor drugs in the intes-
tine at a steady state and I2 is obtained by dividing the inhibitor dose by a volume of
250 mL. The volume estimate of 250 mL is derived from typical clinical study pro-
tocols that prescribe administration of a drug to subjects with a glass of water. The
former condition, I1/IC50 (or Ki) > 0.1, may be appropriate for DDIs in the liver, the
kidney, or the blood–brain barrier; however, it is not appropriate for the DDIs in the
intestine because it considers only the inhibitor concentration in circulating blood.
The latter condition, I2/IC50 (or Ki) > 10, elicited from clinical DDI data together
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with the I2 value and the in vitro IC50 value is equivalent to the condition DIN >
2.5 L (= 10 × 250 mL). The DIN value, 2.5 L, is somewhat smaller than our DIN
value of 10.8 L, which separates low- and medium-risk P-gp-mediated DDIs. The
FDA may have adopted this smaller DIN to avoid false negative predictions. Thus,
the method shown here and that by Zhang et al. have independently reached a com-
parable conclusion, indicating the appropriateness of these methods for predicting
the risk of intestinal DDI (Zhang et al., 2008).

12.3 Development of a Computer Program for Predicting DDIs
in the Liver and the Intestine

12.3.1 Introduction

It was mentioned above that the prediction of DDIs using the PBPK model is more
accurate than conventional methods. In addition, we have proposed a method to pre-
dict the pharmacokinetic alterations caused by inhibition of intestinal CYPs, which
suggests that a more accurate prediction is possible by combining PBPK-based
prediction that includes intestinal CYP inhibition. However, to predict clinically
relevant DDIs, the competitive inhibition of drug-metabolizing enzymes in the liver
or the intestine, as mentioned above, is not sufficient and other mechanisms such as
the MBI of CYP enzymes and/or transporter inhibition should also be considered.
It should be noted that a remarkable increase in the AUC has been reported, espe-
cially in the case of MBI. The PBPK model-based analyses are also useful for the
prediction of MBI. Our PBPK model-based prediction can be applied to MBI and/or
transporter inhibition.

Although the prediction of DDI using the PBPK model is useful, its use is
restricted to only some specialists because of its complexity, which requires some
special skills. In addition, without the help of computer programs, such analyses can
be complicated and time consuming. Model-based DDI-predicting software should
make these analyses easier. Thus, we are developing a computer program that will
help researchers to predict DDI using the PBPK model. To date, the program being
developed has the following features (Fig. 12.9):

• Database function, which can be customized by users The database contains in
vivo Ki and PK parameters of 11 CYP inhibitor drugs and the PK parameters of
39 substrate drugs. Users can easily add parameters of other drugs or new drug
candidates.

• Simulation function, which enables PBPK model-based simulation of plasma
concentration–time profile when coadministered with CYP inhibitors. The
effect of competitive and mechanism-based inhibitors can be simulated. For
CYP3A4 inhibitors, a model-based simulation assuming a complete inhibition
of intestinal CYP3A4 (i.e., FaFg = 1) can be performed.
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Parameter DB
(with in vivo Ki)

Parameter
Fitting

Competitive/MBI
Transporter inhibition*
(*Under development)

Experimental Data

Several 
Administration plan

Evaluation of Drugs 
or Administration plan 
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Own Drug
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Transporter inhibition*
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-Clinical data
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Fig. 12.9 Features of the computer program (the DDI Simulator). The DDI simulator has database
and simulation functions. Users can easily add parameters of other drugs or new drug candidates
obtained from experimental data or PBPK modeling analyses. This simulator enables the prediction
of the extent of drug–drug interactions caused by competitive and mechanism-based inhibition of
cytochrome P450. It also allows the simulation of different dosing regimens and helps in dose
optimization

12.3.2 Importance of PBPK Model-Based Prediction

In this chapter, we have shown several advantages of PBPK model-based predic-
tion over the conventional method using 1+I/Ki. Although the conventional method
predicts only the maximum increase in AUC, the PBPK method can quantitatively
predict the plasma concentration–time profile. It enables the prediction of alter-
ations in other parameters than AUC, including maximum concentration (Cmax)
and half-life (t1/2) of substrate drugs. Moreover, it is possible to predict simul-
taneous inhibitions for several kinds of CYPs and transporters. There have been
several reports regarding the prediction of MBI using the PBPK model although
they have not been sufficiently evaluated. As mentioned above, substituting the in
vivo Ki values calculated using the PBPK model with the in vitro Ki values can
predict DDI for competitive inhibition more successfully. In the case of MBI, the
turnover rate of enzymes as well as the Ki,app value of the inhibitor can be optimized
for accurate prediction using the PBPK model. Using these values, more accurate
prediction should be obtained. In this analysis, an inhibitor may influence its own
clearance, possibly leading to its delayed elimination. It should be noted that this
effect will influence the accuracy of prediction. Because PBPK model-based simu-
lations allow easy modification of several parameters and simulation conditions, it is
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possible to evaluate different parameters or conditions, including the self-inhibition
of inhibitors’ clearance, for more accurate prediction.

12.3.3 Importance of the Prediction of DDIs in Drug Development

Although a substantial number of pharmacotherapeutics are combined in clinical
practices, only a limited number of drug combinations, including typical substrates
or inhibitors for CYP enzymes, are examined in clinical studies. However, it is
impossible to examine the risks associated with cyclopedic combinations of drugs
although it is many times necessary. Ohno et al. (2007) proposed a method of cyclo-
pedic prediction using the ratio of the contribution of CYP3A4 to the total oral
clearance of substrates and the time-averaged apparent inhibition ratio of CYP3A4
calculated from the results of clinical trials. Although this method is based only
on clinical results and does not require Ki values, it enables easy prediction of
DDIs. However, it cannot be applied to new compounds which function as inhibitors
because of the lack of in vivo information on inhibitory potencies. On the other hand,
our program enables the prediction of DDIs caused by newly developed compounds
with their in vitro Ki values by registering new drug information in the database.
It also enables cyclopedic and accurate predictions, even for inhibitions involving
several metabolic enzymes, with each of the in vitro Ki values for multiple enzymes.
By using this program, plasma concentrations of multiple substrate drugs coadmin-
istered with inhibitors can be simulated at once (Fig. 12.10). If precise simulation
by this program is validated, it may help make plans of clinical DDI studies, pos-
sibly resulting in waiver from clinically DDI studies, which are predicted to make
low risks. Our program also allows the simulation of different dosing regimens and
helps in dose optimization. For example, there are some cases where DDIs occur
for drugs given in a single dose a day; however, this can be avoided by changing the
administration plan to three times a day or changing the dosing schedule. Our pro-
gram determines better dosing regimens by using comparative simulations. It can
be used for a wide range of risk evaluation, from non-clinical to clinical phases.

PBPK model-based analyses show that the simulation using in vitro Ki values
does not necessarily reflect the result observed in vivo. It would be desirable to cal-
culate the in vivo Ki value from the results of DDIs in clinical studies; however, this
calculation method is not easy. The program currently uses the method of predicting
the in vivo Ki value based on correlations of c log P with the ratio of the in vivo to
the in vitro Ki values. More accurate and easier calculation of in vivo Ki values will
be implemented in the program in the future.

In conclusion, the computerized DDI simulator can help in the screening of a
large number of potentially valuable drug candidates, with a low risk of DDIs, at
an earlier stage in the drug development process. The DDI simulator would reduce
the time and cost of the new drug development. In addition, the program will help
determine a dosing regimen that reduces the risk of pharmacokinetic alterations
caused by DDIs in clinical stages.
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Fig. 12.10 Prediction of pharmacokinetic alterations of multiple drugs caused by coadminis-
tration of itraconazole (10, 50, or 200 mg). The DDI simulator can simultaneously predict the
pharmacokinetic alterations of multiple drugs caused by coadministration of single or multi-
ple inhibitors. Here, the effect of coadministration of 10, 50, or 200 mg itraconazole is shown.
∗ means pharmacokinetic alterations, assuming that intestinal metabolism is completely inhibited
(i.e., FaFg = 1)
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Chapter 13
Translation of In Vitro Metabolic Data
to Predict In Vivo Drug–Drug Interactions:
IVIVE and Modeling and Simulations

Amin Rostami-Hodjegan

Abstract For many years, researchers have been able to study xenobiotic
metabolism using several in vitro systems. However, quantitative translation of the
information, which requires appropriate understanding of the link between these
systems and the human body, is still in its infancy. Recent progress in systems
biology, the advent of powerful computers capable of handling numerous com-
plicated non-linear models and the realization that there is virtually no end to the
number of various studies which would be required to cover all the possible per-
mutations of clinical scenarios that can occur in real life have all contributed to the
increased prominence of in vitro–in vivo extrapolation (IVIVE) and virtual clini-
cal studies using modeling and simulation in drug discovery and development. This
chapter provides an overview of these translational aspects and describes the prereq-
uisite data, models and tools which can be applied for the prediction of metabolic
drug–drug interactions (M-DDI).

13.1 Introduction

In previous chapters, the enzymatic basis of drug metabolism and commonly used in
vitro techniques for studying metabolism were discussed in detail. The use of these
techniques may help with anticipating and minimizing potential metabolic drug–
drug interactions during discovery. Regulatory perspectives on the value of in vitro
data and the extrapolation of such data, as a guide to determine the need for spe-
cific clinical M-DDI studies and their design, will be the subject of later chapters. It
will also become evident from the discussions in Chapters 26 and 27 that M-DDI
would have financially relevant consequences with respect to labelling, regulatory
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approval and competitive marketing. Thus, identifying, quantifying and managing
M-DDI are not concerns solely for the prescribers engaged in the clinical and tox-
icological aspects of drug treatment. There are databases which collect reported
M-DDI and provide records showing specific information on the “victim” or “per-
petrator” drugs (Carlson et al., 2002); these provide evidence for the proportional
role that certain pathways may play in the elimination of drugs and could satisfy the
need to identify clinically important metabolic interactions for drugs on the market
(see also Chapter 15). However, these databases cannot replace the in vitro–in vivo
extrapolation (IVIVE) which is necessary for the prediction of M-DDI associated
with the new drug candidates. Attempts have been made to use existing data from
clinical observations and combine them with predictive models of M-DDI (Ohno
et al., 2007, 2008; Kozawa et al., 2009); these are not the focus of this chapter as
we concentrate on predictive methods based on in vitro data for drug candidates at
early stages of development (i.e. IVIVE) when human data are sparse.

Although in vitro screening tools for assessing metabolic stability of xenobiotics
have been used for a long time, the quantitative extrapolation of in vitro observa-
tions to clinical consequences is a relatively modern technique. Moreover, it is now
well recognized that such efforts should not be limited to likely events in an “aver-
age” person but they should also explore certain sub-groups of patients who might
be at higher risk (Krayenbuhl et al., 1999). The latter requires a good understand-
ing of the biological elements involved in each scaling step of the IVIVE exercise
and the inter-individual variability which stems from genetic as well as epigenetic
factors.

Einolf, in 2007, proposed a classification to distinguish between various
approaches used to predict M-DDIs due to CYP inhibition (Einolf, 2007).
Predictions were categorized according to whether they were “pragmatic” and
based purely on a static inhibitor concentration and the inhibition constant (e.g.
“[I]/Ki” approach); based on static-mechanistic models if they utilized additional
information on the characteristic of the “victim” drug such as the fraction of
clearance via the inhibited pathway (fm) and availability across the gut wall
(FG); or based on a dynamic mechanistic model if they also considered time-
variant inhibitor concentration. This has been extended recently by Almond
et al. (2009) to describe the current status of investigations used to predict M-DDIs
resulting from CYP induction. Since the assessment of changes in full kinetics is
the ultimate goal and will arguably be the most reliable method to quantitatively
predict in vivo M-DDI, this chapter summarizes the required data, models and
infrastructure which are needed to translate in vitro metabolic information to in vivo
expectations.

The information that concerns IVIVE and modeling and simulation efforts to
assess M-DDI are provided in three sections in this chapter encompassing the con-
siderations for characterization of concentration–time profiles of xenobiotics (as
“perpetrator” or “victim” drugs), the general structure of an ideal “modeling and
simulation” platform for IVIVE and prediction of ADME, and finally, the specific
requirements for prediction of M-DDI.
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13.2 Translation of In Vitro ADME Data to Characterize
In Vivo Pharmacokinetics

Defining the plasma concentration–time course of a drug involves prediction of
absorption (unless administered via parenteral routes), distribution, metabolism and
excretion (ADME). Many “pragmatic” approaches may not appear to require the
knowledge of full kinetics as they rely on a “single static” value of the average
plasma concentration of the “perpetrator”. However, in reality, assigning a single
average steady-state value requires some knowledge of the dose as well as bioavail-
ability and clearance. Such information is not available for new candidate drugs
under development until late clinical phases. Thus, the value of so-called pragmatic
approaches in assessing the M-DDI potential of a new drug candidate as a “perpe-
trator” is limited. Moreover, recent simulation studies have indicated that the timing
of administration of the “perpetrator” and “victim” drugs can be a critical determi-
nant of the level of inhibition (Yang et al., 2003; Zhao et al., 2009). These effects
cannot be captured using “pragmatic” approaches which ignore time-varying con-
centrations of the interacting drugs. So, it is unsurprising that there is increasing
recognition of the fact that there is not a single optimal design for drug interaction
evaluation (Huang and Lesko, 2009). Thus, it is recommended that pharmacoki-
netic characteristics of both substrates and inhibitors should be considered when
designing in vivo drug interaction studies (Huang and Lesko, 2009) despite the fact
that regulatory guidelines may not have indicated this explicitly [Food and Drug
Administration (FDA), 2006]. Modeling and simulation, combined with IVIVE,
can be used to characterize concentration–time profiles and guide the best dosing
strategy during the conduct of clinical M-DDI studies (Huang and Lesko, 2009).

Accurate IVIVE of ADME is possible when the in vitro data are reliable and all
necessary extrapolation factors (physical chemistry, biology, physiology and genet-
ics) are available for each in vitro system. Table 13.1 summarizes some of the factors
which influence the various components of ADME. More popular use of IVIVE
may be attributed to the ability to “integrate” various aspects related to the human
body and the characteristics of drugs shown in Table 13.1 (Rostami-Hodjegan and
Tucker, 2007), which has been in parallel to an increased perception of “model-
based drug development” initiatives in the pharmaceutical industry (e.g. see Lalonde
et al. 2007) and the regulatory agencies (e.g. see Buckman et al. 2007).

13.2.1 Prediction of Exposure

The area under the concentration–time curve (AUC) defines the overall (systemic)
exposure, whereas other features of concentration–time curves are used to define
early exposure (e.g. truncated AUC) and maximal exposure (Cmax) (Rostami-
Hodjegan et al., 1994). AUC after any non-parenteral administration is dependent
on the proportion of the dose that is absorbed and subsequently available in the
systemic circulation. The most common route for drug intake is oral drug adminis-
tration. Bioavailability (F), in the case of oral administration of solid dosage forms,
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involves release of the drug from the formulation, dissolution, passage through
the gut wall and subsequently through the liver. The bioavailability together with
the clearance (CL) and the dose of the drug (D) determines the overall systemic
exposure (AUC = FD/CL).

13.2.1.1 IVIVE to Determine Oral Bioavailability

Bioavailability can be split into three elements involving the fraction of the dose
which enters the gut wall (fa), the fraction of the drug which escapes metabolism in
the gut wall and enters the portal vein (FG) and the fraction of the drug that enters
the liver and escapes metabolism (FH) (i.e. F = fa×FG×FH). Low “fa” could be
associated with one, or several, of the following problems:

(a) Decomposition in the gut lumen
(b) Problems with the release of the active moiety from the formulation
(c) Failure of the solid form to dissolve within the window of absorption time
(d) Failure of dissolved molecules to permeate passively through the gut wall
(e) Efflux of drug in the enterocytes by gut wall transporters (acting as a barrier to

absorption in the absence of adequate passive permeability)

Absolute or relative values of “fa” and each of its elements can be assessed by
in vitro systems and subsequent IVIVE (Jamei et al., 2009b). However, validating
IVIVE attempts for estimated “fa” is fraught with problems since it is not possible
to obtain a separate estimate of “fa” and “FG” from ordinary clinical data. Many
reports in the literature erroneously refer to “fa” when the composite function of
“FG × fa” has been used in their assessments. Evidently, these values can
be assumed to be the same only if there is no gut wall metabolism at all
(i.e. FG = 1).

The importance of gut wall metabolism (and consequently FG) has been high-
lighted in Chapter 17. Although there are simple models to describe FG based on
some in vitro data (Yang et al., 2007), it is well understood that these are not based
on fully mechanistic approaches (Yang et al., 2007). Nonetheless, they accommo-
date the two main drug-related parameters defining FG, namely permeability and
metabolism by gut wall enzymes, as well as some physiological parameters such as
blood flow to the villi (Yang et al., 2007). Other more mechanistic models occasion-
ally contain elements which cannot be measured in vitro (Pang, 2003; Tam et al.,
2003). However, the use of such models is increasing as investigators use them for
scientific exploration beyond IVIVE (Jamei et al., 2009b).

Assessment of FH is an integral part of estimating liver clearance, which is
discussed in the next section.

13.2.1.2 IVIVE to Determine Drug Clearance

Metabolism is a major route of elimination for the majority of drugs currently
on the market (Wienkers and Heath, 2005). Full understanding of the contribu-
tion that each metabolic route makes to the overall elimination of a given drug
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helps with the assessment of M-DDI by assigning an important parameter to a
“victim” drug – fractional elimination (fm) via inhibited pathway. In addition,
the relative importance of genetic polymorphisms and the effects of environ-
mental factors could be evaluated once the contributions of various routes are
known. There are different in vitro systems to facilitate estimation of liver clear-
ance including human liver microsomes, human hepatocytes and recombinantly
expressed human enzymes. Each of these requires their own scaling factor (Barter
et al., 2007) and has their own advantages and disadvantages. Many early screen-
ing methodologies for assessing metabolism are designed to evaluate the overall
stability rather than identify proportional elimination by each route. In vivo hep-
atic intrinsic clearance and associated variability in human populations can be
extrapolated from the in vitro systems as previously described (Rostami-Hodjegan
and Tucker, 2007).

Intrinsic clearance can be converted to whole organ clearance using various mod-
els (Pang and Chiba, 1994) (e.g. “well-stirred”, “parallel tube”, “dispersion”). These
models, in their original form, assume that the passage of the drug from the blood
into the liver is dependent on liver blood flow (QH) and that only unbound drug in
blood (fuB) crosses the cell membrane and is available to be metabolized. Variations
of these models are now used to accommodate the effects of transporters in hepatic
uptake and efflux (see Chapter 16).

Although many drugs are mainly eliminated via metabolism, renal excretion
plays a major role in elimination of a considerable number of drugs. Moreover, even
when renal excretion is not a major elimination route, it plays a significant role in
determining the maximum level of M-DDI that can be achieved by full inhibition of
metabolic pathway (i.e. 1/[1–fm]). It is also important to note that most metabolites
formed from parent drugs are removed by renal excretion. With increasing knowl-
edge on the role of metabolites of “perpetrator” drugs on M-DDI (Isoherranen et al.,
2004; Ogilvie et al., 2006), it is becoming important to consider the concentration–
time profiles of the metabolites in addition to the parent compound when there is in
vitro information on the inhibitory potency of such metabolites (Jamei et al., 2009a).

Many drug characteristics which determine the extent of renal elimination have
been known for decades [including physical chemistry, lipophilicity and ionization
(Tucker, 1981), plasma protein and erythrocyte binding (Levy, 1980)]. Nonetheless,
there are neither in vitro systems nor any in silico quantitative-structure-kinetics
models which can be used to estimate the potential renal clearance of xenobiotics.
This could, in part, be related to specific affinity of various drugs to certain trans-
porter proteins in the kidney (Song et al., 2008; Urban et al., 2008; Wang et al.,
2008). Combining this information with the knowledge of physico-chemical deter-
minants of renal clearance may present new opportunities to build predictive models
for drug excretion by the kidneys (i.e. fractional tubular re-absorption, glomerular
filtration and active secretion) (Levy, 1980; Janku, 1993; Rostami-Hodjegan, 2009).
In the meantime, extrapolation from animal data, using allometry and after cor-
rection for differences in protein binding, might be the most reliable approach to
estimate renal clearance in humans.
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Recent IVIVE attempts to assess biliary excretion using sandwich-cultured hepa-
tocytes have been successful (Ghibellini et al., 2006, 2007). However, experience in
this area is limited and in vivo studies in humans which involve collecting bile and
estimating its precise secretion rate are costly and may hamper validation studies in
larger sets of compounds.

13.2.2 Prediction of Concentration–Time Profile

Similar AUC values are not necessarily indicative of similar concentration–time
profiles. For single-dose studies, the rates of drug absorption, distribution and elim-
ination define the shape of the concentration–time profile. Moreover, in the case of
multiple dose studies where the overall daily dose is the same, dosing frequency also
determines the level of fluctuations (i.e. swing). If the non-linearity in inhibitory
effects of “perpetrator” drugs and their concentrations is considered, it becomes
evident that evaluating the impact of various concentration–time profiles of a “per-
petrator” is essential in simulating M-DDI studies. A prime example of such an
assessment has recently been provided by Zhao et al. (2009).

Absorption rate is also influenced by the majority of parameters which determine
bioavailability. Hence, various in vitro systems used for bioavailability assessment
can also be used to evaluate the rate of absorption (Jamei et al., 2009b).

The rate of elimination is a hybrid function of the clearance and volume of
distribution. Thus, to characterize concentration–time curves for any given dose,
estimation of drug distribution is essential.

13.2.2.1 IVIVE to Determine Drug Distribution

Some factors which determine the distribution of drugs relate to characteristics of
the individual (e.g. the perfusion rate of different tissues by blood, the concentration
of plasma proteins, hematocrit, body composition, tissue density and genetic vari-
ants of transporter proteins). However, there are drug-related characteristics (such
as ability of a drug to cross membranes, bind to plasma proteins, partition into red
blood cells, tissues or fat, and become a substrate of specific influx or efflux trans-
porter proteins) which can be measured in vitro and used for IVIVE purposes. As
described above, drug distribution within the body influences the elimination rate
and maximum exposure (Cmax). It is important to note that the proportion of the
drug in different tissues changes with time (i.e. the tissue drug concentrations–time
profiles are not necessarily changing in parallel to those in plasma), and hence vol-
ume of distribution is not a fixed term. The Vss (volume of distribution at steady
state) is considered a “purer distributional term” (Rodgers and Rowland, 2007) since
other volume terms (such as central, Vc, and terminal, Vz, distribution volume) can
be affected significantly by the relative speed of drug elimination and distribution.
Current IVIVE approaches for estimating volume of distribution involve estima-
tion of tissue partitions based on physicochemical characteristics combined with in
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vitro measurements of blood and plasma protein binding (Poulin and Theil, 2002;
Berezhkovskiy, 2004; Rodgers and Rowland, 2007).

13.3 Requirements for an M-DDI “Modeling and Simulation”
Platform

Modeling and simulation within the pharmaceutical industry has traditionally been
a limited exercise carried out by only a few scientists working in selected depart-
ments. However, this is rapidly changing to a more comprehensive practice in
all divisions from discovery to post-marketing (Lalonde et al., 2007). In parallel,
the regulatory agencies (Buckman et al., 2007) are embracing the applications of
modeling and simulation more than ever. IVIVE and prediction of M-DDI using
modeling techniques has not been an exception. However, the more widespread
use of simulations within organizations necessitates implementation of strategies
that broaden access to the tools and models, ensure consistency of approaches,
provide appropriate training, offer adequate flexibility for updating models and
databases as scientific knowledge improves, allow compatibility between simu-
lation systems used in other sections of the organization and make the models
and assumptions transparent at a level required for regulatory decisions. A num-
ber of recent reports have commented on the advantages and disadvantages of
in-house vs commercially available tools in the area of predictive ADME and M-
DDI (Riley et al., 2007; Peters, 2008; Grime et al., 2009); however, an objective
and comprehensive analysis is still lacking. Sugano (2009) has recently provided
some general guidance, albeit in the specific area of predictive absorption mod-
els, which could be used as a fair outline of the advantages and disadvantages of
each strategy. The author concluded that both in-house and commercial systems
might be necessary due to complementary nature of their features which are listed in
Table 13.2.

Table 13.2 Analysis of attributes for in-house and externally provided M&S tools

Commercial programs An in-house template/program/platform

(1) A larger human physiology database
(including ethnic, age, and disease
differences) which enables virtual trials to
be conducted in clinically relevant
populations rather than a
non-representative average subject

(2) The opportunity to gather pre-competitive
information from multiple
(pharmaceutical) organizations which
facilitates knowledge exchange

(3) User-friendly graphical interfaces

(1) Highest flexibility for real-time changes
in models

(2) Tailor-made models for specific in-house
experimental tools which are not available
elsewhere

(3) More insight within the organization as
the people responsible for the coding learn
the subject by developing the models!
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Building on this general guidance of Sugano, an ideal system specifically
designed for simulating M-DDI (whether external or internal) should satisfy several
criteria. It should use the most mechanistic models, which are validated for rou-
tine use by non-modellers based on routine data generated in vitro or are designed
for scientific explorations (i.e. asking “what if?” questions). It should contain data
not just for a population of healthy volunteers but for a variety of disease popula-
tions. It should provide the flexibility to input data from various in vitro enzyme
and cellular systems. The relevant attributes of compounds (i.e. affinity to various
enzymes, non-enzymatic routes, protein binding, gut wall permeability) should be
separated from the information on the system (i.e. population demography, phys-
iological and genetic information on different patients, enzyme abundances and
their turnover rates, level of plasma proteins, kidney function). User-friendly inter-
faces are generally preferable; however, there are specific requirements related to
M-DDI including a clear distinction between the parameter entries with apparent
similarity (e.g. inhibitory constants for competitive inhibition (Ki) and mechanism-
based inhibition (KI); see later sections for further details). Considering the absence
of in vitro data on many old (“perpetrator”) drugs, an ideal platform should also
allow adequate flexibility to combine some in vivo values with in vitro observa-
tions if necessary. The outputs (reports) should be easy to interpret and flexible to
manipulate. Conducting simulations in populations rather than single individuals
is important to ensure more realistic virtual clinical trials; however, virtual trials of
large populations without any ability to identify the outlier individuals may limit the
power to identify covariates of M-DDI (Johnson et al., 2009), which is an essential
feature of the ideal platform. The ability to process multiple cases (using parallel
computing) is an advantage for drug discovery groups dealing with large numbers
of compounds. Parallel computing can also become useful when the simulator is
capable of optimizing values by fitting the models to observed data.

13.4 In Silico Simulations to Assess In Vivo M-DDIs Using
In Vitro Data

This section summarizes the general pharmacokinetic basis of M-DDIs. Aspects of
some specific M-DDI issues, such as “mechanism-based inactivation of enzymes”,
“interplay of transporters and metabolism”, and “concomitant enzyme inhibition
and induction”, are covered in later chapters.

13.4.1 Static Models for Estimating M-DDI, Ignoring Gut
Metabolism

The most commonly used mathematical models for predicting M-DDI due to “inhi-
bition” of hepatic metabolism, in the absence of any complications by the perturbed
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gut wall metabolism, are derived under so-called static (non-time-variant) con-
centrations for the “perpetrator”. These equations capture the two main elements
defining the level of any M-DDI: (a) fractional metabolism (“fm”) and (b) potency
of interacting drug (“fold reduction or induction in CLuint”). Equations (13.1) and
(13.2) [after Rowland and Matin (1973), with expansions introduced by Rostami-
Hodjegan and Tucker (2004) for multiple M-DDI] are the general forms of such
static calculations:

AUC(inhibited)

AUC
= 1

n∑

j=1

fmj
Fold reduction in CLuint, j

+ (1 −
n∑

j=1
fmj)

(13.1)

where fmj is the fraction of substrate clearance mediated by the inhibited metabolic
pathway “j” and CLuint j is the intrinsic metabolic clearance of substrate down
pathway j. Similar analogous equations can be considered in the case of M-DDI
involving enzyme induction:

AUC(induced)

AUC
= 1

n∑

j=1

(
fmj × Fold induction in CLuint, j

)+ (1 −
n∑

j=1
fmj)

(13.2)

It should be noted that both the maximum increase in exposure to the “victim”
drug following inhibition and the degree of reduction in exposure to the “victim”
drug after induction of its metabolism are dependent on the fractional metabolism
by the affected pathway(s) (“fm”). As shown in Equation (13.3), “1–fm” would
be the ceiling of any inhibitory effect in the presence of the “strongest inhibitor”
according to static models:

Fold reduction → ∞ ⇒ AUC(inhibited)

AUC(uninhibited)
= 1

1 − fm
(13.3)

Thus, any observed inhibition that goes beyond this value (1/[1–fm]) strongly
suggests the involvement of an additional mechanism(s) (e.g. inhibition of non-
metabolic routes). However, it should be noted that “fm” varies within populations
and using a typical average value to draw conclusions on the role of other mecha-
nisms is not prudent. The sources of variable “fm” include, but are not restricted to,
the following (Rostami-Hodjegan and Tucker, 2004):

– Genetic control of non-inhibited metabolic pathways
– Involvement of genetically regulated transporters in clearance
– Renal impairment influencing “1–fm”
– Variable rates of maturation of enzymatic and non-enzymatic routes

Although “fm” is an important determinant of the level of M-DDI involving
enzyme induction (Equation (13.2)), maximum achievable interaction (and rela-
tive change in exposure to a “victim” drug) is not dependent on fm. Thus, enzyme
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activity can, theoretically, increase substantially if the “fold induction in CLuint” is
adequately high. This is in contrast to the impact of very large “fold reduction in
CLuint” which cannot modify exposure beyond 1/[1–fm].

Fold inhibition can be defined according to the type of inhibition that occurs
(Rostami-Hodjegan and Tucker, 2004). Thus, for multiple (“p”) competitive
inhibitors acting via same mechanism to inhibit enzyme “j”:

Fold reduction in CLuint, j = 1 +
p∑

k=1

[Ik]

Kik
m (13.4)

where [Ik] is the concentration of inhibitor “k” at the enzyme site and Kik is the
inhibition constant for inhibitor “k” obtained from in vitro studies after accounting
for non-specific binding. The same equation applies for multiple non-competitive
inhibitors acting at the same enzyme site. However, if the mechanisms of inhibition
by multiple inhibitors are different (independent), the fold reduction in clearance
would be greater:

Fold reduction inCLuint, j =
p∏

k=1

(
1 + [Ik]

Kik

)
(13.5)

In the case of mechanism-based (suicidal) inactivation of enzymes, the ratio of
basal degradation to the new accelerated rate of degradation determines the fold
reduction in clearance:

Fold reduction in CLuint, j = kdeg

kdeg + kinact×[I]
KI+[I]

(13.6)

where kdeg is the natural degradation rate constant for the enzyme, kinact is the
maximum degradation rate constant in the presence of a very high concentration
of inhibitor and KI is the concentration of inhibitor associated with half maximal
inactivation.

Assuming that the inhibited metabolic pathway is the only elimination pathway
(i.e. “fm” = 1) for the “victim” drug, simplified versions of Equation (13.1) have
been used to calculate M-DDI (Equation (13.7)); however, these should be avoided
as they may lead to substantial over-prediction when assessing strong inhibitors:

[1−fm] → 0 ⇒ AUC(inhibited)

AUC(uninhibited)
=
⎧
⎨

⎩

Competitive: 1 + [I]
Ki

Mechanism-based:
kdeg

kdeg+ kinact×[I]
KI+[I]

(13.7)

Estimation of “fold induction in CLuint” involves knowledge of the efficacy and
potency of an inducing agent and the concentration of the inducer at the site of
effect ([I]), according to Equation (13.8). Potency is related to ECu50, the unbound
concentration of the inducer that elicits 50% of the maximum response (Emax), after
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correcting for any non-specific binding; the lower the ECu50 value, the higher the
potency. Emax value is calculated using Equation (13.9):

Fold induction CLuint, j = 1 + Emax × [I]

ECu50 + [I]
(13.8)

Emax = Eind − E0

E0
(13.9)

where Eind is the amount of enzyme at maximal induction and E0 is its basal level.
Hypothetically, in vitro endpoints to assess induction potential for various xenobi-
otics (nuclear factor activation, mRNA expression, protein expression and protein
activity) are all correlated proportionally. Hence, the ECu50 value should be inde-
pendent of the method used to assess induction (Almond et al., 2009). The latter
is consistent with the recent report by McGinnity et al., who observed similar
EC50 values using various systems and endpoints to measure induction. Different in
vitro methods may not provide similar Emax, hence the fold increase in mRNA and
nuclear receptor activation in response to an inducer might be much greater than the
increase in protein level or activity (Luo et al., 2002; Martin et al., 2008). Therefore,
any IVIVE may (Shou et al., 2008) or may not (Fahmi et al., 2008) assume equiv-
alent potency and efficacy for in vitro and in vivo data. Deriving a scaling factor to
calibrate the various in vitro systems requires an internal standard (e.g. rifampicin).
Similarly, scaling factors to link in vitro data to in vivo manifestations involves
calibrators. However, defining in vivo ECu50 and Emax values requires intensive
clinical studies in which the time courses of both “perpetrator” and “victim” drugs
are followed during sustained administration of a range of doses of the “perpetra-
tor”. Such studies are non-existent, resulting in a paucity of information on in vivo
values defining the induction of metabolism. The limited information that is avail-
able can be obtained through various literature reports (e.g. see Kozawa et al., 2009
Ohno et al., 2008).

Various technical limitations (e.g. low compound solubility, cell toxicity) may
hamper full characterization of the concentration–induction profile and obtain-
ing Emax and ECu50 values. Analogous to the definition of intrinsic metabolic
clearance at low substrate concentration [much lower than the Michaelis–
Menten constant (Km)], it is possible to define a linear relationship between
concentration and induction based on the initial slope (Magnusson, 2007;
Shou et al., 2008).

13.4.2 Static Model to Estimate M-DDI in Gut Wall

Gut wall metabolism may play a major role in reducing bioavailability as described
in Chapter 4. Drugs with an appreciable gut wall extraction ratio (EG), which include
substrates of CYP3A and UGT, might be susceptible to an increased systemic expo-
sure under inhibition of gut wall metabolism. The calculation of perturbed gut wall
metabolism, and its impact on AUC values, should be considered by multiplying
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the right-hand sides of Equations (13.1) and (13.2) by the ratio FG
′/ FG, where FG

and FG
′ describe the fraction of the drug that escapes first-pass gut metabolism in

the absence and presence of any interacting drug, respectively. This ratio has been
considered in the following form by a number of groups (Wang et al., 2004; Ernest
et al., 2005; Obach et al., 2006):

FG
′

FG
= 1

FG + [
(1 − FG) × Fold change in CLuint,Gut

] (13.10)

Although there are mechanistic (and dynamic) models for estimating FG, such
as “segmental and segregated intestinal transport and metabolism” described by
Pang and colleagues (Pang, 2003; Tam et al., 2003) or ADAM model described
by Jamei et al. (2009b), derivation of the above equation relies on more simplistic
(and static) models such as those described by Yang et al. (2007). In the latter case,
FG is described by an operational “QGut” model which retains the form of the “well-
stirred” model with reference gut intrinsic clearance values (CLuint, G), but the flow
term (QGut) is a hybrid of both permeability through the enterocyte membrane and
villous blood flow:

FG = QGut

QGut + fuG ·
n∑

j=1
CLuint,Gj

(13.11)

QGut can be described in terms of CLperm, a clearance term defining permeability
through the enterocytes, and Qvilli, actual villous blood flow:

QGut = Qvilli · CLperm

Qvilli + CLperm
(13.12)

In the presence of an inhibitor that alters only intrinsic gut metabolic clearance,
Equation (13.11) can be rewritten to include an estimate of the concentration of
inhibitor in the enterocyte ([I]gut) and its inhibitory constant for the affected pathway
“j ” (Rostami-Hodjegan and Tucker, 2004):

FG
′ =

′QGut
′

′QGut
′ + fuGut.

n∑

j=1

CLuint,Gj
Fold inhibition of pathway j

(13.13)

where fold inhibition can be defined depending on the type of inhibition:

Fold inhibition of CLuint,Gut =
⎧
⎨

⎩

Competitive: 1 + [I]Gut
Ki

Mechanism-based:
kdeg,Gut

kdeg,Gut+ kinact×[I]Gut
KI+[I]Gut

Various assumptions can be made regarding an estimate of [I]gut including
the unbound concentration of the inhibitor in the systemic circulation (when the
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inhibitor is not co-administered with the substrate), enterocytic concentrations based
on blood flow to the tips of the villi (Qent) and the pre-hepatic absorption rate of the
inhibitor according to Equation (13.15) (Rostami-Hodjegan and Tucker, 2004):

[I]gut = fa × ka(I) × Dose(I)

Qent
(13.15)

where fa is the fraction of the inhibitor dose that is absorbed into the gut wall and
ka(I) and Dose(I) are the absorption rate constant and dose of inhibitor, respectively.
The above equation assumes that the inhibitor itself is not subject to major first-pass
gut metabolism.

Operating concentrations for induction of gut metabolism would be similar
to those described above; however, Equation (13.16) is used instead of Equation
(13.13) to account for the increase (rather than decrease) in activity:

FG
′ =

′QGut
′

′QGut
′ + fuGut.

n∑

j=1

(
CLuint,Gj ×

[
1 +

(
Indmax × [I]Gut
IndC50 + [I]Gut

)]) (13.16)

Equations (13.11) together with Equations (13.13) and (13.16) can be used to
derive Equation (13.10). All these equations highlight the non-linear relationship
between the inhibitor concentrations (/dose) and the extent of the effect on FG. For
drugs with low basal FG values, variations in [I]Gut (e.g. changes in dose, absorp-
tion rate, variable blood flow) lead to variable inhibition of intestinal first-pass
metabolism; this is not the case for drugs with high FG.

13.4.3 Considerations for Operational Concentration of the
“Perpetrator”

The “free drug hypothesis” assumes that unbound intracellular concentration of
compounds should be used as the operational concentration to calculate any drug
interactions. However, since “static” models ignore many of the mechanistic ele-
ments of predicting M-DDI, the outcome of predictions may not reflect the observed
clinical data. Hence, many investigators have used various drug concentrations
within the “static” framework to overcome shortcomings of these non-mechanistic
approximations and assign an arbitrary concentration which is “most predictive”
based on fitting to sets of clinically observed data. It should be noted that many of
the conclusions from such exercises are model dependent and attempts to identify
the best surrogate concentrations, whilst using minimalistic (abbreviated) models to
define the M-DDI, could be viewed only as a compensatory mechanism related to
the non-mechanistic model assumptions. Although it has been reported by some
investigators that predicted M-DDI could be relatively insensitive to the choice
of inhibitor concentration (Venkatakrishnan and Obach, 2005), others (Ito et al.,
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2002, 2004) have observed variations in the outcome. It has been recommended that
multiple options be examined and the risk of false negative M-DDIs be assessed
in any analysis (Venkatakrishnan and Obach, 2007). Importantly, the findings (i.e.
the best practice for various [I] values) shift as the models change. Although most
reports which describe variation in assumption on inhibitor concentrations use static
models, Kanamitsu et al. (2000) compared the use of a static maximum unbound
inlet concentration with three different dynamic unbound concentrations (systemic
blood, inlet and liver). The former tended to result in significant overprediction,
particularly when intrinsic metabolic clearance was high. The accurate prediction
of M-DDI between sulfaphenazole (500 mg) on the CYP2C9-mediated metabolism
of tolbutamide using the static model was attributed to the fact that the concen-
tration exceeded the threshold (Iu:Ki ratio) for complete inhibition, minimizing
expected differences between the use of the static single concentration and full
concentration–time profile.

In general, the investigations with complex and more comprehensive time-
varying models for M-DDI often use the unbound blood concentrations as a
more biological surrogate for intracellular unbound concentrations. However, this
assumes rapid equilibration across cellular barriers and no active influx or efflux,
which may not be the case for many compounds. Indeed, the influence of trans-
porters on intracellular concentration in hepatocytes is described in Chapter 16.

Finally, it is important to distinguish between the drug concentration in the
inlet blood supply to the liver and that in the hepatic vein leaving the liver (liver
outlet concentration). According to the “well-stirred model” of hepatic clearance,
unbound concentration in the liver outlet equates to the unbound concentration of
the drug within the liver. The difference between the drug concentration values in
the liver inlet and outlet is determined by the hepatic extraction ratio of the “per-
petrator” drug. Such a difference has recently been considered when using a full
concentration–time profile of the “perpetrator” drug and Fig. 13.1 shows an exam-
ple of the potential impact of the assumption on inhibitory concentrations for a
series of M-DDI studies simulated for five mechanism-based inhibitors: diltiazem,
verapamil, clarithromycin, and azithromycin (Rowland-Yeo, in preparation).

13.4.4 Using Full Time Course of “Perpetrator” to Assess M-DDI

It is intuitive that more physiologically based models accounting for the time-
varying concentration of “perpetrators” might offer advantages over “static” models
and provide better insight into M-DDI observations. A clear example of the appli-
cations of these models from a regulatory point of view was recently demonstrated
by an investigation into the appropriate study design for ketoconazole and CYP3A
substrates (Zhao et al., 2009). Some of these will be discussed in later chap-
ters by Huang and colleagues. The disadvantages of such models include their
complexity, which may hamper common use unless user-friendly interfaces are
provided and adequate training is given to users. As discussed in earlier sections,
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Fig. 13.1 The impact of assumptions on inhibitory concentrations operating on an enzyme could
be significant when predicting M-DDI. A series of M-DDI (n = 30) involving mechanism-based
inhibition of CYP3A4 were simulated using full concentration–time profiles of the “perpetrator”
drugs in the liver or the portal vein within the Simcyp R© Population-based ADME Simulator (V8).
The inhibitory effects predicted from liver concentrations (open circles) were lower than those
predicted based on portal concentrations (solid circles) and they were more consistent with the
observed level of inhibition (turnover half-life of CYP3A4 in the gut wall and the liver were 24
and 70 h, respectively, courtesy of Dr Karen Rowland Yeo, Simcyp Limited 2008)

such complex models can be implemented within internal general purpose soft-
ware or they can be obtained as specialized platforms from commercial vendors
(e.g. the Simcyp R© Population-based ADME Simulator; http://www.simcyp.com;
Simcyp Ltd, Sheffield, UK). These models are more informative for drug inter-
action assessments particularly in relation to the impact of population variability
(Rostami-Hodjegan and Tucker, 2004; Rostami-Hodjegan, 2009) and study design
(Yang et al., 2003; Zhao et al., 2009). This follows since they can easily incor-
porate variables such as CYP expression level and genetic polymorphisms in
hepatic as well as gut wall metabolism using a Monte Carlo approach. Moreover,
they can define the drug concentration–time profiles of the “victim” and multiple
“perpetrators”, the combined effects of parent drug and its metabolite and time-
and dose-dependent phenomena such as auto-induction and auto-inhibition, using
differential equations. An account of various strategies for using qualitative, semi-
quantitative and quantitative predictions of M-DDI has been provided recently by
Einolf (2007), who indicated an improvement in the prediction of M-DDI magnitude
using full concentration–time profiles of inhibitors compared to “static” methods.
Einolf (2007) also commented on the ability to predict variability in magnitude of
M-DDI, the automated prediction of the inhibition of parallel metabolic pathways,
and simulations of different dosing regimens.
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Another advantage of using time-course analysis rather than “static” calculations
relates to multiple pharmacokinetic changes. Indeed, Orlando et al. recently empha-
sized the need to consider simultaneous changes in plasma binding and enzyme
activity when predicting complex DDIs (Orlando et al., 2009). A further complica-
tion is that some compounds, such as ritonavir (Hsu et al., 1998; Foisy et al., 2008;
Kenny et al., 2008), troleandomycin (Luo et al., 2002) and mifepristone (Kenny
et al., 2008), cause simultaneous CYP inhibition and induction and the balance of
these phenomena may be dose dependent. Clearly, these often opposing effects on
drug exposure require appropriate time-based models to predict the net outcome of
a DDI (Rostami-Hodjegan and Tucker, 2004; Fahmi et al., 2008).

The essential element of models involving the time course of drugs, and
their ability to accommodate simultaneous events (e.g. competitive inhibition,
mechanism-based inactivation, combined effects of parent compound and metabo-
lite, induction and displacement from plasma proteins), is the reliance on differential
equations. For instance, whilst the abundance of a particular enzyme in an individ-
ual can be defined as a single static value, differential equations can describe the
balance between the rate of synthesis and degradation. Thus, the enzyme level at
time t, Et, can be described by the following equation:

dEt

dt
= Rsyn,t − kdeg,t × Et (13.17)

where Rsyn,t and kdeg,t are the rate of enzyme synthesis and the degradation rate
constant at time t, respectively. At the basal level and when the balance between
degradation and synthesis is not disturbed (i.e. in the absence of any “perpetrator”
that influences either synthesis via induction or degradation via mechanism-based
inactivation), Rsyn,t can be described by the following equation:

Rsyn,base = Ebase × kdeg,base (13.18)

where Rsyn,base, Ebase, kdeg,base are the basal rate of enzyme synthesis, the basal
level of enzyme and the basal degradation rate constant, respectively. Increased
degradation or synthesis can be accommodated within Equation (13.17) based on
quantitative relationships between the concentration of the “perpetrator” at the
enzyme site ([I]t) and its inactivating or inductive abilities at any given concentration
as previously described by Equations (13.6) and (13.8). Hence,

dEt

dt
=
[

Ebase × kdeg,base ×
(

1+Emax × [I]t

EC50+[I]t

)]
−
[(

kdeg,base + kinact × [I]t

KI + [I]t

)
× Et

]

(13.19)

It is important to realize that the value of [I] at the enzyme site is not a fixed
(“static”) value and it changes with time (using sets of differential equations).
Moreover, as discussed in the previous sections, the assumptions regarding the
impact of blood and protein binding (free drug hypothesis) and the affinity of
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the “perpetrator” to any efflux and influx proteins will determine the relationship
between [I]t at the enzyme site and [I]t in the plasma. Combining the differen-
tial equation (13.19), which describes the changes in active enzyme level, with
those defining the events in the liver (or any other eliminatory organ) extends the
capability of the models to include the effects of competitive inhibition as well:

dCLiv

dt
= 1

VLiv

[
QARCAR + QPVCPV − QLivCLiv

(
B:P

PLiv:p

)
− CLuint,t × CuLiv

]

(13.20)

where VLiv, QAR, QPV, QLiv, CAR, CPV, CLiv are volume of the liver com-
partment, the arterial and portal blood flow to the liver, the blood flow out of
the liver, the arterial and portal concentrations of the “victim” substrate and the
concentration of the substrate within the liver compartment, respectively. The terms
B:P and PLiv:p describe the blood to plasma and liver to plasma concentration ratios.
CLuint,t is the time-varying intrinsic clearance of the substrate by combination of
multiple clearance values from each enzymatic elimination route described as

CLuint,t = Vmax × Et

Km ×
(

1 + [I]t
Ki

)
+ CuLiv

(13.21)

where Vmax is the maximum rate of metabolism per unit of enzyme (so-called kcat)
and Km in the Michaelis constant (concentration of substrate associated with half
the maximal metabolic rate). Similar equations can be derived for other organs (e.g.
intestine, kidney) and other chemical moieties (e.g. additional inhibitors, metabo-
lites) in the circulation. A currently available commercial platform, the Simcyp R©
Population-based ADME Simulator (Jamei et al., 2009b), can accommodate up
to three inhibitors and two metabolic profiles (one for the substrate and one for
an inhibitor) creating a multiplex of self-induction, self-inactivation and mutual
interactions (as shown in Fig. 13.2 ).

13.4.5 Assessing Variability in M-DDI

The final part of this chapter focuses on the issue of variability in M-DDI. A full
account of this issue is given elsewhere (Rostami-Hodjegan and Tucker, 2004;
Rostami-Hodjegan, 2009) and only a brief overview is provided here.

Variation in “fm”, which depends on relative variability in metabolic routes, is
a common cause of inter-individual differences in M-DDI even at a fixed level of
a given inhibitor (i.e. fixed [I] and [I]Gut). The pie charts in Fig. 13.3 show the
proportional abundance of CYP enzymes as an average value of the population
together with selected individuals within the population. This highlights problems
with using values from an “average” individual. The role of “fm” in determining
the variability in M-DDI is particularly dominant when strong inhibitors are used.
Hypothetical examples have been considered by Rostami-Hodjegan and Tucker
(2004) to show the inter-individual variability of M-DDI by a strong inhibitor for
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Fig. 13.2 A realistic assessment of M-DDI may require consideration of a multiplex of effects
between various compounds in the human body as shown in this figure. The mutual inhibition
of various compounds, the inhibitory or inducer effects of metabolites, self-induction and self-
inhibition via mechanism-based inactivation of enzymes and simultaneous effects via competitive
inhibition, mechanism-based inactivation and induction of enzymes are often ignored when using
simple models. New modeling and simulations tools are available to incorporate all the com-
plexities shown in the figure (Jamei et al., 2009a); however, the rate-limiting step in using these
platforms is often availability of data on in vitro values for all compounds

Fig. 13.3 The pie chart at the top shows the average fractional abundance of various CYPs (this
may not represent any person as some genotypes lead to a lack of any expression). Thus an average
value from the population corresponds neither to poor (PM) nor to extensive (EM) or ultra-rapid
(UM) phenotype. The bottom panel of pie charts show the proportional abundance of CYPs in
selected individuals. The charts highlight that the fractional metabolism of “victim” drugs may
vary in different individuals. Most mechanistic prediction models for M-DDI use fm (see text);
however, they ignore the variations that may exist in “fm”. The variation in abundance (and hence
fm) can have significant effect on the variability in M-DDI
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a “victim” compound in sub-groups such as patients with renal failure or individu-
als with genetically impaired capacity of metabolism down a non-inhibited pathway
(i.e. reduced capacity of alternative elimination routes). However, a recent report
by Orlando et al. (2009) in cirrhotic patients clearly indicates variation in M-DDI
when the relative “fm” changes in different populations (Fig. 13.3). Interestingly,
the studies to investigate the covariates associated with increased risk of MDDI are
rare and typical population data analyses to assess M-DDI are rarely powered to
identify these covariates (Johnson et al., 2009).

Mechanism-based (suicidal) inactivation (Ghanbari et al., 2006) and induction
(Shou et al., 2008) are time-dependent processes, where the basal degradation rate
(kdeg) determines the time course of interaction. Inter-individual variability in degra-
dation could be substantial (Yang et al., 2008). Moreover, kdeg determines the level
of increased exposure to the victim drug as shown in Equation (13.6), making its
inter-individual differences even more important. Further details on requirement for
sensitivity analysis are given in chapter 19 by Obach et al.

The circulating concentration of the inhibitor (and hence concentration at the
active site) is also subject to variability as described earlier in this chapter. Variations
in the administered dose of the “perpetrator” or issues related to variable compliance
(or absorption rates) may also affect the outcome of M-DDI as shown in Fig. 13.4
for inhibition of midazolam and ketoconazole.

Fig. 13.4 The effect of dose escalation of ketoconazole on the midazolam interaction. Data
points are the mean values for AUCi/AUC (left-hand panel) and Cmaxi/Cmax (right-hand panel)
observed in vivo and each of the solid lines are the mean of the values obtained for the 10
trials of 8 subjects simulated with Simcyp Population-Based ADME Simulator (V8) (Ozdemir
et al., in preparation)

Emerging issues with genetic differences in transporters responsible for efflux
and active uptake into hepatocytes (Watanabe et al., 2008) are covered in chapters
12 and 21 and readers are referred to these chapters for appreciation of their impact.
Many of these effects can be easily accommodated within the models. However,
mechanistic scaling of transporter-related values from in vitro data, without some
type of fitting procedure, is not possible yet.
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13.5 Conclusion

The mechanistic prediction of M-DDI, and associated variability, is possible only by
taking into account all physiological and drug-related knowledge (both “perpetra-
tor” and “victim” drugs) together with information on study design. M-DDI remains
the major source of drug–drug interactions; however, the role of transporters and
their interplay with the enzymes, when relevant, can be easily incorporated into
simulations if the appropriate data are gathered from in vitro studies. Whilst these
considerations increase the complexity of modeling and simulation tasks, availabil-
ity of common platforms has reduced the reliance on specialized modeling experts
to carry out such efforts.
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Chapter 14
Absorption Models to Examine Bioavailability
and Drug–Drug Interactions in Humans

Ahsan Naqi Rizwan and Kim L.R. Brouwer

Abstract Human drug absorption studies are warranted in many situations. The
development of modified release formulations, the evaluation of different formula-
tions designed to improve bioavailability by enhancing solubility or permeability,
the investigation of mechanisms of drug-drug/food interactions in the gastro-
intestinal tract, and the determination of intestinal and biliary secretion in humans
all require assessment of drug absorption/excretion in the human gastrointestinal
tract. This chapter discusses in vivo approaches that can be used to assess absorp-
tion/bioavailability issues in the human gastrointestinal tract. The design and the
application of remotely activated capsules and aspiration/perfusion catheters are
reviewed, and the utility of human microdose studies is discussed. With the use
of appropriate probes, these approaches also may be used to assess drug–drug or
drug–food interactions, as well as interactions involving transporters and enzymes
present in the gastrointestinal tract and/or the liver.

14.1 Introduction

Oral administration of drugs in the form of tablets or capsules is the most common
route of drug administration because it is the safest and easiest, however, compared
to other routes of administration (e.g., intravenous, topical, or inhalational), it is
the route that takes the drug molecule through the most barriers prior to reaching
the systemic circulation. The fraction of the administered dose of unchanged drug
that reaches the systemic circulation, defined as the bioavailability, is one of the
principal pharmacokinetic parameters of a drug product. Adequate bioavailability
of a therapeutic dose ensures that appropriate concentrations of the drug reach the
site of action to produce a therapeutic effect.
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To reach the systemic circulation, drug molecules must first pass from the gas-
trointestinal lumen through the epithelial barrier, and then through the liver in
series before reaching the general circulation. Both the liver and the gastrointesti-
nal tract contain numerous metabolizing enzymes that are capable of altering the
drug molecule such that only a fraction of the dose administered actually reaches
the systemic circulation. This is termed the first-pass effect. Bioavailability also can
be modulated by factors such as solubility, other physicochemical properties of the
drug, formulation effects, local pH in the gastrointestinal tract, the presence of food,
intestinal microflora, and intestinal and hepatic influx/efflux transporters (Martinez
and Amidon, 2002).

The reasons for performing drug absorption and disposition studies in humans are
numerous, including the evaluation of lead compounds for IND submissions (Davis
and Wilding, 2001), satisfying phase 4 commitments (FDA, Data standards manual
phase 4 commitment categories, 1996), and in the life-cycle management of older
drugs going off patent (Davis and Wilding, 2001; Fleming and Ma, 2002). Situations
where human drug absorption studies may be warranted include the following:

1. Development of modified release formulations (e.g., developing sustained
release formulations for once-a-day therapy)

2. Improvement of bioavailability by enhancing solubility or permeability (e.g.,
exploiting transporters to promote active uptake of drugs)

3. Generation of human data supporting an IND application (e.g., microdosing
pharmacokinetic/imaging studies to increase attrition rate in early development)

4. Evaluation of mechanisms of drug–drug/food interactions
5. Evaluation of specific routes of elimination in humans (e.g., measuring biliary

excretion patterns in humans)

Most drugs in development now require a once- or twice-daily dosing regi-
men because it makes them more marketable due to improved patient compliance
resulting from reduced dosing frequency (Fleming and Ma, 2002). Therefore, under-
standing how a drug performs during transit through the human gastrointestinal tract
provides the key to developing effective oral formulations. For older compounds
that are already on the market, or compounds in late stages of clinical develop-
ment, human drug absorption studies can provide useful and relevant information
to address the situations mentioned above. For example, information about regional
differences in drug absorption in the gastrointestinal tract can aid in the development
of modified release formulations. The use of intelligent, remotely activated capsules
capable of delivering drugs to specific regions of the gastrointestinal tract has made
it possible to determine regional differences in drug absorption. Given the substan-
tial species differences in metabolic enzymes and transport proteins, drugs whose
bioavailability is thought to be affected by these systems can be evaluated in humans
using intestinal aspiration/perfusion catheters and suitable probes. It is notable that
drugs excreted in bile may undergo enterohepatic recirculation and exhibit multiple
peaks in their drug absorption profile. Biliary excretion of drugs/metabolites can be
measured in humans by specialized oro-enteric catheters.

The Biopharmaceutics Classification System (BCS) is currently the accepted
method of classifying drugs in terms of their predicted intestinal permeability
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and solubility in humans. The FDA advocates the use of this system to gain
bioequivalence waivers, thereby avoiding the need for expensive clinical bioe-
quivalence studies. Poorly soluble and highly impermeable molecules are prone
to reduced bioavailability. Molecules that undergo high first-pass metabolism or
transporter-mediated absorption fall into the category of drugs whose bioavailabil-
ity may be limited due to interactions with other drugs or food. Orally administered,
immediate release (IR) drug products in the top 200 drug-product lists from the
United States, Great Britain, Spain, and Japan have been provisionally classified
based on the BCS. Oral IR drug products constituted more than 50% of the top 200
drug products on all four lists and ranged from 102 to 113 in number. In essence,
more than 55% of the drug products are classified as high-solubility (class 1 and
class 3) drugs in the four lists, suggesting that in vivo bioequivalence (BE) may be
assured with a less expensive and more easily implemented in vitro dissolution test
(Takagi et al., 2006). For molecules that do not fall in this category, in vivo drug
absorption studies are necessary to understand intestinal permeability.

Microdosing is another strategy that has been employed to gain an understand-
ing of the pharmacokinetics of a lead molecule before it is advanced to phase I.
Human microdosing studies are designed to elucidate the pharmacokinetic profile
following administration of a sub-pharmacological, sub-therapeutic dose of a novel
drug candidate that has demonstrated efficacy in non-clinical models. Regulatory
bodies have determined that because these exploratory IND studies present fewer
potential risks than traditional phase I studies that evaluate dose-limiting toxicities,
such limited exploratory investigations in humans can be initiated with less, or dif-
ferent, preclinical support than that required for traditional IND studies (Marchetti
and Schellens, 2007).

Carefully conducted in vivo human experiments utilizing innovative absorption
models can ensure a more informed approach for drugs that may be categorized as
follows:

• Poorly soluble and poorly permeable compounds
• Compounds affected by metabolizing enzymes and carrier-mediated transport
• New chemical entities for which human absorption, distribution, metabolism, and

elimination (ADME) data are needed
• Compounds exhibiting drug–drug/food interactions
• Drugs whose intestinal bioavailability needs to be demonstrated (e.g., pancreatic

enzyme supplements)
• Drugs/formulations where regional absorption in the gastrointestinal tract needs

to be defined
• Lead compounds where preclinical assessment is mandated to gain knowledge

regarding disposition

This chapter discusses in vivo approaches that can be used to assess absorp-
tion/bioavailability issues in the human gastrointestinal tract. In principle, these
approaches also may be used to assess drug–drug or drug–food interactions, and
interactions involving transporters and enzymes present in the gastrointestinal tract
and/or in the liver.



346 A.N. Rizwan and K.L.R. Brouwer

14.2 Remotely Activated Capsules

Remotely activated drug delivery systems provide a rapid and cost-effective method
to assess the oral absorption/bioavailability of drugs in specific regions of the gas-
trointestinal tract. These delivery systems provide a realistic assessment of the
drug’s absorption/bioavailability profile and help to identify the site(s) of absorp-
tion so that controlled release dosage forms can be developed to achieve maximum
bioavailability. Remotely activated capsules have been used to facilitate evaluation
of performance modifiers, such as penetration enhancers or inhibitor agents that
can be co-administered with the drug, thus defining their role in the overall drug
absorption or degradation process. These devices avoid the need to subject volun-
teers to invasive procedures like oral intubation. An important advantage of these
devices is that they can deliver many forms of the drug (dry powder, liquids or
suspensions, and whole formulations) to key regions of the human gastrointestinal
tract precisely where they are required. They can be activated without the need for
invasive measures, which can disrupt local physiology and affect the accuracy of
measurements.

14.2.1 HF-Capsule

14.2.1.1 Design

The high-frequency (HF)-capsule (Fig.14.1) was developed by Shuster and
Hugemann in the early 1980s (Wouters, 1998). The HF-capsule is a remote con-
trolled device for bolus delivery of a drug in different regions of the human
gastrointestinal tract. It consists of a polyurethane hull (length 2.5 cm, diameter
0.7 cm) containing a small latex balloon as a drug reservoir and a simple mecha-
nism for destruction of the balloon by an external electromagnetic high-frequency
signal. The drug in solution penetrates the hull through small gaps after triggering
the release, and the hull itself is excreted in the feces. Part of the hull is radio-opaque
to enable localization in the gastrointestinal tract by radioscopy.

14.2.1.2 Application

Since its development, the HF-capsule has been employed in a number of studies
to evaluate the absorption of drugs including theophylline, nitrendipine, nisoldip-
ine, and ipsapirone (Bode et al., 1996). The HF-capsule was used to investigate the
absorption profile of ciprofloxacin solution from different regions of the gastroin-
testinal tract. Pharmacokinetic data obtained from 24 h venous blood samples and
urine collections were compared after ciprofloxacin release in the stomach, jejunum,
ileum, ascending colon, and descending colon. These values were compared with
data generated after the same dose of ciprofloxacin was administered as an oral solu-
tion, and after the administration of a commercially available tablet formulation. The
capsule was activated successfully in most instances, and results demonstrated that
the primary absorption site of ciprofloxacin was the upper gastrointestinal tract up
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Fig. 14.1 Schematic diagram of the HF-capsule. With kind permission from Springer Science+
Business. (Staib et al. Am J Med 87, 1989 Suppl. 5A, p. 67S)

to the jejunum. In addition, urinary excretion of the parent drug and metabolites was
monitored in this study; although urinary recovery of ciprofloxacin and metabolites
decreased due to regional differences in absorption along the GI tract, the metabolite
pattern was unchanged, thereby ruling out differences in presystemic metabolism as
a cause of the observed differences in absorption.

In a separate study, ipsapirone in solution was administered orally, rectally, and at
specific gastrointestinal sites using the HF-capsule. The relative systemic bioavail-
ability of the drug from the colon and the rectum was two- to three-fold greater than
that from the upper regions of the gastrointestinal tract. Hence, these data provided
a rationale for developing a prolonged release formulation of the drug (Fuhr et al.,
1994).



348 A.N. Rizwan and K.L.R. Brouwer

Bode et al. (1996) used the HF-capsule to determine whether absorption
windows for nifedipine existed along the gastrointestinal tract. The absence of
absorption windows, coupled with the finding that no particular regions of the
gastrointestinal tract exhibited significant impairment in the extent of nifedipine
absorption, provided the rationale for developing nifedipine as a sustained release
formulation.

14.2.2 InteliSite R©

14.2.2.1 Design

The InteliSite R© capsule (Fig. 14.2), an externally activated drug delivery system,
is approximately the size of a “000” capsule (10 mm wide and 35 mm long) and
can carry ∼0.8 mL of solution in a storage chamber. Following oral administra-
tion, the InteliSite R© capsule can be tracked through the gastrointestinal tract using
gamma scintigraphy. Either indium (111In) or technetium (99mTc) gamma isotopes
may be incorporated into the capsule. Therefore, the capsule and the release of drug
can be tracked simultaneously using gamma cameras with dual isotope detection
capabilities. Two versions of the InteliSite R© capsule are available. One version

Fig. 14.2 Schematic diagram
of the InteliSite R© capsule.
With kind permission from
Springer Science+Business
Media. (Parr et al., Pharm
Res, 1999, 16: p. 267, Fig.
4.1)
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delivers solutions or suspensions; another version delivers powder formulations
(Parr et al., 1999).

When the InteliSite R© capsule reaches the desired location in the gastrointestinal
tract, it is externally activated by a remote control device. Activation is accom-
plished by exposing the capsule to a radio frequency magnetic field that induces
a small amount of heat in the capsule’s activation assembly. This causes two
shape-memory alloy wires to straighten, and this action rotates an inner sleeve
of the capsule in relation to an outer sleeve. The rotation process aligns a series
of slots in the sleeve surface, which permits the contents of the capsule to be
released. Serial blood samples are taken to characterize drug absorption from the
specific gastrointestinal region. Post-activation, the InteliSite R© capsule passes intact
through the gastrointestinal tract and is excreted in the feces.

14.2.2.2 Application

The safety and utility of the InteliSite R© capsule was assessed by Pithavala et al.
(1998) and Parr et al. (1999) in healthy human volunteers; the test substance, a
radiotracer compound or ranitidine, respectively, was delivered to different regions
of the human intestine. The purpose of these studies was to establish that this device
could be used to administer drugs to specific sites in the human intestine, and to
correlate release of the drug to measured plasma concentrations. The study by Parr
et al. (1999) evaluated the safety and tolerance of the device; no active drug was
included in the capsule. Instead, radiolabeled 99mTc-diethylenetriaminepentaacetic
acid (DTPA) solution was added to the “drug” reservoir, and release of DTPA from
the capsule was visualized by gamma scintigraphy. The position of the capsule in
the correct anatomical region, before and after release, was verified by the sec-
ond radioisotope, 111In-DTPA, which was incorporated in a compartment in the
cap of the capsule. The aim of this study was to selectively release the contents of
the capsule from the “drug” reservoir into the stomach, jejunum, ileum, or colon,
during separate activation phases of the study. Results demonstrated that subjects
experienced no adverse events associated with the administration of the InteliSite R©
capsule, and that the device successfully released the contents in most instances at
the desired location (Parr et al., 1999).

The study by Pithavala et al. (1998) evaluated the extent of ranitidine absorption
from different regions of the human intestine including the jejunum, ileum, and colon.
Ranitidine solution was administered to healthy adult volunteers via the InteliSite R©
capsule. Following capsule activation and release of ranitidine, blood samples were
collected to measure the absorption and elimination profile. The data obtained cor-
related well with previous intubation studies showing that remote activation of the
InteliSite R© capsule was a non-invasive way to release ranitidine into the human
intestine and measure site-specific absorption of drugs (Pithavala et al., 1998).

Having established the safety and utility of the device in delivering a drug to the
desired location in the intestine, the application of the InteliSite R© capsule was vali-
dated further by co-administering two model drugs, theophylline and furosemide,
with known differences in absorption patterns along the intestine. Theophylline
is well absorbed along the full length of the intestinal tract, whereas furosemide
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exhibits regional differences in absorption. Theophylline and furosemide were
incorporated inside the InteliSite R© capsule in the form of split immediate release
tablets. In this three-way crossover study, eight subjects were administered either
tablets orally, or the split tablets were inserted inside the capsule and the capsule
was activated either in the small intestine or the colon after scintigraphic verification
of the capsule location. Successful capsule activation was confirmed by including a
soluble internal marker along with the split tablets. The capsule released the entire
radioactive marker in the small intestine in all but one subject. Both theophylline
and furosemide were well absorbed following InteliSite R© activation in the small
intestine, but near-complete release was observed for only two of the eight subjects
in the colonic region, possibly due to low water content in the colon, which resulted
in poor mixing and solubilization (Clear et al., 2001).

14.2.3 EnterionTM

14.2.3.1 Design

The EnterionTM capsule (Fig. 14.3) is a remotely activated capsule that can be used
to obtain detailed information on the human regional gut absorption window for
all types of oral formulations, provided they fit in the drug reservoir. The round-
ended capsule is the size of a “000” capsule, and its design incorporates a spring
which actively expels its contents (up to 1 mL of formulation) at the target site.
The EnterionTM capsule can be used to evaluate solutions, suspensions, particu-
lates, pellets, or mini-tablets. The primary application of this device is to identify
factors responsible for poor bioavailability in order to optimize oral drug delivery.
Data from the EnterionTM capsule have been used in the development of extended-
release versions of over 30 drugs currently on the market, including carvedilol,

Fig. 14.3 Schematic diagram of the EnterionTM capsule
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faropenem, oseltamivir, and acipimox (EnterionTM, 2009; Martin et al., 2003). A
notable advantage of the EnterionTM capsule is that whole formulations can be
tested, thus avoiding, at an early stage, the development of formulations that may
not prove viable as drug products.

After the subject has swallowed the EnterionTM capsule, it is tracked in real time
as it passes through the gastrointestinal tract using a gamma camera which detects
the gamma-emitting radionuclide sealed inside the tracer port of the capsule (Fig.
14.3). The subject also ingests a drink containing a second gamma-emitting radionu-
clide, which provides an outline of his/her stomach and colon. When the capsule
has reached its target destination, the volunteer stands inside an activation unit,
which sends an electromagnetic signal to the capsule and results in the instantaneous
release of the actuation spring, expelling the drug formulation within milliseconds
(EnterionTM, 2009; Martin et al., 2003).

14.2.3.2 Application

EnterionTM clinical studies are designed in a crossover format with regular blood
sampling to assess the impact of the type of oral formulation, including the immedi-
ate release formulation, on bioavailability. These studies may also answer questions
regarding the cause of poor absorption, which can be used to assess the advan-
tages of developing a modified release formulation. The different treatment arms
may include intravenous administration and an immediate release formulation to
compare with EnterionTM capsule activation and release of test drug/formulation
in select regions of the gastrointestinal tract (e.g., stomach, proximal small bowel,
distal small bowel, or ascending colon).

The anti-influenza prodrug oseltamivir phosphate (Tamiflu) exhibits high aque-
ous solubility and moderately low permeability. In order to evaluate the feasibility of
developing oseltamivir as a once-daily modified release formulation, the EnterionTM

capsule was employed to administer oseltamivir phosphate into the stomach, the
proximal small bowel, the distal small bowel, and the ascending colon. Both the
parent prodrug and the active metabolite exhibited a good absorption profile from
all regions of the gastrointestinal tract except for the ascending colon; although the
absorption rate from the colon was slower, substantial Cmax concentrations still were
achieved. The results, therefore, supported the feasibility of developing a modified
release formulation of oseltamivir phosphate (Oo et al., 2003).

Similarly, the regional absorption of the dual angiotensin-converting
enzyme/neutral endopeptidase (ACE/NEP) inhibitor, M100240, was evaluated
in three regions of the gastrointestinal tract using the EnterionTM capsule and
compared to intravenous and oral administration of the standard immediate release
tablet formulation to determine the absolute and relative bioavailability of this
compound. The estimates of relative bioavailability in the proximal small bowel,
the distal small bowel, and the ascending colon, relative to the oral immediate
release tablet, supported the development of a modified release formulation of the
compound. These studies also provided a more accurate determination of absolute
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and relative bioavailability from different regions along the gastrointestinal tract
(Martin et al., 2003).

Bevirimat, a first in class human immunodeficiency virus-1 (HIV-1) maturation
inhibitor, is in clinical development for combination therapy for HIV. However,
the immediate release formulation exhibits a relative bioavailability of less than
50% and higher inter-subject variability compared with an oral solution. Bevirimat
has little or no interaction with CYP enzymes or P-glycoprotein. The EnterionTM

capsule was used to investigate whether a narrow permeability-dependent absorp-
tion window existed within the human gastrointestinal tract that could explain the
observed inter-subject variability in bioavailability of bevirimat. Results demon-
strated that bioavailability of the immediate release formulation relative to the oral
solution was similar along different regions of the gastrointestinal tract, suggesting
that the observed interindividual variability in bioavailability was probably due to
other factors (Connor et al., 2009).

14.3 Intestinal Aspiration/Perfusion Catheters

The intestinal absorption of a drug is governed by its dissolution characteris-
tics, solubility and permeability, and the stability of the drug during exposure to
the gut wall and its contents following oral administration. The pharmacokinetic
events following oral drug administration are often poorly predicted by current
models of first-pass effects mediated by the gastrointestinal tract and liver, espe-
cially in first time in human studies. The use of multilumen aspiration/perfusion
catheters offers one approach to study these processes in a very direct fashion
in the most relevant species. Many versions of these catheters have been used
over the past several decades (Sladen, 1968; Sladen and Dawson, 1968, 1970;
von Richter et al., 2001; Glaeser et al., 2002; Lee et al., 2004) to address many
questions: intestinal solubilization of drugs; in vivo dissolution and bioavailabil-
ity; permeability of drugs in various regions of the intestine; absorption/metabolism
of drugs in the intestine; differentiating between paracellular/transcellular and
carrier-mediated intestinal transport; extent of intestinal secretion of drugs; regional
single-pass jejunal perfusion; biliary clearance/excretion; induction of intestinal
drug metabolism; absorption after oral, jejunal, cecal, or colonic administration; the
effect of pancreatico-biliary secretions on drug absorption; and intestinal drug–drug
interactions. These are summarized in Tables 14.1 and 14.2.

Although there has been considerable interest in studying intestinal permeability
in humans, the feasibility of conducting such studies is limited due to the com-
plexity and invasiveness of these procedures. Relatively few labs have developed
expertise in the use of aspiration/perfusion catheters to obtain samples directly from
the intestine or the stomach in humans. The advantages of using these techniques
are many, and depending upon the design of the catheter, by adjusting the loca-
tion of the occluding balloons and/or the function of aspiration/perfusion ports,
many paradigms can be evaluated. The applications of two specific catheters the
Loc-I-Gut R© and CHOL-ect catheters are discussed below.
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Table 14.1 Human intestinal aspiration/perfusion studies using the Loc-I-Gut R© catheter

Application Victim/drug Perpetrator References

Drug–drug interaction and
jejunal permeability

Fexofenadine Ketoconazole Tannergren et al.
(2003)

Amoxicillin Amiloride Lennernäs et al.
(2002)

(R/S)-Verapamil Ketoconazole Sandstrom et al.
(1999)

Finasteride St. John’s Wort Lundahl et al. (2009)
Jejunal permeability Cimetidine, ranitidine,

propranolol
– Takamatsu et al.

(2001)
Terbutaline, antipyrine – Fagerholm et al.

(1995)
Levodopa, antipyrine – Nilsson et al. (1994)
(R/S)-Verapamil – Hedeland et al.

(2004), Sandstrom
et al. (1998)

Influence of interindividual
variability in gastric
emptying/precipitation/
dissolution of a drug on
its pharmacokinetic
profile

Gefitinib – Bergman et al.
(2007)

Biliary secretion Rosuvastatin – Bergman et al.
(2006)

Table 14.2 Human intestinal aspiration studies using the CHOL-ect multilumen catheter

Application Drug/probe References

In vitro–in vivo correlation of
biliary clearance;
estimation of gall bladder
ejection fraction

99mTc-mebrofenin,
99mTc-sestamibi,
piperacillin

Ghibellini et al. (2007a, b)

Determination of in vitro and
in vivo metabolism

Piperacillin Ghibellini et al. (2007a)

Biliary clearance/excretion 99mTc-mebrofenin,
piperacillin

Ghibellini et al. (2006b)

In vivo dissolution and
bioavailability of a pancreatic
enzyme formulation

Pancrelipase ClinicalTrials.gov
(NCT00744250)

Absorption after oral or colonic
administration

Zafirlukast Fischer et al. (2000)

Absorption after oral, jejunal or
cecal administration

Sumatriptan Warner et al. (1995)

Effect of pancreatico-biliary
secretions on drug absorption

Ranitidine Reynolds et al. (1998)



354 A.N. Rizwan and K.L.R. Brouwer

14.3.1 Loc-I-Gut R©

The primary application of the Loc-I-Gut R© is in measuring the effective perme-
ability of a molecule across the wall of the small bowel (Table 14.1). Effective
permeability Peff is expressed in units of 104 cm/s and is a quantitative estima-
tion of passive and carrier-mediated flux across membranes (Lennernäs, 2007). The
effective permeability of a compound depends on its physicochemical characteris-
tics, effects on membrane fluidity, and carrier-mediated uptake or efflux. Depending
upon the compound, there may be substantial differences in Peff between species
due to differences in gastric volume and pH, gastrointestinal transit time, differences
in drug-metabolizing enzymes, and/or influx/efflux transporters. Furthermore, per-
meability of a compound is not necessarily constant throughout the gastrointestinal
tract; for some compounds, permeability may be greater in the jejunum than the
colon, while for other compounds, permeability may be constant throughout the
gastrointestinal tract.

14.3.1.1 Design

The Loc-I-Gut R© catheter (Fig. 14.4; Synectics Medical, Sweden) is a multichannel
polyvinyl tube with an external diameter of 5.3 mm. It is 175 cm long with two
inflatable balloons attached 10 cm apart. Inflation or deflation of the two balloons
allows this catheter to be used in three configurations: (1) open; (2) semi-open,
with occlusion by inflating the proximal balloon; and (3) closed, with two inflated
balloons occluding a 10-cm long intestinal segment. The tube often is used in
conjunction with a naso-gastric tube to aid in gastric sampling and drug adminis-
tration. The non-absorbable marker 14C-polyethylene glycol (PEG) 4000 is used
for normalization of the data. The tube can be positioned using a Teflon-coated
guidewire and placement can be confirmed by fluoroscopy. Details are discussed in
a comprehensive review (Lennernäs, 1998).

Fig. 14.4 The Loc-I-Gut R©

tube. A schematic view of the
Loc-I-Gut R© catheter
positioned in the proximal
human jejunum with an
isolated segment created by
inflation of the two balloons.
With kind permission from
Springer Science+Business.
(Petri et al. Drug Metab
Dispos. 2003, 31:805–813)
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When using the Loc-I-Gut R©, a 10-cm segment can be created between two
inflated balloons enabling single-pass perfusion of a well-defined region of the
small intestine. One of the primary advantages of this technique is that occlusion
of the segment between the two intra-luminal balloons minimizes contamination
with luminal fluids both proximally and distally into the perfused segment. In addi-
tion, leakage from the segment over the balloons is small, so that the recovery of
the non-absorbable marker is almost complete. These qualities enable control of
the absorption conditions in the intestinal segment, and thus facilitate the study of
mechanisms of transport and metabolism of xenobiotics and nutrients in the human
intestine (Lennernäs, 1998).

14.3.1.2 Applications

Two important parameters that can be measured by using the Loc-I-Gut R©
catheter include the intestinal absorption rate (Peff) and gut wall extraction (EG).
Bioavailability following oral administration can be described using the following
equation:

F = fa(1 − EG)(1 − EH) (14.1)

where fa is the fraction of the dose available for absorption; EG is the first-pass
extraction of the drug in the gut wall; and EH is the first-pass extraction of the drug
in the liver.

The amount of drug that disappears during a single passage through the intestinal
segment is assumed to be absorbed and can be calculated as follows:

fa = 1 − Cout

Cin
× PEGin

PEGout
(14.2)

where Cin and Cout are the inlet and outlet concentrations of the drug, respec-
tively; and PEGin and PEGout are the concentrations of 14C-polyethylene glycol
4000 entering and leaving the segment, respectively.

The effective intestinal permeability can be calculated based on the following
equation:

Peff = (Cin − Cout)Qin

Cout × 2�rL
(14.3)

where Qin is the flow rate of the perfusion solution and L is the length of the perfused
intestinal segment (usually 10 cm). The human intestinal radius (r) is assumed to be
1.7 cm.

The two parameters fa and Peff can be quantified by sampling through the tube.
Peff is a descriptor of the transport process across the intestinal barrier and is depen-
dent upon the perfusion technique, the perfusion rate, and the intestinal motility.
The fraction of the dose available for absorption (fa) is an estimate of the fraction of
the dose administered via the tube and transported across the apical cell membrane
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into the cellular space of the enterocytes. In Equation (14.1), the bioavailability
(F) can be estimated from the ratio of dose normalized blood/plasma area under
the curve (AUC) values determined following intestinal perfusion and after intra-
venous administration of the drug, and fa can be determined by measuring the rate of
disappearance of the drug from the perfusate using Equation (14.2). Hepatic extrac-
tion following intravenous administration can be calculated by dividing total blood
clearance by hepatic blood flow. Thus, incorporating the value of fa in Equation
(14.1) and assuming equal hepatic extraction following intravenous administration
and intestinal perfusion, the first-pass extraction from the gut can be estimated using
Equation (14.4):

EG = 1 − F

fa (1 − EH)
(14.4)

A major advantage of this approach is that extraction from the gut wall can be
differentiated from hepatic extraction assuming that the liver is the primary organ
for elimination of the drug after intravenous administration. The following sections
describe how Loc-I-Gut R© can be used and what questions can be answered.

14.3.1.3 Determination of Intestinal Presystemic Metabolism

Metabolic drug–drug interactions involving the CYP P450 enzyme systems can
affect the amount of drug entering into the systemic circulation and in some
cases have been demonstrated to play a more dominant role than hepatic enzymes
(Thelen and Dressman, 2009). The Loc-I-Gut R© was used in the double balloon
configuration to determine the effective jejunal permeability of (R/S)-enantiomers
of verapamil (a CYP3A4 substrate) along a 10-cm segment of the jejunum. The
aim of this study was to investigate the effect of ketoconazole, a modulator of P-
glycoprotein and a strong inhibitor of CYP3A enzymes, on the jejunal permeability
and first-pass metabolism of verapamil. Results showed that ketoconazole did not
affect the permeability of verapamil, suggesting that ketoconazole did not affect P-
glycoprotein-mediated efflux of verapamil. However, inhibition of CYP3A4 led to
a decreased appearance of both the (R) and (S) metabolites of verapamil, norvera-
pamil, in the perfusate leaving the human jejunal segment. Inhibition of the gut wall
metabolism of verapamil also may have been responsible for the observed increase
in the overall flux into the systemic circulation (Sandstrom et al., 1999). This pro-
vided a specific mechanism for the drug–drug interaction between ketoconazole
and verapamil, and established a method to measure the presystemic metabolism of
a compound mediated by the gastrointestinal tract in humans.

14.3.1.4 Evaluation of Biliary Excretion

Biliary excretion of drugs often is overlooked or not taken into account because
no convenient method exists to accurately detect this process in humans. Biliary
excretion is, however, a significant confounder, if not taken into account, when
secretion into bile is a major route of drug excretion. The Loc-I-Gut R© technique
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permits simultaneous dosing and bile collection. It allows for bile samples to be
collected from the distal duodenum/proximal jejunum during the absorption phase,
i.e., during the first couple of hours of drug absorption and disposition. The Loc-I-
Gut R© was used to generate data for rosuvastatin, a statin that acts in the liver and
exhibits toxicity after systemic exposure. The appearance of rosuvastatin in human
bile was very rapid; peak biliary concentrations were reached within 42 min after
rosuvastatin administration via a naso-gastric tube (Bergman et al., 2006).

St. John’s Wort (SJW) is a commonly used over-the-counter herbal remedy for
mild depression. SJW is a known inducer of CYP3A4. The effect of SJW on the
plasma, biliary, and urinary pharmacokinetics of finasteride was investigated using
a Loc-I-Gut R© catheter in a semi-open configuration. The objective was to study the
consequences of induced drug metabolism caused by SJW treatment on the plasma,
urinary and biliary pharmacokinetics of finasteride and its two phase I metabo-
lites (hydroxyl- and carboxy-finesteride). Finasteride was administered as a solution
directly into the intestine via a gastric port distal to the inflated balloon. The tube
was positioned such that the inflated balloon blocked bile passage down the intesti-
nal lumen, and bile samples were collected from aspiration ports proximal to the
balloon. Finasteride is known to undergo complete metabolism via CYP3A4 with
60% of the dose recovered in feces as metabolites. Thus, biliary excretion may be an
important route of elimination for finasteride metabolites. This was the first study
to investigate the excretion of finasteride in bile. The investigators quantified the
biliary excretion of the metabolite carboxy-finesteride and demonstrated that biliary
excretion increased following 2 weeks of induction with SJW. Furthermore, plasma
finasteride AUC and Cmax values were reduced by 50%. The interaction between
SJW and finasteride was deemed to be clinically relevant, and dose adjustments
were recommended in order to maintain efficacy in the treatment of benign pro-
static hyperplasia, especially since a significant proportion of the male population
uses SJW as an herbal supplement (Lundahl et al., 2009).

14.3.1.5 Impact of Modulators of Hepatic Transport

The Loc-I-Gut R© was used to study the importance of membrane transport proteins
in the pharmacokinetics of fexofenadine absorption. Fexofenadine is not metabo-
lized extensively and exhibits low passive membrane permeability because of low
Peff and fa values, both measured and predicted based on physicochemical prop-
erties. Therefore, fexofenadine probably relies on active transport to gain systemic
exposure. The objective of this study was to investigate the in vivo transport mech-
anisms involved in the intestinal absorption and bioavailability of fexofenadine
in humans. Comparison with intravenous pharmacokinetic data was not possible
because an injectable form of fexofenadine was not available. Verapamil was used
as a membrane transport inhibitor. A jejunal single-pass perfusion study was per-
formed in healthy human volunteers and the drugs were administered by perfusing
a 10-cm-long jejunal segment. Since the Peff of fexofenadine was not affected by
verapamil, it was hypothesized that simultaneous inhibition of the efflux trans-
porter P-glycoprotein and influx transporter(s), possibly organic anion-transporting
polypeptides (OATPs), by verapamil resulted in no net change in fexofenadine
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permeability. However, the plasma AUC of fexofenadine was increased by four-
fold in the presence of verapamil. The intestinal permeability of verapamil was
high, ensuring adequate liver exposure. The reason for the higher bioavailability
of fexofenadine in the face of low intestinal absorption was attributed to either
inhibition of OATP-mediated uptake of fexofenadine across the sinusoidal mem-
brane and/or P-glycoprotein-mediated secretion across the canalicular membrane
during first pass through the liver. This study showed that although OATPs and
P-glycoprotein work in opposite directions in the intestine, their cooperative func-
tion in the liver to facilitate hepatic uptake and biliary secretion, respectively, would
certainly affect first-pass hepatic extraction in the presence of a dual modulator (in
this case verapamil) (Sandstrom et al., 1999).

14.3.1.6 Directly Detecting Drug–Food Interactions

Dietary constituents may interact with drugs and lead to interindividual variability
in drug disposition. While it is challenging to delineate the mechanism(s) of drug–
drug interactions, it is even more complex to establish mechanisms for interactions
between drugs and dietary constituents. Petri et al. (2003) showed that components
present in foods may rapidly induce phase II enzymes after entering enterocytes.
Using the Loc-I-Gut R©, the permeability and the metabolism of the phytochemicals
sulforaphane and quercetin (from onion and broccoli, respectively) were shown for
the first time. Additionally, for the first time, short-term changes in the gene expres-
sion levels of metabolic enzymes were demonstrated in viable shed enterocytes col-
lected via this catheter. This novel work established a potential method for detecting
direct drug–food interactions in the gastrointestinal tract (Petri et al., 2003).

14.3.2 CHOL-ect

14.3.2.1 Design

The CHOL-ect multilumen catheter (Fig. 14.5) is a versatile device that has multiple
applications. It has been used to determine drug absorption following adminis-
tration in different regions along the gastrointestinal tract, measure the effect of
pancreatico-biliary secretions and gastrointestinal transit time on drug absorption
and pharmacokinetics, determine biliary clearance of drugs in humans for assess-
ment of in vitro and in vivo correlations, determine in vivo intestinal bioavailability
of pancreatic enzyme supplements, and assess the influence of hepatic transporter
modulation on hepatic exposure of drugs in humans (Ghibellini et al., 2004, 2006a,
b, 2007a, 2008) (summarized in Table 14.2).

This customized PVC catheter was designed by Ghibellini, Johnson, Heizer,
Brouwer, and co-workers in collaboration with Dentsleeve International Ltd., and
currently is manufactured by Mui Scientific, Inc. The CHOL-ect catheter is geared
toward establishing methods to examine biliary excretion of xenobiotics. It has an
outer diameter of 7.1 mm for the first 100 cm, and 4.6 mm for the remaining 28 cm.
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Fig. 14.5 The CHOL-ect tube. Cross-sectional diagram of the CHOL-ect multilumen catheter.
Lumens are numbered according to function. Design copyrighted and manufactured by Mui
Scientific, Mississauga, Ontario, Canada

An inflatable non-latex balloon is located at the tip with radio-opaque marker rings
at three positions along the length of the tube. The lumen of the tube consists of
eight channels for duodenal aspiration, Teflon-coated guidewire insertion, duodenal
vacuum relief, stomach vacuum relief, proximal and distal duodenal saline flush,
balloon inflation, and stomach aspiration. The large number and the distribution
of aspiration/perfusion ports along the tube add to the versatility of the device for
different applications (Fig. 14.5).

14.3.2.2 Applications

Although the CHOL-ect tube is amenable to studies evaluating the effect of site-
specific absorption of drugs along the gastrointestinal tract (Warner et al., 1995;
Fischer et al., 2000) or to the influence of pancreatico-biliary secretions on the
absorption of a drug (Reynolds et al., 1998), the need to gain information on
hepatobiliary drug disposition has led to more specialized applications of this
technology.

The prominent role of the liver in the biotransformation and elimination of xeno-
biotics is well recognized. The liver is anatomically unique in that it receives blood
from two sources: from the spleen, gastrointestinal tract and its associated organs,
(portal vein), and from the general circulation (hepatic artery). The liver tissue is
not vascularized with a capillary network as with most other organs but consists of
blood-filled sinusoids surrounding the hepatic cells. Also surrounding the hepato-
cytes are the bile canaliculi, which drain into bile ducts. Substances entering the
hepatocytes across the basolateral membrane can undergo biotransformation and
either be excreted back into sinusoidal blood, or can be excreted apically into bile
and end up in the duodenum following storage and subsequent expulsion from the
gall bladder.
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A major obstacle in accurately quantifying biliary excretion has been the
interindividual variability in biliary secretion as a result of incomplete gall blad-
der emptying during the course of bile collection. One way to circumvent this is by
pharmacologically inducing gall bladder contraction by infusing cholecystokinin-
8 (CCK) or by stimulating physiological CCK secretion through olfactory and/or
gastric stimuli. Ghibellini et al. (2004) circumvented these problems by devel-
oping a novel method to quantify biliary excretion of drugs in healthy human
volunteers. Using 99mTc-mebrofenin (MEB), an imaging agent administered intra-
venously that is excreted primarily unchanged in bile, they were able to visualize
gall bladder contractions and ejection of contents that were aspirated via the CHOL-
ect tube. This allowed for accurate calculation of in vivo biliary clearance of
99mTc-MEB corrected for gall bladder ejection fraction (EF), which accounted
for the amount of 99mTc-MEB remaining in the gall bladder due to incomplete
gall bladder contraction (XGB). The gall bladder ejection fraction was defined as
follows:

EG = GBtCCK − GBtlast

GBtCCK (14.5)

where GB represents the counts over the gall bladder region, tCCK is the time of
CCK administration, and tlast is the last imaging time point.

In vivo biliary clearance, corrected for ejection fraction, was estimated using the
following equation:

in vivo CLbiliary = XGB0−t last

AUC0−t last
(14.6)

where XGB is the amount excreted into the gall bladder, corrected for gall bladder
ejection fraction, from time 0 to the last time point (Ghibellini et al. 2006b).

The gamma-emitting probe substrate 99mTc-MEB was employed initially to
establish this method and quantify gall bladder ejection fraction. Collection of bile
in the bile ducts and gall bladder, followed by expulsion of bile from the gall blad-
der, could be visualized by the gamma camera and quantified by measuring the
99mTc-MEB dose recovered in bile aspirated from the intestine. Bile collection was
facilitated by using the CHOL-ect tube with a distally occluding balloon. Following
proper placement of the catheter in the duodenum below the ampulla of Vater, base-
line blood, urine, and bile samples were collected, and the occlusive balloon was
inflated. Subjects were administered an intravenous bolus dose of 99mTc-MEB and
blood samples were collected from the contralateral arm over 180 min. Bile sam-
ples also were obtained over 180 min and urine was collected at the end of 180 min.
Anterior gamma scintigraphic images were acquired at 1-min intervals throughout
the study. Imaging results clearly showed that bile was ejected from the gall blad-
der in pulses rather than in a sustained secretary response. Each of the four subjects
studied showed a different pattern of bile secretion into the intestine, probably due
to differences in spontaneous contraction patterns of the gall bladder. However, the
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gamma camera images proved conclusively that the catheter collected biliary and
duodenal secretions and that the secretions were aspirated from the duodenal region
via the CHOL-ect tube. Data clearly demonstrated that correction for gall bladder
ejection fraction contributed substantially to the accuracy of the method to quantify
biliary clearance of molecules (Ghibellini et al., 2004).

This technique was applied to evaluate the biliary excretion of piperacillin in
healthy human volunteers. Piperacillin is an intravenously administered antibiotic
used to treat biliary tract infections. Piperacillin concentrates in bile and achieves
minimum inhibitory concentrations for target pathogens in tissues within 2–3 h
following a 5 g intravenous bolus injection (Ghibellini et al., 2006b). The CHOL-
ect tube was positioned fluoroscopically prior to starting the piperacillin infusion.
About 120 min after piperacillin administration, 99mTc-MEB was administered as
an intravenous bolus, and subjects were positioned under the gamma camera for
gamma scintigraphic imaging of the gall bladder over 240 min. Gall bladder con-
traction was induced at 240 min by CCK administration. When CCK failed to induce
gall bladder contraction, other gall bladder contraction stimulants were tried. Blood
samples were collected for 600 min. The ejection fraction was estimated using
Equation (14.5), and the total amount of piperacillin excreted in bile before and
after inducing gall bladder emptying at 240 min, corrected for the EF, was obtained
using the following equation:

Piperacillin XGB = X0−240 min
bile + (X240 min −360 min

bile /EF) (14.7)

where Xbile is the amount collected from the CHOL-ect tube and XGB is the esti-
mated amount excreted into the gall bladder. Piperacillin is not a drug that is
extensively secreted into bile, yet a sensitive estimate of in vivo biliary clearance
was determined by factoring in interindividual variability due to differences in gall
bladder emptying.

The CHOL-ect tube has been employed to validate in vitro–in vivo correla-
tions in hepatobiliary drug clearance in humans. In preclinical species, piperacillin
metabolism and biliary excretion varied considerably. This is often the case with
many drugs due to species differences in drug transport and metabolizing enzymes.
A better prediction of biliary clearance can be made by extrapolating data gener-
ated in human hepatocytes. However, for estimating biliary clearance, bile canaliculi
must be present in the cultured hepatocytes. Hence, suspended human hepatocytes
will not give an accurate estimate of biliary clearance. Hepatocytes cultured in a
sandwich configuration develop extensive bile network formation, and the in vivo
biliary clearance can be estimated using B-CLEAR R© technology and compared
with actual in vivo biliary clearance values measured using the CHOL-ect catheter.
This approach published by Ghibellini et al. (2007b) was the first report of the
comparison of predicted values for biliary clearance obtained in sandwich-cultured
human hepatocytes to in vivo determinations in humans. When biliary clearance
predictions were made by scaling in vitro data to kilogram of body weight, a good
correlation was achieved.
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As with the Loc-I-Gut R©, the CHOL-ect catheter has been used to character-
ize the absorption profile of drugs following administration in various anatomical
regions of the human gastrointestinal tract. For drugs with low bioavailability
administered orally, understanding where in the gastrointestinal tract absorp-
tion/metabolism occurs can aid in the development of approaches to improve
bioavailability. In the case of sumatriptan, a drug that undergoes rapid absorption
after oral administration but has a low bioavailability (14%), oral versus colonic
administration using the CHOL-ect tube established that sumatriptan was absorbed
to a greater extent in the upper regions of the gastrointestinal tract rather than
in the colon and that most of the metabolism occurred in this region (Warner
et al., 1995).

The CHOL-ect multilumen catheter has been used to assess in vivo intestinal
dissolution and bioavailability of a drug formulation that acts within the duodenum
of humans. Patients with pancreatic insufficiency take exogenous porcine pancre-
atic enzymes which contain lipase, pancrease, and amylase necessary for digestion.
These enzymes are prone to inactivation in the acidic pH of the stomach. Thus, pan-
creatic enzymes are formulated as enteric-coated and buffered microspheres because
deficient bicarbonate secretion in patients with a compromised pancreas (such as
patients with cystic fibrosis and chronic pancreatitis) results in insufficient neutral-
ization of bile acids which can delay dissolution and increase the risk of enzyme
inactivation; both situations lead to decreased intestinal bioavailability of pancreatic
enzymes. In recent guidelines to the industry, the FDA has mandated that manufac-
turers demonstrate in vivo intestinal bioavailability of these products using intestinal
aspiration techniques in humans. The CHOL-ect catheter has been used to evaluate
the in vivo dissolution and release of these enzymes from a commercially available
pancreatic enzyme supplement in subjects with pancreatic insufficiency. Samples
from the duodenum were collected 45 min after administering the pancreatic
enzyme supplement with a high-fat liquid meal to simulate a fed state. Differences
in enzyme activity compared to placebo, measured in samples collected over 3 h,
were used to assess intestinal bioavailability of these products (ClinicalTrials.gov.,
NCT00744250).

Another novel application of the CHOL-ect multilumen catheter may be to
address the dilemma the pharmaceutical industry faces in explaining mechanisms of
drug-induced liver injury and hepatic transporter-mediated drug–drug interactions.
Multiple and poly-specific efflux and influx transporters in the liver, the absence of
specific inhibitors/substrates for individual transporters, and species differences in
hepatic transport processes have limited our ability to accurately predict interactions
and altered hepatic disposition of drugs in humans. To increase our understanding
of these events, specific probes need to be developed and validated in vivo so that a
better extrapolation can be made from in vitro studies. For example, imaging agents
may be used to assess hepatic exposure and the CHOL-ect tube can be used to
quantify biliary excretion in humans. The influence of hepatic transporter modula-
tion by drug–drug/food interactions, disease states or genetic variations in hepatic
drug exposure, and systemic disposition and biliary excretion of drugs in humans
could be assessed using the CHOL-ect tube and suitable probes.
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14.4 Microdosing

Recently, the FDA and the European Medicines Agency (EMEA) have developed
guidances for phase 0 microdosing or imaging studies designed to evaluate the
pharmacokinetics, metabolism, or distribution of test compounds in humans. The
impact of these guidelines has been reviewed recently by Marchetti and Schellens
(Marchetti and Schellens, 2007). The aim of human microdosing studies is not
to gain information about safety or efficacy, but rather to determine key phar-
macokinetic parameters. This information can then be incorporated into in silico
pharmacokinetic models to aid first-in-human studies, if possible, or used to make an
early decision to stop development of the drug candidate in order to save resources.
Thus, human microdosing primarily is directed toward reducing the cost of failure,
once a new drug candidate is selected, in a highly competitive industry. Undesirable
pharmacokinetic properties account for almost 40% of the drugs that are with-
drawn after phase I. Existing guidelines, therefore, allow for significant flexibility
in terms of the amount of data that need to be submitted with an IND application
for microdosing studies.

Candidates for human microdosing studies are selected on the basis of demon-
strated pharmacological activity in animal models and after some limited animal
safety testing. This is followed by oral and/or intravenous administration of a
microdose to human volunteers and analysis of relevant body fluids using sensitive
bioanalytical methods such as accelerator mass spectrometry, ultrasensitive LC-
MS/MS, tandem liquid chromatography/mass spectroscopy, or positron-emission
tomography. A microdose is defined as less than 1/100th of the dose of a test sub-
stance calculated (based on animal data) to yield a pharmacologic effect of the test
substance with a maximum dose of ≤100 μg (for imaging agents, the latter criterion
applies). Due to differences in molecular weights as compared to synthetic drugs,
the maximum dose for protein products is ≤30 nmol.

The scope of these exploratory studies involving very limited human exposure
can extend to assessing whether a particular mechanism of action defined during
drug development also can be observed in humans, to gaining pharmacokinetic
information, and to selecting the most promising lead compound(s) from a group of
candidates based on pharmacokinetic or pharmacodynamic properties. An obvious
limitation with microdosing is ascertaining whether pharmacokinetic data obtained
at these low doses are predictive of data that would be obtained at the clinically
relevant dose.

Data demonstrating the utility of human microdosing studies are just beginning to
emerge. Microdosing studies (excluding those studies aimed at imaging) published
in the literature were reviewed in 2008 to assess how well microdose data have
predicted the pharmacokinetics of drugs compared to administration of a therapeutic
dose. Of the 18 drugs evaluated, 15 demonstrated linear pharmacokinetics within a
factor of 2 between the microdose and the therapeutic dose (Lappin and Garner,
2008).

A trial was performed in healthy volunteers to compare the pharmacokinetics of
five drugs [warfarin, ZK253 (Schering), diazepam, midazolam, and erythromycin]
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in order to determine the feasibility of using microdosing to predict the pharmacoki-
netics of these drugs at a therapeutic dose. The compounds were chosen to represent
a situation in which prediction of pharmacokinetics from either animal or in vitro
studies (or both) was likely to be complicated. In a crossover design, volunteers
received: (1) one of the five compounds as a microdose labeled with 14C (100 μg),
(2) the corresponding 14C-labeled therapeutic dose on a separate occasion, and (3)
simultaneous administration of an intravenous 14C-labeled microdose and an oral
non-labeled therapeutic dose for ZK253, midazolam, and erythromycin. Analysis
of 14C-labeled drugs in plasma was performed by HPLC followed by accelerator
mass spectrometry. Liquid chromatography–tandem mass spectrometry was used to
measure plasma concentrations of ZK253, midazolam, and erythromycin at ther-
apeutic concentrations, whereas HPLC–accelerator mass spectrometry was used
to measure warfarin and diazepam concentrations. Results showed concordance
between the pharmacokinetics of diazepam, midazolam, and ZK253 following the
microdose and the therapeutic dose. However, a discrepancy was observed in war-
farin’s distribution that may have been attributed to high-affinity, low-capacity
tissue binding, although the clearance was reasonably well predicted. The oral
microdose of erythromycin failed to provide detectable plasma concentrations as
a result of possible acid lability in the stomach. The absolute bioavailability of
the three compounds examined yielded excellent concordance with data from
the literature or generated data. Overall, it appears that microdosing, when used
appropriately, offers the potential to aid in early drug candidate selection (Lappin
et al., 2006).

14.5 Future Challenges

14.5.1 Need for Innovation

There is no doubt that considerable innovation and research is needed to gain a
better understanding of drug absorption processes in humans. It has been esti-
mated that currently a new molecular entity (NME) entering clinical phase I testing
has only an 8% chance of reaching the market, and the probability is even lower
for an anticancer drug (FDA, Critical Path Opportunities Report, 2006). The cur-
rent cost of bringing a new medicine to market, estimated to be as high as US
$0.8–1.7 billion, is a major barrier to investment in innovative, higher risk drugs or
in therapies for uncommon diseases or diseases that predominantly afflict the poor
(FDA, Innovation or Stagnation? Challenge and Opportunity on the Critical Path
to New Medical Products, 2004). Identifying at an early stage lead molecules that
are likely to fail at later stages of clinical development will enhance the efficiency
of drug development. Currently, the ability of in silico models to predict the bio-
pharmaceutical properties of a compound, and of animal models to predict ADME
characteristics is limited. Due to the complexities of human drug absorption, current
in vitro and preclinical in vivo models may not accurately predict bioavailability or
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drug–drug/food interactions in drug absorption. It is therefore essential that human
absorption data are obtained using innovative technologies in order to enhance the
attrition rate in early clinical testing (Wilding et al., 2000).

14.5.2 Identification of Probe Substrates

Clarifying the role of transport proteins and metabolic enzymes during the drug
absorption process, determining mechanisms of modulation of these proteins, and
understanding the therapeutic or toxicological implications of such alterations are
key in drug development. Figure 14.6 shows an example of a decision tree for drug–
drug interaction studies to evaluate the interaction profile of a candidate molecule
with respect to in vitro metabolism to determine when clinical in vivo data are
needed (FDA, MAPP: Clinical Pharmacology and Biopharmaceutics NDA Review

Fig. 14.6 A possible model for decision making: CYP-based drug–drug interaction studies (from
FDA’s CDER homepage). NME: New molecular entity. ∗Additional population pharmacokinetic
analysis may assist the overall evaluation, + negative results from an in vivo cocktail study would
preclude further evaluation to determine whether an NME is an inhibitor or an inducer of a
particular CYP enzyme
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Template, 2004). When a compound is determined to be a substrate for a particular
enzyme or a transporter, and the contribution of that pathway to drug elimination is
significant or unclear, in vivo studies in humans need to be carried out using the most
potent inducer(s) and/or inhibitor(s), depending on the potential clinical interac-
tion. With seemingly endless possibilities for clinically significant transporter- and
enzyme-mediated drug interactions, the need to identify specific probe substrates
and inhibitors is imperative prior to undertaking these expensive studies. The tech-
niques described in this chapter may aid in delineating mechanisms of interactions
in drug absorption and addressing bioavailability problems.

14.5.3 Better Detection and Quantification Methods

Non-invasive means of monitoring drug concentrations, for example, using molec-
ular tags that can be located through imaging techniques, could markedly improve
product development by enabling sponsors to correlate response with drug avail-
ability at the target site. Furthermore, the potential to assess the role of metabolizing
enzymes, transporters, and their interplay in the clearance of a drug by a particular
organ would be increased using these methods.

14.5.4 Understanding the Physiology of Drug Disposition
Within Organs

Considering recent guidelines stressing the need to define mechanistically enzyme-
and transporter-based drug interactions, now more than ever there is a need to
accurately characterize a drug molecule in terms of its intestinal permeability and
first-pass metabolism; to delineate its interaction with metabolizing enzymes; to
understand whether its disposition is transporter dependent; and to predict the poten-
tial drug interaction profile. In vitro, in silico and animal in vivo and ex vivo models
provide a significant amount of information during development of a lead molecule.
Nevertheless, there are numerous instances when such molecules fail because of
poor bioavailability, toxicity, drug interactions, or other factors when administered
to humans. To bridge the gap between in vitro data and in vivo absorption and
intestinal first-pass metabolism, accurate prediction of the intestinal availability will
allow for a more precise assessment of the clearance of a molecule and its drug–drug
interaction potential.

14.6 Conclusions

In conclusion, as our understanding of drug absorption, metabolism, and disposition
processes increases, innovative new technologies are needed to evaluate potential
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new drugs, to optimize existing development strategies, and to ensure the safety and
efficacy of medicines.
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Chapter 15
Management of Drug Interactions of New Drugs
in Multicenter Trials Using the Metabolism
and Transport Drug Interaction Database©

Houda Hachad, Isabelle Ragueneau-Majlessi, and René H. Levy

Abstract The Metabolism and Transport Drug Interaction Database© (DIDB) is
a web-based research tool (www.druginteractioninfo.org) for scientists and clini-
cians working in the field of drug interactions (DIs). The DIDB enables users to
access, manage, and analyze the scientific basis of clinical drug interactions for
drugs, biologics, food, and herbal derivatives. Users can search the database using a
number of queries that allow them to approach the data from different perspectives.
This chapter illustrates how the DIDB can be used by clinical investigators to man-
age drug interactions of new molecular entities in the context of a disease and its
comorbidities or during multicenter trials.

15.1 Introduction

Once the pharmacokinetic and metabolic characteristics of a new molecular entity
(NME) have been established, scientists and clinicians encounter the need to assess
its drug interaction (DI) potential. That potential is assessed using in vitro and in
vivo studies. When the NME advances into clinical trials, the drug interaction “com-
pany” scientists must provide clinical investigators with recommendations regarding
coadministration of the NME with a large array of marketed drugs, based on the
therapeutic regimens of patients enrolled in the clinical trials. There is then a need
to translate the drug interaction potential of the NME into patient-specific guidance.
This requires rapid access to vast literature sets on metabolic isozymes, transporters,
substrates, inducers, and inhibitors that allow judgements on dosage adjustments. In
the first part of this chapter, it is shown how the Metabolism and Transport Drug
Interaction Database (www.druginteractioninfo.org) (DIDB) can be used to provide
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scientifically based recommendations to clinicians in real time, during clinical trials.
The DIDB, developed by the Drug Interaction Prediction Group at the University
of Washington, includes one of the largest sets of comprehensive data pertaining
to drug–drug, drug–food, and drug–herb interactions in humans. The DIDB was
initially designed to serve as a tool for scientists in academia, regulatory agencies,
and the pharmaceutical industry who need to build or evaluate a drug interaction
program. As shown previously (Hachad et al., 2008), the DIDB has been used exten-
sively by researchers and clinicians interested in correlating in vitro and in vivo
findings on interactions associated with metabolic enzymes (phases I and II) and
transporters.

The second part of this chapter addresses a new approach to DI evaluation based
on a disease orientation. It introduces the use of a new section of the DIDB (Disease-
Oriented Database) that allows novel queries regarding the DI potential of an NME
in the context of a disease and its comorbidities.

15.2 Database Design and Content

Structure: The DIDB application has a typical multitier architecture in a Microsoft R©
.NET environment (the web part of the database, which is accessed by the user over
the internet, is hosted on a Microsoft Windows 2003 server running IIS and version
2.0 of the ASP.NET framework. All data are stored on a Microsoft SQL Server 2005
database). The use of the Web facilitates worldwide access as well as upgrades and
updates; the DIDB is updated daily.

Content: Currently the DIDB has data extracted from more than 7400 published arti-
cles referenced in PubMed (Pub Med) (1966–present), 60 New Drug Applications
(NDA), and 360 product labels (1998–present). The information is being devoted to
drug metabolism, transport and interactions.

The unit of information (citation) is either a published research article
or the “NDA Clinical Reviews” section available from drugs@FDA website
(drugs@FDA).

Detailed records are generated from each research article or NDA, highlighting
study results as well as experimental conditions; the records are structured in the
database according to a defined hierarchy. For example, relevant information col-
lected from in vitro studies pertains to the role of particular metabolic enzymes in the
various metabolic pathways of substrates and the inhibition and induction spectra of
drugs toward metabolic enzymes. Particular attention is paid to experimental con-
ditions used in the determination of enzyme kinetic parameters, including Km, Ki,
IC50, KI – Kinact, EC50. In vivo studies include pharmacokinetic studies with blood
level measurements, pharmacokinetic–pharmacodynamic studies, as well as case
reports. In addition to research articles, the DIDB team has built original excerpts
from Product Label of recently approved drugs (1998–2009) in the United States,
available from the drugs@FDA website (drugs@FDA).
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Recently, a new section analyzing DIs in the context of specific diseases and
their comorbidities (Disease-Oriented Database) has been added to the DIDB. This
section allows users to retrieve overall summaries on DIs related not only to drugs
used to treat the disease but to drugs used to treat the main comorbidities of that
disease.
Queries: The DIDB search interface utilizes a list of prestructured searches called by
“Queries.” These are set along intuitive themes such as drug, enzyme, therapeutic
class, transporter and thus allow the user to quickly select the appropriate search
without the need for extensive training (see appendix for more details).

The following section describes two examples of use of the DIDB highlighting
the three-step logic used to perform a search:

– Defining the issue (background and question)
– Selecting the search (queries)
– Analyzing and interpreting the result output

15.3 Examples of Use

15.3.1 Example: Finding CYP3A Inhibitors in the Context
of Clinical Trials

15.3.1.1 Background

In its last guidance document (FDA Guidance for Industry), the FDA proposed that
CYP3A inhibitors be classified based on the magnitude of changes in plasma area
under the curve (AUC) of oral midazolam or other sensitive CYP3A substrate.
For instance, if the ratio AUCinhibited/AUCcontrol (AUCR) of oral midazolam (or
other CYP3A sensitive substrate) is 5 or higher, the inhibitor is considered a strong
CYP3A inhibitor. If the ratio is between 2 and 5, the inhibitor is classified as mod-
erate, and finally, if the ratio is between 1.25 and 2, it will be considered a weak
inhibitor. A similar classification has been proposed for the other CYP enzymes.
By using a clear and consistent categorization of drugs as substrates and inhibitors,
the FDA hopes to facilitate analyses across DDI studies and to help health-care
providers to safely administer these drugs through a consistent labeling language.

In the following example, an NME has been shown in early development to be
mainly metabolized by CYP3A (fmCYP3A of 0.94), and a drug interaction study
performed with the strong CYP3A inhibitor ketoconazole yielded an AUCR of this
NME of 3.6. Considering that the therapeutic range of the NME is not wide, clin-
icians in charge of clinical trials need to identify all known strong inhibitors of
CYP3A because they might be contraindicated. Similarly, these clinicians need
to identify all moderate CYP3A inhibitors to recommend clinical monitoring for
potential toxicity when they are coadministered with the NME.
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15.3.1.2 Question

Before starting the program of phase II trials, the sponsor wishes to identify all drugs
that behave as strong or moderate inhibitors of CYP3A, in order to provide clinical
investigators with recommendations.

15.3.1.3 Search Strategy

It is possible to obtain all strong inhibitors from a single query if one includes all
sensitive substrates at once: in the DIDB section “AUC and CL Changes Queries,”
the query “Percent AUC or CL with Multiple Objects” retrieves all changes in AUC
that were measured in DI studies with multiple substrates. In the situation described
above, the CYP3A probe substrate midazolam as well as all drugs listed by the FDA
as sensitive CYP3A substrates (i.e., which exhibit an AUCR of 5 or more when given
concomitantly with a CYP3A inhibitor) will be used. These sensitive substrates are
the following: budesonide, buspirone, eplerenone, eletriptan, felodipine, fluticas-
one, lovastatin, midazolam, saquinavir, sildenafil, simvastatin, triazolam, vardenafil
(FDA Guidance for Industry). To find strong CYP3A inhibitors, a percent change in
substrate’s AUC of 400% or more (i.e., AUCR ≥ 5) will be selected (Fig. 15.1).

Fig. 15.1 Query labeled “Percent AUC or CL with Multiple Objects” used to find in vivo inhibitors
of CYP3A using sensitive substrates. Display from the Metabolism and Transport Drug Interaction
Database© (http://www.druginteractioninfo.org, accessed Apr 2009)
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15.3.1.4 Result Outputs

The display shown in Fig. 15.2 has, for each sensitive substrate, an alphabetical list
of inhibitors that have been shown to increase the AUC of the substrate by at least
400%.

Fig. 15.2 List of precipitants evaluated with CYP3A sensitive substrates. These precipitants have
increased the AUC of substrate(s) by 400% or more. Display from the Metabolism and Transport
Drug Interaction Database© (http://www.druginteractioninfo.org, accessed Apr 2009)

Each precipitant (inhibitor) in the list has its own folder containing more detailed
information: exact value of the AUC change observed in the study, dosing reg-
imen of the object (substrate) and the precipitant (inhibitor), and a link to the
source article identified by either an Accession Number (PMID number) or an NDA
Number. By clicking directly on this number, the full description of the article can



376 H. Hachad et al.

be retrieved (study design, population, drug dosing regimen, results of pharmacoki-
netic measurements, side effects. . .). Two additional features are available next to

the Accession/NDA Number: Abstract of the article (visualized with the icon)

and Reference PK parameters for drugs (retrieved by clicking on the icon).
There are several options for displaying the results in a table and performing

filter operations as well as exporting capabilities into Microsoft Excel R© (Fig. 15.3)
or Microsoft Word R©.

Fig. 15.3 Excel download of the results of the query that retrieved strong CYP3A inhibitors (same
results than Fig. 15.2). Display from the Metabolism and Transport Drug Interaction Database©
(http://www.druginteractioninfo.org, accessed Apr 2009)

When the lists of inhibitors obtained for each substrate are compared and
duplicates are removed, the following strong inhibitors remain (Table 15.1).

Using the AUCR of the probe substrate midazolam when available, users can
compare potencies of various inhibitors and extrapolate what would be observed if
these inhibitors are coadministered with the NME of interest.

Repeating the same query and changing the AUC range to 100–400% (AUCR of
2–5) retrieves the moderate inhibitors of CYP3A. These are presented in Table 15.2.

15.3.1.5 Interpretation

Considering the results of Table 15.1, it appears that most AUCR were obtained
with midazolam making it easier to compare the effects of ketoconazole to those of



15 Management of Drug Interactions of New Drugs in Multicenter Trials 377

Table 15.1 Strong CYP3A inhibitors obtained using sensitive substrates

Precipitant
Therapeutic
class

Object
(orally) AUCratio

PMID or
NDA #

Publication
Year

Strong CYP3A inhibitors (yielding substrate AUCr> 5)

Ritonavir Protease inhibitors Triazolam 40.7 16513448 2006
Indinavir Protease inhibitors Vardenafil 16.2 NDA # 021400 2003
Ketoconazole Antifungals Midazolam 15.9 8181191 1994
Troleandomycin Antibiotics Midazolam 14.8 15536460 2004
Itraconazole Antifungals Midazolam 10.8 8181191 1994
Voriconazole Antifungals Midazolam 9.4 16580904 2006
Saquinavir/RITa Protease inhibitors Maraviroc 9.2 18333863 2008

Mibefradil
Calcium channel

blockers
Midazolam 8.8 14517191 2003

Clarithromycin Antibiotics Midazolam 8.4 16432272 2006
Lopinavir / RIT Protease inhibitors Aplaviroc 7.7 16934050 2006
Nelfinavir Protease inhibitors Simvastatin 6.1 11709322 2001
Telithromycin Antibiotics Midazolam 6.0 NDA # 021144 2004
Grapefruit juice

DSb Food products Midazolam 5.6 12953340 2003

Conivaptan Diuretics Midazolam 5.7 NDA # 021697 2005
Nefazodone Antidepressants Midazolam 5.4 14551182 2003
Saquinavir Protease inhibitors Midazolam 5.2 10430107 1999

aRIT: ritonavir
bDS: double strength

other strong inhibitors. For example, since the NME under consideration exhibited
an AUCR of 3.6 with ketoconazole, other strong inhibitors such as telithromycin,
conivaptan, nefazodone, and saquinavir are expected to produce smaller increases
in AUC when they are coadministered with the NME. Additional insights can be
obtained by searching for CYP3A substrates that exhibit AUCR values close to
3.6 when coadministered with ketoconazole. In the present example, the lists of
inhibitors generated become useful tools for investigators involved in early clini-
cal studies since they provide a rational basis for dosing adjustments. Also, in the
case of multicenter trials, clinicians forward queries about existing comedications
in individual patients’ regimens. While the DIDB would allow a rapid assessment
of the in vivo inhibition potential of these comedications, clinicians are told that if
these additional comedications are not found in the lists of CYP3A inhibitors pro-
vided, they do not need to be concerned about potential interactions since the NME
is metabolized only by CYP3A.

While this question focused on an NME that is CYP3A substrate, the same
approach can be easily reproduced with NMEs that are substrates of any other CYP
enzyme and allows the identification of drugs that need to be considered carefully
when coadministered with the NME.
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Table 15.2 Moderate CYP3A inhibitors obtained using sensitive substrates

Precipitant Therapeutic class
Object
(orally) AUCratio

PMID or
NDA #

Publication
year

Moderate CYP3A inhibitors (AUCr ≥ 2 and < 5)

Fluconazole Antifungals Midazolam 4.9 16172184 2005
Atazanavir/RITa Protease inhibitors Maraviroc 4.9 18333863 2008
Erythromycin Antibiotics Midazolam 4.4 8453848 1993
Darunavir/RIT Protease inhibitors Sildenafil 4.0 NDA # 021976 2006

Diltiazem
Calcium channel

blockers
Midazolam 3.7 8198928 1994

Atazanavir Protease inhibitors Maraviroc 3.6 18333863 2008
Aprepitant Antiemetics Midazolam 3.3 12891225 2003

Imatinib
Antineoplastic

agents
Simvastatin 2.9 14612892 2003

Verapamil
Calcium channel

blockers
Midazolam 2.9 8198928 1994

Grapefruit juice Food products Midazolam 2.4 10546916 1999
Tofisopam Benzodiazepines Midazolam 2.4 17989974 2008
Ciprofloxacin Antibiotics Sildenafil 2.1 16372380 2005

Cimetidine
H-2 receptor

antagonists
Midazolam 2.0 6152615 1984

aRIT: ritonavir

15.3.2 Example: Analysis of Drug Interactions in the Context
of a Disease and Its Comorbidities

15.3.2.1 Background

Assessment of the DDI risk potential of an NME during drug development takes
into consideration the clinical outcome of administration of the NME and focuses
not only on drugs used to treat the primary disease but also on those used to treat
comorbidities. Moreover, questions arise regarding the roles of environmental fac-
tors (food, herbal medications) and patient characteristics (phenotype, age, etc.) that
may also alter drug disposition.

In the problem at hand, an NME is being developed for the treatment of anxiety.
This NME is mainly metabolized by CYP1A2 with some contribution by CYP3A4.
It was also found that this NME is a weak CYP3A4 inhibitor yielding an AUC ratio
of midazolam of 2.3.

15.3.2.2 Question

Because anxiety symptoms are common in 60% of patients with major depression
and sleep problems such as insomnia, the user wanted to evaluate whether antide-
pressants would have any clinically relevant impact on the disposition of this new
anxiolytic; in addition, given the inhibitory profile of this NME, the user wanted to
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determine whether any drugs used in depression are likely to be affected by this new
anxiolytic.

15.3.2.3 Search Strategy

First Query

Within the DIDB website, the disease monograph for depression will be used
(Fig. 15.4). This depression monograph has been compiled using in-depth analyses
of the metabolic profiles and effects of all major antidepressant classes (tricyclics,
selective serotonin reuptake inhibitors (SSRIs), monoamine oxidase inhibitors
(MAOIs), serotonin–norepinephrine reuptake inhibitors (SNRIs), and dopamine–
norepinephrine reuptake inhibitors). The depression monograph is organized into
summaries, 22 individual drug monographs, and queries.

Fig. 15.4 One-page presentation of the different sections (summaries, individual drug mono-
graphs, and queries) within the monograph for depression. Display from the Metabolism and
Transport Drug Interaction Database© (http://www.druginteractioninfo.org, accessed Apr 2009)
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Result Output

For all the drugs considered within the five antidepressant classes cited above, com-
plete profiles are presented within a table that highlights the main characteristics of
each drug considered as an inhibitor/inducer (Fig. 15.5).

For each antidepressant shown in Fig. 15.5, that table provides the enzymes
and /or transporters affected and a corresponding DDI risk level. Four risk levels
have been created based on a combination of the following characteristics: (i) sen-
sitivity to inhibition and induction of the involved enzymes and/or transporters; (ii)
therapeutic range; (iii) documented clinical interactions.

Analyzing Results of the First Query

The inhibitory profiles of the 22 antidepressants listed in Fig. 15.5 show that these
drugs inhibit mostly CYP2D6 and only one of them is a CYP1A2 inhibitor, namely

Fig. 15.5 Complete DI profile of 22 antidepressants presented within a table that highlights
the main characteristics of each drug considered as an inhibitor or an inducer. Display from
the Metabolism and Transport Drug Interaction Database© (http://www.druginteractioninfo.org,
accessed Apr 2009)
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Fig. 15.6 Fluvoxamine monograph: complete DI profile for this drug which is organized into
various sections: metabolism/elimination, enzymes/transporters and main associated interac-
tions, inhibition/induction profiles. Display from the Metabolism and Transport Drug Interaction
Database© (http://www.druginteractioninfo.org, accessed Apr 2009)

fluvoxamine. The fluvoxamine drug monograph (Fig. 15.6) shows the extent of
CYP1A2 inhibition by this drug in a study with duloxetine (CYP1A2 sensitive sub-
strate) yielding an AUC ratio of 6. This study can then be used to predict the outcome
of a DI between the new NME (CYP1A2 substrate) and fluvoxamine.

Second Query

To address the CYP3A inhibitory potential of the NME and assess whether its weak
inhibitory potency might affect certain antidepressants, the overall view that high-
lights the main characteristics of all antidepressant as substrates is used (Fig. 15.7).

Result Output

This table shows that nefazodone and trazodone are the only antidepressants
metabolized principally by CYP3A4. Additionally, CYP3A is partially involved in
mirtazapine disposition, along with CYP2A6 and CYP1A2.
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Fig. 15.7 Complete DI profile of 22 antidepressants presented within a table that highlights the
main characteristics of each drug considered as a substrate. Display from the Metabolism and
Transport Drug Interaction Database© (http://www.druginteractioninfo.org, accessed Apr 2009)

Analyzing the Results of the Second Query

An analysis of the DDI profiles of these three antidepressants (Fig. 15.8) shows that
only trazodone is susceptible to CYP3A inhibition as indicated by a 2.4 AUC ratio
in the presence of the potent CYP3A inhibitor ritonavir (the three antidepressants
are also sensitive to potent inducers such as carbamazepine). The ritonavir effect
toward trazodone indicates that a weak CYP3A inhibitor such as the NME under
consideration should have a limited effect on trazodone exposure.
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Fig. 15.8 Example of the drug monograph section called: main enzymes and associated
interactions for three antidepressants that are CYP3A substrates: nefazodone, trazodone,
and mirtazapine. Display from the Metabolism and Transport Drug Interaction Database©
(http://www.druginteractioninfo.org, accessed Apr 2009)

15.3.2.4 Interpretation

The new disease section has multiple uses and it allows a rapid assessment of the
following:

– the DI potential of an NME in comparison with other marketed drugs used to treat
the same disease,

– the DI potential of this NME with drugs used to treat comorbidities of that disease,
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– the complete DI profile of a disease in a summarized tabulated view as shown in
Figs. 15.5 and 15.7.

Clinical investigators may also be interested in using two novel queries that yield
the DI profile resulting from the coexistence of any two diseases of interest (e.g.,
depression and diabetes) (Fig. 15.9).

Fig. 15.9 Query labeled “Two diseases or comorbidities” used to retrieve all DI studies between
antidepressants and antidiabetics. Display from the Metabolism and Transport Drug Interaction
Database© (http://www.druginteractioninfo.org, accessed Apr 2009)

15.4 Ongoing Developments

The DIDB is a tool that is constantly being optimized as a result of feedback from
a large base of users including requests for specific searches. These can be in the
format of new queries or special reports tailored by the DIDB team. New features
currently being developed include the addition of data sets pertaining to emerging
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areas (transporters, nuclear receptors). The DIDB is also enhanced with tools that
allow the users to rapidly focus on important DI reports and sort through the large
body of literature. Examples of such tools include: graphical displays of extent of
DI (AUCR, changes in clearance of substrates) and “flagging” important drug char-
acteristics (narrow therapeutic range drugs, probe substrates, potent inhibitors, or
inducers).

Appendix

The only terminology specific to the DIDB pertains to drugs/compounds which
appear as object or precipitant depending on their role in specific drug interaction.
Object refers to a compound that acts as the modified agent (i.e., substrate) and pre-
cipitant refers to a compound that acts as the causative agent. A precipitant can be
an inhibitor, inducer, or activator but it may have no effect at all.

The DIDB search interface utilizes a list of prestructured searches called by
“Queries.” These are set along intuitive themes such as drug, enzyme, therapeutic
class, and transporter and thus allow the user to quickly select the appropriate search
without the need for extensive training. The ten sets of queries can be categorized
into qualitative or quantitative as shown below:

Qualitative

Drug Search by Drug (using generic names)
Enzyme Search by Enzyme
Nuclear receptor and induction Search by Nuclear Receptor
Therapeutic class Search by Therapeutic Class
Transporters Search by Transporter
QT interval Search for data summarizing QTc effects of drugs
Other Search for articles using journal, author name, etc.

Quantitative

AUC/CL changes Search for AUC and CL changes (%) observed in drug
interaction studies

In vitro parameters Search for in vitro parameters: Km, Ki, IC50, KI , Kinact, etc.
Pharmacokinetics Search for pharmacokinetic parameters of selected drugs
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Chapter 16
Web-Based Database as a Tool to Examine
Drug–Drug Interactions Involving Transporters

Kazuya Maeda, Yoshihisa Shitara, Toshiharu Horie, and Yuichi Sugiyama

Abstract The clinical importance of drug–drug interaction mediated by drug trans-
porters has been gradually recognized; its quantitative prediction and an in silico
database of drug–drug interaction have been much wanted. In this chapter, exam-
ples of, and prediction methods for, transporter-mediated drug–drug interactions
are shown, and a Web-based transporter-mediated drug–drug interaction database
in TP-search (http://www.TP-Search.jp/) is also described.

16.1 Drug Transporters as a Target of Drug–Drug Interaction

16.1.1 General Features of Transporter-Mediated Drug–Drug
Interaction

Currently, various kinds of drug transporters in several organs have been cloned and
characterized, and the importance of drug transporters in the in vivo pharmacoki-
netics of their substrate drugs has also been clarified by the use of gene-knockout
or gene-deficient animals and in human clinical studies demonstrating the effects of
genetic polymorphisms or interacting drugs on the pharmacokinetics of substrates.
As shown in Fig. 16.1, many kinds of transporters are located on both sides of
polarized epithelial or endothelial cells in several organs. Among these drug trans-
porters, SLC (solute carrier)-type transporters are mainly involved in the uptake
of drugs, while ABC (ATP-binding cassette)-type transporters are important for the
cellular efflux of drugs. Coordination of uptake and efflux transporters enables com-
pounds to penetrate these cells efficiently in so-called vectorial transport (Giacomini
and Sugiyama, 2005). Vectorial transport in several organs can be a determinant of
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Fig. 16.1 Drug transporters expressed in various tissues. Bold circles represent the ATP-binding
cassette (ABC) family of transporters and others are the solute carrier (SLC) family of transporters

the itinerary of substrate drugs in the body by effecting systemic clearance in the
liver and kidney, intestinal absorption, and brain distribution across the blood–brain
barrier (BBB). For example, in human liver, SLC-type transporters, organic anion
transporting polypeptide (OATP) 1B1 and OATP1B3, are thought to be responsi-
ble for the uptake of anionic compounds, while ABC-type transporters, multidrug
resistance-associated protein (MRP) 2 and breast cancer resistance protein (BCRP),
play important roles in their biliary excretion. Though the protein sequences and
structures of SLC and ABC transporters are very different, their substrate specifici-
ties often overlap, which results in the efficient biliary excretion of a wide variety
of organic anions. Because drug transporters can generally accept several struc-
turally unrelated compounds, including endogenous compounds such as bilirubin
and bile acids and clinically important drugs, we must notice that inhibitors or
inducers for a specific transporter can affect the pharmacokinetics of multiple com-
pounds, which cannot presently be easily determined by their chemical structure
alone. The impact of functional change in the uptake and efflux transporters on
the pharmacokinetics of drugs and their subsequent pharmacological or toxicolog-
ical effects depends on the circumstances. For transporters expressed in the liver,
kidney, and intestine, functional alterations directly affect the bioavailability and
systemic clearance of drugs. For example, a decrease in the transport function of
an uptake or efflux transporter in a clearance organ reduces the organ clearance,
which results in an increase of the drug concentration in the systemic circulation
and its exposure to all the organs in the body. In this case, a routine survey of drug
concentration in blood such as therapeutic drug monitoring (TDM) greatly helps
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us to understand easily any functional change in the transport function by coad-
ministered drugs. On the other hand, for transporters expressed at pharmacological
or toxicological targets or at tightly connected endothelial cell monolayer barriers
between the blood and important tissues (including brain, fetus, and testis), if the
distribution volume of the target tissue is much smaller than that of whole body,
their functional change does not affect the plasma concentration but dramatically
alters the drug’s local tissue concentration. In this case, we cannot easily detect the
drug–drug interaction, because in humans, we can only measure the plasma concen-
tration of drugs. Moreover, the inhibition of transporters for endogenous compounds
by drugs causes an abnormal increase in their plasma and tissue concentration. For
example, hepatobiliary transport of bile acids is achieved by their hepatic uptake
by Na+-taurocholate cotransporting polypeptide (NTCP) and biliary excretion by
the bile salt export pump (BSEP). Some drugs, such as troglitazone sulfate, gly-
buride, bosentan, rifampicin, and cyclosporin A, potently inhibit the function of
NTCP and BSEP, which sometimes causes drug-induced cholestasis in clinical sit-
uations (Fattinger et al., 2001; Funk et al., 2001; Kostrubsky et al., 2003). Bilirubin
is taken up into hepatocytes mainly via OATP1B1, conjugated with glucuronic acid,
and then excreted into the bile via MRP2 as bilirubin glucuronide. A previous report
has indicated that indinavir, cyclosporin A, and rifamycin SV, which have been
clinically reported to induce hyperbilirubinemia, inhibited the function of human
OATP1B1 at therapeutically relevant concentrations (Campbell et al., 2004).

16.1.2 Examples of Clinically Relevant Drug–Drug Interaction
Mediated by Transporters

Recently the number of clinical studies demonstrating the putative transporter-
mediated drug–drug interaction has gradually increased, and even for drugs that
are thought to be eliminated from the body by extensive metabolism, transporters
sometimes play important roles in their drug–drug interactions. In this section,
some clinically relevant examples of the transporter-meditated drug interactions are
briefly introduced.

16.1.2.1 Multidrug Resistance (MDR) 1 (P-glycoprotein)

MDR1 is expressed in various kinds of organs, such as intestine, liver, kidney, and
the BBB, and it works to effect the cellular efflux of various kinds of cationic and
neutral compounds with relatively high hydrophobicity. MDR1 restricts intestinal
absorption of, and facilitates the excretion of, these sorts of compounds from liver
and kidney; thus the inhibition of MDR1 function leads to an increase in the con-
centration of these substrates in the circulating blood with consequent potentiation
of their pharmacological or toxicological effects. Digoxin is a typical MDR1 sub-
strate with minimal metabolism and is generally recognized as a drug probe for
MDR1. Because the therapeutic window of digoxin is very narrow and even a small
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fluctuation of its blood concentration can cause severe side effects, many clini-
cal reports regarding its drug–drug interaction have been published. For example,
many reports have previously indicated that coadministration of quinidine, vera-
pamil (antiarrhythmic drugs), or ritonavir (an anti-HIV drug) with digoxin results
in an increase in the blood concentration of digoxin and the risk of side effects
(Fromm et al., 1999; Verschraagen et al., 1999; Kusuhara and Sugiyama, 2001).
This interaction is thought to be caused by a combination of increased intestinal
absorption and decreased hepatic and renal clearance of digoxin by the inhibition
of MDR1 in the small intestine, liver, and kidney. Because the substrate specifici-
ties of MDR1 often overlap those of cytochrome P450 (CYP) 3A4, the relative
contribution of MDR1 and CYP3A4 in the drug–drug interaction of MDR1 sub-
strates at the small intestine cannot be easily separated in most cases. MDR1 is
also localized on the blood side of the BBB and plays an important role in limit-
ing the brain distribution of substrate drugs. Using MDR1 knockout mice, the brain
concentration of some MDR1 substrates was drastically increased, whereas their
blood concentration was not significantly changed (Schinkel et al., 1994). Thus,
it is very difficult to determine the types of drug–drug interaction as mentioned
above. A previous clinical study has indicated that coadministration of loperamide
(an antidiarrheal) and quinidine causes respiratory suppression in humans (Sadeque
et al., 2000). Normally, MDR1 actively pumps loperamide out from the brain and
acts peripherally as an agonist of opioid receptors in the small intestine. However,
coadministered quinidine can increase the brain distribution of loperamide by its
potent inhibition of MDR1-mediated efflux, and it exerts its opioid receptor agonis-
tic effects in the central nervous system (CNS). The expression of side effects occurs
earlier than any increase in the blood concentration of loperamide, suggesting that
its CNS side effect is not determined by its blood concentration.

Some drugs upregulate mRNA expression of MDR1 mainly via pregnane X
receptor (PXR). A previous report has indicated that repeated administration of
rifampicin, a typical potent PXR agonist, increased the protein expression of MDR1
in human small intestine biopsy samples and significantly decreased the blood
concentration of orally administered digoxin (Greiner et al., 1999).

16.1.2.2 OATP Family Transporters

OATP1B1 and OATP1B3 are almost exclusively expressed in the basolateral mem-
brane of hepatocytes and are responsible for the hepatic uptake of a wide variety
of anionic compounds. The inhibition of OATP1B1 and OATP1B3 decreases the
hepatic clearance of substrate drugs and subsequently increases their blood concen-
tration. For example, a clinical report indicated that coadministration of cyclosporin
A drastically increased the plasma concentration of cerivastatin (Muck et al., 1999).
Because cerivastatin is metabolized mainly by CYP2C8 and partly by CYP3A4,
many investigators have suspected the inhibition of CYP-mediated metabolism of
cerivastatin by cyclosporin A. However, Shitara et al. (2003) have demonstrated
that cerivastatin was taken up into hepatocytes by OATP1B1 and that cyclosporin
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A potently inhibited OATP1B1-mediated uptake of cerivastatin in human hepato-
cytes, even at therapeutic doses, while its inhibitory effect on the metabolism of
cerivastatin was less potent (Shitara et al., 2003). After this report, several drug
interaction studies with cyclosporin A have been performed and indicated that
the plasma concentration of many OATP drug substrates that are eliminated from
the liver by extensive metabolism, such as repaglinide (2C8), nateglinide (2C9),
glibenclamide (2C9 and 3A4), bosentan (2C9 and 3A4), and atorvastatin (3A4), is
increased by the coadministration of cyclosporin A, while OATP substrates with
minimal metabolism such as rosuvastatin, pitavastatin, and pravastatin also interact
with cyclosporin A to the same extent (Shitara et al., 2005; Shitara et al., 2006).
Thus, this evidence indicated that the hepatic clearance of these drugs is mainly
determined by an OATP-mediated hepatic uptake process. (The theoretical consider-
ation from the viewpoint of pharmacokinetics will be discussed below.) On the other
hand, repeated doses of rifampicin and efavirenz decreased the plasma concentration
of pravastatin, which is thought to be cleared from the body by OATP1B1 with-
out any metabolism, suggesting that the expression of OATP1B1 may be induced
by these drugs, probably via PXR (Kyrklund et al., 2004; Gerber et al., 2005).
This hypothesis is supported by in vitro experiments demonstrating that exposure
of rifampicin increased the mRNA level of OATP1B1 in cultured human hepato-
cytes (Sahi et al., 2006), though the elements responsible for PXR binding have not
yet been clarified.

In the small intestine, OATP1A2 and OATP2B1 are reported to be expressed,
though expression of OATP1A2 remains to be discussed. Recently, the plasma con-
centration of fexofenadine and several β-blockers (including celiprolol, atenolol,
and talinolol) was significantly reduced by the coadministration of fruit juice made
from grapefruits, oranges, or apples (Dresser et al., 2002; Lilja et al., 2003, 2005;
Schwarz et al., 2005). In vitro experiments indicated that fruit juice, especially a
major constituent of grapefruit juice, naringin, can inhibit the uptake mediated by
OATP1A2 and OATP2B1 as well as Oatp1a5, which is expressed in the small intes-
tine in rodents, and several animal experiments apparently reproduced the inhibitory
effect of fruit juice on the intestinal absorption of several drugs, which includes
drugs interacting with fruit juice in humans (Dresser et al., 2002; Lilja et al., 2003,
2005; Schwarz et al., 2005). Currently we do not know which transporters are
involved in this type of drug–drug interaction in humans, and further studies will
be needed to demonstrate directly the role of OATP transporters in the intestinal
absorption of organic anions by the use of the genetic polymorphisms or drugs
interacting with these transporters.

16.1.2.3 Organic Anion Transporter (OAT) 1 and OAT3

OAT1 and OAT3 are expressed on the blood side of kidney epithelial cells, and
several reports have suggested that these transporters are important for the renal
secretion of organic anions. OAT3 accepts various kinds of bulky hydropho-
bic anions that are very similar to substrates of OATP transporters in the liver,
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while OAT1 can transport relatively hydrophilic small molecules, such as nucle-
oside analogues. Previous reports have indicated that the coadministration of
probenecid and some nonsteroidal anti-inflammatory drugs (NSAIDs) decreases
renal clearance of cephalosporin antibiotics and methotrexate by the inhibition
of OAT family transporters (Maiche, 1986; McLeod, 1998). In in vitro experi-
ments, many drugs can inhibit OAT-mediated uptake, but most of them should not
interact with OAT-mediated drug uptake in clinical situations because their clin-
ical plasma concentrations are far below the Ki values for OATs in most cases,
except for p-aminohippurate (PAH), probenecid, indomethacin, and salicylic acid.
Interestingly, coadministration of probenecid with famotidine results in a reduc-
tion of the renal clearance of famotidine in humans but not in rats. To clarify the
interspecies difference, Tahara et al. have demonstrated the effect of probenecid
on the uptake of famotidine mediated by renal transporters (Tahara et al., 2005).
In rats, the relative contribution of organic cation transporters (Octs) to the overall
renal uptake of famotidine is thought to be high, and inhibition of Oat3-mediated
uptake by probenecid may not have a significant effect on the renal clearance of
famotidine, whereas in the case of humans, the relative contribution of OAT3 is
high compared with that in rats, and the inhibition of OAT3-mediated uptake of
famotidine by probenecid causes a drug–drug interaction.

16.1.2.4 Multidrug and Toxin Extrusion (MATE)

MATE family transporters are mainly expressed on the apical membrane of hepato-
cytes and kidney epithelial cells. MATEs are thought to be involved in the cellular
efflux of compounds to bile or urine. Cimetidine was reported to decrease the renal
clearance of fexofenadine and metformin in humans, and organic cation transporter
(OCT) 2 in the kidney is thought to be one of the target transporters for these
interactions (Yasui-Furukori et al., 2005). However, the plasma protein-unbound
concentration of cimetidine is lower than the Ki value for OCT2. On the other hand,
cimetidine can inhibit MATE function more potently than OCT2; thus, this inter-
action can be explained by the inhibition of MATE-mediated efflux by cimetidine
(Matsushima et al., 2009; Tsuda et al., 2009). The number of substrates for MATEs
has been increasing, and the inhibition of MATEs is expected to decrease the bil-
iary excretion and increase the hepatic distribution of certain substrates. Thus, the
importance of drug–drug interaction for MATE family transporters should be further
investigated.

16.2 What Should Be Considered When Predicting a
Transporter-Mediated Drug–Drug Interaction?

As indicated above, the number of examples of drug–drug interaction at transporters
has been increasing, and its prediction is important for the development of new drugs
as well as for the appropriate clinical use of currently existing drugs. Therefore, in
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this section, we will discuss what kinds of factors influence the extent of drug–drug
interaction based on pharmacokinetic theory.

16.2.1 The Effect of Inhibitors on the Decrease in the Intrinsic
Clearance of Substrate Drugs

If inhibitors inhibit the transport of substrates in a competitive and noncompetitive
manner, the transport clearance can be described as follows:

(Competitive) CLint(+ I) = Vmax

Km

(
1 + I

Ki

)
+ S

(16.1)

and

(Noncompetitive) CLint(+ I) =
Vmax/

(
1 + I

Ki

)

Km + S
(16.2)

where CLint(+I), Km, Vmax, S, I, and Ki represent intrinsic clearance in the presence
of inhibitors, the Michaelis constant of substrates, maximum transport velocity of
substrates, substrate concentration, inhibitor concentration, and inhibition constant
of inhibitors, respectively. Thus, the degree of inhibition (R value) can be determined
by inhibitor concentration and Ki values for inhibitors:

R = CLint(+ I)

CLint(− I)
= 1

1 + I
Ki

(16.3)

where CLint(–I) represents the intrinsic clearance in the absence of inhibitors. Thus,
the accurate estimation of the inhibitor concentration and Ki values is one of the
key points for the quantitative prediction of the drug–drug interactions. Ki val-
ues can be obtained from various kinds of in vitro experimental systems, such as
transporter-expressing cell lines, Xenopus oocytes, and membrane vesicles, simply
by plotting the data for transport clearance of substrates in the presence of several
concentrations of inhibitors. I should be the inhibitor concentration in the vicinity
of transporters, but especially for humans, with the exception of plasma concentra-
tions, it is very difficult to measure their true concentrations. Moreover, the inhibitor
concentration changes continuously with time. For the early phase of drug develop-
ment, researchers want to know whether new drug candidates have the potential to
interact with other drugs via transporters as well as metabolic enzymes. In that case,
to avoid false-negative prediction, the maximum concentration of inhibitors can be
used for the sensitive detection of the putative drug–drug interactions. Following the
classical assumption in which only the protein-unbound form of drugs can inhibit
the transporters, to consider the effect of inhibitors on the uptake transporters, the
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initial protein-unbound concentrations of inhibitors that are intravenously admin-
istered should be the maximum values. On the other hand, if inhibitors are orally
administered, maximum concentrations of inhibitors (Cmax) can be regarded as max-
imum values in most cases, whereas in the liver, because orally administered drugs
enter the liver not only from blood circulation but also from the small intestine, the
maximum input of inhibitors from both pathways should be considered. Ito et al.
proposed the following equation for the estimation of maximum protein-unbound
concentration at the inlet to the liver (Iin,max,u) after oral administration of drugs (Ito
et al., 1998):

Iin,max,u =
(

Imax + ka · D · Fa

QH

)
× fB (16.4)

where Imax, ka, D, Fa, QH, and fB represent the maximum concentration of inhibitors
in blood, absorption rate constant, dose, intestinal availability, hepatic blood flow
(= 1.4 L/min in humans) and protein-unbound fraction in blood. If we do not know
the exact ka and Fa values for the calculation of maximum concentration, maxi-
mum ka (= 0.1 min–1; gastric emptying rate) and Fa (= 1) can also be assigned to
Equation (16.4). In the interpretation of the results from this approach, we should
keep in mind that even if the R value for the combination of drugs is calculated to be
less than 1, drug–drug interaction does not always occur. On the other hand, if the R
value is nearly equal to 1, we are not concerned that there is a drug–drug interaction
for that drug combination.

For the efflux transporters, if the protein-unbound form of inhibitors can only
passively pass into the intracellular compartment, unbound blood concentration of
inhibitors is the same as that near transporters inside the cells. However, if the
inhibitors are actively taken up by transporters, intracellular unbound concentra-
tion (Iu,tissue) must be higher than the blood unbound concentration (Iu,blood) and we
may underestimate the inhibition potency by the prediction using Iu,blood values.
Thus

Iu,tissue = q × Iu,blood (16.5)

where q represents the ratio of the unbound concentration in cells to that in blood.
The concentrative uptake of inhibitors can be predicted with in vitro experiments
using isolated organ cells. The steady-state cell-to-plasma concentration ratio of
inhibitors is measured in the presence and absence of metabolic inhibitors such
as p-trifluoromethoxyphenylhydrazone (FCCP), rotenone, and sodium azide, and
the ratio of these values minus 1 corresponds to the q value. If these data are not
available, for the safety margin, intracellular unbound concentration is estimated by
using 5–10 as a q value. For the prediction of drug–drug interactions at transporters
in the small intestine, I should be the concentration of drugs in the intestinal lumen;
however, it is very difficult to estimate. Recently, Tachibana et al. have proposed
a new approach to estimating the apparent intestinal volume to predict drug–drug
interaction in the small intestine (Tachibana et al., 2009). The details are described
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in Chapter 12. Efflux transporters such as MDR1 and BCRP are often suspected to
be candidate targets for drug–drug interaction in the small intestine. In this case,
the inhibition of efflux transporters results in an increase of intestinal availability
(FaFg). However, we must keep in mind that if FaFg is close to one under normal
conditions, the inhibition of efflux transporters no longer causes the enhancement
of intestinal absorption.

16.2.2 The Influence of the Pharmacokinetic Properties of
Substrate Drugs on the Extent of Drug–Drug Interaction

The severity of drug–drug interaction largely depends on not only the concentration
of inhibitors but also the pharmacokinetic properties of substrate drugs. In this sec-
tion, the influence of the pharmacokinetic properties of substrate drugs on the extent
of drug–drug interaction will be discussed.

16.2.2.1 Contribution of Each Transporter to the Overall Membrane
Transport of Substrates

Several transporters are usually expressed on the same membrane of the same tis-
sue. Because of the broad substrate specificities of transporters, one compound is
often recognized by multiple transporters. The substrate specificities of transporters
often overlap, and so one compound can frequently be recognized by multiple trans-
porters. For example, OATP1B1 expressed on the basal side of hepatocytes can
transport similar types of compounds such as OATP1B3 and OATP2B1. In that
case, information regarding the contribution of specific transporters to the overall
hepatic uptake is required to evaluate quantitative changes in the pharmacokinetics
of drugs when the function of specific transporters is changed. Moreover, especially
for lipophilic compounds that can easily penetrate the plasma membrane, passive
diffusion is not negligible. Therefore, the intrinsic membrane transport clearance
(CLint,membrane) is described as follows:

CLint,membrane =
∑

i

CLtransport,i + CLpassive (16.6)

where CLtransport,i and CLpassive represent the active transport clearance mediated by
“transporter i” and passive transport clearance, respectively. We can roughly dis-
criminate the active transport clearance from passive clearance by measuring the
decrease in the transport activity in the presence of metabolic inhibitors or at low
temperatures.

When multiple transporters move substrate drugs in the same direction in par-
allel, if an inhibitor can inhibit multiple transporters with different inhibition
potencies, the net degree of inhibition (R) is given by the following equation:
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R =
∑

n
PSint,n( + I)

∑

n
PSint,n( − I)

=
∑

n

Rn · PSint,n( − I)
∑

n
PSint,n( − I)

=
∑

n

Rn · fn =
∑

n

fn

1 + Iu
Ki,n

(16.7)

where PSint,n(+I), PSint,n(–I), Rn, and fn represent the intrinsic membrane transport
clearance mediated by “transporter n” in the presence and absence of an inhibitor,
R value for “transporter n,” and the contribution of “transporter n” to the overall
transport clearance, respectively. Therefore, considering this equation, when we
predict the clinical drug–drug interaction, we must obtain information regarding
the contribution of each transporter to the overall membrane transport (fn), protein-
unbound concentration of an inhibitor (Iu), and its inhibition constant for each
transporter (Ki,n). Various compounds are generally accepted by several multispe-
cific drug transporters when considering the fn value. For example, OATP1B1 and
OATP1B3 are responsible for the hepatic uptake of drugs, and OAT1 and OAT3
play an important role in their renal uptake, but the importance of each transporter
in the uptake process depends on the substrates. Methods for estimating the contri-
bution of each uptake transporter to the overall hepatic and renal uptake in humans
have been established. Hirano et al. have proposed three different methods for esti-
mating the relative contribution of OATP1B1 and OATP1B3 to the hepatic uptake
of various drugs (Hirano et al., 2004, 2006). The first approach is to use refer-
ence compounds that are recognized by a specific transporter, and this is called
the “RAF (relative activity factor) method.” E-sul (estrone-3-sulfate) and CCK-8
(cholecystokinin octapeptide) can be used as reference compounds for OATP1B1
and OATP1B3, respectively. Thus, the ratio of the uptake clearance of reference
compounds in human hepatocytes to that in expression systems is calculated and
defined as “Ract” for OATP1B1 and 1B3, and by multiplying the Ract value by the
uptake clearance of test compounds in expression systems (CLtest), we could esti-
mate the uptake clearance of test compounds mediated by specific transporter in
human liver. Assuming that the hepatic uptake clearance (CLhep) can be explained
by OATP1B1 and OATP1B3-mediated transport, the following equation should be
correct:

CLhep = Ract,OATP1B1 × CLtest,OATP1B1 + Ract,OATP1B3 × CLtest,OATP1B3 (16.8)

Using the same methodology, the contribution of OAT1 and OAT3 to the renal
uptake of compounds in rats has been estimated by using PAH and pravastatin as
reference compounds for OAT1 and OAT3, respectively (Hasegawa et al., 2003).
This type of approach has also been applied to human kidney slices (Nozaki et al.,
2004).

The second approach is to estimate directly the ratio of the expression level
of OATP1B1, 1B3, and 2B1 in human hepatocytes to that in expression systems
by comparing their band densities in Western blot analyses and by estimating
their relative contributions using that ratio instead of using Ract values as shown
above. The third approach is to estimate the inhibitable portion of the uptake
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of test compounds in human hepatocytes in the presence of a specific inhibitor
for each transporter. E-sul can be used as a specific inhibitor for OATP1B1.
For example, the uptake of pitavastatin was completely inhibited by 30 μM E-
sul, indicating a major role for OATP1B1 in its hepatic uptake, whereas that of
telmisartan (OATP1B3-specific substrate) was not inhibited by E-sul. We have
attempted to estimate the contribution of OATP1B1 and OATP1B3 to the hep-
atic uptake of multiple anionic drugs, and though some anionic drugs shared the
same pharmacokinetic properties by which they are efficiently accumulated in
the liver, the relative contribution of each transporter depends on individual sub-
strates. From our estimation, pitavastatin and rosuvastatin are taken up mainly via
OATP1B1 (Hirano et al., 2004; Kitamura et al., 2008), and fexofenadine and telmis-
artan are transported predominantly by OATP1B3 (Shimizu et al., 2005; Ishiguro
et al., 2006).

16.2.2.2 Importance of the Transport Process in Overall Intrinsic Clearance

The detoxification process in each organ consists of some intrinsic processes such
as uptake of compounds from blood to tissue cells, metabolism at intracellular
compartment, backflux from cells to blood, and excretion from cells into another
compartment such as bile (liver) and urine (kidney) (Fig. 16.2). Then, the over-
all intrinsic organ clearance (CLint, all) can be described by the following equation
(Shitara et al., 2006):

CLint, all = CLinf × CLmetab + CLbile

(CLmetab + CLbile) + CLback
(16.9)

where CLinf, CLmetab, CLbile, and CLback represent the intrinsic clearance for influx
from blood, intracellular metabolism, efflux from cells to bile or urine, and back-
flux to blood, respectively. If the sum of the intrinsic metabolic clearance and
efflux clearance (CLmetab + CLbile) is much higher than intrinsic backflux clear-
ance (CLback), overall intrinsic organ clearance is very close to CLinf, and influx
clearance is solely determined by the overall intrinsic clearance:

CLint,all ∼ CLinf (16.10)

Metabolic 
enzymes

CLinf CLback

CLmetab

blood

bile or urine

CLint,all

CLbile
Fig. 16.2 The elementary
steps comprising overall
intrinsic clearance



398 K. Maeda et al.

On the other hand, if (CLmetab + CLbile) is much lower than CLback, overall
intrinsic clearance is determined by the activity of all processes as shown below:

CLint,all ∼ CLinf × CLmetab + CLbile

CLback
(16.11)

When the membrane transport clearance is very rapid and the membrane trans-
port on the blood side is symmetric (CLinf = CLback), Equation (16.9) can be
approximated by the following equation:

CLint,all ∼ CLmetab + CLbile (16.12)

This equation is applicable to lipophilic drugs with rapid membrane permeabil-
ity. Considering these equations, when a drug is recognized by influx transporters,
it is important to recognize that even if a compound is finally eliminated by exten-
sive metabolism, overall intrinsic organ clearance is determined not by metabolic
intrinsic clearance but by influx clearance under certain conditions as discussed
above. Figure 16.3 shows the simulation curves showing the impact of the intrinsic
clearance for each process on a decrease in the overall hepatic intrinsic clearance
when metabolism or an uptake process is inhibited. Assuming that this drug is taken
up into hepatocytes by an uptake transporter and then extensively metabolized, if
the sum of intrinsic metabolic clearance and efflux clearance (CLmetab + CLbile) is
higher than intrinsic backflux clearance (CLback), the inhibition of uptake clearance
(CLinf) directly affects the decrease in the overall intrinsic clearance (CLint, all), but
the inhibition of metabolism does not greatly change the CLint, all value. On the other
hand, if (CLmetab + CLbile) is much lower than CLback, the inhibition of uptake clear-
ance and metabolism equally affects the decrease in the CLint, all value. Assuming
that an orally administered drug is completely absorbed from the small intestine
and predominantly excreted by the liver, its plasma area under the curve (AUC) is
described as follows:

AUCplasma = Dose

fB · CLint,all
= Dose

fB · CLinf · CLmetab+CLbile
CLback+CLmetab+CLbile

(16.13)

where f B represents protein-unbound fraction in blood.
AUC in the liver is estimated by the following equation:

AUCliver = CLinf

CLback + CLmetab + CLbile
· AUCplasma

= CLinf

CLback + CLmetab + CLbile
· Dose

fB · CLinf · CLmetab+CLbile
CLback+CLmetab+CLbile

= Dose

fB · (CLmetab + CLbile)

(16.14)

Therefore, if the function of uptake intrinsic clearance (CLinf) is decreased,
plasma AUC is inversely proportional to CLinf, while liver AUC is not affected.
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Fig. 16.3 The impact of a change in the intrinsic clearance for uptake and metabolism on the
decrease in the overall hepatic intrinsic clearance. X- and Y-axes represent the R value for uptake
(CLinf) or metabolism (CLmetab) and the percentage of CLint, all value in the absence of inhibitors,
respectively

On the other hand, a decrease in the function of metabolism or biliary sequestration
directly causes an increase in liver AUC, but if drug uptake is the rate-determining
process of the hepatic intrinsic clearance, plasma AUC is not changed.

16.2.2.3 Effect of the Absolute Value of Organ Clearance and the Fraction of
Substrates Excreted from the Liver and Kidney on the Extent of
Drug–Drug Interaction

Drugs are mainly eliminated through the liver and kidney, and thus, even if hepatic
clearance is greatly decreased, it is intuitively accepted that the pharmacokinetics
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of drugs excreted mainly from the kidney is not changed as much. Moreover, when
the organ clearance is nearly equal to the organ blood flow rate, the change in the
intrinsic organ clearance does not affect the total organ clearance. The contribution
of hepatic clearance to the total clearance is defined as fh:

fh = CLh

CLh + CLothers
(16.15)

where CLh and CLothers represent hepatic clearance and extrahepatic (e.g., renal)
clearance, respectively.

When a drug is administered orally, the first-pass effect in the intestine and liver
must be considered. Assuming that only hepatic clearance is inhibited by inhibitors,
the ratio of oral clearance in the presence of inhibitors (CLoral(+I)) to that in their
absence (CLoral(–I)) can be calculated using Equation (16.16).

CLoral( + I)

CLoral( − I)
=

CLh( + I) + CLothers

CLh( − I) + CLothers
· Fa · Fg · Fh( − I)

Fa · Fg · Fh( + I)

=

(
fh · CLh( + I)

CLh( − I)
+ (1 − fh)

)
· Fh( − I)

Fh( + I)

(16.16)

Here, Fa, Fg, and Fh are the fractions absorbed through the gastrointestinal tract
(Fa), the intestinal availability (Fg), and the hepatic availability in the presence of
inhibitors (Fh(+I)) and in their absence (Fh(–I)).

If a substrate drug exhibits high intrinsic hepatic clearance (Qh << fuB·CLh,int,
Qh: hepatic blood flow, fuB: fraction unbound in the blood) even in the presence of
inhibitors, Equation (16.16) would be approximated to Equation (16.17), because
CLh ≈ Qh and Fh ≈ Qh/(fuB·CLh,int):

CLoral( + I)

CLoral( − I)
= CLh,int( + I)

CLh,int( − I)
(16.17)

On the other hand, if a substrate exhibits low intrinsic hepatic clearance (Qh >>
fuB·CLh,int), Equation (16.16) would be approximated to Equation (16.18), because
CLh ≈ fuB·CLh,int, and Fh ≈ 1:

CLoral( + I)

CLoral( − I)
=
(

fh · CLh( + I)

CLh( − I)
+ (1 − fh)

)
· Fh( − I)

Fh( + I)

= fh · CLh,int( + I)

CLh,int( − I)
+ (1 − fh)

(16.18)

Figure 16.4 shows a curve to simulate the influence of fh on the change in the
plasma AUC of substrate drugs whose hepatic clearance is low compared with hep-
atic blood flow in the presence of inhibitors of hepatic clearance. As shown in
this graph, it is noted that a small difference in the fh value sometimes produces
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Fig. 16.4 The influence of fh on the change in the plasma AUC of substrate drugs whose hep-
atic clearance is low compared with hepatic blood flow in the presence of inhibitors for hepatic
clearance. X- and Y-axes represent the I/Ki value and the ratio of plasma AUC in the presence of
inhibitors to that in their absence when the fh value is changed from 0.75 to 1, respectively

a large variation in the change in the AUC; thus, the estimation of the fh value is
also important for accurate prediction of the extent of drug–drug interaction.

As mentioned previously, if the overall intrinsic organ clearance of transporter
substrates approximates their uptake intrinsic clearance, their hepatic and renal
clearance can be predicted from in vitro uptake experiments using isolated hep-
atocytes and kidney slices. Watanabe et al. have recently attempted such a type
of prediction for several transporter substrates in rats and have demonstrated that
hepatic clearance, renal clearance, and the fraction excreted into urine are well
predicted from in vitro uptake assays for most test compounds except those with
low renal clearance, possibly because of the involvement of reabsorption (Watanabe
et al., 2009b). This prediction method can also be applied to humans by using human
cryopreserved hepatocytes and human kidney slices (Watanabe et al., unpublished
observation).

16.2.3 The Impact of the Inhibition of Uptake and Efflux
Processes on Change in the Pharmacokinetics
of Substrate Drugs

Some drugs are excreted into bile as an unchanged form without any metabolism
such as some kinds of HMG-CoA reductase inhibitors [so-called statins (pitavas-
tatin, rosuvastatin, pravastatin)] and angiotensin II receptor antagonists [so-called
sartans (olmesartan, valsartan)]. In that case, both uptake and efflux transporters are
cooperatively involved in their transcellular biliary transport in hepatocytes and so it
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may be possible that the function of both uptake and efflux transporters is inhibited
by drugs. For avoiding the false-negative prediction, the maximum effect of drug–
drug interaction mediated by uptake and efflux transporters should be considered
(Maeda and Sugiyama, 2007). If the hepatic clearance is very close to the hepatic
blood flow (fBCLint,h >> Qh), the inhibitory effect of hepatic intrinsic clearance does
not affect the hepatic clearance so much, but in the opposite case (fBCLint,h << Qh),
the hepatic clearance approximates fBCLint,h and the inhibition of hepatic intrinsic
clearance directly affects the decrease in the hepatic clearance. Thus, for estimating
the maximum inhibitory effect, decrease in the hepatic intrinsic clearance is con-
sidered to be equal to that in the hepatic clearance. Then, as mentioned above, the
hepatic intrinsic clearance can be described as in Equation (16.9). If the hepatic
uptake is the rate-determining process for overall intrinsic clearance, the intrinsic
clearance approximates hepatic influx clearance (Equation 16.10) and the inhibition
of efflux transport does not affect the overall intrinsic clearance. But if not the case
(Equation 16.11), the inhibition of both uptake and efflux processes directly influ-
ence the decrease in the overall intrinsic clearance. When the inhibition of uptake
and efflux transport simultaneously occurs and R values (=1+I/Ki) for the inhibition
of uptake and efflux transport are Ruptake and Rexcretion, respectively, the degree of
inhibition of overall intrinsic clearance (Rnet) is described as follows;

Ruptake≤Rnet≤Ruptake×Rexcretion (16.19)

Ueda et al. have predicted the extent of drug–drug interaction between methotrex-
ate and probenecid in rats by using the method mentioned above (Ueda et al.,
2001). They estimated the R values for uptake and efflux processes by using the
results of inhibition study using rat isolated hepatocytes and bile canalicular mem-
brane vesicles, respectively. Then, the maximum Rnet value was estimated as Ruptake
× Rexcretion. As a result, the degree of reduction in the hepatic clearance was
overestimated by a simple calculation of the maximum Rnet value.

16.3 Examples of the Prediction of Drug–Drug Interaction
from In Vitro Data

Hirano et al. have investigated the inhibition potencies of several drugs for
OATP1B1 by using a gene expression system and have calculated R values for each
drug using clinical concentrations of drugs in humans, assuming that substrates
are cleared only via OATP1B1 and that uptake is a rate-limiting step for overall
hepatic intrinsic clearance (Hirano et al., 2006). This type of analysis was also per-
formed for OATP1B3 (Matsushima et al., 2008). They found candidate inhibitors for
OATP1B1 with an R value > 2.0, which are likely to inhibit OATP1B1 in clinical sit-
uations, include rifamycin SV, rifampicin, cyclosporin A, clarithromycin, indinavir,
and ritonavir, while those for OATP1B3 are rifampicin and cyclosporin A.

Cyclosporin A inhibits both multiple metabolic enzymes and transporters.
Thus, the main target of drug–drug interaction with cyclosporin A and several
transporter substrates is discussed by using calculated R values for each molecule.
Table 16.1 indicates reported drug–drug interactions with cyclosporin A in humans
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Table 16.1 The reported drug–drug interactions with cyclosporin A in humans and predicted R
value for OATP1B1 and major metabolic enzymes

Substrate drugs

Dose of
cyclosporin
A (mg)

Observed AUC
ratios (fold
increase)

Predicted R
values for
OATP1B1

Predicted R
values for major
CYPs

Pitavastatin 150 4.6 3.46 –
Rosuvastatin 200 7.1 4.28 –
Cerivastatin 200 3.8 4.28 ∼1 (2C8)a

1.6–6.6 (3A4)
Fluvastatin 344 1.9–3.5 6.64 1.05–1.48 (2C9)a

2.0–11 (3A4)
Pravastatin 300 5–7.9 5.92 –
Atorvastatin 100 7.4 2.64 1.3–3.8 (3A4)a

Repaglinide 100 2.44 2.64 ∼1 (2C8)a

1.3–3.8 (3A4)
Bosentan 300 1.97 5.92 1.04–1.42 (2C9)a

1.8–9.4 (3A4)

Predicted R values are calculated by using the maximum unbound concentration of cyclosporin A
at each dose based on Equation (16.4) and the in vitro Ki value for each molecule.
aThe most dominant metabolic pathway for each substrate drug.

and predicted R values for OATP1B1 and major metabolic enzymes. In the cal-
culation of R values, maximum protein-unbound concentration of cyclosporin
A calculated by Equation (16.4) and reported in vitro Ki values for OATP1B1
(0.24 μM), CYP3A4 (1.4 μM), CYP2C8 (no inhibition), and CYP2C9 (28 μM)
were used. When calculating the R values for metabolic enzymes, to provide a safety
margin, the ratio of the unbound concentration in cells to that in blood (q value) is
assumed to be 1 to 10. In the case of statins without any metabolism (pitavastatin,
rosuvastatin, and pravastatin), predicted R values are almost comparable or even
lower than the observed increase in the plasma AUC. Cerivastatin and repaglinide
are thought to be mainly metabolized by CYP2C8, but cyclosporin A cannot inhibit
CYP2C8-mediated metabolism, and the predicted R value for OATP1B1 can explain
the increase in their plasma AUC; thus, OATP1B1 can be a major target for the drug–
drug interaction of cerivastatin and repaglinide. Fluvastatin and bosentan are mainly
metabolized by CYP2C9. In each case, the predicted R value for CYP2C9 does not
exceed 1.5 even if the q value is set to 10, suggesting that CYP2C9 is not a main
target for these interactions. The R values for OATP1B1 are larger than the observed
increase in plasma AUC. This is maybe caused by the contribution of passive dif-
fusion and transporters other than OATP1B1 to their hepatic uptake. On the other
hand, atorvastatin is mainly metabolized by CYP3A4, and the predicted R value for
CYP3A4 is very similar to that for OATP1B1; thus, we cannot conclude which is a
possible target for this interaction from this data alone. However, previous reports
have indicated that itraconazole, a potent CYP3A4 inhibitor, largely increased the
plasma AUC of simvastatin and lovastatin, but it slightly increased that of atorvas-
tatin, suggesting that CYP3A4 is not a major target. The observed increase in the
AUC is larger than that for the predicted R value for OATP1B1, probably because the
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FaFg value for atorvastatin is relatively low among these drugs, and the inhibition
of intestinal CYP3A4 and MDR1 results in an increase in FaFg.

16.4 Web-Based Transporter-Mediated DDI Database

Now that many human transporters, as well as those in rodents, have been cloned
and characterized, and the clinical importance of these transporters has been well
indicated by several reports presenting the effect of genetic polymorphisms and
interacting drugs on the pharmacokinetics of substrate drugs, researchers in drug
discovery and development and clinical pharmacists wish for updated information
regarding drug transporters. However, because many papers regarding transporters
are continuously being published and many experimental methods for functional
characterization of the same transporters (including cellular uptake, uptake into
membrane vesicles, transcellular transport, ATPase assay) and methods of data pre-
sentation (including percentage of inhibition, percentage of uptake in control cells,
Ki, IC50) are reported, this can cause confusion for researchers without extensive
knowledge of multiple transporters, which restricts the use of variable information
for the efficient development and appropriate clinical use of drugs. Therefore, we
have constructed a Web-based comprehensive database for drug transporters, named
“TP-search” (http://www.TP-Search.jp/) (Ozawa et al., 2004). In this database, the
following information for more than 90 kinds of transporters in humans and rodents
can be searched. Currently, the data collected from various international journals
published until 2007 are available in this database:

1. Substrates/inhibitors/inducers
2. Tissue distribution of drug transporters
3. Genetic polymorphisms of drug transporters
4. Genetic disease caused by drug transporters
5. Clinical drug–drug interactions mediated by transporters
6. Knockout mice and gene-deficient mice for transporters
7. Expression and function of transporters under pathophysiological condition
8. Gender difference in the expression of transporters

Substrates, inhibitors, and inducers for each transporter can be searched for by
transporter name or compound name. When information regarding compounds for
specific transporters is required, transporter name, species, and category of com-
pound are selected. After sending a query to this database, one can obtain a list of
compounds with chemical structure, Km, Ki or IC50 values (if available), and exper-
imental methods and materials (Fig. 16.5). A link to the PubMed database is also
attached to each record so that detailed information may be readily obtained. This
database includes information regarding nonsubstrates or noninhibitors for each
transporter which have been experimentally confirmed. To determine whether a spe-
cific compound is a substrate, inhibitor, or inducer of multiple drug transporters, the
compound name is input, and the species and category of compound are selected.
Thus, the same information described above can be obtained. Currently, more than
6700 records are included in this database.
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Information regarding in vivo drug–drug interactions that are thought to be medi-
ated by transporters can also be searched in TP-search. The compound name is
input, and the species and category of compound are selected. After sending the
query to this database, one can obtain a list for a pair of compounds used in
each drug–drug interaction study, the change in the pharmacokinetic parameters,
a possible interaction site as suggested by the authors, and a link to the PubMed
database (Fig. 16.6). If both metabolic enzymes and transporters are involved in the
drug–drug interaction, the names of metabolic enzymes and transporters are shown
together. Currently, information regarding detailed dosing conditions such as dose
and interval is lacking in this database. In the near future, we hope to include detailed
dosing conditions and the predicted results for the potency of transporter-mediated
drug–drug interaction from in vitro data (e.g., R value) in this database to facilitate
the prediction of drug–drug interactions mediated by transporters.

Fig. 16.6 The display image of a search query and data output for in vivo transporter-mediated
drug–drug interactions in TP-search

16.5 In Silico Prediction of the Time Profiles of Substrate Drugs
in the Presence of Inhibitors Using Physiologically Based
Pharmacokinetic Modeling

Recently, a method for quantitatively predicting a pharmacokinetic alteration caused
by inhibition of hepatic CYP enzymes based on a physiologically based pharma-
cokinetic (PBPK) model was introduced [see also Chapter 12]. This method can
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Fig. 16.7 A physiologically
based pharmacokinetic model
to predict the
concentration–time profiles of
pravastatin. The liver
compartment was divided
into five compartments to
mimic the dispersion model.
In this model, Q represents
the blood flow rate, PSinf,
PSdif, CLmet,int, and PSinf
represent the active hepatic
uptake clearance, the passive
diffusion clearance, the
metabolic clearance, and the
biliary clearance, respectively

also be applied to transporter-mediated DDI. Here a method to predict transporter-
mediated DDI by the same method will be introduced.

Watanabe et al. (2009a) reported a simulation analysis of the transporter-
mediated clearance of pravastatin in rats and humans using a PBPK model and
attempted to simulate a pharmacokinetic alteration caused by inhibitions of hep-
atic uptake and biliary excretion via transporters. Figure 16.7 shows the PBPK
model used in this analysis. The compartments for the liver and the inlet to the
liver are divided into five, which produces the closest hepatic availability to that
obtained in the dispersion model. Among parameters shown in Fig. 16.7, PSbile
and CLmet,int were calculated using in vivo data, while PSdif was assumed to be
the same as the in vitro-estimated PSdif. PSinf was a hybrid parameter of in vivo-
estimated parameters and in vitro-estimated PSdif. In addition, the initial distribution
volume was estimated from the in vivo study, and the observed tissue-to-plasma
concentration ratios were used. Subsequently, the observed plasma concentration of
pravastatin was fitted to the PBPK model to obtain its absorption rate constant. By
using these parameters, the plasma concentration and biliary excretion of pravas-
tatin after intravenous or oral administration were simulated, and simulated curves
were well fitted to the observed data, although deviation was observed between the
simulated and observed values for its plasma concentration at the terminal phase
after oral administration. The simulated tissue concentration was also close to the
in vivo-observed concentration. By the comparison of in vivo-estimated parameters
and in vitro-obtained parameters, scaling factors, which are used for the in vitro–in
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vivo extrapolation as the ratios of in vivo intrinsic clearances to in vitro-estimated
clearances, were obtained. By using these scaling factors and in vitro-estimated
parameters using human cryopreserved hepatocytes and bile canalicular membrane
vesicles, the plasma and tissue concentrations of pravastatin in humans can be sim-
ulated. Thus, it was shown that model-based analysis can help to simulate plasma
concentrations of drugs accurately with in vitro-obtained parameters using human
tissue samples and the scaling factors obtained from animal studies.

These findings also suggest that it is possible to simulate pharmacokinetic alter-
ations caused by transporter inhibition using PBPK model-based analyses. We also
showed the simulation of the plasma concentration of pravastatin when its hep-
atic uptake or biliary excretion is affected (Fig. 16.8). This simulation shows that
the alteration in PSinf markedly changes the plasma concentration with a minimal
effect on the liver concentration. On the other hand, the altered PSbile results in a
marked change in the liver concentration with a minor effect on the plasma concen-
tration. Thus, using the PBPK model, a sensitivity analysis can be performed. This
analysis suggests that it is possible to predict the pharmacokinetic alterations caused
by transporter inhibition.

Fig. 16.8 Effects of changes in transporter activity on the time profiles of plasma and liver concen-
trations of pravastatin in humans. Plasma and liver concentrations after oral administration (40 mg)
of pravastatin were simulated using the PBPK model with varying hepatic transport activities over
a 1/3- to 3-fold range of the initial values. Solid, dotted, and dashed lines represent ×1, ×1/3, and
×3 the initial transporter activity for uptake and biliary excretion by the liver
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Here, an attempt to predict quantitatively the extent of transporter-mediated DDI
based on a PBPK model will be introduced. For this prediction, the PBPK model
shown in Fig. 16.9 can be used. As mentioned above, a model-based simulation
of the transporter-mediated clearance is possible. Thus, a database of transporter
substrates and inhibitors, which contains their pharmacokinetic parameters and
transporter inhibition constants, will help the quantitative prediction of transporter-
mediated DDIs. At the present time, this method has not been validated because
there is scant information regarding transporter-mediated DDIs. However, recently,
increasing numbers of transporter-mediated DDIs have been reported. Thus, this
method may be validated using multiple combinations of substrates and inhibitors
of transporters and utilized for drug development. In future, this type of prediction
using PBPK modeling may be performed on the Web site using the database for
pharmacokinetic parameters and inhibition constants of substrates and inhibitors to
generate the parameters for PBPK modeling.
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Fig. 16.9 A proposed physiologically based pharmacokinetic model for the simulation of time
profile of plasma concentration of drugs considering the involvement of transporters. A physio-
logically based pharmacokinetic model to simulate a plasma concentration–time profile of drugs
whose clearance is affected by hepatic and renal transporters. Transporter-mediated processes are
shown by bold arrows
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Chapter 17
Drug Disposition and Drug–Drug Interactions:
Importance of First-Pass Metabolism in Gut
and Liver

Catherine K. Yeung, Ping Zhao, Danny D. Shen, and Kenneth E. Thummel

Abstract Drugs with high intestinal and hepatic extraction that undergo biotrans-
formation are often involved in significant metabolic drug–drug interactions when
co-administered with enzyme inhibitors or inducers. These interactions can result
in sub- or supra-therapeutic drug levels which can lead to major adverse events.
We present an overview of clinically relevant examples of metabolically based,
first-pass drug–drug interactions, as well as an introduction to the pharmacokinetic
principles of sequential first-pass intestinal and hepatic metabolism. We conclude
with pharmacokinetic simulations that illustrate the complex relationship between
inhibitor-induced changes in organ intrinsic clearances and systemic drug expo-
sure as a first step in the development of pharmacokinetic modeling techniques
that will facilitate the prediction and avoidance of metabolically based drug–drug
interactions.

17.1 Clinical Aspects of First-Pass Drug Interactions

17.1.1 Background

In 1990, reports of sudden deaths or cardiovascular collapse due to torsade de
pointes were associated with the combined use of the nonsedating antihistamine
terfenadine (trade name Seldane) and either macrolide antibiotics or azole antifun-
gals (Paris et al., 1994). This resulted in warnings from the manufacturer to doctors
and other healthcare providers of the potential for fatal cardiac arrhythmia caused
by a metabolically based drug–drug interaction between terfenadine, a CYP3A4
substrate, and CYP3A4 inhibitors. Subsequent investigation revealed that terfena-
dine metabolism by CYP3A4 was inhibited by erythromycin and ketoconazole,
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which resulted in an estimated 30- to 100-fold elevation in terfenadine plasma lev-
els (Shen et al., 2000; Petty and Vega, 2008). In vitro studies further showed that
high levels of terfenadine and not its active metabolite, fexofenadine, block cardiac
potassium channels, prolong cardiac repolarization, and could in turn precipitate a
torsade de pointes-type polymorphic ventricular arrhythmia (Woosley et al., 1993).
The impressive magnitude of metabolic interactions with terfenadine is attributed
to its very extensive first-pass metabolism (>99%), after a typical antihistaminic
dose, and the dramatic increase in systemic bioavailability when a potent inhibitor
of CYP3A is co-administered (Shen et al., 2000). As a result of this potentially
fatal adverse drug interaction, terfenadine, once among the top 10 best selling pre-
scription drugs in the United States, was pulled from the market in 1997 (Petty
and Vega, 2008). This was a wake-up call to the drug industry that metabolically
based drug–drug interactions could cause life-threatening adverse drug responses
and sparked new research focused on drug interactions involving first-pass drug
metabolism processes in humans.

Since that time, other noteworthy examples of drug–drug interactions involving
modulation of first-pass metabolism have surfaced. Several of the clinically relevant
and prototypic interactions are presented below, namely, the interactions between
grapefruit juice and simvastatin (CYP3A4 inhibition), rifampin and cyclosporine
(3A4 induction), ketoconazole and cyclosporine along with ritonavir and saquinavir
(beneficial interaction), and mycophenolate mofetil and tacrolimus (UGT inhi-
bition). These examples are meant to provide illustration of the physiological
mechanisms and pharmacokinetic principles governing metabolic drug interactions
that occur during oral absorption, that is, lessons that we have learned in the nearly
one and a half decades since the advent of the terfenadine experience.

17.1.2 CYP3A-Based Interactions

17.1.2.1 Enzymology

A full complement of drug-metabolizing enzymes is expressed in the human intesti-
nal epithelium (Hickman et al., 1998; Tukey and Strassburg, 2001; Coles et al.,
2002; Tam et al., 2003; Paine et al., 2006a). The most important Phase 1 enzymes in
the context of drug–drug interactions are the cytochrome P450 enzymes. The spe-
cific P450 content of microsomes isolated from mucosal epithelium of the human
proximal small intestine is roughly 1/6–1/8 of that found in liver microsomes (Paine
et al., 1997; Zhang et al., 1999). The most important component of the intestinal
P450 pool is the human CYP3A subfamily: CYP3A4, CYP3A5, CYP3A7, and
CYP3A43. The first three of these enzymes share at least 85% amino acid sequence
homology (Kolars et al., 1994), although they are not identical regarding substrate
selectivity or tissue localization. CYP3A43 expression in the liver and small intes-
tine is relatively low and, hence, its contribution to drug clearance is considered
minimal. CYP3A7 is found mainly in fetal liver (Dresser et al., 2000). As a result,
CYP3A4 and CYP3A5 are the dominant hepatic and intestinal CYP3A isoforms.
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The specific CYP3A4 content of the liver and small intestine generally exceeds that
of CYP3A5 (Lown et al., 1994), although CYP3A5 expression can be comparable
to or greater than CYP3A4 in individuals carrying the wild-type CYP3A5∗1 allele
(Lin et al., 2001). In terms of cellular CYP3A content, the level found within ente-
rocytes of the upper (duodenal) region of the small intestine can be equivalent to or
exceed that found in hepatocytes (von Richter et al., 2004). Due to their localiza-
tion, CYP3A4/5 play a prominent role in first-pass drug metabolism and contribute
to low oral drug bioavailability (Thummel et al., 2008; Thummel and Wilkinson,
1998).

The following sections present adverse drug–drug interactions that occur as a
result of concurrent treatment with CYP3A4/5 inhibitors and inducers. Inhibition
of intestinal CYP3A4/5 has also been exploited to increase oral bioavailability of
first-pass drug substrates to enhance potency, achieve dose sparing, and effect cost
savings.

17.1.2.2 Examples of Intestinal CYP3A Inhibition

Grapefruit constituents (dihydroxybergamottin and bergamottin) have been shown
to cause irreversible, mechanism-based inactivation of intestinal CYP3A4
and CYP3A5 (Edwards et al., 1996; Schmiedlin-Ren et al., 1997). These fura-
nocoumarins undergo metabolism by CYP3A to form reactive metabolites that
covalently bind the enzyme, rendering it irreversibly inactivated (Schmiedlin-Ren
et al., 1997; Paine et al., 2006b). Restoration of enzymatic activity does not occur
until biosynthesis of new CYP3A protein (Lown et al., 1997; Greenblatt et al.,
2003). Existing data indicate that ingestion of one glass (200–300 mL) of regu-
lar strength grapefruit juice results in localized inactivation of intestinal CYP3A
enzymes, whereas the same quantity of double-strength grapefruit juice can lead to
expanded inhibition of both intestinal and liver enzymes (Thummel et al., 2008).
In fact, a decrease in the first-pass metabolism of a CYP3A substrate following
consumption of a usual quantity of grapefruit juice may provide an estimate of the
contribution of intestinal CYP3A to its first-pass effect.

HMG-CoA reductase inhibitors, colloquially referred to as “statins,” are a
commonly used group of cholesterol-lowering agents. While generally safe and
effective, the use of these drugs has been associated with complications including
myalgia and creatine kinase elevations. Severe adverse reactions are rare; how-
ever, renal failure secondary to statin-associated rhabdomyolysis has been reported
(Ayanian et al., 1988; Corpier et al., 1988; Biesenbach et al., 1996; Hino et al.,
1996). CYP3A4 dominates the metabolism of lovastatin, simvastatin, atorvastatin,
and cerevistatin (Dresser et al., 2000); in contrast, it plays a minor role in the
metabolism of pravastatin (Ayanian et al., 1988). A randomized crossover study
investigated the effect of regular consumption of grapefruit juice on the pharma-
cokinetics of simvastatin and demonstrated that co-administration of 200 mL of
grapefruit juice with simvastatin increased the AUC0–24 of simvastatin 3.6-fold over
control (Lilja et al., 2004). These results suggest that moderate consumption of
grapefruit juice can elevate the plasma concentrations of simvastatin and increase
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the risk of myotoxicity. Moreover, it suggests that simvastatin undergoes significant
first-pass metabolism in the intestinal mucosa.

As a general rule, low oral bioavailability drugs like simvastatin, lovastatin,
saquinavir, as well as others for which intestinal CYP3A-dependent first-pass
metabolism is significant are all subject to profound changes in systemic AUC when
co-administered with potent CYP3A inhibitors. For example, midazolam (Paine
et al., 1996), triazolam (Masica et al., 2004), buspirone (Mahmood and Sahajwalla,
1999), felodipine (Lundahl et al., 1997), verapamil (Fromm et al., 1996; von
Richter et al., 2001), nifedipine (Holtbecker et al., 1996), and tirilazad (Fleishaker
et al., 1996) all appear to undergo significant intestinal CYP3A-dependent first-pass
metabolism and they are all markedly affected by co-administration with potent
inhibitors such as ketoconazole and itraconazole (Strolin Benedetti and Bani, 1999;
Dresser et al., 2000; Pelkonen et al., 2008).

17.1.2.3 Examples of Intestinal CYP3A Induction

Induction of CYP3A4 expression in the liver and intestine can result in subthera-
peutic drug concentrations, loss of drug efficacy, and disease exacerbation. Multiple
case reports (Allen et al., 1985; Cassidy et al., 1985; Modry et al., 1985; Offermann
et al., 1985; Vandevelde et al., 1991) have confirmed a serious adverse interac-
tion between rifampin, a known CYP3A inducer, and cyclosporine A. In order
to prevent rejection following solid organ transplantation, patients are necessarily
immunosuppressed with a combination of drugs, frequently including cyclosporine
A, a CYP3A4 substrate. Immunosuppression can lead to reactivation of latent
tuberculosis or fungal aspergillosis, both of which are commonly treated with
complex regimens that include rifampin. In one case report, addition of rifampin
caused a decrease in the serum trough cyclosporine level from a therapeutic 478 to
31 ng/mL (Modry et al., 1985). As a result, the patient developed severe acute graft
rejection of the transplanted heart and required several rounds of treatment with
methylpredisolone and antithymocyte globulin to resolve the rejection episode. The
dose of cyclosporine was gradually increased, and this patient eventually required
30 mg/kg/day to reach target serum levels, a >20-fold increase from pre-rifampin
levels (1.2–1.4 mg/kg/day) (Modry et al., 1985). Other case reports have described
cyclosporine dosage adjustments of ∼4-fold with the addition of rifampin. These
case reports are supported by a clinical pharmacokinetics study in which subjects
on stable cyclosporine regimens following kidney transplantation were administered
rifampin for treatment of active Mycobacterium tuberculosis (Kim et al., 1998). In
this group, mean Cmax decreased from 630 to 446 ng/mL, and a similar decrease
was seen in AUC (4582.95–2790.48 ng/mL/h). To achieve optimal levels in these
patients, cyclosporine doses had to be increased from 2.5- to 3-fold (Kim et al.,
1998). Increases in oral cyclosporine clearance were greater than that expected if
only hepatic CYP3A4 was involved, leading the authors to conclude that rifampin
also induced intestinal CYP3A4 and decreased the bioavailability of cyclosporine,
a claim which is indirectly supported by a significant increase in Vd/F (1.76–4.28
L/kg) (Kim et al., 1998). Clearly, induction of intestinal CYP3A4 by a precipitant



17 Drug Disposition and Drug–Drug Interactions 419

drug (such as rifampin) can lead to a substantial decrease in oral bioavailability of
an object drug (cyclosporine), resulting in subtherapeutic plasma concentrations and
the subsequent clinical consequences.

Other important inducers of intestinal and hepatic CYP3A-dependent first-pass
metabolism include phenytoin, dexamethasone, and phenobarbital (Pelkonen et al.,
2008). Interestingly, some CYP3A inducers such as efavirenz appear to be selective
for the liver and do not affect the intestine, possibly as a consequence of its selective
activation of CAR and not PXR (Faucette et al., 2007); the former nuclear receptor
appears active only in the liver.

17.1.2.4 Clinical Utility of CYP3A Inhibition

The ability to manipulate CYP3A4 activity has been cleverly exploited to decrease
cost and enhance efficacy of poorly bioavailable drugs. In 1995, the average cost of
immunosuppressive therapy in a cardiac transplantation patient was around $6,640
per year (Keogh et al., 1995). Oral ketoconazole, an inexpensive imidazole anti-
fungal drug (200 mg daily) was added to the regimen to inhibit intestinal and hepatic
CYP3A4, thereby increasing the bioavailability and slowing the metabolic clearance
of cyclosporine. As a result, cyclosporine doses were decreased as much as 80%
after 12 months of treatment, realizing a cost savings of $5,200 per patient per year
(Keogh et al., 1995), with no increase in rates of organ rejection or adverse effects.

A similar strategy is currently being used to enhance the efficacy of saquinavir,
a poorly bioavailable antiretroviral drug used in the treatment of HIV-1 infection
(Dresser et al., 2000). Saquinavir, along with other protease inhibitors, is metab-
olized by and inhibits CYP3A4 (Eagling et al., 1997). Additionally, the protease
inhibitors are also substrates and inhibitors of P-glycoprotein (Gutmann et al.,
1999). Addition of ritonavir to saquinavir therapy causes a 33-fold increase in Cmax
and a 58-fold increase in AUC of saquinavir (Merry et al., 1997), which results
in enhanced antiviral activity. The magnitude of this interaction suggests that both
CYP3A4 and P-glycoprotein are inhibited and that both hepatic and intestinal pro-
teins may be involved; this supposition is supported by additional research showing
that the oral bioavailability of saquinavir is doubled when co-administered with
grapefruit juice (Kupferschmidt et al., 1998). These findings have been translated
to clinical practice, as saquinavir is almost always prescribed in combination with
ritonavir. Ritonavir is now also used to boost the AUC and to prolong the elimi-
nation half-life of other protease inhibitors to achieve dose sparing and to improve
compliance (Chandwani and Shuter, 2008).

17.1.3 UGT-Based Interactions

A number of Phase 2 enzymes are also present in human intestinal mucosa (Her et
al., 1996; Radominska-Pandya et al., 1998; Strassburg et al., 1999), of which UDP-
glucuronosyltransferases (UGTs) are the conjugating enzymes most often involved
in clinically significant drug–drug interactions.
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Both families of UGTs, UGT1 and UGT2, are expressed in the human gas-
trointestinal tract. In the small intestine, the most prominent members of the 1A
family (in the order of mRNA expression) are UGT1A10, 1A1, 1A6, 1A5, and
1A8 (Strassburg et al., 2000; Nakamura et al., 2008; Ohno and Nakajin, 2009).
In fact, UGT1A8 and UGT1A9 are exclusively expressed in the gut mucosa. For
the 2B family, UGT2B17, 2B7, and 2B15 are the predominant members present
in human small intestine. Almost all published UGT expression data are based on
mRNA quantification. An inability to generate UGT isoform-specific antibodies has
been a significant handicap in characterizing the protein expression and catalytic
function of the individual UGTs expressed in various human tissues including the
gastrointestinal tract. The considerable overlap in substrate specificity of UGTs also
means the lack of selective chemical inhibitors that can serve as functional probes
for assessing the catalytic contribution of multiple UGTs to the conjugation of a
drug substrate. As a result, our understanding of the biochemistry and in vivo func-
tioning of UGTs, particularly the role of intestinal UGTs, lags well behind current
knowledge of the drug-metabolizing CYP enzymes. This situation extends to our
understanding of the pharmacokinetics of drug interactions involving UGTs. When
drug interactions involving first-pass metabolism mediated by CYPs and UGTs are
compared, it becomes fairly obvious that inhibitory interactions involving UGTs
rarely show an elevation in AUC exceeding 2- to 3-fold. The relatively modest in
vivo inhibition with UGTs is probably attributed to the fact that multiple UGTs
are involved in most cases and the in vivo potency of UGT inhibitors is generally
modest, with Ki rarely below 10 μM and mostly above 100 μM (Kiang et al., 2005).
Nonetheless, clinically significant inhibitory interactions involving UGTs have been
noted for drugs with a narrow therapeutic index. Of course, induction of UGTs as
with CYPs can still be quite remarkable and lead to significant loss in drug efficacy.

Clinically relevant drug interactions involving glucuronidation are well rec-
ognized with the immunosuppressant mycophenolate mofetil (MMF), which has
become a key element of post-transplantation regimens. UGT metabolizes MMF
to its inactive 4-hydroxyphenyl-β-glucuronide (MPAG) metabolite and active, but
minor, acyl-glucuronide (AcMPAG) metabolite (Bullingham et al., 1998; Shipkova
et al., 1999). MMF plasma levels must be tightly controlled to avoid underexposure
and loss of immunosuppressant effect or overexposure and toxic side effects (ane-
mia, leucopenia, and diarrhea) (Kuypers et al., 2005). A recent report concluded
that concurrent administration of rifampin, a well-known UGT inducer, results in
an increase in daily dose requirements from 2 to 6 g in order to achieve a desired
trough concentration of 2.5 μg/mL (Kuypers et al., 2005). Due to an increased risk
for the development of adverse effects from this high dose of MMF, transplant
physicians have discontinued rifampin therapy, relying on dual antimycobacterial
therapy instead of the preferred triple drug protocol. As expected, withdrawal of
rifampin caused an increase in AUC0–12, C0, and Cmax and necessitated a 50%
decrease in dose (Kuypers et al., 2005). The authors speculate that UGT1A9, present
in intestines, kidney, and liver, (Basu et al., 2004; Bernard and Guillemette, 2004;
Picard et al., 2005) bears major responsibility for the metabolism of MMF to MPAG.
Under noninduced conditions, UGT1A9 is responsible for ˜40% of intestinal MPAG
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formation (Picard et al., 2005). UGT1A7 and UGT1A8, predominantly located in
the gastrointestinal tract, are also involved in the first-pass metabolism of MMF
(Bernard and Guillemette, 2004). While major adverse effects as a result of this
drug–drug interaction have not yet been reported, a subtherapeutic plasma level
of MMF, as part of an immunosuppression regimen, clearly has the potential to
precipitate acute allograph rejection.

17.2 Prediction of First-Pass Drug Interactions

17.2.1 Overview

The potential for adverse drug reactions caused by alterations in first-pass
metabolism is a challenge to predict quantitatively. In general, drugs that are subject
to extensive metabolism and have high intestinal and hepatic extraction are most
susceptible to metabolic drug–drug interactions when co-administered with enzyme
inhibitors or inducers (Thummel et al., 2008). A major change in bioavailability
can result in significant clinical consequences, particularly when drugs with narrow
therapeutic indices (including, but not limited to, protease inhibitors, immunosup-
pressants, anticoagulants, antihypertensives, sedative/hypnotics, and cardiac glyco-
sides) are involved. Fortunately, screening for metabolic drug–drug interactions is
becoming an integral part of the drug development process, and interactions caused
by older drugs are being minimized with therapeutic drug monitoring (TDM) pro-
grams. Nevertheless, predictive tools such as mathematical pharmacokinetic models
that adequately describe both intestinal and hepatic first-pass metabolism would pro-
vide a cost-effective approach for predicting the in vivo impact of metabolic drug
interactions and developing ways to circumvent or minimize adverse drug–drug
interactions.

17.2.2 Pharmacokinetic Principles of First-Pass Metabolism

In order to predict the dynamics and extent of interaction between an enzyme mod-
ulator and an orally administered drug, it is necessary to consider the integration
of sequential processes of intestinal and hepatic first-pass metabolism and sys-
temic clearance. The theory and pharmacokinetic models necessary for predicting
changes in hepatic first-pass metabolism and hepatic clearance are well estab-
lished. However, at the level of intestinal metabolism, one needs to understand
the dynamic relationship between biotransformation and drug absorption, along
with consideration of the physiological characteristics unique to the small intestine.
The pharmacokinetic theory behind intestinal drug–drug interactions is evolving
and current approaches for evaluating such interactions will be presented. In order
to remove the added complexity of drug release kinetics associated with solid
formulations, we have assumed that drugs are administered orally via solutions.
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17.2.3 Organ Intrinsic Clearance and Bioavailability

According to the physiological model presented in Fig. 17.1, the fraction of an oral
drug dose that successfully traverses through the gut wall and liver and then into
the systemic circulation can be expressed as the product of three bioavailability (F)
terms:

Fpo = Fa · Fgm · Fh (17.1)

where Fpo is the absolute oral bioavailability, Fa is the fraction absorbed from the
gut lumen into the enterocyte, and Fgm and Fh are the fractions that escape intestinal
and hepatic elimination before entering the systemic circulation for the first time
(Rowland and Tozer, 1995). Assuming that a drug is metabolized in the liver and
intestine, has high cell barrier permeability, and is not subject to intestinal or hepatic
efflux transport, one can derive a blood flow-limited, “well-stirred” model for organ

Fig. 17.1 Physiological model for sequential intestinal and hepatic first-pass metabolism. Blood
flow to the small intestine is divided functionally into mucosal (Qgm) and serosal (Qgs) compo-
nents. Mucosal blood flow in the lamina propria that perfuses the enterocyte epithelium. Portal
blood flow (Qpv) which perfuses the liver is comprised of blood leaving the small intestine (serosal
and mucosal) and other splanchnic organs such as the stomach and spleen. Blood flow leaving
the liver (Qhv) represents the sum of hepatic arterial flow (Qha) and Qpv. First-pass metabolism
of an orally administered substrate (S) to product (P) may occur in the enterocyte or hepatocyte
compartment. Reproduced with permission from (Thummel et al., 2008)
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extraction, with first-order liver and intestinal metabolic elimination. This yields
nonlinear relationships between organ bioavailability (Fgm or Fh) and the intrinsic
metabolic capacity of the organ (Paine et al., 1997; Thummel et al., 1997):

Fgm = 1 − ERgm = Qgm

fub · CLint
gm + Qgm

(17.2)

and

Fh = 1 − ERh = Qh

fub · CLint
h + Qh

(17.3)

where ER, Q, fub, and CLint represent the organ extraction ratio, blood flow, free
fraction in blood, and intrinsic clearance, respectively. Organ blood flow is denoted
by Qh for the liver and Qgm for the gut mucosa (Fig. 17.1). The organ intrinsic
clearances (i.e., Vmax/Km in biochemical terms) are values that can be modified by
an interacting drug (inhibitor or inducer). Note that a term for blood-free fraction
can be found in both hepatic and intestinal relationships. In the case of a well-stirred
model for the liver, binding to blood constituents acts to “restrict” drug uptake into
the hepatocytes, although this can be overcome by a very high unbound intrinsic
clearance that can essentially shift the equilibrium at the cellular and plasma-binding
sites to release free drug. In the case of the intestine, drug binding to blood compo-
nents is assumed to act as a sink that facilitates diffusion of drug molecules out of the
enterocyte compartment, i.e., removal from the metabolic site. Again, this process
is in competition with intestinal intrinsic clearance; when the latter is sufficiently
high, first-pass loss would be high and systemic bioavailability would necessarily
be low.

17.2.4 Organ Bioavailability and Drug Exposure

According to basic pharmacokinetic principles, drug exposure measured by the area
under the concentration–time curve (AUC) after oral administration is a function of
the systemic clearance (CL) and absolute bioavailability (Fpo):

AUCpo =
(
Fa · Fgm · Fh

) · Dosepo

CL
(17.4)

It is generally accepted that intestinal metabolism plays a minor role in systemic
clearance, given the relatively small fraction of blood flow through the mucosa (Qgm
or gut mucosal blood flow is approximately 10–15% of Qspl or splanchnic blood
flow) (Thummel et al., 1997; Pang, 2003). This factor limits the capacity of ente-
rocytes to clear drug molecules from the systemic circulation. Conversely, since
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drug passage (Thummel et al., 1997; Pang, 2003) through the enterocytes is oblig-
atory (for transcellularly absorbed drugs), mucosal flow simply competes with the
intrinsic metabolic clearance and helps define the first-pass extraction efficiency.

Assuming that (i) organ extractions are blood flow limited and (ii) the
drug exhibits complete absorption (Fa=1), Equation (17.5) can be derived from
Equations (17.2), (17.3), and (17.4):

Dosepo

AUCpo
= fub · CLint

h
Qgm

fub · CLint
gm + Qgm

(17.5)

When Equation (17.5) is applied to drug–drug interactions, the AUC ratio in the
presence (∗) and absence of an interacting drug can be expressed as

AUC∗
po

AUCpo
=
(

Qgm + fub · CLint
gm

Qgm + fub · CLint∗
gm

)

·
(

fub · CLint
h

fub · CLint∗
h

)

(17.6)

The above equation illustrates the multiplicative effect that a simultaneous
change in both the hepatic and intestinal intrinsic clearance can have on the sys-
temic AUC of an orally administered drug. However, it is not useful by itself for
quantitative resolution of the factors that govern the AUC change, as it requires
prior knowledge of the altered intrinsic clearances. Fortunately that information can
be generated from in vitro experimentation.

In the case of rapidly reversible enzyme inhibitors, the change in the intrinsic
clearance for the liver and intestine in the presence of the inhibitor can be expressed
as a function of the in vivo Ki and the respective unbound inhibitor concentration in
the liver and intestine (Ih and Igm):

fub · Clint
h

fub · Clint∗
h

= 1 + Ih

Ki
(17.7)

fub · CLint
gm

fub · CLint∗
gm

= 1 + Igm

Ki
(17.8)

The Ki in vivo can be estimated from incubations of substrate and inhibitor with
hepatic and intestinal subcellular fractions or intact cells, although several assump-
tions about access of the ligands to the enzyme and its function must be made. At
both sites of metabolism, as the inhibitor concentration exceeds the Ki, a reduction
in the intrinsic clearance of 50% or more is expected.

For prediction of enzyme inhibition, we generally assume that Ih and Igm are
equal to the unbound inhibitor concentration in plasma. However, the unbound
inhibitor concentration in the intestinal epithelia may or may not be equivalent to
that in plasma and the liver. For example, Igm may well exceed the unbound portal
plasma concentration during the inhibitor absorption phase, and it may be less than
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the unbound portal concentration in post-absorption, if there is not a rapid equilib-
rium between the intracellular and portal plasma compartments (i.e., a basolateral
membrane diffusional barrier exists). Even under the most optimal diffusion con-
ditions, a gradient between the intracellular and vascular compartments may exist.
When there is active uptake or efflux of drug from the enterocyte, the discordance
between the two compartments may be even greater. A similar possibility of active
inhibitor uptake and efflux can occur in the liver. Thus, it is this uncertainty about the
inhibitor concentration at the intestinal and hepatic sites of metabolism that makes
quantitative predictions of a drug–drug interaction challenging. In general, we can
only obtain measurements from the vascular compartment and must estimate the
parameters in the metabolic compartments, based on the best guess estimate of
inter-compartmental concentration ratio.

For reversible competitive inhibitors, Equations (17.7) and (17.8) are quantita-
tively accurate only when the substrate concentration at the enzyme active site is
below its respective Km. Saturation of metabolic enzymes by the substrate is gener-
ally not an issue for hepatic elimination of most drugs, but it is more likely to occur
in the enterocyte while the substrate is being absorbed. If there is saturation of the
intestinal or hepatic enzyme, the metabolic efficiency will be reduced and the organ
bioavailability will increase. More to the point, competition between the substrate
and inhibitor for the metabolic enzyme will decrease the extent of inhibition that is
observed with the concomitantly administered drug.

Substitution of Equations (17.7) and (17.8) into Equation (17.6) yields the
expression below (Equation 17.9), which clearly illustrates the multiplicative effect
that an enzyme inhibitor can have on systemic exposure to an orally administered
drug:

AUC∗
po

AUCpo
=
⎡

⎣
Qgm + fub · CLint

gm

Qgm +
(

fub · CLint
gm

/
1 + Igm

K i

)

⎤

⎦ ·
(

1+ Ih

Ki

)
(17.9)

The relationship is complex and while the effect of the inhibitor in the liver is
independent of blood flow, this is not the case for intestinal metabolism. In this
situation, the relative magnitude of mucosal blood flow compared to the baseline
mucosal intrinsic clearance and the apparent intrinsic clearance in the presence of
inhibitor must be considered. At one extreme, when the baseline mucosal intestinal
intrinsic clearance is negligible compared to mucosal blood flow (i.e., negligible
mucosal extraction), Equation (17.9) will collapse into the much simpler and well-
recognized equation for a hepatic inhibitory interaction (Rowland and Matin, 1973).

AUC∗
po

AUCpo
= 1+ Ih

Ki
(17.10)

This is illustrated in Fig. 17.2, when the basal condition for CLint,gm/Qgm is near
0. Conversely, when the basal intestinal intrinsic clearance is very high relative to
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Fig. 17.2 Relationship between the degree of drug inhibition (AUC∗
po/AUCpo) and the intestinal

metabolic extraction according to Equation (17.9). Assumptions are Qgm = 18 L/h (Yang et al.,
2007); Ih/Ki = 4; Igm/Ki = 4

mucosal blood flow, the AUC ratio may be approximated as the product of the
(1+ I/Ki) terms (i.e., the asymptote for the hyperbolic curve).

For an orally administered drug that is completely absorbed from the gastroin-
testinal tract and subject to first-pass intestinal extraction, one can assign a lower
limit to the impact of change in mucosal extraction ratio on systemic AUC. For
example, complete inhibition of an intestinal extraction that is 50% in the control
state would result in a 2-fold increase in AUC, independent of any changes in the
hepatic intrinsic clearance. If the mucosal extraction ratio is lower, the impact of
intestinal inhibition will be reduced and eventually become negligible as the intesti-
nal availability approaches unity. As the basal intestinal metabolic extraction ratio
approaches 100%, the potential impact of inhibition of intestinal enzyme activity
can be profound. If only 5% escapes first-pass intestinal metabolism in the basal
state, this can be increased by as much as 20-fold (i.e., 100/5) with administration
of a sufficiently high dose of a potent inhibitor. Considering that the gut enzyme
may be more susceptible to first-pass inhibition than the liver because of the high
inhibitor concentrations surrounding the enterocytes that exist during absorption of
the inhibitor, one can envision a drug–drug interaction that is dominated by action
at the intestinal mucosa. Of course potent inhibition of both intestinal and hepatic
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first-pass metabolism of a low bioavailability drug can lead to even more remarkable
changes in systemic AUC, such as that observed for the ketoconazole–terfenadine
interaction as mentioned earlier (Hönig et al., 1993).

Finally, it should be noted that one can still achieve very profound increases
in AUC of a drug that does not undergo intestinal first-pass metabolism (Equation
17.10); i.e., when the substrate is metabolized by enzymes expressed specifically in
the liver, the inhibitor concentration is high enough relative to the Ki, and there are
no alternative pathways for systemic drug elimination.

Potent inducers (e.g., rifampin) of intestinal and hepatic drug metabolism can
have an equally profound effect on systemic exposure to active compound as a
potent inhibitor, but obviously in the opposite direction. When the basal intestinal
extraction ratio is in the medium range, as in the case of midazolam and nifedip-
ine, addition of an inducer can reduce systemic exposure by 90% or more (Niemi
et al., 2003). Clearly an inducer will exert its effect on enzyme expression, indepen-
dent of the basal extraction ratio, but as the basal intrinsic clearance decreases the
net systemic effect of the inducers will be greatly minimized. For example, if the
basal metabolic intrinsic clearance is low, such that the intestinal extraction ratio is
5%, the basal organ availability will be 95%. In this case, a 6-fold increase in the
intestinal intrinsic clearance will reduce the organ bioavailability to 76%. Systemic
exposure to the drug will be reduced but to a relatively modest degree.

17.2.5 Added Complexity of Intestinal Drug Interactions

17.2.5.1 Diffusion Barrier Effects

The relationship between an altered organ intrinsic clearance by an interacting drug
and the degree of in vivo drug interaction becomes less direct when concurring
events significantly influence the degree of metabolism as the drug molecule travels
through the enterocytes (Pang, 2003). The pharmacokinetic relationship depicted in
Equation (17.2) (for Fgm) assumes that permeability at either the apical or baso-
lateral membrane of the epithelium (or both) is not rate limiting (i.e., permeability
being much higher than mucosal flow). A more complex model that features the
joint actions of permeability and metabolism has been proposed by Mizuma (2002),
Mizuma et al. (2004) and Yang et al. (2007). As permeability becomes rate limiting
(CLperm/Qgm in Equation 17.11), the relationship between drug–drug interactions at
the enzyme level and the in vivo outcome becomes more complex as exemplified by
the changing ratio of Fgm in Fig. 17.3:

Fgm = 1 − ERgm = Qgm[(
fub · CLint

gm

)
· (1 + Qgm

/
CLperm

)]+ Qgm

(17.11)

In this relationship, CLperm represents the permeability clearance across both the
apical and basolateral membranes once drug has gained access (i.e., been absorbed)
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Fig. 17.3 Effect of drug permeability on the changes of intestinal bioavailability (Fgm) by drug
interactions. Upper panel: inhibition; Lower panel: induction. Equation (17.11), from Yang et al.
(2007), was used to calculate Fgm. For each panel, CLperm/Qgm values are 0.1, 1, and 10 (from
left to right) representing low-permeability (permeability limited), intermediate permeability, and
high-permeability (blood flow limited) scenarios, respectively. One horizontal axis is the ratio of
intrinsic clearances without and with interacting drugs, indicating the degree of drug interaction at
the enzyme level; the other horizontal axis is the ratio of basal level intrinsic clearance to Qgm, a
measurement of the extent of metabolic extraction

into the intracellular compartment for the enterocyte. Again, for our purposes we
have assumed that there is no active efflux of drug back into the intestinal lumen
via P-glycoprotein or another membrane transporter. We acknowledge, this is an
oversimplification for some drugs and more complex models that incorporate this
phenomenon can be considered (Tam et al., 2003).

As seen from the 3D surface plots in Fig. 17.3, the most significant change in
the ratio of intestinal bioavailability (Fgm) between the presence and absence of
an enzyme inhibitor (upper panels) will occur when the intrinsic clearance is high
relative to mucosal blood flow. With greater reductions in the intrinsic clearance
in the presence of the inhibitor, the drug bioavailability across the organ increases
markedly. Of course when the basal intrinsic clearance is low, further inhibition
has little effect on the already high organ bioavailability; that is, the 3D surface
approaches the 2D plane of CLint,gm(–Inh)/CLint,gm(+Inh) versus the ratio of Fgm. What
is equally interesting is the effect that a permeability barrier has on the inhibitory
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interaction. All things being equal, a reduction in the intrinsic clearance with an
inhibitor has a greater effect on the organ bioavailability when cell permeability
is limiting, than when blood flow is limiting. This is because a basolateral mem-
brane permeability barrier tends to enhance the extraction efficiency at any given
level of intrinsic clearance (de Lannoy and Pang, 1987; Gwilt et al., 1988). As seen
in Fig. 17.3, for drugs with CLperm/ Qgm = 0.1 (low permeability) and CLint,gm/
Qgm =10 (high intestinal extraction), a 10-fold decrease in CLint,gm by the inhibitor
translates into an approximately 10-fold increase in Fgm; whereas for drugs with
CLperm/ Qgm = 10 (high permeability) and high intestinal extraction (CLint,gm/ Qgm
approaching 10), a 10-fold decrease in CLint,gm by the inhibitor translates into an
approximately 6-fold increase in Fgm.

With regard to enzyme induction (Fig. 17.3, lower panels), the impact of the
permeability barrier is most noticeable when the basal intrinsic clearance is low. In
this case, the organ bioavailability declines more rapidly with increasing enzyme
induction for the low-permeability state compared to the high-permeability state.
That is, for substrates with CLint,gm/Qgm = 0.1 (low extraction), a 10-fold increase
in CLint,gm by the inducer translates into an Fgm ratio of approximately 0.3, 0.7,
and 0.8 for CLperm/Qgm of 0.1, 1.0, and 10, respectively. Again, the permeability
barrier enhances the efficiency of drug extraction by the enterocyte at a given level
of intrinsic clearance.

Besides permeability, factors such as gastric empting time, gastrointestinal tran-
sit time, luminal pH, and concomitant active processes by drug transporters may
theoretically affect the extent of intestinal first-pass metabolism. Also, in the con-
text of first-pass metabolism after oral administration, it is important to define the
region of the gastrointestinal tract in which the majority of the drug dose will be
absorbed when assigning values to the mucosal blood flow and unbound intrinsic
clearance. For example, many CYP3A substrates are absorbed predominantly in the
small intestine and, thus, one can define the total unbound intrinsic clearance and
blood flow for the mucosa of a segment of the small intestine (Paine et al., 1997;
Tam et al., 2003).

17.2.5.2 Inhibitor Dose and Temporal Factors

It is possible to have a drug–drug interaction that is confined to the intestine dur-
ing first pass. As was discussed earlier, components of regular strength grapefruit
juice appears to selectively inhibit CYP3A and drug transporters in the intestinal
mucosa, but not those of the liver (Veronese et al., 2003). The level of exposure
of the liver and intestinal mucosa to an inhibitor or inducer need not be identical,
particularly during the peri-absorptive phase, when the modulator concentration at
the intestinal mucosa may be much greater than that in the portal blood. It is also
important to recognize that the intracellular mechanism underlying an interaction
(e.g., trans-acting elements for induction or time-dependent inhibition) may not
occur simultaneously in the intestine and the liver, or if it were to take place in
both organs, they do not follow the same temporal course or occur to the same
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degree because of differential expression of accessory proteins, such as coactiva-
tors or corepressors of CYP3A (Mouly et al., 2002; Zhou et al., 2004) between
enterocytes and hepatocytes. Consequently, the extent of induction or inhibition at
each site of metabolism/transport following acute or chronic administration of an
interacting drug could be quite different.

As discussed below, the magnitude of an AUC change observed in vivo will
be dependent on the basal intestinal extraction ratio for any given individual.
The change in oral AUC following administration of an inhibitor can be quite
appreciable when the intestinal first-pass extraction is extensive. Conversely, if
Egm is already low, an inhibitor such as grapefruit juice will cause little change
to the intestinal availability and to the oral AUC. Also, it has also been sug-
gested that there is a ceiling effect for enzyme induction, whereby an individual
with a pre-existing high level of enzyme expression will undergo a more modest
degree of induction than will someone with low basal expression (Gorski et al.,
2003).

A thorough understanding of the pharmacokinetic characteristics of both pre-
cipitating drug and substrate is critical for the design of drug interaction studies
to maximize the interaction potential. By definition, the intestinal and hepatic
concentration of an inhibitor or inducer will change over time following pulsed
administration and, thus, the acute effect of the modulator on enzyme function
should be time-dependent. Accordingly, administration of an oral ketoconazole dose
approximately 2 h before the oral dose of a CYP3A substrate appears to be impor-
tant to ensure optimal enzyme inhibition in both the liver and the small intestine
(Yang et al., 2003). The relationships depicted in Equations (17.8) and (17.9) for
enzyme inhibition take a static approach by allowing for the introduction of a stable
inhibitor concentration. For prediction purposes, often an expected time average or
maximum inhibitor concentration can be employed. However, a rigorous dynamic
approach that considers the fluctuation in inhibitor concentration over time is techni-
cally more appropriate; there have been recent attempts to feature dynamic changes
in the inhibitor concentration in the prediction of AUC changes (Chien et al., 2006;
Zhang et al., 2009).

17.3 Conclusions

In conclusion, to fully assess the contribution of metabolic interaction at the
intestinal mucosa during first pass to the overall drug interaction potential (e.g.,
AUC∗

po/AUCpo), one needs to account for multiple physiological factors that may
affect the degree of first-pass metabolism. Physiologically based pharmacokinetic
modeling approaches outlined in Chapters 5 and 26 and illustrated in Fig. 17.1 rep-
resent one way to evaluate such complexity. This could be one future direction for
further refinement in our quantitative understanding of clinically relevant drug–drug
interaction involving sequential first pass in the intestine and liver.
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Chapter 18
Transporter-Based Drug–Drug Interactions
and Their Effect on Distribution Volumes

Anita Grover and Leslie Z. Benet

Abstract Recently, drug transporters have emerged as significant modifiers of a
patient’s pharmacokinetics. In cases where the functioning of drug transporters is
altered, such as by drug–drug interactions, the resulting change in volume of dis-
tribution can lead to a significant change in drug effect or likelihood of toxicity, as
well as a change in half-life independent of a change in clearance. Here, we discuss
pharmacokinetic interactions at the transporter level that have been investigated in
animals and humans and reported in literature, with a focus on the changes in distri-
bution volume. Trends are discussed as they may be used to predict volume changes
given the function of a transporter and the primary location of the interaction.

18.1 Introduction

Significant attention has been paid to pharmacokinetic drug–drug interactions
(DDIs) resulting from inhibition or induction of metabolizing enzymes in the gut
and the liver. Such interactions are accepted to cause changes in bioavailability,
clearance, and the associated half-life, but generally considered not to have an
effect on volume of distribution. Less consideration has been given, therefore, to
changes in distribution volume following potential DDIs. However, with the recent
advances in the understanding of the role of drug transporters in pharmacokinet-
ics, it has become critical to also understand drug–drug interactions that are rooted
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in transporters. Unlike enzyme-mediated interactions, these may markedly change
distribution volume.

18.1.1 Volume of Distribution: V1, Varea, and Vss

The pharmacokinetic parameter volume of distribution describes the relationship
between the measured systemic concentrations and the amount of drug in the
body. It is a measure of the extent of tissue distribution, and it usually does
not represent any physiological volume. Instead, it is considered a theoretical
parameter that is dependent on a variety of drug properties: traditionally, lipophilic-
ity (a measure of tissue affinity) and plasma protein binding (Øie, 1986) and,
more recently, a drug’s status as a substrate for transporters (Grover and Benet,
2009).

The relationship between systemic concentrations and amount of drug in the
body can differ depending on the dosing regimen and time at which the param-
eters are measured. In particular, V1, the initial dilution volume, defined as the
dose divided by the initial plasma concentration following an intravenous bolus
dose, is likely to be relatively small because equilibration to the other tissue
spaces has not yet occurred. The volume at the terminal phase of elimination, Varea
(also known as Vz), will be greater. Most commonly, this represents the phase
when distribution is complete and elimination from the plasma is predominant,
so drug is re-entering the circulation from the tissue spaces. Varea is defined as
the clearance divided by the terminal rate of elimination and is therefore heavily
dependent on the terminal rate of elimination. This rate is often a more diffi-
cult parameter to estimate experimentally because it requires concentration data
for a long time period following the dose, when concentrations may begin to fall
below the limits of sensitivity for some analytical methodology. Finally, the volume
at steady state, Vss, is the sum of the distribution volumes of all the compart-
ments in a pharmacokinetic model. It can also be calculated from a single dose
as the product of clearance and the mean residence time in the body following
non-compartmental analysis. Its value will be between V1 and Varea, and it is con-
sidered to be a more “accurate” measure of whole body distribution volume, as it
is less directly dependent on changes in the elimination processes, a characteristic
of Varea.

It is also important to note that calculations of volume are highly model
dependent. The multicompartment volume parameters as defined above assume
elimination from the central compartment of a pharmacokinetic model (Nakashima
and Benet, 1988). The typical compartmental model assumes the liver and kidneys
are part of the central compartment, as they are highly perfused organs and assumed
to be in rapid equilibrium with the plasma, thus providing for central compartment
elimination. However, when elimination does not occur from the central compart-
ment, Vss and Varea will significantly under-predict distribution volume (Yates and
Arundel, 2008a, b). Therefore, it may be important to consider a possible case where



18 Transporter-Based Drug–Drug Interactions 439

transporter dysfunction means the liver and kidneys are not in rapid equilibrium
with the plasma, such that elimination occurs from a peripheral compartment. We
will return to this topic.

18.1.2 Drug Transporters and Drug–Drug Interactions

Drug transporters are found at numerous tissues in the body, implicating them
as players in drug distribution. While a variety of transporters, including P-
glycoprotein (P-gp), BCRP, and some members of the OATP family, are heavily
expressed at the intestinal epithelium, they should not affect volume of distribu-
tion, as volume terms are related to the behavior of the drug once it has entered
the systemic circulation. Within the body, the liver and kidneys express the greatest
variety and level of drug transporters. At these two organs, transporters modulate
access to metabolizing enzymes and excretion processes, both biliary and renal.
Consequently, they are likely to also have an effect on other pharmacokinetic
parameters, particularly clearance and half-life. The majority of published reports,
therefore, focus on primary transporter interactions at either the liver or the kidneys.

Drug transporters can be loosely characterized as either uptake or efflux, denoting
whether they facilitate drug entry into a cell or efflux out of a cell. Thus, an uptake
transporter with reduced function prevents drug accumulation in the tissue express-
ing the transporter, while an efflux transporter with decreased function increases
accumulation in the tissue expressing the transporter. The effect on total distribution
volume depends on the tissue expressing the transporter, whether it is an uptake or
efflux transporter and where the transporter is expressed in this tissue.

In those cases where the functioning of drug transporters is altered by a drug–
drug interaction, the resulting change in volume of distribution can lead to a
significant change in drug effect or likelihood of toxicity, as well as a change in
half-life independent of a change in clearance. Generally, because many transporters
have a wide range of substrates, DDIs in this consideration are rooted in the inhibi-
tion of a transporter, leading to decreased functionality. Genetic polymorphisms in
the transporter gene or relevant genetic control elements may also affect the func-
tioning of a transporter and, similarly, most polymorphisms will result in a reduced
function transporter. Thus, here we primarily discuss decreased transporter function
and its effects on the distribution volume. It is possible, however, for an increase in
transporter function to occur either by up-regulation of the transporter gene under
multiple dosing conditions or by a theoretical polymorphism that creates a trans-
port protein with increased effectiveness or an increased amount of protein. Such
transporter induction interactions have been reported to affect bioavailability in the
gut; however, these should not affect distribution volume. While in vitro induction
interactions have been reported at other tissues, including the liver and kidney (Jette
et al., 1996; Brady et al., 2002; Cherrington et al., 2002), clinical, pharmacoki-
netic interactions with increased functioning transporters have not yet been reported
outside the gut.
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18.2 Trends in Transporter Effects on Distribution Volume

Grover and Benet (2009) reported a number of interactions at the transporter
level that have been clinically investigated and reported in the literature. A sum-
mary of 37 such interactions, including the effects on the primary pharmacokinetic
parameters, is included in Table 18.1. Further analysis of these interactions revealed
a few interesting trends:

1. The magnitude of transporter-mediated change in volume of distribution may
differ depending on which measure of volume is used.

2. A transporter-mediated change in volume of distribution may be independent of
or correlated to a change in the drug’s clearance and the associated half-life.

3. In general, interactions at uptake transporters at the liver lead to a significant
decrease in volume of distribution, while those at the renal tubules do not lead to
a change in volume of distribution, although there are exceptions.

4. Interactions with efflux transporters at the liver generally lead to a decrease in
volume of distribution, while those at the renal tubules lead to an increase in
volume of distribution.

5. The primary location of the interaction (liver or kidneys) is a more important
determinant of the change in distribution volume than the secondary change in
tissue distribution, as evidenced by interactions that affect the integrity of the
blood–brain barrier.

Each of these trends will be discussed in relation to the interactions presented in
Table 18.1.

18.2.1 Measures of Volume

The magnitude of transporter-mediated change in volume of distribution may differ
depending on which measure of volume is used.

As discussed above, there are three measures of distribution volume. The relative
contribution of changes in transporter function to these three measures of volume
may differ. Grover and Benet (2009) extracted the plasma concentration–time data
from four studies (Yagi et al., 2003; Breedveld et al., 2004; Lam et al., 2006;
Yamashiro et al., 2006) and reanalyzed the pharmacokinetics. For each study, the
three measures of volume were calculated under both control and decreased trans-
porter functionality conditions, as shown in Table 18.2. V1 changes less markedly
than Vss and Varea. This is expected since full tissue distribution is not likely to have
occurred at the initial time points, and transporters not directly associated with very
rapidly equilibrating organs may not have had the chance to exert their effects. In
contrast, after all organs are in distribution equilibrium, Vss and Varea show the full
effect of transporter inhibition, exhibiting bigger changes than seen for V1. With
respect to transporter effects on equilibrium volume measures, little difference is
seen between the effects on Vss and Varea.
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18.2.2 Inter-relationship Between Volume, Clearance,
and Half-Life

A transporter-mediated change in volume of distribution can be independent of or
correlated to a change in the drug’s clearance and the associated half-life.

Half-life is considered the most important parameter to the clinician for determin-
ing dosing changes due to drug–drug interactions or pharmacogenomic variability,
as it is considered the parameter most closely associated with dosing interval and
duration of drug effect. In the simplest relation, half-life, clearance, and volume of
distribution are related by Equation (18.1):

t1/2 ≈ ln (2) · V

CL
(18.1)

Therefore, the change in half-life is proportional to the change in distribution
volume and inversely related to the change in clearance. In this simple single-phase
approximation, there will only be one volume term (V = V1 = Vss = Varea). In
reality, most drugs exhibit multiple phases of distribution and/or elimination and
may have many half-lives (Sahin and Benet, 2008). However, changes in this single-
phase approximation are still indicative of a general pharmacokinetic trend. Further,
as noted by Sahin and Benet (2008), many different, single value half-lives can
be reported for a drug that almost assuredly exhibits multicompartment kinetics,
including the single-phase approximation or the half-life for the terminal phase.
Therefore, for a number of drugs in Table 18.1, the relationship between clearance,
volume, and half-life will not follow Equation (18.1).

For example, in rats, digoxin is primarily metabolized in the liver by Cyp3a. It
is a substrate for Oatp1a4 uptake and P-glycoprotein efflux in hepatocytes. When
rats were dosed with dexamethasone, Cyp3a, Oatp1a4, and P-gp were induced.
Following administration of a single dose of the Oatp-inhibitor rifampin to these
dexamethasone-induced rats, a decrease in steady-state volume of distribution of
70.8% was observed together with a decrease in clearance of 54.2%, while no
change in half-life was evident in comparison to the induced, but not rifampin
inhibited, controls (Lam et al., 2006). From previous studies, it is known that the
concentration of inhibitor achieved after the single dose had minimal effects on
Cyp3a and P-gp. Therefore, inhibition of the uptake transporter led to the phar-
macokinetic changes observed. Inhibition of Oatp1a4 prevents liver accumulation,
decreasing distribution volume. Preventing liver entry also prevents metabolism,
leading to the decrease in clearance. Possibly because Oatp1a4 is also expressed
at the blood–brain barrier, choroid plexus, ciliary bodies, and retina, in addition to
the liver (Hagenbuch and Meier, 2004), the decrease in volume is greater than the
decrease in clearance. In this case, the changes in volume and clearance appear to
be correlated.

In humans, however, digoxin is predominantly excreted unchanged in the urine.
This process is mediated by P-gp. In patients concomitantly dosed with ritonavir,
a P-gp inhibitor, steady-state volume increased 76.7%, clearance decreased 41.8%,
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and half-life increased 156% as compared to controls (Ding et al., 2004). Here, inhi-
bition of P-gp prevents efflux of drug from the renal epithelial cells into the urine,
decreasing clearance. Inhibition of P-gp also prevents efflux of drug from other tis-
sues protected by P-gp, such as the brain and heart. Therefore, the drug is more
widely distributed in the body, and there is less drug in the systemic circulation,
making less available to be cleared by the kidneys. Because the clearance rate is also
decreased, both factors work toward increasing half-life. In this case, the changes in
volume and clearance are not correlated.

These examples elucidate mechanisms by which transporter inhibition can lead
to significantly different pharmacokinetic patterns for the clinician to consider.

18.2.3 Interactions Involving Hepatic and Renal Uptake

In general, interactions at uptake transporters at the liver lead to a significant
decrease in volume of distribution, while those at the renal tubules do not lead to a
change in volume of distribution, although there are exceptions.

Of 24 interactions that involved uptake transporters with decreased function, 9
did not cause a significant change in distribution volume. Each of these involved
interactions documented at uptake transporters at the renal tubules for drugs that
are primarily excreted unchanged in the urine. Three of twelve renal interactions
did exhibit decreased volume. Conversely, the 12 interactions attributed to the liver
all led to a decreased volume of distribution. A decrease in volume of distribution
would be expected in these interactions, as inhibiting an uptake transporter prevents
tissue accumulation. These uptake interactions are retabulated as either hepatic or
renal in Table 18.3.

From a physiological perspective, the liver is significantly more massive than
the kidneys: In the average man, the kidneys weigh about 150 g each, and the liver
weighs about 1.5 kg (Guyton and Hall, 2006). The liver also contains more cellu-
lar space available for transporter expression, while considerable kidney mass is
interstitial fluid and tubule volume. Similarly, hepatocytes are more available to
drug sequestration and storage than kidney epithelial cells. Therefore, preventing
drug from entering the hepatocytes will have a greater relative effect on the entire
body volume of distribution than will preventing drug from entering the epithelial
cells at the renal tubules. Despite substantial decreases in renal clearance and asso-
ciated increases in systemic concentrations, it appears that volume change due to
interactions at the kidney level is not observable.

A few further explanations for this disparity are possible. For one, if the kidney
transporters were unique to the renal epithelium, while liver transporters were also
expressed at other tissues in the body, inhibition of liver transporters would cause a
more significant pharmacokinetic change. However, it seems like the opposite may
be true: Table 18.4 shows the tissue distribution of the transporters highlighted in
this chapter. A second possibility is that the transporters that are relatively uniquely
expressed at the liver are also more specific for their substrates, while the renal
transporters act on a wider range of substrates. In that case, inhibition of a renal
transporter would not have much of an effect because another transporter could
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Table 18.4 Tissue distribution of transporters for which volume modulation has been investigated
after Grover and Benet (2009)

Transporter Species Tissue expression References

A. Efflux
P-gp Human Adrenal, sweat glands, blood

vessels, liver, kidney, lung >
muscle, mammary glands,
spleen, gall bladder, heart

van der Valk et al. (1990)

P-gp
(mdr1a/b)

Rat Brain > kidney > lung > liver Brady et al. (2002)

P-gp
(mdr1a)

Mouse Adrenal > placenta> kidney,
heart > liver, uterus, muscle,
spleen, brain, lung

Croop et al. (1989)

Mrp2 Rat Liver > kidney, brain Cherrington et al. (2002)
Bcrp Rat Kidney > liver > gonads >

brain > thymus, spleen
Tanaka et al. (2005)

Bcrp Mouse Kidney > liver > gonads >
brain > spleen, muscle, lung

Tanaka et al. (2005)

B. OATPs
OATP1B1 Human Liver Hagenbuch and Meier (2004)
OATP2B1 Human Liver, placenta, ciliary body Hagenbuch and Meier (2004)
Oatp1a4 Rat Liver, brain; eye Dresser et al. (2001) and

Hagenbuch and Meier
(2004)

C. OATs
OAT1 Human Kidney > brain Dresser et al. (2001)
OAT2 Human Liver > kidney Pavlova et al. (2000)
OAT3 Human Kidney > brain Dresser et al. (2001)
OAT4 Human Kidney; placenta Dresser et al. (2001) and

Sekine et al. (2000)
Oat1 Rat Kidney > brain Dresser et al. (2001)
Oat2 Rat Liver > kidney Dresser et al. (2001)
Oat3 Rat Liver ∼ kidney, brain; eye Dresser et al. (2001), Sekine

et al. (2000), and Sweet et al.
(2002)

Oat4 Rat Kidney, likely placenta Cha et al. (2000)
Oat1 Mouse Kidney > brain Dresser et al. (2001)
Oat2 Mouse Kidney > liver (female > male) Kobayashi et al. (2002)
Oat3 Mouse Kidney > brain Sweet et al. (2002)
Oat4 Mouse Kidney, placenta Cha et al. (2000)

D. OCTs
OCT1 Human Liver > kidney Dresser et al. (2001)
OCT2 Human Kidney > brain Dresser et al. (2001)
OCT3 Human Liver > kidney > brain Dresser et al. (2001)
Oct1 Rat Kidney, liver > brain Dresser et al. (2001)
Oct2 Rat Kidney Dresser et al. (2001)
Oct3 Rat Kidney, brain Dresser et al. (2001)
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restore the activity of the dysfunctional transporter. In support of this is the fact that
many of the studies focused on the kidney report only that the inhibited transporter
is a member of the OAT or OCT family. Further, Sweet et al. (2002) report that the
OAT transporters, which predominantly mediate clearance at the renal tubules, have
significant overlap in substrate specificities. An inhibitor would then also inhibit
multiple transporters. On the other hand, liver studies often report a specific trans-
porter that is affected. Alternatively, the renal epithelium may be a “looser” barrier
than the hepatocyte membranes, implying the transporters may simply have less
importance at the renal epithelium. In support of this is the fact that many drugs
have different permeability characteristics at the enterocytes of the intestine and at
the hepatocytes; certain drugs, such as atorvastatin, may diffuse passively into the
intestine, but require an uptake transporter at the liver. Thus, some drugs may also
have different permeability characteristics at the renal epithelium and hepatocyte
membranes. However, the measured changes in clearance contradict these possibili-
ties: If a single transporter were less important in the kidneys, clearance, in addition
to volume, would be unaffected.

Three interactions at the renal tubules presented in Table 18.3 do lead to a
decrease in volume. For the interaction between procainamide and cimetidine
(Somogyi et al., 1983), Varea was calculated by Grover and Benet (2009) from
the reported data assuming the reported half-life was the terminal half-life. As dis-
cussed, the change in Varea is often more extensive than the change in the other
volume parameters. However, the decrease in penicillin G Vss in oat3–/– knockout
mice (VanWert et al., 2007) and in famotidine V1 in healthy human volunteers upon
co-administration with probenecid (Inotsume et al., 1990) seem to be exceptions to
the trend.

18.2.4 Interactions Involving Hepatic and Renal Efflux

Interactions with efflux transporters at the liver generally lead to a decrease in
volume of distribution, while those at the renal tubules lead to an increase in volume
of distribution.

Efflux transporters serve a protective purpose preventing drug distribution at
some of the most sensitive tissue sites, such as the brain, lungs, and heart. They
are also expressed at the liver canalicular membrane and renal epithelia to facilitate
clearance. An increase in distribution volume would be expected after inhibiting an
efflux transporter, by increasing penetration to tissues protected by the transporters.
Table 18.5 highlights the interactions attributed to efflux transporters. Of these 13
interactions, 5 lead to an increase in volume, and they are all interactions at the
renal tubules. The remaining eight that do not cause a change or lead to a decrease
in volume are interactions at the liver.

For example, methotrexate and topotecan are both substrates of the efflux trans-
porter Bcrp, distributed through the blood–brain barrier, liver, and kidneys, among
other tissues. When methotrexate was dosed with the Bcrp inhibitor pantoprazole
in mice, Varea decreased by 21.6%, clearance decreased by 45.7%, and the half-life
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increased by 44.4%. Methotrexate is primarily cleared via the bile, where Bcrp has
a modulating role (Breedveld et al., 2004). On the other hand, when topotecan was
dosed with the Bcrp inhibitor novobiocin in rats, Vss increased by 254%, clearance
decreased by 33.7%, and half-life increased by 341%. Topotecan is primarily elimi-
nated unchanged in the urine, again mediated by Bcrp. In this case, the authors note
that increased brain concentrations of topotecan could lead to the increased volume
of distribution (Su et al., 2007). While increased peripheral tissue distribution is
likely in both cases, the effect is not apparent in the liver interaction.

Similarly, the anti-cancer agents daunomycin and adriamycin are both substrates
of P-glycoprotein. As daunomycin is eliminated predominantly in the liver by
metabolism (Yesair et al., 1972), when dosed with the P-gp inhibitor verapamil
in rats, Varea decreased by 63.7%, clearance decreased by 89.1%, and half-life
increased by 232% (Nooter et al., 1987). On the other hand, adriamycin is elim-
inated through both the liver and the urine. In rats, Tavoloni and Guarino (1980)
found that urinary elimination of adriamycin is saturable, while biliary excretion is
not. This indicates that P-gp may play a more important role in the kidney than the
liver. Upon co-administration with verapamil in humans, Vss increased by 31.2%,
clearance decreased by 32.6%, and half-life increased by 37.7%. Further, while the
values were not reported, the authors do note that the volume of the central compart-
ment decreased, and the volume of the peripheral compartments increased after P-gp
inhibition (Kerr et al., 1986). Because Vss is the sum of the volumes of all the com-
partments, the change in central compartment volume, which most likely includes
the kidneys, must be minor compared to the increase in volume of the peripheral
compartments.

Therefore, it seems that efflux transporter inhibition leads to a decrease in distri-
bution volume for the central compartment and an increase in distribution volume
for the peripheral tissue compartments. The magnitude of the increase in peripheral
distribution is greater than the magnitude of the decrease in central compartment
volume for a renal interaction, but it is less than the magnitude of the decrease in
central compartment volume for a hepatic interaction. So, an increase in total distri-
bution volume is evident for a kidney interaction, but a decrease in total distribution
volume is evident for a liver interaction. This conclusion follows the above analysis
on the difference in volume changes following uptake transporter interactions in the
kidney and liver: The liver is again a greater contributor to distribution volume than
the kidneys. Because peripheral distribution does not seem to be a factor in uptake
interactions, it is also clear that efflux transporters play a larger role than uptake
transporters outside the liver and kidney, despite the fact that uptake transporters are
expressed at these other tissues.

A mechanism for a decrease in central compartment volume, however, is not
immediately clear. As mentioned above, it is possible that when the efflux trans-
porter is inhibited, the eliminating organ is no longer quickly equilibrating with the
plasma. Effectually, the plasma concentrations do not reflect the amounts of drug at
the elimination site because drug is now so highly sequestered in the hepatocytes.
As Yates and Arundel (2008b) derived for a two-compartment model, the steady-
state volume is under-predicted by the value of V1 · (k10

/
k21), when elimination
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is actually from the peripheral compartment, where k10 and k21 are defined for the
central compartment elimination model shown in Fig. 18.1. Thus, the decrease in
steady-state volume might be a consequence of the pharmacokinetic calculations
and may not reflect a “real” volume change. It remains to be elucidated in which
cases the central compartment elimination model does not hold, as it is foreseeable
that uptake transporter dysfunction will also change the equilibration properties of
the eliminating organs.

Fig. 18.1 Two-compartment
pharmacokinetic model with
elimination from the central
compartment. Plasma
concentrations reflect the
central compartment,
compartment 1

18.2.5 Secondary Interactions at the Blood–Brain Barrier

The primary location of the interaction (liver or kidneys) is a more important
determinant of the change in distribution volume than the secondary change in
tissue distribution is, as evidenced by interactions that affect the integrity of the
blood–brain barrier.

While transporters are operative at almost all the major tissues in the body,
including the heart, lungs, and muscle, they have been most studied, beside the liver
and kidney, at the blood–brain barrier. Here, efflux transporters dominate, where
they serve to protect the brain from xenobiotic penetration. Table 18.6 highlights
the interactions that are associated with an increased distribution of drug to the
brain. These five interactions involve P-gp and BCRP, the two transporters most
highly implicated in maintaining the integrity of the blood–brain barrier. Despite the
increase in brain concentrations in these five studies, there is no common increase
in volume of distribution. Instead, it appears the trends discussed above for efflux
transporters generally hold true. That is, interactions attributed to the renal trans-
porters lead to an increased volume, while interactions at hepatic transporters lead
to either a decrease or no change in volume of distribution.

At the kidney tubules, as discussed, when the Bcrp substrate topotecan was dosed
with novobiocin in rats, volume of distribution increased 254%, with increased dis-
tribution to the brain (Su et al., 2007). At the liver, tacrolimus, a P-gp substrate, was
dosed to wild-type and mdr1–/– (P-gp knockout) mice. In these mice, there was no
significant change in volume, clearance decreased 65.4%, and half-life increased
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99.4% as compared to wild-type mice. Knockout mice also exhibited a 33-fold
increase in brain concentrations of tacrolimus. Minor increases in liver concentra-
tions were also evident. In mice, tacrolimus is predominantly excreted in the bile
(Yokogawa et al., 1999). Finally, tezosentan, also eliminated into the bile, was also
dosed with cyclosporine for inhibition of P-gp in humans. In this study, volume
of distribution decreased 65.2%, clearance decreased 74.8%, and half-life did not
change. The authors note that an increased incidence of adverse events, includ-
ing headache, hot flushes, and nausea, may have been caused by increased brain
distribution of the drug (van Giersbergen et al., 2002).

Thus, while brain distribution may change, even dramatically as in the case of
tacrolimus in P-gp knockout mice, these changes do not necessarily manifest in a
total body volume of distribution change. It is possible, however, that changes at the
other tissues expressing transporters might offer a different conclusion.

18.3 Pharmacodynamic Considerations

It is possible to predict the direction of the change in pharmacological effect given
the mechanisms of action of the drug and the location of the interaction. For exam-
ple, glyburide, metformin, and atorvastatin are substrates for uptake transporters
in the liver. Following uptake inhibition either via polymorphism or concomitant
medication, subjects in the three studies exhibit significantly reduced distribution
volumes. However, the direction of the resulting change in pharmacological effect
is different.

Glyburide is a hypoglycemic agent indicated for patients with type 2 diabetes.
Its main effect is at the pancreatic beta cells, where it stimulates insulin secre-
tion. It is primarily eliminated via metabolism by CYP2C9 and, to a lesser degree,
by CYP3A4 in the liver. It is a substrate for uptake mediated by OATP2B1 at
the hepatocytes, and subjects show a decrease in steady-state volume of 67.4%, a
decrease in clearance of 54.6%, without a change in half-life, following uptake inhi-
bition via concomitant dosing with rifampin. As would be predicted, inhibition of
liver uptake decreases elimination, increasing plasma concentrations. This increases
pancreatic beta cells’ access to the drug, increasing the pharmacologic effect.
Following a single dose of glyburide and a single dose of rifampin, subjects exhib-
ited significantly decreased blood glucose AUCs over a 12-h period (Zheng et al.,
2009).

Similarly, metformin is the first-line therapy for patients with type 2 diabetes.
Its pharmacological effect is in the liver hepatocytes, where it prevents gluconeo-
genesis, effectively decreasing blood glucose levels. It is primarily eliminated via
excretion at the renal tubules, a process mediated by OCT2. However, at the liver, it
is a substrate for uptake by OCT1. In this unique case, the transporter interaction is
not at the primary site of elimination, but because the drug is a substrate for hepatic
uptake and it is highly distributed to the liver, the interaction still causes marked
pharmacokinetic changes. This further attests to the importance of the liver in the
determination of distribution volume in consideration of transporter dysfunction. In
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patients with polymorphisms in one of their OCT1 alleles, volume of distribution is
decreased by 53.9% and clearance is reduced by 37.5%, without a change in half-life
(Shu et al., 2008). In this case, a reduced function OCT1 allele decreases hepatocyte
access to the drug, decreasing the pharmacologic effect.

Along the same lines, Pasanen et al. (2007) and Tachibana-Iimori et al. (2004)
both studied a single nucleotide polymorphism (SNP) at position 521 in the
SLCO1B1 (OATP1B1) gene. Both groups looked at atorvastatin, among other
statins, to measure the effect of this polymorphism. Atorvastatin is primarily metab-
olized by CYP3A4 and by CYP2C9 to a lesser extent, and it is a substrate for
OATP1B1 uptake. The drug and its active metabolites are less than 1% excreted in
the urine (Lau et al., 2007). The statins, HMG-CoA reductase inhibitors, decrease
cholesterol levels by preventing cholesterol synthesis and increasing clearance of
LDL, or “bad,” cholesterol at the hepatocytes. From the pharmacokinetic perspec-
tive, Pasanen et al. (2007) showed a decrease in Varea of 57.6% and a decrease in
clearance of 59.2%, without a change in half-life, between patients homozygous
for either the wild-type or mutant alleles. From a pharmacodynamic perspective,
Tachibana-Iimori et al. (2004) showed the same patterns held for patients beginning
atorvastatin, pravastatin, or simvastatin therapy, all OATP1B1 substrates. Analysis
of patients on any of these three drugs found that patients homozygous for the
wild-type alleles showed a decrease in total cholesterol of 22.3%, while patients
heterozygous for the wild-type and polymorphic allele showed a decrease in total
cholesterol of 16.5%, indicating a decreased pharmacological benefit. The differ-
ence between wild-type and polymorphic patients is likely to be greater for patients
homozygous for the mutant alleles.

In this regard, while the pharmacokinetic consequences of an interaction are
important for the clinician to understand, the pharmacodynamic change is also
critical to consider before changes to the dosing regimen are made. Within these
three examples, although the direction of pharmacokinetic change is the same, a
glyburide–rifampin interaction would require a decreased dosing rate to maintain
the same pharmacological effect, while patients with polymorphisms in OCT1 or
OATP1B1 would require an increased dosing rate of metformin or atorvastatin,
respectively, to maintain effect. The potential for toxicity when higher dosing rates
are required complicates this issue and may lead to alternative therapies for patients
with such pharmacogenetic variation.

18.4 Experimental Considerations

As with any pharmacokinetic study, it is important to understand the experimen-
tal conditions and variability that complicate the conclusions that are drawn from
transporter interaction studies.

First, there are wide interspecies differences in drugs’ elimination pathways, the
expression of transporters, and transporter substrate profiles. For instance, as noted,
digoxin is almost completely metabolized in rats, where it is a substrate for uptake
mediated by Oatp1a4 at the liver (Lam et al., 2006). In humans, however, digoxin is
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predominantly eliminated in the urine. Similarly, as shown in Table 18.4, in humans
OAT3 is expressed primarily at the kidney, and, to a lesser degree, in the brain, while
in rats Oat3 is highly expressed in the liver in addition to the kidneys and brain. For
substrates common to both rat and human Oat3/OAT3, this will most likely lead
to different tissue distributions and volume calculations between the two species
and indicates that results from an Oat3-focused pharmacokinetic study conducted
in rats may not scale to humans. Finally, the interaction between famotidine and
probenecid (Inotsume et al., 1990) resulting from the inhibition of OAT3 transport
at the renal tubules in humans is not reproducible in rats (Lin et al., 1988). This is
likely due to the increased expression of Oct1 in the rat kidney: Because famoti-
dine is also a substrate of Oct1 and probenecid does not inhibit Oct1, the transporter
serves as an alternate, compensatory route for renal clearance in rats concomitantly
dosed with famotidine and probenecid (Shitara et al., 2005). Briefly, these few exam-
ples attest to the importance of considering interspecies differences before clinical
extrapolations are made from animal data.

Further, while clearance is relatively easily extrapolated from in vitro data to in
vivo relevance, the same is not true of volume of distribution. Because volume is
focused on the entire body, even ex situ techniques, such as the isolated perfused
rat liver (IPRL) or isolated perfused rat kidney, can lead to incorrect approxima-
tions of the direction of volume changes. Table 18.7 highlights these discrepancies.
Although the published data are sparse, it appears the ex situ results for inhibited
uptake transporters in the liver and kidney follow the analysis above (Lau, 2006;
Kugler et al., 1996). However, the IPRL data for inhibited efflux transporters, in
particular P-glycoprotein, show an increase in steady-state volume of distribution,
while the in vivo trend predicts either a decrease or no change in this parameter
(Wu, 2003; Booth et al., 1998). A mechanism for this discrepancy remains to be
elucidated.

Table 18.7 Vss values from ex situ studies in rat

Interaction Transporter Organ
Vss Change
(%)

Prediction
from trends References

Digoxin + Rifampin Oatp1a4
uptake

Liver ↓ 17.9 ↓ Lau (2006)

Quinapril + PAH Oat uptake Kidney ↓ 13.7 ↔, (↓) Kugler et al.
(1996)

Digoxin + Quinidine P-gp efflux Liver ↑ 95.9 ↓ Wu (2003)
Tacrolimus +

GG918
P-gp efflux Liver ↑ 30.1 ↓ Wu (2003)

Talinolol + GG918 P-gp efflux Liver ↑ 74.2 ↓ Wu (2003)
Doxorubicin +

GG918
P-gp efflux Liver ↑ 70.2 ↓ Booth et al.

(1998)

Italicized interactions are those where the data do not match the in vivo predictions of Grover and
Benet (2009).
PAH: p-aminohippurate, GG918: GF120918 (Elacridar)
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18.5 Conclusions

Through the above discussion, it is apparent that active drug transporters that modu-
late tissue distribution act as modifiers of distribution volume. Because transporters
can be significantly affected by drug–drug interactions or genetic polymorphisms,
changes in drug transporter activity as they affect distribution volume require atten-
tion. The above analysis indicates that the primary location of the interaction, at the
kidneys or the liver, serves as the major predictor of change in distribution volume.
Figure 18.2 summarizes the trends in effects of transporter dysfunction on distri-
bution volume as discussed above. As knowledge pertaining to the location and
function of drug transporters and the substrate status of drugs for these transporters
becomes more available, the present analysis provides a framework for under-
standing future pharmacokinetic interactions rooted in active drug transporters.

Fig. 18.2 Summary of trends for predicting effects of transporter dysfunction on volume of dis-
tribution, depending on whether it is an uptake or efflux transporter and the primary location of the
interaction (Reprinted with permission from Grover A and Benet LZ (2009). Effects of drug trans-
porters on volume of distribution. AAPS J 11:250–261. Copyright 2009, American Association of
Pharmaceutical Scientists.)
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Chapter 19
Inactivation of Human Cytochrome P450
Enzymes and Drug–Drug Interactions

R. Scott Obach, Odette A. Fahmi, and Robert L. Walsky

Abstract Inactivation of human P450 enzymes represents an important mechanism
of drug–drug interactions (DDIs). Inactivators are distinct from other inhibitors in
that the affected enzyme is responsible for bioactivating an otherwise inert drug into
an intermediate that can irreversibly damage the enzyme, and recovery of activ-
ity in vivo requires the biosynthesis of new enzyme. Whether a new drug will be
a mechanism-based inactivator depends on the identity of chemical substituents
present in the substrate and their metabolism by the P450 enzyme. Experimental
approaches used to define new drugs as possible time-dependent inhibitors and
mechanism-based inactivators are described. Finally, it has been demonstrated that
inactivation kinetic parameters generated in vitro can be used to predict DDI. The
methods used to do this are described along with existing uncertainties in the input
parameters needed for accurate predictions.

19.1 Introduction

Drug–drug interactions (DDIs) represent a continuing problem in clinical practice,
particularly as the use of multiple drugs simultaneously to treat either one or con-
current conditions occurs with an aging world population. While it is sometimes
the case that DDIs arise due to one drug affecting the pharmacological effect of a
second drug, in most cases DDIs arise because one drug affects the activity of a
drug-metabolizing enzyme responsible for the clearance of a second drug. If the
pharmacokinetics of the affected drug do not elicit a pharmacologically meaningful
result (i.e., increase in side effects or toxicity or loss of beneficial effect), the DDI
will not be important and it may go unnoticed.
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The cytochrome P450 family is most often the target among drug-metabolizing
enzymes involved in DDI. This is due to the fact that majority of drugs are cleared
by P450 catalyzed metabolism (Williams et al. 2003). Furthermore, there are several
drugs known to inhibit, inactivate, or induce the expression of P450 enzymes in
vitro, some of which are dosed at high enough levels to attain in vivo concentrations
that can cause these effects. Our understanding of the human P450 enzymes, their
involvement in drug clearance, and an evolving knowledge of how to relate in vitro
data to in vivo DDI has resulted in the regular application of in vitro approaches in
drug research with the goal of designing and developing new drugs that lack DDI
issues.

Other chapters in this book focus on inhibition and induction; the focus of this
chapter is on inactivation of human P450 enzymes. Inactivators (also referred to
as mechanism-based inactivators (MBI) or suicide substrates) are distinct from
other inhibitors in that the affected enzyme is responsible for bioactivating an
otherwise inert substrate into an intermediate that can irreversibly damage the
enzyme. Recovery of activity in vivo requires the biosynthesis of new enzyme. The
determination of whether a compound is an inactivator usually involves an initial
demonstration of time-dependent inhibition (TDI), that is, a kinetic experiment that
shows that when the compound is incubated with the enzyme, its inhibitory activity
increases with time. However, in addition to data that show time-dependent inhibi-
tion, other biochemical evidence is required in order to demonstrate that a compound
is an inactivator. Examples of drugs that have been demonstrated to be TDI and
also have been shown to elicit DDI are in Table 19.1. In this chapter, inactivation
of P450 will be discussed with regard to biochemical mechanisms, experimental
approaches to measure inactivation, and how to relate these in vitro data to in vivo
DDI. Several recent reviews of P450 inactivation have been published and the inter-
ested reader can refer to these for even greater detail (Zhou et al., 2005; Riley
et al., 2007; Kalgutkar et al., 2007; Venkatakrishnan et al., 2007; Venkatakrishnan
and Obach, 2007; Hollenberg et al., 2008).

19.2 Biochemical Aspects of Inactivation of Cytochrome P450

Inactivation of P450 enzymes can occur via one of three main mechanisms: (a) for-
mation of a quasi-irreversible heme–ligand complex, (b) adduct formation to the
heme, and (c) adduct formation to the protein. Despite mechanistic distinction, all
three can ultimately yield the same kinetic outcome, both in vitro and in vivo (i.e.,
observation of TDI and in vivo DDI). Whether a new drug will be a mechanism-
based inactivator depends on the identity of chemical substituents present in the
substrate, whether the substituent can be metabolized by the P450 enzyme, and
whether the activated entity is properly oriented in the enzyme active site to react
with the enzyme or form a complex with the heme. For example, many drugs con-
tain primary and secondary aliphatic amines, a substituent that can be activated to a
nitroso metabolite capable of forming a complex to the heme iron. However, despite
many of these drugs being metabolized at the amine, only a subset will actually
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Table 19.1 Drugs that have been shown to be both time-dependent inhibitors in vitro and cause
DDI in vivo

Enzyme/drug
Chemical substituent involved in
inactivation Example of DDI

CYP1A2
Furafylline Alkylimidazole Caffeine
Enoxacin Unknown Theophylline
Rofecoxib Unknown Tizanidine
Zileuton Thiophene? Theophylline

CYP2A6
Methoxsalen Furan Nicotine

CYP2B6
Clopidogrel Thiophene Bupropion
thioTEPA Unknown Cyclophosphamide
Ticlopidine Thiophene Bupropion

CYP2C8
Gemfibrozila Benzyl group Repaglinide

CYP2C9
Tienilic acid Thiophene Warfarin

CYP2D6
Cimetidine Unknown Desipramine
MDMA Methylenedioxyphenyl Dextromethorphan
Paroxetine Methylenedioxyphenyl Desipramine

CYP2E1
Disulfirama Diethyldithiocarbamate metabolite? Chlorzoxazone

CYP3A
Clarithromycin Alkylamine Midazolam
Delavirdine Unknown Buprenorphine
Diltiazema Alkylamine Midazolam
Erythromycin Alkylamine Midazolam
Fluoxetinea Alkylamine Alprazolam
Irinotecan Unknown Sorafenib
Isoniazid Hydrazine? Triazolam
Mibefradil Unknown Midazolam
Nefazodone Quinoneimine Midazolam
Nelfinavir Unknown Simvastatin
Ritonavir Unknown Midazolam
Saquinavir Unknown Midazolam
Troleandomycin Alkylamine Midazolam
Verapamila Alkylamine Buspirone

aEvidence suggests that a metabolite of the parent drug is the substrate that is the TDI.

cause inactivation. Thus, the presence of a structure alert for MBI of P450 enzymes
does not guarantee that a compound possessing such an alert will be an inactivator,
and at present there is no established approach whereby MBI could be predicted
from structure alone – in vitro testing is necessary.
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19.2.1 Quasi-irreversible Complex Formation

Several substituents can be metabolized by P450 enzymes to generate intermediates
that can form tight non-covalent interactions with the heme iron. The term “quasi-
irreversible” stems from the fact that many of these heme–ligand complexes can be
reversed under specific in vitro conditions to restore active enzyme. For example,
treatment of a quasi-irreversible complex with ferricyanide can restore the activ-
ity of the enzyme. However, despite being non-covalent and “reversible” under
specific in vitro conditions, drugs that inactivate P450 by this mechanism are essen-
tially irreversible in vivo. The formation of the complex (sometimes referred to as a
metabolite–intermediate complex, abbreviated as MIC) occurs at the last step in the
P450 catalytic cycle (Correia and Ortiz de Montellano, 2005). The initially formed
product can ligand to the ferrous heme iron to form a complex Fe(II)-M that will not
dissociate under ordinary conditions. Depending on the specific type of substituent
the complex will demonstrate an absorbance maximum in the 448–458 nm region,
and measurement of the increase in absorption at this region during incubation of
P450, inactivator, and NADPH is evidence for the formation of MIC.

19.2.2 Covalent Modification of Heme and Protein

While it is commonly held that cytochrome P450 enzymes metabolize xenobiotics
in order to detoxicate them, to provide functional groups able to be conjugated,
and to make them more polar so as to be more readily excreted, in some cases the
metabolism can result in the generation of a reactive electrophile or radical species.
These latter metabolites are frequently associated with toxicity (e.g., drug allergy,
carcinogenesis). They are also frequently the underlying mechanism for inactivation
of P450 enzymes. The reactivity of the electrophile or radical will dictate whether
it is long-lived enough to dissociate from the P450 active site and react with other
nucleophiles (water, glutathione, or tissue macromolecule nucleophiles) or whether
it will be so reactive that it will rapidly react with nucleophiles present on the
P450 enzyme before it has an opportunity to dissociate. The latter can result in
enzyme inactivation. The reaction can occur with groups on the apoprotein or with
the porphyrin. Experimentally, this can be distinguished by determining whether the
inactivated enzyme can still bind CO (which indicates that the heme is unmodified).
In either case, the reaction results in an irreversible covalent bond to the enzyme
which renders it inactive. If reaction occurs to the porphyrin, a change in the heme
absorbance spectrum may be observed, depending on the structure of the adduct.

19.2.3 Examples of Functional Groups That Inactivate
Cytochrome P450

There are numerous examples of drugs and other xenobiotics that have been demon-
strated to inactivate P450 enzymes. In many cases, the mechanisms are unique to
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the specific structure of the drug and a description of every case is beyond the scope
of this chapter. In this section, some of the most common inactivating substituents
are described. A greater level of detail can be found in articles by Kalgutkar et al.
(2007), Correia and Ortiz de Montellano (2005).

19.2.3.1 Alkylamines

Aliphatic amines are an extremely common substituent present in drugs and
unavoidable in general drug design since a positively charged nitrogen center is
required for binding to many drug receptor sites (e.g., neurotransmitter receptors).
There are far more drugs that possess this substituent that are not inactivators than
those that are inactivators; however, an understanding of which aliphatic amines
will be inactivators and which will not is not known a priori. Depending on the
substitution pattern on the nitrogen, there can be several metabolic steps needed to
generate the intermediate that can form a quasi-irreversible complex with the heme
iron in P450. A primary amine is necessary, and drugs that are secondary or tertiary
amines must first undergo N-dealkylation to be able to be an inactivator. A nitroso
intermediate is the one hypothesized to form the complex with the heme iron:
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Examples of drugs that undergo this mechanism include diltiazem (Jones et al.,
1999), verapamil (Wang et al., 2004), and several macrolide antibiotic drugs (e.g.,
troleandomycin, clarithromycin) (McConn et al., 2004).

19.2.3.2 Methylenedioxyphenyl

The methylenedioxyphenyl group is common in natural products and in some cases
has been included in drugs. Hydroxylation at the bridging methylene group results
in the formation of an unstable intermediate that either loses the methylene group
resulting in a catechol or loses water to yield a carbene. While the former product
can ultimately generate a reactive quinone metabolite with further oxidation, it is
the carbene product that is important for the mechanism of P450 inactivation. The
carbene will form an MI complex with the heme iron and is marked by formation of
a Soret absorption peak around 456 nm.
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Examples of drugs that inactivate P450 enzymes by this mechanism include
paroxetine (Bertelsen et al., 2003) and methylenedioxymethamphetamine (Van
et al., 2006).

19.2.3.3 Alkynes

Alkynes have been shown to be inactivators of P450 enzymes, with different mech-
anisms possible. Addition of the activated iron-bound oxygen across the triple bond
can result in a radical intermediate that can form an adduct with the porphyrin.
Alternately, completion of the oxidation reaction of an alkyne will yield an elec-
trophilic ketene. Reaction of the ketene with water yields an acetic acid metabolite
(commonly observed for alkynes), or the ketene can react with nucleophiles present
in the active site of the P450 enzyme, resulting in activation.

R R
O

R C C O R C C
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Nuc

alkyne unstable
oxirene

ketene

Ethinyl estradiol serves as an example of a drug containing an alkyne that is
metabolized in this manner and which inactivates CYP3A4 (Lin et al., 2002).

19.2.3.4 Progenitors of Michael Acceptors

Michael acceptors are electrophiles containing conjugated double bond systems that
can readily react with soft nucleophiles. Examples include α,β-unsaturated aldehy-
des, ketones, and amides, quinones, quinoneimines, and quinonemethides. Phenols
can be readily oxidized to hydroquinones and quinones. A compelling example of
this is raloxifene, which contains an extended hydroquinone system and has been
shown to inactivate CYP3A4, although there are no reported in vivo DDI caused
by this inactivation (Pearson et al., 2007; Baer et al., 2007). Nefazodone is the
best example of an MBI that likely occurs via generation of a Michael acceptor
that also causes in vivo DDI. The 3-chlorophenylpiperazine portion can undergo
hydroxylation of the 4-position, and a second oxidation yields a quinoneimine
intermediate(Kalgutkar et al., 2005).
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Nefazodone is hepatotoxic, and the same reaction, but occurring with other tissue
nucleophiles, may be an underlying mechanism behind toxicity. Thus, bioactivation
of drugs to reactive intermediates that can inactivate P450 enzymes can sometimes
serve as a harbinger of other types of deleterious phenomena. However, there is not
a 1:1 correlation since many drugs can inactivate P450 enzymes without causing
such types of toxicity.

19.2.3.5 Five-Membered Aromatic Heterocyclic Compounds

There are numerous examples of furan- and thiophene-containing drugs, some of
which are MBI for human P450 enzymes and cause DDI. (Furans and thiophenes
generally inactivate P450 by formation of Michael acceptors, which were described
in the preceding sub section. However, their generation from 5-membered aromatic
heterocycles merits a separate discussion.) Menthofuran, a metabolite of a natural
product, is a furan shown to be an MBI for CYP2A6 and adduction of menthofuran-
related material to both CYP2A6 and P450 reductase was shown by electrophoresis
and immunoblotting supporting a mechanism whereby the reactive intermediate
covalently binds to the enzyme (Khojasteh-Bakht et al., 1998). Reduction of binding
by added nucleophiles (e.g., glutathione and methoxylamine) showed a reduction of
binding to reductase but not CYP2A6, suggesting the reactive intermediate reacts
with CYP2A6 prior to release from the enzyme. Such a reactive metabolite is pro-
posed to arise by P450 catalyzed epoxidation of the furan ring. Studies on L-745394,
which contains a furanopyridine ring, also support a role for furans as MBI for
P450 enzymes (Sahali-Sahly et al., 1996; Lightning et al., 2000). Findings support
a mechanism of
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The antipsoriasis agent methoxsalen is a drug that inactivates CYP2A6 and
CYP1A2 and causes DDI in vivo (Koenigs et al., 1997).

Drugs that contain thiophene rings and have been shown to be MBI for human
P450 enzymes include ticlopidine, clopidogrel, suprofen, and tienilic acid (Lopez-
Garcia et al., 1994; O′Donnell et al., 2003; Richter et al., 2004; Turpeinen et al.,
2005; Walsky and Obach, 2007). The mechanism of bioactivation that leads to MBI
of P450 could occur in a manner similar to furans (i.e., epoxidation) or via oxy-
genation of the thiophene sulfur. Adduction occurs to nucleophiles on the protein,
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and tienilic acid adducts to CYP2C9 have been shown (Lopez-Garcia et al., 1994).
Possible mechanisms for thiophene ring MBI are
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Both ticlopidine and clopidogrel have been shown to cause a reduction of
CYP2B6 activity in vivo, and tienilic acid has been shown to inactivate CYP2C9 in
vivo through a marked reduction in warfarin clearance (O′Reilly, 1982; Turpeinen
et al., 2005). The mechanism of inactivation of CYP1A2 by zileuton has not been
determined, but could be due to the benzothiophene substituent (Lu et al., 2003).

19.2.3.6 Alkyl-Substituted 5-Member Aromatic Azaheterocyclics

Noteworthy among structures of this type is furafylline, a frequently employed
reagent to inactivate CYP1A2 in vitro and which had been shown to cause a marked
increase in exposure to caffeine in humans (Kunze and Trager, 1993). Interestingly,
despite possessing a freely accessible furan ring in its structure, this substituent is
not responsible for the MBI demonstrated by furafylline. Rather, metabolism of
the 8-methyl substituent is proposed to yield a reactive iminomethide intermediate
which can either leave the active site and react with water (to yield the hydroxylated
metabolite) or with a nucleophilic group on the P450 protein(Racha et al., 1998).
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It is possible that midazolam, which despite being a very commonly used probe
substrate activity of CYP3A4 that shows autoinactivation kinetics, could cause inac-
tivation by this same mechanism during generation of the 1′-hydroxy metabolite
(Khan et al., 2002)

The generation of reactive intermediates from 3-alkylindoles may be related
to the bioactivation of 2-alkylimidazoles. The bioactivation of 3-methylindole has
been well characterized in studies directed toward understanding its mechanism of
pneumotoxicity in grazing animals, but it has also been shown to inactivate human
CYP2F enzymes (Kartha and Yost, 2008). The mechanism involves oxidation of the
3-methyl group and dehydration to yield a reactive iminomethide intermediate:
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The iminomethide forms an adduct with the apoprotein, since the CO bind-
ing properties of the heme are unobstructed. The MBI exhibited by zafirlukast
on CYP3A4 has been proposed to occur via this mechanism as well (Kassahun
et al., 2005).

There are several other chemical substituents that have been shown to cause
mechanism-based inactivation of P450 enzymes, but have not been associated with
inactivation of human enzymes to cause in vivo DDI. These include alkenes (e.g.,
secobarbital) which can form adducts to porphyrin; haloalkanes (e.g., chloram-
phenicol) which form acyl halides that acylate the protein; cyclopropylamines (e.g.,
tranylcypromine) and hydrazines (e.g., phenelzine, dihydralazines) which generate
radicals to form adducts to P450 protein, among others.

19.3 Experimental Approaches to Determination
of Time-Dependent Inhibition

Time-dependent inhibition is the in vitro enzyme kinetic observation that is made
that differentiates between reversible inhibition and irreversible/quasi-irreversible
inhibition. The assessment of potential drugs for time-dependent inhibition of P450
enzymes using in vitro techniques has become common in the drug discovery and
development processes and remains an area of active research (Venkatakrishnan
et al., 2007; Ghanbari et al., 2006; Obach et al., 2007). A determination that a
candidate is a time-dependent inhibitor in a kinetic experiment does not in itself
confirm that it is also a mechanism-based inactivator. Proof that a compound is a
mechanism-based inactivator requires gathering additional biochemical evidence.
Depending on the mechanism of inactivation, this can include spectral demonstra-
tion of a metabolite–intermediate complex (MIC), demonstration of irreversible
covalent binding to the P450 protein, a lack of recovery of activity after dialysis
of inactivated enzyme, among other approaches (listed in Table 19.2).

Pooled human liver microsomes are the most often used in vitro test system for
time-dependent inhibition study of P450 enzymes. The use of this human-derived
system has been shown to be reasonably successful in the prediction of clinical DDI
due to inactivation of CYP1A2 by furafylline, CYP2B6 by ticlopidine, CYP2D6
by paroxetine, and CYP3A by diltiazem, erythromycin, fluoxetine, ritonavir, vera-
pamil (Obach et al., 2007; Venkatakrishnan and Obach, 2005; Wang et al., 2004;
Mayhew et al., 2000). The use of recombinant P450 heterologous expression sys-
tems, while able to readily detect TDI, can be problematic when using the data to
predict the magnitude of DDI. It has been suggested that inactivation data generated
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Table 19.2 Biochemical experiments that can ascertain mechanism-based inactivation of P450
enzymes

Experiment Use(s) Approach

Spectral measurements
of MIC

Detect MIC complex
formation

Incubate TDI with P450 and NADPH;
monitor formation of MIC by spectral
scanning in the range of 445–460 nm
(Franklin, 1974, 1991)

Ferricyanide
reactivation

Detect MIC complex
formed from alkylamine
activation to nitroso

After treatment with TDI, add 10–50 mM
potassium ferricyanide and measure
reemergence of enzyme activity
(Franklin, 1991; Delaforge et al., 1984)

P450 CO-difference
spectral measurement

Detects adduction to
porphyrin or apoprotein
(such that CO-binding is
disrupted)

After treatment with TDI, bubble CO in
the enzyme solution and add a few
grains of sodium dithionite; measure
difference spectrum at 450 nm
compared to enzyme solution without
dithionite (Schenkman and Jansson,
1998)

Dialysis Demonstrates irreversible
inactivation

After treatment with TDI, subject enzyme
to dialysis to remove the TDI; test for
activity to see if it reemerges, as
compared to non-inactivated
control(Kunze and Trager, 1993)

Washing microsomes Demonstrates irreversible
inactivation

After treatment with TDI, spin
microsomes in an ultracentrifuge at
100 k×g to remove the TDI; test for
activity to see if it reemerges, as
compared to non-inactivated control
(Sinal and Bend, 1996)

Characterization of
adducted porphyrin

Demonstrates adduct to
porphyrin

After treatment with TDI, denature
enzyme and analyze the porphyrin by
HPLC, as compared to untreated
control (Kunze et al., 1983)

Covalent binding Demonstrates adduct to
apoprotein

Treat enzyme with radiolabeled TDI,
denature protein and exhaustively wash
away excess TDI, determine
radioactivity in protein pellet compared
to a control lacking NADPH (De
Matteis, 1974; Halpert, 1981)

Substrate protection Demonstrates irreversible
inactivation

During preincubation of enzyme and TDI,
include a low Ks substrate to determine
if inactivation can be competed away
with increasing substrate concentration
(Polasek et al., 2006)

in such systems may suffer from their unnatural molar ratio of NADPH/P450 oxi-
doreductase (OR) to P450 being 10- to 20-fold greater than that found in human liver
microsomes and therefore are more likely to form reactive intermediates which may
bias determination of kinact values higher than normal (Polasek and Miners, 2007).
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19.3.1 Abbreviated Approaches to Identify Time-Dependent
Inhibition

Conduct of experiments to measure KI and kinact can be laborious. Thus, abbrevi-
ated approaches to identifying compounds that are TDI before investing the effort
to do a complete inactivation enzyme kinetic experiments are worthwhile, provided
that such approaches do not yield false-negative results. Abbreviated approaches to
identifying TDI involve the comparison of samples preincubated in the presence
and absence of NADPH followed by a conventional incubation with substrate to
determine if a relative change in enzyme activity has occurred. Among the sim-
plest of TDI experiments is the single concentration TDI assay (Venkatakrishnan
et al., 2007; Obach et al., 2007; Walsky and Boldt, 2008). In this assay a single test
compound concentration (IC25) is used to maximize to possibility of observing a
significant change in activity over the control (Fig. 19.1). The IC25 concentration
can be determined from the data generated during an IC50 experiment. (Compounds
which are not reversible inhibitors could still be TDI and may be evaluated at
the highest concentration tested during the reversible inhibition assessment.) The
evaluation of TDI following a reversible inhibition experiment represents a highly
effective iterative approach. Test compound is assessed at 10× its IC25 concentra-
tion in microsomes at 10× their normal incubation concentration in the presence
and absence of NADPH. After a 30 min preincubation, aliquots are diluted 10×
into substrate at KM-containing NADPH and a normal incubation conducted. At
this point the test compound, if unconsumed during the preincubation, would be at
its theoretical IC25 concentration (75% control activity), substrate concentration at
KM, and microsomes at their normal reversible inhibition experiment concentration.
When results are compared to vehicle controls and percent control activities calcu-
lated, a direct comparison of percent change between them is made to determine
if TDI is of concern or not. The IC25 concentration is used because it represents
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a point on an inhibition curve near the top for which a small change in concen-
tration will yield the greatest change in activity, hence the most sensitive point. (If
concentrations are used that are too high or too low, changes with preincubation
may not be observed and yield false-negative results.) Typically a loss of more than
∼20% activity warrants further investigation. This experiment only indicates that
the test compound has shown measurable time-dependent inhibition that requires
further evaluation to determine KI and kinact. A second strategy is to perform the
same type of experiment in the presence and absence of NADPH following the same
dilution steps indicated above, but with multiple test concentrations. This provides
IC50 values after preincubation which have been empirically shown to correlate to
kinact/KI and these can be used in the prediction of DDI (Obach et al., 2007; Grime
et al., 2009). In the earlier phases of drug research, greater emphasis is usually given
toward the potential of a new compound to cause TDI for CYP3A due to the large
number of drugs this enzyme metabolizes. However, mechanism-based inactiva-
tors of CYP1A2, CYP2B6, CYP2C8, CYP2C19, CYP2D6, and CYP2E1 have been
identified and a thorough TDI assessment of all relevant enzymes should be con-
ducted during the drug development process (Venkatakrishnan et al., 2007; Grimm,
et al.,2009).

19.3.2 Determination of KI and kinact

Inactivation kinetics experiments are conducted similar to the TDI experiments
described above (Obach et al., 2007) to assess the maximal rate of inactivation
(kinact) and the concentration of test compound that causes inactivation at half of
the maximal rate of inactivation (KI). The ratio of kinact/KI is sometimes used to
rank order inactivation potential. A good correlation between this kinact/KI ratio and
the degree of the shifted IC50 values obtained in the above experiment has been
reported (Obach et al., 2007; Grime et al., 2009). In kinact/KI experiments, preincu-
bation of the test compound at several concentrations with NADPH is performed
at several preincubation time points, ranging from 0 to 10 min for strong, or 0 to
30 min for moderate or weak TDIs, then aliquots are diluted 10- to 20-fold into
incubations containing high substrate concentrations such that velocity in the con-
trol incubations (i.e., no inactivator) is near Vmax. The combination of high substrate
concentration and the large dilution employed reduces the interference of reversible
inhibition when conducting this assay. At each compound concentration (including
a vehicle control), a kobs value is determined by plotting the decrease in natural log-
arithm of activity over time and then determining the negative slopes of each line (or
using nonlinear regression for first-order decay curves). Typically, the rate observed
is greatest at the first non-zero time point taken, especially at the highest test com-
pound concentration, and is attenuated at the longer preincubation time point(s). If
the first non-zero time point is ignored, often a biphasic relationship is observed and
the time points from zero to the point of that inflection are used for determining kobs.
Figure 19.2 illustrates a plot of natural log of percent control activity vs. preincuba-
tion time which illustrates this phenomena. The initial high slope described above
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can be observed at the highest concentration at the 2 min preincubation time point.
In this example, time points from 0 to 8 or 10 min could be used to determine the
KI/kinact values shown in Fig. 19.3 using the following equation:

kobs = kobs[I=0] + kinact · [I]

KI + [I]

The kobs[I=0] value represents the apparent inactivation observed in samples con-
taining only vehicle which can be due to self-inactivation of P450 enzymes in the
presence of NADPH and absence of inactivator. It is used so that the curve is not
erroneously forced through zero, which would yield inaccurate KI and kinact values.
Other investigators have corrected the kobs values by subtracting kobs[I=0] first from
each inactivation curve and then forcing the relationship through the origin.
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19.4 Correlation of In Vitro P450 Inactivation Data to In Vivo
Drug–Drug Interactions

Understanding the risk for DDI associated with a new chemical entity is a key com-
ponent of both the drug discovery and development processes. Identifying that risk
early for new chemical entities under consideration as potential drugs gives a greater
probability of removing that risk via drug design efforts. But it is important to dis-
tinguish those TDIs that have a high likelihood of causing DDI vs. those that show
TDI but will not cause DDI. Several models have been proposed to predict DDI
caused by inactivation. While these models can not yet replace clinical studies in
all instances, they are extremely useful in identifying the level of DDI risk in early
drug development and can be used for decision making.

19.4.1 Prediction of Drug Interactions for Time-Dependent
Inhibitors

An equation for the prediction of drug–drug interactions due to time-dependent
inhibition was originally developed to predict the magnitude of in vivo metabolic
drug–drug interactions caused by CYP3A4 inactivators using in vitro data (Mayhew
et al., 2000). The majority of known drugs that show time-dependent inactivation
are targets for CYP3A4 interaction and there are only limited examples of drugs
that are inactivators of other P450 enzymes (e.g., zileuton for CYP1A2, tienilic acid
for CYP2C9, ticlopidine for CYP2C19, and paroxetine for CYP2D6). Nevertheless,
the concepts used to develop predictions for DDI caused by TDI of CYP3A4 were
extended to include the other P450 enzyme targets (Obach et al., 2007).

The equation that can be used to predict the magnitude of a DDI, i.e., the ratio
of AUC values with the inhibitor relative to control (i.e., AUC′/AUC) of the probe
substrate, is described below:

AUC′

AUC
= 1
⎛

⎜⎜
⎝

fm

1 +
(

kinact · [I]

kdeg · ([I] + KI)

)

⎞

⎟⎟
⎠+ (1 − fm)

The terms kinact and KI are as described in the previous section; kdeg is the first-
order degradation rate constant for P450 enzymes in vivo, fm is the fraction of the
affected drug that is cleared by the inactivated enzyme, and [I] is the in vivo free
plasma concentration of the inactivator. For CYP3A4 inactivators, the impact of
inactivation of intestinal enzyme is also necessary (Wang et al., 2004):
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wherein FG is the fraction of the probe substrate that evades intestinal metabolism
under the control condition, [I]G is the concentration of the inactivator in the ente-
rocytes during absorption, and all other terms are as described above. To estimate
[I]G, the equation

[I]G = ka · Fa · Dose

Qg

can be leveraged in which ka, Fa, and Qg are absorption rate constant, fraction
absorbed, and intestinal blood flow, respectively (Rostami-Hodjegan and Tucker,
2007).

19.4.2 Combined Mathematical Equation

Although the magnitude of DDI predicted via the above approach is often close to
that observed in the clinic for drugs known to inhibit CYP3A via time-dependent
inactivation, it is important to acknowledge discrepancies that have been observed
with some of the drugs tested, e.g., erythromycin, ethinyl estradiol, indinavir,
mibefradil, oleandomycin, rifampicin, and verapamil (Lamberg et al., 1998). This
is due mainly to the assumption that the amount of active CYP3A is decreased
by the time-dependent inactivation and that the inhibitor has no effect on the rate
of CYP3A synthesis. However, some drugs are also inducers, causing increased
enzyme concentration that might counteract the inhibitory effect, and the predicted
AUC increase will be less than that which is observed. While the above model is
effective when only one mechanism (inactivation) is present, it cannot predict well
when multiple effects are present (induction or reversible inhibition).

More recently, a combined mathematical model approach that accounts for the
simultaneous influences of competitive inhibition, time-dependent inactivation, and
induction of CYP3A in both the liver and the intestine has been proposed to pro-
vide a net drug–drug interaction prediction in terms of AUC ratio (Fahmi et al.,
2008). This model provides a framework by which readily obtained in vitro values
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for competitive inhibition, time-dependent inactivation, and induction for the pre-
cipitant compound as well as literature values for fm and FG for the object drug can
be used to provide quantitative predictions of DDIs. Using this model, DDIs aris-
ing via inactivation (e.g., erythromycin) continue to be well predicted, while those
arising via mixed mechanisms (e.g., ritonavir) are also predicted within the ranges
reported in the clinic (Fahmi et al., 2008). This comprehensive model quantitatively
predicts clinical observations with reasonable accuracy and proven as a valuable
tool to evaluate candidate drugs and rationalize clinical DDIs.

The equation used to predict the magnitude of DDI was previously reported
and is shown below, expressed as the ratio of area under the exposure–time curve
in the presence (AUC′

po) and absence (AUCpo) of a pharmacokinetic drug–drug
interaction (Fahmi et al., 2008). This combined mathematical model is based on
calculating the net effect of competitive inhibition, inactivation, and induction in
both the intestine and the liver, as presented below:

AUC′
po

AUCpo
=
(

1

[A × B × C] × fm + (1 − fm)

)
×
(

1

[X × Y × Z] × (1 − FG) + FG

)
,

in which

“A” is the term for TDI for the liver: A = kdeg,H

kdeg,H + [I]H × kinact

[I]H + KI

“B” is the term for induction for the liver: B = 1 + d · Emax · [I]H

[I]H + EC50,I

“C” is the term for reversible inhibition in the liver: C = 1

1 + [I]H

Ki

“X” is the term for TDI for the intestine: X = kdeg,G

kdeg,G + [I]G × kinact

[I]G + KI

“Y” is the term for induction for the intestine: Y = 1 + d · Emax · [I]G

[I]G + EC50,I

“Z” is the term for reversible inhibition for the intestine: Z = 1

1 + [I]G

Ki

[I]G and [I]H represent concentrations of inhibitor relevant for the intestine and
liver, respectively (Obach et al., 2007). For the intestine, an estimate for [I]G was
made as described above. For liver, free systemic Cmax was used for the inactivation
(term A) and induction (term B) portions of the expression, while free portal Cmax
was used for the reversible inhibition portion of the expression (term C). kdeg and fm
are as described above. Emax, EC50, and “d” represent the maximum fold induction
observed in cultured human hepatocytes, the concentration of inducer associated
with half-maximum induction, and a calibration factor “d” (0.3), respectively, as
described previously (Fahmi et al., 2008)
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19.4.3 Computer Simulations

It is important to note that the simple and combined models described above only
address the extent of DDI under the equilibrium, steady-state condition, using a rep-
resentative number of the human population by applying an average of the systemic
blood concentrations at steady state. In this regard, in silico approaches which link
the time course of predicted precipitant and object liver and intestine exposure to
the known CYP3A4 interaction mechanism is likely to address the aforementioned
limitation.

With the use of the Simcyp R©, population-based ADME application, simulat-
ing clinical study where the risk to individuals and the ability of simulating a
clinical study with its unique identity are important features within this computer-
simulated program. This population pharmacokinetic modeling provides not only
point estimates of average DDI magnitudes but also simulation of DDI across
different individuals and groups (Einolf, 2007; Rostami-Hodjegan and Tucker,
2007). The ability to use multiple subjects in the simulation representing the
variable content of their drug-metabolizing enzymes in the human population
is an important feature in Simcyp. This population model also allows one to
consider subgroups of the population that are at greater risk for clinically rel-
evant interactions to assess if they have a level of risk different from the rest
of the population (e.g., poor metabolizers, impaired renal function). Also, the
ability to input key details of clinical study design and simulation dynamic con-
centrations are other advantages of Simcyp. It should be noted that predictions
with Simcyp require more comprehensive input data such as physiochemical
properties, absorption, distribution, and elimination before accurate predictions
are made.

19.4.4 Factors That Impact on Prediction Accuracy

The use of kinact and KI in predicting DDIs for inactivators has been the most fre-
quently reported approach. However, careful attention to the design of the in vitro
experiments to obtain accurate kinetic parameters is necessary for a reliable pre-
diction, as previously described (Ghanbari et al., 2006; Yang et al., 2007). There
are several parameters that are most important to making accurate predictions of
DDIs caused by inactivators (Obach et al., 2006). Some are unique to predic-
tions for inactivators while others are relevant for DDI prediction for any type of
mechanism.

19.4.4.1 Factors Specifically Required for Predicting DDI for Inactivators

Enzyme Degradation Rate (kdeg). The true numerical value of kdeg can make a
huge impact on the prediction and has not been adequately estimated in humans
in vivo for any CYP, leaving this parameter as one important source of potential
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error in DDI predictions for inactivators. It has been known that the kdeg val-
ues could be very different for different individuals, disease states, and different
isoforms.

In previous reports, the value used for kdeg for P450 enzymes frequently was a
value derived from rat (kdeg = 0.00083 min–1 based on t1/2 = 14 h) (Mayhew et al.,
2000). However, more recently, values for kdeg were derived from modeling the time
course of reversal of DDIs caused by induction or inactivation of P450 enzymes in
human study subjects. The current most used values for the degradation rates for
CYP3A4 (kdeg) are 0.00032 min–1 based on t1/2 = 36 h and 0.00048 min–1 based on
t1/2 = 24 h for the liver and intestine, respectively (Fahmi et al., 2008; Obach et al.,
2007). For CYP1A2, as previously reported (Faber and Fuhr 2004), the kdeg used
is 0.0003 min–1 based on t1/2 = 38 h. For CYP2D6, the kdeg used is 0.0002 min–1

based on t1/2 = 51 h (Obach et al., 2007; Venkatakrishnan and Obach, 2005). There
has not been much investigation in the area of determining kdeg values for CYP2C9,
CYP2C19, and CYP2B6. It is worth mentioning that there is considerable scatter
among kdeg values that have been used for DDI predictions (Yang et al., 2007).

Estimation of In Vitro Inactivation Parameters kinact and KI. The Kitz–Wilson plot
has been frequently applied for reporting the kinetics of time-dependent inactiva-
tors, where both KI and kinact parameters can be estimated. However, this method
requires data linearization and parameter estimation by a two-step linear regres-
sion, which may adversely influence the accuracy and precision of estimation,
particularly when the data contain substantial variabilities. Also, the inactivation
rate (kinact) and incubation time significantly influence the resultant KI estimate.
In addition, the observed form of the plot resulting from enzyme degradation
may erroneously be interpreted as resulting from a noncompetitive inhibitory
mechanism.

On the other hand, a nonlinear method can provide a relatively more robust
method (Maurer and Fung, 2000) for the estimation of the KI parameter than the
classical Kitz–Wilson method in the presence of mechanism-based enzyme inacti-
vation. The Kitz–Wilson method was developed before the widespread availability
of computers and software designed for nonlinear parameter estimation. Now that
these resources are readily available, nonlinear methods should be used to obtain
more accurate and precise estimates of kinetic parameters.

19.4.4.2 Factors Which Are Important for Predicting DDI for Inactivators
but Also Important for Other Mechanisms of DDI

In Vivo Inactivator Concentration [I]in vivo. One area of DDI risk assessment that
has not reached consensus is the determination of the in vivo precipitant concentra-
tion driving the DDI. Projected clinically relevant concentrations at the estimated
therapeutic dose have included single-dose vs. steady-state values, total plasma vs.
free plasma values, and systemic vs. estimated portal vein values. Different types
of interactions have had success using different input values for [I] with successful
predictions of DDI caused by reversible inhibition utilizing unbound hepatic portal
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concentrations while predictions of induction DDI utilize free systemic concentra-
tions. For predicting DDI for inactivators, estimated free systemic Cmax generally
provides a more accurate parameter to use for [I] in vivo than portal vein Cmax and
was utilized by several authors (Kanamitsu et al., 2000; Obach et al., 2006). The use
of estimated unbound hepatic inlet concentrations of inactivators occurring during
the absorption phase, as surrogates for free concentrations in the liver, generally led
to overpredictions of the magnitude of DDIs.

Fraction of Clearance Contributed by the Affected Enzyme fCL(enz). The fraction
contribution of the specific P450 enzyme to the clearance of substrate drug in vivo
is defined as fm. Several approaches have been utilized to estimate the fm value,
including reaction phenotyping using human liver microsomes or the recombinant
system with radiolabeled compound and selective inhibitors. It has been also esti-
mated based on the estimates of urinary recovery of unchanged drugs, but they are
not regarded as definitive and represent an upper estimate of the P450 contribution
(Galetin et al., 2006; Gorski et al., 1998). Also, (Shou et al., 2008) utilized clinical
DDIs associated with CYP3A4 inhibition data to estimate fm values. Therefore, a
slightly different range of values had been reported by several publications for mida-
zolam (Shou et al., 2008; Gorski et al., 1998; Hallifax et al., 2008). Probably the best
values for fm are those estimated from pharmacokinetic studies conducted in sub-
jects with and without expression of functional enzyme, i.e., poor metabolizers. In
these instances, comparison of the intrinsic clearance of a probe substrate in subjects
that are homozygous for a null allele for a P450 enzyme relative to those possess-
ing the enzyme will show an overall mean contribution of the enzyme to clearance.
This has been done to estimate fm values for desipramine, metoprolol, omeprazole,
tolbutamide, and (S)-warfarin. However, the limitation of this approach is that there
has to be a genetic polymorphism such that some subjects lack the enzyme of inter-
est. Clearly, prediction success can be highly impacted on the potential error in
estimating fm value and a challenge is gaining reliable values for this parameter.

Microsomal Binding. Nonspecific binding in enzyme preparations can have a
significant impact on the inhibition potency, as reported previously (Margolis and
Obach, 2003). Since inactivation experimental design often uses high concentra-
tion of microsomal protein in the preincubation portion of the experiment to enable
an adequate dilution into the activity assay (thereby reducing reversible inhibi-
tion), estimation of KI of highly bound compounds can be impacted. Therefore, the
extent of nonspecific binding to microsomes is an important parameter to measure
when attempting to relate KI values measured in vitro to observations of drug–drug
interactions in vivo.

19.5 Conclusions

Throughout the past decade, our ability to generate in vitro cytochrome P450 inac-
tivation data and utilize it for predictions of DDI in the clinic has greatly advanced.
Such data are routinely generated in the search for new drugs that will lack the
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liability of causing pharmacokinetic-based DDI. The sophistication with which in
vitro TDI data are used has advanced to the point where not only predictions of sim-
ple point estimates of clinical DDI can be reliably made but computer simulation
of population variability in DDI can also be conducted. This can aid in the clini-
cal development of new drugs and appropriately direct effort to the conduct of only
those clinical studies for which a DDI is anticipated.

Our increasing knowledge of the types of chemical substituents that can be
bioactivated by P450 enzymes and cause enzyme inactivation can be used in drug
design (Kalgutkar et al., 2007). While not all substituents that cause inactivation
can be expunged from the repertoire of chemical substituents needed by the medic-
inal chemist to design potent drugs (e.g., alkylamines) some can be avoided (e.g.,
thiophene rings). And in those events where a potential inactivating substituent is
incorporated into a molecule of interest, in vitro approaches can be readily applied
to experimentally determine whether the compound will cause inactivation of P450
enzymes. Nevertheless, there will probably be instances in the future in which a new
compound that contains no presently known P450-inactivating substituents will be
shown to be an inactivator; this will lead us into new knowledge of the bioorganic
mechanisms of P450-mediated bioactivation.
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Chapter 20
Allosteric Enzyme- and Transporter-Based
Interactions

Murali Subramanian and Timothy S. Tracy

Abstract Allosterism in enzymes and transporters can result in alterations in
kinetic profiles and in rates of metabolism and transport. Cooperativity due to
allosteric interactions has been observed with drug-metabolizing enzymes such
as the cytochromes P450 and the uridine glucuronosyltransferases. In addition,
transporters such as P-glycoprotein and breast cancer resistance protein have been
demonstrated to also exhibit allosteric interactions resulting in cooperativity. Kinetic
profiles such as autoactivation (sigmoidal profile), biphasic and substrate inhibition
have been observed to occur due to homotropic cooperativity, and heteroactivation
has been observed to occur due to heterocooperativity. Numerous examples of all
types of allosteric interactions have been observed in vitro but in vivo examples are
limited. The correct kinetic equation should be applied to kinetic profiles to properly
estimate kinetic parameters for use in in vitro–in vivo correlations.
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P450s Cytochrome P450s
UGTs UDP-glucuronosyltransferases
SULTs sulfotransferases
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20.1 Atypical Kinetic Profiles Resulting from Allosterism

Allosterism can be defined as a change in the activity and conformation of an
enzyme resulting from the binding of a compound at a site on the enzyme other
than the active binding site. For the purposes of this chapter, we will assume that
this allosteric binding site could be a second site within the enzyme active site
but not the one from which substrate is undergoing metabolism at that instant.
Allosteric interactions of enzyme proteins can result in atypical kinetic profiles
that differ from the usual hyperbolic profile that is characterized by Michaelis–
Menten kinetics. Detailed analyses of atypical kinetic data have been conducted
and equations have been derived to model the four types of atypical kinetics most
often observed – biphasic kinetics, autoactivation, heteroactivation, and substrate
inhibition (Houston and Galetin, 2005; Korzekwa et al., 1998; Shou et al., 2001).
In addition, the phenomena of partial inhibition and substrate-dependent inhibition
are also included in this chapter since these likely also result from the biochem-
ical/biophysical occurrences described above. The occurrence of atypical enzyme
kinetics has been observed in numerous enzymes, including the cytochrome P450s
(P450s), the UDP-glucuronosyltransferases (UGTs), the sulfotransferases (SULTs),
and transporter proteins.

It is generally believed that these atypical profiles occur either due to the presence
of multiple binding regions with the enzyme active site allowing a second or even
a third ligand to bind (Ekroos and Sjogren, 2006), an allosteric site on the enzyme
external to the active site (Schoch et al., 2004; Williams et al., 2004), or finally due
to the existence of multiple conformers of the enzyme (Atkins et al., 2001) with the
possibility that these conformers can be allosterically modulated by sites external to
the active site and altering binding affinity within the catalytic site (Davydov and
Halpert, 2008).

20.2 Kinetic Models to Describe Atypical Kinetics

Korzekwa et al. provided some of the first mathematical models for describing the
various types of atypical kinetics (Korzekwa et al., 1998). Shou et al. extended this
work by deriving equations that could describe differential kinetic rates for the for-
mation of an SE complex versus an ES complex (where S is the substrate and E is
the enzyme) (Shou et al., 2001). Either set of models appears to adequately describe
atypical kinetic data. Further analyses have extended these concepts to provide both
more generic and specialized models (Houston and Galetin, 2005). Several reviews
have been published summarizing the various models (e.g., Hutzler and Tracy, 2002;
Tracy, 2003; Tracy and Hummel, 2004; Tracy, 2006) and the reader is directed to
these manuscripts for a more detailed description of these various kinetic profiles.
For this chapter, the types of profiles and the appropriate equations have been sum-
marized in Table 20.1 and partial inhibition and substrate-dependent inhibition are
discussed below.
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Table 20.1 Types of atypical kinetics and mathematical equations to describe the data

Type of atypical
kinetics Mathematical equation Notes

Biphasic kinetics v = (Vmax 1 · [S]) + (CLint) · [S]2

(Km1 + [S])
The CLint term in the

equation describes the
linear portion of the
kinetic profile and is
separate from any other
intrinsic clearance that
might be calculated from
the estimated Km and
Vmax

Autoactivation v =
Vmax 1 · [S]

Km1
+ Vmax 2 · [S]2

Km1 · Km2

1 + [S]

Km1
+ [S]2

Km1 · Km2

Because this equation
requires a large number
of data points to
adequately estimate the
four kinetic parameters,
it may be easier to use
the Hill equation in cases
where insufficient data
points are derived

Substrate
inhibition

v = Vmax

1 + Km

[S]
+ [S]

Ki

This is the most simple
equation form that can be
used to describe substrate
inhibition. A more
extensive form with a
number of parameters
can be found in Shou et
al. (1999)

Heteroactivation v = Vmax · [S]

Km

(
1 + [B]

Ks

)

(
1 + β[B]

αKs

) + [S]

(
1 + [B]

αKs

)

(
1 + β[B]

αKs

)

This equation describes a
two binding site model.
More complex models
can be used to describe
three binding sites and
various types of
cooperativity (see Galetin
et al. (2002), Kenworthy
et al. (2001))

Partial inhibition occurs when saturating concentrations of an inhibitor are unable
to completely inhibit metabolism of a substrate (Tracy, 2003). This is usually indica-
tive of mixed inhibition wherein a productive enzyme–substrate–inhibitor (ESI)
complex is formed. This complex can continue to form products, hence result-
ing in partial inhibition. In this case, the inhibitor can either bind to the protein
in an allosteric site or in the catalytic pocket of the enzyme, causing conforma-
tional changes or steric hindrance, thus affecting the binding and metabolism of the
substrate.
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Substrate-dependent inhibition is observed when an inhibitor exhibits different Ki
values depending on the substrate. This is counter to what is normally expected in
the case of traditional competitive inhibition wherein the Ki value for an inhibitor is
constant regardless of the substrate. Since probe substrates and chemical inhibitors
are used to assess drug–drug interactions in vivo, substrate-dependent inhibition
can cofound interpretation of results. For example, substrate-dependent inhibition
has been observed for CYP2C9, CYP3A4, and CYP2D6 where Ki values have been
found to differ by orders of magnitude depending on the substrate (Kumar et al.,
2006; Ramamoorthy et al., 2001; Stresser et al., 2000; Wang et al., 2000c).

20.3 Cytochrome P450-Based Allosteric Interactions

20.3.1 CYP3A4

CYP3A4 has been reported to make up 30% of the hepatic P450 content (Shimada
et al., 1994), and estimates suggest it may responsible for the turnover of more than
50% of marketed drugs. Interestingly, with its broad substrate specificity comes an
array of atypical kinetics phenomena with this P450 isoform displaying the greatest
number of allosteric interaction examples including homo and heterocooperativity
involving a number of substrates and effectors (Houston and Galetin, 2005; Shou
et al., 2001; Niwa et al., 2008a).

In a recent review, Niwa et al. provided an updated table listing the het-
erotropic interactions involving CYP3A4 (Niwa et al., 2008a). Examples of
heteroactivation were provided for 41 combinations of substrate, effector, and
enzyme source; in some instances the same effector–substrate pair showed acti-
vation in one enzyme source and inhibition in a different enzyme source.
7,8-Benzoflavone has been reported to result in the heteroactivation of multi-
ple CYP3A4 and CYP3A5 substrates including aflatoxin, carbamazepine (CBZ),
phenanthrene, benzo(a)pyrene, progesterone, 17β-estradiol, diazepam, phenacetin,
nifedipine, and testosterone (Ueng et al., 1997; Domanski et al., 2001; Niwa et al.,
2003; Andersson et al., 1994; Emoto et al., 2001; Shou et al., 1994; Domanski
et al., 2000). Quinidine has been implicated in the activation of meloxicam,
diclofenac, and warfarin (Ngui et al., 2000; Ludwig et al., 1999; Ngui et al.,
2001). In addition, many other effector–substrate pairs such as androstenedione–
CBZ, estradiol–CBZ, testosterone–midazolam, and testosterone–diazepam have
been identified (Nakamura et al., 2003; Wang et al., 2000c; Kenworthy et al., 2001).
Heteroactivation of triazolam, alprazolam, midazolam, flunitrazepam, and diazepam
by testosterone has been demonstrated with fresh human hepatocytes as well
(Hallifax et al., 2008). Aldosterone, testosterone, progesterone, androstenedione,
dehydroepiandrosterone (and its sulfate), cortisol, flavone, and α-naphthoflavone
have been reported to exhibit heteroactivation of the metabolism of CBZ to
carbamazepine–epoxide (CBZ-E) in human liver microsomes, hepatocytes, and
expressed and purified CYP3A4 and CYP3A5 (Henshall et al., 2008).
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In heterotropic activation of substrates exhibiting sigmoidal kinetics, at high
enough concentrations of the activator, formation of predominantly [EA] (where
E is the enzyme and A the activator) complex can occur, and hence the kinetics
of substrate metabolism change from sigmoidal to hyperbolic ([ESS] to [EAS]).
However, this is not always the case as seen for the heteroactivation of testos-
terone (a sigmoidal kinetics substrates), where high concentrations of the activators
diazepam, quinidine, haloperidol, and azoles did not result in normalization of kinet-
ics (Kenworthy et al., 2001; Galetin et al., 2002). This led Houston et al. to propose
a three-site model for CYP3A4, wherein two testosterone molecules could occupy
two sites in the active region, while the activator occupies a separate site (Houston
and Galetin, 2005). The possibility of three binding regions within the active site of
CYP3A4 has further been suggested in experiments using NanodiscTM technology
(Baas et al., 2004). Heteroactivation of CYP3A has not been limited to CYP3A4,
as CYP3A7 heteroactivation has been observed with the effector–substrate pairs
androstenedione–CBZ, CBZ–dehydroepiandrosterone (DHEA), and estradiol–CBZ
(Nakamura et al., 2003).

Autoactivation is also commonly observed with CYP3A4. Diazepam, testos-
terone, aflatoxin, amitriptyline, CBZ, desmethyladinazolam, estradiol, nifedipine,
nordiazepam, and progesterone have been demonstrated to exhibit sigmoidal kinet-
ics (Ueng et al., 1997; Schmider et al., 1995; Shaw et al., 1997; Korzekwa et al.,
1998; Kerr et al., 1994; Venkatakrishnan et al., 1998; Andersson et al., 1994;
Kenworthy et al., 1999; Shou et al., 1999; Shou et al., 1999; Kerlan et al., 1992;
Lee et al., 1995; Domanski et al., 1998; Kronbach et al., 1989; Ghosal et al., 1996).
Autoactivation (exhibited by sigmoidal kinetics) has also been observed in human
hepatocyte preparations with several benzodiazepines, including flunitrazepam,
alprazolam, and triazolam (Hallifax et al., 2008).

Lastly, substrate inhibition and biphasic kinetics have also been observed in
CYP3A4 enzyme systems, albeit less frequently than either heteroactivation or
autoactivation. Benzyloxyresorufin, progesterone, testosterone, and triazolam show
substrate inhibition, while levo-α-acetylmethadol, naphthalene, and nor-levo-α-
acetylmethadol have been observed to exhibit biphasic kinetics (Lin et al., 2001;
Schrag and Wienkers, 2001). Interestingly, pyrene also displayed biphasic kinet-
ics with CYP3A4, although the addition of cytochrome b5 changed the profile to
sigmoidal (autoactivation) (Jushchyshyn et al., 2005), while the addition of testos-
terone resulted in a hyperbolic kinetic profile. Regardless of the causative factor,
the large active site of CYP3A4, which is postulated to accommodate up to three
molecules simultaneously, may undergo significant conformational changes upon
the binding of a ligand or redox transfer protein resulting in observation of allosteric
interactions.

20.3.2 CYP2C9

The CYP2C9 enzyme has also been demonstrated to exhibit allosteric interac-
tions, including heteroactivation, autoactivation, substrate inhibition, and biphasic
kinetics. Dapsone is a classic effector of CYP2C9, resulting in the heteroactivation
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of flurbiprofen, naproxen, and piroxicam metabolism, while dapsone itself exhibits
an autoactivation (sigmoidal) kinetic profile with CYP2C9 (Hutzler et al., 2001b;
Korzekwa et al., 1998). The mechanisms by which dapsone heteroactivates CYP2C9
have been extensively studied. Co-incubation with dapsone decreases uncoupling
of the P450 catalytic cycle by reducing the generation of peroxide and excess
water and causing the more efficient use of NADPH reducing equivalents in for-
mation of product. Interestingly, the presence of dapsone also physically causes
the substrate (e.g., flurbiprofen) to be located closer to the reactive heme (Hummel
et al., 2004; Hutzler et al., 2003, 2001a). Hence, multiple mechanisms appear to
govern the action of dapsone heteroactivation. Substrate inhibition and biphasic
kinetics have also been observed in CYP2C9 with celecoxib and naproxen, respec-
tively (Korzekwa et al., 1998; Lin et al., 2001). A recent paper testing a library
of molecules against CYP2C9 reported that 18% of the tested molecules exhibited
atypical kinetics (McMasters et al., 2007).

20.3.3 CYP1A2

Though less extensively studied for atypical kinetics, CYP1A2 also has been
demonstrated to exhibit this phenomenon. Rabbit CYP1A2 exhibits heteroacti-
vation with 1-methoxy-4-nitrobenzene as the effector and 1,4-phenyldiisocyanide
as the substrate (Miller and Guengerich, 2001). Interestingly, equilibrium-binding
studies demonstrated that relatively minor changes in the oxygen-containing
substituent of 4-nitrobenzene can dramatically alter the effect. For exam-
ple, the 1-ethoxy-4-nitrobenzene compound is not a heteroactivator, while the
1-isopropoxy-4-nitrobenzene compound is an inhibitor of 1,4-phenyldiisocyanide.
A substrate inhibition profile was observed when ethoxyresorufin was incubated
with baculovirus-expressed CYP1A2, while biphasic kinetics were observed with 1-
methoxy-4-nitrobenzene incubated with expressed CYP1A2 (Lin et al., 2001; Miller
and Guengerich, 2001).

20.3.4 Other CYPs

Other cytochromes P450s have been demonstrated to exhibit atypical kinetics
of substrate metabolism suggesting that they also may accommodate two sub-
strate molecules (either of the same ligand or different ligands) in the active
site at the same time. For example, substrate inhibition has been observed with
both dextromethorphan and fluoxetine metabolism by CYP2D6 and for halothane
metabolism by CYP2E1. Biphasic kinetics have been observed with aminopyrine
and 7-ethoxycoumarin metabolism by CYP1A1 (Stevens and Wrighton, 1993; Ring
et al., 2001; Lin et al., 2001; Inouye et al., 2000). In the only report to date of het-
eroactivation of CYP2D6, fluoxetine was observed to activate the metabolism of
allopregnanolone and progesterone (Niwa et al., 2008b).
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20.4 Conjugating Enzyme-Based Allosteric Interactions

20.4.1 Glucuronosyltransferases (UGTs)

Atypical kinetics with xenobiotics metabolized by the UGTs were first reported by
Miners and colleagues in 1998 (Miners et al., 1988). While biphasic, substrate inhi-
bition, and autoactivation kinetics are the most common atypical kinetic profiles
observed, a few cases of heteroactivation have been reported. Atypical kinetic pro-
files of substrate metabolism have been observed with UGT1A1, 2B7, 1A9, 1A10,
and 1A4. Though not examined to the same degree as the P450s, it is likely that
large, flexible binding sites can accommodate the presence of multiple substrate
molecules simultaneously. This may not be so surprising given that the UGTs are
naturally designed to accommodate at least two co-substrates, the aglycone and the
uridine diphosphate glucuronic acid (UDPGA) sugar. Table 20.2 lists a summary of
the particular UGT isoform, the substrate, whether an effector molecule is involved,
and the type of kinetic profile observed.

One of the classic compounds exhibiting atypical kinetics with UGTs is estradiol.
Estradiol-17-glucuronidation exhibits autoactivation in human liver microsomes,
but in the presence of 50 μM of the effector 17-α-ethinyl estradiol, normal hyper-
bolic kinetics are observed. This suggests two distinct substrate-binding regions
within the active site, each independently occupied by estradiol and 17-α-ethinyl
estradiol (Williams et al., 2002). Based on this finding, a number of potential
effectors have been tested against this enzyme–substrate pair. Low concentrations
of 17-α-ethinyl estradiol exerted a stimulatory effect, while high concentrations
caused inhibition of estradiol 17-glucuronidation. In contrast 2-amino-1-methyl-6-
phenylimidazo[4,5-b]pyridine (PhIP) exhibited a stimulatory effect (heteroactiva-
tion) even at its highest concentration of 100 μM and was inhibitory only at the
highest estradiol concentration tested (100 μM).

Changes in regioselectivity of the site of glucuronidation have also been observed
with the UGTs when a substrate and effector have been co-incubated. For example,
the 3- and 17-glucuronidation of estradiol has been studied with a variety of flavone
effectors. At low concentrations of the substrate (estradiol), daidzein activated 3-
glucuronidation whereas genistein inhibited this metabolic pathway (Pfeiffer et al.,
2005). However, either compound did not affect the 17-glucuronidation of estradiol.

Recently, both two-binding site and three-binding site models have been pro-
posed to explain the interactions between zidovudine, 4-methylumbelliferone, and
1-naphthol glucuronidation by UGT2B7 (Uchaipichat et al., 2008). 1-Naphthol and
4-methylumbelliferone exhibit autoactivation (sigmoidal) kinetics, while zidovu-
dine exhibits hyperbolic kinetics. However, autoactivation was observed with
zidovudine when co-incubated with either 1-naphthol or 4-methylumbelliferone.
A two-site binding model adequately described this change in zidovudine kinetics
from hyperbolic to autoactivation. However, inhibition of the metabolism of both
1-naphthol and 4-methylumbelliferone was observed, as well. In this case, a three-
binding site model was required to explain these interactions. This three-site model
is similar to the one proposed by Houston et al. to explain the heteroactivation of
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testosterone by diazepam, quinidine, haloperidol, and azoles by CYP3A4, whereby
activation is observed but the testosterone kinetics still retain their autoactivation
nature (Houston and Galetin, 2005).

20.4.2 Sulfotransferases (SULTs)

Several types of atypical kinetic profiles have been observed with SULT1A1,
1A2, 2A1, and 1A3, including substrate inhibition, sigmoidal, and possibly bipha-
sic kinetics. For example, substrate inhibition was observed for SULT1A1- and
SULT1A2-catalyzed resveratrol sulfation to form trans-resveratrol-3-O-sulfate.
However, formation of trans-resveratrol-4′-O-sulfate was observed to exhibit sig-
moidal and substrate inhibition kinetics with SULT1A1 and SULT1A2, respectively.
Finally, the formation of trans-resveratrol-3-O-4′-O-disulfate by SULT1A1 and
SULT1A2 demonstrated sigmoidal kinetics (Miksits et al., 2005). With respect to
other sulfotransferase substrates, SULT2A1 exhibited substrate inhibition kinet-
ics with dehydroepiandrosterone and 4-hydroxy-2′,3,5-trichlorobiphenyl (Liu et al.,
2006). SULT1A1 exhibits substrate inhibition kinetics for the probe substrates
2-aminophenol and 4-nitrophenol, while SULT1A3 appears to demonstrate biphasic
kinetics for the same two substrates, although the authors do not make this distinc-
tion (Riches et al., 2007). Finally, SULT1A1∗1 and 1A1∗2 both exhibit substrate
inhibition kinetics with the probe substrate 4-nitrophenol (Tabrett and Coughtrie
2003).

20.5 Drug Transporter-Based Allosteric Interactions

20.5.1 P-glycoprotein (ABCB1)

The P-glycoprotein (P-gp) efflux transporter has been demonstrated to play a role
in multiple drug resistance by tumor cells, in the secretion of drugs into the bile or
kidney, as well as reducing the intestinal and CNS uptake of drugs. Several studies
have examined the interaction of multiple substrates with P-gp, providing evidence
of multiple binding domains. It has been speculated that these sites may exhibit
both a high and a low affinity conformation and can allosterically influence each
other’s activity (Martin et al., 2000; Safa, 2004). Because of these characteristics,
atypical kinetics have been reported for P-gp. For example, hyperbolic kinetics have
been observed for verapamil transport by P-gp, and ATPase activity measured as
an indication of P-glycoprotein function (Litman et al., 1997). However, when the
substrates daunorubicin or gramicidin were added to the system, heteroactivation of
ATPase activity was observed resulting in a sigmoidal kinetic profile.

Many of the studies examining the effect of multiple concurrent substrates on
P-gp activity have been carried out in the context of drug interaction studies. A
recent review summarizes the impact of a second compound (effector) on P-gp
transporter activity (Calabrese, 2008). Numerous examples of an effector being



20 Allosteric Enzyme- and Transporter-Based Interactions 507

stimulatory at low concentrations and inhibitory at high concentrations have been
reported (Calabrese, 2008; Garrigues et al., 2002; Romsicki and Sharom, 1999;
Sreeramulu et al., 2007; Taub et al., 2005; Wang et al., 2000a). For example, Taub et
al. demonstrated that low concentrations of ketoconazole (up to 1 μM) activated the
basolateral to apical transport of [3H]vinblastine and [3H]digoxin in MDCK-MDR
(Madin Darby canine kidney-multiple drug resistance) cells, but higher concentra-
tions (10–30 μM) of ketoconazole resulted in inhibition of transport (Romsicki and
Sharom, 1999; Taub et al., 2005). Similar results were observed for verapamil, thap-
sigargin, vinblastine, and nigericine which caused activation at low concentrations
up to 10 μM but were inhibitory at high concentrations (Garrigues et al., 2002;
Romsicki and Sharom, 1999). The presence of two binding sites, one stimulatory
and the other inhibitory, has been postulated to explain these “biphasic” kinetics
(Calabrese, 2008; Dey et al., 1997; Gottesman et al., 1996). Hence, low concentra-
tions of effectors would bind to the high-affinity stimulatory site, while at higher
concentrations the low-affinity inhibitory site would be occupied.

A number of inhibitory studies have also been performed with P-gp, demonstrat-
ing competitive inhibition, mixed, and noncompetitive inhibition (Tamai and Safa,
1991; Wang et al., 2000a, b; Litman et al., 1997; Garrigos et al., 1997; Orlowski
et al., 1996; Ayesh et al., 1996; Spoelstra et al., 1994; Pascaud et al., 1998; Litman
et al., 1997). For example, the apparent binding of compound H33342 to one
substrate-binding site appeared to preclude active transport of progesterone,
quinidine, and propranolol at a purportedly distinct site (Wang et al., 2000b).
Additionally, a negative allosteric effect was observed when nicardipine, nifedip-
ine, and dexniguldipine increased the dissociation of [3H]vinblastine from P-gp by
4-fold (Wang et al., 2000a). These mixed and noncompetitive inhibition events pro-
vide further evidence of allosteric interactions between various substrates binding
to different regions within the “active” site.

This preponderance of “biphasic” and mixed inhibition data has led to the
development of theories of multiple binding regions to explain P-gp’s ability to
transport a vast number of substrates. The earliest data suggested two unequal bind-
ing sites capable of allosteric interactions (Dey et al., 1997; Wang et al., 2001).
These positively cooperative sites were termed the H-site and R-site for their
ability to accommodate Hoechst 33342 and Rhodamine-123 (Shapiro and Ling,
1997). Recent studies, however, used single and sequential fluorescence titrations
to demonstrate that rhodamine-123 and LDS-71 both bind to the putative R-site and
reduce each other’s binding affinity 5-fold (Lugo and Sharom, 2005). This indi-
cates that both these substrates bind simultaneously to the R-site and form a ternary
complex that interacts in a noncompetitive manner (Lugo and Sharom, 2005).

Martin et al. proposed a model with three binding regions in P-gp, each with two
spatially independent but interacting substrate-binding sites (Martin et al., 2000). In
addition, these binding sites were proposed to exist in a high or low affinity con-
formation, and that these sites could allosterically communicate with each other
to alter binding affinity. These authors proposed that not all the sites were capa-
ble of transport, and that some sites were only regulatory in nature. A more recent
review suggests that up to seven binding sites may be present in P-gp, including
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transport and regulatory sites, and these sites may exist in a high- or low-affinity
conformation, allosterically interacting (Safa, 2004). Hence, P-gp and its ability to
exhibit atypical kinetics may be more complicated than P450s in their kinetics.

20.5.2 Breast Cancer Resistance Protein (ABCG2)

Though much less studied than P-gp with respect to atypical kinetics, the breast
cancer resistance protein (BCRP) also appears to exhibit atypical kinetic profiles
with various substrates, suggesting the presence of multiple binding sites. Giri et
al. demonstrated that co-incubation of nucleoside analogs was able to completely
inhibit the transport of GF120918 by BCRP, while prazosin and imatinib were
only able to partially inhibit the transport of GF120918, suggesting the existence
of multiple binding sites in BCRP (Giri et al., 2009).

20.6 In Vivo Examples of Allosteric Interactions

The role of dapsone in the heteroactivation of flurbiprofen metabolism by CYP2C9
has been well established in microsomes and reconstituted expressed enzymes
(Hutzler et al., 2001b). To determine if this effect persisted in vivo, a clinical trial
was conducted wherein 12 subjects were administered flurbiprofen alone, or flur-
biprofen 2 h after one 100 mg/day dose of dapsone, or flurbiprofen after 7 days
of dapsone administration at 100 mg/day (Hutzler et al., 2001a). An 11% increase
(p<0.02) in the clearance of flurbiprofen was observed when dapsone was admin-
istered for 7 days at a dosage of 100 mg/day prior to flurbiprofen administration.
Hence, a statistically significant, yet minimal activation of flurbiprofen metabolism
was observed in vivo when dapsone was coadministered with flurbiprofen. The level
of activation was much lower than that observed in vitro, but the measurable increase
suggests that heteroactivation occurs in vivo.

The role of felbamate in the heteroactivation of CBZ metabolism to CBZ-
E by CYP3A4 has also been evaluated in in vitro studies (Egnell et al., 2003).
Additionally, clinical trials had observed that felbamate coadministration with CBZ
monotherapy caused a decrease in CBZ plasma concentration and increased the
concentration of CBZ-E in the plasma (Graves et al., 1989). Incidentally, felba-
mate also inhibits the clearance of CBZ-E (38% by 500 μM felbamate). In vitro–in
vivo correlations of CYP3A4 heteroactivation of CBZ by felbamate were com-
bined with a meta-analysis of the clinical studies to predict in vivo the increases
in the ratio of steady-state plasma concentrations CSS-CBZ-E/CSS-CBZ due to het-
eroactivation (Egnell et al., 2003). The estimations predicted a 20–47% increase in
the ratio of epoxide to parent drug for a 100–300 μM range of felbamate, while
the observed in vivo increases were 25–40% for 85–252 μM felbamate concentra-
tions. The close magnitudes of the percentage increases were suggested to provide
evidence of human in vivo heteroactivation of CBZ clearance by felbamate.
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Diclofenac (minor pathway) and quinidine are both substrates for CYP3A4 and
in vitro studies have shown that while quinidine stimulated diclofenac metabolism,
there was no effect vice versa (Ngui et al., 2000). This one-sided heteroactivation
suggests that two ligands are present in the CYP3A4 active site simultaneously.
The metabolism of diclofenac in the presence and absence of quinidine in monkeys
was studied and an ~57% decrease in the plasma concentration of diclofenac was
observed when quinidine was coadministered as compared to diclofenac alone (Tang
et al., 1999). Since plasma protein binding and plasma to blood ratio were unaffected
by the coadministration of quinidine, heteroactivation of CYP3A4 was presumed
to be responsible for the increase in diclofenac metabolism. A 2-fold increase in
5-hydroxy-diclofenac (CYP3A metabolite) concentrations was also observed upon
the coadministration. This is the most pronounced in vivo effect of heteroactivation
reported to date, but must be taken in context that the species were monkeys and not
humans.

Substrate-dependent inhibition, a phenomenon attributed to multiple binding
regions within the active site, has also been observed in a randomized, double-blind
crossover three-phase clinical trial (Backman et al., 1999). Nine subjects were orally
administered 50 mg mibefradil or 5 mg isradipine or placebo for 3 days followed
by the administration of a single dose of 0.25 mg triazolam; pharmacokinetics and
pharmacodynamics were then monitored. Mibefradil coadministration increased the
AUC, plasma concentration, and elimination half-life of triazolam 9-fold, 1.8-fold,
and 4.9-fold, respectively, compared to placebo. In contrast, isradipine had a min-
imal effect on triazolam decreasing the AUC and half-life by only 20%. Hence,
although mibefradil, isradipine, and triazolam are substrates of CYP3A4, only
mibefradil had an effect on triazolam disposition, demonstrating the occurrence of
substrate-dependent inhibition in humans.
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Chapter 21
The Impact and In Vitro to In Vivo Prediction
of Transporter-Based Drug–Drug Interactions
in Humans

Jashvant D. Unadkat, Brian J. Kirby, Christopher J. Endres,
and Joseph K. Zolnerciks

Abstract Drug transport proteins have been recognized as significant contributors
to drug absorption, distribution, elimination, toxicity, and efficacy. This chapter will
discuss the key concepts of transporter-based drug–drug interactions (DDIs), pro-
vide a concise review of DDIs involving the major drug transporters, and describe
methodologies used to quantitatively predict the magnitude of transporter-based
DDIs in humans.

21.1 Introduction

Our understanding of the role of drug transporters in drug disposition has increased
greatly with the completion of the human genome project and the creation of a
variety of transgenic and knockout mouse models. With this understanding, trans-
port proteins have been recognized as significant contributors to drug absorption,
distribution, elimination, toxicity, and efficacy.

Drug transporters are extensively expressed in the key organs governing drug
disposition, the intestine, liver, and kidney, as well as sites of toxicity or therapy
as shown in Fig. 21.1 (Choudhuri and Klaassen, 2006; Eyal et al., 2009; Glaeser
et al., 2007; Kusuhara and Sugiyama, 2009; Marzolini and Kim, 2005; Otsuka et al.,
2005). Based on their cellular localization in the intestine, liver, and kidney, they can
act to either remove drug substrates from the body or aid in their entry to or distri-
bution within the body. For example, the efflux transporter P-glycoprotein (P-gp) is
expressed on the apical membrane of the intestine, the canalicular membrane of hep-
atocytes, and the luminal membrane of the proximal renal tubule cells (Fig. 21.1).
The localization of P-gp in all three organs acts to remove drug from the body. In
contrast, the organic anion-transporting polypeptide (OATP) family of transporters
are uptake transporters that are expressed on the apical membrane of the intestine,
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Fig. 21.1 Tissue and membrane localization of transporters in the human intestine, liver, placenta,
kidney, blood–brain barrier (BBB), and blood–cerebrospinal fluid barrier (BCSFB)

sinusoidal membrane of hepatocytes, and the basolateral membrane of renal proxi-
mal tubule cells (Fig. 21.1). In these organs, OATPs contribute to the uptake of drug
substrates into the cells, but the overall effects on drug disposition are different. In
the intestine, the OATPs act to increase access of the drug substrate to the body,
whereas in the liver and kidney they aid in the removal of substrates from the blood.
For this reason, it is imperative to know not only in which tissues drug transporters
are located, but also their level of expression, membrane localization, and direction
of transport. Only when this is known can the effect of these transporters on drug
disposition be hypothesized.

Transporter-based inhibitory or inductive drug–drug interactions (DDIs) may
be pharmacokinetic or pharmacodynamic in nature. Pharmacodynamic interactions
occur when there is little to no effect on systemic exposure of the drug, but exposure
to a tissue driving a therapeutic or toxic response is modulated. The interactions
may involve equilibrative (facilitative) influx or efflux transporters. A drug trans-
porter must be the rate-limiting step in the organ clearance (or absorption) of the
drug substrate for modulation of drug transporter activity to significantly contribute
to the pharmacokinetics (or absorption) of the drug. Additionally, the organ must
also have a significant impact on the overall disposition (or absorption) of the drug.
In the case where neither of these is true, a drug transporter may still play a crucial
role in the pharmacodynamics and toxicity of a drug by controlling drug access to
the site of these actions.

All of the in vivo pharmacokinetic parameters of a probe drug can be modulated
by inhibition or induction of drug transporters if the conditions stated above are
met. The manner in which these parameters are altered will depend on the tissue
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and membrane localization of the transporter activity being modulated as well as
the importance of that transporter and tissue in the disposition of the drug. This is
described in more detail in Section 21.2.

Like certain metabolism-based DDIs, transporter-based drug–drug interactions
may be used for a therapeutic advantage. In HIV/AIDS treatment, the pro-
tease inhibitor ritonavir is extensively used not for its antiviral efficacy but for
its ability to inhibit the CYP3A-mediated metabolism of other concomitantly
administered anti-HIV drugs thereby increasing their antiviral efficacy (Cooper
et al., 2003). A similar deliberate transporter-based DDI, the use of probenecid
to inhibit organic anion transporter activity in the renal epithelial cells,
is used to reduce the nephrotoxicity of cidofovir (Lalezari et al., 1995;
Cundy, 1999).

In recent years, the number of drugs identified as substrates of drug transporters
has increased greatly. This, in combination with the understanding that transporters
play a significant role in the disposition of many drugs, has lead to the characteri-
zation of new chemical entities (NCEs) as substrates, inhibitors, or inducers of drug
transporters. In addition, significant effort has been focused on models to predict the
contribution of transporters to drug disposition as well as the impact of transporter-
based DDIs in vivo. Considerable progress has been made in predicting these types
of interactions with respect to cytochrome P450 metabolism. Similar approaches
are being applied to transporter-based drug–drug interactions. This chapter is not
intended to be a comprehensive review of these interactions in humans. Rather, it is
intended to describe the key concepts of transporter-based DDIs and to highlight the
varying types of transporter-based DDIs that have been reported. In the next section
(Key Concepts of Transporter-Based DDIs) we will discuss some of the important
concepts necessary for understanding transporter-based DDIs. This will be followed
by a concise review of DDIs involving the major drug transporters and a description
of a methodology used to quantitatively predict the magnitude of transporter-based
DDIs in man.

21.2 Key Concepts of Transporter-Based DDIs

21.2.1 Effect on PK Parameters

The potential effects on PK parameters of a drug as a result of inhibition or induction
of transport activity in eliminating organs (intestine, liver, and kidney) and tissues
are listed in Table 21.1. Of course the extent to which inhibition or induction of the
transporter will affect the parameters listed is dependent on two conditions: (1) the
significance of the transporter in drug permeability across the membrane in the spe-
cific organ and (2) the significance of that organ in determination of the specific
PK parameter. The potential changes listed in Table 21.1 assume that both these
conditions are significant.
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Table 21.1 Effect of transporter inhibition (double arrows ⇑, ⇓, or ⇔) or induction (single arrows
↑, ↓, or ↔) on plasma pharmacokinetic parameters of drug substrates

Pharmacokinetic parameter

Tissue Membrane Transporter Cmax Tmax ka FG

Intestine Apical
(luminal)

Uptake ⇓↑ ⇑↓ ⇓↑ ⇓↑
Efflux ⇑↓ ⇓↑ ⇑↓ ⇑↓

Basolateral Efflux ⇓↑ ⇑↓ ⇓↑ ⇓↑

Cmax Tmax Cloral Clsys FH

Liver Canalicular Efflux ⇑↓ ⇑↓ ⇓↑ ⇓↑ ⇑↓
Sinusoidal Uptake ⇑↓ ⇑↓ ⇓↑ ⇓↑ ⇑↓

Efflux ⇓↑ ⇓↑ ⇑↓ ⇑↓ ⇓↑

Cmax Tmax Cloral Clsys Clrenal

Kidney Apical
(luminal)

Uptake ⇓↑ ⇓↑ ⇑↓ ⇑↓ ⇑↓
Efflux ⇑↓ ⇑↓ ⇓↑ ⇓↑ ⇓↑

Basolateral Uptake ⇑↓ ⇑↓ ⇓↑ ⇓↑ ⇓↑
Efflux ⇓↑ ⇓↑ ⇑↓ ⇑↓ ⇑↓

Cmax Tmax Cloral Clsys V

Tissue (nonclearance, Uptake ⇑↓ ⇓↑ ⇔↔ ⇔↔ ⇓↑
distribution only) Efflux ⇓↑ ⇑↓ ⇔↔ ⇔↔ ⇑↓

All of the changes listed above are made under the base assumption that the particular transporter
and organ/tissue play a significant role in the physiological process governing the pharmacokinetic
parameters listed.

21.2.2 Synergistic Effect of two Transporters

In the situation where two transporters significantly contribute to an organ clear-
ance or distribution into or out of a tissue an apparent synergistic effect can be seen
when the two transporters are simultaneously inhibited or induced. For example,
consider the situation described in Fig. 21.2 where the systemic clearance of a drug
given by IV administration is 125 mL/min and the biliary clearance of the drug is
100 mL/min (fe,bile, fraction of clearance that is biliary = 0.8). If the biliary clear-
ance is equally contributed to by P-gp and BCRP (Clbile,p-gp and Clbile, BCRP = 50
mL/min), selective inhibition of one of the transporters would result in new sys-
temic clearance of 75 mL/min which would result in a 70% increase in the area
under the curve of the plasma concentration–time profile (AUC) of the drug or an
AUC ratio (AUCinhibited/AUCcontrol) of 1.7. If both of the transporters were inhib-
ited, the new systemic clearance would be 25 mL/min and the AUC ratio would be
5. In this scenario, the biliary clearance must be at least in part an excretory pro-
cess, that is that entero-hepatic recirculation of the drug excreted in the bile is not
complete. Otherwise this would be a purely distributional phenomenon that would
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Conditions
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(ml/min)
fe,bile AUC 

Ratio
Normal 100 125 0.8
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Fig. 21.2 Transport synergism: If an organ clearance is mediated by more than one transport
process, inhibition of each process individually may result in a relatively small change compared
to inhibition of all processes simultaneously. This example shows how inhibition of BCRP or P-gp
would result in an AUC ratio of approximately 1.7 where inhibition of both processes would result
in an AUC ratio of 5

change plasma concentration, but not AUC. In addition, by inhibiting one of the bil-
iary efflux processes, the concentration of drug in the hepatocytes relative to plasma
concentration will be increased which will appear as an apparent increase in the
biliary clearance of the unaffected transporter.

This apparent synergism is similar to a situation in which inhibition of two
metabolic clearance process can have a larger than additive effect on the AUC ratio
of a substrate drug. This example illustrates where caution must be taken when
predicting the effect of inhibiting multiple processes that comprise a clearance pro-
cess. A similar type of apparent synergism could be observed for intestinal or renal
clearance as well as tissue distribution of a drug.

21.2.3 Transporter DDI “Masked” as Metabolism DDI

The endpoint of many DDI studies is the AUC ratio of the parent (also called object
or victim) drug in the presence and absence of the precipitant drug. When under-
standing drug interactions from a mechanistic standpoint often times the AUC ratio
of metabolite to parent drug or urinary formation clearance is used to quantify the
effect on metabolic intrinsic clearance. Typically the fold change in metabolite to
parent AUC ratio or urinary formation clearance is a more sensitive measure than
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fold change in AUC of the parent as a result of clearance mechanisms of the parent
drug other than metabolism. All of these methods for estimating metabolic DDIs
operate under the assumption that the interaction has not been a result of altering
the intrahepatic to plasma free drug concentration ratio. That is that the interaction
was not a result of transporters. The reason for this assumption is that the estimation
of clearance is a blood or plasma clearance rather than the true intrinsic clearance
(metabolic rate relative to the drug concentration at the enzyme active site) which
can only be calculated if the intrahepatic free drug concentration is known. Since
this is not measurable we are left with the blood or plasma clearance measurement
and assumptions of intrahepatic/plasma concentration ratios. Therefore a change in
this ratio is indistinguishable from a change in the true metabolic intrinsic clearance.
As we become more aware of the role of transporters in hepatic disposition of drugs,
the likelihood of violating this assumption increases. Mechanisms by which trans-
porter interactions can be “masked” as metabolic interactions are describe below
and graphically in Fig. 21.3.

DDIs that appear to be a result of inhibition of hepatic metabolism can be the
result of at least two different types of interactions with transporters (illustrated in
Fig. 21.3 panels B and D). Inhibition of a sinusoidal uptake transporter (Fig. 21.3
panel B) in the liver would result in a decrease of the intrahepatic/plasma free
drug concentration ratio (denoted by the difference in text size of the [D] symbol
in the plasma and inside the hepatocyte) and may also increase the plasma AUC
of the drug. Similarly, induction of an efflux transporter either on the canalicular
or sinusoidal membrane (Fig. 21.3 panel D) would result in a similar decrease in
the intrahepatic/plasma free drug concentration ratio. As a result of the decrease
in intrahepatic drug concentration relative to the plasma, the formation rate of the
metabolite would be decreased (denoted in the figure as a change in text size of the
[M] symbol). The formation clearance (total amount of metabolite excreted relative
to plasma AUC of the drug) would be significantly decreased because the amount
excreted would be decreased and the plasma AUC could be increased. This would
appear as if the enzyme activity was reduced, but in reality the enzyme was exposed
to a lower concentration of drug resulting in an apparent lower metabolic formation
clearance.

DDIs that appear to be induction or activation of hepatic metabolism may also
be the result of at least two different types of transporter-mediated DDIs (illustrated
in Fig. 21.3 panels C and E). Induction of a basolateral uptake transporter (Fig. 21.3
panel C) in the liver would increase the intrahepatic/plasma free drug concentration
ratio and potentially decrease the plasma AUC of the drug. Inhibition of an efflux
transporter localized either on the sinusoidal or canalicular membrane (Fig. 21.3
panel D) would also result in an increase in the intrahepatic/plasma free drug con-
centration ratio. As a result of the increased intrahepatic free drug concentration, the
formation rate of metabolite would be increased; in addition the plasma AUC may
be decreased. When the formation clearance is estimated, the numerator (amount of
metabolite excreted) would be increased and the denominator (AUC of the parent)
could be decreased resulting in a large increase when the true enzyme activity has
not been increased.
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Fig. 21.3 Transporter DDIs masked as metabolism DDIs: Inhibition or induction of a transport
process that determines the plasma to intrahepatic free drug concentration ratio can be perceived
as an apparent metabolic interaction. The text size of the symbol [D] and [M] relative to the symbol
size in panel A represent the relative change in drug ([D]) in the cell or plasma and the metabolite
[M] formed in the inhibited or induced state (panels C and D) relative to the uninhibited, uninduced
state (panel A)

In both of the cases above where a transporter interaction is manifested as a
metabolic interaction, if the true intrahepatic concentration (or ratio to that in the
plasma) were known and used to calculate the metabolic formation clearance, there
would be no change as a result of transporter interaction.

21.2.4 Vectorial Transport

Two transporters can work in a vectorial manner to move a hydrophilic substrate
across a cell. For example, the concentrative nucleoside transporter 2 (CNT2) and
equilibrative nucleoside transporter 1 (ENT1) mediate the transport of nucleo-
side analog drugs across the intestinal epithelium (Fig. 21.4). Assuming that the
nucleoside drug is metabolized in the enterocytes, inhibition of either of the two
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Fig. 21.4 Vectorial transport: When two transporters work in concert to move a hydrophilic drug
across a cell, inhibition of either of the transporters will have the same effect on the overall trans-
port of the drug but drastically different effects on the intracellular exposure of the drug. The
relative text size of the [D] symbol indicates change in drug concentration relative to the uninhib-
ited conditions (top panel). The middle panel shows that inhibition of the uptake process into the
cell decreases the intracellular and blood concentration of the drug. The bottom panel shows that
inhibition of the basolateral transporter also results in lower plasma concentration, but the exposure
of the enterocyte is drastically increased

transporters will have the same effect systemically, potentially decreasing bioavail-
ability (denoted by the decrease in the text size of the [D] symbol on the blood
side), but will have drastically different effects on the exposure of the intestinal
enterocytes. In this example, if CNT2 on the apical membrane is inhibited, the ente-
rocyte drug and metabolite exposure as well as systemic exposure of the drug will
be decreased significantly. On the other hand, if ENT1 on the basolateral membrane
is inhibited, the systemic drug exposure will be reduced, but the enterocyte drug and
metabolite exposure will be greatly increased. In this case, inhibition of the equili-
brative transporter may have a significant impact on bioavailability of the drug and
also on intestinal epithelial toxicity. This type of phenomenon is applicable to many
other organs such as the liver and kidney and other tissues. If inhibition of ENT1
was to happen in a distributional type interaction, the acute exposure of the tissue
relative to the blood may be decreased, but eventually the same plasma to tissue
equilibrium will be reached, it will only take longer to establish the equilibrium.
This equilibrium may not be achieved if the drug substrate is rapidly metabolized in
the tissue, which may result in a “sink” effect.
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21.2.5 Equilibrative Transporter DDI

Drug transporters can be either active or equilibrative. The active transporters use a
source of energy to transport drugs unidirectionally, either into or out of a cell, typ-
ically against a concentration gradient, whereas the equilibrative transporters (also
known as facilitative transporters) transport drugs bidirectionally and are driven by
the concentration gradient of a drug aiding the establishment of drug concentration
equilibrium across the cell membrane. As a result of these differences, it is apparent
that DDIs involving active and equilibrative transporters can have substantially dif-
ferent consequences. Equilibrative transporters augment passive diffusion, therefore
inhibition and induction of these transporters would increase and decrease, respec-
tively, the time to reach concentration equilibrium of a drug across a membrane,
but eventually the equilibrium would be established irrespective of the transporter.
Obviously, the impact of DDIs with equilibrative transporters is substrate depen-
dent. If a substrate has very low passive permeability, the time to equilibrium in the
absence of the transporter activity may be consequential with respect to the PK or
PD of a drug. On the other hand, for a drug with adequate passive permeability the
inhibition or induction of an equilibrative transporter may have an inconsequential
effect on the time to reach concentration equilibrium. This phenomenon is illus-
trated in Fig. 21.5 for a hypothetical drug given by IV bolus with varying passive
permeability rate constants (kdiff of 1.0 {panel A}, 0.1 {panel B}, and 0.005 min–1

{panel C}) in the absence and presence of an equilibrative transporter augmenting
transport into and out of a tissue compartment. The tissue was assumed to be purely
distributional (no metabolism) and inconsequential in determining the volume of
distribution of the drug. Therefore, the same plasma profile was used as the driving
force for all simulations. The equilibrative transporter was assumed to be operating
at concentrations well below its Km such that the transport rate constant was con-
stant at 0.2 min–1. Figure 21.5 panel A shows that for the high-permeability drug,
the absence or presence of the equilibrative transporter has virtually no effect on
the tissue concentration profile. For the intermediate permeability, Fig. 21.5 panel B
(kdiff = 0.1 min–1 or 1/2 of the transport rate constant of 0.2 min–1), the absence of
the transporter results in only a very minor transient effect in the very early portion
of the tissue profile. In stark contrast is Fig. 21.5 panel C, the case where kdiff =
0.005 min–1 (1/40th of the transport rate constant). In this case there is a significant
change in the tissue profile as a result of inhibition of the equilibrative transporter, a
lengthening of the tissue half-life, but no change in the tissue exposure (AUC when
extrapolated to infinite time). This simulation was done for a single dose exper-
iment. In the case of multiple doses the drug would accumulate in the tissue to
a greater extent than accumulation in the plasma in the absence of the equilibra-
tive transporter resulting in a net increase in the tissue to plasma concentration ratio
predicted from the single dose experiment (Fig. 21.5 panel D). In the presence of the
equilibrative transporter there is no accumulation in the tissue upon multiple dose
administration. When the multiple dose scenario is applied to the intermediate- and
high-permeability drugs, there is very little to no effect of loss of the equilibrative
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Fig. 21.5 Equilibrative transporter inhibition: Inhibition of an equilibrative transporter will have
drastically different effects on tissue concentration depending on the passive permeability of the
drug. (A) For a drug with high permeability (kdiff = 1.0 min–1) inhibition of the equilibrative
transporter (Tissue – Equil) has no effect on tissue exposure relative to the presence of the trans-
porter (Tissue + Equil). (B) For a moderate permeability drug (kdiff = 0.1 min–1) the effect of the
transporter is transient and minor. (C) For a very low-permeability drug (kdiff = 0.005 min–1) the
absence of the equilibrative transporter (Tissue – Equil) has a profound effect on the tissue con-
centration profile. (D) Upon multiple dosing in the absence of an equilibrative transporter, tissue
accumulation of a very low-permeability drug can occur

transporter on the accumulation of drug in the tissue as expected (simulations not
shown).

21.3 ATP-Binding Cassette (ABC) Super Family Transporter
Interactions

21.3.1 P-gp (MDR1, ABCB1) Interactions

P-glycoprotein (P-gp; encoded by the ABCB1 gene) is a 170 kDa efflux transporter
that belongs to the ATP-binding cassette (ABC) protein super family. First reported
to reduce the permeability of resistant cells to colchicine in the 1970s (Juliano and
Ling, 1976), P-gp has since been shown to transport a remarkably diverse range
of substrates, typically hydrophobic, amphipathic molecules. The anatomic expres-
sion of P-gp strongly suggests that it plays a protective role, shielding important
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organs from potentially toxic xenobiotics. Expression of P-gp (Fig. 21.1) has been
shown on the luminal surface of intestinal epithelia, the bile canalicular membrane
of hepatocytes, and the luminal surface of the renal proximal tubule (Thiebaut et al.,
1987), as well as the blood–brain barrier (BBB), blood–cerebrospinal fluid bar-
rier (BCSFB) (Cordon-Cardo et al., 1989), placenta, ovaries, and testes (Sugawara
et al., 1988). The net effect of this expression profile, combined with the broad
substrate specificity, is that P-gp plays a major role in the absorption, distribu-
tion, elimination, toxicity, and efficacy of many drugs, and that clinically significant
DDIs may occur when a combination of P-gp substrates, inhibitors, or inducers is
co-administered.

One of the most important model drugs used to examine P-gp-mediated inter-
actions is the cardiac glycoside, digoxin. Because it is a P-gp substrate that is
not metabolized by cytochrome P450 enzymes (Hinderling and Hartmann, 1991;
Lacarelle et al., 1991), digoxin is widely used as a marker of P-gp activity in vivo.
By administering digoxin both orally and intravenously, the effect of drug on P-gp
activity in the gut can be distinguished from the effect on P-gp-mediated systemic
clearance (biliary and renal secretion). In one example of this, cardiac arrhythmia
patients receiving chronic oral digoxin therapy were administered an intravenous
dose of [3H]-digoxin in the presence or absence of the P-gp inhibitor quinidine, also
administered orally (Pedersen et al., 1983). It was found that co-administration of
quinidine increased the absorption rate constant of unlabeled digoxin by 30% (2.72
+ 1.04 to 3.53 + 1.34 h–1), plasma AUC by 77%, and dose-normalized [3H]-digoxin
AUC by 54%. This resulted in a 15% increase in the relative systemic availability
of digoxin, primarily due to inhibition of P-gp-mediated efflux in the gut and liver
during the first-pass effect. Similarly, it was reported that oral co-administration
of digoxin and talinolol, another P-gp substrate, increased the AUC and maximum
serum concentrations of digoxin by 23% and 45%, respectively (Westphal et al.,
2000). In contrast, there was no change in the pharmacokinetics of orally admin-
istered digoxin when talinolol was given intravenously; further demonstrating that
modulation of P-gp activity within the small intestine can have a significant impact
upon the bioavailability of digoxin.

Digoxin has also been used by many researchers to examine P-gp-mediated
drug–drug interactions occurring in the liver and kidneys due to the presence of the
transporter on the bile canalicular membrane and the luminal membrane of the renal
proximal tubules, respectively. In one such study, healthy volunteers were adminis-
tered digoxin orally for 8 days in the presence or absence of quinidine before digoxin
biliary clearance was measured by duodenal perfusion (Hedman et al., 1990). Co-
administration of quinidine was found to decrease digoxin biliary clearance by
35% and renal clearance by 45%. Likewise, administration of itraconazole has been
shown to increase the AUC of digoxin by around 50%, while reducing digoxin renal
clearance by 20% (Jalava et al., 1997).

Within the placenta, P-gp expression is found on the maternal-facing membrane
of the syncytiotrophoblasts (Atkinson et al., 2003; Nagashige et al., 2003; Mathias
et al., 2005), where it acts to protect the developing fetus from potentially harm-
ful xenobiotics (Unadkat et al., 2004). In lieu of conducting fetal drug distribution
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studies in humans, which carries obvious ethical objections, the ex vivo use of
perfused human term placenta is commonly employed to determine the clearance
associated with maternal-to-fetal or fetal-to-maternal transfer of the drug of interest.
These values are routinely normalized to the maternal-to-fetal and fetal-to-maternal
clearances of antipyrine, a reference drug which can passively diffuse across the
placenta, to give the clearance index of the drug. Inhibition of placental P-gp using
the highly potent P-gp inhibitors PSC833 or elacridar has been demonstrated to
increase by 3-fold the maternal-to-fetal clearance index of saquinavir, a protease
inhibitor and P-gp substrate (Molsa et al., 2005).

P-gp is highly expressed at the BBB (Cordon-Cardo et al., 1989; Thiebaut
et al., 1989), an impermeable structure comprised of endothelial cells which form
tight junctions, severely limiting the entry of drugs into the central nervous sys-
tem (CNS) (de Boer et al., 2003; Bernacki et al., 2008). Animal models in which
one or both the mouse ABCB1 homologs, mdr1a and mdr1b, have been knocked
out have been extensively used to demonstrate the importance of P-gp within
this structure (Schinkel et al., 1994; 1995; 1997). Exposure of these mdr1a–/–

mice to P-gp substrate drugs results in a striking increase of the distribution
into the brain. Despite the obvious utility of these P-gp knockout mouse mod-
els, the study of P-gp-mediated drug interactions at the human BBB remains a
far greater technical challenge. Recent developments in noninvasive positron emis-
sion tomography (PET) imaging, however, have begun to transform this area of
study.

Recently, we developed a novel methodology to image P-gp activity at the human
BBB using PET imaging to examine the brain distribution of [11C]-verapamil, a
P-gp substrate (Sasongko et al., 2005). We found that the brain:blood AUC of [11C]-
radioactivity increased by 88% when the P-gp inhibitor cyclosporin A (CsA) was
co-administered at a pseudo steady-state dose of 2.8 μM. When comparing the
unbound concentration of CsA to the in vitro IC50 (Hsiao et al., 2008) of CsA for
P-gp efflux of verapamil, it appears that inhibition of P-gp at the human BBB was
not complete. Based on in vitro and rat in vivo data (Hsiao et al., 2008) it appears
that upon complete inhibition of P-gp at the human BBB, the increase in brain expo-
sure of verapamil could be greater than 88% exemplifying the important role that
P-gp can play in limiting brain exposure of drugs.

In addition to inhibition of P-gp efflux, a number of drug interactions have
been demonstrated wherein expression of the transporter is induced. Expression of
P-gp is controlled by several regulatory elements, one of which binds the pregnane
X receptor (PXR), a nuclear xenobiotic receptor that transcriptionally upregu-
lates expression of both ABCB1 and CYP3A4 following binding of certain ligands
(Geick et al., 2001). One example of PXR-mediated upregulation of P-gp lead-
ing to a drug interaction is demonstrated by measuring the systemic availability of
digoxin before and after 10-day administration of the PXR ligand rifampin (RIF) in
healthy volunteers (Greiner et al., 1999). It was found that RIF treatment induced a
3.5-fold increase in intestinal P-gp expression, and concomitantly the bioavail-
ability of digoxin decreased from 63 to 44%. Likewise, administration of
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St. John’s Wort extract (another PXR ligand) for 14 days resulted in a 1.4-fold
increase in duodenal P-gp expression and an 18% decrease in digoxin plasma AUC
(Durr et al., 2000).

The impact of P-gp on drug absorption, distribution, excretion, and toxicity has
become clearer with the development of new tools to study drug interactions, such
as knockout mouse models and noninvasive PET imaging modalities. The impor-
tance of this work is demonstrated by the efforts to which pharmaceutical companies
attempt to screen for inhibition or induction of P-gp at the very earliest step in
the drug development process. Although many P-gp-mediated drug interactions are
unfavorable within the clinic, a better understanding of this phenomenon may poten-
tially be of use in the treatment of multidrug-resistant tumors using chemotherapy
or delivering anti-retroviral drugs to HIV sanctuary sites such as the CNS or the
fetus.

21.3.2 BCRP (ABCG2) Interactions

Breast cancer resistance protein (BCRP), encoded by the ABCG2 gene, is an ABC
half-transporter that is abundantly expressed in the intestine, placenta, BBB, and
liver (Fig. 21.1). Like P-gp, BCRP also demonstrates wide substrate specificity
and has been shown to transport anthracyclins, bisantrene, etoposide, flavopiridol,
mitoxantrone, prazosin, and topotecan derivatives (Allen et al., 1999; Brangi et al.,
1999; Maliepaard et al., 1999; Litman et al., 2000; Robey et al., 2001). In con-
trast to P-gp, however, the involvement of BCRP in drug interactions is much less
understood.

Elacridar, a potent inhibitor of both BCRP and P-gp, has been shown to increase
the bioavailability of topotecan from 40 to over 97% when both drugs were orally
co-administered (Kruijtzer et al., 2002). Additionally, intravenous administration of
elacridar had a more modest effect, increasing the plasma AUC of topotecan by
10%. Because topotecan has been shown to have a low affinity for P-gp, these data
suggest that the interaction between elacridar and topotecan may be caused by mod-
ulation of BCRP-mediated intestinal absorption. The potential confounding effect
of P-gp can be avoided in the mdr1a–/– mouse model, which has been utilized to
examine the role of BCRP on the brush border membrane of the placental syncy-
tioblast (Jonker et al., 2000). It was found that administration of elacridar increased
fetal distribution of topotecan 2-fold in mdr1a–/– mice, suggesting that the pres-
ence of BCRP within the placenta helped to protect the fetus from exposure to toxic
xenobiotics.

Although the current understanding of BCRP-mediated drug interactions
is at an early stage, the diversity of transported substrates combined with
tissue localization of the protein strongly indicate that future research will
determine an important role for BCRP in drug absorption, distribution, and
elimination.
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21.3.3 MRPs (ABCC Family) Interactions

Members of the C subfamily of the ABC transporters have been shown to confer
multiple drug resistance to cancer cells (Mirski et al., 1987; Cole, 1990; Young
et al., 1999). This subfamily contains 13 members, 9 of which have been shown to
have the capacity to transport drugs. The tissue expression, subcellular localization,
drug substrates, and inhibitors of MRP1 through 9 are listed in Table 21.2 (Kruh
et al., 2001; Russel et al., 2002; Kruh and Belinsky, 2003; Haimeur et al., 2004;
Dallas et al., 2006) and Fig. 21.1. The exact physiological role of the MRPs is
unclear, although dysfunction of MRP2 manifests clinically as Dubin–Johnson syn-
drome (Paulusma et al., 1997) which is characterized by an increase in conjugated
bilirubin without elevation of the liver enzymes ALT and AST. This is believed to be
a result of the lack of canalicular membrane MRP2-mediated efflux of conjugated
bilirubin into the bile. MRP2 substrates are typically phase II glucuronide or glu-
tathione drug conjugates. The active metabolite of the pro-drug irinotecan, SN-38,
and the glucuronide conjugate of SN-38 have been shown to be substrates of MRP2
(Chu et al., 1999). Probenecid, an inhibitor of multiple MRPs, increased the AUC of
SN-38 in rats by 50% and decreased the biliary clearance by 60% (Horikawa et al.,
2002). Thalidomide was shown to decrease the intestinal toxicity associated with
irinotecan in colorectal cancer patients, possibly through inhibition of MRP2 or P-
gp biliary efflux of SN-38 (Govindarajan, 2002). This hypothesis was evaluated in
rats, rat hepatocytes, and MRP1-, MRP2-, and P-gp-overexpressing MCDK cells,
indicating that thalidomide and its hydrolysis products do inhibit MRP1, MRP2,
and P-gp and production of pro-inflammatory cytokines (Yang et al., 2006a,b).

Saquinavir, a known P-gp substrate, is also a substrate of MRPs which play a
role in distribution of saquinavir into the mouse brain (Eilers et al., 2008). MK571,
an MRP inhibitor, increased the brain uptake of saquinavir by 4.4-fold and the
P-gp inhibitor GF120918 increased the brain uptake by 7-fold (Park and Sinko,
2005). Recently, in human brain microvesicles, MK571 was shown to increase the
accumulation of saquinavir by ∼4-fold (Eilers et al., 2008).

A substantial amount of information has been generated on the role of some of
the MRPs in drug transport in vitro and in vivo models. Unfortunately, our under-
standing of the role of the MRPs in drug disposition and interactions clinically
is somewhat limited. Further studies are necessary to determine the impact of the
MRPs in man and to predict the impact of MRP-mediated drug–drug interactions.

21.3.4 Bile Salt Export Pump (BSEP, ABCB11) Interactions

Bile salt export pump (ABCB11), originally named sister of P-gp, is expressed
on the canalicular membrane of human hepatocytes (Gerloff et al., 1998).
BSEP’s physiological role is the export of conjugated bile salts from the hepa-
tocytes into the bile against an enormous concentration gradient (Oude Elferink
et al., 1995). Progressive familial intrahepatic cholestasis (PFIC), characterized by
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hepatotoxicity arising from accumulation of bile salts in hepatocytes, can result from
mutations in BSEP or other canalicular bile salt-transporting proteins such as MDR3
(ABCB4) (Davit-Spraul et al., 2009). A number of drugs have been shown to be sub-
strates or inhibitors of BSEP including pravastatin (Hirano et al., 2005), flutamide
(Hirano et al., 2005; Iwanaga et al., 2007), and bosentan (Fattinger et al., 2001).
Clinically significant interactions with BSEP are of the drug–endogenous substrate
nature rather than DDIs. The significance of this interaction is demonstrated by
the hepatotoxicity caused by troglitazone which led to its removal from the market
(Herrine and Choudhary, 1999; Funk et al., 2001). Troglitazone and its sulfate con-
jugate were shown to inhibit rat BSEP with a Ki of 1.3 and 0.23 μM, respectively,
in liver canalicular membrane vesicles (Funk et al., 2001). Plasma troglitazone con-
centrations of 2–4 μM were achieved at the therapeutic doses of 400–600 mg/day
(Loi et al., 1999).

Many drugs that can cause cholestasis such as RIF, glyburide, rifamycin, and
CsA have been shown to be inhibitors of either BSEP or the sodium-dependent tau-
rocholate co-transporter (NTCP) in cell lines co-transfected with both transporters
(Mita et al., 2006). A qualitative structure–activity relationship (QSAR) study was
done to aid in predicting drug-induced intrahepatic cholestasis in the drug develop-
ment process (Hirano et al., 2006). Further refinement of this QSAR will ultimately
aid in reducing the incidence of BSEP inhibition and cholestatic hepatotoxicity in
new chemical entities (NCEs) as well as drawing attention to currently marketed
drugs with the potential to inhibit BSEP.

21.4 Solute Carrier (SLC) Super Family Transporter
Interactions

21.4.1 OATPs (SLC21 Family) Interactions

The organic anion-transporting polypeptides (OATPs) are Na+-independent trans-
porters that transport a wide variety of xenobiotics as well as endogenous com-
pounds (Hagenbuch and Meier, 2004). OATPs are encoded by the gene family
SLC21 and are expressed in organs important in drug disposition (Fig. 21.1) such
as the intestine, liver, and kidney (Mikkaichi et al., 2004b). Because of their tissue
expression and broad substrate selectivity, inhibition of the OATPs may result in
clinically significant drug interactions at the levels of drug absorption, distribution,
and excretion.

OATPs are expressed on the apical membrane of the intestinal epithelial cells
(Glaeser et al., 2007), on sinusoidal membrane of hepatocytes (Abe et al., 1999;
Hsiang et al., 1999; Tamai et al., 2000), and on the basolateral membrane of the
renal proximal tubule cells (Tamai et al., 2000). In all three of these locations the
OATPs actively transport substrates into the cells, but the effect that these trans-
porters have on the pharmacokinetics of substrate drugs is different. Inhibition of
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OATPs in the intestine would cause a decrease in either the extent or rate of absorp-
tion which would be manifested by either no change or a decrease in Cmax or AUC.
On the other hand, inhibition of OATPs in the liver or kidney would be manifested
by either a decrease in volume of distribution (if the liver/kidney is a significant
contributor to the distribution volume) and/or a decrease in clearance (if the OATP
is the rate-limiting step in the liver or kidney clearance) resulting in an increased
AUC. Because of the dual effect that inhibition of OATPs can have on the AUC of
a substrate, a thorough understanding of the OATP isoform tissue expression and
contribution of those isoforms to substrate permeability is necessary to predict the
outcome of inhibitory OATP DDIs.

Intestinal expression of many OATPs including OATP1A2 and 2B1 as well
as the previously believed liver-specific OATPs 1B1 and 1B3 has been shown
(Mikkaichi et al., 2004b; Glaeser et al., 2007). Inhibition of OATP1A2 in the
intestine is believed to be the cause of the decrease in AUC of the OATP and
P-gp substrate fexofenadine when co-administered with grapefruit juice (Glaeser
et al., 2007). Grapefruit juice and some of its components inhibit transport of
OATP 1A2, 2B1, and P-gp substrates in vitro. Interestingly, grapefruit juice has
no effect on the AUC of the P-gp substrate digoxin but does significantly reduce
the absorption rate constant of digoxin indicating potential inhibition of an uptake
process or activation of P-gp activity (Soldner et al., 1999). Digoxin has also
been shown to be a substrate of OATP1B3 (Kullak-Ublick et al., 2001) and 4C1
(Mikkaichi et al., 2004a) indicating that like fexofenadine, digoxin may be a dual
substrate of OATP and P-gp in the intestine. It must be noted that there is evidence
indicating that P-gp may be activated by grapefruit juice (Soldner et al., 1999).
Activation of intestinal P-gp efflux would be difficult to differentiate from inhibi-
tion of OATP uptake since digoxin and fexofenadine are substrates of both OATPs
and P-gp.

The two major isoforms of OATP expressed on the sinusoidal membrane of
hepatocytes are OATP1B1 and 1B3 (Mikkaichi et al., 2004b). Substrates of these
two isoforms include digoxin, fexofenadine, RIF, bosentan, glyburide, repaglinide,
rosiglitazone, and many of the statins including cerivastatin, pravastatin, rosu-
vasatin, and the extensively metabolized atorvastatin and simvastatin. Clinically
relevant interactions precipitated by gemfibrozil resulted in approximately 2-fold
increase in the AUCs of simvastatin (Backman et al., 2000), rosuvastatin (Schneck
et al., 2004), pravastatin (Mikkaichi et al., 2004b), and lovastatin (Kyrklund
et al., 2001) and a 5.6-fold increase in cerivastatin AUC (Backman et al., 2002).
These interactions must be interpreted with caution, as gemfibrozil inhibition of
other transporters such as MRP2 (Sasaki et al., 2002), BCRP (Huang, 2009) or
metabolism by CYP2C8 (Wang et al., 2002) or 2C9 (Wen et al., 2001) may con-
tribute significantly to these interactions. Drug interactions between CsA and the
statins are believed to involve the OATPs (Asberg et al., 2001; Park et al., 2001). It
is not easy to see the OATP contribution to these interactions because of the con-
tribution of CYP3A metabolism to many of the statins and the ability of CsA to
inhibit CYP3A. The clearest example is the interaction between CsA and rosuvas-
tatin (Simonson et al., 2004). Heart transplant patients receiving an anti-rejection
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regime of CsA showed a 7-fold increase in rosuvastatin AUC compared to his-
torical controls. Rosuvastatin is eliminated primarily unchanged (∼90% fecal and
∼10% renal) with a minor metabolic clearance mediated by CYP2C9 and 2C19
(McTaggart et al., 2001). Rosuvastatin is not transported by P-gp or MRP2 (Huang,
2009) and its metabolic clearance is not mediated by CYP3A, therefore it is likely
that this interaction is a result of CsA inhibition of OATP1B1 and/or inhibition
of BCRP-mediated biliary excretion. The interactions between CsA or RIF and
the anti-pulmonary hypertension drug bosentan (TRACLEER R©) highlight the dif-
ferences between single and multiple dose interactions when the object and/or
precipitant are inducers. Bosentan is extensively metabolized by CYP3A and 2C9,
is a substrate of OATP1B1 and 1B3 (Treiber et al., 2007), and is an autoinducer of
its own metabolism, resulting in a 30% decrease in AUC after multiple doses (van
Giersbergen et al., 2003). When bosentan is given with ketoconazole (200 mg qd 6
days), bosentan AUC is increased 130% (van Giersbergen et al., 2002). Single dose
administration of CsA caused a 30-fold increase in bosentan trough concentrations,
where after multiple doses of CsA, the bosentan steady-state plasma concentrations
were only 3- to 4-fold higher (TRACLEER R© Package Insert). In this case it appears
that the inductive effect of bosentan is capable of dampening the inhibitory (CYP
and/or OATP) effect of CsA. When bosentan is administered with RIF, the bosen-
tan trough concentration is increased 6.5-fold on the first day of RIF treatment but
reduced 60% after extended RIF treatment (van Giersbergen et al., 2007). Since
RIF is not expected to inhibit CYP3A activity based on in vitro data (Kajosaari
et al., 2005), the 6.5-fold bosentan trough concentration increase (first day dosing of
RIF) appears to be the result of OATP and/or CYP2C9 inhibition which upon mul-
tiple day RIF dosing is overshadowed by induction (CYP3A, 2C9, and/or OATP)
resulting in a net decrease in trough concentrations. RIF, a broad spectrum inducer
of drug-metabolizing enzymes and drug transporters, is also a substrate and inhibitor
of OATP1B1 and 1B3 in the liver with OATP1B1 playing the predominant uptake
role (Niemi et al., 2003; Tirona et al., 2003). Hepatic uptake of RIF by OATP1B1
has been suggested as a necessary component of PXR activation and induction of
drug-metabolizing enzymes and transporters (Tirona et al., 2003). This indicates that
individuals with deficient RIF uptake as a result of OATP1B1 polymorphisms ∗1b,
∗5, or ∗9 may exhibit a reduced degree of PXR activation. To circumvent the induc-
tive effects of RIF and observe the acute inhibitory activity against OATPs, a single
30-min intravenous infusion of RIF was given in combination with oral atorvastatin
(Lau et al., 2007). The AUC of atorvastatin acid and lactone were increased 8- and
2.7-fold, respectively, while only modest inhibition of metabolism (∼40% decrease
and no change in 4-OH and 2-OH metabolite/parent AUC ratios, respectively) was
observed.

The examples listed above illustrate the drug interactions that can be attributed
at least in part to inhibition of OATP-mediated transport of substrates in the
intestine or liver. Because of the broad tissue expression of the OATPs and the
increasing number of drugs identified as substrates, it is possible for OATP-
mediated interactions to also occur in organs such as the placenta, kidney, and
BBB. In recent years, research into the role of OATPs in drug disposition has
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intensified and increased our understanding of the importance of the OATP family of
transporters.

21.4.2 OAT (SLC22 Family) Interactions

The organic anion transporters (OATs) are also encoded by the SLC22 gene family
and primarily expressed in the renal epithelial cells, although there is some evidence
of their expression in the liver and the brain (Wright and Dantzler, 2004). OATs
are capable of transporting both endogenous (e.g., para-amino hippurate, riboflavin)
substrates and a wide variety of weakly acidic drugs. OATs 1–4 have been cloned
and are expressed primarily in the kidney and the liver (Srimaroeng et al., 2008).
The organic anion/dicarboxylate exchanger hOAT1 (PAH/dicarboxylate exchanger)
is a Na+-independent transporter and relies on the co-transport of a dicarboxylate
(e.g., α-ketoglutarate) down its concentration gradient, whereas OAT2 and 3 are
Na+-independent facilitative transporters. OAT1–3 are expressed in the basolateral
membrane of the renal epithelia cells and facilitate the uptake and secretion of sub-
strates. OAT4 is expressed on the brush border membrane of renal epithelial cells
and facilitates the re-uptake of substrates (Srimaroeng et al., 2008).

For drugs that are actively secreted by OATs and whose secretory renal clearance
is a substantial component of the total clearance, drug interactions involving OATs
will result in clinically significant increases in AUCs and decreases in clearance.
Conversely, for drugs by which re-uptake by OAT4 attenuates the renal clearance,
drug interactions involving OAT4 will result in a decrease in AUC and increase in
clearance of the drugs.

Classically described OAT interactions include the interactions of penicillins or
cephalosporins with the hOAT inhibitor probenecid and have been well character-
ized since the 1950s. It was believed very early on that inhibition of a transporter
involved in active tubular secretion was the mechanism by which the renal elim-
ination of these drugs was decreased by probenecid (Weiner et al., 1960). For
example, when the cephalosporin, cephradrine, was administered intravenously
with and without oral probenecid, a 2.4-fold increase in AUC (from 24.0 to
57.3 μg·h/mL) and a 1.8-fold decrease in renal clearance (363–198 mL/min) were
observed (Roberts et al., 1981). The authors concluded that the change in AUC of
cephradrine was the result of probenecid inhibition of the renal secretion of the
drug. Recently, probenecid has been shown to increase the AUC of dicloxacillin
by 1.9-fold (Beringer et al., 2008). Additionally, in this study, the renal clearance
of dicloxacillin was decreased 3.6-fold, and the renal clearance to GFR ratio was
decreased 3.1-fold.

Cidofovir is a nucleoside antiviral drug used in the treatment of cytomegalovirus
(CMV) retinitis in patients with AIDS (Lalezari et al., 1997). Because of poor
bioavailability, cidofovir is administered as an intravenous infusion, typically over
1 h (5 mg/kg). After an intravenous dose, cidofovir is predominantly excreted in the
urine as the unchanged drug (90.3% recovered in 24 h) (Cundy, 1999). For a 70-kg
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man, the total systemic and renal clearance (Clrenal) of cidofovir were found to be
173 and 150 mL/min, respectively, whereas the creatinine clearance (ClGFR) in the
same subjects was 97 mL/min (Cundy, 1999). These data indicate that cidofovir is
eliminated unchanged in the urine by active tubular secretion (secretory clearance,
Clsec = 53 mL/min, Clrenal/ClGFR = 1.54). The dose-limiting toxicity of cidofovir
is nephrotoxicity (Lalezari et al., 1995). This toxicity is believed to be due to high
concentrations of the drug in the renal epithelium produced by rapid drug uptake
at the basolateral membrane and slower efflux into the urine via the brush border
membrane. Oral co-administration of probenecid with cidofovir reduced the total
clearance of cidofovir by 15% (to 147 mL/min) and the renal clearance by 27%
(to 102 mL/min). The latter was not significantly different from the ClGFR in the
same subjects (109 mL/min) (Cundy, 1999). Co-administration of probenecid sig-
nificantly reduced the nephrotoxicity of cidofovir. For this reason, these two drugs
are co-administered in the clinic. In vitro, both OAT1 and OAT3 have been shown to
transport cidofovir, and this transport has been shown to be inhibited by probenecid
(Uwai et al., 2007).

This interesting cidofovir–probenecid drug interaction illustrates the role a trans-
porter can have in drug toxicity and the potential therapeutic benefit of a drug
interaction. Because the expression of OATs is highest in the kidney, OAT-mediated
interactions will clearly have the greatest impact on drugs that are OAT substrates
and for which renal secretory clearance is the major clearance mechanism. Given
the evidence of OAT expression in other tissues such as the liver, the intestine, and
the brain, the OAT family of transporters may also be shown to be important in drug
interactions in these other tissues as well.

21.4.3 OCT (SLC22 Family) Interactions

The organic cation transporters (OCTs) are also encoded by the SLC22 gene family
and are primarily expressed on the basolateral membrane of epithelial cells in the
renal proximal tubule (Wright and Dantzler, 2004). OCTs are typically capable of
transporting heterocyclic weak bases, including both endogenous compounds (e.g.,
dopamine, epinephrine, and choline) and a variety of drugs. OCTs 1–3 have been
cloned and have been shown to be expressed in the kidney, liver, placenta, and other
tissues (Wright and Dantzler, 2004), although OCT1 and OCT2 appear to be the
primary OCTs in the kidney.

A number of OCT-mediated drug interactions have been described. For exam-
ple, both procainamide and cimetidine undergo substantial net tubular secretion
and are predominantly renally cleared (Reidenberg et al., 1980; Somogyi et al.,
1980; Drayer et al., 1982). Co-administration of cimetidine increased the AUC
of procainamide by 35% and reduced the Clrenal by 43% (from 347 to 196
mL/min) (Somogyi et al., 1983). Metformin also undergoes substantial renal secre-
tion (Clrenal/ClGFR∼5) (Somogyi et al., 1987). Co-administration of cimetidine with
metformin increased the AUC of metformin by 46% and reduced the Clrenal by 28%
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(from 527 to 378 mL/min) (Somogyi et al., 1987). Cimetidine has also been shown
to decrease the renal clearance of varenicline by ∼25%, most likely mediated by
OCT2 (Feng et al., 2008).

Like the OATs, OCT interactions typically have the greatest impact on the level
of active tubular secretion in the kidney. When a drug is cleared predominantly by
OCTs, inhibition of these transporters can affect both systemic exposure (AUC) and
tissue (kidney)-specific exposure of the OCT substrate drug. Additionally, the broad
tissue expression of the OCTs suggests that OCT inhibition may also affect drug
distribution into other organs (e.g., liver and placenta).

Various nonsynonymous SNPs have been described that effect the activ-
ity of the OCTs in vitro (Shikata et al., 2007; Choi and Song, 2008).
OCT1 SNPs that decrease the transport of metformin in vitro (Shu
et al., 2007) have also been shown to significantly increase AUC and decrease V/F
and CL/F of metformin (Shu et al., 2008) clinically. Additionally, OCT2 SNPs that
reduce metformin transport in oocytes (Song et al., 2008b) also result in increased
metformin AUC and decreased metformin renal clearance clinically (Song et al.,
2008a; Wang et al., 2008).

21.4.4 Peptide Transporters (PEPT1-2, SLC15A1-2) Interactions

The oligopeptide transporters PEPT1 and PEPT2 are proton-coupled di- and tri-
peptide transporters (Liang et al., 1995; Adibi, 1997) that have been shown to
transport peptidomimetic drugs including β-lactam antibiotics (Terada et al., 1998)
and angiotensin-converting enzyme inhibitors (Boll et al., 1994). PEPT1 is believed
to be the major absorptive transport mechanism of the β-lactam antibiotics in intesti-
nal enterocytes (Liang et al., 1995). PEPT1 and PEPT2 are expressed at the brush
border membrane of the proximal tubule cells in the kidney where they act to
reabsorb peptides and peptide-like drugs from the renal filtrate. In vitro and ani-
mal studies have explored the substrates and inhibitors of these two transporters,
but there are minimal clinical data suggesting a significant contribution of DDIs
mediated through the PEPT transporters. Given their expression profiles, PEPT1
interactions would most likely occur in the intestine and could potentially reduce the
absorption rate or bioavailability of substrate drugs. PEPT2-mediated DDIs would
most likely occur in the kidney and result in the reduced re-absorption of substrate
drugs ultimately increasing their renal clearance.

21.4.5 Multidrug and Toxin Extrusion (MATE, SLC47A)
Interactions

The human multidrug and toxin extrusion transporters (MATEs) function as an
exchanger of protons and a variety of organic cations such as tetraethylammonium
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(TEA) and cimetidine and zwitterionic compounds such as cephalexin. The localiza-
tion of MATE1 and MATE2-K on the brush border membrane of the renal proximal
tubular cells indicates that they may be candidates for efflux of cationic drugs in the
kidney (Liang et al., 1995; Otsuka et al., 2005). Cimetidine, the OCT inhibitor,
caused a 34% decrease in the renal clearance of fexofenadine (Yasui-Furukori
et al., 2005). Cimetidine-unbound plasma concentrations were well below its Km
values for OAT3 and OCT2 expressed on the basolateral membrane of the renal
epithelial cells indicating that renal uptake of fexofenadine by these transporters
was likely not inhibited significantly. Recently, using MATE1-transfected HEK293
cells, the uptake of fexofenadine was shown to be inhibited 40% by 3 μM cimetidine
(Matsushima et al., 2009) which is comparable to the unbound plasma concentration
during the clinical study. Inhibition of MATE1 has also recently been implicated in
the 45% reduction of metformin renal clearance by cimetidine (Wang et al., 2008;
Tsuda et al., 2009). MATE1 is also expressed on the canalicular membrane in hep-
atocytes, but interestingly cimetidine had only a very minor effect on the systemic
clearance of fexofenadine. The MATE interactions characterized to date are signif-
icant, yet result in only modest increases in systemic exposure of the affected drug.
More investigation is needed to increase our understanding of the role of MATEs in
drug disposition and DDIs in man.

21.5 In Vitro to In Vivo DDI Prediction

Due to the vast number of potential transporter-based interactions, it would be
nearly impossible to test each of the possible precipitant–object pairs in a clinical
setting. Therefore, if we are to predict the magnitude of transporter-based drug
interactions, an approach similar to that which is being applied for metabolic-based
drug interactions must be employed. This method involves using high through-
put in vitro techniques to determine the IC50 or Ki values of drug substrates
to inhibit specific transporters. An R value is calculated by comparison of the
unbound IC50 or Ki value to the unbound plasma concentration of the inhibitor
(fu[I]). In the simplest case, in which the clearance mechanism of the object
drug is solely mediated through the inhibited transporter, Equation (21.1) can be
used to estimate the fold change in clearance ratio, or Equation (21.2) for AUC ratio:

Clinhibited

Cl
= 1

1 + fu•[I]
Ki

(21.1)

R = AUCinhibited

AUC
= Cl

Clinhibited
= 1 + fu · [I]

Ki
(21.2)

In the case in which the clearance of the object drug is not solely mediated by
the inhibited transporter, Equation (21.2) can be modified with the addition of an fcl
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term which is the fraction of the total clearance of the object that is mediated by the
transporter:

R = AUCinhibited

AUC
= 1

fcl(
1+ fu · [I]/Ki

) + (1 − fcl)
(21.3)

Equation (21.3) assumes that the transport mechanism being inhibited is the rate-
limiting step in the elimination of the drug. For example, if a drug is a substrate of
hepatic uptake by OATPs and biliary efflux by P-gp, the prediction must be made
with respect to the transporter which is the rate-limiting step in the clearance pro-
cess. Conversely, if there are two transporters that contribute to the same process
(efflux or uptake) in the same tissue, then the inhibition of both of these transporters
must be taken into account. A second assumption of Equations (21.1)–(21.3) is that
the transport process is a typical Michaelis–Menten process that is subjected to com-
petitive inhibition and the substrate concentration is well below the transport Km
(no saturation of the transport). Another key assumption for this model is that the
unbound systemic plasma concentration of the inhibitor is indicative of the concen-
tration at the site of the interaction. This assumption may be violated in the case
of active uptake or efflux transport into or out of the site of action, a high rate of
tissue elimination (e.g., metabolism), or the case of elevated portal vein inhibitor
concentrations during first pass after an oral dose.

In the case where a clearance process (e.g., biliary or renal secretion) is mediated
by multiple transport mechanisms, the estimated effect on the clearance as a result
of inhibiting one or more of the transporters can be estimated by Equation (21.4)
where n is the total number of transporters (t) that account for the clearance process,
fcl,t is the fraction of the clearance attributed to the specific transporter t and Ki,t is
the inhibition constant for the inhibitor against transporter t:

Clinhibited

Cl
=

n∑

t=1

fcl,t · 1

1 + fu·[I]
Ki,t

(21.4)

Simulations using Equation (21.3) for varying fcl and fu∗[I]/Ki values are shown
in Fig. 21.6. The partial surfaces in Fig. 21.6 show conditions under which AUC
ratios (R) >2, 5, or 10 would be predicted. These simulations indicate that for an
object drug with an fcl value of 0.5, the expected AUC ratio (R) observed when the
transport clearance mechanism is completely inhibited is 2.0. This maximum AUC
ratio for any fcl can be calculated by Equation (21.5) as

Rmax = 1

1 − fcl
(21.5)

This type of prediction is applicable only to the inhibition of a clearance pro-
cess. In the case where inhibition of transport alters a purely distributional process,
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Fig. 21.6 Simulations of predicted AUC ratio using Equation (21.3): Partial surfaces indicate the
conditions under which AUC ratios (R) >2, 5, and 10 would be predicted across a range of fcl
(fractional clearance due to the inhibited transport process) and fu[I]/Ki (inhibition potency of the
precipitant drug)

the fold increase in drug exposure to the tissue relative to the blood or plasma
concentration (Rdist, Equation (21.6)) could be predicted if both the diffusion and
transport-mediated clearances are known. For example, to predict the change in
brain/blood ratio of a P-gp substrate in the presence of an inhibitor, the relative
rates of P-gp-mediated efflux clearance and the diffusion clearance across the BBB
are necessary. The exposure of the organ relative to the blood is determined by the
ratio of the net influx and net efflux clearances. Using a simple two-compartment
model to describe this process and assuming no active uptake process and no active
efflux process other than P-gp, the clearance into the brain would be the diffusion
clearance, but clearance out of the brain would be the sum of diffusion and P-gp
efflux clearances:
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Rdist =
AUCtissue,inhib

/
AUCblood,inhib

AUCtissue/AUCblood

= Clefflux
Clefflux,inhib

= Cldiff + Clpgp
Cldiff + CLpgp,inhib

= Cldiff + Clpgp

Cldiff+CLpgp
/(

1 + fu[I]
/
Ki

)

(21.6)

If the P-gp-mediated efflux clearance is equal to the diffusional clearance, then
the brain/blood ratio would be expected to increase by 100% (Rdist = 2) with
complete inhibition (fu[I]>>>Ki) of P-gp efflux activity using Equation (21.6). If
there are multiple transporters actively effluxing the drug from the brain (e.g., P-gp
and BCRP), the total efflux clearance would be the sum of the diffusional, P-gp-
mediated, and BCRP-mediated clearances. In this type of situation where there are
two efflux transporters, inhibition of both transporters simultaneously would appear
to have a synergistic effect. For example, if the total efflux clearance is 10% dif-
fusional, 45% P-gp, and 45% BCRP, complete inhibition of P-gp or BCRP alone
would result in an Rdist of 1.8, whereas complete inhibition of both P-gp and BCRP
would result in an Rdist of 10. Large changes in the brain/blood ratio are expected
as a result of the impermeable nature of the BBB and the rich expression of efflux
transport proteins such as P-gp.

21.5.1 P-glycoprotein (P-gp, MDR1) Drug–Drug Interaction
Prediction

P-gp is arguably the most important drug transporter because of the large number
of drugs on the market that are substrates and the localization of P-gp in key organs
for drug elimination (intestine, liver, and kidney) as well as privileged compart-
ments in the body including the brain and placenta. Therefore, it is not surprising
that a substantial amount of effort has been focused on the ability to predict the
role of P-gp in drug disposition and the impact of P-gp-mediated DDIs. A substan-
tial amount of in vitro data indicates that P-gp may have multiple binding sites
and therefore evaluating drugs as inhibitors and substrates is more challenging.
As a result, inhibitory constants (IC50) may be substrate–inhibitor pair depen-
dent. The magnitudes of the P-gp-mediated DDIs listed in Table 21.3 (Hedman
et al., 1990; Jalava et al., 1997; Hedman et al., 1991; Yang and Elmquist, 1996;
Simonson et al., 2004; Schneck et al., 2004; Sasongko et al., 2005; Woodland
et al., 1998; Wandel et al., 1999; Ekins et al., 2001; Thummel et al., 2006; He and
Liu, 2002; Ding et al., 2004; Penzak et al., 2004; Templeton et al., 2008) were
predicted using Equation (21.2). One key assumption of Equation (21.2) is that the
entire clearance mechanism of the probe drug is mediated through the affected trans-
porter. This assumption, if invalid, will cause an overprediction of the decrease in
clearance.
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21.5.2 Distributional Drug–Drug Interaction Prediction

Inhibition of P-gp by CsA in vitro has produced IC50 (or Ki) values of 0.13–3.8 μM,
with the IC50 for the CsA–verapamil pair reported at 4.6 μM (Endres et al., 2006).
The in vivo-unbound EC50 for P-gp transport of verapamil by CsA into the rat brain
was calculated as 0.47 μM (Hsiao et al., 2006). The data generated in the rat model
were used to predict the fold change in brain:blood ratio that we observed in a
human study (Sasongko et al., 2005) using the CsA–verapamil inhibitor–substrate
pair (Table 21.3). The change in brain:blood ratio observed in the rat, 75% increase,
at blood CsA concentrations of ∼3 μM was very similar to the 79% increase
observed in the human study (Sasongko et al., 2005) in which blood CsA concen-
trations were also 3 μM. To attempt to simplify the prediction process and apply
it to a high throughput in vitro methodology, a similar experiment was carried out
in LLCPK-MDR1 cells using CsA as the P-gp inhibitor and fluorescently labeled
verapamil–bodipy as the substrate (Hsiao et al., 2008). This cell model produced an
EC50 of 0.6 μM which is comparable to the unbound EC50 calculated from the rat
in vivo study. The in vitro method predicts a 129% increase in the brain:blood ratio
for the human study.

21.5.3 Absorption/Elimination Drug–Drug Interaction Prediction

An in vitro to in vivo correlation of the effect of 19 P-gp inhibitors on the
AUC ratio of digoxin showed that there is a positive trend between the pre-
dicted [I]/IC50 ratio and the observed in vivo AUCi/AUC ratio (Fenner et al.,
2009). They showed a 41% false negative rate using the [I]/IC50 > 0.1 cut-
off described in a US Food and Drug Administration (FDA) draft guidance
( http://www.fda.gov/cder/guidance/6695dft.htm) on drug interaction studies to the
pharmaceutical industry. Using the [I2]/IC50 < 10 cutoff recently proposed by Zhang
et al. (Zhang et al., 2008), where [I2] is the hypothetical intestinal concentration
of the inhibitor, the incidence of false negatives was reduced substantially, but the
incidence of false positives was increased.

21.5.4 OATP Drug–Drug Interaction Prediction

OATP1B1 and 1B3 are expressed on the sinusoidal membrane of hepatocytes
(Fig. 21.1). Substrates of OATP 1B1 and 1B3 include many of the lipid-lowering
statins, the antidiabetics repaglinide, rosiglitazone and glyburide, the cardiac glyco-
side digoxin, as well as fexofenadine and RIF. The effects of CsA and gemfibrozil
on the disposition of rosuvastatin are the best available opportunities for in vitro
to in vivo DDI prediction with respect to OATPs. This is because the contribution
of metabolism to the total clearance of rosuvastatin is minimal. Many of the other
interactions described earlier are complicated by potential metabolic inhibition or
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induction. Since these interactions have not been studied extensively enough to
confidently assign fractional clearances to the transporter and metabolic compo-
nents, prediction of these interactions is not possible. The CsA and gemfibrozil
interaction predictions with rosuvastatin are listed in Table 21.3. Transport of [3H]-
rosuvastatin in Xenopus laevis oocytes expressing OATP1B1 was saturable with a
Km of 8.5 μM (Schneck et al., 2004; Simonson et al., 2004). Gemfibrozil inhib-
ited the [3H]-rosuvastatin OATP1B1-mediated uptake into oocytes with an IC50 of
4.0 μM (Schneck et al., 2004). In the in vivo interaction study, the average unbound
gemfibrozil Cmax concentration was approximately 5 μM indicating that OATP1B1
transport was inhibited substantially (∼>50%). Under the assumption that the IC50
is similar to the Ki, the predicted AUC ratio in Table 21.3 is 2.25 where the observed
ratio is 1.88. In this situation using the total drug concentration drastically overpre-
dicts the magnitude of the interactions (R = 27). In contrast, the observed AUC ratio
of 7.8 for rosuvastatin as a result of CsA administration is drastically underpredicted
using the unbound Cmax (R = 1.05). Using the total Cmax, the AUC ratio is predicted
at ∼3.3 indicating that either CsA concentrations at the site of inhibition are not well
estimated by blood concentrations, the in vitro inhibition potential of CsA (IC50 =
2.2 μM) for OATP1B1 is underestimated, or another transporter is involved in the
CsA–rosuvastatin interaction.

21.5.5 In Vitro to In Vivo Prediction Summary

A review of the predicted interactions in Table 21.3 shows that using the unbound
Cmax concentration was the better predictor of the interaction for 58% (7 of 12) of
the interactions, total Cmax was the better predictor for 33% (4 of 12) of the inter-
actions, and one interaction was equally well predicted. In addition, for all but one
of the predicted interactions, the unbound plasma concentration underpredicted the
AUC ratio and overpredicted the Clinhib/Cl. All but three of the interaction AUC
ratios were overpredicted and Clinhib/CL ratios were underpredicted using the total
plasma concentration. This implies that for the most part, the unbound plasma Cmax
concentration underrepresents the concentration of drug at the active site of the
transporter or the in vitro inhibition parameters (IC50, Ki) are on average higher
than the true in vivo parameters. The converse is true with respect to total Cmax
concentrations.

21.6 Conclusions

Our understanding of the role and impact of drug transporters on drug disposition
has been steadily increasing. We have made significant progress in categorizing the
location of drug transporters and determining drug substrates/inhibitors of trans-
porters, but there are at least three critical pieces of information that still remain.
Those are (1) determining the relationship between the plasma concentration and
the concentration of drug the transporter is exposed to, (2) determining if or to
what extent the transporter is a limiting factor in the drug permeability across a
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membrane or in the organ clearance, and (3) quantifying the level of transporter
expression in tissues. To address these problems and ultimately increase our ability
to predict transporter-based DDIs, it is necessary to quantify the relative expression
of transporters in tissues using quantitative methods such as mass spectrometry and
to identify probe drugs that can be used in vivo that are minimally metabolized and
are selective substrates of individual transporters.

Acknowledgments This work was supported by NIH grants GM032165 and GM54447. Brian
Kirby was supported in part by an ARCS fellowship and an NIH Pharmacological Sciences training
grant (GM07550).

References

Abe T, Kakyo M, Tokui T, Nakagomi R, Nishio T, Nakai D, Nomura H, Unno M, Suzuki M,
Naitoh T, Matsuno S and Yawo H (1999) Identification of a novel gene family encoding human
liver-specific organic anion transporter LST-1. J Biol Chem 274:17159–17163.

Adibi SA (1997) The oligopeptide transporter (Pept-1) in human intestine: biology and function.
Gastroenterology 113:332–340.

Allen JD, Brinkhuis RF, Wijnholds J and Schinkel AH (1999) The mouse Bcrp1/Mxr/Abcp
gene: amplification and overexpression in cell lines selected for resistance to topotecan,
mitoxantrone, or doxorubicin. Cancer Res 59:4237–4241.

Asberg A, Hartmann A, Fjeldsa E, Bergan S and Holdaas H (2001) Bilateral pharmacokinetic inter-
action between cyclosporine A and atorvastatin in renal transplant recipients. Am J Transplant
1:382–386.

Atkinson DE, Greenwood SL, Sibley CP, Glazier JD and Fairbairn LJ (2003) Role of MDR1 and
MRP1 in trophoblast cells, elucidated using retroviral gene transfer. Am J Physiol Cell Physiol
285:C584–C591.

Backman JT, Kyrklund C, Kivisto KT, Wang JS and Neuvonen PJ (2000) Plasma concentrations
of active simvastatin acid are increased by gemfibrozil. Clin Pharmacol Ther 68:122–129.

Backman JT, Kyrklund C, Neuvonen M and Neuvonen PJ (2002) Gemfibrozil greatly increases
plasma concentrations of cerivastatin. Clin Pharmacol Ther 72:685–691.

Beringer PM, Kriengkauykiat J, Zhang X, Hidayat L, Liu S, Louie S, Synold T, Burckart GJ, Rao
PA, Shapiro B and Gill M (2008) Lack of effect of P-glycoprotein inhibition on renal clearance
of dicloxacillin in patients with cystic fibrosis. Pharmacotherapy 28:883–894.

Bernacki J, Dobrowolska A, Nierwinska K and Malecki A (2008) Physiology and pharmacological
role of the blood-brain barrier. Pharmacol Rep 60:600–622.

Boll M, Markovich D, Weber WM, Korte H, Daniel H and Murer H (1994) Expression cloning of
a cDNA from rabbit small intestine related to proton-coupled transport of peptides, beta-lactam
antibiotics and ACE-inhibitors. Pflugers Arch 429:146–149.

Brangi M, Litman T, Ciotti M, Nishiyama K, Kohlhagen G, Takimoto C, Robey R, Pommier Y,
Fojo T and Bates SE (1999) Camptothecin resistance: role of the ATP-binding cassette (ABC),
mitoxantrone-resistance half-transporter (MXR), and potential for glucuronidation in MXR-
expressing cells. Cancer Res 59:5938–5946.

Choi MK and Song IS (2008) Organic cation transporters and their pharmacokinetic and
pharmacodynamic consequences. Drug Metab Pharmacokinet 23:243–253.

Choudhuri S and Klaassen CD (2006) Structure, function, expression, genomic organization, and
single nucleotide polymorphisms of human ABCB1 (MDR1), ABCC (MRP), and ABCG2
(BCRP) efflux transporters. Int J Toxicol 25:231–259.

Chu XY, Suzuki H, Ueda K, Kato Y, Akiyama S and Sugiyama Y (1999) Active efflux of
CPT-11 and its metabolites in human KB-derived cell lines. J Pharmacol Exp Ther 288:
735–741.



21 The Impact and In Vitro to In Vivo Prediction 547

Cole SP (1990) Patterns of cross-resistance in a multidrug-resistant small-cell lung carcinoma cell
line. Cancer Chemother Pharmacol 26:250–256.

Cooper CL, van Heeswijk RP, Gallicano K and Cameron DW (2003) A review of low-dose
ritonavir in protease inhibitor combination therapy. Clin Infect Dis 36:1585–1592.

Cordon-Cardo C, O‘Brien JP, Casals D, Rittman-Grauer L, Biedler JL, Melamed MR and Bertino
JR (1989) Multidrug-resistance gene (P-glycoprotein) is expressed by endothelial cells at
blood-brain barrier sites. Proc Natl Acad Sci U S A 86:695–698.

Cundy KC (1999) Clinical pharmacokinetics of the antiviral nucleotide analogues cidofovir and
adefovir. Clin Pharmacokinet 36:127–143.

Dallas S, Miller DS and Bendayan R (2006) Multidrug resistance-associated proteins: expression
and function in the central nervous system. Pharmacol Rev 58:140–161.

Davit-Spraul A, Gonzales E, Baussan C and Jacquemin E (2009) Progressive familial intrahepatic
cholestasis. Orphanet J Rare Dis 4:1.

de Boer AG, van der Sandt ICJ and Gaillard PJ (2003) The role of drug transporters at the blood-
brain barrier. Annu Rev Pharmacol Toxicol 43:629–656.

Ding R, Tayrouz Y, Riedel KD, Burhenne J, Weiss J, Mikus G and Haefeli WE (2004)
Substantial pharmacokinetic interaction between digoxin and ritonavir in healthy volunteers.
Clin Pharmacol Ther 76:73–84.

Drayer DE, Romankiewicz J, Lorenzo B and Reidenberg MM (1982) Age and renal clearance of
cimetidine. Clin Pharmacol Ther 31:45–50.

Durr D, Stieger B, Kullak-Ublick GA, Rentsch KM, Steinert HC, Meier PJ and Fattinger K (2000)
St John’s Wort induces intestinal P-glycoprotein/MDR1 and intestinal and hepatic CYP3A4.
Clin Pharmacol Ther 68:598–604.

Eilers M, Roy U and Mondal D (2008) MRP (ABCC) transporters-mediated efflux of anti-HIV
drugs, saquinavir and zidovudine, from human endothelial cells. Exp Biol Med (Maywood)
233:1149–1160.

Ekins S, Durst GL, Stratford RE, Thorner DA, Lewis R, Loncharich RJ and Wikel JH (2001) Three-
dimensional quantitative structure-permeability relationship analysis for a series of inhibitors
of rhinovirus replication. J Chem Inf Comput Sci 41:1578–1586.

Endres CJ, Hsiao P, Chung FS and Unadkat JD (2006) The role of transporters in drug interactions.
Eur J Pharm Sci 27:501–517.

Eyal S, Hsiao P and Unadkat JD (2009) Drug interactions at the blood-brain barrier: fact or fantasy?
Pharmacol Ther 123(1):80-104

Fattinger K, Funk C, Pantze M, Weber C, Reichen J, Stieger B and Meier PJ (2001) The endothelin
antagonist bosentan inhibits the canalicular bile salt export pump: a potential mechanism for
hepatic adverse reactions. Clin Pharmacol Ther 69:223–231.

Feng B, Obach RS, Burstein AH, Clark DJ, de Morais SM and Faessel HM (2008) Effect
of human renal cationic transporter inhibition on the pharmacokinetics of varenicline, a
new therapy for smoking cessation: an in vitro-in vivo study. Clin Pharmacol Ther 83:
567–576.

Fenner KS, Troutman MD, Kempshall S, Cook JA, Ware JA, Smith DA and Lee CA
(2009) Drug–drug interactions mediated through P-glycoprotein: clinical relevance and
in vitro-in vivo correlation using digoxin as a probe drug. Clin Pharmacol Ther 85:
173–181.

Funk C, Ponelle C, Scheuermann G and Pantze M (2001) Cholestatic potential of troglitazone
as a possible factor contributing to troglitazone-induced hepatotoxicity: in vivo and in vitro
interaction at the canalicular bile salt export pump (Bsep) in the rat. Mol Pharmacol 59:
627–635.

Geick A, Eichelbaum M and Burk O (2001) Nuclear receptor response elements mediate induction
of intestinal MDR1 by rifampin. J Biol Chem 276:14581–14587.

Gerloff T, Stieger B, Hagenbuch B, Madon J, Landmann L, Roth J, Hofmann AF and Meier
PJ (1998) The sister of P-glycoprotein represents the canalicular bile salt export pump of
mammalian liver. J Biol Chem 273:10046–10050.



548 J.D. Unadkat et al.

Glaeser H, Bailey DG, Dresser GK, Gregor JC, Schwarz UI, McGrath JS, Jolicoeur E, Lee W,
Leake BF, Tirona RG and Kim RB (2007) Intestinal drug transporter expression and the impact
of grapefruit juice in humans. Clin Pharmacol Ther 81:362–370.

Govindarajan R (2002) Irinotecan/thalidomide in metastatic colorectal cancer. Oncology (Williston
Park) 16:23–26.

Greiner B, Eichelbaum M, Fritz P, Kreichgauer HP, von RO, Zundler J and Kroemer HK (1999)
The role of intestinal P-glycoprotein in the interaction of digoxin and rifampin. J Clin Invest
104:147–153.

Hagenbuch B and Meier PJ (2004) Organic anion transporting polypeptides of the OATP/
SLC21 family: phylogenetic classification as OATP/ SLCO superfamily, new nomenclature
and molecular/functional properties. Pflugers Arch 447:653–665.

Haimeur A, Conseil G, Deeley RG and Cole SP (2004) The MRP-related and BCRP/ABCG2
multidrug resistance proteins: biology, substrate specificity and regulation. Curr Drug Metab
5:21–53.

Hardamn JG, Limbird LE and Gilman AG (2001) Goodman and Gilman’s The pharmacological
Basis of Therapeutics. McGraw-Hill.

He L and Liu GQ (2002) Interaction of multidrug resistance reversal agents with P-glycoprotein
ATPase activity on blood-brain barrier. Acta Pharmacol Sin 23:423–429.

Hedman A, Angelin B, Arvidsson A, Beck O, Dahlqvist R, Nilsson B, Olsson M and Schenck-
Gustafsson K (1991) Digoxin-verapamil interaction: reduction of biliary but not renal digoxin
clearance in humans. Clin Pharmacol Ther 49:256–262.

Hedman A, Angelin B, Arvidsson A, Dahlqvist R and Nilsson B (1990) Interactions in the renal
and biliary elimination of digoxin: stereoselective difference between quinine and quinidine.
Clin Pharmacol Ther 47:20–26.

Herrine SK and Choudhary C (1999) Severe hepatotoxicity associated with troglitazone. Ann
Intern Med 130:163–164.

Hinderling PH and Hartmann D (1991) Pharmacokinetics of digoxin and main metabo-
lites/derivatives in healthy humans. Ther Drug Monit 13:381–401.

Hirano H, Kurata A, Onishi Y, Sakurai A, Saito H, Nakagawa H, Nagakura M, Tarui S, Kanamori
Y, Kitajima M and Ishikawa T (2006) High-speed screening and QSAR analysis of human
ATP-binding cassette transporter ABCB11 (bile salt export pump) to predict drug-induced
intrahepatic cholestasis. Mol Pharm 3:252–265.

Hirano M, Maeda K, Hayashi H, Kusuhara H and Sugiyama Y (2005) Bile salt export pump
(BSEP/ABCB11) can transport a nonbile acid substrate, pravastatin. J Pharmacol Exp Ther
314:876–882.

Horikawa M, Kato Y, Tyson CA and Sugiyama Y (2002) The potential for an interaction between
MRP2 (ABCC2) and various therapeutic agents: probenecid as a candidate inhibitor of the
biliary excretion of irinotecan metabolites. Drug Metab Pharmacokinet 17:23–33.

Hsiang B, Zhu Y, Wang Z, Wu Y, Sasseville V, Yang WP and Kirchgessner TG (1999) A novel
human hepatic organic anion transporting polypeptide (OATP2). Identification of a liver-
specific human organic anion transporting polypeptide and identification of rat and human
hydroxymethylglutaryl-CoA reductase inhibitor transporters. J Biol Chem 274:37161–37168.

Hsiao P, Bui T, Ho RJ and Unadkat JD (2008) In vitro-to-in vivo prediction of P-glycoprotein-based
drug interactions at the human and rodent blood-brain barrier. Drug Metab Dispos 36:481–484.

Hsiao P, Sasongko L, Link JM, Mankoff DA, Muzi M, Collier AC and Unadkat JD (2006)
Verapamil P-glycoprotein transport across the rat blood-brain barrier: cyclosporine, a con-
centration inhibition analysis, and comparison with human data. J Pharmacol Exp Ther
317:704–710.

Huang L (2009) Role of drug transporters in the disposition of statins. AAPS Workshop on Drug
Transporters in ADME: From the Bench to the Bedside, Parsippany, NJ. 2005. Ref Type:
Conference Proceeding

Iwanaga T, Nakakariya M, Yabuuchi H, Maeda T and Tamai I (2007) Involvement of bile salt
export pump in flutamide-induced cholestatic hepatitis. Biol Pharm Bull 30:739–744.



21 The Impact and In Vitro to In Vivo Prediction 549

Jalava KM, Partanen J and Neuvonen PJ (1997) Itraconazole decreases renal clearance of digoxin.
Ther Drug Monit 19:609–613.

Jonker JW, Smit JW, Brinkhuis RF, Maliepaard M, Beijnen JH, Schellens JH and Schinkel AH
(2000) Role of breast cancer resistance protein in the bioavailability and fetal penetration of
topotecan. J Natl Cancer Inst 92:1651–1656.

Juliano RL and Ling V (1976) A surface glycoprotein modulating drug permeability in Chinese
hamster ovary cell mutants. Biochim Biophys Acta 455:152–162.

Kajosaari LI, Laitila J, Neuvonen PJ and Backman JT (2005) Metabolism of repaglinide by
CYP2C8 and CYP3A4 in vitro: effect of fibrates and rifampicin. Basic Clin Pharmacol Toxicol
97:249–256.

Kruh GD and Belinsky MG (2003) The MRP family of drug efflux pumps. Oncogene 22:
7537–7552.

Kruh GD, Zeng H, Rea PA, Liu G, Chen ZS, Lee K and Belinsky MG (2001) MRP subfamily
transporters and resistance to anticancer agents. J Bioenerg Biomembr 33:493–501.

Kruijtzer CM, Beijnen JH, Rosing H, ten Bokkel Huinink WW, Schot M, Jewell RC, Paul EM
and Schellens JH (2002) Increased oral bioavailability of topotecan in combination with the
breast cancer resistance protein and P-glycoprotein inhibitor GF120918. J Clin Oncol 20:
2943–2950.

Kullak-Ublick GA, Ismair MG, Stieger B, Landmann L, Huber R, Pizzagalli F, Fattinger K,
Meier PJ and Hagenbuch B (2001) Organic anion-transporting polypeptide B (OATP-B) and its
functional comparison with three other OATPs of human liver. Gastroenterology 120:525–533.

Kusuhara H and Sugiyama Y (2009) In vitro-in vivo extrapolation of transporter-mediated
clearance in the liver and kidney. Drug Metab Pharmacokinet 24:37–52.

Kyrklund C, Backman JT, Kivisto KT, Neuvonen M, Laitila J and Neuvonen PJ (2001) Plasma
concentrations of active lovastatin acid are markedly increased by gemfibrozil but not by
bezafibrate. Clin Pharmacol Ther 69:340–345.

Lacarelle B, Rahmani R, de SG, Durand A, Placidi M and Cano JP (1991) Metabolism of digoxin,
digoxigenin digitoxosides and digoxigenin in human hepatocytes and liver microsomes.
Fundam Clin Pharmacol 5:567–582.

Lalezari JP, Drew WL, Glutzer E, James C, Miner D, Flaherty J, Fisher PE, Cundy K, Hannigan
J and Martin JC (1995) (S)-1-[3-hydroxy-2-(phosphonylmethoxy)propyl]cytosine (cidofovir):
results of a phase I/II study of a novel antiviral nucleotide analogue. J Infect Dis 171:788–796.

Lalezari JP, Stagg RJ, Kuppermann BD, Holland GN, Kramer F, Ives DV, Youle M, Robinson MR,
Drew WL and Jaffe HS (1997) Intravenous cidofovir for peripheral cytomegalovirus retinitis in
patients with AIDS. A randomized, controlled trial. Ann Intern Med 126:257–263.

Lau YY, Huang Y, Frassetto L and Benet LZ (2007) Effect of OATP1B transporter inhibition on
the pharmacokinetics of atorvastatin in healthy volunteers. Clin Pharmacol Ther 81:194–204.

Liang R, Fei YJ, Prasad PD, Ramamoorthy S, Han H, Yang-Feng TL, Hediger MA, Ganapathy
V and Leibach FH (1995) Human intestinal H+/peptide cotransporter. Cloning, functional
expression, and chromosomal localization. J Biol Chem 270:6456–6463.

Litman T, Brangi M, Hudson E, Fetsch P, Abati A, Ross DD, Miyake K, Resau JH and Bates
SE (2000) The multidrug-resistant phenotype associated with overexpression of the new ABC
half-transporter, MXR (ABCG2). J Cell Sci 113 ( Pt 11 ):2011-2021.

Loi CM, Young M, Randinitis E, Vassos A and Koup JR (1999) Clinical pharmacokinetics of
troglitazone. Clin Pharmacokinet 37:91–104.

Maliepaard M, van Gastelen MA, de Jong LA, Pluim D, van Waardenburg RC, Ruevekamp-
Helmers MC, Floot BG and Schellens JH (1999) Overexpression of the BCRP/MXR/ABCP
gene in a topotecan-selected ovarian tumor cell line. Cancer Res 59:4559–4563.

Marzolini C and Kim RB (2005) Placental transfer of antiretroviral drugs. Clin Pharmacol Ther
78:118–122.

Mathias AA, Hitti J and Unadkat JD (2005) P-glycoprotein and breast cancer resistance protein
expression in human placentae of various gestational ages. Am J Physiol Regul Integr Comp
Physiol 289:R963–R969.



550 J.D. Unadkat et al.

Matsushima S, Maeda K, Inoue K, Ohta KY, Yuasa H, Kondo T, Nakayama H, Horita
S, Kusuhara H and Sugiyama Y (2009) The inhibition of human multidrug and toxin
extrusion 1 is involved in the drug–drug interaction caused by cimetidine. Drug Metab Dispos
37:555–559.

McTaggart F, Buckett L, Davidson R, Holdgate G, McCormick A, Schneck D, Smith G and
Warwick M (2001) Preclinical and clinical pharmacology of Rosuvastatin, a new 3-hydroxy-3-
methylglutaryl coenzyme A reductase inhibitor. Am J Cardiol 87:28B–32B.

Mikkaichi T, Suzuki T, Onogawa T, Tanemoto M, Mizutamari H, Okada M, Chaki T, Masuda S,
Tokui T, Eto N, Abe M, Satoh F, Unno M, Hishinuma T, Inui K, Ito S, Goto J and Abe T
(2004a) Isolation and characterization of a digoxin transporter and its rat homologue expressed
in the kidney. Proc Natl Acad Sci U S A 101:3569–3574.

Mikkaichi T, Suzuki T, Tanemoto M, Ito S and Abe T (2004b) The organic anion transporter
(OATP) family. Drug Metab Pharmacokinet 19:171–179.

Mirski SE, Gerlach JH and Cole SP (1987) Multidrug resistance in a human small cell lung cancer
cell line selected in adriamycin. Cancer Res 47:2594–2598.

Mita S, Suzuki H, Akita H, Hayashi H, Onuki R, Hofmann AF and Sugiyama Y (2006) Inhibition
of bile acid transport across Na+/taurocholate cotransporting polypeptide (SLC10A1) and bile
salt export pump (ABCB 11)-coexpressing LLC-PK1 cells by cholestasis-inducing drugs. Drug
Metab Dispos 34:1575–1581.

Molsa M, Heikkinen T, Hakkola J, Hakala K, Wallerman O, Wadelius M, Wadelius C and Laine K
(2005) Functional role of P-glycoprotein in the human blood-placental barrier. Clin Pharmacol
Ther 78:123–131.

Nagashige M, Ushigome F, Koyabu N, Hirata K, Kawabuchi M, Hirakawa T, Satoh S, Tsukimori
K, Nakano H, Uchiumi T, Kuwano M, Ohtani H and Sawada Y (2003) Basal membrane
localization of MRP1 in human placental trophoblast. Placenta 24:951–958.

Niemi M, Backman JT, Fromm MF, Neuvonen PJ and Kivisto KT (2003) Pharmacokinetic
interactions with rifampicin: clinical relevance. Clin Pharmacokinet 42:819–850.

Otsuka M, Matsumoto T, Morimoto R, Arioka S, Omote H and Moriyama Y (2005) A human
transporter protein that mediates the final excretion step for toxic organic cations. Proc Natl
Acad Sci U S A 102:17923–17928.

Oude Elferink RP, Meijer DK, Kuipers F, Jansen PL, Groen AK and Groothuis GM (1995)
Hepatobiliary secretion of organic compounds; molecular mechanisms of membrane transport.
Biochim Biophys Acta 1241:215–268.

Park JW, Siekmeier R, Lattke P, Merz M, Mix C, Schuler S and Jaross W (2001) Pharmacokinetics
and pharmacodynamics of fluvastatin in heart transplant recipients taking cyclosporine A. J
Cardiovasc Pharmacol Ther 6:351–361.

Park S and Sinko PJ (2005) P-glycoprotein and multidrug resistance-associated proteins limit the
brain uptake of saquinavir in mice. J Pharmacol Exp Ther 312:1249–1256.

Paulusma CC, Kool M, Bosma PJ, Scheffer GL, ter BF, Scheper RJ, Tytgat GN, Borst P,
Baas F and Oude Elferink RP (1997) A mutation in the human canalicular multispe-
cific organic anion transporter gene causes the Dubin-Johnson syndrome. Hepatology 25:
1539–1542.

Pedersen KE, Christiansen BD, Klitgaard NA and Nielsen-Kudsk F (1983) Effect of quinidine on
digoxin bioavailability. Eur J Clin Pharmacol 24:41–47.

Penzak SR, Shen JM, Alfaro RM, Remaley AT, Natarajan V and Falloon J (2004) Ritonavir
decreases the nonrenal clearance of digoxin in healthy volunteers with known MDR1 geno-
types. Ther Drug Monit 26:322–330.

Reidenberg MM, Camacho M, Kluger J and Drayer DE (1980) Aging and renal clearance of
procainamide and acetylprocainamide. Clin Pharmacol Ther 28:732–735.

Roberts DH, Kendall MJ, Jack DB and Welling PG (1981) Pharmacokinetics of cephradine given
intravenously with and without probenecid. Br J Clin Pharmacol 11:561–564.

Robey RW, Medina-Perez WY, Nishiyama K, Lahusen T, Miyake K, Litman T, Senderowicz AM,
Ross DD and Bates SE (2001) Overexpression of the ATP-binding cassette half-transporter,



21 The Impact and In Vitro to In Vivo Prediction 551

ABCG2 (Mxr/BCrp/ABCP1), in flavopiridol-resistant human breast cancer cells. Clin Cancer
Res 7:145–152.

Russel FG, Masereeuw R and van Aubel RA (2002) Molecular aspects of renal anionic drug
transport. Annu Rev Physiol 64:563–594.

Sasaki M, Suzuki H, Ito K, Abe T and Sugiyama Y (2002) Transcellular transport of organic
anions across a double-transfected Madin-Darby canine kidney II cell monolayer express-
ing both human organic anion-transporting polypeptide (OATP2/SLC21A6) and Multidrug
resistance-associated protein 2 (MRP2/ABCC2). J Biol Chem 277:6497–6503.

Sasongko L, Link JM, Muzi M, Mankoff DA, Yang X, Collier AC, Shoner SC and Unadkat JD
(2005) Imaging P-glycoprotein transport activity at the human blood-brain barrier with positron
emission tomography. Clin Pharmacol Ther 77:503–514.

Schinkel AH, Mayer U, Wagenaar E, Mol CA, van Deemter L, Smit JJ, van der Walk MA,
Voordouw AC, Spits H, van Tellingen O, Zijlmans JM, Fibbe WE and Borst P (1997)
Normal viability and altered pharmacokinetics in mice lacking mdr1-type (drug-transporting)
P-glycoproteins. Proc Natl Acad Sci U S A 94:4028–4033.

Schinkel AH, Mol CA, Wagenaar E, van DL, Smit JJ and Borst P (1995) Multidrug resistance and
the role of P-glycoprotein knockout mice. Eur J Cancer 31A:1295–1298.

Schinkel AH, Smit JJ, Van TO, Beijnen JH, Wagenaar E, van DL, Mol CA, van der valk MA,
Robanus-Maandag EC, Teriele HP et al. (1994) Disruption of the mouse mdr1a P-glycoprotein
gene leads to a deficiency in the blood-brain barrier and to increased sensitivity to drugs. Cell
77:491–502.

Schneck DW, Birmingham BK, Zalikowski JA, Mitchell PD, Wang Y, Martin PD, Lasseter KC,
Brown CD, Windass AS and Raza A (2004) The effect of gemfibrozil on the pharmacokinetics
of rosuvastatin. Clin Pharmacol Ther 75:455–463.

Shikata E, Yamamoto R, Takane H, Shigemasa C, Ikeda T, Otsubo K and Ieiri I (2007) Human
organic cation transporter (OCT1 and OCT2) gene polymorphisms and therapeutic effects of
metformin. J Hum Genet 52:117–122.

Shu Y, Brown C, Castro RA, Shi RJ, Lin ET, Owen RP, Sheardown SA, Yue L, Burchard EG, Brett
CM and Giacomini KM (2008) Effect of genetic variation in the organic cation transporter 1,
OCT1, on metformin pharmacokinetics. Clin Pharmacol Ther 83:273–280.

Shu Y, Sheardown SA, Brown C, Owen RP, Zhang S, Castro RA, Ianculescu AG, Yue L, Lo JC,
Burchard EG, Brett CM and Giacomini KM (2007) Effect of genetic variation in the organic
cation transporter 1 (OCT1) on metformin action. J Clin Invest 117:1422–1431.

Simonson SG, Raza A, Martin PD, Mitchell PD, Jarcho JA, Brown CD, Windass AS and Schneck
DW (2004) Rosuvastatin pharmacokinetics in heart transplant recipients administered an
antirejection regimen including cyclosporine. Clin Pharmacol Ther 76:167–177.

Soldner A, Christians U, Susanto M, Wacher VJ, Silverman JA and Benet LZ (1999) Grapefruit
juice activates P-glycoprotein-mediated drug transport. Pharm Res 16:478–485.

Somogyi A, McLean A and Heinzow B (1983) Cimetidine-procainamide pharmacokinetic interac-
tion in man: evidence of competition for tubular secretion of basic drugs. Eur J Clin Pharmacol
25:339–345.

Somogyi A, Rohner HG and Gugler R (1980) Pharmacokinetics and bioavailability of cimetidine
in gastric and duodenal ulcer patients. Clin Pharmacokinet 5:84–94.

Somogyi A, Stockley C, Keal J, Rolan P and Bochner F (1987) Reduction of metformin renal
tubular secretion by cimetidine in man. Br J Clin Pharmacol 23:545–551.

Song IS, Shin HJ, Shim EJ, Jung IS, Kim WY, Shon JH and Shin JG (2008a) Genetic variants of
the organic cation transporter 2 influence the disposition of metformin. Clin Pharmacol Ther
84:559–562.

Song IS, Shin HJ and Shin JG (2008b) Genetic variants of organic cation transporter 2 (OCT2)
significantly reduce metformin uptake in oocytes. Xenobiotica 38:1252–1262.

Srimaroeng C, Perry JL and Pritchard JB (2008) Physiology, structure, and regulation of the cloned
organic anion transporters. Xenobiotica 38:889–935.



552 J.D. Unadkat et al.

Sugawara I, Kataoka I, Morishita Y, Hamada H, Tsuruo T, Itoyama S and Mori S (1988) Tissue dis-
tribution of P-glycoprotein encoded by a multidrug-resistant gene as revealed by a monoclonal
antibody, MRK 16. Cancer Res 48:1926–1929.

Tamai I, Nezu J, Uchino H, Sai Y, Oku A, Shimane M and Tsuji A (2000) Molecular identification
and characterization of novel members of the human organic anion transporter (OATP) family.
Biochem Biophys Res Commun 273:251–260.

Templeton IE, Thummel KE, Kharasch ED, Kunze KL, Hoffer C, Nelson WL and Isoherranen
N (2008) Contribution of itraconazole metabolites to inhibition of CYP3A4 in vivo. Clin
Pharmacol Ther 83:77–85.

Terada T, Saito H and Inui K (1998) Interaction of beta-lactam antibiotics with histidine residue of
rat H+/peptide cotransporters, PEPT1 and PEPT2. J Biol Chem 273:5582–5585.

Thiebaut F, Tsuruo T, Hamada H, Gottesman MM, Pastan I and Willingham MC (1987) Cellular
localization of the multidrug-resistance gene product P-glycoprotein in normal human tissues.
Proc Natl Acad Sci U S A 84:7735–7738.

Thiebaut F, Tsuruo T, Hamada H, Gottesman MM, Pastan I and Willingham MC (1989)
Immunohistochemical localization in normal tissues of different epitopes in the multidrug
transport protein P170: evidence for localization in brain capillaries and crossreactivity of one
antibody with a muscle protein. J Histochem Cytochem 37:159–164.

Thummel KE, Shen DD, Soherranen N and Mith HE (2006) Design and optimization of
dosage regimens; pharmacokinetic data, in Goodman & Gilman’s the Pharmacological Basis
of Therapeutics (Goodman LS, Gilman A, Brunton LL, Lazo JS and Parker KL eds) pp
1787–1887, McGraw-Hill, New York.

Tirona RG, Leake BF, Wolkoff AW and Kim RB (2003) Human organic anion transporting
polypeptide-C (SLC21A6) is a major determinant of rifampin-mediated pregnane X receptor
activation. J Pharmacol Exp Ther 304:223–228.

Treiber A, Schneiter R, Hausler S and Stieger B (2007) Bosentan is a substrate of human OATP1B1
and OATP1B3: inhibition of hepatic uptake as the common mechanism of its interactions with
cyclosporin A, rifampicin, and sildenafil. Drug Metab Dispos 35:1400–1407.

Tsuda M, Terada T, Ueba M, Sato T, Masuda S, Katsura T and Inui K (2009) Involvement of human
multidrug and toxin extrusion 1 in the drug interaction between cimetidine and metformin in
renal epithelial cells. J Pharmacol Exp Ther 329:185–191.

Unadkat JD, Dahlin A and Vijay S (2004) Placental drug transporters. Curr Drug Metab 5:
125–131.

Uwai Y, Ida H, Tsuji Y, Katsura T and Inui K (2007) Renal transport of adefovir, cidofovir,
and tenofovir by SLC22A family members (hOAT1, hOAT3, and hOCT2). Pharm Res 24:
811–815.

van Giersbergen PL, Halabi A and Dingemanse J (2002) Single- and multiple-dose pharma-
cokinetics of bosentan and its interaction with ketoconazole. Br J Clin Pharmacol 53:
589–595.

van Giersbergen PL, Popescu G, Bodin F and Dingemanse J (2003) Influence of mild liver
impairment on the pharmacokinetics and metabolism of bosentan, a dual endothelin receptor
antagonist. J Clin Pharmacol 43:15–22.

van Giersbergen PL, Treiber A, Schneiter R, Dietrich H and Dingemanse J (2007) Inhibitory and
inductive effects of rifampin on the pharmacokinetics of bosentan in healthy subjects. Clin
Pharmacol Ther 81:414–419.

Wandel C, Kim RB, Kajiji S, Guengerich FP, Wilkinson GR and Wood AJ (1999) P-glycoprotein
and cytochrome P-450 3A inhibition: dissociation of inhibitory potencies. Cancer Res
59:3944–3948.

Wang JS, Neuvonen M, Wen X, Backman JT and Neuvonen PJ (2002) Gemfibrozil inhibits
CYP2C8-mediated cerivastatin metabolism in human liver microsomes. Drug Metab Dispos
30:1352–1356.

Wang ZJ, Yin OQ, Tomlinson B and Chow MS (2008) OCT2 polymorphisms and in-vivo
renal functional consequence: studies with metformin and cimetidine. Pharmacogenet Genom
18:637–645.



21 The Impact and In Vitro to In Vivo Prediction 553

Weiner IM, Washington JA and Mudge GH (1960) On the mechanism of action of probenecid on
renal tubular secretion. Bull Johns Hopkins Hosp 106:333–346.

Wen X, Wang JS, Backman JT, Kivisto KT and Neuvonen PJ (2001) Gemfibrozil is a potent
inhibitor of human cytochrome P450 2C9. Drug Metab Dispos 29:1359–1361.

Westphal K, Weinbrenner A, Giessmann T, Stuhr M, Franke G, Zschiesche M, Oertel R, Terhaag B,
Kroemer HK and Siegmund W (2000) Oral bioavailability of digoxin is enhanced by talinolol:
evidence for involvement of intestinal P-glycoprotein. Clin Pharmacol Ther 68:6–12.

Woodland C, Ito S and Koren G (1998) A model for the prediction of digoxin-drug interactions at
the renal tubular cell level. Ther Drug Monit 20:134–138.

Wright SH and Dantzler WH (2004) Molecular and cellular physiology of renal organic cation and
anion transport. Physiol Rev 84:987–1049.

Yang H and Elmquist WF (1996) The binding of cyclosporin A to human plasma: an in vitro
microdialysis study. Pharm Res 13:622–627.

Yang XX, Hu ZP, Chan SY, Duan W, Ho PC, Boelsterli UA, Ng KY, Chan E, Bian JS, Chen YZ,
Huang M and Zhou SF (2006a) Pharmacokinetic mechanisms for reduced toxicity of irinotecan
by coadministered thalidomide. Curr Drug Metab 7:431–455.

Yang XX, Hu ZP, Xu AL, Duan W, Zhu YZ, Huang M, Sheu FS, Zhang Q, Bian JS, Chan E,
Li X, Wang JC and Zhou SF (2006b) A mechanistic study on reduced toxicity of irinotecan
by coadministered thalidomide, a tumor necrosis factor-alpha inhibitor. J Pharmacol Exp Ther
319:82–104.

Yasui-Furukori N, Uno T, Sugawara K and Tateishi T (2005) Different effects of three transport-
ing inhibitors, verapamil, cimetidine, and probenecid, on fexofenadine pharmacokinetics. Clin
Pharmacol Ther 77:17–23.

Young LC, Campling BG, Voskoglou-Nomikos T, Cole SP, Deeley RG and Gerlach JH (1999)
Expression of multidrug resistance protein-related genes in lung cancer: correlation with drug
response. Clin Cancer Res 5:673–680.

Zhang L, Zhang YD, Strong JM, Reynolds KS and Huang SM (2008) A regulatory viewpoint on
transporter-based drug interactions. Xenobiotica 38:709–724.



Chapter 22
Herbal Supplement-Based Interactions

Guohua An and Marilyn E. Morris

Abstract As herbal supplements are purchased and used by more than 25% of the
general population, herbal supplement-based interactions have become increasingly
reported. The primary mechanism of herb–drug interactions is modulation of metab-
olizing enzymes and/or transporters. This chapter highlights the modulation effects
of several top selling herbal supplements (St. John’s wort, garlic, ginseng, milk
thistle, ginkgo, and others) and important herbal constituents (flavonoids and isoth-
iocyanates) on metabolizing enzymes/transporters and the subsequent herb–drug
interactions. Literature reports indicate that these herbal supplements/constituents
modulate various phase I/II enzymes and/or transporters at both functional and
expression levels and have an impact on the pharmacokinetics of co-administered
drugs, which are mainly metabolized/transported by these enzymes/transporters.
The alteration in enzyme/transporter function by an herbal product may vary
markedly due to different manufacturers or lots of herbal products, doses, drug
substrates, and experimental systems used to evaluate potential interactions. Many
effects of herbal supplements/constituents on enzymes/transporters have been inves-
tigated only in vitro. Further in vivo animal studies and clinical trials need to
be carried out to confirm these in vitro observations and determine the clinical
relevance of herbal–drug interactions.
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ECG epicatechin gallate
EGCG epigallocatechin gallate
GBE Ginkgo biloba extract
GSH glutathione
GST glutathione S-transferase
INR International Normalized Ratio
ITC isothiocyanates
MCT monocarboxylic transporter
MRP multidrug resistance protein
Nrf2 E2-related factor2
OATP organic anion-transporting polypeptide
OSCs organosulfur compounds
PEITC phenethyl isothiocyanate
P-gp P-glycoprotein
PXR pregnane X receptor
QR quinone reductase
SFN sulforaphane
SJW St. John’s wort
SULT sulfotransferase
UGT UDP-glucuronosyltransferase

22.1 Introduction

The consumption of herbal supplements has increased rapidly over the last decade
and herbal supplements are often administered in combination with conventional
therapeutic drugs. Approximately 25% of Americans taking prescription medica-
tions also take a dietary supplement (Kaufman et al., 2002). Potential herb–drug
interactions may occur and the incidence of herb–drug interactions may even be
higher than drug–drug interactions because each herbal supplement, unlike mar-
keted drug products, usually is a mixture of a large number of individual active
components. Clinically significant herb–drug interactions are not uncommon. For
example, St. John’s wort (SJW) has been observed to interfere with numerous thera-
peutic compounds (such as digoxin, cyclosporine, indinavir, irinotecan), resulting in
therapeutic failure (Johne et al., 1999; Piscitelli et al., 2000; Ruschitzka et al., 2000;
Hu et al., 2005). Additional investigations have revealed that SJW influenced the
pharmacokinetics (PK) of these drugs mainly through CYP3A4 and/or P-gp induc-
tion (Durr et al., 2000). To inform the public of the risk of SJW–drug interactions,
the FDA issued a public health advisory in 2000. In addition to SJW, herb–drug
interactions have also been observed for various other herbal products, including
garlic, kava, and ginkgo (Izzo and Ernst, 2001).

The primary mechanism of herb–drug interactions is modulation of metabolizing
enzymes and/or transporters. To elucidate the underlying mechanisms and prevent
unwanted herb–drug interactions, numerous studies have been conducted recently
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to investigate the effects of various herbal products and/or their active ingredients on
phase I/II enzymes and transporters. The information on interactions of herbal sup-
plements with metabolizing enzymes/transporters indicates that herbal supplements
may be inhibitors, inducers, or substrates of metabolizing enzymes and/or trans-
porters and have an impact on the PK of co-administered drugs which are mainly
metabolized /transported by these enzymes/transporters. This chapter will highlight
the modulation effects of several top selling herbal supplements (SJW, garlic, gin-
seng, milk thistle, ginkgo, and others) on metabolizing enzymes/transporters and the
subsequent herb–drug interactions. Flavonoids and organic isothiocyanates, which
are not only widely present in human diet but important components of various
herbal products, also will be discussed in detail. The pharmacodynamic interactions
between herbal supplements and therapeutic compounds, another type of herb–drug
interaction observed for a few herbal products such as ginseng and kava, are beyond
the scope of this chapter.

22.2 Metabolic Enzyme–Transporter Interactions

22.2.1 St. John’s Wort

St. John’s wort (SJW), an extract of the medicinal plant Hypericum perforatum,
is the most prescribed herbal drug for the treatment of mild to moderate depres-
sion. SJW contains more than two dozen constituents among which hypericin and
hyperforin have been identified as the possible active constituents for its antide-
pressive activities. With SJW’s widespread use in the United States and Europe,
there have been increasing numbers of case reports and clinical trials which have
documented clinically relevant drug interactions between SJW and co-administered
drugs. Concomitant intake of hypericum extract 900 mg/day for 2 weeks signifi-
cantly increased the oral clearance of midazolam by 108.9% with >50% decrease in
the AUC (Wang et al., 2001). Long-term administration of hypericum also decreased
the AUC of amitriptyline by 23% and nortriptyline by 41% (Johne et al., 2002).
In a study carried out by Breidenbach et al. (Breidenbach et al., 2000), the blood
concentration of cyclosporine dropped by 49% with the ingestion of hypericum.
Transplant graft rejection due to reduced cyclosporine exposure was observed in
several case reports when those patients co-administered SJW (Breidenbach et al.,
2000; Ruschitzka et al., 2000). Similar interactions have also been documented
for SJW and imatinib, indinavir, irinotecan, simvastatin, quazepam, and oral con-
traceptives (Piscitelli et al., 2000; Ruschitzka et al., 2000; Sugimoto et al., 2001;
Kawaguchi et al., 2004; Hu et al., 2005). Several similarities were noticed between
these reports. In most cases plasma concentration of the concomitant medication
was reduced after long-term SJW usage and most of these co-administered drugs
are metabolized mainly, or at least partly, by the cytochrome P450 (CYP) 3A4 iso-
form. These findings indicated that SJW might interact with those drugs through
CYP3A4 induction.
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The direct evidence of CYP3A induction by SJW has been provided by several
in vitro and in vivo studies. Following 3 weeks of SJW treatment at moderate doses
(140 and 280 mg/kg) to male mice, SJW at both doses resulted in a 2-fold increase in
CYP3A catalytic activity and a 6-fold increase in protein levels (Bray et al., 2002).
After chronic exposure of human hepatocytes to hyperforin or hypericin, hyperforin
but not hypericin treatment resulted in significant increases in mRNA, protein, and
activity of CYP3A4 (Komoroski et al., 2004). Significant induction of CYP3A by
SJW was also observed after treatment with SJW extract (900 mg/day) for 14 days
in 16 healthy volunteers (Wenk et al., 2004). A trend for a sex difference in CYP3A
inducibility was also found in the same study, although this was not statistically
significant. In contrast to the significant CYP3A induction observed after long-term
dosing (>2 weeks) of SJW, there is no evidence that SJW alters CYP3A activity
after short-term administration. SJW did not influence midazolam pharmacokinetics
when administered to healthy volunteers (900 mg/day for 2 days) (Wang et al., 2001)
and it also failed to change the metabolism of alprazolam (CYP3A4 probe drug)
when 900 mg/day was administered for 3 days (Markowitz et al., 2000). It appears
that repeated dosing for extended periods is necessary before changes in CYP3A
activity and expression are observed. The acute effect of SJW on CYP3A4 activity
was also investigated in a number of in vitro studies. The study conducted by Obach
using rCYP3A4 microsomes found that SJW can potently inhibit CYP3A4 after a
10-min incubation period (Obach, 2000). Another study also showed that after acute
administration of hyperforin at 5 and 10 μM for 1 h along with the CYP3A4 probe
substrate testosterone, the formation rate of the metabolite 6β-hydroxytestosterone
was significantly decreased (Komoroski et al., 2004). Since the inhibitory effects
of SJW on CYP3A4 were all observed in vitro using very short incubation times
(10 min to 1 h), extrapolation to in vivo is not possible at this time. The pregnane X
receptor (PXR, also known as SXR or PAR) serves as a key regulator of CYP3A4
transcription, and thus SJW might increase CYP3A4 expression via PXR activa-
tion. This hypothesis was confirmed by studies conducted by Moore et al. (2000)
and Wentworth et al. (2000). In Moore’s study, treatment of primary human hepato-
cytes with hyperforin resulted in a marked induction of CYP3A4 expression and the
results from a PXR transfection assay clearly showed that hyperforin is a potent lig-
and for the PXR. The concentrations of hyperforin required to activate PXR are well
below those that are achieved in human plasma (∼380 nM) in individuals taking
the standard regimen of SJW (900 mg/day). Wentworth et al. showed that hyper-
forin, but not hypericin, mediates PXR activation and that the induction was dose
dependent.

In addition to CYP3A4, the effect of SJW on the other CYP isoforms has also
been investigated. In a case report a substantially decreased theophylline plasma
concentration was observed in a female patient after ingestion of SJW (Nebel
et al., 1999). Since theophylline is metabolized mainly by CYP1A2, it is plausible
that SJW might interact with theophylline through CYP1A2 induction. The expres-
sion of CYP1A2 in the liver was profoundly increased by 357% after 10 days of
administration of SJW in an animal study (Shibayama et al., 2004). Elevation of
CYP1A2 protein expression was also observed when incubated with SJW in human
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intestinal LS180 cells, in both a time- and concentration-dependent manner
(Karyekar et al., 2002). On the other hand, among three clinical trials which have
similar study designs and all used caffeine as the probe drug, a slight but signif-
icant increase in CYP1A2 activity after long-term usage of SJW was found only
for females in one study (Wenk et al., 2004) and no change of CYP1A2 activity
was observed in the other two studies (Wang et al., 2001; Gurley et al., 2005a).
CYP1A2 contributes to ∼15% of hepatic CYP content in humans and is involved in
the metabolism of many therapeutic compounds, including clozapine, olanzapine,
propranolol, and clomipramine. Therefore, although CYP1A2 induction by SJW
has been less consistently reported than for CYP3A4, there is a need for caution
with the concomitant use of SJW with CYP1A2 substrates.

Other CYP enzymes have been reported to be inhibited or induced by SJW. Case
reports of increased clearance of warfarin (partially metabolized by CYP2C9) fol-
lowing hypericum treatment suggested that CYP2C9 might be involved in the drug
interactions (Yue et al., 2000). However, the effect of SJW on CYP2C9 has not been
consistent and different results were observed in different studies. Hyperforin treat-
ment resulted in significant increase in mRNA, protein, and activity of CYP2C9 in a
human hepatocytes (Komoroski et al., 2004). Potent inhibition was observed when
hyperforin was added to rCYP2C9 microsomes (Obach, 2000). In a clinical trial,
neither short-term nor long-term administration of SJW altered the CYP2C9 activ-
ities in 12 volunteers (Wang et al., 2001). The effect of SJW on CYP2D6 was also
inconsistent in that certain data suggested hyperforin can inhibit CYP2D6 (Obach,
2000) while other studies indicated that it has little impact on CYP2D6 (Markowitz
et al., 2000; Wang et al., 2001; Wenk et al., 2004). The different probes used to
access CYP2D6 activity may contribute to this difference: studies with a signif-
icant interaction used the substrate bufuralol while dextromethorphan was used
in all studies with no effect. SJW was reported to cause an increase in the cat-
alytic activity and protein expression of CYP2E1 after 3 weeks of administration
in mice (Bray et al., 2002). Significant induction of CYP2E1 activity (∼28%) was
also found in elderly subjects following 4 weeks of SJW administration (Gurley
et al., 2005a). Unlike CYP3A4, CYP2E1 induction is not mediated by PXR, but
may occur through other mechanisms.

The modulation effect of SJW on P-glycoprotein (ABCB1, P-gp) has been
reported in a number of publications. Ten days of treatment with SJW decreased
digoxin exposure in healthy volunteers by 25% (Johne et al., 1999). Long-term
administration of SJW caused a 35% decrease in the Cmax of fexofenadine in a
clinical trial (Wang et al., 2002). These drug interactions cannot be explained by
CYP3A4 induction because both digoxin and fexofenadine are good substrates
of P-gp and oxidative hepatic metabolism plays only a minor role in their elim-
ination. CYP3A4 induction also may not represent the only mechanism for the
decrease in cyclosporine and indinavir concentrations when co-administered with
SJW, since these two compounds are also P-gp substrates. It is possible that some of
the previous interactions involve, at least in part, P-gp induction. Strongly support-
ive evidence of P-gp induction by SJW was provided by both in vitro and in vivo
studies. SJW and hyperforin, but not hypericin, greatly increased the P-gp protein
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expression in LS180 cells (Tian et al., 2005). Chronic treatment with SJW produced
a 4.2-fold increase in P-gp expression in peripheral blood lymphocytes of healthy
volunteers (Hennessy et al., 2002). A direct inducing effect of SJW on P-gp protein
expression was also observed in both rats and humans (Durr et al., 2000).

There have been fewer studies investigating the effect of SJW on phase II
enzymes and on other transporters besides P-gp. When SJW was administered at
a dose of 400 mg/kg/day in rats for 10 days, the multidrug resistance protein 2
(MRP2) and glutathione-S-transferase-P (GST-P) in the liver were increased by
304 and 252%, respectively (Shibayama et al., 2004). SJW caused a significant
decrease of MRP1 and MRP2 in the fetuses and an increase of MRP2 in the
mothers when SJW was administered prenatally and during breastfeeding in rats
(Garrovo et al., 2006). The effect of SJW on UDP-glucuronosyltransferase (UGT),
N-acetyltransferase 2, and xanthine oxidase were also investigated in a few studies,
but none of these enzymes were significantly altered by SJW (Bray et al., 2002;
Wenk et al., 2004).

Collectively, SJW can modulate several CYP isoforms and transporters. Strong
induction of CYP3A4 and P-gp after long-term usage of SJW was consistently
observed both in vitro and in vivo, resulting in clinically relevant SJW–drug
interactions. Since more than 50% of all prescription drugs are metabolized by
CYP3A4 and a large number of compounds are substrates of P-gp, caution is needed
when SJW is co-administered with compounds, which are substrates of CYP3A4
and/or P-gp.

22.2.2 Garlic

Garlic (Allium sativum) has gained a worldwide reputation because of its beneficial
effects for improving health. It is reported to have antioxidative, antimicrobial, car-
dioprotective, chemopreventive, and anticancer effects. The garlic-rich organosulfur
compounds (OSCs) are believed to play key roles in these biological effects (Wu
et al., 2002). Of the OSCs naturally occurring in garlic, diallyl sulfide, diallyl disul-
fide, and diallyl trisulfide, which differ in their number of sulfur atoms, are the most
abundant.

Since OSCs have been shown to inhibit several types of chemically induced can-
cer in rodents, the effects of OSCs on phase I and II enzymes (especially CYP1A,
2B and 2E1, and GST) have been extensively investigated. CYP2E1 activates a
wide variety of low molecular weight compounds including many important chem-
ical carcinogens and environmental toxins (Wargovich, 2006). Diallyl disulfide was
reported to strongly inhibit the mutagenicity of dimethylnitrosamine, a nitrosamine
selectively activated by CYP2E1 (Guyonnet et al., 2000). After orally administering
garlic oil, diallyl sulfide, diallyl disulfide, or diallyl trisulfide to rats three times a
week for 6 weeks, CYP2E1 protein expression was greatly decreased by garlic oil
and by each of the three allyl sulfides (Wu et al., 2002). The inhibition of CYP2E1
by OSCs was also consistently observed in studies (Le Bon et al., 2003; Wargovich,
2006). In contrast to CYP2E1 inhibition, CYP1A1/2 and CYP2B1/2 were usually
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increased by garlic consumption. A single dose of 200 mg/kg diallyl sulfide to
rats increased hepatic CYP1A2 protein by 282% and CYP1A1 protein by 684%
(Davenport and Wargovich, 2005). The stimulation of CYP2B1/2 activity in rats by
diallyl disulfide (1 mmol/kg for 4 days) was accompanied by a marked elevation of
CYP 2B1 and 2B2 apoproteins (Siess et al., 1997). OSCs, particularly diallyl sul-
fide, was found to induce CYP2B1/2 via constitutive androstane receptor (CAR) and
nuclear factor E2-related factor2 (Nrf2) activation (Fisher et al., 2007). The effect
of OSCs on GST is also well documented. Through the glutathione conjugation of
many electrophile agents, GST plays a major role in the detoxification of carcino-
gens. Numerous studies have shown that garlic, as well as OSCs, strongly induced
GST activity (Haber et al., 1994; Guyonnet et al., 1999; Fukao et al., 2004). Garlic
was also reported to inhibit CYP2C9 and CYP2C19 (Zou et al., 2002) and induce
CYP3A1/2 (Haber et al., 1994; Wu et al., 2002; Davenport and Wargovich, 2005),
quinone reductase (QR), UGT, and microsomal epoxide hydrolase (Guyonnet et al.,
1999). The effect of garlic on transporters is less well documented. Diallyl disulfide
(200 mg/kg/day) induced Mrp2 expression by 7-fold after oral administration for
3 days in rats, which correlated with an increase in GST activity and GSH levels
(Demeule et al., 2004). Also, the results of an in vitro study showed that garlic is
a weak to moderate P-gp modulator compared with the positive control verapamil
(Foster et al., 2001).

Compared to SJW, information on enzyme/transporter-based drug–garlic inter-
actions is very limited. Garlic did not affect the activity of CYP2D6 and 3A4 after
14 days of exposure in healthy volunteers (Markowitz et al., 2003). This indicated
that garlic was unlikely to influence the disposition of co-administered drugs, which
are primarily eliminated through CYP2D6 or CYP3A4. Garlic supplements reduced
saquinavir plasma concentration by 51% and decreased the AUC of ritonavir by 17%
in healthy volunteers (James, 2001; Gallicano et al., 2003). Although CYP3A4 and
P-gp are involved in the disposition of these compounds, the mechanism of these
interactions is not clear since garlic did not significantly influence CYP3A4 and P-
gp activities. Garlic decreased the plasma concentration of oxidative acetaminophen
metabolites in an animal study and caused a slight increase in acetaminophen sulfa-
tion in healthy volunteers (Gwilt et al., 1994; Lin et al., 1996). Since CYP2E1 is the
major enzyme responsible for bioactivation of acetaminophen, CYP2E1 inhibition,
a well-documented effect of garlic, maybe involved in the interaction between garlic
and acetaminophen.

Overall, effects of garlic on CYP2E1, CYP1A1/2, CYP2B1/2, UGT, and GST are
consistently reported, and garlic should be used with caution when co-administered
with drugs that are mainly metabolized by these enzymes.

22.2.3 Ginseng

Ginseng is one of the most common herbal products consumed today. There are
several species of ginseng including panax ginseng (or Asian ginseng), panax
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quinquefolius (or American ginseng), and Siberian ginseng. Ginseng is widely
used as a general body tonic because of its antifatigue, antioxidation, neu-
roprotective, cognition-enhancing, and immuno-enhancing effects. Seven gin-
senosides (Rb1, Rb2, Rc, Rd, Re, Rf, Rg1) are thought to be the major
pharmacologically active constituents of Asian and American ginseng and
two eleutherosides (B and E) are the most active constituents of Siberian
ginseng.

The effects of ginseng extracts on CYP isoforms have been investigated. Seven
ginsenosides and two eleutherosides were tested for their effects on c-DNA-
expressed CYP isoforms (1A2, 2C9, 2C19, 2D6, and 3A4) in a study conducted
by Henderson et al. (Henderson et al., 1999). The results showed that ginseno-
side Rd displayed weak inhibitory activity on CYP3A4 (at 74 μM) and 2D6 (at
76 μM). Ginsenoside Rd and Rf (200 μM) produced a 70 and 54% increase
in the activity of CYP3A4, respectively. These effects are not likely to be clin-
ically significant since the concentrations necessary to produce these effects are
very high. In another in vitro study (Chang et al., 2002), the ginseng extracts
were found to inhibit CYP1A1/2 and CYP1B1 catalytic activity in an enzyme-
selective and extract-specific manner and these effects were not due to those
individual seven ginsenosides. Other chemical constituents in ginseng might be
responsible for this CYP1 enzyme inhibition. Asian ginseng inhibition of CYP2D6
was statistically significant in a clinical trial (Gurley et al., 2005a). However, the
magnitude of the effect (∼7%) was small. The inhibitory effect of ginseng on
P-gp has been confirmed in several in vitro studies. Ginsenoside Rg1, Rc, Rd,
and Re were found to have a moderate inhibitory effect on P-gp (Molnar et al.,
2000). Rg3, found only in red ginseng, was shown to inhibit vinblastine efflux and
reverse multidrug resistance to doxorubicin and VP-16 in KBV20C cells. Further
experiments revealed that Rg3 blocked drug efflux through direct binding to P-gp
(Kim et al., 2003).

Clinical trials or case reports on ginseng–drug interactions are limited and the
mechanism remains unclear in most cases. Potential interactions between ginseng
and phenelzine have been documented in several case reports, but without a clear
explanation of the mechanism. When alcohol was co-administered with ginseng in
14 healthy volunteers, blood alcohol levels were 30% lower than those following
alcohol ingestion alone (Lee et al., 1987). Delayed gastric emptying by ginseng
and/or induction of alcohol-oxidizing systems such as CYP2E1 might be the pos-
sible reason. Treatment with American ginseng for 3 weeks significantly reduced
the INR, Cmax, and AUC of warfarin in healthy volunteers (Yuan et al., 2004). This
potential interaction was also supported by a case report (Janetzky and Morreale,
1997). However, co-administration of warfarin with ginseng did not affect the PK
and pharmacodynamics of warfarin in a rat model (Zhu et al., 1999). Although the
mechanism of ginseng-warfarin interaction is not clear, modulation of CYP iso-
forms might be one of the possible reasons. Since the investigations of ginseng on
enzymes or transporters have been mostly limited to in vitro studies, the clinical
relevance of ginseng–drug interactions remains unknown and further in vivo studies
are warranted.
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22.2.4 Milk Thistle

Milk thistle (Silybum marianum) extracts have been used for almost 2000 years as
medical remedies. The principal active component of milk thistle is a mixture of
flavonolignans, termed silymarin, which is therapeutically used for the treatment of
acute and chronic liver diseases. Silymarin is composed mainly of silybin (about
50∼70%), silychristin, silydianin, and other related flavonolignans.

Since hepatotoxins such as ethanol, halothane, and aflatoxin B1 can be activated
by CYP enzymes (Beckmann-Knopp et al., 2000), several in vitro studies have been
conducted to test whether hepatoprotective effects of silymarin are due to CYP
inhibition. The inhibitory effect of silymarin or silybin on CYP3A4 or CYP2C9
was consistently observed in many studies, with the Ki values ranging from 4.9 to
160 μM for CYP3A4 (Beckmann-Knopp et al., 2000; Zuber et al., 2002; Sridar
et al., 2004; Doehmer et al., 2008) and 5 to 19 μM for CYP2C9 (Beckmann-Knopp
et al., 2000; Sridar et al., 2004) in different experiments. The lack of inhibitory
silibin effects on CYP2E1 was confirmed by several studies (Beckmann-Knopp
et al., 2000; Sridar et al., 2004; Doehmer et al., 2008). Either weak or no inhibitory
effect of silymarin or silybin was found on other CYP enzymes such as CYP1A2,
2B6, 2C8, 2D6, and 2C19 (Beckmann-Knopp et al., 2000; Zuber et al., 2002;
Doehmer et al., 2008). The effects of silymarin on UGT have also been investi-
gated. Silybin was shown to be a potent inhibitor of UGT1A1 (IC50 of 1.4 μM) and
was 14- and 20-fold more selective for UGT1A1 than for UGT1A9 and UGT1A6,
respectively (Sridar et al., 2004). The inhibitory effects of silymarin on transporters
were also reported recently. In two studies conducted by Zhang et al. (Zhang and
Morris, 2003; Zhang et al., 2004b), 50 μM silymarin significantly increased the cel-
lular accumulation of [3H]daunomycin (DNM) (P-gp substrate) and mitoxantrone
(BCRP substrate) in P-gp and BCRP overexpressing cells, respectively. A signifi-
cant decrease in [3H]dehydroepiandrosterone (DHEA) uptake was observed when
co-incubated with 50 μM silymarin in OATP1B1-expressing cells, indicating that
silymarin is also a OATP1B1 inhibitor (Wang et al., 2005).

Since inhibitory effects of silymarin on phase I (CYP3A4, 2C9), phase II (UGT1)
enzymes and transporters (P-gp, BCRP, and OATP1B1) were observed in vitro, the
effects of silymarin on the PK of various drugs, which are substrates of the enzymes
and/or transporters mentioned above, were investigated recently. However, most
results from these clinical trials were not consistent with the in vitro observations.
Pretreatment with silymarin for 6 days increased the clearance of metronidazole (a
dual P-gp/CYP3A4 substrate) by 29.5% (Rajnarayana et al., 2004). P-gp and/or
CYP3A4 induction with long-term treatment might be one of the possible rea-
sons. Neither short-term (4 days) nor long-term (12 days) intake of milk thistle
(600 mg/day) significantly influenced the PK of irinotecan, a substrate of CYP3A4,
in patients with cancer (van Erp et al., 2005). No significant changes in PK parame-
ters of rosuvastatin were observed in human subjects following 3 days of silymarin
pretreatment with a dosage of 520 mg/day, even though rosuvastatin is a good sub-
strate for both OATP1B1 and BCRP and does not undergo extensive metabolism
(Deng et al., 2008). Silymarin also failed to influence the PK of many other
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drugs (Wu et al., 2009) such as nifedipine (CYP3A4 substrate), indinavir (dual P-
gp/CYP3A4 substrate), digoxin (P-gp substrate) (Gurley et al., 2006), ranitidine,
and midazolam (CYP3A4 substrates) (Gurley et al., 2004). Low bioavailability of
silymarin (∼0.95%) was believed to be one of the reasons contributing to this in
vitro–in vivo disconnect. The plasma concentrations of silymarin in clinical studies
are likely to be too low for enzyme/transporter inhibition. For example, the Cmax
of total silybin B was only 131 ng/mL after the ingestion of 600 mg standardized
milk thistle extract in healthy volunteers, which is much lower than the inhibitory
concentrations used in vitro (Wen et al., 2008). Collectively, the modulation effect
of milk thistle on several enzymes and transporters was observed in vitro but not in
vivo. The discrepancy may be caused by the low bioavailability of silymarin.

22.2.5 Ginkgo

Ginkgo, a leaf extract of Ginkgo biloba, is one of the most popular herbal prod-
ucts in the world due to its effectiveness in Alzheimer’s disease, poor peripheral
circulation, and age-related dementia. Flavonols (mainly quercetin, kaempferol,
isorhamnetin) and terpene lactones (ginkgolide and bilobalide) are the primary
active constituents of Ginkgo biloba extract (GBE) and they account for 26 and
7% of GBE, respectively (Gurley et al., 2005a).

The effects of GBE on CYPs have been well documented both in vitro and
in vivo. In a study conducted by Hellum et al. (Hellum et al., 2007), GBE signifi-
cantly increased the activity of CYP1A2 by 140% at a concentration of 2.19 μg/mL
in hepatocytes. The inductive effect of GBE on CYP1A2 was also consistently
observed in two animal studies. Pretreatment of GBE at 100 mg/kg for 10 days
significantly reduced the AUC and Cmax of propranolol, a typical CYP1A2 sub-
strate, in rats (Zhao et al., 2006). In another animal study, the AUC of theophylline,
which is also predominantly metabolized by CYP1A2, was reduced by 40% follow-
ing pretreatment with GBE 100 mg/kg for 5 days (Tang et al., 2007). Compared to
CYP1A2, the effects of GBE on CYP3A are less consistent. Feeding GBE (0.5%,
w/w) for 4 weeks to rats increased the mRNA of CYP3A1 and 3A2 in the liver and
reduced the hypotensive effect of nicardipine in rats (Shinozuka et al., 2002). On the
other hand, GBE inhibited CYP3A activities in a dose-dependent manner in small
intestine and liver microsomes in a study conducted by Ohnishi et al. (Ohnishi et al.,
2003). A single oral treatment of GBE (20 mg/kg) in rats profoundly increased the
AUC and bioavailability of diltiazem and nifedipine, both of which are good sub-
strates of CYP3A (Ohnishi et al., 2003; Yoshioka et al., 2004). A CYP3A4-mediated
GBE–midazolam interaction was also observed in a clinical trial. The AUC of
midazolam was significantly increased by 25% after 28 days intake of GBE in 10
healthy volunteers (Uchida et al., 2006). A potential interaction between GBE and
CYP2C9 substrates remains controversial. The inhibitory effect of GBE on CYP2C9
was shown in human liver microsomes with a Ki value of 14.8 μg/mL (Mohutsky
et al., 2006). However, in contrast to the in vitro inhibition of CYP2C9, treatment
of GBE at 240 mg/day for 1 week failed to influence the PK of two CYP2C9 probe
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substrates, tolbutamide and diclofenac, in healthy subjects (Mohutsky et al., 2006).
Another clinical trial also showed that GBE did not significantly affect the PK of
warfarin in healthy subjects at recommended doses (Jiang et al., 2005). On the other
hand, after intake of GBE at an oral dose of 360 mg/day for 28 days, a higher dose
and longer period than previous studies, the AUC of tolbutamide was slightly but
significantly (16%) lower than that without GBE intake, indicating CYP2C9 induc-
tion (Uchida et al., 2006). The effect of GBE on CYP2C19 was also investigated in
clinical trials. In a study carried out by Yin et al. (Yin et al., 2004), the AUC ratio
of omeprazole to 5-hydroxyomeprazole was decreased by 24.5% in poor metabo-
lizers and 57.5% in homozygous extensive metabolizers after treatment of GBE,
suggesting that GBE is an CYP2C19 inducer and manifests its inductive effect in
a CYP2C19 genotype-dependent manner. GBE demonstrated a biphasic effect on
CYP2D6 in vitro with an inhibitory effect at low concentration (2.19 μg/mL) and
an inductive effect at high concentration (219 μg/mL) (Hellum et al., 2007). GBE
did not affect CYP2D6 activity in a clinical trial using debrisoquine as the probe
substrate (Gurley et al., 2005a).

Compared to the CYP enzymes mentioned above, information on the effect of
GBE on phase II enzymes and transporters is limited and involves predominantly
in vitro evaluations. GST-P1 was increased at both the expression and activity lev-
els after exposure to GBE in Hep G2 and Hep1c1c7 cell lines (Liu et al., 2009).
Feeding GBE for 1 week markedly increased GST activity in the liver in an animal
study (Sugiyama et al., 2004). GBE potently inhibited estrone-3-sulfate uptake by
85.4% in OATP-B (SLCO2B1)-transfected HEK 293 cells, suggesting the OATP-B
inhibition of GBE. A further experiment revealed that flavonols, but not terpenoids,
contribute to this inhibitory effect (Fuchikami et al., 2006).

In conclusion, GBE modulates several CYPs: CYP1A2, 3A4, 2C9, and 2C19.
GBE–drug interactions were demonstrated in many animal studies and clinical
trials, and compounds, which are predominantly metabolized by those enzymes,
should be used with caution with concomitant intake of GBE.

22.2.6 Other Herbal Products

Many other herbal products are also able to modulate enzymes and transporters, rais-
ing the potential of herb–drug interactions. The enzyme- and transporter-mediated
interactions between these herbs and drugs, either in animal studies or clinical trials,
are listed in Table 22.1.

22.3 Interactions of Flavonoids with Metabolizing
Enzymes/Transporters

With more than 8000 different flavonoids identified (Galli, 2007), flavonoids com-
prise the most prevalent group of plant polyphenols in fruits and vegetables and
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Table 22.1 In vivo herb–drug interactions

Herb Probe drug
Interaction
outcomes

Possible
mechanism Study type References

Kava Chlorzoxazone Metabolic ratio ↑ CYP2E1↓ Healthy
volunteers

Gurley et al.
(2005b)

Kava Caffeine Metabolic ratio ↑ CYP1A2↓ Healthy
volunteers

Russmann et al.
(2005)

Curcumin Midazolam AUC↑ CLoral ↓ CYP3A↓ Rats Zhang et al.
(2007)

Curcumin Celiprolol AUC↑ Cmax ↓
CLoral ↓

P-gp↓ Rats Zhang et al.
(2007)

Piperine Nevirapine AUC↑ Cmax ↑ CYP3A4↓ Healthy
volunteers

Kasibhatta and
Naidu (2007)

Piperine Phenytoin AUC↑ Cmax↑
ka↑

P-gp↓ Patients Pattanaik et al.
(2006)

Piperine Propranolol AUC↑ Cmax↑ CYP3A4↓ Healthy
volunteers

Bano et al.
(1991)

Piperine Theophylline AUC↑ Cmax ↑
t1/2 ↑

CYP1A2↓ Healthy
volunteers

Bano et al.
(1991)

Piperine Rifampin Cmax↓ P-gp↓ Patients Zutshi et al.
(1985)

are the main components of many herbal supplements such as Sophora japonica,
Citrus grandis, and Scutellaria radix (Jang et al., 2003). The basic structure of
flavonoids consists of two aromatic rings (A and B) linked through three carbons
that usually form a heterocyclic ring (C). Based on the variations in the patterns
of hydroxylation and substitutions in ring C, flavonoids are divided into seven
subclasses: flavones, flavonols, flavanones, flavanols, anthocyanidines, chalcones,
and isoflavones. Despite structural similarities, the biological and biochemical
properties of flavonoids can vary considerably.

Flavonoids have been reported to have a wide variety of beneficial pharmaco-
logical effects including antioxidative, anti-inflammatory, antiviral, anticancer, and
chemopreventive properties. One of the mechanisms that might contribute to anti-
cancer effects of flavonoids is through interaction with phase I and/or phase II
enzymes, especially those involved in carcinogen activation/detoxification, lead-
ing to reduced carcinogen formation and increased elimination. The effects of
flavonoids on phase I/II enzymes have been extensively investigated. Since many
enzymes, which are modulated by flavonoids, play an important role in not only car-
cinogenesis but also metabolism of clinically important compounds, the interactions
of flavonoids with these metabolizing enzymes will be discussed in Section 22.3.1.
In addition to enzymes, many efflux and uptake transporters, which are widely dis-
tributed in normal tissues and involved in the disposition of various xenobiotics, are
also modulated by flavonoids. The interactions of flavonoids with transporters will
be discussed in 22.3.2. In vivo enzyme- and/or transporter-mediated flavonoid–drug
interactions are summarized in Table 22.2.
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Table 22.2 In vivo enzyme- and/or transporter-mediated flavonoid–drug interactions

Flavonoid Probe drug Study outcome
Possible
mechanism

Study
type References

Biochanin A Paclitaxel AUC↑Cmax↑
ka↑ F↑

CYP3A and/or
P-gp ↓

Rats Peng et al.
(2006)

Biochanin A Digoxin AUC↑ Cmax ↑
F↑

CYP3A and/or
P-gp ↓

Rats Peng et al.
(2006)

Diosmin Metronidazole AUC↑ Cmax ↑ CYP3A4 and/or
CYP2C9 ↓

Human Rajnarayana
et al. (2003)

Morin Tamoxifen AUC↑ Cmax ↑
F↑

CYP3A and/or
P-gp ↓

Rats Shin et al.
(2008)

Flavone Paclitaxel AUC↑ Cmax ↑
ka↑ F↑ t1/2↑

CYP3A and/or
P-gp ↓

Rats Choi et al.
(2004)

Morin Etoposide AUC↑ Cmax ↑
F↑

CYP3A and/or
P-gp ↓

Rats Li et al. (2007)

Morin Nicardipine AUC↑ Cmax ↑
F↑ CL↑

CYP3A and/or
P-gp ↓

Rats Piao and Choi
(2008)

Quercetin Diltiazem AUC↑ Cmax ↑
F↑

CYP3A and/or
P-gp ↓

Rabbits Choi and Li
(2005)

Quercetin Verapamil AUC↑ Cmax ↑
F↑

CYP3A and/or
P-gp ↓

Rabbits Choi and Han
(2004)

Quercetin Moxidectin AUC↑ CYP3A and/or
P-gp ↓

Lambs Dupuy et al.
(2003)

Naringin Paclitaxel AUC↑ Cmax ↑
F↑ t1/2↑

CYP3A and/or
P-gp ↓

Rats Choi and Shin
(2005)

Quercetin Digoxin AUC↑ Cmax ↑ P-gp ↓ Pigs Wang et al.
(2004)

Chrysin Nitrofurantoin AUC↑ Cmax ↑
CL↑

BCRP ↓ Rats Wang and
Morris,
(2007b)

Luteolin GHB AUC↑ CL↑ MCT1 ↓ Rats Wang et al.
(2008)

22.3.1 Interactions of Flavonoids with Metabolizing Enzymes

The CYP1 family is comprised of 1A1, 1A2, and 1B1, which are expressed in a
tissue-specific manner and activate a large number of procarcinogens to reactive
intermediates. The effects of flavonoids on the CYP1 family have been exten-
sively explored due to its important role in carcinogenesis. Acacetin and diosmetin
were shown to be potent inhibitors of CYP1A1/2 and CYP1B1 and their potency
is enzyme specific. Eriodictyol and naringin were poor inhibitors of CYP1A and
homoeriodictyol was a selective inhibitor of CYP1B1 (Doostdar et al., 2000).
Flavone was reported to be a less potent inhibitor of CYP1A1 (IC50 = 0.14 μM)
than CYP1A2 (IC50 = 0.066 μM). Galangin showed a 5-fold selectivity in its inhi-
bition of CYP1A2 over CYP1A1 (Zhai et al., 1998a). Compared to the potent inhi-
bition of tangeretin (IC50 = 0.8 μM) on CYP1A, green tea flavonoids, such as epi-
catechin gallate (ECG) and epigallocatechin gallate (EGCG), were much less potent
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with IC50 values ranging from 75 to 400 μM (Obermeier et al., 1995). Inhibitory
effects of genistein, equol, quercetin, chrysin, flavanone, 7,8-benzoflavone, and 5,7-
dimethoxyflavone on CYP1A have also been reported (Siess et al., 1995; Zhai
et al., 1998b; Wen et al., 2005). In contrast to the inhibitory effect of flavonoids
on CYP1A following a short incubation (within 30 min), increased CYP1A activ-
ity and/or expression was observed in many studies following long-term incubation
(in vitro) or administration (in vivo). Feeding a diet containing 0.3% (w/w) flavone
or tangeretin to rats for 2 weeks increased the activities and protein expression of
CYP1A1 and CYP1A2 (Canivenc-Lavier et al., 1996). A number of flavonoids (api-
genin, chrysin, galangin, isorhamnetin, diosmin, diosmetin, and luteolin) have been
reported to increase CYP1A1 activity after a 72-h incubation in Hep G2 cells (Wen
et al., 2005). Transcriptional activation of CYP1A1 is regulated by aryl hydrocar-
bon receptor (AhR) and several flavonoids such as quercetin, diosmin, diosmetin,
and galangin were verified to be AhR ligands and could increase CYP1A1 mRNA
through AhR (Ciolino et al., 1998, 1999; Ciolino and Yeh, 1999).

In addition to the CYP1 family, the effects of flavonoids on several other CYP
isoforms were also investigated. Treatment of mice with 300 mg/kg baicalin orally
decreased both CYP2E1 activity and protein expression (Breinholt et al., 2002).
Quercetin caused a ∼20% inhibition of CYP2E1-dependent acetaminophen oxi-
dation (Li et al., 1994). Genistein and equol inhibited p-nitrophenol (CYP2E1
substrate) metabolism in liver microsomes with IC50 values of 10 mM and 560 μM,
respectively (Helsby et al., 1998). Inhibition of CYP2C9 by a series of flavonoids
was observed in an in vitro study. Among the 14 flavonoids screened (9 flavones
and 5 flavonols), all flavonoids, except flavone, were potent inhibitors (Ki of
0.15–2.2 μM) of CYP2C9-mediated diclofenac 4′-hydroxylation (Si et al., 2008).
Quercetin (10 μM) enhanced the expression of CYP3A4 mRNA in hepatocyte cul-
tures after 48 h of exposure and a further study indicated that this induction was
not mediated by PXR (Raucy, 2003). In contrast to the inductive effect, quercetin
inhibited CYP3A4 in human liver microsomes after short incubation times (Li et al.,
1994). Several kaempferol glycosides from strawberries showed CYP3A4 inhibition
even at nM concentrations (Tsukamoto et al., 2004).

Many studies have explored the effect of flavonoids on UGTs, a group of impor-
tant detoxification and drug-metabolizing enzymes. After pretreating Hep G2 cells
with 25 μM chrysin for 3 days, UGT1A1 activity, mRNA, and protein expression
were greatly increased (Walle et al., 2000). Using the same experimental conditions,
22 flavonoids were screened and 4 flavonoids (acacetin, apigenin, luteolin, and dios-
metin) also induced UGT1A1 similarly to that of chrysin (Walle and Walle, 2002).
A further investigation performed by another group indicated that UGT1A1 induc-
tion by chrysin occurs after activation of AhR (Bonzo et al., 2007). UGT activation
by flavonoids was also demonstrated in vivo. Exposure of rats to green tea (2.5%,
w/v) for 4 weeks increased UGT activity by 100%, whereas no effect was observed
on SULT, epoxide hydrolase, and GSTs (Bu-Abbas et al., 1995). Both rat small
and large intestinal UGT enzyme activities were increased after 2 weeks of feeding
quercetin (1%, w/w) or flavone (0.5%, w/w) (van der Logt et al., 2003).
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Compared to UGTs, reports of flavonoid effects on GSTs, another major phase
II enzyme, have been less consistent. Catechins like EGCG were reported to induce
GST activity in human liver cells (Steele et al., 2000), whereas the same flavonoids
failed to change the GST activity after 4 weeks of administration in vivo (Bu-Abbas
et al., 1995). No effect on GST1A was observed after a 2-h incubation of quercetin
in Caco-2 cells (Petri et al., 2003). However, a time- and concentration-dependent
inhibition of GST P1-1 by quercetin was clearly shown in another in vitro study (van
Zanden et al., 2003). Feeding rats with flavone, tangeretin, or flavanone for 2 weeks
(0.3%, w/w) increased the activities of GST in an in vivo study (Canivenc-Lavier
et al., 1996).

Many flavonoids have been reported to be potent inhibitors of sulfotransferase
(SULT). EGCG was found to be the most potent inhibitor of SULT1A1 among
the catechins tested with an IC50 of 0.93 μM in an in vitro study (Tamura and
Matsui, 2000). Quercetin showed a very potent inhibitory effect on SULT1A1 and
the IC50 values in adult and fetal livers were 13 and 12 nM, respectively (De
Santi et al., 2002). Similarly, a number of other flavonoids such as fisetin, galan-
gin, myricetin, kaempferol, chrysin, and apigenin were also reported to be potent
SULT1A1 inhibitors (EC50 < 1 μM) in human liver cytosols (Eaton et al., 1996).

Activation of QR by flavonoids was also demonstrated in many studies. A sig-
nificant increase of QR activity and mRNA was observed in human Colo205 cells
in the presence of genistein and biochanin A at various concentrations (0.1–10 μM)
(Wang et al., 1998). In addition to isoflavonoids, other subclasses of flavonoids
such as flavonols (kaempferide, quercetin, kaempferol, and galangin), flavones (api-
genin, flavone) were also found to be QR inhibitors (Uda et al., 1997; Yannai et al.,
1998). Flavonoids also showed inhibitory effect on many other enzymes, including
N-acetyltransferase(Mizoyama et al., 2004), carbonyl reductase 1(Carlquist et al.,
2008), xanthine oxidase(Nagao et al., 1999), and aromatase (CYP19) (Kao et al.,
1998).

22.3.2 Interactions of Flavonoids with Transporters

P-gp plays an important role in not only multidrug resistance but also drug dis-
position due to its expression in normal tissues. Various widely used drugs, such
as anthracyclines, paclitaxel, vinblastine, digoxin, indinavir, and cyclosporine, are
substrates of P-gp and their absorption, distribution, or elimination can be greatly
influenced by co-administration of P-gp modulators. Results from numerous stud-
ies showed that P-gp can be inhibited, activated, or induced by flavonoids. EGCG
(100 μM) significantly increased rhodamine 123 (R-123) accumulation in P-gp
overexpressing CHRC5 cells (Jodoin et al., 2002) and KB-C2 cells (Kitagawa,
2006). An inhibitory effect of EGCG on P-gp was also observed using vinblastine
as a substrate in Caco-2 cells (Jodoin et al., 2002). Among 20 naturally occur-
ring flavonoids screened, 50 μM biochanin A, morin, phloretin, and silymarin
can substantially increase the [3H]DNM accumulation in MCF7/ADR cells, but
not in MCF7-sensitive cells (Zhang and Morris, 2003). When co-incubated with
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50 μM diosmin, the digoxin efflux ratio significantly decreased in Caco-2 cells
due to effective P-gp inhibition (Yoo et al., 2007). In the presence of quercetin,
kaempferol, and galangin, stimulation of P-gp was observed when using 7,12-
dimethylbenz(a)anthracene (Phang et al., 1993) and doxorubicin (Chieli et al.,
1995), (Rajnarayana et al., 2003) as the P-gp substrates and inhibition of P-gp was
found when using R-123 as substrate (Chieli et al., 1995). There is no clear expla-
nation for this discrepancy. Quercetin and kaempferol also demonstrated a biphasic
effect on vincristine efflux by activating P-gp at low concentration (10 μM) and
inhibiting P-gp at high concentration (50 μM) (Mitsunaga et al., 2000). In addi-
tion to modulating P-gp through inhibition or activation, flavonoids can induce P-gp
expression both in vitro and in vivo. Among the 14 flavonoids tested, all flavonoids
at 10 μM concentrations, except apigenin, greatly increased P-gp protein expression
in Caco-2 cells after 4 weeks of exposure (Lohner et al., 2007). Activation of PXR,
a key regulator of P-gp, might be one possible mechanism (Lohner et al., 2007).

With a similar tissue distribution as P-gp, breast cancer resistance protein
(ABCG2, BCRP) also plays an important role in drug disposition and is modulated
by flavonoids. Among the 20 dietary flavonoids covering 7 different subclasses that
were tested for inhibition (Zhang et al., 2004b), 13 flavonoids significantly increased
mitoxantrone accumulation in BCRP-overexpressing MCF7/MX100 cells, with no
effect on the MCF7-sensitive cells, indicating that these flavonoids are BCRP
inhibitors. The potent inhibition of BCRP by a large number of flavonoids was also
consistently observed by another group using a different substrate (SN-38) and a
different cell line (K562 cells) (Imai et al., 2004). Because food or herbal products
usually contain multiple flavonoids, instead of one, the combined effects of multiple
flavonoids on BCRP have been investigated and the tested flavonoids were found to
inhibit BCRP in an additive fashion when given as 2-, 3-, 5-, or 8-flavonoid com-
binations (Zhang et al., 2004a; Ebert et al., 2007). Flavonoids modulate BCRP not
only on a functional level but also on a transcriptional level. Quercetin and flavone
greatly induced BCRP mRNA and protein expression after a 72-h incubation in
Caco-2 cells (Ebert et al., 2007). Quercetin (25 μM) substantially increased the
expression of BCRP in MCF7/WT cells, whereas BCRP in MCF7/AHR200 cells
was almost nondetectable, indicating that quercetin induces BCRP via AhR (Ebert
et al., 2007). On the other hand, downregulation of BCRP was observed after treat-
ment of Caco-2 cells with epicatechin, suggesting an AhR-antagonistic effect (Ebert
et al., 2007).

In addition to P-gp and BCRP, flavonoids can also modulate other efflux trans-
porters including multidrug resistance-associated proteins, MRP1 and MRP2. From
screening 22 flavonoids, 8 flavonoids (biochanin A, genistein, quercetin, chalcone,
silymarin, phloretin, morin, and kaemperol) were found to significantly increase the
accumulation of both DNM and vinblastine in Panc-1 cells (Nguyen et al., 2003).
Competitive inhibition of MRP1 by flavonoids was demonstrated in one study with
the following rank order of potency: kaempferol > apigenin > quercetin > myricetin
> naringenin (Leslie et al., 2001). Although MRP2 shares many similarities with
MRP1, fewer flavonoids inhibit MRP2 and Ki values are higher. In a study con-
ducted by Van Zanden et al. (van Zanden et al., 2005), the inhibitory effects of
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29 flavonoids on both MRP1- and MRP2-mediated calcein efflux in MDCKII cells
were evaluated. Fifteen flavonoids inhibited MRP1 with IC50 values below 50 μM,
whereas only two flavonoids (myricetin and robinetin) inhibited MRP2 with IC50
values< 50 μM.

Recently, the effects of flavonoids on influx transporters were also investigated.
Quercetin and kaempferol inhibited organic cation transporter 2 (OCT2)-mediated
[14C]tetraethylammonium uptake in LLC-PK1 cells with IC50 values of 32 and
38 μM, respectively (Ofer et al., 2005). In OATP1B1-expressing Hela cells, 50 μM
of the flavonoids biochanin A, fisetin, sillibin, and silymarin produced significant
decreases in [3H]DHEA uptake, whereas only negligible effects were observed in
OATP1B1 negative Hela cells, indicating OATP1B1 inhibition (Wang et al., 2005).
In addition to OATP1B1, the inhibitory effect of flavonoids on other OATPs, such
as Oatp1a5 and OATP1A2, have been reported (Dresser et al., 2002). Inhibition of
monocarboxylate transporter 1 (MCT1) by flavonoids was observed both in vitro
and in vivo. The uptake of γ-hydroxybutyrate (GHB) in MCT1-transfected MDA-
MB231 cells was significantly decreased in the presence of 13 dietary flavonoids.
Luteolin, the most potent MCT1 inhibitor with an IC50 of 0.41 μM, significantly
decreased GHB plasma concentration and increased GHB renal and total clearance
in rats (Wang and Morris, 2007a).

Many in vivo studies have been carried out to investigate the effect of flavonoids
on the PK of therapeutic compounds. The enzyme- and/or transporter-mediated
flavonoid–drug interactions in vivo are summarized in Table 22.2. Based on the
data, flavonoids can interact with various drugs by inhibiting enzymes or trans-
porters. Caution is needed, particularly for drugs with a narrow therapeutic index,
when these drugs are administered with herbal supplements enriched in flavonoids.

22.4 Interactions of Organic Isothiocyanates with Metabolizing
Enzymes/Transporters

Isothiocyanates (ITCs), one of the most extensively studied classes of phytochem-
icals, are widely distributed in cruciferous vegetables such as cabbage, broccoli,
brussels sprouts, cauliflower, horseradish, watercress, mustard, and turnip (Hecht,
2000). ITCs occur in plants as thioglucoside conjugates called glucosinolates and
over 100 glucosinolates have been identified. Glucosinolates are hydrolyzed into
ITCs by myrosinase when the plant is macerated or chewed. Among a wide
variety of ITCs that are naturally occurring, the most studied and best char-
acterized are phenethyl isothiocyanate (PEITC), benzyl isothiocyanate (BITC),
and 4-methylsulfinylbutyl isothiocyanate (sulforaphane, SFN). ITCs have sparked
worldwide interest because of their remarkable ability to prevent cancer, which has
been confirmed using various tumor models in different target sites and different
species of rodents (Talalay and Fahey, 2001). Modulation of phase I and/or phase
II enzymes, which are involved in the activation and detoxification of carcinogens,
represents one mechanism important for the chemopreventive effect of ITCs.
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Due to the important role of CYP1A and 2B in carcinogenesis, the effects of
ITCs on CYP1A and 2B have been extensively studied. Competitive inhibition of
CYP1A2 activity by PEITC was observed in two studies using microsomes (Ki of
4.5 μM) and a reconstituted system (Ki of 0.18 μM) (Smith et al., 1996; Nakajima
et al., 2001). In a study conducted by Conaway et al.(Conaway et al., 1996), 21
naturally occurring ITCs were screened to test their effects on CYP1A1/2 and 2B1
and most ITCs showed inhibitory effect on these enzymes with inhibition being
greater for CYP2B1 than CYP1A1/2 in liver microsomes. For example, the IC50
values of BITC and PEITC on CYP2B1 were 5 and 1.8 μM, respectively, compared
with 54 and 47 μM for CYP1A1/2. In contrast to the potent inhibition by ITCs
observed in vitro, the expression levels of CYP1A1, 1A2, and 2B1 were usually
elevated when animals were exposed to ITCs for several days. Feeding rats with
glucoraphanin (SFN precursor) at 120 or 240 mg/kg increased the expression lev-
els of CYP1A1 (up to 14-fold), 1A2 (up to 4.7-fold), and 2B1/2 (up to 7.5-fold)
(Paolini et al., 2004). Following 14 days of PEITC treatment (0.1%, w/w in diet)
to rats, the protein expression of CYP1A1, 1A2, and 2B1/2 in livers was increased
modestly(Manson et al., 1997). In a recent study, rats were fed diets supplemented
with different doses of PEITC (range from 0.06 to 6 μM/g) and immunoblots
revealed a small decrease in CYP1A1 and 1A2 apoprotein levels following a low
dose and marked elevation in CYP1A1, 1A2, and 2B1 after a high dose (Konsue and
Ioannides, 2008).

In addition to CYP1A and 2B, the effects of ITCs on other CYPs were also
investigated. BITC was found to inactivate CYP2E1 in a mechanism-based man-
ner, with a Ki of 13 μM (Moreno et al., 1999). PEITC inactivated both wild-type
and mutant CYP2E1, with Ki values of 2.7 and 1.6 μM, respectively (Moreno
et al., 2001). Several other ITCs were also found to be CYP2E1 inhibitors, including
SFN and t-butyl isothiocyanate (Kent et al., 1999; Fimognari et al., 2008). CYP3A4
inhibition was observed with PEITC, and characterized as mixed competitive (Ki of
34 μM) and noncompetitive (Ki of 63.8 μm) in nature (Nakajima et al., 2001). A
concentration-dependent inhibitory effect of SFN on CYP3A4 was also reported and
this inhibition was through PXR antagonism (Zhou et al., 2007). Human CYP2C9
(Ki of 6.5 μM), CYP2C19 (Ki of 12 μM), and CYP2D6 (Ki of 28 μM) were
reported to be noncompetitively inhibited by PEITC (Nakajima et al., 2001). On
the other hand, in an in vivo study, the consumption of 50 g of watercress did not
influence the PK of debrisoquine (a probe drug of CYP2D6) in humans (Caporaso
et al., 1994).

Numerous studies have shown that ITCs can profoundly induce phase II
enzymes, especially QR and GST. QR and GST were markedly induced in the liver
after 14 days treatment with PEITC (0.06–6 μM) in rats, at both the activity and
protein level (Konsue and Ioannides, 2008). After exposure of RL34 cells to 10 μM
BITC for 24 h, GST activity was increased 2.3-fold and both mRNA and protein
level of GSTP1 were also significantly increased (Nakamura et al., 2000). SFN,
even at dietary doses, stimulated QR in a dose-dependent fashion (Yoxall et al.,
2005). Zhang and Talalay (Zhang and Talalay, 1998) reported that the intracellular
concentrations of ITCs correlated closely to their potencies as inducers of phase II
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enzymes. Induction of several phase II enzymes is under the transcriptional con-
trol of antioxidant responsive element (ARE) and Nrf2 is a key transcription factor
of ARE activation. PEITC and SFN have been reported to enhance phase II enzyme
expression via Nrf2 activation (Keum et al., 2003; McWalter et al., 2004). Compared
to QR and GST, the effects of ITCs on UGT have received less attention. SFN failed
to influence UGT activities after exposure to rats at 3 and 12 mg/kg for 10 days
(Yoxall et al., 2005). On the other hand, watercress consumption increased the glu-
curonidation of nicotine, cotinine, and 3′-hydroxycotinine in smokers, suggesting
that PEITC might induce glucuronidation (Hecht et al., 1999).

Similar to flavonoids, ITCs can modulate not only phase I and II enzymes but
also efflux transporters. ITCs were reported to be weak P-gp and MRP1 inhibitors
in a study conducted by Tseng et al. (Tseng et al., 2002). Among a number of
ITCs screened, 100 μM naphthyl ITC significantly increased the 2-h accumula-
tion of DNM and vinblastine in both P-gp-overexpressing MCF7/Adr cells and
MRP1-expressing PANC-1 cells, with no effect in sensitive MCF7 cells (Tseng
et al., 2002). In another in vitro study, the effects of ITCs on BCRP were
also determined and significant increases in mitoxantrone accumulation were
observed for several ITCs (BITC, hexyl ITC, PEITC, naphthyl ITC, phenylhexyl
ITC, phenylpropyl ITC, phenylbutyl ITC) at 50 μM in BCRP overexpressing
MCF7/MX100 cells and NCI-H460/MX20 cells, indicating their inhibitory effect
on BCRP (Ji and Morris, 2004). Recently, the expression levels of P-gp, MRP1,
and MRP2 in different cells lines were examined after treatment of SFN. Elevated
protein expression of MRP2 in both HepG2 and Caco-2 cells and MRP1 in
HepG2 cells was observed, whereas P-gp expression was not changed by SFN
(Fimognari et al., 2008).

The speculation that ITCs are not only modulators but also substrates of trans-
porters is based on the phenomenon that intracellular ITCs are rapidly effluxed from
cells. In a study carried out by Callway et al. (Callaway et al., 2004), the accumu-
lation of ITCs (allyl ITC, BITC, and PEITC) in MRP-1 overexpressing HL60/AR
cells and P-gp overexpressing 8226/DDX40 cells were significantly higher in the
presence of transporter inhibitors, compared to that in the absence of inhibitors,
suggesting the involvement of MRP-1 and P-gp in the transport of ITCs. In a sec-
ond in vitro study, MRP2, but not P-gp, was also found to mediate the transport of
PEITC (Ji and Morris, 2005b). Differences in experimental design and confounding
effects of metabolites may contribute to this discrepancy regarding P-gp. In addi-
tion to MRP1 and MRP2, BCRP was also found to be involved in the transport
of PEITC. The transport of [14C]PEITC into BCRP-overexpressing cell membrane
vesicles was ATP dependent and inhibited by fumitremorgin C, a specific BCRP
inhibitor (Ji and Morris, 2005a).

The effects of ITCs on the PK of co-administered drugs have also been investi-
gated. After consumption of 50 g watercress, which is equivalent to a total intake of
13 mg of PEITC, the levels of oxidative metabolites of acetaminophen in human
volunteers were significantly decreased, suggesting CYP2E1 inhibition (Chen
et al., 1996). In another clinical study, the AUC of chlorzoxazone, a clinical probe
for CYP2E1, was significantly increased by 56% after 50 g of watercress ingestion
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(Leclercq et al., 1998). Information on other enzyme- or transporter-mediated ITC–
drug interactions in vivo is very limited. Collectively, numerous in vitro studies have
shown that ITCs interact with various enzymes/transporters as inhibitors, inducers,
or substrates. Further in vivo studies are needed to determine the clinical relevance
of potential ITC–drug interactions.

22.5 Conclusions and Future Directions

In vitro and in vivo studies have demonstrated that many herbal sup-
plements/constituents modulate phase I/II enzyme and/or transporter func-
tion, suggesting the potential for herbal–drug interactions. The modulation of
enzymes/transporters by an herbal product may vary markedly due to product con-
tent, dose, short- or long-term administration of the herbal product, and the probe
drugs evaluated. After short-term incubation/administration, herbal supplements
usually interact with enzymes/transporters as inhibitors. However, after longer expo-
sures, herbal products or their constituents often induce enzyme/transporter protein,
through nuclear receptor activation. For example, after long-term incubation, SJW
induces CYP3A4 through PXR and several flavonoids induce CYP1A1 and BCRP
via AhR activation.

Many herbal constituents especially flavonoids undergo extensive phase II
metabolism to glucuronide and/or sulfate conjugates in the intestine and liver. This
limits the bioavailability of these flavonoids, resulting in low systemic concentra-
tions of these herbal components. This represents one reason for the disconnect
between in vitro and in vivo effects. A second reason is that the metabolites formed
in vivo may contribute to the herbal–drug interaction. The same metabolites may
not be formed in the in vitro experimental systems used, or the same extent of
metabolism may not occur in experimental systems in vitro as observed in vivo.
Recently, Van Zanden and coworkers (van Zanden et al., 2007) investigated the
inhibitory effect of the conjugative metabolism of quercetin on MRP1 and MRP2 in
Sf9 inside-out vesicles. The results revealed that several major phase II metabolites
of quercetin exert equal or even more potent inhibition on human MRP1 and MRP2
than quercetin itself.

In contrast to the widespread consumption of herbal supplements, the knowledge
of PK herbal–drug interactions is still incomplete at present. Many effects of herbal
supplements/constituents on enzymes/transporters have been investigated only in
vitro. Since herbal supplements contain multiple components, often at low doses,
an understanding of potential additive, synergistic, or antagonistic actions of these
multiple components on drug-metabolizing enzymes and transporters is important.
Further in vivo animal studies and clinical trials need to be carried out to evaluate
reported in vitro observations and determine the potential clinical significance of
herbal–drug interactions.
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An Industrial Perspective

Ragini Vuppugalla, Sean Kim, Tatyana Zvyaga, Yong-hae Han,
Praveen Balimane, Punit Marathe, and A. David Rodrigues

Abstract In the current age of polypharmacy, it is increasingly likely that a new
chemical entity (NCE) will be prescribed with a second drug that demonstrates
a narrow therapeutic index. As a result, one has to consider interactions involv-
ing drug-metabolizing enzymes and transporters. NCEs with drug–drug interaction
(DDI) liabilities may have limited marketing potential, as they may alter the phar-
macokinetic profile of a co-administered drug resulting in either unwanted side
effects or loss of pharmacological activity. Within the current competitive land-
scape, therefore, it is highly desirable to select candidates with reduced potential for
DDIs and most pharmaceutical companies spend considerable resources screening
and triaging NCEs for induction and inhibition of drug-metabolizing enzymes (e.g.,
cytochromes P450) and transporters. Thus, the purpose of the present chapter is to
provide an industrial perspective on how the existing strategies are utilized to enable
the selection of suitable candidates with reduced DDI risk. Additional emphasis will
be placed on in vitro tools and the challenges associated with the prediction of DDIs
prior to first in man.
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NCE new chemical entity
DDI drug–drug interaction
P450 cytochrome P450
PK pharmacokinetics
SAR structure–activity relationship
AUC area under the curve
IVIVC in vitro–in vivo correlation
P-gp P-glycoprotein
rCYP recombinant cytochrome P450

A.D. Rodrigues (B)
Department of Pharmaceutical Candidate Optimization, Bristol-Myers Squibb Co., Princeton,
NJ 08543, USA
e-mail: david.rodrigues@bms.com

585K.S. Pang et al. (eds.), Enzyme- and Transporter-Based Drug–Drug Interactions,
DOI 10.1007/978-1-4419-0840-7_23,
C© American Association of Pharmaceutical Scientists 2010



586 R. Vuppugalla et al.

HLM human liver microsomes
LC liquid chromatography
MS mass spectrometry
hPXR human pregnane X receptor
NHR nuclear hormone receptor
MRP2 multidrug resistance gene-associated protein 2
OATP organic anion transporter protein
ADME absorption, distribution, metabolism, and elimination
NTCP Na+-taurocholate co-transporting polypeptides
OCT organic cation transporter
SLC solute carrier
SLCO solute carrier organic anion
CAR constitutive androstane receptor
ABC ATP-binding cassette
PPAR peroxisome proliferator activated receptor
TEER trans epithelial electrical resistance
AhR aromatic hydrocarbon receptor
FDA Food and Drug administration
Km apparent affinity constant
CLint intrinsic clearance
CLint,i intrinsic clearance in the presence of inhibitor
AUC,i area under the curve in the presence of inhibitor
[I] inhibitor concentration
ki inhibition constant
Emax maximum induction
EC50 concentration of inducer associated with half maximum induction
IC50 concentration of inhibitor associated with half maximal inhibition
Cmax maximum plasma concentration
kinact maximal rate of enzyme inactivation at saturating concentrations of the

inhibitor
KI concentration of inhibitor that produces half maximal inactivation
Kdeg turnover rate of the inhibited enzyme
fm fraction metabolized by all P450s
fm,CYP fraction metabolized by specific P450
UGTs UDP-glucuronosyltransferases
SULTs sulfotransferases
hERG human ether-a-go-go related gene

23.1 Introduction

In an industrial setting, where compound attrition is a significant concern, the devel-
opment of new chemical entities (NCEs) with improved pharmacokinetic (PK),
potency, and liability profiles is important. At the same time, many diseases are
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treated with multiple drugs, drug cocktails, or co-formulated drugs, and so the risk
of clinically significant drug–drug interactions (DDIs) has increased. Such DDIs can
bring about unwanted side effects or loss of pharmacological activity. Consequently,
DDIs are considered one of the major liabilities for any NCE being considered for
full development.

The concept of DDIs is not new and was recognized as early as the late 1960s
(Surveillance, 1972). In recent years, however, DDIs have garnered even more atten-
tion, because of well-documented cases involving market withdrawals, the impact
on market share, and increased regulatory burden (Table 23.1). In light of such cases,
the pharmaceutical industry has stepped up screening efforts to enable the selec-
tion of NCEs with reduced DDI potential, specifically, identifying drug candidates
that not only have the least potential to modulate drug-metabolizing enzymes and
transporters (act as perpetrator) but also bring forward molecules that are least sus-
ceptible to enzyme inhibition or induction (act as victim). Because the cytochromes
P450 (P450) superfamily of proteins plays a major role in the metabolism of
drugs, considerable attention is focused on the screening of compounds for inhi-
bition and induction of these enzymes. In particular, the pharmaceutical industry
and regulatory agencies have taken a prospective approach toward mitigating and
minimizing P450-based DDIs using in vitro data at the early stages of drug devel-
opment (Bjornsson et al., 2003). Such efforts are possible because of advances
in P450 molecular biology, in silico approaches, and access to readily available
in vitro models (human liver microsomes and recombinant proteins). With the
advent of automation, liquid-handling instrumentation, and increased computing
firepower, it has also been possible to develop high-throughput in vitro P450
assays and drive lead optimization campaigns by supporting the generation of
structure–activity relationships (SARs) (Lin and Lu, 1998; White, 2000; Riley,

Table 23.1 Documented drug–drug interactions in the clinic

Victim Perpetrator Likely mechanism

Terfenadine∗∗ Ketoconazole CYP3A4 inhibition
Astemizole∗∗ Ketoconazole CYP3A4 inhibition
Cisapride∗∗ Ketoconazole CYP3A4 inhibition
Cerivastatin∗∗ Gemfibrozil CYP2C8 inhibition (OATP

inhibition)
Statins Mibefridil∗∗ CYP3A4 inhibition
Ethinyl Estradiol Pleconaril∗ CYP3A induction
Repaglinide∗∗∗ Gemfibrozil

(+ Itraconazole)
CYP2C8/OATP inhibition

(CYP3A4 inhibition)
Tizanidine∗∗∗ Fluvoxamine

(Rofecoxib)
CYP1A2 inhibition

Fluticasone∗∗∗ Ritonavir CYP3A4 inhibition
Ramelteon∗∗∗∗ Fluvoxamine CYP1A2 inhibition

∗, ∗∗, ∗∗∗, and ∗∗∗∗ refers to drugs that were not approved, withdrawn from the market, received
regulatory feedback for label revisions, or FDA warning letter, respectively.
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2001). Slowly, the repertoire of tools has extended to various drug transporters and
other drug-metabolizing enzymes (e.g., UDP-glucuronosyltransferases) (Hidalgo,
2001; Miners et al., 2004; Hsiao et al., 2007). Beyond screening, it has been rec-
ognized that high-quality in vitro data can be leveraged to support the design,
planning, and prioritization of the most relevant clinical DDI studies, in addition
to those involving frequently evaluated drugs (e.g., cimetidine, theophylline, war-
farin, digoxin, and oral contraceptives). Despite the utility of in vitro data, however,
challenges remain and further progress is needed (Rodrigues AD, 2007).

Although our ability to qualitatively predict DDIs using in vitro data has
increased, given the complex nature of most interactions, quantitative predictions
remain challenging (Huang et al., 1999; Bjornsson et al., 2003). For example,
a drug can potentially modulate enzyme activity by different mechanisms (e.g.,
reversible inhibition, mechanism-based inactivation, and induction) and failure to
take into account all mechanisms may result in misleading predictions. Transporters
and secondary drug-metabolizing enzymes can further complicate predictions
and so more complex and fully integrated models are needed (Yu, 1999; Chiou
et al., 2000; Suzuki and Sugiyama, 2000). Second, although numerous mathe-
matical and kinetic models have been proposed as guides to predict DDIs, many
are too simplistic. This is particularly evident when attempting to prospectively
model the concentration of the inhibitor (perpetrator) in vivo, which is challeng-
ing in the absence of clinical data (Rodrigues et al., 2001; Yao and Levy, 2002;
Bachmann, 2006).

The purpose of the present chapter is to provide an industrial perspective on how
existing DDI screening and prediction strategies are utilized within a drug discovery
and development setting. Additionally, some emphasis will be placed on existing
strategies, their pitfalls and refinements, in vitro tools, and the challenges associated
with the prediction of DDIs.

23.2 Pharmacokinetic Framework

23.2.1 Existing Strategies for Prospective Prediction of DDIs
and the Framework for Support of Discovery

As described above, a perpetrator drug can potentially alter the PK of a concomi-
tantly administered (victim) drug. Such an interaction can involve the inhibition or
induction of one or more drug-metabolizing enzymes. The former can be manifested
as reversible inhibition (e.g., competitive, noncompetitive, and uncompetitive) or
mechanism-based inhibition (Lin and Pearson, 2002). Importantly, because the
outcome can depend on the type of inhibition, it is advisable to identify the mecha-
nism of inhibition as soon as possible. Fortunately, it is possible to assess whether
an NCE is a reversible or mechanism-based inhibitor before attempting the fore-
casting of DDIs (Madan et al., 2002; Bjornsson et al., 2003; Venkatakrishnan
et al., 2007).
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Of the mechanisms described above, reversible (competitive) inhibition is the
most frequently encountered and well studied. One approach that is commonly
used for the prediction of the fold change in the victim area under the plasma
concentration versus time curve (AUC) is described below in Equation (23.1).

CLint

CLint,i
= AUC,i

AUC
= 1 + [I]

ki
(23.1)

The equation shows that one is able to assess the change in victim AUC based
on knowledge of [I] (inhibitor concentration) and ki (inhibition constant). In this
instance, linear PK and first-order enzyme kinetics for the substrate (concentrations
are assumed to be lower than Km) are assumed (Ito et al., 1998). CLint, CLint,i, AUC,
and AUC,i represent the intrinsic clearance and area under the curve of the substrate
in the absence and presence of the inhibitor. Thus, according to Equation (23.1),
interactions can be regarded as low risk if the estimated [I]/ki ratio is less than 0.1,
moderate risk if it is between 0.1 and 1.0, and high risk if the ratio is greater than
1.0 (Tucker et al., 2001).

Equation (23.1), although useful, assumes that the substrate is eliminated via a
single metabolic pathway. However, this assumption may result in over-prediction
of the interaction in cases where multiple pathways are involved in the elimination of
the substrate (Brown et al., 2005). Additionally, the above equation does not account
for other factors like P-glycoprotein (P-gp), gut first-pass metabolism, and does not
describe the simultaneous influences of induction, inhibition, and mechanism-based
inhibition. Thus, given its limitations, further refinements have been made in order
to improve the predictive performance of this simplistic approach. This is evident
in reports that account for the role of the fraction metabolized by the liver (fm) and
the fraction metabolized by the specific enzyme (e.g., P450 isoenzyme) such as
CYP3A4 (fm,CYP3A4) or CYP2C9 (fm,CYP2C9) (Equation 23.2). Although originally
reported by Rowland and Matin, (1973), the relationship has been applied increas-
ingly by later researchers in the field (Ito et al., 1998; Rodrigues et al., 2001; Brown
et al., 2005).

AUC,i

AUC
= 1
[

fm×fm,CYP
R

]
+ [

1 − ( fm × fm,CYP)
] (23.2)

where fm, fm,CYP, AUC, AUC,i represent fraction of the dose metabolized (e.g.,
by all P450 isoforms), fraction of the dose metabolized by specific P450 enzyme,
and area under the curve in the absence and presence of the inhibitor, respectively.
Depending upon the mechanism of interaction (competitive inhibition, mechanism-
based inhibition), the R term in the equation can be either one of the following:

For competitive and noncompetitive inhibition:

R = 1 + [I]

ki
(23.3)
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For mechanism-based inhibition:

R = 1 + kinact × [I]

KI × Kdeg
(23.4)

where kinact, KI, and Kdeg represent the maximal rate of enzyme inactivation at
saturating concentrations of the inhibitor, concentration of inhibitor that produces
half maximal inactivation, and turnover rate of the inhibited enzyme, respectively.
Whereas values of kinact and KI are derived experimentally, the Kdeg values are
typically obtained from the literature (Venkatakrishnan et al., 2007).

Equation (23.2) could be applied for low-clearance drugs administered either
orally or intravenously and for high-clearance drugs administered orally. This equa-
tion assumes that the metabolism of the substrate is restricted to liver, that the
well-stirred model of hepatic clearance applies, and that the absorption of the drug
is complete and not affected by first-pass gut metabolism (Yao and Levy, 2002).
Consequently, Equations (23.5) and (23.6) have been proposed as a means to model
DDIs with compounds that are subjected to both liver and gut first-pass metabolism
(Wang et al., 2004). However, one should realize that these equations assume that (a)
metabolism in the intestine is catalyzed solely by a single enzyme (e.g., CYP3A4);
(b) intestinal enzymes do not contribute to the systemic clearance of the substrate;
and (c) absorption is complete and is not influenced by the transporters expressed
on the intestine (Wang et al., 2004).

AUC,i

AUC
= 1

Fg +
(
(
1 − Fg

)× 1

1+ [I]g
ki,g

)× 1
(

fm×fm,CYP

1+
(

[I]h
ki,h

)

)

+ (
1 − fm × fm,CYP

)
(23.5)

AUC,i
AUC = 1

Fg+
⎛

⎜
⎝(1−Fg)× 1

kinact,g×[I]g

Kdeg,g×([I]g+KI,g)

⎞

⎟
⎠

× 1⎛

⎝ fm×fm,CYP

1+
(

kinact,h×[I]h
KI,h×Kdeg,h

)

⎞

⎠+(1−fm×fm,CYP)

(23.6)

where Fg is the fraction of the dose of victim drug that escapes the gut unchanged,
[I]g and [I]h represent the concentrations of the inhibitor in the intestine and liver,
respectively, ki,g, ki,h, kinact,g, kinact,h, Kdeg,g, Kdeg,h, KI,g, and KI,h are the inhibitory
constant, maximum rates of enzyme inactivation, turnover rate of the enzyme, and
the concentration of inhibitor that produces half maximum inactivation in the gut
and liver, respectively.
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The concentration of the inhibitor in the intestinal wall ([I]g) is estimated using
the below equation:

[I]g = Dose × ka × Fa

Qg
(23.7)

ka and Fa refer to the absorption rate constant of the inhibitor and the frac-
tion of the drug that reaches the intestine, respectively. A value of 248 mL/min
was assumed as the intestinal blood flow (Qg) (Rostami-Hodjegan and Tucker,
2004).

Although the approaches described above have been the basis of increasing num-
bers of DDI predictions and in vitro–in vivo correlations (IVIVCs), they do not
account for the simultaneous influences of competitive inhibition, mechanism-based
inactivation, and induction. This can be problematic for agents such as ritonavir,
which serve as both inducers and inhibitors (Greenblatt et al., 2000). To address
this concern, a comprehensive mathematical model has been proposed recently that
allows one to estimate the net effects of competitive inhibition, mechanism-based
inhibition, and induction in both gut and liver and is shown in Equation (23.8)
(Fahmi et al., 2008)

AUC,i

AUC
=

⎛

⎜⎜
⎝

1
Kdeg,g

Kdeg,g+ [I]g×kinact,g
[I]g+KI,g

+ 1 + Emax ,g×[I]g
[I]g+EC50,g

+ 1

1+ [I]g
ki,g

× (1 − Fg) + Fg

⎞

⎟⎟
⎠

×

⎛

⎜⎜
⎝

1
Kdeg,h

Kdeg,h+ [I]h×kinact,h
[I]h+KI,h

+ 1 + Emax,h×[I]h
[I]h+EC50,h

+ 1
1+ [I]h

ki,h

× fm,CYP + (1 − fm,CYP)

⎞

⎟⎟
⎠

(23.8)

where Emax,g, Emax,h, EC50,g, and EC50,h represent the maximum induction
and the concentration of inducer associated with half maximum induction in gut
and liver, respectively. The rest of the terms have been described above. Despite its
ability to integrate different mechanisms of interaction, most of the assumptions of
Equation (23.5) and (23.6) are still applicable for Equation (23.8).

The above models can serve as a useful framework to guide screening efforts and
for the support of SAR. For a particular chemotype, it is advantageous to minimize
DDI risk by screening out potent inhibitors (e.g., IC50 <1 μM), advancing only weak
inhibitors (e.g., IC50 > 20 μM), reduce the kinact/KI and Emax/EC50 ratios, and have
metabolism via multiple P450 isoforms (fm,CYP < 0.5) (Equations 23.2, 23.5, 23.6,
and 23.7). At the same time, potent (low dose) compounds are sought after, which
further minimizes the potential for DDIs. By extension, this means that effective
human PK and dose projections are needed at the NCE nomination stage, so that in
vitro data are assessed in context (Huang et al., 2008).



592 R. Vuppugalla et al.

23.2.2 The Impact of Inhibitor Concentration [I], In Vitro
Parameters (ki, kinact, KI, Emax, EC50), and fm × fm,CYP
on Predictions

Although the importance of [I] in DDI predictions has been known for some time,
a consensus has not been reached as to which concentration of the inhibitor to use
(Yao and Levy, 2002; Bachmann, 2006). The most ideal concentration would be the
one at the active site of the enzyme in question. However, since it is not practically
possible to measure the inhibitor concentrations surrounding the hepatic enzymes,
predictions can be attempted using several surrogates for [I] (or [I]h) including
plasma total Cmax, plasma free Cmax, portal vein Cmax, or portal vein free Cmax,
among others (Ito et al., 1998; Ito et al., 2004).

The maximum concentration of the inhibitor in the portal vein (Cmax, pv) can be
estimated using the equation below (Equation 23.9):

Cmax, pv = Cmax + Dose × ka × Fa

Qh
(23.9)

Cmax, ka, and Fa refer to the maximum plasma concentration of the inhibitor, absorp-
tion rate constant of the inhibitor, and the fraction of the drug that reaches the
intestine, respectively. Qh represents the hepatic blood flow (Obach et al., 2007).

Based on the free drug hypothesis, one would assume that the unbound con-
centration in plasma is the most meaningful parameter, as it is believed that only
the unbound drug would diffuse into the hepatocytes. Although in some cases use
of unbound plasma concentrations can improve predictions and IVIVCs (Komatsu
et al., 2000), there are several studies that contradict the unbound drug hypothe-
sis (von Moltke et al., 1994; Hsu et al., 1998). For example, Ito et al. (2004) have
investigated the DDI potential of nearly 200 compounds using different inhibitor
concentrations (total plasma Cmax, average total plasma concentration, average
unbound plasma concentration, and maximum hepatic input concentration) and
concluded that total rather than the unbound plasma concentrations yielded better
predictions. Conversely, there are several cases where even the total plasma con-
centrations under-predicted the interaction and additional correction factors (e.g.,
active uptake leading to higher liver-to-plasma ratio) had to be applied (Preskorn
and Magnus, 1994; von Moltke et al., 1996).

In all the above cases, the inhibitor concentrations were assumed as constant.
However, in reality, the concentration of the inhibitor changes with time, and there-
fore, predictions using a fixed value of [I] may result in substantial overestimation
(or underestimation) of the in vivo interactions. Given this limitation with the exist-
ing models, physiologically-based pharmacokinetic (PBPK) models are becoming
increasingly accepted due to their ability to take into consideration the temporal
changes in concentration of inhibitors for the prediction of DDIs (Ito et al., 1998;
Kanamitsu et al., 2000). Toward this end, numerous groups are now using com-
mercially available software such as the Simcyp ADME (absorption, metabolism,
distribution, elimination) simulator (Simcyp Ltd., Sheffield, UK). Such software
packages allow one to simulate the substrate and inhibitor concentrations over time
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in a virtual population and thus provide a population-based estimate of DDI risk
(Rostami-Hodjegan and Tucker, 2004). Increasingly, pharmaceutical companies are
exploring the utility of such software packages with the hope that these tools will
enhance our ability to more accurately predict DDIs, enable risk assessment, and
support decision making. The merits and drawbacks of suck PBPK approaches will
be more apparent in the coming years.

In addition to the problems of estimating the in vivo inhibitor concentrations,
the accuracy of the prediction also relies on one’s ability to accurately estimate in
vitro parameters such as ki, kinact, and KI. Depending upon the choice of the in vitro
system used (e.g., liver microsomes, recombinant P450s, liver slices, and hepato-
cytes), the protein concentration in the incubation media, the time of incubation,
and the choice of probe substrates and their concentrations, in vitro estimates of
IC50, ki, kinact, and KI can differ and errors can significantly impact DDI projec-
tions. Additional factors such as non-specific binding in the incubations should also
be taken into consideration (Grime and Riley, 2006). Thus, in vitro experiments
should be performed under optimized conditions in order to reduce the influence
of confounding factors on the accuracy of the in vitro estimates (Bjornsson et al.,
2003).

Besides [I] and in vitro inhibitory constants, the third factor that is critical for the
prediction of in vivo DDIs is the product of fm and fm,CYP (relative contribution of
the affected metabolic pathway to the overall elimination of the drug). The results
of some simulations highlighting the importance of fm × fm,CYP on the magnitude
of an in vivo interaction are presented in Fig. 23.1. These simulations suggest that
irrespective of the degree of inhibition and the potency of the inhibitor, a perceiv-
able interaction is possible only when the affected elimination pathway accounts for
greater than 50% of the total elimination. The simulation exercise also highlights
the importance of multiple clearance routes and suggests that the risk of DDIs is
minimal when the fm × fm,CYP values are less than 0.5. Recent studies by Brown
et al. (2005) investigating the influence of parallel pathways on the accuracy of the

Fig. 23.1 Relationship
between the fold change in
AUC and [I]/ki ratio. The fm
(fraction of dose metabolized
via P450 catalyzed oxidation)
in these simulations was
assumed as 1 and the fm,CYP
(fraction of dose metabolized
by specific P450) values were
assumed as 0.2, 0.4, 0.5, 0.6,
0.8, and 1
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in vivo predictions corroborated the results of the above simulations and suggested
that the prediction accuracy can be improved significantly by accounting for the
contribution of the parallel pathways. This means that one needs to obtain high qual-
ity metabolic profiling (in vitro and in vivo) and reaction phenotyping data (Zhang
et al., 2007a).

23.2.3 Assessment of Drug Interaction Potential in Early
Drug Discovery

As indicated above, the parameters that are critical for the prospective prediction of
DDIs in the clinic include inhibitor concentration [I], in vitro inhibition or induction
parameters (ki, kinact, KI, Emax, and EC50), and fm×fm,CYP values. Unfortunately,
neither the human plasma concentration data nor the fm×fm,CYP values for NCEs
are available at the early stages of drug discovery. Consequently, quantitative assess-
ment of the inhibitory or induction potential of an NCE is not possible at the early
stages of drug discovery and the kinetic models discussed above are rarely used
for driving decisions. During these early stages, discovery teams solely rely on
the in vitro data for the optimization of the P450 inhibition and induction liabili-
ties of the chemotypes by developing SAR for these liabilities. Generally, arbitrary
cutoff values are used for categorizing the compounds as strong, moderate, and
weak inhibitors/inducers of CYP enzymes. For instance, a compound having an
IC50 (EC50) value of greater than 10 μM is normally viewed as a weak inhibitor or
inducer; a potent inhibitor or inducer is defined as having an IC50 (EC50) of less than
1 μM. When screening for time-dependent inhibition, the fold shift in IC50 (0 ver-
sus 30 min pre-incubation) is commonly used to assess the risk and compounds with
greater than 2- to 3-fold shift in IC50 are flagged. Despite their arbitrary nature, these
approaches serve as practical tools for triaging compounds. However, since these
screening strategies are purely empirical and rarely take in vivo inhibitor concentra-
tions, or fm × fm,CYP values, into consideration while interpreting the in vitro data,
caution should be exercised to prevent the premature termination of some promis-
ing candidates. For example, it should be remembered that an IC50 (EC50) value of
lower than 1 μM will not result in a clinically significant interaction if the in vivo
concentrations of the inhibitor are below 1 μM, or if the fm × fm,CYP value is less
than 0.5. Thus, careful integration of PK and drug metabolism data, along with the
projected efficacious dose and time–concentration profile, is critical to enable ratio-
nal drug discovery decisions and to ensure the advancement of safe and effective
therapeutics with a minimal side effect profile.

23.3 DDI Suites at Bristol-Myers Squibb

23.3.1 P450 Inhibition

In order to anticipate and predict the extent of potential DDI liabilities and to
make an informed decision about the fate of a particular chemotype or individual
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compound, it is important to have access to a variety of assay suites ranging from
fairly basic to rather complex P450 inhibition assays that can be used in parallel,
or in a sequential (tier-like) fashion, at various stages of lead optimization (FDA,
2006).

During lead optimization, a number of high-capacity (high-throughput)
P450 inhibition assays are employed that utilize heterologously expressed
recombinant P450 enzymes (rCYP). Fluorogenic probe substrates, such as
7-ethoxy-4-trifluoromethylcoumarin, 7-benzyloxyquinoline, 7-methoxy-4-trifluoro
methylcoumarin, 3-cyano-7-ethoxycoumarin, 3-[2-(N,N-diethyl-N-methylamino)
ethyl]-7-methoxy-4-methylcoumarin, 7-benzyloxyresorufin, and 7-benzyloxy-4-
trifluoromethylcoumarin, are used because they circumvent the need for chromato-
graphic separation and enable the assays to be fully automated (Crespi et al., 1997;
Crespi and Miller, 1999).

Recent advances in nanodispensing technologies, sophisticated robotics, auto-
mated liquid-handling devices, ultra-fast plate readers, and highly integrated infor-
mation technology solutions have greatly facilitated miniaturization of these assays.
It is now possible to run the assays in 384- and 1536-well formats, with very low
reaction volumes (<30 μL) (Miller et al., 2000; Kariv et al., 2001; Yan et al.,
2002; Yamamoto et al., 2004; Trubetskoy et al., 2005; Youdim et al., 2008). Such
high-capacity, high-throughput, and cost-effective assays permit large numbers of
compounds to be screened for P450 inhibition and support the needs of discovery
teams.

Operationally, the first tier suite utilizes a panel of rCYPs (CYP1A2, 2B6, 2C8,
2C9, 2C19, 2D6, and 3A4) and is designed to generate reversible IC50 values
quickly. The same panel can be adapted to assess time-dependent changes in IC50
values at multiple time points, from 5 to 60 min (Tier II TD rCYP Panel) (Yan
et al., 2002; Naritomi et al., 2004; Yamamoto et al., 2004). For a few P450 enzymes
of particular interest, such as CYP3A4, the IC50 values can be determined at two
time points (5 and 30 min), which can be easily done as part of a first tier screen-
ing panel and support early detection of time-dependent inhibition. Typically, such
rCYP-fluorogenic assays generate data that are not used to predict inhibitory P450
DDIs per se. However, the data are used to track SAR, rank-order, and bin different
compounds within a chemotype or structural series. Compounds can also be flagged
for additional follow-up as needed.

Tier II P450 inhibition assay panels utilize human liver microsomes (HLM) as the
enzyme source and traditional drugs as substrate probes. The assay results generated
in the HLMs are usually more predictive of the drug behavior in vivo and are widely
accepted as a gold-standard throughout the pharmaceutical industry and recom-
mended by regulators (FDA, 2006). More often than not, such assays are employed
at later stages of lead optimization campaigns and in early preclinical develop-
ment. In this instance, IC50, ki, kinact, and KI data are the basis of DDI predictions
and IVIVCs (Silverman, 1995; Fontana et al., 2005). Unfortunately, HLM-based
assays necessitate the use of highly selective P450 probe substrates. This means
that time-consuming sample processing steps, liquid chromatography (LC) sepa-
ration methods, and mass spectrometric (MS) detection are needed. In turn, this
significantly limits the capacity and possibility of utilizing such assays in the very
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early stages of lead optimization. Despite such drawbacks, recent advances in ana-
lytical technologies have dramatically reduced the sample analysis time (e.g., from
minutes to seconds per sample) (Shiau et al., 2008; Youdim et al., 2008; Zientek
et al., 2008). For example, RapidFireTM technology (BioTrove Inc. Woburn, MA)
enables ultra-fast (in-line) solid phase extraction, coupled with the flow injection
MS/MS analysis of the reaction components, within 4–10 sec (per sample). This
allows one to analyze a single plate in about 7–16 min (96-well) or 40–60 min (384-
well) (Ozbal et al., 2004). Although still slower than fluorescence detection, this
ultra-fast analytical read-out can realistically support a relatively high-throughput
HLM-P450 inhibition assay panel. Accessibility of these assays and their broader
utilization at earlier steps of lead optimization process is beneficial for successful
anticipation, proper assessment, and prediction of potential DDI liabilities.

23.3.2 P450 Induction

Our understanding of the mechanisms leading to enzyme induction has significantly
improved in the last decade. Human pregnane X receptor (hPXR, SXR, NR1I2) has
been identified as a nuclear hormone receptor (NHR) largely responsible for the
induction of CYP3A4 and other genes such as CYP2B6, CYP2C8, CYP2C9, P-gp,
multidrug resistance gene-associated protein 2 (MRP2), and organic anion trans-
porting polypeptides (e.g., OATP-2) (Kliewer et al., 2002). Besides hPXR, other
transcriptional factors play a role in the induction of many other drug-metabolizing
enzymes. These include constitutive androstane receptor (CAR), peroxisome pro-
liferator activated receptor (PPAR), and aromatic hydrocarbon receptor (AhR)
(Honkakoski et al., 2003; Mandal, 2005; Tirona and Kim, 2005). This advance-
ment in knowledge, and availability of various tools and reagents, has benefited the
industry, which is now able to screen for induction of enzymes and transporters, as
well as NHR transactivation (Vignati et al., 2004; Zhu et al., 2004; Stanley et al.,
2006).

23.3.2.1 Receptor Transactivation and Ligand-Binding Assays

In an industrial setting, receptor-binding or transactivation assays are used as Tier I
assays to screen compounds for enzyme induction potential in early drug discovery
due to their throughput (96- or 384-well formats) coupled with a low cost. Among
them, PXR-derived assays are the most common high-throughput assays due largely
to the importance of its target genes in DDIs. PXR ligand-binding assays are usu-
ally performed as a scintillation proximity assay, which consists of an expressed
receptor ligand-binding domain (sometimes supplemented with a coactivator, SRC-
1) and a high-affinity radiolabeled ligand (e.g., SR-12813). The competition for
the ligand-binding pocket between the radiolabeled ligand and the test compound
usually results in the displacement of the radioligand upon co-incubation. The
extent of reduction of the radioactivity reflects the affinity of the test compound.
Recently, a fluorescence-based PXR ligand-binding assay (PXR lanthascreenTM)
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has been developed by the Invitrogen Corporation (Carlsbard, CA). Such an assay
will obviate the need for radiolabeled ligand.

Beyond relatively simple binding assays, transactivation (or reporter) assays
typically employ an expression vector containing the complete (or partial) pro-
moter region of the target gene. Such a construct minimally requires both proximal
response elements and distal enhancer sequences for a maximal induction response.
The promoter is coupled to a reporter (e.g., luciferase, green-fluorescent protein, or
alkaline phosphatase) and the induction response can be measured as an increase in
the production of a luminescent (or fluorescent) metabolite. Such assay formats are
compatible with low volumes, use of 384-well plates, and full or semi-automation.

PXR transactivation assays are frequently augmented with co-expression of a
full-length hPXR due to a generally low expression of functional PXR in host cell
lines (Goodwin et al., 1999; El-Sankary et al., 2001). In concert with the selec-
tion of appropriate host cell line, the over-expression of PXR significantly enhances
the magnitude of induction responses. HepG2 and CV-1 cells are widely used,
because they are thought to possess all of the regulatory partners (co-activators and
co-suppressors) that mediate the complex ligand–PXR interaction.

In these assays, test compounds are added at increasing concentrations and
thus the subsequent concentration-response Profiles can be tracked. Analysis of the
data enables the generation of IC50 (ligand binding), Emax, and EC50 (transactiva-
tion) parameters in support of SAR generation. Overall, there is a good correlation
between IC50 and EC50 values as the binding of ligands generally leads to the acti-
vation of the receptor (Zhu et al., 2004). However, some compounds can behave
as strong PXR binders but elicit no (or weak) PXR transactivation (Synold et al.,
2001; Zhou et al., 2007; Healan-Greenberg et al., 2008). Compounds can also serve
as ligands that bind to the receptor but do not elicit the appropriate displacement
of co-repressors or recruitment of co-activators (Harmsen et al., 2007). Recently,
several azole compounds including ketoconazole have also been shown to bind to
the outer surface of the PXR-AF2 binding pocket and interfere with the binding of
a co-activator, SRC-1 (Wang et al., 2007). Therefore, it is quite possible to gen-
erate false positives in PXR-binding assays and thus most discovery teams turn
to PXR transactivation assays. Fortunately, for most compounds the correlation of
PXR transactivation with induction of CYP3A4 in primary hepatocytes is good (Luo
et al., 2002). This is important, because discovery teams do not have to rely on pri-
mary hepatocytes to guide their SAR campaigns, which would limit the number of
compounds for screening due to low throughput.

At BMS, luciferase is used as the reporter in a HepG2-hPXR transactiva-
tion assay. Luciferase activities are normalized against the signal from rifampicin
(10 μM) and are expressed as a percent activation (%Act) at each concentration
of test article. From the concentration versus %Act plot, Emax and EC50 values
are calculated for each compound. In turn, the parameters are evaluated in light of
the observed (or projected) therapeutic plasma concentrations. A risk assessment is
made, compounds are flagged and in vitro or in vivo (e.g., clinical) follow-up studies
are initiated as appropriate. For example, it has been shown that compounds eliciting
a >40% transactivation of hPXR (versus rifampicin), at their corresponding plasma
Cmax, are “likely” to behave as inducers in a clinical setting. Compounds eliciting
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15–40% transactivation “may” elicit drug interactions, whereas weak transactivators
(<15%) do “not” cause drug interactions (Sinz et al., 2006).

23.3.2.2 Immortalized Cell Lines

Although considered the “gold standard” model for the in vitro assessment of induc-
tion, cultures of freshly prepared human primary hepatocytes can be difficult to
obtain commercially. At the same time, one has to deal with considerable inter-
donor variability and poor cell viability in micro-titer plates (Soars et al., 2007).
Up until very recently, this has limited their utility in a discovery setting. Therefore,
numerous attempts have been made to generate human hepatocyte-like cells that can
ensure a continuous supply and support high-throughput screens. Broadly speak-
ing, three approaches have been described to date. The first involves the refinement
hepatocarcinoma-derived cells. The second requires a source of stem cells that can
be differentiated into hepatocyte-like cells, whereas the third strategy is based on the
immortalization of human primary hepatocytes (Sinz and Kim, 2006). For exam-
ple, the HepG2 cell line was established in 1979 from a hepatoma tissue. While
retaining some induction responses to known CYP1A and CYP3A4 inducers such
as β-naphthoflavone, 3-methylcolanthrene, o, p′-dichloro-diphenyl-trichloroethane
(main isomer of DDT), phenobarbital, and dexamethasone (Hewitt and Hewitt,
2004; Medina-Diaz and Elizondo, 2005; Medina-Diaz et al., 2007), HepG2 cells
are not considered an appropriate in vitro model to study induction of P450s due
to the low basal expression of enzymes and induction responses (Vermeir et al.,
2005). Recently, several HepG2 subtypes have been established by enriching only
the type of cells that have better induction responses through means of altered nutri-
tional requirement. Amphioxus’ ACTIVTox R© (Stem Cell Innovations, Houston,
TX) and WGA cells are examples of highly differentiated subclones of HepG2 cells
(Rencurel et al., 2005) and both cell lines have been shown to be responsive to
known inducers of CYP1A, CYP2B, and CYP3A4.

In comparison to HepG2 cells, immortalized hepatic cells can be used to support
induction screening and serve as a surrogate for primary hepatocytes (Hahn, 2002).
Immortalization of cells, such as HBG and HepaRG cells, can occur naturally as
exemplified by hepatic cells of tumor origin. In fact, both cell lines have been iso-
lated from surgically removed liver tumors (Gripon et al., 2002). HepaRG cells, in
particular, express major NHRs (e.g., PXR, AhR, PPARα and CAR) at the levels
comparable to those in primary human hepatocytes (aided by the culture of the cells
in DMSO) and may be of special interest in studying CAR-mediated induction as
no other tumor cells express high levels of CAR (Aninat et al., 2006). In addition to
the induction of P450 enzymes, HepaRG cells were shown to respond to the induc-
ers of transporters and increased the expression of multidrug resistance protein 1
(MDR-1), MRP-2, and bile salt export pump (BSEP) (Guillouzo et al., 2007).

As described above, embryonic stem cells provide another potential source of
hepatocyte-like cells, which are shown to express CYP1A2, CYP3A4/7, and low
levels of CYP1A1 and CYP2C proteins (Ek et al., 2007). When treated with a cock-
tail of known P450 inducers, CYP1A2 and CYP3A4 protein expression is increased,
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suggesting the induction of these genes is also retained. It is likely that the appli-
cation of stem cell technology will increase in the future, once ideal methods of
deriving hepatocyte-like cells are identified (Sinz and Kim, 2006).

A considerable effort is also being made to convert primary cells into non-
tumorigenic immortalized cells. This is exemplified by the efforts of researchers at
Multicell Technologies (Lincoln, RI, USA), who have employed a clonal selection
process following immortalization of human primary hepatocyte, to generate the
Fa2N-4 cell line. While viral transformation normally results in genetically unstable
cells and loss of phenotypic characteristics (Cascio, 2001), Fa2N-4 cells retain nor-
mal hepatocellular morphology, as well as expression and induction of P450s and
transporters. Concentration-dependent increases in CYP3A4, CYP2C9, CYP1A2,
UGT1A, and MDR-1 expression (transcript levels and activity) have been reported
following the addition of rifampicin to the cells (Mills et al., 2004). However, there
is no (or very low) expression of CAR in these cells and thus the evaluation of
CYP2B6 induction is not recommended (Lyon et al., 2005). The procedure for
assessing enzyme induction in Fa2N-4 cells is well defined and is similar to the
protocol using primary hepatocytes. Perhaps the biggest difference between human
primary hepatocytes and Fa2N-4 cells is that the latter cells continuously proliferate
in culture. Hence the number of Fa2N-4 cell passages has to be carefully monitored
to prevent the deterioration of the induction response. If cryopreserved, however,
Fa2N-4 cells can maintain their induction response even in higher-density well
formats (e.g., 96-well plate) (Youdim et al., 2007). In general, immortalized hep-
atocytes are being accepted as a suitable higher-throughput alternative to primary
hepatocytes. At the present time, however, the utility of Fa2N-4 cells is limited to
CYP1A and CYP3A4 induction screening.

23.3.2.3 Primary Human Hepatocytes

From the standpoint of in vitro induction assays, it is accepted widely that cul-
tures of primary human hepatocytes are the best model, and regulatory agencies
have increasingly accepted DDI predictions based on their use (LeCluyse et al.,
2000). Assessment of induction in primary human hepatocytes is possible because
cells can be plated and sustain their viability on a substratum such as collagen or
Matrigel R© (LeCluyse et al., 2000; Hamilton et al., 2001; LeCluyse et al., 2005).
In the “sandwich” culture format, where Matrigel is also layered on top of the
plated cells, dedifferentiation of the hepatocytes is further slowed down and liver-
specific phenotypes are maintained (e.g., expression of drug-metabolizing enzymes
and transporters, as well as the formation of bile canaliculi) (Runge et al., 2000;
Bi et al., 2006; Marion et al., 2007). While most of the primary hepatocytes lose
their ability to reattach to a culture plate following cryopreservation, “inducible” or
“attachable” cryopreserved hepatocytes retain their ability to attach and respond to
known CYP1A2, CYP2B6, CYP2C9, CYP2E1, and CYP3A4 inducers (Schehrer
et al., 2000; Roymans et al., 2005; Hewitt et al., 2007a). At BMS, it has been pos-
sible to obtain commercially available cryopreserved human hepatocytes and plate
them in a 96-well format. After the addition of test articles and positive controls,



600 R. Vuppugalla et al.

induction of CYP1A2, CYP3A4, and CYP2B6 is assessed via RT-PCR (real-time
polymerase chain reaction). The three enzymes are representative of AhR, PXR, and
CAR transactivation, respectively. Such a tier II assay is used coordinately with the
hPXR transactivation assay in support of various discovery programs.

In development, hepatocyte induction data are typically collected from a min-
imum of three different donors due to known individual variations in induction
response. The common endpoints for assessment of enzyme induction are RNA
expression (RT-PCR), protein level, and enzyme activity. Enzyme activity can be
measured by the rate of metabolite formation, or by the rate of parent drug disap-
pearance, using proven substrates that are specific to the enzyme of interest. While
enzyme activity is accepted as an end-point by regulatory agencies, quantitation
of RNA expression or protein level is also required as supplemental information.
A more complete data package is useful when a compound concurrently induces
and inhibits the same enzyme. Ritonavir, troleandomycin, and DPC-681 are exam-
ples of such compounds that generally exhibit normal or reduced enzyme activity
but result in increased CYP3A4 gene transcription (Luo et al., 2002; Luo et al.,
2003). It also emphasizes the importance of incorporating PXR transactivation and
P450 inhibition data when evaluating hepatocyte results to predict enzyme induc-
tion. A recently published draft FDA guidance for industry on drug interactions
proposed two numerical endpoints to be used in the prediction; percent increase rel-
ative to a positive control and EC50 (FDA, 2006). Using an approach similar to that
described for the human PXR assay, the guidance indicates that a drug that produces
a change (enzyme activity) equal to or greater than 40% of the positive control is a
potential inducer and requires further in vivo evaluation. As for the EC50, the guid-
ance suggests that this parameter can be used to compare the potency of different
compounds. While simple rank ordering of EC50 values and comparisons to known
CYP3A4 inducers, such as rifampicin, can provide useful information, more accu-
rate predictions of drug interactions require incorporation of clinically relevant drug
concentrations (Ripp et al., 2006; Sinz et al., 2006; Hewitt et al., 2007a).

23.3.3 P-gp Substrate and Inhibition Assays

P-glycoprotein (P-gp, MDR1) is a member of the ATP-binding cassette (ABC)
efflux transporter family that is the best understood among all drug transporters.
It is an ubiquitous transporter, which is present on the apical surface of enterocytes,
the canalicular membrane of hepatocytes, apical surface of the kidneys, placenta,
and endothelial cells of the brain. Because of its strategic location, it is widely rec-
ognized that P-gp is a major determinant of drug ADME (absorption, distribution,
metabolism, and excretion) in humans (Polli et al., 1999; Matheny et al., 2001;
Lin and Yamazaki, 2003). For example, it is known to limit the oral absorption of
drugs such as cyclosporin and taxol; limit the entry of drugs (e.g., HIV protease
inhibitors) into the CNS; and facilitate the excretion of drugs like digoxin, vera-
pamil, and vincristine via biliary and urinary routes. Therefore, increasing efforts
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are being made in early discovery and development to identify compounds that can
potentially interact with P-gp. Regulatory agencies have also acknowledged P-gp as
a key drug transporter (FDA, 2006).

There are literature reports of various in vitro and in vivo models used for assess-
ing P-gp interactions (Hidalgo, 2001; Polli et al., 2001; Balimane et al., 2006). In
vitro assays such as ATPase activity, rhoadmine-123 uptake, calcein AM uptake,
cell-based bi-directional permeability, radio-ligand binding along with in vivo mod-
els such as transgenic (knockout mice) animal models are among the commonly
used methods in a discovery setting. However, the cell-based bi-directional per-
meability assay is the most popular method for identification of P-gp substrate in
drug discovery labs (Polli et al., 2001; Kerns et al., 2004; Balimane et al., 2006).
Similarly, the cell-based bi-directional permeability assay using digoxin as a probe
is currently accepted as the “method of choice” for determining the P-gp inhibition
potential of test compounds (Polli et al., 2001; Keogh and Kunta, 2006). The FDA
also recommends conducting bi-directional permeability studies using Caco-2 cells
or other wild-type or transfected cell lines (e.g., MDCK, LLC-PK1) to determine
the P-gp interaction potential of test compounds (FDA, 2006).

23.3.3.1 P-gp Assay Methodology

Caco-2 cell-based methodology is currently the “industry standard” for assessing
the in vitro P-gp substrate or inhibition potential of test compounds. Caco-2 cells
are typically grown in culture medium (maintained at 37◦C, 95% relative humid-
ity) consisting of Dulbecco’s modified Eagle’s medium supplemented with 10%
fetal bovine serum, 1% nonessential amino acids, 1% L-glutamine, penicillin-G
(100 U/mL), and streptomycin (100 μg/mL). P-gp interaction studies are conducted
with physiologically and morphologically well developed Caco-2 cell monolay-
ers that have been cultured for approximately 21 days and demonstrate adequate
trans epithelial electrical resistance (TEER) value, as well as low permeability for
mannitol (paracellular probe) (Balimane et al., 2006).

23.3.3.2 P-gp Substrate Assay

At BMS, Caco-2 cells are used to identify compounds that are potential P-gp trans-
porter substrates. HTC-24-transwell R© inserts (surface area, 0.33 cm2) consisting of
a 0.4-μm pore size polycarbonate membrane are used for these studies. The trans-
port medium used for the bi-directional studies is modified HBSS buffer containing
10 mM HEPES. The pH of both the apical and basolateral compartments is 7.4. Prior
to these experiments, each monolayer is washed twice with buffer and TEER is mea-
sured to ensure the integrity of the monolayers. The test compound is studied either
at a single low concentration (3 μM) for screening purposes or at multiple concen-
trations (1–100 μM) to assess the Km and concentration effects. The bi-directional
permeability studies are initiated by adding an appropriate volume of buffer contain-
ing test compound to either the apical (for apical-to-basolateral transport; A-to-B) or
basolateral (for basolateral-to-apical transport; B-to-A) side of the monolayer. The
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monolayers are then placed in an incubator for 2 h at 37◦C. Samples are taken from
both the apical and basolateral compartment at the end of the 2 h period and the
concentrations of test compound are analyzed by a sensitive LC-MS/MS method.
The permeability coefficient (Pc) is calculated using Equation 23.10

Pc(nm/s) = dA

dt∗S∗Co
(23.10)

where dA/dt is the flux of the test compound across the monolayer (nmol/sec), S is
the surface area of the cell monolayer, and Co is the initial concentration (1–100
μM) in the donor compartment.

Test compounds with an efflux ratio (B-to-A/A-to-B ratio) greater than 2 are
considered as P-gp substrates. Non-substrates have an efflux ratio of unity at all
concentrations tested. For substrates, a follow-up study is conducted and involves
co-incubation with a potent P-gp inhibitor (e.g., 50 μM ketoconazole). In this
instance, if the efflux ratio collapses to unity, then the involvement of P-gp is
confirmed.

23.3.3.3 P-gp Inhibition Assay

The transport medium used for the Caco-2 cell P-gp inhibition studies is also
modified HBSS buffer containing 10 mM HEPES (pH of both the apical and baso-
lateral compartments is 7.4). Prior to these experiments, each monolayer is washed
twice with buffer and TEER is measured to ensure the integrity of the monolay-
ers. Both the apical-to-basolateral (A to B) transport and the basolateral-to-apical
(B to A) transport of[3H]digoxin (5 μM) is measured in the absence and presence
of various concentrations (0.1–100 μM) of test compound. The studies are initi-
ated by adding an appropriate volume of buffer containing digoxin to either the
apical (apical-to-basolateral transport) or basolateral (basolateral-to-apical trans-
port) side of the Caco-2 cell monolayer. Test article is added to both sides of the
monolayer at various concentrations. The monolayers are then incubated for 2 h
at 37◦C. An aliquot is removed from both apical and basolateral compartments at
the end of the 2 h period and analyzed for [3H]digoxin using a liquid scintillation
counter.

The apical-to-basolateral and the basolateral-to-apical permeability coefficient
(Pc) values for digoxin are calculated in the presence and absence of the test com-
pound. Results are then reported as “% of inhibition” of digoxin transport (Equation
23.11).

% of inhibition =
[

1 − (iBA − iAB)

(dBA − dAB)

]∗
100 (23.11)

where dBA and dAB are the B-to-A and A-to-B permeability of digoxin alone. iBA
and iAB are the B-to-A and A-to-B permeability of digoxin in presence of the
test compound. An IC50 value is calculated by using the % of inhibition and the
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corresponding concentration of test compound. The data are fitted using the Hill
equation (Equation 23.12).

E = E∗
maxCn

Cn + IC50
n

(23.12)

where E = % inhibition of P-gp at a particular concentration of inhibitor, C =
concentration of inhibitor, Emax = maximum inhibition of P-gp, n = Hill co-
efficient. For test compounds that inhibit P-gp, their IC50 value is compared to
plasma concentrations in human (known or estimated) to determine P-gp inhibition
potential.

23.3.4 P450 Substrate

As discussed above, besides [I] and in vitro inhibitory constants, the third factor
that has been shown to be critical for the accurate assessment of in vivo DDIs is the
fm × fm,CYP (Fig. 23.1). Consequently, it is important to conduct reaction phenotyp-
ing studies to assess the role of different drug-metabolizing enzymes in clearance.
In this regard, it is advantageous to develop NCEs that are cleared by numerous
enzymes and pathways. Moreover, compounds with low rates of metabolic turnover
are sought after, because this minimizes the potential for marked gut and liver first
pass. For example, at least two (non-polymorphic) P450s are preferred, with a low
intrinsic clearance (<10% of hepatic blood flow). Conversely, compounds exhibiting
high (to very high) turnover via one major P450 should be screened out. Therefore,
this necessitates relatively robust reaction phenotyping screens in a discovery setting
and fully integrated data set later in development (Zhang et al., 2007a).

At BMS, a variety of in vitro tools are employed for assessing the role of
metabolism in the overall elimination of an NCE. At the very early stages of drug
discovery, various chemotypes and compounds are subject to metabolic stability
(metstab) screens. Typically, this involves incubation of test article at a low concen-
tration (0.5 μM) with NADPH-fortified liver microsomes. Such incubations can be
carried out with 96-well microtiter plates and require considerable LC-MS infras-
tructure. The in vitro hepatic clearance is then calculated from the first-order rate
constant estimated from substrate depletion and compared with the in vivo intra-
venous clearance of preclinical species (Obach, 2001). In case of a reasonable
correlation between the in vitro and in vivo clearance in the preclinical species,
the same construct is used for predicting the in vivo clearance in humans from
the in vitro microsomal data. A reasonable correlation further implies oxidative
metabolism via liver enzymes as the major route of elimination and calls for more
detailed in vitro characterization studies to identify the enzymes involved and their
contribution to the total elimination of the NCE in question. Toward this end, the
FDA has recommended three well-characterized in vitro approaches: (1) use of spe-
cific chemicals or antibodies as enzyme inhibitors; (2) use of individual recombinant
P450 enzymes; or (3) a bank of HLM characterized for P450 activity prepared from



604 R. Vuppugalla et al.

individual donor livers (FDA, 2006). Each of the above approaches have their own
advantages and disadvantages and the FDA recommends that at least two out of
the three approaches be performed to identify the specific enzyme(s) responsible
for drug’s metabolism. At BMS, P450 form-selective inhibitors (chemicals and
antibodies) and recombinant P450 enzymes are used in combination for assessing
the potential role of P450 enzymes in the metabolism of an NCE (Zhang et al.,
2007a). In addition, a bile duct-cannulated (BDC) rat (or monkey) study may also
be conducted to confirm the role of the oxidative metabolism in vivo versus biliary
and renal elimination.

However, in cases where a disconnect is observed between the in vivo clearance
and the clearance predicted from the in vitro microsomal data, the metabolism of
the compound may be studied using other in vitro systems like 9000 g supernatant
fraction (S9) fractions, UDPGA-supplemented microsomes, and fresh or cryopre-
served hepatocytes. In this instance, it is important to evaluate the involvement of
the non-P450 enzymes (non-microsomal or Phase II enzymes) in the elimination of
an NCE. Furthermore, a BDC rat or monkey study will also be conducted to under-
stand the potential roles of biliary and renal routes in the overall elimination of an
NCE. Subsequently, all the aforementioned information gathered from the in vitro
and in vivo data is carefully integrated to get a reasonable assessment of the fm ×
fm,CYP in humans. Finally, as evidenced in the recent guidance document issued by
the FDA, although the regulatory agencies acknowledge the usefulness of such data
(FDA, 2006), one should exercise caution while using this information due to the
uncertainty associated with the estimation of fm × fm,CYP in humans at the early
stages of drug discovery. Once in the clinic, radiolabel ADME information can be
used to supplement the data set and further refine estimates of fm × fm,CYP (Zhang
et al., 2007a)

23.3.5 OATP Substrate and Inhibition Assays

In recent years, significant progress has been made in the molecular and functional
characterization of pharmaceutically relevant drug uptake transporters. As a result,
our understanding of their role in the disposition of drugs has increased tremen-
dously in the past decade. Like P-gp, the various uptake transporters are expressed
in several key organs and also govern the ADME properties of drugs. Uptake
transporter proteins, or solute carriers (SLCs), are represented by proteins such
as Na+-taurocholate co-transporting polypeptides (NTCP), OATPs, organic anion
transporters (OATs), and organic cation transporters (OCTs). Among the SLCs,
OATPs are the most popular transporters and are often taken into consideration
within an industrial setting.

23.3.5.1 OATP Substrate Study

OATP superfamily members are encoded by genes of the solute carrier organic
anion transporter (SLCO) and consist of 11 members in human (Hagenbuch and
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Meier, 2004). Among OATP members, four OATPs (OATP1B1, 1B3, 1A2, and
2B1) are considered as the major uptake transporters in drug absorption and hepatic
entry of various endogenous compounds (e.g., bilirubin, bile acids, steroid con-
jugates, and thyroid hormone) and drugs (e.g., statins, digoxin, and fexofenadine)
(Ayrton and Morgan, 2008). OATP1B1 and OATP1B3 are mainly expressed in
human liver (Smith et al., 2005), whereas, OATP1A2 and OATP2B1 are more
broadly distributed in a variety of tissues such as brain and intestine (Hagenbuch
and Meier, 2003). Therefore, OATP1B1 and OATP1B3 play a major role in hepatic
uptake and elimination of organic anion drugs (Ayrton and Morgan, 2008).

Despite the availability of recombinant OATPs, preliminary hepatic uptake stud-
ies are performed with suspensions of primary hepatocytes. Since fresh hepatocytes
are equipped with all the hepatic transporters, as well as Phase I and Phase II
enzymes, hepatocytes are an appropriate model for evaluating transporter (versus
passive permeability) and enzyme-mediated hepatic clearance. Generally, the uptake
into hepatocytes is measured in suspension by a centrifugation method using oil-
layered tubes to separate hepatocytes from the incubation medium (Schwenk, 1980).
Alternatively, the assay can be run in a semi-high-throughput fashion with plated
hepatocytes. Recently, cryopreserved hepatocytes have become popular in the drug
discovery environment due to their increased availability and resource consistency
(Hewitt et al., 2007b).

If there is evidence for saturable, energy-dependent uptake into primary hepato-
cytes, then follow-up studies are conducted with cell lines containing individually
expressed (recombinant) OATPs. The most widely utilized host cells for transfec-
tion are HEK-293, COS-7, HeLa, CHO, MDCK cells, and Xenopus laevis oocytes
since they express low levels of endogenous transporter proteins. The use of OATP-
expressing systems allow a mechanistic insight into the particular transporter(s)
involved in the transport of a test drug.

To ascertain whether a test compound is a substrate of a particular transporter,
test compounds are incubated with transfected cells in parallel with their respec-
tive mock line. The incubation times depend on the cell type; shorter time for cell
lines (e.g., 1–10 min), longer time for Xenopus laevis oocytes (e.g., 1 h). When
the uptake of test compound into transfected cells is higher relative to that of
the mock cells (empirically, 50% higher), the compound is considered to be an
OATP substrate. Since the expression levels of transporters in the transfected cells
can vary from batch to batch, and passage to passage, the uptake of the positive
control compounds needs to be measured for quality control (e.g., estradiol-17β-
D-glucuronide, dehydroepiandrosterone-3-sulfate, estrone-3-sulfate, pravastatin,
cholecystokinin octapeptide, BQ-123, digoxin) (Hagenbuch and Meier, 2003).

23.3.5.2 OATP Inhibition Study

Drug–drug interactions can occur when an OATP substrate is co-administered with
an OATP inhibitor or inducer. Clinically significant DDIs leading to severe side
effects have been reported for several statins when they are co-medicated with
cyclosporin A or gemfibrozil (Poirier et al., 2007). Other OATP-mediated DDIs
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include fexofenadine–grapefruit juice, atrasentan–rifampin, bosentan–rifampin,
repaglinide–cyclosporin A, and ticlopidine–ergoloid mesylates (Niemi, 2007).
Consequently, it is important to assess OATP inhibition potential prior to first in
man. In this instance, the uptake of an OATP substrate is measured in the presence
and absence of the test article.

For a reliable inhibition study, appropriate probe compounds are carefully
selected among OATP substrates, because each OATP substrate has a different
dynamic inhibition range. Generally OATP substrates show broad substrate speci-
ficity across OATP members. As shown in Fig. 23.2, estrone-3-sulfate has high
affinity to OATP2B1. Estradiol-17β-D-glucronide and cholecystokinin octapeptide
are high-affinity OATP1B1 and OATP1B3 substrates, respectively. Therefore, these
compounds are widely used as probe compounds in each OATP assay and their
uptake is measured in the presence and absence of the test article to determine an
IC50 or ki.

Fig. 23.2 Difference in substrate specificity of OATP substrates between OATP1B1, OATP1B3,
and OATP2B1; A (estradiol 17-β-D-glucronide), B (cholecystokinin octapeptide), C (estrone-
3-sulfate). Cellular uptake of estradiol 17-β-D-glucronide (1 μM), cholecystokinin octapeptide
(0.1 μM), and estrone-3-sulfate (1 μM), into mock-, OATP2B1-, 1B1, and 1B3-HEK293 cells
was determined at 5 min. Data are shown as the mean ± S.D. (n = 4)

23.3.6 Animal Models of CYP Induction and Inhibition

Testing potential enzyme inducers/inhibitors in animal models, at doses that tar-
get the therapeutically relevant concentrations in the clinic, could significantly
improve one’s ability to quantitatively predict DDIs in the clinic. Assuming the
ADME characteristics, in vitro inhibitory and induction potencies, and the plasma
protein binding for the NCEs are similar between animals and human, one can
potentially recapitulate the induction and inhibitory actions of NCEs in a more
physiologically relevant environment (Marathe and Rodrigues, 2006). However,
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the use of animal models has been hampered due to either the species-specific
differences in drug metabolism pathways or significant species differences in lig-
and affinities of various NHRs or transcription factors. For example, human and
rodent PXR share only ∼75% sequence homology in their ligand-binding domains.
Thus the known human CYP3A4 inducer rifampicin preferentially activates human
PXR but not rodent PXR, whereas PCN (pregnenolone-16α-carbonitrile) has been
shown to be a weak activator of human PXR and a potent activator of rodent PXR
(Gonzalez and Yu, 2006). Recently, the humanization of mouse PXR by replac-
ing mouse PXR with human PXR (SXR) has opened the possibility for a new
in vivo animal model that may overcome the limitation of species differences
(Xie and Evans, 2002; Down et al., 2007; Ma et al., 2007). Another humanized
mouse has also been created by transplanting human hepatocytes into a SCID nude
mouse liver (Tateno et al., 2004; Nishimura et al., 2007). Of note, the responses in
both of these models, when treated with known human inducers, were similar to
those of primary human hepatocytes.

At the same time, increased efforts have been made to validate non-human pri-
mates (e.g., rhesus or cynomolgus monkey) as animal models for the prediction
of CYP3A-mediated induction and inhibitory interactions in humans. Such interest
in monkeys has been partly due to similarities in the CYP3A expression and high
sequence homology between members of humans and monkey CYP3A subfamilies.
Moreover, the Km and the primary metabolic pathway (1-OH midazolam) of mida-
zolam in cynomolgus monkey liver microsomes, a commonly used probe substrate
for CYP3A, are both comparable to that of HLM preparations. Also, a good concor-
dance can be observed between the in vitro potencies (IC50) and the plasma protein
binding of common CYP3A inhibitors such as ketoconazole, fluconazole, diltiazem,
and cimetidine in both species. These similarities have led to the use of the monkey
as an in vivo model for the investigation of CYP3A-mediated DDIs using mida-
zolam as the probe substrate (Kanazu et al., 2004; Prueksaritanont et al., 2006;
Ogasawara et al., 2007; Zhang et al., 2007b). In these studies, co-administration
of known and unknown inhibitors of CYP3A in monkey resulted in interactions
that are comparable to those reported in humans, suggesting that in vivo models
could be quite valuable for assessing the DDI risk of NCEs. Furthermore, unlike
mouse, rat, or dog PXR, monkey PXR shares high sequence homology (∼96%)
with its human counterpart. In agreement, the results of monkey primary hepato-
cyte induction studies and in vivo studies have pointed to human-like induction
responses (Prueksaritanont et al., 2006; Nishimura et al., 2007). Although promis-
ing, several compounds do exhibit species-specificity (monkey vs. human) in their
induction response (not published). Therefore, before a costly in vivo endeavor,
one should examine the results from in vitro assays (PXR transactivation and
hepatocytes) and ensure consistent induction responses in both human and mon-
key. In summary, humanized mice and monkeys have emerged as useful in vivo
models for the quantitative assessment of human induction and inhibition but will
require further characterization before being widely adopted by the pharmaceutical
industry.
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23.4 Lead Optimization

For most drug discovery programs, the lead optimization process is often ardu-
ous and most discovery teams strive to triage multiple compounds belonging to
one or more chemotypes. Typically, anywhere from 700 to 4000 different com-
pounds are synthesized and screened en route to the final development candidate.
Teams leverage existing assay suites and establish a screening “funnel” that enables
the assessment of compounds via “tier I” (high-throughput in vitro) and “tier
II” (more complex in vitro, less throughput) assays. Later in the funnel, com-
pounds are dosed to animals in order to screen for PK, efficacy, and establish
a pharmacokinetic–pharmacodynamic (PK–PD) relationship. Therefore, the DDI
screening suites described previously are only part of a larger repertoire of models,
assays, and reagents.

Where possible, a SAR is established for a given set of parameters and
Table 23.2 shows the type of data that are generated. It is evident that up to
30 different SARs can be tracked, at one time or another, as teams attempt to obtain

Table 23.2 Examples of various screening end-points during lead optimization

Solubility Aqueous (buffer)
Simulated gastrointestinal fluids

Permeability PAMPA
Caco-2 cells (apical to basolateral)
Caco-2 cells (bidirectional)

Inhibition (recombinant P450s) CYP1A2, CYP3A4, CYP2C9, CYP2D6, CYP2C8,
CYP2C19, CYP2B6

Inhibition (liver microsomes) CYP1A2, CYP3A4, CYP2C9, CYP2D6, CYP2C8,
CYP2C19, CYP2B6

Inhibition (Caco-2 cells) P-glycoprotein
Induction Human pregnane X receptor (hPXR) transactivation

Cryopreserved primary human hepatocytes (CYP3A4,
CYP2B6, CYP1A2)

Metabolic stability in vitro
(predicted CLint)

Rate of consumption in the presence of liver
microsomes (multiple species)

Rate of consumption in the presence of suspensions of
primary hepatocytes (multiple species)

Metabolic soft spot determination
Reaction phenotyping

Protein binding in vitro Plasma (multiple species)
Hepatotoxicity Primary human hepatocytes (various assay types)
Cardiotoxicity hERG assay (in vitro)

Telemetry animals
Channel effects Sodium channel, potassium channel assays (in vitro)
Pharmacokinetics (animals) Clearance, volume of distribution, half life

Absorption, oral bioavailability
Target pharmacology Single protein (recombinant, purified) and cell-based

assay (multiple species)
Pharmacodynamics (in vivo) Efficacy model (one or more different models or

species)
Pharmacology counter screening In vitro assay panels (various proteins)
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lead compounds with the best balance of parameters. This “balancing act” is illus-
trated in Fig. 23.3, where data are shown for the inhibition of a target protein and
CYP3A4. Subtle changes in structure can give rise to marked shifts in CYP3A4
IC50, with relatively minimal impact on target potency. The reverse is also possi-
ble. Results shown in Table 23.3 further illustrate the types of SAR that can be
generated for different chemotypes. Although the transactivation of human PXR
is exemplified, similar SARs are possible for other end-points such as metabolic
stability in vitro, plasma protein binding, permeability, solubility, hERG inhibition
(Table 23.2).

From the standpoint of drug interactions, it is advantageous to increase IC50
for all P450s and decrease the kinact/KI and Emax/EC50 ratio as much as possible.
For P450 substrates, metabolism via multiple forms (fm,CYP < 0.5) is beneficial

Fig. 23.3 Example of inhibition SAR (pharmacological target and CYP3A4) for a number of
closely related compounds (partial structures shown)

Table 23.3 Examples of SAR involving the transactivation of the human pregnane X receptor
(PXR)

Chemotype Compound
Substitution
at R1

Substitution
at R2

Substitution
at R3

PXR EC50
(μM)

A 1 Cl Cl H >50
A 2 Cl H CH3 0.79
A 3 CF3 H CH3 0.08

Chemotype Compound No fluorine Fluorine
(ortho)

Fluorine
(meta)

PXR EC50
(μM)

B 1 X 4.3
B 2 X 17
B 3 X >50

Chemotype Compound Hydroxy Carbonyl Substitution
at R1

PXR EC50
(μM)

C 1 X H >50
C 2 X H 6.2



610 R. Vuppugalla et al.

(Equations 23.5, 23.6, and 23.7). At the same time, compounds that are pharma-
cologically more potent usually render lower efficacious doses and lower organ and
plasma concentrations during first pass. If weak inhibitors and inducers, such com-
pounds will have a potentially improved DDI profile in a clinical setting. The plot
shown in Fig. 23.4 shows in vitro P450 IC50 data for 30 different nominated com-
pounds. All of the compounds belonged to different programs and were the products
of extensive SAR campaigns. The majority (84%) of the IC50s generated in vitro
were high (>40 μM), well above the plasma Cmax at a projected efficacious dose,
and the potential for DDIs was deemed low.

Fig. 23.4 In vitro inhibition of 5 different human cytochromes P450 in human liver microsomes
by 30 development candidates (150 different IC50 values are plotted). In each case, the IC50 value
(Y-axis) is plotted against the target (total drug) plasma Cmax concentration (based on projection
of human pharmacokinetics). The dash line represents a Cmax-to-IC50 ratio of unity

23.5 Lead Characterization and Beyond

23.5.1 Contexting of In Vitro and In Vivo DDI Data

As described above, several cycles of SAR are required to optimize multiple prop-
erties in a lead molecule and a number of them pertain to properties associated
with DDI potential. An optimized lead may still have, as an example, an IC50 (for
inhibition) or EC50 (for induction relative to a positive control) for CYP3A4 in the
low micromolar range. Traditionally, these numbers will have been frowned upon
as the lead enters the development stage. However, due to recent advances in the
understanding of drug-metabolizing enzymes and their roles in the metabolism of
specific drugs, several predictive tools are available for prospective prediction of
human PK (Huang et al., 2008). Likewise, advances in various therapeutic areas
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have led to animal models of disease that incorporate pathophysiological features of
human disease and allow the scientists to assess efficacious concentrations of lead
molecules (Jones-Bolin et al., 2006; Kai et al., 2006; Lee and Farde, 2006). With
the understanding of the projected human PK profile, and efficacious concentrations
in pharmacology models, one can now consider likely human efficacious doses and
project the range of plasma concentrations of the lead molecule that subjects in clin-
ical trials will be exposed to (Fig. 23.4). Such projected plasma concentration–time
profiles form the basis of further studies required to characterize the drug interac-
tion potential in an industrial setting. For example, when a CYP3A4 inhibitor is
co-administered, increase in the plasma concentrations of a victim drug may be pre-
dicted with consideration of the perpetrator’s IC50 against midazolam hydroxylation
in HLMs and its plasma concentrations at a therapeutic dose. For a CYP3A4 sub-
strate as a victim, one needs to consider its overall intrinsic clearance (CLint), plasma
concentrations relative to its Km for CYP3A4 along with its fm × fm,CYP value. The
likelihood of gut first pass has to be considered also.

23.5.2 Prioritization of Clinical Studies

Prospective prediction of DDI potential (albeit qualitative) is critical in an indus-
trial setting, because it allows prioritization of studies and enables clinical plans.
According to the FDA guidance, although quantitative predictions of in vivo drug–
drug interactions from in vitro studies are not possible, rank ordering of in vitro kis
(or IC50s) across different P450s for the same drug may help prioritize in vivo DDI
evaluations (FDA, 2006). In the absence of a proven method by which to quantita-
tively predict DDI, in vitro inhibition data should be able to indicate which enzymes
will be more affected than others. This assumes that any in vivo phenomenon that
potentially may confound an accurate quantitative prediction should be equally
accounted for irrespective of the enzyme that is affected. When the projected [I]/ki
is in the gray zone (∼0.1–1.0) for multiple P450s, prioritization of DDI studies can
be done using a rank-order approach (Obach et al., 2005). In this approach, a clini-
cal interaction study with the probe substrate of the P450 with the highest projected
[I]/ki is conducted first (e.g., midazolam (CYP3A4), theophylline (CYP1A2), (S)-
warfarin (CYP2C9), or desipramine (CYP2D6)). The outcome of the clinical study
governs the next steps. For example, the NCE in question can be classified as “none”
(<1.25-fold increase in probe substrate AUC), “weak” (>1.25 to <2.0-fold increase
in AUC), “moderate” (≥2.0 to 4.9-fold increase in AUC), or “strong” (≥5.0-fold
increase in AUC) inhibitor (Rodrigues, 2007). Based on this classification, further
studies and their timing may be decided. If the results demonstrate a clinically sig-
nificant increase in the probe substrate AUC, the following interaction study is based
on the next highest projected [I]/ki ratio and the process is then repeated. In so doing,
one works through the different P450s until no drug interaction is observed. If no
DDI is observed in the first study, then no additional studies are needed and the
compound does not behave as a P450 inhibitor. On the other hand, if the probe DDI
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studies indicate inhibition of multiple P450s, then further development of the NCE
has to be questioned and its development has to be viewed in light of medical need.
With further refinements, the rank order approach could also be extended to include
mechanism-based inhibitors, P450 substrates and inducers (Rodrigues, 2007).

With the emerging novel mechanisms of action to treat diseases for unmet medi-
cal need, the pharmaceutical industry is faced with challenges of developing NCEs
where clinical proof of concept does not exist. At times, a sponsor may be inter-
ested in getting to the clinic quickly in order to assess proof of target modulation
with biomarkers. In such scenarios, an NCE with potential for potent P450 inhibi-
tion or induction may be put forth for clinical testing if concomitant victim drugs
are avoided. Once a clinical proof of concept is achieved, the sponsor can con-
duct DDI studies with a rank order approach or put forth a different molecule with
reduced DDI liability. Such a scenario is represented in Fig. 23.4, where some of
the compounds were nominated for development despite the potential for inhibitory
DDIs.

23.5.3 Final Integration of Drug–Drug Interaction Data Set

For regulatory filings, the sponsor will need to integrate in vitro IC50 (or ki) val-
ues for inhibition in HLMs, EC50 (and Emax) values (relative to a positive control)
in primary human hepatocytes for induction potential, and clinical exposure data
of probe substrates when co-administered with highest recommended doses of the
NCE as the perpetrator. For an NCE as a victim, a DDI data package will consist
of in vitro reaction phenotyping, clinical ADME data supporting fm × fm,CYP, and
exposure data when co-administered with a potent (FDA-recommended) inhibitor of
the P450 of interest. If necessary, data describing the impact of P450 genotype (e.g.,
CYP2C9∗3, CYP2C19∗2, CYP2D6∗4) on PK, or the combined impact of genotype
and inhibitor on PK, should be included (Zhang et al., 2007a). The NCE as the vic-
tim drug should be dosed at a sufficiently low therapeutic dose such that the risk of
achieving high exposures in presence of the inhibitor can be minimized especially
in a healthy volunteer setting. In all cases, the perpetrator should be dosed to steady
state in order to maximize the potential for interaction.

23.6 Challenges of Predicting DDIs

23.6.1 Prospective vs. Retrospective In Vitro Studies

Although prospective in vitro studies, accompanied by accurate DDI predictions,
are sought after, such approaches are difficult and any predictions prior to first in
man have to be viewed as semi-quantitative at best (Prueksaritanont et al., 2002).
This is particularly true in an industrial setting when one is dealing with complex
chemistries, NCEs with unique PK-ADME properties, and no clinical data at the
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time of nomination for entry into development. After all, NCEs very rarely behave
like classical drug-metabolizing enzyme inhibitors and substrates. As a result,
various strategies have been employed (e.g., the rank order approach described pre-
viously) and in vitro data are regarded only as a means to prioritize (or de-prioritize)
DDI studies.

It is worth considering three possible scenarios. In the first, no DDI is observed
clinically, which is consistent with preclinical predictions. At this point, the data
are integrated and no additional studies are needed. For the second scenario, where
a DDI is forecast, but none is observed clinically, the clinical data trump the pre-
clinical data. In the third instance, if a clinical DDI is observed, and predictions
forecast no DDI, then the results need to be rationalized. More often than not, this is
where in vitro studies are particularly useful. For both the second and third scenarios
above, in vitro studies can be conducted retrospectively to explain and rationalize
clinical DDIs mechanistically (with relevant parameters; fm × fm,CYP, [I], ki, EC50,
Emax, fraction unbound, etc.). For example, pioglitazone with its in vitro ki of 1.7
μM for CYP2C8-mediated paclitaxel 6α-hydroxylation will be expected to cause
∼1.5-fold increase in the AUC of a drug with a fm,CYP2C8 ∼0.5 (such as repaglin-
ide). Pioglitazone, however, does not increase the plasma concentrations of repaglin-
ide in vivo (Kajosaari et al., 2006), a finding rationalized based on its extensive
plasma protein binding. Similar examples exist for RG-12525 with CYP3A4, and
montelukast with rosiglitazone and pioglitazone (Fayer et al., 2001; Jaakkola et al.,
2006; Kajosaari et al., 2006; Kim et al., 2007).

23.6.2 What [I] to Use Prior to First in Man?

Prospective prediction of DDIs is difficult even with the in vitro tools and math-
ematical models developed in recent years. A fundamental question for an NCE
as a perpetrator is which concentrations to use to predict the DDI. As described
previously, there is precedence for several concentrations such as total maximum
or average plasma concentrations, plasma concentrations corrected by plasma pro-
tein binding, liver concentrations accounting for concentrative uptake in the liver
or plasma concentrations at the inlet of liver during first pass (Kanamitsu et al.,
2000). Other challenges for prospective predictions include non-specific binding
and its impact on ki, enzyme variability (e.g., impact of CYP3A5), non-Michaelis–
Menten kinetics (co-operativity, autoactivation), substrate-dependent IC50 values
(e.g., CYP3A4), the contribution of intestinal metabolism, the absorption rate con-
stant (Brown et al., 2005; Bachmann, 2006; Brown et al., 2006) and inhibitory
metabolites (Ogilvie et al., 2006). With a set of 193 in vivo DDI studies, the inci-
dence of false negative predictions was largest using the average unbound plasma
concentrations and smallest using the hepatic input total plasma concentrations
of the inhibitor (Ito et al., 2004). Another approach for quantitative prediction of
CYP3A4-mediated oral drug interactions was recently proposed based on the AUC
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increase of standard CYP3A4 substrates by co-administration of standard CYP3A4
inhibitors (Ohno et al., 2007).

While one realizes the challenges involved in accurate quantitative predictions
of reversible interactions, bigger challenges are posed when the interaction involves
a time-dependent component where enzyme activity can be restored only by syn-
thesis of new apoprotein. For a time-dependent interaction, additional factors such
kinact, KI, and Kdeg need to be considered. Accuracy of DDI prediction may improve
with consideration of parallel elimination pathways and inhibition of intestinal
metabolism by the mechanism-based inhibitor (Galetin et al., 2006; Galetin et al.,
2007).

23.6.3 Going Beyond P450s to Other Drug-Metabolizing
Enzymes and Transporters

Models describing P450 interactions are more common for P450 substrates (as
victim drugs). Prospective quantitative predictions become progressively more
complex for perpetrator drugs as P450 inhibitors (combination of reversible and
metabolism dependent), P450 inducers and combined P450 inhibitors and induc-
ers. Although the main focus of DDI is on P450-mediated metabolism, there is
increasing awareness of the role of other metabolic enzymes and transporters in
drug disposition. Although there are reported examples of clinically relevant DDI
for UGT substrates, exposure increases of the aglycone are rarely greater than
2-fold in the presence of a UGT inhibitor (Kiang et al., 2005). This is rational-
ized based on the low affinity for UGT inhibitors and multiple UGTs involved in
metabolism (Williams et al., 2004). Likewise, DDIs with sulfotransferases (SULTs)
should be considered also. Many SULTs are expressed in the gut and liver and play
a role in first pass. This is evident with ethinyl estradiol, which undergoes extensive
first-pass sulfation in the gut. Therefore, DDIs are possible because of SULT inhibi-
tion, induction or depletion of its cofactor (3’-phosphoadenosine 5’-phosphosulfate
(PAPS)) (Schrag et al., 2004). Likewise, carboxylesterases are expressed in the
gut and liver, and there are reports of possible DDIs involving these enzymes also
(Li et al., 2007).

Efflux transporters such as P-gp have been long recognized in mediating
clinical DDI (Lin, 2007). Focus is now shifted toward the interplay between
drug-metabolizing enzymes and transporters (Lam et al., 2006; Zheng et al.,
2009). Because the topographical relationship between efflux transporters and drug-
metabolizing enzymes is different in the enterocyte (vs. hepatocyte), the combined
inhibition of efflux transporters (e.g., P-gp) and P450 activity may lead to different
DDI outcomes depending on which of the tissues is the site of the inhibitory inter-
action. In the intestine, CYP3A4 and P-gp act in concert to lead to greater first-pass
elimination, their combined inhibition is predicted to cause a substantial increase in
the in vivo AUC of substrate. The same inhibition of both processes in the liver may
increase the substrate AUC, decrease the AUC or cause no net change in the AUC
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(Benet et al., 2003; Wu and Benet, 2005). Other efflux transporters such as MRP2
(Luo et al., 2007) and influx transporters such as OATP1B1 (Lau et al., 2007) are
also implicated in DDIs. For example, inhibition of hepatic uptake by an intravenous
dose of rifampin has been shown to cause a significant increase in the AUC of ator-
vastatin and its active metabolites (Backman et al., 2005). There is also an increased
focus on genotype and its impact on drug interactions (Mikus et al., 2006; Niemi
et al., 2006). Prediction of DDI based on the Biopharmaceutics Drug Disposition
Classification System (BDDCS) has been recently proposed (Benet et al., 2008).
According to this proposal, Class 1 drugs are not substrates for transporters in the
intestine and liver and are unlikely to be subject to transporter-mediated DDI. This
theory also predicts that for Class 2 drugs, efflux transporter effects in the intes-
tine and liver (along with transporter-enzyme interplay) will be important; while for
Class 3 drugs, uptake transporters (along with uptake-efflux transporter interplay)
will be important for intestinal absorption and liver entry. When a drug is transported
by several transporters, the contribution of each transporter needs to be estimated
to predict the degree of overall DDI (similar to the contribution of fm×fmCYP in
determining the extent of P450-mediated DDI) (Hirano et al., 2004; Hinton et al.,
2008).

Ultimately the pharmaceutical industry is responsible for integrating all the in
vitro and in vivo data relating to disposition of NCE (with potential role for any
drug-metabolizing and transporters) and establishing a safe dosing paradigm in a
therapeutic setting. Unfortunately, many of the factors described above serve to
further complicate DDI predictions, necessitate even more data integration and com-
plex models. Furthermore, many of the preclinical and clinical tools to assess DDIs
involving Phase II enzymes and transporters are either lacking or require consid-
erably more validation. This is a far cry from P450s such as CYP2D6, CYP2C9,
CYP1A2, CYP3A4, and CYP2C19, where in vitro reagents are plentiful, their use
has been standardized, and clinical strategies (involving probe inhibitors, substrates,
and genotyping) are more established (Bjornsson et al., 2003; FDA, 2006).

23.7 Conclusions

In recent years, there have been numerous examples of marketing failures because of
clinically significant DDIs. As a result, the industry has spent considerable resources
establishing DDI screens to support lead optimization and characterization. This has
been possible because of automation, the increased availability of in vitro reagents,
and commercial supplies of human tissue. It is now possible to screen large libraries
of compounds and select only those compounds that are weak inhibitors of P450s,
P-gp and OATPs, behave as weak inducers of P450s, and serve as low-turnover
substrates of multiple P450s and other enzymes. Later in development, it is possible
to attempt IVIVCs and forecast (or predict) DDIs by leveraging the in vitro data and
predictions of human PK and dose. It is also possible to simply rank order the in vitro
data and prioritize, or de-prioritize, clinical DDI and radiolabel (ADME) studies.
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Once the clinical data are available, further in vitro (mechanistic) studies can be
conducted if an unanticipated DDI is observed. Finally, all clinical and preclinical
data are integrated in preparation for filing and labeling.

Despite the advances, it is clear that challenges remain. Prior to first in man, for
example, quantitative predictions of DDIs are difficult. At the same time, it is rec-
ognized that one has to consider reversible and mechanism-based inhibition, along
with induction, of drug-metabolizing enzymes and transporters in an integrated fash-
ion. More complex models such as PBPK approaches may prove useful in the long
run. The development of animal models also requires further effort, so that they
can complement the growing arsenal of in vitro tools and reagents. From an in
vitro standpoint, the development of additional reagents to enable a more complete
evaluation of non-P450 enzymes (e.g., glucuronosyltransferases and SULTs) and
transporters is needed also. At the end of the day, only time will tell if the indus-
try’s efforts have paid off. If successful, market withdrawals like those involving
terfenadine and mibefradil (Table 23.1) will be a thing of the past.
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Chapter 24
Clinical Studies of Drug–Drug Interactions:
Design and Interpretation

David J. Greenblatt and Lisa L. von Moltke

Abstract The potential importance of drug-drug interaction (DDIs) is increasing
as polypharmacy becomes more and more prevalent. In vitro data cannot directly
predict clinical DDIs, but may provide a rationale for initiation of human stud-
ies to confirm or exclude possible interactions. Clinical DDI studies are designed
to determine whether there is a real drug interaction not due to chance, how
big the interaction is, and whether the DDI is of clinical importance. Statistical
significance is not equivalent to clinical significance, and supplemental pharmaco-
dynamic or clinical outcome information is needed to address the importance of a
pharmacokinetic DDI.

24.1 Introduction

Drug–drug interactions (DDIs) have become a topic of substantial scientific and
public health concern over the last 20 years. While the clinical phenomenon of
DDIs had been recognized for a number of decades, several events in and around
the years 1988–1993 brought the topic of DDIs to a position of high attention
and priority in the scientific community, as well as in the public arena. During
this period, multiple human cytochrome P450 (CYP) isoforms became identified,
along with increasing understanding of their substrate and inhibitor specificities,
relative quantitative importance in human drug metabolism, and mechanisms of
genetic regulation (Clarke, 1998; Smith et al., 1998; b; Venkatakrishnan et al.,
2001; Venkatakrishnan et al., 2003). Of particular importance in this context was
CYP3A, with its unique hepatic and enteric distribution, and its major contribu-
tion to clearance of many clinically relevant drugs as well as naturally occurring
chemicals (Venkatakrishnan et al., 2001; Venkatakrishnan et al., 2003; Guengerich,
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1999; Greenblatt et al., 2008). At the same time, in vitro techniques for studying
human drug metabolism became increasingly developed and refined, including pre-
dictive models for in vitro–in vivo scaling, and the availability of heterologously
expressed individual human CYPs. At a clinical level, polypharmacy was becoming
increasingly prevalent, as the population aged, the number of patients with multi-
ple illnesses increased, and our capacity to provide pharmacologic treatments for
serious disorders became more and more effective. Some newly introduced classes
of medications – such as the azole antifungal agents and the selective serotonin
reuptake inhibitor (SSRI) antidepressants – offered unique therapeutic options, but
also had the secondary property of inhibiting certain human CYPs, thereby ele-
vating the risk of DDIs (Greenblatt et al., 1999; Hemeryck and Belpaire, 2002;
Venkatakrishnan et al., 2000). A dramatic and widely publicized event was the inter-
action of the nonsedating antihistamine terfenadine with potent CYP3A inhibitors
such as ketoconazole and erythromycin (Honig et al., 1993b; Honig et al., 1992;
Honig et al., 1994; Honig et al., 1993a). Under usual circumstances, terfenadine
itself served only as a prodrug, being essentially completely transformed via hepatic
and enteric CYP3A into fexofenadine, which was the entity having antihistaminic
properties. Although terfenadine had effects on the cardiac QTc interval (Rampe et
al., 1993; Crumb et al., 1995), this was of minimal concern since intact terfenadine
does not ordinarily reach the systemic circulation. However, during co-treatment
with CYP3A inhibitors, conversion of terfenadine to fexofenadine is blocked, and
potentially hazardous levels of the parent drug reach the circulation (Honig et al.,
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1994; von Moltke et al., 1994b). A few cases of serious and even fatal cardiac
arrhythmias were reported as a consequence (Monahan et al., 1990; Woosley et al.,
1993). The “terfenadine affair” led to an acutely increased awareness of the poten-
tial importance of DDIs. Terfenadine was withdrawn from clinical practice, and a
number of regulatory reforms increased the requirements for DDI assessments as
a component of drug development. The overall shift in focus of the scientific and
drug development community is clearly evident from the prevalence of DDI studies
among scientific publications (Fig. 24.1).

24.2 Epidemiology of Drug–Drug Interactions

Given the prevalence of polypharmacy in contemporary clinical practice, the num-
ber of possible DDIs can become very large. If an individual patient is taking n
drugs concurrently, the number of pairwise combinations of these two drugs can be
calculated as follows:

n!
(n − 2)!2! (24.1)

The larger the value of n, the greater the number of different drug combi-
nation pairs, and potential pairwise DDIs (Table 24.1). A patient with diabetes,
hypertension, ischemic heart disease, and depression might well be taking 10
drugs concurrently, in which case the number of possible drug interactions is 45.
Considering this large “denominator” of possibilities, the number of clinically
important DDIs encountered in contemporary therapeutics actually is relatively
small.

Table 24.1 Relation of
number of drugs concurrently
administered to the number of
possible pairwise drug–drug
interactions

Number of drugs Possible pairwise drug interactions

2 1
3 3
4 6
5 10
6 15
7 21
8 28
9 36
10 45
11 55
12 66

The outcome options following concurrent administration of two drugs can be
constructed based on a probability hierarchy (Fig. 24.2). The most probable outcome
is that the two drugs act independently, with no evidence of any interaction. Less
probable is a DDI which can be demonstrated in a controlled laboratory setting,
but is not detectable in clinical practice either because the magnitude of the change
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in plasma levels of the “victim” drug is so small as to be unimportant, or that the
therapeutic index of the victim drug is very large. Still less probable is a DDI that
is clinically important, but can be managed, for example, by reducing the dosage of
the victim drug or by instituting closer monitoring of plasma levels and/or clinical
outcome. Even lower in probability ranking is a DDI that is difficult to manage, such
that co-treatment should be avoided if possible, and an alternative choice should be
made for one or both drugs in the pair. The very least likely outcome – in fact, quite
rare – is that the DDI potential carries an unacceptably serious risk, and the drug
pair is contraindicated.

This probability hierarchy has been confirmed in studies of the epidemiology
of DDIs. In a study of 9481 ambulatory patients in Germany, 13,672 actual drug
combination pairs were identified (Bergk et al., 2004). Of these pairs, only 6.4%
were known to cause DDIs with predicted outcome of moderate or major severity,
and 0.5% were unmanageable DDIs such that the pair should be avoided. Findings
were similar in a study of hospitalized patients in Denmark (Glintborg et al., 2005).
The authors conclude that “although potential drug–drug interactions are highly
prevalent, serious and clinically significant interactions are rare among recently
hospitalized patients.” In the specialty area of clinical psychopharmacology, there
is extensive literature on the capacity of fluoxetine and paroxetine to inhibit the
activity of human CYP2D6, leading to large inhibitory pharmacokinetic interactions
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with CYP2D6 substrate drugs such as desipramine (Hemeryck and Belpaire, 2002;
von Moltke et al., 1994a; von Moltke et al., 1995; Preskorn et al., 1994; Alderman
et al., 1997). Yet clinically important drug interactions are rarely reported in actual
practice (Davies et al., 2004; deVane, 2006; Molden et al., 2005). One possible
explanation is that the therapeutic index of the victim drug or drugs is large enough
that even a substantial change in plasma levels is not clinically relevant. Another
explanation is that clinicians recognize the potential DDI, and make a pre-emptive
downward adjustment in the dose of the victim to prevent the DDI.

24.3 Drug Interaction Mechanisms and Terminology

We have used the term “perpetrator” to indicate the drug that is causing the DDI,
while “victim” or “substrate” is the drug that is being interacted with (Greenblatt
and von Moltke, 2008). In a pure pharmacodynamic DDI, the perpetrator does
not alter the plasma concentrations or systemic pharmacokinetics of the victim.
Instead, the two drugs produce either additive or antagonistic pharmacodynamic
effects. The interaction may occur via additive or opposite actions on the same
receptor systems that yield additive or opposite clinical actions. Ethyl alcohol and
benzodiazepines produce additive sedation through their actions on the gamma-
aminobutyric acid (GABA) receptor system (Chan, 1984; Greenblatt and von
Moltke, 2008); the pharmacokinetic interaction between alcohol and benzodi-
azepines, if any, is small, and does not account for the additive sedative effects
(Greenblatt et al., 1978; Greenblatt and von Moltke, 2008; Ochs et al., 1984;).
Benzodiazepine agonists and caffeine have antagonistic pharmacodynamic actions.
Benzodiazepines produce sedation via the GABA–benzodiazepine receptor sys-
tem, whereas caffeine produces alertness due to its action as an adenosine receptor
antagonist (Biaggioni et al., 1991; Kaplan et al., 1992a, b; Kaplan et al., 1993).
When caffeine is given together with a benzodiazepine agonist such as zolpidem,
the sedative effects of zolpidem are partially reversed (Cysneiros et al., 2007).
However, there is minimal, if any, pharmacokinetic interaction between these two
agents.

A pure pharmacokinetic interaction involves only the effect of the perpetrator
on the systemic clearance of the victim drug, causing plasma levels of the victim
to increase or decrease. The clinical actions of the victim may be correspondingly
increased or decreased, but only because of the indirect effects of the perpetrator
on systemic clearance, rather than a direct effect of the perpetrator on the target
receptor mediating clinical action.

Pharmacokinetic DDIs involving drug-metabolizing enzyme systems (such as
the CYPs) are generally classified as inhibition or induction. With metabolic inhibi-
tion, the perpetrator impairs the clearance of the victim drug, systemic exposure
increases, and the clinical concern is toxicity. With induction, clearance of the
victim increases, systemic exposure decreases, and the clinical concern is lack of
efficacy (Table 24.2). However, inhibition and induction are not simply the same
process in opposite directions – they involve fundamentally different mechanisms.
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Inhibition of victim drug clearance happens rapidly upon exposure to the perpe-
trator, and represents a direct effect of the perpetrator on the drug-metabolizing
enzyme. Metabolic inhibition can be studied in vitro using cell homogenates from
human liver, or cells expressing human metabolic enzymes (Venkatakrishnan et al.,
2001; Venkatakrishnan et al., 2003). From these in vitro systems it is straightforward
to derive metrics of inhibitory potency such as the inhibition constant (Ki) or the
50% inhibitory concentration (IC50). In contrast, induction is an indirect process –
the perpetrator (inducer) initiates a signal for the cell to produce more metabolic
protein. This is slower than inhibition, and requires cultures of intact cells to study
in vitro. The metric of induction potency is not so straightforward. Generally, the
inductive effect of a candidate inducer is expressed as the fractional degree of induc-
tion relative to the hypothetical “maximum” induction by an index inducer such as
rifampin.

Table 24.2 Comparison of metabolic inhibition and induction

Inhibition Induction

Effect on victim drug
Clearance Decreased Increased
Plasma levels Increased Decreased

Principal clinical concern Toxicity Loss of efficacy
Onset (after exposure to

perpetrator)
Rapid Slow

Offset (after perpetrator is
discontinued)

Rapid Slow

Mechanism Direct chemical
effect

Indirect signal to increase
protein synthesis

In vitro system Cell homogenates Cell culture
Metric of potency in vitro Ki or IC50 Induction relative to maximum

24.4 The Design of Clinical Drug Interaction Studies

The general objective of DDI studies is to answer the following scientific questions:

1. Given candidate “victim” and “perpetrator” drugs, is there a pharmacokinetic
interaction between these two drugs that is not a chance event?

2. What is the magnitude of the pharmacokinetic interaction?
3. Is the interaction likely to be of clinical importance?

Answers to the first two questions are largely objective and numerical, with little
need for subjective interpretation or supplemental information. The third question is
different – unless the DDI study incorporates measures of pharmacodynamic effect
that are applicable to the target patient population, some supplemental information
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on the exposure–response relationship for the victim substrate drug is needed before
a judgment can be made.

24.4.1 Study Rationale

The majority of clinical DDI studies involve healthy volunteers who do not have
a medical need for the drugs under study. As such, study participation for these
individuals is of no clinical benefit, but does entail some risk (though presumably
low, and acceptable to an Institutional Review Board). There is also a dollar cost
involved in the conduct of DDI studies. The cost is borne by the pharmaceutical
sponsor in the case of an investigational drug, by the general public in the case of an
NIH-supported study, or by some other entity. The core assumption is that the risk
and cost of the DDI study are justified based on the potential public health benefit
of the information to be acquired.

Clinical observations raising the possibility of a DDI may form the basis for
initiating a formal study to either confirm or rule out a DDI. In the course of drug
development, in vitro data is commonly used to identify drug pairs for which a DDI
needs to be evaluated in a clinical study. “Drug X” may be identified as an inhibitor
of a certain human CYP isoform in vitro, with a quantitative potency metric of Ki or
IC50. If [I] is a typical plasma concentration of Drug X encountered during treatment
with the highest approved dosage, then the ratio [I]/Ki or [I]/IC50 is used to judge
whether a clinical DDI is unlikely, possible, or probable, based on FDA guidelines.
A DDI is termed “possible” if

[I]/Ki > 0.1 (24.2)

This boundary is arguably too conservative on scientific grounds and triggers a
large number of clinical DDI studies which turn out to be negative. Nonetheless that
boundary reflects the current regulatory outlook, and sponsors often will initiate a
DDI study on that basis.

A second category of rationale for DDI studies is not directly scientific, but rather
epidemiologic, based on a high probability of concurrent drug therapy. Drug X may
be under development for a medical condition (such as diabetes, hypertension, or
hyperlipidemia) that has high co-morbidity with ischemic heart disease. The sponsor
may choose to initiate DDI studies of Drug X with digoxin or with warfarin because
the probability of concurrent therapy is high, and because digoxin and warfarin (as
potential victim drugs) have a narrow therapeutic index. Even if there is no direct
scientific rationale raising the possibility of a DDI, it could be argued that clinical
data excluding DDIs with digoxin or warfarin is needed to assure safe co-treatment
of Drug X with these potentially hazardous medications.

Finally, an inevitable consequence of the industry-based system of drug devel-
opment is that research may be initiated solely for business reasons. Within a given
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drug class, a number of therapeutic options may be available, for which differences
in therapeutic efficacy or toxicity may be subtle at most (Table 24.3). Competitive
advantage then may turn on pharmacokinetic properties, such as mechanism of
clearance, elimination half-life, and the risk of DDIs. A clinical study may be initi-
ated to show that the sponsor’s Drug X is not an inhibitor of a specific CYP isoform,
whereas a competitor drug within the same class is in fact a significant inhibitor of
the same CYP. These properties can be included in a product label, and used by
pharmaceutical representatives or advertising materials for competitive advantage.
An example is the interaction of macrolide antimicrobials with human CYP3A.
Erythromycin, clarithromycin, and telithromycin are significant CYP3A inhibitors,
whereas azithromycin is not (Greenblatt et al., 1998a).

Table 24.3 Examples of
drug classes for which
individual drugs can be
distinguished based on
pharmacokinetic properties or
drug interaction potential

Newer antidepressants
Fluoxetine
Sertraline
Paroxetine
Fluvoxamine
Citalopram
Venlafaxine

Drugs to treat erectile dysfunction
Sildenafil
Tadalafil
Vardenafil

Macrolide antimicrobials
Erythromycin
Clarithromycin
Azithromycin
Telithromycin

Hypnotics
Triazolam
Zolpidem
Eszopiclone
Temazepam

24.4.2 Protocol Construction

The customary design is a typical DDI protocol that involves a randomized, two-
way crossover study in a series of healthy volunteers. On one occasion, the victim
substrate is administered in the control or baseline condition, without coadministra-
tion of the perpetrator. Total area under the plasma concentration curve from zero to
infinity is calculated (AUC0). On a separate occasion, area under the curve is deter-
mined in the same subjects during coadministration of inhibitor (AUCI). The AUC
ratio (RAUC) is calculated as

RAUC = AUCI

AUC0
(24.3)
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This represents the fractional increase in substrate AUC attributable to coad-
ministration of the perpetrator. The reciprocal of RAUC is the fractional change in
clearance of the substrate.

A key requirement is that the exposure of the volunteer subject to the perpetrator
has to span the duration of blood sampling for plasma concentrations of the sub-
strate. The shorter the half-life of the substrate, the shorter the duration of sampling,
and the lower the cost and risk of the DDI study. If the perpetrator drug is a metabolic
inhibitor, this will prolong the necessary exposure duration and sampling time, but
short half-life victim drugs, nonetheless, are easier to deal with in DDI studies. If
the perpetrator is an inducer, this if anything decreases the necessary sampling dura-
tion, but this advantage may be offset by the need for a period of pretreatment with
the inducer due to the time required to attain maximum induction.

An alternative design is to study the kinetics of the victim drug at steady state.
With this design, Equation (24.3) is modified to represent the ratio of substrate AUC
values over a dosage interval segment at steady state. If the intrinsic kinetics of the
victim drug are nonlinear, this may constitute support for the steady-state DDI study
design. Beyond that, the steady-state design only has a “showcase” advantage in
that it more closely mimics the usual therapeutic situation in which the substrate
is given on an extended basis. However, if the kinetics of the substrate victim are
linear (dose independent), single-dose kinetics are predictive of what will happen at
steady state, and the single-dose design provides DDI data of equivalent quality. An
obvious drawback of the steady-state design is that duration, cost, and risk of the
study are substantially increased, since the substrate drug must be dosed to steady
state both in the control condition and during coadministration of the perpetrator.

24.4.3 Studies of Specific Drug Pairs

The initiator of a DDI study may have a clinical or research question that applies
only to a specific drug pair, without the objective of information that is more general-
izable. With the limited research objective, the study design involves administration
of the substrate victim on two occasions, with and without perpetrator, as described
above. The forthcoming research outcome applies to that drug pair, but not neces-
sarily applicable to any other pair. An example is the pharmacokinetic interaction of
diazepam and fluvoxamine (Perucca et al., 1994), applicable to that particular com-
bination of substrate and perpetrator, but with no obvious connection to other drug
combinations.

24.4.4 Candidate Drug as Victim

“Drug X” may be identified as a potential DDI victim either through in vitro data,
clinical observations, or both. The in vitro model may have identified the one or
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more CYP isoforms responsible for clearance of Drug X. The commercial entity
developing Drug X, or a group of academic investigators, then pose the question:
what happens to the in vivo clearance of Drug X if one or more of the CYP iso-
forms responsible for clearance is either induced or inhibited by a perpetrator. This
question may represent a critical point in drug development. The outcome could
influence the drug’s clinical safety profile, and the degree of restrictiveness of the
product label if the drug is eventually approved. The DDI study outcome could even
lead to discontinuation of the drug as a development candidate.

The choice of perpetrator in the DDI study usually will be whatever produces
the “worst case” – that is, the interaction of largest possible magnitude. The scien-
tific community and the FDA largely agree on what those specific perpetrators are,
sometimes termed “index inhibitors” or “index inducers” (Table 24.4). Whatever the
degree of inhibition or induction produced by the index compound, no other perpe-
trator will be any worse. Ketoconazole and ritonavir are typical choices of index
inhibitor for studies of substrate victims metabolized by CYP3A (Lee et al., 2002;
Tsunoda et al., 1999; Knox et al., 2008; Greenblatt et al., 2000). The sponsor or
investigator may also wish to concurrently study a less potent perpetrator, in which
case the DDI trial design would be modified to become a three-way crossover. For
example, a candidate drug that is a CYP3A substrate may be studied with ketocona-
zole and erythromycin as perpetrators, representing strong and moderate CYP3A
inhibitors, respectively.

The impact of a DDI on the clearance of a victim drug is greatest when that
drug is extensively metabolized, and a single CYP isoform mediates clearance.
Candidate victim drugs metabolized mainly by CYP3A isoforms are a target of
concern, since inhibition of CYP3A by a strong inhibitor such as ketoconazole or
ritonavir may produce large values of RAUC (Equation (24.3)) (Lee et al., 2002;
Tsunoda et al., 1999; Knox et al., 2008; Greenblatt et al., 2000). Concern is aug-
mented when the substrate victim has high clearance, and undergoes significant
presystemic extraction after oral dosage (Fig. 24.3).

An important feature of study design is the optimal duration of pre-exposure to
the perpetrator drug prior to administration of the substrate victim. To minimize
study cost and risk, exposure duration should be the minimum necessary to pro-
duce maximum inhibition or induction. In the case of CYP3A inhibition studies,
there is strong data to indicate that 24 h of pre-exposure to ketoconazole or ritonavir
is sufficient to produce maximal inhibition (Fig. 24.4) (Stoch et al., 2009). For a
time-dependent (mechanism-based) CYP3A inhibitor such as erythromycin or clar-
ithromycin, 48 h of pre-exposure is sufficient (Okudaira et al., 2007). On the other
hand, if the perpetrator is an inducer (rifampin), a pre-treatment period of 5–7 days
is needed for induction to become maximal (Ohnhaus et al., 1989; Lin, 2006).

24.4.5 Candidate Drug as Perpetrator

If the candidate drug is being evaluated as a possible perpetrator of DDIs, the
study design requires selection of an index substrate – that is, a substrate victim
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Fig. 24.3 Plasma concentrations of midazolam, an index substrate used to study DDIs involving
CYP3A, after a single 3-mg oral dose administered to a healthy volunteer on two occasions: once
in the control condition (with no perpetrator coadministered), and again during coadministration of
ritonavir (3 doses of 100 mg over 24 h), a strong inhibitor of CYP3A. RAUC is defined in Equation
(24.3)

whose clearance is established as mediated largely or entirely by a specific CYP
isoform. Representative index substrates are shown in Table 24.4. As an exam-
ple, if the candidate perpetrator is a potential inhibitor of CYP3A, a DDI protocol
could be structured as a two-way crossover study, with buspirone administered in
the control condition, and again during coadministration of the candidate inhibitor.
Investigators may wish to modify the study to become a three-way crossover, with
an additional buspirone trial during co-treatment with the index inhibitor (ritonavir
or ketoconazole) as a “positive control” to demonstrate maximum possible inhi-
bition. This provides valuable additional information on the degree of inhibition
by the candidate perpetrator in relation to the maximal inhibition achievable in the
experimental setting.

A limitation of a DDI study using an index substrate is that the outcome cannot
be directly extrapolated to other substrates cleared by the same CYP isoform. In
general, strong inhibitors are “strong” and weak inhibitors are “weak” regardless of
the substrate. However, the actual numerical RAUC value for a given inhibitor will
vary among victim substrates cleared by the same CYP isoform (Venkatakrishnan
et al., 2001; Venkatakrishnan et al., 2003; Greenblatt et al., 2008; Ragueneau-
Majlessi et al., 2007; Galetin et al., 2005; Obach et al., 2005; Brown et al., 2006;
Obach et al., 2006). Factors contributing to variability among substrates include



636 D.J. Greenblatt and L.L. von Moltke

J Clin Pharmacol 2009; 49:398-406

KETOCONAZOLE (400 mg/day)

O
R

A
L

 M
ID

A
Z

O
L

A
M

 A
U

C
 (

n
g

/m
L

 x
 h

r)

50

100

150

200

250

300

PRE 1st day 2nd day 5th day

Fig. 24.4 Mean (±SE) total AUC for midazolam after oral administration of midazolam on four
occasions (Stoch et al., 2009). PRE represents the control condition, prior to co-treatment with
ketoconazole. Midazolam was administered again at the beginning of days 1, 2, and 5 of co-
treatment with ketoconazole. For the day 1 study, midazolam was given with the first dose of
ketoconazole; for the day 2 study, midazolam was given at the beginning of the second day, with
24 h of midazolam pre-treatment. The results indicate that maximal inhibition – equivalent to
that observed at steady state on day 5 – is attained on day 2, after 24 h of pre-treatment with
ketoconazole

the intrinsic clearance of the substrate, the fraction of total clearance attributed to
the specific CYP isoform, the extent of presystemic extraction after oral dosage,
and the relative contribution of enteric and hepatic metabolism to net presystemic
extraction. A typical example is the substantially different effect of ketoconazole
coadministration on the kinetics of triazolam and alprazolam (Greenblatt et al.,
1998c). Both drugs are structurally similar CYP3A substrates, but differ in the other
features described above (Greenblatt et al., 2008; Greenblatt et al., 2002).

A research design dilemma arises when the candidate drug is suspected as being
an inhibitor of more than one CYP isoform. Individual DDI studies could be con-
ducted, each with a separate cohort of volunteer subjects, and each utilizing an index
substrate corresponding to the specific CYP isoform. A second approach is to con-
duct a single DDI study using a substrate drug “cocktail” (Fuhr et al., 2007; Tanaka
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Table 24.4 Representative index substrates, inhibitors, and inducers applicable to the design of
drug interaction studies∗

CYP isoform Index substrates Index inhibitors Index inducers

CYP1A2 Caffeine Fluvoxamine [Cigarette
smoking]

CYP2B6 Bupropion, efavirenz Clopidogrel Rifampin
CYP2C9 Flurbiprofen Fluconazole Rifampin
CYP2C19 Omeprazole Fluvoxamine Rifampin
CYP2D6 Desipramine,

dextromethorphan
Quinidine, paroxetine [None known]

CYP3A Midazolam, triazolam,
buspirone

Ritonavir, ketoconazole Rifampin

∗Table entries are intended to be representative, not inclusive.

et al., 2003; Zhu et al., 2001; Chainuvati et al., 2003; Blakey et al., 2004; Gurley
et al., 2002; Chow et al., 2006; Zhou et al., 2004; Christensen et al., 2003). Instead
of separate studies, volunteer subjects receive a mix of substrates concurrently, or in
close temporal proximity, in a single study. Many possible substrate combinations
have been proposed and utilized in cocktail DDI studies. A key piece of prelimi-
nary information is an unequivocal demonstration that each pairwise combination
of substrates in the cocktail does not itself create DDIs with each other.

24.4.6 Approach to Analysis of Data

If the clearance of a substrate drug is not dependent on a polymorphically regu-
lated process, the population distribution of AUC values following a fixed dose of
that substrate will not be consistent with a normal distribution, but rather will have
a positive skew. Generally the skewed pattern is consistent with a log-normal dis-
tribution (Fig. 24.5) (Greenblatt, 2008; Friedman et al., 1986; Lacey et al., 1997;
Greenblatt et al., 1989). In any given DDI study, the number of AUC values is
usually not sufficient for a stable characterization of the underlying statistical dis-
tribution. Nonetheless a log-normal distribution is generally assumed, based on
experience with larger population studies.

Going “by the book,” a calculation of arithmetic mean and standard deviation
(SD) of AUC is theoretically precluded if the underlying distribution is non-normal.
In practice, however, the values of mean and SD calculated based on the assump-
tion of underlying normal or log-normal distributions are nearly identical. Statistical
theory reportedly justifies calculation of geometric mean AUC, along with a 90%
confidence interval. However, the geometric mean value will underestimate the
“real” mean value calculated using the assumption of a normal or log-normal
distribution (Fig. 24.5).

Statistical analysis of the significance of the DDI – that is, whether the aggre-
gate value of AUC0 differs from AUCI – is most straightforwardly done via a
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Fig. 24.5 A series of 48 healthy male volunteers received a single 10-mg oral dose of diazepam
(Greenblatt et al. 1989). The picture shows the frequency distribution of total AUC among the study
population, along with the fitted curves consistent with either a normal or log-normal distribution.
Statistical analysis indicated that the actual pattern was consistent with the log-normal distri-
bution, but not with the normal distribution. However, the mean and standard deviation (shown
as x and SD) were essentially identical regardless of which underlying distribution was assumed.
The geometric mean (arrow with asterisk above) underestimated the true mean

nonparametric equivalent of Student’s paired t-test, such as with rank transforma-
tion of the individual values. With this approach, the underlying distribution of the
AUC values is not relevant. Since the underlying distribution of RAUC values is not
established as being non-normal, RAUC can be aggregated as an arithmetic mean
and SD, which is then tested in comparison with 1.00 using Student’s t-test. FDA
guidance requires that RAUC be aggregated as the geometric mean and 90% CI,
with statistical inference based on whether 1.00 falls within the boundaries of the
90% CI.

To summarize a recommended approach that satisfies research and regulatory
needs:

for AUC0 and AUCI individually:
Arithmetic mean and SD
Geometric mean and 90% CI

for RAUC:
Arithmetic mean and SD
Geometric mean and 90% CI

statistical analysis:
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Compare mean AUC0 and AUCI using nonparametric test
Compare arithmetic mean RAUC vs. 1.00 using Student’s t-test
Determine whether 1.00 falls within 90% CI around geometric mean of RAUC

In our experience, the different statistical options yield conclusions that are essen-
tially identical.

24.5 Is a Drug Interaction of Clinical Importance?

A key and critical point is that none of these options for data aggregation and
statistical analysis described above provides insight on whether a DDI is clini-
cally important. That judgment must be based on supplemental knowledge of the
exposure–response relationship for the victim drug. A quantitatively large inter-
action is more likely to be clinically significant, but this is not necessarily so
(Culm-Merdek et al., 2005). Also, statistical significance is not equivalent to clinical
significance.

If a perpetrator drug, acting as a CYP inhibitor, causes a 50% increase in
exposure to the substrate victim, this would be numerically evident as

mean AUCI-mean AUC0
mean AUC0

= 0.5
or
mean RAUC = 1.5

To judge clinical importance of the interaction, one would need another data
source to determine whether a 50% increase in mean plasma levels of the sub-
strate drug was sufficient to cause a meaningful change in efficacy or the occurrence
of toxicity. The most convincing data on this question comes from clinical trials
evaluating efficacy and adverse events in relation to dosage among patients tak-
ing the substrate drug for clinical purposes. If the daily dosage is increased by
a factor of 1.5 – on average, the equivalent consequence of the DDI – is there
greater efficacy and/or an increased frequency of adverse events? In some DDI
studies, pharmacodynamic endpoints are included as part of the study design, in
which case the DDI study itself may provide data on the clinical consequences of
the interaction (Cysneiros et al., 2007; Greenblatt et al., 1998a; Greenblatt et al.,
2000; Culm-Merdek et al., 2005; Greenblatt et al., 1984; Greenblatt et al., 1998b;
Greenblatt et al., 2003; Culm-Merdek et al., 2006; von Moltke et al., 1996). The
limitation of kinetic–dynamic studies in healthy volunteers is that extrapolation to
patient populations taking the substrate drug on an extended basis is not necessarily
straightforward.

Investigators with a pre-existing understanding of dose/concentration/response
relationships for the substrate victim may have the option of incorporating this infor-
mation into the statistical inference plan for the DDI study. Suppose it is established
that RAUC can range from 0.7 to 1.4 with no evident clinical consequence. The DDI
protocol could then adopt this range as pre-determined “no-effect boundaries.” If
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the 90% CI around the mean RAUC falls entirely within the 0.7–1.4 range, then the
DDI – even if statistically significant – can be deemed as unlikely to be clinically
important.

24.6 Are Clinical Drug Interactions Predictable from In Vitro
Models?

In vitro data now is commonly used in the course of drug development to identify
potential DDIs that may require clinical studies to rule out or confirm, and to quan-
titate the magnitude of the DDI if there is one. Current FDA guidelines deem that a
DDI is possible if [I]/Ki is greater than 0.1, as discussed above (Huang et al., 2008;
Huang et al., 2007; Tucker et al., 2001). These guidelines do allow more informed
targeting of the extensive resources needed to conduct clinical studies, but the
guidelines nonetheless are very conservative and minimally quantitative. For more
than a decade, there has been substantial investment of research energy into the
question of whether in vitro models can provide more specific quantitative infor-
mation that can forecast not only whether or not a clinical DDI will happen, but
also how small or big the interaction will be (Venkatakrishnan et al., 2001, 2003;
Greenblatt et al., 2008; von Moltke et al., 1994a; Brown et al., 2006; Galetin et al.,
2005; Lin, 2006; Obach et al., 2005, 2006; Ragueneau-Majlessi et al., 2007; von
Moltke et al., 1998; Youdim et al., 2008; Zhou, 2008; Williams et al., 2004; Ito et
al., 2003; Rostami-Hodjegan and Tucker, 2007; Galetin and Houston, 2006; Galetin
et al., 2006, 2007; Ito et al., 2004; Ohno et al., 2007; Kanamitsu et al., 2000; Brown
et al., 2005; Bachmann and Lewis, 2005; Bachmann, 2006; Lin, 2000; Volak et al.,
2007; Farkas et al., 2008).

The basis for all predictive in vitro–in vivo scaling models is a link between what
is observed in a clinical DDI study (as in Equation (24.3)), what is available from
the in vitro model (such as Ki or IC50), and some measured or assumed in vivo
exposure to the inhibitor ([I]). The most straightforward linkage relationship is

RAUC = AUCI

AUC0
= 1 + [I]

Ki
(24.4)

RAUC is objectively determined in a clinically DDI study, and Ki is determined in
vitro based on generally accepted procedures. A principal uncertainty is the inhibitor
exposure. Theoretical model validity requires that [I] be the inhibitor concentration
to which the enteric or hepatic CYP enzyme is exposed. This is not ordinarily avail-
able to measurement, and many surrogates have been evaluated in Equation (24.4).
These include the minimum, maximum, and mean values of total systemic plasma
concentration, unbound systemic plasma concentration, total hepatic inlet (portal)
concentration, and unbound hepatic inlet (portal) concentration. Based on extensive
analyses of available data, it is evident that none of these schemes allows a reli-
able prediction of RAUC based on in vitro data (Fig. 24.6). This probably explains
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Fig. 24.6 For a series of studies on midazolam and triazolam (two index substrates used in studies
of DDIs involving CYP3A), a plot of the predicted value of RAUC based on in vitro data (x-axis)
and the actual RAUC value (y-axis) observed in a clinical study, using data from a number of
clinical studies of various inhibitors as perpetrators. The solid line is the theoretical function in
Equation (24.4). Two different assumptions were made. Left: Inhibitor exposure [I] is equal to
mean total (free plus bound) plasma concentration of inhibitor; Right: [I] equal to mean unbound
(free) inhibitor concentration. Either way, the predictive model is poor (data taken in part from Ito
et al. (2004), with correction of some errors and addition of other data from recently published
studies)

Table 24.5 Sources of bias and uncertainty in prediction of clinical drug interactions from in vitro
data

Estimation of metabolic enzyme exposure to inhibitor
• Restriction of hepatic availability due to plasma protein binding
• Concentrative uptake into hepatic tissue
• Hepatic uptake or efflux transport of inhibitor
• Contribution of inhibitor metabolites to overall extent of inhibition
• Fluctuation in inhibitor exposure over a dosage interval

Bias in estimation of Ki or IC50 in vitro
• Time-dependent (mechanism-based) inhibition
• Nonspecific binding by microsomal protein or other microsomal components
• Metabolic consumption of inhibitor
• Solvent effects on reaction kinetics and/or inhibitor potency

Physiologic factors modulating substrate or inhibitor disposition in vivo
• Route of administration (oral vs. parenteral)
• Intravenous clearance dependent on hepatic flow
• Clearance mediated in part by a non-inhibited CYP or other enzyme
• Extrahepatic routes of clearance

why FDA guidelines for in vitro–in vivo DDI prediction continue to be conservative
and broad. Reasons for poor predictive performance are summarized in Table 24.5.
In addition to the uncertainty in estimation of [I], these include experimental bias
in the determination of Ki, as well as physiologic aspects of drug disposition not
accounted for in the available in vitro models.
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If in vitro data “over-predicts” the extent of a DDI – that is, the model predicts a
DDI that is much larger than what actually happens clinically – research resources
may be expended on a clinical study that proves to be negative, but there is no
public health hazard. On the other hand, “under-prediction” is of concern, since a
clinically important interaction may happen when a much smaller DDI, or none at
all, is predicted. One example is bupropion and CYP2D6. Based on in vitro data
and the known total systemic exposure to bupropion and its principal metabolite
(hydroxybupropion), [I]/Ki is less than 0.1, and no clinical DDI is predicted (Hesse
et al., 2000). Yet bupropion is a significant inhibitor of CYP2D6 in vivo (Kotlyar
et al., 2005; Guzey et al., 2002; Reese et al., 2008). Another example is fluvoxam-
ine, a potent inhibitor of CYP1A2 and CYP2C19 in vitro and in vivo (Christensen
et al., 2002; Jeppesen et al., 1996a, b; Granfors et al., 2004b; Becquemont et al.,
1997; Granfors et al., 2004a). The in vitro scaling model (Equation (24.4)) greatly
underpredicts the actual extent of AUC increase caused by fluvoxamine in clinical
DDI studies involving substrate victim drugs metabolized by CYP1A2 or CYP2C19
(Culm-Merdek et al., 2005; Yao et al., 2001; Yao et al., 2003). The discrepancy in
the case of ramelteon is especially glaring. The in vitro model predicts an RAUC
value of approximately 3.0, but the actual RAUC in a clinical DDI study was 190
(Fig. 24.7).
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24.7 Boosting or Augmentation

Implicit in everything said so far is that DDIs are a clinical hazard, and should be
avoided if possible. In some cases, however, DDIs are desirable, and are deliber-
ately produced for therapeutic benefit. Different terminology is then applied: the
DDI is termed “augmentation” or “boosting,” and the perpetrator drug (usually an
inhibitor) is coadministered to impair clearance of the substrate and augment its
plasma levels. Anti-rejection therapy with cyclosporine in transplant patients is very
costly. With deliberate coadministration of a CYP3A inhibitor such as ketoconazole
or itraconazole, therapeutically effective plasma concentrations of cyclosporine can
be sustained with lower daily doses of cyclosporine and lower cost to the medical
system (Jones, 1997). In antiretroviral therapy, Kaletra is a fixed-dose combination
of the viral protease inhibitors lopinavir and ritonavir. Lopinavir is the principal
therapeutic agent. When administered alone, lopinavir undergoes extensive presys-
temic extraction by hepatic and enteric CYP3A, and probably also efflux transport
by P-glycoprotein. It is difficult with tolerable doses to sustain adequate antiretro-
viral concentrations of lopinavir given as a sale agent. When coadministered with
ritonavir (a strong inhibitor of CYP3A and P-glycoprotein), clearance of lopinavir is
greatly reduced, and effective plasma concentrations can be sustained with tolerable
doses (Sham et al., 1998). It is possible that the next decade of clinical therapeutics
will have an increasing focus on the deliberate use of DDIs for therapeutic benefit.
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Chapter 25
Toxicological Consequences of Drug–Drug
Interactions

Rachel J. Walsh, Abhishek Srivastava, Daniel J. Antoine, Dominic
P. Williams, and B. Kevin Park

Abstract Adverse drug reactions (ADRs) represent one of the major clinical chal-
lenges to patient’s health and are a key reason for attrition in drug development. An
understanding of how drug–drug interactions (DDIs) can influence and cause ADRs
is critical in managing patients using several prescriptions at the same time. Whilst it
may be possible to control on-target ADRs that occur from DDIs, due to predictable
pharmacokinetic and pharmacodynamic interactions, the impact of DDIs in trigger-
ing off-target ADRs still remains difficult to understand. This chapter will examine
clinical, in vivo and in vitro examples to look at how DDIs can potentially lead to
both on- and off-target ADRs.

25.1 Introduction

25.1.1 Adverse Drug Reactions

Adverse drug reactions (ADRs) represent one of the major clinical challenges to
patients’ health and are a key reason for attrition in drug development (Lazarou et
al., 1998; Pirmohamed et al., 2004; Kola and Landis, 2004). ADRs can be classi-
fied as “on-target” or “off-target” reactions. On-target reactions can be predicted
from the known primary or secondary pharmacology of the drug and often repre-
sent an exaggeration of the pharmacological effect of the drug. They show simple
dose–response relationships and, therefore, can usually be avoided by dose reduc-
tion and are only rarely life threatening. In contrast, off-target reactions cannot be
predicted from knowledge of the basic pharmacology of the drug, show complex
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dose relationships and can exhibit marked inter-individual susceptibility (idiosyn-
cratic). Whilst not as common as on-target reactions, these can be serious and life
threatening. Since many patients experiencing ADRs may be using several prescrip-
tions simultaneously, it important to understand the role of drug–drug interactions
(DDIs) in provoking both on- and off-target ADRs.

25.1.2 Off-Target Toxicity – Drug-Induced Liver Injury

ADRs are known to affect every organ system within the body. However, those
involving the liver represent a significant proportion with around 52% of all cases
of acute liver failure in the United States attributed to drug-induced liver injury
(DILI) (Ostapowicz et al., 2002). DILI is the most frequent reason for the with-
drawal of an approved drug from the market (Temple and Himmel, 2002), and it
accounts for approximately 50% of all acute liver failure cases (Ostapowicz et al.,
2002; Kaplowitz, 2001; Lee, 2003). Most drug-induced hepatotoxicities are unpre-
dictable and poorly understood. The liver is the principal site of drug metabolism;
therefore, it is often a site of off-target toxicity. The manifestations range from mild,
asymptomatic changes in serum transaminases, which are relatively common, to ful-
minant hepatic failure, which although rare is potentially life threatening and may
necessitate a liver transplant (Park et al., 1998).

The complete mechanisms of DILI remain largely unknown but appear to
involve two pathways: direct hepatotoxicity and adverse immune reactions. In many
instances, liver injury is thought to be initiated by the bioactivation of the drug to
chemically reactive metabolites, which have the potential to modify the function
of various critical cellular macromolecules and are therefore able to cause direct
damage.

25.1.3 The Role of Metabolism in DILI

The biotransformation of lipophilic compounds into water-soluble derivatives that
are more readily excreted is the physiological role of drug metabolism. The prin-
cipal site of drug metabolism is the liver. The liver is exposed to drugs and other
xenobiotics immediately after their absorption from the gastro-intestinal tract and
has a high capacity for both Phase I and Phase II biotransformations. Usually
this conversion from a lipid to water-soluble form results in loss of pharmaco-
logical/biological activity, but certain xenobiotics undergo biotransformation to
toxic/reactive metabolites that can interfere with cellular functions and may have
intrinsic chemical reactivity towards certain types of cellular macromolecules (Fig.
25.1). These toxic/reactive metabolites have the ability to interact with cellular pro-
teins, lipids and nucleic acids, leading to protein dysfunction, lipid peroxidation,
DNA damage and oxidative stress, potentially leading to an off-target ADR. This
impairment of cellular function can result in cell death and possible liver failure.
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Fig. 25.1 The role of metabolism in drug-induced liver injury. Phase I oxidation can form reactive
metabolites. These can interact with proteins to disrupt cellular processes and lead to toxicity

The propensity of a molecule to form either toxic and/or chemically reactive
metabolites is simply a function of its chemistry. Such metabolites are typically
short lived, with half-lives of generally less than 1 s, and are not usually detectable
in plasma. Toxicophores are functional groups present in drugs which can be
transformed into reactive species by normal biotransformations.

Formation of chemically reactive metabolites is mainly catalyzed by cyto-
chromes P450, although products of Phase II metabolism can also lead to toxicity.
Additionally, non-cytochrome P450 oxidative enzymes, such as myeloperoxidase
and prostaglandin H synthetase, have been implicated in the bioactivation of drugs
and other chemicals, the metabolites of which are thought to be responsible for
observed toxicity, e.g. clozapine and agranulocytosis, benzene and aplastic anaemia
(Smith et al., 1989; Ross et al., 1996; Mason and Fischer, 1992; Fischer et al.,
1991). Cytochrome P450 isoforms are present in different proportions in many
organs, though most abundantly in the liver, and thus bioactivate the chemicals
to cause organ-specific toxicity (Uetrecht, 1992; Pelkonen and Raunio, 1997; Kao
and Carver, 1990). The relationship between bioactivation and the occurrence of
hepatic injury is not simple. For example, many chemicals undergo bioactivation
in the liver but are not hepatotoxic. The best example is the absence of hepato-
toxicity with therapeutic doses of acetaminophen. Tight coupling of bioactivation
with bioinactivation may be one reason for this. Many enzymatic and nonen-
zymatic pathways of bioinactivation are present in the liver, which is perhaps
the best equipped of all the organs in the body to deal with chemically reactive
toxins. Typical examples of bioinactivation pathways include glutathione conju-
gation of quinones by glutathione S-transferases and hydration of arene oxides to
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dihydrodiols by epoxide hydrolases. The efficiency of a bioinactivation process
is dependent on several factors including the inherent chemical reactivity of the
substrate, substrate-selectivity of the enzymes, which is usually very broad, tissue
expression of the enzymes and the rapid upregulation of enzyme(s) and co-factors
mediated by cellular sensors of chemical stress. It is only when a reactive metabolite
can bypass or saturate these defence systems of bioinactivation and thereby damage
proteins and nucleic acids through covalent binding that it exerts significant toxic
effects.

25.1.4 The Role of Drug–Drug Interactions

Drug–Drug interactions can influence both pharmacodynamic and pharmacokinetic
properties of co-administered drugs. An understanding of the role of DDIs in on-
target toxicity requires an understanding of these properties of all co-administered
agents. Pharmacodynamic interactions can produce synergistic and additive effects,
leading to toxicity. For example, consumption of alcohol whilst taking antihis-
tamines causing drowsiness can lead to impaired psychomotor skills (Hindmarch
and Bhatti, 1987). Pharmacokinetic interactions influence concentration of drug by
alteration in absorption, distribution, metabolism and elimination of one agent by
another. Co-administration of a drug with an agent which inhibits its clearance
mechanisms leads to an increase in plasma levels, potentially exceeding the ther-
apeutic window. The anticoagulant warfarin is metabolized by cytochrome P450
enzymes in the liver, specifically CYP2C9 and CYP3A4. Therefore agents which
inhibit either of these two enzymes, such as fluconazole (Kunze et al., 1996), will
lead to an increase in prothrombin time and possible bleeding.

The relationship between DDIs and off-target reactions is more complicated,
with evidence tending to be anecdotal or confined to animal or in vitro models.
The mechanisms of off-target reactions themselves are not yet fully understood,
but what is known may help us to predict where and how DDIs could lead to
toxicity.

25.2 Toxicological Consequences of DDI – On-Target Toxicity

25.2.1 Examples of On-Target Toxicity

As mentioned previously, on-target ADRs stem from a predictable exaggeration of
the pharmacology of a drug. In multiple drug therapy this can follow from increased
systemic drug concentrations due to impaired clearance (pharmacokinetic) or from
synergistic and additive or antagonistic effects at receptor level (pharmacodynamic).
In this chapter we will use interactions of anticoagulants to indicate how on-target
toxicities can occur following these mechanisms.
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25.2.2 Anticoagulants

Oral coumarin anticoagulants, such as warfarin, are hugely important in the man-
agement and prophylaxis of thrombosis and embolism. They act by inhibiting the
conversion of vitamin K-epoxide to vitamin K. Vitamin K is a vital cofactor in the
gamma-carboxylation of the N-terminus of coagulation factors (II, VII, IX and X).
This carboxylation is inherent to the biological activity of these factors, therefore
it is due to the resulting reduction in this process that an anticoagulant effect is
produced (Choonara et al., 1988).

Over anticoagulation can lead to patients bleeding. This can present as ecchy-
moses, blood in the urine, uterine bleeding, nose bleeding, hematoma, gum bleeding
and vomiting blood. In severe cases, hemorrhage can occur which is fatal in
1% of cases (Hanley, 2004). Patients are therefore carefully monitored by testing
prothrombin time, i.e. the time it takes for plasma to clot.

Coumarin derivative combinations are associated with toxicological DDIs due to
a combination of three properties: (i) high protein binding; (ii) cytochrome P450-
dependent metabolism; and (iii) a narrow therapeutic range.

25.2.2.1 Enzyme Inhibition

Warfarin exists as a racemic mixture of two isomers. The S-isomer is five times
more potent antagonist of vitamin K than the R-isomer (Breckenridge et al., 1974).
Both isomers are metabolized to inactive hydroxyl metabolites, the S-isomer is
metabolized by CYP2C9 to 7-hydroxywarfarin and the R-isomer by CYP1A2 to
6-hydroxywarfarin and 8-hydroxywarfarin and by CYP3A4 to 10-hydroxywarfarin
(Kaminsky and Zhang, 1997). Due to the relative potencies of the isomers, it is
inhibition of metabolism of the S-isomer which is toxicologically more important,
and therefore co-administration of drugs inhibiting CYP2C9 can have toxicological
consequences.

Fluconazole is a triazole antifungal. It is used to treat superficial or systemic
fungal infections. In vitro studies have shown fluconazole to be an inhibitor of
CYP2C9 and of CYP3A4 (Kunze et al., 1996). Several studies and case reports have
indicated adverse reactions stemming from an interaction between fluconazole and
coumarin derivatives. One case reports that a patient taking acenocoumarol suffered
an intracranial hemorrhage 5 days after beginning fluconazole treatment (Isalska
and Stanbridge, 1988). Several case reports have also indicated bleeding due to an
interaction of warfarin and fluconazole (Baciewicz et al., 1994; Seaton et al., 1990;
Kerr, 1993), including a report of intraocular hemorrhage (Mootha et al., 2002).

25.2.2.2 Protein Binding

Several drugs which potentiate the anticoagulant effects of warfarin are thought to
do so via displacement of warfarin from plasma and tissue-binding sites, elevating
the level of free drug. Warfarin has a high affinity for plasma with binding levels at
97% or more. Several drugs have been shown to or are thought to displace warfarin
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binding, but how much of a role this mechanism plays in the toxicology of DDIs is
disputed (Rolan, 1994), with many drugs that work by this mechanism also thought
to have secondary modes of potentiating warfarin’s effects, such as enzyme inhi-
bition. The interaction between warfarin and non-steroidal anti-inflammatory drugs
is thought to occur via this mechanism. Azapropazone, phenylbutazone, naproxen,
mefenamic acid and ibuprofen were all shown to increase free plasma warfarin,
with azapropazone causing the biggest increase (39–46% free warfarin versus 2.5–
6% free warfarin without competing drug) (Diana et al., 1989). This interaction
has led to a range of toxicological effects, from bruising and bleeding to fatalities
(Green et al., 1977; Powell-Jackson, 1977; Win et al., 1991).

25.2.2.3 Effects of Anti-platelet Drugs

Many patients receiving oral anticoagulation therapy also have coronary heart
disease or peripheral arterial disease, hence requiring anti-platelet therapy. Anti-
platelet drugs, such as aspirin and clopidogrel, inhibit platelet aggregation and
therefore decrease the formation of thrombosis. The management of anticoagulant
and antiplatelet combination therapy is important to prevent dangerous toxicolog-
ical consequences. The risk of bleeding on this dual therapy is greatly increased.
One study indicated a threefold increased risk of intracranial hemorrhage on com-
bined warfarin antiplatelet therapy compared to warfarin alone (May et al., 2008).
Bleeding, requiring hospitalization or blood transfusion, in artificial heart valve
patients was three times more prevalent in patients receiving 500 mg daily aspirin
plus warfarin compared to those on warfarin alone. Mainly gastrointestinal or
cerebral bleeding was observed and all patients with intracranial bleeding died.

25.3 Toxicological Consequences of DDI – Off-Target Toxicity

25.3.1 Examples of Off-Target Toxicity

Whilst interactions causing on-target toxicity are well understood and well docu-
mented, there is little evidence for off-target toxicity caused by drug–drug inter-
actions. As previously mentioned, drug-induced liver injury is the most frequent
presentation of off-target toxicity, with formation of reactive metabolites thought to
be involved (Park et al., 2005). It may therefore be the case that increased formation
of reactive metabolites via enzyme induction may play a role in interactions leading
to off-target toxicity, but other mechanisms involved are not presently understood.

25.3.1.1 Carbamazepine

The anti-convulsant carbamazepine, administered for the treatment of epilepsy,
causes hypersensitivity reactions characterized by skin rash, hepatitis and
eosinophilia (Leeder, 1998). Although CBZ undergoes bioactivation to toxic arene
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oxide and quinone metabolites (Ju and Uetrecht, 1999; Madden et al., 1996) def-
inite evidence linking this to immunogenicity is lacking (Park et al., 1998). One
of the adverse events that have been shown to occur with carbamazepine treat-
ment is Stevens Johnson Syndrome (SJS). This is a rare but potentially fatal skin
reaction where keratinocyte death causes separation of the dermis and the epider-
mis. Reports have linked the concurrent use of carbamazepine and antipsychotics
with the development of this syndrome. In one report, three patients on antipsy-
chotics (fluphenazine, haloperidol, trifluoperazine and chlorpromazine) developed
SJS within 2 weeks of beginning carbamazepine (Wong, 1990). Another case report
of development of SJS describes a patient taking lithium carbonate, trihexyphenidyl
and haloperidol along with carbamazepine. Another case report describes develop-
ment of SJS in a patient receiving carbamazepine and haloperidol (Huang and Tsai,
1995). It is not yet clear whether antipsychotic treatment does in fact increase the
risk of developing SJS whilst taking carbamazepine or what the mechanisms behind
this potential interaction may be. Further study is needed to clarify and understand
this interaction.

25.3.1.2 Acetaminophen

One of the most well understood and most studied adverse drug reactions is DILI
caused by acetaminophen (APAP) overdose. The toxicity is dose dependent and
linked to formation of a reactive N-acetyl-p-benzoquinoneimine metabolite, which
can bind to cellular proteins, disrupt mitochondria deplete cellular glutathione and
ultimately lead to hepatocyte apoptosis and necrosis. At therapeutic doses, 70–
90% of dose is glucuronidated or sulfated and excreted, with around 5–10% being
converted by cytochrome P450 enzymes CYP1A2, CYP2E1 and CYP3A4 to the
reactive metabolite (Raucy et al., 1989). This is then conjugated to glutathione and
safely excreted as a mercapturic acid. However, in overdose or if the detoxifica-
tion process is compromised, the levels of NAPQI accumulate and toxicity occurs.
There is therefore a possibility that concurrent use of APAP and a drug-inducing
enzyme responsible for formation of NAPQI may potentiate hepatotoxicity (Fig.
25.2). One report describes a female patient taking 2–4 g of APAP daily who began
treatment with rifampicin, an antituberculosis treatment and inducer of CYP3A4.
Her liver function deteriorated and rises in her serum transaminase levels were
detected (Stephenson et al., 2001). Several other reports link another antituberculo-
sis treatment and enzyme modulator, isoniazid, with increased APAP hepatotoxicity.
A patient receiving isoniazid treatment for 6 months took approximately 3.5 g of
APAP. Within 6 h, she had increased transaminase levels and hyperbilirubinaemia
(Crippin, 1993). A patient who attempted suicide using APAP whilst on isoni-
azid developed near-fatal renal and hepatotoxicity despite serum APAP levels being
within non-toxic range (Murphy et al., 1990). Both rifampicin and isoniazid have
been shown to increase APAP toxicity in HepG2 cell line (Nicod et al., 1997).

Despite these two drugs causing enzyme induction, they have also both been
associated with DILI (Menzies et al., 2008), and therefore other mechanisms of
interaction may be involved instead of or as well as increased formation of NAPQI.
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Fig. 25.2 Potentiation of the hepatotoxicity of APAP by the enzyme inducer, rifampicin. In normal
therapeutic conditions, the majority of APAP dose is safely excreted following glucuronidation or
sulfation. Rifampicin induces the formation of reactive metabolite, NAPQI, and may therefore
increase hepatotoxicity

25.3.1.3 Nevirapine

Nevirapine (NVP), a non-nucleoside reverse transcriptase inhibitor, is widely used
for the treatment of human immunodeficiency virus (HIV) infections. It is the main
option for the first-line treatment of HIV-1, together with two nucleoside reverse
transcriptase inhibitors, in countries with limited resources. NVP is associated with
two serious clinically restrictive side effects: skin reactions and hepatotoxicity.
Severe, life threatening and in some cases fatal hepatotoxicity, including fulminant
and cholestatic hepatitis, hepatic necrosis and hepatic failure, has been reported in
HIV-infected patients taking NVP. For this reason NVP is given a black box warning
for hepatotoxicity, and concern has been raised over NVP-based treatment.

Although the role of an immune-mediated mechanism in NVP-induced skin rash
and hepatotoxicity has been strongly advocated (Popovic et al., 2006), it is not
yet clear whether immune induction in patients is due to a (reactive) metabolite
or NVP itself. Highly circumstantial evidence for reactive metabolite involvement
comes from a case reported by Claes et al. (2004), where a patient suffering from
NVP-induced toxic epidermal necrolysis and toxic hepatitis was successfully treated
with intravenous human immunoglobulins and high doses of N-acetylcysteine
(300 mg/kg per day in a continuous infusion until recovery). As a precursor of glu-
tathione, N-acetylcysteine may have helped to restore levels of glutathione, thus
enhancing detoxification of toxic metabolites (De Rosa et al., 2000), and resulted in
exceptionally fast clinical recovery in this case.

Hypothetically, there may be several pathways for NVP bioactivation. For exam-
ple, the cyclopropylamine group has the potential to become bioactivated to an
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aminium cation radical (Shaffer et al., 2001). 12-Hydroxy NVP, which is the
major Phase 1 metabolite in human liver microsomes, is a substrate for sulfo-
transferase, and it has been suggested that the sulfate ester dissociates to form a
reactive quinonemethide intermediate (Chen et al., 2008; Uetrecht, 2006). However,
in the case of the hepatotoxicity associated with NVP in humans, Chen et al.
(Chen et al., 2008) have proposed that tissue injury is due to a quinonemethide
produced by P450. NVP also has the potential to form an epoxide intermediate
in either of the pyridine rings. Srivastava et al. (2009, in press) have found a
pyridino-substituted mercapturate of NVP in human urine that could be derived
from a glutathione conjugate of an epoxide. A reactive intermediate (aminium
cation/epoxide/quinonemethide) might deplete hepatic glutathione (GSH) in cer-
tain patients because the synthesis of GSH is often reduced in HIV infection (Otis
et al., 2008; Stehbens, 2004). Depletion of GSH, if it is uncompensated, may lead
to oxidative stress and covalent binding of NVP to critical hepatic proteins, as a
consequence triggering apoptosis and necrosis of liver cells. Adduct formation with
proteins under these circumstances might also lead to the initiation of the immune
response and possibly explain the hypersensitivity observed with NVP.

Due to the potential metabolic nature of NVP’s toxicity, there is potential for
similar interactions as seen with APAP. In one report of patients on concurrent nevi-
rapine and rifampicin therapy over 6 months, whilst 80% of patients maintained
normal liver function tests, one patient developed a grade 4 liver function test abnor-
mality, and rifampicin treatment was suspended (Sathia et al., 2008). Concomitant
use of rifampicin and nevirapine is contraindicated by the British HIV Association
Guidelines (Pozniak et al., 2005).

25.3.1.4 Anti-tuberculosis Drugs

The previously mentioned anti-tuberculosis treatments, rifampicin and isoniazid,
are often used concurrently as part of a regimen of anti-TB therapies that also
includes pyrazinamide. All three of these drugs have been associated with DILI
(Girling, 1978). Metabolic factors also play a role in the hepatotoxicity of these
drugs via formation of reactive metabolites and enzyme induction. Isoniazid is
metabolized by acetylation, leading to formation of acetylhydrazine which can be
hydrolyzed to form hydrazine, which can then further be metabolized to hepa-
totoxic compounds causing irreversible cell damage (Nelson and Gordon, 1981).
Rifampicin is a potent enzyme inducer and induces isoniazid hydrolase, increas-
ing production of hydrazine. Rifampicin has been shown to increase the toxicity
of isoniazid in vitro (Nicod et al., 1997), and there are several reports which sug-
gest that combination use increases the risk of hepatotoxicity compared to isoniazid
or rifampicin alone (Steele et al., 1991; Gangadharam, 1986; Askgaard et al.,
1995; Pessayre et al., 1977). It is unknown if pyrazinamide toxicity is linked to
metabolism or what other mechanisms might be involved. Pyrazinamide has been
shown to be an inhibitor of certain rat CYP450s (Maffei and Carini, 1980), but
has also shown to have no effect on the activity of human microsomes (Nishimura
et al., 2004). However, the combination of rifampicin and pyrazinamide for 2
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months caused more hepatotoxic events than a 6 month treatment of isoniazid
alone (Jasmer et al., 2002; McNeill et al., 2003) and more than a 6 month cohort
of all three drugs (van et al., 2004). Why this is the case is unclear but it has
been suggested that isoniazid has an antagonistic effect, decreasing the potential
for hepatotoxicity of pyrazinamide (Lee et al., 2002).

25.3.2 Other Interactions

Some reports exist in the literature of in vivo or in vitro interactions that may or
may not have been described in the clinic. A study by Pontes et al. (2008) describes
potentiation of the hepatotoxic effects of MDMA in mice following chronic ethanol
exposure. Following 8 week exposure to ethanol and then 24 h exposure to 10 mg/kg
MDMA (i.p.), they assessed liver histology, plasma transaminases and oxidative
stress biomarkers. Animals that received both ethanol and MDMA showed signif-
icantly higher levels of liver injury than control animals or those that had received
MDMA with no previous ethanol exposure. MDMA and ethanol hepatotoxic-
ity have been linked to formation of metabolites shown to have higher toxicity
than parent compound (Carmo et al., 2006; Gemma et al., 2007, 2006; Green
et al., 2003). Ethanol has also been shown to induce the expression and activity
of CYP450 (Klotz and Ammon, 1998).

An in vivo study has also been conducted on the effects of COX inhibitors on the
autoimmunity of D-penicillamine (Seguin et al., 2003). Brown Norway rats received
a dose of 20 mg/day or 100 mg/day of D-penicillamine in drinking water, following
either a single dose or with continuous use of non-specific COX inhibitor, ketopro-
fen, the more selective diclofenac or COX-2 selective rofecoxib. It was found that
single dose and continuous ketoprofen decreased the time of onset of immunity and
continuous use ketoprofen also increased the incidence. Diclofenac had no effect,
whilst single-dose rofecoxib appeared to lower the incidence of immunity. There
are no reports, however, on the effects of ketoprofen on the immunity of penicillin
in the clinic.

25.4 Conclusion

DDIs remain important for the clinician, as well as in drug discovery and devel-
opment. Knowledge of the pharmacodynamics, pharmacokinetics and metabolism
of drugs is essential in the prediction, prevention and management of toxicological
interactions. On-target reactions can be predicted and controlled using this under-
standing and are a function of the pharmacology of the drug. Off-target toxicity
proves more difficult to predict and is due to a biological factor present in a small
number of susceptible patients. We need to more fully understand the biological
basis of off-target ADRs in the susceptible patients in their own right prior to the
additional complexity of DDIs.
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Chapter 26
Complex Drug Interactions: Significance
and Evaluation

Ping Zhao, Lei Zhang, and Shiew-Mei Huang

Abstract Complex drug interactions that result from a multiplicity of factors
(e.g., concomitant medications, organ dysfunction, genetic polymorphism of
enzyme/transporter) may be accompanied by important clinical relevance. However,
it is difficult to properly design and evaluate all possible complex drug interactions
during drug development. In this chapter, we review the types of complex drug inter-
actions and recent advances in studying complex drug interactions using modeling
and simulation approaches. Challenges in the quantitative evaluation of complex
drug interactions include (1) the need to understand metabolism/transport path-
ways and their interplay, (2) accurate assessment of key parameters (e.g., fractional
clearance) at the enzyme/transporter level, and (3) knowledge in how altered phys-
iological conditions (e.g., by disease states) affect drug disposition and response.
Additional research will provide confidence in the use of modeling and simulation
to guide clinical study design and generate data for the informative labeling and
effective use of medications.

26.1 Introduction

An individual’s drug exposure can be altered by intrinsic factors (e.g., age, gender,
race, organ dysfunction, genetic polymorphism of drug metabolizing enzymes and
transporters) and extrinsic factors (e.g., food, juice, dietary supplements, concomi-
tant medications). Metabolism- and transporter-based drug interactions have been
under the spotlight after several drugs were withdrawn from the US market partly
due to drug–drug interactions, and their evaluations have been recommended as
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part of drug development (Huang et al., 2007; Huang and Temple, 2008). In 1997
and 1999, the US Food and Drug Administration (FDA) issued guidance documents
for industry on studying metabolism-based drug interactions in vitro and in vivo,
respectively. As science advances in this area, the FDA issued a revised guidance for
industry in 2006 for public comments: “Drug Interaction Studies – Study Design,
Data Analysis, and Implications for Dosing and Labeling” (draft DDI guidance,
http://www.fda.gov/downloads/Drugs/GuidanceComplianceRegulatoryInformation/
Guidances/ucm072101.pdf). The draft DDI guidance emphasizes the use of an
integrated approach to evaluate drug interactions. Decision trees in determining the
need to study drug interactions in vivo are presented for major cytochrome P450
enzymes (CYPs) as well as P-glycoprotein (P-gp) (draft DDI guidance; Zhang
et al., 2008).

To date, the intrinsic and extrinsic factors affecting drug exposure are often
separately evaluated. In addition, in vivo drug interaction studies have focused
on “single-pair drug interaction” scenario. The results had been listed in the drug
labeling with recommendations for dosing adjustment for a particular factor when
appropriate. Table 26.1 lists an example of changes in systemic exposure resulted
in corresponding dosing recommendation for rosuvastatin in patients with specific
individual factors (Huang and Temple, 2008). However, the net exposure change and
dose adjustment of a drug in patients with multiple factors are not always clear. For
example, the systemic exposure change of a substrate by multiple inhibitors may be
much greater than the product of the fold changes in area under the concentration –
time profile (AUC) observed when the inhibitors are given individually (Huang
et al., 2007, draft DDI guidance).

Table 26.1 Comparative systemic exposure and corresponding starting (and maintenance) dose
recommendation in subgroups with various patient factors: young healthy male subjects (con-
trol); patients with various degrees of hepatic impairment based on the Child–Pugh scores,
subgroups A or B (hepatic); patients with varying degrees of renal impairment (creatinine
clearance of 50–80, 30–50, or <30 mL/min with hemodialysis) (renal); Asians compared with
Caucasians (race); individuals taking concomitant medications such as cyclosporine, gemfibrozil,
or lopinavir/ritonavir. (Data compiled from labeling for Crestor (rosuvastatin; AstraZeneca);
labeling from http://www.accessdata.fda.gov/scripts/cder/drugsatfda) Reproduced with permission
(Huang and Temple, 2008)

Group Ethnic factor
Fold increase in exposure
(AUC)

Initial dose
(mg)

Daily dose
(mg)

1 Control 1-fold 10–20 5–40
2 Hepatic impairment 1.1-fold (mild)

1.2-fold (moderate)
10–20
10–20

5–40
5–40

3 Renal impairment 1-fold (mild)
1-fold (moderate)
3-fold (severe)

10–20
10–20
5

5–40
5–40
≤10

4 Race 2-fold (Asians) 5 5–20
5 Cyclosporine 7-fold 5
6 Gemfibrozil 1.9-fold 10
7 Lopinavir/ritonavir 5-fold 10
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The clinical importance of complex drug interactions can not be overlooked.
Poly-pharmacy can lead to complex drug interactions. A recent study indicated that
29% of the 3005 individuals (age 57–85) from households across the USA surveyed
between 2005 and 2006 took more than five prescription drugs (Qato et al., 2008).
The elderly population can be more sensitive to drug interactions since they can
have additional age-related reduction in their liver and/or kidney functions.

A drug that is known to be eliminated by multiple metabolic pathways may also
be subject to complex drug interactions. In January 2009, the FDA issued early
communications regarding increased cardiovascular events of the antiplatelet agent
clopidogrel in patients taking concomitant proton pump inhibitors (http://www.fda.
gov/Drugs/DrugSafety/PostmarketDrugSafetyInformationforPatientsandProviders/
DrugSafetyInformationforHeathcareProfessionals/ucm079520.htm). Clopidogrel
is metabolized to its pharmacologically active moiety by several CYPs (Kurihara
et al., 2005), of which CYP2C19 appears to be the most important. Polymorphism
of CYP2C19 (Kim et al., 2008a), P-glycoprotein (Taubert et al., 2006), and
concomitant use of proton pump inhibitors known to inhibit CYP2C19 and of the
CYP3A inhibitor, ketoconazole (Farid et al., 2007; Kim et al., 2008b; Mega et al.,
2009), have been associated with decreased formation of the active metabolite
and/or clopidogrel resistance. Therefore, medical practitioners need to know all of
the medications the individual patients are taking, in addition to critical genetic
information, when appropriate.

The importance of evaluating complex drug interactions has been recognized by
the FDA. The draft FDA DDI guidance recommends the use of multiple inhibitors
to maximize the drug interaction potential for a substrate metabolized by mul-
tiple CYPs or eliminated by a combination of metabolizing enzymes and drug
transporters when certain conditions are met (http://www.fda.gov/ohrms/dockets/ac/
06/slides/2006-4248s1-6-FDAHuang_files/frame.htm; http://www.fda.gov/ohrms/
dockets/ac/04/slides/2004-4079S1_06_Huang_files/frame.htm). Simulation results
have indicated that the fold-change when two CYP pathways are simultaneously
inhibited can be greater than the product of fold-changes when only one CYP path-
way is inhibited, provided that there is a monir residual pathway that is not inhibited
by inhibitors of either CYP (Thummel et al., 2007). The theoretical basis for quan-
titatively assessing multiple inhibitions has been proposed (Collins et al., 2006;
Rostami-Hodjegan and Tucker, 2004; Zhang X et al., 2009).

The objectives of this chapter are 3-fold: (1) to review the types of complex drug
interactions, (2) to review the advancement and challenges in studying complex drug
interactions using modeling and simulation approaches, and (3) to provide scientific
perspective on comprehensively evaluating complex drug interactions.

26.2 Intrinsic Clearance and Pharmacokinetic Outcome

The concept of clearance is at the heart of the quantitative evaluation of drug–drug
interactions. The alteration of systemic clearance (CL) by an interacting drug at the
level of drug metabolizing enzymes or drug transporters can lead to changes in the
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Table 26.2 Mechanisms of major drug interactions at the level of drug metabolizing enzymes

Major assumptions Equations of RCLINT References

Reversible inhibition Linear pharmacokinetics RCLint = 1 + I
Ki

(Segel, 1975)
Time-dependent

inhibition
Steady-state conditions

and a simple enzyme
homeostasis model:
Ea = S0/Kdeg

RCLint =
Kdeg + kinact×I

KI+I

Kdeg

(Ito et al., 1998; Kitz
and Wilson, 1962)

Induction –
increased protein
synthesis

Steady-state conditions
and a simple enzyme
homeostasis model

RCLint = S0,IND

S0
(Almond et al.,

2009; Shou et al.,
2008)

Induction –
decreased protein
degradation

Steady-state conditions
and a simple enzyme
homeostasis model

RCLint = Kdeg

Kdeg ,IND
(Almond et al.,

2009; Roberts
et al., 1995)

I, inhibitor concentration; Ki, reversible inhibition constant; kinact, maximum inactivation rate con-
stant; KI, inactivation constant; Ea, active enzyme level; S0, apparent zero-order enzyme synthesis
rates; Kdeg, apparent first-order enzyme degradation rate constants; S0,IND, S0 in the presence of
an inducer that increases the protein synthesis; Kdeg,IND, Kdeg in the presence of an inducer that
stabilizes the enzyme

exposure of the substrate, such as AUC. Table 26.2 summarizes the mechanisms
of major drug interactions with regard to drug metabolizing enzymes. Changes
in the ratio of systemic clearance (CL) in vivo, without and with an interacting
drug (RCLINT, ∓I), dictate the ratio of substrate exposures, with and without an
interacting drug (AUCR, ±I) (Fig. 26.1).
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−

+
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Interaction at the enzyme level

Pharmacokinetic interaction

?

Fig. 26.1 Translating drug
interaction at the level of drug
metabolizing enzyme to the
degree of drug interaction
in vivo

The equations in Table 26.2 commonly serve as the basis for interpreting in vivo
drug interaction using in vitro data, an exercise commonly known as in vitro–in vivo
correlation or in vitro–in vivo extrapolation. However, a thorough understanding
of the fundamental steps bridging RCLINT and AUCR is critical to evaluate drug
interactions. Generally, the value of CLint at the enzyme level can be scaled up
to organ intrinsic clearance, such as liver (CLint,H). The CLint,H for a flow-limited
substrate (absence of membrane barrier or transporters) can be translated into organ
clearance (CLH) assuming a blood restriction model such as the well-stirred model
(Pang and Rowland, 1977):
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CLH = QH fu,bCLint,H

QH + fu,bCLint,H
(26.1)

QH and fu,b are hepatic blood flow and free fraction of drug in the blood. On the
in vivo side of the spectrum, CL is the sum of organ clearance values including
CLH. Therefore, in order to understand pharmacokinetic drug interaction in light of
the exposure change as expressed by AUCR (Fig. 26.1), one needs to understand
the non-proportional relationship between the change in CLint and the change in
substrate exposure in vivo.

Below, we will focus our discussion on the non-proportional translation between
RCLINT and AUCR (Fig. 26.1). For in-depth discussion on drug interaction mech-
anisms summarized in Table 26.2, readers are directed to other chapters (e.g.,
Chapters 1, 7, 12, 13, 19 and 21) of this book. In addition, one needs to be aware
of the negative impact on the interpretation of drug interaction by in vitro kinetic
parameters obtained from poorly designed and poorly conducted experiments (Yang
et al., 2007; 2008).

26.2.1 Non-proportionality Between Organ Intrinsic Clearance
and Organ Clearance

Translation of interactions at the enzyme level into in vivo situation requires the
estimation of the blood flow, free fraction of the drug, and the intrinsic clearance of
the organ. The nonlinear relationship between CLint,H and CLH for liver metabolism
is obvious from Equation (26.1). Assuming that CLH is equal to CL and substrate is
given intravenously, it may be shown that a proportional relationship exists between
RCLINT,H and AUCR only when fu,bCLint,H is much smaller than QH (AUCR–
RCLINT,H panel when fu,bCLint,H/QH ⇒0) (Fig. 26.2). As fu,bCLint,H exceeds QH
for drugs that exhibit flow-limited distribution (Pang and Rowland, 1977), AUCR
becomes less sensitive toward inhibition of CLint,H since CLint,H is large and remains
to be large. For example, when fu,bCLint,H is five times greater than QH, a 20-fold
decrease in CLint,H translates into less than 5-fold increase in AUC.

26.2.2 Fractional Metabolic Clearance (fm)

The value of the fractional metabolic clearance (fm), namely the fraction of total
clearance due to metabolism of the substrate, plays a critical role in determining the
degree of drug interaction. An exponential increase in the inhibition potential as fm
increases to near unity has been theoretically demonstrated based on the additive
clearance concept for drug inhibition (Bjornsson et al., 2003; Rowland and Matin,
1973). Equation (26.2) shows a general expression for the situation when one of the
elimination pathways (CL1) is affected by an interacting drug:
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AUCR = CL−I/CL+I = 1

1 − fm,CL1 + fm,CL1
RCL1

(26.2)

where fm,CL1 is the fraction of clearance that is subject to drug interaction and RCL1
is the ratio of this clearance pathway in the absence and presence of an interacting
drug (RCL1 > 1 for inhibition and RCL1 < 1 for induction, respectively).

Figure 26.3 illustrates the relationship between AUCR and RCL1 as a function
of fm,CL1 for inhibition (upper panel) and induction (lower panel), respectively. The
plots assume a maximum of 30-fold inhibition or induction on CL1. Several fea-
tures can be visualized from this figure: (1) only when fm,CL1 equals 1, AUCR
equals RCL1, as depicted by the proportional relationship on the AUCR–RCL1 plane
(fm,CL1 = 1); (2) the increase in AUCR by an inhibitor becomes steeper as fm,CL1
approaches 1 (upper panel); on the other hand, the decrease in AUCR by an inducer
becomes steeper as fm,CL1 deviates from zero (lower panel). In addition, the steep-
ness of these changes becomes more pronounced when interaction is stronger
(greater RCL1 for inhibition and smaller RCL1 for induction).
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26.2.3 Drug Interaction Affecting First Pass Metabolism

Oral administration is the most commonly used route, and drug interaction at the
level of first pass metabolism and transport will affect bioavailability (Foral). In esti-
mating Foral, one needs to consider the sequential path of a drug molecule entering
into systemic circulation from the absorption site (e.g., gut lumen), namely the frac-
tion absorbed (fA), fraction remained after the gut wall extraction (fG), and fraction
remained after the liver extraction (fH):

Foral = fA fG fH (26.3)

AUCR = CL−I

CL+I
× [fA fG fH]+I

[fA fG fH]−I
(26.4)

Drug exposure is thus dependent on both Foral and CL (AUC = ForalDoseoral/
CL). Common drug metabolizing enzymes and transporters such as CYP3A and
P-gp are expressed in the small intestine. An approximation of oral clearance with
organ intrinsic clearance (i.e., CL/F ∼fu,bCLint,H) may be valid for compounds with
low intestinal extraction (Rowland and Tozer, 1995; Wilkinson, 1987). However,
induction of CYP or P-gp may significantly decrease both fG and fH, causing a larger
reduction of substrate AUC than expected if only fH is considered (Rowland and
Tozer, 1995; Wilkinson, 1987). In addition for compounds with significant intestinal
extraction, inhibition may differentially affect fG and fH (Kirby and Unadkat, 2007;
Malhotra et al., 2001). Further discussion of drug interaction at the level of intestinal
metabolism and transport can be found in Chapters 5, 17, and 19.

26.2.4 Dynamic Nature of Drug Interaction

The draft DDI guidance recommends the use of I/Ki to determine the need for in
vivo drug interaction study for reversible inhibition, where “I” is the mean max-
imum plasma concentration (Cmax) value for total inhibitor (bound and unbound)
at steady state of the highest clinically used dose. When I/Ki is >0.1 for a specific
CYP, an in vivo interaction study with a probe substrate for that CYP in humans is
recommended. Depending on the location of the transporters, concentration other
than systemic exposure such as intestinal luminal or portal vein concentration may
be more relevant to predict transporter-mediated interactions. For example, when
evaluating P-gp inhibition by a new molecular entity (NME) following oral adminis-
tration, inhibitor concentrations at the luminal side of intestine may be more relevant
(Zhang et al., 2008). Therefore, in addition to the aforementioned inhibitor plasma
concentrations (defined as I1), I2 was introduced as the ratio of the highest clinical
dose to a volume of 250 mL (approximating intestinal volume). If an NME exhibits
I1/IC50 > 0.1 or I2/IC50 > 10, in vivo study should be conducted to determine
whether there is clinically relevant P-gp inhibition with digoxin, a P-gp substrate
with a narrow therapeutic range. These empirically derived I/Ki criteria are used to
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determine the need for in vivo drug interaction studies and they are not intended
to quantitatively project the extent of interaction. In addition, it has been debated
with regard to which “I” should be used (e.g., total versus unbound concentration,
systemic versus portal vein concentration) and what I/Ki cutoffs should be proposed
to minimize “false negatives” and “false positives.”

The outcome of an in vivo drug interaction study can be substantially influenced
by its study design. The draft DDI guidance provides general guidelines on how to
perform drug interaction studies. The key design feature is to maximize drug interac-
tions to reveal the worst-case scenario. For example, pre-dosing of interacting drugs
at their highest possible doses and shortest possible dose intervals is recommended.
On the other hand, for substrate with a long t1/2, multiple dosing of an inhibitor with
a short t1/2 subsequent to the coadministration with the substrate may be needed. In
addition, timing of the administration of an inhibitor relative to that of the substrate
is also critical if the substrate is extensively metabolized during absorption (Yang
et al., 2003).

Using a strong reversible CYP3A inhibitor, ketoconazole, as an example, we
investigated the effect of the dosing regimens of an inhibitor on CYP3A substrates
with different pharmacokinetic characteristics (Zhao et al., 2009). Ketoconazole has
a relatively short t1/2 (3–5 h) and drug accumulation is expected to be minimal.
We constructed 16 theoretical substrates whose elimination is predominantly by
CYP3A metabolism (i.e., fm,CYP3A > 0.99). The substrates differ in CLint and vol-
ume of distribution (V), resulting in a wide range of t1/2 (t1/2 = 0.693 V/CL) and F

20–

40

60

80

100

5

10

15

20

0.20.40.60.8A
U

C
R

 (
+ 

si
ng

le
 4

00
 m

g 
or

al
 k

et
oc

on
az

ol
e)

t 1/
2(

h)

F

Fig. 26.4 Effect of substrate F and t1/2 on single oral dose (400 mg) ketoconazole inhibition
potential. Substrates are predominantly eliminated by CYP3A metabolism (fm > 99%, reference
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Fig. 26.5 Left panel. Effect of t1/2 and F of CYP3A substrates on the inhibition potential of KTZ
after QD400 mg versus SD 400 mg, expressed as AUCRQD400/AUCRSD400 (left panel) and here
AUCR = AUCKTZ/AUCcontrol. Values in parentheses are AUCR after QD and AUCR after SD.
The plane represents AUCRQD400/AUCRSD400 = 1.25. Right panel. Effect of t1/2 and F of CYP3A
substrates on the inhibition potential of KTZ after BID 200 mg versus QD 400 mg, expressed as
AUCRBID200/AUCRQD400. Two planes represent AUCRBID200/AUCRQD400 of 1.25 (upper) and
1.00 (lower), respectively (Adapted from Zhao et al, 2009)

(assuming complete absorption and F = fGfH). The simulations performed using a
physiologically based pharmacokinetic (PBPK) simulator, SimCYP (SimCYP Ltd,
Sheffield, UK), assessed the inhibitory effect under different dosing schemes and
utilized a time-based instead of a static inhibitor concentration as a forcing func-
tion to result in a dynamic change of CLint of the substrates. Figure 26.4 shows
the AUC ratios with and without coadministration of a single 400 mg ketocona-
zole. Although these test substrates are all predominantly eliminated by CYP3A
metabolism (fm,CYP3A > 0.99), the degree of inhibition upon single-dose (SD) coad-
ministration of 400 mg ketoconazole ranges from less than 2-fold (for substrate with
the longest t1/2 and the highest F) to 100-fold (for substrate with the shortest t1/2 and
lowest F). For substrates with short t1/2 and low F, 400 mg ketoconazole SD may
result in maximal inhibition in vivo (Fig. 26.5, left panel). However, as the t1/2 and
F of the substrates increase, multiple dosing of ketoconazole is necessary to achieve
maximal inhibition. For example, with 200 mg twice daily (BID) regimen appears to
result in higher degree of inhibition than 400 mg once daily (Fig. 26.5, right panel).

26.3 Examples of Different Types of Complex Drug Interactions

The draft DDI guidance recommends the use of in vitro studies and associated deci-
sion trees in evaluating in vitro data to guide the need for in vivo drug interaction
studies. Several measures to evaluate the drug interaction potential at the level of
major CYPs and drug transporters have been implemented during contemporary
drug discovery and development. As a result of optimizing absorption, distribu-
tion, metabolism, and excretion (ADME) properties to allow for convenient dosing
such as once daily oral administration, NMEs may be developed with the following
characteristics: relatively low clearance; substrate of multiple elimination pathways;
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lack of CYP inhibition liability, etc (Grime et al., 2009; Obach et al., 2004). Such
a strategy does not necessarily eliminate concerns for complex drug interactions,
especially when multiple pathways are simultaneously affected. In this section, we
will review several examples of complex drug interactions.

26.3.1 Two Interacting Drugs Affecting One Substrate

Repaglinide is metabolized by CYP3A4 and CYP2C8. It is also a substrate
for an organic anion transporter protein OATP1B1. Gemfibrozil, an inhibitor of
both CYP2C8 and OATP1B1, caused an 8.1-fold increase in repaglinide AUC.
Itraconazole, a CYP3A4 and P-gp inhibitor, caused a 1.4-fold increase in repaglin-
ide AUC. When these three drugs are coadministered, the AUC of repaglinide
increased by 19-fold (Niemi et al., 2003), more than the multiple of individual fold
changes. Similar synergistic effect has been observed when itraconazole and gemfi-
brozil were coadministered with loperamide (Niemi et al., 2006). In this study, the
combined use of two interacting drugs caused a 12.6-fold increase in loperamide
AUC, whereas itraconazole and gemfibrozil individually caused a 3.8- and a 2.2-fold
increase in loperamide AUC, respectively.

These examples clearly represent poly-pharmacy scenarios, accentuating the
need for medical professionals to “know ALL of a patient’s medications – including
over-the-counter products. . . – before prescribing an additional drug” (Huang et al.,
2009a).

26.3.2 Drug Interaction in Patients with Organ Impairment

Hepatic and renal impairments constitute two major disease states requiring
assessment of their effects on drug exposure and the safe and effective use of
drugs cleared by the liver or kidneys. In 1998 and 2003, the FDA published
“Guidance for industry: Pharmacokinetics in patients with impaired renal func-
tion – study design, data analysis, and impact on dosing and labeling” (http://www.
fda.gov/downloads/Drugs/GuidanceComplainceRegulatoryInformation/Guidances/
ucm072127.pdf, renal guidance) and “Guidance for industry: Pharmacokinetics
in patients with impaired hepatic function: study design, data analysis,
and impact on dosing and labeling” (http://www.fda.gov/downloads/Drugs/
GuidanceComplianceRegulatoryInformation/Guidances/ucm072123.pdf, hepatic
guidance), respectively. These documents describe the need to evaluate the influence
of organ impairment on drug pharmacokinetics. More recently, the FDA published a
preliminary concept paper updating its recommendation on when to conduct a phar-
macokinetic study in subjects with renal impairment (www.fda.gov/ohrms/dockets/
ac/08/briefing/2008-4351b1-00-index.htm; Zhang Y et al., 2009; Huang, 2009b).

When drug interaction and organ impairment are both identified to be critical for
dose adjustment, their combined effects need to be considered. For example, one
may expect some synergistic effect when an enzyme inhibitor is used in patients
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with renal impairment for drugs that are cleared by both metabolism and excre-
tion. A recent limited observation showed that the use of ketoconazole in two severe
renal impaired patients led to much higher AUC changes of telithromycin than those
observed in healthy volunteers taking ketoconazole or in renal impaired subjects not
taking ketoconazole (Shi et al., 2005). On the other hand, a progressive decrease
in the degree of enzyme inhibition was observed in hepatic impaired subjects tak-
ing an enzyme inhibitor (Orlando et al., 2006), representing the less-than-additive
situation.

The impairment of one eliminating organ may affect the function of the other
eliminating organ or cause other physiological changes to alter drug disposition. A
recent survey has shown clinically relevant effects of renal impairment on systemic
exposure of substrates predominantly cleared via hepatic metabolism (Zhang Y
et al., 2009). Orlando et al. (2009) recently discussed pronounced increase in
free drug exposure of quinine by erythromycin via inhibition of CYP3A-mediated
metabolism and displacement of quinine from its binding to plasma protein. The
effect appeared to be further complicated by the decreased protein binding of qui-
nine caused by liver cirrhosis. The pharmacokinetic parameter determining free
quinine exposure (CLu/F) decreased in healthy volunteers who were coadminis-
tered erythromycin and in patents with severe cirrhosis (Child–Pugh class C) by
approximately 54 and 59%, respectively. When quinine was coadministered with
erythromycin in patients with severe cirrhosis, the value of CLu/F decreased by
73%. The authors suggested therapeutic monitoring on such occasions to prevent
adverse events (Orlando et al., 2009).

26.3.3 Inhibition of an Enzyme or Transporter in Poor
Metabolizers of Another Pathway

This type of complex interaction has been reviewed by others (Collins et al., 2006;
Ito et al., 2005). The major concern is the unexpected, dramatic change in sub-
strate exposure in poor metabolizers (PM) carrying the polymorphic gene of one
enzyme and taking an inhibitor of another enzyme (Brynne et al., 1999). Collins
and colleagues categorized such patient group as PMI (PM of one enzyme taking
an inhibitor of another enzyme). A theoretical approach was proposed to predict the
maximum exposure of the substrate in the PMI group. When fm by polymorphic
enzyme exceeds 0.75, PMI group may have the highest risk of experiencing ele-
vated substrate exposure by more than 10-fold compared to exposure in extensive
metabolizers (Collins, 2006).

26.3.4 Concurrent Inhibition and Induction

When inhibition and induction take place simultaneously, they tend to cancel the
effect of each other. Ritonavir, the well-known potent CYP3A inhibitor, is also
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used at a subtherapeutic dose as a pharmacokinetic “booster” for other highly-
metabolized CYP3A substrates, especially those from the same HIV protease
inhibitor class, in order to maintain their systemic exposure (Hsu et al., 1998).
Ritonavir also induces CYP enzymes and P-gp. The concurrent inhibition and induc-
tion by ritonavir has been proposed to be responsible for the various degree of drug
interactions observed for different CYP3A substrates (Greenblatt et al., 1999; Hsu
et al., 1998).

Rifampin is a well-known CYP enzyme and P-gp inducer (Combalbert et al.,
1989). Recently, it has been demonstrated to be a potent inhibitor of OATP in vivo
in humans (van Giersbergen et al., 2007; Zheng et al., 2009). The effect of differ-
ent dosing regimen of rifampin on the pharmacokinetics of hypoglycemic agent,
glyburide, was investigated. Coadministration of single intravenous dose of 600 mg
rifampin and 1.25 mg oral dose of glyburide caused significant increase in AUC of
glyburide and its pharmacologically active metabolite, along with decreased blood
glucose level when compared to a control group. The “acute” effect was attributed
to the inhibition of hepatic uptake of glyburide and its metabolite. When glyburide
was dosed after multiple oral doses of rifampin (600 mg daily), glyburide AUC
was markedly decreased, likely due to enzyme induction by rifampin. When mul-
tiple oral doses of rifampin were followed by coadministration with intravenous
rifampin and oral glyburide, the inhibition of hepatic uptake transporters by rifampin
appeared to cancel the induction effect (Zheng et al., 2009).

26.3.5 Inhibitory Metabolite(s)

Potent inhibitory metabolites formed significantly from parent inhibitors can con-
tribute to the overall degree of drug interaction. For example, the metabolites of
itraconazole appeared to have contributed to itraconazole’s CYP3A inhibition as
the extent of inhibition cannot be predicted solely based on the reversible inhi-
bition Ki of the parent drug (Isoherranen et al., 2004; Templeton et al., 2008).
In addition, time-dependent inactivators may form multiple species that are more
potent reversible inhibitors or time-dependent inhibitors themselves. For exam-
ple, the primary metabolite of diltiazem, N-desmethyl diltiazem, is a more potent
time-dependent inactivator, which may be responsible for the observed apparent
inactivation by the parent drug in vitro in both human liver microsomes and hepato-
cytes (Zhao et al., 2007). Furthermore, the sequential metabolite N,N-didesmethyl
diltiazem has a reversible inhibition Ki that is much lower than those of its predeces-
sors. However, the impact of each metabolite of diltiazem has not been evaluated in
vivo. Another example of significant inhibitory metabolite is the gemfibrozil glu-
curonide, which appears to be more potent in the inhibition of both OATP and
CYP2C8 than its parent drug. The IC50 values of gemfibrozil glucuronide toward
the uptake and metabolism of cerivastatin by human OATP2 (OATP1B1)-expressing
cells and CYP2C8 were 24 and 4 μM, as compared to 72 and 28 μM for gemfibrozil,
respectively (Shitara et al., 2004). In addition to being a stronger inhibitor toward
CYP2C8, gemfibrozil glucuronide is likely concentrated in the liver and has higher
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free fraction in plasma than its parent drug. Therefore, Shitara and colleagues (2004)
concluded that the main mechanism for gemfibrozil–cerivastatin interaction was the
inhibition of CYP2C8 by gemfibrozil glucuronide.

26.4 Assessing Complex Drug Interactions Using Modeling
and Simulation

The draft DDI guidance indicates the conditions when there is a need to assess
the exposure changes of an NME under multiple inhibitions: (1) the drug exhibits
blood concentration-dependent safety concerns, (2) multiple CYP enzymes are
responsible for the metabolic clearance of the drug, (3) the predicted residual or non-
inhibitable drug clearance is low. Before investigating the impact of multiple CYP
inhibitors on drug exposure, it is important to first characterize the individual effects
of the CYP inhibitors and to estimate the combined effect of the inhibitors based on
computer simulation. For safety concerns, lower doses of the investigational drug
may be appropriate for evaluating the fold increase in systematic exposure when
combined with multiple inhibitors (draft DDI guidance). These strategies are also
applicable to the evaluation of other types of complex drug interactions.

Because not all complex drug interactions can be studied in vivo due to ethical
concerns, using modeling and simulation approach to assess the combined effects
of complex drug interactions appears to be a feasible alternative. In addition, a well-
justified model may provide simulations to help clinical trial design and facilitate
labeling recommendations in the safe and effective use of a drug.

26.4.1 Modeling and Simulation: Static Versus Dynamic
Approaches

The static approach uses single concentration of the interacting drug to predict
drug interaction potential. The concentrations evaluated include systemic plasma as
well as portal venous concentrations. Although it is only semiquantitative, the static
approach has been used to predict in vivo drug interaction potential. For example,
FDA recommended using the threshold ratio (0.1) of total peak plasma inhibitor
concentration (I) to the in vitro Ki value to determine the likelihood of an inves-
tigational drug as a reversible CYP inhibitor (draft DDI guidance, as discussed in
Section 26.2). If complex drug interaction is of concern early in drug development,
a static approach can also be used to project the degree of interactions (Collins et al.,
2006; Ito et al., 2005; Rostami-Hodjegan and Tucker, 2004).

On the other hand, the dynamic approach considers the pharmacokinetic pro-
files of the substrate and interacting drugs using appropriate interaction mechanisms
as illustrated in Table 26.2. The dynamic approach takes advantage of the sophis-
ticated modeling and simulation tools. For example, the concentrations (“I” in
Table 26.2) of a reversible CYP inhibitor changes according to the pharmacokinetics
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of the inhibitor. At different time points, different CLint ratios can be calculated for
the substrate. The simulation becomes more mechanistically meaningful in a phys-
iologically based pharmacokinetic (PBPK) model, which incorporates homeostasis
of the enzyme/transporter and uses tissue drug concentration rather than plasma
concentration, along with other relevant physiological parameters.

A dynamic approach has several advantages over a static approach. First, the
altered systemic exposure as a result of drug interaction can be expressed in a plasma
concentration–time profile, in addition to global measures such as AUC and Cmax
(Einolf, 2007; Kanamitsu et al., 2000b; Kanamitsu et al., 2000; Kato et al., 2008;
Rostami-Hodjegan and Tucker, 2007; Tsukamoto et al., 2001; Vossen et al., 2007).
Second, the impact of different pharmacokinetic characteristics of both the inter-
acting and the substrate drug on the degree of interaction can be assessed using
a dynamic approach to guide optimal design of drug interaction studies (Chenel
et al., 2008a, b; Chien et al., 2006; Johnson et al., 2009; Ozdemir et al., 2006; Yang
et al., 2003; Zhao et al., 2009). Third, different mechanisms of drug interactions
can be assessed individually or simultaneously once an appropriate and relevant
model is constructed (Chien et al., 2006; Jamei et al., 2009a, b; Johnson et al., 2009;
Watanabe et al., 2009).

26.4.2 Assessing Complex Drug Interactions Using Physiologically
Based Pharmacokinetic (PBPK) Modeling and Simulation

Comprehensive knowledge of the physicochemical and ADME properties of a drug
and/or metabolites and how their pharmacokinetics/pharmacodynamics change in
the presence of various intrinsic and extrinsic factors when the drug is given under
different dosing regimens is critical to fully understand both single-pair and complex
drug interactions. The PBPK models have been used to assess the risk of envi-
ronmental toxins (Clewell and Andersen, 1996) and more recently to study drug
interactions of therapeutic agents in early stage of drug development and in aca-
demic research (Chenel et al., 2008a, b; Dickins and van de Waterbeemd 2004;
Edginton et al., 2008; Edginton and Willmann, 2008; Jamei et al., 2009b; Rowland
et al., 2004; Schmitt and Willmann, 2009; Tsukamoto et al., 2001; Watanabe et al.,
2009). Emerging research has applied PBPK in drug discovery and development
as a result of expanded knowledge base of human physiology related to drug dis-
position, enhanced characterization of the physicochemical and ADME properties
of drugs, and the availability of user-friendly, highly sophisticated PBPK software
tools.

A typical, simplified seven-compartment PBPK model is shown in Fig. 26.6,
where each compartment is interconnected by systemic blood flow. In this exam-
ple, substrate and interacting drugs can be dosed either via oral administration
at the site of absorption (intestinal lumen) or via intravenous injection directly
into the blood compartment. Drug distribution into different tissue is governed
by organ blood flow, passive diffusion, and active transport. The elimination of
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Fig. 26.6 A typical
seven-compartmental PBPK
model. Irreversible drug
elimination (dashed arrows)
may happen in the small
intestine and liver during drug
absorption, and liver and
kidney after the drug is
absorbed

the drugs can occur in intestine, liver, and kidney, as mediated by metabolism
and transport. Such a system allows in vitro parameters (e.g., CLint measured
from liver microsomes to predict organ CLint,H) to be evaluated together with
system- or drug-related data (e.g., intrinsic and extrinsic factors) in an integrated,
“system biology” manner (Dickins and van de Waterbeemd, 2004; Jamei et al.,
2009b; Schmitt and Willmann, 2009). An important feature of such an integrated
system is the incorporation of sources of variability in various parameters (Bouzom
and Walther, 2008; Dickinson et al., 2007a, b; Jamei et al., 2009a, b; Kato et al.,
2008). Consequently, different virtual populations in response to the system per-
turbation including drug interactions can be evaluated under a more realistic
environment.

An in-depth review of the utility of PBPK modeling, the incorporation of param-
eter uncertainty and variability, the use of Bayesian population analysis, and the
available tools oriented toward being user-friendly while preserving complexity and
flexibility of PBPK modeling, is beyond the scope of this chapter. The readers
are directed to several review and research articles (Clewell and Andersen, 1996;
Covington et al., 2007; Dickins and van de Waterbeemd, 2004; Edginton et al.,
2008; Hack et al., 2006; Jamei et al., 2009a, b; Rostami-Hodjegan and Tucker, 2007;
Rowland et al., 2004; Schmitt and Willmann, 2009) as well as other chapters of this
book (e.g., Chapters 12 and 13).

26.4.3 Applications of PBPK Approach in Studying Drug
Interactions

A relatively simple PBPK model consisting of liver, portal vein, and systemic blood
compartments was used to predict in vivo drug interaction between erythromycin
and triazolam using in vitro data (Kanamitsu et al., 2000a). Inhibition of CYP3A
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by erythromycin was assumed to be time dependent. Sensitivity analyses were per-
formed by varying the parameters with greater uncertainty such as Kdeg of CYP3A4
(Table 26.2) and liver to blood concentration ratio of the inhibitor.

More recently, sophisticated PBPK models were applied to evaluate single-pair
drug interactions and the impact of genetic polymorphism on drug exposure and
response by incorporating interindividual variability of system- and drug-related
parameters (Dickinson et al., 2007a, b; Hyland et al., 2008). Drug interaction pre-
diction for maraviroc with a PBPK approach was recently reported (Hyland, et al.,
2008). Maraviroc, a C-Chemokine receptor 5 (CCR5) inhibitor, is eliminated pre-
dominantly by CYP3A4-mediated metabolism. In a drug interaction prediction
study, Hyland and colleagues compared the observed degree of drug interactions
of maraviroc with ketoconazole and protease inhibitors in vivo with the predicted
degree of drug interactions using a PBPK-based approach (Hyland et al., 2008). The
predicted oral clearance of maraviroc using parameters from in vitro metabolism
generally agreed with those in the placebo arm of the in vivo interaction studies.
The CLint values derived from recombinant CYP3A4 incubation and human liver
microsomes appeared to be similar (35 μL/min/mg versus 40.8 μL/min/mg from
recombinant CYP3A and liver microsomes, respectively). The authors also used the
human mass balance data to obtain absorption rate constant (Ka) and renal clear-
ance as input for maraviroc pharmacokinetic predictions. The predicted degrees of
drug interaction (e.g., Cmax and AUC changes) were generally in agreement with
the clinical data.

The application of PBPK modeling and simulation to evaluate the impact of CYP
polymorphism on the extent of drug interaction includes studies by Dickinson et al
(Dickinson et al., 2007a, b). By including relative CLint values of different geno-
types of a polymorphic CYP (e.g., dextromethorphan data for various CYP2D6
genotypes and warfarin data for various CYP2C9 genotypes) and the population
frequencies of various genotypes into a comprehensive PBPK model, the authors
simulated in vivo CL as a function of genotype with relative accuracies when
compared with clinical studies. With the established models, the authors also inves-
tigated the number of subjects required to detect specific AUC differences between
different CYP genotypes. In addition to demonstration of the utility of PBPK sim-
ulation in optimizing study design, the authors also explored the possibility of
combining preliminary a priori pharmacodynamic information to systematically
evaluate the impact of different factors on drug response (Dickinson et al., 2007a, b).

Vossen and colleagues (2007) investigated CYP3A inhibition by itraconazole
and its hydroxy metabolites using the PK-Sim R© software. A midazolam base
model was constructed using pharmacokinetic profiles of the parent drug, 1′-
hydroxymidazolam (formed by CYP3A) and 1′-hydroxymidazolam glucuronide in
male subjects whose CYP3A5 genotypes were determined. The metabolite forma-
tion kinetics of 1′-hydroxymidazolam (by CYP3A) was simulated to match the
pharmacokinetic profiles of the observed clinical data. CYP3A activities after itra-
conazole dosing at any time point were predicted to be the product of the initial
enzyme activity, the fraction of initial activity based on itraconazole concentration,
and the fraction of initial activity based on hydroxyl-itraconazole concentration. The
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simulation appears to adequately predict the change in the pharmacokinetic profiles
of midazolam and its metabolites upon inhibition by coadministration of itracona-
zole. In addition, the greater degree of overprediction in individuals with at least one
CYP3A5∗1 allele partially confirmed the specific inhibition of CYP3A4 rather than
CYP3A5 by itraconazole based on in vitro data.

A PBPK system in human was constructed to describe pravastatin disposition
mediated by hepatic uptake transporter (OATP1B1), passive diffusion between liver
and blood, and biliary efflux transporter (MRP2) (Watanabe et al., 2009). The sim-
ulation indicated that changes in the OATP1B1 and MRP2 activities had larger
impact on side effect and efficacy of pravastatin, respectively. The model appears
to be applicable in the situation of complex drug interaction leading to the alteration
of drug exposure by evaluating the interplay among sinusoidal transporters, biliary
efflux transporter, and liver metabolism.

26.5 Challenges in Evaluating Complex Drug Interactions

Several challenges exist when studying both single-pair and complex drug inter-
actions. Inconsistent in vitro parameters generated by different laboratories have
been a major challenge faced by many ADME scientists (Yang et al., 2007;
2008). If a substrate is predominantly metabolized by one CYP isoenzyme, it
may be sufficient to conclude the involvement of the CYP by a drug interac-
tion study using a “specific” inhibitor. However, as science advances in the field
of drug metabolism and transport, some historically deemed “specific” inhibitors
or inducers are found to affect additional enzymes and transporters (Jones et al.,
2008; Lu et al., 2007). For example, ketoconazole, an inhibitor used by many
and recommended by the FDA guidance as a strong CYP3A inhibitor, has been
shown to inhibit CYPs other than CYP3A, including CYP2C8, CYP2C9, CYP2C19
(University of Washington Metabolism and Transporter Drug Interaction Database,
www.druginteractioninfo.org, accessed Dec 2008), and more recently CYP2J2
(Jones et al., 2008). When multiple pathways are involved in the metabolism or
transport of the substrate, it becomes difficult to confirm a major clearance pathway
when the clinical study used a “nonspecific” inhibitor that affects multiple pathways.

As discussed in 26.3.2, extents of drug interaction can be affected by concurrent
dysfunction of drug eliminating organs, the liver and kidneys, in patients. For exam-
ple, renal impairment can affect the metabolizing enzyme or transporter activities in
the liver, kidneys, and small intestine. Similarly, besides its effect on CYP expres-
sion in the liver, hepatic impairment may also lead to physiological changes such as
levels of plasma binding protein and decreased CYP expression in small intestine
(McConn 2nd, et al., 2009; Orlando et al., 2009; Zhang Y et al., 2009). In a recent
study by Edginton and Willmann, the authors constructed a PBPK model to system-
atically evaluate the pharmacokinetic changes of several drugs in patients with liver
cirrhosis (Edginton and Willmann, 2008). The model incorporated hepatic as well
as extrahepatic changes that may influence drug pharmacokinetics, including CYP
activities, decreased kidney blood flow and glomerular filtration rate, and decreased
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levels of plasma binding proteins in cirrhotic patients. Therefore, when drug inter-
action in patients with organ impairment is investigated, multiple effects and other
physiological changes need to be considered.

Although PBPK modeling and simulation appear promising in evaluating com-
plex drug interactions, the approach has limitations. Often, a priori information
for many parameters and/or their distributions in different populations is lacking
and many assumptions are made when these values are used in the model. For
example, volume of distribution for the glucuronide of 1′-hydroxymidazolam was
estimated using the mean logarithmic difference of the lipophilicity of other com-
pounds and their corresponding glucuronides (Vossen et al., 2007). In Watanabe’s
study on pravastatin, the initial V, scaling factor for the in vitro–in vivo correlation,
and the liver free fraction of the drug were assumed to be the same across species
(Watanabe et al., 2009). In addition, although methods to predict partition coefficient
between organ and plasma using physicochemical properties of the drugs have been
developed (Rodgers et al., 2005), these parameters require continuing refinement as
knowledge on active processes (uptake and efflux) becomes available, which may
significantly influence the estimated partitioning parameters (Edginton et al., 2008).
Failure to include possible transporter processes in the model or inaccurate estima-
tion of corresponding parameters may oversimplify the clearance process for both
the substrate and the interacting drug. As stated by Rowland and colleagues, the
tools of PBPK modeling and simulation were “diverse in both quality and scope
of application” (Rowland et al., 2004). Standardization and the development of
guidelines on good practice of PBPK approach may be needed.

26.6 Scientific Perspectives on Studying Complex
Drug Interactions

Incorporation of in vivo human data when it becomes available is important when
evaluating complex drug interactions. The Ka value of maraviroc collected from
human mass balance studies provided more predictable drug interaction than Ka

generated from the physicochemical property and in vitro permeability data using
an in silico approach (Hyland et al., 2008). Vossen and colleagues used midazolam
clearance obtained from in vivo human studies instead of in vitro CLint to simulate
CYP3A inhibition by itraconazole (Vossen et al., 2007). A similar approach is avail-
able in other PBPK simulation softwares to “scale down” in vivo data to obtain CLint
at enzyme level. One has to note that such approach utilizes the same scaling factor
generally used in in vitro–in vivo extrapolation approaches (e.g., mg microsomal
protein per gram liver, gram liver per kilogram bodyweight) to obtain a CLint value,
which can be different from that determined in vitro. However, utilizing parame-
ters “extrapolated” from in vivo data seemingly added confidence when interpreting
pharmacokinetics and drug interactions. The use of in vivo information in addition
to in vitro data during the evaluation of drug interaction using PBPK model helps
to fill the knowledge gap of the model and provides reality check of the in silico
approach.
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The construction of a comprehensive PBPK model to evaluate complex drug
interactions relies on a few key parameters. Table 26.3 summarizes studies from
which these critical parameters can be generated. For example, characteriza-
tion of the fm values for an investigational drug is perhaps the most important
prerequisite for assessing its drug interaction potential, single pair or complex.
Yet it is likely the most difficult datapoint to obtain with confidence (Also see
Chapter 13). Generally, in vitro CYP phenotyping data and in vivo human mass
balance data using radiolabeled material constitute key components for characteriz-
ing fm. However, if a mass balance study was conducted using nonparental route of
administration, the independent estimation of its absolute bioavailability (e.g., from
Phase 1 pharmacokinetic studies) becomes important. To understand the impact of
multiple drug interactions, dedicated studies such as single-pair drug interaction,
pharmacokinetics/pharmacodynamics in organ impairment, and the study in PM
subjects of particular enzymes are informative to characterize fm. It is important
to comprehensively evaluate data from these studies.

Table 26.3 Important studies for comprehensive evaluation of complex drug interaction

Type of study Parameters evaluated

In vitro ADME and
interaction

Enzyme/transporter involved in elimination and interaction
Interaction mechanisms and parameters (e.g., Ki)
Initial fm estimation

Phase 1 dose escalation
(oral administration)

CL/Foral
V/Foral
Likely CLR and metabolite data

Absolute oral
bioavailability

CL
V/Foral
Likely CLR and metabolite data

In vivo mass balance (using
radiolabeled material)

Confirm fm
Confirm fa

When the metabolite of an inhibitor drug is also an inhibitor for the same enzyme
(e.g., itraconazole, gemfibrozil), or the substrate drug has an active metabolite (e.g.,
irinotecan, clopidogrel), characterization of the metabolite kinetics (systemic and
presystemic formation and elimination) is critical (Pang et al., 2008; Sun and Pang,
2009). In both instances, the pharmacokinetics of metabolites needs to be charac-
terized to quantitatively evaluate the degree of drug interactions (see Chapter 5).
In many studies, the pharmacokinetic information of the metabolites was collected
from studies of parent drug. However, the involvement of possible presystemic for-
mation may make it difficult to elucidate the metabolite kinetics. It is therefore
helpful when additional dedicated studies including administration of the metabolite
are conducted.

When multiple factors take place simultaneously, the assumption that these fac-
tors are independent allows one to assess the contribution of individual mechanisms.
However, such assumption may not be valid. Possible theoretical basis on mul-
tiple inhibition has been proposed and explored (Almond et al., 2009; Ito et al.,
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1998; Jamei et al., 2009a; Rostami-Hodjegan and Tucker, 2004; Zhang X et al.,
2009). Future studies are needed to provide mathematical elucidation of multiple
interactions.

26.7 Conclusion

Unlike single-pair drug interaction, the effect of multiple drug interactions is diffi-
cult to design and evaluate properly in vivo. The use of modeling and simulation,
especially with a PBPK approach, appears promising to understand complex drug
interactions. Future studies need to focus on better defining key parameters required
to quantitatively evaluate multiple factors and mechanistic understanding of the
combined effects. Additional research will provide confidence in the use of mod-
eling and simulation to guide clinical study design and generate data for the
informative labeling and effective use of medications.
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Chapter 27
Drug–Drug Interactions: Communicating
Post-market Drug Safety Information
in the USA

Soraya Madani and Helen Winter

Abstract It has been more than a decade since the withdrawal of a number of drugs
from the market as a result of serious adverse events from drug–drug interactions
(DDI). Since then, additional research has led to a much better understanding of the
mechanisms behind many of these interactions. These advances have made DDI one
of the best understood causes of observed adverse drug events. However, to reap the
full benefit of all this research, much more could be done to translate this informa-
tion into a form more useful in clinical care settings. Health-care providers rely on
two principal sources – FDA approved product information (i.e., drug product label)
and drug interaction databases – to help them prescribe medications safely. Greater
standardization of definitions, classifications, and severity assessments of drug inter-
actions would help prescribers to better understand the clinical significance of a
particular DDI. Achieving greater standardization will require the continued input
and coordination of efforts of important stake holders such as academic scientists,
industry, and regulators.

27.1 Introduction

Drug–drug interactions (DDI) are one of the major causes of adverse drug reac-
tions. The preceding chapters of this book highlight the progress that has been
made in understanding the underlying mechanisms related to drug–drug inter-
actions. This increased understanding should make adverse drug reactions more
predictable, manageable, and preventable. Reducing adverse drug reactions has
the potential to achieve considerable cost savings for the US health-care system
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(Hillestad et al., 2005). One estimate by the RAND Corporation (Bigelow et al.,
2005; http://www.rand.org/news/press.05/09.14.html) estimated cost savings of up
to $3.5 billion annually. Achieving cost savings of this magnitude requires that the
latest and most reliable scientific information is available to health-care providers to
help them make the best therapeutic decisions for patients.

Improved prevention of serious drug–drug interactions would be a major step
forward to enhancing patient safety. This requires effective communication of DDI
information to patients as well as health-care providers. In this chapter, we discuss
the presentation of drug interaction information in the FDA approved product infor-
mation, which is a widely available tool for communicating information on a drug’s
efficacy and adverse events to health-care providers and patients. We also discuss
the current state of DDI databases, and patient medication history which are addi-
tional important potential sources of drug interaction information for health-care
providers.

27.1.1 FDA Approved Drug Product Information

A study performed by Smalley et al. (2000) indicates that, in multiple instances,
prescribers made no change in the way they prescribed certain drugs, despite manu-
facturers and FDA efforts to include additional warnings regarding significant DDI
to the product information of these agents.

Health-care professionals learn about drug interactions involving CYP450 induc-
tion and inhibition and transporter proteins from a variety of sources. However, there
remains the challenge of having the most relevant information available exactly
when it is needed – when a prescription is written. A review of the drug interaction
or clinical pharmacology section of product information for many drugs metabo-
lized by cytochrome P450s reveals that these sections contain a great deal of highly
specialized scientific information that may or may not have clinical relevance to the
prescribing of the medication.

A study on “Preventing Medication Errors” released in July 2006 by the Institute
of Medicine (IOM, 2006) recommended that improving how product information
is communicated could be one important tool used to reduce medication errors in
the USA.

In an effort to improve the product information readability and usefulness, in
January 2006 FDA issued a final rule requiring manufacturers to comply with a
new format for package inserts (PI) (www.fda.gov/cber/rules/labelcf.pdf). The new
format contains two main sections. The highlight section is a short half page of sum-
mary text, designed to be easy to read, which contains only the information consid-
ered the most important for the prescriber. The rest of the PI is the full package insert
(FPI), which contains much more detailed scientific information. It is expected that
a more standardized and simpler product label format will help physicians find the
relevant information they need for making decisions about a patient’s therapy. The
ultimate goal is to decrease medication errors that have previously been attributed
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to the lack of readability and accessibility of information in the product information
(i.e, product label). The real impact of the new format on medication errors in gen-
eral and on drug–drug interactions specifically will need to be evaluated in future
studies.

While the new product information format should be a major step forward, there
is still much that could be done to improve the way in which drug interaction infor-
mation is communicated. One issue that needs resolving is related to consistency
of terminology and formatting of DDI information in the PI. As previously noted,
there is a lack of clear guidelines to standardize the language that describe and clas-
sify DDI or indicate when a DDI should be considered clinically significant. Also,
there is a lack of consistency as to where in the product label DDI information
should appear. DDI information can appear in multiple subsections of the prod-
uct information. To avoid confusing health-care providers, clearer criteria could
be developed as to why information should be included in one subsection versus
another. These inconsistencies are compounded by the fact that while newer drugs
often have detailed DDI information in their product information, older drugs may
have no DDI information at all. This is a reflection of the fact that the science related
to DDI has matured and the inclusion of drug-specific DDI information has become
more integrated into regulatory processes in recent years.

Direct patient communication is an additional strategy being used to reduce
DDI. The drug product-specific medication guide is an example of such a com-
munication tool. Medication guides (MedGuide) are a written means of safety
communication that are formally reviewed and approved by FDA. Medication
guides focus on the serious adverse effects of medications or medication classes
and are intended for distribution to the patient at the pharmacy when specified
products considered to pose “a serious and significant public health concern”.
MedGuides target patients, using simpler language than the PI and have easy to
read format. However, MedGuides only exist for some drug products and not all
FDA approved products (FDA review of use of medication guides. http://www.
fda.gov/NewsEvents/Newsroom/PressAnnouncements/2007/ucm108886.htm).

Standardized and consistent language describing drug interactions across all
FDA approved product information, although a challenging task, is an essential
first step to improve methods for classifying drug interaction information so that
it is much more obvious which types of drug interactions are considered clinically
significant. Subsequently, depending on that classification, improved criteria can be
established as to what type of information should enter which subsection of the
product information. And, finally, all these clarifications and classifications should
be presented such that the language is simple enough to communicate what the
real clinical significance of a particular DDI is to health-care providers. The task
of providing improved and more clinically useful FDA approved product infor-
mation is one that can be accomplished by the various stake holders. Scientists,
clinicians, pharmacists, regulators, industry, policy makers, and others need to work
together to develop and establish standards that not only take into consideration
the impact on each stake holder, but most importantly, the impact on the public
health.
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27.2 Patient Medication History Databases

A large under-utilized source of information relevant to preventing drug interactions
is the patient’s medication history. Currently, due to the fragmented state of the US
health-care system, a patient’s medical and medication history is scattered across
various parts of the health-care system, such as pharmacies, physicians offices, hos-
pitals, and managed care systems (HMOs, etc.) that patient has been participating
in. There is no centralized repository of information that is readily available to the
pharmacist or the physician to identify what current medications the patient is taking
prior to dispensing the new medication. The setting up of a centralized, compre-
hensive up-to-date electronic health record database system is a hot topic that is
currently receiving much attention at the national level (Business Week, April 24,
2009). Until such a system is in place, we will have to rely on a last voluntary dia-
logue between the pharmacist and the patient at the time of dispensing to obtain the
relevant medication history. This is not optimal, given how busy pharmacists can
be in the retail setting, and the fact that pharmacies often lack suitable amenities to
facilitate a quality interaction between the pharmacist and the patient.

27.3 DDI Databases

Outside of FDA-approved product information there are other important sources
of information that both physicians and pharmacists can use to obtain information
about drug–drug interactions. However, these resources also have inconsistencies in
the way DDI information is presented. In the case of DDI databases, each database
has a different sponsor and their data are not interlinked. The size of these different
databases varies and the interpretation of scientific information between databases
is not always in agreement. As a result, there is much incongruity as to what is
considered a clinically significant DDI. Many studies conducted in the USA and
elsewhere have examined this issue as outlined below.

The Institute of Medicine (IOM) report on Adverse Events in 2007 discussed
DDI database inconsistencies. In this report, reference was made to a study by
Abarca et al., 2004. The Abarca study assessed the agreement of DDI severity rat-
ings among four of the most commonly used US compendia: “Evaluations of Drug
Interactions (2001),” “Drug Interaction Facts” (Mangini, 2001), “Drug Interactions:
Analysis and Management” (Hansten and Horn, 2001), and the “Drug-REAX pro-
gram” (Moore et al., 2001). These researchers found that of the total of 406 drug
interactions that were considered clinically significant by at least one database, only
2% were listed in all four compendia.

Another comparative study published by Vitry in 2006 (Vitry, 2007) evaluated
the consistency of inclusion and grading of major drug interactions for 50 drugs in
four leading international drug interaction compendia: British National Formulary,
the interaction supplement in the French drug compendium Vidal, and two US
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drug interaction compendia, “Drug Interaction Facts” and “The Micromedex (Drug-
REAX) program.” This assessment found that between 14 and 44% of the drug
interactions classified as major in any one compendium were not listed as such in
the other compendia.

The above studies and others published relatively recently (Abarca et al., 2004;
Chao and Maibach, 2005; Vitry, 2007) all point out that the likely major cause of
the discrepancies between databases is due to a lack of consensus on how to classify
the potential severity of the drug interaction. The information sources used by the
various databases, be it, published literature or unpublished manufacturer reports
from post-marketing surveillance systems are subjected to a unique interpretation
by each compendia or databasing system. As reported by the above publicat differ-
ent systems are used by each database to describe important interactions identified
from different sources of information. For example, Drug Interaction Facts classifies
the severity of an interaction into three categories – major, moderate, and minor –
and the degree of supporting documentation into five categories – established, prob-
able, suspected, possible, and unlikely; it also assigns a significance of 1–5 to each
drug interaction based on a combination of these two classification systems. The
Micromedex Drug-REAX System classifies the severity of an interaction into three
categories – major, moderate, and minor – and the degree of documentation into five
categories – excellent, good, fair, poor, and unlikely.

An additional inherent complexity to the use of DDI databases is that data from
the literature often characterize only a one- or two-way interaction between two
potentially interacting drugs and does not address the potential for drug interactions
between multiple concomitantly administered drugs. In reality, patients, and in par-
ticular the growing elderly population, are subject to increasing polypharmacy or
being prescribed multiple drugs, which increase the likelihood of more than just
two drugs interacting with each other. Furthermore, the information available from
post-marketing surveillance systems often does not ascertain the degree of causality
between the captured adverse event and the different drugs involved. Hence, unless
the original source of information is the drug label itself, much of the information
in these databases provides insufficient evidence for establishing the true clinical
relevance of a potential interaction.

DDI databases also serve to alert practitioners about newly reported adverse
events. In a recent report by the Institute of Medicine (2007, http://www.nap.edu/
catalog/11897.html), concerns were raised about physicians and pharmacists
becoming subject to “alert fatigue.” In such databases alerts of dangerous drug inter-
actions are diluted with alerts for other adverse events that may or may not be drug
related. The IOM report indicates that the alerts are too sensitive and yet neither
instructive nor specific, and as a result have become burdensome, while still not
helping the health-care provider in making therapeutic decisions. The report noted
that only one in nine alerts was deemed useful by health-care providers, according
to a 2005 study (Spina et al., 2005). This can explain why up to 88% of all drug
alerts end up being disregarded by community pharmacists (Chui and Rupp, 2000).
Such a situation can be consequential for patients and can result in important drug
interactions going undetected.
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There have been various proposals to overcome the limitations of the currently
available databases and compendia (Ferner and Aronson 2007). What these propos-
als have in common is the need for a standardized template that would communicate
to the prescriber in relatively simple terms the nature of the risk of a particular drug
interaction and the quality of the evidence on which that assessment is based. In
order to achieve greater consistency in the information available across the various
databases, there has also been a proposal to create one unified centralized database
that integrates all the information from the other existing databases. This central-
ized database should be publicly accessible and easily updated as new information
emerges. And, just as it has been highlighted for drug labels, there needs to be
agreed and standardized definitions for which interactions are considered clinically
significant. Only alerts for clinically significant interactions would be sent on to the
health-care provider.

Once again, achieving such a system requires collaboration among the various
stake holders such as regulators, manufacturers, scientists, clinicians, and pharma-
cists. Appropriately, the IOM report published in 2007, suggested the formation of
a cross-disciplinary DDI working group to take on developing such a centralized
database. The database could be informed by information from the drug product
label, as well as from the literature and post-market surveillance data. This work-
ing group could establish commonly agreed terminology, create criteria to identify
and classify DDIs, and create appropriate designations for the strength of evidence
supporting the classification. To standardize this process, the working group could
put in place a decision tree or other decision-making criteria that are based on
and supported by scientific information and updated as new information becomes
available.

In summary, safeguarding patients from serious adverse reactions and ensuring
the public health requires the highest level of teamwork and co-operation between
scientists, clinicians, and regulators. Releavant information from both the labora-
tory and patients must be sorted, harmonized, and communicated to the health-care
provider before the patient leaves the pharmacy with their new prescription. Much
progress has been made and yet it is the final step of communicating the real clini-
cal significance of a potential DDI that is proving to be the most challenging aspect
of all.
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Chapter 28
Drug–Drug Interactions: What Have We
Learned and Where Are We Going?

K. Sandy Pang, Raimund M. Peter, and A. David Rodrigues

Abstract The study of drug–drug interactions (DDIs) has significantly progressed
in recent years, sometimes at a considerable pace. The impetus has undoubt-
edly been due to the much publicized market withdrawal of a number of drugs
(terfenadine, mibefradil, astemizole, and cisapride) due to unforeseen drug–drug
interactions that placed the patients at considerable health risk or even resulted in
fatalities. In response, subsequent actions by regulatory agencies like the FDA gen-
erated a more stringent DDI framework and guidance for drugs submitted for market
approval. The pharmaceutical industry reacted with a more proactive approach in
trying to screen out any undesirable drug–drug interaction liability from candidate
drugs already at the early drug discovery stage. Looking forward, however, it is
apparent that numerous challenges remain and opportunities still exist to develop an
improved and more complete toolbox that can support the preclinical and clinical
study of drug transporters and drug-metabolizing enzymes beyond the cytochrome
P450s. At the same time, DDI models will have to become more comprehensive
and enable the integration of enzyme and transporter data, taking into account the
dynamic nature of both “perpetrator” and “victim” pharmacokinetics. This dynamic
approach will have to consider the underlying mechanism(s) of the DDI in mul-
tiple elimination organs, transporter-mediated transport, as well as aspects like
inter-subject variability, pharmacogenetics, or pharmacodynamics. In the future, the
industry and regulatory agencies will need to integrate an even larger amount of pre-
clinical and clinical information from different sources, deal with larger numbers of
drug combinations, and consider complicated DDI scenarios involving a heteroge-
neous mix of small molecules and biologics, or when the interacting drug is a ligand
of nuclear receptors that results in changes in transporter and enzyme function.
Physiologically-based pharmacokinetic (PBPK) modeling approaches hold much
promise in this regard and will be one of a number of steps en route to a more
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systems-based approach within a burgeoning model-based drug development envi-
ronment. As the areas of molecular and cell biology and pharmacology progress
toward such a goal, we can foresee that the study of DDIs, accompanied by the
attendant data, will become more mechanistic and complete.

28.1 Drug Interactions Involving Metabolic Enzymes

Enzymatic reactions are quite ordered and are usually very specific toward select
substrates. Their susceptibility to induction and inhibition, transcriptional regula-
tion of nuclear receptors, and variation due to pharmacogenetics have been well
appreciated (see Part I; Chapters 1, 3, and 4) over the recent years. Consequently,
drug metabolism has become one of the most important factors in drug discovery
and toxicological studies. In drug discovery, decisions focused on synthesis, test-
ing, and further chemotype progression have to be made rapidly, requiring succinct
information related to the metabolism of the compounds in question, the desired
modifications based on available methodologies (Part II), in silico predictions
(Chapter 6), and assessment of DDI potential (Chapter 23).

One can imagine a scenario where the inhibition of one enzyme will be
compensated by another enzyme and thus lead to increased removal of the
drug via alternate, metabolic, or excretion pathways (Morris and Pang, 1987;
Sirianni and Pang, 1997). The compensation by a seemingly, unimportant pathway
may even lead to an increase of a toxic pathway in some cases, and under-
standing of enzyme inhibition leading to an apparent induction of the alternate
metabolic pathway is part and parcel of observations for competitive pathways.
Enzyme inhibition can be observed in different types of kinetics: reversible
inhibition as competitive, non-competitive, uncompetitive, or mixed type or as
irreversible inhibition, which can show a time-dependent or even mechanism-
based inactivation of the respective enzyme(s). The latter type involves either
the formation of a metabolite intermediate complex or covalent binding (Part
III, Chapters 19 and 20). Complex cases of multiple inhibition (Chapter 26)
or inhibitory and inductive events (Chapter 21) are occasional observations that can
complicate predictions of DDIs even further. Moreover, inhibitors can behave dif-
ferently in various organ tissues, such that an inhibitor of an intestinal enzyme may
not reach sufficiently high enough concentration levels to act as an inhibitor of the
same enzyme in the liver. Clearly, there is a need for more comprehensive tools that
link in vitro data with in vivo and biomarker data, and support decision making.

Due to the abundance of drug-metabolizing enzymes expressed in hepatic tissue,
there has been an overwhelming emphasis on the liver as the metabolizing organ,
and little and not enough attention given to extrahepatic organs or tissues. In addi-
tion to the liver, drug-metabolizing enzymes responsible for clearance processes are
also expressed in significant levels in other organs/tissues, e.g., the intestine and
the kidney (Chapters 1, 14, and 17). Organ-specific inhibition has been noted even
for the same enzyme. Hence, prediction strategies for drug interactions should be
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expanded to include extrahepatic tissues, especially the intestine that is strategically
placed as the gateway tissue to the liver in first-pass removal.

28.1.1 P450s Versus Phase II Enzymes

As can be surmised from these proceedings and other text references regarding
DDIs, we currently possess ample knowledge on the cytochrome P450s (P450s),
their multiplicity, and information related to the regulation, structure, and func-
tion of various subfamily members. The duplicity of CYP3A4 and CYP3A5 in the
metabolism of common substrates, and a greater propensity of CYP3A4 toward
inhibition by all inhibitors, render additional complexity in deciphering the degree
of inhibition (McConn et al., 2004). This observation may suggest that one has
now to consider CYP3A5 genotype prior to conducting a CYP3A DDI study.
Additionally, we can anticipate that further unknown P450s will be discovered and
their functions be defined. The potential activities of orphan P450s have been exam-
ined repeatedly (Stark and Guengerich, 2007; Stark et al., 2008b), and some have
been implicated in the metabolism of endogenous substrates, e.g., arachidonic acid
(Stark et al., 2008a). As many of these P450s catabolize or metabolize pharmacolog-
ically active substrates like eicosanoids or steroids, DDIs involving their induction
and inhibition should be increasingly taken into consideration.

Drug-metabolizing enzymes that catalyze conjugation reactions (phase II
enzymes), such as UDP-glucuronosyltransferases (UGTs) and sulfotransferases
(SULTs), share common substrates, albeit each proceeding with differing affinities.
There is a general consensus that additional tools are required in order to enable
more robust reaction phenotyping of these enzymes in vitro, improve the bridging
of in vitro to in vivo, and support the conduct of more mechanistically meaningful
clinical DDI studies (Zhang et al., 2007). Various UGTs and SULTs are expressed
in the gut and liver, and contribute to first pass metabolism of various drugs, thus
they cannot be dismissed in DDI risk assessment. Hence, although a particular drug
may not inhibit the P450s, unexpected DDIs with UGT and SULT substrates can
dominate in altering the clearance of a particular drug (Schwartz et al., 2009).

Among the three human UGT superfamilies (Tukey and Strassburg, 2000), mul-
tiple UGTs can be involved in the conjugation of the same substrate (Kostrubsky
et al., 2005). Only a few inhibitors exist, though reaction phenotyping of glu-
curonidated substrates is currently feasible to some extent (Chapter 8) and online
drug-metabolism systems, integrated into capillary electrophoresis that entail the
encapsulation of microsomes in tetramethoxysilane (TMOS)-based silica matri-
ces for the determination of UGT inhibitors in a single capillary, are available
(Sakai-Kato et al., 2004). For example, retinoids are found to be inhibitors of
UGT2B7 mRNA expression (Samokyszyn et al., 2000; Lu et al., 2008), whereas
HIV protease inhibitors are UGT1A1 inhibitors (Zhang et al., 2005a).

In the past, the prediction of UGT-dependent clearance was problematic.
However, Chapter 8 emphasized that the addition of bovine serum albumin (BSA)
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or HSAFAF (fatty acid free human serum albumin) to incubations of human liver
microsomes (or recombinant UGTs) may permit the accurate prediction of in vivo
clearance parameters and DDI potential. Recently, it has been proposed that cryop-
reserved hepatocytes may serve as an alternative model to assess UGT activity and
DDI potential in vitro (Coughtrie et al., 2009). Irrespective of the model employed,
however, prediction of UGT-mediated DDIs is difficult, because many substrates
are metabolized by multiple UGTs, and inhibition constants (Ki) tend to be high.
The implication of pumps at the endoplasmic reticulum membrane of glucuronides
(Battaglia and Golan, 2001; Csala et al., 2004) further complicates the picture.
Enterohepatic circulation of glucuronides to reappear as the unconjugated species
renders an apparent observation of lessened exposure and therefore formation of the
glucuronide metabolite. These complications add to the difficulties in addressing
inhibition of the glucuronidation reaction.

In comparison, the sulfotransferase isoforms exert more stringent substrate
specificities than the UGTs, and are subject to differential effects of inhibitors.
Probes such as acetaminophen or 2-aminophenol (Riches et al., 2007) for pheno-
sulfotransferase, SULT1A1, exist. Pentachloral phenol and mefenamic acid are
potent and selective inhibitor of human liver SULT1A1 (SULT1A3 for mefe-
namic acid). Phthalates (used as plasticizers) inhibited estrogen sulfotransferase,
SULT1E1, and hydroxysteroid sulfotransferase, SULT2A1 (Harris and Waring
2008). Hydroxylated polychlorinated biphenyls (PCBs), important persistent envi-
ronmental contaminants, are substrates and inhibitors of human SULT2A1 (Liu
et al., 2006). In addition, SULTs are inhibited by many dietary and environmental
chemicals. SULT1A1 is strongly inhibited by flavonoids and a range of environ-
mental chemicals and dietary components (see Chapter 22). Fruit and vegetable
cytosols also inhibit SULT isoforms, as do long-chain alkylphenols and chlorinated
phenols. Juices and green tea (Tamura and Matsui, 2000; Saruwatari et al. 2008) are
known inhibitors of SULTS, and curcuinoids inhibit not only SULTs but UGTs and
CYP3A4 (Volak et al., 2008). Quercetin, a flavonoid present in edible fruit, veg-
etable, and wine, was found to be a potent inhibitor of SULT1A1, and SULT1E1
activities and resveratrol sulfation (Pacifici, 2004).

The area of inhibitors of glutathione S-transferases (GST) is sparked by the
notion that these GST enzymes are involved in the resistance to anticancer
drugs, since elevated levels of GSTs are among the factors associated with an
increased resistance of tumors to a variety of antineoplastic drugs. The inverse
correlation between expression and prognosis in many tumors has provided a
rationale for the design of GST inhibitors to enhance the therapeutic index. A
major advancement to overcome GST-mediated detoxification of antineoplastic
drugs is the development of GST inhibitors. Human GST inhibitors are mul-
tidrug resistance chemomodulators on human recombinant glutathione S-transferase
(GSTs) activity, GST P1-1 by sulfinpyrazone, GST Al-1 by sulfasalazine, and
camptothecin, GST M1-1 by sulfasalazine, camptothecin, and indomethacin, and
progesterone as a potent inhibitor of GST P1-1 (Hayeshi et al., 2006). The
α-glutamyl moiety plays an important role in modulating the affinity of the
ligands to interact with GSH-dependent proteins. The glutathione S-conjugate,
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L-γ-glutamyl-(S-9-fluorenylmethyl)-L-cysteinyl glycine, has been found to be
a highly potent inhibitor of human GSTA1-1 in vitro, with lesser inhibitory
activities toward GSTP1-1 and GSTM2-2 isoenzymes (Cacciatore et al., 2005).
Thonningianin A (Th A), a novel antioxidant isolated from the medicinal herb,
Thonningia sanguinea, inhibited rat liver GST and human GST P1-1 (Gyamfi
et al., 2004).

28.1.2 Species Differences

The use of preclinical models to assess DDI in metabolism is commonplace but is
complicated by species differences. What is encountered is that the expression level,
functional activity, and/or tissue distribution differ. An appropriate animal model,
when chosen and used properly, could be a valuable tool to provide the basis for
extrapolating in vitro human data to clinical outcomes as well as mechanistic insight
for the interpretation of interactions observed clinically (see Chapter 11). On occa-
sion, relevance of the in vitro/in vivo animal models and gene-knockout animals is
uncertain and needs to be questioned. The knockout animals that lack specific drug-
metabolizing enzymes may exhibit altered morphology and flow dynamics in the
liver (Schmidt et al., 1996; Lahvis et al., 2000), altered levels of ligands that affect
receptors/transcription factors, and exhibit redundant or alternate pathways that are
absent in humans (Kimura et al., 1999). Greater progress is needed, so that species
differences are understood more fully and results of animal-based DDI models can
be translated to man (Chapters 11 and 23).

28.1.3 Transgenic Animal Models

The recent development of transgenic animal models with humanized liver in
mouse lines expressing specific drug transporters and/or metabolizing enzymes is
of interest (see Chapter 11). Through the pioneering efforts of many investigators,
humanized mice are now routinely used to rapidly advance research. Chimeric mice,
constructed by transplanting human hepatocytes, are useful for predicting the human
metabolism of drug candidates. Some success was seen with the metabolism of S-
warfarin (Inoue et al., 2009) and induction of rifamycin by SXR (steroid X receptor)
(Kim et al. 2008), and in the study of sex and developmental changes of the CYPs
(Felmlee et al., 2008). In other instances, higher activities are found expressed in
chimeric mice carrying humanized liver CYP1A2 (Uno et al., 2009). However,
lots more need to be known about this model since the intra- and inter-organ
characteristics as well as changes in hormonal and cytokine levels are unknown.
Although quantitative assessments using these animal models are currently limited,
it is conceivable that in the next decade, these models could become more valuable
and validated in DDI assessments during drug discovery and early development
processes.
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28.2 Drug Interactions Involving Transporters

In contrast to the stringent specificities of the P450 CYPs and SULTs, a lot of
redundancy exists among transporters that share the same substrates. Hence, it
begs the question of whether the inhibition of certain transporters is important
because of the sharing of substrates and the redundancy. The answer is yes, if trans-
port is the rate-limiting step and especially when uptake or transport is mediated
solely via the presence of the transporter. The situation is far more complex for
compounds/inhibitors undergoing both metabolism and transport. We should also
consider the drug and its metabolite as potential inhibitors (substrate and end prod-
uct inhibition) as well as levels of the inhibitor and its metabolite, e.g., gemfibrozil
glucuronide as inhibitor of OATP for cerivastatin transporter (Shitara et al., 2004).

28.2.1 Proteomics-Based Approach to Define Transporter
Abundance in Tissues

Up until recently, we do not have a quantitative feel about how much of the trans-
porter exists. There is a lack of the availability of absolute protein concentration
levels in recombinant systems, isolated primary cells, and human tissues. For exam-
ple, inhibition studies conducted in human hepatocytes ordinarily reflect the overall
effect of inhibition (Shitara et al., 2003), and not on inhibition of any particular
uptake transporter since the relative contribution of the sinusoidal transporters to
uptake is unknown. In order to gain this insight, the relative amounts of the trans-
porters must be known. The use of proteomics, with LC-MS/MS technologies, for
example, will aid to decipher the problem. An absolute quantification method for
membrane proteins in murine blood–brain barrier, liver, and kidney was determined
by liquid chromatography–tandem mass spectrometer (LC/MS/MS). The method
resulted in expression levels of 34 transporters in liver, kidney, and blood–brain bar-
rier of mouse that showed an excellent correlation with the values obtained with
existing methods using antibodies or binding molecules (Kamiie et al., 2008). The
relative importance of transporter and function must now be correlated to the amount
of protein present in the tissue or organ to those measured in in vitro systems to
more quantitatively assess the relative contribution of transporters to drug transport
in vivo, and define the significance of the DDIs.

28.2.2 Species Difference in Transport

An appropriate animal model, when chosen and used properly, could be a valuable
tool to provide a basis for extrapolating in vitro human data to clinical outcomes
as well as a mechanistic insight for the interpretation of interactions observed clin-
ically. Although human orthologs may be identified among transporters, species
difference can exist in drug transport and therefore in vitro data may not be that
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relevant in the prediction of DDI. Differing substrate specificities are often found
among species and must be noted (Ho et al., 2006). Significant challenges still need
to be overcome in terms of studying human drug transport.

28.2.3 Improved Tools to Examine Transporter Function

The identification of transporters involved in drug transport, as described in
Chapters 2, 9, and 10, heavily relies on use of expression systems (Kopplow
et al., 2005); this information is of vital importance for the determination of DDIs
in transport. Otherwise, drug transport is assessed in hepatocytes or cells in culture.
First, human (freshly prepared or cryopreserved) hepatocytes that contain the full
complement of transporters are expensive and vary greatly from batch to batch for
good viability measures. Hepatocytes are rarely prepared fresh and are reliant on the
donor characteristics (age, sex, and disease), the source, and method of preparation,
and handling of shipment during procurement. Hence, cryopreserved hepatocytes
are used (Shitara et al., 2003). Recently, differences in transporter content assayed
by LCMS were found between cryopreserved hepatocytes and liver but not between
freshly prepared hepatocytes and whole liver, and more importantly, age dependency
in MRP2 levels was suggested (Li et al., 2009).

Hepatocytes in culture undergo differentiation (Jigorel et al., 2005), and may
not contain the complement of transporters or nuclear receptors in its native state
(Nahmias et al., 2006; Ohno et al., 2008). Upon co-culture with sinusoidal endothe-
lial cells, the transport function of low density lipoprotein is regained (Nahmias
et al., 2006). Sandwich culture systems, even from human sources, contain reduced
or elevated levels of transporters and enzymes, and may require use of dexametha-
sone, ligand of the glucocorticoid receptor (GR) and SXR (steroid X receptor) for
culture. Transporter and enzyme genes in culture may further respond to induction
by dexamethasone (1–100 μM) (Turncliff et al., 2004; Hoffmaster et al., 2004).
Differential growth or loss of some transporters and enzymes exists in rat hepa-
tocyte sandwich systems (Chandra et al., 2001); P-gp, the Mrp, the Oatps, Bsep,
and the P450s are maintained, allowing for uptake, induction, and regulatory stud-
ies (Annaert et al., 2001; Zamek-Gliszczynski et al., 2003; Turncliff et al., 2004;
Zhang et al., 2005b). Bile acids are secreted and retained within the bile canaliculus
and may adversely present a cholestatic model; the accumulation of bile acids may
affect enzymes and transporters via regulation by FXR (see Chapter 4). Although
the micropatterned co-culture of human hepatocytes and murine fetal fibroblast
show some promise (Khetani and Bhatia, 2008) (see Chapter 9), the flow cir-
cuitry, hepatocyte heterogeneity as well as acinar regions may not be maintained.
For improved utilization of these systems, a thorough comparison of the levels of
freshly prepared/whole liver vs. cultured hepatocytes and functional studies needs
to be established for validation of the systems.

Other complementary tools for additional insights include knockout (KO) ani-
mals lacking specific drug transporters, and/or transgenic animal models with
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humanized mouse lines expressing specific drug transporters. Knockout animals for
drug efflux: P-gp [mdr1a(–/–), mdr1b(–/–)] and the mrp(–/–) have provided some
insight as to the involvement of transporters and alteration of ADME and drug and
metabolite profiles. One of the drawbacks of the KO animals is the presence of
redundant pathways. The Abca1(–/–) KOs that lacks the high density lipoprotein
(HDL) transporter showed the same hepatic cholesterol, triglyceride, and phos-
pholipid contents, and the same extent of biliary excretion rates of cholesterol,
bile salts, and phospholipid, and unchanged uptake of cholesterol and choles-
terol esters when fed high fat and cholesterol diet compared to the standard diet
(Groen et al., 2001). The mrp1(–/–) KOs failed to protect aflatoxin B1 lung tox-
icity, and the same degree of tumor development was observed for the wildtype
and KOs; the redundant pathways may be P-gp and other Mrps (Wijnholds et al.,
1997; Lorico et al., 1997; Rappa et al., 1999; Allen et al., 2000; Lorico et al.,
2002). In Bsep KOs, less than expected intrahepatic cholestasis was observed: there
was 6% excretion and increased hydroxylation of bile salts (Wang et al., 2001).
In Mrp2-KOs, increased P450s and Ugt1a were found to compensate for loss in
excretory activity (Chu et al., 2006). Reduction in Cyp2b1/2 and Cyp3b1/2 was
found in immunoblot analyses in TR- that lack Mrp2 vs. control Wistar rats (Jäger
et al., 1998). In Mrp deficient, Eisai hyperbilirubinemic rats (EHBR), a compen-
satory increase in Mrp3 was observed in comparison to Sprague Dawley rats,
lending to the greater basolateral efflux of substrates (Akita et al., 2001). Many
aspects of this have been covered in Chapter 9. Despite that the humanized liver
is being used to examine drug transport (Okumura et al., 2007), many attendant
changes are obscure and validation of this model as a useful tool remains unknown.
It is envisioned that bioinformatics and in vitro/in vivo approaches are needed to
assess the functional and regulatory differences between the human and mouse
genes be characterized in these model to ensure a more complete picture

28.2.4 Improved Probes and Inhibitors to Examine Transporter
Function

Due to the redundancy in transporters, there is a need for better/improved selec-
tive probes or inhibitors of exclusive or high selectivity to segregate the roles of
each transporter in drug transport for the basolateral and apical membranes. Many
inhibitors are not specific enough for single transporters, especially for the ATP-
binding cassette proteins (Matsson et al., 2009). Rather, they serve as inhibitors
of multiple transporters: for example, MK571 inhibits P-gp (Honda et al. 2004),
MRP1 (Jedlitschky et al., 1996), MRP2 (Leier et al., 2000), MRP3 (Zelcer et al.,
2003), MRP4 (Reid et al., 2003), and MRP4 (Chen et al., 2005). GF120918 is an
inhibitor of both MDR1 (Tang et al., 2002; Taipalensuu et al. 2004) and BCRP
(Maliepaard et al., 2001). Mitoxantrone inhibits P-gp (Polli et al., 2001), BCRP
(Volk and Schneider 2003), and MRP1 (Morrow et al., 2006). Recently, the broad
specificity of inhibitors has been summarized (Matsson et al., 2009). The lack of
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availability of specific inhibitors adds complexity to the identification of the relative
contribution of transporters in drug uptake in hepatocytes and renders quantitative
predictions difficult.

Among the transfection or expression systems available thus far, it is difficult to
assess the relative contribution of uptake and efflux transporters in the net transep-
ithelial flux of drugs. Normally, influx or uptake is studied within a short time frame
within which drug efflux is negligible. However, drug efflux is seldom studied,
except in indicator dilution (Schwab et al., 1990, 1992) or washout experiments
(Akita et al., 2001). Inhibition of efflux would lend to increased accumulation
of the victim substrate. In like fashion, estimation of apical efflux is reliant on
initial permeation of substrates prior to utilization of available transporters. This
does not pose as a problem for lipophilic substrates of P-gp. For polar substrates
that utilize the MRP pumps, this presents more difficulty, and may require use of
prodrugs (Nezasa et al., 2006 Reid et al., 2003; Dallas et al., 2004; Chen et al.,
2005) that undergo intracellular cleavage to furnish the requisite substrate. Some
high-throughput screens with facile fluorescent probes are needed.

28.3 Improved Methods for the Interpretation of Drug
Interaction Data

28.3.1 PBPK Modeling

There has been a constant improvement in the way to interpret data. The equation
on the ratio of area under the curve under inhibited and uninhibited conditions pro-
posed by Rowland and Matin (1973) had served as the initial basis and underwent
several modifications to correct for the presence of competing pathways and com-
peting organs (Ito et al., 2005; Brown et al., 2005). An uncertain term that was
debated over and over again is the appropriate estimate of the inhibitor concen-
tration, [I]. The FDA suggests use of the steady state Cmax value of the inhibitor,
whereas the Japanese counterpart emphasizes use of the unbound value. In a com-
prehensive analysis, Obach and colleagues compared the appropriateness of total
or unbound concentration of the estimated hepatic inlet concentrations, or systemic
concentration as [I]max in vivo and concluded that the unbound hepatic inlet Cmax
during the absorptive phase yielded the more accurate prediction of the magnitude
of DDI (Obach et al., 2006). While this remains an outstanding issue, many rec-
ognized that these terms are fictitious correlates of [I] since DDI occurs within the
involved eliminating organ, and the corresponding concentration of the inhibitor at
the locale of the enzyme or transporter is the only pertinent one.

There is common consensus for a push for improved predictions in an interactive
and dynamic fashion. The physiologically based pharmacokinetic (PBPK) model-
ing and simulation approach is recognized to be the most appropriate method and
ideal tool so far to more reliably integrate in vitro data to in vivo (see Chapters 5,
7, 13, 21, and 26). The PBPK model has been found to be superior compared to other
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methods in predicting drug kinetics and behavior in man (Parrott et al., 2006). Both
transporters and enzymes and their inter-individual variations may be accommo-
dated. The soundness of the PBPK model predicates on how the ADME parameters
are fed into the model. In order to achieve good results, strategies of model repre-
sentation, model parameterization, model simulation, and model evaluation must
be used (Nestorov et al., 1998; Luttringer et al., 2003; Jones et al., 2006). Pre-
existing animal PBPK models would lend insight to the development of a useful
PBPK model for humans. The approach is to select the parts of the model that
are pertinent; and the lumping of compartments of similar blood flow or partition
(Nestorov et al., 1998). To tackle the distributional aspects, one needs to examine
the tissue to plasma partition coefficients, and differences in protein binding need to
be estimated (Lin et al., 1982; Poulin and Theil, 2000; Grime and Riley, 2006; Ito
and Houston, 2005). Lastly, for input of human metabolic/elimination data, direct
scaling factors or hepatocellularity per gram liver tissue need to be applied to in vitro
human hepatocyte data (CLint,in vitro × cell density number × liver weight) to arrive
at the intrinsic clearance in vivo, CLint,in vivo (Howgate et al., 2006; Barter et al.,
2007). Then the blood to plasma ratio needs to be known to correlate blood clearance
to blood flow, and binding to tissues at the target site should be considered. Some
success was achieved in this kind of modeling and simulations on the appraisal of
how inter-individual variations in metabolism can affect concentration–time profiles
(Rostami-Hodjegan and Tucker, 2007).

In PBPK-DDI modeling, all physiological and ADME properties of both the
“perpetrator” and “victim” drugs and their metabolites should be considered,
together with information on study design. Mutual inhibition, if present, would be
easily demonstrable. This type of modeling has been concentrated around the liver
as the only eliminating organ. The efforts would reveal the temporal changes of the
drug and inhibitor and their metabolites; the inhibiting species whether the inhibitor
or its metabolite in transport or metabolism (modification of the Km or Vmax) may
be included. Time-dependent destruction or induction of enzymes may further be
modeled.

Various PBPK-DDI models have been used to examine in vivo kinetic
consequences of mechanism-based inhibition (MBI) of CYP2D6 by 3,4-
methylenedioxymethamphetamine (MDMA, ecstasy). A PBPK model with phys-
iologically based components of drug metabolism, taking account of change in
the hepatic content of active CYP2D6 due to enzyme inactivation with forma-
tion of a metabolic inhibitory complex that resulted in auto-inhibition, was used
to explain dose and time dependence observed in the in vivo kinetics of MDMA
(Yang et al. 2006). In other interactions comprising of midazolam/macrolides, tri-
azolam/erythromycin, and 5-fluorouracil/sorivudine temporal changes of inhibitors
were addressed and somewhat predicted using a semi-PBPK model, where the gut
wall metabolism and interaction was accounted simplistically by incorporating a
fixed Fg term to denote the fraction of the dose that is metabolized in gut wall
(Kanamitsu et al., 2000; Ito et al., 2003). Further model development by Hall and
colleagues demonstrated elegantly that excellent prediction of both reversible inhi-
bition and MBI could be achieved with monitoring of the parent drug as well as
the metabolite (Gorski et al., 1998; Pinto et al., 2005; Quinney et al., 2008a,b),
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including the case that intestinally formed metabolite may act as the inhibitor and
exert downstream inhibitory effects on the liver. A semi-PBPK-DDI model that took
into consideration the temporal changes in concentrations of the inhibitor, dilti-
azem (NTZ), gut wall interaction, and contribution from the inhibitory metabolite,
N-desmethyl-DTZ (ND-NTZ), successfully predicted the nonlinear disposition of
DTZ and the interaction between DTZ and midazolam (Zhang et al., 2009). These
results considered the temporal disposition of the inhibitor and DDIs at the gut wall
and changes in intestinal and hepatic enzymes into model development. Simulation
results undertaken were demonstrative that both DTZ and ND-DTZ contributed
to the overall inhibitory effect observed following the administration of DTZ.
However, success of the method was highly dependent on precise determinations
of kinact and Ki. The improved predictions from this clinical study showed that DTZ
treatment resulted in 4.1-fold and 1.6-fold increases in MDZ exposure following
oral and intravenous MDZ administration, respectively, and divulged that the DDI
in the gut wall played an important role in the DTZ/MDZ interaction. This improved
model is superior compared to other models that examined midazolam/verapamil
interaction with a single inhibitor concentration (the unbound average plasma con-
centration of the inhibitor at the steady state), when the intestinal intrinsic clearance
of CYP3A4 was applied in an attempt to account for the gut wall metabolism (Wang
et al., 2004).

However, the PBPK-DDI models so far have seldom included transporters into
consideration. Pang and colleagues have made some progress in inclusion of trans-
porter parameters for basolateral influx and efflux as well as excretion in PBPK
models for organs to understand the role of transporters in areas under the curve of
drug and metabolite (Pang et al., 2008; Sun and Pang, 2009b). Combined physiolog-
ically based models of different eliminating organs incorporating both uptake trans-
porters and enzymes should provide a comprehensive prediction tool to explore and
accommodate the range of possible outcomes and the added complexity that may
result. There is the urgent need, therefore, to consider improved intestinal models
for drug absorption and metabolism. The segregated flow model (SFM) consisting of
reduced flow to the enterocyte region that was developed during the turn of the cen-
tury to describe route-dependent intestinal removal (Cong et al., 2000; Pang, 2003,
Sun and Pang, 2009a) has not been routinely adopted for improved PBPK modeling
for orally administered drugs. The fact that greater inhibition was achieved resulted
for oral over the intravenous dosing of the DTZ–midazolam interaction (Zhang
et al., 2009) and the greater impact for the oral dose is suggestive that the SFM may
better describe the DDI data over traditional, physiological models. Since segmen-
tal distribution of transporters and enzymes will further affect bioavailability (Tam
et al., 2003), improved PBPK modeling for the intestine, achieved through recog-
nition of segmental differences in enzymes and transporters, will further address
the interplay of enzymes and transporters of the intestine. There is a recent devel-
opment toward modeling segmental P-gp and CYP3A in the intestine in light of
the segmental traditional PBPK model (Tam et al., 2003), and may have sparked
resultant simulations on drugs of varying permeability to reveal the impact of com-
peting metabolism and P-gp efflux (Badhan et al., 2009). The resultant PBPK-DDI
model would reveal the interactions between transporters and enzymes, and show
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how these would affect the rise and fall of the drug and metabolite profiles and
those of the inhibitor and its metabolite. However, implementation would require a
quantitative definition of the contribution of transporters and enzymes, as well as
the flow rate to eliminating organs. It is highly recommended that metabolites be
monitored and considered in the PBPK-DDI model.

28.3.2 In Vitro Estimates For In Vivo Extrapolation (IVIVE)

From the previous section (Section 28.3.1), it is recognized that modeling and sim-
ulation is the way to gain an improved understanding of DDI. The important task is
how to implement this. Better success needs to be achieved with good in vitro esti-
mates for in vivo extrapolation (IVIVE). Much more efforts have been devoted to
IVIVE to address DDI potential. But many difficulties remain (see Chapters 7–10).
First, recent investigations revealed that protein–protein interactions may fur-
ther complicate IVIVE. Several examples were found. For the cytochromes in
a purified, reconstituted enzyme system, CYP2D6 was found to decrease the
substrate-binding affinity and rates of catalysis of CYP2C9 and inhibited the
CYP2C9-mediated S-flurbiprofen metabolism in a protein concentration-dependent
manner (Subramanian et al., 2009). UGT2B7 was reported to interact with UGT1A
enzymes, affecting their kinetics in human liver microsomes and underscoring the
complexities in glucuronidations in human liver (Fujiwara et al., 2009). Another
example existed between CYP3A4 and UGT2B7, enzymes in close proximity to
each other; the Leu331-to-Lys342 domain or the surrounding region of CYP3A4
played a role in the interaction with UGT2B7 and glucuronidation (Takeda et al.,
2009). Second, it is difficult, and maybe impossible, to obtain the in vivo Ki value
from DDI clinical studies. What is widely appreciated is that in vitro Ki values in
PBPK model-based analyses do not necessarily reflect the result observed in vivo.
In almost all cases, it is predicted that when the inhibitory potency is ≤1 μM, an
in vivo drug–drug interaction would be observed; however, if the inhibitory potency
is ≥10 μM, there is still the possibility that the drug would cause an interaction.
Even with available programs such as Simcyp R©, the program currently uses the
method of predicting the in vivo Ki value based on correlations of clogP (calculated
logP) with the ratio of the in vivo to in vitro Ki values. Improved accuracy in the
estimation of in vivo Ki values must be achieved in the future. Simulation programs
(e.g., Simcyp R© or Simulation Plus R©) must aim toward use of in vitro data for pre-
diction purposes by allowing the incorporation of inter-individual variability and the
easy exploration of various model options.

28.3.3 Software for Modeling

There are some attempts for Simcyp R© to develop improved PBPK-DDI mod-
els that can account for the segregated flow effect, by employing only 40–59%
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of intestinal flow for the assessment of intestinal clearance (Yang et al., 2007).
Similar attempts have been made for Simulation Plus R© (personal communication,
Dr. Michael Bolger). It would be of interest to view how the above concepts on
segregated flow of the intestine (Cong et al., 2000) and segmental distribution of
transporters and enzymes (Tam et al., 2003), when incorporated into modeling and
software, improve the level of prediction of drug absorption and bioavailability in
clinical DDI studies. It was further stressed that the unbound fraction obtained in
vitro in the incubation mixture, as well as the unbound and not total concentration
of the inhibitor should be inputted for proper estimation of the intrinsic clearance of
drug (see Chapter 7).

Present softwares that examine PBPK modeling or PBPK-DDI have yet to
include transporters. It is hoped that some of the recently developed theoretical
works on organ clearance concepts (Pang et al., 2008; Sun and Pang, 2009b) would
fuel further development in this area. Such progress is sorely needed, because cur-
rent models fail to fully rationalize long-standing and well-documented perpetrator–
victim pairs such as gemfibrozil–repaglinide (involving CYP2C8 and/or organic
anion transporting peptide 1B1 inhibition), 17α-ethinyl estradiol–selegiline (involv-
ing CYP2B6 inhibition), 17α-ethinyl estradiol–melatonin (involving CYP1A2 inhi-
bition), and capecitabine–warfarin (involving CYP2C9 inhibition) (Chang et al.,
2009; Hinton et al., 2008; Yildirim et al., 2006; Janney and Waterbury, 2005).

28.4 Difficulties Remaining

The inclusion of transporter activities (as influx or efflux intrinsic clearances) for
the liver and kidney, and the combination of more physiologically relevant intestinal
models would improve the IVIVE. Remaining challenges of accounting for variabil-
ity in patient populations due to age, ethnicity, and genetic makeup on IVIVE need
attention in simulation packages. The slowest process (or rate-limiting step) that
affords the greatest change (or sensitivity) should be emphasized in the DDI reac-
tion. The complex metabolic drug interactions such as inductive, mechanism-based,
and allosteric DDIs would add more complexity and difficulty for prediction in vivo.
Consideration should be given to the interactions between a drug ligand and nuclear
receptors or cytokines that result in changes in transporters and enzymes (Le Vee
et al., 2009; Fardel and Le Vee, 2009). These may be overcome by modeling and
simulations, and development of softwares may be advanced to predict these kinds
of occurrences and understand rate-determining steps. Metabolites as culprits should
be seriously considered, and metabolite information is paramount (see Chapter 5). It
is envisaged that proper validation of the simulation model with in vivo data would
greatly strengthen the methodology and allow future classifications to be made.

28.4.1 Multiple Interactions

Unlike the DDIs that involve a single mechanism for pair of drugs, the effect of mul-
tiple drug interactions is difficult to design and evaluate properly in vivo. The use of
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modeling and simulation, especially with a PBPK approach, again appears promis-
ing to understand these complex drug interactions (see Chapter 26). Future studies
need to focus on better defining key parameters required to quantitatively evaluate
multiple factors and mechanistic understanding of the combined effects. Besides
study design, the utility of modeling and simulation in labeling recommendations
for the safe and effective use of a drug needs to be explored

28.4.2 Drug Interactions Involving Biologic Agents

In recent years, the pharmaceutical industry has employed increasing numbers
of biologic agents, such as monoclonal antibodies (Mabs), domain antibodies
(Dabs), inhibitory ribonucleic acid (RNAi), and protein or peptide-based deriva-
tives (Mascelli et al., 2007; Zhou, 2007). Many of these agents are administered
intravenously (or subcutaneously) and circulate at high concentrations, because of
“pharmacokinetic enhancement” enabled by pegylation or coupling to proteins such
as serum albumin. Unlike their small molecule counterparts, many biologics are
characterized by a long plasma half-life of “days” rather than “hours,” with clear-
ance and distribution largely determined by the binding to, and turnover rate of, the
biological target itself.

Although the manufacturing and safety of biologic agents has received consider-
able attention, the different aspects of DDIs have yet to be explored. For example,
it is only recently that the possibility of DDIs involving therapeutic antibodies was
considered and examined (Seitz and Zhou, 2007; Mahmood and Green, 2007). This
is important, because many therapeutic antibodies interact with target proteins on
the surface of cells and modulate circulating and intracellular cytokines. In turn,
such cytokines can impact the expression of drug-metabolizing enzymes and trans-
porters in tissues (Le Vee et al., 2009; Fardel and Le Vee, 2009). How would one go
about assessing such DDI potential preclinically? What type of models and screen-
ing funnels would have to be in place? In the absence of validated in vivo (animal)
and in vitro models, this would prove challenging. It is clear that the industry will
have to adapt its current small molecule-oriented paradigms to encompass biologics.
Moreover, regulatory agencies will have to more fully address this topic in future
guidance documents.

28.4.3 Future Improvement of Prediction Strategies

From an industrial standpoint, a considerable amount of resources has been spent
over the last decade building up databases (see Chapters 15 and 16) and developing
fully automated (high-throughput) screening platforms. This has reached the point
where most mid- to large-sized pharmaceutical companies are able to generate in
vitro data for large numbers of compounds employing various (e.g., 384- and 1536-
well) assay formats. For example, in vitro P450 inhibition and induction assays have
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become routine and the data are being used to screen out compounds, drive lead opti-
mization campaigns, enable development of structure–activity relationships (SARs),
and prioritize and guide the design of follow-up clinical DDI studies (Chapter 23).
Although most groups can generate such data, the major challenge is what to do
with it, how to integrate it, “bring it all together,” and enable decision making.

Fortunately, the various members of industry organizations such as PhRMA
(Pharmaceutical Research Manufacturers of America) have made the first steps in
reaching a consensus on best practices for the conduct of preclinical and clinical
DDI studies (Bjornsson et al., 2003; Chu et al., 2009; Grimm et al., 2009). In most
cases, however, the focus has been on the implementation of empirical approaches
(e.g., [I]/Ki ratio guidance or the rank order approach) with little detail related to
the actual modeling of DDIs. It is hoped that such consensus will pave the way for
additional progress in the years to come, because DDI models in the future will
need to be much more mechanistic and incorporate data from an ever increasing
array of sources. For example, as microsomal-binding and protein-binding assays
continue to become standard approaches, in silico methods for the prediction of free
fractions and protein–protein interactions will become as common for DDI pre-
dictions as they are currently used for unbound clearance predictions. Similarly,
as one P450 is inhibited, in silico models will eventually be able to predict the
fraction metabolized (fm) shift to another clearance mechanism, and the predicted
impact on exposure in terms of AUC, Cmax, and associated pharmacokinetic param-
eters. With greater emphasis being placed on pharmacokinetic–pharmacodynamics
(PK-PD), it is also likely that DDI models will have to incorporate such informa-
tion and enable assessment of likely impact on PD, not just PK. More broadly, the
application of a systems biology approach to PK-ADME (absorption-distribution-
metabolism-excretion) research will also enable improvements in DDI modeling
and predictions (Ekins et al., 2007). Despite the obvious challenges, if the progress
of the last two decades is anything to go by, the field of DDI research will continue
to mature and develop in ways that cannot be imagined today.
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effect of organ clearance value and,

399–401
transport process, 397–399

inhibitor dose, 429–430
in intestinal metabolism and transport,

307–308
dose/Ki method, 308–309
FDA draft guidance, 310–311

within liver, 119
in liver and intestine

computer program, 311–312
PBPK model-based prediction,

importance, 312–313
patient’s medication history, role, 696
P-gp and, 261–262, 542
prediction

absorption/elimination, 544
approaches for, 172–173
challenges of, 612–615
of DDIs, involving glucuronidated

drugs, 228

of DDIs in drug development,
importance of, 313–314

distributional, 544
effect of f mCYP on, 181
OATP, 544–545
P-glycoprotein, 542
from in vitro data, 402–404

QSAR models for predicting, 152
qualitative zoning

and ranking approach of, 196–197
for prediction, 174

roles of AhR and Nrf2 in, 76–77
in silico tools for prediction, limita-

tions, 162
structural information of protein and, 153
toxicological consequences of, 654
temporal factors, 429–430
using pharmacophores, 161
in vitro to in vivo DDI prediction, 539–542
Web based database (see Web-based

database, tool for examining DDIs)
See also Drug disposition; Drug interaction

(DI); Polymorphisms
Drug–food interactions, 358, 362
Drug glucuronidation, in vitro characterization

cofactor concentration, 223
dependence of UGT activity on, 222
enzyme sources, 220–221
glucuronide stability, 222
microsomal UGT, latency of, 221–222
substrate and inhibitor, nonspecific binding

of, 223
See also Glucuronidation

Drug–herb interactions, 85–86
Drug-induced cholestasis, 39, 389
Drug-induced liver injury, 652–654
Drug influx transporters, 41
Drug inhibition (AUC∗

po/AUCpo), 426
Drug interaction (DI)

ABCB1 (P-gp) polymorphisms and, 60–63
affecting first pass metabolism, 674
analysis, for disease and comorbidities, 378

DI profile of antidepressants, 380
fluvoxamine monograph, 381
interpretation, 383–384
main enzymes and associated

interactions, 383
monograph for depression, 379
search strategy, 379

assessment using modeling and
simulation, 680

applications of PBPK approach,
682–684
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static vs. dynamic approaches, 680–681
using PBPK modeling and simulation,

681–682
challenges in evaluating complex, 684–685
clinical importance, 639–640
complex interactions, 667–669
dynamic nature of, 674–676
involving biologic agents, 714
involving metabolic enzymes, 702–703
involving transporters, 706

improved probes and inhibitors to
examine, 708–709

improved tools to examine, 707–708
proteomics-based approach to

define, 706
species difference in transport, 706–707

management, of new drugs in multicenter
trials, 371–372

database design and content, 372–373
usage examples, 373–385

mechanisms and terminology, 629–630
metabolic inhibition and induction,

comparison, 630
OATP polymorphisms and, 63–64
OCT polymorphisms and, 64
in patients with organ impairment, 677–678
potential, assessment, 371, 594
prediction

for time-dependent inhibitors, 486–487
of induction-type, 82–83

scientific perspectives on studying
complex, 685–687

two interacting drugs affecting one
substrate, 677

types of, 676–677
Drug interaction data, interpretation and

methods, 713–714
IVIVE, 709–712
PBPK modeling, 709–712
problems involved, 713–714
software for, 712–713
See also Drug interaction (DI); Drug–drug

interactions
Drug metabolism, in vitro techniques to study

DDIs
approaches for, 172–173

experiment requirements and probes,
175–176

nonspecific binding issue, 176–178
assessment of P450 induction, 192–195
changes in cytochrome P450 activity,

169–172

classification of CYP3A inhibitors and
inducers, 174

effect of f mCYP on, 181
enzyme and drug properties, 178–180
enzyme inhibition evaluation, 184–185

multiple sites inhibition, 186
reversible inhibition, 185–186

FG prediction, 182–184
multiple inhibitors role, 200–202
parallel elimination pathways, impact,

180–182
scheme used for prediction, 172–174
time-dependent inhibition interactions

(TDI), 170, 175, 187
approaches for assessment, 191–192
irreversible inhibition assessment,

188–190
utility of in vitro inhibition and induction

parameters
inhibition prediction, 197–200
induction prediction, 202–204
qualitative zoning and ranking

approach, 196–197
Drug-metabolizing enzymes, 41, 588

in Caco-2 cell monolayers, 265
catalyze conjugation reactions, 703
competitive inhibition of, 311
cytokines, impact expression of, 714
effects of genetic polymorphisms

in, 52
expressed in hepatic tissue, 702
functional activities of, 286–287
in human intestinal epithelium, 416
nomenclature, 68
regulation by nuclear receptors, 79–80
and transporters, 614

Drug product information, FDA approved,
694–695

Drug side effects, 87–88
Drug transporters, see Transporters, drugs
Drug treatment

clinical, and toxicological aspects of, 318
implication for, 65–67

Drug uptake transporters, 63, 243, 604
DTZ–midazolam interaction, 711
Dubin–Johnson syndrome, 530

E
Eadie–Hofstee plot, 185
ECu50 value, 329
EC50 values, 85, 292, 329, 597, 600
Effector–substrate pairs, 500
Efflux ratio, 268, 270
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Efflux transporters, 28, 36
to achieve concentrations, 262
actions of drug uptake and, 83
apical membrane containing, 264, 273–274
in apical membrane of enterocytes, 257
basolateral, 274–275
bidirectional transport assays to study, 244
buspirone interplay with, 182
in Caco-2, 269, 272
cell monolayers express an, 243
draft guidance, 272
in drug disposition, 258
drug substrate and AQ value, 269
EfR values for, 268
expressed at brush border membrane, 43
expressed in canalicular membrane, 42
hepatocytes express uptake and, 220
influx and, 41
interaction at level of apical, 43
internalization of canalicular during, 240
MATE1 and MATE2-K, 38
modulating drug clearance by, 114
polymorphisms of drug uptake and, 61
sandwich-cultured hepatocytes to study,

241–243
in secretion of cationic drugs from, 40
sitagliptin substrate for, 248
in trans-epithelial flux of drugs and, 250
in tumors, 162
use of suspended hepatocytes to study, 240

EfR, see Efflux ratio
EGCG, see Epigallocatechin gallate
Either ethinylestradiol, 85
Elacridar, 528–529
Electron-transport system, 5
Eletriptan, 374
Emax values, 329
Endogenous fatty acids, as inhibitors, 229–230
Endoplasmic reticulum (ER), 219
Endoxifen, 16
ENT1, see Equilibrative nucleoside

transporter 1
EnterionTM capsule, 350–352
Enzyme degradation rate (kdeg), 489–490
Enzyme inhibition, 59, 184, 218, 300, 336,

430, 655, 702
Enzyme turnover, 178
Epigallocatechin gallate, 567
Eplerenone, 374
Epoxidation, of furan ring, 479
Equilibrative nucleoside transporter 1, 523
Equilibrative transporter, 525–526

Erythromycin, 310, 363–364, 415, 488,
626, 634

as CYP3A inhibitor, 634
as CYP3A substrate, 58
free drug exposure of quinine by, 678
interactions, 710
at therapeutic concentrations, 364
time dependent, 683

17β-Estradiol, 500
Estradiol-17β-glucuronide, 232
Ethinyl estradiol, 196, 478
7-Ethoxycoumarin metabolism by

CYP1A1, 502
1-Ethoxy-4-nitrobenzene, 502
Ethoxyresorufin, 502

F
Facilitative transporters, 525
Famotidine

coadministration of probenecid with, 392
inhibition of OAT3 transport, 466
interaction between probenecid and, 466
renal DDI, 289
transport activities of, 293

Fa2N-4 cell line, 195
Farnesoid X receptor, 76

activation, 78, 80
agonists, 78
antagonists, 78–79, 89
drug-metabolizing enzymes regulated

by, 79
genotype associated with, 88
human drug disposition genes regulated

by, 79
as regulator of drug metabolism and

transporter genes, 76
role of vitamin D, 79

Fatty acid free human serum albumin, 229
Fatty acid hydroperoxides, 11
Fatty acid transporter, cd36, 88
FDA-approved drugs, 4
FDA draft guidance (2006), for drug

interaction, 300
FDA-recommended inhibitors, 184
Felodipine, 374
Fetal drug distribution, 527
Fexofenadine, 60, 309, 357, 416, 626

apical uptake, 273
basolateral efflux, 274
cimetidine, effect on, 539
decrease in AUC/Cmax of, 534, 559
decrease renal clearance, 392
effect of ABCB1 c.2677T—c.3435T

haplotype on, 62
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permeability, 357–358
and RIF, 544

FG ratio, 171, 199–200
First-order enzyme kinetics, for substrate, 589
First-pass drug interactions, 415–416

bioavailability, 422–423
drug exposure, 423–427
gut enzyme, susceptible to, 426
organ bioavailability, 423–427
organ intrinsic clearance, 422–423
pharmacokinetic principles of, 421
prediction of, 421
See also Drug disposition

Flavin-containing monooxygenases, 10–11
Flavonoids, 557

beneficial effects, 566
interactions

with metabolizing enzymes, 565–569
with transporters, 565–566, 569–571

modulating efflux transporters, 573
naturally occurring, 569
potent inhibitors of sulfotransferase, 569
transporter-mediated flavonoid–drug

interactions, 567
Flecainide–paroxetine interaction, 66
Fluconazole, 8, 218, 607, 654

inhibitor, 655
interaction between coumarin derivatives

and, 655
interaction of warfarin and, 655
Ki values for fluconazole inhibition of, 230

Flunitrazepam, 500–501
Fluoxetine, 59, 186

to activate metabolism of, 502
and paroxetine to inhibit, 628
potent inhibitors of CYP2D6, 66
substrate inhibition, 502
time-dependent inhibitors, 189

Flurbiprofen, 8, 502
Flurbiprofen–fluconazole interaction, 66
Flutamide, 533
Fluticasone, 374
Fluvoxamine, 184
FMO3 gene, 11
FMOs, see Flavin-containing monooxygenases
Fold induction and inhibition

in CLuint, 327–329
in cultured human hepatocytes, 488
defined, 328, 330
significant changes in, 194
of UGT activity for, 15

Fractional metabolic clearance ( f m), 671–673
Fraction of clearance fCL(enz), 491

Fraction unbound in microsomes ( fumic), 176
Free drug hypothesis, 331
Furosemide, 349
FXR, see Farnesoid X receptor
FXR (NR1I4) gene polymorphisms, 88

G
Galangin, 567, 570
Gall bladder ejection fraction, 360–361
Gamma aminobutyric acid (GABA) receptor

system, 629
Gamma-emitting probe substrate, 360
Garlic, 560–561
Gemfibrozil, 184

absorption phase, 199
combination of cerivastatin and, 299
drug interactions with, 8
effects of CsA and, 544
glucuronidation of, 231
IC50 values of, 679
as inhibitor, 63
inhibitor of CYP2C9, 230
interaction

between cerivastatin and, 230
between cyclosporine, repaglinide

and, 64
precipitated by, 534

itraconazole and, 677
levels of inhibitor and metabolite, 706

Gemfibrozil–cerivastatin interaction, 680
Gemfibrozil glucuronide, 202
Gemfibrozil 1-O-β-glucuronide, 231
Gemfibrozil–repaglinide pair, 713
Genetic polymorphisms, 65, 219

in transporter gene, 439
See also Polymorphisms

Genistein, 568
Genotype-dependent effects, 226–227
GFR, see Glomerular filtration rate
Gilbert’s syndrome, 14, 16
Ginkgo biloba, 86, 564–565
Ginseng, 561–562
Glibenclamide, 39
Glomerular filtration rate, 288, 293
Glucocorticoid homeostasis, 88
Glucuronic acid, 389
β-Glucuronidase activity, 222
Glucuronidated drugs, 39

competitive inhibition, of CYP2C8 by, 232
kinetic data for, 225
low hepatic clearance, 220
prediction of DDI involving, 228–229
quantitative IV-IVE for DDI involving,

227–230
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Glucuronidated drugs (cont.)
for reaction phenotyping, 181–182
in vitro assessment, as inhibitors

of CYP, 231
Glucuronidation, 87, 182, 217

characterization of drug, 221
drugs inhibiting, 218
kinetics, 225–226
optimal microsomal, 221
reaction, 15, 218–220
by UGT2B7, 226
xenobiotic, 226

Glucuronide stability, 222
Glutathione conjugation, 12
Glutathione (GSH), 11
Glutathione S-transferases (GSTs), 4,

11–13, 41
Glyburide, 464, 544
Glyburide–rifampin interaction, 465
Grapefruit juice, 182, 416
GSTA1 expression, 13
GSTP1gene, 11
Gut wall extraction ratio (EG), 329

H
Haloalkanes, 481
Haloperidol, 9, 501
Halothane metabolism, by CYP2E1, 502
Hecogenin, 224
Heme iron, 5
HepaRG cells, 195
Hepatic cytochromes P450 (CYPs), 4
Hepatic drug clearance

models, 115–116
PBPK liver model, 117

solutions for AUC and, 118–120
well-stirred model, 116–118

See also Clearance, of whole body and
organs

Hepatic drug elimination, transporters, 41–43
Hepatic influx/efflux transporters, 344
Hepatic vein (HV), 116
Hepatotoxicity, 533
Herbal medicine, involved in induction-type

DDIs, 83–86
Herbal products, 565
Herbal supplements-based interactions, 556

isothiocyanates (ITCs), interactions with
enzymes, 571–574

transporter and enzyme interactions,
557–565

See also Flavonoids
Herb–drug interactions, 556–557, 566

Heteroactivation, 499, 503
action of dapsone, 501–502
of alprazolam, 500
of CYP3A7, 501
of CYP3A4, 509
of CYP2D6, 502
of multiple CYP3A4 and CYP3A5

substrates, 500
role of dapsone in, 508
role of felbamate in, 508
in vivo, CBZ clearance by felbamate, 508

Heterotropic cooperativity, 226
High-frequency (HF)-capsule, 346–347
High-throughput screen (HTS), 155
Hill coefficient, 270
HIV/AIDS treatment, 519
HIV protease inhibitors, 41, 87–88
HIV protease inhibitor therapy, 84
HLM, see Human liver microsomes
HMG-CoA reductase inhibitors, 42, 248, 465
Homodimerization, 226
H+/peptide symporters, 44
H2 receptor antagonists, 293
HSAFAF, see Fatty acid free human serum

albumin
Human drug absorption studies, bioavailability

and DDIs, 343–345
intestinal aspiration/perfusion catheters,

352–353
CHOL-ect multilumen catheter,

358–362
Loc-I-Gut R©, 354–358

microdosing, 363–364
remotely activated drugs

EnterionTM capsule, 350–352
high-frequency (HF)-capsules, 346–348
InteliSite R© capsule, 348–350

Human FMO isoforms, 10
Human GST genes, 13
Human liver microsomes, 220–221, 223
Human MDR1 protein, see P-glycoprotein
Human OATP1B1 (SLCO1B1), functional

expression, 294
Hydrazines, 481
Hydrophobic drugs, 39–40
Hydroxyglucuronide, 202
Hydroxylation, 477
1′-Hydroxy MDZ, 289
4-hydroxyphenyl-β-glucuronide (MPAG)

metabolite, 420
Hyperbilirubinemia, 218, 389
Hypercortisolism, 88
Hyperforin, 86
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Hypoglycemia, 8, 55
Hypothyroidism, 87

I
Ibuprofen, 8, 656
ICG, see Indocyanine green
IC50 values, 184, 192, 248, 270, 404, 484, 571,

595, 613, 679
[I]/Ki ratio, 197
Iminomethide, 480–481
Imipramine, 9
Immediate release (IR) drug products, 345
Index for DDIs, 308–311
Indinavir, 40–41, 84, 86, 226, 389, 402, 557,

564, 569
concentrations, co-administered with, 559
inhibition of UGT1A1 activity by, 218

Indocyanine green, 108
Indomethacin, 8
Induction, 192–193

predictive utility, induction parameters, 196
use of, cryopreserved hepatocytes for, 194
in vitro systems, used for assessment,

193–195
See also Drug metabolism, in vitro

techniques to study DDIs
Induction-type drug interactions

drugs and herbal medicines in, 83–86
medicines, clinically relevant, 84

inhibition of receptors, 87
prediction, 82–83

OATP1B1, overexpression, 83
plasma concentrations of drugs

(Cmax), 83
ratio of Cmax to EC50, 83
reporter gene assay, 82

therapeutic aspects of, 86–89
and drug side effects, 87–88
interindividual variation in drug

response, 88
nuclear receptor responses, 86–87
nuclear receptors, inhibition, 87

time course of receptors responses, 86–87
xenobiotic receptors, 89
See also Nuclear receptors

Induction-type herb–drug interactions, 85
Induction-type drug interactions, therapeutic

aspects
Inflammatory bowel disease, 40
Inhibition of ENT1, 524
Inhibitor constant (Ki ), 223
Inhibitor dose, 429–430
Inhibitor in intestinal wall ([I]g),

estimation, 591

Inhibitory metabolite(s), 679–680
In silico methodologies, for predicting DDIs

in combo with wet experimental data, 154
docking and structure-based approaches

for, 153
with enzymatic predictions, 155

mechanism based inhibitors, 160
P450 crystallization, 157–158
P450 docking, 158–160
P450 inhibition, 156–157
statistical approaches, 155–156

to estimate FG, 182
industrial applications, 154–155
limitations in, 162
pharmacophore modeling, 152
QSAR modeling, 152
and transporter-based DDIs models,

161–162
See also Drug–drug interactions

Insomnia, 378
InteliSite R© capsule, 348–350
Intestinal aspiration/perfusion catheters,

344, 352
Intestinal drug absorption, transporters,

39–41, 352
Intestinal drug interactions

added complexity
diffusion barrier effects, 427–429
inhibitor dose, 429–430
temporal factors, 429–430

See also Drug interaction
Intestinal drug transport, 41
Intestinal enzymes, 590
Intestinal expression, OATPs, 534
Intestinal inflammation, 88
Intestinal metabolic extraction, 426
INT-747, FXR agonists, 89
Intrinsic clearance (CLint), 136, 139, 323

basal intestinal, 425
effect of inhibitors on, 393–395
and pharmacokinetic outcome, 669–671
See also Drug–drug interactions

Inulin, 108
In vitro–in vivo extrapolation, 220, 225

to assess biliary excretion using, 324
determining

drug clearance, 322–324
drug distribution, 324–325
oral bioavailability, 322

for prediction of M-DDI associated
with, 318

quantitative, for DDI involving
glucuronidated drugs, 227
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In vitro–in vivo extrapolation (cont.)
endogenous fatty acids as inhibitors,

229–230
prediction of DDI, 228–229
theoretical considerations, 227–228

In vitro parameters, impact of inhibitor
concentration [I], 592–594

In vitro to in vivo prediction, see Transporter-
based DDIs

In vitro techniques
to study DDIs in drug metabolism,

see Drug metabolism, in vitro
techniques to study DDIs

to study transporter based DDIs, see
Transporter-based DDIs

In vivo animal models, for DDIs assessments,
283–285

absorption model, 285–286
considerations, 291
for DDI studies, cases

rhesus model, 289–292
rat model, 292

excretion model, 288–289
metabolism model, 286–288
transporter-mediated drug interaction

cynomolgus monkey model, 293
rat and rhesus models, 293–294

transgenic and knockout models, 294
See also Drug–drug interactions

In vivo biliary clearance, 360
In vivo inactivator concentration [I]in vivo,

490–491
IPRL, see Isolated perfused rat liver
Irinotecan, 14, 218
Irreversible inhibition, 140, 170, 174, 176, 179,

188–190
of CYP3A-mediated metabolism, 182
of CYP2C8 in case of gemfibrozil

and, 201
distinguishing feature of, 231
indicator of potential, 185
predictions of 28 TDI using, 201
in vitro systems used for assessment,

188–190
Irritable bowel syndrome, 85
Isoforms of OATP, expressed on sinusoidal

membrane, 534
Isolated perfused rat liver, 466
1-Isopropoxy-4-nitrobenzene compound, 502
Isothiocyanates, 12, 557, 571
ITC–drug interactions, 574
ITCs, see Isothiocyanates
Itraconazole, 184, 200

co-administration with ketoconazole, 418
CYP3A inhibition by, 685
and hydroxy metabolites, 683
increase AUC of digoxin by, 527
inhibiting CYP3A4 in, 303, 403
metabolites, 201, 679
placebo and coadministration, 304
as potent P-gp inhibitor, 62
in vivo Ki values of, 304

Itraconazole–midazolam interaction, 303
IV-IVE, see In vitro-in vivo extrapolation

K
Kempferol, 570
Ketamine, 7
Ketene, 478
Ketoconazole, 16, 184, 377, 416, 507, 626

artefactual shift in, 191
CYP3A4 inhibition between, 201
and CYP3A substrates, 332, 634
to demonstrate, rats and humans, 292
effects, 376
erythromycin and, 415
and fluconazole, 58
inhibition, 337
low concentrations, 507
multiple dosing of, 676
pharmacokinetic interaction with, 292
and protease inhibitors in vivo, 683
and renal impairment, 678
victim drug AUC in presence of, 181

Ketoconazole–terfenadine interaction, 427
Ketonconazole, 87
kinact/KI assays, 191
Kinetic models, 498
Kitz–Wilson plot, 490

L
β-Lactam antibiotics, 35
Lamotrigine, 218
Lansoprazole, 40, 56
LC-MS/MS methods, 188
Lead characterization, 610–612
Lead optimization, 608–610
Leukotriene receptor antagonist, 7–8
Lidocaine, 108
Lipid-lowering statins, 544
Lipophilic drugs, 176
Loc-I-Gut R© catheters, 352–353

applications, 355–356
design, 354–355
determination

biliary excretion, 356–357
detecting drug–food interactions, 358
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intestinal presystemic metabolism, 356
modulators impact, 357–358

intestinal aspiration/perfusion studies
using, 353

Lopinavir, 218, 643, 668
Lorazepam, 16, 218
Lornoxicam, 8
Lovastatin, 374, 403, 417–418, 534

M
Macrolide antibiotics, 42
Mammalian P-gp, 38
MAOIs, see Monoamine oxidase inhibitors
MATE, see Multidrug and toxin extrusion
MATE family transporters, 392
MATE interactions, 538–539
Maximum induction, of enzyme, 180
M-DDI, see Metabolic drug-drug interactions
M-DDI potential, of new drug candidate, 319
MDR, see Multidrug resistance
MDR1/ABCB1 gene, 38
MDR1 gene, 77
MDR1/P-glycoprotein (P-gp), 38
MDR1/P-gp expression, 41
MDR1/P-gp pumps, 40
MD sampling, 153
MDZ, see Midazolam
Mechanism-based inactivation, 55, 225, 227,

230, 326, 334
assessment of, 231
of intestinal CYP3A4 and CYP3A5, 417
of P450 enzymes, biochemical

experiments, 482
Mechanism-based inhibitions, 301, 474, 479,

481, 590
Mechanism-based inhibitors, 154, 158, 160,

311, 332, 612
Meloxicam, 8
6-Mercaptopurine, 218
Metabolic and transport drug interaction

database, 371–372, 384, 385
Metabolic drug–drug interactions, 317

accurate prediction, 332
administered dose of perpetrator, 337
assessing variability in, 335–337
associated with new drug candidates, 318
in cirrhotic patients, 337
concentration–time profile, prediction, 324
due to CYP inhibition, 318
fm as determinant of, 327

variation in fm, 335
ideal system specifically designed for, 326
for information on victim or perpetrator

drugs, 318

population data analyses to assess, 337
potential of new drug candidate, 319
realistic assessment, requirement, 336
renal excretion and, 323
requirements for, 325–32
risk of false negative, 332
role of metabolites, 323
static models for estimating

in gut wall, 329–331
ignoring gut metabolism, 326–329

strategies for predicting, 333
See also Drug–drug interactions; In vitro-in

vivo extrapolation
Metabolic drug interactions

rat model, for CYP3A-mediated DDI, 292
rhesus model

for CYP3A-mediated DDI, 289–290
for evaluating diclofenac (DF), 290, 292

See also Drug–drug interactions; In
vivo animal models, for DDIs
assessments

Metabolic elimination, 173, 197, 423
Metabolic inhibition

and induction, comparison, 630
perpetrator impair clearance of victim

drug, 629
Metabolite–intermediate complex, 476, 481
Metformin, 43, 238–239

accumulation of oxaliplatin, 44
dosing rate of, 465
important substrate, 42
increased AUC of, 537
OCT2-mediated renal clearance of, 64
OCT1 SNPs, decrease transport of, 538
pharmacological effect, 464
polymorphism, 64
reduction, renal clearance by, 539
renal clearance of fexofenadine and, 392
transported by OCT2, 43

Methadone, 7, 84
Methotrexate, 461

cardiac glycosides, 44
cephalosporin antibiotics and, 392
cleared via bile, 461
and NSAIDs, 43
and probenecid in rats, 402
and topotecan, 457
unconjugated drugs as, 274

Methoxsalen, 479
1-Methoxy-4-nitrobenzene, 502
Methylenedioxymethamphetamine, 478
Methylenedioxyphenyl, 477–478
4-Methylsulfinylbutyl isothiocyanate, 571
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4-Methylumbelliferone glucuronidation, 229
4-Methylumbelliferone (4MU), 15, 226, 503
Metoprolol, 9, 66, 491
Mibefradil, 187, 191, 300, 487, 509
MIC, see Metabolite-intermediate complex
Michael acceptors, progenitors, 478–479
Michaelis–Menten constant (K m), 109, 179,

268–269, 329
Michaelis–Menten principles, 175, 185
Miconazole, 8
Microdosing, 345

to predict pharmacokinetics of, 364
scope and trial, 363–364
warfarin’s distribution, discrepancy, 364

Microsomal binding, 491
Microsomal drug binding, 178
Midazolam, 85, 289–290, 309, 374

AUC of oral, 373
base model, 683
clearance, 685
CYP3A-mediated DDIs using, 607
DTZ and, 711
effect of, dose escalation of ketoconazole

on, 337
heteroactivation, 500
for inhibition, 337
magnitude of clinical DDI for, 196
mean (±SE) total AUC for, 636
mediated CYP3A activity, 58
perpetrator’s IC50 against, 611
plasma concentrations of, 635
prediction of interactions with, 200
and quinidine, 187
SJW, 558
systemic clearance of, 58
values of Fa Fg for, 303

Mifepristone, 334
Mild depression, 86
Milk thistle, 563–564
Minimal Qgut model, 183
MMF, see Mycophenolate mofetil
Modified Hill equation, 270
Monoamine oxidase inhibitors, 379
MRP, see Multidrug resistance protein
Mrp deficient, Eisai hyperbilirubinemic rats

(EHBR), 708
MRPs (ABCC family) interactions, 530
MRP subfamily, 114
Multidrug and toxin extrusion, 38, 44, 392,

538–539
Multidrug resistance, 258, 389–390
Multidrug resistance-associated protein (MRP)

2, 388

Multidrug resistance protein, 39, 518, 530
Mrp2, in biliary excretion of paclitaxel, 274
MRP-mediated drug–drug interactions, 530
MRP2-mediated efflux, 530
MRP-1 overexpressing HL60/AR cells, 573
MRP3 protein, 42, 274
MRP pumps, 709
MRP4, transporter in ABCC family, 274

Multiple clearance values, 335
Multiple inhibition mechanisms, 200–202
Multiple interactions, 713–714
Mutations, in BSEP, 533
Mycophenolate mofetil, 420
Myricetin, 571

N
Na+-carnitine symporter, 37
N -Acetylation, 218
N -Acetyltransferases, 4, 13–14, 218
NADPH/P450 oxidoreductase, molar ratio, 482
NADPH-regenerating system, 231
1-Naphthol glucuronidation, 503
1-Naphthol (1NP), 226
Naproxen, 8
Naproxen acyl glucuronide, 232
Na+-taurocholate cotransporting polypep-

tide, 389
NAT phenotype, 14
NATs, see N-Acetyltransferases
NCEs, see New chemical entities
NDA, see New drug applications
Nefazodone, 377, 381, 478–479
Nelfinavir, 40, 60
Nevirapine, 7, 53, 658–659
New drug applications, 372
New molecular entity, 371
New chemical entities, 154–155, 519, 533,

586, 588
NF-κB signaling, 88
NHR, see Nuclear hormone receptor
Nicardipine, 507
Niemann–Pick type C1 disease, 89
Nifedipine, 9, 500, 507

absorption, 348
bioavailability, 348, 564
choice of CYP3A4 substrates in, 187
and dexniguldipine, 507
impairment in, 348
increased CYP3A4 inducibility upon, 88
midazolam and, 427
as victim drugs, 200

Nigericine, 507
4-Nitrobenzene, 502
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