
JWDD059-FM JWDD059-YOU June 13, 2007 16:17

DRUG TRANSPORTERS

Molecular Characterization
and Role in Drug Disposition

Edited by

GUOFENG YOU
Rutgers University

MARILYN E. MORRIS
University at Buffalo
State University of New York

iii



JWDD059-FM JWDD059-YOU June 13, 2007 16:17

Copyright C© 2007 by John Wiley & Sons, Inc. All rights reserved.

Published by John Wiley & Sons, Inc., Hoboken, New Jersey.
Published simultaneously in Canada.

No part of this publication may be reproduced, stored in a retrieval system, or transmitted in any form
or by any means, electronic, mechanical, photocopying, recording, scanning, or otherwise, except as
permitted under Section 107 or 108 of the 1976 United States Copyright Act, without either the prior
written permission of the Publisher, or authorization through payment of the appropriate per-copy fee to
the Copyright Clearance Center, Inc., 222 Rosewood Drive, Danvers, MA 01923, (978) 750-8400, fax
(978) 750-4470, or on the web at www.copyright.com. Requests to the Publisher for permission should
be addressed to the Permissions Department, John Wiley & Sons, Inc., 111 River Street, Hoboken, NJ
07030, (201) 748–6011, fax (201) 748-6008 or online at http://www.wiley.com/go/permission.

Limit of Liability/Disclaimer of Warranty: While the publisher and author have used their best efforts in
preparing this book, they make no representations or warranties with respect to the accuracy or
completeness of the contents of this book and specifically disclaim any implied warranties of
merchantability or fitness for a particular purpose. No warranty may be created or extended by sales
representatives or written sales materials. The advice and strategies contained herein may not be suitable
for your situation. You should consult with a professional where appropriate. Neither the publisher nor
author shall be liable for any loss of profit or any other commercial damages, including but not limited to
special, incidental, consequential, or other damages.

For general information on our other products and services or for technical support, please contact our
Customer Care Department within the United States at (800) 762-2974, outside the United States at
(317) 572-3993 or fax (317) 572-4002.

Wiley also publishes its books in a variety of electronic formats. Some content that appears in print may
not be available in electronic formats. For more information about Wiley products, visit our web site at
www.wiley.com

Wiley Bicentennial Logo: Richard J. Pacifico

Library of Congress Cataloging-in-Publication Data:

Drug transporters : molecular characterization and role in drug disposition [edited by] Guofeng You,
Marilyn E. Morris.

p. ; cm.
Includes bibliographical references.
ISBN 978-0-471-78491-3

1. Carrier proteins. 2. Drug carriers (Pharmacy) I. You, Guofeng. II. Morris, Marilyn Emily.
[DNLM: 1. Biological Transport–physiology. 2. Membrane Transport Proteins–physiology.

3. Pharmacokinetics.
QU 120 D794 2007]
QP552.C34D78 2007
572′.69–dc22

2006038880

Printed in the United States of America

10 9 8 7 6 5 4 3 2 1

iv

http://www.copyright.com
http://www.wiley.com/go/permission
http://www.wiley.com


JWDD059-FM JWDD059-YOU June 13, 2007 16:17

CONTENTS

Contributors ix

Preface xv

1 Overview of Drug Transporter Families 1
Guofeng You and Marilyn E. Morris

2 Organic Cation Transporters 11
Thomas J. Urban and Kathleen M. Giacomini

3 Organic Cation/Carnitine Transporters 35
Ijaz A. Qureshi, Ihsan Elimrani, Ernest Seidman, and Grant Mitchell

4 Organic Anion Transporters 51
Megha Nagle, David M. Truong, Vibha Bhatnagar, Gregory Kaler,
Kevin T. Bush, Wei Wu, Satish A. Eraly, and Sanjay K. Nigam

5 Organic Anion–Transporting Polypeptides 75
Rommel G. Tirona and Richard B. Kim

6 Mammalian Oligopeptide Transporters 105
Stephen M. Carl, Dea Herrera-Ruiz, Rajinder K. Bhardwaj,
Olafur Gudmundsson, and Gregory T. Knipp

7 Monocarboxylate Transporters 147
Justin A. Spanier and Lester R. Drewes

8 Nucleoside Transporters: CNTs and ENTs 171
Li Xia, Mingyan Zhou, and Joanne Wang

v



JWDD059-FM JWDD059-YOU June 13, 2007 16:17

vi CONTENTS

9 Bile Acid Transporters 201
Jyrki J. Eloranta and Gerd A. Kullak-Ublick

10 Multidrug Resistance Protein: P-Glycoprotein 223
Frances J. Sharom

11 Multidrug Resistance Proteins of the ABCC Subfamily 263
Anne T. Nies, Maria Rius, and Dietrich Keppler

12 Breast Cancer Resistance Protein 319
Robert W. Robey, Orsolya Polgar, John Deeken, Kenneth K. W. To,
and Susan E. Bates

13 Drug Transport in the Liver 359
Pieter Annaert, Brandon Swift, Jin Kyung Lee, and Kim L. R. Brouwer

14 Drug Transport in the Brain 411
Patrick T. Ronaldson, Karlo Babakhanian, and Reina Bendayan

15 Drug Transport in the Kidney 463
Naohiko Anzai and Hitoshi Endou

16 Drug Transporters in the Intestine 495
Yaming Su and Patrick J. Sinko

17 Regulation of Drug Transporter Activity 517
Mei Hong and Guofeng You

18 Experimental Approaches to the Study of Drug
Transporters 533
Yoshiyuki Kubo, Yukio Kato, and Akira Tsuji

19 In Vitro–In Vivo Scale-up of Drug Transport Activities 557
Kazuya Maeda and Yuichi Sugiyama

20 Age- and Gender-Related Differences in Xenobiotic
Transporter Expression 589
Curtis D. Klaassen and Xingguo Cheng

21 Polymorphisms of Drug Transporters and Clinical
Relevance 619
Leslie W. Chinn, Jason M. Gow, and Deanna L. Kroetz

22 Diet/Nutrient Interactions with Drug Transporters 665
Xiaodong Wang and Marilyn E. Morris

23 Interplay of Drug Transporters and Enzymes on Hepatic
Drug Processing 709
K. Sandy Pang, Huadong Sun, and Shanjun Liu



JWDD059-FM JWDD059-YOU June 13, 2007 16:17

CONTENTS vii

24 Clinical Relevance: Drug–Drug Interactions,
Pharmacokinetics, Pharmacodynamics, and Toxicity 747
Serena Marchetti, Roberto Mazzanti, Jos H. Beijnen, and
Jan H. M. Schellens

Index 881



JWDD059-FM JWDD059-YOU June 13, 2007 16:17

CONTRIBUTORS

Pieter Annaert, Department of Pharmaceutical Sciences, Catholic University of
Leuven, Leuven, Belgium

Naohiko Anzai, Department of Pharmacology and Toxicology, Kyorin University
School of Medicine, Tokyo, Japan

Karlo Babakhanian, Department of Pharmaceutical Sciences, Leslie Dan Faculty
of Pharmacy, University of Toronto, Toronto, Ontario, Canada

Susan E. Bates, Center for Cancer Research, National Cancer Institute, Bethesda,
Maryland

Jos H. Beijnen, Department of Medical Oncology, Netherlands Cancer Institute,
Amsterdam, The Netherlands; and Department of Pharmaceutical Sciences,
Utrecht University, Utrecht, The Netherlands

Reina Bendayan, Department of Pharmaceutical Sciences, Leslie Dan Faculty of
Pharmacy, University of Toronto, Toronto, Ontario, Canada

Rajinder K. Bhardwaj, Bristol-Myers Squibb Co., Wallingford, Connecticut

Vibha Bhatnagar, Departments of Medicine, and Family and Preventive Medicine,
and the San Diego Veterans Administration Medical Center, University of
California San Diego, La Jolla, California

Kim L. R. Brouwer, Division of Pharmacotherapy and Experimental Therapeutics,
School of Pharmacy, University of North Carolina, Chapel Hill, North Carolina

Kevin T. Bush, Department of Pediatrics, University of California San Diego, La
Jolla, California

ix



JWDD059-FM JWDD059-YOU June 13, 2007 16:17

x CONTRIBUTORS

Stephen M. Carl, Department of Industrial and Physical Pharmacy, College of
Pharmacy, Nursing and Health Sciences, Purdue University, West Lafayette,
Indiana

Xingguo Cheng, Department of Pharmacology, Toxicology and Therapeutics,
University of Kansas Medical Center, Kansas City, Kansas

Leslie W. Chinn, Department of Biopharmaceutical Sciences and Center for Human
Genetics, University of California–San Francisco, San Francisco, California

John Deeken, Center for Cancer Research, National Cancer Institute, Bethesda,
Maryland

Lester R. Drewes, Department of Biochemistry and Molecular Biology, University
of Minnesota, Duluth, Minnesota

Ihsan Elimrani, IBD Research Laboratory, McGill University Research Institute,
Montreal, Quebec, Canada

Jyrki J. Eloranta, Division of Clinical Pharmacology and Toxicology, University
Hospital Zurich, Zurich, Switzerland

Hitoshi Endou, Department of Pharmacology and Toxicology, Kyorin University
School of Medicine, Tokyo, Japan

Satish A. Eraly, Department of Pediatrics, University of California San Diego, La
Jolla, California

Kathleen M. Giacomini, Department of Pharmaceutical Sciences, University of
California–San Francisco, San Francisco, California

Jason M. Gow, Department of Biopharmaceutical Sciences and Center for Human
Genetics, University of California–San Francisco, San Francisco, California

Olafur Gudmundsson, Bristol-Myers Squibb Research Institute, Discovery
Pharmaceutics, Princeton, New Jersey

Dea Herrera-Ruiz, Facultad de Farmacia, Universidad Autónoma del Estado de
Morelos, Cuernavaca, México
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PREFACE

Transporters are membrane proteins that span cellular membranes and are the gate-
keepers for all cells and organelles, controlling the intake and efflux of crucial en-
dogenous substrates such as sugars, amino acids, nucleotides, and inorganic ions.
The specificity of many transporters is not, however, limited to their physiological
substrates, and for some, their physiological substrates remain undiscovered. Xeno-
biotics (i.e., drugs, dietary and environmental compounds) have the potential to be
recognized by transporters, which crucially influence the absorption, distribution, and
elimination of drugs in the body.

Due to their hydrophobic nature and relatively low abundance, the molecular iden-
tification of transporters had been a difficult task until the development of the expres-
sion cloning technique for transporters in the early 1990s. This powerful approach,
combined with recent genome analysis, has facilitated the identification and charac-
terization of numerous transporters that are important in drug disposition.

Given the considerable advances in the identification of these transporters, a text-
book covering basic transport mechanisms to specific descriptions of transporter
families, including substrate and inhibitor specificity, subcellular and tissue localiza-
tion, mechanisms governing transport, species differences, the clinical implications
of these transporters in human physiology and disease, and their role in drug distribu-
tion, elimination, and interactions in drug therapy, is both timely and necessary. Such
a book has not been available, so our aim is twofold: the first half of the book provides
an overview of the relevant drug transporters useful for both beginning and experi-
enced scientists and researchers. The second half of the book presents the principles of
drug transport and its associated techniques in sufficient detail to enable nonspecialist
readers to understand them. Such readers include graduate students in the pharmaco-
logical or physiological sciences and academic or industrial scientists in related fields

xv
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of study. It is anticipated that this book will be used as a textbook in graduate courses
in drug/membrane transport and as a desk reference for researchers working in the
transporter field as well as in the areas of drug metabolism and pharmacokinetics in
the pharmaceutical industry.

Credit for this comprehensive textbook belongs to the many dedicated scholars
who contributed chapters in their area of expertise. To all we express our deepest
gratitude and respect. We also acknowledge the contributions of Jonathan Rose and
the many professionals at John Wiley who worked with us to ensure the best book
possible. Finally, we extend our heartfelt thanks to our families for their constant
support and encouragement.

Guofeng You
Marilyn E. Morris
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University of New York, Amherst, New York

1.1. What Are Drug Transporters?

1.2. Structure and Model of Drug Transporters

1.3. Transport Mechanisms

1.4. Polarized Expression of Drug Transporters in Barrier Epithelium

1.5. Classification of Drug Transporters

1.5.1. Definition of Efflux and Influx Transporters

1.5.2. Definition of Absorptive and Secretory Transporters

1.5.3. Relationship Between Influx–Efflux and Absorptive–Secretory Transporters

1.5.4. ABC and SLC Transporters

References

1.1. WHAT ARE DRUG TRANSPORTERS?

Transporters are membrane proteins whose primary function is to facilitate the flux of
molecules into and out of cells. Drug transporters did not evolve to transport specific

Drug Transporters: Molecular Characterization and Role in Drug Disposition, Edited by
Guofeng You and Marilyn E. Morris
Copyright C© 2007 John Wiley & Sons, Inc.
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2 OVERVIEW OF DRUG TRANSPORTER FAMILIES

drugs. Instead, their primary functions are to transport nutrients or endogenous
substrates, such as sugars, amino acids, nucleotides, and vitamins, or to protect the
body from dietary and environmental toxins. However, the specificity of these trans-
porters is not strictly restricted to their physiological substrates. Drugs that bear
significant structural similarity to the physiological substrates have the potential to be
recognized and transported by these transporters. As a consequence, these transporters
also play significant roles in determining the bioavailability, therapeutic efficacy, and
pharmacokinetics of a variety of drugs. Nevertheless, because drugs may compete
with the physiological substrates of these transporters, they are also likely to interfere
with the transport of endogenous substrates and consequently produce deleterious
effects on body homeostasis.

1.2. STRUCTURE AND MODEL OF DRUG TRANSPORTERS

Because of the involvement of transporters in all facets of drug absorption, excretion,
and toxicity, characterization of transporter structure can provide a scientific basis for
understanding drug delivery and disposition, as well as the molecular mechanisms of
drug interactions and interindividual and interspecies differences. However, compared
to soluble proteins, the atomic resolution crystal structures of membrane transporters
have been extremely difficult to obtain, for several reasons. First is the amphipathic
nature of the surface of the transporters, with a hydrophobic area in contact with
membrane phospholipids and polar surface areas in contact with the aqueous phases
on both sides of the membrane; second is the low abundance of many transporters in
the membrane, making it impossible to overexpress them, a prerequisite for structural
studies; and third is the inherent conformational flexibility of the transporters, making
it difficult to obtain stable crystals.

Due to these difficulties, high-resolution three-dimensional structures have been
obtained for only a limited number of transporters. For other transporters, three-
dimensional structures have been achieved through homology modeling. In this ap-
proach, similar folding patterns between any protein and one for which the crystal
structure is known enable the construction of a fairly accurate three-dimensional pro-
tein model of the unknown structure using the related crystal structure as a template
and modern computational techniques. Three-dimensional structures have revealed
that transporters have α-helical structures of the membrane-spanning domains, and
some of the helices have irregular shapes with kinks and bends. Certain transporters
undergo substantial movements during the substrate translocation process. Construc-
tion of three-dimensional transporter models have provided insight into functional
mechanisms and molecular structures and enabled formulation of new hypotheses
regarding transporter structure and function, which may be validated experimentally.

1.3. TRANSPORT MECHANISMS

Not only do different transporters reside in the membrane with different three-
dimensional structures, but they also transport their substrates through different
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CLASSIFICATIONS OF DRUG TRANSPORTERS 3

transport mechanisms. According to their transport mechanisms, transporters can
be divided into passive and active transporters: passive transporters, also called fa-
cilitated transporters, allow molecules to move across cell membrane down their
electrochemical gradients. Such a spontaneous process decreases free energy and in-
creases entropy in a system and therefore does not consume any chemical energy.
In contrast to facilitated transporters, active transporters typically move molecules
against their electrochemical gradients; such a process is entropically unfavorable
and therefore needs coupling of the hydrolysis of adenosine triphosphate (ATP) as an
energy source. This coupling can be either primary or secondary. In primary active
transport, transporters that move molecules against their electrical or chemical gradi-
ent, hydrolyze ATP. In the secondary active transport, transporters utilize ion gradients,
such as sodium or proton gradients, across the membrane produced by the primary
active transporters and transport substrates against an electrochemical difference.

1.4. POLARIZED EXPRESSION OF DRUG TRANSPORTERS
IN BARRIER EPITHELIUM

Most drug transporters are expressed in tissues with barrier functions such as the
liver, kidney, intestine, placenta, and brain. Cells at the border of these barriers are
usually polarized. For example, enterocytes of intestine and proximal tubule cells of
kidney have an apical domain facing the lumen and a basolateral domain facing the
blood circulation; hepatocytes polarize into a canalicular membrane facing the bile
duct and a sinusoidal membrane facing the blood circulation; syncytiotrophoblasts of
placenta have an apical domain facing maternal blood and a basolateral domain facing
the fetus. Brain capillary endothelial cells, which function as the blood–brain barrier,
also polarize into apical and basolateral membranes. In most cases, the expression of
drug transporters is highly restricted to one side (i.e., apical or basolateral domain)
of polarized cells. Such polarized expression of the transporters is essential for the
concerted transport of drugs in the same direction. One of the best studied examples of
concerted transport is the kidney. Kidney proximal tubule cells play a critical role in the
body clearance of drugs. These drugs are first taken up from the blood into the proximal
tubule cells by transporters at the basolateral membrane. Once inside the cells, these
drugs are then transported out of the cells into the tubule lumen by transporters at
the apical membrane and subsequently eliminated in the urine. The alliance between
transporters at both the basolateral membrane and the apical membrane of the kidney
proximal tubule cells ensures clearance of the drugs from the body.

1.5. CLASSIFICATIONS OF DRUG TRANSPORTERS

Drug transporters can be classified in a number of different manners, including as
efflux transporters versus influx transporters, secretory transporters versus absorptive
transporters, and ATP-binding cassette (ABC) transporters versus solute carrier (SLC)
transporters.
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1.5.1. Definition of Efflux and Influx Transporters

Drug transporters can be categorized as efflux or influx transporters according to the
direction in which they transport substrate across the cell membranes. This classifi-
cation is often observed in the literature where drug transport studies are performed
at the cellular level. With this definition, transporters that pump the substrates out of
the cells are called efflux transporters, whereas transporters that transfer substrates
into cells are called influx transporters.

1.5.2. Definition of Absorptive and Secretory Transporters

The other way of classifying drug transporters is from a pharmacodynamic or phar-
macokinetic point of view. In such a classification, the transporter that transfers its
substrates into the systemic blood circulation is called an absorptive transporter,
whereas the transporter that excretes its substrates from the blood circulation into
bile, urine, or the gut lumen is known as a secretory transporter. However, when
absorptive or secretory transporters in the brain blood–brain barrier and placenta are
discussed, the definition needs to be modified. The brain and fetus have traditionally
been considered as two “isolated” compartments in the human body. In drug therapy,
many strategies have been utilized to achieve either enhanced or reduced penetration
of drugs into these two compartments. Conventionally, the transporters facilitating
drug penetration into the brain or fetus are referred to as absorptive transporters.

1.5.3. Relationship Between Influx–Efflux and Absorptive–Secretory
Transporters

An absorptive transporter does not necessarily mean that it influxes a substrate. Sim-
ilarly, a secretory transporter does not have to be an efflux pump. For example, the
organic anion transporter OAT1, present at the basolateral membrane of the kidney
proximal tubule, is an influx transporter based on its role of taking up drugs from the
blood into the proximal tubule cells for their subsequent exit across the apical mem-
brane into the urine for elimination. However, considering its overall role of removing
drugs out of the blood circulation into the urine, OAT1 is a secretory transporter. In-
testinally expressed organic anion–transporting polypeptide-A (OATP-A) is localized
on the apical domain of enterocytes. It can take up (i.e., influx) into the enterocytes
orally administered drugs for their subsequent exit across the basolateral membrane
into the bloodstream, so OATP-A is considered an absorptive transporter. Therefore,
influx transporters can function as either absorptive or secretory transporters, depend-
ing on the tissue and on the membrane domain where they are expressed.

1.5.4. ABC and SLC Transporters

Most drug transporters can also be molecularly and mechanistically classified as a
member of the ABC or the SLC transporter family (Table 1.1). ABC (ATP-binding
cassette) transporters are a family of membrane transport proteins that require ATP
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TABLE 1.1. Classification of Drug Transporters

Family Gene Human
Transporter Family Member Name Chromosome Locus Ref.a

Organic cation
transporter (OCT)

hOCT1 SLC22A1 6q26 1

hOCT2 SLC22A2 6q26 1
hOCT3 SLC22A3 6q26–q27 2

Organic cation/carnitine
transporter (OCTN)

OCTN1 SLC22A4 5q31.1 3

OCTN2 SLC22A5 5q31 4
OCTN3 SLC22A21 5q31 5
CT2 SLC22A16 6q22.1 6

Organic anion
transporter (OAT)

OAT1 SLC22A6 11q13.1–q13.2 7

OAT2 SLC22A7 6p21.2–p21.1 8
OAT3 SLC22A8 11q11.7 9
OAT4 SLC22A11 11q13.1 10
OAT5 SLC22A10 11q12.3 11
OAT6 SLC22A20 unknown —
URAT1 SLC22A12 11q13.1 10

Organic anion transporter
polypeptides (OATPs)

OATP1C1 SLCO1C1 12p12.2 12

OATP1B1 SLCO1B1 12p12.2 13
OATP1A2 SLCO1A2 12p12 12
OATP1B3 SLCO1B3 12p12 14
OATP2A1 SLCO2A1 3q21 15
OATP2B1 SLCO2B1 11q13 16
OATP3A1 SLCO3A1 15q26 17
OATP4A1 SLCO4A1 20q13.33 17
OATP4C1 SLCO4C1 5q21.2 18
OATP5A1 SLCO5A1 8q13.3 19
OATP6A1 SLCO6A1 5q21.1 20

Peptide transporter
(PEPT)

PEPT1 SLC15A1 13q33–q34 21

PEPT2 SLC15A2 3q21.1 22
PHT1 SLC15A4 12q24.32 23
PHT2 SLC15A3 11q12.2 24

Monocarboxylate
transporters (MCTs,
sMCTs)

MCT1 SLC16A1 1p12 25

MCT2 SLC16A7 12q13 26
MCT3 SLC16A8 22q12.3–q13.2 27
MCT4 SLC16A3 17q25 28
SMCT1 SLC5A8 12q23 29
SMCT2 SLC5A12 11p14 24

(Continued )
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TABLE 1.1. (Continued )

Family Gene Human
Transporter Family Member Name Chromosome Locus Ref.a

Nucleoside transporters
(CNTs, ENTs)

CNT1 SLC28A1 15q25–26 30

CNT2 SLC28A2 15q15 31
CNT3 SLC28A3 9q22.2 32
ENT1 SLC29A1 6p21.1–p21.2 33
ENT2 SLC29A2 11q13 34
ENT3 SLC29A3 10q22.1 35
ENT4 SLC29A4 7p22.1 36

Bile acid transporters NTCP SLC10A1 14q24.1 37
ASBT SLC10A2 13q33 38
BSEP ABCB11 2q24 39
OST-α — 3q29 40
OST-β — 15q22.31 40

Multidrug resistance
protein (MDR)

MDR1 ABCB1 7q21.1 41

Multidrug resistance–
associated protein (MRP)

MRP1 ABCC1 16p13.1 42

MRP2 ABCC2 10q24 43
MRP3 ABCC3 17q22 44
MRP4 ABCC4 13q32 45
MRP5 ABCC5 3q27 46
MRP6 ABCC6 16p13.1 47
MRP7 ABCC10 6p21.1 48
MRP8 ABCC11 16q12.1 49
MRP9 ABCC12 16q12.1 49

Breast cancer resistance
protein (BCRP)

BCRP1 ABCG2 4q22 50

aReferences where the human chromosome locus can be found.

hydrolysis for the transport of substrates across membranes. Therefore, ABC trans-
porters are primary active transporters. The protein family derives its name from the
ATP-binding domain found on the protein. The best studied drug transporters which
are classified as ABC transporters are multidrug resistance protein (MDR), multidrug
resistance–associated protein (MRP), and breast cancer resistance protein (BCRP).

Some SLC (solute carrier) transporters utilize an electrochemical potential differ-
ence in the substrate transported and are therefore classified as facilitated transporters;
other SLC transporters utilize an ion gradient such as a sodium or proton gradient
across the membrane produced by primary active transporters and transport substrates
against an electrochemical difference. These transporters are classified as secondary
active transporters. In contrast to ABC transporters, SLC transporters do not possess
ATP-binding sites. Most drug transporters belong to the SLC family of transporters.
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2.1. INTRODUCTION

Renal elimination, including both passive glomerular filtration and active tubular
secretion, is a major route of clearance for many drugs and drug metabolites. Active
secretion of drugs by the kidney takes place primarily in the renal proximal tubule,
where drug transporters facilitate the flux of drug molecules from the blood to the
tubular lumen for excretion. As early as 1947, it was recognized that transport systems
exist that aid in the elimination of a variety of structurally diverse organic cations,
including drugs and toxic xenobiotics, as well as their metabolites.1 Prior to the
molecular cloning of organic cation transporters, it had been shown that uptake of low-
molecular-weight organic cations into the renal proximal tubule (the first step in active
secretion of organic cations) is facilitated by a polyspecific membrane potential–
sensitive transport system. Efflux of organic cations into the tubular lumen, the second
step in active tubular secretion, was shown to occur via an H+- or cation-exchange
mechanism. Additionally, uptake of organic cations into other tissues, such as hepatic
uptake, or transport across the blood–brain barrier, was known to display properties
of protein-mediated transport across the plasma membrane (e.g., saturability, and
sensitivity to temperature, membrane potential, and small-molecule inhibitors).

The first member of the organic cation transporter (OCT) family [rat OCT1
(rOCT1)] was identified in rat by expression cloning from rat kidney.2 This was fol-
lowed quickly by homology cloning of other OCT isoforms in rodents and human.3−13

Of the membrane transporters cloned to date, three have been identified as members
of the basolateral (membrane potential–driven) organic cation transporter system:
OCT1 (SLC22A1), OCT2 (SLC22A2), and OCT3 (SLC22A3). All are members of the
SLC22A family of solute carrier (SLC) transporters, which includes the novel organic
cation transporters OCTN1 and OCTN2 (SLC22A4 and SLC22A5, discussed in de-
tail in Chapter 3) and the organic anion transporters OAT1–4 (SLC22A6, SLC22A7,
SLC22A8, and SLC22A11, discussed in detail in Chapter 4), as well as several trans-
porters that are less well characterized. The molecular identification of the organic
cation transporters (OCTs) has led to more detailed studies of the transport mecha-
nism, substrate specificity, and tissue distribution of these transporters, and to a greater
understanding of their roles in organic cation disposition and elimination.

2.2. STRUCTURAL–FUNCTIONAL CHARACTERISTICS
AND TRANSPORT MECHANISM

In terms of structural and functional characteristics, all three of the OCTs share
several common features: (1) a similar transmembrane topology, (2) a shared group
of preferred substrates, and (3) a common transport mechanism.14−20 The OCTs also
share a common genomic structure of 11 coding exons. The genes encoding the three
OCTs are located in close proximity on human chromosome 6q26, and presumably
arose via gene duplication from a single ancestral OCT gene.

The predicted secondary structure of the OCTs, based on sequence or hydropathy
analysis, consists of 12 transmembrane domains (TMDs) with cytoplasmic amino
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Extracellular

Intracellular

FIGURE 2.1. Secondary structure predicted for OCT1. OCT1 shares a similar transmembrane
topology to the other OCTs, consisting of 12 transmembrane domains (TMDs), and a large
extracellular loop between TMD1 and TMD2 which contains several putative N-glycosylation
sites. TMD4 and TMD10 have been shown to contribute to substrate recognition by OCT1.

and carboxy termini. The OCTs share a large extracellular loop between TMDs 1 and
2 which contains potential N-glycosylation sites, as well as a large intracellular loop
between TMDs 6 and 7 which includes predicted phosphorylation sites. The poten-
tial importance of N-glycosylation and phosphorylation for OCT activity is discussed
below. Figure 2.1 shows the transmembrane topology of OCT1, which is typical of
the OCTs. The transmembrane domains are believed to be important for substrate
recognition by the OCTs; specifically, recent evidence suggests that the fourth and
tenth transmembrane domains are critically involved in substrate recognition by the
OCTs,21,22 and differences between isoforms in terms of substrate specificity (see
Section 2.3) may be related to differences in these critical regions. However, it is im-
portant to note that given the broad substrate selectivity of the OCTs, the key domains
or residues involved in substrate recognition may be different from one substrate to
another, even within the same protein. For example, in mutational analysis studies of
rat OCT1, mutation of two residues in the fourth TMD (Trp218Tyr and Tyr222Leu)
resulted in increased affinity for both tetraethylammonium (TEA) and 1-methyl-4-
phenylpyridinium (MPP+), whereas a third mutant (Thr226Ala) had increased affinity
for MPP+ but no change in affinity for TEA.21 This suggests that OCT1, and probably
all of the OCTs, contain multiple overlapping but nonidentical recognition sites for
the various structurally diverse substrates.

Transport of organic cations by the OCTs occurs by facilitated diffusion and is
driven by the inside-negative membrane potential.14−20 Positively charged cations
are taken up into cells according to the electrochemical gradient (see Figure 2.2),
and this process is membrane potential sensitive [i.e., artificially reducing the mem-
brane potential (as through replacement of extracellular Na+ with K+, or treatment
with ionophores such as valinomycin) reduces the rate of transport by OCTs].2,9
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FIGURE 2.2. Model of organic cation transport in excretory organs. (a) Kidney: In humans,
OCT2 is the primary transporter responsible for uptake of hydrophilic organic cations (OC+)
across the basolateral membrane, in a process driven by the inside-negative membrane potential.
In rodents, OCT1 and OCT2 are expressed to a similar degree in kidney. Efflux of organic
cations across the luminal (apical) membrane for excretion occurs by an organic cation-H+

exchange mechanism, and several transporters are suspected to be involved in apical OC+

transport. Membrane-permeable organic cations may not require facilitative transport across
the basolateral membrane, and these hydrophobic cations may be substrates for the apical
efflux pump MDR1. (b) Liver: OCT1 is by far the most abundant organic cation transporter in
the liver, where it serves as a basolateral, potential-driven uptake transporter. After entry into
the hepatocyte, cationic drugs may be metabolized or excreted into bile via the primary active
efflux transporters MDR1 and MDR3, or via the organic cation-H+ exchanger MATE1.
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Electrophysiological studies using Xenopus laevis oocytes microinjected with
OCT1, OCT2, or OCT3 cRNA show directly that transport of organic cations by
OCTs is electrogenic (i.e., addition of substrate to the extracellular media results
in inward currents).4,10,23−29 OCT activity is insensitive to changes in the Na+

gradient.17 Transport of weak bases by OCTs has also been shown to be sensi-
tive to extracellular pH; however, this is explained by the decrease in fractional
ionization of the substrate at high pH and does not indicate that transport of or-
ganic cations is driven by proton exchange.30 OCT transport can also occur by
cation–cation exchange. Preloading OCT1-injected X. laevis oocytes with unlabeled
TEA enhances uptake of [3H]MPP+,26 and similar results have been found for
OCT2.31

2.3. SUBSTRATE SELECTIVITY

Common substrates of all OCTs include low-molecular-weight relatively hydrophilic
organic cations such as the prototypical cation TEA, the neurotoxin MPP+, and the
endogenous compound N -methylnicotinamide (NMN).18,20,32 Several clinically im-
portant drugs have been shown to interact with all of the OCTs, including the antidia-
betic drug metformin,18,33 and the peptic ulcer drug famotidine,34 demonstrating the
broad potential for influence of OCTs on drug disposition and drug action. Figure 2.3
shows the structures of several compounds that interact with OCTs. Table 2.1 lists
known substrates and inhibitors of human OCTs.18,20,30,32−38

Included among OCT substrates are endogenous compounds such as the bio-
genic amine neurotransmitters. Dopamine, epinephrine, norepinephrine, histamine,
and serotonin have all been shown to interact with one or more OCT isoforms.20,32

Of particular interest in this regard is OCT3, which was cloned as the extraneu-
ronal monoamine transporter (EMT) and is thought to comprise the uptake-2 system
of catecholamine transport, which aids in clearance of catecholamines in extraneu-
ronal tissues.39 Despite the particular preference of OCT3 for biogenic amines, it
is suggested that all three of the cloned OCT transporters combine to contribute to
extraneuronal clearance of amine neurotransmitters.32,40

Although the OCT family shows broad overlap in substrate specificity, there are
examples of relatively isoform-specific substrates and inhibitors. Examples include
corticosterone, which has approximately 40-fold greater affinity than Oct1 for rat
Oct2, and conversely, mepiperphenidol and O-methylisoprenaline, which show a 70-
fold greater affinity for rOct1 than for rOct2.23 OCT3 appears to have the most
unique substrate selectivity among the OCT family, with a preference for endogenous
monoamines such as dopamine and norepinephrine.

Notably, although most known substrates of the OCTs are cations, some OCT
substrates are anionic or neutral compounds at physiological pH. For example, the
anions prostaglandin E2 and prostaglandin F2α have been shown to be substrates for
both OCT1 and OCT2,41 and the neutral steroid β-estradiol interacts with OCT3 with
high affinity.39 Thus, a net positive charge does not appear to be an absolute require-
ment for interaction with the OCTs.
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FIGURE 2.3. Representative substrates of organic cation transporters. OCTs are capable of
transporting a variety of structurally diverse substrates, including tetraalkylammonium com-
pounds (TMA, TEA), endogenous compounds (dopamine, histamine) and clinically important
drugs (desipramine, metformin).

Importantly, OCT orthologs from different species may exhibit differences in sub-
strate specificity. For example, OCT1 orthologs from human, rabbit, mouse, and
rat all transport the low-molecular-weight tetraalkylammonium compounds tetram-
ethylammonium (TMA) and TEA. In contrast to human and rabbit, rat and mouse
Oct1 do not transport the larger tetrapropylammonium (TPA) or tetrabutylammonium
(TBA),26 suggesting that molecular mass or hydrophobicity may effect differences in
recognition of OCT substrates across species.

2.4. TISSUE DISTRIBUTION

Despite the similarities in structure and function, there are important differences in
the tissue distribution of mRNA transcripts of the OCTs in human tissues. OCT1
is expressed predominantly in human liver, with lower levels of expression in other
tissues.4,9 OCT1 is thus characterized as a liver-specific OCT. Analogously, OCT2,
which is expressed almost exclusively in kidney, is described as the kidney-specific
OCT.4,42 OCT3, also referred to as the extraneuronal monoamine transporter (EMT),
has a broad tissue distribution, with moderate levels of mRNA found in the aorta,
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TABLE 2.2. Tissue Distribution of Human OCT Isoforms

OCT1 OCT2 OCT3

Liver + + + − +
Kidney − + + + +
Lung + − +
Trachea − − −
Heart + − ++
Skeletal Muscle ++ − ++
Placenta + − ++
Pancreas − − −
Brain − − +
Spinal cord − − +
Adrenal gland + − −
Testis − − −
Ovary + − +
Fetal liver + − −
Fetal lung + − −
Fetal brain + − −
aThe expression level is estimated relative to other tissues for each isoform, based on Northern blot
analysis.4,9,12,42

skeletal muscle, prostate, adrenal gland, salivary gland, liver, term placenta, and fetal
lung.12 See Table 2.2 for details on tissue distribution of each OCT isoform.

Both OCT1 and OCT2 have been localized to the basolateral membrane in renal
proximal tubular epithelial cells in rat43−45 as well as in cell culture models of kidney
(GFP-rOCT2-transfected MDCK cells).46 In human proximal tubules, OCT2 expres-
sion is restricted to the basolateral membrane; however, OCT1 is expressed at very low
levels in human kidney.47 Despite early controversy regarding OCT2 localization,4,5,48

the emerging consensus is that OCT2 is indeed a basolateral organic cation uptake
transporter in kidney.15 The pharmacological significance of OCT2 thus appears pri-
marily to be its role in active secretion of organic cations in the kidney, facilitating
the first step (uptake of organic cations across the basolateral membrane) of active
secretion. Efflux of organic cations across the apical membrane is thought to occur
by a separate transporter-mediated process, either by the primary active efflux pump,
MDR1 (which generally transports bulky hydrophobic cationic compounds) or by an
organic cation-H+ exchange mechanism for small, hydrophilic organic cations (see
Figure 2.2).14,15,20,49 The molecular identity of the organic cation-H+ exchanger is
currently unclear; the novel organic cation transporters (OCTN1 and OCTN2) and
the more recently discovered multidrug and toxin exclusion transporters (MATE1
and MATE2) are likely candidates, as all of these are highly expressed in kidney and
have been shown to transport the typical cation TEA in a manner consistent with H+

exchange.14,15,20,49−51 It is possible that all of these transporters participate in apical
organic cation efflux, with differential importance depending on the substrate under
question. Among the apical organic cation transporters, only OCTN2 has been shown
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to influence renal organic cation (TEA) secretion in vivo52; however, appropriate ani-
mal models to study the in vivo role of OCTN1, MATE1, and MATE2 in renal organic
cation secretion do not yet exist.

In liver, the primary site of OCT1 expression, OCT1 was found to be expressed at
the sinusoidal (basolateral) membrane by immunohistochemistry and Western blot.53

This suggests that OCT1 acts as a sinusoidal uptake transporter in liver, aiding in
the transfer of organic cations from blood into the hepatocyte for elimination by
metabolism or biliary excretion. In addition, for drugs that target the liver for their
pharmacological activity, OCT1 may be a limiting step in drug access to hepatocytes
and may therefore influence drug action.

It is important to note that species differences exist in the tissue-specific expres-
sion of OCTs. Most notably, whereas in human kidney OCT2 is by far the most
abundant OCT in terms of mRNA expression, rodent kidney expresses nearly similar
levels of OCT1 and OCT2. As with substrate-specificity differences, differences be-
tween species in terms of tissue distribution of OCTs are important to consider when
interpreting the results of studies performed in animal models.

2.5. REGULATION OF OCT EXPRESSION AND ACTIVITY

As mentioned previously, the large intracellular loop between transmembrane do-
mains 6 and 7 contains several predicted phosphorylation sites that are conserved
among the several OCT isoforms. These include target sequences for protein kinase
A (PKA), protein kinase C (PKC), protein kinase G (PKG), and tyrosine kinase. There
exists ample evidence for the modulation of activity of the OCTs by activation of these
kinases, presumably through phosphorylation of the OCTs at the protein level. Several
N-glycosylation sites in the large extracellular loop between transmembrane domains
1 and 2 are also potential sites of protein-level regulation. Additionally, hormonal
regulation, which is thought to reflect effects on transcription, has been described for
OCT2. Regulation of OCT expression is also modulated during development and in
certain pathophysiological states. For an extensive review of the regulation of organic
cation transport, see ref. 54. Current knowledge of the regulation of the OCTs will be
discussed individually for each isoform.

2.5.1. OCT1

Early studies of rat OCT1 showed that stimulation of either PKA or PKC results in a
significant increase in organic cation transport, as measured by uptake of the fluores-
cent compound 4-[4-(dimethylamino)-styryl]-N -methylpyridinium (ASP+) in HEK-
293 cells stably transfected with rOCT155 PKC stimulation also results in increased
affinity for TEA, TPA, and quinine. The effect of PKC stimulation on rOCT1 activity
is thought to occur by phosphorylation of the rOCT1 protein, resulting in a con-
formational change that enhances substrate binding. rOCT1 activity is significantly
reduced by treatment with aminogenistein, a specific inhibitor of p56lck tyrosine
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kinase, suggesting that this kinase is an endogenous activator of OCT1; however,
inhibitors of other tyrosine kinases do not affect OCT1 function.

In contrast to rOCT1, stimulation of PKA results in decreased activity of human
OCT1 in two different expression systems.56 In the same studies, PKC activation
has no appreciable effect on activity of human OCT1. However, as with rOCT1,
human OCT1 appears to be positively regulated by the p56lck tyrosine kinase, as
evidenced by reduced hOCT1 activity after treatment with aminogenistein. For both
rOCT1 and hOCT1, PKG signaling does not appear to influence OCT1 activity.
Human OCT1 has further been shown to be regulated by the Ca2+–calmodulin com-
plex. Specifically, inhibition of Ca2+- and calmodulin-dependent protein kinase II
(CaMKII) results in reduced ASP+ transport by hOCT1, suggesting that this ki-
nase consitutively stimulates hOCT1 activity. In both PKA stimulation and CaMKII
inhibition, the reduction in transport activity by hOCT1 is the result of decreased
affinity for the substrates tested. These results suggest, again, that the observed ef-
fects of protein kinases are due to phosphorylation of the OCT1 protein, causing a
conformational change that results in either decreased or increased substrate-binding
affinity.

2.5.2. OCT2

Studies on regulation of basolateral organic cation transport have been performed
in isolated human proximal tubules, in which OCT2 is known to be the major OCT
isoform based on mRNA expression and relative affinity for various substrates. These
studies have shown that activation of PKA, PKC, or PKG leads to reduced uptake
of the fluorescence organic cation 4-(4-(dimethylamino)styryl)-N-methylpyridinium
(ASP+) into renal proximal tubules, suggesting an inhibitory effect of these kinases on
OCT2 activity.57 Inhibition of PKC by calphostin C reverses the inhibition of OCT2
activity, demonstrating the specificity of the PKC-mediated pathway. However, when
heterologously expressed in HEK293 cells, hOCT2 was shown to be inhibited only
by PKA activation, not by PKC.58 These conflicting results may be explained by
differences between these experimental systems in terms of the expression of genes
involved in the PKC pathway.54

Further studies using heterologously expressed OCT2 have identified a role for G
protein–coupled receptor (GPCR) signaling in regulation of OCT2. The muscarinic
receptor agonist carbachol causes a dose-dependent decrease in OCT2 activity (i.e.,
uptake of ASP+) that is not explained by direct inhibition of the OCT2 protein by
carbachol.58 Similarly, activation of the phospholipase C (PLC) pathway through
purinergic receptor agonism by ATP leads to dose-dependent decreases in OCT2
activity. As both of these pathways result in increased intracellular Ca2+ concentra-
tions, it has been hypothesized that the mechanism for OCT2 regulation by GPCRs
involves the Ca2+–calmodulin complex. Reduction of intracellular Ca2+ concentra-
tion or treatment with a Ca2+ chelator results similarly in decreased OCT2 activity, and
inhibition of calmodulin and its downstream targets CaMKII and myosin light-chain
kinase (MLCK) produces a similar effect. Although the effect of muscarinic receptor
stimulation on OCT2 activity is partially explained by its effects on intracellular Ca2+,
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additional studies have shown that the majority of this effect is due to activation of
phospatidylinositol 3-kinase (PI3K), as inhibition of PI3K almost completely prevents
the inhibitory effect of carbachol on OCT2-mediated transport. These studies suggest
that PKA, PI3K, and the Ca2+–calmodulin complex are endogenous regulators of
OCT2; however, in contrast to the effect of protein kinases on OCT1, the inhibition of
transport activity is not explained by effects on substrate-binding affinity. It is there-
fore thought that these proteins regulate other aspects of OCT2, such as maturation
and trafficking of OCT2 to the plasma membrane, or stimulation of endocytosis.54

Glycosylation of OCT2 may be an additional mechanism for regulation of organic
cation transport. The rabbit OCT2 isoform was shown to contain three N-glycosylation
sites (Asn71, Asn96, and Asn112), each of which was found to be necessary for op-
timal transport activity by mutational analysis.59 The Asn112Gln mutant resulted in
a significant decrease in membrane expression (to approximately 20% of wild-type)
in stably transfected Chinese hamster ovary (CHO) cells. Asn71Gln and Asn96Gln
did not alter OCT2 surface expression, but the unglycosylated triple mutant
(Asn71Gln/Asn96Gln/Asn112Gln) was retained intracellularly. Affinity for TEA was
increased approximately twofold by mutation of each of the three glycosylation sites.
Maximal transport rate was decreased fivefold by the Asn112Gln mutation (explained
by the reduced surface expression of Asn112Gln) and threefold by Asn96Gln (pre-
sumably, due to a lower transporter turnover number). Thus, N-glycosylation may
regulate maturation and trafficking of OCT2 as well as substrate recognition and
transporter turnover.

There is also evidence for hormonal regulation of OCT2. Functional studies of rat
renal cortical slices showed higher basolateral transport of TEA in slices from male
rats versus female rats, and rOCT2 mRNA and protein expression was also shown to
be higher in male rats than in female rats.60 Further, treatment of rats with testosterone
increased rOCT2 and protein expression in the kidney of both male and female rats.61

In Madin–Darby canine kidney (MDCK) cells, treatment with dexamethasone, hydro-
cortisone, or testosterone increased both OCT2 mRNA and protein levels as well as
uptake of TEA across the basolateral membrane.62 Conversely, treatment with estra-
diol led to decreased OCT2 expression and activity in male rats and in MDCK cells.
The physiological significance of hormonal regulation of OCT2 is unclear but may
be related to gender-specific differences in clearance of endogenous metabolites.32

2.5.3. OCT3

Although OCT3 contains several conserved target sequences for PKA, PKC, and
PKG, studies of heterologously expressed OCT3 have shown that activation of these
pathways has no apparent effect on OCT3 activity.63 However, inhibition of the p44/42
mitogen-activated protein kinase (MAPK) has been shown to decrease MPP+ trans-
port by OCT3, suggesting that MAPK is a positive regulator of OCT3. Similarly,
inhibition of calmodulin as well as of the downstream effector CaMKII results in
decreased OCT3 activity. Selective inhibition of the calmodulin-dependent phospho-
diesterase PDE1 also results in decreased OCT3 activity, suggesting PDE1 stimulation
as an additional mechanism for Ca2+- and calmodulin-dependent regulation of OCT3.
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2.6. ANIMAL MODELS

Targeted genetic disruption of the organic cation transporters in mice (i.e., OCT
knockout mice) provided the first direct evidence of the significance of organic cation
transporters to drug disposition in vivo.

2.6.1. Oct1 Knockout Mice

Oct1 –/– knockout mice were shown to be viable and fertile, showing no obvious
physiological abnormalities compared with their wild-type littermates, suggesting that
Oct1 is dispensible for normal physiology.64 However, significant differences were ob-
served in the disposition of organic cations in these mice. For example, when admini-
stered the typical organic cation, TEA, Oct1 –/– mice showed significantly (ap-
proximately fivefold) reduced uptake of TEA into the liver, the site of highest OCT1
expression. Biliary excretion of TEA was 2.5-fold lower in Oct1 –/– mice, which
was explained by the reduced hepatic uptake of TEA. Additionally, direct intesti-
nal excretion of TEA was reduced by approximately 50%. Renal excretion of TEA
was paradoxically increased (∼50%) in Oct1 –/– mice; however, this was ex-
plained by the lack of OCT1 in the liver of Oct1 –/– mice; that is, decreased
hepatic uptake of TEA in these mice resulted in increased availability to the kid-
ney for renal excretion. Further, the coexpression of Oct1 and Oct2 in rodent kid-
ney may have led to a confounding effect of Oct2 activity in Oct1 –/– mouse
kidney.

In addition to the pharmacokinetic differences observed for TEA, Oct1 –/– mice
showed similar decreases in hepatic uptake of other OCT1 substrates, including the
neurotoxin MPP+ (∼60% reduced) and meta-iodobenzylguanidine (MIBG) (∼75%
reduced).64 Cimetidine, an OCT1 inhibitor (but not a substrate), did not show signif-
icant differences in hepatic uptake in Oct1 –/– mice compared with wild-type mice.
Similar results were found after intravenous injection of [14C]choline, which is an
Oct1 substrate; however, it was suggested that rapid metabolism of the radiolabeled
compound to species that are not Oct1 substrates, as well as redundancy (i.e., other
transporters capable of transporting choline), may have masked any possible effect
of Oct1 on the pharmacokinetics of this compound.

Further studies of Oct1 –/– mice have focused on the antidiabetic drug met-
formin, which exerts its pharmacological effects in the liver. Oct1 –/– mice showed
a greater than 30-fold decrease in metformin uptake into liver compared with wild-
type littermates.65 Further studies investigated the role of Oct1 in the development
of metformin-induced lactic acidosis, a leading toxicity from this drug. A signifi-
cant increase in serum lactic acid concentration was observed after administration
of metformin to wild-type mice, but only slight elevations in serum lactate were
seen in Oct1 –/– mice, despite similar pharmacokinetic profiles between genotype
groups.66 Taken together, these results suggest that Oct1-mediated metformin trans-
port is a limiting step in metformin uptake into liver, and that the lactic acido-
sis induced by metformin is related to the availability of the drug to this target
organ.
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2.6.2. Oct2 Knockout Mice

Similar to Oct1 –/– mice, Oct2 –/– mice were viable and fertile, showing no apparent
physiological defects.67 However, unlike the Oct1 –/– mice, pharmacokinetics of
intravenous [14C]TEA were quite similar in Oct2 –/– mice and wild-type mice, with
the exception of a slight decrease in distribution of TEA into brain in Oct2-deficient
mice. Renal clearance of TEA in Oct2 –/– mice was not different from that in
wild-type mice, with active secretion being the primary mechanism of clearance. The
explanation for these findings is that in mouse kidney, Oct1 expression is sufficient
to maintain the capacity for active secretion of organic cations even in the absence of
Oct2. Thus, to develop a mouse model of renal disposition of organic cations, it was
necessary to generate an Oct1/2 –/– double-knockout mouse.

2.6.3. Oct1/Oct2 Knockout Mice

Generation of Oct1/2 –/– double-knockout mice revealed that the absence of both
genes, as with each of the single knockouts, was compatible with normal physi-
ology (i.e., normal viability, fertility, and life span were observed, with no appar-
ent physiological abnormalities).67 However, unlike the single knockouts, Oct1/2
–/– mice show significant impairment in the active tubular secretion of organic
cations in the kidney. Specifically, renal tubular secretion of TEA was effectively
abolished in Oct1/2 –/– mice, with renal clearance approximating glomerular
filtration. This resulted in significantly elevated plasma levels of TEA in these
mice compared with wild-type or Oct1 –/– single-knockout mice. After steady-
state infusion of TEA, plasma levels were elevated approximately sixfold in the
Oct1/2 –/– double-knockout mice compared to Oct1 –/–, Oct2 –/–, or wild-type
mice.

2.6.4. Oct3 Knockout Mice

As mentioned earlier, OCT3 is believed to be primarily responsible for the transport
of endogenous monoamines in extraneuronal tissues, also known as the uptake-2
transport system. Zwart et al. generated an Oct3-deficient mouse in order to deter-
mine the importance of this transporter in the peripheral disposition of monoamine
neurotransmitters.68 Although the Oct3 –/– mice were viable and fertile and showed
no deficiency in dopamine or norepinephrine metabolism, they did show impaired
uptake-2 activity as evidenced by a >70% reduced uptake of the synthetic monoamine
MPP+ into heart in Oct3 –/– mice compared to wild-type mice. Additionally, it was
shown that in Oct3 +/− heterozygous females impregnated in a heterozygous cross,
intravenous injection of MPP+ resulted in a threefold reduction of MPP+ uptake in
Oct3 –/– embryos versus wild-type embryos, whereas the accumulation of MPP+ in
the placenta was not different between groups. These results suggest that OCT3 acts
as an uptake transporter for monoamines at the fetoplacental interface. Apart from
the distribution of MPP+ into heart and placental transfer of MPP+, no significant
phenotypic differences have been observed in Oct3 –/– mice.
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2.7. GENETIC VARIATION

Much attention has recently been focused on the pharmacogenetics of drug trans-
porters (i.e., the effect of natural human genetic variation in drug transporter genes
on drug disposition and drug response). Research in this area has taken primarily a
sequence-based approach, beginning with identification of genetic variants likely to
produce a functional effect (e.g., amino acid substitutions, or insertions or deletions
in the coding region), followed in some cases by functional studies of the variant
proteins in heterologous expression systems.

2.7.1. OCT1

Several functionally significant polymorphisms in OCT1 have been described. In a
sample of 57 healthy Caucasians, 25 genetic variants were discovered, of which eight
resulted in a change in protein sequence.69 Of these, five (Arg61Cys, Cys88Arg,
Phe160Leu, Gly401Ser, and Met420del) were tested for function by measurement
of transport activity in X. laevis oocytes. Cys88Arg and Gly401Ser showed virtually
complete loss of activity toward MPP+, while Arg61Cys retained approximately 30%
of wild-type activity. In contrast to MPP+, uptake of [3H]serotonin by Cys88Arg
and Gly401Ser was detectable (∼10% of wild-type), suggesting that these variants
influence the substrate selectivity of OCT1.

Shu et al. discovered 15 amino acid sequence–altering variants of OCT1 that were
identified in a large sample of ethnically diverse healthy subjects, and tested these
for function by uptake of MPP+ in X. laevis oocytes.70 Variants with significantly re-
duced or complete loss of function included the Arg61Cys and Gly401Ser described
by Kerb et al.69, as well as Pro341Leu, Gly220Val, and Gly465Arg. An additional
variant, Ser14Phe, showed a significant increase in activity; interestingly, this vari-
ant corresponds to the likely ancestral allele, as the consensus mammalian OCT1
sequence includes phenylalanine at this position. It was noted that all of the variants
with reduced function occurred at evolutionarily conserved amino acid residues, and
that variants with reduced function tended to be amino acid substitutions that result
in a large chemical change. Of the variants with significant functional differences
from the reference OCT1, five (Ser14Phe, Arg61Cys, Pro341Leu, Gly401Ser, and
Gly465Arg) occurred at >1% allele frequency in at least one ethnic group and are at-
tractive candidates for association with drug response phenotypes for OCT1 substrate
drugs.

Functional studies of several additional OCT1 variants have been performed by
two independent groups using microinjected X. laevis oocytes71 or transiently trans-
fected HEK293 cells.72 Three amino acid sequence variants, Pro283Leu, Arg287Gly,
and the previously described Pro341Leu, showed significantly reduced transport ac-
tivity, with Pro283Leu and Arg287Gly having no appreciable activity toward the
model substrates TEA and MPP+. The reduction in activity of these variants was not
explained by reduction in protein expression, as immunofluorescence studies showed
all three variants to have membrane expression levels similar to that of the wild-type
OCT1.72



PGN PGN
JWDD059-02 JWDD059-YOU June 13, 2007 7:25

26 ORGANIC CATION TRANSPORTERS

2.7.2. OCT2

Human genetic variants of OCT2 have been investigated comprehensively by rese-
quencing of the coding region in a large ethnically diverse sample.35 Eight of the
variants identified in this screen result in amino acid substitutions, and one single-
nucleotide insertion (134-135insA) leads to a premature stop codon at amino acid po-
sition 48. Four of the nonsynonymous variants (Met165Ile, Ala270Ser, Arg400Cys,
and Lys432Gln) were polymorphic, with ethnic-specific allele frequencies ≥1%. The
remaining four nonsynonymous variants (Pro54Ser, Phe161Leu, Met165Val, and
Ala297Gly) as well as the insertion variant were found on only one of 494 chro-
mosomes screened.

Of the four polymorphic OCT2 protein sequence variants (Met165Ile, Ala270Ser,
Arg400Cys, and Lys432Gln), all retained function as measured by uptake of the
prototypical organic cation substrate, MPP+, in X. laevis oocytes expressing the
variant transporters. However, quantitative differences in MPP+ uptake activity and
kinetic differences in interactions with organic cations were observed for the com-
mon variants, with Lys432Gln having twofold increased affinity for MPP+, and the
Met165Ile and Arg400Cys variants having lower maximal transport rates (Vmax)
for MPP+ than the reference OCT2.35 In inhibition kinetics studies, Ala270Ser
showed an increased Ki value for TBA, while Arg400Cys and Lys432Gln had
lower Ki values for TBA inhibition than did the reference OCT2. When the rare
variants of OCT2 were expressed in the same system, all of the amino acid sub-
stitutions were found to have no effect on OCT2 function.30 However, as ex-
pected, the single nucleotide insertion (frameshift) variant showed a complete loss of
function.

Additional single-nucleotide polymorphisms (SNPs) in the OCT2 gene were iden-
tified by direct sequencing of genomic DNA from 48 unrelated Japanese persons73

and 116 arrhythmic Japanese patients.74 In the former study, 27 SNPs and five dele-
tion polymorphisms in the OCT2 gene were identified.73 Two synonymous variants,
also reported by Leabman et al.,35 were identified at amino acid positions 130 and
150. The remaining SNPs and deletion polymorphisms appeared in introns, 3′ un-
translated regions, and 3′ flanking regions of the OCT2 gene. In the latter study, 33
genetic variants, including 14 novel ones, were found.74 Two nonsynonymous vari-
ants were identified (Thr199Ile and Thr201Met) and other SNPs and insertion and
deletion polymorphisms were located in exons, the 3′-untranslated region of exon 11,
introns, and the 3′-flanking region. The functional effects of these polymorphisms
have not been investigated.

In addition to direct sequencing of the OCT2 gene, other lines of evidence exist
for a role of genetic variation in OCT2 in variable drug response. Based on data
from published literature, an estimate of the genetic component contributing to vari-
ation in the renal clearance of metformin, which undergoes transporter-mediated
secretion, was found to be particularly high (>90%).75 This finding suggests that
variation in the renal clearance of metformin has a strong genetic component and
that genetic variation in OCT2 may explain a large part of this pharmacokinetic
variability.
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2.7.3. OCT3

In a study of genetic variation in 26 membrane transporter genes in a large sample (n =
247) of ethnically diverse human subjects, Leabman et al. discovered 14 nucleotide
substitutions in OCT3.76 The survey region included the exons and flanking intronic
region. Of the 14 variants identified, five were located in the coding exonic regions,
and three of these (Thr44Met, Ala116Ser, and Thr400Ile) resulted in a change in the
amino acid sequence. Only Ala116Ser was polymorphic, with an allele frequency of
1.7% in the African-American subset of the sample. These variants have not been
tested for effects on OCT3 function.

Genetic variation in OCT3 was investigated independently by resequencing the
core promoter, exons, and 3′ untranslated region of the gene in 100 healthy persons
of European descent.77 Six nucleotide substitutions and one single base pair deletion
were discovered, including −29A>G in the OCT3 promoter and three synonymous
substitutions in the coding region. The functional consequences of these variants have
not been studied. The authors suggest that the synonymous 1233G>A substitution
may generate a cryptic 3′-splice acceptor site.

Additional data on genetic variation in organic cation transporter genes are avail-
able on online public databases. The Pharmacogenetics and Genomics Knowledge
Base (PharmGKB, www.pharmgkb.org) is a repository for data and information re-
lated to all areas of pharmacogenetics. PharmGKB includes well-annotated pages de-
scribing genetic variation in OCTs, identified by the Pharmacogenetics of Membrane
Transporters project (PMT, www.pharmacogenetics.ucsf.edu) in a large collection
of DNA samples from ethnically diverse populations. The NCBI single-nucleotide
polymorphism database (dbSNP, www.ncbi.nlm.nih.gov/SNP/) also includes data on
OCT variants. The HapMap project (www.hapmap.org), which aims to take advan-
tage of linkage between SNPs to increase power in genetic association studies, may
prove to be a useful tool for studying the genetics of response to OCT substrates.

2.8. CONCLUSIONS

The OCTs are a fairly well-studied family of multispecific organic cation transporters,
with potential influence for a large number of endogenous and pharmacological com-
pounds. The tissue distribution and subcellular localization of these transporters sug-
gest that their primary role is in the excretion of toxic xenobiotic and endogenous
organic cations. OCT1 is a hepatic sinusoidal uptake transporter and appears to be most
important for drug distribution into liver, where it aids in presentation of substrate
drugs to hepatic metabolizing enzymes or in biliary excretion. OCT2, the kidney-
specific organic cation transporter, is primarily responsible for basolateral uptake of
organic cations into renal proximal tubules and acts as the first step in active tubular
secretion of its substrates. OCT3 has a more diffuse pattern of expression, as well as a
relatively unique substrate selectivity profile, and is thought to be important for extra-
neuronal clearance of monoamine neurotransmitters as well as uptake of monoamines
into the heart and across the placenta. Knockout mouse models of the OCTs have
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provided crucial information regarding the importance of these transporters to xeno-
biotic and endobiotic disposition in vivo. The existence of genetic variants of OCTs
with altered function in cellular assays suggests that genetic variation in OCTs may
contribute to interindividual variability in drug disposition or drug response; further
study of the importance of these variants to human drug disposition may soon allow
for clinical pharmacogenetic testing and improvements in rational drug therapy.
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3.1. INTRODUCTION

Carnitine (3-hydroxy-4-N -trimethylaminobutyric acid), a zwitterion, is an essential
cofactor in the metabolism of lipids and consequently in the production of cellu-
lar energy. l-Carnitine, the active form, has important physiological roles, including
involvement in the �-oxidation of fatty acids, facilitation of the transport of long-
chain fatty acids across the mitochondrial inner membrane as acylcarnitine esters,
and modulation of intracellular coenzyme A homeostasis.1 It is involved in transfer
of the products of peroxisomal �-oxidation to mitochondria. In humans, l-carnitine
is obtained from dietary sources, primarily meat and dairy products, and produced
endogenously from the amino acids lysine and methionine, with both sources con-
tributing to plasma and tissue levels.

The major site of carnitine absorption is the small intestine, but the mechanism of
intestinal uptake of l-carnitine is unclear. Previous studies using Caco-2 cells demon-
strated that the transport of l-carnitine involved a carrier-mediated system.2 Results
from our laboratory showed that l-carnitine uptake in differentiated Caco-2 cells was
mediated primarily by the organic cation/carnitine transporter OCTN2, located on
the brush border membrane.3 Carnitine is eliminated as free carnitine or acylcarnitine
almost exclusively by the kidney, which plays a crucial role in homeostatic regu-
lation of carnitine concentrations in body fluids. Carnitine reabsorption appears to
be regulated such that normal plasma carnitine concentration is maintained without
significant loss of carnitine in the urine. Although there is evidence of different po-
larized carnitine transporters in the kidney, the brush border membrane transporter
is probably OCTN2, as indicated by a strong reactivity with the anti-OCTN2 poly-
clonal antibody.4 There is considerable evidence that various organic cation/carnitine
transporters may be involved in carnitine distribution, and organic cation absorption
and elimination in several tissues.5

The organic cation/carnitine transporters are a subgroup of the SLC22 (solute car-
rier) drug transporter family, which belongs to the major facilitator superfamily.6 This
superfamily comprises uniporters, symporters, and antiporters from bacteria, lower
eukaryotes, plants, and mammals. In human species and mammals, they participate
in the absorption and/or excretion of drugs, xenobiotics, and endogenous compounds
in the intestine, liver, and/or kidney, and perform homeostatic functions in brain and
heart. Various subgroups of the SLC22 drug transporter family are discussed in de-
tail in other chapters of this book. In the present chapter, the discussion focuses on
the known members of the organic cation/carnitine transporter (OCTN) subgroup
and related carnitine transporters. Emphasis is on the clinical importance of OCTN
transporters. Primary systemic carnitine deficiency (SCD) and secondary l-carnitine
deficiency syndromes known to be related to OCTN levels and expression lead to
a reduced use of fatty acids in energy production. SCD is an autosomal recessive
disorder caused by mutations in the gene encoding for the Na+/l-carnitine trans-
porter OCTN2.1 Recently, two variants in the OCTN1 and OCTN2 genes have been
shown to exist in a haplotype, which is associated with a susceptibility to Crohn’s
disease.7
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3.2. BIOCHEMISTRY AND PHYSIOLOGY OF OCTNs

As mentioned above, the organic cation/carnitine transporters are members of the
SLC22 polyspecific organic cation transporter family. Homology screening led to the
identification of four members of the SLC22 family that translocate the zwitterion
carnitine together with Na+ and/or organic cations. They transport multiple and dif-
ferent substrates in addition to l-carnitine and various acylcarnitine/carnitine esters.
This subgroup comprises the transporters OCTN1-3 and hCT2. These transporters
may function as an organic cation uniporter or H+/organic cation antiporter (e.g.,
OCTN1) or as uniporters for organic cations or Na+/carnitine cotransporters (e.g.,
OCTN2). Since many of these transporters are expressed in the intestine, liver, kidney,
and other tissues, the OCTNs play a pivotal role in drug and carnitine coabsorption and
excretion. In the following sections we deal with the biochemical and physiological
characteristics of each of these transporters.

3.2.1. OCTN 1

Structure–Function Relationships OCTN1 was cloned from human fetal kidney,
rat, and mouse in 1997.8–10 Human OCTN1 has 551 amino acids with 11 puta-
tive transmembrane domains. It is a multispecific, bidirectional, and pH-dependent
organic cation transporter. OCTN1 is expressed in the kidneys, skeletal muscle, pla-
centa, prostate, heart, and lungs.8 The human gene locus for hOCTN1 is reported to be
5q23.3. A recent study on the tissue distribution and ontogeny of Octn1 in mice indi-
cates that mRNA expression is highest in the kidney, followed by the small intestine,12

a pattern very similar to the mRNA expression levels of Octn2. Mouse octn1, hav-
ing 553 amino acids, can mediate carnitine transport in a Na+-dependent manner,9

illustrating an apparent species difference in specificity for the same transporter type.

Ligand Specificity and Drug Substrates Human OCTN1 (hOCTN1) transports the
cations tetraethylammonium (TEA), quinidine, pyrilamine, and verapamil and the
zwitterion carnitine.11 Many other cations interact with the zwitterion cephaloridine
and the anions ofloxacin and levofloxacin. The data show that hOCTN1 is a polyspe-
cific transporter that may have a preference for organic cations. hOCTN1 mediates
TEA transport in either direction with an apparent Km value of 0.2 to 0.4 mM in
the influx mode.8,11 hOCTN1 is independent of an inwardly directed H+ gradient
and of the membrane potential, whereas an inwardly directed H+ gradient stimulates
TEA efflux.11 hOCTN1 may work as an electroneutral H+/organic cation antiporter
that mediates the cellular efflux of organic cations. OCTN1 and OCTN2 genes have a
similar structure and are located in tandem. The sequence of OCTN1 is conserved to a
degree similar to that of OCTN2, which is consistent with functional roles. OCTN1 is
functional and its properties are distinct from those of OCTN2.8 It is a multispecific
and bidirectional organic cation transporter and interacts with a variety of organic
cations. The transport of TEA by OCTN1 is Na+ independent and pH dependent.
OCTN1 has a lower affinity for carnitine than does OCTN2, and depending on the
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species, it differs in its specificity for carnitine transport. In rat, this transporter does
not mediate Na+-coupled carnitine transport to a significant extent,10 but in mice the
carnitine transport is Na+ dependent.9

Tissue Distribution and Cellular Membrane Localization Wu et al.10 demonstrated
by in situ hybridization that rat Octn1 mRNA was expressed in a wide variety of rat
tissues, including the liver, intestine, kidney, brain, heart, and placenta. Large species
differences exist with regard to localization and function of OCTN1. OCTN1 could
not be detected in liver from adult humans, whereas in rats, that is the site with the
strongest expression.10 Koepsell et al.5 suggested that hOCTN1 has a luminal location
in brush border membranes of renal proximal tubules, where it may be engaged in
cation excretion in different species. Since it transports in both directions, OCTN1
may also participate in the reabsorption of organic cations. Also, carnitine uptake was
Na+ dependent for mouse Octn1 but not for rat Octn1.9,11 Loss of function mutations
in hOCTN1 would predictably increase the nephrotoxic potential of cationic drugs that
enter proximal tubules. Pharmaceutical up-regulation of hOCTN1 might improve the
renal excretion of cationic drugs or xenobiotics without increasing their intracellular
concentrations.

Xuan et al.13 have used anti-mOctn1 antibody to demonstrate the expression of
OCTN1 in sperm. They have also shown a low-affinity carnitine uptake in sperm
with a Km of 412 μM, which is consistent with values demonstrated previously for
OCTN1 in different tissues and species. Evidence has been presented of the existence
in sperm of all three OCTN species. It has been suggested that OCTN1 may serve an
important role in the intracellular shuttling of acylcarnitines in sperm mitochondria.

3.2.2. OCTN 2

Structure–Function Relationships Among the organic cation transporters, OCTN2
is identified as the most important carnitine transporter. Koepsell et al.5 have re-
viewed extensively the biochemistry and physiology of carnitine transport mediated
by OCTN2 and other OCTN transporters. OCTN2 is a Na+/carnitine cotransporter
with a high affinity for carnitine but can function alternatively as a polyspecific and
Na+-independent cation uniporter.14–17 Na+-dependent transport of l-carnitine by
OCTN2 is electrogenic and to some degree stereospecific.16,18

Ligand Specificity and Drug Substrates Several uptake measurements have shown
that human OCTN2 has an apparent Km of 4 to 5 μM for l-carnitine,14,16 and it
exhibits half-maximal concentrations for Na+ activation between 2 and 19 μM.16,18,19

Therefore, the molecule responsible for the high-affinity Na+/l-carnitine cotransport
activity is likely to be represented by OCTN2. This activity is observed both in plasma
membrane vesicles from skeletal muscle and in brush border membrane vesicles from
the kidney and intestine.20–23 Short-chain acyl esters of carnitine are also transported
by hOCTN2 with high affinity in the presence of Na+ with a Km around 8.5 μM.18

hOCTN2 can also transport cephaloridine, a zwitterionic �-lactam antibiotic24 in the
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presence of Na+. In addition, as suggested by electrophysiological studies, hOCTN2
is probably able to transport l-lysine and l-methionine under the same transport
conditions. Furthermore, human, rat, and mouse OCTN2 are able to translocate or
interact with various organic cations (e.g., TEA, pyrilamine, quinidine, verapamil,
choline) in a Na+- independent fashion.16–18,25

Ohashi et al.26 have determined that the TEA uptake by hOCTN2 has a Km of
around 0.3 μM. It has also been established that carnitine uptake by hOCTN2 was
competitively inhibited by TEA.19,26 Other studies have shown that in the pres-
ence of Na+, carnitine uptake via OCTN2 is inhibited by other organic cations or
weak bases [e.g., nicotine, MPTP [1-methyl 4-phenyl 1, 2, 3, 6-tetrahydropyridine],
procainamide, quinine, metamphetamine, emetine, clonidine, cimetidine], zwitteri-
ons (cephaloridine, cefepime, cefoselis), and noncharged compounds (e.g., corti-
costerone, aldosterone).16,18,24,27 The IC50 values for cephaloridine, cephepime, and
cefoselis were 0.23, 1.7, and 6.4 mM, respectively. The removal of Na+ decreases the
affinity for cephaloridine but not for cefepime and cefoselis.24 Therefore, it is likely
that the binding of carnitine and cations occurs within one binding pocket.

Tissue Distribution and Cellular Membrane Localization Our recent studies have
demonstrated the expression and localization of this transporter in human placenta
and Caco-2 cells.3,28 In an earlier study we had shown the presence of OCTN2 on
the apical membrane of small intestine and renal tubules.1 In addition to intestine,
OCTN2 exhibited abundant expression in the stomach, colon, and rectum.29 OCTN2,
also present in the brush border membrane of renal proximal tubules in the rat and
mouse,9 participates in absorption and secretion of organic cations in the small intes-
tine and kidney. Mouse OCTN2 can translocate organic cations in either direction,
as exemplified by trans-stimulation of carnitine uptake by TEA as well as of TEA
efflux by carnitine.25 Japanese researchers have demonstrated significant contribu-
tions of OCTN2 to the renal excretion of TEA by injecting radiolabeled TEA into
control mice and juvenile visceral steatosis (JVS) mice that suffer from a homozy-
gous loss-of-function mutation of OCTN2.25,30–32 Secretion of TEA was reduced
by 50% in JVS mice compared to controls, and accumulation of TEA in the kid-
ney was increased by 150%.25 Xuan et al.13 have suggested that OCTN2 may be
responsible for carnitine transport across the spermatozoan plasma membrane. They
detected the expression of a 63-kDa OCTN2 protein in sperm which showed a high-
affinity carnitine transport, with a Km value of 3.4 μM. This is very similar to the
Km values of 2 to 6 μM observed for high-affinity carnitine transport in kidney,
skeletal muscle, heart, placenta, and cultured skin fibroblasts. Kobayashi et al.33 have
demonstrated that the high-affinity carnitine transporter OCTN2, which is localized
at the basolateral membrane of epididymal epithelial cells, mediates carnitine supply
into those cells from the systemic circulation as the first step of permeation from
blood to spermatozoa. Another recent study34 reported the expression and localiza-
tion of OCTN2 in the �- but not the �-cells of mouse pancreas. The authors hy-
pothesize that other carnitine transporters may be implicated in carnitine transport in
�-cells.
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3.2.3. OCTN 3

Structure–Function Relationships Originally found in mice,9 OCTN3 has 564
amino acids in its structure. When expressed in HEK-293 cells, it exhibits Na+-
independent carnitine uptake. Among the mouse tissues examined, OCTN3 was ex-
pressed strongly in the testis, weakly in the kidney, but not at all in the intestine.
However, Duran et al. subsequently demonstrated the presence of OCTN3 on the
basolateral membrane of mouse enterocytes.35 Mouse Octn3 translocates l-carnitine
with an apparent Km of 3 μM, an affinity seven times higher than that of mouse Octn2.

Ligand Specificity and Drug Substrates The transporter has been investigated to date
in mouse, chicken, and in human sperm. In contrast to OCTN2 from different species,
including mouse, OCTN3 transports carnitine independent of Na+. Given that car-
nitine uptake by OCTN3 was not inhibited by 0.5 mM choline and inhibited only
54% by 0.5 mM TEA, OCTN3 appears less relevant quantitatively for organic cation
transport than do OCTN1 and OCTN2.5 In a study by Duran et al.,35 chicken entero-
cytes and basolateral membrane vesicles were found to express OCTN3. l-Carnitine
uptake was inhibited by TEA and betaine. It was Na+ independent, trans-stimulated
by intravesicular l-carnitine, and cis-inhibited by TEA and cold l-carnitine. Both
uptake and efflux of carnitine were inhibited by verapamil and unaffected by extrax-
cellular pH. OCTN3 is unique in its limited tissue distribution and Na+-independent
carnitine transport.

Tissue Distribution and Cellular Membrane Localization Duran et al.35 measured
l-carnitine transport in enterocytes and basolateral membrane vesicles isolated from
chicken intestinal epithelia. Reverse transcriptase polymerase chain reaction with
specific primers for the mouse Octn3 transporter revealed the existence of OCTN3
mRNA in mouse intestine, which was confirmed by in situ hybridization studies.
Immunohistochemical analysis showed that OCTN3 protein was associated primarily
with the basolateral membranes of rat and chicken enterocytes, whereas OCTN2 was
detected at the apical membrane. Mouse Octn3 is strongly expressed in human testis.9

The expression of a human OCTN3 protein localized to liver peroxisomes with an
intermediate affinity Km of 20 μM for carnitine has also been reported.36 Xuan et al.13

confirmed the expression of OCTN3 in human sperm with an anti-mOctn3 antibody.

3.2.4. CT 2

Structure–Function Relationships CT2 is a high-affinity transporter that has been
identified in human tissues.37 Apart from several amino acids in the N-terminal part
of the protein, CT2 is identical to the gene product OCT6 described in hematopoietic
cells.38

Ligand Specificity and Drug Substrates CT2 has a higher substrate selectivity than
OCTN1 and OCTN2, insofar as it interacts with carnitine and betaine but not with
TEA and several organic anions.37
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Tissue Distribution and Cellular Membrane Localization CT2 is expressed in the
testis by Sertoli cells and by epithelial cells of the epididymal ducts.37 CT2 mRNA
is further expressed in fetal liver, bone marrow, leukocytes, and some leukemic cell
lines.38 CT2 translocates carnitine in either direction across the plasma membrane
and may thus contribute to the transepithelial transport of carnitine in the epididy-
mus. In human mammary gland, Kwok et al.39 have demonstrated that Flipt2/OCT6,
a splice variant of CT2, can coexist with ATB(0+) in a network of multiple SLC
organic cation/nutrient transporters in drug transfer. Among other SLC22 family
transporters, they found hOCTN1 and hOCTN2, and besides hOCT1 and hOCT3
in the mammary gland epithelial cell line, MCF12A. Modeling analysis predicted
multiplicity of uptake mechanisms with the high-affinity systems characterized by a
Km of 5.1 μM for carnitine and 1.6 mM for TEA, respectively, apparently similar
to the hOCTN2 parameter reported for carnitine and that of EMT/hOCT3 for TEA.
Verapamil, cimetidine, carbamazepine. quinidine, and desipramine inhibited carni-
tine uptake but required supratherapeutic concentrations, suggesting the robustness
of carnitine uptake systems against xenobiotic challenge.

3.2.5. Comparison with Other Carnitine Transporters

ATB(0+) Transporter Nakanishi et al.40 identified a second energy-coupled carnitine
transporter, called amino acid transporter system B(0+) [ATB(0+)]. It is primarily
an amino acid transporter40 and plays an important role in the intestine. ATB(0+) is
also expressed in the lung, mammary gland, and eye. It is a Na+- and Cl−-coupled
transport system for neutral and cationic amino acids. Many of the amino acids and
amino acid derivatives that serve as substrates for ATB(0+) are therapeutic agents (e.g.,
d-serine, carnitine, and nitric oxide synthase inhibitors). Recent studies have shown
that the potential of ATB(0+) as a drug delivery system may be greater than previously
envisaged.41 Taylor42 speculated that the mature intestine may have an active transport
and a passive carnitine diffusion mechanism, representing contributions from OCTN2
and ATB(0+), respectively. We investigated the influence of Cl− on intestinal carnitine
uptake by replacing it from the uptake buffer with NaH2PO4, and noted no effect.3 We
also tested known amino acid substrates of ATB(0+) and noted that neither leucine
nor tryptophan inhibited carnitine transport in Caco-2 cells. In the mammary gland
epithelia, ATB(0+) can exist in a network of various transporters, with hOCTN1,
hOCTN2, and Flipt2/OCT6 (a splice variant of CT2).39 Berezowski et al.43 have
shown that OCTN2 and ATB(0+) could be involved in carnitine transport in both the
apical and basolateral membranes of brain capillary epithelial cells.

3.3. CLINICAL IMPLICATIONS

The physiological significance of organic cation/carnitine transporters in humans is
highlighted by the identification of the hereditary disorder caused by mutations in
the gene encoding for OCTN2 protein, an autosomal recessive disease known as
primary systemic carnitine deficiency (SCD).1 More commonly, secondary carnitine
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deficiency syndromes are generated by the inhibition of carnitine transport by drugs
that use the same transporters.44

3.3.1. Primary Systemic Carnitine Deficiency

Patients affected by homozygous mutations in OCTN2 gene are severely symptomatic
due to the resulting cardiomyopathy, progressive skeletal weakness, nonketotic hypo-
glycemia, and hyperammonemia. Many mutations in the OCTN2 protein have been
identified, as, reviewed by our laboratory.1 The impairment of fatty acid oxidation,
particularly during fasting, can also have negative effects on skeletal, muscular, car-
diac, and liver function in heterozygotes.45

Mutations and Single Nucleotide Polymorphisms Lahjouji et al.1summarized the
OCTN2 mutations described up until 2001. These are classified as nonsense and
missense mutations, presenting the specific genotype, ethnicity, gender, and age of
the patients with consanguinity and the clinical manifestations. Affected patients are
from different ethnic origins, and the majority of cases are present during infancy.
Both missense and nonsense mutations are known. The missense mutations can also
be classified into those that abolish carnitine transport entirely and those that reduce
transport to residual activity. A list of single-nucleotide polymorphisms is also
provided.1

Juvenile Visceral Steatosis Mouse The JVS phenotype is inherited in an autosomal
recessive manner. Localization of the mutation has been determined with molecular
genetic studies using detailed chromosome linkage analysis and positional cloning as
within a 1.6 cM (centiMorgan) region on mouse chromosome 11. This corresponds
to the OCTN2 region on human chromosome 5q31.5 Lu et al.31have isolated the
mouse Octn2 gene and identified the mutation in the JVS mouse to be L352R. This
mutation is located in the middle of the putative seventh transmembrane domain of
Octn2 in the JVS mouse.32 The hydrophobic residue (L) in a membrane-spanning
region is predicted to disturb topology that is essential for function. Yokogawa et
al.46 have compared the characteristics of l-carnitine transport in isolated hepato-
cytes from wild-type and JVS mice. The uptake of carnitine in controls was saturable
and showed two distinct components, high and low affinity. The high-affinity up-
take, which showed properties similar to those of Octn2, was absent in JVS hep-
atocytes. All these results indicate that JVS mice represent a valid animal model
for human primary carnitine deficiency. Functional and molecular studies have es-
tablished that the JVS mice phenotype is caused by mutations in the high-affinity
OCTN2.

3.3.2. Drug Inhibitors and Secondary Carnitine Deficiency

Tein,44 in an excellent review, has discussed the inhibition of carnitine uptake by a
large number of xenobiotics that are in extensive clinical use, including lipophilic
organic cations (quinidine, verapamil, and emetine) and zwitterionic compounds
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such as �-lactam antibiotics (cephaloridine). The anionic compounds valproic acid
(VPA) and probenecid were found to be moderate inhibitors. Certain compounds
(TEA, quinidine, verapamil, cephaloridine, valproic acid) have been shown to be
directly transported by hOCTN2 in transfected cells. Pivalate and its prodrugs are
also known to cause secondary carnitine deficiency, but their interaction with OCTN
transporters is not well documented.47 Given the key role of hOCTN2 in the transport
of acylcarnitines48 and other cationic compounds, and the fact that it is inhibited by
a wide variety of xenobiotics, OCTN2 may be of considerable pharmacological and
toxicological importance to humans. Since several drugs and carnitine compete for
the same binding sites on OCTN2, it is plausible that an excess of cationic substrates
could cause secondary carnitine deficiency.

Valproate Toxicity Carnitine deficiency associated with valproate therapy is consid-
ered multifactorial.44 An important mechanism is the inhibition of tissue carnitine
uptake into tissues, including decreased renal tubular reabsorption of free carnitine.
The inhibition may be due to competition for OCTN2 between free carnitine and
acylcarnitines, including valproylcarnitine esters and short-chain acylcarnitines.

�-Lactam Antibiotic Toxicity Ganapathy et al.24 have investigated the interaction
of several �-lactam antibiotics with OCTN2 using human cell lines that express the
transporter constitutively as well as using cloned human and rat OCTN2 expressed
heterologously in human cell lines. The �-lactam antibiotics cephaloridine, cefoselis,
cefepime, and cefluprenam were found to inhibit OCTN2-mediated carnitine trans-
port. These antibiotics possess quaternary nitrogen, as does carnitine. The interaction
of cephaloridine with OCTN2 is Na+ dependent, whereas the interaction of cefoselis
and cefepime with OCTN2 is largely Na+ independent. These studies showed that
OCTN2 plays a crucial role in the pharmacokinetics and therapeutic efficacy of certain
�-lactam antibiotics and that cephaloridine-induced carnitine deficiency is probably
due to the inhibition of carnitine reabsorption in the kidney.

3.3.3. OCTNs and Autoimmune Diseases

Schreiber et al.49 recently reviewed the importance of genetic risk factors involved in
inflammatory bowel disease (IBD). A genome-wide search revealed that chromosome
5 contains a gene for early-onset Crohn’s disease (CD) termed IBD5.50 Further studies
revealed that the mutations at 5q31 conferring CD susceptibility code for OCTN1 and
OCTN2.7 This critical region also encompasses the principal cytokine gene cluster,
which includes many plausible candidate genes for IBD, such as interleukins 4, 5, and
13. A silent substitution in the coding region of OCTN2 (p = 0.004) and a missense
substitution (Thr to Ile) in OCTN1 (p < 0.003) conferred increased risk for CD.7

Linkage disequilibrium studies on the IBD5 locus and genotype–phenotype analysis
have confirmed the association of IBD5 risk haplotype with CD and revealed that this
association was especially strong in patients with perianal disease.51 Recent studies by
Peltekova et al.52 have reported two variants in the organic cation/carnitine transport
cluster at 5q31 which form a haplotype associated with susceptibility to CD. These
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variants modify transcription and transporter functions of OCTN1 and OCTN2 and
increase risk for CD with an odds ratio between 3.4 and 5.1 in homozygotes.52 The
OCTN mutations also interact with CARD15, another gene associated with CD, to
increase the risk of CD, with an odds ratio between 7.2 and 10.5 compared to the
control population.52

Lamhonwah et al.53speculated that the human OCTN3 protein, whose correspond-
ing gene is not yet cloned, may also be involved in the etiology of CD. In a recent
study, the same group54 have hypothesized that an amino acid epitope is shared by
the OCTN1 variant with Campylobacter jejuni and Mycobacterium paratuberculosis,
which would cross-react in the presence of enterocolitis and cause an impairment of
mitochondrial �-oxidation to initiate IBD. Martinez et al.55 have examined the asso-
ciation of the OCTN genes with CD in a case-controlled study in a Spanish cohort.
Their data support the hypothesis of certain polymorphisms in the SLC22A4 and
SLC22A5 as genetic markers of susceptibility/protection for CD.

Recently, Waller et al.56 reported that OCTN variants were as strongly associ-
ated with ulcerative colitis (UC) as they were with CD. OCTN variants were in tight
linkage disequilibrium with the extended IBD5 risk haplotypes. OCTN substrates
including carnitine, butyrylcarnitine, and propionylcarnitine have been documented
to have an important effect in the gut.57 The colonic epithelium is principally nour-
ished by short-chain fatty acids, particularly butyrate.58 Butyrate, produced in the
colon by bacterial breakdown of dietary fiber, has beneficial effects on the colon,
and butyrate enemas decrease colon inflammation in IBD.59 Many mechanisms for
butyrate’s suppression of inflammation have been described.60–62 Whatever the mech-
anism, OCTNs may be implicated, as butyrate is transported as butyrylcarnitine by
OCTN1 and OCTN2.9,18 The link with autoimmune disorders has been further sup-
ported by studies showing that OCTN genes are also associated with rheumatoid
arthritis.63

3.4. REGULATION OF CARNITINE TRANSPORTERS

There are very few reports regarding the regulation of OCTN transporters. Stephens
et al.64 showed that plasma insulin levels have a regulatory effect on OCTN2 tran-
scription. This finding is in accordance with the hypothesis that insulin can augment
Na+-dependent skeletal muscle carnitine uptake, secondary to its action of increasing
sarcolemmal Na+/K+-ATPase pump activity, and thus intracellular Na+ flux.65 The
Na+-dependent active transport of carnitine into human skeletal muscle is mediated
via the high-affinity OCTN2. An additional novel finding from this study was that the
combination of hypercarnitinemia and hyperinsulinemia increased OCTN2 mRNA
expression, whereas hypercarnitinemia alone appeared to have no effect. Whether the
increase in OCTN mRNA expression was the result of the increase in intracellular
total carnitine content or the elevated serum insulin concentration requires further
investigation. Nevertheless, these findings suggest that OCTN2 is regulated at the
transcriptional level, which presents another possible target for increasing muscle
carnitine stores.
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Immunohistochemical studies of renal brush border membrane vesicles by Kato
et al.66 have revealed that PDZK1 protein and OCTN2 are colocalized in renal brush
border membranes. Double transfection of OCTN2 with PDZK1 stimulated the uptake
by OCTN2 of its endogenous substrate carnitine, and this increase could be accounted
for by the six-fold increase in transport capacity. Such an increase was not observed
for OCTN2 when the last four amino acids were deleted, indicating an interaction
of PDZK1 with the C-terminus of OCTN2. Garcia-Miranda67 presented evidence to
support the hypothesis that there is a decline in Na+-dependent l-carnitine in the
jejunum and ileum of rats after maturation. Neither delayed weaning nor l-carnitine
supplementation prevented the down-regulation of Na+/l-carnitine transport activity.
These results demonstrate that intestinal Na+-dependent l-carnitine uptake activity
is under genetic regulation at the transcriptional level.

3.5. CONCLUSIONS

This review provides a summary of current knowledge about the physiology and
clinical significance of the OCTN subfamily of organic cation transporters with car-
nitine/cation cotransport function. All three carnitine transporters (OCTN1, 2, and
3), with different characteristics as to affinity, specificity, and tissue distribution, for
example, have wide-ranging clinical importance. There is also evidence to support the
presence of additional carnitine transporters, whose identification, localization, and
functional characterization must be explored further for a complete understanding of
cation/carnitine interactions.

The most physiologically important member of the OCTN group may be con-
sidered to be OCTN2, due to its high affinity for carnitine and expression in many
tissues. A multitude of mutations and single-nucleotide polymorphisms of OCTN2
cause systemic carnitine deficiency syndrome. Recent genetic studies have impli-
cated the IBD5 locus at 5q31, which codes for OCTN1 and OCTN2, in the etiology
of inflammatory bowel disease and rheumatoid arthritis. This region may give rise to
variants that modify transcription and transporter functions of OCTN1 and OCTN2 to
increase susceptibility to CD and UC. Other researchers have speculated that OCTN3
may also be involved in the etiology of IBD.53 Recent studies also highlight the
pharmacological importance of OCTN transporters, since they transport many drugs,
such as TEA, valproate, verapamil, pyrilamine, and �-lactam antibiotics. Short-chain
carnitine esters are also potential drugs transported by OCTN transporters, which
can be designed to correct the anomalies of carnitine transport and resultant mi-
tochondrial energy dysfunction, which are at the root of many clinical syndromes.
The hormonal regulation of OCTN transporters is another developing area of re-
search which may provide guidelines to an understanding of the carnitine/cation
cotransport and how to stimulate their influx into a specific organ and to inhibit their
efflux.
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4.1. INTRODUCTION

The “classical” organic anion (OA) or organic acid secretory system is thought to be
involved fundamentally in the excretion of common drugs, toxins, and endogenous
metabolites into the urine, thereby maintaining the equilibrium of anionic metabolites
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in the body. Organic anion transporters (OATs), the proteins that underlie the OA secre-
tory system, typify secondary (and/or tertiary) active membrane transporters, which
translocate substrates across the cell membrane by utilizing a transmembrane elec-
trochemical gradient of the substrate itself or of another solute.1 To date, the OATs
identified include OAT1 (originally, NKT), OAT2 (originally, NLT), OAT3 (origi-
nally, Roct), OAT4, OAT5, mouse OAT6, and URAT1 (originally, RST) (Table 4.1).
as well as a number of orphan family members.2−7

OATs belong to the largest family of secondary active membrane transporters:
the major facilitator superfamily (MFS), which is conserved from bacteria to mam-
mals.8−10 MFS transporters function as transmembrane uniporters, symporters, and
antiporters, and transport a wide range of hydrophilic and amphiphilic substrates,11

including inorganic ions (Na+, Cl−, HCO3
−, etc.), endogenous metabolites (amino

acids, sugars, neurotransmitters, etc.) and xenobiotics (drugs and toxins). However,
OATs specialize in transporting organic anions, and most of the accumulated knowl-
edge concerning OAT function has been found by studying prototypical substrates
such as p-aminohippurate and estrone 3-sulfate. Within this superfamily, the OATs
are members of the solute carrier family SLC22a, which includes the structurally and
functionally related organic cation transporters (OCTs), organic carnitine transporters
(OCTNs), unknown soluble transporters (USTs), and flylike putative transporters
(Flipts) (http://www.bioparadigms.org/slc/intro.asp).12

OATs are heavily expressed in excretory organs such as the kidney, suggesting a
critical role in maintaining endogenous homeostasis. Of note, the OATs are impli-
cated in several clinical disorders and are important modulators of drug efficacy and
toxicity, due to their ability to transport a large number of the most commonly pre-
scribed pharmaceuticals, such as angiotensin-converting enzyme (ACE) inhibitors,
loop and thiazide diuretics, β-lactam antibiotics, methotrexate, and nonsteroidal anti-
inflammatory drugs.13

In recent years there has been considerable progress in understanding the molec-
ular basis of the renal secretory process, owing to the continued identification of
organic anion transporters that mediate basolateral and apical organic anion uptake.
Furthermore, these transporters have also been found to be present in numerous ep-
ithelial tissues other than the kidney, including the olfactory mucosa, liver, choroid
plexus, retina, and placenta,14 which potentially implicates OATs more broadly in
secretory processes. Moreover, the sequencing of the human genome has uncovered
the chromosomal organization of OAT genes, enabling a deeper picture of the OATs
at the molecular, evolutionary, and regulatory levels.

4.2. GENOMICS OF OATs

Aside from their obvious structural and functional conformity (Figure 4.1), the OATs
also manifest similar tissue expression patterns.15 OATs are expressed predominantly
in the kidney; however, functionally similar genes such as OAT1 and OAT3 are also
both found in choroid plexus, and hOAT5 and UST3 are both found in the liver.
Therefore, there may be regulatory elements that function to link expression of these
genes in certain tissues.
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FIGURE 4.1. Schematic illustrating the SLC22 family generated by aligning the sequences
of rat, mouse, and human OATs (black, gray, and white boxes, respectively), and representative
OCTs and OCTNs, and using the alignment output to generate a dendrogram. (From ref. 82.)

A relatively unique feature of the SLC22a family genes is that many members
tend to appear as pairs or clusters in the genome. Six of the eight known OATs are
found in three tightly linked pairs (i.e., as adjoining neighbors without other genes
interposed between them): OAT1–OAT3, OAT4–RST/URAT1, and UST3–hOAT5.15

The dendrogram of the OAT family in Figure 4.2 reveals that these physical pairs are
also closely related phylogenetic pairs. Both OAT1 and OAT3 are found on human
chromosome 11q12.3 in a tandem repeat, separated by a mere 8 kilobase pairs; OAT4
and URAT1 are found on 11q13.1 in a tandem repeat, separated by 20 kb. These
observations suggest that the pairing of OAT genes (which are expressed primarily
in the kidney) might exist to facilitate the coordinated transcription (coregulation) of
pairmembers.

In the postgenomic era, tools for identifying potential regulatory elements and
transcription binding sites have been utilized to explore potential control regions16−19

and determine consensus sequence binding sites for transcription factors integral to
biological processes during kidney development (e.g., PAX1, PBX, WT1, TCF, and
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FIGURE 4.2. Pairing, phylogeny, and tissue distribution of the OATs. Ovals indicate gene
pairing, and the adjacent text boxes indicate their tissue distributions. The gene pairs are
represented schematically in the rectangle below the dendrogram (to the scale in the lower
right corner of the figure). Genes are drawn as arrows that indicate transcription direction and
the intergenic regions between paired genes as line segments. The approximate chromosomal
locations of the gene pairs are indicated (in megabases from the p telomere of chromosome 11).
(From ref. 13.)

HNF1).20 For example, some putative transcription factor binding sites present in
OAT noncoding regions may play a role in proximal tubule differentiation. Further-
more, experiments have shown that liver-enriched hepatocyte nuclear factor HNF-4α

(nuclear receptor 2A1) can bind to and transactivate the SLC22A7/OAT2 promoter.21

Although we are only at the early stages of understanding regulation of the expres-
sion of these transporters, earlier physiological studies have provided some insight
into the regulation of OATs. Postnatal maturation of OA transport has been found
to be influenced by a number of factors, including substrate availability, age, and
gender. For example, increased OA uptake into renal cortical slices can be induced by
prior exposure to organic anions. Since the increase could be prevented by the protein
synthesis inhibitor, cycloheximide, substrate exposure is believed to induce the syn-
thesis of either the OATs themselves or of other proteins required for OA uptake.22,23

OA transport has also been shown to be under endocrine regulation. Transport of the
prototypical OAT substrate, p-aminohippurate (PAH), can be stimulated by treatment
with dexamethasone or thyroid hormones, particularly in young rats.24,25 Such regu-
lation may be one potential mechanism by which organic anion transport is activated
during a critical period for OAT synthesis: neonatal development.
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4.3. ONTOGENY OF OATs

Identification of the specific proteins mediating organic ion secretion at the molecular
level has allowed for analysis of the pre- and postnatal ontogeny of OATs, which may
have clinical implications for the dosing of drugs to premature infants and full-term
newborns. Analysis of the postnatal expression of these transporters showed that
OAT1 expression in the postnatal kidney correlated with the changes in OA transport
observed previously in physiological studies26 and that the expression levels for the
OATs increased progressively postnatally in the rat.27 However, significant differences
were observed between male and female rats.27 For example, while mRNA levels
of OAT1 increased progressively in male rats, its expression peaked in female rats
at postpartum day 30 with a subsequent decline such that by postpartum day 45,
expression levels of OAT1 were significantly lower in female rats than in male rats.27

OAT2, on the other hand, was minimally expressed in both male and female rats for
the first 30 days of postnatal development, but then increased in female rats only,
through day 45. Finally, OAT3 was found to increase progressively over the observed
course of postnatal development in both male and female rats. Taken together with the
results of the physiological studies described above, these data (despite any gender
differences in expression) support the notion that the postnatal maturation of renal
OA transport observed may depend on increased expression of the transporters.

Despite numerous physiological studies, few data exist on the embryonic ontogeny
of these critically important transporters. When OAT1 was first identified by our group
(as NKT), its expression was determined in the embryonic kidney.2 Subsequently, us-
ing a combination of Northern blot analysis and in situ hybridization, the spatiotem-
poral expression patterns of the organic anion transporters (OAT1, OAT2, and OAT3)
during murine development were examined.28 Interestingly, the expression patterns
for all of these genes in the kidney were remarkably similar. The mRNA encoding
these proteins was detectable in the kidney at days 14 to 16 of embryogenesis, and
the expression levels continued to rise through embryogenesis, with the highest level
detectable (by in situ hybridization and Northern blot analysis) in adult kidney.28

Similar patterns of expression were observed in a separate study of the ontogeny of
OAT1 in the embryonic rat kidney.26 The roughly cotemporal expression of these
transporters in the developing proximal tubule of the kidney suggests the existence of
a common transcriptional regulatory pathway for the expression of OATs.28 Recently,
detailed QPCR examination of the prenatal renal ontogeny of the OATs in the rat was
reported (Figure 4.3), in which OAT1 and OAT3, as well as markers of proximal
tubular differentiation, Na+/glucose cotransporter (SGLT1) and Na+/phosphate co-
transporter (NaP2), were found to increase progressively over the embryonic period
examined (ed13-ed18).29 Transporter expression and function was also examined in
two commonly used models of nephrogenesis: (1) culture of the whole embryonic
kidney29 and (2) coculture of the uninduced metanephric mesenchyme (an embry-
onic progenitor tissue of kidney which gives rise to the nephrons of the kidney) with
a heterologous inducing tissue (i.e., embryonic spinal cord).30 Both of these cul-
ture systems are invaluable tools for the study of kidney development since much of
early nephrogenesis is reproduced in vitro with remarkable fidelity (Figure 4.4).31 The
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FIGURE 4.3. Relative gene expression levels of OAT genes in embryonic kidney as deter-
mined by QPCR, illustrating the up-regulation of SLC family genes as rat kidney maturation
progresses. Data were normalized to the expression of glyceraldehyde-3-phosphate dehydroge-
nase in the same sample and are reported as the ratio of the level of normalized gene expression
in the sample of interest to the level of gene expression in adult kidney (mean values ± S.D.).
(From ref. 29.)

expression patterns of OAT1, OAT3, SGLT1, and NaPi2 were found to closely resem-
ble those observed in vivo.29 Moreover, using fluorescein uptake as an in vitro func-
tional assay of OAT expression, inhibition of fluorescein accumulation by probenecid
was observed within the tubular structures of the cultured organs.29 Together with
the expression studies, these findings indicate not only that the OATs are expressed
functionally during kidney development and might be markers of proximal tubule
differentiation, but also raise the possibility that these organ culture systems may
represent convenient and reliable in vitro models for study of the developmental in-
duction of the OATs. Given the increasingly lower gestational ages at which infants
are being delivered, these types of studies may eventually shed light on the ability of
kidneys in premature babies to handle drugs and toxins.

4.4. STRUCTURE AND FUNCTION OF OATs

Although OATs are thought to be similar to other MFS transporters, having 12
α-helical transmembrane domains (TMDs) as well as functional similarity, the crys-
tal structure of OATs is not known, and hence their transport mechanism remains
unclear. However, close examination of the primary structure reveals integral clues;
weak sequence homology between the two six-helix halves suggests that MFS pro-
teins originated from the duplication of a six-TMD ancestor.8,32 There are two large
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FIGURE 4.4. Confocal microscopic images showing fluorescein accumulation in induced
metanephric mesenchyme (MM) due to expression of organic anion transporters. Control;
(a–i) or presence of 2 mM probenecid (probenecid; j–l). (a, d, g, j) Phase-contrast photomi-
crographs of the induced epithelial tubular structures. (b, e, h, k) Corresponding fluorescence
photomicrograph of the tissue shown in the preceding panel. (c, f, i, l) Merged image of the two
preceding photomicrographs, indicating the accumulation of fluorescein in the induced MM.
(a–c) Low-magnification examination of a group of tubular structures in the induced mes-
enchyme in the absence of probenecid; bar = 100 μM. (d–f ) High-magnification examination
of tubular structures in the mesenchyme induced in the absence of probenecid; bar = 20 μM.
(g–i) Higher-magnification examination of a tubular structure in the induced mesenchyme in
the absence of probenecid; bar = 20 μM. Note the accumulation of fluorescein, to a concentra-
tion greater than the medium, in what appears to be a fluid-filled space (presumptive lumen).
(j–l) Low-magnification examination of a group of tubular structures in the mesenchyme in-
duced in the presence of 2 mM probenecid; bar = 100 μM. Note the absence of concentrative
fluorescein accumulation. (From ref. 29.) (See insert for color representation of figure.)

interconnecting loops in OAT1, one between TMD 1/2, and another between TMD
6/713,33−35 (Figure 4.5). The first large loop is extracellular and contains multiple
consensus N-glycosylation sites. The role of these sites in the regulation of transport
function has not been determined, although glycosylation of OAT1 was shown to be
required for protein trafficking to the membrane.36 The second large loop is intracellu-
lar and contains several canonical protein kinase C (PKC) phosphorylation sites.35,37
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FIGURE 4.5. Schematic illustrating the transmembrane topology of organic anion trans-
porters. Hydropathy analyses indicate that the OATs comprise 12 TMDs (numbered in the fig-
ure). The large loops between TMDs 1 and 2 (extracellular) and TMDs 6 and 7 (intracellular)
contain several consensus glycosylation (G) and PKC phosphorylation (P) sites, respectively.
(From ref. 13.)

Despite the fact that PKC down-regulates OAT function, the phosphorylation sites of
the second loop are probably not involved directly in this down-regulation.35,38−41

OATs are multispecific transporters that bind a vast array of substrates, with binding
being based on general substrate physicochemical properties (charge, hydrophobic-
ity, hydrogen-bonding ability) rather than distinctive molecular characteristics.42,43

However, there are no direct data on the molecular interactions of substrate ions with
the amino acid residues lining the channel of the OATs which might indicate the
exact properties that determine substrate binding and transport. Mutagenesis studies
have been conducted targeting highly conserved amino acid residues believed to be
essential for transport function. These studies have identified conserved aromatic and
cationic residues, which appear to interact, respectively, with hydrophobic and an-
ionic moieties of substrates.44−46 For example, in rat OAT3, five conserved aromatic
residues (located in TMDs 7 and 8) and three conserved basic residues (in TMDs
1, 8, and 11) are required for transport activity, as identified by expression studies
in Xenopus oocytes.45 Importantly, in the OCTs (cation-transporting homologs of
the OATs), acidic or neutral residues are located in the positions corresponding to
the critical basic residues in the OATs. Therefore, these conserved basic residues are
believed to determine the substrate charge specificity of the OATs. Remarkably, a rat
OAT3 double mutant with the Lys370 and Arg454 residues substituted by one neutral
and one acidic residue (K370A/R454D) has been reported to change its substrate
orientation from anions to cations.44

Although the exact mechanism for substrate transport is not known, considerable
data indicate that it is based on ion exchange across the membranes of the tubular cell.
Basolateral transport is driven by the concentration gradient of intracellular dicarboxy-
lates, mostly α-ketoglutarate (αKG), which are exchanged for extracellular anions
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FIGURE 4.6. Mechanisms of proximal tubular uptake and efflux of organic ions mediated by
organic anion and cation transporters (OATs, OCTs, OCTNs). Transporters whose encoding
genes are chromosomally paired are enclosed in ovals. (From ref. 82.) (See insert for color
representation of figure.)

in an adenosine triphosphate (ATP)-independent mechanism. As a requisite, the high
concentration gradient of dicarboxylates is maintained by the sodium–dicarboxylate
cotransporter, which in turn is driven by the inwardly directed sodium gradient across
the basolateral membrane generated by Na+/K+-ATPase (Figure 4.6). Basolateral en-
try of anions is followed by apical efflux through the brush border membrane, probably
through a sodium-independent system whose exact mechanism remains unclear.

Even though the structure of the OATs has not been elucidated, the crystal structure
has been determined recently for three related MFS proteins: the glycerol 3-phosphate
(G3P) transporter from the Escherichia coli inner membrane (a G3P/Pi antiporter,
GlpT), the E. coli lactose permease (a lactose/H+ symporter, LacY), and the oxalate
transporter from Oxalobacter formigenes (an oxalate–formate antiporter, OxlT).47−54

These transporters have similar topology, suggesting similar structural design for
other MFS proteins, including the OATs. Therefore, the resolved structure of these
bacterial transporters, with substrate-binding sites located at the interface between the
N- and C-terminal halves of the protein, may prove useful as a template for structural
modeling of the OATs and other SLC22 transporters.

4.4.1. Substrate Translocation

Using MFS transporter mechanisms as models for OATs, one might postulate a
single-binding-site alternating access mechanism such as that suggested for the
MFS transporters55,56 and elaborated in more detail in thermodynamic and kinetic
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studies.57−59 In this mechanism the transporter switches between two alternating
conformations, inward facing (Ci ) and outward facing (Co), thus allowing transloca-
tion of substrate across the membrane. Recently, a more detailed mechanism of the
conformational change has been proposed based on the crystal structure of a bacte-
rial antiporter, GlpT.53 According to this mechanism (Figure 4.7), substrate binding
within the transporter binding site reduces the energy barrier between the inward- and
outward-facing conformations (Ci and Co) and thus facilitates a transition between
them, involving a swiveling movement of the two six-TMD halves of the transporter
relative to each other (“rocker-switch” mechanism). Analysis of the density map of
another bacterial transporter, OxlT, suggests the existence of a third, “closed” confor-
mation of the transporter (Cc) with the substrate-binding site isolated from both cyto-
plasm and periplasm, as an intermediate state in the transition between the Ci and Co

conformations.51

Importantly, in anion-transporting MFS proteins, including OATs, the binding
site supposedly comprises (is formed by) two positively charged amino acid residues.
These two key residues are, for example, Arg45 (located in the α-helix H1) and Arg269
(H7) in GlpT, Arg46 (H1) and Arg275 (H7) in UhpT (sugar phosphate transporter
of E. coli), Arg272 (H8) and Lys355 (H11) in OxlT, and Lys370 (H8) and Arg454
(H11) in rOAT3.44,49,50,52,60 Based on the structure of GlpT, the two key positively
charged residues in the substrate-binding site were suggested to form hydrogen bonds
simultaneously with a negatively charged substrate ion.52,53 The formation of such a
“bridge” complex (e.g., Arg45 · · · Pi · · · Arg269 in GlpT) upon binding a substrate ion
to a transporter in the conformation open to one side of the membrane was suggested
as a mechanism to pull the N- and C-terminal domains closer to each other and make
further tilting easier (Figure 4.8).

4.5. ANIMAL MODELS

As noted earlier, the evidence accumulated indicates that OAT1 and OAT3 manifest
functional properties and anatomical localization consistent with a critical role in the
basolateral uptake step of renal secretion of organic anions by the classical pathway.
However, most of this evidence has derived from in vitro studies, so that the actual in
vivo function of OATs, in the context of the whole kidney and/or the entire organism,
has remained uncertain. Recently, mice containing null alleles for OAT1 or OAT3
were generated using homologous recombination. Studies of OA transport in these
knockout mice have begun to define the role of OAT1 and OAT3 in vivo61,62 and
their potential role in nephrotoxicity and drug–drug interactions (Figure 4.9). Some
of these results are discussed below.

4.5.1. Analysis of Transport Ex Vivo

Although OAT1 and OAT3 knockout mice are viable, fertile, and appear grossly
normal, they do manifest specific functional defects in renal organic anion handling
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FIGURE 4.7. Proposed conformational changes that accompany substrate translocation by
GlpT. The crystal structure (d) represents the Ci conformation of the protein. The Ci–Pi confor-
mation (c) was generated by fitting the GlpT model into the 6.5-Å map of the substrate-bound
form of OxlT,50 the latter being represented by elongated rods. By rotating the two halves of
the GlpT model separately in opposite directions along an axis at their interface and parallel
to the membrane, it was found that a 6◦ rotation of each domain can generate a structure that
fits the OxlT map reasonably well. The Co–Pi conformation (a) was produced by a 10◦ rotation
of each domain that is sufficient to close the pore on the cytosolic side of the molecule and to
open a pore on the periplasmic side. Finally, the Co conformation (b) was generated by a 16◦

rotation. (From ref. 53.) (See insert for color representation of figure.)

which were detectable upon measurement of the transport of particular OAT sub-
strates. Uptake of organic anions was determined in isolated renal cortical slices
from wild-type and knockout mice in the absence and presence of the OAT inhibitor
probenecid. To determine the OAT-specific component of transport, the difference
between uptake in the absence versus in the presence of inhibitor was estimated. As
expected, the OAT-specific component of the uptake of the prototypic organic anion
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FIGURE 4.8. Proposed single binding site, alternating access mechanism with a rocker-switch
type of movement. (a) Reaction cycle of substrate translocation. The figure shows the positions
of Arg45 and Arg269. Pi is represented by a small disk, and the G3P molecule is represented
by a small disk and a triangle. (b) Schematic drawing to illustrate the free-energy levels of
various conformations of GlpT in the translocation cycle. S denotes a substrate. [(a) From ref.
52; (b) from ref. 53.]

p-aminohippurate (PAH) was largely abolished in renal slices from OAT1 knockout
animals, whereas uptake of estrone sulfate (ES), a well-characterized substrate of
OAT3 (but not of OAT1),63−65 was not reduced significantly. Conversely, renal slices
from OAT3 knockout mice manifested nearly complete loss of ES uptake but only
partial loss of PAH uptake. These findings suggest that the bulk of renal basolateral
transport of PAH is mediated by OAT1, while that of ES is mediated by OAT3. In the
OAT3 knockout mouse, organic anion transport in choroid plexus was also found to
be defective.61

4.5.2. Analysis of Secretion In Vivo

The data above demonstrated the presence of specific deficits in the capacity for
basolateral uptake of organic anions into the renal cortex of OAT knockout mice. To
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(a) (b)

FIGURE 4.9. Knockout of organic anion transporter pairs as models for defects in renal drug
handling. (a) Knockout of apical organic anion transporters (OATs) might result in increased
nephrotoxicity due to “unopposed” transport of potential nephrotoxins into the proximal tubular
cell by basolateral OATs. (b) Conversely, knockout of basolateral OATs could lead to increased
extrarenal toxicity due to delayed clearance. (From ref. 83.)

determine whether these transport deficits translated to diminished renal secretion,
the urinary excretion of organic anions in OAT1 knockout and wild-type mice was
compared by performing clearance experiments under anesthesia. Although there was
no significant decrement in ES clearance in the OAT1 knockout mouse (as expected
given the ex vivo results above), the renal clearance of PAH was severely reduced
(Figure 4.10). Since there were no differences in glomerular filtration between the
genotypes (as determined by measurement of inulin clearance), all of this reduction
was attributable to loss of net secretion. A long body of physiological work supports
the notion that PAH is the prototype of the highly diverse set of organic anions that
are handled in common by the classical pathway. Therefore, our finding that OAT1
is responsible for the bulk of renal secretion of PAH in vivo suggests an integral
role in the functioning of this pathway, and thus in the excretion of the numerous
clinically important compounds counted among its substrates. The naturetic response
to the diuretic furosemide was also blunted in OAT1 knockout mice. Perhaps most
interesting was the accumulation of a number of endogenous metabolites in the serum
of these animals. Several of these compounds were found to inhibit PAH transport by
OAT1 in Xenopus oocytes, suggesting that they may be “true” OAT substrates in vivo.

4.6. HUMAN VARIATION AND CLINICAL IMPLICATIONS

Because the OATs are at crucial cellular interfaces for various excretory organs (such
as the liver and kidneys), variation or polymorphisms in these genes may account for
clinically important differences in drug efficacy and renal drug handling of commonly
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FIGURE 4.10. Renal clearance of organic anions in wild-type and OAT1 knockout mice.
Establishment of stable plasma levels of PAH, ES, and inulin (via continuous intravenous
infusion) and then measurement of urinary excretion in wild-type mice (WT, gray bars) and
OAT1 knockout mice (KO, black bars) allowed calculation of renal clearance (ratio of rate of
urinary excretion to plasma concentration). The data represent the mean ±S.E. of measurements
in four to six mice. Renal clearance of PAH, but not of ES, was significantly lower in the
knockout mice than in the wild-type mice. Clearance of inulin, representing a measure of
glomerular filtration, was similar in wild-type and knockout mice. ∗∗∗, p < 0.001. (From ref.
62.)

prescribed pharmaceuticals [e.g., ACE inhibitors, methotrexate, and nonsteroidal anti-
inflammatory drugs (NSAIDs)] as well as elimination of key metabolites. Therefore,
polymorphisms in the OAT genes may account partially for differing disease preva-
lence and risk of adverse drug reactions (ADRs) among different human subpopu-
lations. ADRs are of particular interest because there are over 2 million incidents
and approximately 100,000 deaths related to ADRs in the United States each year.
Differences in the expression or function of OATs may alter the elimination of many
pharmaceutical agents significantly, thereby increasing the risk of a significant ADR.

In particular, there has been considerable interest in single-nucleotide polymor-
phisms (SNPs) in this family of genes and their potential role in drug handling by
the kidney, thereby affecting drug concentrations and half-lives in the serum. These
considerations also apply to transport across all the barrier epithelia in which OATs
are expressed: renal clearance (OAT1, OAT2, OAT3, OAT4, and URAT1), transport
across the blood–brain barrier via the choroid plexus (OAT1 and OAT3), transport
across the placenta (OAT4), and transport across the olfactory mucosa (mouse OAT6).

It has been shown that certain coding region polymorphisms affect drug transport
by OATs. For example, certain OAT1 and OAT3 SNPs are known to affect func-
tion in Xenopus oocyte expression systems. The effects of these coding region SNPs
on in vivo drug handling remain unclear.44,45,66,67 However, coding region polymor-
phisms seem relatively uncommon,68 raising the possibility that noncoding region
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SNPs, which could affect OAT transcriptional activity, may be clinically important.
Such polymorphisms have recently been identified. The pairing of many OATs in the
genome also raises the possibility that a polymorphism in the transcriptional region
of one OAT could also affect the expression of the paired OAT.69 Moreover, given
the redundancy of OATs as demonstrated by both transport studies and in knockout
mice, it is probably most useful to consider multiple OAT SNPs together. Further-
more, since net transport of organic anions across an epithelial barrier (e.g., the renal
proximal tubule) depends on both apical and basolateral transport mechanisms, it is
probably important to consider the entire set of apical and basolateral transporters
in order to obtain a more accurate perspective on how various polymorphisms affect
such transport.69 Thus, the combinatorial effects of certain SNPs in different OATs on
organic anion transport in vivo could be quite complex, but perhaps a more clinically
relevant approximation.

However, genomic variation (either at the level of expression or function) may
have clinical implications (change in drug efficacy or toxicity) only with certain
disease states (an environment–gene interaction). For example, expression of OAT3
is thought to be directly related to the clearance of cefazolin, a commonly prescribed
antibiotic. This relationship, however, was only observed in patients with mesangial
proliferative glomerulonephritis, in whom decreased expression of OAT3 mRNA
was strongly associated with decreased renal clearance of cefozolin.70 This implies
that certain patients are at a higher risk of developing cefazolin-related drug toxicity
(e.g., hepatitis), depending on individual differences in expression of the OAT3 gene.
Therefore, genomic variation may be especially important in stressed or disease-
specific environments.

There is also a growing body of research that is delineating the importance of OATs
in organ systems other than the kidney, and these are mentioned here only briefly.
Efflux of xenobiotics and organic anion substrates across the blood–brain barrier,
for example, is thought to occur in a three-step process in the epithelial cells of the
choroid plexus, similar to the transport of substrates across the renal proximal tubule
cell: apical uptake, transport across the cell, and basolateral transport into the blood.71

Consistent with this model, OAT3 is located on the apical surface of epithelial cells of
the choroid plexus, and knockout mice demonstrate decreased organic anion transport,
suggesting an important role for OATs in protecting the central nervous system from
toxic endogenous and exogenous substrates.72 Similarly, the placenta protects the
fetus from exposure to toxic substrates and allows the delivery of pharmaceutical drugs
(such as zidovudine prophylaxis against HIV) by similar mechanisms.73 OAT4, for
example, has been localized to the placenta and is known to transport many drugs, such
as zidovudine, antibiotics, and antihypertensives.74 The discovery of the olfactory
OAT, OAT6, also raises the possibility that SNPs in this gene could be important in
determining the efficacy of nasally administered drugs as well as in olfaction.75,76

4.6.1. Other Clinical Aspects

OAT1 and OAT3, expressed primarily on the basolateral surface of renal proximal
tubular cells, are responsible for the uptake from the blood into the cell, whereas
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OAT4 and RST/URAT1, located on the apical surface, are considered candidate genes
involved in efflux from the cell into the proximal tubule and/or substrate reabsorption
into the proximal tubular cell.13 One disease thought to be a result of altered organic
anion clearance is gout. Gout can be associated with uric acid crystal deposition in
the kidney (resulting in nephropathy) or within joints (resulting in an acutely painful
inflammatory arthritis). Uric acid is a product of purine metabolism and undergoes net
reabsorption in the renal proximal tubule. URAT1, the human homolog of the gene
first identified as RST,5 is thought to transport uric acid across the apical proximal
tubular cell. Accordingly, case–control and cohort studies have suggested that loss
of function polymorphisms on URAT1 are associated with hypouricemia. One study
found decreased renal uric acid associated with a human polymorphism close to
the N-terminus (C426T),77 and uncovered another human polymorphism, 313A (a
deletion from 313D to 333P), that had no significant uric acid transport in Xenopus
ooyctes.78 Nevertheless, the molecular basis of renal urate handling in vivo remains
poorly understood. A detailed understanding of molecular mechanisms underlying
uric acid clearance could result in novel pharmaceutical treatments for gout that target
uric acid transporters.13,79

Competition for OAT-binding sites may explain certain types of toxic reactions.
Most of the drugs in plasma bind competitively to OATs at the level of the substrate-
binding site and influence the pharmacokinetics of other drugs. Since this transporter
system has the capacity to recognize and bind a variety of endogenous substrates,
OATs are likely to be involved in certain toxic or nephrotoxic drug reactions
(Table 4.2).80 For example, ochratoxin A, a mycotoxin that causes Balkan nephropa-
thy, has been shown experimentally to be accumulated via OAT1 in the renal proximal
tubular cells.35 Another example is the nephrotoxicity due to the antiviral drug

TABLE 4.2. Examples of Nephrotoxic and Neurotoxic Agents Demonstrated to Interact
with OATs

Nonsteroidal Uremic toxins Antivirals
anti-inflammatory Hippuric acid Acyclovir
drugs Indoleacetic acid Adefovir

Acetaminophen Indoxyl sulfate Azidothymidine
Diclofenac Chemotherapeutics Cidofovir
Ibuprofen Methotrexate Ganciclovir
Indomethacin Heavy Metals Mycotoxins
Ketoprofen Cadmium Ochratoxin A
Naproxen Mercury Neurotransmitter metabolites
Phenacetin Chlorinated phenoxyacetates 3,4-Dihydroxymandelic acid
Piroxicam 2,4-Dichlorophenoxyacetic 3,4-Dihydroxyphenylacetic
Salicylate acid acid (DOPAC)

Antibiotics Chlorinated haloalkenes Miscellaneous
Cephalosporins 1,2-Dichlorovinyl-l-cysteines Homovanillic acid (HVA)
Penems Hydroxyindoleacetic

acid (5-HIAA)Penicillins

Source: ref. 81.
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cidofovir (used to treat ophthalmic cytomegalovirus infection and thought to be active
against orthopox viruses such as smallpox), which is known to be mediated by active
secretion of cidofovir in the renal tubules. This effect has shown to be counteracted
by coadministration of probenecid, a potent inhibitor of organic anion secretion in
the proximal renal tubular cells.64 Methotrexate clearance has been reported to be
reduced with NSAIDs acting as competitive substrates for the binding sites of renal
organic anion transporters.35 The net effect of this competition is an increase in
plasma concentration of methotrexate and the manifestation of severe toxicity, in the
form of bone marrow suppression and damage to intestinal epithelium. Alternatively,
the multispecificity of OATs can be used to prolong the action of drugs by competitive
inhibition of secretion at the OAT binding site. Such inhibition decreases renal
excretion and enhances retention of drugs, an example being the common practice
of coadministering probenecid to prolong the action of β-lactam antibiotics. In sum-
mary, it may be appropriate to consider the classic secretory transporter system as a
target for the treatment of various drug-related side effects and that modification at this
cellular level could open up a new era of therapeutic strategies for clinically significant
diseases.

4.7. CONCLUSIONS

Since the identification of NKT (later called OAT1), OATs have been shown to play
key roles in mediating the renal absorption and excretion of drugs, xenobiotics, and
endogenous metabolites. Thus, It has become readily apparent that targeting of this
family of transporters, and an understanding of their transport mechanisms, is crit-
ical for elucidating mechanisms of drug handling and nephrotoxicity. Given that
most of the OAT family members have overlapping substrate specificities and tissue
distribution, and both primary sequence and structural homology, it would not be
that surprising if they exhibited complex, coupled regulation, as if a clustered unit.
Widespread genetic profiling of humans and a more comprehensive list of substrate
affinities may ultimately lead to individualized patient care and usher in an era where
renal drug, xenobiotic handling, and certain types of toxicity are seen in light of
OAT transport capacity. Further work will focus on the structural basis of substrate
transport as well as the creation of a list of transported endogenous and exogenous
molecules that could potentially uncover the true physiological functions of the OATs
and other SLC22 family members. Finally, the complex regulatory mechanisms likely
to underlie OAT family transcription and cell surface regulation must be understood
in vivo, and to do this, animal models, including single and multiple OAT knockouts,
must be created. These approaches should lead the field closer to a more integrated
understanding of renal drug handling and toxicity.
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5.1. OVERVIEW OF THE OATP SUPERFAMILY

5.1.1. Introduction

The study of drug transport across biological membranes has gathered considerable
attention over the last decade as a result of rapid advances in genetic and molecular
biological tools that promoted the elucidation of the responsible transporter pro-
teins. Among the most widely investigated transport proteins are the organic anion–
transporting polypeptides (OATPs). These proteins are characteristically known for
their sodium-independent transport of substrates with broad specificity. Interest in the
OATPs continues to grow due to the cumulative evidence gathered from in vitro and
in vivo studies that demonstrate important roles for these transporters in determining
intestinal drug absorption, hepatic and renal clearance, and tissue distribution.

In this chapter we begin with a review of the OATP superfamily nomenclature,
followed by sections covering molecular characteristics, aspects of gene expression
and regulation, transport substrates and inhibitors, and relevance to pharmacology
and physiology. Specific attention is focused on members of the human OATP family,
although illustrations with nonhuman Oatps are noted where relevant. Readers are also
directed toward several general reviews1−3 and chapters in this book that cover in
greater detail elements of OATPs in various species.

5.1.2. Nomenclature

For several years after the discovery of the first Oatp,4 the rapid identification of new
members of the transporter superfamily in various species along with the various
naming systems was a source of confusion for those who were not closely following
the field. It remained difficult to determine the relatedness and identities of the Oatps
within and between species until the new classification and nomenclature was de-
veloped by Hagenbuch and Meier 2 and approved by the HUGO Gene Nomenclature
Committee. In this system, Oatps are classified according to conventions originally
established for the cytochrome P450 (CYP) enzyme superfamily,5 which are based on
amino acid sequence identities. For the Oatps, the italicized gene symbol begins with
Slco while the encoded proteins are named with the root Oatp. For human genes and
proteins, capitalized letters are used (e.g., SLCO/OATP), whereas for rodents only
the initial letter is in capitals with the rest being in lowercase letters (e.g., Slco/Oatp).
Oatps within the same family that share ≥ 40% amino acid sequence identities have
root names followed by Arabic numbers, of which six families are known in humans.
Subfamilies that share ≥ 60% amino acid sequence identities are indicated by a letter
following the family designation. For instance, OATP family 1 (OATP1) has three
subfamilies (A, B, and C). Specific transporter proteins are then given numerical
designation after the subfamily heading. Hence OATP1B1 is the first named member
belonging to family 1, subfamily B. The final numeral is named chronologically and
allows for unambiguous identification of Oatp transporters between species. It was
envisioned that this consensus nomenclature would promote standardization and clar-
ity in transporter science. However, despite its introduction, the new nomenclature
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has not prevented some inadvertent comparisons of nonhomologous Oatps among
humans and rodents.6,7

Allelic variants of OATPs are often named based on haplotype analysis and given
a chronologically determined numerical designation after the “star” symbol “∗” (e.g.,
OATP1B1∗15), where typically, ∗1 represents the reference allele. At present, an
allelic nomenclature committee for OATPs has not been established similar to one
organized for the CYP enzymes.8 Hence, a standardized OATP allelic nomenclature
as assigned by a formal committee is required in the promotion of human transporter
genetics.

5.2. MOLECULAR CHARACTERISTICS OF OATPs

5.2.1. Gene Structure

The human OATPs are encoded by the SLCO genes located on a number of different
chromosomes (Table 5.1). Members of the SLCO1 family are found in a gene locus
on chromosome 12, including a pseudogene related to the SCLO1B subfamily.9 The
SLCO genes span from 30 to 310 kb in length and consist of 10 to 18 exons (Table
5.1). In silico analysis (www.genecards.org) predicts that many of the human OATPs
are expressed as splice variants (Table 5.1), but experimental verification, tissue dis-
tribution, and functional assessment of such isoforms remains lacking. Functional
splice variants of rodent Oatp1a3 have been described.10,11

5.2.2. Protein Structure

The OATPs are predicted to represent integral membrane proteins that contain 12
transmembrane (TM) helices that harbor the characteristic superfamily signature
amino acid sequence D-X-RW-(I,V)-GAWW-X-G-(F,L)-L.1 Amino and carboxy ter-
mini are oriented to the cytoplasmic spaces. Predicted and confirmed N-glycosylation
sites are found, many conserved between transporters, in extracellular loops 2 and
5 (see below). Little is known regarding the tertiary structures of OATPs, although
more recent studies are beginning to address this aspect of OATP biology. In silico,
structural modeling studies with OATP1B3 and OATP2B1 have suggested that the
OATPs share features of the major facilitator superfamily (MFS).3 In these models,
OATP1B3 is predicted to possess a central pseudo twofold symmetry axis perpen-
dicular to the membrane plane and a central pore. The pore formed by TM helices
1, 2, 4, 5, 7, 8, 10, and 11 contains conserved basic/polar residues thought to be
important to substrate binding and transport mechanisms.3 Experimental support of
the functional importance of these pore residues would be of interest. In addition,
modeling of the large extracellular loop 5 in OATP1B3 revealed similarities to Kazal-
type serine protease inhibitors and predicted internal disulfide bonds of the present
cysteine residues.3 The relevance of the 10 cysteine residues in the fifth extracel-
lular loop of OATP2B1 was examined by mutational analysis.12 Indeed, mutation
of any of the cysteine residues or deletion of the loop itself caused mistrafficking
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of the protein to the cell surface. Moreover, each cysteine residue was found to be
disulfide bridged. Given that the electrostatic potential of extracellular loop 5 is not
basic,3 it is not predicted to have functional interactions with solutes, highlighting
the important functional role of this domain in membrane insertion. Defining the
quaternary structure of OATPs has received little attention despite the perception that
members of this family form homo- or heterooligomers. For instance, even under
reducing conditions, high-molecular-weight bands suggesting multimers are present
after SDS–PAGE analysis of OATP1A2 protein heterologously expressed in mam-
malian cells.13 Cross-linking experiments with OATP2B1 showed that amino groups
between two OATP2B1 molecules would have to be minimally 12 Å apart to be consis-
tent with the observed homo-cross-linking found in cells overexpressing the protein.12

Attempts to determine whether mouse Oatp1a1 and Oatp1a4 heterodimerize in liver
using immunopreciptation failed to show direct association between the proteins.14

5.2.3. Transport Mechanisms

It is generally considered that transport via OATPs occurs in a bidirectional fashion
dictated by the solute gradients across the membrane. The mechanisms underlying
solute transport by the OATPs have been investigated in some detail, especially in
the context of bile acid physiology. Attention has focused largely on understanding
driving forces, especially since early in vitro studies intriguingly found a lack of
stimulation in OATP transport activity by an inwardly directed sodium gradient.15−17

typical of that which is found for bile acid uptake into hepatocytes. Studies with rat
Oatp1a1 and Oatp1a4 first demonstrated that solute uptake into cells was energized by
countertransport with either bicarbonate18 or reduced glutathione (GSH).19,20 The sto-
ichiometry for GSH/bile acid exchange for Oatp1 is 1 : 1.19 However, Oatp1-mediated
GSH efflux was not dependent on obligate exchange with solute such as bile acids.21

Interestingly, human OATP2B1 was found to possess pH-dependent transport proper-
ties that were solute selective.17,22 Extracellular acidification promoted solute uptake,
a property of OATP2B1 that bears relevance to the environment in which the trans-
porter is expressed on the apical membrane of enterocytes. pH-stimulated transport by
OATP2B1 is in contrast to the insensitivity of rat Oatp1 activity to proton gradients.23

A predominant bile acid efflux function for OATP1B3 in liver has been proposed. The
fascinating finding that bile acid transport by OATP1B3 and not OATP1B1 occurs
by a GSH cotransport mechanism raises the possibility that the functional transporter
affords protection to hepatocytes by limiting the accumulation of toxic intracellular
solutes.24 A 2 : 1 GSH/bile acid cotransport stoichiometry for OATP1B3-mediated
transport was observed. OATP2A1, the prostaglandin transporter PGT, appears to
energize solute uptake by outward exchange with lactate.25 Overall, it is becoming
evident that the various OATPs can be defined by different transport mechanisms.
Structural modeling of OATP1B3 and OATP2B1 has suggested that OATPs trans-
port solutes across membranes through a rocker-switch type of mechanism,3 but the
location of solute-binding sites and molecular mechanisms of the transport process
are unclear. How the transport mechanisms relate with physiological roles of OATPs
remains poorly understood.
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TABLE 5.2. Tissue Expression of Human OATPs

Small Large
Liver Kidney Intestine Intestine Brain Placenta Testes

mRNA Protein mRNA Protein mRNA Protein mRNA Protein mRNA Protein mRNA Protein mRNA Protein
Transporter
(Refs.)

OATP1A2
(13, 15,
30, 41,
114)

+ + + + + + + + +

OATP1B1
(16, 115,
116)

+ +

OATP1B3
(26, 55,
117)

+ + + +

OATP1C1
(9,30)

+ + +

OATP2A1
(118−120)

+ + + + + + + +

OATP2B1
(22,27−32,
116)

+ + + + + + + + + +

OATP3A1
(116, 121)

+ + +

OATP4A1
(9, 30, 116,
122)

+ + + + + + + +

OATP4C1
(123)

+ +

OATP5A1
OATP6A1

(106)
+ +

5.3. EXPRESSION AND REGULATION OF OATPs

5.3.1. Tissue Distribution

Several members of the OATP superfamily, including OATP1A2, OATP2A1,
OATP2B1, OATP3A1, and OATP4A1, are expressed widely among human tissues
(Table 5.2). Others appear to have tissue-specific expression, such as OATP1B1 and
OATP1B3 in liver, OATP4C1 in kidney, and OATP6A1 in testes (Table 5.2). For
some time, mRNA analysis had been the only source of information about OATP
gene expression in certain tissues, but now with the continued development of spe-
cific antibodies, protein localization studies have begun to shed light on the potential
physiological and pharmacological roles for this transporter family. Hence for a tis-
sue such as liver, OATP1B1, OATP1B3, and OATP2B1 are the main members of the
transporter family expressed on the basolateral surface of hepatocytes,16,26,27 while
OATP1A2 is localized on the apical membrane of cholangiocytes.13 The spectrum
of tissues expressing OATP2B1 protein is now quite large and includes liver,27 small
intestine,22 brain,28 placenta,29 eye,30 skin,31 and mammary gland.32 By contrast, little
is known about the expression (and function) of OATP5A1. Immunohistochemical
analyses have revealed that the polarized expression of many OATPs in epithelial
cells is tissue dependent (Table 5.2). For example, OATP2B1 is expressed on the
apical membrane of enterocytes, whereas basolateral localization is found in hepato-
cytes and syncytiotrophoblasts. The reasons that account for differences in polarized
expression of OATPs in tissues remain unknown.
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Skeletal
Heart Muscle Lung Eye Skin Breast

mRNA Protein mRNA Protein mRNA Protein mRNA Protein mRNA Protein mRNA Protein Polarization

+ + + + AP (enterocyte, cholangiocyte,
renal distal tubule), BL (ciliary
body epithelia),

BL (hepatocytes)

BL (hepatocyte)

+ + + +
+ + +
+ + + + + + + + AP (enterocyte), BL (hepatocyte),

BL (syncytiotrophoblast),
BL (ciliary body epithelia)

+ + + + + + BL (ciliary body epithelia)

+ + + + + AP (syncytiotrophoblast),
BL (ciliary body epithelia)

BL (rat renal proximal tubule)

5.3.2. Postranslational Regulation

Phosphorylation Rapid regulation of OATP activity is thought to occur through
protein phosphorylation signaling. Evidence supporting this mechanism initially came
from studies that demonstrated Oatp transport activity in cultured rat hepatocytes
was quickly down-regulated by treatment with extracellular ATP.33 This reduction
in transport activity by ATP was not due to rapid internalization of rat Oatp1a1 and
was associated with direct serine phosphorylation of the transporter,34 suggesting a
role for protein kinases. Indeed, a protein kinase C (PKC) activator suppressed rat
Oatp1a1 and Oatp1a4 transport when expressed in frog eggs.35 The identities of the
phosphopeptides were recently elucidated after immunopurification of Oatp1a1 from
rat liver and mass-spectrometric analysis of tryptic peptides.36 Two adjacent serine
residues near the carboxy terminus of Oatp1a1 undergo ordered phosphorylation,
raising the possibility that phospho-signaling functionally alters the interaction of
Oatp1a1 with PDZ adapter proteins.36 More studies are required to understand the
molecular determinants of reduced Oatp transport activity by phosphorylation as well
as the physiological relevance.

N-Glycosylation Transport function and cellular localization of OATPs appears to
be regulated by N-linked glycosylation. Studies with rat Oatp1a1 in glycosylation-
deficient yeast expression systems and in glycosylation-competent Xenopus laevis
oocytes revealed that glycosylation of the four extracellular asparagine residues is
required for the transport function.37 Studies with polymorphic or mutated variants
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of OATPs also support a role for N-glycosylation in regulating transport function.
For example, OATP1B1 variants found on the cell surface in a mammalian het-
erologous expression system were mainly glycosylated proteins, whereas those con-
fined intracellularly were underglycosylated.38 Moreover, the degree of expression
of glycosylated plasma membrane–localized OATP1B1 mirrored transport activity.
In human liver, glycosylated and unglycosylated OATP1B1 are present16 and there
exists significant variability in the expression of both forms among individuals,39

but the functional significance of these findings is unclear. A polymorphic variant of
OATP1A2 (∗6) results in an asparagine-to-isoleucine transversion in amino acid 135 of
the second extracellular loop.13 Consistent with an important role of N-glycosylation,
the OATP1A2∗6 variant is poorly glycosylated, retained intracellularly, and exhibits
significantly reduced transport function in vitro. It is also interesting to note that
the glycosylation state of OATP1A2 appears to be tissue dependent since the trans-
porter has a larger apparent molecular mass in liver than in brain capillary endothelial
cells.40,41 Finally, investigations with OATP2B1 showed that directed mutations of
cysteine residues in extracellular loop IX–X was associated with reduced cell surface
expression and transport function, due perhaps to incomplete glycosylation.42

Adapter Protein Interactions With the exception of OATP2A1, which resides largely
in intracellular spaces, the OATPs are localized on plasma membranes. Members
of the PDZ domain-containing proteins have been shown to regulate plasma mem-
brane sorting as well as to modulate transport function by direct interactions with
C-terminal amino acids of various solute transporters.43 Several human OATPs, in-
cluding OATP1A2 and OATP2B1, contain potential PDZ consensus sequences.14

Indeed, protein interaction studies have demonstrated that OATP1A2, OATP3A1,
and OATP1C1 bind directly to members of the PDZ proteins, including PDZK1,
IKEPP, NHERF1, and NHERF2.44 A convincing role for PDZ proteins on OATP
functions was demonstrated elegantly in the cellular distribution and transport func-
tion of Oatp1a1 in PDZK1 knockout mice.14 Although such mice expressed signifi-
cant amounts of hepatic Oatp1a1, the transporter was largely localized intracellularly.
This lack of functional membrane transporter expression translated in vivo to reduced
solute (bromosulfophthalein) clearance after intravenous administration. It remains
to be determined what role PDZ proteins play in the regulation of human OATP
transporter expression and function at both the molecular and physiological levels.
Furthermore, it would be of interest to understand whether other protein interactions
are required for cell surface sorting of OATPs, particularly for those transporters that
do not possess consensus PDZ domains.

5.3.3. Transcriptional Regulation

Basal and adaptive expression of OATPs in various tissues is controlled, in part, by
transcriptional mechanisms. At present, much of what is known about transcriptional
regulation of OATPs arises from work aimed to understand transporter expression in
liver and hence focused on the roles of hepatic transcription factors.
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Hepatocyte nuclear factor 1� (HNF1�) is a transcription factor important to the
maintenance of liver phenotype among other organs. Absence of Hnf1� in mice
causes hepatic dysfunction resulting from disregulation of bile acid and cholesterol
homeostasis.45,46 The alterations in bile acid transport are associated with changes in
the hepatic expression of Oatps such as Oatp1a1, Oatp1a5, Oatp1b2, and Oatp2b1,
which are markedly down-regulated.46,47 The human SLCO1B1 and SLCO1B3 genes
contain functional HNF1� response elements in their proximal promoters,48 a finding
that is consistent with their liver-selective expression. Various pathological conditions
such as inflammation are known to down-regulate the expression of HNF1�, leading
to decreased expression of hepatic OATPs.49

The inducible expression of hepatic OATPs appears to result from bile acid–
mediated activation of the farnesoid X receptor (FXR).50 The SLCO1B3 gene is
directly transactivated by FXR, to cause an up-regulation in OATP1B3 expression
in a hepatically derived cell line.51 Together with the notion that OATP1B3 acts as
a hepatic bile acid efflux transporter and its expression is maintained in cholestatic
liver disease, it appears that transactivation of SLCO1B3 by FXR serves as a means
of cytoprotection in the face of elevated bile acid exposure.24

OATP1B3 expression is decreased in hepatocellular carcinoma (HCC), coinci-
dent with increased levels of the transcription factor hepatocyte nuclear factor 3�
(HNF3�).52 It appears that HNF3� interacts with negative response elements in the
SLCO1B3 promoter.52,53 to suppress OATP1B3 expression. The SLCO1B3 promoter
is also transactivated by the growth hormone- and prolactin-activated transcription
factor Stat5, as determined by cell-based reporter gene assays.54 The physiological
implications of these findings remain to be clarified. Finally, OATP1B3 is expressed
exclusively in perivenous hepatocytes,26,39,55 suggesting local transcriptional con-
trol of gene expression. It has been proposed that the diminished oxygen tension
in the perivenous liver stimulates the function of hypoxia inducible factor 1 (HIF1)
locally in the transactivation of a presumed response element in the first intron of the
SLCO1B3 gene.55 Experimental confirmation of such a transcriptional mechanism is
required.

The pregnane X receptor (PXR) is a promiscuous, ligand-activated transcription
factor important to the inductive response to xenobiotics.56 Given that a broad array
of hepatic drug detoxification genes are regulated by PXR,57 it is not unexpected that
the expression of OATPs may be induced through this signaling pathway. Thus, rat
Slco1a4 gene expression has been shown to be directly regulated by pxr,58 and hep-
atocyte Oatp1a4 levels are strongly induced in rats treated by the rodent pxr agonist
prenenolone carbonitrile.59 In cultured human hepatocytes, OATP1B1 is modestly
induced by treatment with rifampin, suggesting that the SLCO1B1 gene may be un-
der regulation by PXR.60 Currently, it is unknown whether drug-mediated OATP1B1
induction occurs in vivo. Studies in breast carcinoma have demonstrated high levels
of OATP1A2 in tumor, which contrasts with the absence of expression in adjacent
tissue.61 Moreover, the expression of OATP1A2 correlated with that of PXR, sugges-
tive of a potential mechanism for elevated transporter expression.61 A direct role of
PXR in regulating OATP1A2 remains to be determined in addition to its relevance to
breast cancer pathogenesis and drug interactions.
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5.4. OATP SUBSTRATES AND INHIBITORS

5.4.1. Substrates

As a whole, members of the OATP superfamily are broadly selective transporters
interacting with solutes with diverse characteristics (Table 5.3). OATP substrates are
relatively large and range in size from 334 Da (benzylpenicillin) to 1143 Da (cholecys-
tokinin octapeptide, CCK-8). Some common features of OATP substrates are steroidal
or peptidic (linear or cyclic) structural templates. Generally, solutes transported by
OATPs are negatively charged, but there are several examples of neutral (digoxin) and
cationic (N-methylquinine) substrates. Several drug classes are susceptible to trans-
port by OATPs and those include 3-hydroxy-3-methylglutarylcoenzyme A (HMG-
CoA) reductase inhibitors (statins), angiotensin II receptor antagonists, angiotensin
converting enzyme inhibitors, and cardiac glycosides. The endogenous substrates for
OATPs are hormones such as thyroxine and steroid conjugates, bile acids, bilirubin,
and prostaglandins. In the absence of structural data, the understanding of molecular
determinants of substrates in their interactions with the OATPs has been learned on
the basis of three-dimensional quantitative structure–activity relationship and phar-
macophore modeling approaches.62,63 These studies support the requirement of a
hydrophobic region and hydrogen acceptor and donors for OATP substrates.

5.4.2. Substrate Specificity of OATPs

Many OATPs share common substrates. For example, estrone 3-sulfate (E1S) can
be considered somewhat of a pan-substrate for OATPs. But it is quite apparent that
there are clear differences among the OATPs in substrate specificity (Table 5.3).
Certainly, CCK-8 seems to be solely transported by OATP1B3. Among the members
of the superfamily, OATP1A2 possesses perhaps the broadest spectrum of solutes
in that compounds of acidic, basic, and neutral character are substrates. Most other
OATPs appear to have a predilection for acidic, amphipathic solutes. Why certain
compounds have propensities for transport by specific OATPs remains an area of
much interest, particularly since isoform-specific substrates could be used as chemical
tools to interrogate the activity of OATPs in vivo and complex in vitro systems such
as primary cells.

5.4.3. Inhibitors

As with substrates, inhibitors of OATPs can be useful tools to study the pharma-
cological and physiological impact of this transporter superfamily in vivo and in
vitro. Selective inhibitors of OATPs have been sought, especially to understand the
relative contribution of each hepatic OATP in drug clearance. However, the use of
isoform-specific substrates to identify selective OATP inhibitors has not yet been
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a successful strategy. An example CCK-8, the selective OATP1B3 substrate, is not
only an inhibitor of its transporter but also inhibits the other major hepatic transporter,
OATP1B1.64 One compound that has been used as a relatively selective OATP1B1
inhibitor to study contribution of various transporters in hepatic drug uptake is E1S.
It appears that E1S is a far more potent inhibitor of OATP1B1 than OATP1B3.65 Fur-
thermore, there has been interest in understanding whether certain clinically relevant
drug interactions occur because of OATP inhibition. Many compounds inhibit the
transport activity of the OATPs (Table 5.3), but their inhibitory constants (Ki) range
widely. For instance, drugs such as cyclosporine A, rifampin, and ritonavir have sub-
micromolar inhibitory constants for OATP1B1-mediated uptake and are considered
potent in vitro inhibitors.66 Ki values for OATP-mediated uptake should be used in
context with estimated hepatic drug concentrations to predict clinical drug-interaction
potential.67

5.5. PHARMACOLOGY AND PHYSIOLOGY OF OATPs

5.5.1. Clinical Pharmacology

The interplay between drug metabolism and transport that occurs locally within tissues
determines overall drug absorption, distribution, and elimination. For many drugs,
particularly those capable of significant diffusion across membranes, the major impact
of drug metabolism overshadows the influence of facilitated membrane transport on
drug disposition. The dynamic, reversible nature of drug transport, as opposed to
drug metabolism, has made it challenging for investigators to understand its role
in pharmacokinetics. Like other transporters, the importance of the OATPs in drug
disposition is most apparent for compounds that are metabolically inert or those
whose rates of metabolism are affected significantly by transporter-mediated delivery
to eliminating enzymes. But similar to the field of drug metabolism, the clinical
relevance of drug transport by the OATPs has begun to emerge from studies that
examine the interindividual variability in drug response caused by genetics and drug
interactions. At present these studies have drawn our attention to roles of OATPs in
intestinal and liver drug disposition, while little has been revealed regarding OATP
functions at the blood–brain–barrier and kidney.

Pharmacogenetics As a potential determinant of interindividual variability in drug
disposition, there has been significant effort in cataloguing polymorphisms in SLCO
genes as well as their frequencies in ethnic populations (Table 5.4). Arguably, the
consequences of polymorphisms in the hepatic uptake transporter OATP1B1 have
received most attention. The cumulative research has shown convincingly that there
exists a few relatively common polymorphisms in SLCO1B1 that are associated with
altered oral drug exposure. One single-nucleotide polymorphism (SNP) is 388A>G
in codon 130, which converts an asparagine residue to aspartate, in the second ex-
tracellular loop of OATP1B1.38 The frequencies of the SLCO1B1 388G allele (∗1b)
in Caucasians, African Americans, and Asians is approximately 40, 75, and 60%,
respectively.38,68−72
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TABLE 5.4. Polymorphisms in Selected OATPs

Amino Acid In Vitro
Gene Polymorphism Position Changes Function Refs.

SLCO1A2 G-916A
G-843A
T-526C
G-172A
−188 ins A
T38C
A382T
A404T
C502T
A516C
G559A
C830A
A833del
A841G
T968C
A1063G
C2003G

5′-flanking
5′-flanking
5′-flanking
5′-flanking
5′-flanking
exon
exon
exon
exon
exon
exon
exon
exon
exon
exon
exon
exon

—
—
—
—
—
I13T
N128Y
N135I
R168C
E172D
A187T
T277N
N28del
I281V
L323P
I355V
T778S

?
?
?
?
?
↔
↔
↓
↓
↓
↓
↔
↓
↔
↔
↔
↔

13,127,153

SLCO1B1 G-11187A
T-11100G
A-10499C
A-2569G
C-2361T
T-2239G
A-1718G
T-1175G
G-806A
T217C
T245C
A388G
G411A
A452G
G455A
C463A
A467G
T521C
C571T
C597T
G721A
T1058C
A1294G
A1385G
G1463C
A1964G
A2000G

5′-flanking
5′-flanking
5′-flanking
5′-flanking
5′-flanking
5′-flanking
5′-flanking
5′-flanking
5′-flanking
exon
exon
exon
exon
exon
exon
exon
exon
exon
exon
exon
exon
exon
exon
exon
exon
exon
exon

—
—
—
—
—
—
—
—
—
F73L
V82A
N130D
S137S
N151S
R152K
P155T
E156G
V174A
L191L
F199F
D241N
I1353T
N432D
D462G
G488A
D655G
E667G

?
?
?
?
?
?
?
?
?
↓
↓
↔
↔
?
↔
↔
↓
↓
↔
↔
↔
↓
↔
↔
↓
↓
↔

38,68,69,71,73,
86,153–155
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TABLE 5.4. (Continued)

Amino Acid In Vitro
Gene Polymorphism Position Changes Function Refs.

SLCO1B3 −1590 to
−1587 del
G-1413C
A-1345G
−28 to −11 del
−7 to −4 del
T334G
G699A
A1272G
A1557G
G1564T
G1833A

5′-flanking
5′-flanking
5′-flanking
5′-flanking
5′-flanking
exon
exon
exon
exon
exon
exon

—
—
—
—
—
S112A
M233I
L424L
A519A
G522C
G611G

?
?
?
?
?
↑
↔
↔
↔
↔↓
↔

92,93,153

SLCO2B1 A644T
C663T
T1175C
C1457T

exon
exon
exon
exon

D215V
S221S
I392T
S486F

?
↔
?
?

68

Another common SNP is 521T>C in codon 174, which changes an amino acid
residue located in the TM IV from valine to alanine.38 This allele (SLCO1B1∗5) has
frequencies of approximately 15, 2, and 15% in Caucasians, African Americans, and
Asians, respectively.38,68−72 The 388G and 521C SNPs are in linkage disequilibrium
and form the SLCO1B1∗15 haplotype.68 Pharmacokinetic studies with the HMGCo-A
reductase inhibitor pravastatin performed by different investigators strongly indicate
that people with the SLCO1B1∗5 or ∗15 genotype have increased drug exposure in
comparison to those carrying the reference allele SLCO1B1*1a (388A, 521T) (Ta-
ble 5.5). Presumably, differences in the bioavailability of pravastatin among peo-
ple with different SLCO1B1 reflect the varying degrees of hepatic first-pass effect.
These findings are consistent with in vitro studies showing that the OATP1B1 521T
(V174A) variant routes poorly to the plasma membrane of expressing cells and has
decreased transport function toward a variety of substrates.38,39,66,73,74 A few stud-
ies suggest that SLCO1B1∗1b is a high-transport-activity genotype since pravastatin
levels are lower in subjects harboring this variation than in those with the reference
allele.70,75 Interestingly, in vitro studies have not observed higher transport activity of
the OATP1B1∗1b protein.38,66,73 An examination of a liver bank showed a lack of in-
fluence of SLCO1B1 genotype on the total hepatic protein expression of OATP1B1.39

Further studies are required to clarify the mechanisms responsible for these in vivo ob-
servations. Apart from pravastatin, the pharmacokinetics of a growing number of drugs
appear to be dependent on the SLCO1B1 521T > C genotype, including pitavastatin,76

rosuvastatin,77 repaglinide,78 nateglinide,79 fexofenadine,80 atrasentan,81 valsartan,75

irinotecan,82 and ezetimibe83 (Table 5.5). Intriguingly, there appear to be differ-
ences in the impact of SLCO1B1 genotype on pravastatin pharmacokinetics
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TABLE 5.5. SLCO1B1 Genotype and Pharmacokinetics

PK Effect in
SLCO1B1 Comparison with

Drug Genotype Ethnicity Reference Genotypea Ref.

Pravastatin ∗15/∗15 Asian AUC↑ 187% 69
∗1a/∗5 Caucasian AUC↑ 143% 70
∗1b/∗1b Caucasian AUC↓ 40% 70
∗17/∗17 Caucasian AUC↑ 130% 71
∗1b/∗1b Asian AUC↓ 35% 75
∗5, ∗15, ∗17

variant
haplotype

Caucasian AUC↑ 110% 89

∗15/∗15 Caucasian,
African
American

AUC ↑ 92 % unpublished

Rosuvastatin 521CC Caucasian AUC↑ 217% 77
Pitavastatin Asian AUC↑ % 76
Repaglinide 521CC Caucasian AUC↑ 188% 78
Nateglinide 521CC Asian AUC↑ 108% 79
Atrasentan Low-activity

genotype
Caucasian,

non-caucasian
AUC↑ 73% 81

Valsartan ∗1b/∗1b Asian AUC↓ 27% 75
Fexofenadine 521CC Caucasian AUC↑ 127% 80
Irinotecan ∗15 carriers Asian AUC↑ 182% 82
Ezetimibe-

glucuronide

∗15 carriers Caucasian AUC↑ 305% 83

aReference genotype, SLCO1B1∗1a.

in children with heterozygous familial hypercholesterolemia.84 Children with the
SLCO1B1 521C genotype had lower pravastatin plasma levels than those with 521T.
This trend goes in the opposite direction to that seen in adults and highlights the
complexities of understanding SLCO1B1 genotype–phenotype relationships.

With the understanding that HMG-CoA reductase inhibitor drug levels are some-
what determined by genetics, there has been interest in assessing whether SLCO1B1
genotype also predicts risk for muscle toxicity and cholesterol lowering effect. It
is reported that that increased drug dose is a risk factor for HMG-CoA reductase
inhibitor-mediated myopathies including severe rhabdomyolysis.85 suggesting that
enhanced drug exposure resulting from SLCO1B1 genetics similarly elevates risk for
such side effects.86 In the case of atorvastatin, SCLO1B1 polymorphisms were not
different in patients who did or did not experience myopathy.87 Because OATP1B1
presents HMG-CoA reductase inhibitor drugs to their target in hepatocytes, investiga-
tors have examined the role of transporter genetics and the pharmacological effects.
In one study, patients with the SLCO1B1 521C genotype had reduced lipid lowering
effect by statin drugs than those carrying 521T.88 By contrast, there was a lack of influ-
ence of SLCO1B1 genotype to the lipid lowering of pravastatin in two studies despite
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that in one study the drug levels were clearly different among subject groups.89,90

Larger studies will be required to fully clarify the role of SLCO1B1 polymorphisms
in HMG-CoA reductase inhibitor toxicity and efficacy.

Genetic polymorphisms in SLCO1A2 have been identified and variant proteins
have been characterized in vitro.13,91 (Table 5.5). Few variants are common with
most occurring at a frequency <10%. One relatively uncommon variant with a fre-
quency of <5%, OATP1A1∗3 (516A>C, Glu172Asp), has reduced transport activity
in vitro as a result from a cell surface trafficking defect.13 Similarly, genetic varia-
tions in SLCO1B3 have been identified.92,93 (Table 5.5). The 1564G>T (Gly522Cys)
polymorphic variant which is relatively rare (<2% allelic frequency) in SLCO1B3
when expressed in vitro, has reduced transport function. The influence of SLCO1A2
and SLCO1B3 genetic polymorphisms on drug disposition in vivo remains to be
determined.

Drug Interactions The importance of OATPs in drug disposition has also been made
evident from studies describing drug interactions (Table 5.6). In one study, coad-
ministration of grapefruit juice with fexofenadine resulted in 63% decreased plasma
exposure of the antihistiminic drug.94 Fexofenadine is a drug that is not apprecia-
bly metabolized and is subject to facilitated membrane transport. That grapefruit
juice was able to effectively inhibit fexofenadine transport mediated by OATP1A2
but not P-glycoprotein suggests that modulation of intestinal OATP1A2 activity was
the mechanism of the drug interaction. Another dramatic drug interaction involving
OATPs is the demonstration that cyclosporine A (CyA) coadministration increased
the plasma exposure of rosuvastatin by sevenfold.95 Again, rosuvastatin is a drug that
is not metabolized significantly. Since CyA can potently inhibit OATP1B1-mediated
transport of rosuvastatin,39,95 the mechanism for this drug interaction may be inhibi-
tion of hepatic first-pass effect.

TABLE 5.6. Drug Interactions Implicating a Role for OATPs in the Mechanism

OATP Interacting PK Impact on
Implicated Drug Affected Substance Affected Drug Ref.

OATP1A2 Fexofenadine Grapefruit juice AUC↓ 63% 94
Fexofenadine Orange juice AUC↓ 70% 94
Talinolol Grapefruit juice AUC↓ 44% 156

OATP1B1 Pravastatin Orange juice AUC↑ 152% 157
Pravastatin Cyclosporine A AUC↑ Pravachol product

monograph
Pravastatin Gemfibrozil AUC↑ 202% 158
Rosuvastatin Cyclosporine A AUC↑ 710% 95
Rosuvastatin Gemfibrozil AUC↑ 188% 159
Cerivastatin Cyclosporine A AUC↑ 3 to 5-fold 160
Cerivastatin Gemfibrozil AUC↑ 559% 161
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5.5.2. Physiological and Pathophysiological Roles

Bilirubin Homeostasis The liver serves to remove albumin-bound bilirubin from
the circulation for further metabolism through glucuronidation and eventual excre-
tion of conjugates in bile. The uptake of bilirubin from blood into hepatocytes ap-
pears to occur via OATP-mediated facilitated transport. In different experimental sys-
tems, unconjugated and conjugated bilirubin was transported by OATP1B196,97 and
OATP1B3.97 It has also been well known that administration of organic anions that are
OATP substrates such as rifampin can cause unconjugated hyperbilirubinemia.98,99

However, there is contradicting evidence to suggest that OATP1B1 alone does not
transport unconjugated bilirubin100 and that other unrelated proteins are involved in
hepatic bilirubin uptake.101 In any case, what has become increasingly apparent is the
link between hyperbilirubinemia and SLCO1B1 genotype. An increased risk (odds
ratio of 3) of neonatal jaundice was observed in newborns carrying the SLCO1B1
388G genotype but not the 521C gentoype.102 This result suggests that OATP1B1
variants with the aspartate in codon 130 (388G) are defective in bilirubin uptake in
neonates. However, in adults, higher unconjugated bilirubin levels are observed in
persons with the SLCO1B1 521C but not the 388G genotype,103 underscoring that the
effect of SLCO1B1 genotype is age dependent. In patients with the benign form of
mild unconjugated hyperbilirubinemia, Gilbert’s syndrome, there was a greater like-
lihood for carrying either SLCO1B1 388G or 521C polymorphism.104 These findings
are consistent with the observation that people with Gilbert’s syndrome have a hepatic
organic anion transport defect.105 Although there seems ample evidence to support a
role for OATPs in bilirubin homeostasis, further research is required to clarify some
of the issues and to determine mechanisms.

Other Physiological Roles Overall, there is a poor understanding of the physiologi-
cal roles of OATPs. It is only possible to speculate the molecular physiology based on
the respective tissue distributions and the spectrum of endogenous substrates. Hence,
high affinity transport of T3 and T4 by OATP1C1 coupled with selective expression
in brain and testes suggests an organ-specific role of this transporter in thyroid hor-
mone physiology.9 Similarly, a testicular-specific expression OATP6A1, along with
substrate selectivity toward androgen conjugates and thyroid hormones, suggests a
role in male reproductive physiology.106 For OATP2A1, a transport specificity for
prostaglandins together with broad tissue distribution indicates a role in the autocrine
and paracrine regulation of eicosanoid signaling.107 Finally, there is compelling ev-
idence to support a role for OATP1B1 and OATP1B3 in bile acid homeostasis and
enterohepatic recirculation based on several clues: direct transcriptional regulation
by FXR51 and down-regulation in expression during cholestatic disease.108

Molecular Pathophysiology The role of OATPs in the pathogenesis of disease has
been considered and requires further study. For instance, OATP1B3 is highly ex-
pressed in certain colon cancers,55 which draws an intriguing relationship between
bile acids and disease risk and progression with bile acid transport. In breast cancer,
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an overexpression of estrogen-transporting OATPs may be involved in the patho-
genesis of the disease.61,109,110 The OATPs are also implicated to play central roles
in programmed cell death. The rapid loss of intracellular glutathione by a specific
efflux process preceding apoptotic cells death111 has been ascribed to an OATP-like
transporter.112 Treatment of cells induced to apoptosis by known substrates and in-
hibitors of OATPs appears to modulate the progression to cell death.112,113

5.6. CONCLUSIONS

The OATPs are a superfamily of drug and endobiotic transporters whose importance
to pharmacology and physiology is now becoming better established. Yet despite
over a decade of study, much remains to be understood. It is of particular relevance to
drug discovery and clinical pharmacology to better understand the OATP structure–
function–transport energetics relationships among substrates, inhibitors and coupled
ions for use in the development of drugs with improved tissue targeting and optimized
pharmacokinetic and safety profiles. A better comprehension of the functional expres-
sion and significance of OATPs throughout human tissues, especially brain and kidney,
would provide tools for predicting drug response and clearance. Understandably, we
need to direct our attention to deciphering the physiology and pathophysiology of
OATPs, especially for those transporters that are least characterized. All these ques-
tions will ultimately be answered through the combination of studies at the genetic
and molecular level with animal models, including those involving genetic manipu-
lation, and clinical studies aimed at understanding variability in drug response and
toxicity.
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Rajinder K. Bhardwaj
Bristol-Myers Squibb Co., Wallingford, Connecticut

Olafur Gudmundsson
Bristol-Myers Squibb Research Institute, Princeton, New Jersey

Gregory T. Knipp
Purdue University, West Lafayette, Indiana

6.1. Introduction

6.2. Molecular and Structural Characteristics

6.3. Functional Properties

6.3.1. Mechanism of Transport

6.3.2. Molecular Requirements for Substrate Recognition and Transport

6.3.3. General Substrate Specificities

6.3.4. Established Endogenous and Exogenous Substrates

6.4. Regulation

6.4.1. Dietary Regulation

6.4.2. Developmental Regulation

6.4.3. Regulation by Circadian Rhythms

6.4.4. Disease State–Dependent Regulation

Drug Transporters: Molecular Characterization and Role in Drug Disposition, Edited by
Guofeng You and Marilyn E. Morris
Copyright C© 2007 John Wiley & Sons, Inc.

105



PGN PGN
JWDD059-06 JWDD059-YOU May 29, 2007 17:51

106 MAMMALIAN OLIGOPEPTIDE TRANSPORTERS

6.4.5. Hormonal Regulation

6.4.6. Regulation by Pharmaceutical Agents

6.4.7. Single-Nucleotide Polymorphisms

6.4.8. Splice Variants

6.5. Pharmaceutical Drug Screening

6.6. Conclusions

References

6.1. INTRODUCTION

The underlying mechanisms of protein and peptide membrane trafficking, absorption,
and secretion have traditionally been under debate. In the past, the virtual absence
of peptides in portal blood following a meal was sufficient evidence to conclude that
luminal protein digestion had to proceed all the way to free amino acids before ab-
sorption could occur. Coupled with an apparent high capacity of the small intestine to
absorb free amino acids through various mechanisms, researchers largely ignored the
possibility of additional absorptive systems, either intestinally or otherwise. Limita-
tions associated with gastrointestinal protein and peptide drug delivery substantiated
this hypothesis. However, this hypothesis exhibits a number of flaws in that it does not
explain how certain dipeptides, such as carnosine (�-alanylhistidine) and anserine (�-
alanyl-1-methylhistidine), could be absorbed intestinally intact.1 Traditionally, trans-
port of these dipeptides was explained by receptor-mediated endocytotic processes.
Upon further investigation, it has been determined that other active transport mecha-
nisms exist for di- and tripeptide transport, similar to those observed for a majority
of nutrients and xenobiotics.

In fact, the bulk of nitrogen absorption occurs largely through the epithelial apical
absorption of intact di- and tripeptides and to a much lesser extent, free amino acids.1

The lack of intact di- and tripeptides in portal blood after a meal is dependent on the
activity of intracellular, cytosolic peptidases, which exhibit little affinity for derived
or nonclassical amino acids, such as �-alanine.1 The basal secretion of digested sub-
strates in the form of free amino acids into blood is indicative of the overall efficiency
of these absorptive mediators. Still, the need for concentrative transport mechanisms
to mediate peptide absorption is not readily apparent given that peptide concentrations
in the intestinal lumen are most certainly higher than plasma levels. However, consid-
ering potential physicochemical barriers to peptide permeation and the significance
of peptide absorption to cellular energy and overall nutrient requirements, it seems
logical that these important substrates should be actively absorbed.

The luminal morphology of the gastrointestinal tract varies significantly from
relatively no folding in the esophagus to folds of Kerckring, villi, and microvilli in
the small intestine.2,3 Polarized columnar epithelial cells of the small intestinal villi
are the primary mediators for gastrointestinal absorption of orally administered drugs
and nutrients. The presence of tight junctional complexes and high nutrient selectivity
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of these cells impart further barrier functionality to the small intestine, excluding many
compounds that may be harmful to the organism or detrimental to cellular function.2

Based on these barriers, the physicochemical nature of a compound dictates the route
and extent of its intestinal absorption.

Compounds traverse biological barriers through either paracellular or transcellular
routes.4–6 Paracellular absorption occurs by diffusion of dissolved solute between
cells through the tight junctional complex, or zonula occludens, and the tortuous
intercellular pathways.4,5 The paracellular pathway is quite restrictive depending on
the pore size and charge of the tight junctions as well as the cell barrier’s porosity. In
contrast, the transcellular route comprises several potentially parallel pathways for
drug permeation, including passive transcellular diffusion, ion channels, facilitated
diffusion, active transport, and endocytosis.7 The perceived mechanism of barrier
permeation is highly dependent on a number of physicochemical properties of the
drug, or xenobiotic, such as its net overall charge, hydrophilicity, shape/conformation,
size, and molecular weight.4,5 Transcellular transport of a compound is also highly
dependent on a number of physiological factors, some of which are discussed below.

Although the passive paracellular diffusion of hydrophilic amino acids and peptides
is possible, size restrictions, secondary structural considerations, and charge–charge
interactions through this pathway largely preclude it from serving as a primary mech-
anism of permeation of many small peptides, oligopeptides, and protein-based com-
pounds. Due to these physiological restrictions, a majority of amino acids and peptides
require that absorption occur via the transcellular route. However, the physicochem-
ical properties of amino acids and peptides, including hydrophilicity and charge,
generally favor a hydrophilic permeation route (i.e., paracellular diffusion) and pre-
vent their passive transcellular diffusion through the hydrophobic cellular membrane.
Given these restrictions as well as those observations concerning the intestinal ab-
sorption of undigested dipeptides, such as carnosine and anserine, researchers have
realized that the bulk of di- and tripeptide absorption occurs through the function of
active, concentrative transporter proteins.

Numerous classes of transporter proteins have been identified to date, each with
different and sometimes overlapping substrate specificities, capacities and affinities
as well as specific tissue, cellular, and temporal expression patterns. Not surprisingly,
the physicochemical properties of a compound dictate its interactions with transporter
proteins. Considering that transport is a multifaceted process, variability due to overlap
of the substrate selectivity of transporters in passive diffusion due to the lipophilic
character and potential solubility differences may result in fluctuations in the observed
net membrane transport for a substrate. Notwithstanding other potential sources of
variability, the net observable transport of amino acids and di- and tripeptides is
mediated by a number of different transporter families. Di- and tripeptide transport
is, however, generally believed to be attributable to the activity of the proton-coupled
oligopeptide transporter [POT; SLC15 (solute carrier)] superfamily of transporters.

Several comprehensive reviews can be found describing the common charac-
teristics of the oligopeptide transporter proteins.8–13 To date, four mammalian
members of the POT superfamily have been identified and described function-
ally (Table 6.1). The currently known peptide transporters include peptide trans-
porters 1 and 2, PepT1 (SLC15A1) and PepT2 (SLC15A2), and peptide/histidine
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transporters 1 and 2, PHT1 (SLC15A4) and PHT2 (SLC15A3). Interestingly, the
human intestinal peptide transporter, HPT1 (CDH17), is a member of the cadherin
family, which to our knowledge has been identified as the only active di- and tripeptide
transporter that is not a member of the POT superfamily.13,14

Human PepT1, the most widely studied of the POT family members, was first
cloned from a rabbit intestinal cDNA library.15 Later studies determined that PepT1
was a low-affinity high-capacity transport system for di- and tripeptides, with lit-
tle to no affinity for amino acids.16,17 Subsequent identification and cloning of the
high-affinity low-capacity PepT2 transporter from a human kidney cDNA library 18,19

suggested that these two transporter systems act concertedly to facilitate the absorp-
tion and conservation of di- and tripeptides. Interestingly, this hypothesis does not
account for the relative activities of either PHT1 or PHT2, which have only recently
been described.20,21 Discerning the importance of a single transporter from the func-
tional effects of other transporters illustrates one of the many problems inherent in
the study of drug transport (i.e., overlapping specificity of these systems may con-
found the applicability of transport data to actual in vivo physiological systems). Also,
current methodology limits the feasibility of studying multiple transporter systems si-
multaneously, further hindering our efforts to understand the relevance of a particular
transporter to overall transcellular flux. A fundamental understanding of a drug trans-
porter’s net effect on absorption is essential when analyzing a drug’s physiological
behavior and response [pharmacokinetics/pharmacodynamics (PK/PD)] after peroral
administration. Difficulties in characterizing the intestinal transepithelial transport
of drugs underscores the need for a complete understanding of the biophysical and
biochemical barriers that could potentially alter a drug’s PK activity (i.e., absorp-
tion, distribution, metabolism, and excretion). Members of the POT superfamily of
transporter proteins facilitate the absorption and secretion of a wide range of di- and
tripeptides and of peptidomimetic pharmaceutical agents.

Figure 6.1 shows a representative schematic of the potential transporters and per-
meation routes available for peptide and peptide-based drug absorption and their
potential intracellular fates when traversing a cellular barrier (e.g., the intestinal ep-
ithelium). The concepts discussed below further clarify many of the points highlighted
in this conceptualized diagram. In this chapter we discuss their relative importance
to overall physiology and the PK/PD of potential pharmaceutical substrates. Also,
the functional roles of POT members to drug screening and rational drug design are
presented from an industrial perspective.

6.2. MOLECULAR AND STRUCTURAL CHARACTERISTICS

Members of the POT superfamily share a common topological map consisting
of 12 putative �-helical transmembrane domains with intracellularly localized
N- and C-termini.13,22,23 Two characteristic protein signatures of the POT family
members have been identified, known as the PTR2 family signatures: (1) [GA]–
[GAS]–[LIVMFYWA]–[LIVM]–[GAS]–D–x–[LIVMFYWT]–[LIVMFYW]–G–
x(3)–[TAV]–[IV]–x(3)–[GSTAV]–x–[LIVMF]–x(3)–[GA], and (2) [FYT]–x(2)–
[LMFY]–[FYV]–[LIVMFYWA]–x–[IVG]–N–[LIVMAG]–G–[GSA]–[LIMF].24 A
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FIGURE 6.1. Potential parallel or competing pathways available for oligopeptide and peptide-
based drug permeation and their potential intracellular fates across cellular barriers. Depicted
are PepT1, PHT1, PHT2, and PT1 as the concentrative oligopeptide transporters. PepT2 is not
expressed in intestinal epithelial cells and is therefore not illustrated here.

third consensus sequence has been proposed by Fei et al., (GTGGIKPXV).25 Based
on their phylogenetic analysis, Saier et al. have also proposed three different signature
sequences associated with the POT superfamily.26 Despite these identified consensus
sequences, there is little identity between the PepT and PHT members of this
superfamily. For instance, while the human PepT1 (hPepT1) shares 83.5% identity
with its rat homolog, its identity with the human PHT1 (hPHT1) is just 20.4%.13

Interestingly, hPepT1 shares just 26.0% identity with the intracellularly localized
hPHT2.13

As mentioned previously, PepT1 is arguably the most widely studied member of
the POT superfamily of transporters. However, relatively little information is known
concerning its tissue and cellular localizations as well as species variations. The cloned
human PepT1 cDNA sequence encodes a 708-amino acid protein with an estimated
molecular weight of 79 kDa and an isoelectrical point of 8.6.27 PepT1 expression has
been demonstrated in several animal species,15,30–33 with each isoform exhibiting high
homology with other species. Although hPepT1 shows high homology with its various
orthologs, studies have demonstrated different tissue expressions of PepT1 among
different species.34 These expressional differences have not been limited to PepT1,
as rPHT1 was not expressed in the gastrointestinal tract, in contrast to its human
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homolog.20,35 Furthermore, correlation of the expression data from one physiological
system may not correlate with another. Consequently, great care should be taken in
discerning too much from the data and extrapolating to other physiological models.

PepT1 is expressed primarily in small intestinal epithelial cells, the S1 (pars con-
voluta) segment of renal proximal tubules, hepatic bile duct epithelial cells, and
the pancreas.13,35–38 Localization studies have also demonstrated that PepT1 is ex-
pressed to a lesser extent in the kidney, placenta, and prostate, while in the small
intestine, expression is maximal in the duodenum.35 Ogihara et al. further demon-
strated PepT1 localization to the apical plasma membrane of enterocytes in rats.39

Interestingly, PepT1 expression decreases along the descending small intestinal seg-
ments, with ileal expression appearing to be lower than jejunal.35 Recently, Terada
et al. demonstrated that PepT1 is also relatively highly expressed in the stomach of
cancer patients, although interindividual differences were apparent.40 Interestingly,
histological results suggest that gastric PepT1 may originate from intestinal metapla-
sia, which is characterized by the transdifferentiation of gastric epithelial cells to an
intestinal phenotype.40 The functional and subsequent regulatory significance of this
expression remains to be elucidated.

Additional studies have demonstrated the intracellular localization of PepT1 iso-
forms to lysosomal compartments of renal tubular cells.41,42 The functional signifi-
cance of this finding remains to be fully elucidated, although it is surmised that PepT1
may prevent accumulation of di- and tripeptides in renal lysosomes by transporting
substrates to the cytosolic compartment for subsequent hydrolysis.41 Of note is the fact
that the apical expression of PepT1 has been well established in both prenatal and ma-
ture animals,43,44 although the cellular localization does vary and is highly regulated.

Interestingly, PepT2 is more widely expressed than PepT1, with primary expres-
sion in the S2 and S3 segments of the apical membranes in renal proximal tubular
cells (pars recta), brain astrocytes, epithelial cells of choroids plexus, retina, mam-
mary gland, and bronchial epithelial cells.36,45–48 The cloned human PepT2 cDNA
is 2190 bp long, encoding a predicted protein of 729 amino acids that shares approx-
imately 50% identity and 70% similarity with its corresponding PepT1 ortholog.18

The gene encoding PepT2 has been mapped to chromosome 3q13.3–q21.49 In vitro
translation of rabbit PepT2 cRNA resulted in an unglyosylated 83-kDa product and a
core-glycosylated 107-kDa product.50 PepT2 mRNA expression has been identified
in human,18 rat,51 mouse,52 and rabbit.50

PepT2 was first identified due to the functional assessment that the renal peptide
transport system was similar but not identical to its intestinal counterpart (PepT1).18

In fact, Liu et al. identified PepT2 by screening a human kidney cDNA library with a
probe derived from the rabbit intestinal PepT1 cDNA.18 Since its first identification
and characterization, considerable research has been focused on elucidating the func-
tional expression and activity of PepT2 in the kidney. Moreover, recent studies have
hypothesized that its primary role is the active reabsorption (secretion) of renally
eliminated small oligopeptides.53 While the expression of both PepT1 and PepT2
have been demonstrated in the proximal tubules of microdissected rat nephrons, all
other renal sections were negative for their expression.36 The positive expression of
PepT1 and PepT2 in proximal tubules correlated with in vivo uptake of a fluorescent
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dipeptide derivative probe (d-Ala-Lys-AMCA) in the inner cortex and outer stripe in
rat kidney.47 Interestingly, the uptake of the substrate was competitively inhibited by
cefadroxil and Gly-Gln, indicative of PepT2-mediated absorption.47 However, PepT2
is much more widely distributed than just the kidney and as such must play a more
important role in peptide absorption and accumulation in other tissues as well.

In particular, PepT2 transcripts,45 protein,54,55 and functional activity56,57 have
been shown in choroid plexus and brain, as nicely reviewed by Smith et al.58 As such,
this transporter is believed to play a significant role in neuropeptide homeostasis and
the efflux of peptides and peptidomimetic xenobiotics from cerebrospinal fluid. Im-
munoblotting analysis determined the neural PepT2 tissue localization, with protein
expression apparent in cerebral cortex, olfactory bulb, basal ganglia, cerebellum, and
hindbrain sections of adult brain.59 The strongest signals were found in the cere-
bral cortex, while PepT1 protein expression was not found in brain.59 Interestingly,
expression levels were maximal in the fetus and declined with age, indicative of a
complex regulatory mechanism to be discussed later. Also, the protein was expressed
exclusively on the apical membrane (CSF-facing), indicative of its role in peptide
homeostasis and transport.59

Shen et al. demonstrated that PepT2 is the primary POT member responsible for
Gly-Sar uptake in the choroid plexus of PepT2 knockout mice.60 However, the lack
of an observable pathological phenotype indicates that other systems are able to com-
pensate for the loss of activity.60 Furthermore, while Gly-Sar is a model substrate for
PepT transporters, recent studies in our laboratory have demonstrated that it is not a
substrate for the human PHT1 isoform in transiently transfected COS-7 cells.61 The rat
PHT1 isoform was first suggested to be expressed in the apical membranes of the rat
choroid plexus,20 although our results may not reflect species differences in the func-
tion of the PHT1 isoforms. Taken together, these data suggest that redundancies may
exist for the transport of di- and tripeptides at the choroid plexus and presumably,
other biological barriers.

Interestingly, although many studies have demonstrated that PepT2 is not expressed
in the gastrointestinal tract, Rühl et al. investigated peptide transport activity in the
neuromuscular layers of whole-mount preparations from mouse, rat, and guinea pig
stomach and small and large intestines.62 Surprisingly, d-Ala-Lys-AMCA specifi-
cally accumulated in both ganglionic layers of the enteric nervous system, and its
accumulation was inhibited by Gly-Sar, d-Phe-Ala, Gly-Gln, and cefadroxil, but
not free histidine or benzylpenicillin (a PepT2 substrate).62 Immunohistochemical
analyses demonstrated that the dipeptide uptake was localized to enteric glial cells
[as demonstrated by 100% uptake in of glial fibrillary acidic protein (GFAP+) and
S100+ cells] and periganglionic tissue-resident macrophages.62 The researchers sur-
mised that PepT2-mediated dipeptide transport in enteric glia could contribute to the
clearance of neuropeptides in the enteric nervous system.62

The findings described above underscore the importance of POT members with
respect to peptide homeostasis, uptake, and accumulation. Recent evidence indicates
that enteric glia play a significant role in modulation of gastrointestinal functions
and may be involved in signaling processes of the enteric nervous system.62 Loss of
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enteric glial cells in genetically modified animals resulted in neuronal degeneration
or changes in the neurochemical coding of enteric neurons, emphasizing the impor-
tance of enteric glia for proper neuronal maintenance in the enteric nervous system,
as stressed by Rühl et al.62 The researchers also surmised that PepT2 expression in the
enteric glia is unrelated to nutritive peptide absorption, due to its spatial localization
and regional distribution throughout the intestine. However, the functional signifi-
cance of PepT2 expression and function in the enteric neuronal system remains to be
elucidated.

Recently, two putative human PHT (hPHT1 and hPHT2) transporters have been
identified with expression observed in several human tissues.63,64 The hPHT1 mRNA
sequence is approximately 2.7 kb long, encoding a translated 577-amino acid protein
with an estimated molecular weight of 62 kDa and a predicted pI value of 9.2.65 Four N-
linked glycosylation sites were predicted along with several protein phosphorylation
sites.13 Interestingly, though, PHT1 was first cloned in the rat and was the first POT
transporter identified in brain.20 The rat cDNA was 2751 bp, with an open reading
frame of 1719 bp that encoded a protein of 572 amino acids.20 The rPHT1 exhibits
approximately 86.5% identity to its human ortholog13 and was found to be expressed
primarily throughout the whole brain, in hippocampus, choroid plexus, cerebellum,
and pontine nucleus.20 The rat PHT1 isoform was also found in both neuronal and
small nonneuronal cells by in situ hybridization, while the protein was expressed
abundantly in brain and retina, with lower expression in lung and spleen, as determined
by Northern blotting.20 Rat PHT1 expression was not observed in the pancreas, kidney,
intestine, liver, heart, and skeletal muscle.20

In contrast to its rat ortholog, hPHT1 was found to be expressed at low lev-
els in the human gastrointestinal tract.35 Interestingly, mRNA expression was also
demonstrated in brain, colon, heart, kidney, leukocytes, liver, lung, ovary, pan-
creas, placenta, prostate, skeletal muscle, small intestine, spleen, testis, and thymus,
which were confirmed by Southern blotting.35 Furthermore, mRNA expression was
also demonstrated in retinal pigment epithelium.66 The functional significance of
hPHT1 expression in these tissues remains to be elucidated. However, our labo-
ratory has recently demonstrated hPHT1 expression in the enterocytes of intesti-
nal tissue segments, as well as hPHT1 functional activity in transiently transfected
COS-7 cells.61 The contribution of hPHT1 to overall peptide transport remains to be
elucidated.

Similar to hPHT1, hPHT2 has not been widely studied and little is known con-
cerning its physiological significance. Formerly named PTR3, PHT2 was first isolated
from the human placenta and has an open reading frame of 1.7 kb, encoding a pro-
tein with 581 amino acids with an estimated molecular mass of 64.6 kDa.65 The rat
PHT2 (rPHT2) ortholog has been partially evaluated, having been cloned from a rat
brain cDNA.21 The encoding cDNA was 1979 bp long with an open reading frame of
1748 bp (including the termination codon) and encoded a protein of 582 amino acids
that exhibited 49% identity to PHT1 and 80% homology to the human orthologs.21

Three N-linked glycosylation sites on the rPHT2 protein are predicted and protein
phosphorylation sites (PKA and PKC) were identified.13
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Human PHT2 was found to be widely expressed in various tissues, with mRNA
expression demonstrated throughout the gastrointestinal tract, with increased expres-
sion in the colon.35 Furthermore, hPHT2 mRNA expression was shown in the brain,
colon, heart, kidney, leukocytes, liver, lung, ovary, pancreas, placenta, skeletal mus-
cle, small intestine, spleen, testis, and thymus, which was all confirmed by Southern
blot analysis.35 Interestingly, Sakata et al. demonstrated rPHT2 mRNA expression in
lung, spleen, and thymus, with lower expression in brain, liver, adrenal gland, and
heart by RT-PCR.21 Strong expression was also determined by in situ hybridization in
immunocytes, specifically eosinophils, macrophages, and other phagocytes. Further
confounding the elucidation of PHT2’s function were observations by Sakata et al.
suggesting an intracellular localization of PHT2 in the Golgi, lysosomes, autophago-
somes, and vacuoles of HEK-293T and baby hamster kidney (BHK) cells.21 Interest-
ingly, some cells had apparent PHT2 localization on the outer nuclear membrane.21

Unfortunately, one cannot ascertain the functional significance of these transporters
by investigating their tissue and cellular localizations. Further, peptide transport may
also be potentially mediated by a number of other transporter proteins that exhibit
overlapping specificity for POT member substrates or play a role in mediating the
energy forces driving transport. The primary role of PepT1, PepT2, and PHT1 trans-
porters seems to be the active absorption and accumulation of peptide nutrients. The
role of PepT2 may be extended to the clearance of neuropeptides, while the role of
PHT2 remains to be elucidated. Further complicating matters is as yet unidentified
but functionally characterized basolateral transporters that facilitate the active tran-
scellular flux of these substrates. Interestingly, similar to differences in PepT1 and
PepT2 tissue localizations, the intestinal and renal basolateral transporters are also
different.67 In addition, non-POT members may also serve as a confounding factor in
understanding peptide transport.

First described in 1994 by Dantzig et al., hPT1 shares only 16% identity and
41% similarity with the hPepT1 amino acid sequence.13,14 The PT1 cDNA coding
region is approximately 2.5 kb long and encodes a 120-kDa protein consisting of
832 amino acids.14 HPT1 was first identified as a result of a monoclonal antibody
that inhibited the transport of �-lactam antibiotics in Caco-2 cells.14 Chinese hamster
ovary (CHO) cells subsequently transfected with HPT1 demonstrated dipeptide and
�-lactam transport that was not competitively inhibited by amino acids.68 Interest-
ingly, hPT1 function has not been fully characterized, although a rat isoform has been
shown to be regulated by dietary protein content.69 Although the molecular, struc-
tural, and functional characterization of PT1 has yet to be completed (presumably
due to patent issues), the concept of a cadherin family member mediating peptide
transport is an important finding and is indicative of the potential overlap in substrate
affinities/selectivity between families.

Table 6.2 provides a brief summary of the molecular and functional characteristics
of the established human oligopeptide transporters and splice variants. There are other
reports of nonclassical peptide transporter behavior, but those transporters will not be
elaborated on here. In short, considerably more research is required to fully elucidate
all of the functional peptide transporter systems.
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6.3. FUNCTIONAL PROPERTIES

6.3.1. Mechanism of Transport

POT transporters use a proton gradient and the membrane potential as the main driving
forces, as reviewed previously9,17,70,71, to mediate the uptake of peptides or peptide-
based drugs. In bacteria, yeast, and plant cells, the proton gradient driving force is
supplied primarily by membrane ATPases,17 while in mammalian cells it is generally
provided by electroneutral proton–cation exchangers (e.g., Na+/H+ antiporters).72,73

For example, PepT1-mediated intestinal absorption of peptide-based substrates occurs
in an asymmetrical manner, with the proton gradient generally considered to be the
predominant force influencing transport in the upper small intestine.

Further studies have demonstrated that charged substrates present different binding
affinities based on their degree of ionization. Di- and tripeptides, and peptidomimetic
compounds with no net charge at the site of absorption are best transferred across
the cell membranes by PepT-like transporters.74–78 PepT substrates share the same
substrate-binding site regardless of substrate charge.79,80 Proton coupling occurs in
the H+-binding site of PepT1, where a H+ is bound prior to anionic or neutral sub-
strate uptake but is not required for cationic substrates.71 Irie et al. have developed a
computational model to illustrate the H+-coupled substrate transport of neutral and
charged molecules, establishing a PepT1 mechanistic model based on two assump-
tions: (1) H+ binds not only to the H+-binding site but also to the substrate-binding
site, and (2) H+ at the substrate-binding site inhibits the interaction of neutral and
cationic substrates but is necessary for that of anionic substrates.81

6.3.2. Molecular Requirements for Substrate Recognition and Transport

Some molecular requirements on the structure of PepT-like transporters have been
recognized as essential for substrate recognition and transport. Site-directed mutage-
nesis analyses of single amino acids located within different transmembrane domains
(TMD2, TMD4, and TMD5) have shown that Y56, Y64, Y167, N171, and S174
residues modify or inactivate PepT-like transport activity and/or substrate binding
completely.82–85 Other studies have shown that mutations on W294 and E595 re-
duced Gly-Sar uptake significantly.82

Sequence alignments of PepTs have shown the presence of conserved histidyl
residues (H57, H121, and H260). Experimental evidence suggests that the histidyl
residue H57 is involved in H+-binding and is essential for peptide transport activity.86

H121 is involved in substrate recognition, while the role of H260 remains to be
elucidated.84 In hPepT2, H87 has been shown to be absolutely essential to maintain
transport activity.87

Döring et al. demonstrated that the N-terminal region of the protein (TMD1
to TMD9) confers all the phenotypic characteristics, while studies utilizing
PepT1/PepT2 chimeras suggest that the first 400 residues (TMD1 to TMD6) contain
the substrate-binding pocket and the region that determines pH dependence.88–90 Sup-
porting these findings, Döring et al. further demonstrated that a section between TMD2
and TMD3 (amino acid residues 60 to 91) plays a significant role in the pH-dependent



PGN PGN
JWDD059-06 JWDD059-YOU May 29, 2007 17:51

FUNCTIONAL PROPERTIES 117

transport process.89 Furthermore, Fei et al. demonstrated that TMD7 to TMD9 play
a role in defining substrate affinity.25 Döring et al. also determined that the first 59
amino acid residues of both PepT1 and PepT2 contribute significantly to substrate
affinity.89 The functional significance of the C-terminal region of oligopeptide trans-
porters is unknown at this time; however, portions of the C-terminus may aid in trans-
porter trafficking, membrane insertion, and/or transporter regulation, as evidenced
by its inclusion in the functionally active rat pineal gland PepT1 (pgPepT1) splice
variant.91

Studies using the substituted cysteine accessibility method (SCAM) have pro-
vided more detail concerning PepT structure.85,92 TMD5, the most conserved region
across species, displays solvent accessibility along its entire length, lining the pu-
tative aqueous channel akin to related antiporters.85 Similarly, TMD7 also exhibits
solvent accessibility. Preliminary molecular modeling, along with some experimental
evidence, has suggested that the extracellular end of TMD7 may shift following sub-
strate binding, providing the basis for channel opening and substrate translocation.92

However, additional studies are required to clearly elucidate the molecular PepT
structure. Taken together, these findings suggest that the N-terminal TMDs form a
porelike structure, while TMD7 to TMD9 compose the substrate-binding pocket.12

6.3.3. General Substrate Specificities

The three-dimensional structure of any of the POT proteins has not been elucidated. As
such, the structural requirements for molecular recognition have been based on uptake
or transport experiments, as well as on computational modeling. Several studies have
summarized the primary chemical moieties that a peptidomimetic molecule should
contain to function as a PepT substrate or inhibitor.11,93 For years it was believed
that a peptide bond was essential for a molecule to have affinity for PepT, however,
nowadays it has been well established that this is not the case.94–97 Furthermore, an
entire range of molecules, with varying functional moieties, are also transported by
PepT1 with affinity constants similar to those of some dipeptides.98 Distinctively,
substrates or inhibitors with high PepT1 affinity (<0.5 mM) have been recognized as
molecules containing the following characteristics: (1) l-amino acids, (2) an acidic or
hydrophobic moiety at the C-terminus, (3) a weakly basic group in �-position at the
N-terminus, (4) a ketomethylene or acid amide bond, and in the case of a molecule
with a peptide bond, (5) to have a trans conformation.99 Bailey et al. have corroborated
experimentally experimentally some of the structural characteristics already proposed
and identified some structural requirements necessary to increase PepT1 affinity for
a d-enantiomer over its corresponding l-enantiomer.100 Furthermore, analysis of the
binding and transport characteristics of PepT1 have led to the development of several
molecular models attempting to establish a PepT–substrate template.93,101–105

Comparatively, PepT1 is considered a low-affinity (Km of 200 �M to 10 mM), high-
capacity transport system, while PepT2 has a higher substrate affinity (Km of 5 to 500
�M) with a lower transport capacity. Interestingly, PepT2 affinity has been attributed
to the requirement of an �- or �-aminocarbonyl moiety for substrate recognition.90

Moreover, the general structural requirements for PepT2 substrate or inhibitor
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recognition correspond with those described for PepT1.106,107 However, Those et al.
also reported that the spatial localization of a side-chain amino-protecting group in a
dipeptide containing a diaminocarbonic acid, and its intramolecular distance from the
alpha C-atom, are integral features for transforming a PepT2 substrate into a PepT2
inhibitor.107

The molecular and structural characteristics for PHT-like transporters have not yet
been determined. Given their recent identification and cloning, it is not surprising that
only a few studies have been published regarding their functional properties.13,20,21,61

In fact, additional studies are required to fully characterize the functional aspects of
PHT-mediated transport. As such, additional studies should be designed systemati-
cally to provide the required information to analyze the essential structural elements
for substrate or inhibitor recognition.

6.3.4. Established Endogenous and Exogenous Substrates

The established physiological substrates of PepT-like transporters are di- and
tripeptides,16 which potentially include different combinations of the 20 l-�-amino
acids. These combinations correspond to approximately 400 dipeptides and 8000
tripeptides, not including respective combinations of nonclassical or derived amino
acids, such as hydroxyproline, trimethyllysine, and ornithine, homocysteine, methyl-
histidine, and hydroxylysine. These numbers also do not include the presence of
d-enantiomers of the 20 classical amino acids, whose incorporation at the di- and
tripeptide N-terminal results in substrates with good affinities and high rates of
transport.108 These observations have resulted in the conclusion that PepT-like pro-
teins are capable of mediating the transport of a huge variety of molecules, with a
large diversity of physicochemical characteristics.

Several peptidomimetic drugs, prodrugs, and nonpeptidic compounds have been
established as exogenous substrates of the PepT-like transporters. Pharmacologically
active compounds that are demonstrated substrates of PepT-like transporters include
�-lactam antibiotics (as reviewed previously12,13); ACE inhibitors such as captopril,
enalapril, and fosinopril50,109; bestatin51; prodrugs of l-dopa110–112; prodrugs of var-
ious nucleosides, such as valacyclovir113 and valganciclovir114; prodrugs of some
bisphosphonates, such as l-Pro-l-Phe-alendonate and l-Pro-l-Phe-pamidronate115;
and antibacterial peptide analogs such as alafosfalin.116 The magnitude of the in-
teraction of �-lactam antibiotics with PepT1 and PepT2 has been analyzed recently
in the context of old and new cephalosporins and penicillins, establishing a ranking
of affinity constants that may help establishing structure–function studies to further
analyze structural substrate/inhibitor requirements.117

The peptide/histidine transporters PHT1 and PHT2 have demonstrated dipeptide
transport activity, both with high affinity for histidine, and PHT1 for carnosine as
well.20,21 Rat PHT1 when expressed in Xenopus oocytes exhibited a high-affinity
proton-dependent histidine uptake that was inhibited by several di- and tripeptides
but not by other amino acids.20 Studies in our laboratory suggest that hPHT1 mediates
the transport not only of carnosine and l-histidine, but also valacyclovir, in a proton-
dependent sodium-independent manner.61 Interestingly, these studies also concluded
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that unlike PepT1 and PepT2, the dipeptide glycylsarcosine (Gly-Sar) is not a sub-
strate for hPHT1. Taken together, these data are indicative of both the overlapping
specificity, in terms of valacyclovir, as well as the functionally distinct specificity of
these transporters. Nevertheless, there is still much to elucidate concerning the affinity
and substrate specificity of these peptide transporters.

6.4. REGULATION

Oligopeptide transporter research has predominantly been focused on delineating the
functional characteristics of each transporter isoform. Although considerable research
is still needed in this area, particularly with undercharacterized isoforms such as
PHT1, our focus must now shift toward developing a greater appreciation of their
molecular characteristics. In particular, understanding the underlying mechanisms of
oligopeptide transporter regulation by various physiological and exogenous stimuli is
integral to comprehending their role as mediators of nutritional and pharmacological
substrate absorption. Clearly, alterations in oligopeptide transporter expression could
potentially result in significant changes that affect the PK/PD phenomena of peptide-
based drug substrates. PepT1 has been the most widely studied isoform and has been
shown to be regulated via a number of different mechanisms under varying conditions.
Studies on the regulation of other POT members (PepT2, PHT1, and PHT2) and PT1
are scarce at best. Factors such as diet, development phase, hormonal influences,
pathological conditions (diabetes, intestinal disorders), and various pharmacological
agents have all been demonstrated to regulate PepT1 expression and are also discussed
in various reviews.13,118–121 Some of these factors are discussed in greater detail below.
However, it is evident that additional studies are required to better elucidate the pre-
and posttranscriptional changes that the oligopeptide transporters undergo following
various stimuli.

6.4.1. Dietary Regulation

Changes in PepT1 expression due to dietary influences are relatively well established.
Erickson et al. demonstrated that a high-casein diet induced a parallel 1.5- to twofold
increase in both the PepT1 and rat PT1 mRNA expressions in the middle and dis-
tal regions of the rat small intestine when contrasted with low-casein diet control.69

No apparent change was observed in the proximal region of the rat small intestine,
leading to the suggestion that the middle and distal regions may be the most sensitive
to dietary fluctuations. Shiraga et al. further investigated the molecular mechanisms
of PepT1 expressional changes in the Caco-2 cell model.122 Incubation of cells with
dipeptides (Gly-Sar, Gly-Phe, Phe-Val, Lys-Phe, and Asp-Lys) and individual amino
acids (phenylalanine, arginine, and lysine) resulted in activation of the PepT-1 gene
promoter. Subsequent induction of the PepT1 mRNA was caused by transcriptional
activation through an AP-1 binding site and an amino acid–response element present
at the −295 and −277 nucleotides relative to the transcription start site in this region.
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Taken together, these expressional changes represent an important evolutionary adap-
tation to maximize nutrient absorption in response to substrate availability.

Thamotharan et al. also utilized Caco-2 cells to demonstrate that pretreatment
with Gly-Sar and cefadroxil for 24 hours increased the Vmax value of glycylglutamine
(Gly-Gln) transport twofold without any significant change in its Km .123 Subsequent
Western blot analysis revealed a greater than twofold increase in the protein expres-
sion of PepT1 in the apical membrane, and a threefold increase in PepT1 mRNA
was also observed. Interestingly, an inhibitor of the trans-Golgi network, brefeldin,
significantly increased PepT1 mRNA with no demonstrable effect on Gly-Gln trans-
port, suggesting that dipeptides induce PepT1 transcription.123 Moreover, Walker et
al. demonstrated that previous exposure with Gly-Gln (4 mM) for 3 to 4 days in
Caco-2 cells resulted in a twofold increase in the Vmax of Gly-Sar transport, without
any change in its Km .124 Results suggest that Gly-Gln treatment increased the cellular
mRNA level and subsequent PepT1 membrane expression by twofold.

Thamotharan et al. demonstrated that a brief fast or starvation can also up-regulate
PepT1 expression on both the mRNA and protein levels.125 Brush border membrane
vesicles prepared from jejunum of fed and 1-day-fasted state rats exhibited a twofold
increase of Gly-Gln (Vmax) uptake upon fasting without a subsequent change observed
in the Km .125 In addition, PepT1 protein and mRNA increased threefold in both the
intestinal brush border membrane and intestinal mucosa, respectively, suggesting a
transcriptional regulatory mechanism. In addition, Ogihara et al. demonstrated that
PepT1 expression at the microvillous plasma membrane is regulated by diet, whereas
the transporter protein gradient along the crypt–villus axis was maintained between
the fasting and fed states.39 Another study comparing rats starved for 4 days and
semistarved (50% of freely fed control) for 10 days resulted in a 179% and a 161%
increase in jejunal PepT1 mRNA expression of the starved and semistarved groups,
respectively, compared to the freely fed control group.126 These results suggest that
PepT1 gene expression can also be modulated by malnutrition.

For better insight into this regulatory mechanism, Naruhashi et al. correlated
the functional transport of a model PepT1 substrate, cefadroxil, in both starved and
fed rats with PepT1 mRNA expression.127 Briefly, the transport of cefadroxil was
quantified across the small intestines of both groups via an Ussing chamber, and
PepT1 mRNA expression was determined using quantitative reverse transcriptase
polymerase chain reaction. A good correlation was observed between mRNA
expression levels and the permeability coefficients (r2 = 0.859), suggesting that
cefadroxil transport is directly proportional to PepT1 expression. Although higher in
the proximal regions, PepT1 mRNA expression in the starved rats was increased in
all small intestinal segments. Similarly, cefadroxil transport was also higher in the
proximal small intestinal regions of starved rats in contrast to the fed rats, indicative
of its correlation to PepT1 mRNA expression.128 Furthermore, Howard et al.
investigated the effect of luminal nutrients on the expression of PepT1 in starved and
fed rats.128 Removal of luminal nutrients increased ileal PepT1 mRNA expression
compared with orally fed rats. These results allude to the importance of a continuous
amino acid supply for the maintenance of proper gut mucosal function. Collectively,
these studies suggest that up regulation of PepT1 expression occurs whether fasting is
brief or prolonged and may be indicative of a nutrient-sensing feedback mechanism.
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6.4.2. Developmental Regulation

Studies have also demonstrated developmental stage–dependent differences in
oligopeptide transporter expression and dipeptide absorption during peri- and post-
natal periods in rabbits and guinea pigs.129,130 More recently, Miyamoto et al. demon-
strated a dramatically higher intestinal PepT1 mRNA expression in 10-day-old rats,
which rapidly decreased and then leveled off reaching a plateau at adult expression
levels by day 28 after birth.131 Further investigation revealed that rat PepT1 mRNA
and protein levels in the duodenum, jejunum, and ileum attained maximal levels by
days 3 to 5 after birth. Interestingly, these mRNA and protein levels proceeded to
fall rapidly to 11 to 13% of maximal expression by day 14, but then rose again to 23
to 58% of maximal expression by day 24. Higher expression of PepT1 at weaning,
especially in the ileum, may be related to an adaptive response to a reduced protein
diet or nourishment at this time period.43 The age-dependent PepT1 and PepT2 ex-
pression patterns observed in the developing rat kidney were similar to that observed
for PepT1 in the small intestine and colon. However, the expression of PepT1 and
PepT2 was found to be more consistent in rat kidney than in the intestine. The results
suggest that nutritional state may play a less prominent role in regulating the renal
expression of these transporters or that an autocrine effect from PepT1 substrates is
involved in its regulatory control.43

In a recent immunocytochemical study, PepT1 expression was measured using an
antibody specific to the C-terminal sequence of PepT1 in rat duodenum at different
stages of growth.132 PepT1 was found to be distributed exclusively in the apical brush
border membrane of enterocytes from both prenatal and mature animals. Interest-
ingly, PepT1 expression extends to the subapical cytoplasm, basal cytoplasm, and
basolateral membrane of enterocytes immediately after birth.132 Since the nature of
oligopeptide transporter expression at the basolateral membrane has not been defined
clearly, atypical PepT1 distribution at birth could be due to enteroendocrine mecha-
nisms following first exposure to enteral (i.e., luminal) nutrition or humoral signals
generated during parturition.

6.4.3. Regulation by Circadian Rhythms

Recently, Pan et al. demonstrated the effect of diurnal rhythm on PepT1 expression
utilizing an in situ intestinal loop model and everted rat intestines, maintained in a 12-
hour photoperiod with free access to food.133 Kinetic studies demonstrated enhanced
Gly-Sar uptake and PepT1 protein and mRNA expression in dark phase (8:00 pm;
beginning of the dark phase)–treated rats comparative to light phase (8:00 am; be-
ginning of the light phase)–treated rats in a 24-hour study cycle.133 A subsequent
study determined that fasting conditions may disrupt the effect of diurnal rhythm on
intestinal PepT1 expression and transport activity.134 In this PK study of ceftibuten
oral absorption, higher plasma concentrations were observed at 8:00 p.m. (dark phase)
in contrast to 8:00 a.m. (light phase) in fed rats, but no differences in 4-day-fasted rats.

Recently, a PepT1 gene product has been identified in the rat pineal gland (pg-
PepT1), which encodes 150-amino acid protein encompassing the three C-terminal
membrane-spanning domains of intestinal PepT1 and three additional N-terminal
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residues.91 PgPepT1 forms a functional PepT1-like transporter through oligomeriza-
tion. Interestingly, pgPepT1 mRNA and protein (approximately 16 kDa) levels were
found to be >100-fold higher at night, suggestive of a diurnal regulatory mechanism.
The neural pathway that controls pineal melatonin production has been suggested to
play an important role in regulating the expression of pgPepT1. Thus, a peptide trans-
porter in the pineal gland could play an important role in circadian pineal physiology
and contribute to clearance of active or degraded neuropeptides.91

6.4.4. Disease State–Dependent Regulation

Many disease state–dependent mechanisms that may alter oligopeptide transporter ex-
pression and function could be conceived. Inflammatory disorders, particularly those
associated with the release of proinflammatory peptides, are examples of such dis-
ease state–dependent variability. A recent study using colonic mucosal samples from
diseased (chronic ulcerative colitis, microscopic colitis) and control patients (normal
colon) revealed aberrant PepT1 expression under inflammatory conditions.135 Fur-
ther studies utilizing coloniclike cells (HT29-Cl.19A) stably transfected with hPepT1
tagged on the N-terminus with green fluorescence protein, with and without inflam-
matory peptides, indicated that in some states of chronic inflammation, hPepT1 may
be expressed anomalously.135 Recently, Vavricka et al. investigated the effects of tu-
mor necrosis factor alpha (TNF�), interferon-� (IFN� ), and inflammatory cytokines
and mediators [interleukins (IL)-1�, IL-2, IL-8, IL-10] on PepT1 regulation in Caco-
2/bbe monolayers and in mice.136 From these studies it appeared that TNF� and IFN�
play the most prominent roles in activating PepT1 protein expression in the colon.
These findings were supported further by the observation of higher Gly-Sar uptake in
TNF�- and IFN� -treated cells when contrasted to controls.136 Interestingly, Barbot et
al. revealed that transcriptional up-regulation of PepT1 occurred in the brush border
membrane of enterocytes in Cryptosporidium parvum (an amino acid malnutrition
disease)–infected rats from day 4 to day 50.137

Intestinal transplantation is a surgical procedure performed in patients suffering
from short bowel syndrome with complications of parenteral nutrition and irreversible
intestinal failure.138 Syngeneic small intestinal transplantation in rats resulted in in-
creased PepT1 protein expression levels, indicating that transporter expression may
be useful to evaluate intestinal graft function in addition to the current histopatho-
logical examination of the mucosa.139 Studies conducted in nephrectomized rats also
revealed increased renal high-affinity peptide transport activity and PepT2 expression,
while PepT1 levels were undetectable.140 Two weeks after surgery, Gly-Sar uptake
rate (Vmax) in renal brush border membrane vesicles was significantly increased com-
pared to sham-operated controls.

Utilizing Western and Northern blotting techniques, Gangopadhyay et al. fur-
ther illustrated that an increase in PepT1 protein and mRNA expression occurred in
streptozotocin-induced diabetic rats.141 Diabetes also increased PepT1 activity in the
brush border membrane of the intestinal mucosa, as demonstrated by an increased
Vmax for Gly-Gln. Furthermore, both PepT1 protein and mRNA expression were up-
regulated in the brush border membrane of renal tubules. Interestingly, Watanabe et al.
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compared the intestinal absorption and pharmacokinetics of cephalexin in type 1 dia-
betes (streptozotocin-induced) and hyperinsulinemic type 2 diabetic GK and Zucker-
fa/fa (Zucker) rats.142 Pharmacokinetic parameters ka , Cmax, and AUC0→∞ were
significantly higher in type 2 diabetic GK and Zucker rats compared to control rats,
whereas the type 1 diabetic streptozotocin-induced rats demonstrated no significant
differences from the control. Expression studies supported the PK findings demon-
strating increased protein expression in both type 2 diabetic rat models. In contrast,
the intestinal PepT1 mRNA levels were not significantly different between controls
and any of the study groups. These findings suggest that the PepT1-mediated intesti-
nal absorption of drugs may be enhanced in hyperinsulinemic type 2 diabetic rats.
When these results are compared to those determined by Gangopadhyay et al.,141 the
streptozotocin-induced diabetic results are contradictory. This contradiction may be
attributed to differences in the experimental conditions, potentially including dietary
differences.

6.4.5. Hormonal Regulation

The interplay between insulin and leptin regulation of glucose and lipid homeostasis
is well known and forms the basis for the complexities of the metabolic syndrome-
associated phenotypes. As discussed above, recent findings in both diabetic and
Zucker rats, may indicate that these hormones may also have a concerted effect on
protein/peptide homeostasis in part through the modulation of PepT1 expression. In
terms of a classical biochemistry view, it would appear obvious and essential that the
three major sources of nutrients (lipid, carbohydrates, and protein) would be subject
to coordinate regulation.

Toward this aim, recent studies performed in Caco-2 cells demonstrated that within
30 to 60 minutes of adding physiologically relevant insulin concentrations (5 mM), en-
hanced Gly-Gln uptake was observed and attributed to increased PepT1 expression.143

In support of this conclusion, kinetic studies revealed a twofold increase in Vmax with
no significant change in Km , which was reduced by the tyrosine kinase inhibitor
genistein. Additionally, the stimulatory effect of insulin was observed even after
treatment with brefeldin, which disrupts the Golgi apparatus, thereby modifying the
cells’ ability to process newly synthesized PepT1 protein for insertion into the plasma
membrane.143 Furthermore, when colchicine (disrupts the translocation of proteins
targeted for membrane insertion) was added 20 minutes before the addition of insulin,
it abolished the insulin stimulatory effect completely. Moreover, increased PepT1 pro-
tein expression in the apical membrane was demonstrated; however, no corresponding
changes in PepT1 gene expression were observed. Nielsen et al. further demonstrated
in Caco-2 cell monolayers that short-term insulin pretreatment resulted in a Gly-Sar
uptake rate (Vmax) that was significantly higher than that of the controls, and Km

remained constant.144 Moreover, the substantial increase in Gly-Sar uptake was not
accompanied by changes in hPepT1 mRNA or by measurable changes in the cytosolic
pH.

Watanabe et al. further investigated the effects of insulin on cephalexin transport
and PepT1 mRNA and protein expression in Caco-2 cells.145 Consistent with other
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studies, a 10-minute insulin pretreatment significantly increased the cephalexin uptake
and PepT1 protein expression on the apical membrane. Again, no changes were
observed in the PepT1 mRNA expression levels. These findings suggest that insulin
binds to its receptor on the membranes, promoting PepT1 translocation from the
intracellular pool to the apical membrane surface. Collectively, these results indicate
that insulin signals an increased PepT1 translocation from a preformed cytoplasmic
pool to the apical membrane as opposed to de novo synthesis, which is similar to
events observed with the unfolded protein response.143,146 These results are acute, as
opposed to the studies in diabetic rat models that are reflective of a chronic response,
further suggesting an alternative pathway by which insulin might increase PepT1
transcription and translation.

In addition to insulin, other hormonal PepT1 regulators have been identified and
studied, such as epidermal growth factor (EGF) and leptin. In contrast to insulin, EGF
was found to inhibit PepT1 by decreasing the number of transporter molecules on the
apical membrane.147 Kinetic studies demonstrated a significant decrease in Vmax on
the apical uptake of Gly-Sar, whereas Km remained constant. In contrast, basolateral
Gly-Sar uptake demonstrated no changes in either Vmax or Km after EGF treatment.147

Inhibition of transcellular Gly-Sar flux was observed after 5 days of EGF treatment
and reached a maximum after 15 days, indicating that a decrease in peptide transport
occurs after long-term EGF treatment. Interestingly, brief exposure of EGF has been
demonstrated to enhance the functional activity of PepT1.147 A dose-dependent in-
crease in the apical Gly-Sar uptake with no change in Km was observed in Caco-2 cells
after 5 minutes of EGF exposure. Furthermore, short-term EGF treatment did not alter
PepT1 mRNA expression or the intracellular pH. Unfortunately, the actual mechanism
by which short-term EGF treatment increases PepT1 functional expression remains
unclear.147 Down-regulation of PepT2 mRNA was also observed after long-term
treatment with EGF in the rat proximal tubule cell line SKPT0193 cl.2 (SKPT),148

implicating either a transcriptional regulatory mechanism through an EGF-responsive
element or regulation of PepT2 mRNA stability. However, further studies are required
to discern if the EGF regulatory mechanisms for PepT1 and PepT2 share common
features.

Buyse et al. explored hormonal PepT1 regulation further by demonstrating that
leptin secreted by the stomach may reach the small intestinal lumen to mediate trans-
porter expression.149 The addition of leptin to intestinal perfusate increased the ab-
sorption of Gly-Sar across the rat jejunum in in vivo perfusion studies.149 In addition,
uptake studies conducted utilizing Caco-2 cells demonstrated that leptin significantly
increased the Vmax of Gly-Sar and cephalexin without changes in Km values. Further,
leptin addition to the apical side of Caco-2 cells resulted in a 60% increase in mem-
brane PepT1 protein, with a corresponding decrease in intracellular PepT1. Moreover,
enhanced Gly-Sar uptake in response to leptin was abolished with colchicine pretreat-
ment but unaffected by brefeldin.149 Taken together, these results suggest increased
trafficking of PepT1 from the intracellular pool to the apical membrane as a possible
mechanism to enhance the transcellular flux of substrates across Caco-2 cells.

Interestingly, gastrointestinal hormones and/or insulin elicit their regulatory effects
through specific binding to their respective surface receptors, while thyroid hormones
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may regulate the expression of oligopeptide transporters by entering the cells
directly.150,151 Significant inhibition of Gly-Sar uptake in Caco-2 cells was observed
after pretreatment with 3,5,3′-l-triiodothyronine (T3; 100 nM) for 4 days.151 Kinetic
analysis revealed a twofold decrease in the Vmax values with no apparent change
witnessed in the Km . Conversely, Western blot analysis illustrated a 70% reduction
in the apical membrane expression of PepT1 protein versus untreated cells. Since
decreased gene expression was also observed, it was suggested that T3 inhibition of
dipeptide transport is due to decreases in the transcription and/or stability of PepT1
mRNA.151 However, there is no evidence suggestive of a thyroid hormone-responsive
element in the promoter region of the PepT1 gene. Alternatively, it is possible that
after binding to its nuclear receptor, T3 could affect transcription through an indirect
mechanism(s). Lu and Klaassen recently demonstrated increased PepT1 and PepT2
mRNA expressions in male rat kidneys after undergoing thyroidectomies.152 These
changes are suggestive of nutrient conservation during malnutrition, as evidenced by
increased renal reabsorption of di- and tripeptides due to up-regulation of these two
transporters.

6.4.6. Regulation by Pharmaceutical Agents

Various pharmaceutical agents, such as clonidine,153 pentazocine,154 and cyclophos-
phamide,155 have also been demonstrated to affect the activity of oligopeptide trans-
porters. Berlioz et al. studied the receptors responsible for the stimulatory effect of
clonidine utilizing Caco-2 cells that were engineered to stably express �2A-adrenergic
receptors (Caco-2 3B) at a density similar to that found in the mucosa.153 Interestingly,
higher cephalexin transport was observed in Caco-2 3B cells pretreated with cloni-
dine than in wild-type (expressing PepT1 but not having substantial �2-adrenergic
receptors) and HT29 19A clones (a clone that expresses �2-adrenergic receptors but
does not express detectable levels of PepT1). Kinetic analysis revealed an increase
Vmax without altering Km in these cells and that the stimulatory effect of clonidine
was blocked completely by Gly-Sar and �2A-adrenergic receptor antagonists. Further-
more, disrupting the microtubule integrity by colchicine abolished the clonidine effect,
whereas no effect was observed by Na+/H+ exchanger blocker (amiloride), suggest-
ing the role of microtubular integrity on the effect of �2-agonists. Collectively, these
results suggest that clonidine can directly activate �2-adrenergic receptors located on
epithelial cells and thus modulate PepT1 expression by increasing translocation to
the apical membrane.153

Pentazocine pretreatment for 24 hours resulted in increased Gly-Sar uptake in
Caco-2 cells in a concentration- and time-dependent manner.154 Kinetic analyses
have indicated that pentazocine enhanced the Vmax for Gly-Sar uptake without signif-
icantly altering Km in Caco-2 cells. Increased PepT1 mRNA expression was observed,
suggesting that pentazocine induces PepT1 transcription in Caco-2 cells, leading to
increased PepT1 protein expression at the cell membrane.154 In contrast, treatment
with the immunosuppressive agents tacrolimus and cyclosporine A decreased PepT1
activity through an unknown mechanism, as demonstrated by reduction in Vmax of
Gly-Sar uptake without any discernable effect on Km .139 Similarly, pretreatment with
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steroid hormones (progesterone and norethisterone at 3, 10, and 30 mM) for 24 hours
resulted in a significant decrease in the apical-to-basal transport of cephalexin in
Caco-2 cell monolayers.156

6.4.7. Single-Nucleotide Polymorphisms

Single-nucleotide polymorphisms (SNPs) of transporter genes have also been investi-
gated as possible factors influencing interindividual variations in PK and PD profiles.
Coding region SNPs (cSNPs) of transporter genes may induce amino acid mutations,
resulting in changes in transporter intrinsic activity by altering the protein’s affinity
to substrates (Km) and/or translocation ability or capacity (Vmax).157 Despite increas-
ing efforts to understand the molecular and functional characteristics of oligopeptide
transporters, little information is available on their respective genetic polymorphisms.
Zhang et al. reported nine nonsynonymous and four synonymous cSNPs in the PepT1
gene in a population of 44 persons of different ethnic backgrounds.158 Plasmids were
constructed by site directed mutagenesis for each of the nine nonsynonymous variants
and transiently transfected into HeLa cells for functional characterization. Transport
kinetics were studied utilizing Gly-Sar as a model substrate; and PepT1 expression
was determined by Western blot and immunocytochemical analyses. Results demon-
strated that among the nine nonsynonymous SNPs, P586L resulted in significantly
reduced transport capacity (Vmax) and decreased PepT1 protein expression levels.158

Following its initial cloning from a human cDNA kidney library, a single PepT2
transcript was identified and accepted as a consensus sequence.18 Currently, five
nonsynonymous cSNPs (R57H, L350F, P409S, R509K, and M704L) have been iden-
tified (http://www.ncbi.nlm.nih.gov/SNP/).159 However, the functional activities of
only two of these variants, R57H and P409S, have been characterized functionally
in transiently transfected HEK293 cells.159 Uptake studies performed using these
transients and contrasted with wild-types revealed elimination of Gly-Sar uptake in
the presence of the R57H variant. Interestingly, the P409S SNP had little effect on
function since comparable activity was observed in the transient comparative to the
wild-type hPepT2. Western blot analysis and immunofluorescence in Xenopus oocytes
expressing the PepT2 R57H variant verified protein expression at the membrane sur-
face, indicating that the loss of transport activity was not due to changes in expression,
but rather, in it functional characteristics.

6.4.8. Splice Variants

The importance of splice variants in general cannot be underestimated, as they increase
protein diversity by allowing multiple, sometimes functionally distinct proteins to be
encoded by the same gene. However, elucidating the function of each splice variant
has been a tremendous task, especially given the focus on the parent isoform. Inui
and colleagues first identified a novel pH-sensing regulatory protein cofactor which
modulates the transport activity of hPepT1.160 The cDNA was cloned from human
duodenum having 1704 bp that encoded a predicted protein of 208 amino acid residues.
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Functional studies were performed in Xenopus oocytes injected with water, hPepT1
cRNA, the 208 hPepT1 splice variant cRNA, and hPepT1 cRNA combined with the
hPepT1 splice variant cRNA. Interestingly, results demonstrated a lack of transport
activity for Gly-Sar in hPepT1-RF-injected oocytes; however, cotransfection of the
hPepT1 splice variant with hPepT1 affected the pH sensitivity of peptide uptake in
the double transfect, suggesting a pH-regulatory function for the splice variant and
leading to its hPepT1-RF name.

Studies by Sadee and co-workers reported multiple splice variants in the hPHT1
gene.63 In several regions of the hPHT1 sequence deduced, multiple expressed se-
quence tag (EST) overlap was observed, suggesting possible sequence variations in
the human population. Expression analysis in several tissues and by EST alignments
suggests the presence of possible hPHT1 splice variants, as indicated by an insert
or gap in two regions of the hPHT1 coding sequence. Indeed, our laboratory iden-
tified a previously unreported hPHT1 splice variant from Caco-2 cells utilizing the
primers designed for the cloning of the hPHT1 full-length sequence.65 This PHT1
cDNA contained a gap of 58 bp between bases 842 and 900 from the start codon.
This gap induced a shift in the coding frame, resulting in a predicted protein sequence
of 295 amino acids.65 Interestingly, this hPHT1 splice variant comprised the first
six conserved hPHT1 TMDs, similar to the hPepT1-RF,161 raising potential ques-
tions concerning modularity in the hPHT1 gene coding information and its functional
relevancy.13

Recently, Pinsonneault et al. reported haplotype analysis of the PepT2 gene to
determine the effect of variants on PepT2 expression and function.162 Among these
variants, PepT2*1 and *2 were shown to be significantly present in 247 human ge-
nomic DNA samples from different ethnic groups. A haplotype is the combination of
several sequence variants on a single chromosome at a specific locus and may more
accurately reflect genetic diversity in the human population. Wild-type hPepT2 and
its variants were transfected into CHO cells and their function was investigated after
24 hours. Results indicated significantly different Km values for Gly-Sar uptake for
each variant. Furthermore, varying levels of hPepT2*1 and *2 mRNA were observed
in nine heterozygous kidney tissue samples, suggesting the presence of cis-acting
polymorphisms affecting transcription or mRNA processing.

6.5. PHARMACEUTICAL DRUG SCREENING

Permeation of peptide-based compounds across cellular barriers can occur by several
routes (Figure 6.1). One needs to be mindful that each of these routes of permeation
can apply to different peptide-based compounds; however, the physicochemical prop-
erties of the compound and the physiological significance of each route will determine
the relative importance in controlling the compound’s net absorption. In screening
compound permeation across cellular barriers, delineation of the key rate-determining
steps for controlling absorption needs to be identified. Methods to delineate the func-
tional relevancy of each route are now being enhanced further by focusing the kinetics
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Pbarrier = Ppara + Ppassive, trans + Pactive1, trans + ... + Pactiven, trans

Paracellular Transport
• Hydrophilicity
• Molecular size and shape 
• pKa of the ionizable groups

Active Transcellular Transport
• Affinity (Km), capacity (Vmax/Jmax)

• Expression level (constitutive,
  induced)
• Function (drug–drug and drug–nutrient
  interactions, competitive inhibition)

Transcellular Transport
• Lipophilicity

-Hydrogen-bonding potential
-Hydrophobicity

• Molecular size and shape
• pKa of the ionizable groups

FIGURE 6.2. Some of the rate-limiting mass transfer resistances/characteristics of the parallel
paths that oligopeptide-based compounds typically encounter as they traverse cell barriers.The
effective permeability of the physiological barrier is a function of all competing transport
pathways.

on potential paracellular and transcellular events. Adson et al.4 demonstrated that the
delineation of the paracellular and transcellular mass transfer resistances from ob-
served cell-based assay permeability studies was possible. Several studies conducted
by Burton and colleagues further demonstrated that hydrogen-bonding potential may
provide a better means for predicting the potential passive transcellular diffusion of
peptides.163–166 Based on these observations, several studies conducted with larger
oligopeptides demonstrated that conformation and lipophilicity may dictate the extent
of passive paracellular and transcellular peptide transport across Caco-2 and bovine
brain microvessel endothelial cell (BBMEC) barriers. 167,168 These studies focused
on passive diffusion; however, permeation of smaller di- and tripeptides and peptide-
based analogs of similar size may also have affinity for oligopeptides transporters
that can be rate controlling for their absorption. A summary of the characteristics for
each parallel pathway of transport based on an extension of these and other findings
is presented in Figure 6.2.

Although it is clearly evident that oligopeptide transporters play a major physi-
ological role in the absorption of various nutrients and peptidelike xenobiotics, the
pharmaceutical industry has yet to fully realize and exploit the potential advantages
associated with targeted delivery to these transporters. Probably the most readily ap-
parent application of oligopeptide transporter research is the marketability of Valtrex
(valacyclovir) comparative to Zovirax (acyclovir). Comparing clinical trial data (be-
low), the addition of a valyl moiety to the ether end of acyclovir increased the bioavail-
ability from approximately 15% with Zovirax169 to 54% with Valtrex.170 Although
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this increase in acyclovir bioavailability is significant, this case is the exception and
not the rule, as it is arguably difficult to directly synthesize compounds with high affin-
ity for a particular transporter and acceptable biological activity. As such, the focus
of industry has been to screen compounds for their potential transporter affinities or
effective permeability across cellular monolayers and choose lead compounds that are
balanced in their physicochemical properties and potential transporter interactions.
However, given the relative youth of the transporter field, many scientists have had
problems interpreting when a transporter may be important. Although this is largely
dependent on the compound and whether or not it is a substrate for a transporter,
decision making in this area apparently remains vague. Some have suggested altering
the Biopharmaceutics Classification System (BCS) to include elimination criteria to
provide criteria to help us understand when transporters will significantly alter the
pharmacokinetic profile of a new drug.171 However, one still needs to know if the
compound of interest is a substrate for a particular transporter. This is normally done
by permeability screening assays.

Traditionally, the Caco-2 cell line, which is derived from a colonic adenocarci-
noma, is used to measure relative gastrointestinal permeability of compounds. How-
ever, given varying growth conditions, selective pressures, and intrinsic cellular het-
erogeneity, it may be difficult to reproduce permeability data accurately between
laboratories and individuals. For instance, even increasing the number of passages
within the same laboratory changes the expression of numerous transporters in Caco-
2 cells.172 Given the widespread use of these screening models, these differences in
transporter expression may not properly translate to the actual physiological condition
resulting in selection of lead candidates based on erroneous data.

These obvious concerns have led a number of laboratories to look at the con-
tribution of individual transporters through either transient or stable transfection
of the transporter of interest into different cell lines and then measuring transport
kinetics.173–175 Our laboratory developed stably transfected Madin–Darby canine kid-
ney (MDCK)/hPepT1-V5&His clonal cell lines expressing varying levels of epitope-
tagged hPepT1 protein to quantify the relationship between hPepT1 expression and
its functional kinetics.175 The utility of this cell line is that it may serve as a useful in
vitro model for screening and quantifying peptide and peptide-like drug transport as
a function of hPepT1 expression in drug discovery.176

Unfortunately, though, even these altered cell lines are limited in that they can
model physiology only under extremely controlled conditions. As mentioned above,
oligopeptide transporters alone are regulated by a whole host of different mechanisms.
Of particular importance, dietary protein increases the gut intralumenal amino acid
and oligopeptide concentrations, ultimately resulting in increased POT expression
patterns. Given that POT up-regulation is virtually immediate, we (and others) surmise
that the increased membrane expression is due to mobilization from intracellular pools
of unfolded protein (unfolded protein response). Although the initial thought is that
these findings can be utilized to increase the bioavailability of orally administered
peptidomimetic drugs through concomitant prescription of a high-protein diet, this
presents other potential issues, especially with respect to food–drug interactions.
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Studies suggest that dipeptides may regulate their own transport by modifying
PepT1 gene expression via two possible mechanisms: (1) increasing the stabilization
of mRNA encoding the gene, and (2) increasing the gene transcription.123 In fact,
the effect of dietary protein intake on oligopeptide transporter regulation is probably
influenced by a combination of these mechanisms. In short, dietary protein increases
the gut intralumenal amino acid and oligopeptide concentrations, ultimately resulting
in altered oligopeptide transporter expression patterns. With respect to a compound
that exhibits a narrow therapeutic index that happens to be a good substrate for a
POT transporter, the concerted up-regulation of the protein in response to food could
dramatically increase drug absorption and subsequent blood concentrations. Such an
incidence could result in toxic drug effects. Although some may think that such an
occurrence could be averted through simply assessing PK parameters in response to
food, subtle hormonal regulatory effects, such as up-regulation due to insulin, could
present adverse clinical events. Unfortunately, many people do not consider that a
small, sugary snack could seriously affect their drug therapy. However, if such a drug
were a POT substrate, the resulting insulin secretion in response to the snack could
result in serious adverse effects. Although we are not aware of any compounds or
situations where these problems have been manifested, we feel that screening tools
should be improved to better assess the regulatory mechanisms associated with POT
member up/down-regulation to address such potential issues.

Case Study: Targeting Peptide Transporters for Increased Oral Absorption—
Valcyclovir Valacyclovir is an l-valine ester prodrug of acyclovir that is used for the
treatment of herpes, varicella zoster (VZV), and cytomegaloviruses (CMV). Valacy-
clovir was developed to increase the oral absorption and plasma levels of acyclovir.
Increased plasma concentrations of acyclovir are important in maintaining antiviral
activity, especially in immunocompromised patients and in treatment of less sensitive
viruses, such as VZV and CMV.177 Suboptimal exposures can lead to more resis-
tant viral strains. To achieve high enough exposures, acyclovir needs to be dosed
intravenously or in multiple high peroral doses.178 In the design of valacyclovir, the
following criteria were met: It was as safe as acyclovir, efficiently converted, and
gave exposures after oral administration that were comparable to plasma levels of
intravenously dosed acyclovir. Several reviews describe the development, pharma-
cokinetics, and efficacy of valacyclovir.179,180

Initially, two prodrugs of acyclovir with modifications on the purine ring were
synthesized. The development of these prodrugs was discontinued due to incomplete
conversion and to chronic toxicity that was worse than that of acyclovir.177,178 The
toxicity was suspected to be due to phosphorylation of the prodrug.179 Subsequently,
18 amino acid esters of acyclovir were synthesized.177 The bioavailability was mea-
sured following oral dosing to rats. Of the 18 prodrugs, 10 exhibited greater recovery
of acyclovir in the urine than acyclovir itself when dosed orally. Of the 10, the l-valyl
ester, valacyclovir, performed the best, with 63% excreted as acyclovir in the urine.
Valacyclovir was also not phosphorylated, reducing the risk of the potential toxicity
observed with the initial prodrugs utilized.
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Further studies were established to determine if the high absorption of valacyclovir
was due to carrier-mediated transport. The absorption of acyclovir and valacyclovir
was studied in cynomologus monkey intestinal brush border membrane vesicles,
where the influx of valacyclovir into the vesicles was six- to 10-fold higher than the
influx of acyclovir.194 Additional studies in Caco-2 cells showed that transport of
valacylovir was seven times higher than acyclovir transport. In rats, l-amino acid
ester analogs of acyclovir show better absorption than d or d-l analogs, indicating
that the transport was also stereoselective.177

Several studies in Caco-2 and transfected cell lines have shown that valacylovir is
transported by rat and human PepT1, even though the prodrug does not have a peptide
bond.176,181–187 Recent work has, however, shown that several additional transporters
may be involved in valacyclovir transport in humans, and that PepT1 may not be
the predominant transporter of this prodrug in humans. Most recently it has been
suggested that valacyclovir transport by PHT1 and hPT1 may also be contributing
absorption pathways.61,188

The absolute bioavailability of acyclovir when 100 mg of oral valacyclovir prodrug
is dosed to healthy human subjects is 54%, compared to only 15 to 20% (200- to 600-
mg doses) after acyclovir was dosed orally.189,190 Larger variability was observed after
dosing of acyclovir than following valacyclovir dosing. The bioavailability of acy-
clovir from orally dosed valacylovir is similar in rats and cynomolgus monkeys.191,192

Over 99% of valacyclovir that is not absorbed is converted to acyclovir.
When valacyclovir is administered orally, there is a slightly less than dose propor-

tional increase in acyclovir exposure and an increase in Tmax with increasing doses.
The slightly reduced absorption of valacyclovir, with increasing dose is not likely,
due to saturable conversion to acyclovir, because of low urinary recovery of valacy-
clovir, and because the valacyclovir/acyclovir ratio remains the same with increasing
dose. The reduced absorption may be due to saturation of absorption sites along the
gastrointestinal tract.193,194

Although valacyclovir is more soluble than acyclovir (174 mg/mL versus 1.3 mg/
mL),177 solubility is unlikely to limit absorption of either compound. This is supported
by the fact that many of the other amino acid ester analogs that have been studied also
exhibit improved solubility over acyclovir. However, these analogs have very diverse
bioavailability, probably due to differences in their carrier-mediated transport.177

6.6. CONCLUSIONS

Figures 6.1 and 6.2 summarize the parallel pathways of permeation and some of the
important factors associated with the mass transfer resistances encountered with each
permeation route for oligopeptides passive and active transport across cell barriers.
It is clear that the passive routes of permeation are very restrictive and limited in the
capacity for proper significant absorption of peptide-based drugs, particularly across
the gastrointestinal epithelium. Based on this, increasing attention has been focused
on developing agents that may be able to traverse these barriers through increasing
their affinity and capacity for peptide transporters. Until recently, most of the attention
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for facilitating the active oral absorption of peptide-based drugs has been focused on
the PepT1 isoform. Recent evidence has suggested that the presence of other peptide
transporters, PHT isoforms and PT1, may require greater consideration. Assessing
and delineating the functional relevancy and overlap of these isoforms are needed to
properly understand their impact on peptide uptake and absorption.

Although attention to proper assessment of the functional relevancy of other
oligopeptides transporters is merited, there are several universal considerations that
will also hold true in all cases. The most important consideration is the impact of diet
on the function and expression of the transporters, which has been studied with PepT1
and to a lesser extent with PepT2. Hormonal regulation is another key element that
may be altered in certain disease states, in particular metabolic syndrome, which could
significantly alter the membrane expression and the clinical impact of oligopeptides
transporters. Further studies on the functional relevancy of the oligopeptide trans-
porter splice variants and SNPs are also warranted, especially when one considers the
two PepT1 splice variants that do convey functional relevancy. Many other factors
do exist, including the fact that we are still discovering new oligopeptides trans-
porter isoforms which will require significant efforts for their proper elucidation.
In short, it is apparent that considerably more research is required to character-
ize all of the functional peptide transporter systems to recognize their full clinical
impact.
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7.1. INTRODUCTION

7.1.1. SLC16 Gene Family: MCTs

The solute carrier 16 (SLC16) gene family is composed of 14 sequence-related iso-
forms, known as the monocarboxylate transporters (MCTs).1 DNA and protein se-
quence analysis indicates that the members of the monocarboxylate transporter family
possess many similar sequence motifs, consistent with the structure of proteins em-
bedded in a lipid bilayer membrane. The topology predicted includes the presence
of 12 transmembrane domains, intracellular N- and C-termini, and a large intracel-
lular loop between transmembrane domains 6 and 7. The identification of the first
MCT came after the discovery of a mutant protein in Chinese hamster ovary cells
that preferentially transported mevalonate.2 Subsequent cloning and expression of
the wild-type gene in a breast cancer cell line showed that pyruvate was the preferred
substrate.3 Of the now 14 identified SLC16 gene family members, only MCT1 to
MCT4, MCT8, and TAT1 have been functionally characterized and their substrates
identified. Within the known MCT family members only MCT1–4 are known to
transport monocarboxylates such as lactate, pyruvate, butyrate, and the ketone bodies
�-hydroxybutyrate and acetoacetate.4 In contrast, MCT8, formerly XPCT, is known
to facilitate the proton-independent transport of thyroid hormones T3 and T4,5 and
TAT1 is a transporter of neutral amino acids. MCT6 was recently shown to trans-
port the anion drug bumetanide in a pH- and membrane potential–sensitive manner,
although its physiological substrate was not identified.6 Phylogenetic analysis reveals
that MCT1–4 have a high degree of sequence similarity (Figure 7.1). Therefore, it
is suggestive that MCT1–4 are the only MCTs likely to transport monocarboxylates.
Additionally, it is possible that due to their relatedness to TAT1 and MCT8, MCT9
and MCT14 may be involved in amino acid transport (Figure 7.1). The mechanism of
transport for MCT1–4 is electroneutral because a single proton is translocated across
the plasma membrane, along with each monocarboxylate anion. The process begins
with the binding of a proton followed by binding of the monocarboxylate anion. The
two substrates are then translocated across the plasma membrane and released in the
reverse order.7

Through site-directed mutagenesis, many clues have been uncovered as to the
mechanism of monocarboxylate transport by rat MCT1. Several critical amino acids
have been identified that are important for both substrate recognition and transport
activity. Arginine at position 306 (R306) is conserved among almost all MCT family
members and is probably involved in binding of the monocarboxylate anion.8 D302
and E369 are thought to be involved in H+ binding.8 It is hypothesized that the binding
of the monocarboxylate anion to R306 may cause the H+ to move from D302 to E369.
The binding of the H+ to E369 then causes a conformational change that results in
the release of the monocarboxylate anion on the opposite side of the membrane.9

In addition to the residues that may interact physically with the substrates, there
are several other residues that are critical for transport activity. Mutation of R143,
G153, and F360 results in a loss of transport activity or inability to be inserted into
the plasma membrane.9 The loss of MCT1 expression at the cell surface suggests
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FIGURE 7.1. Phylogentic relationship predicted among all SLC family members. A Newick
string containing all 14 protein sequences was generated using the ClustalW algorithm and
plotted as a radial tree using T-REX software (freely available from http://www.labunix.uqam
.ca/∼makarenv/trex.html).

that these residues are critical for the proper association of MCT1 with its ancillary
protein CD147. Finally, experiments suggest that R143 and K142 may be involved in
the stereospecificity of MCT1.9 The hypothetical protein structure of MCT1 (Figure
7.2) based on the crystal structure of the Escherichia coli lactose permease protein
illustrates the position of the critical amino acids. It is evident that the predicted
positions of the amino acids necessary for substrate binding do indeed face the putative
translocation pore.

7.1.2. SLC5 Gene Family: SMCTs

The recent identification of a mutation in a sodium-dependent butyrate transporter
associated with colon cancer led to the discovery of a set of sodium-dependent MCTs
that transport monocarboxylates with a high degree of specificity but do not exhibit the
typical gene or protein structure common to the SLC16 transporter family.10−12 These
transporters, denoted sodium-coupled monocarboxylate transporters (SMCTs),
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FIGURE 7.2. (a) A side view of the hypothetical structure of MCT1 embedded in the plasma
membrane is depicted with solid lines indicating the edge of the lipid bilayer. (b) MCT1 is
shown as in (a), but viewed from the exofacial membrane surface. Each transmembrane domain
(TMD) is color coded from the N- (red) to the c-terminus (purple). The positions predicted for
the critical amino acids necessary for substrate binding (red) and transport activity (black) are
highlighted and numbered according to their position in the protein sequence. This structure
was deduced by threading the MCT1 protein sequence onto the crystal structure of the E. coli
lactose permease A chain using the Cn3D software available from NCBI. (See insert for color
representation of figure.)

comprise two of 12 identified members of the solute carrier 5 gene family and are
denoted SLC5A8 and SLC5A12. This family, also known as the sodium/glucose
cotransporter gene family, contains carriers whose substrates include glucose, my-
oinositol, iodide, choline, and B-complex vitamins.13 Hydropathy analysis of SMCT
protein sequences predicts the presence of 13 transmembrane domains with extracel-
lular N- and intracellular C-termini. The link between colon cancer and SMCT1 gene
suppression make this protein particularly important from a pharmacological per-
spective for clinical and therapeutic purposes. Unlike many MCTs, which generally
have relatively broad tissue expression patterns, the protein expression of SMCTs is
highly tissue specific. This leads to the supposition that these transporters may have
evolved as a mechanism to cope with the unique metabolic requirements associated
with specific tissues. Aside from tissue distribution, there are many other properties
of SMCTs that differ from those of MCTs. As the name implies, the transport mech-
anism for SMCTs involves the transport of monocarboxylates along with sodium
ions in an electrogenic fashion. That is, the symporter cotransports multiple (between
two and four) sodium ions along with a monocarboxylate anion down a concentra-
tion gradient.10 Finally, the substrate affinity of SMCTs for monocarboxylates differs
greatly from that reported for MCTs (Table 7. 1).
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TABLE 7.1. MCT and SMCT Transporter Kinetics

Transporter Source Expression System Substrate Km(mM)

MCT1 Human52 Oocyte l- Lactate 6.0
Pyruvate 2.5

Rat21 Oocyte l-Lactate 3.5
Pyruvate 1.0
�-Hydroxybutyrate 12.5
Acetoacetate 5.5

Hamster113 sf9 (insect cell) l-Lactate 8.3
Pyruvate 3.1

MCT2 Human52 Oocyte l-Lactate 6.5
Pyruvate 0.03

Rat53 Oocyte l-Lactate 0.74
Pyruvate 0.08
�-Hydroxybutyrate 1.2
Acetoacetate 0.8

Hamster113 sf9 l-Lactate 8.7
Pyruvate 0.8

MCT3 Chicken54 Yeast l-Lactate 5.8
MCT4 Human55 Oocyte l-Lactate 28

Pyruvate 150
�-Hydroxybutyrate 130
Acetoacetate 210

Rat22 Oocyte l-Lactate 34
SMCT1 Mouse10 Oocyte l-Lactate 0.23

d-Lactate 0.72
Butyrate 0.08
Acetate 2.46
Propionate 0.12
Nicotinic acid 0.30

SMCT2 Mouse12 Oocyte l-Lactate a

d-Lactate a

Butyrate a

Propionate a

a Km values could not be determined because the transporter could not be saturated.

7.2. MCT AND SMCT TRANSPORTER EXPRESSION

7.2.1. Tissue Distribution and Subcellular Localization of MCTs

In humans, MCT1 is expressed nearly ubiquitously in almost every tissue in the body
and serves as the carrier for lactate flux across the plasma membrane of most cells. In
the case of polarized cells such as the choroid plexus and intestinal epithelium, MCT1
is coexpressed with another MCT, but trafficking mechanisms segregate the MCTs to
opposite sides of the cell (apical and basolateral). This asymmetric distribution may
contribute to vectoral flux of substrates across the cellular barrier.



JWDD059-07 JWDD059-YOU May 29, 2007 17:52

152 MONOCARBOXYLATE TRANSPORTERS

In contrast to MCT1, MCT2–4 are known to play a much more tissue-specific
role in the transport of monocarboxylates. Analysis of MCT2 mRNA and protein
expression in a variety of species has shown that major species-specific variations
in tissue distribution exist. MCT2 expression in rodents is evident in a variety of
tissues, including brain, liver, kidney, and testes.14 Although the major MCT present
in rodent neurons is MCT2, its expression in human brain appears to be minimal.
Both expressed sequence tag (EST) expression and Northern blot analysis of human
brain has found only very low or trace expression of MCT2.15 However, lactate uptake
by neurons has been suggested, with some controversy, as a major source of energy
substrates for neuronal activation.16,17 Therefore, if a high-affinity lactate transporter
is required by adult human neurons, its identity and characteristics are yet to be
determined.

MCT3 is unique among MCTs in that it is reportedly expressed in the retinal
pigment epithelium (RPE), although the human EST database (Unigene) suggests a
somewhat broader expression profile (National Center for Biotechnology Informa-
tion). MCT3 is located at the basolateral membrane, where it functions in tandem
with MCT1 on the apical side.18 The presence of the lower-affinity MCT3 (Km ∼
5.8 mM versus Km ∼ 3.5 mM) in the basolateral membrane of the RPE cell creates a
more effective mechanism for lactate efflux out of the retina and into the bloodstream.

MCT4 works synergistically with MCT1 and is limited in its tissue expression. In
humans MCT4 expression is limited to highly glycolytic tissues and has been detected
in skeletal muscle, heart, and liver.19 In human skeletal muscle MCT4 expression is
highly variable among individuals and is localized primarily to type II glycolytic
muscle fibers, while MCT1 expression varies little between individuals and is present
in both type I and type II muscle fibers.20 This coexpression of MCT1 with other MCTs
probably results from the unique physical and biochemical properties associated with
each MCT family member.19 For example, the Km of MCT1 for lactate is about 3.5
mM,21 while that of MCT4 is significantly higher (Km ∼ 17 to 34 mM).22 Because
the concentration of lactate in the blood is normally about 1.5 mM, this extreme
difference in substrate affinity results in MCT4 acting more like an assistant to MCT1
to further enhance lactate efflux from glycolytic muscle fibers.19

In the human colon, there exist symbiotic bacteria that breakdown undigested
carbohydrates to produce significant amounts of short-chain fatty acids (SCFAs)
such as butyrate, propionate, and acetate. These SCFAs serve as major precursors in
generating glucose, amino acids, and ketone bodies.23 SCFAs also provide a major
fuel source for the colonocytes, with butyrate being the most preferred substrate
for oxidation.24 The colonocytes that line the lumen of the human colon exhibit
polarized expression of MCTs, where MCT1 is expressed on the apical surface and
MCT4 is localized to the basolateral surface.25 These transporters are critical for
proper maintenance of the colon epithelium because SCFAs such as butyrate in the
colon have been shown to regulate many essential cellular functions, including cell
growth, proliferation, and differentiation.26 The presence of MCT1 on the apical
side and the low-affinity MCT4 on the basolateral surface of the colon epithelium
provides a means by which SCFAs can be concentrated in the colonic epithelial cell
for catabolism and regulatory processes. Additionally, the polarized expression of
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these transporters restricts transfer of monocarboxylates from the basolateral surface
out into the gut lumen.

7.2.2. Tissue Distribution and Subcellular Localization of SMCTs

Adding to the complexity of monocarboxylate transport in the intestinal tract, re-
searchers have recently confirmed the presence of SMCT1 and SMCT2 in the human
and mouse intestine.11,12 Interestingly, these two transporters have very different ex-
pression patterns along the entire length of the intestinal tract. In mouse, SMCT1
was found to have the most abundant transcript expression in the distal part of the
small intestine, cecum, and colon, whereas SMCT2 mRNA expression was local-
ized exclusively to the proximal region of the small intestine.10,12 The presence of
SMCT2 in the proximal (sterile portion) of the small intestine implies that it may play
a major role in the absorption of monocarboxylates that stem from dietary sources
rather than from bacterial sources as in the more distal portions of the intestine.12 In
addition to assisting the H+- linked MCTs in nutrient uptake, the presence of SMCTs
in the colon also presents a unique means by which the intestinal epithelial cell can
import d-lactate from the lumen. Although humans cannot produce d-lactate, it is
the metabolic by-product of many bacteria in the intestinal tract and can serve as an
energy source for mammalian tissues.10

In situ hybridization studies have also identified unique expression patterns of
SMCTs in the mouse kidney. SMCT2 expression was shown to be greatest in the
cortical regions of the proximal tubule epithelium, where concentrations of lactate
are highest, while SMCT1 transcript expression is high in the cortex and moderate in
medullary regions of the tubule epithelium, where lactate concentrations are low.12,27

Furthermore, the identification of SMCTs in the nephritic proximal tubule epithelium
is significant because no known H+-linked MCT has been shown to be expressed on
the apical surface of the proximal or distal region of the tubule epithelium. The SMCTs
would then facilitate the movement of monocarboxylates into and out of the nephron
tubule lumen. It is known that ∼95% of blood lactate is recovered in the kidney.28

It makes sense, then, that both high- and low-affinity sodium-coupled cotransporters
are expressed in the proximal tubule, whereas only the high-affinity transporter is
expressed in the distal nephron. During intense exercise the concentration of lactate
in blood can become elevated. The presence of the low-affinity SMCT will ensure
efficient capture of lactate from the blood filtrate, while the high-affinity transporter
will capture the remaining lactate during its passage through the distal nephron.

7.3. REGULATION OF GENE EXPRESSION AND ACTIVITY

7.3.1. Regulation of Gene Expression

Most studies on the regulation of MCT gene expression focus on MCT1. Experimental
evidence suggests that MCT1 function may be regulated at both the transcription and
translational levels. The availability of substrate has been demonstrated to influence
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MCT1 gene expression; however, the details of this mechanism are unknown. It has
been shown that suckling rat pups, where the diet is composed primarily of fats
from the mother’s milk, have increased levels of MCT1 protein in brain endothelial
cells compared to adult rats.29 Additionally, adult rats fed a high-fat diet, which re-
sults in high levels of plasma ketones, have increased expression of MCT1 at the
blood–brain barrier.30 Furthermore, butyrate greatly enhances MCT1 transcript and
protein expression in a human intestinal cell line.31 Exercise training in humans also
dramatically affects MCT expression in skeletal muscle. During periods of intense
muscle activity in humans, lactate production by glycolytic muscle cells is greatly
enhanced. MCT1 in the plasma membrane reportedly increases by as much as 76%,
while MCT4 protein content increased by 34% after 8 weeks of exercise training.20

Additionally, in the heart, where lactate is a major fuel source for oxidative phosphory-
lation, up-regulation of MCTs is even more dramatic following periods of moderate-
and high-intensity exercise.19 Although it is clear from these results that high levels of
lactate and circulating ketone bodies can induce MCT1 gene transcription, the exact
pathway that is involved remains elusive.

Some clues as to the mechanism of MCT1 transcriptional regulation are emerging.
With the recent release of the human genome sequence and characterization of the
human MCT1 promoter, researchers have been able to identify several transcription
factor–binding sites within the promoter region. These conserved sequences within
the human MCT1 promoter include binding sites for upstream stimulatory factors
(USFs), nuclear factor-�B (NF�B), stimulating protein 1 (SP1), activator protein
1 (AP1), and activator protein 2 (AP2).32 Of these putative MCT1 transcriptional
regulators, only USFI and USFII have been shown in vitro to regulate MCT1 gene
expression. Overexpression of USFI and USFII in a human intestinal cell line (Caco-2)
led to a 34% and 84% decrease in MCT1 promoter activity, respectively.33 In another
study, CoCl2, an oxidative phosphorylation inhibitor and putative activator of the
transcription factor HIF-1α, caused an increase in MCT1 mRNA in cultured rat brain
endothelial cells (RBE4).4 Additionally, in a more recent study it was hypothesized
that increased MCT1 mRNA expression in brain may be mediated by HIF1α in a
spontaneous hypertensive rat model after an ischemic insult.34 In contrast to these
reports, a recent analysis of the human MCT1 and MCT4 promoters indicated that only
MCT4 is responsive to hypoxia through a direct interaction with HIF1α.35 Although
the MCT1 promoters of different species contain many of the same transcription
factor–binding sites, the sequences vary greatly. Therefore, it is possible that some
transcriptional regulator elements among species are conserved, whereas others, such
as response to hypoxia, are not.

Evidence supporting hormonal regulation of MCT1 transcription has also been
reported. In a thyroid cell line (FRTL-5) MCT1 transcription was found to be regulated
by thyroid-stimulating hormone (TSH) through cAMP-dependent pathways.36 In a
human intestinal cell line (Caco-2), addition of leptin to the apical surface leads to
a small but significant increase in MCT1 protein in the apical membrane.37 This
increase in MCT1 expression induced by leptin was attributed to increased MCT1
mRNA production and enhanced translocation of the transporter protein to the plasma
membrane from intracellular pools.37 Further studies with Caco-2 cells have shown
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a fivefold increase in MCT1 protein expression following long-term exposure to
phorbol ester and down-regulation of protein kinase C (PKC).38

7.3.2. Intracellular Trafficking

Many multispanning integral membrane transport proteins, ion channels, and recep-
tors are associated with single-spanning glycosylated proteins that facilitate their
translocation to the plasma membrane. These ancillary proteins not only are re-
quired for delivery of the transporter to the plasma membrane, but in some cases
they have been found to modulate transporter activity.39−41 Two glycoproteins in the
immunoglobulin superfamily facilitate the translocation of MCT1–4 to the plasma
membrane. CD147 (also known as basigin, EMMPRIN, HT7, and OX-47) is the
ancillary protein to MCT1, MCT3, and MCT4,42,43 while gp70 (embigin) is the an-
cillary protein for MCT2.44 In erythrocytes, where CD147 is absent, gp70 appears
able to serve as the ancillary protein to MCT1.45 These two glycoproteins have the
same basic structure in that they contain variably glycosylated extracellular IgG-like
domains along with a highly conserved single-pass transmembrane segment and short
intracellular C-terminus. It is hypothesized that the interaction between MCTs and
their accessory proteins involves electrostatic interactions between a glutamic acid
residue in the transmembrane segment of either CD147 or gp70 and an arginine
residue conserved in transmembrane domain 8 of MCT1.46 Recently, this hypoth-
esis was challenged by showing that mutation of the Glu-221 of CD147 (E221A)
failed to disrupt the interaction between MCT1 and CD147.47 The exact nature of the
interaction between CD147 and MCTs is unresolved.

In polarized epithelial cells, MCTs are often targeted to either the apical or baso-
lateral membranes via signals within the transporter itself or through sorting signals
within the ancillary protein. It was recently reported that the C-terminus of CD147
contains a basolateral sorting signal for translocation of MCTs in MDCK cells.47,48

Interestingly, in the retinal pigment epithelium (RPE), where both apical and baso-
lateral targeting of CD147 occurs, the CD147 sorting signal is not recognized and
results in the delivery of the CD147/MCT1 heterodimer to the apical surface.47 This
may also be true in the intestinal epithelium, where MCT1 is targeted to the apical
side of the plasma membrane. Although there is a lack of identified sorting signals,
MCT1, MCT3, and MCT4 were found to contain strong basolateral sorting signals
that are recognized in both MDCK and RPE cells. The fact that various MCT isoforms
have evolved different mechanisms to achieve polarized expression within epithelial
cells has greatly enhanced the ability of the cell to regulate the transport of monocar-
boxylates to meet the specific needs of individual cell types. The interaction of MCTs
with their accessory proteins is multifunctional. Not only is the interaction essential
for proper membrane trafficking, but the direct protein–protein interaction must be
retained in the membrane to maintain functional transport activity. Disruption of the
disulfide bridges in CD147 with p-chloromercuribenzene sulfonate (pCMBS), which
causes the protein to be more loosely associated with MCTs, abolishes transport
activity in Xenopus oocytes.44
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7.3.3. Regulation of Transporter Activity

Studies regarding the modulation of transport kinetics of MCTs within the plasma
membrane provide important evidence regarding the regulation of MCT1 activity. Ac-
tivation of cAMP-dependent pathways in rat brain endothelial cells (RBE4) caused
a 40 to 60% reduction in lactate transport.49 This reduction in lactate transport was
attributed to loss of transporter function in the membrane by either internalization of
the transporter or inactivation of the transporter by protein modification. These re-
sults suggest that phosphorylation of MCT1, CD147, or a closely associated protein
is likely to be involved in the cAMP response.49 Indeed, MCT1 contains potential
phosphorylation sites, but to date there is no conclusive evidence for direct phospho-
rylation. Aside from CD147, carbonic anhydrase isoform II (CAII) is the only other
protein that has been shown to interact directly with MCT1. Addition of CAII to
Xenopus oocytes expressing MCT1 increased transporter activity three- to fivefold.50

Interestingly, it was shown that the C-terminus of MCT1 was not important for bind-
ing with CAII to occur, but it was essential for modulation of transporter activity. In
addition to direct protein–protein interactions with MCTs, it is probable that protein
interactions with CD147 may also modulate transporter function. There is evidence for
a “CD147–CD98hc supercomplex” containing several transporters and cell surface
glycoproteins that are tightly associated with each other in the plasma membrane.51

This complex includes CD147, MCT1, CD98hc, the amino acid transporters LAT1
and ASCT2, and the glycoprotein EpCAM. This complex is coordinately expressed
at the transcriptional level in tumor cells, and due to their close association in the
membrane, it is likely that functional modulation of one of these proteins could alter
the transport activity of other proteins in the complex.51

7.4. CLINICAL APPLICATIONS AND IMPLICATIONS
FOR DRUG DELIVERY

7.4.1. Substrates

Natural Substrates MCT1–4 and SMCTs 1 and 2 are known to transport a variety
of physiologically relevant substrates, including lactate, pyruvate, and butyrate. Each
of these monocarboxylate transporters exhibits unique kinetic properties. The affinity
for monocarboxylates by MCT1 and MCT4 is very similar across species, while the
affinity for monocarboxylates by MCT2 varies greatly between rodents and humans
(Table 7. 1). Rat MCT2 was characterized as the high-affinity pyruvate carrier because
of its low Km value, 0.08 mM.52 MCT2 also has a relatively high affinity for lactate,
but major differences exist between human, rat, and hamster transporters. While
rat MCT2 has a Km of 0.74 mM for lactate, human and hamster MCT2 have a
roughly 10-fold higher Km of 6.5 and 8.7 mM, respectively.52,53 The differences in
transporter kinetics between species can make it difficult to form conclusions about
the physiological role of MCTs in rodents compared to that of humans. Cross-species
studies of MCT kinetics are absent for MCT3, SMCT1, and SMCT2. Therefore,
species comparisons are not possible.



JWDD059-07 JWDD059-YOU May 29, 2007 17:52

CLINICAL APPLICATIONS AND IMPLICATIONS FOR DRUG DELIVERY 157

Multiple monocarboxylates have been tested as substrates for MCT1–4 (Table
7.1). While MCT1 has a moderate affinity for lactate and pyruvate, it appears to have
a slightly higher affinity for pyruvate in all species that have been studied. Few data
are available on MCT3 kinetics, but the chicken isoform appears to have a similar
affinity for lactate as MCT1.54 In both rat and human, MCT4 is a low-affinity lactate
transporter (Km 28 to 34 mM), where its proposed function is to extrude lactate from
highly glycolytic cells, such as skeletal muscle fibers and astrocytes.22,55

In contrast to MCT1–4, SMCT1 transports monocarboxylates with a very high
affinity, with butyrate being the preferred substrate.10 Another unique property of
SMCT1 is that it has similar transport affinities for both l- and d-lactate. Although
SMCT1 and SMCT2 transport similar substrates, the Km values for SMCT2 could not
be computed, due to the inability to saturate the transporter.12 In addition to lactate,
pyruvate, and SCFA, both SMCT1 and MCT1 contribute to the uptake of the water-
soluble B-complex vitamin nicotinic acid in the intestinal epithelium.56,57 Addition-
ally, SMCT1 was originally identified as a iodide transporter, but recent studies suggest
that the transporter acts as an iodide channel that is gated by monocarboxylates.58,59

Clinically Relevant Drugs Although drugs administered orally can enter the body
through passive diffusion in the intestinal tract, transport involving specific membrane
carriers in the intestinal epithelium may contribute significantly. The expression of
MCTs in the human gut and elsewhere throughout the body makes this carrier family
particularly important for the enhanced uptake of exogenous and clinically relevant
substrates from the gut lumen and for their subsequent delivery into target tissues. Ad-
ditionally, the presence of MCTs in many barrier systems, including the blood–brain
barrier, blood–testis barrier, and blood–placental barrier, provide a means by which
drugs can be targeted to tissues where passive diffusion is unlikely to occur. Exoge-
nous substrates that are transported via MCTs are typically anions of small, weak,
monovalent organic acids that are either hydrophobic or hydrophilic.4 Facilitated dif-
fusion of weak organic acids such as acetate, propionate, benzoate, and nicotinate
have been demonstrated both in in vitro and in vivo and are likely to be mediated by
MCTs.60−63

Although it has been proposed that nonsteroidal anti-inflammatory compounds
(NSAIs) such as salicylic acid and ibuprofen are transported by MCTs,64,65 studies
in a human trophoblast cell line show that MCT-mediated transport of these com-
pounds is unlikely.66 However, even though NSAIs may not be transported, these
compounds appear to interact with MCTs and inhibit the transport of endogenous
monocarboxylates. Several �-lactam antibiotics, including phenethicillin, propicillin,
and carindacillin, are reportedly transported by MCTs.67 Cellular uptake of another
�-lactam drug, cefdinir, is in part by MCT activity.68 Transport of the 3-hydroxy-3-
methylglutaryl-coenzyme A (HMG-CoA) reductase inhibitors simvastatin and ator-
vastatin across the blood–brain barrier (BBB) is also mediated by MCTs.69−71 The
use of valproic acid, an antiepileptic agent, during pregnancy has been associated
with causing fetal malformations, and its transport across the intestinal epithelium and
blood–placental barrier is hypothesized to occur via MCTs.72 Additionally, XP13512,
a recently developed gabapentin prodrug used for treatment of seizures, is reported to
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be transported with high affinity by both MCTs and the sodium-dependent multivita-
min transporter (SMVT) in Caco-2 cells.73 The hypoglycemic agent nateglinide has
also been demonstrated to be transported in part by MCTs, but other significant trans-
port mechanisms exist.74 The ineffectiveness of the anticancer drug 6-mercaptopurine
(6-MP) in the central nervous system of patients with acute lymphoblastic leukemia
has been attributed to a high rate of 6-MP efflux across the BBB by MCTs.75

Many compounds that are derived from dietary sources can have powerful antiox-
idant properties. Some of these naturally occurring compounds, such as quercetin,
artepillin, caffeic acid, and their metabolites, produced by bacterial metabolism are
known to be transported by MCTs expressed in Caco-2 cells, and thus by inference,
across the intestinal epithelium.76−79 Although many clinically relevant compounds
are transported by MCTs, a few drugs influence MCT1 gene and protein expression
but do not serve as substrates. The anti-cancer drug flutamide, used in the treatment of
prostate cancer, has been shown to cause a significant decrease in MCT1 and MCT2
mRNA expression and causes long-term deficits in lactate transport in rats exposed to
the drug during the fetal life stage.80 Furthermore, the �2-agonist clenbuterol, a bron-
chodilator with potent anabolic properties, was found to cause significant decreases
in MCT1 protein expression in both the soleus and extensor digitorum longus (EDL)
muscles in rats after 4 weeks of drug exposure.81

7.4.2. Inhibitors

There is a wide range of reversible and irreversible inhibitors of monocarboxylate
transport. These inhibitors can be classified into four general categories. First, sub-
stituted aromatic monocarboxylates such as phenylpyruvate and derivatives of α-
cyanocinnamate (α-CHC) serve as potent competitive reversible MCT inhibitors.
Although α-CHC is commonly used as a MCT inhibitor, it is a more potent inhibitor
of the mitochondrial pyruvate carrier.82 Therefore, this inhibitor blocks oxidative
phosphorylation and causes the toxic buildup of lactic acid. Second, pyrrolopyrim-
idinedione (PPD) derivatives serve as highly specific MCT inhibitors.83,84 These
compounds are known to have potent immunosuppressant effects by specifically
preventing T-lymphocyte activation through inhibition of lactate transport.83 Third,
there are amphiphilic compounds that can also serve as competitive reversible MCT
inhibitors. Compounds in this group include the anion transport inhibitors 5-nitro-
2-(3-phenylpropylamino)benzoate (NPPB) and niflumate. Additionally, the naturally
occurring flavonoids quercetin and phloretin have been shown to bind competitively
with MCTs. Aside from its antioxidant properties, quercetin also suppresses the
stress response by inhibiting the expression of heat shock proteins.85 Phloretin has
been shown to increase membrane fluidity and inhibit the transport of many organic
acids, inorganic ions, and nonelectrolytes.86 Finally, stilbene disulfonates such as
4,4′-diisothiocyanostilbene-2,2′-disulfonate (DIDS) and 4,4′-dibenzamidostilbene-
2,2′-disulfonate (DBDS) serve as very potent, membrane-impermeant, competitive,
and reversible inhibitors of MCTs.87 Prolonged exposure (>1 hour) to DIDS, however,
can lead to irreversible inhibition due to the modification of amino groups at the cell
surface. Therefore, DBDS may be a more practical inhibitor in this category because
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it does not contain reactive isothiocyanate groups and may be less toxic to cells dur-
ing long-term exposure.87 A recent report suggests that bumetanide is transported by
MCT6.6 However, because the physiological substrate for MCT6 is not known, it is
conjecture whether this drug inhibits the normal function of this transporter.

In addition to the MCT inhibitors that interact directly with the transporter it-
self, pCMBS irreversibly inhibits MCT transport through modification of CD147.
Inhibition of monocarboxylate transport by pCMBS results from the modification of
disulfide bridges within the IgG-like domains of CD147, thus disrupting the interac-
tion between the transporter and CD147 at the cell surface.44 DEPC may also inhibit
transport by MCTs through an indirect mechanism.54 Whether any of the compounds
within these four inhibitor categories act on SMCTs is unknown, but the identification
of SMCT-specific inhibitors will surely provide valuable information as to the overall
contribution of these transporters to monocarboxylate transport.

Of all the inhibitors described previously, only the PPDs appear to be MCT specific;
the remainder are less specific and may inhibit other transporter families.83 The PPDs
are known to be highly specific for MCT1 and to a lesser extent for MCT2. Although
most of these inhibitors are not isoform specific, their affinities for the various MCT
isoforms vary significantly (Table 7.2). Most of the MCT inhibitors identified are com-
petitive, and therefore the high-affinity MCT2 is most sensitive, while the low-affinity
MCT4 is least sensitive to the classical MCT inhibitors. The most potent inhibitors

TABLE 7.2. Inhibitors of MCTs

Transporter Source Expression System Substrate IC50(�M)a

MCT1 Rat53 Oocyte α-CHC 425
Phloretin 28
Benzobromaron 22
Quercetin 14
DIDS 110022

DBDS N.A.
pCMBS N.A.

MCT2 Rat53 Oocyte α-CHC 24
Phloretin 14
Benzobromaron 9.0
Quercetin 5.0
DIDS N.A.
DBDS N.A.

MCT3 Rat54 Yeast DEPC 400

MCT4 Rat22 Oocyte α-CHC 350
Phloretin 40
DIDS 500

MCT6 Human6 Oocyte Bumetanide 0.08b

a N.A., not available.
b Km value (mM).
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are the flavonoids phloretin and quercetin. The hystidyl-selective reagent diethyl
pyrocarbonate (DEPC) is the only compound known to inhibit MCT3. Treatment
with hydroxylamine did not reverse the inhibition; therefore, the authors concluded
that DEPC inhibition was caused by modification of lysine or arginine residues.54

Interestingly, MCT3 was found to be insensitive to the classical MCT inhibitors,
such as phloretin, α-CHC, and pCMBS.54 The reason for the insensitivity of MCT3 to
the classical MCT inhibitors is unclear but may be explained in part by the use of a yeast
expression system that did not include coexpression of the accessory protein CD147.
In another study, coexpression with CD147 was necessary for functional expression
of the transporter (MCT1) in yeast.88 These results suggest that it is likely that another
protein within yeast, which is insensitive to pCMBS, facilitated the translocation of
MCT3 to the plasma membrane. Further studies will be needed to validate MCT3
inhibitors and clarify its trafficking, localization, structure, and transport mechanism
in yeast.

7.4.3. Implications in Physiology and Disease Treatment

Cancer Biology Neoplastic tissues exhibit high metabolic rates that correlate with
increased cellular growth and proliferation. Interestingly, tumor cells have increased
glucose transport capabilities and rely predominantly on glycolysis for adenine
triphosphate (ATP) production even in the presence of oxygen. Thus, tumor cells are
major producers of lactic and pyruvic acids, physiological substrates for the MCTs
and SMCTs. To cope with the increased production of lactate and H+, tumors may
up-regulate MCT expression at the cell surface in order to maintain a homeostatic
pH.89 Additionally, the MCT accessory protein, CD147, is an inducer of matrix
metalloproteinases, enzymes essential for tissue basement membrane digestion.
Thus, increased MCT expression may lead to increased expression of CD147 and
aid in tumor invasion and metastasis.90 High levels of MCT1 and MCT2 expression
have been detected in many human epithelial tumor cell lines.52 Furthermore, it was
demonstrated that MCT1 protein expression increased in some melanoma cell lines
where they play a significant role in the regulation of intracellular pH and may be criti-
cal for tumor cell survival.91 Additionally, there is increased MCT1 protein expression
in human high-grade glial neoplasms compared to normal brain.92 The ability of both
MCTs and their accessory proteins to promote tumor cell growth and survival makes
them attractive drug targets for cancer therapy. It has been suggested that inhibition of
lactic acid export from tumor cells by inhibiting MCTs may be an effective anticancer
strategy. The theory is that failure of MCT function will cause intracellular pH to fall
and disable cellular metabolism and processes. However, most MCT inhibitors are
not sufficiently specific and may be toxic to normal and tumor cells. An exception
may be the recently reported PPDs that appear to block immune cell responses by an
MCT-specific mechanism but are not generally toxic.83 Further studies to evaluate
the effect of this new class of MCT inhibitors on tumor cells are warranted.

In contrast to the up-regulation of MCTs in many tumor cells, MCT and SMCT
expression often becomes down-regulated in colorectal tumors. The short-chain fatty
acid butyrate, produced through bacterial fermentation of dietary fiber in the colon,
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is important for the regulation of many genes involved in proliferation and differ-
entiation as well as apoptosis within colonocytes.93 Butyrate is thought to regulate
gene expression primarily by inhibiting histone deacetylases.59 Alterations in butyrate
transport in the colonic epithelium have been shown to have significant effects on cel-
lular development. Thus, the proper expression of MCTs and SMCTs in the colon is
critical in maintaining tissue homeostasis. Diminished MCT expression and conse-
quently decreased uptake of butyrate can lead to the promotion of tumor growth.94

During the transition from normalcy to malignancy MCT1 mRNA and protein expres-
sion are significantly down-regulated in the human colon, while MCT2 and MCT4
remain relatively low in abundance.95 Whether the down-regulation of MCT1 expres-
sion is caused by a decrease in substrate availability or a malfunction in the signaling
pathways involved in MCT1 gene expression is unknown, but this alteration in gene
expression certainly may contribute to the malignant phenotype. Although MCT1
may play a significant role in butyrate transport in the human intestine, the role of
SMCTs may be equally significant. Because the transmembrane gradient for Na+ is
much larger than for H+, the driving force for butyrate uptake by colonocytes is much
greater through SMCT1 than through MCT1.59 Given these facts, it is not surprising
that SMCT1 is a potent tumor suppressor in the colon.96 SMCT1 gene expression is
silenced in approximately 60% of colorectal cancers.96 Additionally, when SMCT1
expression is restored in vitro, colony formation is decreased by at least 75% in some
colon cancer cell lines.59 The mechanism of SMCT1 suppression in colorectal tumors
appears to result from aberrant methylation of exon 1, which occurs during the very
early stages of tumor development.96 In addition to observations of colorectal tumors,
SMCT1 suppression has also been seen in human tumors from the stomach, thyroid
gland, and brain.59 Butyrate is found in very low concentrations in the blood, so its
availability in tissues other than the colon is limited. The role of SMCT1 in tissues
where butyrate is not available requires further investigation.

Cerebral Vascular Disease and Stroke It has long been recognized that brain oxy-
gen deprivation stimulates glycolysis, lactate accumulation, and a decline in pH to
levels incompatible with those of normal enzyme function and pathways of energy
metabolism.97,98 However, what is less well recognized is that in contrast to muscle
and other tissues that readily eliminate anaerobically produced lactate and H+ ions
by efflux into the blood, the adult brain significantly lacks this capacity.99

Higher plasma glucose levels (and higher brain lactic acid levels) have also been
associated with greater ischemic damage in adult animals.100,101 Consistent with this
observation is the report that fasting (and lower plasma glucose) results in smaller
ischemic infarcts.102 However, paradoxically, higher plasma glucose (and more sub-
strate for maintaining energy levels) is also correlated with a reduction in ischemic
damage in suckling rat pups.103 Notably, lactic acid efflux was not determined in these
studies, and it may play an important role. In suckling rats, MCT1 protein levels at
the BBB are elevated 25-fold compared to adults.29 Moreover, a ketogenic diet, al-
though conferring stroke neuroprotection, also elevates brain vascular MCT1.30 This
adaptation for processing monocarboxylic acids may enable the brain to eliminate
efficiently the excess lactic acid produced by glycolysis during and following a stroke
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(hypoxia/ischemia). A corollary to this hypothesis is that lactate and hydrogen ions
from the brain interstitial space are transported into the blood by MCT1 in brain
endothelial cells. Interestingly, fasting induces ketonemia and confers neuroprotec-
tion in rats subject to hypoxic insult102,104 while also enhancing MCT function.105

Elevated MCT1 expression correlates with a reduced risk of ischemic damage, and
MCT1 may play a key role in this neuroprotection. Complementary to increased
numbers of MCT1 proteins is the possibility that increased functional activity of ex-
isting transporters by intracellular regulatory mechanisms also may play a key role
in facilitating lactic acid processing and efflux from the brain.49−51

Diabetes Diabetes (types I and II) is a disease involving disturbances in insulin sig-
naling and disruption of glucose metabolism. Altered glucose transport and oxidation
generates products such as pyruvate and lactate that utilize MCTs for cellular trans-
port. Therefore, a significant role of MCTs in diabetes may be hypothesized. It is
reported that elevated levels of plasma lactate may be a significant risk factor for the
development of type II diabetes.106,107 Skeletal muscle contributes significantly to
insulin-dependent glucose uptake and is a major source of lactate in human body.

In both type I and type II diabetes, MCT expression is altered severely. MCT1 pro-
tein content in skeletal muscle in men with type II diabetes was about 35% lower than
in healthy men and increased to normal levels following moderate exercise training.108

In contrast, MCT4 protein was not significantly different between the two groups,
but after exercise training, MCT4 content increased in healthy men and remained
unchanged in men with type II diabetes.108 This would indicate that the expression of
MCT1 and MCT4 in muscle is altered in diabetes and that their regulation in response
to exercise is modified.

In rats with streptozotocin (STZ)-induced type I diabetes, it was found that MCT1
protein was reduced in heart, and MCT1 and MCT4 protein were reduced in skeletal
muscle.109 Consistent with previous observations, this decrease in MCT1 and MCT4
protein was elevated back to normal levels in both heart and skeletal muscle with
intense exercise training.109 This suggests that it may take a high level of exercise
training to elevate MCT4 protein levels in patients with diabetes. In addition to skeletal
muscle, adipocytes are also important sites of lactate production, where MCT1 is
expressed to facilitate lactate efflux. In a STZ-induced type I diabetes rat model
it was shown that MCT1 protein expression in adipocytes is decreased by almost
80% that of control rats.110 It is apparent from these results that MCT expression
is severely altered in both skeletal muscle and adipocytes in rats and humans with
diabetes. Whether these changes in MCT expression contribute to disease progression
or are a result of altered glucose metabolism (or a combination of the two) is unknown.
Pharmacological manipulation of MCT expression and/or activity to maintain normal
plasma lactate levels may aid in the prevention and treatment of diabetes.

7.4.4. Drug Design

Currently, only structural comparisons of substrates have been performed to exam-
ine the minimum requirements necessary for MCT-mediated transport. Generally,



JWDD059-07 JWDD059-YOU May 29, 2007 17:52

REFERENCES 163

MCT1–4 prefer monocarboxylates containing two to four unbranched, aliphatic car-
bon atoms, with the highest affinity for compounds containing three carbons. Single
carbon atoms containing monocarboxylates, such as formate and bicarbonate, are
poor substrates.1 Substitutions in the C2 and C3 positions are tolerated (excluding
amino and amido groups), with carbonyl or hydroxyl substitutions at C2 generally
being preferred (pyruvate and lactate). MCTs are stereoselective for l-lactate but not
for 2-chloropropionate and �-hydroxybutyrate.14

Monocarboxylate compounds containing long-branched aliphatic or aromatic side
chains are also acceptable substrates for MCTs. Some of these compounds can bind
to the transporter with high affinity but are not easily translocated and thus function
as inhibitors. The monocarboxylate group does not appear to be essential because
compounds such as the PPD derivatives, quercetin, phloretin, and 6-MP also serve as
substrates for MCTs. Additionally, the PPD derivatives may serve as good templates
for drug design because they are isoform specific.

X-ray crystallography provides a means by which the structures of the translocation
pore of membrane transporters may be deduced.111,112 Thus far no MCT protein has
succumbed to any such structural analysis. However, a hypothetical three-dimensional
structure of MCT proteins can be obtained by threading the amino acid sequence onto
the previously determined three-dimensional structures of similar 12-transmembrane-
domain-containing proteins (lactose permease, glycerol-3-phosphate transporter)
(Figure 7. 1). In the near future it may be possible to apply software to describe
the dimensions, electronic configuration, and putative amino acids that define the
substrate binding and translocation features of MCTs.

Few studies have been conducted concerning the substrates and inhibitors of SM-
CTs, therefore, it is difficult to determine its overall substrate preference. It can be
assumed, however, that because MCT1–4 and SMCTs transport similar natural sub-
strates, they are both likely to be involved in transport of the same clinically relevant
substrates. From the available kinetic studies it appears that both SMCT1 and SMCT2
have a higher affinity for unsubstituted monocarboxylates (butyrate). Additionally,
as the chain length increases from two to four carbons, the affinity increases. Fur-
thermore, the ability of SMCTs to transport both l- and d-lactate with high affinity
may provide a means by which synthetic compounds can be targeted specifically for
SMCT-mediated transport.
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8.1. INTRODUCTION

Endogenous nucleosides (Figure 8.1) are important precursors of nucleic acid syn-
thesis, a process fundamental to the growth and metabolism in all living systems. The
purine nucleoside adenosine is also a key signaling molecule that exerts profound
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FIGURE 8.1. Structures of selected nucleosides and nucleoside analogs.

effects on many tissues and organs by activating specific purinergic receptors.1,2

Nucleosides are hydrophilic and have low membrane permeability. To facilitate the
movement of nucleosides across cell membranes, mammalian cells have evolved two
major classes of transporters: concentrative nucleoside transporters (CNTs) and equi-
librative nucleoside transporters (ENTs). At the cellular level, these transporters play
key roles in salvaging nucleosides for DNA and RNA syntheses and in regulating
adenosine signaling at the receptor sites. From a whole-organism point of view, nu-
cleoside transporters expressed in absorptive and excretory organs are important for
maintaining total body homeostasis of nucleosides. The pharmacological significance
of nucleoside transporters originates from the wide use of nucleoside analogs in the
treatment of cancer, viral infections, and other pathophysiological conditions. The
structures of a few clinically used nucleoside analogs are shown in Figure 8.1. Many
of the therapeutic nucleoside analogs rely on nucleoside transporters to enter or exit
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cells. Consequently, the expression and functional characteristics of these transporters
in target or nontarget cells, as well as in absorptive and excretory organs, will have
an important impact on the efficacy and toxicity of therapeutic nucleoside analogs.

Historically, nucleoside transport activities were first studied by functional and
kinetic analyses in mammalian cells and tissue preparations.1 These early studies
established that there exist multiple nucleoside transporters, which can be classified
into two major systems: equilibrative and concentrative.1 The equilibrative system
consists of some low-affinity facilitated carrier proteins that are further divided into
two subtypes, es and ei, based on their sensitivity to a highly specific inhibitor, ni-
trobenzylthioinosine [nitrobenzylmercaptopurine riboside (NBMPR)]. The es (equi-
librative inhibitor sensitive) subtype is potently inhibited by NBMPR (Ki , 0.1 to
10 nM), whereas the ei (equilibrative inhibitor insensitive) subtype is not affected
by NBMPR at concentrations below 1 μM.1 The es and ei transport both purine and
pyrimidine nucleosides and are widely distributed in different tissues and cell types.
The concentrative system consists of some high-affinity Na+-dependent transporters
that mediate uphill transport of nucleosides by coupling to the physiologic Na+ gra-
dient. Several subtypes with distinct substrate specificity were recognized, with three
of them (cit, cif, cib) well characterized.1 The cit (N2) subtype is pyrimidine selective
but also transports adenosine. The cif (N1) subtype is mainly purine selective but
also transports uridine. The cib (N3) subtype is broadly selective, transporting both
purine and pyrimidine nucleosides. The Na+-dependent transporters appear to have
relatively limited tissue distributions and are typically found in epithelial tissues such
as the intestine, kidney, liver, and choroid plexus.1

Molecular cloning studies in the past decade led to the isolation of genes en-
coding individual membrane proteins underlying the foregoing nucleoside transport
activities in human and other mammalian species.3–5 They belong to two structurally
unrelated solute carrier gene families, SLC28 and SLC29. The SLC28 family consists
of three members, CNT1 (SLC28A1), CNT2 (SLC28A2), and CNT3 (SLC28A3),
which correspond to the previously characterized cit, cif, and cib subtypes respectively.
The SLC29 family consists of four members, ENT1 (SLC29A1), ENT2 (SLC29A2),
ENT3 (SLC29A3), and ENT4 (SLC29A4). ENT1 underlies the es activity, whereas
ENT2 is responsible for the ei activity. ENT3 and ENT4 are novel members identi-
fied from the human genome project. ENT3 is an intracellular low-affinity nucleo-
side transporter,6 and ENT4 exhibits novel substrate specificity by functioning as a
polyspecific organic cation transporter.7,8 An overview of individual CNT and ENT
family members is presented in Table 8.1.

8.2. CONCENTRATIVE NUCLEOSIDE TRANSPORTERS (SLC28)

8.2.1. Family Members

CNT1 (SLC28A1) The first cloned Na+-dependent nucleoside transporter, rCNT1,
was isolated from a rat jejunal cDNA library in 1994 by expression cloning in Xenopus
laevis oocytes.9 Its human homolog, hCNT1, was subsequently cloned from human
kidney.10 The hCNT1 gene is localized to chromosome 15q25–26. hCNT1 (649 a.a.)
and rCNT1 (648 a.a.) are 85% identical in protein sequence, and are predicted to
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FIGURE 8.2. Secondary structures predicted for hCNT1 (a) and hENT1 (b). The N-
glycosylation sites are indicated as “Y.” Transmembrane domains important for substrate–
inhibitor interactions are shaded in gray. Residues shown as solid circles have been implicated
in interaction with substrates or inhibitors.

possess 13 transmembrane (TM) �-helices (Figure 8.2a). A CNT1 ortholog has also
been cloned from pig.11

In humans, hCNT1 mRNA is expressed predominantly in the liver and kidney and
exhibits much lower expression in other tissues.12 There appear to be large interindi-
vidual differences of hCNT1 mRNA expression level in the kidney.12 In rat, rCNT1
mRNA was found in the jejunum, kidney, liver, and various regions of the brain.13,14

Western blot further demonstrated the expression of rCNT1 protein in the small in-
testine, kidney, and liver.15 Fluorescence protein-tagged constructs of hCNT1 and
rCNT1 were expressed on the apical membranes of polarized LLC-PK1 and MDCK
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cells.16,17 In rat tissues, immunohistochemistry studies showed that rCNT1 is localized
predominantly to the apical membranes of the rat jejunum, renal cortical tubules, and
liver parenchymal cells.15 In rat hepatocytes it was suggested that rCNT1 is targeted
to the apical (canalicular) membranes via a transcytotic pathway.18

Expression of hCNT1 and rCNT1 in Xenopus oocytes and transfected cell lines
revealed transport properties that are consistent with those of the pyrimidine-
selective subtype cit.19–22 hCNT1 and rCNT1 selectively transport naturally oc-
curring pyrimidine nucleosides (uridine, thymidine, cytidine) as well as the purine
nucleoside, adenosine, in a Na+-dependent manner with high affinities (Km val-
ues in the low-micromolar range).5 However, both hCNT1 and rCNT1 transport
adenosine with much lower capacities (Vmax) than pyrimidine nucleosides,10,21,23

suggesting that these transporters may function mainly as a pyrimidine-specific
nucleoside transporter in vivo. hCNT1 and rCNT1 interact with a number of
pyrimidine and adenosine analogs.5 hCNT1 transports the anticancer nucleo-
side analogs gemcitabine (2′,2′-difluorodeoxycytidine) and cytarabine [1-(�-d-
arabinofuranosyl)cytosine (AraC)].24,25 5′-Deoxy-5-fluorouridine (5′-DFUR), an in-
termediate metabolite of the anticancer drug capecitabine, is a good hCNT1
substrate.26 hCNT1 also accepts a number of antiviral nucleoside analogs, includ-
ing zidovudine [3′-azido-3′-deoxythymidine (AZT)], lamivudine [2′,3′-dideoxy-3′-
thiacytidine (3TC)], and zalcitabine [2′,3′-dideoxycytidine (ddC)].10,25 Similarly,
rCNT1 accepts a number of pyrimidine and adenosine analogs as substrates, such
as 5-fluoro-2′-deoxyuridine, 5-fluorouridine, gemcitabine, AZT, ddC, cladribine, and
cytarabine.20,21,27,28

CNT2 (SLC28A2) rCNT2 cDNA was first isolated from rat liver by expres-
sion cloning and was initially named SPNT (sodium-dependent purine nucleoside
transporter).29 The human homolog hCNT2 (also termed hSPNT1) was subsequently
cloned by homology cloning from human kidney.30,31 The hCNT2 gene is localized
to chromosome 15q15. hCNT2 protein is 72% identical to hCNT1 and shares a sim-
ilar 13 TM membrane topology. Orthologs of CNT2 were also cloned from rabbit
(rbCNT2) and mouse (mCNT2).32,33

Northern blot studies revealed that hCNT2 is widely distributed in heart, liver,
skeletal muscle, kidney, intestine, pancreas, placenta, brain, and lung.12,30 hCNT2 is
also expressed in normal human leukocytes and a number of neoplastic tissues and
cancer cell lines.12,34 rCNT2 is expressed in rat liver, jejunum, spleen, heart, skele-
tal muscle, and various regions of the brain.29,35 Interestingly, rCNT2 transcripts
were not detected by Northern blot analysis in the rat kidney.29 rCNT2 was also
found in rat brain endothelial and choroid plexus epithelial cells,35,36 which form
the blood–brain barrier (BBB) and blood–cerebrospinal fluid (CSF) barrier respec-
tively. Consistent with previous functional data demonstrating cif activities in brush
border membranes of kidney or intestinal epithelia,1,37,38 green fluorescence protein
(GFP)-tagged rCNT2 is predominantly targeted to the apical membranes of polarized
MDCK and LLC-PK cells.16 Interestingly, in liver parenchymal cells, an antibody
study by Duflot et al. showed that rCNT2 protein is highly expressed in the ba-
solateral (sinusoidal) membrane and minimally presents at the apical (canalicular)
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membrane,18 suggesting that membrane trafficking of rCNT2 in hepatocytes may be
different from that in renal or intestinal epithelial cells.

The transport characteristics of CNT2 cloned from human, rat, mouse, and rabbit
have been studied in Xenopus oocytes and transfected cell lines.21,29,30,32,33,35,39,40

Substrate specificities of these recombinant CNT2 proteins are consistent with the
properties of the classic purine nucleoside-selective subtype cif. hCNT2 transports
purine nucleosides (adenosine, guanosine, and inosine) and the pyrimidine nucle-
oside uridine with high affinities and exhibits relatively higher affinities for purine
nucleosides (Km values ranging from 8 to 14 μM for adenosine and inosine) than
for uridine (Km ranging from 80 to 116 μM).5,30,31 rCNT2, rbCNT2, and mCNT2
exhibited similar transport properties to hCNT2, selectively transporting purine nu-
cleosides and uridine.21,30,33 CNT2 transporters interact with a number of nucleoside
analogs.5 Ribavirin, a broad-spectrum antiviral nucleoside analog used in the treat-
ment of hepatitis C, and clofarabine, an investigational antileukemia drug, were shown
to be transported by hCNT2.41–43 5-Fluorouridine is transported by hCNT2 with ki-
netics similar to those of uridine.44 Other nucleoside analogs, including gemcitabine,
AZT, ddC, ddA, AraA, 5-fluoro-2′-deoxyuridine (FdU), and 5-iodo-2′-deoxyuridine
(IdU), are not substrates of hCNT2.31,39,45 There appear to be significant species
differences in substrate specificity between the human and rat CNT2 in interacting
with nucleoside analogs. For example, ddI is either not a substrate or is poorly trans-
ported by hCNT2.40,45 In contrast, rCNT2 transports ddI (Km = 29.2 μM).46 The
anticancer drug cladribine (2-CdA) appears to be a good substrate for rCNT2 but is
not transported by hCNT2.45

CNT3 (SLC28A3) hCNT3 was cloned from human mammary gland and differen-
tiated human myeloid HL-60 cells.47 hCNT3 is about 47 to 48% identical in amino
acid sequence to hCNT1 and hCNT2, and 57% identical to hfCNT, a broadly selective
CNT from the ancient marine prevertebrate hagfish.48 The hCNT3 gene is localized
to chromosome 9q22.2. The mouse ortholog mCNT3 was isolated from liver, and the
protein shares 78% identity with hCNT3. Both hCNT3 and mCNT3 are predicted to
possess 13 TMs similar to CNT1 and CNT2.

The distribution pattern of hCNT3 was investigated in a human multiple tissue
expression RNA array.47 The highest levels are found in mammary gland, pancreas,
bone marrow, trachea, and intestine. Lower levels are found in liver, lung, placenta,
prostate, testis, and other tissues, including some regions of the brain and heart. hCNT3
is also found in fetal tissues and various cultured cell lines, including K562, HeLa,
and HL-60. A recent study also revealed low expression of hCNT3 in leukocytes
and several leukemia cell lines.49 The subcellular localization of hCNT3 in polarized
epithelial cells has not been investigated directly.

When expressed in Xenopus oocytes, hCNT3 and mCNT3 exhibit cib subtype nu-
cleoside transport properties, with broad selectivities for both purine and pyrimidine
nucleosides. hCNT3 transports purine and pyrimidine nucleosides with reported Km

values ranging from 15 to 53 μM in one study47 and 3 to 11 μM in another.50 Compared
to hCNT1 and hCNT2, hCNT3 is capable of transporting a broader range of synthetic
nucleoside analogs. hCNT3 efficiently transports both pyrimidine (5-fluorouridine,
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5-fluoro-2′-deoxyuridine, zebularine, and gemcitabine) and purine (cladribine, clo-
farabine, and fludarabine) nucleoside analogs.47,43 Low uptake is also observed for
AZT, ddC, and ddI.47 Recent electrophysiology studies demonstrated further that rib-
avirin and 3-deazauridine are also hCNT3 substrates.51 So far, specific high-affinity
inhibitors have not been described for hCNT3 and other CNTs.

8.2.2. Transport Mechanisms

Mammalian CNTs are Na+-coupled transporters which utilize the inwardly directed
Na+ gradient established by Na+/K+-ATPase to translocate substrates into cells.
Early radio tracer uptake studies in cell and tissue preparations suggested that the
Na+/nucleoside coupling stoichiometry is 1 : 1 for cit (CNT1) and cif (CNT2); and 2 : 1
for cib (CNT3).1 Recent electrophysiological studies have confirmed these coupling
stoichiometry for hCNT1 and hCNT3.51–53 Electrophysiological analysis of hCNT1
also suggested an ordered simultaneous transport model in which Na+ first binds to
the transporter in order to enhance subsequent binding of nucleoside.52 Interestingly,
while ion coupling of hCNT1 and hCNT2 is Na+ specific, hCNT3 exhibits unique
broad cation specificity and can use H+ and Li+ to substitute Na+ for coupling.53

Chimeric studies between hCNT1 and hCNT3 suggested that the site for Na+ ion
interaction may reside in the C-terminal half.53 CNT homologs have also been found
in bacteria, yeast, nematodes, insects, and hagfish.4,54 CNTs isolated from Escherichia
coli, Candida albicans, and Caenorhabditis elegans use a proton gradient as the
driving force, whereas the hagfish hfCNT is coupled to Na+.53

From the substrate point of view, CNT1–3 specifically transport nucleosides and
their analogs. CNT1–3 do not transport nucleobases (i.e., free purine or pyrimidine
bases) or nucleotides. A number of recent studies have examined the structure–activity
relationships of the CNTs.19,55–58 Besides isoform-dependent specificity toward the
purine or pyrimidine moieties, several common features of the ribose structure are
important for CNT–substrate interaction. Generally speaking, the 3′-hydroxyl group
of the ribose ring is essential for substrate interaction with the CNTs, and modifications
at the C(3′) position are usually not tolerated. CNTs are less sensitive to modifications
at the 5′-hydroxyl group and generally tolerate changes at the 2′-hydroxyl group.

From the protein standpoint, mammalian CNTs are proposed to have 13 trans-
membranes (TMs) with an intracellular N-terminus and an extracellular C-terminus
based on antibody and glycosylation studies (Figure 8.2A).15 hCNT1, hCNT2, and
hCNT3 all contain potential N-glycosylation sites and are likely to exist in the glyco-
sylated form.5,50 Mutational analysis of the three putative N-linked glycosylation sites
in rCNT2 suggests that glycosylation does not affect transporter function or mem-
brane sorting.59 Protein chimera and site-directed mutagenesis studies have been
used to examine the structure–function relationships of CNTs. Domain-swapping
studies in rCNT1 and rCNT2 first identified TMs 7 and 8 as the essential sites for
substrate recognition and discrimination.60 Site-directed mutagenesis studies further
identified Ser318 on TM 7 of rCNT1 as essential for its pyrimidine selectivity.61

Replacing Ser318 with glycine transformed rCNT2 into a broadly selective CNT3-
like transporter.61,62 A Gln319Met mutation augmented this effect by enhancing the



JWDD059-08 JWDD059-YOU June 21, 2007 13:22

EQUILIBRATIVE NUCLEOSIDE TRANSPORTERS (SLC29) 181

apparent affinity for purine nucleosides.61 Using a similar approach, Loewen et al.
confirmed these findings in hCNT1 and hCNT2, and further identified Ser319/Gln320
and Ser353/Leu354 as essential determinants for substrate selectivity.63 In addition,
mutation of a conserved residue Phe316 in TM7 of hCNT1 to tyrosine or alanine
increased transporter sensitivity to guanosine.64 Together, these studies demonstrated
that TMs 7 and 8 are essential components of the substrate binding and transloca-
tion channel, and that substrate selectivity of the CNTs may be determined by a few
key amino acid residues located on TMs 7 and 8. Cysteine-accessibility analysis of
hCNT3 suggests that TMs 11 and 12 may also participate in forming the nucleoside
translocation pathway.65 In contrast, TMs 1 to 3 appear not essential for CNT function.
When TMs 1 to 3 were truncated from rCNT1 or hCNT1, the resulting transporters
retained significant Na+-dependent transport activity.15 NupC, a H+-coupled CNT
from E. coli, lacks TMs 1 to 3, further suggesting that TMs 1 to 3 may not be required
for CNT function.66

8.3. EQUILIBRATIVE NUCLEOSIDE TRANSPORTERS (SLC29)

8.3.1. Family Members

ENT1 (SLC29A1) Purification and N-terminal sequencing of the prototype es trans-
porter from human erythrocytes led to the cloning of hENT1 in 1997.67 Human ENT1
is a 456-residue glycoprotein with 11 predicted TMs (Figure 8.2B). The hENT1 gene
is localized to chromosome 6p21.1–21.2. ENT1 orthologs were cloned from rat and
mouse.68–70 rENT1 (457 a.a.) and mENT1.1 (460 a.a.) are about 78 to 79% identical
to hENT1.68–70 A splice variant, mENT1.2, has been reported for mouse.70 Studies
at both the mRNA and protein levels have revealed that ENT1 is almost ubiqui-
tously distributed in human and rodent tissues, although its abundance varies among
tissues.12,67,70 High expression of hENT1 protein or mRNA has been demonstrated
and confirmed in many tissues, including erythrocytes, placenta, brain, heart, liver,
lung, and colon.12,71 However, striking intertissue and interindividual differences in
the expression levels of hENT1 were observed.12 GFP- or YFP (yellow fluorescence
protein)-tagged hENT1 is localized predominantly on the basolateral membrane of
differentiated MDCK cells, whereas a small amount of hENT1 also appears on the
apical membrane.17,72 Besides plasma membrane, Lai et al. showed that hENT1, but
not mENT1, is also present in mitochondria, which may contribute to enhanced mi-
tochondrial toxicity of certain antiviral nucleoside analogs.73 A PEXN motif located
in the first extracellular loop of hENT1 was recently identified as an important signal
for mitochondrial targeting of hENT1.74

Recombinant human, rat, and mouse ENT1 transporters transport both purine
and pyrimidine nucleosides and exhibit typical es-type activities. The Km values of
hENT1 toward endogenous nucleosides range from 50 μM for adenosine to 680 μM
for cytidine.75 Transport is Na+ independent and inhibited by nanomolar NBMPR.
hENT1 does not interact with nucleobases.67,75 hENT1 interacts with many nucleo-
side analogs widely used in the treatment of cancer and viral infections. Cladribine,
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gemcitabine, fludarabine, cytarabine, clofarabine, and ribavirin have been demon-
strated to be transported by hENT1.28,43,76,77 However, hENT1 does not transport
AZT and only weakly transports ddC and ddI.78 Coronary vasodilators such as dipyri-
damole, dilazep, and draflazine are potent hENT1 inhibitors (Ki values in nanomolar
concentrations).79 These compounds bind to the ENT1 protein but are not transported
into the cells. There are significant species differences among ENT1 in interacting
with coronary drugs. Rat ENT1 is much less sensitive to dipyridamole and dilazep than
human ENT1, and mouse ENT1 is only intermediately sensitive to dipyridamole.69,79

In addition to NBMPR and coronary vasodilators, a number of protein kinase in-
hibitors, including the Bcr-Abl tyrosine kinase inhibitor STI-571 (Gleevec) used for
treatment of chronic myelogenous leukemia, were shown to be effective in inhibiting
ENT1 and/or ENT2, with IC50 values ranging from 60 to 1000 nM.80 Interestingly,
Carrier et al. recently showed that plant-derived cannabinoids are potent inhibitors of
ENT1 (Ki < 250 nM).81

ENT2 (SLC29A2) The human ENT2 transporter was cloned from HeLa cells and
human placenta by two independent groups.82,83 hENT2 (456 a.a.) is 46% identical
in amino acid sequence to hENT1. The most homologous regions between hENT1
and hENT2 are the transmembrane segments, while the least are the hydrophilic ter-
mini and loops. The human hENT2 gene is localized to chromosome 11q13. Two
mRNA-spliced variants, encoding nonfunctional truncated transporter proteins, were
reported.72,83 The rodent orthologs rENT2 and mENT2 were also cloned.68,69 The
456-residue mENT2 and rENT2 are 88% identical to hENT2. hENT2 mRNA is par-
ticularly abundant in skeletal muscle, but is also expressed in a wide range of tissues,
including brain, heart, placenta, thymus, pancreas, prostate, and kidney.12,83 In MDCK
cells, GFP-tagged hENT2 is localized exclusively to the basolateral membrane. A C-
terminal dileucine repeat is implicated in the surface expression of hENT2.72

Recombinant human and rat ENT2 proteins transport a broad range of purine
and pyrimidine nucleosides, and they confer NBMPR-insensitive Na+-independent
nucleoside transport typical to the ei system. Although both hENT1 and hENT2
transporters are broadly selective for purine and pyrimidine nucleosides, hENT2 ex-
hibits 7.7- and 19.3-fold lower affinities for guanosine and cytidine, respectively, but
a four fold higher affinity for inosine.75 More important, ENT2 transports a wide
range of purine and pyrimidine nucleobases, whereas ENT1 does not.84 Specifically,
hENT2 and rENT2 transport hypoxanthine, adenine, guanine, uracil, and thymine
with low affinities (Km ranging from 0.7 to 2.6 mM).84 hENT2, but not rENT2,
also transports cytosine. h/rENT2 transports AZT, ddC, and ddI with much higher
efficiency than h/rENT1. Gemcitabine and clofarabine have been shown to be trans-
ported by hENT2.28,43,79 A number of uridine and cytidine analogs also interact with
hENT2.85

ENT3 (SLC29A3) The third member of the ENT family, ENT3, was first identified
and cloned from human and mouse due to sequence similarity to ENT1 and ENT2.86

The hENT3 gene is localized to chromosome 10q22.1. The 475-residue hENT3 and
mENT3 proteins are 73% identical in amino acid sequence and exhibit ∼30 to 33%
identities to ENT1 and ENT2. Structurally, ENT3 differs from ENT1 and ENT2
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in possessing a long hydrophilic N-terminal region that contains a dileucine motif
(DE)XXXL(LI) for endosomal/lysosomal targeting.6 ENT3 transcripts and proteins
are widely distributed in human and rodent tissues. In humans the highest levels
of mRNA were found in the placenta, uterus, ovary, spleen, lymph node, and bone
marrow; the lowest levels were found in brain and heart.6 In contrast to ENT1 and
ENT2, the endogenous as well as GFP-tagged hENT3 proteins were found to reside
predominantly intracellularly in HeLa cells and to colocalize partially with lysosomal
markers. Truncation of the N-terminal region or mutation of the dileucine motif to
alanine (hENT3AA) relocated hENT3 to the plasma membrane in HeLa cells and in
Xenopus oocytes.6

Characterization of a cell surface–expressed mutant hENT3AA suggested that
hENT3 is a broadly selective and low-affinity nucleoside transporter that transports
purine and pyrimidine nucleosides as well as the nucleobase adenine.6 hENT3AA-
mediated transport is Na+ independent but stimulated strongly by low pH, with the
optimum pH being 5.5.6 At pH 5.5, hENT3AA exhibits about 40- and 10-fold lower
affinities for adenosine and uridine than for hENT1. Nucleoside analogs, including
cladribine, cordycepin (3′-deoxyadenosine), tubercidin (7-deazaadenosine), fludara-
bine, zebularine, ddI, ddC, and AZT, are transported by hENT3AA. hENT3AA is
relatively insensitive to the classical nucleoside transport inhibitors, such as NBMPR,
dipyridamole, and dilazep.

ENT4 (SLC29A4) The fourth member of the human SLC29 family, hENT4, was first
cloned and characterized in our laboratory.7 Gene orthologs of ENT4 are also found in
mouse and rat.7,87 hENT4 is a 530-residue protein which displays about 86% identity
to the 528-residue mouse homolog mENT4. The mENT4 and hENT4 proteins share
low but significant sequence identity (about 18 to 20%) to ENT1-3 and possess a
similar 11 TM membrane topology. However, hENT4 has a longer hydrophilic N-
terminus and exhibits a low overall sequence homology to other ENTs. Phylogenetic
analysis suggests that the mammalian ENT4 lineage is evolutionarily distinct from the
ENT1/2/3 lineage(s).87 The gene encoding hENT4 is located at chromosome 7p22.1.
Our Northern blot analysis showed that hENT4 mRNA is expressed preferentially
in the human brain but is also found in skeletal muscle, kidney, heart, and liver.7 In
human and mouse brain, hENT4 transcripts are widely distributed in different regions
of the CNS (Wang et al., unpublished data).7 YFP tagging of hENT4 in MDCK cells
demonstrated that this protein is localized primarily to the plasma membrane.

Although ENT4 was originally suggested to be a nucleoside transporter,3

extensive functional analysis carried out in this laboratory showed that except
for a moderate activity toward adenosine, hENT4 minimally interacts with other
nucleosides, nucleobases, or their analogs.7 Instead, it mediates Na+-independent,
electrogenic transport of monoamine neurotransmitters such as serotonin and
dopamine (Km = 114 and 329 μM, respectively).7 Functional analysis of the mouse
ENT4 ortholog also confirmed that the monoamines are the physiologic substrates
of ENT4 (Wang et al., unpublished data). Therefore, we previously proposed an
alternative functional name, plasma membrane monoamine transporter (PMAT), for
ENT4. Our recent analysis showed that hENT4 also transports cationic xenobiotics
such as MPP+ and TEA, and shares striking functional similarities to a genetically



JWDD059-08 JWDD059-YOU June 21, 2007 13:22

184 NUCLEOSIDE TRANSPORTERS: CNTs AND ENTs

unrelated drug transporter family, organic cation transporters (OCTs) (reviewed in
Chapter 2).8 Because ENT4 does not typically function as a nucleoside transporter,
we will not include it for further discussion.

8.3.2. Transport Mechanisms

ENT1 and ENT2 are facilitated carriers that transport substrates down their concen-
tration gradients. However, in many cell types, cellular uptake of nucleosides and
nucleoside analogs are tightly coupled to intracellular metabolism (e.g., phosphory-
lation). Rapid enzymatic conversion of nucleosides to metabolites (e.g., nucleotides)
can thus provide a metabolic “driving force” to promote cellular uptake.1 Efflux oc-
curs only when intracellular concentrations of free nucleoside exceed those outside
the cell. The transport mechanism of the lysosome-localized ENT3 is not known
yet. ENT3 activity is strongly stimulated by proton, exhibiting maximal activity at
pH 5.5 and no activity at pH 8.0. It is unclear whether the pH dependence of ENT3
reflects a proton–nucleoside cotransport mechanism, or an evolutionary adaptation of
ENT3 to the acidic environment of lysosomes. Mammalian ENT homologs are also
found in fungi, protozoans, nematodes, insects, and plants, but not in bacteria.87 Inter-
estingly, ENT members from Leishmania donovani function as electrogenic proton
cotransporters,88 suggesting that ENT-type transporters are not always “equilibrative”
and can be electrogenic and concentrative in certain species.

Like the CNTs, the 3′-OH of the ribose moiety is critical for substrate interaction
with ENT1 and ENT2, whereas the 2′ and 5′ hydroxyl groups are less important.58,85,89

Halogen modifications on most positions at the base are generally accepted. In gen-
eral, hENT2 is more tolerant than hENT1 to modification at the ribose ring and even
transports nucleobases that lack the ribose moiety. Analysis of a series of uridine
analogs with hENT1 and hENT2 suggests that the C(2′)-OH is a structural determi-
nant for uridine-hENT1 but not for uridine-hENT2 interactions.89 Moreover, hENT2
displayed more tolerance than hENT1 to removal of C(5′)-OH. The changes in bind-
ing energies between transporter proteins and the various uridine analogs suggest that
hENT1 may form strong interactions with C(3′)-OH and moderate interactions with
C(2′)-OH and C(5′)-OH of uridine, whereas hENT2 may form strong interactions with
C(3′)-OH, weak interactions with C(5′)-OH, and no interaction with C(2′)-OH.89

Glycosylation scanning and antibody studies have confirmed the originally pro-
posed 11 TM topology of hENT1 (Figure 8.2B).90 hENT1 is N-glycosylated at a single
site and hENT2 at two sites in the large extracellular loop linking TMs 1 and 2.90 Gly-
cosylation is not required for the transport activity of hENT1 but may slightly affect
the binding affinity to transport inhibitors such as NBMPR.91 Glycosylation does not
change hENT2 function but is required for efficient targeting of hENT2 protein to
the plasma membrane.92 Investigation of human and rat ENT1/2 has begun to iden-
tify functionally important domains of these transporters. The human and rat ENT1
transporters exhibit similar binding affinities toward NBMPR, but there is more than
a 50-fold difference between hENT1 and rENT1 in interacting with dipyridamole.79

Using chimeric constructs of hENT1 and rENT1, Sundaram et al. first demonstrated
that TMs 1 to 6 of hENT1 are required for interaction with dipyridamole and dilazep,
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with TMs 3 to 6 being the major site of interaction.79 Studies with chimeras between
rENT1 and rENT2 indicate that TMs 3 to 6 also represent the major site of NBMPR
interaction.93 Additional work revealed that transplantation of a segment encompass-
ing TMs 5 and 6 of rENT2, which transports nucleobases, could enable rENT1 to
transport nucleobases.84 Consistent with these studies demonstrating the importance
of TMs 3 to 6, covalent modification with p-chloromercuriphenyl sulfonate of Cys140
in TM 4 of rENT2 resulted in the loss of transport activity, and this modification could
be protected by coincubation with the substrate uridine.94 Mutagenesis of hENT1 and
hENT2, which differ in their sensitivities to dipyridamole and dilazep, revealed that
residue Met33, located at the end of the predicted TM 1, controls sensitivity to these
inhibitors.95,96 Site-directed mutagenesis of Gly154 and Gly179 within TM 4 and 5
of hENT1 resulted in impaired transport activity and reduced sensitivity to NBMPR,
suggesting potential roles for these residues in substrate recognition and NBMPR
binding.97,99 Ser160 and Met89 of hENT1 may play a dominant role in conferring
sensitivity to dipyridamole and adenosine/guanosine affinity.98 In addition, Leu92
of hENT1 has been implicated in interacting with inosine and guanosine, and with
NBMPR and dilazep.99 Although it is well accepted that TMs 1 to 6 contain the
functional domains of ENTs, a recent study demonstrated that some residues in TM
11 of hENT1 (e.g., Leu 442) are also important for interactions with substrates and
inhibitors.100

8.4. REGULATION OF NUCLEOSIDE TRANSPORTERS

Nucleoside transport regulation is cell-type dependent, involves multiple mecha-
nisms, and occurs at both transcriptional and posttranscriptional levels. Pathways
that stimulate cell proliferation and differentiation influence the type and abundance
of nucleoside transporters in cells and tissues.1,5,34,101 A number of hormones and
chemicals, through interaction with cellular signaling pathways, regulate CNTs and
ENTs.1,5,34,101

Regulation of nucleoside transport activities by cell differentiation has been stud-
ied in a number of cell culture models.1,5,34,101 For example, marked changes in
nucleoside transport activity during differentiation were observed in human HL-60
promyelocytic leukemia cells.102–105 Undifferentiated HL-60 cells exhibit hENT1-
and hENT2-mediated es and ei transport activities predominantly, with a small amount
of Na+-dependent activity. Upon induction of differentiation by the phorbol ester
PMA or dimethyl sulfoxide (DMSO), the cells exhibited a decrease in equilibrative
Na+-independent nucleoside transport that was accompanied by an increase in con-
centrative Na+-dependent transport of both pyrimidine and purine nucleosides.103–105

The decreased Na+-independent transport was attributed to es and ei transporters with
a decrease in Vmax and no change in affinity. For the es transporter, the decrease in
nucleoside uptake was paralleled by a decline in NBMPR binding sites.103,104 The in-
creased Na+-dependent transport activity was consistent with CNT3. Recent studies
showed that hCNT3 mRNA transcripts were substantially increased in differentiated
vs. undifferentiated HL-60 cells.47 An upstream PMA response element was found
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in the promoter region of the hCNT3 gene, indicating that PMA may directly activate
hENT3 transcription in HL-60 cells.47

A number of cellular signaling pathways have been implicated in the regulation
of nucleoside transport. Lipopolysaccharides (LPSs) and phorbol esters (e.g., PMA),
which activate B cells, up-regulated CNTs and down-regulated ENTs in lympho-
cytes from the bone marrow and in a human B-lymphoblast cell line.106–109 The
induction of the CNT activity and the down-regulation of the es system by LPS and
PMA were PKC dependent, and activation of CNT-type transporters also involved
tumor necrosis factor-� and nitric oxide signaling pathways in activated human B
lymphocytes.106–109 Protein and mRNA levels for hENT1 were reduced and transport
activity was decreased in human endothelial cells with exposure to d-glucose, a con-
dition that leads to activation of purinergic receptors.110 A number of studies reported
that limited oxygen availability (hypoxia) down-regulated ENT1 mRNA and protein
in several cell types.111–115 This down regulation of ENT1 is beneficial because it
increases extracellular concentrations of adenosine, which initiates a series of innate
protective mechanisms under stressful conditions through activation of cell surface
receptors.111,113,114 Recent studies suggest that down-regulation of ENT1 is mediated
by the hypoxia inducible factor 1 (HIF-1). The hENT1 promoter region contains HIF-
1 binding sites, and binding to HIF-1 is responsible for the transcriptional repression
of ENT1 observed during hypoxia.114

Besides transcriptional regulation, nucleoside transporters are also regulated post-
translationally. For example, in cultured MCF-7 breast cancer cells and HeLa cells,
acute stimulation of PKC caused a rapid increase in hENT1-associated nucleoside
uptake, which appeared to involve PKC � and/or ε, but not �, �, or � .116 This up-
regulation of hENT1 activity appears not to involve transporter recruitment or de novo
synthesis, but it is not yet clear whether changes in the phosphorylation state of the
transporter are involved.116

Regulation of nucleoside transporters has also been studied in primary cell cultures
and in vivo animal models. In rat liver, expression of rCNT1, rCNT2, and rENT1 was
shown to be affected by developmental stages, growth hormones, partial hepatectomy,
interleukin-6, and bile acids.117–121 In rat small intestine, where CNT1 and CNT2
are coexpressed in the brush border membranes, fasting of the animals resulted in an
increased expression of rCNT1 protein with a concomitant increase in Na+-dependent
thymidine and gemcitabine uptake activity.122 Changes of mRNA levels of CNTs and
ENTs were also observed in various tissues from diabetic rats and human umbilical
artery smooth muscle cells from subjects with gestational diabetes.123,124

8.5. PHYSIOLOGICAL ROLES OF NUCLEOSIDE TRANSPORTERS

Mammalian cells acquire purines and pyrimidines via two pathways, de novo biosyn-
thesis and salvage pathways. The primary physiological function of ENTs and CNTs
in mammalian cells is to facilitate cellular uptake of natural nucleosides, derived
from the diet or produced by tissues such as the liver, for nucleotide synthesis in
the salvage pathways.1,3–5 This function is particularly important for cells that lack
de novo biosynthetic pathways, such as leukocytes, erythrocytes, bone marrow, and
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certain brain cells.1 The wide distributions of ENT1 and ENT2 in various cell types
and the ability of these transporters to transport both purine and pyrimidine nucle-
osides suggest that they play a primary role in nucleoside salvage pathways. The
ability of ENT2 to transport nucleobases indicates that this transporter may also con-
tribute to cellular uptake of hypoxanthine, a major salvageable purine nucleobase in
animals.125,126 In addition, ENTs expressed in intracellular compartments may play a
role in organelle transport of nucleosides. It has been shown that some hENT1 is also
expressed in mitochondria73 and thus may transport nucleoside into this organelle for
mitochondrial DNA synthesis. ENT3, an intracellular transporter expressed in lyso-
somes, has been postulated to export nucleosides produced by RNA degradation from
the lysosomes.6 The CNTs are particularly abundant in epithelial cells of the intestine,
kidney, and liver. Expressed in the apical membranes, CNTs are thought to work in
concert with the basolaterally localized ENTs to mediate vectorial transepithelial flux
of nucleosides and therefore regulate total body homeostasis of nucleosides.4,5

Another important physiological function of nucleoside transporters is related to
the purine nucleoside adenosine, a key signaling molecule that exerts profound effects
on many tissues and organs. Through binding to cell surface receptors (A1, A2A, A2B,
and A3), adenosine regulates a myriad of physiological processes, such as coronary
blood flow, vascular tone regulation, neurotransmitter release, platelet aggregation,
immunosuppression during cellular stress, and inflammation.1–3,5 By influencing the
concentration of adenosine available to adenosine receptors, nucleoside transporters,
particular ENT1, play important regulatory roles in adenosine signaling. For example,
studies with rENT1 antibody revealed abundant expression of rat ENT1 protein in
the sinoatrial node, cardiac atrial, and ventricular cells, suggesting an important role
of this transporter in regulating the cardiovascular activity of adenosine.127 In the
human brain, hENT1 and A1 receptors colocalize in various brain regions, indicating
an important role of hENT1 in the control of neuromodulatory action of adenosine in
the CNS.71 Interestingly, studies of knockout mice lacking the ENT1 gene suggested
that ENT1 has a physiological role in ethanol-associated behaviors via A1 adenosine
receptor.128 The ENT1−/− mice appeared phenotypically normal but consumed twice
as much alcohol as the wild-type mice.128 Finally, recent studies have demonstrated
that ENT1 is involved in the anti-inflammatory effects of adenosine under stressful
conditions such as hypoxia.111,112,114 Down-regulation of ENT1 appears to serve as
an innate protective mechanism during hypoxia.

8.6. CLINICAL SIGNIFICANCE OF NUCLEOSIDE TRANSPORTERS

The clinical significance of nucleoside transporters can be viewed in several aspects.
First, a number of anticancer nucleoside analogs rely on nucleoside transporters to
enter cells to reach their cellular targets. As such, the expression level of nucleo-
side transporters on the target cells is an important determinant for intracellular drug
bioavailability, and consequently, responsiveness to therapy. Second, if a drug is a
substrate for nucleoside transporters, the distribution of these transporters in various
tissues and organs, particularly the absorptive and excretory organs, may influence
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its pharmacokinetic and toxicological properties. Finally, nucleoside transporters are
potential drug targets. By modulating extracellular concentrations of adenosine, nu-
cleoside transport inhibitors can regulate a variety of physiological processes, which
can potentially lead to therapeutic benefits.

Nucleoside analogs are an important class of drugs used in the treatment of var-
ious forms of leukemia (e.g., cytarabine, fludarabine, cladribine) as well as in solid
tumors (e.g., gemcitabine). All of the anticancer nucleoside analogs share a similar
mechanism of action. After entering the cells, nucleoside analogs undergo sequential
phosphorylation to form the corresponding nucleoside triphosphates, which exert cy-
totoxicity by interfering with DNA and/or RNA synthesis and metabolisms.5 Many
anticancer nucleoside analogs are hydrophilic and rely on nucleoside transporters, es-
pecially ENT1, to enter cells. In this case the number of functional transporters on the
target cells becomes an important determinant for intracellular drug bioavailability
and, consequently, responsiveness to therapy. Down-regulation of transporter expres-
sion or selection of transporter-deficient cells may contribute to clinical resistance to
cytotoxic nucleoside analogs.129 Indeed, many in vitro studies have demonstrated that
nucleoside transporters are necessary for many nucleoside analogs to enter cells, and
deficiency in transport can result in resistance to cytotoxic nucleoside analogs such
as cytarabine, 5-fluorouridine, 5-fluorodeoxyuridine, and gemcitabine.24,26,44,129 For
example, Mackey et al. have shown in a panel of cancer cell lines that treatment of
cells with ENT inhibitors such as NBMPR or dipyridamole increases resistance to
gemcitabine 39- to 1800-fold.24 Consistent with the in vitro observations, several
recent clinical studies have implicated a role of hENT1 in clinical resistance to cancer
chemotherapy. Galmarini et al. retrospectively analyzed the effects of hENT1 mRNA
expression on efficacy of cytarabine treatment of acute myelogenous leukemia in
blast cells of 123 patients treated with cytarabine. Decreased expression of hENT1
was associated with an increased risk of early relapse.130 Stam et al. studied 18 in-
fants and 24 children with acute lymphoblastic leukemia to determine why infants
were sensitive to cytarabine. Their results showed that leukemic blasts from infants
were threefold more sensitive to cytarabine than blasts from children.131 Decreased
mRNA levels of deoxycytidine kinase (dCK) but increased levels of hENT1 were
observed in infants, which was thought to be responsible for the increased sensitiv-
ity of infant acute lymphocytic leukemia. In the case of gemcitabine, Spratlin et al.
first examined hENT1 and hCNT3 expression in tumor biopsies from 21 pancre-
atic cancer patients treated with gemcitabine. Their analysis indicated that patients
with detectable hENT1 immunostaining had a significantly longer survival time af-
ter gemcitabine chemotherapy than did patients without detectable hENT1.132 More
recently, Giovannetti et al. characterized the expression pattern of genes involved in
gemcitabine activity in pancreas tumor specimens from 102 gemcitabine-treated pa-
tients and its correlation with treatment outcome.133 hENT1 expression significantly
correlated with clinical outcome; patients with high levels of hENT1 had a signifi-
cantly longer overall survival.133 These encouraging results suggest that measurement
of transporter abundance may provide a predictive tool for guiding the appropriate
use of anticancer drugs in individual patients for treatment optimization.

Nucleoside transporters are found in absorptive and excretory organs and thus
may influence the systemic pharmacokinetics of nucleoside analogs. For example, in
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the epithelia of the intestine and kidney, the CNTs and the ENTs are localized to the
apical and basolateral membranes, respectively, and are thought to mediate absorption,
reabsorption, or elimination of nucleosides and nucleoside analogs. CNTs and ENTs
are also asymmetrically expressed in the blood–brain barrier and choroids plexus.36

How quantitatively these transporters contribute to the bioavailability, clearance, and
tissue-specific disposition of therapeutic nucleoside analogs is largely unknown in
vivo. Pharmacokinetic studies using transporter-deficient animal models may help to
elucidate the roles of CNTs and ENTs in determining the absorption, distribution,
and excretion of nucleoside analogs.

Nucleoside transporters themselves can serve as drug targets. As stated above, the
endogenous nucleoside adenosine functions as a signaling molecule and regulates a
number of physiological processes via binding to specific cell surface receptors.1,2

Nucleoside transporter–mediated cellular uptake represents a major mechanism for
the termination of adenosine signaling. By enhancing local adenosine concentra-
tions, ENT inhibitors can potentiate the adenosine effect and produce therapeutic
benefits. Coronary vasodilators such as dipyridamole, dilazep, and draflazine are
potent hENT1 inhibitors that can substantially increase and prolong the cardiovas-
cular effects of adenosine.2 Dipyridamole is used clinically as a vasodilator, and
draflazine has been shown to exert cardioprotective effect in humans.134 Adenosine
is an endogenous neuroprotective agent. By binding to A1 and A2 receptors, adeno-
sine decreases excitatory amino acid neurotransmission, inhibits inflammation, and
promotes vasodilation.135 Transport inhibitors are thus potentially valuable in ame-
liorating ischemia- or hypoxia-induced neuronal injury. The neuroprotective effect
of propentofylline in acute stroke patients was thought, at least in part, to be due
to its ability to inhibit adenosine transport.135 Recently, Carrier et al. suggested that
the immunosuppressive effects of cannabinoids may also be due to their ability to
enhance adenosine signaling through inhibition of ENT1.81

8.7. POLYMORPHISMS OF NUCLEOSIDE TRANSPORTERS

There are larger interindividual variations in nucleoside transporter expression levels
and activities in normal and malignant human tissues and cells.12,136,137 This varia-
tion has been implicated in interindividual difference in response to nucleoside analog
therapies.4,129 Genetic polymorphisms in CNT and ENT genes have been hypothe-
sized to be one of the factors underlying the variations in the expression or activity
of nucleoside transporters in humans.4,129 Recently, Giacomini and colleagues have
investigated genetic variations in the coding regions and flanking intronic regions of
CNTs and ENTs in a collection of 270 DNA samples from ethnically diverse U.S.
populations. Their studies suggest that there are a number of functionally signifi-
cant protein-altering single-nucleotide polymorphisms (SNPs) in the hCNT1 gene
coding region.138,139 In particular, a rare variant (Ser546Pro) and a single base pair
deletion variant (1153del) with an allele frequency of 3% in the African-American
population were found to be nonfunctional. A common CNT1 variant (Val189Ile)
with a frequency of 26% had a reduced affinity for the anticancer nucleoside analog
gemcitabine.139 In contrast, few functionally significant coding-region SNPs were
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identified for hCNT2, hCNT3, hENT1, and hENT2, suggesting that coding region
SNPs of these transporters are unlikely to contribute to interindividual differences
in response to nucleoside analog drugs.42,140–142 Recently, Myers et al. examined
1.6 kb upstream of the transcription initiation site of hENT1 in a limited DNA sample
collection.143 Three SNPs (−1345C > G, −1050G > A, and −706G > C) were
found, and analysis of four naturally occurring haplotypes suggests that promoter re-
gion haplotypes may affect hENT1 gene expression.143 The regulatory-region SNPs
might offer additional clues to the considerable variability in nucleoside transporter
abundance observed in normal and tumor tissues.

8.8. CONCLUSIONS

In recent years, significant progress has been made in the studies of nucleoside trans-
porters. Molecular cloning of the CNT and ENT genes has promoted studies that
have greatly enhanced our understanding of the substrate and inhibitor specifici-
ties, tissue and cellular localization, structure–function relationships, and regulation
mechanisms of nucleoside transporters. Knowledge obtained from these studies will
pave the way for rational design and development of nucleoside analog drugs with
improved pharmacokinetic and pharmacodynamic properties. The first nucleoside
transporter-deficient animal has recently been generated for ENT1.128 Detailed phe-
notyping and pharmacological analysis in nucleoside-transporter knockout animal
models will provide insights into the physiological, pharmacological, and toxicologi-
cal functions of nucleoside transporters in vivo, in the context of complex intracellular
metabolism and the presence of other transporters (e.g., OATs, MRPs) that also trans-
port some nucleoside analogs and/or their active metabolites. Recently, studies have
been launched to correlate nucleoside transporter expression levels with clinical out-
comes of therapeutic nucleosides. Pharmacogenomic studies have been undertaken to
elucidate the mechanisms leading to inter-individual variations in response to nucleo-
side drugs. Knowledge gained from these studies will undoubtedly benefit the design,
development, and clinical optimization of new and existing nucleoside analogs.
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9.1. OVERVIEW OF THE ENTEROHEPATIC CIRCULATION
OF BILE ACIDS

Bile acids are amphipathic physiological detergents that play essential roles in pro-
moting absorption, excretion, and transport of cholesterol, lipids, lipophilic nutrients,
and other hydrophobic compounds in the liver and the intestine.1 The two primary
bile acids in humans are cholic acid (CA) and chenodeoxycholic acid (CDCA). In the
intestinal bacterial flora these can be converted to secondary bile acids, deoxycholic
acid (DCA) and lithocholic acid (LCA), respectively.

Bile acids are synthesized from cholesterol in the liver and stored in the gallbladder,
from which they are postprandially released into the small intestine. From the small
intestine the bile acids are recycled back to the liver via portal blood. A bile acid
molecule may shuttle up to a dozen times between the liver and the intestine during one
day, each time crossing the membrane domains of hepatocytes and enterocytes. This
enterohepatic circulation of bile acids is highly efficient in healthy human individuals:
Less than 10% of the total bile acid pool escapes ileal reabsorption, and thus enters
the colon. In the colon, secondary bile acids are formed which may be either passively
absorbed into colonocytes or lost through fecal excretion. This small loss into feces is
compensated for by hepatic de novo synthesis of bile acids from cholesterol, catalyzed
by cascades of cytochrome P450 (CYP) enzymes located in endoplasmic reticulum,
in mitochondria, or in cytosol.2 Thus, conversion of cholesterol into bile acids also
provides an important route for elimination of cholesterol from the human body.

Disruption of the biliary secretion of bile acids may result in cholestasis, in which
intrahepatic and systemic accumulation of bile acids causes cytotoxicity. In the liver
this may eventually progress to fibrosis and cirrhosis.

9.2. CHIEF TRANSPORTERS IN THE ENTEROHEPATIC
CIRCULATION OF BILE ACIDS

Enterohepatic circulation of bile acids is mediated by specific transporters, most of
which are integral plasma membrane proteins, expressed in hepatocytes and entero-
cytes in a polarized manner.3 The chief transporters involved in bile acid cycling and
bile formation are presented in Figure 9.1 and discussed in more detail below.

Following their synthesis, bile acids are excreted from hepatocytes into bile canali-
culi. This represents a major driving force for generation of bile flow and is a rate-
limiting step in overall bile acid transport. The efflux of monovalent bile acids from
hepatocytes occurs mainly via the canalicular bile salt export pump (BSEP, ABCB11),
which belongs to the superfamily of ATP-binding cassette (ABC) transporters.4 The
ABC transporters couple the energy released from ATP hydrolysis to their transport
activity.5 Most eukaryotic ABC proteins share several evolutionarily conserved do-
mains and typically contain two hydrophobic transmembrane domains, each of which
spans the membrane six times. While BSEP is responsible for the efflux of monova-
lent bile acids from hepatocytes into bile, the multidrug resistance–associated protein
2 (MRP2, ABCC2) exports divalent and sulfated and/or glucuronidated bile acids as
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FIGURE 9.1. Transporters involved in the enterohepatic circulation of bile acids and bile
formation. Bile acids are taken up into the ileocyte from the intestinal lumen by the sodium-
dependent transporter ASBT, and putatively trafficked through the ileocyte by I-BABP. Bile
acids are effluxed from the ileocyte to portal venous blood by the action of the OST�/OST�
heterodimer. At the basolateral membrane of the hepatocyte the main bile acid uptake system is
NTCP, which transports bile acids from portal blood in a sodium-dependent manner. OATP1B1
may also contribute to hepatic bile acid uptake in a sodium-independent manner. In normal
conditions, very little, if any, bile acids are effluxed back to portal blood at the basolateral
membrane of hepatocytes. However, in states of cholestasis, expression of the bile acid spillover
pumps MRP3 and MRP4 is increased, and they may mediate efflux of bile acids into systemic
circulation. The main efflux system for bile acids from hepatocytes into bile is BSEP at the
canalicular hepatocyte membrane. In addition, MRP2 may also export divalent and sulphated
or glucuronidated bile acids into bile. MDR3 and the ABCG5/ABCG8 heterodimer transport
phospholipids and cholesterol, respectively, from hepatocytes into bile.

well as other conjugated anions, such as chemotherapeutic agents and antibiotics, into
bile.6 MRP2 is also a member of the ABC transporter family which is located at the
canalicular membrane of hepatocytes.

In addition to BSEP and MRP2, other transporters localized at the canalicular mem-
brane of hepatocytes are involved in bile formation. Bile acids are the most prominent
(60 to 70%) solid component of bile, but hepatic bile also contains phospholipids,
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notably phosphatidylcholine, and cholesterol. Phospholipids are translocated from
the inner to the outer leaflet of the canalicular membranes of hepatocytes by yet
another ABC transporter, the multidrug resistance protein 3 (MDR3, ABCB4).5 The
transport system for cholesterol at the canalicular membrane of hepatocytes is the
protein heterodimer ABCG5/ABCG8.7 The efflux of lipids mediated by MDR3 and
ABCG5/ABCG8 promotes the formation of mixed micelles containing bile acids,
cholesterol, and phospholipids. This process not only solubilizes cholesterol but also
helps to protect cholangiocytes against the harmful detergent effects of bile acids in
the biliary tree.

After their passage to the intestinal lumen, bile acids are efficiently taken up into
ileocytes via the apical sodium-dependent bile acid transporter (ASBT, SLC10A2).8

Characteristic of the SLC10 (solute carrier) family of transporters,9 ASBT contains
seven transmembrane domains, and its bile acid uptake activity is electrogenically
coupled with cotransport of sodium.

It has been proposed that transcellular shuttling of bile acids from the apical mem-
brane domain of enterocytes to the basolateral membrane may be facilitated by the
small cytosolic protein called the ileal bile acid–binding protein (I-BABP).10,11 It has
been suggested that I-BABP interacts physically with ASBT,12 although the functional
significance of this interaction remains unclear.

At the basolateral membrane domain of ileal enterocytes, bile acids are extruded
into portal blood by the heterodimeric organic solute transporter OST�/OST�.13 The
OST� protein is predicted to contain seven membrane-spanning domains, whereas the
smaller subunit OST� has a single transmembrane domain. Coexpression of OST�
and OST� polypeptides is required for correct localization of the heterodimer at the
cell membrane and for transport activity. Consistent with its role as the intestinal
bile acid efflux transporter, distribution of the OST�/OST� heterodimer along the
intestine closely mirrors that of the bile acid uptake system ASBT.

Finally, to complete the enterohepatic circulation, bile acids are extracted from
the portal blood circulation by the liver. The sodium–taurocholate cotransporting
polypeptide (NTCP, SLC10A1) at the sinusoidal membrane of hepatocytes is the chief
uptake system for bile acids from portal blood into the parenchymal cells of the liver.14

NTCP belongs to the same sodium-dependent SLC10 transporter family as ASBT,
and is similarly likely to contain seven transmembrane domains and a cytoplasmic
carboxy terminus.9,15 The amino acid identity between the human NTCP and ASBT
is approximately 35%.

While NTCP is responsible for the sodium-dependent uptake of bile acids
into hepatocytes, certain members of the organic anion transporter (OATP, SLCO)
family, notably OATP1B1 (gene symbol SLCO1B1; previously known as OATP-
C/OATP2/SLC21A6), may also contribute to bile acid extraction from the portal blood
at the basolateral membrane of hepatocytes in a sodium-independent manner.16

Under normal physiological conditions, only negligible amounts of bile acids are
effluxed back to portal blood at the basolateral hepatocyte membrane. However, in
cholestatic states, the expression of the two basolateral bile acid overflow systems
of the ABC transporter family, multidrug resistance-associated proteins 3 (MRP3,
ABCC3) and 4 (MRP4, ABCC4), is increased.17–19 Thus, in cholestasis, MRP3 and
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MRP4 may transport substantial amounts of bile acids from hepatocytes back into the
systemic circulation for subsequent renal excretion. In addition to MRP3 and MRP4,
OST� and OST� are also expressed at the basolateral membranes of hepatocytes in
humans.20 It is thus conceivable that OST�/OST� may also contribute to alternative
bile acid efflux during cholestasis.

Similar to I-BABP in enterocytes, proteins that are involved putatively in intracel-
lular trafficking of bile acids from the basolateral to the canalicular membrane have
been identified in hepatocytes.21,22 One such intracellular protein capable of binding
bile acids with a high affinity in the human liver is the hepatic bile acid–binding
protein (HBAB), which may thus assist in the rapid transcellular vectorial transport
of bile acids in hepatocytes.23

9.3. ENTEROHEPATIC BILE ACID TRANSPORTERS IN LIVER DISEASE

Chronic cholestatic liver diseases such as primary biliary cirrhosis and primary scle-
rosing cholangitis are characterized by an impairment of bile formation or of bile
flow. Altered expression or function of bile acid transporters can be either a cause or a
consequence of cholestasis, thus leading to hepatotoxicity due to accumulation of bile
acids and cholephilic toxins in hepatocytes. Among the genes encoding transporters
that are involved in bile acid transport or bile formation are several that have been
identified or proposed as disease genes in the pathogenesis of cholestasis.

Progressive familial intrahepatic cholestasis type 2 (PFIC2) is caused by mutations
in the ABCB11 gene, which encodes BSEP.24,25 These mutations in the ABCB11 gene
lead to a rapidly progressive hepatic dysfunction in early infancy. In such patients the
biliary bile salt levels can be reduced to less than 1% that of normal subjects. In a recent
case report, specific ABCB11 mutations identified in an adolescent cholestatic patient
correlated with reduced BSEP protein expression in vivo and decreased bile acid trans-
port activity in vitro.26 Another case report suggested that heterozygous BSEP defi-
ciency may predispose to transient neonatal cholestasis.27 Furthermore, defective or
altered function or expression of BSEP may contribute to certain types of drug-induced
cholestasis28 and may be associated with intrahepatic cholestasis of pregnancy.29

Defective MDR3 expression has also been associated with the inherited liver dis-
ease PFIC, type 3.30,31 PFIC3 is characterized by high bile acid concentrations and
elevated � -glutamyl transpeptidase activity in serum. Several PFIC3-associated mu-
tations in the ABCB4 gene may lead to either absent or severely decreased MDR3
expression at the canalicular membrane of hepatocytes. Similar to BSEP, there is
increasing evidence suggesting that deficiency of impaired activity of MDR3 may be
involved in cholestasis induced by drugs such as oral contraceptives.32,33

Inherited mutations in the ABCC2 gene encoding the canalicular transporter MRP2
are linked to the Dubin–Johnson syndrome, characterized by reduced efflux of con-
jugated bilirubin into bile.34−37 Some of these mutations have been reported to result
in an absence of the MRP2 protein from the canalicular membrane of hepatocytes. In
contrast to the PFIC syndromes, hepatic function is preserved in the Dubin–Johnson
syndrome.
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Mutations in the SLC10A2 gene encoding ASBT have been identified that can
cause primary bile acid malabsorption, a rare disorder of the intestine characterized
by congenital diarrhoea, steatorrhea and reduced plasma cholesterol levels.38 The
ASBT variants carrying these mutations exhibit severely reduced bile acid transport
activity in vitro.

No mutations in the SLC10A1 gene encoding NTCP leading to clinically manifest
defects in hepatic bile acid uptake have been characterized thus far. However, a
recent study identified ethnicity-dependent single-nucleotide polymorphisms in the
SLC10A1 gene that were associated with a considerable decrease in transport function
in vitro.39 Thus, genetic heterogeneity in the SLC10A1 gene may play a role in the
etiology of hypercholanemia. Furthermore, certain human diseases, such as advanced
stage primary biliary cirrhosis40 and cholestatic alcoholic hepatitis,41 are associated
with reduced NTCP expression. However, this change in NTCP expression may be a
consequence of cholestatic liver injury rather than a cause of it.

9.4. CONTROL OF BILE ACID TRANSPORT AND METABOLISM

In addition to their role as physiological detergents, bile acids possess crucial reg-
ulatory properties which allow them to control their own transport and metabolism
within the enterohepatic circulation through multiple feedforward and feedback mech-
anisms. Hepatocytes and enterocytes possess numerous signaling pathways that are
activated or modulated by bile acids, and ultimately serve to maintain intracellular
concentrations of potentially toxic bile acids at a constant level.

An important mechanism toward controlling bile acid levels within cells is to
adjust the cellular uptake or efflux of bile acids by regulating the expression and/or
activity of uptake and efflux proteins, as discussed in detail below. It should be noted,
however, that additional mechanisms are also operational in preventing intracellular
bile acid concentrations from reaching toxic levels. One such mechanism is to regu-
late the de novo synthesis of bile acids according to the existing intracellular bile acid
content. To reduce bile acid synthesis, the expression levels of the key CYP enzymes
involved in de novo bile acid synthesis (i.e., CYP7A1, CYP8B1, and CYP27A1)
are suppressed.42 Furthermore, expression levels of several phase II enzymes that in
addition to their role in drug detoxification may convert bile acids into less toxic and
more hydrophilic derivatives are induced in response to elevated levels of bile acids.43

These metabolizing enzymes include uridine 5
′
-diphosphate-glucuronosyltransferase

2B4 (UGT2B4) and dehydroepiandrosterone sulfotransferase (SULT2A1).
In this review we focus on the mechanisms that regulate the expression of bile acid

transporters at the transcriptional level. However, it should be remembered that the ac-
tivity of bile acid transporters is also known to be regulated at other levels, particularly
through posttranslational protein modification and protein–protein interactions.44,45

The relative importance of transcriptional and posttranslational events in controlling
bile acid transport activity in either normal physiology or pathophysiology remains
largely unelucidated. Both are likely to be highly important. It seems likely that the
mechanisms involving modification at the protein level could elicit the most rapid
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changes in transporter activity, whereas transcriptional changes may be responsible
for more intermediate- and longer-term regulation of transport.

9.5. NUCLEAR RECEPTORS AS TRANSCRIPTIONAL REGULATORS
OF BILE ACID HOMEOSTASIS

Nuclear and steroid receptors form a large family of transcriptional regulators, with
over 100 members in all metazoan organisms and almost 50 members in humans.46

Most nuclear/steroid receptors share a conserved overall structural design: a ligand-
independent activation function at the amino terminus, a central conserved DNA-
binding domain, and a carboxy-terminal region containing regions mediating ligand
binding, dimerization, and ligand-dependent transactivation. Most nuclear/steroid re-
ceptors bind to their DNA response elements as either hetero- or homodimers, which
is reflected in their preferred DNA-binding motifs typically containing two hexameric
half sites. These hexamers, the general consensus sequence for which is AGGTCA,
can be arranged as direct (DR), inverted (IR), or everted (ER) repeats, separated by a
variable and receptor-specific number of base pairs.

The full transcriptional activity of most, but not all, nuclear/steroid receptors de-
pends on a physical interaction by an agonist with their ligand-binding pocket. These
ligands are typically small lipophilic molecules such as hormones, fatty acids, oxys-
terols, or bile acids. Their binding induces a conformational shift in the carboxy
termini of the receptors, allowing their interaction with transcriptional coactivators.47

These coactivators may act by modifying histones or other promoter-associated
proteins or by altering local chromatin structure in a way that increases the rate
of transcriptional initiation. Conversely, in the absence of an agonistic ligand, or when
bound to an antagonistic ligand, the carboxy termini of nuclear and steroid receptors
associate with transcriptional corepressors that render the proximal promoters less
permissive for transcription. The dependence of the transcriptional activity of most
nuclear and steroid receptors on specific ligands allows them to monitor intracellular
environment and to elicit rapid transcriptional responses to changes in the concentra-
tions of specific compounds.

9.5.1. FXR: The Master Regulator of Bile Acid Transport and Metabolism

The chief sensor of intracellular bile acid levels and the main executor of bile acid–
induced transcriptional programs is the nuclear receptor farnesoid X receptor (FXR).48

Bile acids interact directly with the ligand-binding domain of FXR. In transactiva-
tion and coactivator recruitment assays, CDCA is the most efficient FXR activator,
followed by DCA and CA.49−51 LCA alone can weakly activate FXR; however, it
strongly antagonizes CDCA-mediated stimulation of FXR.52 This apparent antago-
nism of FXR function may contribute to LCA-induced cholestasis.

Bile acids are not the only ligands that interact with FXR directly. Recently, it
has been suggested that the oxysterol 22(R)-hydroxycholesterol, an intermediate in
the synthesis of bile acids and steroid hormones, can also interact directly with the
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ligand-binding pocket of FXR and mediate gene activation.53 Traditionally, oxysterols
have been considered to be agonistic ligands for another member of the nuclear
receptor family, the liver X receptor (LXR), which functions as a chief regulator of
cholesterol homeostasis. Furthermore, androsterone, a testosterone metabolite, can
interact directly with the FXR ligand-binding domain and enhance transcriptional
activity of FXR through coactivator recruitment.54 It is possible that different ligands
induce different conformational states of FXR, leading to distinct patterns of gene
regulation.55 In this review we only discuss the significance of bile acids as FXR
ligands and activators of FXR-induced transcriptional programs.

In accordance with its function as a bile acid receptor, FXR is expressed abun-
dantly in the tissues exposed to bile acids: liver, intestine, and kidneys. The consensus
DNA-binding motif for FXR is in the format of an inverted repeat-1 (IR-1, inverted
hexameric repeat separated by one base pair),56 to which it binds as a heterodimer
with another nuclear receptor, the retinoid X receptor (RXR). However, other config-
urations, such as IR-0 and ER-8, may allow binding of FXR in the context of specific
promoters.57,58

Supporting its physiological role in controlling bile acid homeostasis, FXR-null
mice exhibit a phenotype similar to that of persons suffering from Byler disease, an in-
herited cholestatic liver disorder.59 Upon feeding with cholic acid, these mice lacking
FXR exhibit severely increased hepatotoxicity compared to the wild-type counter-
parts. In further support of the importance of FXR in human bile acid homeostasis,
certain hereditary forms of cholestasis are associated with decreased FXR activity.60

Encouraging reports showing hepatoprotective effects by synthetic FXR agonists
in rodent models of cholestasis61,62 suggest that specific FXR ligands could also
prove to be useful in the treatment of cholestatic liver diseases in humans. One major
concern regarding FXR-based therapy is that this nuclear receptor is involved in other
metabolic processes in addition to bile acid homeostasis. Thus, its activation even
with specific ligands may affect these unrelated processes in an undesired manner.
For example, negative feedback suppression of bile acid–synthesizing enzymes by
bile acids is mediated by a complex cascade involving FXR, leading to reduced
conversion of cholesterol to bile acids. In addition to controlling bile acid transporter
and synthesis genes, FXR is crucially involved in glucose homeostasis via regulation
of the genes encoding gluconeogenic enzymes.63,64 In addition, FXR activated by bile
acids has recently been shown to be an important mediator of liver regeneration.65

It was hypothesized that FXR activation by increased levels of bile acids would be
a signal of reduced hepatic capacity and function. Thus, until the liver reaches the
sufficient number of new hepatocytes to cope with the bile acid levels, FXR continues
to trigger their proliferation.

9.5.2. Role of PXR and VDR as Bile Acid Sensors

FXR is not the only nuclear receptor that can use bile acids as ligands that modulate
transcriptional activity. In addition, the pregnane X receptor (PXR) and the vitamin D
receptor (VDR) can mediate transcriptional responses to certain bile acids. Together
with its xenosensor partner, constitutive androstane receptor (CAR), PXR is a nuclear
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receptor that typically utilizes drugs and xenobiotics as its ligands.66 In response to
these ligands, PXR induces the expression of genes encoding proteins involved in drug
detoxification and elimination pathways. In addition to xenobiotics, certain bile acids,
such as the highly toxic LCA, can serve as agonistic ligands for PXR.67,68 Indeed,
activation of PXR can protect mouse livers against LCA-mediated injury.67 Double-
knockout mice lacking both FXR and PXR exhibit more severe disturbances of bile
acid metabolism than mice lacking only one of the nuclear receptors, demonstrating
that both contribute to bile acid homeostasis.69 PXR is a master regulator of the gene
encoding the CYP3A4 enzyme,70 which, in addition to its role in detoxifying xeno-
biotics, also metabolizes bile acids to less toxic and more easily excreted derivatives.
Thus, by being both activators of the CYP3A4 gene and substrates of the CYP3A4
enzyme, bile acids can initiate a hepatoprotective feedforward loop via PXR. Similar
to PXR, VDR can utilize the toxic secondary bile acid LCA as an agonistic ligand.71

Whereas VDR is expressed only weakly in hepatocytes, it is present abundantly in
enterocytes. It is thus likely to play a more prominent role in the intestine in response
to LCA. In addition to PXR, VDR can also transactivate the CYP3A4 gene. Thus,
VDR activated by elevated levels of LCA in the intestine may, in a feedforward man-
ner, contribute to enhanced expression of the CYP3A4 enzyme, which is capable of
detoxifying LCA.

Common to all three nuclear receptors that can utilize bile acids as ligands (i.e.,
FXR, PXR, VDR) is that they all bind to their respective DNA response elements as
heterodimers with the nuclear receptor RXR, with very few exceptions. Positive or
negative effects on the transcriptional activity of RXR-containing heterodimers by the
RXR ligand 9-cis-retinoic acid appear to depend on the exact promoter context.72,73

9.5.3. Bile Acid–Induced Transcriptional Repressor SHP

FXR can also negatively regulate the rate of transcription from specific promoters.
In rare cases, FXR is known to repress its target genes, such as those encoding the
human apolipoprotein A-I74 and human apolipoprotein C-III,75 through direct binding
to the promoter. However, FXR more commonly mediates negative transcriptional
responses to elevated levels of bile acids indirectly, through inducing expression
of its target gene encoding the transcriptional repressor called small heterodimer
partner, SHP. SHP is an atypical member of the nuclear receptor family; it does
not contain a DNA-binding domain and does not depend on a ligand for its activity.
Instead, it interacts directly with a variety of DNA-bound transcriptional activators,
interfering with their transcriptional activity. Although SHP can suppress the activity
of transcription factors from certain other families, it most commonly targets other
nuclear receptors and steroid receptors (reviewed in ref. 76). Via the SHP pathway,
bile acids can influence the activities of a wider range of transcription factors than
only those nuclear receptors that are modulated by them directly.

Several mechanisms have been suggested for SHP-mediated suppression of trans-
activator proteins. SHP may compete with transcriptional coactivators over the same
or overlapping interaction surface on transactivators that are bound to the promoter
elements.77 Alternatively, SHP may interfere with the binding of transactivators to
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their DNA response elements.78 Additionally, SHP may recruit transcriptional core-
pressors to its target promoters, thus contributing to the reduced transcriptional rate
of a given promoter.79

The importance of SHP in the control of bile acid homeostasis is indicated by the
fact that SHP-null mice exhibit an imbalance in bile acid metabolism and abnormal
responses when challenged with diets rich in bile acids.80,81

9.6. FXR-DEPENDENT MECHANISMS THAT REGULATE HUMAN
BILE ACID TRANSPORTER GENES

We discuss next the FXR-dependent effects of bile acids on the expression of trans-
porter genes in hepatocytes and enterocytes. These concepts are summarized in Figure
9.2. It should be emphasized that although we focus on FXR-dependent effects by
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FIGURE 9.2. Bile acid–induced FXR-dependent transcriptional mechanisms that regulate the
genes encoding enterohepatic bile acid transporters. FXR activated by bile acids induces the
expression of the intestinal (OST�/OST�) and hepatic (BSEP, MRP2) bile acid efflux systems,
as well as of the intestinal intracellular bile acid transporter (I-BABP), via direct binding to
its response elements in the respective regulatory promoter regions. FXR binds DNA as a
heterodimer with the nuclear receptor RXR. Decreased expression of the intestinal (ASBT)
and hepatic (NTCP) bile acid uptake transporters occurs by a mechanism that involves FXR
indirectly. In this cascade, bile acid–activated FXR induces the expression of the transcriptional
repressor SHP, which subsequently interferes with the activity of the transactivator proteins
that regulate the expression of the genes encoding bile acid–uptake systems. In the case of
the human SLC10A1 (NTCP) and SLC10A2 (ASBT) promoters, the transactivator targeted by
SHP is the steroid receptor GR. In the context of the human SLC10A2 promoter, the nuclear
receptor heterodimer RAR-RXR has been suggested as an alternative or parallel target for
SHP-mediated transcriptional suppression.
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bile acids in this review, bile acids also elicit signaling pathways that lead to changes
in specific gene expression which are independent of FXR or other nuclear receptors.
These alternative bile acid–stimulated pathways include signaling through mitogen-
activated protein kinases82,83 and through the G-protein-coupled receptor TGR5.84

Parallel bile acid–stimulated signaling pathways may ensure that the desired tran-
scriptional responses are achieved.

9.6.1. Positive Feedforward Control of Bile Acid Efflux Systems by Bile Acids

In response to bile acids, FXR induces BSEP expression via direct interaction of
FXR-RXR heterodimers with an IR-1 element located in the proximal promoter of the
ABCB11 gene.85−87 Thus, excessive levels of bile acids stimulate hepatocanalicular
clearance of bile acids. The FXR-RXR binding element is conserved between the
human and rodent ABCB11/Abcb11 promoters, supporting its functional importance.
In agreement with FXR being a crucial activator of the ABCB11 gene, the BSEP
expression is reduced in mice lacking the FXR gene.59

The ABCC2 gene encoding the MRP2 transporter provides an illustrative example
of the complex interactions between the metabolic nuclear receptors. Both the human
and rodent ABCC2/Abcc2 promoters can be activated by either FXR, PXR, or CAR
in the presence of their respective ligands or activators.58 Interestingly, each of these
three nuclear receptors can interact with the same atypical ER-8 element present in
the regulatory region of the ABCC2 gene. The relative significance or the degree
of redundancy between the three transcription factors in the regulation of MRP2
expression is not yet clear.

FXR also transactivates the ABCB4 gene encoding MDR3, the phospholipid trans-
porter at the canalicular membrane of hepatocytes.85 Thus, bile acids may, in a co-
ordinated manner and via activation of FXR, induce the excretion of both bile acids
(BSEP, MRP2) and phospholipids (MDR3) into bile. In agreement with this, FXR-
null mice are prone to developing cholesterol gallstones, caused by the deficiency in
the excretion of bile acids and phospholipids.59

Expression of the genes encoding the alternative bile acid export pumps at the
basolateral hepatocyte membranes, MRP3 (ABCC3) and MRP4 (ABCC4), appears
to be induced in cholestasis in an FXR-independent manner, at least in bile duct–
ligated or bile acid–fed mice.86,87 It may be that the other bile acid–responsive nuclear
receptor, PXR, is responsible for the bile acid–mediated induction of the ABCC3 and
ABCC4 genes, or can at least compensate in the absence of FXR.88 In agreement with
the cholestatic mouse models, it has been reported that in human cholestatic liver
disease, expression of MRP3 and MRP4 is similarly elevated.40,89,90

In analogy to the ABCB11 gene encoding the hepatic efflux system BSEP, the two
genes encoding the heterodimeric efflux system in the intestine, OST� and OST�, are
induced by bile acids through direct binding of FXR-RXR heterodimers to the two
human OST promoters.91,92 While the OST� promoter appears to have a single IR-
1-like binding site for FXR-RXR, the human OST� promoter contains two adjacent
IR-1-like FXR response elements, both of which are functional and required for full
response to bile acids. Physiological evidence in support of the induction of OST
expression by bile acids is provided by a recent study showing that both mRNA and
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protein levels of OST� and OST� are increased in cholestatic liver tissue of primary
biliary cirrhosis patients.93 In further agreement with the proposed role of FXR in
inducing the OST genes, their baseline expression is reduced and their bile acid–
mediated induction is abolished in FXR-null mice.92−94 Accordingly, the location
and sequence of the IR-1-like FXR response elements are largely conserved in both
human and mouse OST� and OST� genes.

Bile acid–activated FXR also stimulates expression of the gene encoding the in-
tracellular bile acid transporter I-BABP in the ileum.95 Supporting this, I-BABP
expression is reduced dramatically in FXR-deficient mice.59 FXR response elements
of the IR-1 type have been identified in both the human and rodent I-BABP/I-babp
promoters. The bile acid–activated FXR can thus up-regulate the expression of both
the membrane-bound bile acid uptake system OST�/OST� and the intracellular bile
acid transporter I-BABP in a coordinated manner within enterocytes.

9.6.2. Negative Feedback Control of Bile Acid Uptake Systems by Bile Acids

In rodent models of cholestasis, such as bile duct ligation or bile acid feeding, expres-
sion of the hepatic bile acid uptake system Ntcp is suppressed at both the protein and
mRNA levels.96,97 Furthermore, certain human cholestatic states, such as advanced-
stage primary biliary cirrhosis40 and cholestatic alcoholic hepatitis,41 are similarly
associated with reduced NTCP expression. It has recently been suggested that the
mechanism of down-regulation of human NTCP expression in response to bile acids
involves the FXR-SHP cascade. FXR-induced SHP targets the transactivator gluco-
corticoid receptor (GR), which interacts with its response element just upstream of
the transcription initiation site on the human SLC10A1 promoter.98

FXR also suppresses transcription of the SLCO1B1 gene encoding the sodium-
independent bile acid transporter OATP1B1 at the basolateral membrane of hu-
man hepatocytes.99 FXR-mediated repression of the SLCO1B1 promoter takes place
through a multistep regulatory cascade which involves bile acid–mediated repres-
sion of the gene encoding the liver-enriched homeodomain factor hepatocyte nuclear
factor 1� (HNF1�). HNF1�, in turn, is a strong DNA-binding transactivator of the
OATP1B1 promoter. The regulatory region of the HNF1� gene contains a consensus
DNA-binding response element for the nuclear receptor HNF4�, the transcriptional
activity of which can be targeted by negative interference by FXR-induced SHP.

Similarly to NTCP, treatment of cultured cells with bile acids suppresses expres-
sion of the intestinal bile acid uptake transporter ASBT, another member of the SLC10
transporter family in humans.100 In accordance with this, SLC10A2 gene expression is
reduced in patients with obstructive cholestasis compared to healthy controls.101 Two
transactivators of the human SLC10A2 promoter, the GR98,102 and the nuclear recep-
tor heterodimer retinoic acid receptor (RAR)-RXR,100 have been suggested as targets
for negative interference by the bile acid–induced transcriptional repressor SHP. It re-
mains to be determined whether these two transactivators are targeted simultaneously
by SHP to ensure efficient down-regulation of the SLC10A2 promoter by bile acids, or
whether the two pathways are targeted under different circumstances. Interestingly,
while both the SLC10A1 (NTCP) and SLC10A2 (ASBT) genes are transactivated by
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GR, the relative locations and configurations of the GR response elements within the
two promoters are not conserved.

9.7. CROSSTALK BETWEEN THE TRANSCRIPTIONAL CONTROL
OF BILE ACID AND DRUG TRANSPORTERS

Transport and metabolism of exogenous compounds, such as drugs, nutrients, and
environmental xenobiotics, bear many similarities to those of endogenous bile acids.
Indeed, drugs may undergo enterohepatic circulation similarly to bile acids. Several
transporters recognize both bile acids and drugs as substrates. For example, although
their significance for overall bile acid transport in normal physiology remains uncer-
tain, the two transporters of the human OATP1B subfamily, OATP1B1 and OATP1B3,
can transport bile acids in addition to drugs such as methotrexate and rifampicin.103

The transcriptional regulatory circuits controlling the expression of drug transporter
genes often contain feedforward and feedback loops reminiscent of the mechanisms
outlined for regulation of bile acid transport above (reviewed in ref. 76). It is becoming
increasingly apparent that in addition to reprogramming of genes involved in bile acid
homeostasis, changes in intracellular concentrations of bile acids also influence the
expression levels of hepatic and intestinal drug transporters. Thus, changes in intra-
cellular bile acid levels may affect the efficiency of drug extraction and elimination.

HNF4� is a liver-enriched nuclear receptor with a critical role in maintaining the
hepatic pattern of gene expression.104 It binds to the DNA response elements on its
target promoters, preferably of the DR-1 or DR-2 configuration, as homodimers. The
ligand-binding domain of HNF4� has been suggested to be bound constitutively by
endogenous fatty acids105,106; thus, its activity may not be modulated readily by exoge-
nous ligands. In addition to its previous roles in regulation of glucose and cholesterol
metabolism, HNF4� has recently emerged as a regulator of hepatic drug transport
in humans. The genes encoding two major hepatic basolateral drug transporters in
humans, organic anion transporter 2 (OAT2; SLC22A7)107 and organic cation trans-
porter 1 (OCT1;SLC22A1),108 are transactivated by HNF4�. OAT2 mediates uptake
of drugs such as salicylates and cephalosporins from sinusoidal blood, whereas OCT1
transports dopamine, metformin, and verapamil, among other substrates.

In the regulatory regions of the human SLC22A7 gene, HNF4� transactivation is
mediated by a single DR-1 element. The human SLC22A1 promoter, in turn, contains
two adjacent lower-affinity DR-2 elements, both of which are required for maximal
transactivation by HNF4�. In both promoter contexts, the bile acid–induced tran-
scriptional repressor SHP interferes with transactivation by HNF4�. It thus appears
that in conditions of elevated intracellular bile acid concentrations, the expression
of two major drug uptake systems at the basolateral hepatic membrane is reduced.
This could limit the amount of xenobiotics that enters the hepatocyte for subsequent
metabolism when intracellular levels of toxic bile acids are already elevated. Also,
the possibility of decreased hepatic extraction of drugs that are substrates of OAT2
and OCT1 should be taken into account when such drugs are administered to patients
suffering from cholestasis.



PGN PGN
JWDD059-09 JWDD059-YOU May 29, 2007 17:54

214 BILE ACID TRANSPORTERS

9.8. CONCLUSIONS

Enterohepatic bile acid transporters are crucial in maintaining bile acid homeostasis
in healthy persons. Their importance for hepatic and intestinal function is emphasized
by numerous recent demonstrations that either hereditary or acquired disturbances in
the activity and/or expression of bile acid transporters are associated with cholestatic
disease conditions. Bile acids regulate the expression of transporters that mediate the
enterohepatic circulation of both bile acids and drugs via complex feedforward and
feedback mechanisms. The main orchestrator of these transcriptional circuits is FXR,
which, in response to bile acids, controls the expression levels of bile acid transporters
at all membrane domains of enterohepatic circulation.

Increased knowledge of the transcriptional mechanisms governing changes in bile
acid transporter gene expression has improved our understanding of the pathophysi-
ology of cholestatic liver diseases. Additionally, this information is likely to provide
us with novel tools for designing therapeutic strategies to combat diseases of the liver
and the intestine.
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10.1. P-GLYCOPROTEIN GENE FAMILY

P-Glycoprotein (Pgp) was one of the first members of the adenosine triphosphate
(ATP)-binding cassette (ABC) superfamily to be studied. Overexpression of Pgp was
linked to multidrug resistance (MDR) in mammalian cell lines and human cancers,
evoking intense interest first from molecular and cell biologists, and later, when puri-
fied Pgp became available, from biochemists and biophysicists. Today, this fascinating
protein, which is proposed to operate as an ATP-powered drug efflux pump, remains
one of the most studied membrane transporters. Pgp genes from human, mouse, and
Chinese hamster, among others, have been cloned and sequenced, and homologs have
been identified in other species, including Drosophila melanogaster and Caenorhab-
ditis elegans.1,2 Pgp in higher mammals forms a small gene family, with two iso-
forms expressed in humans and three isoforms in rodents. The class I and III isoforms
(human MDR1/ABCB1, mouse mdr1/Abcb1a and mdr3/Abcb1) are drug transporters,
while the class II isoforms (human MDR2/3/ABCB4, mouse mdr2/Abcb4) carry out
export of phosphatidylcholine (PC) into the bile.3 The two human genes arose from
a duplication event and are adjacent to each other on the chromosome. The drug-
transporting isoform shares 78% amino acid sequence identity with the PC-exporting
isoform, suggesting that they share similar structures and mechanisms of action. For
the rest of this chapter, the term Pgp is used to indicate the ABCB1 gene product.

10.2. TISSUE DISTRIBUTION OF P-GLYCOPROTEIN

Early studies of Pgp distribution in human4 and rodent5 tissues showed that the protein
is expressed at low levels in most tissues but is found in much higher amounts at the
apical surface of epithelial cells lining the colon, small intestine, pancreatic ductules,
bile ductules and kidney proximal tubules, and the adrenal gland. Thus, epithelial
cells with excretory roles generally express Pgp. The transporter is also located in the
endothelial cells of the blood–brain barrier,6 the blood–testis barrier,7 and the blood–
mammary tissue barrier,8 and has recently been found to play a role in the blood–inner
ear barrier, where it is expressed in the capillary endothelial cells of the cochlea and
vestibule.9 Thus the role of Pgp in the blood–brain and blood–tissue barriers is likely to
protect these organs from toxic compounds that gain entry into the circulatory system.
Pgp is expressed at high levels at the luminal surface of secretory epithelial cells in the
pregnant endometrium,10 as well as the placenta,11 where it may provide protection
for the fetus.12 The protein is also found on the surface of hematopoietic cells, where
its function remains enigmatic. The ABCB4 protein is expressed at high levels on
the bile canalicular membrane of hepatocytes, in accordance with its proposed role
in transport of PC into the bile.13

10.3. ROLE OF P-GLYCOPROTEIN IN HUMAN PHYSIOLOGY

The tissue localization of Pgp suggests that the protein plays a physiological role
in the protection of susceptible organs such as the brain, testis, and inner ear from
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toxic xenobiotics, the secretion of metabolites and xenobiotics into bile, urine, and the
lumen of the gastrointestinal tract, and possibly the transport of hormones from the
adrenal gland and the uterine epithelium. These ideas have been strongly supported
by studies on transgenic knockout mice lacking one or both of the genes encoding
the drug-transporting Pgps Abcb1a and Abcb1b. Both single- and double-knockout
mice are fertile, viable, and phenotypically indistinguishable from wild-type mice
under normal conditions. So Pgp does not appear to fulfill any essential physiological
functions. However, Pgp knockout mice showed radical changes in the way that they
handled a challenge with many drugs.14 mdr3 knockout mice displayed a disrupted
blood–brain barrier and were 100-fold more sensitive to the pesticide ivermectin,
which was neurotoxic to the animals.15 This Pgp isoform appears to play the major
role in preventing accumulation of drugs in the brain.15,16 The double-knockout
mouse has proved useful in evaluating the effect of Pgp-mediated transport on drugs
that are targeted to the central nervous system.17 Certain dogs of the collie lineage18

and several other dog breeds19,20 have a naturally occurring lack of Pgp due to a
frameshift mutation in the MDR1 gene and are also hypersensitive to ivermectin. To
date, no human null alleles have been reported, despite widespread use of drugs that
are Pgp substrates.

Pgp in the intestinal epithelium plays an important role in the extrusion of many
drugs from the blood into the intestinal lumen, and in preventing drugs in the intestinal
lumen from entering the bloodstream. Pgp activity can therefore reduce the absorption
and oral bioavailability of those drugs that are transport substrates.

One important goal in clinical medicine has been the development of techniques
for in vivo functional imaging of Pgp-mediated drug transport in normal tissues
and tumors and its inhibition by specific Pgp modulators. The radiopharmaceuti-
cal technetium-99m-sestamibi (99mTc-MIBI) has been validated as a Pgp transport
substrate. Scintigraphic studies of human subjects showed rapid clearance of the ra-
diotracer from normal liver and kidneys in vivo; however, it was retained selectively in
these organs after administration of the Pgp modulator, PSC833.21 Later studies have
shown the prognostic value of this approach in different types of tumors, including
breast and lung cancer, sarcoma, and lymphoma.22 The activity of Pgp at the human
blood brain barrier has also been imaged using positron emission tomography using
11C-labeled verapamil or carvedilol (Pgp transport substrates).23

10.4. P-GLYCOPROTEIN SUBSTRATES AND MODULATORS

Pgp has the ability to interact with literally hundreds of structurally diverse substrates
(see Table 10.1), which are generally nonpolar, weakly amphipathic compounds,
and include natural products, anticancer drugs, steroids, fluorescent dyes, linear and
cyclic peptides, and ionophores. The unusual promiscuity of the transporter has made
it difficult to find “nonsubstrates.” Potential physiological substrates for Pgp could
include peptides, steroid hormones, lipids, and small cytokines, such as interleukin-
2, intereukin-4, and interferon-� . However, there is little information on the extent
to which endogenous compounds are transported by Pgp in vivo. Identification of
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TABLE 10.1. Pgp Substrates and Modulators

Substrates Modulators

Vinca alkaloids
vinblastine
vincristine

Anthracyclines
doxorubicin
daunorubicin

Taxanes
paclitaxel
docetaxel

Epipodophyllotoxins
etoposide
teniposide

Steroids
aldosterone
dexamethasone

HIV protease inhibitors
indinavir
saquinavir
nelfinavir
ritonavir

Analgesics
morphine

Cardiac glycosides
digoxin

Antihelminthics
ivermectin

Detergents
Triton X-100
nonylphenol ethoxylate

Fluorescent dyes
rhodamine 123
tetramethylrosamine
Hoechst 33342
LDS-751
calcein acetoxymethyl ester

Linear/cyclic peptides
ALLN
NAc-LLY-amide
leupeptin
pepstatin A

Ionophores
gramicidin D
nonactin
beauvericin

Cytotoxic agents
colchicine
actinomycin D
mitoxantrone

Miscellaneous
loperamide
cimetidine

Ca2+ channel blockers
verapamil
nifedipine
azidopine
dexniguldipine

Calmodulin antagonists
trifluoperazine
chloropromazine
trans-flupenthixol

Cyclic peptides
cyclosporin A
PSC833

Steroids
progesterone
tamoxifen
cortisol

Miscellaneous
GF120918
LY335979
XR9576
OC144-093
disulfiram
quinidine
chloroquine
reserpine
amiodarone
terfenadine

a specific compound as a Pgp substrate is often indirect, although more specific
spectroscopic approaches now allow measurement of binding affinity.24 Direct mea-
surement of Pgp-mediated transport has been carried out for only a small fraction
of these substrates. Work with reconstituted Pgp has shown that it is an active trans-
porter, generating a substrate concentration gradient across the membrane.25,26 In
intact cells, the drug concentration in the cytosol is kept low enough to circumvent
cytotoxicity, and they thus become multidrug resistant.

A second class of compounds exists which interact with Pgp, the modulators (also
known as MDR chemosensitizers, reversers, or inhibitors; see Table 10.1). Modulators
are able to reverse MDR in intact cells in vitro, by interfering with the ability of Pgp
to efflux drug and thus generate a drug concentration gradient. The ability to block
the action of Pgp selectively is of importance clinically, whether the goal is to achieve
more efficacious cancer chemotherapy, improve drug bioavailability and uptake in the
intestine, or deliver drugs to the brain. Numerous pharmacologic agents have been
identified as Pgp modulators, many by serendipity or trial and error (see Table 10.1).
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Modulators are as diverse structurally as substrates.27 They appear to interact with the
same binding site(s) as drugs and compete with them for transport. Many modulators
(e.g., verapamil, cyclosporin A, trans-flupenthixol) are themselves transported by the
protein. Cells are generally not resistant to killing by modulators, but they are killed
by MDR drugs in combination with modulators. The way in which modulators exert
their action at the molecular level is still not well understood.

10.5. P-GLYCOPROTEIN STRUCTURE

Like many other ABC proteins,28,29 Pgp comprises two membrane-bound domains,
each made up of six transmembrane (TM) helices and two cytoplasmic nucleotide-
binding (NB) domains which bind and hydrolyze ATP (Figure 10.1a). The topology
of Pgp was established using molecular biological methods such as Cys mutations and
insertion of glycosylation sites.30,31 Earlier studies using various heterologous expres-
sion systems suggested alternative topologies in which putative TM segments were
displaced outside the membrane, however, it seems likely that these arrangements
were the result of misfolding and do not reflect the true topology of the transporter in
vivo.32 The TM regions from both halves of Pgp form the drug-binding region of the
protein,33 and drugs enter this binding pocket from the lipid bilayer.34

High-resolution x-ray crystal structures of two ABC proteins, the catalytic domains
of the DNA repair enzyme Rad50cd35 and the vitamin B12 importer BtuCD,36 showed
that the two NB domains were in close contact to form a dimeric structure. Two
molecules of ATP were bound at the dimer interface, with each binding site comprising
the Walker A and B motifs of the cis-NB domain and the LSGGQ signature C motif
of the trans-NB domain. This “sandwich dimer” structure has also been observed
for the isolated NB domain of the ABC protein MJ0796, which forms a stable dimer
when the ATPase activity of the protein is inactivated by the mutation E171Q.37 It
seems likely that this dimerization process plays a critical role in the catalytic cycle
of the ABC proteins and may be closely tied to the power stroke.29

No high resolution x-ray crystal structure is available for Pgp. Early work by
Rosenberg et al. using electron microscopy (EM) single-particle image analysis of
purified Pgp produced a very low resolution structure which suggested the existence
of a large 5-nm-diameter central pore in the protein.38 This pore was closed at the
cytoplasmic face of the membrane, forming an aqueous chamber within the membrane
from which entry points to the membrane lipid were observed. Two widely separated
3-nm lobes on the cytoplasmic side of the membrane were thought to represent the NB
domains. This structure was at odds with both biochemical studies, which suggested
kinetic cooperativity between the two catalytic sites, and the high-resolution x-ray
crystal structures of other ABC proteins described above, which showed close physical
association of the two NB domains. Fluorescence resonance energy transfer (FRET)
studies in which two different fluorescent probes were covalently linked to each
Walker A motif Cys residue also indicated that the positioning of the two NB domains
is compatible with the sandwich dimer model (Figure 10.1b),39 and Urbatsch et al.
found that the two Walker A Cys residues could readily cross-link spontaneously.40
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FIGURE 10.1. Topology and structure of Pgp. (a) Pgp is proposed to consist of two equivalent
halves, each with six TM segments and an NB domain on the cytosolic side. Both the N- and
C-terminus are cytosolic. (b) The low-resolution structural model of Pgp generated using
several different FRET measurements of the distances separating key regions of the protein.
(c) Medium-resolution structural model of Pgp obtained from cryo-EM studies. Top: a side
view of the protein is shown with the NB domains at the bottom. The 12 putative TM α-helices
are arranged in a pseudosymmetrical relationship. Bottom: view of Pgp looking down on the
TM helices from the extracellular side of the membrane. The dashed lines indicate the putative
boundary of a 4.5-nm-thick lipid bilayer (scale bar = 5 nm), [(b) From ref. 158; (c) adapted
from ref. 45, with permission.]

In addition, Loo et al. showed that Cys residues in the Walker A motifs could be
cross-linked at low temperatures to Cys residues in the LSGGQ motif, indicating
that the signature sequences in one NB domain are adjacent to the Walker A site
in the other NB domain.41 Later work by Rosenberg and co-workers showed that
nucleotide binding causes a repacking of the TM regions of Pgp,42 which could open
the central pore to allow access of hydrophobic drugs directly from the lipid bilayer.43

It was proposed from this reorganization that ATP binding, not hydrolysis, drives the
conformational changes associated with transport.42 The vanadate-trapped complex of
Pgp, which is thought to resemble the catalytic transition state structurally, displayed
a third distinct conformation of the protein, suggesting that rotation of TM α-helices
had taken place.42 Mouse Pgp has also been studied by EM and image analysis
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of two-dimensional crystals of purified protein in a lipid bilayer.44 The resulting
low-resolution projection structure (22Å) was compact and suggested that the two
cytoplasmic NB domains interact closely.

More recently, a higher-resolution EM structure was obtained for human Pgp which
shows close association of the NB domains45 and bears a much greater resemblance
to the mouse Pgp structure (Figure 10.1c), so it seems likely that the NB domains
indeed form the sandwich dimer observed for other ABC proteins. This structure also
clearly showed the existence of 12 TM segments, supporting the proposed topology
of the protein, but the resolution was not high enough to discern further details. The
packing arrangement of the TM helices of Pgp has been explored systematically by
Clarke and co-workers, who introduced Cys residues into defined positions within
a Cys-less Pgp construct and then carried out cross-linking studies.46 The pattern
observed suggested that TM6 is close to TM10, 11, and 12, whereas TM12 is close
to TM4, 5, and 6. Recent work showed that the ends of TM2 and TM11 are close
together on the cytoplasmic side of the membrane,47 as are the cytoplasmic ends of
TM5 and TM8.48

10.6. SUBCELLULAR SYSTEMS FOR STUDYING P-GLYCOPROTEIN

Much early work on the molecular basis of MDR was carried out on intact cells se-
lected for MDR by growth in high concentrations of drugs, such as colchicine and vin-
blastine. However, the difficulties involved in dissecting such a complex system soon
led to attempts to use simpler subcellular systems to study the MDR phenomenon.
Native plasma membrane vesicles isolated from MDR cells expressing high levels
of Pgp have proved to be very useful. Compared to membrane preparations from
the drug-sensitive parent cell line, they often display much higher levels of ATPase
activity, which are attributable to the presence of large amounts of Pgp in the plasma
membrane.49,50 In addition, membrane vesicles were found to be labeled by pho-
toaffinity analogs of both MDR drugs51 and nucleotides,52 providing some of the
first biochemical evidence that Pgp binds these molecules. Since then, membrane
vesicles have been used for sophisticated kinetic studies of substrate binding using
radiolabeled drugs.53

Plasma membrane vesicles have also proved useful in studies of Pgp-mediated drug
transport. Most vesicle preparations consist of a mixture of right-side-out and inside-
out vesicles,54 and if they are well sealed, the latter population can transport drug from
the external medium into the vesicle lumen when provided with ATP. When using a
vesicle system where other membrane-bound ATPases are present, it is often necessary
to add an ATP-regenerating system, such as creatine kinase and creatine phosphate,
to prevent rapid depletion of ATP in the external solution. Substrate uptake into the
vesicle interior can be measured in one of two ways. If drug is available in radioactive
form (e.g., [3H]colchicine, [3H]vinblastine, [125I]peptide), it is added to the vesicle
preparation at time zero, together with ATP and a regenerating system, and vesicles
are removed at various times (typically, ranging up to 30 minutes) and collected by
rapid filtration.54 Drug uptake into the vesicles increases with time, usually reaching
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a plateau value which represents a steady state. This steady state is a result of two
competing processes: active transport of drug by Pgp into the vesicle lumen (up a con-
centration gradient) and passive diffusion of the hydrophobic drug out of the vesicle
(down a concentration gradient). Addition of excess unlabeled drug to the vesicle
exterior once the steady state has been reached results in very rapid exchange with
labeled drug in the vesicle interior.54 Ruetz and Gros expressed all three mouse Pgps
in the yeast mutant strain sec 6-4, which accumulates large numbers of secretory
vesicles because of a trafficking defect.55 These vesicles contained sufficient Pgp for
characterization of the drug transport process using a rapid filtration approach.

Caution should be taken when using the fixed time-point rapid filtration approach
since transport can become nonlinear within 1 minute, making estimation of the initial
rates of Pgp-mediated transport difficult. In these situations, maximal uptake of drug
is measured instead, however, steady-state uptake values cannot be treated as kinetic
data and do not allow, for example, determination of Km or Vmax for the drug transport
process. In addition, this approach consumes relatively large amounts of membrane
vesicles and radiolabeled drug. Fluorescence approaches have been developed that cir-
cumvent these problems and allow continuous real-time monitoring of Pgp-mediated
drug transport in native membrane vesicle systems. For example, fluorescence quench-
ing of daunorubicin transported into the interior of DNA-loaded plasma membrane
vesicles allowed kinetic characterization of Pgp-mediated drug transport.56

Biochemical characterization of Pgp requires purification of the protein in a func-
tional state. This has been accomplished by several research groups, using a variety of
drug-selected MDR cell lines and cells transfected with the MDR1 gene, as the source
of protein.57–61 In general, expression of Pgp in heterologous systems (Escherichia
coli, baculovirus-infected insect cells, and yeast) has been fraught with difficulties
and has not led to the widespread use of this approach. The use of E. coli as a host cell
for expression was shown to lead to misfolding of the protein.32 Overexpression in
the yeast Pichia pastoris is the exception and has led to the purification of milligram
amounts of both wild-type and mutant Pgps.62 This system has also proved very useful
for overexpression of other ABC transport proteins.63 Purified Pgp has been charac-
terized with respect to both its ATPase and drug transport activities (see below), and
various biophysical studies have been carried out to assess its structure and confor-
mation, using circular dichroism (CD) spectroscopy,64 fluorescence spectroscopy,24

and EM.44 Pgp has been reconstituted successfully into proteoliposomes, so that both
its ATPase and drug transport functions are retained.25,26,58,65–68

10.7. ATP BINDING AND HYDROLYSIS BY P-GLYCOPROTEIN

ATP hydrolysis supplies the energy for active drug transport. In most ATP-driven
transporters, ATP hydrolysis is tightly coupled to substrate transport, so that it is
hydrolyzed only when substrate is transported concurrently. However, Pgp is unusual
in displaying a high level of constitutive (basal) ATPase activity, which is observed in
the absence of added drugs for plasma membrane vesicles from MDR cells49,50 and
insect cells overexpressing recombinant Pgp,69,70 and purified Pgp.57–59 Constitutive
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ATPase activity has since been reported for other eukaryotic ABC proteins, including
MRP1 (ABCC1), CFTR (ABCC7), ABCA1, ABCR (ABCA4), and several bacterial
ABC transporters. Purified Pgp has a maximal basal ATPase activity as high as 3 to
5 �mol/min per milligram of protein, depending on the presence of detergent, lipids,
and drugs.62,71

The Km for ATP hydrolysis by membrane-bound and purified Pgp reported by
several laboratories is quite high (in the range 0.4 to 0.8 mM), indicating that Pgp has
a relatively low nucleotide affinity compared to other transporters. A divalent cation is
necessary for ATP hydrolysis. Physiologically, this ion is Mg2+, although both Mn2+

and Co2+ can support ATP hydrolysis at lower rates.72 Several inhibitors of Pgp AT-
Pase activity have been identified, including ortho-vanadate and various sulfhydryl-
modifying agents, including maleimides, 7-chloro-4-nitrobenzo-2-oxa-1,3-diazole
(NBD-Cl), p-chloromercuribenzenesulfonate, HgCl2, and others. Sulfhydryl reagents
covalently modify two Cys residues, one in each Walker A motif (Cys 431 and 1074 in
human Pgp)73 and thereby inhibit catalysis, although ATP binding still takes place.74

These Cys are not required for ATPase activity, since a Cys-less Pgp protein is still
active,30 and the loss of activity when they are modified probably results from steric
interference.

The basal ATPase activity of Pgp is modulated by drug substrates and modulators
in a complex and puzzling fashion. Three different patterns have been observed. Many
drugs display a biphasic pattern, with stimulation of ATPase activity at low concen-
trations and varying degrees of inhibition at higher concentrations. Some compounds
have been observed to only stimulate activity; for example, many linear peptides,
cyclic peptides, and ionophores stimulate Pgp ATPase activity up to 2.5-fold.75 On
the other hand, some substrates appear to produce only inhibition of activity. The
molecular basis of these differences in ATPase modulation is not known. The bipha-
sic pattern might arise from the presence of a “stimulatory” drug-binding site and
an overlapping “inhibitory” drug-binding site,76 but why such an arrangement would
be intrinsic to the mechanism of Pgp is not clear. To complicate matters further, ex-
tremely variable results have been seen from one research lab to another. For example,
vinblastine stimulated the ATPase activity of human Pgp77 but inhibited the ATPase
activity of hamster Pgp.57–59 Modulation of Pgp ATPase activity by drugs and mod-
ulators is also highly dependent on the detergent used to isolate the protein or the
surrounding lipid environment.62,65,78

The ATPase activity of Pgp is inhibited rapidly and completely by the Pi analog,
ortho-vanadate (Vi), in the presence of ATP. Vi is trapped after a single catalytic
turnover in only one NB domain,72 as the complex ADP·Vi·M2+, where M2+ is a
divalent cation, usually Mg2+. The trapped complex can also form from ADP and Vi,
but at a lower rate. The Vi-trapped complex displays no ATPase activity, suggesting
that both catalytic sites must be functional for ATP hydrolysis to take place. Based
on these observations, Senior et al. proposed that Pgp operates by an alternating sites
mechanism, whereby only one catalytic site can be in the transition-state conformation
at any time, and the two sites alternate in catalysis.79 Based on studies of myosin and
other nucleotide-utilizing proteins, the Vi-trapped complex is believed to resemble
the catalytic transition state structurally.80 However, the Vi-trapped complex of Pgp is
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very stable; Vi and ADP dissociate slowly from the catalytic site, and ATPase activity
is regained.72

Nucleotide binding to Pgp is of relatively low affinity, making it difficult to measure
by classical techniques. Binding of both unmodified nucleotides74,81 and fluorescent
TNP-labeled nucleotides71 to purified Pgp has been quantitated using fluorescence
spectroscopic approaches.24 Recently, an electron paramagnetic resonance (EPR)
spectroscopy study also examined binding of a spin-labeled ATP analog.82 These
studies were consistent in showing a Kd value for ATP or ADP binding in the range 0.2
to 0.4 mM. TNP-labeled nucleotides bind with higher affinity (Kd of 30 to 40 �M),
probably because the nitrophenyl ring engages in additional interactions with hy-
drophobic residues in the nucleotide-binding site.71 The stoichiometry of ATP binding
is normally 2 (i.e., both catalytic sites are occupied)82,83 In the Vi-trapped complex,
the second untrapped catalytic site can still bind ATP with the same affinity.83

10.8. DRUG BINDING TO P-GLYCOPROTEIN

Several different approaches have been used to characterize the binding of drugs and
modulators to Pgp. Photoaffinity labeling by analogs of substrates and modulators,
such as [3H]azidopine and [125I]iodoarylazidoprazosin, has been used widely to study
the drug-binding properties of Pgp.84,85 Competition experiments with photoactive
substrate analogs have given an indication of binding affinity and demonstrated inter-
actions between substrates and modulators. However, labeling stoichiometry is often
very low, complicating interpretation of the results. In addition, kinetic analysis of
binding, and quantitation of dissociation constants, is not possible.

Direct binding studies using radioactive drugs and modulators have been carried
out using native plasma membrane vesicles containing Pgp.53,86–89 Such an approach
is technically difficult because of the high levels of nonspecific background binding
obtained with hydrophobic drugs, which arises from nonspecific partitioning into the
membrane. Detailed kinetic analysis led to the estimation of Kd values for binding,
and rates of association and dissociation could also be quantitated. Complex allosteric
interactions were found between multiple drug-binding sites.53

Fluorescence quenching approaches have been developed to monitor binding and
obtain quantitative estimates of Kd for binding of drugs, and modulators to purified
Pgp.24,90 These techniques can measure equilibrium binding without the need to
separate Pgp-bound drug from free drug. The first approach used Pgp labeled at
the two Walker A motif Cys residues with 2-(4′-maleimidylanilino)naphthalene-6-
sulfonic acid (MIANS).74 Saturable quenching of MIANS fluorescence was obtained
with nucleotides, drugs, and modulators, and fitting of the data led to an estimate
of the Kd value for binding. More recently, saturable quenching of the intrinsic Trp
fluorescence of purified Pgp was observed with nucleotides, drugs, and modulators,
and again led to quantitation of the binding affinity.81 Values of Kd for a large number
of different drugs and modulators range from 37 nM for paclitaxel (a high-affinity
substrate) to 158 �M for colchicine (a low-affinity substrate).24,91 Thus, the substrate-
binding affinity of Pgp covers a range of 10.4
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10.9. P-GLYCOPROTEIN-MEDIATED DRUG TRANSPORT

The transport activity of Pgp can be studied in intact cells or in simpler subcellular
systems such as plasma membrane vesicles and reconstituted proteoliposomes. In
general, it has proved difficult to characterize the transport properties of Pgp in com-
plex intact cell systems. However, one exception to this has been the use of polarized
epithelial cells (such as MDCK, LLC-PK1, or Caco-2 cells) grown as monolayers on
permeable filters that allow separate access to the basal and apical compartments.92

Transfection of Pgp results in expression of the protein at the apical surface, and
quantitative measurements of basal-to-apical and apical-to-basal fluxes of a drug can
be made.93–95 This approach can be very useful for direct determination of whether
a drug is transported by Pgp, and showed that many MDR modulators are them-
selves transport substrates.94,96–98 However, these cell lines may also show endoge-
nous expression of drug transporters, although at low levels, which may complicate
interpretation of experimental data.

Plasma membrane vesicles from MDR cells have been used extensively for mea-
surements of Pgp-mediated drug transport. Inside-out vesicles (present in variable
amounts in plasma membrane preparations) transport drug into the lumen when sup-
plied with ATP and an ATP-regenerating system.54,56,99–103 Radiolabeled drugs such
as [3H]vinblastine, [3H]daunorubicin, or [3H]colchicine are usually employed. Some
early work purporting to measure drug-binding to membrane vesicles did not differ-
entiate between binding and transport, since ATP was included in the samples (at the
time it was not known if ATP was required for drug-binding). These studies probably
measured drug transport rather than ATP-dependent drug-binding. Osmotic sensitiv-
ity is a useful test to differentiate between transport and binding, and has been used for
both plasma membrane vesicles54,99,100 and reconstituted systems.54 One additional
difficulty is the high background levels of drug often observed for hydrophobic drugs
such as vinblastine.54

In general, drug transport into plasma membrane vesicles or proteoliposomes is
saturable at high drug concentrations and requires ATP hydrolysis; nonhydrolyzable
analogs do not support transport. A drug concentration gradient is generated across the
membrane, which can usually only be estimated indirectly.54 Drugs and modulators
block transport of other drugs with varying degrees of effectiveness. Reconstituted
proteoliposomes containing fully or partially purified Pgp have also been used to
characterize drug transport. An ATP-regenerating system is often not required, since
other membrane-bound enzymes do not deplete ATP. Similar approaches using radi-
olabeled substrates have been used to monitor transport in proteoliposomes. In this
more defined system, the magnitude of the drug concentration gradient was esti-
mated more precisely; Pgp built up a five- to six-fold gradient of colchicine25 and
NAc-LLY-amide.26

Real-time fluorescence assays can monitor the Pgp-mediated transport of fluores-
cent substrates continuously. H33342 is highly fluorescent when partitioned into the
membrane but loses fluorescence after export into the aqueous solution, allowing the
initial rate of movement of the dye out of plasma membrane vesicle to be quanti-
tated in real time.104 The same system was used to demonstrate H33342 transport by
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purified Pgp reconstituted into liposomes in an inside-out orientation.66 Tetramethyl-
rosamine (TMR), which loses its fluorescence when transported into the interior of
reconstituted vesicles containing Pgp, was used to measure the initial rate of transport
over times as short as 30 seconds.105 Kinetic analysis of TMR transport showed that
Pgp obeyed Michaelis–Menten kinetics with respect to both ATP (Km = 0.48 mM,
close to the Km for ATP hydrolysis) and TMR (Km = 0.3 �M).

The stoichiometry of ATP hydrolysis relative to the number of drug molecules
transported by Pgp is a controversial issue that has still not been resolved, mainly
because of the high basal levels of ATP hydrolysis. Sharom et al. estimated that three
or four additional molecules of ATP were hydrolyzed for every molecule of colchicine
transported,25 while Ambudkar et al. reported that 2.8 ATP molecules were hydrolyzed
for every molecule of vinblastine transported.106 Shapiro and Ling estimated that the
apparent rate of transport of H33342 from the membrane was 50-fold lower than the
rate of ATP hydrolysis.66 It seems likely that the true turnover rate of Pgp transport
will always be underestimated by conventional transport experiments, since the rate
of net drug accumulation inside a vesicle or proteoliposome is measured. Lipophilic
drugs that are moved from the membrane into the lumen immediately repartition
into the bilayer, where they are then reexported, resulting in futile cycling of the
transporter that does not result in a net increase in drug moved across the membrane.
A transport system using the ionophore valinomycin (a Pgp substrate) with bound
86Rb+ circumvented this problem.107 Pgp mediated the ATP-dependent uptake of
valinomycin–86Rb+ complex into the proteoliposome lumen, where the radioactive
cation accumulated to a concentration of 8 mM since it is not lipid-soluble. When
the ATPase and transport activities of Pgp were measured under the same conditions,
comparable rates of valinomycin transport and ATP hydrolysis were found, with 0.5
to 0.8 ionophore molecule transported per ATP molecule hydrolyzed.67

10.10. SUBSTRATE SPECIFICITY OF P-GLYCOPROTEIN
AND NATURE OF THE DRUG-BINDING SITE

Pgp displays a remarkable ability to interact with, and transport, a large variety of
compounds, ranging from chemotherapeutic drugs to peptides. Most preferred sub-
strates are amphipathic and relatively hydrophobic, although some are not (colchicine,
for example, is quite water soluble). Pgp substrates range in size from large complex
molecules such as paclitaxel and vinblastine to smaller drugs such as daunorubicin
and doxorubicin. Pgp also interacts with linear and cyclic peptides and ionophores,
including gramicidin D, valinomycin, N-acetyl-leucyl-leucyl-norleucinal (ALLN),
leupeptin, pepstatin A, and several bioactive peptides.75,108 Small tripeptides such as
NAc-LLY-amide are excellent transport substrates.26 Even nonionic detergents such
as Triton X-100 and nonylphenol ethoxylates interact with Pgp.91,109,110 Many sub-
strates, but not all, contain planar aromatic rings and positively charged tertiary N
atoms. No highly conserved recognition elements have been found in Pgp substrates
and modulators.

Many attempts have been made over the years to develop a quantitative structure–
activity relationship (QSAR) for Pgp substrates and modulators, to link various
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properties of these molecules (physical, chemical, or structural) with their biolog-
ical activity.111 One problem in achieving this goal has been the wide variety of
biological assays (many indirect) used to infer interaction with Pgp, the use of limited
series of structurally related compounds, and the lack of consistency in the molecular
descriptors used. Very few studies have measured binding affinity directly, and vari-
ous surrogates, such as inhibition of drug transport or stimulation of ATPase activity,
have been used instead. An additional complication has been the likely existence of at
least two binding regions within the drug-binding pocket of the protein, which interact
with each other allosterically.112 Hydrophobic peptides appear to differ from other
Pgp substrates (e.g., they are much smaller than a typical substrate and often have no
aromatic rings or tertiary N atoms), and most studies on common pharmacophores
have not considered them.

Seelig defined a set of structural elements that are required for interaction of a
compound with Pgp,113 consisting of two or three electron donors (hydrogen-bond
acceptors) arranged in a fixed spatial separation. Any molecule containing at least
one of these structural units was predicted to be a Pgp substrate, and binding affinity
was predicted to increase with hydrogen-bond strength. The TM domains of Pgp
contain a high fraction of amino acids with side chains capable of acting as hydrogen-
bond donors to interact with substrates. A more recent three-dimensional quantitative
structure–activity relationship study supported these ideas and suggested that inter-
action of the substrate with one or more sites within the protein plays a key role in
efflux.114 Substrate recognition was proposed to be based on the dimensions of the
drug molecule, and the presence of two types of recognition elements, two hydropho-
bic groups 16.5Å apart and two hydrogen-bond acceptors 11.5Å apart. Another three-
dimensional (QSAR) approach was used to generate a Pgp pharmacophore consisting
of one hydrogen-bond acceptor, one aromatic ring, and two hydrophobic units.115 Pa-
jeva and Wiese proposed a pharmacophore model consisting of two hydrophobic
units, three hydrogen-bond acceptors, and one hydrogen-bond donor.116 They con-
cluded that drug-binding affinity depends on the number of points involved simulta-
neously in the interaction with Pgp and proposed that different drugs can be involved
in different binding modes with these points. QSAR studies have also been carried
out for Pgp modulators,117,118 and attempts have been made to classify them based on
their structures.119 Artificial neural networks have also been used,120 with the aim of
employing such analysis as a predictive tool to identify new MDR-reversing agents.

Many questions remain about how Pgp can bind and transport so many struc-
turally diverse compounds. Biochemical studies have been used to argue for a single
common drug-binding site, or two or more separate sites. Based on ATPase inhibi-
tion studies, it was proposed that drugs, peptides, and modulators all competed for
a common drug-binding site,121 whereas another group concluded that two separate
pharmacophores existed.122 Photoaffinity labeling studies suggested that Pgp con-
tained two nonidentical drug-binding sites, one in each half of the protein.123 Binding
studies using radiolabeled drug supported the existence of multiple binding sites,
which displayed complex allosteric interactions and could switch between high- and
low-affinity conformations.53 Shapiro and Ling demonstrated the existence of two
“functional” transport sites within Pgp; the H-site showed preference for the drug
Hoechst 33342 (H33342), whereas the R-site showed preference for rhodamine 123
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(R123).112 The two sites interacted with each other allosterically, such that H-site and
R-site drugs mutually stimulated each other’s transport, whereas two H-site drugs
inhibited each other’s transport, as did two R-site drugs. Later work suggested the
existence of a third allosterically linked drug transport site.124

Soluble bacterial transcription factors that bind multiple drugs (i.e., QacR, BmrR,
and MarR) have provided intriguing insights into how a single drug-binding site can
accommodate many structurally diverse compounds.125 Crystallographic studies of
QacR complexes with six drugs showed that the protein contains a large, flexible bind-
ing pocket, rich in aromatic amino acids, but also containing some polar residues.126

Van der Waals and hydrophobic interactions play a major role in drug-binding, aug-
mented by electrostatic interactions between charged groups on the drug and charged
amino acid side chains. The size and flexibility of the binding pocket allow drugs with
different structures to establish interactions with different subsets of residues. Two
distinct but partially overlapping binding pockets were observed. Later studies showed
that two drugs could bind to the protein simultaneously.127 Structural studies of the
human xenobiotic nuclear receptor, PXR, showed that the same drug can bind within a
large hydrophobic cavity in three different orientations, each stabilized by a different
complement of polar side chains.128

Multidrug transport proteins such as Pgp probably bind their substrates using
principles similar to those observed for soluble multidrug-binding proteins.129 The
crystal structure of the bacterial RND-family multidrug efflux pump AcrB, binding
four structurally diverse drugs, showed that three ligand molecules bind simultane-
ously to a large central cavity, primarily by hydrophobic, aromatic stacking, and van
der Waals interactions.130 Each drug binds to AcrB using a different subset of amino
acid residues. Studies using Cys mutants and thiol-reactive substrate analogs support
the idea of a common hydrophobic pocket within Pgp and show that residues from
multiple TM segments contribute to the binding region.131–134 Cys cross-linking ex-
periments showed that the packing of the TM segments of Pgp is altered when drugs
bind: in a different way for each substrate.135 This “induced-fit” type of mechanism
can explain how the binding pocket accommodates such a broad range of structurally
diverse compounds.

Like the transcriptional regulator proteins, the drug-binding pocket of Pgp appears
to be able to accommodate more than one compound simultaneously. Based on their
cross-linking data, Loo et al. proposed that a thiol-reactive substrate and a second drug
molecule could occupy different regions of the binding pocket simultaneously.136

More recently, fluorescence approaches showed that LDS-751 and R123 could both
bind to the R-site of Pgp at the same time, interacting in a noncompetitive fashion.137

The dimensions of the drug-binding pocket, determined using a thiol-reactive cross-
linking substrate, also suggest that it is large enough to accommodate two substrates
at the same time.138

Several approaches have been used to locate and characterize the regions of Pgp
that form the drug-binding pocket. Labeling of the protein with various photoactive
drug analogs, followed by chemical or proteolytic cleavage and identification of the
labeled peptides showed that several TM segments in both halves of Pgp were involved
in substrate-binding.139–142 Different regions of the protein were labeled by different
drug analogs, suggesting that they did not all bind at exactly the same location.
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Mutagenesis studies indicated that residues in TM 4, 5, and 6 in the N-terminal half
of Pgp and TM 9, 10, 11, and 12 in the C-terminal half were involved in forming the
drug-binding pocket.143 Loo and Clarke systematically inserted single Cys residues
by site-directed mutagenesis into 252 positions in the TM segments, and then reacted
them with either a thiol-reactive substrate or a drug analog.131,132,144 Overall, the drug-
binding pocket is envisioned as funnel-shaped, narrower at the cytoplasmic side of the
membrane,145 where TM2/TM11 and TM5/TM8 come together.47,48 They concluded
that the drug-binding pocket is found at the interface between the two TM “halves”
of Pgp. This was confirmed by Pleban et al., who used propafenone-type substrate
photoaffinity ligands, in conjunction with matrix-assisted laser desorption/ionization
time-of-flight mass spectrometry, to define the substrate-binding site(s) of Pgp.146

They observed the highest labeling in TM 3, 5, 8, and 11, and when this pattern was
projected onto a three-dimensional homology model of Pgp, labeling was found to
occur at the interface formed by TM3 and 11 in one half of the protein, and TM5 and
8 in the other half.

Pawagi et al. proposed that aromatic amino acid residues may play an important
role in the binding and transport path for drug substrates.147 Studies of intrinsic Pgp
fluorescence also showed that Trp residues were highly quenched by binding of certain
drugs, and FRET from Trp to substrate molecules took place with high efficiency,81,148

suggesting that Trp residues are located close to the sites of drug-binding.

10.11. P-GLYCOPROTEIN AS A HYDROPHOBIC
VACUUM CLEANER OR DRUG FLIPPASE

Pgp substrates are typically hydrophobic and are expected to partition into the mem-
brane. The substrate-binding sites of Pgp appear to be contained within its TM regions,
and drugs gain access to these sites after partitioning into the lipid bilayer (Figure
10.2a).34 The idea that the transporter acts as a “vacuum cleaner” for hydrophobic
molecules present in the membrane was first suggested by Higgins and Gottesman149

and has found widespread acceptance. In intact cells, Pgp substrates entering the cell
from the extracellular medium are intercepted at the plasma membrane and extruded
to the exterior without entering the cytosol.150 Lipid bilayers are amphipathic multi-
layered structures and do not behave like an organic solvent such as octanol in terms of
drug partitioning. After entering the membrane, Pgp substrates (which are generally
amphipathic in nature) are not distributed uniformly in the hydrophobic core of the
lipid bilayer but tend to concentrate in the interfacial regions of the membrane.151

Several studies suggested that the drug-binding pocket of Pgp is probably located
within the cytoplasmic leaflet of the membrane. Drugs appear to gain access to this
binding site after moving to the cytoplasmic leaflet by spontaneous “flip-flop” from
the outer leaflet, which can be a slow process for many compounds that are Pgp
substrates.152,153 Transport by reconstituted Pgp of the fluorescent dyes H33342 and
LDS-751 suggested that they were probably extracted from the cytoplasmic leaflet
of the membrane.154,155 The positively charged compound N-methyldexniguldipine,
which is unable to flip-flop to the inner leaflet, could interact with Pgp if added to cell
fragments and membrane vesicles where the cytoplasmic membrane face is accessible,
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FIGURE 10.2. (a) Classical pump, vacuum cleaner, and flippase models of Pgp action. Clas-
sical pumps, such as lactose permease, transport a polar substrate from the aqueous phase
on one side of the membrane to the aqueous phase on the other side. The substrate does not
come into contact with the lipid bilayer and moves through a hydrophilic path formed by the
TM regions of the protein. In the vacuum cleaner model, drugs (both substrates and modu-
lators) partition into the lipid bilayer and interact with Pgp within the membrane. They are
subsequently effluxed into the aqueous phase on the extracellular side of the membrane. In the
flippase model, drugs partition into the membrane, interact with the drug-binding pocket in
Pgp (which is located within the cytoplasmic leaflet) and are then translocated, or flipped, to
the outer membrane leaflet. Drugs will be present at a higher concentration in the outer leaflet
compared to the inner leaflet, and an experimentally measurable drug concentration gradient is
generated when drugs partition rapidly from the two membrane leaflets into the aqueous phase
on each side of the membrane. (b) The effect of membrane partitioning on drug-binding to Pgp.
The binding affinity of Pgp for a particular substrate or modulator (Kd ) is related to the lipid–
water partition coefficient of the drug (Plip). A drug with a high value of Plip (left side of the
figure) will accumulate to a high concentration within the membrane. This will favor binding
to Pgp and result in a low apparent Kd value. In contrast, a drug with a low value of Plip (right
side of the figure) will have a lower membrane concentration and a high apparent Kd value.

but not if added to intact cells.156 Similarly, some peptide modulators cannot interact
with Pgp in intact cells if supplied in the extracellular medium but can do so in mem-
brane vesicles, where they can reach the cytoplasmic leaflet.157 More recently, a FRET
approach estimated the distance separating bound H33342 from a fluorescent probe
linked covalently to the catalytic sites, and the results clearly place the drug-binding
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site within the cytoplasmic membrane leaflet.148 The binding site for another fluores-
cent substrate, LDS-751, was also localized by FRET to the cytoplasmic half of the
bilayer, although closer to the membrane surface in the interfacial region.158 H33342
binds to the H-site and LDS-751 to the R-site, so it appears that both of these functional
drug transport sites are in Pgp domains within the cytoplasmic membrane leaflet.

It was proposed that Pgp may operate as a drug flippase, moving hydrophobic
drug molecules from the inner to the outer leaflet of the membrane (Figure 10.2a).149

Given the high level of amino acid similarity between Pgp and its close relative
the MDR3/ABCB4 protein, which functions as a PC-specific phospholipid flippase,
this suggestion seems reasonable. The location of the drug-binding pocket in the
cytoplasmic leaflet of the membrane is also compatible with this idea. If Pgp maintains
a higher drug concentration in the outer leaflet than in the inner leaflet, equilibration
of drug between the membrane and the aqueous phase on each side would result
in the observed drug concentration gradient. Such partitioning and equilibration of
nonpolar drugs between lipid bilayers and water is a very fast process, limited only
by diffusion.159 In fact, it is not possible to distinguish experimentally between a
transport process in which drugs are moved from the inner to the outer leaflet, followed
by rapid partitioning into the aqueous phases on each side, and one in which drugs
are moved from the inner leaflet directly to the extracellular aqueous phase, followed
by repartitioning of drug into the outer leaflet.

Several studies have indicated that Pgp can move fluorescent NBD-labeled phos-
pholipid derivatives from the inner to the outer leaflet of the plasma membrane in intact
cells overexpressing the protein,160,161 and glycosphinglipids (GSLs) have also been
considered as substrates.162,163 Since then, reconstituted Pgp in lipid bilayer vesicles
has been shown to act as an outwardly-directed flippase for NBD-labeled phospho-
lipids and simple GSLs such as glucosyl-, galactosyl-, and lactosylceramide.164,165

The lipid translocation process shares many biochemical features with drug transport:
it requires ATP hydrolysis, it is inhibited by Vi, and drug substrates compete with
flippase activity.164,165 Thus, both drugs and membrane lipids appear to follow the
same transport route through the Pgp molecule, increasing the likelihood that drug
transport takes place via a flippase-like mechanism. It is possible that Pgp plays a
physiological role in flipping glucosylceramide from the cytoplasmic leaflet to the
luminal leaflet of the Golgi apparatus, which is a required step in the biosynthesis of
complex GSL.165,166

10.12. ROLE OF THE LIPID BILAYER
IN P-GLYCOPROTEIN FUNCTION

The hydrophobic vacuum cleaner model proposes that drugs and modulators partition
into the membrane before interacting with the transporter. Pgp substrates generally
have high lipid:water partition coefficients152,167 and accumulate within the mem-
brane to high concentrations (Figure 10.2b). Pgp would thus experience a much
higher drug concentration than that nominally added to the aqueous phase, by 300- to
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20,000-fold.152,167 The role of the lipid bilayer is thus to concentrate the drug; Pgp
itself may have a relatively low intrinsic substrate-binding affinity. The kinetics of
transport of the lipophilic dye H33342 out of the membrane were measured using a
fluorescence approach.104 The transport rate was directly proportional to the amount
of H33342 in the lipid phase and inversely proportional to its concentration in the
aqueous phase, thus demonstrating that Pgp removes the dye from the lipid bilayer.

The mode of action of Pgp modulators also appears to be intimately linked to
the presence of the membrane and the behavior of drugs within it. Modulators show
the same structural features as substrates, interact with the drug-binding pocket, and
(in many cases) are also transported by Pgp, yet cells are not resistant to them,
and they reverse drug resistance. The behavior of modulators has been linked to
their rate of diffusion across the membrane.168 Pgp substrates were found to cross
a lipid bilayer relatively slowly (e.g., R123 had a half-life of 3 minutes), while the
transbilayer movement rate of several MDR modulators was too fast to be detected.169

Amphipathic drugs and modulators localize in the interfacial regions of the bilayer,
and appear to cross membranes by a flip-flop mechanism.152 Thus, it was proposed
that drugs and modulators are handled similarly by Pgp; they are transported, with
hydrolysis of ATP. Compounds that have been pumped out can reenter the outer
leaflet and flip-flop back into the inner leaflet (i.e., diffuse across the membrane)
before interacting with Pgp again and being reexported. For substrates, the rate of
membrane reentry is slow enough for efflux via Pgp to keep pace, and a drug gradient
is established, causing resistance. For modulators, the rate of membrane reentry is
so rapid that Pgp cannot keep pace and essentially operates in a futile cycle; the
transport turnover and rate of ATP hydrolysis are high, but no concentration gradient
is generated; thus, cells are not resistant to modulators. This model159 suggests that
effective modulators are high-affinity substrates with a high transbilayer diffusion rate.

Reconstitution of Pgp into bilayers of defined lipids has been an important
tool in exploring the role of specific lipids, and the membrane in general, on its
activity. Differential scanning calorimetry (DSC) studies indicated that reconstituted
Pgp perturbed a large number of membrane phospholipids, even at relatively high
lipid/protein ratios.170 When Pgp was reconstituted into proteoliposomes composed
of three different PCs, drug substrates displayed different partition coefficients into
these bilayers.167 The affinity of drug binding measured using fluorescence quenching
was highly correlated with the lipid : water partition coefficient, so that Kd decreased
as the partition coefficient increased (Figure 10.2b). The concentration of the drug
in the membrane is thus important for high-affinity interaction of drugs with Pgp.

The ATPase activity of Pgp is also modulated by the lipid environment sur-
rounding the protein. Addition of various phospholipids to purified Pgp resulted in
concentration-dependent increases or decreases in activity and protected the protein
from thermal inactivation.78 The values of both Km for ATP hydrolysis and Kd for ATP
binding were different above and below the melting temperature of the lipid bilayer,
and the activation and energies for ATP hydrolysis in the gel and liquid-crystalline
phases of the bilayer were also significantly different.171 Thus, both ATP binding and
ATP hydrolysis by Pgp are affected by the phase state of the membrane in which it is
reconstituted, possibly because the NB domains may interact with the bilayer surface.
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The profile for ATPase activation and inhibition by drugs and modulators changes
when Pgp is moved from detergent solution into a lipid bilayer25 and also varies
with the nature of the host lipid in which the protein is reconstituted.65 This suggests
that coupling between drug-binding sites and NB domains is affected by the lipid
environment of the protein.

Pgp-mediated drug transport is also affected in an interesting way by the fluidity
of the membrane. Changes in the fluidity of canalicular membrane vesicles altered
Pgp-mediated transport of daunorubicin and vinblastine.172 When lipid fluidity was
increased using membrane fluidizers, drug transport was significantly inhibited, sug-
gesting that the physical state of the membrane affects Pgp transport function. This
idea was explored further using Pgp reconstituted into proteoliposomes composed of
two synthetic PCs with different melting points.105 A real-time fluorescence assay
used to measure the initial rate of transport found a highly unusual biphasic tem-
perature dependence: a high rate of transport in the rigid gel phase, the maximum
transport rate at the melting temperature of the bilayer, and a lower transport rate in the
fluid liquid-crystalline phase. This pattern suggests that the rate of drug transport by
Pgp may be dominated by partitioning of drug into the bilayer, which shows similar
temperature dependence.

10.13. MECHANISM OF ACTION OF P-GLYCOPROTEIN

Much remains to be understood about how Pgp transports (or flips) drugs and how
coupled ATP hydrolysis powers transport. Transport can be broken down into several
steps: entry of substrates into the binding pocket within the cytoplasmic leaflet, con-
formational changes in Pgp driven by ATP binding/hydrolysis, and release of drug to
either the outer leaflet or the extracellular aqueous phase. Many different experimental
approaches, including various biochemical and spectroscopic techniques, have pro-
vided evidence that conformational changes take place during the catalytic cycle of
Pgp and other ABC proteins.173 It is assumed that release of drug from Pgp involves
reorientation of the drug-binding site from the cytosolic side of the membrane (or
the inner membrane leaflet) to the extracellular side (or the outer membrane leaflet),
accompanied by a switch from high to low drug-binding affinity. Superimposed on the
transport cycle is the ATP hydrolysis cycle, which involves ATP binding, formation of
the nucleotide sandwich dimer, ATP hydrolysis, dissociation of Pi, and dissociation of
ADP. A recent review discusses the drug translocation mechanism of Pgp in detail.174

Substrates may diffuse from the lipid bilayer into the drug-binding pocket through
“gates” formed by TM segments at either end of the pocket.175 The nature of the
local environment within the drug-binding pocket is still controversial. Loo et al.
tested whether Cys residues within the drug-binding pocket of Pgp were able to
react with charged thiol-reactive compounds and concluded that the drug-binding
pocket is accessible to water.176 In contrast, the fluorescence properties of drugs
bound to purified Pgp clearly indicate that the local environment of the binding site
is very hydrophobic, with a polarity lower than that of chloroform.158 Several drugs
(e.g., H33342, LDS-751) show large increases in the intensity of their fluorescence
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emission and a substantial blue shift in their emission wavelength on binding to Pgp,
both hallmarks of a hydrophobic local environment.148,158

Conformational communication must exist between the drug-binding pocket and
the NB domains, so that substrate binding activates ATP hydrolysis and initiates the
transport cycle. Binding of drugs caused large changes in the fluorescence of MIANS
groups covalently linked within the catalytic site of the NB domains, thus confirming
this idea. More recently, the effect of drug-binding on cross-linking between Cys
residues in the signature C and Walker A motifs was tested. Drug-binding in the TM
regions induced long-range conformational changes in both NB domains, to decrease
or increase the distance between these two sequence motifs.177 TM2/TM1147 and
TM5/TM848 are close together and probably enclose the drug-binding pocket, which
is located at the interface between the TM halves at the cytoplasmic side of Pgp. These
regions may form the “hinges” required for conformational changes during the trans-
port cycle. Covalent linkage of a drug analog to position 306 led to permanent activa-
tion of Pgp ATPase activity, suggesting that this region of the protein may be part of the
signal that switches on ATP hydrolysis when the drugs occupy the binding pocket.178

A photoaffinity labeling study reported that the Vi-trapped complex of Pgp, which
is thought to resemble the catalytic transition state, has drastically reduced affinity for
drug substrates.179 It was proposed that following ATP hydrolysis, drug is moved from
a high- to a low-affinity binding site, thus promoting release from Pgp on the other side
of the membrane.180 However, this has been contradicted by quantitative fluorescence
quenching measurements of drug and nucleotide binding to the Vi-trapped complex,
which showed that it can bind several different drugs with high-affinity.181 High-
affinity substrate-binding was also observed for the Vi-trapped complex of the ABC
protein TAP1/TAP2.182 Based on these results, a concerted transport mechanism was
proposed rather than a multistep reaction.181 In this model, release of drug from Pgp
during the catalytic cycle is proposed to occur simultaneously with ATP hydrolysis,
and precedes formation of the Vi-trapped complex.

Drug release was proposed to occur as a result of rehydration of the substrate
when it enters the drug-binding pocket,176 which was originally envisioned as a large
cavity filled by water,38 and it was suggested that hydration may prevent drug from
repartitioning into the lipid bilayer. However, recent EM structures of Pgp do not
show a large water-filled cavity.44,45 In addition, hydration of drug when it is released
into an aqueous environment cannot prevent it from reentering the membrane, since
a hydrated hydrophobic molecule is an unfavorable situation entropically, and it will
very rapidly partition into the lipid bilayer.

ATP provides the energy for the power stroke, which consists of conformational
change(s) that drive drug transport. Two proposals exist that propose different origins
for the power stroke of Pgp.183 Based on observations that drug-binding altered ATP
binding affinity,88 Higgins and Linton proposed the ATP switch model, in which
dimerization of the NB domains driven by ATP binding is the source of the power
stroke.184 Tight ATP binding following drug-binding is proposed to drive formation of
the sandwich dimer, transmitting conformational changes to the drug-binding domains
that result in drug transport. ATP hydrolysis is then used to separate the NB domains
and reset the transporter. However, this model is controversial, since several groups
have reported that drug-binding does not affect ATP binding,49,70,77 and quantitation
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of ATP binding affinity showed only small changes upon drug binding.83 Senior et al.
proposed that transport is driven by relaxation of a high-energy intermediate formed
during ATP hydrolysis, which thus provides the power stroke.79 One molecule of ATP
was proposed to drive the transport of one drug molecule. Sauna and Ambudkar have
proposed an alternative model in which two molecules of ATP are hydrolyzed per
cycle.185 In this model, drug and ATP binding do not influence each other: hydrolysis
of one ATP molecule drives drug transport, and hydrolysis of a second ATP molecule
resets the transporter. This model is also unsatisfactory. There has been no independent
verification of the proposed requirement for two rounds of ATP hydrolysis per drug
molecule transported. Sauna et al. reported that Pgps with mutations in the Walker
B Glu residues (E556Q and E1201Q) failed to undergo the second round of ATP
hydrolysis required to reset the transport cycle.186 However, this was contradicted
by Senior and co-workers, who found that these mutants could undergo multiple
catalytic turnovers. Rapid kinetic studies that dissect out various steps in the transport
cycle, and define their kinetic and thermodynamic constants, may be required to fully
understand the mechanism of action of Pgp.

10.14. ROLE OF P-GLYCOPROTEIN IN DRUG THERAPY

Pgp substrates include many drugs that are used in the treatment of common human
diseases. The protein consequently plays a central role in drug absorption and dispo-
sition in vivo and is an important determinant in the pharmacokinetic profile of many
drugs and ultimately, the clinical response.187,188 Pgp substrates include anticancer
drugs, HIV protease inhibitors, analgesics, calcium channel blockers, immunosup-
pressive agents, cardiac glycosides, antihelminthics, antibiotics, and H2-receptor an-
tagonists, to name just a few (see Table 10.1).

High levels of Pgp are found in the luminal membrane of the capillary endothelial
cells, where it immediately pumps drugs back into the blood. The presence of Pgp
strongly reduces the brain accumulation of many different drugs, and in knockout
mice, penetration of substrates into the brain is increased 10- to 100-fold. Pgp prevents
the penetration of HIV protease inhibitors into the brain, limiting treatment efficacy.
Anticancer drugs directed to brain tumors are also prevented from reaching their
desired site of action.

Pgp appears to be a major player in limiting absorption of drugs from the in-
testinal lumen. Studies in knockout mice showed that the bioavailability of orally
administered paclitaxel, a drug known for its poor solubility, increased from 11% to
35% in animals lacking Pgp.189 Paclitaxel and other drugs are also excreted directly
from the blood circulation into the intestinal lumen. However, not all Pgp substrates
show compromised drug absorption. For example, digoxin, HIV protease inhibitors,
verapamil, and quinidine all show high oral bioavailability despite being good Pgp
substrates.187 Thus, Pgp may not be as quantitatively important as first thought in
drug absorption. It is possible that high drug concentrations in the intestinal lumen
saturate the transporter; as well, Pgp-mediated efflux may have a limited effect on
bioavailability if passive diffusion rates are high. Because of the increased likelihood
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that a drug will fail to be effective in animal and human trials if it is a Pgp substrate,
many pharmaceutical companies have added interactions with Pgp to their drug dis-
covery screening processes in an attempt at early identification of these compounds.
This is especially important for drugs targeted to the central nervous system.

Blockade of Pgp with modulators can have dramatic effects on systemic drug dis-
position by decreasing drug elimination through the intestine, bile, and urine. Initially,
the focus was on using modulators with anticancer drugs to improve the efficacy of
chemotherapy treatment,190 but later it was realized that modulators could be useful
in altering the pharmacological behavior of many drugs, to improve their delivery.
Modulators may enhance intestinal drug absorption and increase drug penetration
through biologically important protective barriers such as the blood–brain, blood–
cerebrospinal fluid, and maternal–fetal barriers. Delivery of drugs to the brain, either
to treat epilepsy and other central nervous system diseases, AIDS, or brain tumors
such as gliomas might therefore be increased by addition of an effective modulator.
This has been shown to be feasible in a mouse model using highly effective modula-
tors such as PSC833 and GF120918.191–193 The future development of more effective
Pgp modulators may make enhanced drug delivery to the brain a realistic clinical goal.

First-generation modulators (e.g., verapamil, quinidine) were poor Pgp inhibitors,
requiring high plasma levels to reverse MDR, which could not be obtained without
unacceptable patient toxicity. In addition, these drugs were used clinically to treat other
medical conditions and produced pharmacological side effects. Several advanced
MDR-reversing agents are in various stages of development.194 Second- and third-
generation MDR inhibitors with good clinical potential include PSC833, GF120918,
XR9576, LY335979, VX-710, and OC 144-093.

Several Pgp modulators also inhibit one or more cytochrome P450 enzymes (e.g.,
CYP3A4) that function to metabolize drugs. Thus, it has been widely observed that
treatment with Pgp modulators decreases drug clearance, resulting in increased toxi-
city of coadministered drugs. Plasma drug levels remain higher for longer, increasing
the “area under the curve” (AUC) and often necessitating a substantial reduction in
drug dose to avoid toxicity. More selective third-generation Pgp modulators, such
as LY335979 and XR9576, do not inhibit the CYP enzymes and show only small
increases in AUC, so that dose reduction is not needed. Understanding how Pgp mod-
ulators affect the toxicity and pharmacokinetics of other drugs is important for the
design of clinical trials of MDR modulation.

10.15. MODULATION OF P-GLYCOPROTEIN IN CANCER TREATMENT

A major reason for the failure of chemotherapy treatment to cure human cancers is the
ability of tumor cells to become resistant to several anticancer drugs simultaneously.
Many mechanisms are known to contribute to MDR in tumor cells, of which the
presence of multidrug efflux pumps is only one. Three ABC family members, Pgp,
MRP1 (ABCC1), and BCRP (ABCG2), are likely to be the major drug efflux pumps
expressed in human cancers.195 Tumor cells are notoriously heterogeneous, and corre-
lations between drug resistance and the expression of efflux pumps have been difficult
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to establish. Some tumors express Pgp before chemotherapy treatment (e.g., colorec-
tal and renal cancers), while in others, expression increases after exposure to MDR
drugs (e.g., leukemias, lymphomas, myeloma, and breast and ovarian carcinomas).
In general, patients with Pgp-positive tumors respond less well to chemotherapy
and have a poorer outlook and long-term survival. There is strong evidence linking
Pgp expression with poor response to chemotherapy in acute myelogenous leukemia
(AML).196,197

Studies to validate the role of MDR reversal in the treatment of various malig-
nancies are under way; there have been some partial successes, and many failures.
However, there is still no consensus on the useful of MDR modulators in treating hu-
man cancers, and the controversy is likely to continue.198,199 Four contributing factors
make the results of many clinical trials with modulators uninterpretable. First, there
is a need to establish whether a patient’s tumor contains Pgp and whether the level
is clinically significant. Second, many modulator clinical trials have used first- and
second-generation compounds that are poorly effective at the clinically achievable
dose. This limitation will hopefully be overcome by new, more potent and specific
third-generation Pgp modulators. A third factor is that modulators affect the disposi-
tion of other drugs, either by decreasing drug elimination via Pgp or by inhibiting drug
metabolism via cytochrome P450. Cancer patients treated with both chemotherapy
drugs and a modulator are thus exposed to higher levels of anticancer drug, which
confounds interpretation of the results. In some trials, the dose of anticancer drug
was lowered to avoid toxicity and allow direct comparison of results from the two
study arms. Finally, tumors have multiple, often redundant mechanisms of cellular
resistance to drugs.200 Not only do tumor cells have other defense mechanisms at
their disposal, they can also express other multidrug efflux pumps. Thus, the potential
contribution of Pgp to drug resistance in a tumor is very difficult to assess. Modula-
tion of Pgp in tumors is likely to be accompanied by altered Pgp function in normal
tissues.201 However, in some trials, tumor regression was obtained without apparent
increases in normal tissue toxicity. There have been suggestions that MDR modu-
lation may delay the emergence of clinical drug resistance. Thus, administration of
modulators in the earlier stages of cancer may prevent drug resistance.

10.16. REGULATION OF P-GLYCOPROTEIN EXPRESSION

Cells adapt to the presence of toxic xenobiotics in their environment by up-regulation
of drug efflux pumps, such as Pgp, which provides them with a long-term survival
advantage. The MDR1 gene is activated, and a stable MDR phenotype induced, after
short-term exposure of cells to a variety of environmental insults. This response is
of fundamental importance in the case of emergence of MDR in tumor cells exposed
to anticancer drugs. MDR1 expression may be up-regulated by two mechanisms: an
increase in the amount of MDR1 message by transcriptional regulation, and stabiliza-
tion of the mRNA. A considerable amount is now known about the transcriptional
regulation of ABC proteins, including the MDR1 gene.202–204 Transcription of a par-
ticular gene is determined by various response elements present within the promoter
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sequence, their accessibility, and the transcription factors available to interact with
them, which depend on both the intracellular milieu and extracellular signals. The
multiprotein complexes that assemble on the promoter sequence are also dynamic
in nature, and influenced by chromatin structure. There appear to be multiple inter-
acting pathways for activation of MDR1. A redundant network of MDR1 regula-
tion ensures the rapid emergence of resistance in cells subjected to chemical stress.
By more fully understanding the molecular mechanisms by which the MDR1 gene
is activated, it may be possible to intervene clinically to prevent its transcriptional
activation.

Most MDR1 transcripts arise from downstream promoter sequences located in the
middle of exon 1,205 which lacks a TATA box. An inverted CCAAT box interacts
with the trimeric transcription factor NF-Y and the Sp family transcription factors
Sp1 and Sp3. In general, MDR1 transcription is up-regulated as part of a general
cellular “stress” response to stimuli such as heat shock, exposure to anticancer drugs
and carcinogens, serum deprivation, inflammation, hypoxia, and ionizing radiation.
The activation of several signaling pathways, including the protein kinase C and
mitogen-activated protein kinase cascades, an increase in intracellular Ca2+, and
induction of NF�B, can up-regulate MDR1 expression.204 Chemical modification of
chromatin may affect gene expression, and the MDR1 promoter is regulated negatively
by methylation. Posttranscriptional mechanisms also appear to play a role in regulating
MDR1 expression, and the stability of MDR1 mRNA is increased in cells subjected
to various stresses.

10.17. P-GLYCOPROTEIN GENE POLYMORPHISMS AND THEIR
IMPLICATIONS IN DRUG THERAPY AND DISEASE

Changes in Pgp expression and function would be expected to alter the absorption,
plasma concentration, tissue distribution, and excretion of its drug substrates. Pgp
polymorphisms might thus influence the outcome of drug treatment. Variations in the
nucleotide sequence of the Pgp gene can affect both expression and function of the
transporter. The first polymorphism to be reported in the human MDR1 gene was
the G2677T variant, which results in the amino acid change A893S. Since then, about
30 single-nucleotide polymorphisms (SNPs) have been discovered by sequencing the
MDR1 gene in large numbers of people of different ethnic origin.206–209 The most
common variants have probably been identified, although it is possible that some
rare polymorphisms remain to be detected. There are considerable differences in
the frequency of these variant alleles in different populations of Caucasian, African,
and Asian origin.210 Distinct haplotypes exist, with considerable heterogeneity found
within a single ethnic group; however, all ethnic groups appear to possess the three
most common haplotypes, which were found in >70% of the total population. Some
SNPs result in a change in the amino acid coding sequence of the protein (nonsyn-
onymous), whereas others do not (synonymous).

Polymorphisms have been reported to alter both the expression and the function
of the transporter. For example, the synonymous C3435T variant (exon 26) appears
to result in reduced Pgp expression levels, leading to increased oral absorption of
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digoxin and higher plasma drug levels. These results, however, were later contra-
dicted by those of other groups. A recent metaanalysis suggested that the C3435T
SNP has no effect on the expression of MDR1 mRNA or the pharmacokinetics of
digoxin.211 Conflicting data have been reported on the effects of other alleles using
various drug substrates, and the controversy seems likely to continue. The differ-
ential effects of Pgp polymorphisms on Pgp expression and drug disposition will
probably not be resolved until progress is made in standardizing parameters such as
sample size and makeup, environmental factors, and the assays used for Pgp protein
and mRNA quantification. MDR1 haplotypes, rather than individual SNPs, are also
more likely to affect the pharmacokinetics of MDR1 substrates. Two common Pgp
polymorphisms (G2677T/A and C3435T) may play a role in the differential response
to the cholesterol-lowering statin drugs.212 When haplotypes were also considered,
a subgroup of female patients was identified who showed a remarkable response to
treatment, which was not linked to a single polymorphism.

Pgp variants carrying spontaneous mutations have been found in cultured cell lines.
The first to be reported was the G195V substitution, which confers increased resis-
tance to colchicine but has little effect on resistance to several other drugs.213 Deletion
of F335 was reported in another cell line,214 which also showed altered resistance to
a variety of drugs. The effect of several polymorphic sequence variations common in
human populations on Pgp drug transport function has been investigated in transfected
mammalian cells in vitro. Little difference in cell surface expression and transport
function was noted between any of the variants and the wild-type protein.215,216 On the
other hand, the G1199A polymorphism, which results in a S400N change, changed the
efflux and trans-epithelial flux of a fluorescent substrate, and altered cellular resistance
to some drugs but not to others.217 Thus, it seems likely that a number of Pgp poly-
morphisms may influence the disposition and therapeutic efficacy of selected drugs.

Given the role played by Pgp in protecting tissues and organs from toxicants, it
would not be surprising to find that polymorphisms play a role in human susceptibility
to various disease states. mdr1 knockout mice spontaneously develop a form of colitis
that can be prevented by antibiotic treatment,218 suggesting that Pgp functions as a
defense against bacteria or toxins in the intestine. Confirming this idea, inflammatory
bowel diseases (Crohn’s disease and ulcerative colitis) are linked to the missense
variant A893S/T,219 and patients with ulcerative colitis (but not Crohn’s disease)
have a higher frequency of the C3435T genotype, which results in lowered Pgp
expression in the intestine.220 Anti-HIV drugs are known to be Pgp substrates, so a
link between treatment efficacy and Pgp polymorphisms would not be unexpected.
Although several common polymorphisms had no apparent effect on susceptibility to
infection,221 they were reported to influence drug treatment222,223; however, this was
contradicted by another study.224

Variant Pgp alleles can also affect cancer susceptibility. The genotypic frequency
of the C3435T SNP was not altered in colorectal tumor cells from a total patient
population compared to controls225; however, when an under-50 patient population
was examined, carriers of the 3435TT genotype or 3435T allele were at substantially
higher risk of developing the disease.226 Evidence also suggests that Pgp polymor-
phisms influence the risk of developing renal epithelial tumors; C3435T and C3435TT
carriers are again at higher risk.227
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An association was reported between the response of epilepsy patients to drug
treatment and the C3435T polymorphism in the MDR1 gene.228 Patients with seizures
that were not controlled by drugs were more likely to be homozygous for the C-variant
allele, which is associated with higher Pgp transport function, suggesting that the drugs
have a lower efficiency of penetration across the blood–brain barrier in this group.
However, two later studies failed to confirm these results.229,230 The anti-Parkinson
drug budipine is exported actively out of the brain by Pgp in mice,231 and Parkinson’s
disease susceptibility has been linked to Pgp polymorphisms in Chinese populations,
where a MDR1 haplotype containing the SNPs 2677T and 3435T was found to protect
against the disease.232

10.18. CONCLUSIONS

P-Glycoprotein is a drug transporter of the ABC superfamily that functions as an
ATP-powered drug efflux pump. Rapid progress has been made in recent years in un-
derstanding the three-dimensional structure and ATP hydrolysis cycle of this protein,
and many tools are now available for its study at the molecular level. Although the
transporter can interact with hundreds of nonpolar, weakly amphipathic compounds
with no apparent structural similarity, progress is being made in developing a pharma-
cophore model to describe its binding regions. The protein appears to interact with its
multiple substrates via a large flexible drug-binding pocket, to which drugs gain access
from the bilayer, leading to the suggestion that it is a “vacuum cleaner” for hydropho-
bic compounds that concentrate within the membrane. The drug transport mechanism
of Pgp remains ill defined and may involve “flipping” of substrates from the inner to
the outer membrane leaflet. The primary physiological role of the protein appears to be
protection of sensitive organs and tissues from xenobiotic toxicity. Many drugs used in
clinical therapy are P-glycoprotein substrates, and the transporter is now increasingly
recognized to play a central role in the absorption and disposition of many drugs, in-
cluding chemotherapeutic agents. Other compounds, known as modulators, that block
the drug efflux function of Pgp are under development and may have clinical applica-
tions in the future. Nucleotide polymorphisms in the Pgp gene that may affect its reg-
ulation and expression have been identified in human populations. The effect of these
variants on drug response and disease susceptibility is an important focus of future
research.
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11.1. INTRODUCTION

The absorption, distribution, and elimination of drugs is controlled decisively by
integral plasma membrane proteins.1 The family of adenosine triphosphate (ATP)-
binding cassette (ABC) transporters includes a number of members that are located
in the plasma membrane and mediate the ATP-dependent efflux of endogenous and
xenobiotic substances.2 Based on amino acid sequence similarity and phylogeny, the
48 known human ABC transporters are grouped into seven subfamilies designated
A through G.2 Members of three ABC subfamilies have been recognized to play a
key role in drug efflux from cells: the MDR1 P-glycoprotein (ABCB1) of the ABCB
subfamily (discussed in Chapter 10), the breast cancer resistance protein (BCRP,
ABCG2) of the ABCG subfamily (discussed in Chapter 12), and the multidrug resis-
tance proteins (MRPs) of the ABCC subfamily (discussed in this chapter).

The human ABCC subfamily consists of 12 members: the nine MRPs as well as the
cystic fibrosis transmembrane conductance regulator (CFTR), and the two sulfonyl-
urea receptors SUR1 and SUR2. According to current topology prediction programs,
ABCC proteins have two cytoplasmic nucleotide-binding domains (NBDs) and, de-
pending on the isoform, two or three membrane-spanning domains (MSDs). The bind-
ing of ATP at the NBDs and subsequent ATP hydrolysis is required for ABCC/MRP-
mediated transport of substances across the plasma membrane.3 ABCCs/MRPs
mediate the efflux of many endogenous and xenobiotic lipophilic organic anions,
and several have overlapping substrate specificities; some are also involved in
conferring resistance to a wide variety of chemotherapeutic and antiviral agents.3,4

Their predominant localization in intestinal and renal epithelia, in hepatocytes, and
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in blood–tissue barriers signifies an important role of ABCC/MRP transporters in
drug absorption, distribution, and elimination, as well as in protecting tissues against
the entry of xenobiotic toxins.5

Numerous naturally occurring sequence variants leading to amino acid substitu-
tions in the ABCCs/MRPs have been identified. These nonsynonymous sequence
variants are of considerable clinical interest because they may cause interindividual
variation in drug response, but only some of them have been functionally charac-
terized so far. Sequence variants resulting in the loss of a functional ABCC2 and
ABCC6 are the molecular basis of the two hereditary disorders: Dubin–Johnson syn-
drome and pseudoxanthoma elasticum, respectively. The function of ABCC2 as an
apical efflux pump for bilirubin glucuronosides and other anionic conjugates is well
established.6 Absence of a functional ABCC2 protein from the hepatocyte canalic-
ular membrane7,8 hence leads to conjugated hyperbilirubinemia, characteristic of
Dubin–Johnson syndrome.9,10 In contrast, the physiological function of ABCC6 is
still unknown and it is currently not possible to explain how the loss of ABCC6
function causes the connective tissue disorder pseudoxanthoma elasticum.11

In this chapter we focus on the molecular properties of the ABCC/MRP efflux
pumps, their functional characteristics, and their tissue distribution. The functional
consequences of naturally occurring sequence variants are discussed as well. Aspects
of transcriptional and posttranscriptional regulation have been summarized in recent
reviews.3,12,13

11.2. DISCOVERY OF THE ABCC/MRP EFFLUX PUMPS AND
GENOMIC ORGANIZATION OF THE ABCC GENES

Tumor cell lines that have been made resistant to anticancer drugs by exposing them
in vitro to increasing concentrations of a cytotoxic agent served as a valuable tool in
the identification of the first ABCC/MRP efflux pump. Studies with the doxorubicin-
resistant cell lines HL60/ADR and H69AR revealed that both cell lines showed a
multidrug resistance phenotype without overexpressing MDR1 P-glycoprotein.14,15

By photoaffinity labeling with 8-azido-ATP, a 190-kDa protein was identified to be
overexpressed in the HL60/ADR cells and it was hypothesized to be a nucleotide-
binding protein distinct from MDR1 P-glycoprotein, causing the multidrug resistance
phenotype.16 In 1992, Cole et al. succeeded in the molecular identification of this 190-
kDa protein by cloning of the respective cDNA from H69AR cells17; the encoded
protein was initially termed multidrug resistance–associated protein (MRP)17 and is
now known as ABCC1 or multidrug resistance protein 1, MRP1 (Table 11.1). The
amino acid sequence identity of human ABCC1 with MDR1 P-glycoprotein, which
belongs to the ABCB subfamily,2 is only 24%, underlining the fact that the ABCB and
the ABCC subfamilies are very distinct from each other. The ABCC subfamily also
includes the ATP-gated chloride channel CFTR (ABCC7)30 and the ATP-dependent
sulfonylurea receptors ABCC8 (SUR1) and ABCC9 (SUR2), which are potassium
channel regulators31,32 (Table 11.1).
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Subsequent to the cloning of ABCC1, additional members have been identified
that are all encoded by distinct genes and are often located on different chromosomes
(Table 11.1). The first evidence for the existence of more than one ABCC/MRP ef-
flux pump came from the cloning and sequencing of a novel 347-bp cDNA fragment
from normal rat liver, which was related to but not identical to rat Abcc1 cDNA
and was not expressed in transport-deficient GY/TR¯ mutant rats.33 These mutant
rats had long been known to lack the ATP-dependent biliary excretion of anionic
conjugates.33–40 The 347-bp cDNA fragment was subsequently shown to be part of
the full-length cDNA encoding rat Abcc2/Mrp2,41 which was identified as an ABCC1-
related protein located in the canalicular membrane of normal hepatocytes but not of
hepatocytes from transport-deficient mutant rats.8,41,42 Because of this initial local-
ization in the hepatocyte canalicular membrane and its function as an efflux pump for
anionic conjugates, Abcc2 was formerly termed canalicular Mrp (cMrp)41 or canalic-
ular multispecific organic anion transporter (cMoat).42 The screening of expressed
sequence tag (EST) databases26,27,43,44 or of the high-throughput genomic sequence
database25 revealed the presence of additional ABCC/MRP efflux pumps and led
to the cloning and molecular characterization of the full-length cDNAs encoding
human ABCC3,45–48 ABCC4,22,49–53 ABCC5,45,54–56 ABCC6,24,57,58 ABCC10,23,59

ABCC11,25–27,60 and ABCC1225,26,61 by several laboratories. The recently identified
ABCC13 gene encodes a truncated and likely functionally inactive protein.62,63

All human ABCC genes have been analyzed with respect to their genomic organi-
zation (Table 11.1). Interestingly, four of the nine ABCC/MRP genes are located on
chromosome 16: ABCC1 and ABCC6 adjacent to each other in a tail-to-tail orientation
at region p13.124 and ABCC11 and ABCC12 adjacent to each other in a tail-to-head
orientation at region q12.125,26 indicating that each “gene tandem” originated by gene
duplication. A comparison of the genomic organization of human ABCC1, ABCC2,
and ABCC3 showed remarkable similarities among all three genes with respect to
exon number and exon size; moreover, ABCC1, ABCC2, and ABCC3 have 21 iden-
tical splice sites based on an amino acid alignment of the three respective proteins,
suggesting a close evolutionary relationship of these genes as well.64

11.3. MOLECULAR CHARACTERIZATION

11.3.1. Domain Structure of the ABCC Proteins

Many studies have been performed to elucidate the structure of the ABCC proteins,
especially of ABCC1 and ABCC2. The ABCC transporters share with other members
of the ABC superfamily a typical core structure: the hydrophobic membrane-spanning
domains MSD1 and MSD2, each followed by a hydrophilic and highly conserved in-
tracellular nucleotide-binding domain: NBD1 and NBD2, respectively (Figure 11.1a).
Hydropathy profiles and limited proteolysis experiments suggested that ABCC1 con-
tains an additional hydrophobic amino terminal MSD0 of approximately 200 amino
acids, which precedes the typical core structure.65,66 Glycosylation-site mutants and
epitope insertion revealed the presence of five additional transmembrane segments
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with an extracellularly located amino terminus for ABCC1.67−69 Computational anal-
ysis of rat Abcc2 also predicted an extracellular localization of the amino terminus.41

Further, an antibody against the amino-terminal sequence of human ABCC2 con-
firmed the extracellular localization of the amino terminus by immunofluorescence
microscopy.70 On the basis of sequence similarity, it is expected that ABCC3, ABCC6,
ABCC8 (SUR1), ABCC9 (SUR2), and ABCC10 share this topological feature with
an additional extracellular amino-terminal MSD0.47,48,58,59,71 In contrast, a topology
model with two MSDs and an intracellular amino terminus is predicted for ABCC4,
ABCC5, ABCC7, ABCC11, and ABCC12 in a manner similar to that for MDR1
P-glycoprotein.25,72,73

Several N -glycosylation sites have been identified in the ABCC protein sequences,
especially for ABCC1 and ABCC267; however, site-directed mutagenesis of these
specific amino acids did not alter sorting, transport properties, and substrate specificity
of ABCC1.67,74

11.3.2. Amino Acid Sequence Identities of Human ABCC/MRP Paralogs

The deduced amino acid sequence lengths of the nine human ABCCs/MRPs range
between 1325 amino acids for ABCC4 and 1545 amino acids for ABCC2 (Table 11.1).
Within the complete human ABCC subfamily, the sulfonylurea receptors ABCC8
(SUR1) and ABCC9 (SUR2A and SUR2B) comprise 1581 and 1549 amino acids,
respectively, thus being the longest proteins of the ABCC subfamily. In comparison
with ABCC1, ABCC3 shares 58% amino acid identity and is the member closest
to ABCC1 (Table 11.1). In contrast, CFTR (ABCC7) shares only 30% amino acid
identity with ABCC1 and thus has the lowest amino acid sequence identity. The
ABCC/MRP members that have the same topology as ABCC1 are also those most
closely related to ABCC1 (Table 11.1).

11.3.3. ABCC/MRP Orthologs in Other Species and Phylogenetic Analysis

A number of Abcc/Mrp orthologs has been identified in several mammalian species
and to a minor extent in other vertebrates. At present, seven rat orthologs (Abcc1
to Abcc6 and Abcc12) and eight mouse orthologs (Abcc1–6, Abcc10, and Abcc12)
have been described (Figure 11.1b). In addition to humans, rat and mouse are thus
the mammalian species with the largest number of known full-length Abcc/Mrp
sequences. Phylogenetic analysis of the multiple amino acid sequence alignments
shows the high degree of homology among human, rat, and mouse ABCC/MRP or-
thologs (Figure 11.1b). For ABCC1, the full-length sequences from five mammalian
species are currently known, including those from human, rat, mouse, dog, and cow,
with amino acid sequence identities ranging between 87 and 91%. ABCC2/Abcc2
full-length sequences have been identified in human, rat, mouse, rabbit, dog, and
rhesus monkey, in addition to chicken, zebrafish, and little skate, with amino acid
sequence identities varying between 57% for the little skate Abcc2 and 96% for the
rhesus monkey Abcc2 compared to the human ABCC2. In addition, the ABCC4
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full-length sequences from human, rat, mouse, chicken, and zebrafish are known and
their amino acid sequence identities vary from 87% for rat and mouse Abcc4 to 70%
for zebrafish Abcc4 in comparison to the human ABCC4. Furthermore, members of
the ABCC subfamily have been also described in plants, such as in Arabidopsis with
15 ABCCs and in rice with 17 ABCCs.75

11.4. SUBSTRATE SPECIFICITY AND MULTIDRUG RESISTANCE
PROFILES OF HUMAN ABCCs/MRPs

The ABCCs/MRPs are ATP-dependent unidirectional efflux pumps for conjugated
and unconjugated organic anions. Many of these pumps have been identified to con-
fer drug resistance to natural-product drugs as well as to purine and pyrimidine 5′-
nucleoside monophosphate analogs. The expression of a defined ABCC in a cell
system is an important tool for the specific characterization of its substrate speci-
ficity and multidrug resistance profile. This has been achieved using cells, including
polarized cell lines, such as Madin–Darby canine kidney (MDCK), human HepG2,
and pig LLC-PK1 cells, as well as nonpolarized cell lines, such as human HEK293,
human HeLa, hamster V79, and insect Sf9 cells. The substrate specificity can be char-
acterized in the intact cell system. However, the studies in intact cell systems have
a number of limitations [e.g., an endogenous uptake transporter for the compound
under study must be present (section 11.6)]. In contrast, studies using inside-out mem-
brane vesicles provide direct evidence for ABCC-mediated ATP-dependent transport
of compounds, the only restriction being that compounds must be radiolabeled or
fluorescent.76 In the following sections we provide an overview of the substrate speci-
ficity as well as the multidrug resistance profiles of the human ABCC/MRP efflux
pumps (Table 11.2).

11.4.1. ABCC1

In 1994, the cysteinyl leukotriene LTC4 was identified as the first physiological sub-
strate for ABCC1.77,78 This finding was the result of the search for the molecu-
lar identity of the ATP-dependent efflux pump that mediates the release of LTC4

from mastocytoma cells.80 In addition, several cell systems allowed the identifica-
tion of ABCC1 and its substrate specificity, especially ABCC1-overexpressing drug-
selected cell lines, such as the doxorubicin-selected small cell lung cancer cell lines
H69/AR15 and GLC4/ADR,81 as well as the doxorubicin-selected human leukemia
HL60/ADR cells.14 In addition, HeLa cells transfected with the recombinant ABCC1
allowed direct evidence supporting the results obtained with the drug-selected cell
lines.78 After the discovery of LTC4 as an ABCC1 substrate, further compounds
were identified as ABCC1 substrates, including LTD4, LTE4, S-glutathionyl 2,4-
dinitrobenzene (DNP-SG), 17β-glucuronosyl estradiol (E217βG), lithocholyltaurine
3-sulfate, 6α-glucuronosylhyodeoxycholate, oxidized glutathione (GSSG), and bili-
rubin glucuronosides.78,82−84 In addition, glutathione conjugates from ethacrynic
acid, prostaglandin A1, melphalan, chlorambucil, and aflatoxin B1 are also transported
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TABLE 11.2. Substrates and Drug Resistance Profiles of Human ABCC/MRP
Transporters

Substratea Km (μM) Refs. Drug Resistanceb Refs.

ABCC1
Leukotriene C4 0.1 77,78,89 Doxorubicin 99,100
Leukotriene D4 78,82 Daunorubicin 99
Leukotriene E4 78,82 Epirubicin 99
N -Acetyl leukotriene E4 82 Vincristine 99,100
S-Glutathionyl aflatoxin B1 0.2 87 Vinblastine 99
S-Glutathionyl 2,4-dinitrobenzene 3.6 77,79,82 Etoposide 99
S-Glutathionyl prostaglandin A2 86 Arsenite 99
S-Glutathionyl ethacrynic acid 28 85 Antimony 99
S-Glutathionyl N -ethylmaleimide 101 Taxol 99
Chlorambucil Colchicine 99

Monochloro monoglutathionyl 88
Monohydroxy monoglutathionyl 88
Bisglutathionyl 88

Melphalan
Monochloro monoglutathionyl 82,88
Monohydroxy monoglutathionyl 88

Glutathione disulfide (GSSG) 93 83
GSH (+ verapamil)c 83 92
Vincristine + GSHd 89–91
Daunorubicin + GSHd 91
Aflatoxin B1 + GSHd 87
Estrone 3-sulfate (+ GSH)c 0.7 95
Estrone 3-sulfate 4.2 95
β-O-Glucuronosyl NNAL (+ GSH)c 39 96
Bilirubin

Monoglucuronosyl 102
Bisglucuronosyl 102

17β-Glucuronosyl estradiol b1.5 82
2.5 84

6α-Glucuronosyl hyodeoxycholate 82
Glucuronosyl etoposide 82
Lithocholyltaurine 3-sulfate 82
Folate 76
Methotrexae 50 97
Fluo-3 12 103
p-Aminohippurate 372 98

ABCC2
Leukotriene C4 1 70 Cisplatin 70,108
S-Glutathionyl 2,4-dinitrobenzene 6.5 105 Etoposide 70
S-Glutathionyl ethacrynic acid 105 Vincristine 70
Bilirubin Doxorubicin 70

Monoglucuronosyl 0.7 104 Epirubicin 70
Bisglucuronosyl 0.9 104 Methotrexate 97

(Continued )
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TABLE 11.2. (Continued)

Substratea Km (μM) Refs. Drug Resistanceb Refs.

17β-Glucuronosyl estradiol 7.2 70
p-Aminohippurate 880 98
Ochratoxin A 98
Cholecystokinin peptide 8.1 107
Estrone 3-sulfate 106

ABCC3
Leukotriene C4 5.3 109 Etoposide 48,112
S-Glutathionyl

2,4-dinitrobenzene
5.7 109 Teniposide 48,112

17β-Glucuronosyl estradiol 25.6 109–111 Methotrexate 112
Cholylglycine 248 109
Methotrexate 776 109,113
Folate 1960 113
Leucovorin 1740 113
Dehydroepiandrosterone

3-sulfate
46 110

Bilirubin
Monoglucuronosyl 110
Bisglucuronosyl 110

ABCC4
cGMPe 9.7 51,116,118 PMEAe 50,114,115
cAMPe 44.5 51,116,118 Azidothymidine 114
17β-Glucuronosyl estradiol 30.3 51,116 Methotrexate 49
Folate 170 119 6-Thioguanine 50,116
Methotrexate 220 51,119 6-Mercaptopurine 116
Leucovorin 640 119 Ganciclovir 117
Dehydroepiandrosterone

3-sulfate
2 120 Topotecan 126

Prostaglandin E1 2.1 121
Prostaglandin E2 3.5 121,122
Prostaglandin F2α 12.6 122
Thromboxane B2 9.9 122
Urate 1500 124
p-Aminohippurate 160 125
Cholyltaurine (+ GSH)d 7.7 53
Cholyltaurine

(+ S-methylglutathione)d
3.8 53

GSH (+ cholyltaurine)d 2700 53
S-methyl-glutathione

(+ cholyltaurine)d
1200 53

Cholate (+ GSH)d 14.8 123
Cholylglycine (+ GSH)d 25.8 123
Deoxycholylglycine

(+ GSH)d
6.7 123
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TABLE 11.2. (Continued)

Substratea Km (μM) Refs. Drug Resistanceb Refs.

Chenodeoxycholylglycine
(+ GSH)d

5.9 123

Chenodeoxycholyltaurine
(+ GSH)d

3.6 123

Ursodeoxycholylglycine
(+ GSH)d

12.5 123

Ursodeoxycholyltaurine
(+ GSH)d

7.8 123

ADP 118

ABCC5
cGMPe 55 Cadmium chloride 54
cAMPe 55 Potassium antimonyl 54
5-Fluoro-2′-deoxyuridine

monophosphate
1100 127 6-Mercaptopurine 56

5-Fluorouridine
monophosphate

127 6-Thioguanine 56,127

2′-Deoxyuridine
monophosphate

127 PMEAe 56

Folate 1000 128 5-Fluorouracil 127
Methotrexate 1300 128 Methotrexate 127,128
Diglutamylated

methotrexate
700 128

ABCC6
BQ-123 57,58 Etoposide 57
Leukotriene C4 ∼0.6 57,58 Teniposide 57
S-Glutathionyl

N-ethylmaleimide
∼282 58

S-Glutathionyl
2,4-dinitrobenzene

57

ABCC10
17β-Glucuronosyl

estradiol
58 129 Docetaxel 130

Leukotriene C4 129 Paclitaxel 130
Vincristine 130
Vinblastine 130

ABCC11
5-Fluoro-2′-deoxyuridine

monophosphate
131 5-Fluorouracil 131

Dehydroepiandrosterone
3-sulfate

13 60,132 5-Fluoro-2′-deoxyuridine 131

Estrone 3-sulfate >150 60,132 5-Fluoro-5′-deoxyuridine 131
Leukotriene C4 132 2′,3′-Dideoxycytidine 131

(Continued )
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TABLE 11.2. (Continued)

Substratea Km (μM) Refs. Drug Resistanceb Refs.

S-Glutathionyl 2,4-dinitrobenzene 132 PMEAe 131
17β-Glucuronosyl estradiol 63 132
17β-Glucuronosyl estradiol +

dehydroepiandrosterone 3-sulfatec
132

cGMPe 132
cAMPe 132
Cholylglycine 132
Cholyltaurine 132
Folate 132
Methotrexate 957 132

aCompounds listed have been identified as substrates by measurement of the ATP-dependent transport into
inside-out membrane vesicles prepared from ABCC-expressing cells.
bABCC-expressing cells confer resistance against the listed compounds by analysis of drug sensitivity.
cATP-dependent stimulated transport of the first compound listed by the second compound listed.
d ATP-dependent cotransport of both compounds; for substrate concentrations, see refs. 53 and 123; Km

values refer to the compound not in parentheses.
eAbbreviations: cAMP, adenosine 3′,5′-cyclic monophosphate; cGMP, guanosine 3′,5′-cyclic monophos-
phate; PMEA, 9-(2-phosphonylmethoxyethyl)adenine.

by ABCC1.82,85−88 All these substrates share the property of being organic
amphiphilic anions and conjugates with glutathione, glucuronate, or sulfate. The
glutathione S-conjugate LTC4 is the substrate with the highest affinity for ABCC1
identified so far, with a Km value of 97 nM.78 As mentioned above, GSSG is a phys-
iological substrate for ABCC1 with a relatively low affinity, suggesting a role of
ABCC1 in the cellular defense against oxidative stress by decreasing concentrations
of GSSG.83 Moreover, ABCC1 mediates ATP-dependent transport of the cytostatic
drugs vincristine and daunorubicin in the presence of reduced glutathione (GSH),
which functions as a cosubstrate.89−91 GSH itself is not or only poorly transported by
ABCC183,89−91; however, xenobiotics such as verapamil (a calcium channel blocker
and an inhibitor of MDR1 P-glycoprotein) and several dietary flavonoids, includ-
ing apigenin, stimulate GSH transport without being transported themselves.92−94

In addition, the conjugated estrogen estrone 3-sulfate (E13S) and the tobacco-
specific carcinogen 4-(methylnitrosamino)-1-(3-pyridyl)-butanol (NNAL) were ef-
ficiently transported by ABCC1 only in the presence of GSH, without any evidence
of cotransport.95,96 Thus, GSH can play different roles in the ABCC1-mediated trans-
port: first, as a cosubstrate together with hydrophobic compounds such as the Vinca
alkaloids vincristine and vinblastine; second, as a substrate, but only in the presence
of xenobiotics such as verapamil and dietary flavonoids; and third, as enhancer of
ABCC1-mediated transport of glucuronated and sulfated conjugates, without being
cotransported itself. These studies suggest that ABCC1 contains a bipartite bind-
ing site for hydrophobic and anionic moieties that allows for binding of conjugated
substrates such as LTC4, but allows also for cooperative binding of a hydrophobic
compound and GSH.89,90,92
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Several unconjugated amphiphilic anions are also transported by ABCC1 inde-
pendently of GSH, such as folate and its antimetabolite methotrexate76,97 as well
as the pentaanionic fluorescent dye fluo-3 and the monoanionic p-aminohippurate
(PAH).98 Several inhibitors of ABCC1-mediated transport have been described, al-
though their specificity for ABCC1 is not very well defined and they may also inhibit
other ABCC transporters. Structural analogs of cysteinyl leukotrienes, mostly devel-
oped as leukotriene D4 receptor antagonists such as the quinoline derivative MK571,
are potent inhibitors of ABCC1-mediated ATP-dependent LTC4 transport, with a
Ki value of 0.6 μM for MK571.78 However, MK571 also inhibits the ATP-dependent
transport mediated by other ABCC members (i.e., ABCC2 and ABCC4).41,53 Cy-
closporin A inhibits the ABCC1-mediated ATP-dependent LTC4 transport, with a Ki

value of 5 μM78 and the ABCC2-mediated ATP-dependent transport of monoglu-
curonosyl bilirubin with a Ki value of 21 μM.104 However, cyclosporin A is a known
MDR1 P-glycoprotein inhibitor.133 Its nonimmunosuppressive derivative PSC833,
also an inhibitor of MDR1 P-glycoprotein, is a relatively weak inhibitor of ABCC1-
mediated transport.78 Several tricyclic isoxazoles have been described to be potent
and specific inhibitors of the ABCC1-mediated ATP-dependent transport in a GSH-
dependent manner, in particular LY475776 and LY402913.134−137 At present, it is
known that these compounds do not inhibit ABCC2 and ABCC3, and can therefore
for the time being, be considered as ABCC1 specific.

11.4.2. ABCC2

Before the molecular identification of ABCC2, the function and substrate specificity
of rat Abcc2 were studied by comparison of normal and hyperbilirubinemic mutant
rats: the Eisai hyperbilirubinemic (EHBR) rats and the GY/TR− mutant rats.8,36,138

These mutant rats are deficient in the secretion of anionic conjugates into bile37−40

because they lack a functional Abcc2 in the hepatocyte canalicular membrane.8,41,42

ATP-dependent transport measurements using inside-out-oriented canalicular mem-
brane vesicles from these rats33−36,139 contributed retrospectively to our knowledge
on the substrate specificity of Abcc2.8,140,141 In addition, the ABCC2 substrate speci-
ficity has been explored more extensively in inside-out membrane vesicles from cells
stably expressing recombinant human ABCC270,105,141 and with ABCC2 purified to
homogeneity.142 Its substrate specificity comprises several endogenous substrates that
are also prototypic for ABCC1, especially LTC4 as a high-affinity substrate,70 as well
as other conjugates with glutathione, glucuronate, or sulfate, such as DNP-SG, S-
glutathionyl ethacrynate, mono- and bisglucuronosyl bilirubin, E217βG, lithocholyl-
taurine sulfate, chenodeoxycholyltaurine sulfate, and E13S.70,104−106 In addition, sev-
eral unconjugated anionic substances have been identified as ABCC2 substrates using
inside-out membrane vesicles, such as bromosulfophtalein (BSP), PAH, ochratoxin
A, the sulfated cholecystokinin octapeptide CCK-8, and methotrexate.97,98,107,143 Al-
though the substrate specificity and transport efficiency of ABCC2 and ABCC1 are
similar, differences in the kinetic properties have been established, for example the
Km values of ABCC2 for LTC4 and E217βG are 10- and fivefold higher, respec-
tively, than those for ABCC1.70 In contrast, ABCC2 shows a higher affinity for
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mono- and bisglucuronosyl bilirubin than does ABCC1.104 Furthermore, ABCC2
mediates low-affinity transport of GSH and also of GSSG.139,144,145 Thus, ABCC2
has a decisive role in the hepatobiliary and renal elimination of many anionic conju-
gates of endogenous and xenobiotic substances.

ABCC2 is also able to confer drug resistance. The earliest studies on multidrug
resistance were based on Northern blot and RNase protection analyses of several
resistant cell lines in comparison to nonresistant parental cell lines.44,146 Direct evi-
dence of the ABCC2-dependent drug resistance profile was obtained with MDCK and
HEK293 cells expressing recombinant ABCC2. These cells were resistant to cisplatin,
etoposide, vincristine, doxorubicin, and epirubicin.70 The resistance to etoposide and
vincristine was partially reversed by inhibition of GSH synthesis. However, no direct
evidence exists at present for ABCC2-mediated cotransport of GSH with vincristine
or etoposide. ABCC2-mediated resistance to cisplatin was confirmed in ABCC2-
expressing LLC-PK1 cells,108 and resistance to methotrexate was demonstrated in
transfected human ovarian carcinoma cells.97

11.4.3. ABCC3

Similar to ABCC1 and ABCC2, human ABCC3 transports a broad range of en-
dogenous, mostly conjugated organic anions. Studies with rat Abcc3 demonstrated
transport of E217βG with a Km value of 67 μM as well as of methotrexate, whereas
transport of LTC4 and DNP-SG was not detected.147 Several glucuronate conjugates
were able to inhibit the Abcc3-mediated E217βG transport.147 However, recombinant
human ABCC3 was able to transport LTC4 and DNP-SG with Km values of 5.3 and 5.7
μM, respectively, in addition to E217βG and methotrexate.109 In contrast to ABCC1
and ABCC2, glutathione S-conjugates are poor substrates for ABCC3. Another report
confirmed E217βG, LTC4, and DNP-SG as substrates for ABCC3 when expressed
in Sf9 insect cells148; additionally, no transport of GSH or dehydroepiandrosterone
3-sulfate (DHEAS) was detected.148 When ABCC3 was expressed in MDCK cells,
DHEAS as well as LTC4 and E217βG were transported in an ATP-dependent manner
by ABCC3.110 Furthermore, mono- and bisglucuronosyl bilirubin were also identified
as important physiological substrates for ABCC3.110

Rat Abcc3 is able to transport bile salts (e.g., cholyltaurine, cholylglycine, sulfa-
tochenodeoxycholyltaurine, and sulfatolithocholyltaurine) with high affinity.149 How-
ever, subsequent studies showed that human ABCC3 mediates cholylglycine transport
only with a low affinity and no significant cholyltaurine transport,109,111,150 indicating
species differences with regard to substrate specificity and affinity, at least for bile
salts.111 The recent development and anlysis of Abcc3−/− knockout mice revealed
the physiological importance of Abcc3 as a glucuronoside transporter, mediating
especially the efflux of bilirubin glucuronosides but not that of bile salts.151

The multidrug resistance profile of ABCC3 has been analyzed in several
cell systems.48,112,113,148 ABCC3 confers resistance to methotrexate and to the
epipodophyllotoxins etoposide and teniposide.48,112,148 Inhibition of GSH biosyn-
thesis, with consequently decreased intracellular GSH concentration, did not affect
the ABCC3-mediated resistance to etoposide or teniposide.148 Furthermore, no in-
creased GSH efflux or reduced intracellular GSH concentration were detected in
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ABCC3-expressing cells.48,112 The resistance to methotrexate was further charac-
terized using membrane vesicles demonstrating ABCC3-mediated ATP-dependent
transport of folate, methotrexate, and N 5-formyltetrahydrofolate (leucovorin), but not
of the polyglutamylated metabolites of methotrexate.113 Unlike ABCC1 and ABCC2,
ABCC3 does not mediate significant resistance to Vinca alkaloids, doxorubicin, cis-
platin, and paclitaxel.112,148

11.4.4. ABCC4

Functional characterization identified ABCC4 as an ATP-dependent organic anion
transporter of broad substrate specificity. The first substrates of ABCC4 identified
were nucleoside monophosphate analogs that act as inhibitors of HIV reverse tran-
scriptase and are used as antiretroviral drugs.114 The human T-lymphoid cell line CEM,
selected for resistance to nucleoside monophosphate analogs, showed amplification of
the ABCC4 gene and increased ABCC4 expression associated with increased efflux of
9-(2-phosphonylmethoxyethyl)adenine (PMEA, a nucleoside phosphonate analog),
azidothymidine (AZT) monophosphate, as well as other nucleoside monophosphate
analogs.114 These results were confirmed with cells expressing recombinant ABCC4.
These cells, additionally, showed increased resistance to purine analogs such as
6-thioguanine and 6-mercaptopurine, as well as to the antiviral agent ganciclovir, used
in chemo- and immunotherapy.50,115−117 However, the multidrug resistance profile of
ABCC4 does not include natural-product drugs such as anthracyclines, etoposide,
Vinca alkaloids, and paclitaxel.115

Several studies demonstrated that ABCC4 mediates transport of the cyclic nucleo-
tides guanosine 3′,5′-monophosphate (cGMP) and adenosine 3′,5′-monophosphate
(cAMP).50,51,116 Lai and Tan proposed that ABCC4-mediated transport of cyclic nu-
cleotides is influenced by GSH.50 Inhibition of GSH synthesis resulted in a decreased
efflux of cAMP from the cells, even when synthesis of cAMP was stimulated with
forskolin.50 However, no direct demonstration of this stimulation has been reported
in inside-out membrane vesicles. In addition to the cyclic nucleotides, ABCC4 also
regulates ADP storage in dense granules from human platelets.118 In platelet mem-
brane vesicles, ABCC4-mediated transport of ADP was orthovanadate-sensitive, and
transport of cGMP and cAMP was ATP-dependent.118

Transport of the physiological substrate folate and its antimetabolites methotrexate
and methotrexate polyglutamate was also detected in ABCC4-transfected cells.51,119

ABCC4 is also an efflux pump for the endogenous conjugates E217βG51,116

and DHEAS.120 Furthermore, ABCC4 mediates ATP-dependent transport of the
prostaglandins PGE1 and PGE2.121 Indirect evidence based on inhibition of PGE2

transport suggested that other prostanoids may be substrates as well.121 Independent
studies demonstrated that ABCC4 mediates transport not only of PGE2 but also of
PGF2α and thromboxane B2.122 Thus, ABCC4 can be considered as an export pump
for prostanoids.122 Nonsteroidal anti-inflammatory drugs inhibited ABCC4-mediated
E217βG transport.121

At present, direct evidence of GSH transport by ABCC4 has been reported only by
our group.53,123 In vesicles from ABCC4-expressing V79 hamster fibroblasts, ATP-
dependent transport of monoanionic bile salts was detected only in the presence of
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GSH or GSH derivatives (S-methylglutathione and ophthalmate), and ATP-dependent
transport of GSH required the presence of monoanionic bile salts.53 This cotransport
is an obligatory coefflux of both cosubstrates.123 Thus, ABCC4 transports together
with GSH a wide range of bile salts, including unconjugated cholate as well as
taurine- and glycine-conjugated bile salts.123 Because of its basolateral localization in
hepatocytes,53 ABCC4 can mediate the efflux of GSH and bile salts from the hepatocy-
tes into blood.

Membrane vesicles from Sf9 insect cells expressing ABCC4 showed transport of
urate, the end product of purine catabolism.124 In this cell system, ABCC4-mediated
cGMP transport was stimulated by urate by a complex allosteric interaction.124 Trans-
port of PAH was also mediated by ABCC4, and to a lesser extent by ABCC2, indicating
that ABCC4 is the decisive export pump for PAH in kidney proximal tubules. 125 The
localization of ABCC4 in the apical membrane of proximal tubule epithelial cells51

suggests that urate and PAH are excreted into urine via ABCC4.
Topotecan is apparently another ABCC4 substrate.126,152 Abcc4-deficient mice

showed enhanced accumulation of topotecan in brain tissue and cerebrospinal
fluid.152 Moreover, cells expressing recombinant murine Abcc4 conferred resistance
to topotecan, and Abcc4-mediated E217βG transport was inhibited by topotecan.152

Cells expressing recombinant human ABCC4 also showed reduced accumulation of
topotecan.126 However, direct demonstration of topotecan as a substrate using mem-
brane vesicle transport studies is currently lacking.

11.4.5. ABCC5

The initial functional studies were performed in intact cells expressing recombinant
human ABCC5.54,56 In these cells, ABCC5 was able to mediate efflux of the anionic
dye fluorescein diacetate in an ATP-dependent and GSH-independent manner,54 as
well as of DNP-SG and of GSH.56 Low-level resistance mediated by ABCC5 was
reported against cadmium chloride and potassium antimonyl tartrate,54 against the
purine analogs 6-mercaptopurine and 6-thioguanine, and against PMEA.56

Studies in inside-out membrane vesicles demonstrated ATP-dependent transport of
cGMP and cAMP by ABCC5, describing for the first time an ABCC/MRP substrate
with a phosphate residue as the negatively charged moiety.55 No significant trans-
port was detected for the glutathione and glucuronate conjugates LTC4 and E217βG,
respectively, as well as for GSSG.55 This finding of ABCC5 as a cyclic nucleotide
export pump was subsequently confirmed in studies with intact cells.153 The cyclic nu-
cleotide transport by ABCC5 was inhibited by several phosphodiesterase inhibitors.
Some of these compounds are structurally related to cGMP and able to enhance intra-
cellular cGMP concentrations by blocking degradation as well as export of cGMP.55

Thus, ABCC5, together with ABCC4, may play an important role in the regulation of
the tissue levels of cGMP. However, the affinity of ABCC5 to cGMP and the potency
of inhibition by phosphodiesterase inhibitors seem to be less than observed originally
by Jedlitschky et al.55,127,153

In cytotoxicity assays, ABCC5 conferred high-level resistance to 5-fluorouracil
and 6-thioguanine, and to a lesser extent, to methotrexate.127 Measurements
of ATP-dependent transport in vesicles demonstrated ABCC5-mediated transport
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of 5-fluorouracil metabolites (i.e., 5-fluoro-2′-deoxyuridine monophosphate and
5-fluorouridine monophosphate) and of 2′-deoxyuridine monophosphate, but not of
5-fluorouridine or 5-fluoro-5′-deoxyuridine.127 Transport of 5-fluoro-2′-deoxyuridine
monophosphate by ABCC5 was inhibited by several organic anions, such as
probenecid and MK571, as well as by cyclic nucleotides and phosphodiesterase
inhibitors.127 Other studies showed that ABCC5 confers resistance to methotrexate
and methotrexate polyglutamate.128 ATP-dependent transport of folate, methotrexate,
and the diglutamylated form of methotrexate was also detected in ABCC5-containing
membrane vesicles with high Km values of 1, 1.3, and 0.7 mM, respectively.128

11.4.6. ABCC6

Studies with inside-out membrane vesicles from Sf9 insect cells expressing rat
Abcc6 showed ATP-dependent transport of the anionic cyclopentapeptide and en-
dothelin receptor antagonist BQ-123.154 However, Abcc6 did not mediate trans-
port of the sulfated conjugates E13S and DHEAS, the bile acid cholylglycine, the
prostaglandins PGE1 and PGE2, thyroxine and triiodothyroxine, PAH, several hy-
drophobic drugs, and aminophospholipids.154 Further studies on human ABCC6 ex-
pressed in Sf9 insect cells revealed the glutathione S-conjugates LTC4 and NEM-SG,
as well as BQ-123, as substrates for ABCC6.58 The estimated Km values for LTC4

and NEM-SG were 0.6 and 282 μM, respectively, both thus having a low affin-
ity for ABCC6; the Km value for BQ-123 could not be determined, due to its low
transport rate.58 The ATP-dependent transport of NEM-SG was inhibited by the or-
ganic anions probenecid, benzbromarone, and indomethacin.58 In accordance with
these findings, Belinsky et al. also reported ABCC6-mediated transport of BQ-123,
LTC4, and DNP-SG, and no transport of E217βG.57 Moreover, ABCC6 conferred
a low level of resistance to etoposide, teniposide, doxorubicin, and daunorubicin.57

However, it is currently not clear how the substrates identified so far relate to the
pathology of pseudoxanthoma elasticum, where ABCC6 is hereditarily deficient
(Section 11.7.2).

11.4.7. ABCC10

Little is known about the substrate specificity of ABCC10. Functional studies in mem-
brane vesicles from HEK293 cells expressing recombinant ABCC10 showed ATP-
dependent transport of E217βG with a Kmvalue of about 58 μM.129 The ABCC10-
mediated transport of E217βG was inhibited by LTC4, MK571, cyclosporin A, and
conjugated bile salts; however, only a low rate of transport of LTC4 was detected.129

Several other organic anions, such as DNP-SG, glycocholate, methotrexate, folate,
and cyclic nucleotides, were not transported by ABCC10.129 ABCC10 was reported to
confer high levels of resistance to docetaxel and low levels of resistance to paclitaxel
and Vinca alkaloids.130
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11.4.8. ABCC11 and ABCC12

Initial studies on ABCC11 proposed this transporter as a cyclic nucleotide efflux
pump.131 Intact LLC-PK1 cells expressing recombinant human ABCC11 showed
enhanced cellular efflux of cAMP after stimulation of the intracellular cAMP syn-
thesis by forskolin, an activator of adenylate cyclase.131 Similar results were ob-
served for the efflux of cGMP. These results were confirmed by transport studies in
inside-out membrane vesicles in a subsequent study, in which the substrate speci-
ficity of ABCC11 was analyzed extensively.132 In addition to cAMP and cGMP,
ABCC11 is able to transport LTC4 and DNP-SG, E217βG, the monoanionic bile
salts cholylglycine and cholyltaurine, folate and its antimetabolite methotrexate, and
the steroid sulfates E13S and DHEAS.132 The steroid transport was restricted to the
sulfoconjugates, whereas unconjugated steroids were not transported. The ABCC11-
mediated transport of E13S and DHEAS was further confirmed in vesicles from
MDCK cells expressing recombinant ABCC11.60 Transport of E217βG was stimu-
lated by DHEAS, but transport of DHEAS was not stimulated by E217βG, suggest-
ing a nonreciprocal interaction of both substances.132 Several compounds were able
to inhibit ABCC11-mediated DHEAS transport, including some well-known CFTR
inhibitors, such as the arylaminobenzoates diphenylamine-2-carboxylate and 5-nitro-
2-(3-phenylpropylamino)benzoate.60 The ABCC11-transfected LLC-PK1 cells were
resistant to a variety of nucleoside and nucleotide analogs, including the fluoropy-
rimidines 5-fluorouracil, 5-fluoro-2′-deoxyuridine, and 5-fluoro-5′-deoxyuridine, as
well as 2′,3′-dideoxycytidine and PMEA.131 ATP-dependent transport of 5-fluoro-
2′-deoxyuridine monophosphate was detected in ABCC11-expressing cells; in con-
trast, no transport of 5-fluorouracil or 5-fluoro-2′-deoxyuridine was detected.131 For
ABCC12, no functional characterization and no multidrug resistance profile have
been reported so far.

11.5. LOCALIZATION OF ABCC/MRP EFFLUX PUMPS IN NORMAL
HUMAN TISSUES AND IN HUMAN CANCERS

By screening the human EST databases (“Unigene” database at http://www.ncbi.
nlm.nih.gov) one can assess the mRNA expression profile of each ABCC/MRP efflux
pump. Whereas ABCC1, ABCC3, ABCC4, ABCC5, and ABCC10 transcripts are found
in almost all of the 46 tissues analyzed, ABCC2 and ABCC6 mRNA expression is
restricted to about 12 and that of ABCC11 and ABCC12 to seven and five of the
investigated tissues, respectively. Because the protein levels need not be proportional
to the levels of the corresponding mRNAs, it is essential to analyze the ABCC/MRP
protein expression profiles as well. Moreover, ABCC/MRP protein expression is
often cell-type specific, and localization of the transporters in distinct cell types of a
given tissue is therefore equally important. Protein expression and localization studies
in normal human tissues and in human cancers have been performed primarily for
ABCC1 to ABCC6 (Sections 11.5.1 to 11.5.6). Increasing knowledge of the function
and localization will advance the understanding of ABCC/MRP-mediated substance
transport in various tissues.
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For functional characterization, ABCCs/MRPs are often recombinantly expressed
in polarized MDCK cells. These transfected cells are used either for the isolation of
plasma membrane vesicles for transport studies (Section 11.4) or for the measurement
of vectorial transport of substances in intact cells (Section 11.6). In these polarized
MDCK cells, human ABCCs/MRPs acquire a domain-specific plasma membrane
localization. Whereas ABCC270,105 and ABCC1160 are localized in the apical mem-
brane, ABCC1,86 ABCC3,47,48 ABCC4,50 ABCC5,56 and ABCC6155 are routed to the
basolateral membrane (Figure 11.2a). Hepatocytes are polarized cells that express en-
dogenously at least four different ABCC/MRP efflux pumps: that is, ABCC2 localized
in the apical (canalicular) membrane8,41,156 and ABCC3,47,48 ABCC4,53,157,158 and
ABCC6154,159−161 localized in the basolateral (sinusoidal) membrane (Figure 11.2b).

The molecular mechanisms of domain-specific ABCC/MRP targeting are incom-
pletely understood. Instead of a distinct linear sequence motif, which had been sug-
gested in one study for the apical localization of ABCC2,162 targeting signals appear
to be composed of several motifs within different parts of the respective ABCC/MRP
that come together only in the intact protein. For instance, MSD0 is required for proper
localization, at least of ABCC1 and ABCC2.163,164 Other regions also contribute to
the correct targeting of ABCC1 and ABCC2.165−167 The interaction of ABCCs/MRPs
with other proteins may be required as well, as indicated by studies with radixin knock-
out mice.168 Radixin belongs to the ezrin/radixin/moesin family and cross-links actin
with several integral membrane proteins.169 The Abcc2 protein is selectively absent
from the hepatocyte canalicular membrane of these radixin knockout mice, which are
therefore characterized by conjugated hyperbilirubinemia.168 Canalicular localization
of ABCC2 in human hepatocytes may also depend on the interaction with radixin.170

Another class of scaffolding proteins comprises the PSD95/Dlg/ZO-1 (PDZ) proteins
that bind to specific consensus sequences at the C-termini of integral membrane pro-
teins. Some PDZ proteins interact with ABCC2 in vitro.171,172 Whether an interaction
is also required in vivo is not clear, because Abcc2 is properly localized in the apical
membrane of kidney proximal tubule cells of Pdzk1 knockout mice.173

11.5.1. ABCC1

The ABCC1 protein is detectable in a number of human cells and tissues with the
highest levels in lung, testis, kidney, and macrophages.17,174 Normal human hepato-
cytes lack detectable amounts of ABCC1,159,175 but ABCC1 seems to be up-regulated
in proliferating hepatocyte-derived cells.175 Immunohistochemical and immunoflu-
orescence analyses have shown that ABCC1 is localized predominantly in cells of
blood–tissue barriers which form pharmacological sanctuaries in the body. ABCC1
is, for instance, present in the basolateral membrane of Sertoli cells of the blood–
testis barrier,176 of choroid plexus cells of the blood–cerebrospinal fluid barrier,177

in bronchial epithelium,178,179 and in the apical syncytiotrophoblast membrane of
the placenta.180 Whether ABCC1 also contributes to the function of the blood–
brain barrier is still controversial.177,181–183 ABCC1 was localized in the luminal
membrane of human182 brain capillary endothelial cells in one study, but not in
others.177,183 Studies with Abcc1 knockout mice were also not conclusive, because
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FIGURE 11.2. Subcellular localization of ABCC/MRP efflux pumps. (a) Schematic rep-
resentation of polarized Madin–Darby canine kidney (MDCK) cells recombinantly express-
ing human ABCC/MRP efflux pumps, which acquire a domain-specific localization either in
the apical membrane (ABCC2, ABCC11) or in the basolateral membrane (ABCC3, ABCC4,
ABCC5, ABCC6). (b) Confocal laser scanning micrographs of ABCC/MRP efflux pumps
in human hepatocytes. At least four different ABCC/MRP transporters have been identified
in human hepatocytes [i.e., ABCC2 (red) in the canalicular (apical) membrane and ABCC3,
ABCC4, and ABCC6 (green) in the sinusoidal (basolateral) membrane]. Bars, 20 μm. (c)
Confocal laser scanning micrographs of MDCK cells simultaneously expressing recombinant
human OATP2B1 (green) as an uptake transporter and ABCC2 (red) as an efflux pump for
organic anions. The lines indicate where the optical xz-sections had been taken. These double-
transfected cells serve as valuable tools to study the vectorial transport of organic anions that
undergo hepatobiliary elimination. In human hepatocytes, OATP2B1 (green) is located in the
sinusoidal membrane and ABCC2 (red) in the canalicular membrane. Bars, 10 μm. (See insert
for color representation of figure.)
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some studies suggested an involvement of Abcc1 in the efflux of substances from
the brain into blood,184 whereas others did not.185,186 In human and murine kidney,
ABCC1/Abcc1 is present in the epithelial cells of the loop of Henle and urinary
collecting ducts.176,187 In colon, highest ABCC1 levels are found in the Paneth cells
of the crypts, but not in the epithelial cells.187 This ABCC1 tissue distribution and
localization pattern, which is almost mutually exclusive to that of ABCC2 (Section
11.5.2), indicates that ABCC1 has an important function in the detoxification of
substances from those cells and tissues that do not express ABCC2.

11.5.2. ABCC2

Subsequent to its first demonstration in the canalicular membrane of rat and hu-
man hepatocytes,8,41,156 ABCC2/Abcc2 was also identified in the apical membrane
of polarized cells of rat and human kidney proximal tubules,188,189 human small
intestine,190,191 colon,141,191 gallbladder,192 bronchi,141,191 and placenta.180,193 The
exclusive apical localization in these polarized cell types underscores the function
of ABCC2 in the terminal excretion and detoxification of endogenous and xenobi-
otic organic anions. In contrast, ABCC2 is not present in some blood–tissue barriers
such as the blood–testis barrier191,194 and the blood–brain barrier in human cerebral
cortex.182,191,195 However, epilepsy in humans and rats apparently leads to synthesis
of ABCC2/Abcc2 in brain capillaries of the hippocampus.196,197 This up-regulation
may contribute to the frequently observed resistance to antiepileptic drug treatment.
Some studies also describe Abcc2 in brain capillaries of normal rats198,199 and a strain-
specific Abcc2 expression in murine brain.181 ABCC2 is not synthesized in detectable
amounts in a number of human tissues (e.g., in skin, exocrine pancreas, female repro-
ductive system, lymphatic system, cardiovascular system, and connective tissue).191

11.5.3. ABCC3

ABCC3 is localized in the basolateral membrane of hepatocytes,47,48 cholangi-
ocytes,48 and polarized cells from the gallbladder,192 colon, pancreas, kidney, spleen,
and adrenal cortex.200 Hepatic ABCC3 expression is inducible but appears to be con-
stitutive in other organs. This was observed initially in mutant rats with chronic con-
jugated hyperbilirubinemia,201 which are unable to secrete bilirubin glucuronosides
into bile because they lack a functionally active Abcc237,40 (Section 11.7.1). In hu-
mans, ABCC3 levels may vary up to 80-fold among individuals,202 and several factors
may play a role in hepatic ABCC3 induction. Hereditary and acquired liver disorders,
including Dubin–Johnson syndrome,47 progressive familial intrahepatic cholestasis
type 3,200 icteric primary biliary cirrhosis,203 and obstructive cholestasis,204 lead to
increased ABCC3 protein levels. These liver disorders are associated with elevated
serum concentrations of bilirubin glucuronosides, which are normally secreted into
bile by the apical conjugate efflux pump ABCC2.205 The identification of ABCC3 as
an efflux pump for bilirubin glucuronosides,110 together with its localization in the
hepatocyte basolateral membrane,47,48 supports the concept that basolateral efflux
via ABCC3 accounts for the conjugated hyperbilirubinemia observed in certain liver
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disorders and thereby compensates when the biliary elimination of organic anions via
ABCC2 is impaired.

11.5.4. ABCC4

In contrast to the strict apical localization of ABCC2, ABCC4 can acquire an api-
cal as well as a basolateral membrane localization, depending on the tissue and
the cell type. The first immunofluorescence analyses localized ABCC4 in the ba-
solateral membrane of glandular epithelial cells of the prostate.115 Subsequently,
ABCC4/Abcc4 was demonstrated in the apical membrane of proximal tubule epithe-
lial cells of human51 and rat kidney.157 In human and murine brain capillary endothelial
cells, ABCC4/Abcc4 is also localized in the apical (i.e., luminal) membrane.152,182

A basolateral localization is observed in human, rat, and mouse hepatocytes,53,157,158

pancreatic duct epithelial cells,206 and in choroid plexus epithelial cells,152 as well as
after recombinant expression in polarized MDCK cells.50 Other cell types and tissues
that express the ABCC4 protein include astrocytes,182 erythrocytes,207 platelets,118

adrenal gland,120 epithelial cells of seminal vesicles and ureter,122 and smooth muscle
cells in the urogenital tract.122

11.5.5. ABCC5

Using two different antibodies, ABCC5 was detected in the epithelial cells of the
urethra.208 Smooth muscle cells and endothelial cells in heart209 and the urogenital
tract208 are also positive for ABCC5. In placenta, ABCC5 is present in the basal
membrane of syncytiotrophoblasts and in and around fetal vessels.210 In brain, ABCC5
has been detected in astrocytes and pyramidal neurons182 as well as in the blood–
brain barrier, where it was found in the luminal (i.e., apical) membrane of brain
capillary endothelial cells, either in cryosections of human brain182 or in cultured
bovine cells.195 ABCC5 is localized in the basolateral membrane after recombinant
expression in polarized MDCK cells.56 Similar to ABCC4, ABCC5 appears to acquire
either an apical or a basolateral localization, depending on the cell type.

11.5.6. ABCC6

Knowledge of ABCC6 tissue distribution is especially important, because lack of
a functional ABCC6 protein is the molecular basis of pseudoxanthoma elasticum
(Section 11.7.2). ABCC6 is expressed predominantly in the liver and kidney, where
it localizes in the basolateral membrane of rat154 and human hepatocytes159−161 and
of proximal tubule epithelial cells.160,161 It is currently controversial whether ABCC6
is present in other cell types and tissues as well.160,161

11.5.7. ABCC10 to ABCC12

So far, immunolocalization analyses have been performed only for ABCC11, which
was localized to the axonal membrane of neurons in human cerebral cortex as well as to
the apical membrane of HepG2 and MDCK cells expressing recombinant ABCC11.60
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11.5.8. ABCC/MRP Efflux Pumps in Human Cancers

Most of the ABCC/MRP efflux pumps have been shown in animal and in vitro studies
to confer resistance to a wide variety of anticancer and antiviral drugs (Section 11.4
and Table 11.2). Despite this established contribution to the development of cellular
drug resistance, the role of ABCC/MRP efflux pumps in clinical drug resistance is not
well defined and remains under investigation.211,212 A large number of studies shows
the overexpression of one or more ABCC/MRP mRNAs in various human cancers and
in cell lines derived from human cancers. Several studies have correlated this overex-
pression with clinicopathological data. High levels of ABCC1 mRNA are, for instance,
a prognostic factor for a poor outcome of retinoblastoma213 and neuroblastoma.214

Fewer studies have analyzed clinical specimens with respect to ABCC/MRP protein
levels and to the immunolocalization of these efflux pumps (Table 11.3). In sev-
eral trials, focusing primarily on ABCC1, the protein levels were determined before
and after chemotherapy or were correlated with outcome. The ABCC1 protein level
appears to be a significant negative indicator of response to chemotherapy and over-
all survival in some cancers (e.g., in non-small cell lung cancer240,241 and in breast
cancer).216,242,243 Other studies have correlated the ABCC1 protein levels with cancer
stage and invasiveness of prostate cancer244 and with stage245 and overall survival246

in acute myeloblastic leukemia. The determination of the ABCC/MRP protein expres-
sion profile in a given tumor sample, together with knowledge of the drug resistance
profile of each ABCC/MRP transporter as well as the detection and localization of
uptake transporters, will advance the development of personalized chemotherapy reg-
imens for patients.

11.6. DOUBLE-TRANSFECTED CELLS AS A MODEL SYSTEM TO
STUDY THE VECTORIAL TRANSPORT OF SUBSTANCES

Vectorial transport is a key step in the hepatobiliary and renal elimination of endoge-
nous substances and xenobiotics. Double-transfected cells expressing a basolateral
uptake transporter and an apical ATP-dependent efflux pump simultaneously are now
considered valuable tools for the study of this vectorial transport in vitro.143,247,248

In addition, vectorial transport studies are of interest for pharmacokinetic analyses in
drug discovery, maximizing drug efficacy and reducing interference of the transport
of physiological endogenous substrates by drug candidates at the sites of their uptake
and elimination.

For vectorial transport studies in vitro, it is required that the cells grow in a polar-
ized fashion, forming a basolateral and an apical plasma membrane domain. This can
be achieved by culturing them on semipermeable filter supports. The human colon
carcinoma Caco-2 cell line, for instance, gains an epithelial cell polarity when cultured
on certain filter membranes, with ABCC2 being localized in the apical membrane.249

The opossum kidney OK cells and the porcine kidney LLC-PK1 cells are estab-
lished cell culture models of renal epithelial vectorial transport.250 MDCK cells stably



JWDD059-11 JWDD059-YOU June 21, 2007 19:53

286 MULTIDRUG RESISTANCE PROTEINS OF THE ABCC SUBFAMILY

TABLE 11.3. Immunodetection of ABCC/MRP Efflux Pumps in Clinical Specimens of
Selected Human Solid Tumors

Type of Tumor ABCC1 ABCC2 ABCC3 ABCC4 ABCC5 ABCC6 Ref.

Breast carcinoma 2/11a

80/100
25/49

215
216
191

Colorectal
carcinoma

4/13
30/30
56/139

39/50

215
217
218
191

Esophagus
squamous cell
carcinoma

12/12
54/86

215
218

Gastric carcinoma 35/103
11/20 8/13

218
219
191

Gastrointestinal
stromal tumors

9/26
13/21

220
221

Glioma 16/23
12/20
12/17
14/15
0/50
13/25

0/46 0/46
7/25

36/61
11/25

35/58 0/46

222
223
224
225
226
227

Hepatocellular
carcinoma

3/6 33/38 9/9 228

Non-small cell
lung cancer

28/59
23/27
5/27
13/109

14/32

229
215
230
178
191

Melanoma 0/10
13/21

215
231

Ovarian carcinoma 9/15
13/58
17/21
39/60
51/115

16/17
19/115

215
232
233
234
191
235

Renal carcinoma 2/6
18/19
9/22

215
189
191

Retinoblastoma 8/16 5/16 0/16 236
Soft tissue sarcoma 0/14

37/86 27/86 31/86
215
237

Testicular
carcinoma

56/56 238

Thyroid carcinoma 9/12 239

aThe first number is that of samples positive for the respective ABCC/MRP protein; the second number is
the total number of samples investigated.
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expressing combinations of uptake transporters and efflux pumps have been estab-
lished to study vectorial transport under more defined conditions.143,247,248

11.6.1. Establishment and Characterization of Double-Transfected Cells

Several double-transfected MDCK cell lines have been established that express an
uptake transporter in the basolateral membrane and an ATP-dependent efflux pump in
the apical membrane.106,143,247 In the particular case of studies on hepatobiliary elim-
ination, members of the organic anion-transporting polypeptide (OATP) family, com-
prising OATP1B1,251−253 OATP1B3,254 and OATP2B1255,256 as well as the sodium-
dependent bile salt transporter NTCP,12 the organic cation transporter OCT1,257 and
the organic anion transporter OAT2,257 are of interest because they contribute to
the uptake of endogenous substances and drugs across the sinusoidal (basolateral)
membrane of hepatocytes. Although several members of the ABCC subfamily are
expressed in hepatocytes, only ABCC2 contributes to the efflux across the canalicu-
lar (apical) hepatocyte membrane. However, other ATP-dependent efflux pumps are
also localized in the apical membrane of the hepatocyte and mediate transport of
endogenous and xenobiotic substances, including ABCB1 (MDR1 P-glycoprotein),
ABCG2 (BCRP), and ABCB11 (BSEP, bile salt export pump).

The first double-transfected cells for vectorial transport were MDCK cells,
which expressed recombinant human OATP1B3 in the basolateral membrane and
ABCC2 in the apical membrane.143 Subsequently, double-transfected MDCK cells
expressing OATP1B1 and ABCC2 or OATP2B1 and ABCC2 were established and
characterized106,247 (Figure 11.2c). Additional transporter combinations in transfected
cells have been established: NTCP and ABCB11,258,259 OATP1B1 and ABCB1, or
OATP1B1 and ABCG2.260

11.6.2. Functional Characterization of Double-Transfected Cells:
Vectorial Transport

For functional characterization, double-transfected cells are grown polarized on
semipermeable filter supports, and transcellular transport is measured either from
the basolateral to the apical side or from the apical to the basolateral side. In the case
of cells expressing ABCC2 and an uptake transporter, a vectorial transport resulting
from the combined uptake and efflux is obtained only from the basolateral to the
apical side, not in the opposite direction. This has been shown for BSP, a prototypic
amphiphilic organic anion and a substrate for OATP1B1, OATP1B3, OATP2B1, as
well as ABCC2,106,143 and also for DHEAS, E217βG, pravastatin, LTC4, CCK-8, and
E13S.106,107,143,247 All these compounds are substrates for the efflux pump ABCC2
and for at least one of the three OATPs expressed in human hepatocytes. When cells
express an uptake transporter exclusively, the vectorial transport may be negligible
and only intracellular substrate accumulation may be detected.143

Vectorial transport of organic anions by double-transfected cells also permits the
analysis of transport inhibitors.143 A selective inhibition of the efflux pump should
result in a decreased vectorial transport from the basolateral to the apical side and
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in intracellular substrate accumulation. For instance, 1-chloro-2,4-dinitrobenzene is
transported into the cell by basolateral uptake and conjugated with GSH to form DNP-
SG, which then inhibits the ABCC2-mediated efflux transport of BSP.143 However,
inhibitors may not be selective for only one transport process, as exemplified by
cyclosporin A and the quinoline derivative MK571, which inhibit both the OATP1B3-
mediated uptake and the ABCC2-mediated efflux of CCK-8.107

11.7. SEQUENCE VARIANTS OF HUMAN ABCC/MRP GENES AND THE
HEREDITARY DEFICIENCIES OF ABCC2 IN DUBIN–JOHNSON
SYNDROME AND OF ABCC6 IN PSEUDOXANTHOMA ELASTICUM

When one compares a pair of human chromosomes, a single nucleotide variant oc-
curs approximately every 1200 bp.261 By March 2007, about 12 million of these
single-nucleotide polymorphisms (SNPs) had been compiled in the SNP database
of the National Center for Biotechnology Information (NCBI; http://www.ncbi.
nlm.nih.gov/SNP). Moreover, the International HapMap Consortium has generated
a haplotype map of the human genome by identifying more than 1 million SNPs
from 269 people of four different populations.262 In this chapter we adhere to the rec-
ommendations of the Human Genome Variation Society (http://www.hgvs.org and
ref. 263) that a nucleotide or amino acid change should be designated as a sequence
variant rather than as a polymorphism or mutation, because the term mutation is used
ambiguously to indicate either a change or a disease-causing (pathogenic) change.
Similarly, the term polymorphism is used both to describe a non-disease-causing
(benign) change or a change found at a frequency of 1% or higher in the population.

For the nine human ABCC/MRP genes, several thousand single-nucleotide variants
are listed in the NCBI-SNP database. Whereas many sequence variants are present
in the introns and may have no phenotypic consequences at all, others are located
in the 5′- and 3′-flanking regions and may lead to an altered expression level of the
respective ABCC/MRP protein. Sequence variants within the exons, also designated
as coding SNPs (cSNPs), may result in amino acid substitutions. These nonsynony-
mous or missense variants are of considerable interest because they may affect the
transport function of the ABCC/MRP efflux pumps. The complete lack of a func-
tional protein may eventually lead to disease. Within the human ABCC subfamily,
sequence variants with functional consequences have been identified for ABCC2
(Dubin–Johnson syndrome, Section 11.7.1), ABCC6 (pseudoxanthoma elasticum,
Section 11.7.2), ABCC7 (cystic fibrosis, reviewed in ref. 264), ABCC8 (persistent
hyperinsulinemic hypoglycemia of infancy, reviewed in ref. 265), and ABCC9 (dilated
cardiomyopathy)266. Because the ABCC11 and ABCC12 genes have been mapped to
a region harboring the genes for paroxysmal kinesigenic choreoathetosis, both may
be candidate genes affected in this or in related neurological disorders.25

At present, major research efforts are being taken to identify non-disease-
associated ABCC/MRP variants and to analyze their potential functional conse-
quences. Because ABCCs/MRPs function as drug efflux pumps (Section 11.4), these
variants may account for interindividual variation (e.g., in multidrug resistance, drug
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disposition, and adverse drug effects).1 One approach is to associate the frequency of
a sequence variant with the frequency of a specific trait in the population.267 Using this
type of linkage analysis, a sequence variant of ABCC11 has recently been identified
that is associated with wet or dry earwax in humans.268 Among others, the online tool
PolyPhen (polymorphism phenotyping, http://genetics.bwh.harvard.edu/pph) repre-
sents an approach to assessing the potential effects of single amino acid substitu-
tions. Based on multiple sequence alignments and information from known three-
dimensional protein structures, this algorithm predicts with some probability whether
an amino acid substitution has an impact on protein structure and function.269 How-
ever, neither association studies nor in silico predictions can substitute for the ex-
perimental analysis of each amino acid variant to proof functional changes of the
respective ABCC/MRP efflux pump. Accordingly, several ABCC1 and ABCC3 vari-
ants have been characterized functionally by expression in mammalian cells (Section
11.7.3).

11.7.1. Hereditary ABCC2 Sequence Variants Causing
Dubin–Johnson Syndrome

An increasing number of sequence variants in the human ABCC2 gene have been
identified in patients with Dubin–Johnson syndrome (Table 11.4) since the initial
demonstration that the absence of a functionally active ABCC2 protein from the
hepatocyte canalicular membrane is the molecular basis of this hereditary disorder.7,8

Dubin–Johnson syndrome was originally described in 1954 and characterized by the
presence of a dark liver and by conjugated hyperbilirubinemia,9,10 because bilirubin
conjugates are effluxed from hepatocytes into blood via the basolateral ABCC3, which
compensates for the deficiency in ABCC2-mediated biliary elimination.205 The liver
of persons affected by Dubin–Johnson syndrome appears dark blue or black, due to
deposition of a dark pigment in the pericanalicular area of the hepatocytes.280 The
disorder is inherited in an autosomal recessive mode,9,10,281 and its incidence ranges
from 1 : 1300 among Iranian Jews281 and 1 : 300,000 in the Japanese population.276

Many Dubin–Johnson syndrome-associated variants (Table 11.5) are single
nucleotide changes, resulting in premature stop codons,156,270,274,282 amino acid
substitutions,20,272,274,275,277,279 or alternative splicing.20,271,275,276 The NCBI-SNP
database also comprises one entry (rs17222547:C>A, dbSNP build 126) that predicts
a premature stop codon at codon 967; however, this variant has not yet been iden-
tified in patients with Dubin–Johnson syndrome. Other Dubin–Johnson syndrome–
associated variants include a 6-nucleotide deletion leading to the loss of two amino
acids from NBD2,19 large deletions causing frame shifts and subsequent premature
stop codons,273,274 and an in-frame deletion/insertion.273 Premature stop codons may
lead to rapid degradation of the variant ABCC2 mRNA due to nonsense-mediated
decay, a mechanism that recognizes during translation whether a stop codon pre-
cedes the last splice site.283 Actually, a truncated ABCC2 protein has not yet been
detected.7,19,156 Other Dubin–Johnson syndrome–associated sequence variants result
in the synthesis of immature ABCC2 proteins that are recognized by the cellular
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TABLE 11.5. Naturally Occurring Nonsynonymous Amino Acid Substitutions in
Human ABCC1 and ABCC3

Amino Acid Effect Predicted Experimentally Proven NCBI-SNP
Substitutiona by PolyPhenb Functional Consequence IDc and/or Ref.

ABCC1
p.C43S Benign Impaired plasma membrane

localization, decreased
doxorubicin resistance330

296

p.T73I Benign None apparent328 296
p.S92F Possibly damaging None apparent328 rs8187844
p.T117M Benign None apparent328 325
p.R230Q Benign None apparent328 rs8187848
p.V353M Benign rs8187852
p.R433S Benign Decreased transport, increased

doxorubicin resistance326
326

p.R633Q Benign None apparent328 306
p.G671V Probably damaging None apparent331 306
p.R723Q Benign None apparent328 296, rs4148356
p.T844M Benign 327
p.A989T Benign Decreased 17β-glucuronosyl

estradiol transport328
328

p.C1047S Benign None apparent328 rs13337489
p.R1058Q Probably damaging None apparent328 296
p.L1247V Benign 295
p.T1401M Benign rs8057331
p.S1512L Benign None apparent328 325

ABCC3
p.G11D Possibly damaging rs11568609
p.K13N Benign 202
p.H68Y Benign 202
p.S314I Possibly damaging rs11568580
p.S346F Benign 202, rs11568605
p.Q513K Benign 202
p.T527R Benign rs1003354
p.A528G Benign rs1003355
p.L548Q Possibly damaging 110
p.S607N Benign rs11568608
p.K718M Possibly damaging rs11568584
p.R1286G Benign rs11568593
p.R1297H Probably damaging None apparent110 110,202, rs11568591
p.R1348C Benign rs11568588
p.L1362V Benign rs1051625
p.Q1365R Benign rs11568590

(Continued )
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TABLE 11.5. (Continued)

Amino Acid Effect Predicted Experimentally Proven NCBI-SNP
Substitutiona by PolyPhenb Functional Consequence IDc and/or Ref.

p.R1381S Probably damaging rs11568597
p.A1398V Benign rs11549764
p.G1423R Probably damaging 202
p.A1513D Benign rs11656685

aAs recommended by the Human Genome Variation Society (http://www.hgvs.org/mutnomen) and by ref.
263, “p.” describes a change in relation to the deduced ABCC1 (NP 004987) or ABCC3 (NP 003777)
protein sequence.
bPolyPhen online tool for assessing potential effects of amino acid substitutions, http://genetics.bwh.
harvard.edu/pph.
cSingle-nucleotide polymorphism database, http://www.ncbi.nlm.gov/SNP; data based on NCBI dbSNP
build 126, regular updates available.

quality control machinery, retained in the endoplasmic reticulum, and finally degraded
by proteasomes.279,284−286 Some ABCC2 variants mature properly and are apically
localized but functionally inactive.279,286

Abcc2 sequence variants have also been identified in two well-characterized hy-
perbilirubinemic rat strains, the GY/TR¯ rat37 and the Eisai hyperbilirubinemic rat
(EHBR),39,40 that are deficient in the secretion of anionic conjugates into bile. Based
on the molecular identification and cloning of rat Abcc2 as the apical conjugate efflux
pump, which is deficient in these rat strains,41,42,287 both are considered to be animal
models of human Dubin–Johnson syndrome. Distinct sequence variants in the rat
Abcc2 gene leading to premature stop codons [i.e., at codon 401 (GY/TR42) and at
codon 855 (EHBR287)] result in the absence of the Abcc2 protein from the hepato-
cyte canalicular membrane.33,41,42 Using an adenoviral expression system, the human
ABCC2 gene was introduced into the Abcc2-deficient EHBRs and resulted in synthesis
of human ABCC2 being localized in the hepatocyte canalicular membrane.288 Human
ABCC2 was apparently functional in the biliary efflux of bilirubin glucuronosides,
because the conjugated hyperbilirubinemia, usually observed in the EHBRs,39,40 was
largely reduced.288 These rats may thus be used to study human ABCC2 function by
hepatobiliary elimination studies. Recently, several groups have generated and ex-
amined Abcc2 knockout mice289−291 that appear to be healthy and fertile, similar to
Abcc2-deficient rats. Abcc2-deficient mice cross-bred with mice lacking other Abc
transporters will be useful to investigate the consequences when several of these efflux
pumps are deficient simultaneously.

Because ABCC2 contributes to the oral bioavailability of drugs as well as to the
hepatobiliary and renal elimination of drugs and anionic drug conjugates, ABCC2
variants with altered transport function may affect drug disposition in the body and
account for adverse drug reactions.141,292 A number of naturally occurring nonsyn-
onymous sequence variants that do not cause Dubin–Johnson syndrome have been
identified whose functional consequences are currently unknown (refs. 6, 21, and 292–
295 and NCBI-SNP database). Most of them have low allele frequencies of 0.01 to
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0.03 in Japanese293,296 and Caucasians,297 except for variant p.V417I, which has an al-
lele frequency of 0.12 to 0.21. Several variants were introduced into the ABCC2 cDNA
by site-directed mutagenesis, and the variant proteins were functionally analyzed af-
ter their expression in mammalian cells. Some ABCC2 variants showed a reduced
methotrexate transport activity (p.R412G298) or resulted in a reduced ABCC2 protein
level (p.S789F, p.A1450T299). Variant p.V417I did not alter transport function,299 but
its mRNA expression was reduced in preterm placenta.193 ABCC2 variants may also
account for interindividual variation of transporter expression in normal liver.300

In addition to recreating naturally occurring sequence variants, amino acids were
also intentionally changed in human and rat ABCC2/Abcc2. A nonconservative sub-
stitution of Trp1254 in the human ABCC2 protein resulted in the loss of methotrexate
transport activity.301 Charged amino acids within some transmembrane-spanning he-
lices of rat Abcc2 play an important role in substrate recognition and determination
of substrate specificity.302,303 Interestingly, the substitution of Arg586 with Leu or Ile
and of Arg1096 with Lys, Leu, or Met resulted in the acquisition of bile salt transport
activity by rat Abcc2.304

11.7.2. Hereditary ABCC6 Sequence Variants Causing
Pseudoxanthoma Elasticum

It was a notable discovery that the hereditary deficiency of ABCC6 is the molecu-
lar basis of pseudoxanthoma elasticum,305−307 also known as Groenblad–Strandberg
syndrome.308,309 This autosomal recessive disorder leads to calcification of elastic
fibers in the skin, arteries, and retina and manifests in skin lesions, vision loss, and
cardiovascular complications.310−312 The prevalence is estimated to be 1 : 100,000.313

Due to a high carrier frequency and consanguinity, pseudo dominance is also
observed.313

Approximately 100 different ABCC6 sequence variants have been identified in
patients with pseudoxanthoma elasticum,305−307,314−323 most of which are missense
(55%), nonsense (15%), and small deletion variants (15%).11 ABCC6 is currently the
only gene considered to be defective in pseudoxanthoma elasticum, but its role in
manifestation of the disease is largely unknown. Two major issues still need to be
investigated. First, the physiological ABCC6 substrate is not known. Although some
ABCC6 substrates have been identified (Section 11.4), they can currently not explain
the pathology of pseudoxanthoma elasticum. Recently generated Abcc6 knockout
mice324 have a pathology similar to that observed in patients affected by pseudo-
xanthoma elasticum. These mice may be valuable in identifying additional ABCC6
substrates. Moreover, candidate substrates may come from the analysis of blood sam-
ples from patients in comparison to nonaffected individuals.11 Second, the ABCC6
protein is mainly expressed in hepatocytes and proximal tubule epithelial cells of the
kidney,159−161 whereas it is still controversial whether it is present in tissues affected
by pseudoxanthoma elasticum (i.e., the skin, retina, and arteries).160,161 Therefore, it
is currently not clear whether substances have to be effluxed from liver and kidney
and need to be provided to skin, retina, and arteries, or whether pseudoxanthoma
elasticum results from substances accumulating in skin, retina, and arteries.
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11.7.3. Naturally Occurring Sequence Variants of ABCC1, ABCC3, ABCC4,
and ABCC5

Many nonsynonymous sequence variants are listed in the NCBI-SNP database and
have been identified by several groups in ABCC1,21,295,296,306,325−328 ABCC3,110,202

ABCC4,21 and ABCC5.21,209,295 To date, no human genetic disorders are known that
can be attributed to a deficient transport function of any of these efflux pumps. Knock-
out mice may help to identify human clinical conditions to which a deficient ABCC
transporter might contribute. For instance, Abcc1-deficient mice are hypersensitive
to etoposide,176 Abcc3-deficient mice show altered morphine pharmacokinetics,329

and Abcc4-deficient mice are hypersensitive to topotecan.152

The expression of ABCC/MRP variants in mammalian cells is another valuable
tool to identify functional changes caused by amino acid substitutions. Whereas none
of the currently known ABCC421 and ABCC521,209,295 variants have been charac-
terized functionally in vitro, several studies have been performed with ABCC1 and
ABCC3 variants. Table 11.5 lists currently known nonsynonymous variants of hu-
man ABCC1 and ABCC3, their potential effects as predicted by the PolyPhen tool,
and functional consequences of those variants that have been characterized in vitro.
Most of the amino acid substitutions analyzed were predicted to be benign, and
many ABCC1 variants were proven to have transport properties similar to those of
the wild-type ABCC1.328 Interestingly, in silico prediction and experimental results
were discrepant for several variants. ABCC1-p.C43S and ABCC1-p.R433S, consid-
ered as benign by the PolyPhen algorithm, resulted in impaired plasma membrane
localization and decreased doxorubicin resistance330 and to decreased transport of
several organic anions and increased resistance to doxorubicin,326 respectively. On
the contrary, because they are within NBD1 (Gly671 in ABCC1) or NBD2 (Arg1297
in ABCC3), substitution of amino acids that are highly conserved, was expected
to be damaging, but functional consequences were detected for neither the ABCC1
variant p.G617V331 nor for the ABCC3 variant p.R1297H.110 Although the ABCC1-
p.G671V variant is apparently functionally active in vitro, it may become deleterious
in combination with other, not yet known factors. This is suggested by two studies
which show that the variant is potentially under negative selection in four different
populations327 and that it is associated with doxorubicin-induced cardiomyopathy.332

Taken together, the analysis of phenotypic consequences of ABCC/MRP variants is a
challenging task and it is likely that many variants may have no clinical impact at all.

As for ABCC2, sequence variants have been introduced intentionally into the
ABCC1 and ABCC3 cDNAs. Their functional analysis has provided important insights
into the nature of the substrate recognition sites and the mechanism of transport
(recently reviewed in ref. 333).

11.8. CONCLUSIONS

Multidrug resistance proteins of the ABCC subfamily mediate the unidirectional ef-
flux of many endogenous and xenobiotic organic anions, including drugs, across
the plasma membrane. The ABCC/MRP transporters differ markedly from MDR1
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P-glycoprotein, in amino acid sequence and substrate specificity, the first mammalian
ATP-dependent drug efflux pump that had been identified. The ABCCs/MRPs vary
among each other with respect to substrate specificity, tissue distribution, and domain-
specific localization in polarized cells. Several ABCC/MRP subfamily members are
capable of conferring multidrug resistance. ABCC1, the first cloned ABCC/MRP sub-
family member, has been crystallized and resolved structurally, with a 22-Å limit.334

A higher resolution is expected in the future, which will give more insight into how
the transporter works at the molecular level.

The hereditary deficiency of ABCC2 leads to Dubin–Johnson syndrome, which
is characterized by conjugated hyperbilirubinemia, because bilirubin glucuronosides
cannot be secreted into bile. Although the hereditary deficiency of ABCC6 has been
identified as the molecular origin of pseudoxanthoma elasticum, a disease-relevant
physiological substrate of ABCC6 is currently unknown. It remains to be resolved
why the loss of a functional ABCC6 protein in hepatocytes and proximal tubule
epithelial cells of the kidney causes pathology in skin, eyes, and arteries.

The predominant localization of ABCCs/MRPs in liver, kidney, intestine, and
blood–tissue barriers shows that these transporters are important drug efflux pumps
determining the oral bioavailability of drugs, their distribution within the body, and
their elimination. In this context, naturally occurring sequence variants (i.e., single-
nucleotide polymorphisms) are of considerable clinical interest, because they may
affect drug disposition. However, functional analysis of the many known nonsyn-
onymous variants is just at the beginning and remains a challenging task for future
research.
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12.1. INTRODUCTION

As with most transporters associated with drug resistance, the second member
of the G subfamily of adenosine triphosphate (ATP)-binding cassette transporters,
ABCG2, was first identified as an unusual phenotype, as several groups began re-
porting non-P-glycoprotein-(Pgp) and non-multidrug resistance protein 1 (MRP1)-
mediated drug resistance in cell lines selected with mitoxantrone.1−5 In addition
to high levels of mitoxantrone resistance, these cell lines exhibited resistance to
doxorubicin and etoposide but lacked resistance to vinblastine or cisplatin. Further
studies of the mitoxantrone-selected breast cancer line, MCF-7/MX, revealed ATP-
dependent transport of radioactive mitoxantrone.3 High levels of cross-resistance
to mitoxantrone in the MCF-7/MX line were accompanied by resistance to the
camptothecin analogs topotecan, 9-aminocamptothecin, CPT-11, and SN-38, the
active metabolite of CPT-11.6 Resistance to the camptothecin analogs was not
caused by alterations in topoisomerase I levels.6 Mounting evidence suggested
the existence of an unknown, energy-dependent transport mechanism in these
cells.

Around the same time that the mitoxantrone-resistant cells were described, a
nearly identical phenotype was noted in a breast cancer cell line developed in the
Fojo laboratory by selection with adriamycin in the presence of verapamil to prevent
overexpression of Ppg.7 These cells, MCF-7/AdrVp, also displayed ATP-dependent
transport of adriamycin and rhodamine 123 in the absence of Pgp or MRP1.8 This
cell line was used by Ross and colleagues to clone the novel transporter, calling it the
breast cancer resistance protein (BCRP), since it was cloned from the MCF-7/AdrVp
subline.9 Shortly after the discovery of Doyle et al.9, a nearly identical transporter,
termed ABCP for “ABC transporter highly expressed in placenta,” was reported by
Allikmets et al. after a search of expressed sequence tag databases.10 And our labo-
ratory cloned a cDNA from the mitoxantrone-selected human colon carcinoma cell
line S1-M1-80, derived from the S1-M1-3.2 line first reported by Rabindran et al.11

We named the gene MXR, for “mitoxantrone resistance.”12

Subsequent to the cloning of BCRP/ABCP/MXR, the Human Genome Nomen-
clature Committee assigned the name ABCG2, making it the second member of the
G subfamily of ABC transporters. This terminology is used throughout the chap-
ter. The G subfamily of transporters is made up of six half-transporters13: two in-
volved in cholesterol transport, ABCG1, the human homolog of the Drosophila
white protein, and ABCG414; one currently found only in rodents, ABCG3,
which appears to have an aberrant ATP-binding domain15; and two that het-
erodimerize with each other to form a functional sterol transporter, ABCG5 and
ABCG8.16

Laboratories around the world have studied ABCG2, reporting an ever-expanding
list of substrates and inhibitors. Observations regarding protein structure, function, and
regulation of expression have also appeared. In this chapter we describe the highlights
of our current understanding. With well over 400 publications involving ABCG2, a
complete compendium of work on the transporter is no longer possible in a few
pages.
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12.2. GENETICS OF ABCG2

The ABCG2 gene spans over 66 kb and consists of 16 exons and 15 introns. Exons
range in size from 60 to 532 bp, with the translational start site found in the second
exon, the Walker A site in exon 3, and the ABC signature motif in exon 6. Charac-
terization of the ABCG2 promoter revealed that it is TATA-less with multiple Sp1,
AP1, and AP2 sites, much like the promoters for other members of the ABC trans-
porter superfamily, such as the MDR1 (ABCB1), MRP1 (ABCC1), and ABCG1 genes,
which all lack TATA boxes and have multiple Sp1 sites.17 Phylogenetic analysis of
the amino acid sequence of ABCG2 compared to other ABC transporters indicates
that it is distantly related to ABCB1(Pgp) and ABCC1, but with 29.3% identity it
is closely related to ABCG1, the human homolog of the Drosophila white protein.9

Initial evaluation of the promoter activity of the ABCG2 gene was performed using a
series of constructs made from the ABCG2 5 upstream region in a luciferase reporter
assay. A region 312 bp directly upstream from the transcriptional start site conferred
basal promoter activity, with possible positive regulatory elements between –1285
and –628 bp and negative regulatory elements identified in the region between –628
and –312 bp.17

We mapped the ABCG2 gene to human chromosome 4q22, between the markers
D4S2462 and D4S1557.18 Fluorescence in situ hybridization (FISH) studies with a
bacterial artificial chromosome probe containing ABCG2 confirmed localization of
the gene at 4q21–4q22 in cells with a normal chromosome 4.18 Cytogenetic studies
in cell lines with high levels of ABCG2 expression revealed multiple rearrangements
involving chromosome 4. The most common, although not exclusive, mechanism
of ABCG2 overexpression in vitro is gene amplification. In the MCF-7/MX and
MCF-7/AdVp3000 cell lines, an amplification peak was found by comparative ge-
nomic hybridization studies, and FISH studies with a bacterial artificial chromosome
confirmed amplification of the ABCG2 gene.18 In the S1-M1-80 cell line, however,
only a balanced chromosome 4 and 17 translocation was observed. In a series
of mitoxantrone-selected SF295 glioblastoma cell lines, we found that ABCG2
was amplified in the form of double-minute chromosomes and that increasing the
concentration of the selecting drug promoted reintegration of the double minutes
into multiple sites.19 The absence of coamplification in other chromosomal regions
is consistent with the theory that ABCG2 functions as a homodimer or higher-order
multimer.

12.3. PROTEIN STRUCTURE AND FUNCTION

ABCG2, composed of 655 amino acids, runs as a 72-kDa protein on SDS-PAGE and
is organized into two main structural elements: an N-terminal ATP-binding domain
(NBD) and a C-terminal transmembrane domain (TMD). This particular domain orga-
nization, also seen in other members of the ABCG subfamily, is reversed when com-
pared to most other human ABC transporters, where the N-terminal transmembrane
segments are followed by the C-terminal NBD. It has previously been demonstrated
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that eukaryotic ABC transporters require at least two nucleotide-binding domains
and two transmembrane domains for transport activity.20 ABCG2 is considered a
half-transporter and is thought to homodimerize in order to function, as opposed to
other ABC half-transporters, which engage in heterodimeric association to form func-
tional transporters, a well-characterized example of which is the ABCG5/ABCG8
heterodimer.21 ABCG2 homodimerization is supported by the fact that when ex-
pressed in Sf9 insect cells, where a heterodimeric partner is unlikely, the protein is fully
functional. Chimeric fusion proteins containing two ABCG2 monomers either with or
without a flexible linker peptide were also shown to be functional, endorsing the idea of
homodimer formation.22 In addition, coimmunoprecipitation experiments using two
different tags on the ABCG2 monomers also suggested homodimer formation.23,24

In general, little is known about the structure and dimerization of ABCG2. The most
accurate structural information could be obtained from high-resolution crystal struc-
tures; unfortunately, no human ABC transporter has been crystallized to date, and the
crystal structure of only a few full-length bacterial ABC transporters is available: the
lipid A transporter MsbA from Escherichia coli,25 Vibrio cholera,26 and Salmonella
typhimurium,27 and the vitamin B12 importer BtuCD from E. coli.28 We should note,
however, that the MsbA structures were recently retracted.

The transmembrane domain of ABCG2, composed of residues 361 to 655, is pre-
dicted to have six transmembrane segments (TMs) and an extracellular loop between
transmembrane helices 5 and 6. This extracellular loop contains cysteine 603, which
has been demonstrated to form a symmetrical intermolecular disulfide bond in the
ABCG2 homodimer.29 According to studies by multiple groups, this disulfide bridge
is not essential for transport and trafficking to the plasma membrane, given that the
C603A mutant displayed wild type–like characteristics. On the other hand, it has been
suggested that the other two cysteines of this extracellular loop, C592 and C608, form
intramolecular disulfide bonds, and that mutating these residues resulted in impaired
localization and function.29

There are three putative N-linked glycosylation sites in the ABCG2 TMD (residues
418, 557, and 596), of which only asparagine 596 was shown to be glycosylated, and
this posttranslational modification seems not to be required for proper localization
and function of the transporter.30 Asparagine 596 is located in the loop between TMs
5 and 6, helping to substantiate the prediction that this part of the protein is localized
extracellularly.

Sequence alignments with the previously mentioned bacterial ABC transporters of
known structure reveal a very low overall similarity for the ABCG2 TMD. This low
sequence similarity, together with the reversed orientation of ABCG2 (whose conse-
quences are not yet known), makes it difficult to speculate on the three-dimensional
structure of the ABCG2 TMD. According to a recently generated computer model,31 a
cone-shaped large central cavity is formed when the 12 TMs, six from each monomer,
come together with twofold symmetry, similar to that seen in the MsbA homodimer.
Multiple points of interaction exist between the two monomers. One such interface
might be formed by the GXXXG motif in TM1 of ABCG2. This motif consists of two
glycines separated by any three amino acids and has been shown to be involved in the
dimerization of other membrane proteins,32 the most well-characterized example of
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which is the glycophorin A homodimer.33 As the helix turns, the two small glycine
residues end up on the same surface and could be involved in tight packing of the
helices in a dimer or higher-order multimer. Mutating these glycines to leucines had
a marked effect on ABCG2 function, consistent with impaired dimerization.34 How-
ever, a role for these residues in substrate binding cannot be excluded without an
accurate model. Although in glycophorin A the GXXXG motif interacts with the
same motif in the dimerization partner, in view of the above-mentioned twofold sym-
metry seen in other ABC half-transporters, it seems unlikely that the TM1 segments
from two ABCG2 monomers would come together directly to form an interface in
the homodimer. Twofold symmetry has also been observed in the packing of trans-
membrane helices of full-length transporters, an example of which is TMs 5 and 8 of
Pgp being close together on the cytoplasmic side of the membrane in cross-linking
studies following cysteine-scanning mutagenesis.35 Thus, an alternative explanation
for the role of GXXXG motif in TM1 of ABCG2 could be its involvement in forming
a higher-order oligomer, given that in one study, ABCG2 was suggested primarily to
form tetramers, with the possibility of dodecamers as the functional unit.36

Another region potentially involved in dimerization is a conserved three-amino
acid sequence in TM5 (residues 552 to 554). Mutations in the corresponding residues
in the Drosophila white protein (an ortholog of ABCG2) are thought to disrupt
heterodimerization.37 Further, the ABCG8 G574E mutant, which corresponds to
amino acid 551 of ABCG2, was also characterized as interfering with dimeriza-
tion. However, the ABCG8 G574R mutant, although demonstrating some effect on
ABCG8 maturation, did not prevent formation of the ABCG5/ABCG8 heterodimer.
In the case of ABCG2, substituting glycine 553 with either leucine or glutamic acid
resulted in decreased protein expression, impaired glycosylation, and retention in
the endoplasmic recticulum (ER).38 Furthermore, the G553L mutant was not res-
cued from the ER when cotransfected with the wild-type protein, suggesting that no
mutant or wild-type dimers were formed. Again, these findings are consistent with
impairment in dimerization, although other explanations, such as improper folding,
cannot be excluded. On the other hand, when cotransfected with wild type, the inactive
L554P mutant partially reversed drug resistance in PA317 cells, a result that implied
that residue 554 is critical for function; yet, mutating this residue does not prevent
dimerization.24 Altogether, these findings suggest a critical role for this region of the
fifth transmembrane helix.

Little is known about which residues of the ABCG2 TMD bind and translocate its
substrates. Similar to P-glycoprotein (ABCB1),39,40 at least two drug-binding sites
within a larger drug-binding pocket have been suggested. This model is based on the
fact that certain substrates can abolish labeling with the photoaffinity analog IAAP,
whereas others have no effect.41 Arginine 482, predicted to localize in TM3 near
the membrane–cytoplasm interface, is speculated to be part of one of these drug-
binding sites, given that replacing this residue by any nonpositively charged residue
results in wider substrate specificity.42,43 The R482G and T variants were found in
drug-resistant cancer cell lines and described as gain-of-function mutants, with the
addition of substrates such as anthracyclines and rhodamine 123 to drugs transported
by the wild-type protein.44 However, no single-nucleotide polymorphisms (SNPs)
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were identified at this position, and methotrexate, for example, was found to be
transported only by the wild-type protein.45 The latter findings support a hypothesis
that an arginine at this position is required to transport a yet unidentified physiologic
substrate of ABCG2, giving the arginine a selective advantage, despite the gain-of-
function effect observed when replacing it with multiple other residues.

The nucleotide-binding domain of ABCG2 shows greater sequence similarity to
other ABC transporters than does TM domain. This segment of the protein contains the
characteristic Walker A and Walker B motifs and the C signature sequence that defines
ABC transporters. Mutating a conserved lysine to methionine (K86M) in the Walker
A motif, as in other ABC transporters,46 renders the protein catalytically inactive
with an intact dimerization and trafficking pattern.23,47 This mutant, when cotrans-
fected with the wild-type protein, reduced its activity in a dominant negative manner,
providing further evidence that ABCG2 functions as a homodimer. Similarly, a muta-
tion (D210N) introduced in the Walker B motif, supposedly involved in magnesium
binding, abrogates transport activity despite intact trafficking to the cell surface.22

12.4. FACTORS CONTROLLING ABCG2 EXPRESSION

Beyond recent studies suggesting that ABCG2 expression may be regulated by sex
hormones or hypoxia, little is known about the molecular mechanisms controlling
ABCG2 expression. An estrogen response element was identified in the ABCG2 gene
by electrophoretic mobility shift assay and luciferase reporter gene assay.48 Contra-
dictory results have been obtained regarding the regulation of ABCG2 by steroid
hormones. Up-regulation by physiologically relevant quantities of estradiol was ob-
served in one study, while in another, estrogen was shown to induce posttranscriptional
down-regulation of ABCG2 in estrogen receptor–positive cell lines.48,49 Wang and
colleagues demonstrated that progesterone increased and estradiol decreased ABCG2
expression and function in placental BeWo cells50; however, Yasuda et al. found that
progesterone decreased ABCG2 expression in the same cells.51 A study of ABCG2
expression in rat and mouse tissues attributed high ABCG2 expression in the male
rat kidney to the suppressive effects of estradiol, while high ABCG2 expression in
the mouse liver was due to the inducive effects of testosterone.52 Merino et al. re-
ported that Abcg2 expression in the liver was higher in male mice than in female
mice by a factor of 2 to 3, and the biliary extrusion of the Abcg2 substrates nitro-
furantoin and 2-amino-1-methyl-6-phenylimidazo[4,5-b]pyridine (PhIP) were nine-
and twofold higher in males.53 In a small series of human liver tissues examined
for ABCG2 expression by Western blot analysis, expression levels were found to be
higher in men than in women, although the levels were not quantified.53 However,
since a greater sensitivity in women to toxic agents has not been demonstrated, it
remains to be determined whether women have other mechanisms of protection to
endogenous and exogenous toxins that compensate for their relatively lower levels of
ABCG2 in the liver. Despite the conflicting results, all of the studies mentioned above
do point to the involvement of sex hormones in the regulation of ABCG2 expression.
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Krishnamurthy and colleagues were the first to demonstrate that hypoxia regulates
ABCG2 expression. They observed a hypoxia responsive element in the ABCG2
promoter and found expression to be regulated by the HIF-1 pathway, suggesting that
this mechanism minimized the detrimental effects of excess porphyrins such as heme
during hypoxia.54 Up-regulation of ABCG2 expression was demonstrated in a number
of cell lines exposed to hypoxic conditions, and increased transport of Hoechst 33342
was also observed.54 Stem cells or tumor cells in hypoxic environments may therefore
be protected by high levels of ABCG2. Elucidation of the genomic structure of the
ABCG2 gene and a better characterization of the mechanisms controlling ABCG2
gene expression are warranted.

Interestingly, Akt has been shown to be involved in controlling ABCG2 expression
at the cell membrane. Mogi and colleagues first noted that Akt1-null mice displayed
a reduced number of SP cells in their bone marrow.55 When they treated bone marrow
cells with the phosphatidylinositol 3-kinase inhibitor LY294002, in effect an Akt in-
hibitor, they also noted fewer SP cells. Treatment with LY294002 was found to cause
a shift of Abcg2 from the membrane to the cytoplasm, resulting in fewer SP cells.55

Takada and colleagues confirmed the role of Akt in regulating surface expression of
ABCG2, reporting decreased surface expression of the protein in ABCG2-transfected
LLC-PK1 cells treated with LY294002 compared to untreated cells.56 The exact mech-
anism by which Akt controls cell surface ABCG2 localization has yet to be elucidated.

The mechanisms described to date are most likely to be involved in the regulation of
ABCG2 expression in normal tissues. In cancer cells, much work remains to be done
to determine the mechanism of activation. Using Pgp as a model, gene amplification
is unlikely to occur in the clinical setting. However, gene rearrangement and gene
capture by aberrant promoters have been described for Pgp and could also be true for
ABCG2.57

12.5. SUBSTRATES OF ABCG2

As ABCG2 was cloned originally from drug-resistant cancer cells, chemotherapeutic
agents were among the first compounds identified as ABCG2 substrates. A high level
of resistance to mitoxantrone is a hallmark of cells that overexpress ABCG2, but
the range of substrates now reported may well be comparable to that observed for
Pgp.9,12 The mitoxantrone-related fluorescent compound BBR3390 was also one of
the earlier identified substrates of the protein.58 Cross-resistance to anthracyclines,
etoposide, teniposide, and the camptothecin derivatives topotecan, irinotecan, and
SN-38 (the active metabolite of irinotecan) is observed in ABCG2-overexpressing,
drug-selected cancer cells.3,4,6,7,11,59 The topoisomerase active drugs J-107088 and
NB-506 are readily transported by ABCG2.60 Cancer cells selected in topotecan61,62

or SN-3863 have been shown to up-regulate ABCG2 as a mechanism of resistance.
Even selection with camptothecins that are relatively poor ABCG2 substrates, such
as DX-8951f and BNP-1350, results in ABCG2 overexpression.64−66

Overexpression of ABCG2 has also been shown to confer resistance to
methotrexate,67 although no data exist showing up-regulation of ABCG2 when
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methotrexate is the selecting drug. Our laboratory reported ABCG2 overexpres-
sion in flavopiridol-selected breast cancer cells,68 and Nakanishi et al. found that
ABCG2 overexpression in leukemic blasts correlated with resistance to flavopiridol
in an ex vivo assay.69 Tyrosine kinase inhibitors such as CI1033, gefitinib, and ima-
tinib have been shown to be substrates of ABCG2 and probably act as competitive
inhibitors.70−72 Caco-2 cells continuously exposed to imatinib have been shown to
up-regulate ABCG2 as a mechanism of resistance.73

In early studies with the MCF-7/AdrVp cell line, we reported the ATP-dependent
transport of rhodamine 123, a fluorescent compound transported by Pgp.8 Rhodamine
transport was also detected in the mitoxantrone-resistant S1-M1-3.2 cell line de-
scribed by Rabindran et al. Since rhodamine had long been used to quantify Pgp
expression in resistant cells and clinical samples, we evaluated a series of cell lines
for ABCG2 expression by flow cytometry using the inhibitor fumitremorgin C (FTC).
Whereas MCF-7/AdrVp and S1-M1-3.2 cells readily transported rhodamine, no other
ABCG2-overexpressing cell lines did.74 We discovered that a drug-induced mutation
at amino acid 482, originally noted when the gene was cloned60, correlated with the
ability to transport rhodamine.75 Cells that expressed ABCG2 with a mutation to a
glycine or threonine at amino acid 482 could transport rhodamine, while cells that
expressed wild-type ABCG2 with an arginine at this site could not.44 Subsequently,
an arginine to methionine mutation was reported in a CD4+ T-cell line selected with
adriamycin.76 Similarly, Allen and colleagues reported that in mouse fibroblast cell
lines lacking functional Pgp or MRP1, selection with adriamycin resulted in ABCG2
overexpression.59 When they sequenced Abcg2 in the adriamycin-resistant lines, they
found that all cells had acquired a mutation at amino acid 482, changing the wild-
type arginine in the protein to a methionine or serine.77 These results highlighted the
importance of amino acid 482 in substrate recognition and suggested it to be a “hot
spot” for mutation.

Further studies served to highlight the importance of amino acid 482 in substrate
recognition. Cells transfected with ABCG2 harboring an amino acid 482 mutation to
an N, C, M, S, T, V, A, G, E, W, D, Q and H, but not Y or K results in higher resistance
to mitoxantrone and adriamycin, compared to the wild-type arginine.42 Similarly, a
study in Sf9 insect cells that expressed ABCG2 with a 482 mutation to a G, I, M, S,
T, D, N, K, Y found that all mutants except R482K, R482Y and wild-type ABCG2
transported rhodamine 123.43 In contrast, methotrexate transport was only found in
cells expressing wild-type ABCG2.43 Although it is not clear how amino acid 482
affects substrate recognition, it has been suggested that amino acid 482 is in a drug
binding site (see Section 12.3). However, as amino acid 482 mutations have not been
observed in clinical samples69,78 these mutations are principally of academic interest,
potentially leading to insights regarding protein structure or drug binding.

Fluorescent substrates have been developed for use in detecting ABCG2 in clin-
ical samples by flow cytometry. Mitoxantrone, BODIPY-prazosin, topotecan, and
Hoechst 33342 have all been shown to be substrates of ABCG2 in flow cytometry
assays.74,79−82 As all of these compounds are substrates for Pgp as well as ABCG2,
we sought to develop fluorescent assays using ABCG2-specific substrates. Based on
the earlier observation of Jonker et al.,83 we evaluated the porphyrin pheophorbide
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FIGURE 12.1. Effect of amino acid 482 mutations on ABCG2 substrate specificity. HEK293
cells transfected with mutant (R482G, R482T) or wild-type (R482) ABCG2 were incubated
in phosphate-buffered saline with 2% BSA with phycoerythrin-labeled negative control anti-
body (solid line) or phycoerythrin-labeled anti-ABCG2 antibody (clone 5D3, dashed line) for
30 minutes, washed, and subsequently analyzed by flow cytometry to generate the top row of
histograms. Cells were also incubated in medium containing 20 �M mitoxantrone (second row
of histograms), 250 nM BODIPY-prazosin (third row), 5 �g/mL daunorubicin (fourth row),
0.5 �g/mL rhodamine 123 (fifth row), or 10 �M Hoechst 33342 (bottom row) in the presence
(dashed line) or absence (solid line) of 10 �M FTC.

a as a specific ABCG2 substrate.84 Subsequently, the porphyrins chlorin e6 and py-
ropheophorbide a methyl ester were also found to be ABCG2-specific substrates.85

Figure 12.1 demonstrates the effect of amino acid 482 on substrate specificity.
HEK293 cells expressing mutant R482G or R482T ABCG2 (left and right columns,
respectively) are able to transport mitoxantrone, BODIPY-prazosin, daunorubicin,
rhodamine 123, and Hoechst 33342, while cells expressing wild-type ABCG2 (cen-
ter column) transport only mitoxantrone, BODIPY-prazosin, and Hoechst 33342. All
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clones display comparable expression of ABCG2 on the cell surface, as shown by the
top row of histograms in Figure 12.1.

Emerging evidence points to a potential role of ABCG2 in transporting endoge-
nous steroids. Using a Lactococcus expression model, a group led by van Veen found
17�–estradiol to be a substrate for ABCG2.86 In contrast, Imai et al. used LLC-
PK1 cells expressing ABCG2 and reported that sulfated conjugates of estrone and
17�-estradiol were substrates for ABCG2, whereas their respective free estrogens
were not.87 Pavek et al. subsequently showed that estrone and 17�-estradiol as well
as other endogenous steroids, such as corticosterone, estradiol, and aldosterone, are
not substrates for transport by ABCG2, but found that 17�-estradiol significantly
inhibited ABCG2-mediated transport of known substrates.88 Suzuki et al. demon-
strated that estrone3-sulfate (E1S), as well as dehydroepiandrosterone (DHEAS),
were substrates.89 These conflicting accounts of which endogenous steroids are sub-
strates and even potential inhibitors of ABCG2 still need to be reconciled, including
an understanding of whether the cell line, the transfected protein, or experimental
conditions account for the differing results.

Since ABCG2 is highly expressed in the gastrointestinal tract, it is thought to
have an important role in the oral bioavailability of drugs. Many groups have
reported transport of nonchemotherapeutic oral drugs as well as natural prod-
ucts and dietary carcinogens. Several antibiotics, such as nitrofurantoin and ery-
thromycin are reportedly substrates,53,90,91 as are some antivirals76,92 and 3-hydroxy-
3-methyiglutarylcoenzyme A (HMG-CoA) reductase inhibitors.93−95 The flavonoids
genistein and quercetin have been identified as ABCG2 substrates along with their
glucuronides.96,97 Table 12.1 includes a more complete list of substrates that have
been identified.

12.6. INHIBITORS OF ABCG2

The first ABCG2-specific inhibitor to be described was the diketopiperazine fu-
mitremorgin C (FTC). The inhibitory effects of FTC were reported even before
ABCG2 was cloned.11 Isolated from the fermentation broth of Aspergillus fumigatis,
FTC at a concentration of 5 �M readily inhibited ABCG2-mediated resistance to mi-
toxantrone, doxorubicin, and topotecan in drug-selected cell lines, but had no effect
on resistance mediated by Pgp or MRP1.11 Resistance in ABCG2-transfected cells
was also reversed.98 Clinical use of FTC was limited due to its known neurotoxicity,
thus leading to a search for a less toxic inhibitor, resulting in the subsequent discovery
of Ko143.99 Highly potent, Ko143 exhibited no neurotoxic effects in mice compared
to the parent compound, FTC. Other diketopiperazine inhibitors, including indolyl
diketopiperazines100 and tryprostatin a,101 have also been reported to inhibit ABCG2.

Since there was significant overlap between ABCG2 and Pgp substrates, known
inhibitors of Pgp were among the first compounds to be examined for their ability
to inhibit ABCG2. Elacridar (GF120918) was found to be an ABCG2 inhibitor in
addition to its ability to inhibit Pgp.102 MRP1-mediated transport was unaffected.
Reserpine has also been reported to inhibit Hoechst transport in SP cells.82 Before the
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Substrates Inhibitors

Chemotherapy agents
Mitoxantrone
BBR339058

Anthracyclinesa

Daunorubicina 7,44,47,77

Doxorubicina 7,11,44,47,77

Epirubicina 44

Bisantrenea 11,44

Flavopiridol68,173

Etoposidea 3,4,7,174

Teniposide174

Camptothecins
9-Aminocamptothecin6,59,175−177

Topotecan6,59,61,62,79,177,178

Irinotecan6,64,177,179

SN-386,63,175,177,180,181

SN-38 glucuronide180,181

Diflomotecana (weak)182

Homocamptothecina (weak)182

DX-8951f (weak)64,65

BNP1350 (weak)66

Indolocarbazoles
J-10708860

NB-50660

Compound A183

UCN-0183

Antifolates
Methotrexatea , methotrexate dia- and
triglutamatea 67,91,184−187

GW1843a 186

Tomudexa 186

Tyrosine kinase inhibitors
Imatinib72

Gefitinib71,107

CI103370

Other compounds
Antivirals

Zidovudine (AZT)188

Lamivudine76

HMG-CoA reductase inhibitors
Rosuvastatin93

Pitavastatin94

Cerivastatin95

Carcinogens
Aflatoxin B1133

2-Amino-3-methylimidazo[4,5- f ]quinoline
(IQ)133

3-Amino-1,4-dimethyl-5H -pyrido[4,3-b]indole
(Trp-P-1)133

Diketopiperazines
Fumitremorgin C11,98

Ko14399

Tryprostatin A101

Indolyl diketopiperazines100

Steroids and steroidlike compounds
Corticosterone88

Digoxin88

Beclomethasone88,111

6-�-Methylprednisolone88

Dexamethasone88

Triamcinolone88

Mometasone111

Ciclesonide111

Antivirals
Ritonavir92

Saquinavir92

Nelfinavir92

Immunosupressants
Tacrolimus104

Sirolimus104

Cyclosporin A8,103,104

Pyridines and dihydropyridines
Niguldipine117

Nicardipine117,118

Nitrendipine117,118

Dipyridamole118

Nimodipine118

DHP-014117

Tyrosine kinase inhibitors
Gefitinib107−109,203

Imatinib109,110

EKI-785109

CI103370

P-glycoprotein inhibitors
Elacridar (GF120918)102,177

Tariquidar (XR9576)83

Biricodara (VX-710)121

Flavonoids
Chrysin112

Biochanin A112

Benzoflavone204

6-Prenylchrysin115

Tectochrysin115

Naringenin113

Quercetin111,181

Acacetin113

Kaempferol113

Silymarin111

(Continued )
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Substrates Inhibitors

2-Amino-1-methyl-6-phenylimidazo(4,5-b)pyridine
(PhIP)88,132,138

Porphyrins
Pheophorbide a83,84

Pyropheophorbide, a methyl ester85

Chlorin e685

Protoporphyrin IX54,85

Fluorescent compounds
Rhodamine 123a 8,44,79

Lysotracker Greena 44,79

BODIPY-prazosin44,79

Hoechst 3334282,189

Flavonoids
Genistein113

Quercetin97,190

Glucuronide, glutathione, and sulfate conjugates
Benzo[a]pyrene-3-sulfate (BP3S)191

Benzo[a]pyrene-3-glucuronide (BP3S)191

Estrone 3-sulfate87,89,95

4-Methylumbelliferone sulfate89

4-Methylumbelliferone glucuronide140

6-Hydroxy-5,7-dimethyl-2-methylamino-4-
(3-pyridylmethyl)benzothiazole

glucuronide (E3040)89,192

Dehydroepiandrosterone sulfate
(DHEAS)192,193

17�-Estradiol sulfate87

Acetaminophen sulfate194

Benzimidazoles
Albendazole sulfoxide195

Oxfendazole195

Pantoprazole119

Antibiotics
Ciprofloxacin90

Ofloxacin90

Norfloxacin90

Erythromycin91

Dirithromycin91

Rifampicin91

Nitrofurantoin53

Dihydrotestosterone196

Sulfasalazine197,198

Phenethyl isothiocyanate116,199

Dipyridamole118

Ochratoxin A200

GV196771201

Folic acid184

Cimetidine88

ME3229202

Hesperetin111

Daidzein111

Resveratrol111

Genistein113

Naringenin-7-glucoside113

Benzimidazoles
Pantoprazole119

Omeprazole119

Oxfendazole195

Estrogens, estrogen agonists,
and estrogen antagonists

17�-Estradiol105

Estrone105

Diethylstilbestrol106

Tamoxifen106

Toremifene106

TAG-11106

TAG-139106

Taxanes
Ortataxela 120

tRA96023a 120

tRA98006a 122

Flavopiridol68

UCN-0183

Novobiocina 205,206,206

Stilbenoids207

aCompound affected by the amino acid at position 482.
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ABCG2 gene was cloned, rhodamine transport in MCF-7/AdVp cells was found to
be inhibited by cyclosporin A.8 Subsequent to these initial studies with cyclosporin
A, the results have been contradicted41 and confirmed.103,104 The highly potent Pgp
inhibitor tariquidar (XR9576) has been shown to inhibit pheophorbide a transport in
ABCG2-transfected cells.83

The estrogens estrone and 17�-estradiol were also among the first ABCG2 in-
hibitors identified.105 Subsequently, diethylstilbestrol, tamoxifen, and torimefene
were found to act as inhibitors.106 This observation led Sugimoto and colleagues
to screen a number of tamoxifen analogs for their ability to inhibit ABCG2, resulting
in the discovery of TAG-139, a tamoxifen analog that was fivefold more potent than
estrone at inhibiting ABCG2.106

Tyrosine kinase inhibitors are an emerging class of compounds that also act as
ABCG2 inhibitors. The HER tyrosine kinase inhibitor CI1033 was first demonstrated
to inhibit ABCG2-mediated resistance to SN-38 and topotecan in transfected cells.70

Gefitinib was shown to inhibit ABCG2-mediated drug resistance, as were imatinib and
EKI-785.107−110 It is most likely that these tyrosine kinase inhibitors act as competitive
inhibitors since ABCG2 has been shown to transport or confer resistance directly to
CI1033, gefitinib, and imatinib.71,72,107,107

An increasing number of flavonoids have been shown to inhibit ABCG2. Cooray
et al. were among the first to report an interaction between ABCG2 and flavonoids.
They identified silymarin, hesperetin, quercetin, and daidzein, as well as the stilbene
resveratrol as ABCG2 inhibitors since they increased the intracellular accumulation
of mitoxantrone and BODIPY-prazosin in ABCG2-expressing cells.111 Similarly,
Zhang et al. found chrysin and biochanin a to be potent inhibitors of ABCG2-
mediated resistance to mitoxantrone.112 Imai et al. reported that genistein, naringenin,
acacetin, and kaempferol reversed resistance to SN-38 and mitoxantrone in ABCG2-
transduced K562 cells.113 Structure–activity studies have also identified novel
ABCG2 inhibitors,114,115 among them 6-prenylchrysin and tectochrysin. Organic
isothiocyanates have been identified as inhibitors.116 Although the fact that flavonoids
such as quercetin and genistein are ABCG2 substrates argues that they function as
competitive inhibitors, it has been postulated that flavonoids inhibit ABCG2 due
to their interaction with its nucleotide-binding domain.96,114 Since flavonoids occur
naturally in food products, these compounds may affect the bioavailability of oral
drugs.

As was the case for Pgp, many groups have reported that a number of off-the-
shelf compounds are ABCG2 inhibitors. The glucocorticoids beclomethasone, 6�-
methylprednisone, triamcinolone, dexamethasone, betamethasone, and prednisone
were found to inhibit ABCG2-mediated transport in mouse fibroblast cells but were
not themselves transported.88 Dihydropyridines and pyridines, used as antihyperten-
sives, were found to increase intracellular mitoxantrone accumulation in ABCG2-
overexpressing cells.117 Similarly, Zhang et al. reported that dipyridamole and di-
hydropyridines were ABCG2 inhibitors, noting that dipyridamole itself was also
transported whereas nitrendipine was not.118 Benzimidazoles have been found to
cause significant toxicity when coadministered with methotrexate, and the find-
ings of Breedveld and colleagues suggest that this may be due to their ability to
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inhibit ABCG2 competitively.119 A list of reported ABCG2 inhibitors is provided in
Table 12.1.

Several studies have noted the impact of amino acid 482 on inhibitor potency.
While confirming the effects of reported ABCG2 inhibitors in stably-transfected
HEK-293 cells, we noted that novobiocin was effective in reversing ABCG2-mediated
transport of fluorescent substrates only in cells transfected with wild-type but not
mutant ABCG2.44 The effects of amino acid changes at position 482 were observed
for biricodar, developed as a modulator of both Pgp and MRP1, and the taxane
derivatives ortataxel and tRA96023.120−122 Amino acid 482 mutations have also been
shown to alter the ability of some flavonoids to inhibit ABCG2.115

The growing number of substrates and inhibitors for ABCG2 is not surprising,
considering previous experience with Pgp and its known promiscuous nature. The
ability to transport a wide range of unrelated compounds supports its suspected role
in protecting cells from xenobiotics, and suggests that like Pgp, drugs bind ABCG2
in a large central cavity rather than in a lock-and-key conformation. The parallel be-
tween ABCG2 and Pgp in drug transporter paradigms allowed the rapid identification
of inhibitors but probably has hindered the actual clinical development of ABCG2
inhibitors.

12.7. TISSUE LOCALIZATION OF ABCG2

After its initial discovery in resistant cancer cell lines, investigators pursued vary-
ing lines of inquiry to determine the location, expression, and physiological role of
ABCG2 in vivo. In the initial report identifying ABCG2, Doyle et al. performed
Northern blot analysis in commercially prepared human samples representing 16 dif-
ferent tissues.9 Using cDNA probes to examine expression of ABCG2 mRNA, they
found the highest expression in placental tissue. Lower levels were observed in tissue
from the brain, prostate, small intestine, testis, ovary, colon, and liver. Transcripts
were undetectable in tissues from the heart, lung, skeletal muscle, kidney, pancreas,
spleen, thymus, and peripheral blood leukocytes. We later confirmed these results,
noting high expression in the central nervous system, liver, adrenal gland, placenta,
prostate, testes, and uterus.123 Lower levels were detected by Northern blot in the
small and large intestine, stomach, lung, kidney, and pancreas.123

Maliepaard et al. examined ABCG2 expression in normal tissue and cancer
cell lines by immunohistochemistry using the BXP-21 and BXP-34 monoclonal
antibodies.124 Again, high expression was found in placental tissue and specifically
in the placental syncytiotrophoblast. Strong positive staining was also observed in
the colon, and positive staining was seen in the small intestine, biliary canaliculi (but
not hepatocytes or bile ductules), breast tissue, venous endothelium, and in capil-
laries. Comparison was also made of mRNA expression by semiquantitative reverse
transcriptase polymerase chain reaction (RT-PCR) with the IHC assay. RT-PCR re-
sults generally correlated with IHC staining with BXP-21 and BXP-34 antibodies,
except that mRNA levels were higher in tissues with greater blood vessel density (e.g.,
ovary, cervix, small intestine) and were lower in tissues with a smaller endothelium
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density (e.g., heart and breast tissue). Studies by Scheffer et al.125 and Faneyte et al.126

also found expression in breast tissue to localize to the vascular endothelium rather
than normal mammary or breast cancer tissue. Directing a specially generated poly-
clonal rabbit ABCG2 antibody (termed 405) against an 18-mer peptide near the ATP-
binding region together with the commercially available 5D3 monoclonal antibody,
we also found high expression of this protein in the syncytiotrophoblast placenta,
alveolar pneumocytes in the lung, skin sebaceous glands, small and large intestine,
bile canaliculi, and blood vessels, including endothelium from the central nervous
system.123

12.8. FUNCTION PREDICTED FROM TISSUE DISTRIBUTION

The location and level of expression of ABCG2 highlight the protein’s potential roles
in the normal host. These include probable roles in protecting stem cells; forming
the maternal–fetal barrier, the blood–testis cell barrier, and the blood–brain barrier;
and its role in the absorption and efflux of xenobiotics and endogenous metabolic
products within the gastrointestinal tract.

12.8.1. Stem Cells

Recent evidence has shown that ABCG2 may play a critical role in the phenotype of
stem cells. Hematopoietic stem cells can be recognized as a side population (SP), when
bone marrow cells are studied via flow cytometry. These SP cells extrude Hoechst
33342 and have surface antigen expression profiles that correspond to a stem cell
phenotype.127 Hoescht 33342 is a known substrate for ABCB1, but after investigators
found no differences in the SP cell population in ABCB1-deficient and wild-type
mice,82 Zhou et al. reported that ABCG2 was responsible for the SP phenotype. High
levels of ABCG2, which also effluxes Hoechst dye, were found in early murine stem
cells, including hematopoietic, muscle, and embryonic stem cells, potentially protect-
ing the cell from exogenous toxins or serving an unknown function in endogenous
substrate efflux. As these cells matured, ABCG2 levels subsided, and other efflux
mechanisms, such as ABCB1, were up-regulated. Although ABCG2 may serve as
part of the stem cell phenotype, it is neither necessary nor sufficient for stem cell de-
velopment and cellular differentiation, a fact confirmed by the observation that there is
no significant developmental pathology associated with Abcg2-deficient mice. Since
Zhou’s publication, ABCG2 has been identified as a potential phenotypic marker for
stem cells in multiple tissues, including normal lung128 and breast tissue.129

12.8.2. Placenta

ABCG2 may function in the human placenta to protect the fetus or to transport
steroid hormones produced in the placenta.130 Specifically, E1S and DHEAS are
among the major estrogens produced and secreted by the placenta, and as shown
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by Suzuki et al. are ABCG2 substrates.89 However, given its high expression in
the syncytiotrophoblast near the apical surface at the chorionic villus, ABCG2 may
help form the barrier between the maternal and fetal circulation systems and thus
protect the fetus from endogenous and exogenous toxins. Jonker et al. investigated
this possibility by exposing Abcb1-deficient mice to the known ABCG2 substrate
topotecan.131 When pregnant mice were given topotecan with the ABCG2 inhibitor
GF120918, fetal plasma levels of topotecan were twice as high as that measured in
maternal plasma. ABCG2 expression is relatively higher in human placental tissue
compared to murine indicating that the protein may play an even more important role
in protecting human fetal exposure to endogenous and exogenous toxins present in the
maternal circulation.

12.8.3. Mammary Gland

As opposed to the role that ABCG2 may play in the placenta, and despite the absence of
expression in adult breast epithelial cells, ABCG2 expression in lactating mammary
tissue has been found to concentrate substrates, including toxins, into breast milk.
Jonker et al. reported that ABCG2 expression is strongly induced in the mammary
glands of lactating mice, cows, and humans.132 Further, levels of the carcinogen and
toxin PhIP, as well as topotecan, were highly concentrated in the milk of Abcg2 wild-
type mice, whereas these substances were not present in the milk of Abcg2-deficient
mice. In addition, the administration of GF120918 reversed the active secretion of
topotecan into milk in the wild-type mice. By determining high ratios of substance
concentration in breast milk versus maternal plasma, these researchers confirmed that
cimetidine and acyclovir were Abcg2 substrates. This same group later verified the
role of Abcg2 in concentrating potential substrates in breast milk when they found
that the concentrations of heterocyclic amines as well as aflatoxin were over threefold
higher in breast milk than in maternal plasma in lactating wild-type versus Abcg2-
deficient mice.133

This functional role in concentrating substrates in lactating mammary epithelium
is in contrast to the low expression level of ABCG2 observed in nonlactating breast
epithelium. It remains unclear why ABCG2 would be induced in the lactating mam-
mary gland and therefore concentrate potential toxins in breast milk, increasing the
potential harm to feeding infants. The physiologic role of an up-regulated ABCG2,
as well as the identification of endogenous substrates that might be conveyed from
mother to infant by this transporter still need to be discovered.

12.8.4. Testis

High expression of ABCG2 has been reported in normal testis tissue as determined
by Northern blot and localized to the Sertoli–Leydig cells by immunohistochemical
analysis.123 Bart et al. found ABCG2 as well as Pgp expressed in the myoid cell
layer as well as in endothelial cells of the normal testis.134 These transporters are
expressed on the luminal side of the endothelium as well as the apical side of myoid
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cells, highlighting their probable function of transporting substrates away from the
seminiferous tubules, implying a potential role in protecting developing germ cells
from toxins in the male circulation.

12.8.5. Blood–Brain Barrier

Numerous researchers have explored the role of ABCG2 in forming the blood–brain
barrier. Using the techniques of RT-PCR, Western blot analysis, and immunofluroes-
cence staining using BXP-21 and BXP-34, Cooray et al. showed ABCG2 expression
along with that of ABCB1 in the microvasculature of both normal and malignant
tissues from the central nervous system.135 ABCG2 was expressed on the luminal
surface of the endothelium, providing a clue to its role as an efflux pump away
from the brain interstitium. Expression of other ABC transporters, including MRP1,
MRP3, and MRP5, could not be detected. Zhang et al. investigated ABCG2 as well as
ABCB1 and ABCC1 expression in normal and glioblastoma tumors as measured by RT-
PCR and showed higher expression of ABCG2 than of the other two transporters.136

Cisternino et al. explored the role of Abcg2 in forming the murine blood–brain barrier
in Abcb1-deficient mice.137 They found that mRNA levels of Abcg2 were 700-fold
higher in the microvasculature than in the brain cortex. They exposed these Abcb1-
deficient and wild-type mice to mitoxantrone with and without GF120918 and found a
two- to threefold higher uptake in the mice treated with GF120918. Not all researchers
have found Abcg2 playing a critical role in the blood–brain barrier, however. For ex-
ample, van Herwaarden et al.138 did not find higher levels of PhIP in the brains of
Abcg2-deficient mice than in wild-type animals.

12.8.6. Liver and the Gastrointestinal Tract

The presence of ABCG2 in the apical membrane of the small intestine and bile can-
niculi implies a potential role for the protein in xenobiotic and endogenous substrate
efflux from the liver, and substrate absorption along the small intestine. This the-
ory has been confirmed in a variety of settings. Jonker and colleagues administered
oral topotecan with and without GF120918 to mice and found significantly higher
plasma drug concentrations in animals receiving the inhibitor.131 Administration of
GF120918 decreased plasma clearance, decreased hepatobiliary excretion, and in-
creased reuptake in the small intestine. Taipalensuu et al.139 examined jejunal mucosa
from 13 normal volunteers and compared expression levels of 10 potential drug efflux
transporters from the ABC family, including ABCB1 (Pgp), ABCC1, and ABCG2.
The highest level detected was for the mRNA encoding ABCG2. Given that this area
of the small intestine is quantitatively the most important site for drug absorption,
this finding was unexpected, especially given the importance previously ascribed to
ABCB1 in clinical pharmacology research.

In one study, van Herwaarden et al.138 used Abcg2-deficient mice to test for the
elimination of PhIP and found that wild-type mice eliminated this food carcinogen
primarily via fecal excretion, whereas the elimination in Abcg2-deficient animals was
in the urine. Wild-type and Abcg2-deficient animals underwent cannulation of their
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gall bladders and ligation of their common bile ducts and were then administered
intravenous PhIP. Levels of PhIP measured in the small intestine and cecum were
significantly higher in wild-type animals, confirming the efflux of the compound into
the lumen of the small intestine via Abcg2.

Adachi et al.140 used both Abcg2-deficient mice as well as hereditary hyperbiliru-
binemic mice deficient in Abcc2 to examine enterocyte efflux of substrates that have
been glucuronidated and sulfated in the liver prior to efflux into the intestinal lumen.
They found that Abcg2 had an important role in effluxing these conjugated metabo-
lites, and concluded that Abcc2 had a lesser role in effluxing some glucuronidated
conjugates.

12.9. GENETIC POLYMORPHISMS

Due to the potential pharmacologic impact, a number of studies have investigated
the impact that SNPs in the ABCG2 gene have on protein expression and function. A
number of SNPs have been identified in coding regions of the gene, and at least four
nonsynonymous SNPs have been identified. These SNPs occur at mRNA positions 34
(V12M; exon 2), 421 (Q141K, exon 16), 616 (I206L, exon 6), and 1768 (N590Y, exon
15). The V12M, I206L, and N590Y SNPs have not been found to confer an alteration
in protein expression or function.141,142 However, the nonsynonymous substitution
C421A, in which a lysine is substituted for glutamine at amino acid (Q141K), has
been shown to have a functional significance. Various researchers have found that
this SNP can lead to lower plasma membrane expression,141,143−145 reduced drug
efflux,141,146 and reduced ATPase activity.141,146 This polymorphism can lead to lower
IC50 levels in cell lines exposed to cytotoxic agents that are ABCG2 substrates,
including mitoxantrone, irinotecan, and SN-38.141 Additionally, when patients who
had the SNP were exposed to chemotherapy, higher in vivo levels of topotecan and
diflomotecan were found,147,148 coinciding with the role of ABCG2 in biliary and
intestinal elimination of xenobiotics.

12.10. ABCG2 EXPRESSION IN CANCER AND ITS ROLE
IN DRUG RESISTANCE

Expression of ABCG2 in leukemia is by far the most extensively studied, a summary
of which is given in Table 12.2. In acute myelogenous leukemia (AML), conflicting
data exist regarding ABCG2 expression. Some groups have reported relatively high
ABCG2 expression,149−151 whereas others reported undetectable levels.152−154 Sim-
ilarly, ABCG2 has been found to be predictive of response to chemotherapy in some
studies155−157 but not in others.154 In acute lymphoblastic leukemia, a similar situation
exists, with ABCG2 reported to be predictive158,159 and unpredictive160 of response.
To clarify the contribution of ABCG2 to resistance in leukemia, more studies with
larger patient populations and validated methods are necessary. As discussed below,
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these discrepancies are likely to be due to the lack of standardized methods and the
lack of a uniform reference point.

Two studies reported contradictory results when measuring ABCG2 expression
in solid tumors by immunohistochemistry. Scheffer et al. examined protein expres-
sion in 34 paraffin-embedded untreated tumor samples from various sites and found
positive staining in only one small intestine adenocarcinoma sample.125 In a study
of 150 paraffin-embedded untreated tumor samples, Diestra and colleagues reported
frequent ABCG2 expression. Highest levels were found in melanoma and tumors
of the digestive tract, endometrium, and lung.161 Both cytoplasmic and membrane
staining was observed, raising some concern about specificity. However, this is the
most complete immunohistochemical study to date.

In a study of 43 untreated breast carcinoma samples, Kanzaki et al. reported low
ABCG2 gene expression as measured by RT-PCR, and no correlation with clinical
outcome.162 Similarly, Faneyte et al. reported no detectable ABCG2 expression by
immunohistochemistry and no correlation between gene expression and survival.126

Burger and colleagues, however, found that ABCG2 and ABCB1 gene expression cor-
related with response in anthracycline-treated patients, although expression did not
correlate with progression-free survival.163 Since ABCG2 does not transport anthra-
cyclines significantly, it is difficult to discern why expression would correlate with
poor response.

Two studies have focused on ABCG2 expression in testicular tumors. Zurita et al.
examined protein expression in 56 paraffin-embedded tumor samples from patients
diagnosed with advanced testicular germ cell tumors. Strong and intermediate expres-
sion was observed in 86 and 7% of samples, respectively.164 They found no correlation
between ABCG2 expression and clinical outcome when patients were treated with
platinum-based chemotherapy.164 The second study found that seminoma and non-
seminoma testicular tumor samples from untreated patients expressed ABCG2 when
assessed by immunohistochemistry using the BXP-21 antibody, whereas testicular
lymphoma samples did not.134

Studies demonstrating an interaction between tyrosine kinase inhibitors such as
gefitinib and ABCG2 led Theou and colleagues to examine ABCG2 via Western blot
in tumor samples obtained from 21 patients with gastrointestinal stromal tumors and
three patients with leiomyosarcomas.165 They found no expression of ABCG2 in any
of the samples; however, detection of protein expression by immunoblotting is not a
sensitive method and may not detect low but clinically relevant levels of ABCG2.

Yoh et al. examined ABCG2 expression in 72 formalin-fixed paraffin-embedded
samples obtained from patients diagnosed with non-small cell lung carcinoma before
chemotherapy.166 Of the 72 samples, 33 (46%) were ABCG2 positive. ABCG2 ex-
pression correlated with shorter progression-free survival and overall survival when
patients were treated with platinum-based chemotherapy. This finding needs to be
reproduced and verified with a different method, since platinum compounds are not
ABCG2 substrates.

It is likely that the discordant results reported for ABCG2 expression in cancer
are due to the lack of standardized methods of detection. As demonstrated by a
1994 workshop devoted to determining standardized methods for detection of Pgp,
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different methods of detection offer different levels of sensitivity and specificity, and
nonstandard terminology results in varying conclusions.167 Some of the discordance
observed in a study by Suvannasankha et al. may be attributed to these issues.151

ABCG2 expression was measured in cell lines and 31 AML samples by RT-PCR
and by flow cytometry examining mitoxantrone efflux or staining with the antibodies
BXP-21, BXP-34, or 5D3. They reported no correlation between ABCG2 expression
measured by RT-PCR and mitoxantrone transport or between antibody staining with
any of the antibodies and mitoxantrone transport in ALL.151 While it was suggested
that the discordant results are due to the complex biology of ABCG2, it is also likely
that the assays have differing levels of sensitivity and specificity. Mitoxantrone is a
minor substrate for other ABC transporters, so flow cytometry studies should use more
specific ABCG2 substrates. Lack of antibody sensitivity or specificity may explain
the discordant results of Scheffer et al. and Diestra et al. The BXP-34 antibody used
in the study by Scheffer et al. may not be sensitive enough to detect lower levels of
ABCG2 expression than those detected by Diestra et al. using the BXP-21 antibody.
Standardized methods for detection of ABCG2 will aid in the determination of the
contribution of ABCG2 to resistance in cancer. Further, it is critical that a common
point of reference be used. Either a consistent panel of normal tissues should be
included with every immunohistochemical study, or a reference cell line should be
included in studies of gene expression or functional measurements. MCF-7 cells may
be a good choice as a reference line, since expression of ABCG2 is low but readily
detectable in functional assays.74,83 Using a cell line with endogenous levels—also
more likely to be clinically relevant—offers the chance to obtain reproducible results
from laboratory to laboratory.

12.11. CANCER STEM CELLS

Since hematopoietic stem cells are often found in the SP fraction, where intracel-
lular Hoechst 33342 fluorescence is low due to ABCG2 expression, many groups
have identified cancer stem cells in cell lines and solid tumors via this method. In
neuroblastomas from 15 of 23 patients, Hirschmann-Jax et al. found SP cells that
expressed ABCG2 and generated both SP and non-SP progeny.168 These cells also
demonstrated increased resistance to chemotherapeutic agents. An SP population
has also been found in a number of established cancer cell lines169 as well as in
retinoblastoma170 and gastrointestinal cell lines.171 Studies such as these have led to
the belief that SP cells, characterized by ABCG2 expression, represent a population
of cancer stem cells.

Such a conclusion must be viewed with caution. First, the SP fraction, even in
bone marrow, is known not to represent a pure stem cell population, and the method
for generating the SP fraction greatly affects the types of cells included in it.172

Additionally, since Hoechst 33342 is a substrate for both ABCG2 and Pgp, the SP
fraction will include cells overexpressing endogenous levels of either of these proteins.
Further, ABCG2 may be part of the normal phenotype. For example, NCI-H460 lung
carcinoma cells have high levels of ABCG2 mRNA and transport Hoechst 33342, but
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FIGURE 12.2. The stem cell phenotype does not always identify cancer stem cells. NCI-H460
cells (a, b), Pgp-overexpressing SW620 Ad300 cells (c), or ABCG2-overexpressing MCF-7
FLV100 cells (d) were incubated in 2.5 �g/mL Hoechst 33342 for 30 minutes, washed, then
incubated in Hoechst-free medium for an additional 60 minutes. For (b), cells were incubated
in Hoechst in the presence of 10 �M FTC to prevent ABCG2-mediated Hoechst transport.

this is because the entire population, rather than a subset of cells, expresses ABCG2.
As shown in Figure 12.2a, when NCI-H460 cells are incubated with Hoechst 33342,
half of the population of cells is in the SP gate, and this phenomenon is reversed
by the addition of the ABCG2-specific inhibitor FTC (Figure 12.2b). When Pgp-
positive SW620 Ad300 cells are incubated with Hoechst, generating the plot shown
in Figure 12.2c, they give the appearance of an SP population, as is the case for
ABCG2-overexpressing MCF-7 FLV500 cells (Figure 12.2d). Drug-resistant cells
that overexpress ABCG2 are not considered stem cells. Although ABCG2 may be
expressed in stem cells as a protection from xenobiotics, it cannot define a stem cell
in the normal or malignant state.

12.12. CONCLUSIONS

Identification of ABCG2 in drug-resistant cancer cells opened a line of investigation
that has led to multiple new insights into normal human physiology and xenobiotic
protection. However, the original hope—that a new therapeutic target for drug resis-
tance reversal has been identified—has not yet been tested or validated in clinical
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oncology. Rapid discoveries in protein biology will hopefully be followed rapidly by
studies that evaluate the role of ABCG2 in cancer drug resistance. The first step is
the development of validated, reproducible assays that can determine the expression
of ABCG2 in newly diagnosed and drug-resistant cancers.
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13.1. HEPATIC PHYSIOLOGY: LIVER STRUCTURE AND FUNCTION

The liver is one of the major organs involved in drug metabolism and excretion. Hep-
atocytes, which are the predominant cell type in the liver, are polarized cells with
distinct basolateral and apical domains that extend in chordlike arrays throughout the
liver (see Figure 13.1). Hepatoctyes contain the principal metabolic and transport ma-
chinery responsible for hepatic drug clearance. Transport proteins play an important
role in the clearance of drugs from hepatic sinusoidal blood and the excretion of parent
compound and/or metabolite(s) across the apical membrane into the bile canaliculus.
Although lipophilic compounds may diffuse from sinusoidal blood across the basolat-
eral (sinusoidal and lateral) membrane domain, it is now recognized that many drugs
gain access to the hepatocyte via transport proteins. Biliary excretion of drugs and
metabolites is an active process that requires adenosine triphosphate (ATP)-dependent
transport proteins that pump substrates into the canalicular lumen. ATP-dependent
transport proteins also aid in the removal of drugs and metabolites from the hepato-
cyte by pumping them across the basolateral membrane into sinusoidal blood as it
flows toward the central vein.

The field of hepatic transport is an emerging discipline. In the sections that follow,
hepatic transport proteins are introduced based on their localization and function as

hepatocyte

Tight junction

Bile canaliculus

Collagen
layers

ìBloodî

ìBileî

(a)

(b)

FIGURE 13.1. (a) In vivo architecture of the liver and polarized nature of hepatocytes, display-
ing two separate membrane domains facing blood and bile; (b) scheme illustrating the polarized
phenotype in vitro when hepatocytes are cultured in a sandwich configuration (between two
layers of gelled collagen). [(a) In part according to ref. 278, with permission.]
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either hepatic uptake or efflux transporters. The nomenclature, substrate specificity,
driving force(s) for transport, and clinical significance with respect to disease states
and/or drug interactions are summarized. Current information regarding transport
protein trafficking, regulation, and the potential role of hepatic transport proteins in
drug-induced hepatotoxicity is discussed. One of the greatest challenges in studying
hepatobiliary drug transport is selecting the right model system(s) and tools to an-
swer the relevant questions. An overview of approaches currently in use and under
development is provided. As scientific knowledge advances in this field, new tech-
niques and tools, and more sophisticated models are anticipated to aid in unraveling
the complexities of hepatic drug transport and exploiting these processes to achieve
desirable therapeutic outcomes.

13.2. HEPATIC UPTAKE TRANSPORT PROTEINS

The solute carrier (SLC) gene family, containing the SLC10 and SLC22 subfamilies,
together with the SLCO gene family represent the predominant transport proteins
that have been shown to mediate hepatic uptake of xenobiotics across the sinusoidal
hepatocyte membrane (see Figure 13.1). The previous and currently approved nomen-
clature for these uptake transporters that reside on the hepatic basolateral membrane,
and example substrates, are included in Table 13.1.

NTCP (SLC10A1) The Na+-taurocholate cotransporting polypeptide (NTCP),
which is expressed exclusively in liver, mediates sodium-dependent bile salt uptake
in human liver against a typical 5- to 10-fold concentration gradient and with a 2 : 1
sodium-to-taurocholate (TC) stoichiometry. NTCP accounts for an estimated 80% of
total hepatic uptake of conjugated bile acids.279 Although the substrate specificity
of NTCP appears oriented primarily to bile acids, this protein also transports the
cholephilic compounds bromosulfophthalein (BSP) and estrone 3-sulfate.280 More-
over, NTCP recently has been demonstrated to contribute to the hepatic uptake of
rosuvastatin.281 In rats, Ntcp also has been reported to transport thyroid hormones3

and the mushroom toxin �-amanitin (a cyclic octapeptide).4 These findings indicate
that NTCP substrate specificity extends beyond bile acids and structurally related
compounds. Investigation of polymorphisms in NTCP, as reported by Ho et al.,279

revealed that this transport protein exhibits a region that is critical and specific for
bile acid substrate recognition. Indeed, one NTCP variant displayed nearly complete
loss of bile acid transport but fully functional transport of estrone sulfate. Interest-
ingly, NTCP also was found to transport certain drugs when covalently bound to
taurocholate (i.e., chlorambucil-taurocholate).5

OATPs (SLCO; Previously, SLC21A) The family of organic anion transporting
polypeptides (OATPs) plays an essential role in hepatic drug uptake. OATPs often
appear to be rate limiting in the hepatobiliary clearance of drugs, thus controlling
the hepatic elimination and/or oral bioavailability of various compounds. OATPs are
characterized by broad and overlapping substrate specificity and display affinity for
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TABLE 13.1. Human Hepatic Uptake Transport Proteins

Protein/ Gene
Trivial Names Symbol Substrates/References

NTCP SLC10A1 BSP; cholate; estrone 3-sulfate; glycocholate;
taurochenodeoxycholate; tauroursodeoxycholate; TC
[280], Rosuvastatin [281]

OATP1A2
OATP-A
OATP-1
OATP

SLCO1A2
(SLC21A3)

Bile acids; BQ-123; BSP; DHEAS; DPDPE; E217G; estrone
3-sulfate; n-methylquinine; ouabain; prostaglandin E2;
T3; T4 [282], Deltorphin II [206,282], Fexofenadine
[139], Microcystin-LR [283], Saquinavir [284]

OATP1B1
OATP-C
LST-1
OATP2

SLCO1B1
(SLC21A6)

Atorvastatin [146,208], Benzylpenicillin [209], Bile acids;
BQ-123; BSP; DHEAS; DPDPE; E217G; estrone
3-sulfate; T3; T4 [282], Bilirubin, bilirubin glucuronides
[285], LTC4; prostaglandin E2 [282,286], Caspofungin
[210], Cerivastatin [159,208], Fluvastatin [101],
Irinotecan metabolite (SN-38) [211], Methotrexate [286],
Microcystin-LR [283], Phalloidin (assessed by dimethyl
derivative) [212], Pitavastatin [213,214], Pravastatin
[208,215], Repaglinide [166,168], Rifampin [147,216],
Rosuvastatin [164,281], Simvastatin [208],
Troglitazone-sulfate [217]

OATP1B3
OATP-8
LST-2

SLCO1B3
(SLC21A8)

Bile acids; BQ-123; BSP; Deltorphin II; DHEAS; digoxin;
DPDPE; E217G; estrone 3-sulfate; LTC4; ouabain; T3; T4
[282], CCK-8 [218], Fexofenadine [219], Fluvastatin
[101], Microcystin-LR [283], Monoglucuronosyl bilirubin
[285], Paclitaxel [220], Phalloidin (assessed by dimethyl
derivative) [212], Pitavastatin [214], Rifampin [216]

OATP2B1
OATP-B

SLCO2B1
(SLC21A9)

BSP; DHEAS; estrone 3-sulfate [282], Fluvastatin [101]

OAT2 SLC22A7 5-Fluorouracil; allopurinol; L-ascorbic acid; bumetanide;
DHEAS; estrone 3-sulfate; glutarate [11], Erythromycin
[178], Methotrexate [10], Prostaglandin E2 [11,17],
Prostaglandin F2� [14], Ranitidine [287], Salicylate
(controversial) [12], Tetracycline [221], Theophylline
[178], Zidovudine [222]

OCT1 SLC22A1 Acyclovir, ganciclovir [222], Azidoprocainamide
methoiodide; n-methylquinidine; n- methylquinine;
tributylmethylammonium [223], Choline [224], Imatinib
[225], Metformin [226], MPP+; N-methylnicotinamide;
tetraethylammonium [227,228,288], Famotidine,
ranitidine [179], Prostaglandin E2, prostaglandin F2� [17]

OCT3
EMT

SLC22A3 Adrenaline, noradrenaline, tyramine [229], Agmatine,
MPP+; tetraethylammonium [230–232], Atropine,
etilefrine [289], Histamine [224]

aBQ-123, [cyclo(D-Trp-D-Asp-L-Pro-D-Val-L-Leu)]; DPDPE, [D-penicillamine2,5]-enkephalin; E217G,
estradiol-17�(�-D-glucuronide); T3, T4, thyroid hormones; LTC4, leukotriene C4; MPP+, 1-methyl-4-
phenylpyridinium.
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a spectrum of organic anions, bulky (previously called type II) cations, and neutral
steroids. In contrast to NTCP, the OATPs operate in a sodium-independent man-
ner, and some OATP isoforms have been hypothesized to function as glutathione
antiporters,6,7 employing the high intracellular glutathione concentrations as a driv-
ing force for hepatic uptake of substrates with high efficiency. Eleven human OATP
isoforms and 14 rat Oatp isoforms have been identified thus far. A comparison of sub-
strate specificities of Oatps/OATPs between rat and human was published recently8

and illustrates the discrepancy between rat and human substrate profiles consistent
with the fact that human OATPs are not orthologs of rat Oatps.

OATP1A2, OATP1B1, OATP1B3, and OATP2B1 are the four human OATPs that
are now considered to play a substantial role in hepatic uptake of exogenous and
endogenous compounds at the liver sinusoidal membrane domain. OATP1B1 and
1B3 are liver-specific, whereas OATP2B1 is widely expressed; OATP1A2 exhibits
the highest expression in brain. Despite overlapping substrate specificities (especially
between the 1B1 and 1B3 isoforms), distinct substrate affinity profiles have been
reported. For instance, while all four human liver-expressed OATPs mediate BSP,
dehydroepiandrosterone sulfate (DHEAS), and estrone 3-sulfate transport, bile acids
are reportedly transported by OATP1A2, 1B1, and 1B3, but not by OATP2B1. As
illustrated in Table 13.1, OATP1B1 clearly displays the largest substrate diversity
and appears to have affinity for HMG-CoA reductase inhibitors (“statins”; see Table
13.1). OATP1B1 is the major human liver transport protein that is involved in Na+-
independent bile salt uptake. OATP1B1 also plays a predominant role in hepatic
bilirubin uptake, which was demonstrated by correlating drug-associated inhibition
of OATP1B1-mediated uptake with the incidence of hyperbilirubinemia associated
with these drugs.9 Interestingly, OATPs also seem to have affinity for several larger-
molecular-weight compounds, such as the lipopeptide antifungal agent caspofungin
(OATP1B1), the cyclic heptapeptide microcystin-LR (OATP1A2, 1B1, 1A3), and the
mushroom toxin phalloidin (OATP1B1 and 1B3). Several substrates were identified
as having selective affinity for just one of the four OATP isoforms expressed in human
liver [e.g., n-methylquinine for OATP1A2; repaglinide and troglitazone sulfate for
OATP1B1; and digoxin, cholecystokinin (CCK)-8, and paclitaxel for OATP1B3].

OATs (SLC22A) Organic anion transporters (OATs) constitute a family of proteins
that mediate transport of primarily negatively charged endogenous and exogenous
compounds in exchange for dicarboxylate ions. Since substantial expression in the
kidney was demonstrated for all human OATs identified and characterized so far
(OAT1–4), the majority of available data regarding OATs has been generated in the
field of renal drug transport. However, OAT2 is expressed predominantly in the si-
nusoidal hepatocyte membrane (with lower expression in basolateral membrane of
proximal kidney tubules).10 In addition to the earlier identification of prostaglandins,
zidovudine, and tetracycline as OAT2 substrates, a range of structurally dissimilar
compounds (including the drugs taxol, allopurinol and 5-fluorouracil) was recently
added to the OAT2 substrate list (see Table 13.1).11 The affinity of salicylate for OAT2
remains controversial in that it had been identified as a (weak) substrate in two inde-
pendent studies,12,13 although it clearly could not be classified as a substrate based
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on data generated by Kobayashi et al.11 Human OAT2 has 79% sequence identity to
its rat ortholog Oat2,10 but differences in substrate specificity and even membrane
localization (liver vs. kidney) exist.14,15 Detection of mRNA for two additional OAT
transporters (originally referred to as OAT4 and OAT5) with exclusive expression in
liver has been reported10; however, the substrate specificity of these isoforms (gene
products SLC22A9, SLC22A1016) remains to be elucidated. It should be noted that
the latter gene products are different from OAT4 (SLC22A11, expressed in placenta
and kidney) and mouse Oat5 (SLC22A19, expressed in kidney).

OCTs (SLC22A) Organic cation transporters (OCTs) are electrogenic uniporters that
mediate transport of primarily small (type I) cations in an Na+-independent fashion,
although transport of anionic (e.g., prostaglandins17) and uncharged compounds also
has been observed (see ref. 18 and references therein). Human OCT1 (SLC22A1;
expressed exclusively in liver288) and OCT3 (SLC22A3; broader tissue distribution)
are the isoforms expressed at the sinusoidal membrane of the hepatocyte. In addition
to small cationic model substrates, various marketed drugs, including the antivirals
acyclovir and ganciclovir, as well as the H2-receptor antagonists famotidine and
ranitidine have been identified as OCT1 substrates (see Table 13.1). Substrates for
OCT3 appear to be more limited to endogenous substances and neurotransmitters.

13.3. HEPATIC EFFLUX TRANSPORT PROTEINS

Hepatic excretion of xenobiotics from the liver may occur across the basolateral
membrane into sinusoidal blood, or across the canalicular (apical) membrane into bile
which flows through fine tubular canals between adjacent liver cells (see Figure 13.1).
Lists of substrates for human hepatic export proteins are provided in Table 13.2.

13.3.1. Canalicular Transport Proteins

Canalicular transport proteins, responsible for the hepatic excretion of drugs and
metabolites, belong to the ATP-binding cassette (ABC) family of transport proteins
which mediate ATP-dependent transfer of solutes. Canalicular transport proteins for
drugs and metabolites include P-glycoprotein (MDR1, ABCB1), the multidrug resis-
tance protein 3 (MDR3, ABCB4), the bile salt export pump (BSEP, ABCB11), the
multidrug resistance–associated protein (MRP2, ABCC2), and breast cancer resis-
tance protein (BCRP, ABCG2).

P-glycoprotein (MDR1, ABCB1) P-glycoprotein (Pgp) was first identified over
three decades ago in multidrug-resistant (MDR) tumor cells.20 Pgp represents the
most widely studied ABC transport protein and is responsible for biliary excre-
tion of bulky hydrophobic and cationic substrates: chemotherapeutic agents (e.g.,
daunorubicin, doxorubicin, etoposide, paclitaxel, vinblastine, vincristine), cardiac
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TABLE 13.2. Human Hepatic Efflux Transport Proteins

Protein/ Gene
Trivial Names Symbol Substrates/References

MRP1
MRP, GS-X

ABCC1 Daunorubicin; doxorubicin; etoposide; vincristine [233],
Glutathione [38], Methotrexate (MTX) [124]

MRP3
MOAT-D
MLP2
cMOAT2

ABCC3 Acetaminophen glucuronide [69], E217G; monovalent and
sulfated bile salts; MTX [34], Etoposide [38]

MRP4
MOAT-B

ABCC4 Azidothymidine [234], cAMP; cGMP; adefovir
[235,236,309], MTX [310], Prostaglandin E1;
prostaglandin E2 [235]

MRP5
MOAT-C
ABC11

ABCC5 cAMP; cGMP [236], Adefovir [235]

MRP6
MOAT-E
MLP1

ABCC6 BQ-123 [307]

BSEP
Sister Pgp

ABCB11 Conjugated and unconjugated bile acids; TC; Pravastatin
[237, 314]

MRP2
CMOAT
cMRP

ABCC2 Acetaminophen glucuronide; carboxydichlorofluorescein
[238], Camptothecin; doxorubicin [239], Cerivastatin;
estrone 3-sulfate [240], Cisplatin; vincristine [241],
Etoposide [242], Glibenclamide; indomethacin; rifampin
[243], Glucuronide, glutathione, and sulfate conjugates;
LTC4 [30], MTX [244], Pravastatin [99]

MDR1
Pgp

ABCB1 Amprenavir; indinavir; nelfinavir; ritonavir; saquinavir
[311,312], Aldosterone; corticosterone; dexamethasone;
digoxin [245], Cyclosporin A; MX [246], Debrisoquine;
erythromycin; lovastatin; terfenadine [139], Digoxin;
quinidine [313], Doxorubicin; paclitaxel; rhodamine 123
[247,248], Etoposide [249], Fexofenadine [139],
Levofloxacin; grepafloxacin [250], Losartan; vinblastine
[251], Tacrolimus [252], Talinolol [253], Verapamil;
norverapamil [254]

MDR3
PFIC3
Phospholipid

flippase
MDR2/3

ABCB4 Phospholipids [23]

BCRP
MXR, ABCP

ABCG2 Daunorubicin; doxorubicin; MX; sulfated conjugates
glucuronides [21], Topotecan; Irinotecan [32], Prazosin;
rhodamine 123 [255], Testosterone; tamoxifen; estradiol
[256]
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glycosides (e.g., digoxin), rhodamine 123, cyclosporin A, and HIV-1 protease in-
hibitors (e.g., amprenavir, inidnavir, nelfinavir, ritonavir, saquinavir). Pgp modula-
tors have been evaluated to increase drug sensitivity and oral bioavailability during
chemotherapy because overexpression of Pgp on the surface of tumor cells is one
cause of multidrug resistance.305

MDR3 (ABCB4) MDR3, a phospholipid flippase, is involved in the biliary secretion
of phospholipids and cholephilic compounds. MDR3 plays a crucial role in basic liver
physiology in humans and rats; phospholipids and cholesterol are responsible for the
formation of micelles that solubilize bile acids in the lumen of the bile canaliculus.22

Mutations in the MDR3 gene lead to progressive familial intrahepatic cholestasis
type 3 (PFIC3), a disease that is characterized by increased � -glutamyltranspeptidase
levels, ductular proliferation, and inflammatory infiltrate that can progress to biliary
cirrhosis. MDR3 was reported to have similar substrate specificity to Pgp, but the rate
of transport was lower than that of Pgp.23

BSEP (ABCB11) BSEP is the predominant bile salt export protein that mediates
the biliary excretion of conjugated and unconjugated bile salts. Recently it was re-
ported that BSEP might also participate in transport of nonbile acid substrates such
as pravastatin.24,25 Patients with progressive familial intrahepatic cholestasis type 2
(PFIC2) have ABCB11 gene mutations and the absence of BSEP protein expression,
leading to hepatocellular injury and necrosis caused by increased intracellular con-
centrations of detergentlike bile acids.26 Inhibition of BSEP by several drugs, such
as troglitazone, bosentan, cyclosporin A, and rifampicin, has been suggested as one
mechanism for drug-induced liver injury.27,28

MRP2 (ABCC2) MRP2 is a major xenobiotic efflux pump on the canalicular mem-
brane. MRP2 plays a key role in the biliary excretion of organic anions, including
bilirubin-diglucuronide, glutathione conjugates, sulfated bile salts, and divalent bile
salt conjugates, as well as numerous drugs, including sulfopyrazone, indomethacin,
penicillin, vinblastine, methotrexate, and telmisartan. Patients with Dubin–Johnson
syndrome suffer from defective hepatic biliary excretion due to the absence of
MRP2.29 Animals with hereditary conjugated hyperbilirubinemia [Mrp2-deficient
rats (GY/TR−) and Eisai hyperbilirubinemic rats (EHBR)] exhibit increased expres-
sion of basolateral Mrp3, a compensatory mechanism that enables the excretion of
Mrp2 substrates into the systemic circulation, thus avoiding excessive accumulation
of organic anions in the hepatoctye.30,31

BCRP (ABCG2) BCRP is highly expressed in the canalicular membrane of the hepa-
tocyte as well as in the intestine, breast, and placenta. BCRP is a half-transport protein
that forms a functional homodimer. BCRP mediates transport of estrone 3-sulfate and
various sulfated steroidal compounds. BCRP also is involved in the development
of resistance to a variety of anticancer agents, such as SN-38, mitoxantrone (mx),
topotecan, and doxorubicin.21,32
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13.3.2. Basolateral Efflux Transport Proteins

Members of the ATP-dependent MRP subfamily represent a major class of export
proteins on the hepatic basolateral membrane. MRP 1, 3, 4, 5, and 6 are involved
in cellular transport of both hydrophobic uncharged molecules and hydrophilic an-
ionic compounds (see Table 13.2).33 MRP1 (ABCC1) is responsible for efflux of
various organic anions, including glucuronide, glutathione, and sulfate-conjugated
drugs. MRP1 expression is very low on the basolateral membrane in healthy liver, but
is highly inducible during severe liver injury; MRP1 induction is believed to play a
role in liver protection.306 MRP3 (ABCC3) is involved in the hepatic excretion of glu-
curonide conjugates (e.g., acetaminophen glucuronide), methotrexate, and estradiol-
17�-glucuronide (E217G). The expression level of MRP3 is increased markedly under
cholestatic conditions.34 MRP4 (ABCC4) and MRP5 (ABCC5) transport the cyclic
nucleotides cAMP and cGMP as well as the purine analogs 6-mercaptopurine and
6-thioguanine.35 MRP4 has been implicated in transport of nucleoside analogs such
as zidovudine, lamivudine, and stavudine as well as nonnucleotide substrates (e.g.,
methotrexate) and reverse transcriptase inhibitors (e.g., azidothymidine). MRP4 is
also involved in the transport of sulfate conjugates of bile acids and steroids.36 While
the expression level of MRP5 in healthy liver is relatively low, lipopolysaccharide
(LPS) treatment resulted in down-regulation of MRP2 and induction of MRP5, sug-
gesting that MRP5 may participate in hepatic response during cholestasis.37 MRP6
transports glutathione conjugates and the endothelin receptor antagonist BQ-123.307

Mutations in ABCC6 cause pseudoxanthoma elasticum (PXE), an inheritable systemic
connective tissue disorder affecting the skin, eyes, and blood vessels.39

In addition to the MRPs, other transport proteins on the basolateral membrane
may play a role in hepatic basolateral excretion. For example, the OATPs have been
hypothesized to function as basolateral export proteins under certain conditions, al-
though the in vivo role of these transport proteins in basolateral hepatic excretion
remains to be elucidated.308

13.4. INTRACELLULAR TRAFFICKING OF HEPATIC PROTEINS
AND XENOBIOTICS

As discussed above, transport proteins residing on the basolateral and apical mem-
branes of the hepatocyte play an important role in the uptake and excretion of en-
dogenous and exogenous compounds. Research to date has focused primarily on
characterizing these transport proteins on a functional basis. The mechanism(s) in-
volved in the targeted trafficking of these proteins to the correct plasma membrane
domain and the regulation of transport protein trafficking represent areas of ongo-
ing investigation. Membrane transport regulation may be influenced by alterations in
transport function and changes in the number or disposition of transport molecules
in the membrane. Stimulation by an agonist can increase the number of hepatic
transport proteins expressed on the plasma membrane by (1) rapidly recruiting preex-
isting transport proteins located in intracellular stores (short-term modulation), or (2)
synthesis of new protein via transcription and translation (long-term modulation).41
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Transport proteins stored in intracellular vesicles are targeted to and fuse with the
correct plasma domain (i.e., apical or basolateral) in response to appropriate stimuli;
when the stimulus is withdrawn or another stimulus is applied, the transporters are
removed from the membrane by endocytosis.41 After endocytosis, the transport pro-
teins remain in intracellular storage vesicles until restimulation, when they are again
expressed on the plasma membrane surface. Eventually, these proteins move to a non-
recycling compartment, where they are degraded by lysosomes.42 Thus, the number
of transport proteins present on the cell surface is regulated by de novo synthesis,
exocytotic insertion of proteins recruited from the cytoplasm, endocytic retrieval, and
protein degradation.43 A diagram explaining the possible routes and mechanisms for
trafficking of hepatic transport proteins is shown in Figure 13.2.

13.4.1. Apical Proteins

Bsep is synthesized in the Golgi apparatus of rat hepatocytes and is sequestered
transiently in an intracellular pool en route to the apical plasma membrane.44

Evidence now suggests that ABC transport proteins (e.g., Pgp and Mdr2) may translo-
cate directly from the Golgi to the canalicular membrane where they are stored in
subapical compartments until signaled to the canalicular membrane. Taurocholate
and dibutyryl (DB) cAMP modulate trafficking of Bsep, Pgp, and Mdr2; simulta-
neous administration of DBcAMP and taurocholate had additive effects, suggest-
ing the presence of two separate intracellular pools of proteins, one mobilized by
DBcAMP and the other by taurocholate.45 ABC transporters are trafficked by a
microtubule-dependent transcytotic vesicle-transport system which is induced by
cAMP, resulting in an increase in transport proteins at the canalicular membrane.46

Administration of colchicine, which disrupts microtubules, inhibited cAMP- and
taurocholate-induced translocation of transport proteins to the membrane.47 In addi-
tion, wortmannin inhibited the taurocholate-induced microtubule transport of Bsep,
Mdr1, Mdr2, and Mrp2, suggesting the involvement of phosphoinositide 3-kinase
in vesicle trafficking.48 Bsep also was regulated by the mitogen-activated protein
kinase p38 (MAPK) and extracellular signal-regulated kinase 2 (ERK-2). MAP
kinase-dependent Bsep translocation from intracellular pools to the canalicular
domain was demonstrated in tauroursodeoxycholate-stimulated perfused liver.49

Protein kinase C (PKC) plays an important role in the insertion of Mrp2 at the api-
cal membrane. The taurine conjugated ursodeoxycholic acid (TUDCA) was shown to
enhance efflux on the apical membrane by stimulating the insertion of Mrp2 via a PKC-
dependent mechanism in cholestasis-induced perfused rat livers.50 Mrp2 localization
is also dependent on the presence of radixin (Rdx), a member of the ezrin–radixin–
moesin family of proteins that cross-links actin filaments with integral membrane
proteins. Kikuchi et al. utilized a Rdx knockout mouse model to demonstrate a de-
crease in Mrp2 density on the canalicular membrane compared with other proteins,
such as Pgp.51

Some canalicular transport proteins may traffic in an indirect manner, first
to the basolateral membrane, followed by redirection to the canalicular mem-
brane domain. Soroka et al. demonstrated in rat hepatocytes that Mrp2 resides in
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3

FIGURE 13.2. Intracellular trafficking of transport proteins in the hepatocyte. Newly syn-
thesized proteins are transported from the Golgi network in four possible directions. The first
pathway (1) represents direct trafficking of canalicular membrane proteins to the apical mem-
brane, where they are expressed immediately or (2) stored in subapical compartments until
some stimulus results in the mobilization of apical proteins to the membrane surface. Ba-
solateral proteins may be trafficked directly to the basolateral membrane (3) or stored in a
submembrane endosome until a signaling event causes them to be trafficked to the hepatocyte
surface. The insert represents the exocytic insertion and endocytic retrieval of the transport
proteins, depending on the intracellular status and signaling of the hepatocyte. The canalicular
proteins also may undergo indirect trafficking (4), where they are transported to the basolat-
eral membrane but never inserted into the plasma membrane, and then directed to the apical
membrane.
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microtubule-associated vesicles together with Bsep and polymeric immunoglobulin
A receptor and undergoes vesicular transcytosis.52 Mrp2 also undergoes trafficking
to the canalicular membrane in a microtubule-dependent manner upon stimulation by
cAMP.53

Osmolarity plays a role in the localization of transport proteins. In perfused rat
livers, hypo-osmotic solutions increased taurocholate excretion in bile due to the
increased translocation of Bsep to the canalicular membrane. In contrast, a hyper-
osmotic environment caused a decrease in biliary excretion of taurocholate and the
endocytic retrieval of Bsep.54 Under hyper-osomotic conditions, Mrp2 resides intra-
cellularly, whereas under hypo-osmotic conditions Mrp2 translocates to the plasma
membrane.55 Lipopolysaccharide exposure also resulted in the retrieval of Mrp2 from
the apical membrane.56

The role of the N-terminal domain in MRP2 trafficking has been examined.57 The
specific apical localization of MRP2 is due to a sequence in the C-terminal tail not
present in basolaterally targeted MRP1.58 Deletion of three amino acids from the C-
terminus of MRP2 results in localization predominantly at the basolateral membrane
in MDCK cells. In sandwich-cultured rat hepatocytes, glycosylation plays a role in
directing Mrp2 to the canalicular domain.19

13.4.2. Basolateral Proteins

Less is known about the intracellular trafficking of basolateral transport proteins. It is
probable that transport proteins traffic via microtubule-dependent intracellular path-
ways to the basolateral domain. The PDZ consensus binding site at the C-terminal
domain of OATP proteins plays a role in basolateral membrane localization of this
family of proteins; oligomerization of rat Oatp1a1 with PDZK1 allows for proper
expression of this isoform at the basolateral membrane surface. In PDZK1 knockout
mice, Oatp1a1 protein expression was unaltered, but the protein was localized predom-
inantly in intracellular structures.59 Another important sequence structure common
to all OATPs is a large extracellular loop between transmembrane domains IX and X,
with 10 conserved cysteines; this region of the protein plays a role in disulfide linkages
and glycosylation which is important for the trafficking and function of OATPs. The
absence or substitution of these cysteine residues in OATP2B1 expressed in CHO-K1
cells resulted in a decrease in membrane expression and function.60 Glycosylation ap-
pears to be involved in the targeting of OAT to the basolateral membrane. A common
structural feature that is shared among all OATs is a consensus site for N-linked gly-
cosylation in the first extracellular loop within the current secondary structure model.
OAT1 remained intracellularly localized following treatment with tunicamycin, an
antibiotic that inhibits N-glycosylation.303

The phosphorylation state of Ntcp determines whether this protein is local-
ized on the basolateral membrane or intracellularly in the endosomal compartment.
cAMP treatment causes Ntcp to translocate from the endosomes to the basolateral
membrane.2 Translocation induced by cAMP involves dephosphorylation of Ntcp
by protein phosphatase 2B, which leads to increased retention of the protein in the
basolateral membrane.61,62 cAMP-induced trafficking of Ntcp relies on the phospho-
inositide 3-kinase(PI3K)/protein kinase B pathway and intact microfilaments.63−65
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13.4.3. Intracellular Trafficking of Xenobiotics

Research to date has focused primarily on characterizing the localization and function
of hepatic transport proteins that play a pivotal role in the disposition of many exoge-
nous compounds, such as drugs and toxins. The mechanisms of intracellular translo-
cation of xenobiotics have yet to be fully elucidated. Hayes et al. utilized isolated per-
fused rat livers, isolated rat hepatocyte couplets and the WIF-B cell line to demonstrate
that the fluorescent cation daunorubicin sequesters in intracellular compartments;
daunorubicin is stored predominantly in vesicles in the pericanalicular region.66 Stim-
ulation of daunorubicin biliary excretion by taurocholate and DBcAMP indicated
that transcytotic vesicular transport is also applicable to drugs. Furthermore, the mi-
crotubule destabilizer nocodazole decreased the biliary efflux of daunorubicin.66 Re-
cently, P-glycoprotein was shown to be localized in the Golgi and in the mitochondria
of doxorubicin-resistant K562 cells. This study was the first to demonstrate the pres-
ence of functional P-glycoprotein at the organelle site; P-glycoprotein was involved
in doxorubicin accumulation inside the organelle and not in efflux.67 This finding
supports the hypothesis that other transport proteins may reside at intracellular sites
and play a role in the distribution of xenobiotics within the hepatocyte.

13.5. REGULATION OF HEPATIC DRUG TRANSPORT PROTEINS

As discussed previously, one mechanism of short-term regulation of membrane trans-
port is by altering the number of transport molecules in the membrane, which may be
accomplished by trafficking of proteins from intracellular pools. Long-term regula-
tion involves modulation of transport protein expression at the transcriptional and/or
translational level. A large superfamily of orphan nuclear receptors plays an important
role in the regulation of transporter gene expression in hepatocytes; nuclear receptors
mediate developmental as well as physiological responses to both endogenous and
exogenous compounds. Upon ligand binding, the orphan nuclear receptor proceeds
to bind to its heterodimeric partner (e.g., retinoic acid X receptor, RXR), and this
complex modulates the transcription rate. Many xenobiotics interact with nuclear
receptors [e.g., pregnane X receptor (PXR), peroximsome proliferator-activated re-
ceptor � (PPAR�), liver X receptor (LXR), constitutive androstane receptor (CAR),
and farnesoid X receptor (FXR)], and the resulting complexes bind to the regulatory
region of genes to modulate transport protein expression. Table 13.3 lists the nuclear
receptors and the transport proteins with which they interact.

PXR and CAR are involved in coregulation of the basolateral membrane transport
proteins Oatp2 and Mrp3 in mice.68 While treatment of wild-type mice with the PXR-
specific ligand pregnenolone-16�-carbonitrile (PCN) resulted in a large increase in
Mrp3 RNA, no activation was observed in the PXR knockout mice.68 Furthermore,
it was demonstrated using Wistar Kyoto rats that CAR does not play a key role in
phenobarbital-mediated induction of Mrp3.69 Negative feedback regulation of Ntcp
by bile acid–activated FXR in both primary rat hepatocytes and HepG2 cells occurs
via induction of shp, a small heterodimeric protein.70 This pathway provides a mech-
anism for coordinated down-regulation of bile acid import and synthesis in order to
protect the hepatocyte from accumulation of bile acids under cholestatic conditions.70
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Cytokine-mediated inflammatory cholestasis causes down-regulation of Ntcp and
Mrp2 by the RAR (retinoic acid receptor) and RXR heterodimer.71 SLCO1B3 gene
expression has been reported to be regulated by the bile acid chenodeoxycholic acid
(CDCA), which is a ligand of FXR/BAR (farnesoid X receptor/bile acid receptor).
This provides another mechanism for decreased hepatic uptake of bile acids during
cholestatic stress.72

The canalicular protein Bsep contains a promoter region sequence specific for
binding of the FXR nuclear receptor, after heterodimerization with RXR�. When this
complex is bound by bile acids, it effectively regulates the transcription of several
genes involved in bile acid homeostasis.73 PXR induces CYP3A4 and P-glycoprotein
by similar mechanisms in the human colon carcinoma cell line LS174T; the promoter
region of the MDR1 gene contains a DR4 motif to which PXR binds.74 PXR also
mediates the induction of MRP1 and MRP2 through redox-active compounds. How-
ever, the role of PXR is still unclear because deletion of the binding sites that are
hypothesized to mediate the induction process did not result in a significant decrease
in induction.75 Mrp2 mRNA levels were induced following treatment with natural
and synthetic FXR ligands; in PXR null and wild-type mice, Mrp2 was induced by
the PXR activators, dexamethasone, pregnenolone 16�-carbonitrile, and the CAR
agonist phenobarbital.76 In mice, Mdr2 mRNA and protein are induced by PPAR�,
which is a nuclear receptor activated by fatty acids and hypolipidaemic fibrates.77

13.6. DISEASE STATE ALTERATIONS IN HEPATIC
TRANSPORT PROTEINS

Many genetic mutations influence transport protein expression, localization, and/or
function. For example, Dubin–Johnson syndrome is a rare autosomal recessive liver
disorder in humans characterized by chronic conjugated hyperbilirubinemia that is due
to the absence of MRP2 on the canalicular membrane.78 Similar mutations have been
found in the Mrp2 gene in TR− (transport deficient) Wistar rats and EHBR (Eisai
hyperbilirubinemic) Sprague–Dawley rats. One compensatory mechanism for the
absence of MRP2/Mrp2 protein in patients with Dubin–Johnson syndrome and EHBR
and TR− rats is increased expression of MRP3/Mrp3 on the basolateral membrane.30

Progressive familial intrahepatic cholestasis (PFIC), primarily a childhood dis-
ease that affects canalicular bile transport, is classified into three different types.
PFIC type 1 is caused by a mutation in the gene encoding the familial intrahepatic
cholestasis 1 protein (FIC1). This protein plays a role in maintaining bile salt hom-
eostasis. PFIC types 2 and 3 are caused by mutations in the genes encoding BSEP
and the phospholipid translocase (MDR3), respectively. Benign recurrent intrahepatic
cholestasis (BRIC), or recurrent familial intrahepatic cholestasis (RFIC), a very rare
disease that affects only a few hundred patients worldwide, involves a mutation in the
FIC1 gene, similar to PFIC type 1.79

There are also many forms of acquired defects in bile salt transport that involve
direct inhibition of function or expression of the bile salt transport proteins result-
ing in cholestasis, including drug-induced cholestasis, sepsis-associated cholestasis,
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and intrahepatic cholestasis of pregnancy. Drug-induced cholestasis may involve in-
hibition of BSEP, which can result in the intracellular accumulation of bile salts
and subsequent liver damage. Drugs reported to cause this type of cholestasis in-
clude cyclosporin A, rifamycin SV, rifampicin, glibenclamide,38 troglitazone,80 and
bosentan.27 Sepsis-associated cholestasis is caused by the effect of bacterial endotox-
ins on transport systems. Impaired basolateral and canalicular bile acid and organic
anion transport has been observed in the isolated perfused rat liver after injection of
lipopolysaccharide (LPS).82 In a similar model using endotoxin-induced cholestasis,
LPS induced an early and selective but reversible retrieval of Mrp2 from the apical
membrane followed by down-regulation in Mrp2 mRNA.83 A decrease in both Bsep
mRNA and protein accounted for the reduced canalicular secretion of bile acids in
endotoxin-treated rats.84,85 Ntcp expression and activity also were decreased after
administration of LPS, tumor necrosis factor �, or IL-1� to rodents.86 Finally, in-
trahepatic cholestasis of pregnancy (ICP) usually occurs during the third trimester
of pregnancy and resolves spontaneously after delivery. The classic maternal feature
is pruritus, and the main biochemical finding is an increase in total serum bile acid
concentrations. One important factor that may play a role in predisposing women to
ICP is if the child has PFIC3, which is associated with defects in the MDR3 gene.87

Cholestatic estrogen metabolites also appear to play a major role in the pathogenesis
of ICP.88 Rats treated with ethinyl estradiol exhibited a marked decrease in canalicular
transport of taurocholate and dinitrophenylglutathione88 as well as down-regulation
of the uptake transporters Ntcp and Oatp1.89

13.7. MODEL SYSTEMS FOR STUDYING HEPATOBILIARY
DRUG TRANSPORT

Several model systems have been applied successfully to the study of hepatobiliary
drug transport, ranging from models mimicking the transporter-mediated transmem-
brane movement of drugs (e.g., membrane vesicles) to sophisticated in vivo models
(e.g., knockout animals). Significant species differences in transporter affinity and ex-
pression profiles90,91 remain a key consideration in selecting the appropriate model.
The relevance of a particular model to human hepatobiliary drug disposition will
depend largely on whether the model is derived from human tissue (e.g., human
hepatocytes) or whether human transport proteins are expressed. Furthermore, since
the rate-limiting step in hepatobiliary disposition differs between drugs, the rela-
tive expression levels of drug-metabolizing enzymes and transport proteins must be
considered for each model, and data must be interpreted cautiously and in conjunc-
tion with complementary model systems when such expression levels do not reflect
the in vivo situation. Table 13.4 summarizes applications as well as advantages and
disadvantages of various hepatobiliary drug transport models.

The methodology to isolate purified canalicular (cLPM) and basolateral (bLPM)
liver plasma membrane vesicles with functional transport properties has been avail-
able for more than two decades.92−94 Hepatic membrane vesicles are useful in as-
sessing the mechanisms of transport (driving forces, electrogenicity) and identifying
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substrates and inhibitors of transport proteins.290,291,95–97 Although cLPM and bLPM
preparation is labor intensive, it remains an attractive model system for determining
differences in the functional activity of transporters obtained from various hepatic
tissue sources without the need to isolate intact cells. For example, this approach has
been used successfully to compare functional expression of taurocholate transport
in the basolateral liver membrane of developing rats compared to adult rats.98 This
model system is less suitable for assessing the role of a specific transport protein
in hepatic drug uptake or biliary excretion because multiple transport proteins are
expressed in cLPM and bLPM that may mediate transport of a single substrate.

Cloning and expression of (human) transport proteins in polarized mammalian
cell lines (predominantly the MDCK cell line) has evolved rapidly to one of the
most widely used techniques for generating efficient and flexible in vitro tools for
identification of substrates and inhibitors of hepatic transport proteins in humans.242

Expression of at least two transport proteins (one for uptake and one for excre-
tion) has now become a standard approach used to mimic the in vivo expres-
sion of uptake and excretory transporters at the basolateral (sinusoidal) and apical
(canalicular) membrane domains.242,99 Moreover, a correlation was found between in
vitro vectorial transport of substrates across Oatp1b2 (Oatp4)- and Mrp2-transfected
MDCKII monolayers and in vivo biliary clearance in rats.100 Recently, Kopplow
et al.101 reported the construction under well-defined conditions of quadruple-
transfected MDCKII cells allowing simultaneous screening for OATP1B1/1B3 and
2B1 substrates along with MRP2-mediated excretion at the apical membrane. The
use of polarized cell lines mimics the polarized phenotype of the hepatocyte, thus al-
lowing for study of the vectorial transport of nonmetabolized substrates. On the other
hand, relative expression levels of multiple cotransfected transport proteins remain
difficult to assess, resulting in a rather artificial model exhibiting differences in rate-
limiting steps in hepatobiliary drug disposition compared to in vivo. Nonpolarized cell
systems such as insect cells and oocytes also have been used for human transporter
expression.102 For example, a characterization of OAT2, which is highly expressed in
human liver, was conducted recently with Xenopus laevis oocytes, resulting in novel
information regarding substrate specificity and transport mechanism.11 Important ad-
vantages of the latter model are that they can be constructed and validated rapidly and
that drug transport by a specific transport protein can be characterized without inter-
ference from other (transport) processes. Indeed, Saito et al. recently demonstrated
that membrane vesicles prepared from BCRP-transfected insect cells provide a high-
speed assay to establish a structure–activity relationship for inhibitors.103 However,
the main disadvantage of these model systems is that the relative contribution of the
particular transport protein to overall transport processes cannot be determined.104

In addition, the actual functional activity of a given transport protein is likely to de-
pend on the cellular environment, which is clearly different in a transfected system
compared to the normal hepatocyte.102

Freshly isolated hepatocytes can be considered the most comprehensive cell-based
model for the study of hepatic drug transport. Suspended hepatocytes remain a useful
and convenient system for studying drug uptake mechanisms. Unfortunately, hepa-
tocytes lose their cellular polarity rapidly upon isolation,105 resulting in the absence



JWDD059-13 JWDD059-YOU June 13, 2007 11:32

T
A

B
L

E
13

.4
.

Su
m

m
ar

y
of

M
aj

or
A

pp
lic

at
io

ns
an

d
A

dv
an

ta
ge

s
an

d
D

is
ad

va
nt

ag
es

of
M

od
el

Sy
st

em
s

U
se

d
to

St
ud

y
H

ep
at

ob
ili

ar
y

D
ru

g
T

ra
ns

po
rt

M
od

el
Sy

st
em

M
aj

or
A

pp
lic

at
io

ns
A

dv
an

ta
ge

s/
D

is
ad

va
nt

ag
es

M
em

br
an

e
ve

si
cl

es
pr

ep
ar

ed
fr

om
tr

an
sf

ec
te

d
sy

st
em

s
H

ig
h-

th
ro

ug
hp

ut
sc

re
en

in
g

fo
r

su
bs

tr
at

es
an

d
in

hi
bi

to
rs

+
H

ig
h

th
ro

ug
hp

ut
−

D
if

fic
ul

tt
o

as
se

ss
th

e
re

la
tiv

e
co

nt
ri

bu
tio

n
of

m
ul

tip
le

tr
an

sp
or

tp
ro

te
in

s
Pu

ri
fie

d
m

em
br

an
e

ve
si

cl
es

pr
ep

ar
ed

fr
om

liv
er

tis
su

e
M

ec
ha

ni
st

ic
st

ud
ie

s
on

co
nt

ri
bu

tio
n

of
sp

ec
ifi

c
tr

an
sp

or
te

rs
at

pa
rt

ic
ul

ar
m

em
br

an
e

do
m

ai
n

+
A

ll
re

le
va

nt
tr

an
sp

or
te

rs
ex

pr
es

se
d,

no
in

te
rf

er
en

ce
fr

om
m

et
ab

ol
is

m
−

Te
ch

ni
ca

lly
ch

al
le

ng
in

g

N
on

po
la

ri
ze

d
tr

an
sf

ec
te

d
ce

lls
(o

oc
yt

es
,S

f9
,H

eL
a,

et
c.

)
H

ig
h-

th
ro

ug
hp

ut
sc

re
en

in
g

fo
r

su
bs

tr
at

es
an

d
in

hi
bi

to
rs

+
H

ig
h-

th
ro

ug
hp

ut
ce

ll-
ba

se
d

m
od

el
−

N
on

he
pa

tic
ce

llu
la

r
co

nt
ex

t
Po

la
ri

ze
d

tr
an

sf
ec

te
d

ce
lls

(M
D

C
K

,H
E

K
29

3,
H

eL
a,

et
c.

)

V
ec

to
ri

al
tr

an
sp

or
ta

cr
os

s
w

ho
le

ce
lls

ca
n

be
in

ve
st

ig
at

ed
+

Po
la

ri
ze

d
ph

en
ot

yp
e

m
im

ic
s

he
pa

to
cy

te
po

la
ri

ty
+

M
ul

tip
le

tr
an

sf
ec

tio
ns

ca
n

be
co

nd
uc

te
d

−
U

se
of

no
nh

ep
at

ic
an

d/
or

an
im

al
ho

st
ce

lls
−

D
if

fic
ul

tt
o

st
an

da
rd

iz
e

re
la

tiv
e

ex
pr

es
si

on
le

ve
ls

Is
ol

at
ed

he
pa

to
cy

te
s

In
ve

st
ig

at
e

he
pa

tic
up

ta
ke

ki
ne

tic
s

of
su

bs
tr

at
es

+
M

os
tc

om
pr

eh
en

si
ve

ce
ll-

ba
se

d
m

od
el

+
C

el
ls

ar
e

m
et

ab
ol

ic
al

ly
ac

tiv
e

−
H

ep
at

oc
yt

es
ca

n
on

ly
be

us
ed

w
ith

in
a

fe
w

ho
ur

s
af

te
r

is
ol

at
io

n
−

N
ot

su
ita

bl
e

fo
r

st
ud

y
of

ca
na

lic
ul

ar
ef

flu
x

tr
an

sp
or

t
Pl

at
ed

he
pa

to
cy

te
s

M
ec

ha
ni

st
ic

st
ud

ie
s

on
he

pa
to

bi
lia

ry
di

sp
os

iti
on

,h
ep

at
ic

dr
ug

in
te

ra
ct

io
ns

,a
nd

tr
an

sp
or

te
r

re
gu

la
tio

n
at

th
e

m
ol

ec
ul

ar
le

ve
l

+
Sa

nd
w

ic
h

cu
ltu

re
al

lo
w

s
fo

r
op

tim
al

tr
an

sp
or

te
r

ex
pr

es
si

on
+

M
os

th
ep

at
ic

tr
an

sp
or

te
r

an
d

dr
ug

-m
et

ab
ol

iz
in

g
en

zy
m

es
ex

pr
es

se
d

in
cu

ltu
re

−
St

at
ic

m
od

el
(n

o
bi

le
or

bl
oo

d
flo

w
)

−
G

ra
du

al
lo

ss
of

he
pa

tic
ph

en
ot

yp
e

w
ith

cu
ltu

re
tim

e
(w

ee
ks

)
H

ep
at

oc
yt

e
co

up
le

ts
/li

ve
r

sl
ic

es
M

ec
ha

ni
st

ic
st

ud
ie

s
on

in
te

rp
la

y
of

he
pa

tic
m

et
ab

ol
is

m
an

d
tr

an
sp

or
t

+
In

vi
vo

ar
ch

ite
ct

ur
e

m
ai

nt
ai

ne
d

at
ce

llu
la

r
le

ve
l

−
V

ia
bi

lit
y

lim
ite

d
to

fe
w

ho
ur

s
Is

ol
at

ed
pe

rf
us

ed
liv

er
St

ud
y

m
ec

ha
ni

sm
s

of
he

pa
tic

up
ta

ke
,

m
et

ab
ol

is
m

,a
nd

bi
lia

ry
ex

cr
et

io
n

+
In

ta
ct

or
ga

n
ph

ys
io

lo
gy

+
N

o
in

te
rf

er
en

ce
fr

om
ot

he
r

A
D

M
E

pr
oc

es
se

s
−

L
ow

th
ro

ug
hp

ut
,h

ig
h

an
im

al
co

ns
um

pt
io

n,
lim

ite
d

to
∼3

ho
ur

s
af

te
r

liv
er

is
ol

at
io

n
In

vi
vo

bi
le

ex
cr

et
io

n
st

ud
y

M
os

tp
hy

si
ol

og
ic

al
ly

re
le

va
nt

m
od

el
+

St
ud

ie
s

m
ay

be
co

nd
uc

te
d

in
fr

ee
ly

m
ov

in
g

an
im

al
s

−
Fe

w
ex

am
pl

es
in

hu
m

an
s

−
L

ow
es

tt
hr

ou
gh

pu
t

378



JWDD059-13 JWDD059-YOU June 13, 2007 11:32

MODEL SYSTEMS FOR STUDYING HEPATOBILIARY DRUG TRANSPORT 379

of the endogenous biochemical context for studying drug transport processes oc-
curring at the basolateral versus canalicular membrane domains. Moreover, hep-
atocytes cultured on a single layer of an extracellular collagen matrix (“conven-
tional configuration”) continue to dedifferentiate rapidly with complete loss of cell
polarity and many hepatocyte-specific functions.106 In contrast, when hepatocytes
are cultured between two layers of gelled collagen (“sandwich configuration”) (see
Figure 13.1), mature hepatocyte morphology and long-term expression of a dif-
ferentiated phenotype can be maintained.107−109 This includes re-establishment of
cell polarity and functional canalicular networks in culture, thus allowing for the
study of hepatobiliary drug metabolism and transport.110−112 The formation of “ex-
cretory domains” that are thought to correspond to canalicular networks also has
been observed in hepatocyte-derived cell lines (HepG2, WIF-B), which have been
used to study trafficking and regulation of transport proteins.64,113−115 It should be
noted, however, that these cell lines express the hepatic phenotype only partially,
and lack expression of many drug-metabolizing enzyme and transport proteins.116

A recent evaluation of the human hepatoma cell line HepaRG revealed mRNA ex-
pression levels and corresponding functional activities of sinusoidal and canalicu-
lar transport proteins that were comparable to those observed in primary human
hepatocytes.116 Although neither cell polarity nor expression of the transport pro-
teins at the relevant membrane domains were investigated in this study, HepaRG
cells may serve as a promising alternative to primary cultured hepatocytes for in
vitro hepatobiliary transport studies. Hepatocyte couplets have been prepared fol-
lowing limited exposure of liver tissue to collagenase and thus provide another
model system preserving hepatocyte polarity. Hepatocyte couplets have been used
to study hepatobiliary transport mechanisms as well as the physiology underlying
bile secretion.117,118

The isolated perfused liver (primarily rat) methodology has been used widely
to investigate hepatobiliary transport of drugs and xenobiotics. Although time-
and animal-consuming, the main advantage of this model system is that the nor-
mal liver physiology (including bile flow) is maintained throughout the time of
the experiment. Moreover, the ability to sample from both perfusate (blood com-
partment) and bile makes this model system particularly useful for mechanis-
tic studies (including pharmacokinetic modeling) without potentially confound-
ing factors that exist in vivo. Another attractive feature of the isolated perfused
liver method is the ability to assess the effects of in vivo pretreatments (e.g.,
with inducers) on hepatobiliary transport and metabolism.119 Livers obtained from
animals with a transport protein knocked out or from animals that are natu-
ral mutants for a particular transport protein (e.g., TR− Wistar rats, which have
a functionally relevant defect in the Mrp2 gene) can also be used in perfusion
experiments.69,120

Genetic models of transport protein deficiencies also have been used for in vivo
pharmacokinetic studies to reveal the role of a particular transport protein in drug dis-
position, including hepatobiliary transport and metabolism. Although compensatory
up-regulation of other transport processes as a result of the absence of a pivotal trans-
port system has been reported,31 preservation of otherwise intact liver physiology and
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hepatobiliary drug transport and metabolism processes can be considered as the most
attractive feature of these in vivo models.

13.8. TOOLS FOR STUDYING HEPATOBILIARY DRUG TRANSPORT

The various tools employed to study transport proteins are often utilized in combina-
tion with the many model systems discussed previously. As the nature of science is
constantly evolving with new discoveries, so are the tools used to make these discov-
eries. Many of the tools currently in use have been borrowed from other fields, such
as molecular biology or engineering.

Molecular biology techniques often are employed to assess the expression, local-
ization and function of the hepatic transport proteins. For example, Northern blot,
Western blot, or real-time polymerase chain reaction (RT-PCR) are utilized to deter-
mine relative protein or mRNA levels. These data should be interpreted with caution
because quantification of bands on a Western blot using densitometry gives only the
relative amount of protein on a single membrane. The same is true for RT-PCR, where
quantification of the mRNA expression of transport proteins is not usually correlated
with protein level in terms of the relative amount. Studies often examine the regulation
of hepatic transport proteins by assessing the induction or repression of protein or
mRNA using Western blot or RT-PCR analysis.68,121,122 Animal studies that employ
genetic knockout of a particular transport protein or spontaneous genetic mutations re-
sulting in a transport protein deficiency often use Western or Northern blot to confirm
that the transport protein is absent.120,292 Theoretically, the function of a particular
transport protein could be assessed using probe substrates. However, specific probes
for most proteins have yet to be identified, making it difficult to determine the role of
any single transport protein in the disposition of a given substrate.

The broad overlap in substrate specificity of the hepatic transport proteins also
holds true for compounds used as inhibitors. A single compound is often not a spe-
cific inhibitor of one particular transport protein, which confounds data interpretation
in deciphering the role of a single transport protein in vivo. More recently, the use
of small interfering RNA (siRNA) to knock down the expression and function of
a transport protein in primary hepatocytes has been demonstrated. Tian et al. uti-
lized siRNA to modulate both Mrp2 and Mrp3 in primary sandwich-cultured rat
hepatocytes.305 RNA interference (RNAi) is reversible, unlike the knockout rodent
models or naturally occurring genetic mutations, and this technology could be applied
to human-derived cells and/or in vivo. Knockdown of a target gene using RNAi is
more potent than with antisense technology.125 RNAi is also more specific because
it targets the mRNA, unlike chemical inhibitors that interact with the transport pro-
teins, which have a high degree of homology and similar structures. More recently,
morpholino antisense oligos have been shown to have higher specificity and longer
stability than siRNA. Morpholino oligos, named after the morpholine rings in their
backbone, contain nucleic acid bases and a nonionic phosphorodiamidate intersubunit
linkage that either blocks translation initiation in the cytosol or modifies pre-mRNA
splicing in the nucleus.126,127
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Noninvasive techniques that utilize radionuclide imaging to track the disposition of
xenobiotics in vivo also have been used to study biliary clearance of drugs. Compounds
tagged with a gamma-emitting radionuclide have been administered in vivo and sub-
sequently tracked through the biological system using an external gamma camera to
assess the rate and extent of absorption, distribution, and excretion of a compound.
A novel method recently developed to collect biliary secretions utilizes an oroen-
teric tube with an occlusive balloon. The hepatobiliary imaging agent 99mtechnetium
(Tc) mebrofenin is employed in this clinical protocol to evaluate the degree of gall-
bladder contraction in response to pharmacological stimulation and to detect any
leakage of bile due to partial occlusion of the intestine.128 Hendrikse et al. used
the radiopharmaceuticals 99mTc-HIDA and 99mTc-MIBI to assess the function of the
hepatic efflux proteins P-glycoprotein, Mrp1, and Mrp2 in vivo.129 Another imaging
technique, positron emission tomography (PET), uses a PET camera to measure the
concentration and movement of positron emitters in the living body. An excellent ex-
ample of the utility of imaging to evaluate transport protein function was performed
by Lee et al. using [11C]verapamil to evaluate P-glycoprotein function at the blood–
brain barrier in the rhesus monkey.130 Imaging techniques may emerge as a powerful
tool to elucidate drug disposition and predict drug–transport interactions.

Microscopy is a widely used and inexpensive noninvasive tool to study hepatic
transport. Both fluorescent and confocal microscopes have been used in conjunc-
tion with fluorescent probes or substrates to study the trafficking and localization of
fluorescently tagged proteins.19,66,131,132

Pharmacokinetic modeling is a useful tool to aid in analyzing and interpreting the
data generated from in vitro and in vivo model systems. Such mathematical approaches
can provide valuable insights regarding the hepatobiliary disposition of a compound,
including the identification of rate-limiting steps and predictions regarding the impact
of potential alterations in hepatobiliary disposition. Data generated in various model
systems, including the isolated perfused liver, sandwich-cultured hepatocytes, and
transfected cell lines, are amenable to pharmacokinetic analyses.133–136

13.9. INTERPLAY BETWEEN DRUG METABOLISM AND TRANSPORT

The substantial overlap in substrate specificity, along with the shared response to
prototypical inducers between CYP3A4 and Pgp, has been recognized for more than
a decade.137−139 In addition, a thorough screen of various known CYP3A4 inhibitors
demonstrated that most CYP3A4 inhibitors were able to inhibit Pgp, albeit generally
at higher Ki values.140 More important, this has led to various studies supporting the
concept that CYP3A4 and Pgp act in concert to determine intestinal drug absorption
of substrates.138,141,142 Indeed, inhibition of intestinal Pgp was shown to enhance
exposure of common substrates to CYP3A4, thereby increasing overall metabolism
during intestinal transepithelial transport across Caco-2 monolayers. Although the
cellular orientation of apical transporters relative to CYP enzymes in the liver differs
from that in the intestine, hepatic interplay between drug metabolism and biliary ex-
cretion also has been demonstrated. For instance, the extent of hepatic metabolism of
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the dual CYP3A/Pgp substrate tacrolimus was increased due to Pgp inhibition during
isolated rat liver perfusion,143,144 illustrating the controlling influence of efflux trans-
port on drug metabolism in the liver. A similar type of interplay was observed in rat
liver for the CYP3A/Pgp substrate digoxin and the Pgp inhibitor quinidine, also re-
sulting in enhanced digoxin metabolism upon coadministration.145 In the same study,
coadministration of digoxin with the Oatp2 inhibitor rifampicin resulted in reduced
digoxin metabolism, demonstrating that hepatic uptake transporters can control ex-
posure of hepatic CYP enzymes to drugs. Inhibition of Oatp-mediated hepatic uptake
of atorvastatin by rifampicin was proposed as the predominant mechanism to explain
the reduction in atorvastatin metabolism following rifampicin coadministration in the
isolated perfused rat liver.146 Uptake transporters regulate access of drugs to nuclear
receptor proteins (e.g., PXR, CAR), thereby influencing the intracellular concentra-
tions of drugs that act as nuclear receptor inducers. For example, human OATP1B1
expression is a major determinant of the extent of PXR activation by rifampin.147 The
observation that chemical inhibition of hepatic Pgp results in enhanced substrate ex-
posure to CYP3A leading to increased metabolism is consistent with results obtained
with erythromycin in Mdr1a/b (−/−) knockout mice; values of the average area un-
der the curve (AUC) for 14CO2 were increased 1.9-fold following the erythromycin
breath test in these double-knockout mice compared to control animals.293

In addition to the functional interplay between drug-metabolizing enzymes and
transporters, the coordinated regulation of these ADME-relevant proteins also has
implications for drug disposition. The concomitant in vitro induction of Pgp and
CYP3A4 by prototypical inducers is the best known example of coordinated enzyme
and transporter regulation.137,149 This concept is supported by in vivo induction data
with protease inhibitors in rats.150 On the other hand, Matheny et al. showed that in
vivo induction of Pgp and CYP3A in rats is tissue and inducer specific.151 The latter
observation indicates that multiple factors rather than just one orphan nuclear receptor
(such as PXR) play a role in the regulation of Pgp and CYP3A. Nevertheless, various
independent studies support the concept that regulation of CYP3A and Pgp expression
occurs via common pathways.74,152 The nuclear hormone receptor PXR, believed to
predominate (hepatic) regulation of CYP3A expression, has been demonstrated to
bind at the 5′-upstream region of the MDR1 gene, thereby playing a pivotal role in
rifampin-mediated Pgp induction.74 The multiplicity of PXR activation effects, as
well as the overlap with the effects of CAR activation, have been investigated sys-
tematically. The battery of genes reported to be under PXR regulation includes drug-
metabolizing enzymes as well as transporters such as Cyp3a11, Ugt1a1, Abcb1a/b,
and Slco1a4.153 Furthermore, it was demonstrated that 1,7-phenanthroline, which
was hypothesized initially to be a “selective” UGT inducer, concomitantly increased
Mrp3 expression in rat liver,294 whereas Oatp1a4 expression was decreased signif-
icantly. Coordinate regulation of hepatic drug metabolizing enzymes and transport
protein expression is thought to protect the hepatocyte from intracellular accumu-
lation of toxic xenobiotics. Although the role of the orphan nuclear receptor CAR
in expression of phase 2 enzymes, including glucuronosyltransferases (UGT1A1),
has been reported previously,154 its involvement in Mrp3 induction remains
controversial.69,155 In this context, the plausible role of multiple nuclear receptors
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in transporter (and enzyme) regulation, as reported previously for MRP2,76 should be
emphasized.

13.10. DRUG INTERACTIONS IN HEPATOBILIARY TRANSPORT

A collection of recently published clinical data has demonstrated that mechanisms
underlying hepatic drug interactions frequently extend beyond the classical involve-
ment of P450-mediated drug metabolism.139,156,157 Transporter-related drug interac-
tions are expected to gain importance in the drug discovery and development arena,
as recent screening programs are aimed at filtering out chemical entities that display
high affinities for CYP450 enzymes. As a consequence, there is an increased likeli-
hood during drug discovery to select compounds that are transport inhibitors and/or
that depend on transporters for their elimination and/or distribution. Drug-mediated
inhibition of transporter activity, as well as induction of transport protein expres-
sion, can lead to clinically relevant drug interactions at the hepatobiliary transport
level.

A drug–drug interaction in hepatobiliary transport may occur when one drug in-
terferes with the functional activity (e.g., inhibition) and/or expression levels (e.g.,
induction) of a hepatic transport protein that is critically involved in hepatobiliary
elimination of another drug. In addition, since endogenous compounds such as bile
acids rely on hepatic transport proteins to maintain normal hepatic physiology (e.g.,
bile flow), administration of a drug that inhibits the function of key transport proteins
may cause important interactions with endogenous substances in the hepatobiliary
system. As discussed earlier in this chapter, this may lead to unexpected hepatotoxi-
city.

A substantial number of drug–drug interactions in hepatobiliary transport reported
in recent years occur at the level of hepatic uptake (see Table 13.5). Various stud-
ies have revealed interactions of drugs that inhibit the OATP family of transporters
with hepatic uptake of HMG-CoA reductase inhibitors (“statins”). For example,
concomitant treatment with the CYP3A4 inhibitor cyclosporin A (CsA) elevated
cerivastatin plasma concentrations three- to fivefold, despite its dual CYP2C8- and
CYP3A4-mediated metabolic pathway.158 Shitara et al.159 provided in vitro data sup-
porting the plausible mechanism for this clinically relevant drug–drug interaction by
demonstrating saturable OATP1B1-mediated uptake of cerivastatin in human hepato-
cytes. In addition, the mechanism behind this severe drug interaction was confirmed
in vivo in the rat.160 Earlier studies had demonstrated significant interactions of CsA
with statin therapy. Examples include the 6-fold higher HMG-CoA reductase ac-
tivity in the plasma of patients receiving atorvastatin and CsA,161 as well as the 5-
and 22-fold increase in exposure to pravastatin and lovastatin, respectively, in pa-
tients receiving these drugs in combination with CsA.162 It should be noted, however,
that for most clinically relevant drug interactions involving statins, the relative im-
portance of CYP3A4 (or other CYPs)163 versus OATP1B1295 inhibition remains to
be elucidated. Coadministration of CsA results in 7- and 11-fold increases in rosu-
vastatin exposure and maximum plasma concentrations, respectively, compared to
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TABLE 13.5. Clinically Relevant Drug–Drug Interactions in Hepatobiliary Transport

Transporter
Substrate Protein(s) Involved, Effect,

Inhibiting Drug Affected and Mechanism Proposed Refs.

Amiodarone Digoxin 2-fold increased digoxin levels in humans
and rats; in the rat, in vitro data support
inhibition of Oatp2-mediated digoxin
uptake

175–177

Cyclosporin A Bosentan 30-fold increased bosentan plasma levels
in humans; inhibition of
OATP-mediated hepatic uptake of
bosentan in rat

167

Cerivastatin Cerivastatin AUC 4-fold ↑; OATP1B1
inhibition (Ki = 0.2 μM)

158,159

Repaglinide Repaglinide AUC 4-fold ↑; inhibition of
CYP3A4 and OATP1B1

166,168

Rosuvastatin Rosuvastatin AUC 7.1-fold ↑; OATP1B1
inhibition (IC50 = 2.2 μM at 5 μM
rosuvastatin)

164

Erythromycin Theophylline 25% erythromycin dose reduction
advised; erythromycin inhibits
OAT2-mediated theophylline
transport; enzyme inhibition also may
be involved

178,273

Gemfibrozil Cerivastatin Cerivastatin AUC 5.6-fold ↑; inhibition
of CYP2C8 (major) and OATP1B1
(minor?)

169,170

Repaglinide Repaglinide AUC 8.1-fold ↑; CYP2C8
inhibition by gemfibrozil glucuronide;
possibly OATP1B1 inhibition

168,274,275

Rosuvastatin Rosuvastatin AUC 1.9-fold ↑; OATP1B1
inhibition

276

Pravastatin Pravastatin AUC 2-fold ↑; renal Cl
pravastatin ↓; possibly hepatic
OATP1B1 inhibition, in part

173

Lovastatin Lovastatin acid AUC 2.8-fold ↑;
mechanism(s) not elucidated

172

Simvastatin Simvastatin acid AUC 1.9-fold ↑;
mechanism(s) not confirmed;
contribution of OATP1B1 to hepatic
uptake may be limited

171,208

Quinine/quinidine Digoxin Biliary Cl ↓ by 35/42%; Pgp inhibition 180,277
Ritonavir Digoxin Digoxin nonrenal Cl ↓ by 48%; Pgp

inhibition
182

Verapamil Digoxin Biliary Cl ↓ by 43%; Pgp inhibition 181
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rosuvastatin administered alone,164 even though metabolism is a minor route of rosu-
vastatin elimination.165 These observations indicate that inhibition of OATP1B1 by
CsA likely plays a key role in the drug–drug interaction between rosuvastatin and
CsA. Transporter-mediated drug interactions elicited by CsA clearly are not limited
to coadministered HMG-CoA reductase inhibitors, since CsA coadministration in-
creased the plasma AUC of the endothelin receptor antagonist bosentan (30-fold)
as well as the antidiabetic repaglinide (4-fold).166,167 In vivo data generated in the
rat with bosentan strongly suggest that inhibition of hepatocellular uptake plays an
important role in this severe drug interaction. The important role of OATP1B1 in the
hepatic uptake of repaglinide has been demonstrated in a separate study.168 More-
over, this finding also suggests that inhibition of OATP1B1, in addition to CYP2C8, by
the fibric acid derivative gemfibrozil may contribute to the drug interaction between
gemfibrozil and repaglinide. Gemfibrozil also has been reported to alter the pharma-
cokinetics of the statin drugs, possibly due in part to inhibition of hepatic OATP1B1.
The use of gemfibrozil as comedication during cerivastatin therapy resulted in more
than a 5-fold increase in exposure (plasma AUC) of cerivastatin.169 Shitara et al.170

conducted in vitro studies to assess the relative importance of the inhibitory effects of
gemfibrozil and gemfibrozil glucuronide on CYP2C8-mediated metabolism and on
OATP1B1-mediated hepatic uptake of cerivastatin. Both gemfibrozil and gemfibrozil
glucuronide were more potent inhibitors of CYP2C8 than OATP1B1, suggesting a
major role for CYP2C8 and possibly minor involvement of OATP1B1 in this drug–
drug interaction. A less pronounced interaction was reported between gemfibrozil and
simvastatin, resulting in about a 1.9-fold increase in simvastatin acid AUC values.171

Since no inhibition of CYP3A4 by gemfibrozil was observed in vitro, the possible
role for OATP inhibition in this drug interaction remains to be elucidated. The same
conclusion can be drawn for the drug interactions observed following coadministra-
tion of gemfibrozil with pravastatin or lovastatin.172,173 Interestingly, recent in vitro
data indicate that gemfibrozil stands out among other fibric acid derivatives tested for
its potency to inhibit OATP1B1.174

For some hepatic drug interactions, the use of animal models to elucidate the un-
derlying mechanism(s) of interaction may be justified, despite considerable species
differences in transporter affinity profiles and the fact that human OATPs are not
orthologs of rat Oatps. For instance, the pharmacokinetic interaction between the an-
tiarrhythmic drug amiodarone and digoxin has been observed in both humans175 and
rats.176 In vitro data suggest that inhibition of Oatp1a4-mediated hepatic uptake of
digoxin by amiodarone probably plays a predominant role in this drug interaction.177

Less information is available regarding drug interactions mediated by hepatic uptake
transporters other than those of the SLCO family. Data generated in OAT2 expressing
oocytes strongly support a role for OAT2 in the well-known drug interaction be-
tween theophylline and erythromycin in human liver.178 Since additional in vitro data
have demonstrated substantial inhibition of OAT2-mediated tetracycline uptake in
oocytes by acetaminophen, erythromycin, chloramphenicol, ibuprofen, bumetanide,
and furosemide, it is likely that several other drug interactions involving OAT2-
mediated transport remain to be identified.11 Numerous drugs (including the H2
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antagonist famotidine179 and several HIV protease inhibitors296) have been identified
as potent inhibitors of OCT1 and/or OCT3, the two isoforms of the SLC22A family of
hepatic uptake transporters, but clinically relevant drug interactions involving these
transporters have not been reported.

Inhibition of canalicular transport proteins also has resulted in clinically relevant
drug interactions, including a reduction in digoxin biliary clearance (by about 40%)
in patients who also were receiving the Pgp inhibitors quinidine or verapamil.180,181

More recently, inhibition of Pgp by ritonavir was proposed as the mechanism behind
the significant decrease in the nonrenal clearance of digoxin in healthy volunteers
who were coadministered the HIV protease inhibitor ritonavir.182

Apart from the drug–drug interactions in hepatobiliary transport discussed above,
various drugs interfere with the hepatic handling of endogenous compounds, includ-
ing bilirubin, bile acids, and thyroid hormones, due to inhibition of hepatic transport
proteins. For instance, Campbell et al. demonstrated that the potency of several com-
pounds (including CsA, rifamycin SV, and the protease inhibitors saquinavir and
ritonavir) that inhibited OATP1B1-mediated transport in vitro could be correlated
directly to the incidence of hyperbilirubinemia following the use of these drugs in
humans.9 These observations are consistent with the predominant role of OATP1B1
compared to other SLCO gene products in hepatic bilirubin uptake.183 Several drugs
also have been reported to interact with BSEP-mediated bile acid transport, thus
causing alterations in the hepatobiliary handling of bile acids, which may lead to
hepatotoxicity. CsA, rifamycin, rifampicin, and glibenclamide were reported to cis-
inhibit BSEP activity, while trans-inhibition was observed for E217G.38,184 Inhibition
of BSEP also was proposed as one mechanism by which the endothelin receptor antag-
onist bosentan causes cholestasis in humans and also in rats.27 This observation was
consistent with data generated in a systematic in vitro study examining the relationship
between the potency of compounds to inhibit bile acid transport and their cholestatic
and/or hepatotoxic potential.185 In addition to bosentan, CsA, the endothelin-A recep-
tor antagonist CI-1034, glyburide, erythromycin estolate, and troleandomycin were
all shown to inhibit transport of taurocholate across the canalicular membrane of hu-
man hepatocytes.185 Moreover, these compounds (except troleandomycin) also were
identified as potent inhibitors of the hepatic uptake of taurocholate. CI-1034 potently
inhibited the three major human OATP isoforms.186

In addition to direct inhibition of transporter activity, altered transporter expres-
sion following drug-mediated transporter induction is another important mechanism
underlying drug–drug interactions in hepatobiliary transport. Indeed, as discussed
in Section 13.5, transporters are under regulatory control of orphan nuclear recep-
tors such as PXR and CAR. Therefore, repeated administration of drugs that are
ligands for these orphan nuclear receptors may lead to altered transporter expression
and activity (induction/up-regulation or down-regulation). This will cause substantial
changes in hepatobiliary elimination kinetics of drugs that are substrates for these
transporters. Clinically relevant induction of Pgp has been observed at the intestinal
level,187 and induction of hepatic Pgp in animals has been reported. For instance, ri-
fampicin treatment resulted in a 4- to 13-fold increase in hepatic Pgp in monkeys.188

Similarly, treatment of rats with the Pgp inducer tamoxifen resulted in about a 12-fold
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increase in hepatic Mdr1b mRNA accompanied by an increase in biliary excretion of
tamoxifen and its metabolites.189

In recent years, there have been an increasing number of reports concerning clin-
ically relevant interactions in hepatobiliary drug transport. These findings illustrate
the unmet need for sophisticated and representative model systems allowing the early
prediction of hepatobiliary drug interaction potential in drug discovery programs.

13.11. POTENTIAL ROLE OF HEPATIC TRANSPORT PROTEINS
IN DRUG-INDUCED HEPATOTOXICITY

Drug-induced liver injury has emerged as the most common reason for the withdrawal
of Food and Drug Administration–approved drugs from the market.190 Drug-induced
hepatotoxicity may be classified as intrinsic or idiosyncratic. Intrinsic hepatotoxicity
is generally predictable, dose-dependent, and characteristic for the drug. In contrast,
idiosyncratic toxicity is unpredictable, not dose-related, and has no clear underlying
mechanism. Age, gender, and genetic and environmental factors may affect suscep-
tibility to drug-induced liver injury. Early studies focused on bioactivation, covalent
adduct formation, immunotoxicity, and disruptions in cellular bioenergetics as mech-
anisms underlying hepatotoxicity, but more recent data suggest that hepatic transport
proteins may be an important site of toxic interactions.

Inhibition of canalicular Bsep has been reported as one mechanism of drug-induced
liver injury because impaired Bsep function leads to elevated hepatic concentra-
tions of detergentlike bile acids, which can disrupt key membrane-associated cellular
functions.28,191 Troglitazone (Rezulin) was the first thiazolidinedione used for the
treatment of type 2 diabetes prior to its withdrawal from the market in 2000 due
to idiosyncratic liver injury.192 Several mechanisms underlying troglitazone-induced
hepatotoxicity have been proposed,193 including Bsep inhibition by both troglitazone
(Ki,apparent = 1.3 μM) and its primary metabolite, troglitazone sulfate (Ki,apparent =
0.23 μM).28 Troglitazone causes intrahepatic accumulation of bile acids, which can
lead to hepatocellular necrosis and severe liver damage.194 Following troglitazone
administration, Mrp2-deficient rats exhibited a marked delay in the biliary excretion
and enhanced urinary excretion of troglitazone sulfate, leading to elevated serum bile
acid concentrations relative to wild-type rats.195 Although troglitazone has been the
most studied example of drug-induced liver injury resulting from Bsep inhibition,
other drugs, including bosentan, glibenclamide, cyclosporin, and rifampin, also im-
pair Bsep function.27,38 In addition to cis-inhibition of Bsep, E217G trans-inhibits
Bsep following biliary excretion by Mrp2.38 In the absence of Mrp2, E217G–induced
cholestasis is not observed.38,196

Hepatic transport proteins may protect the hepatocyte from drug-induced hepa-
totoxicity by changes in transport protein expression.4 Intrahepatic and obstructive
cholestasis in humans and rats results in down-regulation of Ntcp and Oatp1b2 and up-
regulation of Mrp isoforms.89,123,198,199 In patients with hepatitis or chronic cholesta-
sis, up-regulation of major hepatic export proteins such as MDR1, MRP1, and MRP3
have been reported.30 Similarly, during liver injury caused by acetaminophen and
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carbon tetrachloride, which are both well-known hepatic toxicants, the expression of
the hepatic transport proteins in mice was modulated200,201: Mrp2 protein expression
was increased slightly; Mrp3 and Mrp4 expression was increased 3.6- and 16-fold,
respectively; Ntcp and Oatps were down-regulated. Collectively, hepatocytes may pre-
vent accumulation of potentially toxic chemicals and protect against subsequent liver
injury by limiting influx and enabling efficient efflux of harmful toxicants following
down-regulation of uptake transporters and up-regulation of efflux transporters.

In certain cases, impaired hepatic transport may provide protection against drug-
induced liver injury. Many electrophiles that form covalent adducts with intracellu-
lar macromolecules are detoxified by conjugation with glutathione. Mrp2-deficient
rats do not excrete glutathione into bile, resulting in about a two- to threefold in-
crease in hepatic glutathione concentrations.202 Acetaminophen, a commonly used
antipyretic and analgesic agent, induces severe liver injury at high doses, when
acetaminophen sulfation and glucuronidation become saturated and oxidation to N -
acetyl-p-benzoquinoneimine, a potent electrophile, becomes a significant metabolic
pathway.203 N -acetyl-p-benzoquinoneimine may be detoxified by conjugation with
glutathione, but as this cofactor becomes depleted, the electrophilic metabolite
forms covalent adducts, which can lead to necrosis.204 Administration of toxic
acetaminophen doses (1 g/kg) induced the expected hepatotoxicity in wild-type rats
but had no apparent adverse effects in Mrp2-deficient rat livers.205 Elevated glu-
tathione concentrations in Mrp2-deficient rats appear to play a protective role in
acetaminophen-induced hepatotoxicity; a similar effect also would be expected for
other electrophiles in Mrp2-deficient rats.205

13.12. THE FUTURE OF HEPATIC DRUG TRANSPORT

This is an exciting era in the fast-paced field of hepatic drug transport. During the
last decade, the basolateral and apical transport proteins that play a major role in
the hepatic uptake and biliary excretion of drugs and metabolites have been identi-
fied. Although some work remains in identifying the role of proteins in the hepatic
basolateral excretion of drugs/metabolites, it is generally assumed that identifica-
tion of the key transport proteins responsible for hepatobiliary drug disposition is
nearing completion. However, the structural features of a molecule that enhance the
probability of interaction (e.g., transport, inhibition) with specific hepatic transport
proteins remains to be defined. Molecular modeling approaches hold great promise in
answering these fundamental questions. Overlapping substrate specificity for many
of these proteins suggests that the likelihood of identifying specific substrates and/or
inhibitors, which would serve as useful tools particularly in clinical studies, is remote.
Understanding which proteins are likely to be the rate-limiting step in hepatobiliary
drug disposition is essential in predicting how genetic differences, drug interactions,
and/or disease states will affect systemic, hepatic, and biliary/intestinal exposure
to drugs/metabolites. This has important implications for drug efficacy, as well as
toxicity, and much work remains to be undertaken in this area. The role of hepatic
transport proteins other than those that reside on the basolateral and apical membranes
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of the hepatocyte (e.g., intracellular trafficking proteins, proteins on the endoplasmic
reticulum) and their role in hepatobiliary drug/metabolite disposition, efficacy, and
toxicity await exploration. Continued characterization, validation, and refinement of
existing model systems are needed. A road map for use with existing models would
be particularly helpful in the drug development process to delineate what model(s)
should be used to answer which questions, and in what order, and to address how
data should be interpreted and used most effectively in drug development. In addition,
the development of new techniques, tools, and/or model systems that address spe-
cific concerns with existing approaches (e.g., species-dependent differences, sample
throughput, physiologic relevance), and that can be used to answer both mechanistic
and applied questions regarding hepatobiliary transport, is needed. Such tools will be
useful in enhancing our understanding of how drugs and metabolites move through
the human hepatocyte to sites of action, biotransformation, and/or excretion. This
knowledge is fundamental to the optimization of drug therapy to achieve desirable
therapeutic outcomes and to minimize the incidence of side effects, including drug-
induced hepatotoxicity.
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14.1. INTRODUCTION

Pharmacotherapy of central nervous system (CNS) diseases remains difficult, due
to limited drug permeation across the blood–brain barrier and blood–cerebrospinal
fluid barrier. Therapeutic compounds may cross these barriers by several uptake
processes, including transcytosis, receptor-mediated endocytosis, passive diffusion,
carrier-mediated (facilitated) transport, and/or active transport.1 Once across these
initial barriers, brain drug accumulation can be restricted further by passive efflux
within the cerebrospinal fluid (sink effect), metabolic degradation, and/or active ef-
flux transport. In addition, brain parenchymal cellular compartments (i.e., astrocytes,
microglia, oligodendrocytes, and neurons) also play an important role in regulating
CNS drug distribution. These cells express several drug transport proteins, which
underscore the complexity of xenobiotic disposition within the brain. The objective
of this chapter is to summarize the current knowledge on the molecular expression
(i.e., gene, protein), cellular localization, and functional activity of drug transporters
in the brain.

14.2. PHYSIOLOGY OF THE BRAIN BARRIERS AND BRAIN
PARENCHYMA

14.2.1. Blood–Brain Barrier

The blood–brain barrier (BBB) constitutes a remarkable physical and biochemical
barrier between the brain and systemic circulation.2 Structurally, the BBB is com-
posed of a monolayer of nonfenestrated microvessel endothelial cells surrounded by
pericytes and perivascular astrocytes. Brain microvessel endothelial cells are joined
by tight junctions (i.e., zonulae occludens), which are maintained by trophic factors
released from adjacent astrocytes.3,4 Under physiological conditions, these tight junc-
tions form a continuous, almost impermeable cellular barrier that limits paracellular
flux and transport as well as the influx of endogenous and exogenous substances,
with the exception of very small lipid-soluble molecules.5 The high transendothelial
electrical resistance (1500 to 2000 � · cm2) of the BBB further restricts the free flow
of water and solutes.6

Several receptors, ion channels, and influx–efflux transport proteins are ex-
pressed prominently at the BBB. Functionally, brain transporters are similar to well-
characterized systems in other tissues (e.g., d-glucose transporter, l-amino acid car-
rier systems, Na+/K+-ATPase), although the capacity and rate of transport can vary
widely.7 At the level of brain microvascular endothelium, many of these membrane-
bound transport systems are distributed asymmetrically. One example of this asym-
metry involves the facilitative glucose transporter, GLUT-1, which is expressed to a
fourfold greater degree at the abluminal side of the BBB than at the luminal side.8

In addition to these transport systems, endocytosis of macromolecules has also
been reported at the BBB.9 Receptor-mediated and adsorptive endocytotic processes
in brain endothelium have been documented for both hormones and plasma proteins.10
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Examples of cell surface receptors involved in these processes include the endothelial
barrier antigen OX-47 (an integral plasma membrane glycoprotein that is involved in
cell-to-cell recognition), and endothelial glyocalyx (possible role in vascular perme-
ability and surface charge).11,12 Transferrin, a plasma protein involved in systemic
iron transport, may also be taken up into the brain parenchyma by receptor-mediated
endocytosis and transcytosis.13 In brain microvessel and capillary endothelial cells,
specialized plasma membrane microdomains known as caveolae are believed to be
involved in endocytosis of various macromolecules, including plasma proteins, im-
munoglobulins, and metaloproteins.14 Caveolae are involved in other biological pro-
cesses, including signal transduction and cholesterol transport.15,16

14.2.2. Blood–Cerebrospinal Fluid Barrier

The blood–cerebrospinal fluid (BCSF) barrier is formed by the choroid plexus, which
is the major interface between the systemic circulation and the CSF. The BCSF barrier
is located at the outer epithelial surface of the choroid plexus, a leaflike highly vascular
organ that protrudes into all four cerebral ventricles. It is comprised of fenestrated
capillaries that are surrounded by a monolayer of epithelial cells joined together
by tight junctions.17 These tight junctions form the structural basis of the BCSF
barrier and seal together adjacent polarized epithelial cells (also known as ependymal
cells). Thus, once a solute has crossed the capillary wall, it must also permeate these
ependymal cells before entering the CSF.

The primary function of the choroid plexus is to produce the CSF continuously and
to maintain its composition. The total volume of CSF (140 mL) is replaced approxi-
mately four to five times daily.18 The continuous flow of CSF through the ventricular
system into the subarachnoid space and exiting into the venous system provides a
“sink” that reduces the steady-state concentration of a molecule penetrating into the
brain and CSF.19 The sink effect is greater for large-molecular-weight and hydrophilic
molecules. The CSF also contains approximately 0.3% of plasma proteins, totaling
15 to 40 mg/mL, depending on sampling site.20 This is in contrast to the extracellular
space of the normal adult brain, which contains no detectable plasma proteins.21

Similar to the BBB, the choroid plexus displays polarized expression of various
receptors, ion channels, and transport systems that regulate the CSF composition via
secretion and reabsorption.22 The apical membrane expresses the Na+/K+-ATPase
pump and several channels for monovalent anions and cations.7 Studies have also
demonstrated the expression of facilitated and sodium-dependent carriers for the
transport of nonelectrolytes.18,23,24 The basolateral side is lined with Na+/H+ an-
tiporters, Cl−/HCO−

3 antiporters, facilitated carriers for nonelectrolytes, and carbonic
anhydrase.18,23

14.2.3. Cellular Compartments of the Brain Parenchyma

The brain parenchyma consists of neurons and the surrounding glial cells. Neurons
form the basic structural and functional component of the CNS. The primary function
of neurons is to respond to stimuli by conducting electrical signals along conductive
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processes (e.g., the axon). The conduction of electrical impulses results in the release
of neurotransmitters that further regulate (positively and negatively) nearby neuronal
responses.25 This enables the brain to maintain a highly complex communication
network.

Glial cells are known to play an instrumental role in the regulation and mainte-
nance of CNS homeostasis and can be classified into two groups: the macroglia and
the microglia. The macroglia include both astrocytes and oligodendrocytes, which
originate from the ectodermal layer of the gastrula and proliferate throughout life,
particularly in response to injury.26 Astrocytes are the most abundant cell type in
the brain. They possess a stellate (i.e., star-shaped) morphology and contain nu-
merous cytoplasmic fibrils, of which glial acidic fibrillary protein (GFAP) is the
main constituent.27 Astrocytes possess numerous functions that aid in maintaining
the homeostatic environment of the CNS. These functions include the initiation and
regulation of immune and inflammatory events during injury and infection (i.e., pro-
duction and secretion of cytokines), expression of adhesion molecules for neuronal
development, buffering of excess K+ during periods of neuronal hyperactivity, and
secretion of trophic factors required to maintain the integrity of the BBB.3,28–30 The
primary function of the other macroglia cell type, oligodendrocytes, is to form the
insulating myelin sheath that surrounds neuronal axons in the CNS. Myelin, an exten-
sion of the oligodendrocyte plasma membrane, is a lipid-rich biological membrane
that forms multilamellar spirally wrapped sheaths around neuronal axons to increase
the resistance for electrical impulses during an action potential.31

Microglia, are much smaller in size than macroglia and are the primary immune
cells of the brain. Similar to macroglia, microglia may also proliferate in response
to injury. Although a few studies have suggested that microglia originate from the
neuroectoderm,32,33 the most widely accepted view is microglia are derived from
the hematopoietic lineage of the embryonic mesoderm.34,35 Microglia are distributed
ubiquitously within the CNS, with the basal ganglia and cerebellum possessing con-
siderably greater numbers than the cerebral cortex.36

14.3. DRUG TRANSPORTERS IN THE BRAIN

Pharmacological treatment of CNS disorders requires that drugs attain efficacious
concentrations in the brain. This therapeutic objective requires that drugs are able
to cross the brain barriers successfully (i.e., BBB, BCSF barrier) and in the case
of some diseases, also permeate the cellular compartments of the brain parenchyma
(i.e., astrocytes, microglia, oligodendrocytes, neurons). Although small, nonionic,
lipid-soluble compounds can easily enter the brain by passive diffusion, the CNS per-
meation of larger, water-soluble, and/or ionic substances is less likely to occur by this
mechanism.37 For many of these compounds, uptake into the brain and extrusion from
the brain is governed by drug transport proteins. Many transport proteins that have
been shown to be involved in the influx and efflux of drugs [i.e., adenosine triphosphate
(ATP)-binding cassette transporters, organic anion and cation transporters, nucleoside
transporters, peptide transporters] have been identified both at the brain barriers and
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epithelium. Although expression of these transporters has been shown, localization and function
remain to be demonstrated. The arrows indicate the direction of substrate transport. References
are indicated in the text. (See insert for color representation of figure.)

in the cellular compartments of the brain parenchyma. In the following section we
summarize the current knowledge on the CNS localization and functional expres-
sion of these membrane drug transporters. Localization of various transporters at the
brain barriers is presented in Figure 14.1. Similarly, transporter localization in cellular
compartments of the brain parenchyma is depicted in Figure 14.2.

14.3.1. ATP-Binding Cassette Drug Transporters

The ATP-binding cassette (ABC) transporter superfamily consists of membrane-
bound ATP-driven proteins that extrude from cells xenobiotics and their metabolites.
ABC family members are classified according to the presence of various consensus
sequences, including two ATP binding motifs (Walker A and Walker B) and the ABC
signature C motif (ALSGGQ).38 To date, there are 48 known human ABC family
members belonging to seven different subfamilies. A comprehensive list of currently
known mammalian ABC transporters compiled by Michael Müller (Wageningen Uni-
versity, The Netherlands) can be found at http://nutrigene.4t.com/humanabc.htm. Mu-
tations in some of the ABC genes are the underlying cause of genetic disorders such as
cystic fibrosis, anemia, Dubin–Johnson syndrome, and retinal degeneration.39 ABC
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transporters such as Pgp, MRP isoforms, and BCRP are also important determinants
of drug uptake, distribution, and excretion. These transporters have all been impli-
cated in the development of the multidrug resistance (MDR) phenotype. The MDR
phenotype is defined as the simultaneous resistance to several structurally unrelated
compounds. MDR does not result from independent genetic mutations which confer
resistance to a single xenobiotic.40

P-Glycoprotein The ABC superfamily of proteins contains many membrane-bound
energy-dependent transporters involved in the cellular efflux of endogeneous and ex-
ogeneous compounds. P-glycoprotein (Pgp), a well-characterized ABC transporter
discovered in Toronto by Victor Ling,41,42 is a 170-kDa integral membrane protein
encoded by the MDR gene.40 Two isoforms of the MDR gene, designated MDR1 and
MDR2, have been cloned and sequenced in humans.43,44 In rodents, Pgp is encoded
by the mdr1a, mdr1b, and mdr2 genes. While MDR2/mdr2 is expressed primarily
in the liver and has been implicated in the translocation of phosphatidylcholine into
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the bile,45 overexpression of human MDR1 or rodent mdr1a/mdr1b confers the MDR
phenotype.40,46 In humans, the MDR1 gene product is 1280 amino acids in length
and consists of two homologous halves, each made up of six transmembrane do-
mains and one ATP-binding site.40 Mammalian Pgp may possess between two and
four oligosaccharide side chains (i.e., glycosylations) on the first extracellular loop.40

In addition, phosphorylation is a hallmark of mature Pgp, and these posttransla-
tional modifications are often observed in the linker region between transmembrane
domains six and seven.40

Pgp was identified initially in Chinese hamster ovary cells selected for resistance
to colchicine,42 where it functions as an energy-dependent efflux pump that can ex-
trude several amphipathic pharmacological agents. Since its discovery, many drugs
have been shown to be Pgp substrates, including naturally occurring chemotherapeu-
tic drugs such as anthracyclines (doxorubicin, daunorubicin, mitoxantrone), Vinca
alkaloids (vincristine, vinblastine), epipodophyllotoxins (etoposide, teniposide), and
taxanes (taxol, taxotere) as well as immunosuppressive agents (cyclosporin A and its
analog, PSC833), cardiac glycosides (digoxin), antibiotics (rifampin, erythromycin,
ciprofloxacin, grepafloxacin), antiallergenics (bepotastine, fexofenadine), beta block-
ers (talinolol, celiprolol), antiepileptics (phenytoin), steroid hormones (dexametha-
sone, cortisol), antimycotic agents (ketoconazole, itraconazole), histamine receptor
antagonists (cimetidine, ranitidine), and HIV-1 protease inhibitors (saquinavir, in-
dinavir, ritonavir, nelfinavir, amprenavir). Other therapeutic compounds that have
also been shown to be Pgp substrates include morphine and atorvastatin.47 Currently
identified Pgp transport inhibitors include calcium channel blockers (verapamil),
calmodulin antagonists (trifluoperazine), quinolines (quinidine), cyclosporin A, and
the HIV-1 protease inhibitors. Many of these compounds act as both Pgp substrates
and inhibitors and may interact with Pgp at more than one binding site.47 Several
studies have shown that Pgp is directly involved in regulating the brain accumulation
of these therapeutic agents.48–53 For example, in vivo studies in mdr1a/1b knockout
mice have shown that HIV-1 protease inhibitors (e.g., saquinavir, indinavir, nelfinavir,
ritonavir) exhibit four- to 36-fold increases in brain drug accumulation.54,55

In the CNS, Pgp expression has been investigated primarily at the brain vascu-
lar barriers (i.e., BBB and BCSF barrier). Although Pgp has been localized on the
apical side of the choroid plexus epithelia,56 the location of the protein in the brain
microvessel endothelial cells that constitute the blood–brain barrier has been contro-
versial. While several luminal membrane isolation studies, immunohistochemistry,
and immunofluorescence laser scanning confocal microscopy studies have localized
Pgp to the luminal surface of the mammalian brain endothelium,57–59 others have
identified the localization of Pgp on neighboring astrocyte foot processes.60,61 Re-
cently, our laboratory has reported Pgp localization on both the luminal and abluminal
sides of the brain microvascular endothelium.62 Furthermore, we have characterized
the functional expression of Pgp in a rat microglia cell line (MLS-9),63 cultured
rat astrocytes,64 and in a rat brain microvessel endothelial cell line and in situ in
rat brain capillaries.65 Recently, Pgp expression has also been reported in human
glioma cell lines.66 In addition to the plasma membrane, the subcellular localization
of Pgp in brain cellular compartments has also been investigated. Previous studies
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have demonstrated the expression of Pgp within caveolae (i.e., plasma membrane
microdomains that regulate various cellular processes) in bovine and human brain
microvessel endothelial cells.59,67 Using immunogold immunocytochemistry and im-
munoprecipitation, we have also reported the localization of Pgp within caveolae and
the physical association of caveolin-1 with Pgp in primary cultures of rat astrocytes
and in CTX TNA2 cells, an immortalized rat astrocyte cell line.64 In addition, our lab-
oratory has demonstrated subcellular localization of Pgp along the nuclear envelope
and in cytoplasmic non-clathrin- and clathrin-coated vesicles in rat and human brain
microvessel endothelial cells.62,65 as well as in primary cultures of rat astrocytes and
in CTX TNA2 cells.64

Multidrug Resistance Proteins A second group of ABC transporters that are in-
volved in conferring MDR are the cystic fibrosis transmembrane conductance reg-
ulator (CFTR)/multidrug resistance protein (MRP) family (ABC subfamily C). At
present, the mammalian MRP family (humans, MRP; rodents, Mrp) contains 13 mem-
bers, including one ion channel (cystic fibrosis transmembrane regulator gene; CFTR),
two surface receptors (sulfonylurea 1 and 2; SUR1 and 2), and a truncated protein
that does not mediate transport (ABCC13).68,69 These proteins are not involved in
drug transport and are not discussed in this chapter. The remaining MRP family
members, can be subclassified according to their membrane topology.70 MRP1-3,
6, and 7 contain three transmembrane domains, TMD0, TMD1, and TMD2, which
show a 5 + 6 + 6 configuration in transmembrane helices. Nucleotide-binding do-
mains (NBD) 1 and 2 are located between TMD1 and TMD2 and between TMD2

and the carboxy terminus, respectively. A cytoplasmic linker (L0) located between
the first two TMDs is essential for a functional protein.71 MRP4, MRP5, MRP8, and
possibly MRP9 are considered to be “short” MRPs, as they do not contain TMD0 but
do retain the cytoplasmic linker. Based on these differences, it is not surprising that
the various MRPs differ with respect to tissue distribution, substrate specificity, and
physiological function.72

Similar to Pgp, the MRP/Mrp family of active efflux transport proteins con-
tributes to the MDR phenotype. Since 1992, when the first MRP/Mrp family mem-
bers were cloned and characterized,73 several anticancer drugs have been identified
to be MRP/Mrp substrates, including vincristine (MRP1, MRP2, MRP6), etoposide
(MRP1-3, MRP6), methotrexate (MRP1-3), daunorubicin (MRP1-2), and cisplatin
(MRP2) as well as physiological substrates such as glutathione (MRP1/MRP2).
MRP1/Mrp1-mediated cellular efflux has been demonstrated for other therapeu-
tic compounds, including HIV-1 protease inhibitors74–76 and antiepileptic drugs.77

Increased brain accumulation of phenytoin, an antiepileptic drug, was observed in
Mrp2-deficient rats, suggesting that Mrp2 plays a role in determining the CNS pen-
etration of this therapeutic agent.78 Unlike MRP1-3 and MRP6, MRP4, MRP5, and
MRP8 display a unique capacity to transport a variety of monophosphorylated com-
pounds. For example, cells functionally expressing with MRP4 show increased efflux
of monophosphorylated nucleotides and nucleotide analogs such as cAMP, cGMP, 9-
(2-phosphonylmethoxyethyl)adenine (PMEA), azidothymidine monophosphate, and
purine analogs (6-mercaptopurine and 6-thioguanine).79–82 Taken together with their
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localization and expression within the CNS, these observations suggest that MRP/Mrp
isoforms play a critical role in regulating the brain accumulation and distribution of
therapeutic compounds.

Several lines of evidence indicate that all of the functionally characterized MRP
isoforms (1 to 8) are expressed in at least one CNS compartment and that they prob-
ably play a role in transport of drugs and metabolites. In addition, gene and protein
expression in brain tissue has been reported for MRP9; however, functional charac-
terization of this transporter in brain cellular compartments has yet to be examined.
It should be noted that there is substantial controversy about the localization and
function of certain family members in the CNS. In the following section we provide a
summary of current knowledge with respect to MRP substrate profile and expression
at the brain barriers and in the cellular components of the brain parenchyma. Our
group has recently published a comprehensive review on MRP/Mrp expression and
function in the CNS.83

At the BBB, many studies have reported the cellular localization and molecular
(i.e., gene and protein) expression of MRP/Mrp isoforms. Using RT-PCR analy-
sis, Zhang and colleagues identified the presence of Mrp1 mRNA in both cultured
bovine brain microvessel endothelial cells and in capillary-enriched fractions of brain
homogenates.84 More recently, confocal laser scanning microscopy studies have lo-
calized MRP1 to the luminal side of the human BBB.85 At the mammalian BBB, there
is also evidence for the expression of Mrp2 (in rat but not detected in cow or human),
MRP4/Mrp4 (human, cow, mouse), Mrp5 (cow, mouse), and Mrp6 (cow).84,86–90

The presence of several different MRP homologs at the BBB may be important in
controlling the uptake of organic anions into the brain.

Immunocytochemical studies in rodents have provided evidence for abluminal
Mrp1 expression in choroid plexus epithelial cells of the blood–CSF barrier.56 Stud-
ies in triple-knockout mice [e.g., mdr1a (−/−), mdr1b (−/−), Mrp1 (−/−)] showed
increased accumulation of etoposide in the CSF compared to double-knockout mice
[e.g., mdr1a (−/−), mdr1b (−/−)], which suggests that Mrp1 may act to mediate or-
ganic anion efflux into the blood.56 MRP4/Mrp4 expression has been detected at both
luminal and abluminal plasma membranes of choroid plexus epithelial cells, imply-
ing that this transporter may be involved in limiting organic anion influx from blood
and driving organic anion efflux from brain to blood.91 High levels of Mrp5 mRNA
transcripts have also been observed in rat choroid plexus92; however, high-resolution
immunofluorescence staining studies were unable to detect Mrp5 expression in murine
choroid plexus.93 Several studies have shown that expression of MRP2/Mrp2.92 and
MRP3/Mrp3.85,92 at the blood–CSF barrier is negligible.

In the brain parenchyma, MRP/Mrp mRNA expression has been reported in as-
trocytes, microglia, oligodendrocytes, and neurons. The expression of MRP1/Mrp1,
Mrp3, Mrp4, and Mrp5 has been reported in all of these cell types.85,94–96 Stud-
ies in our laboratory have shown Mrp1, Mrp4, and Mrp5 functional expression in a
continuous rat microglia cell line (MLS-9).82,97 Using immunogold cytochemistry at
the electron microscope level, Mrp1 was found to localize primarily to the plasma
membrane in MLS-9 cells.76 Although Mrp6 gene and protein expression has not
been observed in astrocytes, microglia, and oligodendrocytes,96,98 a recent study
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has suggested that human neurons highly express MRP6.99 In addition, MRP8 has
been shown to colocalize with microfilaments in the white matter of human brain,
suggesting that it is principally an axonal protein.100 Although several studies have
reported that brain parenchymal cells express negligible levels of MRP2/Mrp2,92,96,97

Hirrlinger and colleagues detected the expression of Mrp2 mRNA in astrocytes iso-
lated from embryonic rats.96 These discrepancies may be explained by differences in
prenatal versus postnatal expression of Mrp2.101,102

Breast Cancer Resistance Protein A third ABC superfamily member that may be
involved in xenobiotic efflux is breast cancer resistance protein (BCRP; also known as
ABCG2). Unlike Pgp and MRP1, ABCG2 is a “half-transporter” comprised of only
six putative transmembrane spanning domains and a single ATP-binding region.103

Since other half-transporters, such as ABCG5 and ABCG8, have been observed to
dimerize and form functional homo- or heterodimers,104 it has been hypothesized
that ABCG2 may also form functional dimers. ABCG2 has significant overlap in
substrate-specificity profile with Pgp and has been shown to recognize a vast array
of sulfoconjugated organic anions and hydrophobic and amphiphilic compounds.105

Examples of well-established ABCG2 substrates include fluoroquinolone antibiotics
(ciprofloxacin, ofloxacin, norfloxacin), mitoxantrone, camphothecin derivatives
(topotecan, irinotecan), dipyridamole, and estradiol-17�-glucuronide.106–109 ABCG2
may also transport physiologic substrates such as glutathione, steroid hormones, and
folic acid.105,106

Several recent studies have demonstrated the expression of ABCG2 in the brain,
particularly along the luminal side of the BBB.110,111 Zhang and colleagues reported
the gene and protein expression of ABCG2 in both primary cultures of human brain
microvessel endothelial cells.112 Overexpression of human ABCG2 in an immortal-
ized rat brain endothelial cell line resulted in enhanced basolateral-to-apical transport
of mitoxantrone, an established ABCG2 substrate.112 In the porcine brain, ABCG2
appears to be expressed predominantly in brain microvessel endothelial cells and to
a lesser extent in choroid plexus epithelial cells and pericytes.113 Lee and colleagues
reported ABCG2 gene and protein expression along the luminal side of mouse brain
capillaries.114 Taken together, these data suggest that ABCG2 may play a role in
limiting the brain uptake of several xenobiotics. With respect to brain parenchyma,
low expression of ABCG2 has been shown in primary cultures of rat astrocytes and
microglia as well as in the MLS-9 cell line115 and in human fetal astrocytes.112

Although expression of ABCG2 in brain cellular compartments has been demon-
strated clearly, data on the functional activity of ABCG2 at this site remain inconclu-
sive. ABCG2 transport activity at the BBB has been demonstrated in cultured human
and rat brain microvessel endothelial cells, but these cell systems were transfected to
overexpress the exogenous protein of interest.111,112 Studies in primary cultures of hu-
man brain endothelial cells and the RBE4 cell line have shown that the accumulation
of mitoxantrone, an established ABCG2 substrate, could not be enhanced in the pres-
ence of standard ABCG2 inhibitors (e.g., Ko143, FTC), suggesting lack of ABCG2
efflux activity in these cell systems.115 The same study also reported an absence of
ABCG2-mediated efflux of mitoxantrone in primary cultures of rat astrocytes and in
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the MLS-9 cell line.115 Data from recent in vivo studies in ABCG2 knockout mice
are controversial. Some studies have implied that ABCG2 is not functional at the
BBB,114–116 whereas others have suggested that ABCG2 is in fact active at this brain
barrier.117,118 Further studies are needed to clarify the functional significance of this
transporter at the BBB.

14.3.2. Organic Anion–Transporting Polypeptides

Organic anion transporting polypeptides (OATPs in humans; Oatps in rodents)
are a group of membrane solute carriers involved in the transport of amphipathic
substrates.119 Although several members of this family are expressed selectively in
hepatic tissue, many OATPs/Oatps are present in multiple regions of the rodent and hu-
man body, including the CNS. Previous studies have suggested that OATPs/Oatps have
overlapping and partially distinct substrate preferences for many solutes, including
bile salts, organic dyes, steroid conjugates, thyroid hormones, anionic polypeptides,
and numerous xenobiotics.119

Hydropathy analysis has predicted that OATP/Oatp membrane topology consists
of 12 transmembrane domains. However, the 12-transmembrane-domain model pre-
dicted has not been tested experimentally. All OATPs/Oatps share many structural
features, including a large extracellular loop between transmembrane domains 9 and
10 which contains many conserved cysteine residues that resemble the zinc fin-
ger motifs of DNA-binding proteins.119 OATP/Oatp family members also possess
N-glycosylation sites in extracellular loops 2 and 5. In addition, all OATP/Oatp family
members have a conserved amino acid sequence, known as the OATP superfamily sig-
nature, located at the border between extracellular loop 3 and transmembrane domain
6. Conserved charged amino acids are found at the boundaries of the transmembrane
domains as well as within the membrane itself.119 The role of these conserved amino
acids for transmembrane substrate transport has yet to be determined.

OATP/Oatp genes are classified within the solute carrier family 21A (humans:
SLC21A; rodent: Slc21a).119 To date, 11 rat, 8 mouse, and 9 human OATPs/Oatps
have been identified119; however, not all of these isoforms are expressed in the brain.
The information provided below summarizes the molecular (i.e., gene and protein)
expression, localization, and substrate profile of those OATP/Oatp isoforms that have
been identified in the CNS. Since the human OATPs and rodent Oatps are distinctly
different in terms of gene and protein expression and substrate profiles, they are
considered separately.

Human OATP Isoforms Previous studies have shown the expression of OATP iso-
forms in human brain tissue. Immunofluorescence staining of human brain frontal
cortex tissue fixed in situ demonstrated the localization of OATP-A along the bor-
der of brain capillary and microvessel endothelial cells.120 Astrocytes and neurons
were immunonegative, suggesting that these cells do not express OATP-A.120 Stud-
ies in Xenopus laevis oocytes have shown that OATP-A is involved in the uptake of
�-opioid receptor agonists such as d-penicillamine(2,5)-enkephalin and deltorphin
II,120 which implies that this transporter may be prominently involved in the brain
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uptake of centrally active opioids. The transport of these substrates by OATP-A was
inhibited by the opiate antagonists naloxone and naltrindole as well as the �-opioid
receptor agonist Tyr-d-Ala-Gly-N -methyl-Phe-glycinol and the endogenous peptide
Leu-enkephalin.120 Other OATP isoforms that have also been detected in human
brain include OATP-B,121 OATP-D,122 OATP-E,123 and OATP-F.124 Using Xenopus
laevis oocytes and transfected human embryonic kidney cells (HEK293), previous
studies have shown that these OATPs may be involved in the transport of both thera-
peutic agents and endogenous substrates including bromosulfophthalein, pravastatin,
sulfated steroids (i.e., estrone 3-sulfate), prostaglandins (PGE1, PGE2, PGF2�) and
thyroid hormones.121–126 However, the exact cellular localization of these isoforms
in the human brain has yet to be elucidated. In addition, mRNA expression of human
prostaglandin transporter (hPGT), a member of the SLC21A family of transporters,119

has been reported in both adult and fetal brain tissue.127 Although the expression of
hPGT in human brain tissue suggests that it may be involved in the CNS transport of
prostaglandins, further studies are required to elucidate the exact role of this trans-
porter in the brain.

Rodent Oatp Isoforms Similar to human OATPs, several Oatp isoforms have been
detected in tissue isolated from rodent brain. Gene and protein expression of Oatp1
has been observed in neonatal rat choroid plexus.128 Although fluorescence confo-
cal microscopy studies have shown that this transporter is localized intracellularly
in neonatal rats, this same method has shown that Oatp1 is localized primarily to
the apical surface of choroid plexus epithelial cells in adult rats.128 The localization
of this transporter suggests that it may be involved in regulating the brain perme-
ation of therapeutic agents such as estradiol 17�-d-glucuronide,129 fexofenadine,130

and d-penicillamine(2,5)-enkephalin.120 Expression of other Oatp isoforms (e.g.,
Oatp2, Oatp3, Oatp14) has been reported in brain capillary–enriched fractions and/or
brain capillary endothelial cells as well as in choroid plexus epithelial cells.92,131–133

These Oatps may be involved in the brain transport of substrates such as digoxin,134

fexofenadine,130 d-penicillamine(2,5)-enkephalin,135 estrone 3-sulfate,131 and thy-
roid hormones.132

In terms of the brain parenchyma, a few studies have reported the neuronal ex-
pression of both Oatp3 and Oatp9.129,136 Neuronal expression of Oatp9 is interesting
since many of its substrates are involved in inflammatory signaling and regulation
(i.e., prostaglandins, leukotriene C4), suggesting that this transporter may play an
important role in transporting signals to target cells during brain inflammation.129 In
addition, Gao and colleagues (2000) observed that Oatp2 immunoreactivity did not
colocalize with GFAP, which implies that astrocytes do not express Oatp2.120 Overall,
the cellular compartments of the brain parenchyma remain poorly characterized for
the expression of Oatp family members.

Immunoblot analysis has detected the expression of prostaglandin transporter
(rPGT), an Slc21a family member, in cultured rat cerebral endothelial cells, astro-
cytes, pericytes, and choroid plexus epithelial cells.137 Immunocytochemical analysis
detected strong rPGT immunoreactivity in the supraoptic and paraventricular nuclei
of the hypothalamus as well as in the ependymal cell layer of the third ventricle and
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in the choroid plexus.137 The prototypical substrate of rPGT is prostaglandin E2138;
however, functional studies examining rPGT-mediated transport mechanisms in the
brain have not been undertaken.

14.3.3. Organic Anion Transporter Family

Organic anions (i.e., drugs, toxins, as well as endogenous and exogenous molecules)
that are sulfated or glucuronidated by phase II metabolism bear transient or perma-
nent negative charge at physiological pH. Such molecules are generally membrane
impermeable and are transported by the organic anion transport system. In the kid-
ney, organic anions are secreted by the proximal renal tubules into the urine for
elimination. This secretion is divided into two processes: (1) uptake of organic anions
from the peritubular blood plasma into the renal tubular cells through the basolat-
eral membrane, and (2) release of organic anions into the tubule lumen through the
apical brush border membrane.139 Apart from the kidney, organic anion transport
system is also found in the brain, including the brain capillaries, choroid plexus,
and brain parenchyma.7,140 Their expression in the choroid plexus and BBB, in hand
with evidence that steroid hormones, neurotransmitter, and their metabolites, such as
17�-estradiol-d-17�-glucuronide (from 17�-estradiol) and homovanillic acid (from
dopamine), are substrates for organic anion transporters suggest that these transporters
regulate the composition of brain by controlling the flux of xenobiotics from CSF and
ECF into blood.141

Organic anion transporters (OATs) belong to family 22 of the solute carrier su-
perfamily (SLC22A).142 OATs are expressed primarily in epithelial tissues, (i.e., the
kidney and liver) but also in placenta, small intestine, choroid plexus, and brain
microvasculature that transport xenobiotics.143–148 Currently, the OAT family com-
prises OAT1,149−151 OAT2,143 OAT3,145,146 OAT4,147 OAT5,152 OAT6,153 and renal-
specific transporter (RST).144 OATs are categorized into three classes based on their
energy requirements: (1) Na+-dependent OATs, (2) Na+-independent facilitators or
exchangers, and (3) active OATs that require ATP. Na+-dependent OATs have a nar-
row substrate specificity and play a major role in the reabsorption of essential anionic
substrates into the proximal renal tubules. Na+-independent and active OATs, on the
other hand, possess broad substrate specificity and are involved in the secretion of
organic anions in kidney, liver, and brain.7,154

Organic anion transporter 1 (Oat1, Slc22a6) is a transporter abundant in the
brain and was first cloned from rat and mouse and described as novel kidney
transporter.149–151 Human OAT1 is highly localized at the basolateral membrane of
renal proximal tubular cells.155 One of the hallmarks of this transporter is its ability to
exchange extracellular organic anions such as PAH for an intracellular dicarboxylate
(�-ketoglutarate).150 Here, uptake of PAH is coupled indirectly to Na+/dicarboxylate
transport and is tertiary active.156,157 With respect to localization, OAT1/Oat1 is also
weakly expressed in the brain,150,158–160 placenta, skeletal muscle,158 and liver.161

In mouse CNS (choroid plexus, dura mater, root ganglions, and spinal cord), Oat1
mRNA expression is highest at the embryonic stage and decreases toward adulthood,



JWDD059-14 JWDD059-YOU June 13, 2007 9:19

424 DRUG TRANSPORT IN THE BRAIN

where it is detected only in the meninges.159 This differential temporal expression
suggests a yet undetermined role of this anion transporter during the development of
the CNS structures.162 Murine Oat1 has also been detected in neurons of the cere-
bral cortex and hippocampus, as well as in the ependymal cell layer of the choroid
plexus.163 Various studies have shown expression of OAT1 at the apical side of choroid
plexus epithelial cells.160,162,164 This in turn suggests OAT1 involvement in removal
of anionic drugs and neurotransmitter metabolites such as vanillin mandelate from
the CSF to the blood across the CP.160,162,164

Organic anion transporter 2 (Oat2; Slc22a7), cloned from rat liver and described
as novel liver transporter,143 was characterized by Sekine and colleagues.165 OAT2
protein is liver specific and is not expressed in the brain.139,165 Only Oat2 mRNA has
been detected in rat choroid plexus.92

Organic anion transporter 3 (Oat3; Slc22a7) was fist cloned from a rat brain
cDNA library. It is the most abundant OAT in the brain and is also expressed
in liver, kidney, lungs, and eye.146,166 Human OAT3 cloned from the kidney167 is
also highly expressed in the skeletal muscle and brain.168 In rodent kidney, Oat3
is localized to the basolateral membrane of proximal tubules.146,169 In the CNS,
immunochemical staining revealed basolateral141 and faint luminal localization of
Oat3 in rat brain capillaries,170 as well as apical membrane localization in rat171

and human164 choroid epithelial cells. Studies in Xenopus laevis oocyte express-
ing Oat3 have shown transport of PAH, estrone sulfate, taurocholate, ochratoxin,
benzylpenicillin, cimetidine, and ranitidine but not tetraethylammonium in a Na+-
independent manner.140,146,171 Furthermore, benzylpenicillin transport from the CSF
was also Na+-independent and inhibited by PAH. Conversely, elimination of cime-
tidine from the CSF was inhibited by benzylpenicillin and PAH, but not by N 1-
methylnicotinamide, a quaternary amine and typical substrate for organic cation
transporters.172,173 Taken together, these results suggest that the organic anion trans-
port properties via the blood–brain and/or BCSF barrier are consistent with transport
by OAT3. In studies where PAH and homovanillic acid, a metabolite of dopamine,
was injected into the brain, rapid and saturable efflux from the brain was detected
via the BBB.141,174 Furthermore, anionic metabolites of neurotransmitters such as
epinephrine, norepinephrine, dopamine, and serotonin potently inhibited the uptake
of estrone sulfate via rat Oat3-expressing oocyte, suggesting an involvement of Oat3
in the extrusion and elimination of endogenous organic anions from the brain via the
blood–brain and BSCF barrier.146 In other studies where Oat3 gene was disrupted,
there was a significant decrease (∼75 %) in fluorescein uptake by murine choroid
plexus, but no change in fluorescein-labeled methotrexate uptake by the underlying
capillaries of the choroid plexus epithelium.140 This suggests that Oat3 has apical
localization in the choroid plexus cells and that the basolateral exit is not affected
by Oat3 loss. Taken together, Oat3 appears to play a vital role in the entry step
of substrates into the choroid plexus, leading to elimination of substrates from the
CSF.140

Organic anion transporter 4 (OAT4; SLC22A11) was cloned from human kidney
cDNA library and found to be expressed predominantly in the apical membranes
of proximal tubules175 of the kidney and placenta.147 RT-PCR studies have also
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shown OAT4 mRNA in the choroid plexus epithelial cells176 and brain microvessel
endothelial cells.90 Transport by OAT4 which is bidirectional and Na+ independent is
believed to be involved in reabsorption and secretion of prostaglandins,177 estrone sul-
fate, ochratoxin A,147,175 and other anionic substrates through the kidney and choroid
plexus, as well as excretion of toxic substrates from the fetal into maternal circulation
in the placenta.147

Organic anion transporter 5 (Oat5; Slc22a19) was cloned from rat kidney cDNA
library and expressed predominantly at the apical membranes of proximal tubules of
the kidney.178 Organic anion transporter 6 (Oat6; Slc22a20), on the other hand, was
cloned from mouse olfactory mucosa.153 Neither Oat5 nor Oat6 are expressed in the
brain.148,153

Renal-specific transporter (RST, SLC22A12), the mouse homolog of human urate
transporter 1 (URAT1), was cloned from mouse kidney.144 Both human URAT1 and
mouse RST are localized on the apical (brush border) side of the renal proximal tubules
and are believed to be involved in the reabsorption of urate in the kidney.179,180 Al-
though human URAT1 is expressed primarily in the kidney, the mouse homolog pro-
tein is highly expressed in the choroid plexus and brain capillary–enriched fraction.180

Depolarization of membrane voltage stimulates the transport activity of this protein.
As suggested by Breen and co-workers, there are membrane voltage–sensitive ex-
cretion mechanisms for organic anion and fluorescein-labeled methotrexate in the
choroid plexus. Hence, mouse RST, in coordination with OAT3, could potentially
play a role in the extrusion of anionic metabolites of neurotransmitters from the
CNS.181

14.3.4. Organic Cation Transporter Family

Organic molecules with transient or permanent net positive charge are referred to as
organic cations and have decreased ability to permeate biological membranes pas-
sively. Therefore, entry of cationic molecules across cell membranes requires active
transport. Agents varying from (1) endogenous compounds such as acetylcholine,
choline, thiamine, N 1-methylnicotinamide, and creatinine, to (2) the biogenic amines
dopamine, serotonin, epinephrine, and norepinephrine, to (3) therapeutic agents such
as cimetidine, metformin, acyclovir, memantine, and quinidine are among the host
of compounds transported by the organic cation transporter system.182–186 There are
also several weak bases, uncharged, and even anionic compounds that are transported
by this system.187

Organic cation transporters (OCTs), found in various mammalian tissues as well
as lower eukaryotes, bacteria, and plants,188 have been divided into two major groups:
oligospecific and polyspecific transporters. Oligospecific transporters facilitate the
transport of a single main substrate or molecules with closely related structures
and include the Na+-cotransporters for neurotransmitters, high-affinity transporters
for thiamine, and vesicular and plasma membrane cotransporters for choline.183

Polyspecific transporters, on the other hand, mediate the transport of organic cations
with different molecular structures186,189,190 and belong to a large transporter fam-
ily of OCTs, or family 22 of solute carrier superfamily (SLC22A).191 Two distinct
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classes of OCT systems have been defined: (1) potential-sensitive organic cation
transporters (OCT1-3 in humans and Oct1-3 in rodents)192–194 localized to the baso-
lateral membrane of various cells, usually involved in the influx of organic cations
into a cell, and (2) H+ gradient-dependent novel organic cation transporters (OCTN1-
3 in humans and Octn1-3 in rodents) which mediate the cellular efflux of cationic
substrates.195–201 The combined effect of these two OCT systems results in the trans-
port of cationic substrates across the renal tubular cells from the blood into the lu-
minal fluid, from the blood into the bile across the hepatocyte, or from the fetal
into the maternal blood through the placental syncytiotrophoblast, hence eliminat-
ing many endogenous amines as well as a wide array of drugs and environmental
toxins.187

Members of the SLC22A-family share a predicted membrane topology that in-
cludes 12 �-helical transmembrane (TM) domains with cytoplasmic N- and C-
termini along with a large extracellular loop (between TM1 and TM2) that has
several N-glycosylation sites and smaller intercellular loop (between TM6 and
TM7). They also possess a C-terminus that has consensus sequences for pro-
tein kinase A–, protein kinase C–, and tyrosine kinase–dependent phosphorylation
sites.190,202,203

Oct1 (Slc22a1) was originally cloned from rat kidney,192 followed by isolation
of the human (OCT1) homolog.204 Although controversial, very little92,205 or no206

OCT1/Oct1 mRNA has been found in the brain (choroid plexus and astrocytes).
Oct2 (Slc22a2) expression is tissue specific and expressed primarily in the

kidney.193,207 Both Oct2 and OCT2 are localized to the basolateral membranes of the
proximal renal tubules.208,209 Other expression sites include human placenta,193 neu-
rons (human hippocampal pyramidal cells, cerebral cortex, and subcortical nuclei),210

and rat choroid plexus.206,211 OCT2 in human neurons has been reported to medi-
ate the transport of endogenous substrates such as dopamine, norepinephrine, sero-
tonin, histamine, choline, and exogenous substrates such as tetraethylammonium
(TEA), 1-methyl-4-phenylpyridinium (MPP+), muscle relaxant memantine, and the
antiparkinsonian agent amantidine.210 Hence, in the CNS, OCT2 may be involved
in the uptake of choline into neurons and in choline reabsorption from the cere-
brospinal fluid. In other words, OCT2 in brain may help reduce concentrations of basic
neurotransmitters and their metabolites and protect the brain from neurotransmitter
excitotoxicity.

OCT3 (SLC22A3) has a relatively broad expression profile and is highly expressed
in the human placenta, liver, skeletal muscle, kidney, heart, and to a lesser extent, the
brain.212–214 Oct3 mRNA expression in brain is greater than that of Oct1 and Oct2215.
In situ hybridization studies demonstrated its expression in cerebral cortex and cere-
bellar and hippocampal neurons of rodents.213,216 Reverse transcriptase polymerase
chain reaction (RT-PCR) analysis of rat superior cervical ganglion and choroid plexus
has also detected the Oct3 transcript.217 Apart from mediating the uptake of TEA,
desipramine, and amphetamines, OCT3 also interacts with cationic neurotoxin MPP+

and the neurotransmitters dopamine and serotonin. Expression of OCT3 in the brain
combined with its ability to interact with cationic neurotoxins and neurotransmitters
suggests that this polyspecific organic cation transporter may play a significant role
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in the handling of neuroactive compounds in the brain.215 Due to the localization of
OCT3 on cortical astrocytes and its ability to mediate influx of catecholamines and
neurotoxic organic cations such as MPP+, this transporter has also been termed the
extraneuronal monoamine transporter (EMT), known also as the uptake system.218

However, the true role of OCT3 in the brain is not yet known, partly because distri-
bution of dopamine and serotonin are not highly localized to the regions of the brain
where OCT3 is expressed.215

Novel Organic Cation Transporters Thus far, three isoforms in rodents (Octn1-3)
and two isoforms in humans (OCTN1-2) have been cloned and characterized.188

These transporters mediate substrate uptake across membranes of renal proximal
tubules, fetal liver, trachea, placenta, skeletal muscle, and cardiac muscle. All OCTN
members transport organic cations and carnitine,187,199 and translocation of this en-
dogenous substrate together with Na+-and/or organic cations is H+-gradient de-
pendent. l-Carnitine (�-hydroxy-� -trimethylaminobutyric acid) is a small, highly
polar zwitterion at physiological condition that plays an important role in the
cotransport of long-chain fatty acids across the inner mitochondrial membrane
for �-oxidation and ATP generation. This compound, along with its metabolite,
acetyl-l-carnitine, is present in the CNS and has been proposed to have differ-
ent physiological roles, including the control of acetyl moiety level in the brain
parenchyma for the synthesis of acetylcholine.220 Furthermore, administration of
carnitine or acetyl-l-carnitine to Alzheimer’s patients has shown improvement in
memory functions.221 These observations suggest that l-carnitine and acetyl-l-
carnitine are transported from the circulating blood into the brain across the BBB.
In the BBB there are several transport systems for nutrients and xenobiotics to
maintain the homeostasis in the CNS.222 Therefore, it is likely that carnitine and
acetyl-l-carnitine are transported into the CNS via specific transporters across the
BBB.223

OCTN1 (SLC22A4) has been cloned from human and rodent tissue.197,199,201,224

There is, however, large species difference in localization and function of OCTN1.
Humans OCTN1 is expressed primarily in the fetal liver (absent in adult liver), lung,
kidney (brush border membrane), bone marrow, trachea, and to a lesser extent in
skeletal muscle, placenta, and prostate,197 while rat Octn1 mRNA is expressed in the
spinal cord choroid plexus, hippocampus, cortex, and cerebellum.92,201,211 Among
many others, substrates transported by OCTN1 include carnitine, TEA, quinidine,
choline, nicotine, cimetidine, and clonidine.224 OCTN1 localization has been pro-
posed at the apical membranes of polarized cells to aid in the secretion of organic
cations.211

OCTN2 (SLC22A5) was first cloned from human placenta,200 followed by iso-
lation of the mouse and rat homologs.225,226 OCTN2 functions as a polyspecific
and Na+-independent cation uniporter.198,219,227,228 Octn2/OCTN2 has also been
characterized as high-affinity Na+-dependent plasmalemmal carnitine electrogenic
transporter227,229 (also known as carnitine transporter 1, CT1), although it also
transports TEA, albeit with lower activity compared to that of carnitine. When
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expressed in HeLa cells, this transporter mediates the transport of a number of
classical organic cations, including MPP+.200 OCTN2 is present in various tissues,
including brain, kidney, skeletal muscle, heart, placenta, and others.198 In CNS,
OCTN2 mRNA was detected in neurons from hippocampus, cerebellum, spinal
cord, and superior cervical ganglion,198,211,217,228 although it was not expressed in
cerebral cortex neurons.220 OCTN2 has also been detected in primary cultures of
human, rat, mouse, porcine, and bovine brain capillary endothelial cells.223 Func-
tional loss of the transporter in Octn2−/− mice is associated with decreased systemic
and brain concentration of acetyl-l-carnitine230; this, along with their expression
in brain capillary endothelial cells, has led to the belief that these transporters
have luminal localization at the BBB and assist the entry of carnitine into the
brain.223

Octn3 (Slc22a9) was first cloned from mouse testis and the protein shown to be
highly expressed in the testis and liver peroxisomes231 but weakly in the kidney.199

Carnitine transporter 2 (CT2, SLC22A16), on the other hand, was cloned and charac-
terized in human testis.179 However, there is no evidence for the expression of neither
of these proteins in the CNS.

14.3.5. Nucleoside Membrane Transport Systems

Nucleotides, phosphate esters of nucleosides, are the building blocks of nucleic acids,
DNA and RNA, and are considered one of the most important molecules in the cell.
These nucleosides are divided into purines (adenosine and guanosine) and pyrimidines
(cytosine, thymidine, and uridine). Nucleotides such as cyclic AMP and cyclic GMP
serve as secondary messengers in signal transduction, while ATP serves as an energy
store. The nucleotide adenosine is also a ligand for cell surface purinergic P1 receptor
involved in physiological responses, including modulation of neural excitotoxicity,232

coronary vasodilation, and platelet aggregation.233

In general, nucleosides are synthesized endogenously via de novo pathway. How-
ever, a number of cells and tissues, including bone marrow cells, erythrocytes,
leukocytes, and some cells in the brain,234 lack the enzymes required for de novo
nucleoside biosynthesis and therefore rely on salvage of extracellular nucleosides
or nucleobases for their intracellular metabolic demands.235 The brain, is there-
fore, dependent on a constant supply of nucleosides from the blood and in situ
synthesis.236,237 To achieve this, transporters on various cell membranes facilitate
the entry of nucleosides and nucleotides into the cells. It is also of interest to study
these transporters because of their involvement (uptake route) in therapeutic appli-
cations of many cytotoxic nucleotide derivatives used in the treatment of cancer,
stroke, and cardiovascular, parasitic, and viral diseases.233 Mammalian nucleoside
transporters are classified into two structurally and mechanistically unrelated protein
families based on their sodium dependency: Na+-dependent concentrative nucleoside
transporters (CNTs), also classified as the SLC28A family, and Na+-independent
equilibrative nucleoside transporters (ENTs) also classified as the SLC29A
family.233,237,238
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Concentrative Nucleoside Transporter Family CNTs are present in both prokary-
otes and eukaryotes and mediate the concentrative accumulation of nucleosides inside
the cell.239 Six functionally different transport activities have been described based
on their substrate specificity. These are cit (pyrimidine nucleosides and adenosine),
cif (purine nucleosides and uridine), cib (purine and pyrimidine nucleosides), cit-
like (pyrimidine selective but also transports adenosine and guanosine), cs (selective
for adenosine and its analogs), and csg (guanosine selective).240–243 Three different
proteins, CNT1, CNT2, and CNT3, have been described that are insensitive to ni-
trobenzylmercaptopurine riboside (NBMPR) and are responsible for the cit, cif, and
cib activities, respectively. Molecular identities responsible for cit-like, cs, and csg
activity, which are NBMPR-sensitive, have not yet been identified.244 CNT1, -2, and
-3 couple uphill transport of nucleosides to downhill transport of sodium ions, and in
the case of CNT3, also to downhill transport of protons.245 With respect to topology,
CNTs are integral proteins with 13 transmembrane �-helices with a large putatively
extracellular glycosylated extracellular C-terminus.246 However, unlike ENTs, which
are found ubiquitously in many cell types, CNTs are found primarily in special-
ized cell types, including macrophages,247 microglia,248 choroid plexus,249 leukemia
cells,250 and renal and gastrointestinal epithelia,241,243 suggesting an important role
in absorption, secretion, distribution, and elimination of physiologic nucleosides and
nucleoside-analog drugs. CNTs have also been characterized in bacteria, insects,
hagfish,251 Candida albicans,252 and Caenorhabditis elegans,253 and unlike ENTs,
many prokaryotes also express this group of transporters.

CNT1 (SLC28A1) is expressed primarily in epithelial tissues, including kidney,
small intestine enterocytes, and liver, and is localized to the apical membrane, where
it works in concert with ENTs that are localized predominantly in the basolateral
membrane to mediate transepithelial nucleoside flux.254 The Cnt1 gene transcript is
also expressed in many regions of the rat brain, including cerebral cortex, cerebellum,
hippocampus, striatum, brain stem, superior colliculus, posterior hypothalamus, and
choroid plexus.255,256 However, there is no evidence for the expression of the protein at
the BBB,257 although expression of cit nucleoside transport system at the blood–brain
and BCSF barriers has been reported.258 CNT1 mediates the cellular accumulation
of various nucleoside analogs used in the treatment of HIV (zidovudine, lamivudine,
and zalcitabine) and cancer tumors (cytarabine and gemcitabine).259

Messenger RNA for human CNT2 (SLC28A2) has been detected in various tis-
sues, including liver, kidney, spleen, heart, placenta, colon, rectum, pancreas, small
intestine, skeletal muscle, and brain.255,260,261 CNT2 protein is localized at the apical
membranes of polarized kidney cells.262 At the blood–brain and BCSF barriers, CNT2
is limited to the membrane facing interstitial and cerebrospinal fluid, respectively.263

CNT2 is considered as the BBB adenosine transporter and transports adenosine,
guanosine, and certain pyrimidine nucleosides such as uridine.264 Therefore, this
transporter is named sodium-dependent purine nucleoside transporter (SPNT). Lo-
calization of this CNT2 at the blood–brain and BCSF barriers suggests likely roles in
removing adenosine from brain extracellular fluids.263 Antiviral compounds such as
didanosine and ribavirin, used in the treatment of HIV and hepatitis C, respectively,
are also substrates of CNT2.265
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Human CNT3 (SLC28A3) mRNA has been identified in many tissues, including
bone marrow, pancreas, trachea, mammary gland, liver, prostate, heart, brain, and
some regions of the intestine.242 In vitro studies using rabbit choroidal cells have
shown cib-type transport of nucleosides. In addition, in vivo experiments with isolated
rabbit choroidal cells have shown transport of nucleosides from blood to CSF.266 This
system is thus one that facilitates the entry of nucleosides into the brain. Studies
undertaken by our group248 also identified an Na+-dependent NMBPR-insensitive
thymidine uptake by microglia continuous cell line. The cib-type transport identified
at the basolateral side of rabbit choroid plexus tissue slices is selective for naturally
occurring purine and pyrimidine ribo- and deoxyribonucleosides (e.g., guanosine,
inosine, formycin B, uridine, cytidine) and for base-modified nucleoside analogs
(e.g., 5-fluorouridine, 2-chlororadenosine), but not for synthetic nucleoside analogs
(e.g., zidovudine, zalcitabine) substituted on the ribose ring.249,267 This transporter
mediates the cellular uptake of nucleoside analogs used in the treatment of cancer
(e.g., cladribine, gemcitabine, 5-fluorouridine, fludarabine, zebularine) as well as HIV
(e.g., zidovudine, didanosine, zalcitabine).243 However, it is interesting that transport
of nucleoside analog drugs such as stavudine by the cib transport system268 has been
demonstrated in intestinal cells, but this system fails to transport analogs at the blood–
brain and BSCF barriers.267,269

Equilibrative Nucleoside Transporter Family ENTs are expressed in most human
cell types and are widely distributed in eukaryotes but so far appear to be absent in
prokaryotes.239 Four isoforms of ENT, designated ENT1–4 in humans and Ent1–4
in rodents,270 have been identified and classified into two subtypes, based on their
sensitivity to NBMPR. These include the equilibrative sensitive (es) type, inhib-
ited by nanomolar concentrations of NBMPR (Ki = 0.1 to 1 nM) and the equili-
brative insensitive (ei) type inhibited by micromolar concentrations of NBMPR.237

Transport via ENTs is bidirectional and can mediate uptake or efflux of substrate
compounds depending on the nucleoside concentration gradient across the plasma
membrane. Furthermore, all ENTs transport adenosine but have different capacities
to transport other nucleosides and nucleobases.270 ENT1 and ENT2, two of the best-
characterized subtypes of these transporters, exhibit broad substrate specificity for
purine and pyrimidine nucleosides and belong to es- and ei-type ENTs, respectively.
ENT3 is also an es-type transporter and displays broad substrate specificity for nucle-
osides as well as nucleobases.271 The transporting properties of ENT4 have not yet
been fully characterized. As revealed from human ENT1, the archetype for all ENT
family members is predicted to possess 11 �-helical transmembrane domains with
a cytoplasmic N-terminus, an extracellular C-terminus and a large cytoplasmic loop
linking TM6 and TM7.272 In addition, the extracellular loop between TM1 and TM2
is N-glycosylated.273

ENT1 (SLC29A1) is ubiquitously distributed in human and rodent tissues at both
the mRNA and protein levels at the plasma and nuclear membranes.274 In the brain,
ENT proteins play an integral role by salvaging nucleosides for biosynthetic pathways
and/or controlling exogenous adenosine concentrations that interact with purinergic
receptors.275 Both Ent1 and ENT1 have been located at pyamidal neurons of the
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hippocampus, granule neurons of the dentate gyrus, Purkinje and granule neurons of
the cerebellum, cortical and striatal neurons and astrocytes.261,276 In humans, ENT1
protein has been localized at frontal and parietal lobes of the cerebral cortex, thala-
mus, midbrain, and basal ganglia.275 Colocalization of ENT1 with adenosine A1 in
human brain suggests that this transporter may regulate the neuromodulatory actions
of adenosine.275 Human ENT1 is involved in the transport of such nucleoside analogs
as cladribine and cytarabine used in cancer treatment.277

ENT2 (SLC29A2) mRNA is highly expressed in human skeletal muscle as well
as other tissues, including pancreas, prostate, kidney, heart, thymus, placenta, and
brain,278 and is localized to the basolateral as well as nuclear membranes of canine
kidney cells transfected with plasmid encoding the ENT2 gene.274 Human ENT2 pro-
tein is highly expressed in the cerebellum, thalamus, medulla, midbrain, and brain-
stem regions, particularly the pons, and is expressed weakly in cerebral cortex and
basal ganglia.275 Because of ENT2 localization in brain regions rich in glial cells,
involvement of the transporter with nucleoside transport into the glial cells has been
speculated.261,275 Furthermore, Ent2 has been identified as the primary functional
nucleoside transporter in rat C6 glioma cells.279 In contrast to ENT1, ENT2 protein,
when expressed in Xenopus oocytes, can transport the antiretroviral nucleoside analog
zidovudine.278,280

ENT3 (SLC29A3) protein, particularly abundant in the placenta, is widely dis-
tributed in human and rodent tissues and some neoplasias. ENT3 gene transcript has
been detected in brain of both species.271 Unlike ENT1, -2, and -4, which are found
predominantly at the cell surface, ENT3 is localized intercellularly at the lysosomal
membranes and thus may function as a organellar transporter.281 ENT3 has broad
substrate specificity, and the antiviral purines and pyrimidine nucleoside analogs di-
danosine, zalcitabine, and zidovudine are transported efficiently by this protein.281

ENT4 (SLC29A4) protein is expressed ubiquitously in human tissue, particularly
in the brain, and is a low-affinity nucleoside transporter at the cell surface.282 ENT4
transports dopamine, serotonin, and neurotoxin MPP+ efficiently and is therefore
called plasma membrane monoamine transporter (PMAT). This transporter has been
proposed to maintain homeostasis of monoamine levels, and under certain conditions
might supplement the role of high-affinity transporters such as dopamine, serotonin,
and norepinephrine transporters in the brain.282

14.3.6. Peptide Transporters

The intestine and kidney play key roles in the absorption and reabsorption of di-
etary nutrients.283 Several transporters have been identified at these sites that as-
sist in the uptake of peptides from the small intestine and renal tubular lumen into
the blood.284,285 Peptide transporters (PTs) belong to family 15 of the solute car-
rier superfamily (SLC15A) of proton-dependent oligopeptide transporters (POT) and
consist of four members: PEPT1, PEPT2, PHT1, and PHT2.286,287 They have been
reported in mammals, including human, mice, rat, and rabbit,288,289 as well as in
bacteria, fungi, yeast, and plants.290 All members of the POT family consist of 12
putative �-helical transmembrane domains with cytosolic N- and C-termini. The
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extracellular loops can possess two to seven glycosylation sites, while the intracel-
lular loops have various protein kinase A and C phosphorylation sites.287,289 These
symporters couple the uphill movement of small peptides with the downhill movement
of protons across biological membranes via an inwardly directed electrochemi-
cal H+-gradient and a negative membrane potential.291–293 Apart from transport-
ing sequence-independent di- and tripeptides, pharmacologically active peptidelike
drugs (�-lactam antibiotics, ACE inhibitors, and antiviral nucleoside analogs), neu-
ropeptides (carnosine, an endogenous dipeptide), and endogenous peptidomimetics
(5-aminolevulinic acid) are also transported by these PTs.286,289,294,295 The brain, in-
cluding cerebral cortex, cerebellum, and choroid plexus,296,297 also express peptide
transporters that are involved in uptake of substrates from the systemic circulation
and CSF into the brain cells. Furthermore, uptake by PTs of enzymatic degrada-
tion products of neuropeptides that may still be bioactive at the synapse has been
proposed.296–298

Peptide transporter 1 (PEPT1, SLC15A1) was first cloned from a rabbit intesti-
nal cDNA library299 and shown to have high capacity and low affinity for di- and
tripeptides. In mammals, this transporter is expressed primarily in the apical plasma
membrane of enterocytes in the intestine300 and is responsible for the absorption of
small peptides arising from digestion of dietary proteins.299 No Pept1 protein was
found in the rat brain.301

Peptide transporter 2 (PEPT2, SLC15A2) was first cloned from a human kid-
ney cDNA library302 and shown to have low capacity and high affinity for di- and
tripeptides.303 PEPT2 protein is expressed in various tissues, including lung, mam-
mary gland, retina, and brain.301,304 In the brain, Pept2 is expressed in rat cerebral
cortex but the physiological role of the peptide transporter in the cerebral cortex,
is yet to be seen.297 Pept2 transcript has also been identified in rat astrocytes304,305

and could contribute to brain glutathione metabolism by providing cysteinylglycine
derived from extracellular glutathione298 or for removing neuroactive peptides such
as kyotorphin306 from the extracellular fluid. At the rat choroid plexus, both protein
expression307 and functional activity308 have been assessed, and localization of the
transporter has been identified at the apical membranes of the choroidal epithelium
using immunofluorescent confocal microscopy.309 However, since the BBB is imper-
meable to 5-aminolevulinic acid (5-ALA), the presence of this compound, which was
inhibited by �-amino-containing cephalosporins but not Pept1 inhibitors in the CSF,
could be attributed to expression of either Pept2 or other transporters at the basolat-
eral side of the choroidal epithelium.307 In studies performed by Shu and co-workers,
there was a preferential uptake (Km of GlySar was 59.6 �M for apical and 1400
�M for basolateral uptake) of the model dipeptide into primary culture of rat choroid
plexus epithelial cells.309 Furthermore, plasma concentrations of 5-ALA were much
higher than those found in CSF,307 suggesting the presence of an active transport
system for 5-ALA at the choroid plexus epithelium.307 Taken together, PEPT2 may
have a role as an efflux pump for the effective removal of neuropeptides, peptides,
and peptidomimetics from CSF into the blood. Pharmacological inhibition of PEPT2
could maximize CNS penetration of therapeutic peptides that are substrates for this
transporter.309
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Both peptide histidine transporter 1 (Pht1, Slc15a4) and peptide histidine trans-
porter 2 (Pht2, Slc15a3) have been cloned from the rat brain cDNA library.310,311

In situ hybridization studies have also revealed Pht1 localization in several regions
of the rat brain, including the hippocampus, cerebellum, and pontine nucleus, and
in lower levels of the cerebral cortex, brain stem, thalamus, and hypothalamus.310

When expressed in Xenopus oocytes, rat Pht1 transports histidine and histidine-
containing dipeptide, carnosine, in a pH-dependent manner and is inhibited by
other di- and tripeptides.310 On the other hand, in transfected cells, Pht2 acts as
a lysosomal histidine and histidylleucine transporter and may play a role in the
intracellular trafficking of small peptides.311 Unfortunately, information on tissue
distribution and cellular localization and transport properties of Pht1 and Pht2 is
limited.

14.4. RELEVANCE OF DRUG TRANSPORTERS IN DISEASES
OF THE CNS

The expression of many different drug transport proteins in the brain implies a highly
complex system that regulates the permeation of xenobiotics into the CNS. Many
diseases remain refractory to pharmacotherapy, which may be directly related to the
expression of drug efflux transporters at the brain barriers and in brain parenchyma.
In addition, factors related to the neurological disease and pathological conditions of
the CNS may lead to altered drug transporter functional expression. This suggests
that drug permeation and distribution in the brain during various disease conditions
may be much different than expected. The relationship of drug transport proteins
to the pharmacotherapy of neurological disorders such as brain neoplasia, HIV-1
encephalitis, epilepsy, Alzheimer’s disease, and Parkinson’s disease is discussed in
the following section.

14.4.1. Brain Neoplasia

Pharmacological treatment of brain cancer is extremely difficult, possibly due to
the limited brain accumulation of chemotherapeutic agents. Many tumors, especially
those of neuroepithelial origin (i.e., involving astrocytes, oligodendrocytes, ependy-
mal cells, and the choroid plexus), have been shown to express drug transporters
known to regulate the cellular accumulation of antineoplastic drugs. Most current re-
search has focused on the expression and functional activity of ABC superfamily drug
efflux transporters in tumor cells and the consequent development of MDR. Tumor
cells rapidly develop MDR, which may be either intrinsic or acquired. Intrinsic (also
known as de novo) resistance is present prior to chemotherapy exposure and leads to
initial treatment failure. Resistance developed during the course of chemotherapy is
known as acquired MDR, and these patients often display disease progression even
though initially, they responded to treatment.95 Several lines of evidence support the
expression of ABC transporters in brain tumors, although the relationship of trans-
porter expression to tumor grade and cellular origin remains unclear. Pgp expression
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has been reported in gliomas312,313 as well as along the tumor microvasculature in
both gliomas and glioblastomas.314,315 In addition, Abe et al. reported MRP1 expres-
sion in gliomas isolated from chemotherapy-naive patients.316 Interestingly, this same
study reported that MRP1 expression increased in patients who received aggressive
chemotherapy,316 suggesting that drug treatment may up-regulate the expression of
this transporter in brain cancer. Gene and protein expression of several MRP isoforms,
including MRP3, MRP4, and MRP5, have been identified in cell lines derived from
brain neoplasms.317 Up-regulation of ABCG2 in brain cancer has also been reported,
and it appears to be localized exclusively to the tumor microvasculature.318 As de-
scribed earlier in the chapter, many ABC transporter substrates are also commonly
used chemotherapeutic agents.319–321 The expression of ABC transporters in brain
tumors may explain, in part, the limited efficacy of pharmacotherapeutic approaches
in the treatment of brain cancer.

To date, little is known about the expression of uptake transporters in various
types of brain cancer. A recent manuscript has described the mRNA expression of
various OATP isoforms, including OATP-A, OATP-B, and OATP-C in isolated hu-
man gliomas.322 The role of these transporters in regulating chemotherapeutic drug
distribution in the brain remains to be determined.

14.4.2. HIV-1 Encephalitis

Human immunodeficiency virus type-1 (HIV-1) infection of the brain may lead
to HIV-1 encephalitis (HIVE), a chronic neurodegenerative condition character-
ized by productive viral replication in brain mononuclear phagocytes.323,324 HIVE
may lead to various neurocognitive disorders, including HIV-1-associated dementia
(HAD), which is characterized by cognitive and motor dysfunction as well as be-
havioral abnormalities.325 The implementation of highly active antiretroviral therapy
(HAART) to treat HIV-1 infection has led to a 40 to 50% decrease in the incidence of
HAD.326–328 However, HIV-1-associated neurocognitive disorders, including HAD-
and HIV-related sensory neuropathies, continue to be a major cause of morbidity and
mortality. In fact, the combined prevalence of HAD-and HIV-related sensory neu-
ropathy is approximately 30 to 50% in patients with advanced HIV-1 infection.328

Taken together, these observations suggest that HAART may not provide complete
protection against the progression of HAD/HIVE.

HIV-1 enters the brain early during the course of infection and infects primarily
microglia and to a lesser extent, astrocytes.324 Once they are infected, these cells may
become activated and secrete cytokines (e.g., TNF�, IL-1�, IL-6) and neurotoxins
(e.g., arachidonic acid, glutamate, nitric oxide, platelet activating factor, quinolinic
acid).324 Release of these substances may be induced by the binding of HIV-1 viral
proteins HIV-1 viral envelope glycoprotein gp120 or HIV-1 transactivator protein
(Tat) to chemokine receptors (e.g., CXCR4, CCR5) on the microglia/astrocyte cell
surface.323,324,329 When high concentrations of these substances are present in the
brain, neurotoxicity may result due to overactivation of neuronal receptors [e.g.,
N-methyl-d-aspartate receptors (NMDARs)].



JWDD059-14 JWDD059-YOU June 13, 2007 9:19

RELEVANCE OF DRUG TRANSPORTERS IN DISEASES OF THE CNS 435

Several studies have demonstrated that many neurotoxic mediators released during
brain HIV-1 infection, particularly cytokines, can alter drug transporter expression.
Studies using isolated rat hepatocytes330 and isolated rat brain capillaries331 have
shown that cytokines (e.g., TNF�, IL-1�, IL-6) can alter Pgp molecular expres-
sion and functional activity. Using a human hepatoma cell line (HepG2), Lee and
Piquette-Miller (2003) demonstrated that treatment with IL-1� and IL-6 can signif-
icantly increase both MRP1 gene expression and functional activity.332 Therefore,
it is not unexpected that cytokine secretion during HIV-1 infection can lead to al-
tered drug transporter expression and changes in antiretroviral drug permeation and
distribution in the CNS. In fact, our laboratory has recently shown increased cy-
tokine secretion in the presence of the HIV-1 viral envelope glycoprotein gp120 and
that these cytokines are involved in the regulation of Pgp expression in cultured
rat astrocytes.333

In addition to the secretion of inflammatory cytokines, other studies have shown
that the HIV-1 virus and its related proteins can also alter the functional expression
of drug transporters. An early study reported that Pgp expression was up-regulated
upon HIV-1 infection of both a T-cell and monocytic cell line.334 Andreana and col-
leagues also reported increased Pgp expression in peripheral blood mononuclear cells
(PBMCs) isolated from HIV-infected patients.335 These observations are somewhat
controversial, as other studies have shown that various subsets of PBMCs may ac-
tually express lower levels of Pgp in HIV-1-infected patients compared to healthy
volunteers.336,337 The fact that soluble viral proteins (e.g., gp120, Tat) are secreted
during active HIV-1 infection has generated significant interest. Recently, Tat has
been shown to increase in vitro both Pgp and MRP1 expression at the BBB.338,339

Studies in our laboratory have shown that Pgp expression and functional activity are
decreased significantly in cultured astrocytes treated with gp120.333

Although implementation of HAART has been successful in reducing systemic
viral load in HIV-1-seropositive patients, HIVE remains refractory to drug therapy,
possibly due to the poor permeation of antiretroviral drugs into the brain. For exam-
ple, antiretroviral drugs, particularly HIV-1 protease inhibitors, penetrate the CNS
poorly.340 One possible mechanism for the low brain concentrations of antiretrovi-
ral drugs is the expression of ABC transporters (e.g., Pgp, MRPs, ABCG2) at the
brain barriers and in brain cellular targets of HIV-1 infection (e.g., microglia, as-
trocytes). HIV-1 protease inhibitors are well-known transport substrates for both
Pgp and MRPs.50,76,341,342 In addition, nucleotide reverse transcriptase inhibitors
(e.g., PMEA) have been shown to interact with Mrp4 and Mrp5 in cultured rat
microglia.82 Zidovudine monophosphate and abacavir have also been shown to be
MRP4 substrates,79,343 whereas stavudine is an MRP5 substrate.343 Additionally,
MRP8 has been shown to be involved in the cellular efflux of PMEA and zalcitabine
but not zidovudine or lamivudine.344 Antiretroviral agents that have been shown
to be substrates for ABCG2 include the nucleoside reverse transcriptase inhibitors
zidovudine and stavudine.345,346 In contrast, HIV-1 protease inhibitors (e.g., riton-
avir, saquinavir, nelfinavir) have been shown to be inhibitors but not substrates of
ABCG2.347 Other studies suggest that antiretroviral drugs may be responsible for
increased Pgp levels in HIV-infected cells. Several groups have reported that HIV-1
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protease inhibitors (e.g., saquinavir, ritonavir, nelfinavir, amprenavir) and nonnu-
cleoside reverse transcriptase inhibitors (e.g., efavirenz) may induce significant Pgp
expression in peripheral immune and intestinal cells that have been cultured in these
drug solutions for a period of time.337,348–350 In contrast, other researchers have re-
ported that HIV-1 protease inhibitors do not alter Pgp expression and suggest that
drug resistance is associated with mutations in the HIV-1 protease enzyme rather
than an overexpression of Pgp.351 Similarly, studies have shown that the induction
of drug resistance by selection with increasing concentrations of zidovudine resulted
in cells that were resistant to zidovudine but did not express detectable amounts of
Pgp.352 It has been proposed that resistance to zidovudine is associated primarily with
mutations in HIV reverse transcriptase and not Pgp overexpression.352

To date, a few studies have described uptake systems that may be involved in anti-
HIV drug transport in the brain. Our laboratory has reported the functional expression
of a Na+-dependent thymidine transporter248 as well as an organic cation transporter-
like uptake system for zidovudine in cultured rat microglia.353 Furthermore, nucleo-
side transporters such as hCNT1 have been implicated in the low-affinity uptake of
zidovudine and stavudine.354

14.4.3. Epilepsy

Epilepsy is characterized by recurrent seizures and is one of the most common neuro-
logical disorders worldwide.355 Approximately one-third of epileptic patients remain
pharmacoresistant despite significant advances in antiepileptic drug therapy.356 The
consequences of uncontrolled epilepsy are severe and include decreased life span,
bodily injury, neuropsychological impairment, and social disability.357 Resistant pa-
tients often do not respond to drug therapy with several, if not all, antiepileptics, even
though these compounds may act by different pharmacological mechanisms.358 Inter-
estingly, the blood concentrations of antiepileptic drugs in resistant patients usually
fall within the normal therapeutic range, suggesting an intrinsic mechanism in the
brain that limits the accumulation of antiepileptic drugs.

Tishler and colleagues were the first group to describe the role of drug transporters
in the development of pharmacoresistant epilepsy.359 They reported overexpression
of Pgp in brain tissue isolated from pharmacoresistant patients, which implies that
the development of MDR may also be relevant to the treatment of epilepsy. Pgp ex-
pression has also been reported in the capillary endothelium in brain tissue of patients
with intractable epilepsy.360 In fact, the brain expression of Pgp may be up-regulated
in drug-resistant epilepsy. For example, Rizzi et al. induced seizures in rats by kainate
injection and observed increased Pgp expression in the limbic system after repeated
seizure activity.361 Interestingly, exposure to antiepileptic drugs did not increase Pgp
expression in rats, suggesting that Pgp upregulation is mediated by factors related to
seizure activity itself.361 MRP1 expression has also been detected in several brain mal-
formations characteristic of refractory epilepsy, including dysplastic neurons, reactive
astrocytes, and the glial element of focal cortical dysplasia (i.e., balloon cells).362,363

In addition, up-regulation of MRP2 and MRP5 mRNA transcripts and protein has been
reported in medically intractable epilepsy.360,364 Interestingly, the protein expression
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of ABCG2 has also been reported to increase in experimental rat models of status
epilepticus.77 However, the effect of increased ABCG2 expression in the development
of resistance to antiepileptic drugs remains to be determined. In addition, studies ex-
amining the involvement of various influx transport systems on the brain permeation
of antiepileptic drugs have not been described. These transporters (e.g., OATs, OCTs,
OATPs, peptide transporters, nucleoside transporters) may represent novel therapeutic
targets for enhancing delivery of antiepileptic compounds to the brain.

14.4.4. Alzheimer’s Disease

Alzheimer’s disease, a progressive neurological disorder, affects approximately 15
million people worldwide and is the most common cause of dementia in the elderly.365

The pathological features of Alzheimer’s disease are neurofibrillary tangles and the
formation of neurite plaques, which may be focal or diffuse. The principal component
of the neurite plaques is �-amyloid protein, which is believed to induce inflamma-
tory processes characterized by microgliosis and astrocytosis.366 Activated microglia
and astrocytes secrete neurotoxic mediators that may lead to neuronal cell injury
and death. Neuronal cell death in Alzheimer’s disease may result in several clini-
cal manifestations, including impaired memory as well as cognitive and behavioral
dysfunction.367

To date, there is very little information on the role of drug transporters in the
pathogenesis and treatment of Alzheimer’s disease. A few studies have demonstrated
that Pgp may play a protective role against the onset of Alzheimer’s disease. Using
Pgp- enriched plasma membrane vesicles, Lam and colleagues observed the ATP-
dependent transport of �-amyloid protein, suggesting that this protein is in fact a Pgp
substrate.368 More recently, an inverse correlation was observed between vascular Pgp
expression and deposition of �-amyloid protein in the brain parenchyma, suggesting
that Pgp may be involved prominently in the brain clearance of �-amyloid protein.369

Interestingly, simvastatin and pravastatin, two 3-hydroxy-3-methylglutarylcoenzyme
A (HMG-CoA) reductase inhibitors, have been shown to reduce intra- and extracellu-
lar levels of �-amyloid peptides in primary cultures of hippocampal neurons, although
a definitive correlation with Pgp has not been demonstrated clearly.370 Taken together,
these data imply that the use of therapeutic strategies to increase brain Pgp expression
may be useful in the prevention and treatment of Alzheimer’s disease.

14.4.5. Parkinson’s Disease

Parkinson’s disease is a common neurodegenerative disorder characterized by
bradykinesia and akinesia (i.e., slowness or inability to initiate voluntary movement),
muscle rigidity, and tremor at rest. It has an estimated prevalence ranging between
70 and 170 per 100,000 persons in North America.371 Parkinson’s disease is a syn-
drome rather than a specific disease and may result from either familial or sporadic
etiology. In sporadic Parkinson’s disease, environmental factors such as pesticide and
well water exposure, rural living, and various drug contaminants (i.e., MPP+) have
been implicated.372,373 The association of these environmental factors with the onset
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of Parkinson’s disease has led to a significant interest in transporters that may be
involved in the uptake and distribution of these toxins in the brain. For example, it has
been suggested that genetic polymorphisms in the MDR1 gene may represent a risk
factor for Parkinson’s disease since Pgp is involved in the active efflux of toxins from
the brain. In fact, studies using mdr1a(−/−) mice have shown that Pgp is prominently
involved in limiting the accumulation of toxic pesticides in the CNS.374 Nonetheless,
no published research has directly examined the role of drug transporters in either the
pathogenesis and/or brain distribution of anti-Parkinsonian drugs.

14.5. CONCLUSIONS

The dynamic and highly controlled environment of the brain is regulated, in part,
by the blood–brain and blood–CSF barriers. Within this intricate environment exists
the cellular components of the brain parenchyma (i.e., astrocytes, microglia, oligo-
dendrocytes, and neurons). Each brain cellular compartment possesses a specific and
selective set of metabolic enzymes, receptor proteins, and secretory factors that serve
to maintain the homeostatic environment required for normal brain physiology. In ad-
dition, the localization and expression of putative drug transporters in these barriers
play a critical role in the influx and efflux of numerous endogeneous and exogeneous
substrates, which ultimately exert a significant impact in the overall pharmacokinetic
and pharmacodynamic profile of drugs in the brain. The localization and functional
expression of influx transporters (e.g., OATs, OCTs, OATPs, NTs, PTs) as well as
the efflux transporters (e.g., Pgp, MRPs, ABCG2) at the brain barriers and within
the brain parenchyma suggest that complex drug–transporter interactions may occur
during the pharmacotherapy of CNS disease. Further investigation is required to char-
acterize drug transporters at the parenchymal barrier sites so as to fully understand
their clinical role.
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464 DRUG TRANSPORT IN THE KIDNEY

15.1. INTRODUCTION

A variety of endogenous and exogenous substances that are harmful to the body can
be classified into organic anions and cations. Their elimination is therefore essential
for the maintenance of homeostasis. Excretory organs such as the kidney, liver, and in-
testine defend the body against the potentially harmful effects of these compounds by
biotransformation into less active metabolites and by the excretory transport process.
Particularly in the kidney, drugs and environmental toxicants are eventually excreted
into the urine, either in the unchanged form or as biotransformation products. This re-
nal excretion is closely related to the physiological events occurring in nephrons (i.e.,
filtration, secretion, and reabsorption). More than 70 years ago, phenolsulfophthalein,
an anionic dye, was already observed to be highly concentrated in the proximal con-
voluted tubules, and thus it was used as an indicator of the tubular secretion process.1

Transport systems responsible for renal tubular secretion of endogenous or exogenous
substances have been divided into either organic anion transport systems or organic
cation transport systems, based on their preferential substrate selectivity.2,3 The pro-
cess of secreting organic anions and cations through the proximal tubular cells is
achieved via unidirectional transcellular transport, which involves the uptake of or-
ganic ions into the cells from the blood across the basolateral membrane, followed
by extrusion across the brush border membrane into the proximal tubular fluid.4,5

Generally, the substrates for renal organic anion transport system include a number
of chemically heterogeneous weak acids with a carbon backbone and a net negative
charge at physiological pH (pKa < 7). Their structures may be aromatic or aliphatic.
Historically, p-aminohippurate (PAH) has been used as a prototypical substrate for
the renal organic anion transport system.2,3 PAH is a high-affinity substrate, and it is
nearly totally extracted by the renal organic anion transport system during a single
passage through the kidney when its serum concentration is low. As a result, the PAH
clearance has been used to estimate the renal plasma flow, and the renal organic anion
transporter has alternatively been called a PAH transporter. A prominent feature of
the PAH transporter is that it interacts with and transports a variety of organic anions
with unrelated chemical structures.3,5,6 Various endogenous organic anions, uremic
substances, drugs, and environmental compounds have been assumed to be substrates
of the PAH transporter.

Although the substrates for renal organic cation transport systems include numer-
ous structurally divergent cationic compounds, all contain a nitrogen atom and carry a
net positive charge at physiological pH. Their structures may be primary, secondary, or
tertiary amines or quaternary ammonium salts. Historically, N 1-methylnicotinamide
(NMN) and tetraethylammonium (TEA) have been used as model substrates for study-
ing organic cation transport.3,4 Earlier studies indicate that active secretion and re-
absorption of organic cations are both mainly proximal tubular functions. A num-
ber of organic cations, particularly when present in low concentrations, are almost
completely extracted from blood during a single passage through the kidney. Their
clearance can thus approximate the renal plasma flow. The organic cation secretory
mechanism is saturable and thereby subject to competitive inhibition.7 Studies with
isolated rat hepatocytes suggest the existence of two different uptake systems for
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organic cations: type 1 transports small hydrophilic organic cations, and type 2 trans-
ports large hydrophobic organic cations.8,9

During the last decade, molecular cloning has identified several families of mul-
tispecific organic anion and cation transporters, such as organic anion transporter
(OAT), organic cation transporter (OCT), organic anion–transporting polypeptide
(OATP), sodium-phosphate transporter (NPT), peptide transporter (PEPT), nucleo-
side transporter (CNT), and the multidrug and toxin extrusion 1 (MATE1). Addi-
tional findings have also suggested ATP-dependent organic ion transporters such as
MDR1/P-glycoprotein, the multidrug resistance–associated protein (MRP) and the
breast cancer resistance protein (BCRP) to act as an efflux pump.

In this chapter we outline the present knowledge of drug transport in the kidney. The
first section is an overview of the molecular information on renal drug transporters. It
includes the key transporters associated with renal organic anions and cations, pep-
tides, and nucleosides. In the second section we focus on recent advances, particularly
the regulatory mechanisms of renal drug transporters, such as gender differences, in-
tracellular signaling, and scaffold proteins. Finally, we discuss the pharmacological
and toxicological aspects of renal drug transporters. A number of articles10,11 and
reviews12–20 concerning organic anion and cation transporters have been published.

15.2. MOLECULAR IDENTIFICATION OF RENAL
DRUG TRANSPORTERS

15.2.1. Organic Anion Transporters

Molecular cloning has identified most of the organic anion transporters to belong to
the OAT, OATP, NPT, PEPT, CNT, and MRP transporter families and BCRP (Table
15.1 and Figure 15.1). In this part we give an overview of molecular information
concerning individual organic anion transporters and their possible roles in renal
drug elimination.

Organic Anion Transporter Family SLC22

OAT1 Several research groups have cloned the first member of the OAT family
OAT1.21–23 OAT1 is identical to the previously isolated clone, the novel kidney-
specific transporter (NKT).24 OAT1 mRNA is expressed predominantly in the kid-
neys and weakly in the brain. In the kidneys, OAT1 protein is localized at the baso-
lateral membrane of proximal tubular cells. The OAT1-mediated uptake of PAH is
stimulated by an outwardly directed concentration gradient of dicarboxylates such
as �-ketoglutarate, which is consistent with the previous notion that OAT1 is an or-
ganic anion–dicarboxylate exchanger.25 The substrate selectivity of OAT1 is markedly
broad, and these substrates include endogenous substances, such as dicarboxylates,
cyclic nucleotides, and prostaglandins, and exogenous substances, such as various
anionic drugs and environmental compounds.26 The affinities of OAT1 for these
compounds are similar to values reported for the basolateral PAH transporter,3 and
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Lumen

Blood

OAT1/3

OAT2
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GSH
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FIGURE 15.1. Proposed model of organic anion and cation transporters in renal proximal
tubules. OAs, organic anions; OCs, organic cations; DCs, dicarboxylates; MCs, monocarboxy-
lates.

the functional properties and localization of OAT1 are identical to those of the
renal PAH transport system. The alternative splice variants of human OAT1 have
been identified27,28; OAT1-1 and OAT1-2 appear to be functionally almost identical,
whereas no functions have been detected for OAT1-3 and OAT1-4.29

OAT2 OAT2 was originally isolated from the rat liver as a novel liver-specific trans-
port protein with an unknown function.30 Because of its structural similarities to
OAT1, OAT2 was functionally characterized.31 OAT2 is expressed predominantly in
the liver and weakly in the kidneys. The typical substrates of OAT2 are salicylate,
acetylsalicylate, prostaglandin E2 (PGE2), dicarboxylates, PAH, zidovudine (AZT),
and tetracycline.32–37

OAT3 OAT3 was isolated from the rat,38 and it seems to us structurally identical to
Roct, which has been identified as a transporterlike protein that exhibits a reduced
expression in osteosclerosis mice.39 OAT3 mRNA is expressed in the kidneys, liver,
brain, and eye.38 In the kidneys, OAT3 is localized at the basolateral membrane of the
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proximal tubular cells.40,41 In the brain, OAT3 is localized at the luminal membrane of
choroid plexus cells42,43 and in capillary endothelial cells.44 Similar to OAT1, OAT3
recognizes a broad spectrum of substrates, which mediates the high-affinity transport
of PAH, estrone sulfate, ochratoxin A, and various drugs, including the cationic drug
cimetidine, in exchange for dicarboxylates inside cells.35–37,45–48

OAT4 OAT4 was cloned from human kidneys.49 OAT4 mRNA is expressed in the
kidneys and is localized at the apical membrane of proximal tubular cells. In the
placenta, OAT4 is expressed on the fetal side of the syncytiotrophoblast cells.50 When
expressed in Xenopus oocytes, OAT4 mediates the Na+-independent, high-affinity
transport of estrone sulfate, dehydroepiandrosterone sulfate, ochratoxin A, and PGE2,
PGF2�, and urate.35,37,46,49,51,52 A recent study demonstrated that OAT4 functions as
an organic anion–dicarboxylate exchanger.53

URAT1 URAT1 is expressed exclusively in the kidneys, where it is located in the
apical membrane of proximal tubular cells.54 URAT1 exhibits Na+-independent up-
take of urate and regulates the serum urate level; genetic defects in URAT1 are
the predominant causes of idiopathic renal hypouricemia. In a study using URAT1
cRNA-injected Xenopus oocytes, the cis-inhibitory effect of uricosuric drugs (e.g.,
probenecid, benzbromarone, sulfinpyrazone, losartan) and the trans-stimulatory ef-
fect of antiuricosuric drugs (e.g., pyrazinoic acid, the metabolite of the antituberculous
agent pyrazinamide) on the URAT1-mediated transport of urate were demonstrated.54

Oat5 Oat5 was recently identified from mouse55 and rat.56 It is expressed exclusively
in the kidneys, and rat Oat5 is localized at the apical side of the proximal tubules.56

Oat5 mediates the transport of steroid sulfates as well as ochratoxin A.55–57

Other than these six clones, Sun et al. has reported two OAT-related clones and desig-
nated them as hOAT4 and hOAT5, respectively.58 However, they did not demonstrate
any transport function, and human OAT4, identified by Cha and colleagues,49 and
mouse and rat Oat5,55,56 are not identical to these two clones.

Organic Anion–Transporting Polypeptide Family SLC21/SLC0 The first member of
this family, oatp1, was identified from the rat liver by an expression cloning method
as a sodium-independent bile acid transporter.59 Thus far, 11 human isoforms and
14 rat isoforms have been identified in the OATP family.60 Although some OATPs are
involved selectively in the hepatic uptake of bulky and relatively hydrophobic organic
anions, most OATPs are expressed in many tissues, such as the blood–brain barrier,
choroids plexus, lungs, heart, intestine, kidneys, placenta, and testes.60 To clarify
the confusing and species-dependent “old” nomenclature, a novel nomenclature has
recently been assigned to the OATP family (Table 15.1). The OATP superfamily was
subdivided into several families (40% amino acid sequence identity) and subfamilies
(60% amino acid sequence identity).60 The OATP family is now divided into six
families (OATP1 to OATP6). There are considerable species differences in the OATP
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family among rodents and humans. Among human OATPs, only OATP4C1 is mainly
expressed in the kidneys.61 Oatp1a3v1 (previous name: OAT-K1)62 and Oatp1a3v2
(previous name: OAT-K2)63 are expressed specifically in the rat. Oatp1a1 (previous
name: oatp1),59 Oatp1a5 (previous name: oatp3),64 Oatp1a6 (previous name: oatp5),65

and Oatp4c161 are expressed in rodent kidneys. The orthologs of these isoforms,
except OATP4C1, are absent in humans. Because of the above-mentioned remarkable
species differences in OATP, it is difficult to assign distinct physiological roles to each
OATP in the kidneys. The role of OATP4C1 in the kidneys is evident. There are several
important substances that are preferable substrates for the OATP family, which are
excreted primarily via the kidneys. One example is digoxin, a cardiac glycoside. The
exit pathway for digoxin at the apical membrane of proximal tubular cells has been
assumed to be an ATP-dependent efflux pump, P-glycoprotein (Pgp).66 However,
the basolateral entrance for digoxin was as yet unknown. Recently, OATP4C1 has
been revealed to be a digoxin transporter.61 OATP4C1 is expressed exclusively in
the basolateral membrane of proximal tubular cells and mediates the high-affinity
transport of digoxin (Km = 7.8 μM) and ouabain (Km = 0.38 μM), as well as thyroid
hormones such as triiodothyronine (Km = 5.9μM). These data suggest that OATP4C1
is a digoxin transporter localized in the basolateral membrane of proximal tubular cells
and plays a central role in the renal elimination of digoxin.

Sodium/Phosphate Transporter Type I Family SLC17 Molecular studies have de-
termined that type 1 phosphate transporters (NPT1s; SLC17), a family of proteins
initially characterized as phosphate carriers, expressed at the apical membrane of
renal proximal tubular cells, mediate the transport of organic anions (Figure 15.1).67

Mouse and human NPT1 were shown to mediate the transport of various organic
anions in a chloride-dependent manner. Moreover, because human NPT1 exhibits
an affinity for PAH, corresponding to previous reports using brush border membrane
vesicles, NPT1 is also suggested as representing the classical voltage-dependent PAH
transporter.13 However, an influence of the membrane potential on PAH transport
was not demonstrated.68 We isolated a novel transport protein with the properties of
voltage-driven organic anion transport from pig kidney cortex by expression cloning
in Xenopus oocytes.69 A cDNA encoding a 467-amino acid peptide was designated
as OATv1 (voltage-driven organic anion transporter 1). The predicted amino acid
sequence of OATv1 exhibited 60 to 65% identity to those of human, rat, rabbit, and
mouse NPT1/Npt1. OATv1 mediates the transport of PAH, estrone sulfate, estradiol-
17�-glucuronide, and urate. PAH transport via OATv1 was affected by the changes
in membrane potential. This transport protein is localized at the apical membrane
of renal proximal tubule, which is consistent with the proposed localization of a
voltage-driven organic anion transporter. OATv1 has therefore been proposed to play
an important role in the excretion of various organic anions, including PAH and urate
driven by membrane voltage through the apical membrane of the tubular epithelial
cells into the urine.

Peptide Transporter Family SLC15 Peptide transporters are involved in electrogenic,
H+-dependent transport of small peptides as well as various peptidelike drugs,70,71
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such as �-lactam antibiotics, angiotensin-converting enzyme (ACE) inhibitors, and
anticancer drugs. Two peptide transporters, designated as PEPT1 and PEPT2, have
been cloned.70,71 PEPT1, a low-affinity/high-capacity transporter, was first cloned
from the rabbit intestine and subsequently from rat and human. Rat Pept1 was localized
to the apical side of intestinal epithelial cells72 and in early regions (S1 segments) of
apical proximal tubules.73 PEPT2, a high-affinity/low-capacity transporter, appeared
to have different tissue localization than PEPT1, in that PEP2 is highly expressed
in the kidney but not in the intestine. Rat Pept2 was localized to the apical side of
the proximal tubule in more distal regions (S3 segments).73 Generally, substrates for
Pept2 are similar to those of Pept1, although their affinities are different.

Nucleoside Transporter Family SLC28 Nucleoside transporters in the the concen-
trative inwardly directed Na+/nucleoside cotransport system (CNT family; SLC28)74

and the equilibrative bidirectional facilitators (ENT family; SLC29)75 play critical
roles in nucleoside salvage pathways, where they mediate the first step of nucleotide
biosynthesis. In addition, these transporters work in concert to terminate adenosine
signaling. CNT family members are crucial determinants of response to a variety
of anticancer and antiviral nucleoside analogs, as they modulate the entry of these
analogs into target tissues. Furthermore, this family is involved in the absorption and
disposition of many nucleoside analogs.

Multidrug Resistance–Associated Protein Family ABCC The MRP family consists
of primarily active transporter with ATP-binding cassette motifs. The prototype of this
family is Pgp,66 which extrudes various hydrophobic molecules, particularly antineo-
plastic compounds, such as vincristine, vinblastine, adriamycin, and daunorubicin,
and it confers multidrug resistance on cancer cells.76 MRP1 and MRP2 were isolated
from cancer cells with multidrug resistance that do not express Pgp. In addition to
antineoplastic drugs, MRP2 transports glucronides and cysteine conjugates, and it is
expressed in the canalicular membrane of hepatocytes.13 MRP2-deficient mice lack
the activity to extrude conjugate anions from the liver, thus resulting in the phenotype
of the Dubin–Johnson syndrome.77 To date, many isoforms have been identified in
the MRP family,13,78 and several of these isoforms are expressed in the apical mem-
brane of proximal tubular cells (Figure 15.1). MRP members in proximal tubular
cells supposedly function as an extrusion pump for organic anions from the apical
membrane, especially large and hydrophobic organic anions. Regarding the renal
physiology and pharmacology, particular attention should be paid to two isoforms:
MRP2 and MRP4. MRP2 has been shown to transport PAH, but its affinity for PAH
is low (Km = 2 mM). The observation that the renal excretion of PAH in isolated
perfused kidneys from Mrp2-deficient rats is not significantly different from those
in the kidneys from wild-type rats suggests a modest contribution of MRP2, if any,
to the efflux of PAH.79 In contrast, human MRP4, which is also localized in the api-
cal membrane of proximal tubular cells, transports PAH with a much higher affinity
(Km = 160 μM) compared with MRP2. Furthermore, real-time PCR and Western blot
analysis showed that the renal cortical expression of MRP4 is approximately fivefold
higher than that of MRP2.79 These data demonstrate that MRP4 plays a certain role in
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the efflux of PAH and several small hydrophilic organic anions, such as urate, cAMP,
and cGMP, into the tubular lumen.80

Breast Cancer Resistance Protein/ABCG2 Breast cancer resistance protein (BCRP)
is the second isoform of the WHITE subfamily of the human ATP-binding cassette
(ABC) transporter superfamily and thus also named as ABCG2.81 BCRP is called
a half-transporter because it contains a single N-terminal ATP-binding cassette fol-
lowed by six putative transmembrane segments and may function as a homodimer or
homotetramer. BCRP expression was detected in several hematological malignancies
and solid tumors, suggesting its role in clinical drug resistance of cancer.81 BCRP can
accept a variety of organic anions, such as sulfated conjugates of steroids and xenobi-
otics in addition to the anticancer drugs mitoxantrone, topotecan, and methotrexate.81

Bcrp mRNA levels were high in rodent kidneys82 but BCRP seems unlikely to play
an important role in renal secretion of drugs in humans as in rodents, since there is
little expression of BCRP in human kidney.

15.2.2. Organic Cation Transporters

In this part we give an overview of molecular information concerning individual
organic cation transporters (OCT family and P-glycoprotein) and their possible roles
in renal drug elimination (Table 15.1 and Figure 15.1).

Organic Cation Transporter Family SLC22

OCT1 OCT1 was cloned from rat kidney and characterized functionally in 1994
using Xenopus oocytes.83 Rat Oct1 (rOct1) mRNA was expressed in the liver, intestine,
and kidney. rOct1 protein was localized to the basolateral membrane of the S1 and S2
segments of renal proximal tubules.84,85 When expressed in oocytes, rOct1 stimulated
its TEA uptake and inhibited by diverse organic cations.83 Electrophysiological study
indicated that the rOct1-mediated cation transport is electrogenic. TEA uptake was
decreased by acidifying the medium pH, suggesting that rOct1-mediated uptale was
pH sensitive. The human OCT1 mRNA expression was observed predominantly in
the liver.86,87 Although it has been shown that hydrophobicity is a major determinant
of drug interactions with OCT1,88 significant differences have been found among
the cloned OCT1 transporters from different species in terms of the kinetics and
substrate selectivities.89 These findings suggest that OCT1 may be responsible, in
part, for interspecies differences in the disposition of organic cations.

OCT2 Oct2 was isolated from a rat kidney cDNA library by Okuda et al.90 Rat
Oct2 (rOct2) mRNA was expressed mainly in the kidney, but not in the liver,
lung, or intestine. rOct2 was localized to the basolateral membrane of the proxi-
mal tubules.91,92 rOct2 has been shown to interact with various cationic compounds,
such as N -methyl-4-phenylpyridinium (MPP+), cimetidine, NMN, nicotine, quinine,
and quinidine.85 When expressed in oocytes, rOct2-mediated TEA uptake was sup-
pressed by the replacement of Na+ with K+, thus indicating that the rOct2 transport
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was membrane-potential dependent. Human OCT2 has also been identified.87 Interest-
ingly, unlike rOct2, hOCT2 was localized to the apical membrane of the distal tubule.87

A splice variant of hOCT2, OCT2A, has a truncated C-terminus lacking the last three
putative transmembrane domains, transported TEA with about 5% of the wild type’s
maximal rate, but revealed higher affinity for several organic catios.93 The reason for
the species differences observed in the localization of OCT2 in the kidney is not yet
known.

OCT3 OCT3 was isolated from a rat placental cDNA library,94 and their human and
mouse homologs were identified successively.95–97 Rodent Oct3 and human OCT3
mRNA was expressed in various tissues, including the kidney.94,97 Rat Oct3 exhibited
an uptake of TEA and guanidine, which was inhibited by MPP+. Electrophysiological
studies revealed that rOct3-mediated TEA uptake evoked a potential-dependent
inward current, which was markedly influenced by the extracellular pH. Rat Oct3
interacted with dopamine, the neurotoxins amphetamine and methamphetamine, as
well as a variety of steroids.98 Although human OCT3 transports diverse organic
cations, including catecholamines,95,96 OCT3 appears to be inhibited selectively by
corticosterone and o-methylisoprenaline compared to other OCTs.99 The localization
and intrarenal distribution of OCT3 is unknown.

OCTN1 Two other members of the OCT family, OCTN1 and OCTN2, have been
cloned based on their homology to OCT. OCTN1 was identified from human fetal
liver.100 Human OCTN1 (hOCTN1) mRNA was expressed abundantly in the kidney,
trachea, bone marrow, fetal liver, and several human cancer cell lines.100 When ex-
pressed in HEK293 cells, hOCTN1 mediated the saturable and pH-dependent TEA
uptake. TEA efflux mediated by OCTN1 was also dependent on the acidic external
medium pH.101 OCTN1 transported several drugs and endogenous compounds, in-
cluding quinidine, verapamil, and carnitine.101 Furthermore, OCTN1 was inhibited
by various drugs, such as cimetidine, procainamide, pyrilamine, quinine, cephalori-
dine, and verapamil.101 Very recently, Grundemann et al. demonstrated that the key
substrate of OCTN1 is ergothioneine, a product biosynthesized by fungi and my-
cobacteria. They thus proposed the functional name ETT (ET transporter) instead of
OCTN1.102

OCTN2 OCTN2 was identified from a human placental trophoblast cell line by ho-
mology search, and their mouse and rat homologs were isolated successively.103,104

OCTN2 mRNA was detected strongly in adult human kidney, trachea, spleen, bone
marrow, skeletal muscle, heart, and placenta.105 When expressed in HEK293 cells,
hOCTN2 mediated l-carnitine uptake in a sodium-dependent manner, and it also me-
diated the uptake of TEA and guanidine.105 Mutations in the OCTN2 gene SLC22A5
have been linked causally to primary systemic carnitine deficiency, an autosomal
recessive disease characterized by low serum and intracellular concentrations of
carnitine.106–109 Two mutations in OCTN2, P478L and L352R, resulted in a complete
loss of carnitine transport function, but P478L actually had higher organic cation
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transport activity than the wild type.110 These results indicate that the binding sites of
OCTN2 for carnitine and organic cations significantly overlap but are not identical.

Based on the search for OAT isoforms, we identified a clone with relatively ubiq-
uitous tissue distribution and named it carnitine transporter 1 (CT1).111 CT1 medi-
ated the high-affinity transport of l-carnitine (Km = 25 μM) in a partially sodium-
dependent manner. Octanoylcarnitine, acetylcarnitine, and � -butyrobetaine potently
inhibited the CT1-mediated carnitine transport.

MDR1/P-Glycoprotein ABCB MDR1 is a member of the ABC transporter super-
family. MDR1 actively extruded from the cells drugs with diverse structures, such
as Vinca alkaloids, steroids, cyclosporines, tacrolimus, anthracyclines, and miscella-
neous hydrophobiccations.66 Although the cellular drug efflux mediated by Pgp was
first identified in cancer cells, Pgp was found to be highly expressed in a number of nor-
mal tissues, such as liver, pancreas, kidney, colon, and jejunum. In the kidney, MDR1
was found to be concentrated particularly on the apical surface of epithelial cells of
the proximal tubules, where it secretes various drug substrates into the lumen.112 The
finding that a cardiac glycoside digoxin is actively secreted via Pgp in renal proximal
tubules is clinically important for transporter-mediated drug interactions.

MATE1 Very recently, Otsuka et al. show that MATE1, a human and mouse or-
tholog of the multidrug and toxin extrusion family conferring multidrug resistance
on bacteria, is expressed primarily in the kidney and liver, where it is localized to
the luminal membranes of the renal tubules and bile canaliculi.113 When expressed
in HEK293 cells, MATE1 mediates H+-coupled electroneutral exchange of TEA and
MPP+. Its substrate specificity is similar to those of renal and hepatic H+-coupled
organic cations export. Thus, MATE1 appears to be the long-searched-for polyspe-
cific organic cation exporter that directly transports toxic organic cations into urine
and bile.

15.3. REGULATION OF RENAL DRUG TRANSPORTERS

15.3.1. Gender and Developmental Differences

Gender differences in mRNA and/or protein expression have been reported for
OAT1,114,115 OAT2,34,115–117 OAT3,114–116 URAT1,118 and OCT2,119,120 thereby sug-
gesting that some OAT members and OCT2 are regulated by sex hormones. The mouse
Oat1 mRNA levels were higher in the male kidney than in the female kidney. Rat Oat2
mRNA expression was higher in the female kidney than in the male kidney or liver.
In contrast, the mouse Oat2 mRNA levels were highest in both kidneys and low in
the male liver. In the male liver, rat Oat3 mRNA expression was detected. The mouse
Urat1 mRNA levels were higher in the male kidney than in the female kidney. The
rat Oct2 mRNA levels were higher in the male kidney than in the female kidney. De-
velopmental changes of expression have been reported in OATs115,121,122; the mRNA
expression levels of OAT1, OAT2, and OAT3 increased during postnatal development.
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15.3.2. Phosphorylation

All OAT isoforms have several sites for phosphorylation by protein kinase C (PKC)
in the large intracellular loop between the sixth and seventh transmembrane domains
(TMDs). Several studies have revealed that the activation of PKC decreases the
transport activity of OATs.123–126 This inhibitory effect is also associated with altered
substrate selectivity. A reduced OAT-mediated transport activity is rescued by PKC
inhibitors.123,124 Furthermore, recent studies have demonstrated the OAT1 activity
to be stimulated by epidermal growth factor (EGF) via mitogen-activated protein
kinases (MAPKs).127 In addition to the sites for phosphorylation by PKC, OAT
isoforms have putative sites for phosphorylation by PKA, casein kinase II, or tyrosine
kinase. It is not clear whether these protein kinases are involved in the regulation of
transporter functions.

Similar to OATs, All OCT isoforms also have several sites for PKC phosphoryla-
tion. In HEK293 cells, the rOct1-mediated transport of 4-(4-(dimethylamino)styryl)-
N-methylpyridinium iodide (ASP) was stimulated by PKC, PKA, and tyrosine kinase
activators.128 In contrast, ASP uptake into hOCT2-expressing HEK293 cells was not
affected by PKC activator, whereas it was slightly inhibited by PKA agonist.129 OCT2
is constitutively activated by Ca2+/calmodulin complex.129

15.3.3. Protein–Protein Interaction

Several renal apical transporters possess the PDZ motif at their C-terminus.13,130

The PDZ motif is one of the important protein–protein interaction modules, and it
is composed of three amino acid residues: S/T-X-� (where X is any amino acid and
� is a hydrophobic residue). The renal apical organic anion transporters URAT1,
OAT4, PEPT2, and OCTN2 possess the PDZ motif at their C-terminus. Yeast two-
hybrid experiments revealed that these transporters interact with the multivalent PDZ
domain-containing proteins such as PDZK1 and NHERF1 via their C-terminal PDZ
motifs.131–134 The coexpression of transporters and PDZK1 in HEK293 cells in-
creases their transport activity. This synergic effect is abolished when the C-terminal
PDZ motif deletion mutants of transporters are coexpressed with PDZK1. These re-
sults indicate that PDZK1 regulates transport activities via interaction with the PDZ
motif.

15.3.4. Glycosylation

The glycosylation sites in the first extracellular loop between first and second TMDs
are conserved in OATs. Tunicamycin, an inhibitor of asparagine-linked glycosylation,
inhibited PAH transport activity in mOat1-transfected COS7 cells.135 Immunofluo-
rescence revealed that the mOat1 protein remained primarily in the intracellular com-
partment after tunicamycin treatment.135 This study indicates that the glycosylation
of the mOat1 protein is necessary for proper trafficking of the protein to the plasma
membrane. Other experiments have demonstrated that disrupting Asp39 (one of the
glycosylated sites) in mice resulted in a complete loss of transport activity of OAT1
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without affecting its surface expression.136 As a result, glycosylation could also be
responsible for substrate recognition.

15.4. RENAL HANDLING OF SELECTED DRUGS

15.4.1. Cephalosporin Antibiotics

Cephalosporin antibiotics are suggested not only to be filtered through the glomeruli
but also secreted actively by the proximal tubules. Cephalosporins inhibited PAH
uptake in rat renal slices137 and renal plasma membrane vesicles.138 Cephaloridine,
a cephalosporin that possesses both anionic and cationic moieties inhibited PAH
transport but not NMN transport in basolateral membrane vesicles.139 Cephalosporin
antibiotics are thus considered to be secreted by the proximal tubule via the PAH
transport system.8 Consistent with these results, we have observed that rOat1 as well
as rOat3 interacts with various cephalosporin antibiotics.140,141

Using proximal tubular cells stably expressing human OAT1, OAT3, and OAT4
(S2-hOAT1, S2-hOAT3, S2-OAT4), we elucidated the interaction of human OATs
with various cephalosporin antibiotics.142 All of cephalosporin antibiotics used
(cephalothin, cefoperazone, cefazolin, ceftriaxone, cephaloridine, cefotaxime, ce-
fadroxil, and cefamandole) significantly inhibited organic anion uptake mediated by
hOAT1, hOAT3, and OAT4 in a competitive manner.

15.4.2. Diuretics

Diuretics cause natriuresis and are therefore used to treat patients with volume over-
load, including hypertension, liver cirrhosis, nephrotic syndrome, and congestive heart
failure.143 Thiazides and loop diuretics exhibit their diuretic effects from the luminal
side by inhibiting the Na+–Cl– cotransporter of the distal tubule and the Na+–K+–2Cl–

cotransporter of the loop of Henle, respectively.143 In addition, because the binding
of diuretics to plasma proteins is generally high (more than 90%), tubular secretion is
the main route of urinary excretion of the diuretics. Tubular secretion has thus been
thought to play a critical role in the action of loop and thiazide diuretics. Renal tubular
secretion of diuretics has been demonstrated in studies dealing with the secretion of
bumetanide and furosemide in the isolated perfused rat kidney144,145 and renal tubular
secretion of chlorothiazide and hydrochlorothiazide in the avian kidney.146 Thiazide
and loop diuretics, which both contain a sulfamoyl group (sulfonamide diuretics)
as a common chemical characteristic, are weak organic acids. Consistent with this,
the involvement of the organic anion transport system in the tubular secretion of
diuretics has been suggested in studies including bumetanide inhibition of the PAH
transport in rat renal slices147 and the PAH inhibition of furosemide excretion in the
rabbit.148

Using S2-hOATs, we elucidated the interaction of human OATs with various
diuretics.149 Diuretics tested (i.e., thiazides, loop diuretics, and carbonic anhydrase
inhibitors) inhibited organic anion uptake mediated by hOAT1, hOAT2, hOAT3, and
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OAT4 in a competitive manner. hOAT1 exhibited the highest-affinity interactions for
thiazides, whereas hOAT3 did those for loop diuretics.

15.4.3. Nonsteroidal Anti-inflammatory Drugs

Nonsteroidal anti-inflammatory drugs (NSAIDs) have been widely used for their
anti-inflammatory and analgesic properties. Previous studies indicated the active ac-
cumulation of NSAIDs in the renal proximal tubular cells. The accumulation of in-
domethacin and salicylate has been demonstrated in rat proximal tubular cells.150,151

In particular, renal handling of salicylate was studied extensively by micropuncture
experiments in vivo,152 isolated proximal tubules,151,153 renal cortical slices,154,155

and a kidney epithelial cell line.156 In addition, there have been reports on the interac-
tion of NSAIDs with other organic anions, such as prostaglandins157 and penicillin.158

The results of these studies suggest that NSAIDs may be transported via the renal or-
ganic anion transport. Consistent with these results, we have previously demonstrated
the interaction of rOat1 with NSAIDs using an oocyte expression system.159

Using S2-hOATs as well as S2-hOCT1 and S2-hOCT2, we elucidated the interac-
tion of human OATs and OCTs with various NSAIDs (Table 15.2).160 NSAIDs tested
(i.e., acetaminophen, acetylsalicylate, salicylate, diclofenac, ibuprofen, indomethacin,
ketoprofen, mefenamic acid, naproxen, piroxicam, phenacetin, and sulindac) inhib-
ited organic anion uptake mediated by hOAT1, hOAT2, hOAT3, and OAT4. Although
the organic cation uptake mediated by hOCT1 and hOCT2 was also inhibited by some
NSAIDs, hOCT1 and hOCT2 did not mediate the uptake of NSAIDs. This suggests
the interactions of hOATs with NSAIDs to be associated with the pharmacokinetics
and the induction of adverse reactions of NSAIDs.

15.4.4. Antiviral Drugs

Both acyclovir (ACV) and ganciclovir (GCV) are acyclic guanosine derivatives.161

ACV is used in the treatment of various forms of herpes simplex infections.161 Vala-
cyclovir (VACV) is the l-valyl ester of ACV, which is active against herpes simplex
virus types 1 and 2, and varicella zoster virus.162 GCV is used in the treatment of
cytomegalovirus infections in acquired immunodeficiency syndrome and in trans-
plant patients.161 On the other hand, 3′-azido-3′-deoxythymidine (zidovudine, AZT)
is widely used for the treatment of HIV infection.162 Approximately 83% of ACV, 90%
of GCV, and 80% of AZT are excreted in their unchanged forms by the kidney.163–165

The renal excretion of ACV and AZT is reduced by probenecid, a typical inhibitor of
organic anion transport.163,166,167 Although neither possesses a typical anionic moi-
ety, the results suggest that the renal organic anion transport system is responsible
for the tubular secretion of these drugs. On the other hand, the involvement of an or-
ganic cation transport system has also been suggested in the tubular secretion of AZT
because cimetidine, an organic cation, also reduces the renal clearance of AZT.166

Using S2-hOATs as well as S2-hOCT1 and S2-hOCT2, we elucidated the interac-
tion of human OATs and OCTs with antiviral agents such as ACV, GCV, and AZT
(Table 15.2).35 Time- and concentration-dependent uptake of ACV and GCV was
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TABLE 15.2. Comparison of the Substrate Selectivities of hOAT1, hOAT2, hOAT3,
hOAT4, hOCT1, and hOCT2, as Determined in Stable Transfected S2 Cells

Uptake Km (μM) via:

Labeled Compound hOAT1 hOAT2 hOAT3 hOAT4 hOCT1 hOCT2

[14C]TEA − − − − + +
[14C]PAH + + + + − −
[14C]Glutarate + + + + − −
[3H]Estrone sulfate + + + + − −
[14C]Urate + − + + − −
[14C]Succinate + − − + − −
[14C]Azidothymidine + (45.9) + (26.8) + (145.1) + (151.8) – –
[3H]Acyclovir + (342.3) − − − + (151.2) −
[3H]Ganciclovir + (895.5) − − − + (516.2) −
[3H]Valaciclovir − − + − − −
[3H]PGE2 + + + + + +
[3H]PGF2 � + + + + + +
[14H]Indomethacin + − − − − −
[14C]Salicylate + + + − − −
[3H]Cimetidine + − + − + −
[3H]Tetracycline + + + + − −
[3H]Methotrexate + − + − − −
[3H]cGMP + − + − − −
[3H]Ochratoxin A + − + + − −
[3H]DHEAS − − + + − −
Source: 13,15,19,27,33,35–37,40,45,46,49,51,160 and unpublished observation (Anzai and Endou).

observed in S2-hOAT1 and S2-hOCT1. In contrast, uptake of valacyclovir, l-valyl
ester of ACV, was observed only in S2-hOAT3. On the other hand, AZT uptake was
observed in S2-hOAT1, S2-hOAT2, S2-hOAT3, and S2-OAT4.

15.5. MISCELLANEOUS ASPECTS OF RENAL DRUG TRANSPORTERS

15.5.1. Transporter-Mediated Drug–Drug Interactions

Drugs present in plasma could affect the transport of these drugs individually while
mutually influencing the pharmacokinetics of the drugs. A notable example is the con-
comitant use of probenecid and penicillin G; the half-life of penicillin G is prolonged
significantly when combined with probenecid compared with when it is adminis-
tered alone. It has also been reported that methotrexate (MTX) administration with
acidic drugs, such as NSAIDs, and �-lactam antibiotics, causes a severe suppression
of bone marrow. NSAIDs and �-lactam antibiotics inhibit the tubular secretion of
MTX, thereby reducing its renal clearance. As a consequence, unwanted side effects,
such as bone marrow suppression, could occur as a result of the increase in plasma
MTX levels.46,168 These phenomena can be explained at the level of OAT1 and OAT3.
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Similar OAT-mediated drug–drug interactions have been reported for diuretics,169 nu-
cleoside analogs,170 and antiviral drugs.171

15.5.2. Transporter-Mediated Nephrotoxicity

Nephrotoxic Drugs OATs are involved in the development of organ-specific toxicity
of drugs and their metabolites. For example, the nephrotoxic effects of �-lactam an-
tibiotics (e.g., cephaloridine) and carbapenem antibiotics are closely associated with
OATs,172 and OATs are also responsible for the nephrotoxicity of antiviral drugs such
as adefovir and cidofovir.173 Indeed, �-lactam antibiotics141 and antiviral drugs174

exhibit a significantly high cytotoxicity in OAT1-transfected cell cultures.
The nephrotoxicity of all these compounds could be reduced by coadministration

of other substrates of OATs or inhibitors of OATs. Indeed, recently, a new applica-
tion of probenecid as a nephroprotectant in therapy with the antiviral drug cidofovir
was determined.175 When probenecid is coadministered with cidofovir, probenecid
inhibits the tubular accumulation of cidofovir, thus reducing its potential risk.

Environmental Substances Ochratoxin A is a mycotoxin that contaminates cereals
and is thought to be responsible for Balkan nephropathy,176 an endemic nephropathy
that exhibits characteristic chronic tubulointerstitial changes. In OAT1-expressing
oocytes and OAT1-transfected cell cultures, the addition of ochratoxin A to the culture
media decreases cell viability.177 This decreased cell viability is abolished by the
nontoxic substrates of OAT1, such as PAH.

Uremic Toxin The uremic toxins and their metabolites, produced during the
catabolism process within the body, seem to be associated with the exacerbation
of renal function in renal failure. Indoxyl sulfate, a uremic toxin derived from dietary
proteins, is a substrate of OATs.178–180 Immunohistochemical analyses revealed that
5/6-nephrectomized rats, an animal model of chronic renal failure, showed higher
intensities of OAT1 and OAT3 proteins than did sham-operated rats.180 These data
suggest that OATs are also involved in the progression of chronic renal failure. In
the body, uremic substances that cannot be eliminated by glomerular filtration during
renal failure should be removed via tubular secretion mediated by OATs. In these
cases, OAT protein expression levels increased, resulting in the accumulation of toxic
substances in the tubules. OAT1 and OAT3 are also involved in the uptake of other ure-
mic toxins, such as 3-carboxy-4-methyl-5-propyl-2-furanpropionate, indoleacetate,
and hippurate.181

15.5.3. In Vitro and In Vivo Model Systems to Study Renal Drug Transport

The substrate specificities of drug transporters and drug discovery based on the trans-
port mechanisms become increasingly important these days. The identification of
compounds that are accepted by transporters can help the selection and optimization
of novel drug candidates. For the screening of transport activities, high-throughput



JWDD059-15 JWDD059-YOU June 13, 2007 9:24

REFERENCES 481

assays for transporters using their expression system seems necessary in the early
stages of drug discovery. cDNA-transfected cells such as S2-OATs/OCTs (Table
15.2) and/or cRNA-injected oocytes are commonly used gene expression systems.
Recently, cultured cells stably transfected with both uptake (OATP-C or OATP8)
and efflux transporters (MRP2) have become available.182,183 These in vitro models,
reproducing the polarity of transporter expression and the transport direction, will
therefore contribute to predict the in vivo vectorial drug transport from blood to the
lumen.

In addition, the generation of gene knockout animals could provide new infor-
mation on the contribution of individual transporters in the intact organ. Knockout
mice for OCT1,184 OCT3,185 OAT1,186 and OAT3187 revealed the importance of drug
uptake of OCT1 in the liver, of OCT2 and OAT1 in kidney, and of OAT3 in kidney
and choroids plexus. Therefore, the relative contribution of each transporter to overall
drug uptake in vivo may be estimated using gene knockout animals.

15.6. CONCLUSIONS

Molecular identification of renal drug transporters has brought us a step further in the
elucidation of the molecular mechanisms for drug elimination and distribution in the
kidneys. Clarification of the physiological and pharmacological roles of each cloned
transporter to the overall renal handling of drugs is essential. To better predict the
in vivo kinetic profile of drugs from in vitro data, understanding of species differences
in substrate selectivity, tissue distribution, and the expressed level of drug transporters
is necessary. Furthermore, functionally relevant transporter SNPs as well as SNP
mutations in the promoter–enhancer region of transporters should be explored to
obtain insights into the structure–function relationship of drug transporters and the
in vivo relevance of genetic heterogeneity in drug transporters. The prediction of
pharmacokinetics in humans based on an understanding of such transport mechanisms
should thus allow therapeutic agents to be used more safely.
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16.1. INTRODUCTION

Even though recent advances in drug delivery technologies have made it possible to
deliver drugs by nonoral routes (e.g., to the lungs), oral administration is still preferred
for many reasons. Ease of administration, avoiding vascular access complications, and
reducing frequent hospital visits improve the quality of a patient’s life. Additionally,
the steady-state plasma drug concentrations following chronic oral administration
mimic continuous intravenous injection or infusion and ensure therapeutic effective-
ness of the drug.

The main absorption site of orally delivered drugs is the small intestine. The
human small intestine is approximately 3 m long with an inner diameter of 3 to 4 cm.
It consists of three sections: the duodenum, jejunum, and ileum, which comprise 5, 50,
and 45% of the length, respectively. The primary function of colon is the reabsorption
of fluid. Its role in drug absorption is typically very limited, even though it has the
capacity to be an absorption site for certain types of drugs. Intestinal epithelial cells
are a heterogeneous population of cells that include enterocytes or absorptive cells,
goblet cells that secrete mucin, endocrine cells, Paneth cells, M-cells, tuft, and cup
cells. Enterocytes are polarized with distinct apical and basolateral membranes that
are separated by tight junctions. They dominate the cellular population of the villus
epithelium and are responsible for the majority of nutrient and drug absorption from
the small intestine.

Many factors influence the absorption of orally administered drugs including (1)
physicochemical properties of the drug molecule (e.g., lipophilicity, solubility, sta-
bility, ionization, crystal form), (2) pharmaceutical factors (e.g., disintegration and
dissolution rate, excipients, dosage form), and (3) physiological factors (e.g., gastric
emptying rate, intestinal motility, metabolic enzymes, transporters). Once the drug
compound is released from its dosage form, it exists as a soluble molecule. Its per-
meation from intestinal lumen to blood or lymph circulation includes the passage
across a series of barriers, such as hydrodynamic boundary layer, glycocalyx (i.e.,
the carbohydrate-rich zone on the cell surface), mucus layer, microvillus mucosal
brushborder membrane (apical membrane) in parallel with a tight junction barrier,
basolateral membrane of enterocytes, and parallel lamina propria endothelial mem-
branes of blood capillaries and lymphatic central lacteal. It is generally thought that
apical and basolateral membranes of enterocytes as well as tight junctions represent
the rate-limiting barriers to drug transport. However, some in vitro and in situ studies
showed that the preepithelial barriers, such as the stagnant layer of water, mucus,
and glycocalyx, might significantly affect the overall absorption rate of some rapidly
transported drugs.1

16.2. INTESTINAL PERMEATION OF DRUGS

The transport of a drug molecule across the intestinal epithelial cell (specifically,
enterocytes) monolayer can be divided into several routes, as depicted schematically
in Figure 16.1. Transcellular pathways refer to the permeation across the apical and
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(a) (b) (c) (d ) (e)

Apical side (facing intestinal lumen)

FIGURE 16.1. Drug transport routes across the intestinal epithelial cell monolayer: (a) pas-
sive transcellular diffusion; (b) paracellular diffusion; (c) transporter-mediated absorption; (d)
transporter-mediated secretion; (e) transcytosis.

basolateral membrane of enterocytes, while paracellular permeation occurs through
the gaps between adjacent epithelial cells. The rate-limiting step in paracellular trans-
port is the barrier known as the tight junctions, which consists of large complexes
of multiple different proteins that link adjacent cells together to form the intesti-
nal mucosal membrane. Transcellular transport can be further divided into passive
transcellular diffusion, carrier-mediated transport, and transcytosis.

16.2.1. Transcellular Diffusion

Transcellular passive diffusion is the route that many drugs take to permeate the
intestinal epithelium. This type of transport does not require adenosine triphosphate
(ATP) hydrolysis since its driving force is the concentration gradient of the drug,
which makes the drug move toward regions with low drug concentration (e.g., from
the intestinal lumen to the blood). Passive diffusion can be mathematically described
by Fick’s first law of diffusion:

J = d M

dt S
= P(C1 − C2) (1)

where J is the amount of drug flowing through a unit cross section of a barrier
in unit time, known as flux, and P is the permeability coefficient (also called the
permeability). C1 and C2 are the drug concentrations at the apical and basolateral side
of enterocytes, respectively. It is noteworthy that drug transport within the enterocytes
is ignored when using this equation. In fact, once the drug molecule transports across
the enterocytes, it will rapidly be carried away from the basolateral side by the blood
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and/or lymphatic circulation. Therefore, C2 becomes insignificant. This is known as
sink conditions and serves as the driving force for drug absorption. Passive diffusion
from the intestine is governed by the equation

J = PC1 (2)

The passive diffusive permeability is defined as

P = K D

h
(3)

where K is the partition coefficient between the aqueous phase and the membrane,
D is the membrane diffusion coefficient (or membrane diffusivity), and h is the
membrane thickness. It is very difficult to calculate a P value using this equation
under physiological conditions because the determination of K , D, or h is difficult.
Practically, permeability can be measured using the equation

P = d M

dt

1

SC1
(4)

where dM/dt is the slope of a linear region of transported mass versus time S is the
surface area of membrane where transport takes place and C1 is the concentration on
the intestinal luminal side (also known as the donor side).

Numerous drug-transporting membrane proteins have been identified in the in-
testinal tissues of humans and various laboratory animal species. While the detailed
working mechanisms of most transporters remains unclear to us at this time, it has
been deduced and demonstrated experimentally that carrier-mediated drug transport is
concentration dependent and saturable. Therefore, transporter-facilitated (i.e., carrier-
mediated) drug transport is described by the following form of the Michaelis–Menton
equation:

Jc = JmaxC

Km + C
(5)

where Jc is transporter-facilitated drug flux, Jmax is the maximal drug flux, Km is the
Michaelis constant (or drug-transporter affinity constant), and C is drug concentration.
In a manner similar to enzymatic degradation reactions, transporter-facilitated drug
flux can also be inhibited by other compounds in a competitive or noncompetitive
manner. The equations governing these two types of inhibitions follow, and their
derivations, are similar to typical enzymatic reaction equations.

Competitive inhibition:

Jc = JmaxC

Km(1 + 1/Ki ) + C
(6)
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Noncompetitive inhibition:

Jc = JmaxC

Km + (1 + I/Ki )C
(7)

where the inhibitor concentration and the inhibitor–transporter affinity constant are
I and Ki , respectively.

It is noteworthy that the transport inhibition observed in vitro or in vivo may not be
described by the two specific mechanisms listed previously. This is particularly true
when the transporter has a broad spectrum of substrates and the binding sites are am-
biguous. Mixed inhibition mechanisms are often involved in such cases. Additionally,
recent studies suggest that some transporters, such as multidrug resistance protein 2
(ABCC2/MRP2) contains two substrate binding sites with one site (denoted as A)
for transporting substrates and the other (denoted as B) for regulating the affinity of
the transport site (i.e., binding site A) for the substrate.2,3 This allosteric modulation
of a drug transporter is exemplified by an in vitro study showing that the transport of
saquinavir by MRP2 can be enhanced (or stimulated) by other compounds, such as
probenecid or sulfanitran.3

16.2.2. Paracellular Transport

The paracellular route does not play a significant role in the small intestinal trans-
port of modern drugs, for a couple of reasons. First, the surface area for paracel-
lular spaces is estimated to be only 0.01% of the total surface area of the small
intestine.4 Second, the tight junctions between the adjacent enterocytes restricts the
movement of large molecules (molecular weight > 200 Da). Over the past several
years, using absorption enhancers to increase oral bioavailability has gained signifi-
cant attention.5 Some absorption enhancers can temporally loosen the intestinal tight
junctions, thereby allowing large molecules to permeate the intestinal epithelium into
the systemic circulation.6

16.2.3. Transcytosis

Endocytosis is a process by which a substance gains entry into the cells without passing
through the phospholipid membrane bilayer. This type of cellular uptake occurs via
several mechanisms: phagocytosis, pinocytosis, and receptor-mediated endocytosis.
Endocytosis of a substance in the gut can potentially also lead to subsequent transcy-
tosis across the gut epithelial cell (i.e., the substance enters differentiated epithelial
cells from one side, then migrate through the cells to exit on the other side). This type
of transport mechanistically describes the intestinal absorption of some biologically
active macromolecules, such as immunoglobulin7 and vitamin B12.8 Transcytosis is
also utilized by many viruses, plant lectins, and plant toxins to gain entry into the
human body. Several strategies have been pursed to take advantage of this mech-
anism for a targeted delivery and improved bioavailability of orally administered
pharmaceuticals such as insulin.9,10
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It is safe to say that transport of drug substances across the intestinal membrane
is a complex and dynamic process. Overall, total drug absorption across a membrane
can be expressed conceptually as the sum of the individual components that occur in
parallel:

Je = Jc + Jm + Jp + Jt (8)

where Je is the total absorption rate (also referred to as the apparent or effec-
tive flux), and Jc, Jm , Jp, and Jt are the transporter-mediated, passive, paracel-
lular, and transcytosis-mediated absorption components, respectively. Transporter-
mediated drug absorption might be a positive or negative value in order to reflect
the direction of transport (e.g., efflux may be designated as a negative value). This
equation becomes more complicated if one attempts to replace Jc by the product
of Pc (carrier-mediated permeability) and C (drug concentration). This is due to
the asymmetrical membrane localization of transporters and consequently different
drug concentrations encountered by them.11 For example, the drug concentration
available for a brush border membrane–located absorptive transporter (e.g., proton-
dependent peptide transporter PepT1) is the drug concentration in intestinal lumen,
while drug concentration inside enterocytes is supplied for the efflux transporters
at the basolateral membrane (e.g., basolaterally localized peptide transporters). The
quantitative contribution of each component in equation (8) (i.e., the route of transport
across intestinal membrane) to the total absorption rate is influenced by many factors,
including the physicochemical properties of the drugs and physiological conditions
of gastrointestinal (GI) tract. In the following sections we focus on the role of small
intestinal transporters in drug absorption.

16.3. DRUG TRANSPORTERS IN THE SMALL INTESTINE

Numerous drug-transporting membrane proteins (Table 16.1) have been described in
intestinal tissues, and most of them belong to two major transporter superfamilies.
These are the ATP-binding cassette (ABC) and solute carrier (SLC) family.

The well-studied ABC transporters in intestine include ABCB1 [MDR1, P-
glycoprotein (Pgp)], ABCC1, 2, and 3 (MRP1, 2, and 3), as well as ABCG2 [breast
cancer resistance protein (BCRP)]. Available data demonstrate that the expression
levels of ABC transporters vary along the GI tract. MDR1 expression gradually in-
creases from duodenum to colon, and its message RNA level in colon is similar
to that in ileum, which was approximately sixfold higher than in the duodenum.12

Moreover, characterization of the regional intestinal kinetics of drug efflux in rat
and human intestine revealed that the magnitude of Pgp-mediated efflux correlates
with the expression levels of Pgp. The efflux ratios (B → A permeability/A → B
permeability; B and A denote basolateral and apical membrane, respectively) in the
ileum are typically higher than in other regions.13 The relative abundance of other
ABC transporters message RNA at different sites of intestine was also assessed by
quantitative real-time polymerase chain reaction (PCR).14 The ranking of transporter
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gene expression in the duodenum was MRP3  MDR1 > MRP2 > MRP1. In the
terminal ileum the ranking order was MDR1 > MRP3  MRP1 > MRP2. In all
segments of the colon (ascending, transverse, descending, and sigmoid colon) trans-
porter gene expression increased in the order MRP3  MDR1 > MRP1  MRP2.
A similar study revealed that the jejunal ABC transporter expression levels have the
following rank: BCRP ∼= MRP 2 > MDR1 ∼= MRP3 ∼= MRP1.15

ABC transporters are often restricted to the specific cellular domains on particular
cell types in the gastrointestinal tract. For example, it has been shown that MRP1
is present mainly at the basolateral membrane of crypt cells (e.g., Paneth cells) in
the small intestine; however, its expression in the differentiated enterocytes at the tip
of villi cannot be detected.16 P-gp expression along the crypt–villus axis was also
unevenly distributed in rat ileum, with the highest level in villus cells, but it is barely
detectable in crypt epithelium.17 Similarly, the subcellular localization of MRP2 in
polarized intestinal epithelial cells was investigated using high-resolution microscopy
techniques after immunostaining. The results unequivocally demonstrated apical ex-
pression in superficial columnar epithelial cells.18

Another transport family that is involved in drug absorption and disposition is the
solute carrier (SLC) family. The members within the SLC superfamily are responsible
for the transport of a variety of endogenous and exogenous substances, such as amino
acids, glucose, oligopeptides, antibiotics, nonsteroid anti-inflammatory agents, and
antitumor and anti-HIV drugs. Data currently available indicate that drug transport–
relevant SLC members in intestine include (1) solute carrier organic anion transporter
families (SLCO subfamilies) such as SLCO1A2 (OATP-A) and SLCO2B1 (OATP-
B); and (2) solute carrier family 15 (SLC15A subfamily), such as SLC15A1 (PepT1).
SLC22A members such as organic anion or cation transporters (OATs or OCTs)
have also been identified in the intestine, but they seem to be of greater importance
for transporting small endogenous molecules in kidney. In this chapter, only well-
characterized and drug transport–relevant SLC members are described.

16.4. IMPACT OF SMALL INTESTINAL TRANSPORTERS ON ORAL
ABSORPTION OF DRUGS

As discussed in Section 16.3, intestinal drug absorption is the sum of transport via
several different pathways. Since paracellular transport and transcytosis do not play
a significant role in the intestinal absorption of most modern new chemical entities,19

these two components can be ignored in equation (8). In this case, the rate of drug
absorption is controlled only by passive diffusion and carrier-mediated transport. If
carrier-mediated transport (Jc) is replaced by the Michaelis–Menton equation, and
passive transcellular diffusion (Jm) with the product of passive permeability (Pm) and
drug concentration in intestinal lumen (C), apparent intestinal drug transport can be
depicted as

Je = Jc + Jm = JmaxC

Km + C
+ PmC (9)
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In Section 16.3, the drug concentration to which a transporter is exposed was
discussed and shown to be different depending on the localization and directionality
of the transporter. However, the drug concentration in the intestinal lumen (C) is
used for the calculation of transporter-mediated flux [i.e., JmaxC/(Km + C)] in equa-
tion (9). Therefore, this equation only governs drug transport involving brush border
membrane–localized transporters. In fact, it is generally believed and demonstrated
by currently available data that apically situated transporters play the most significant
role in the absorption of drug across the intestinal wall. So this simplified equation
is valid under most situations. It is also noteworthy that drug concentrations in en-
terocytes were used to calculate apical efflux transporter (e.g., Pgp)-mediated flux
in some modeling studies,11 but it is justifiable to use lumen drug concentrations
since the stepwise working mechanisms of efflux transporters such as Pgp are not
completely known at this point in time.

Referring to equation (9), it is clear that in vivo drug transport across intestinal
epithelial cells is governed by four independent variables: (1) transporter–substrate
affinity (Km), (2) capacity of transport by carrier (Jmax); (3) intestinal drug con-
centration (C), and (4) the drug’s permeability from passive diffusion (Pm). The
importance of intestinal transporters in the absorption of orally administered drugs
can be quantitatively reflected by the percentage of Jc in Je or the ratio of Jc to Jm .
For a high-solubility/high-permeability drug [biopharmaceutical classification system
(BCS) class I], passive diffusion will dominate drug transport since the value of PmC is
much higher than Jc. Additionally, the high solubility of such compounds allows large
concentrations in the gut to saturate most transporters, and consequently, diminishes
the influence of transporters on absorption. However, when a low-solubility/high-
permeability drug (BCS class II) is dosed orally, or when a high-permeability drug is
administered with low dose, it is very likely that efflux transporters at the intestinal
brush border membrane could significantly influence the drug’s absorption proper-
ties over clinically relevant concentration ranges. This conclusion is deduced based
on the following two factors: (1) low available concentration and high permeability
do not lead to a high value of PmC , meaning that transcellular passive diffusion is
low; and (2) the high permeability of these compounds permits ready access into
the gut membranes, but the low solubility limits drug concentrations available in in-
testinal epithelial cells, thereby preventing saturation of the efflux transporters. For
high-solubility/low-permeability drugs (BCS class III), apically located absorptive
transporters (e.g., PepT1) may prove to play a significant role in intestinal absorp-
tion provided that the transporters are not saturated [i.e., substrate-binding affinity is
low, or a high Km value in equation (9).] In the following sections, some relatively
well studied intestinal transporters are discussed in detail to illustrate the impact of
transporters on oral drug absorption.

16.4.1. PepT1-Mediated Absorptive Transport

The existence of a proton–peptide symport with an electrogenic nature has been sug-
gested in studies employing brush border membrane vesicles in the early 1980s.20 Due
to technological advances in molecular biology, the first proton-coupled mammalian
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peptide transporter (PepT1) was cloned from rabbit intestine in the early 1990s.21

Subsequently, the orthologs of rabbit PepT1 were identified from other species,
including humans.22 The gene encoding human PepT1 (hPepT1) maps to human
chromosome 13q33–34 and consists of 23 exons. As predicted by hydropathy anal-
ysis, the membrane topology model of PepT1 suggests 12 transmembrane domains
(TMD) and a large extracellular loop between TMD 9 and 10 with the N- and C-
termini facing the cytosol.21,23 The expression of PepT1 was found primarily in
small intestine, with low levels in the liver and kidney.22 In the human GI tract,
hPepT1 appears to have higher expression levels in the duodenum than in jejunum
or ileum.24 Immunohistochemical studies revealed that PepT1 protein is localized
predominantly to the apical microvillous plasma membrane of the absorptive ep-
ithelial cells in rat small intestine.25 The uptake of PepT1 substrates (i.e., di- and
tripeptides or structurally related drugs) is mediated by a proton gradient and the
membrane potential at the apical surface of epithelial cells. Briefly, an inward pro-
ton gradient is established at the brush border membrane by the Na+/H+ exchanger,
and then the influx of protons back into the epithelial cells is coupled by PepT1 to
transport its substrates, thus, the system is known as a proton-dependent cotransport
system.26

PepT1 has generally been characterized as a low-affinity/high-capacity transporter
with a wide variety of compounds as substrates. Drug molecules transported by PepT1
include �-lactam antibiotics such as penicillins and cephalosporins,27 angiotensin-
converting enzyme (ACE) inhibitors such as captopril, and the ester prodrugs enalapril
and fosinopril.28 Prodrugs of acyclovir (e.g., valacyclovir) and l-dopa (e.g., l-dopa-
l-Phe) can also be recognized and transported by PepT1.29,30 While conventional
approaches to enhancing the bioavailability of orally administered drugs focused on
the optimization of dissolution, solubility, and passive permeability of drugs, cou-
pling of active drugs (e.g., acyclovir and l-dopa) with an amino acid (e.g., Val or
Phe) to target PepT1 significantly improves the intestinal absorption of the drugs by
recognition and uptake via PepT1.29,31

16.4.2. OATP-Mediated Absorptive Transport

Members of the OATP family that have been found in the human intestine and are rela-
tively well studied are OATP-A and OATP-B. OATP-A was originally cloned from the
human liver,32 and its transcript is found predominantly in the blood–brain barrier in
cerebral capillary endothelial cells, and to a lesser extent in the intestine.33,34 Although
immunohistochemical studies to identify the precise subcellular location of OATP-A
at intestinal brush border membrane have not provided an unequivocal conclusion at
the present time, some in vivo functional data suggest that OATP-A is localized at the
apical side of intestinal epithelial cells as an absorptive transporter.35 The drugs trans-
ported by OATP-A include fexofenadine.35 and saquinavir.36 Using OATP-A cRNA-
injected Xenopus laevis oocytes, the affinity (Km) between saquinavir and OATP-A
was characterized as 36.4 ± 21.8 �M,36 suggesting that the impact of OATP-A on
intestinal transport of saquinavir after oral delivery is questionable since at typical
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luminal concentrations, OATP-A would be saturated for much of the drug’s residence
time in the intestine. Dresser et al.35 studied the inhibitory activity of grapefruit, or-
ange, and apple juice on OATP-A- or Pgp-mediated fexofenadine uptake or efflux,
respectively, at the in vitro level and found that the inhibitory potency of fruit juices
on OATP-A is much higher than that on Pgp. In a clinical study,35 oral administration
of fexofenadine in the presence of fruit juices led to a three- to fourfold decrease in
the area under the plasma concentration–time curve (AUC) and a twofold decrease
in Cmax, while the urinary clearance of fexofenadine remained unchanged compared
to administration with water. These in vivo data suggest that fruit juices may de-
crease the oral bioavailability of fexofenadine by inhibition of OATP-A-mediated
drug absorption.

Few transporters belonging to the OATP family have been identified in the GI tract
to date; however, most functional characterization work has been carried out at the cell
culture level. In vivo data to further support the role of OATPs on oral drug absorption
are still very limited. One challenge to correlate in vitro findings with in vivo results
is the ambiguous orthologous gene product in experimental animals such as rats or
mice. For example, rat Oatp1, 2, and 3 share some substrates with human OATP-A,
but none of them represents the ortholog of human OATP-A, because their amino acid
sequence are only 67 to 73% identical to human OATP-A. Additionally, the tissue
distribution patterns or cellular localizations of human OATP-A are quite different
from rat Oatp1, 2, and 3.37 In vivo assessment of the role of OATPs in drug absorption
is also significantly impeded by the lack of specific inhibitors for these transporters.
It may be feasible to use substrates as competitive inhibitors under certain in vitro
situations (e.g., OATP-A gene transfected cells) where single transporters are present
in the system, but the overlapping substrate specificity among OATP family members
makes it impossible to use this strategy for in vivo functional assessment of individual
OATPs. The clinical significance of intestinal OATPs in drug absorption needs to be
established and confirmed.

16.4.3. Pgp-Mediated Secretory Transport

Pgp is probably the best known and most thoroughly characterized secretory drug
transporter in the gut. It can transport a variety of drugs from many therapeutic classes
with diverse structures and pharmacological activities. The number of substrates
and inhibitors for Pgp is increasing continuously. Early studies demonstrating Pgp-
mediated secretory transport in the intestine were carried out by Hunter et al.38−40

using polarized human intestinal epithelial cell lines (e.g., Caco-2, HT29, and T84
cells), which were cultured on porous supporting materials and had Pgp expression
at the apical domain. The vectorial transport of vinblastine, a typical Pgp substrate,
was measured in this in vitro cell culture system. Their results showed that basolateral
to apical (B → A, secretory) transport of vinblastine is markedly higher than apical
to basolateral (A → B, absorptive) transport. Moreover, the secretory transport of
vinblastine could be reduced significantly when Pgp was inhibited by verapamil
and nifedipine. Using similar approaches described in this pioneering in vitro work,
numerous studies have been performed, with the results demonstrating that intestinal
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Pgp may transport a number of therapeutic agents and possibly lead to low oral
absorption of some drugs.41

The important role of Pgp in intestinal absorption of orally administered drugs
is also supported by a large body of in vivo evidence using Pgp knockout mice.
In contrast to humans, who have only one gene (MDR1) encoding Pgp, mice have
two genes (i.e., mdr1a and mdr1b) working together to fulfill the equivalent function
of human Pgp. Further studies demonstrated that the relative abundance of mdr1a
and mdr1b transcripts is tissue or organ specific, with mdr1a highly expressed in
intestinal epithelial cells and at the blood–brain and blood–testis barriers, whereas
mdr1b is highly expressed in the adrenal gland, pregnant uterus, and ovaries. Both
mdr1a and mdr1b genes are expressed substantially in many other tissues, including
the liver, kidney, lung, heart, and spleen.42,43 Pgp knockout mice are now available
as mdr1a(–/–), mdr1b(–/–), and mdr1a/1b(–/–) (double knockouts).43,44 A study by
Sparreboom et al.45 assessed the effect of gut Pgp on the pharmacokinetics of pacli-
taxel using mdr1a(–/–) mice. The results showed that the AUC of paclitaxel was two-
and sixfold higher in mdr1a(–/–) mice than in wild-type mice after intravenous and
oral drug administration, respectively. Additionally, cumulative (0 to 96 hour) fecal
drug excretion decreased from 87% (after oral administration) and 40% (after intra-
venous administration) of the administered dose in wild-type mice to less than 3% in
mdr1a(–/–) mice. Since the biliary secretion of paclitaxel is similar between wild-type
and mdr1a(–/–) mice, the reduced fecal excretion in mdr1a(–/–) mice was attributed
to the lower intestinal Pgp-mediated secretion as compared to that of wild-type mice.
Collectively, their results suggest that intestinal Pgp not only limit the oral absorption
of paclitaxel but also mediate direct secretion of the drug from the systemic circu-
lation into the intestinal lumen. The role of Pgp in intestinal drug secretion has also
been demonstrated for digoxin, which is metabolized to a minor extent in humans.
In bile duct–ligated mice (i.e., no biliary flux into the intestinal lumen), the intestinal
secretion of digoxin was reduced from 16% of the administered dose in wild-type
mice to 1.5% in mdr1a/1b(–/–) mice.44 Using a recently developed perfusion catheter,
which isolates human jejunal segments by inflating balloons at the desired point in-
side the lumen, Drescher et al.46 measured the intestinal secretion of digoxin after
intravenous administration. Within 3 hours of injection, 0.45% of the dosed digoxin
(1 mg) was eliminated into a 20-cm-long segment of jejunum. Additionally, perfusion
of the isolated segment with Pgp inhibitor (quinidine) reduced intestinal secretion of
digoxin to 0.23%. When their findings were scaled up from one segment to the entire
intestine, it was estimated that at least 11% of the intravenously administered digoxin
was directly secreted into the intestinal lumen within 3 hours, and approximately half
was mediated by Pgp.

The unequivocal involvement of Pgp in intestinal drug efflux was also assessed
using excised intestinal segments mounted onto Ussing diffusion chambers. For ex-
ample, studies on the vectorial transport of digoxin across the intestinal wall demon-
strated that the efflux ratio was as high as 10-fold greater; however, this prominent
directional difference of digoxin transport diminished in mdr1a(–/–) mice. Makhey
et al.13 investigated the mechanisms and kinetics of intestinal secretory transport
process of the anticancer drug etoposide (a topoisomerase II inhibitor) in rat or hu-
man intestine. The results showed that etoposide secretion is regionally dependent
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with efflux ratios of 5.4, 9.7, and 4.8 in rat jejunum, ileum, and colon, respectively.
Moreover, the presence of quinidine in the diffusion buffer could markedly reduce
etoposide efflux ratio highlighting the critical role of intestinal Pgp in the absorp-
tion and secretion of etoposide. Diffusion studies using excised intestinal tissue have
proved useful in mechanistically characterizing the drug transport process, however,
kinetic parameters (e.g., permeability) are usually obtained at steady state. Therefore,
better in vitro–in vivo correlations (IVIVCs) are necessary for accurate prediction of
drug absorption and/or secretion in vivo.

Since the discovery of Pgp, a large number of in vitro and in vivo studies have
been carried out to assess its detoxification function as a secretory transporter. Pgp-
mediated transport reduces drug exposure by preventing the entry of xenobiotics into
the human body and/or facilitating their elimination out of body. However, intestinal
Pgp-mediated efflux may not play a significant role in oral bioavailability of certain
drugs even though they have been demonstrated to be typical substrates for Pgp at
the cell culture level. This is well demonstrated for high-permeability/high-solubility
drugs such as verapamil.11,12 As discussed in Section provided that the clinical dose
is relatively high, high solubility and permeability will make simple diffusion [value
of PmC in equation (9)] the dominant factor in drug transport, eclipsing the effect of
Pgp-mediated efflux. Many pharmaceutical companies are now using several in vitro
methods (cell- or enzyme-based) to screen Pgp substrate at the early development
stage. However, the decision of discontinuing an in vitro–identified Pgp substrate for
late drug development must be made with great caution, since the very low concen-
trations used for in vitro studies results in readily detected Pgp function, and the role
of efflux transporter in the oral availability of certain drugs may not be substantial in
actual clinical practice.47

Most Pgp-transported drugs are also substrates for phase I metabolic enzyme cy-
tochrome P450 (CYP) 3A4. The coexpression of these two proteins in the intestine
and the interplay between them complicates the demonstration of either protein’s
contribution to drug absorption. It is now generally accepted that intestinal metabolic
enzymes and efflux transporters work coordinately as a detoxification system, result-
ing in the poor bioavailability of certain drugs.48

16.4.4. BCRP-Mediated Secretory Transport

BCRP was cloned independently by several research groups from drug-resistant can-
cer cells49,50 or placenta.51 Unlike other ABC transporters, BCRP contains only
one membrane-spanning domain and one nucleotide-binding domain. Some avail-
able experimental evidence suggests that BCRP may function as a homodimer or
homotetramer,52−54 so it is also called a half-transporter.

BCRP is expressed abundantly at the apical membrane of the small intestine and
colon epithelium, where it limits drug absorption and/or facilitates secretion back
into lumen. This has been well demonstrated by several animal and clinical studies.
Jonker et al.55 compared the bioavailability of the anticancer drug topotecan (TPT, a
topoisomerase I inhibitor) in Bcrp knockout mice and found that the AUC of orally
administered TPT is about sixfold higher in Bcrp-deficient mice than in wild-type
mice. Chemically knocking down mice Bcrp function by its inhibitor GF120918 (also
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Pgp inhibitor) also results in a significant increase in TPT oral absorption.56 Subse-
quently, TPT in combination with GF120918 demonstrated increased oral bioavail-
ability in the clinical setting.57 Since TPT is not transported extensively by Pgp and
undergoes minimal CYP3A-catalyzed metabolism,58 the pharmacokinetic interac-
tion observed between TPT and GF120918 could be ascribed predominantly to the
inhibition of the efflux transporter BCRP.

Other than limiting drug entry into the body, BCRP also restricts exposure to di-
etary carcinogens such as 2-amino-1-methyl-6-phenylimidazo[4,5-b]pyridine (PhlP).
Pharmacokinetic studies by van Herwaarden et al.59 demonstrated that at a dose of 1
mg/kg [14C]PhIP, the AUC of oral and intravenous administration was 2.9- and 2.2-
fold higher in Bcrp knockout mice than in wild-type mice, respectively. In mice with
cannulated gallbladders, both biliary and direct intestinal secretion of [14C]PhIP were
greatly reduced in Bcrp knockout mice compared with wild-type mice. The data sug-
gest that Bcrp effectively restricts the exposure of mice to ingested PhIP by decreasing
its absorption from the small intestine and increasing biliary and intestinal secre-
tion. Since PhIP is the most abundant heterocyclic amine present in various protein-
containing foods, BCRP/bcrp1 is believed to play an important role in protection from
the toxicity of normal food constituents. The importance of BCRP as a detoxification
efflux transporter in the gut was also highlighted by Jonker et al.,55 who found that Bcrp
knockout mice are prone to developing phototoxic lesions on light-exposed areas of the
skin when fed a diet containing large amounts of chlorophyll. Further studies showed
that Bcrp efficiently limits the uptake of chlorophyll-breakdown product pheophor-
bide a, and the deficiency of Bcrp increases the exposure of mice to pheophorbide a,
leading to the high risk of protoporphyria and diet-dependent phototoxicity.

16.4.5. Transporters Localized on the Basolateral Membrane of Enterocytes

Little is known about the transport process occurring at the basolateral membrane
of the intestinal epithelium. Some functional studies provide strong evidence for
the existence of basolateral peptide transporters which are distinguishable from
PepT160,61; however, these putative transporters have not yet been cloned. MRP1 is
expressed primarily at the basolateral domain of the crypt cells in mouse and human
small intestine.16 In vitro studies showed that MRP1 can efflux a variety of com-
pounds, including daunomycin62 but and vincristine,63 but its role in drug transport
in the intestine has not yet been clearly demonstrated.

16.5. FUNCTIONAL MODULATION OF INTESTINAL TRANSPORTERS
TO OPTIMIZE ORAL ABSORPTION OF DRUGS

In view of the importance of intestinal transporters in the absorption of certain drugs,
tremendous efforts have been made to identify chemical inhibitors of secretory
transporters, hoping to knock down the efflux activities of these gatekeepers,
thereby increasing the bioavailability of some poorly absorbed drugs. Up to now,
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the characterization of Pgp inhibitors represents the most successful example in this
research area and has generated a variety of specific and potent inhibitors, which can
be classified into three generations based on the time sequence of their identification
and the inhibitory mechanism. First-generation Pgp inhibitors include verapamil, cy-
closporin A, tamoxifen, and several calmodulin antagonists. Indeed, these inhibitors
are also Pgp substrates; therefore, the inhibitory mechanisms have been attributed to
competitive binding or transport. Owing to widespread availability (most of them are
commercially available), the first-generation Pgp inhibitors have been used exten-
sively to delineate the role of Pgp in drug transport across the cell membrane (e.g.,
drug-resistant tumor cells) or tissue barriers (e.g., intestine, liver, kidney, and BBB),
where Pgp protein resides. However, their clinical application for boosting drug
bioavailability is limited because the desired inhibitory potency on Pgp requires a high
blood concentration of inhibitors (at least three- to fivefold higher than their binding
affinity Km), at which concentrations side effects will be evoked. Subsequently, the
second generation of Pgp inhibitors was synthesized with the goal of making the in-
hibitors more potent and less toxic. Representative second-generation Pgp inhibitors
include biricodar (VX-710) and PSC833 (valspodar), a nonimmunosupressive
derivative of cyclosporin D, which is 10- to 20-fold more potent than cyclosporin A
in its ability to inhibit Pgp.64 Coadministration of the anticancer drug paclitaxel with
PSC833 resulted in a 10-fold increased oral bioavailability of paclitaxel in mice.65

During the past several years, more potent and specific Pgp modulators, such as
LY335979 (zosuquidar), GF120918 (elacridar), XR9576 (tariquidar), and R101933
(laniquidar), have been developed as third-generation Pgp inhibitors. A mass balance
study demonstrated that concurrent administration of GF120918 results in almost
complete oral absorption of paclitaxel.66 Using intestinal and vascular access–ported
(IVAP) rabbits, our laboratory found that in the presence of GF120918, the
bioavailability of upper small intestine–administered saquinavir increased twofold.67

Using inhibitors of secretory transporters (e.g., Pgp) to boost the bioavailability
of some poorly absorbed drugs has generated some encouraging results. However, it
was noted recently that this strategy may be questionable for dual Pgp and CYP3A
substrates. Wu and Benet examined the influence of GF120918 on the disposition
of tacrolimus (a substrate for both Pgp and CYP3A) in isolated perfused rat liver
and found that tacrolimus AUC could be reduced significantly in the presence of Pgp
inhibitor.68 In a clinical study,69 patients receiving paclitaxel intravenous infusion with
concurrent oral administration of PSC833 showed increased plasma concentrations of
6�-hydroxypaclitaxel, a major metabolite of paclitaxel, compared to patients treated
with paclitaxel alone. These findings suggested that the Pgp inhibitor may sequester
its substrate in hepatocytes by inhibiting its biliary excretion, resulting in greater
metabolism by CYP3A.

16.6. CONCLUSIONS

Although our knowledge of physical pharmacy and advancements in manufactur-
ing technology have enabled the production of oral medicines with better absorption



JWDD059-16 JWDD059-YOU May 29, 2007 21:6

510 DRUG TRANSPORTERS IN THE INTESTINE

profiles, low and erratic oral bioavailability still prevents many promising drug candi-
dates from entering clinical trials. It has been demonstrated that drug transporters in
the intestinal tract may play a critical role in the absorption and disposition of some
drugs. However, they may also mediate significant drug–drug interactions. Recogni-
tion of the importance of intestinal transporters will certainly help the development
of drugs with optimal absorption properties and benefit the design of individualized
dosing regimens.
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17.1. INTRODUCTION

Drug transporters are key determinants in the absorption, distribution, and excretion
of a diverse array of environmental toxins and clinically important drugs, and are
therefore critical for the survival of mammalian species. Alteration in the function
of these drug transporters plays an important role in the intra- and interindividual
variability of the therapeutic efficacy and the toxicity of the drugs. As a result, the
activity of drug transporters must be under tight regulation so as to carry out their

Drug Transporters: Molecular Characterization and Role in Drug Disposition, Edited by
Guofeng You and Marilyn E. Morris
Copyright C© 2007 John Wiley & Sons, Inc.

517



JWDD059-17 JWDD059-YOU June 13, 2007 9:26

518 REGULATION OF DRUG TRANSPORTER ACTIVITY

normal duties. Key players involved in the regulation of transporters are hormones,
protein kinases, nuclear receptors, scaffolding proteins, and disease conditions. These
players may affect transporter activity at multiple levels, including (1) when and how
often a gene encoding a given transporter is transcribed (transcriptional control),
(2) how the primary RNA transcript is spliced or processed (RNA processing con-
trol), (3) which mRNA in the cytoplasm is translated by ribosomes (translational
control), (4) which mRNA is destabilized in the cytoplasm (mRNA degradation con-
trol), and (5) how a transporter is modified and assembled after it has been made
(posttranslational control). Regulation of transporter activity at the gene level usu-
ally occurs within hours and days and is therefore classified as long-term or chronic
regulation. Long-term regulation usually occurs when the body undergoes massive
change, such as during the development or occurrence of disease. Regulation at the
posttranslational level usually occurs within minutes or hours and is therefore classi-
fied as short-term or acute regulation. Short-term regulation usually occurs when the
body has to deal with rapidly changing amounts of substances as a consequence of
variable intake of drugs, fluids, or meals as well as metabolic activity. In this chapter
we describe the mechanisms for posttranslational regulation of drug transporters.

17.2. GLYCOSYLATION

Glycosylation is the most common and diverse form of posttranslational modification
for newly synthesized proteins. It is a process in which sugars are added covalently
to proteins. When sugars are added to the NH2 group on the side chain of an as-
paragine (Asn) residue of the protein, the process is called N-linked glycosylation.
When sugars are added to the OH group of serine (Ser) or threonine (Thr) side chains
of the proteins, the process is called O-linked glycosylation. N-linked glycosylation
occurs primarily in the endoplasmic reticulum (ER) (Figure 17.1).1 Briefly, a dolichol
pyrophosphate precursor (Glc3Man9GlcNAc2) is at first transferred to an Asn side
chain of Asn-X -Ser/Thr consensus sequence (X can be any amino acid except pro-
line) for N-linked oligosaccharides in a nascent polypeptide in the ER. Processing
is initiated by the removal of the three terminal glucose residues and at least one
mannose residue in the endoplasmic reticulum, followed by transportation to Golgi
apparatus, where mannose residues are further trimmed, and N -acetylglucosamine,
galactose, and sialic acid residues are added sequentially. The newly synthesized
glycoproteins then exit the Golgi and are transported to their final destination.
O-linked glycosylation mainly happens in the Golgi and at a later stage during pro-
tein processing. The enzyme responsible for this process is called UDP-N -acetyl-
d-galactosamine:polypeptide N -acetylgalactosaminyltransferase. It starts with the
attachment of N -acetylgalactosamine to the hydroxyl groups of serine or threonine
and is followed by the addition of other carbohydrates, such as galactose and sialic
acid. Glycosylation has been demonstrated to play critical roles in the regulation of
membrane targeting,2,3 protein folding,4,5 the maintenance of protein stability (re-
sistance to proteolysis),6,7 and providing recognition structures for interaction with
diverse external ligands.8,9
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FIGURE 17.1. Scheme of N-linked oligosaccharide biosynthetic pathway in the endoplasmic
reticulum and the Golgi apparatus. Different forms of sugars are added by different types of
transferases at various processing steps.

Many transporters are found to possess consensus sites for glycosylation in their
amino acid sequences. This is also true for many of the drug transporters. For example,
multiple potential sites for N-linked glycosylation were identified in all members of
the organic anion transporter (OAT) family [solute carrier (SLC) 22A]. Mutagenesis
studies on OAT12 and OAT44 in cultured cells revealed that although disruption of
N-glycosylation at individual sites by replacing asparagine with glutamine had no
effect on the transport activities of these transporters, simultaneous elimination of all
the glycosylation sites caused retention of these transporters in an intracellular com-
partment, suggesting that addition of sugars to the transporters plays a critical role in
the targeting of these transporters to the plasma membrane. Not only is acquisition of
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sugars, the first step in the glycosylation process, crucial for OAT activity, but modifi-
cation of added sugars, the processing step, has also been proven to be important. With
the use of mutant Chinese hamster ovary (CHO)-Lec cells lacking various enzymes
required for glycosylation processing, it was shown that processing of glycosylation
from a mannose-rich type to a complex type is associated with an increased affinity
of OAT4 for its substrate.4

In contrast to the members of OAT family, where disruption of N-glycosylation
at individual sites has no effect on transport activity, elimination of glycosylation at
individual sites of organic cation transporter OCT2 showed a differential effect on
its transport function.10 Removal of the glycosylation site at position 112 of OCT2
impaired the trafficking of OCT2 to the plasma membrane, removal of glycosylation
site at position 96 reduced the turnover number of the transporter, whereas removal
each of the three glycosylation sites at positions 71, 96, and 112 all increased the
affinity of the transporter for its substrate.

P-Glycoproteins are also heavily glycosylated plasma membrane proteins. Eval-
uation of the significance of N-glycosylation of human P-glycoprotein (MDR1)11

revealed that transfection of cDNA encoding a N-glycosylation-deficient P-
glycoprotein yielded drug-resistant clones with a much lower frequency than did
transfection of wild-type cDNA, suggesting that N-glycosylation may prevent
P-glycoprotein from ending up or getting stuck in the wrong subcellular compart-
ments, and may improve the efficiency of P-glycoprotein routing or sorting.

The functional significance of N-glycosylation was also investigated with a
naturally occurring glycosylation-defective mutant of organic anion–transporting
polypeptide OATP1A2 (also known as human OATP-A or OATP1).12 Genotypic
analyses of subjects from various ethnic populations identified six nonsynonymous
mutants within the coding region. One of the variants, A404T, has a mutation at a gly-
cosylation site (N135I). In vitro assessment revealed that the A404T variant had a shift
in the apparent molecular size, indicating an alteration in glycosylation status. This
variant also had a markedly reduced capacity for mediating the cellular uptake of all the
OATP1A2 substrate tested. Cell surface biotinylation and immunofluorescence confo-
cal microscopy suggested that altered plasma membrane expression of the transporter
might contribute to reduced transport activity associated with the A404T variant.12

17.3. UBIQUITINATION

Ubiquitination is a three-step process. In the first step, ubiquitin, an 8-kDa polypep-
tide, is activated by a ubiquitin-activating enzyme. The activated ubiquitin is subse-
quently transferred to an ubiquitin carrier protein. Finally, ubiquitin-protein ligase
catalyzes the covalent binding of ubiquitin to the target protein. Ubiquitination of
cellular proteins usually serves to tag them for rapid degradation and can therefore
modulate their stability and activity (Figure 17.2). Cells degrade proteins through
two major systems, the proteasome and the lysosome. The proteasome is involved
in the degradation of most cytosolic and nuclear proteins as well as some membrane
proteins13−15 and removes misfolded or misaggregated proteins in the endoplasmic
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FIGURE 17.2. Ubiquitin-dependent degradation pathways of transporters. Polyubiquitinated
transporters from the membrane will be degraded within proteasome. Misfolded proteins can
also be ubiquitinated and removed by proteasome degradation. The mono-ubiquinated trans-
porter proteins, on the other hand, would be degraded through the lysome pathway. Ub, ubiq-
uitin; (Ub)n, ubiquitin polymers.

reticulum.16 The lysosome degrades membrane proteins and extracellular materials
that enter the cell via endocytosis.15 Ubiquitin-mediated degradation usually occurs
in proteasome. It was found17 that in drug-resistant cancer cells, P-glycoprotein was
ubiquitinated constitutively. Transfection of multidrug-resistant cells with wild-type
ubiquitin increased the ubiquitination of P-glycoprotein and increased its degradation.
Proteasome inhibitor MG-132 induced accumulation of ubiquitinated P-glycoprotein,
suggesting involvement of the proteasome in turnover of the transporter. Enhanced
ubiquitination of P-glycoprotein resulted in reduced function of the transporter, as
demonstrated by increased intracellular drug accumulation and increased cellular
sensitivity to drugs transported by P-glycoprotein.

In the cholangiocytes of liver, apical sodium-dependent bile acid transporter
(ASBT) was found to be a short-lived protein and was associated with ubiquitin.18 The
inflammatory cytokine interleukin-1� (IL-1�) induced down-regulation of ASBT ex-
pression. Such down-regulation was accompanied by an increase in ABST polyubiq-
uitin conjugates and a reduced ASBT half-life. However, in phosphorylation-deficient
mutants, the ASBT half-life is prolonged markedly, IL-1�-induced ASBT ubiquiti-
nation is reduced significantly, and IL-1� failed to increase ASBT degradation. These
results indicated that ASBT undergoes ubiquitin-mediated degradation under basal
conditions, and such degradation is increased by IL-1� due to the serine/threonine
phosphorylation of the transporter.
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17.4. PHOSPHORYLATION

Phosphorylation is the covalent attachment of one or several phosphate groups to the
hydroxyl side chains of serine, threonine, or tyrosine on proteins. Most phosphate
on proteins of animal cells is on serine residues, less on threonine, with a very small
amount on tyrosine residues. The phosphorylation process occurs in the cytosol. Phos-
phorylation influences the conformation and charge of the protein, thereby also its
activity (either up or down), cellular location, or association with other proteins. Phos-
phorylation is catalyzed by protein kinases, which move a phosphate group from an
adenosine triphosphate (ATP) molecule to the proteins. Tyrosine kinases phosphory-
late proteins on tyrosine; serine/threonine kinases phosphorylate proteins on serine or
threonine. However, the phosphate groups can also be removed from the protein by a
process called dephosphorylation. This process is catalyzed by protein phosphatases.
The amount of phosphate that is associated with the protein is thus determined by the
relative activities of the kinase and phosphatase. Together, protein kinases and protein
phosphatases act in an exactly opposite fashion to regulate a population of target pro-
teins by controlling their phosphorylation state. Reversible protein phosphorylation is
responsible for regulation of cellular processes as diverse as mobilization of glucose
from glycogen,19,20 prevention of transplant rejection by cyclosporine,21 and devel-
opment of a cancer form such as chronic myeloid leukemia.22,23 An ion channel, may
be closed when dephosphorylated but open when phosphorylated. Thus, a protein
kinase would be responsible for opening the ion channel, and a protein phosphatase
would be responsible for closing that channel.

Many drug transporters can also be regulated by reversible phosphorylation. It has
been shown24 that in HEK293 cells stably expressing rat organic cation transporter
rOCT1, stimulation of protein kinase C (PKC) by sn-1,2-dioctanoyl glycerol results
in a significant increase in the transport affinity of rOCT1 for its substrates tetraethy-
lammonium, tetrapenthylammonium, and quinine. Such increase in transport affinity
was accompanied by serine phosphorylation of the transporter. It was therefore pro-
posed that the phosphorylation of rOCT1 by PKC results in conformational changes
at the substrate-binding site.

Mouse organic anion transporter mOAT1 is another example whose transport ac-
tivity is regulated by reversible phosphorylation. It was found25 that treatment of
mOAT1-expressing LLC-PK1 cells with okadaic acid resulted in an increase in the
phosphorylation of mOAT1. Okadaic acid is a potent inhibitor of protein phosphatase
1 and protein phosphatase 2A, two of the four major serine/threonine protein phos-
phatases in the cytosol of mammalian cells. Okadaic acid readily enters cells, and
numerous studies have demonstrated that it enhances the phosphorylation of many
cellular proteins, presumably by preventing dephosphorylation. It was shown that
okadaic acid–induced phosphorylation of mOAT1 paralleled in time and concen-
tration the decrease of mOAT1-mediated transport of p-aminohippurate (PAH), a
protypical organic anion. Phosphoamino acid analysis indicated that phosphorylation
occurred primarily on serine residues. These results suggest that the increase in serine
phosphorylation of mOAT1 by okadaic acid is, at least in part, responsible for the
okadaic acid-induced decrease in basolateral PAH transport.
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In addition to affecting the ability of a transporter to bind its substrate, phosphory-
lation may also affect the ability of the transporter to interact with its accessory pro-
teins. It has been shown that the phosphorylation of multidrug resistance–associated
protein MRP2 has profound effects on the binding of this transporter with PDZ
proteins.26 PDZ proteins contain specific domains that through binding to their tar-
geting molecules are known to play important roles in scaffolding, protein trafficking,
and the regulation of membrane transport activity. In MRP2, Ser-1542 forms part of
the consensus sequence for phosphorylation by PKC. It is shown that when Ser-
1542 was replaced by alanine (MRP2 S1542A), mimicking the dephosphorylation
state of MRP2, the binding of MRP2 to the PDZ protein EBP50 was much less than
that of the wild-type MRP2. In contrast, when Ser-1542 was replaced by glutamic
acid (MRP2 S1542E), mimicking the phosphorylation state of MRP2, the binding of
MRP2 to PDZ proteins EBP50 and IKEPP was much stronger than that of the wild
type.

In rat hepatocyte, the organic anion transport mediated by organic anion–
transporting polypeptide Oatp1 was down-regulated by extracellular ATP.27 ATP was
speculated to exert its effect through P2Y purinergic receptor, which then leads to the
activation of intracellular signaling pathways. The down-regulation of Oatp1 func-
tion was also observed when hepatocytes were incubated with phosphatase inhibitors
okadaic acid and calyculin A. Exposure of hepatocytes to both extracellular ATP and
okadaic acid resulted in the phosphorylation of the transporter without affecting its
cell surface presentation, suggesting that loss of transport activity is not caused by
transporter internalization. Since Oatp1 functions as an organic anion exchanger, it
is hypothesized that addition of a negatively charged phosphate group to the inner
domain of the transporter may prevent this exchange from occurring.

17.5. DISULFIDE BONDS

A disulfide bond (SS bond), also called a disulfide bridge, is a strong covalent bond
formed by oxidation of two sulfhydryl groups ( SH) present in cysteine residue. In
eukaryotic cells, disulfide bonds are generally formed in the lumen of endoplasmic
reticulum (ER) but not in the cytosol. This is due to the oxidative environment of the
ER and the reducing environment of the cytosol, which is maintained by the high ratio
of oxidized glutathione to reduced glutathione. Thus, disulfide bonds are found only
in secretory proteins, lysosomal proteins, and the exoplasmic domains of membrane
proteins such as transporters. The formation of disulfide bonds can be reversed by
reducing conditions. These conditions may include the presence of agents with free
sulfhydryl groups such as dithiothreitol (DTT), �-mercaptoethanol, or glutathione.
A disulfide bond that links two peptide chains together is called an intermolecular
disulfide bond, whereas a disulfide bond that links different parts of one peptide chain
is called an intramolecular disulfide bond. Disulfide bonds are very important to the
folding, subunit assembly, and functioning of proteins. The greater the number of
disulfide bonds, the less susceptible the protein is to denaturation by forces such as
detergents and heat.
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Breast cancer resistance protein (BCRP/ABCG2) is believed to depend on both
inter- and intramolecular disulfide bonds for its structural and functional integrity.28

Unlike most of the other ABC transporters, which usually have two nucleotide-binding
domains and two transmembrane domains, ABCG2 consists of only one nucleotide-
binding domain followed by one transmembrane domain. Thus, ABCG2 has been
thought to be a half-transporter that may function as a homodimer. Three extracellular
cysteines (Cys-603, Cys-608, and Cys-592) were identified in this transporter. It was
found that the transporter migrates as a dimer in SDS-PAGE under nonreducing
conditions. Mutation of Cys-603 to Ala (C603A) caused the transporter to migrate
as a single monomeric band. Therefore, Cys-603 forms an intermolecular disulfide
bond. However, this mutation had no effect on efficient membrane targeting and the
function of the transporter. In contrast to C603A, both C592A and C608A displayed
impaired membrane targeting and function. Moreover, when only Cys-592 or Cys-608
were present (C592A/C603A and C603A/C608A), the transporter displayed impaired
plasma membrane expression and function. These data suggest that Cys-592 and
Cys-608 form an intramolecular disulfide bridge in ABCG2 that is critical for its
function.

In contrast to the role of disulfide bond in BCRP, where its presence maintains
the structural and functional integrity of the transporter, the disulfide bond in human
P-glycoprotein (MDR1) has an inhibitory effect.29 It was shown that the ATPase activ-
ity of human MDR1was stimulated by treatment with reducing reagent DTT, suggest-
ing the presence of inhibitory disulfide bonds. The DTT treatment also resulted in a
shift of molecular sizes on SDS gels from an oligomeric complex to a monomer. Using
proteins containing different combination of naturally occurring cysteine residues, it
was demonstrated that Cys-431 and Cys-1074, located in the Walker A sequences
of nucleotide-binding sites 1 and 2 (NBS1 and NBS2), are involved in the forma-
tion of both intra- and intermolecular disulfide bonds. The intermolecular disulfide
bonds were formed between Cys-431 and Cys-431 or between Cys-1074 and Cys-
1074, which is responsible for dimeric complex of the protein, and the intramolecular
disulfide bond was formed between Cys-431 and Cys-1074. The ATPase activity of
proteins containing both Cys-431 and Cys-1074 (i.e., CL-4C and Cys-431/Cys-1074)
was activated by DTT to about the same extent as the wild type, whereas proteins
in which only one of these two Cys residues was present (single Cys-431, single
Cys-1074) were activated to little or no extent. Thus, the major inhibitory disulfide is
the intramolecular one that forms between Cys-431 and Cys-1074.

17.6. OLIGOMERIZATION

Single polypeptides can associate with each other through an intermolecular disul-
fide bond, as discussed above. A more common and widely occurring association
of single polypeptides with one another to form larger protein complexes is through
noncovalent bonding, such as hydrophobic interaction. Individual polypeptides in
such complexes are referred to as subunits. The geometrically specific arrangements
and stoichiometry of the composition of the complexes is crucial for the activity of
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these proteins. Oligomerization can be homomeric (self-association) or heteromeric
(association with a different polypeptide). The heteromeric composition of most pro-
tein complexes gives the cells an additional level of variability and complexity that
it can use for its activity. Often, heteromeric compositions of protein complexes are
tissue specific or developmental specific, and multiple genes can control the activity
of a single heteromeric protein complex.

17.6.1. Homo-oligomerization

In recent years, there have been numerous studies showing that transport proteins
often exist as oligomers. Oligomerization plays critical role in various aspects of
transporter function. Each subunit in the oligomer may form a pore itself and allows
the translocation of its substrate, a mechanism mimicking water channel CHIP28.30

On the other hand, several subunits in the oligomer may be required to form a sin-
gle pore, as in K+ channels.31 In addition to the functional role mentioned above,
oligomerization is also believed to play a role in the membrane trafficking and sta-
bility of transporters. After synthesis in the endoplasmic reticulum (ER), proteins
undergo a strict process of quality control. Newly synthesized transporters may con-
tain retention signals and are thereby retained in the ER. Oligomerization may shield
or hide such signals and therefore is essential for the egress of transporters from the
ER for subsequent targeting to the plasma membrane.32−34

One example of the homo-oligomerization of drug transporters is the human or-
ganic anion transporter OAT1.35 Chemical cross-linking of intact membrane proteins
from LLC-PK1 cells stably expressing hOAT1 as well as from rat kidney converted
quantitatively OAT1 monomer to a putative trimer and a higher order of oligomer indi-
cates that OAT1 is present in the membrane as multimeric complexes. The oligomers
are not disulfide bonded, because removing the reducing reagent�-mercaptoethanol
from SDS gels did not promote oligomerization of OAT1. When coexpressed in LLC-
PK1 cells, FLAG-tagged hOAT1 coimmunoprecipitated with myc-tagged hOAT1.
The hOAT1 oligomer was also detected in gel filtration chromatography of to-
tal membranes from hOAT1-expressing LLC-PK1 cells. Cell surface biotinylation
with membrane-impermeable reagents and metabolic labeling with [35S]methionine
followed by immunoprecipitation showed that the oligomeric hOAT1 did not contain
any other proteins. Therefore, hOAT1 exists in the plasma membrane of LLC-PK1
cells as a homo-oligomer, possibly trimer, and higher order of oligomer. However,
the functional consequence of such oligomerization remains to be elucidated.

17.6.2. Hetero-oligomerization

Drug transporters are often seen to form hetero-oligomers with their associating pro-
teins. The key organs for drug disposition, such as kidney, brain, intestine, liver, and
placenta, are made of polarized epithelial cells. The capacity of any polarized epithe-
lial cell type to mediate a specific transport process is dependent on its capacity to
deliver the appropriate transport proteins to its apical and basolateral surfaces. The
same transport proteins may be called upon to serve as apical or basolateral proteins in



JWDD059-17 JWDD059-YOU June 13, 2007 9:26

526 REGULATION OF DRUG TRANSPORTER ACTIVITY

order to fulfill the transport missions assigned to each of the many different epithelial
cell types. The actual destination to which a given transporter is directed is chosen by
the epithelial cell and is determined through protein–protein interactions between the
transporter and the components of the sorting machinery expressed by the epithelial
cells. In this manner, each type of transporting epithelial cell can differentially dis-
tribute transport proteins so as to achieve the localizations required by its particular
physiological role. Abnormal membrane sorting and trafficking of the transporters
is the key cause for many clinical syndromes.36−38 After the sorting machinery deliv-
ers the transporter to a specific cell surface, maintenance of the correct localization at
that surface requires interactions of the transporters with structural proteins located at
or near the plasma membrane. It has been shown that the protein–protein interactions
that orchestrate the polarized distributions of transport proteins may also regulate their
functions. Certain transport proteins are not constitutive components of a particular
cell surface domain. Instead, these proteins commute or recycle between the cell sur-
face and an intracellular storage compartment. In response to concentration changes
in intracellular second messenger(s) concentrations, transporters are either inserted
into or retrieved from the cell surface. By manipulating the surface populations of se-
lected transport proteins, epithelial cells can precisely modulate their physiologic(al)
properties. Therefore, during their journey from the endoplasmic reticulum through
the secretary pathway to the cell surface, transporters interact with various accessory
proteins. It is these interactions that determine their localization on the specific cell
surface, domain, their stability at the specific cell surface, and their shuttling be-
tween the specific cell surface and the intracellular compartments when responding
to stimuli.

Many drug transporters have been shown to be associated with other proteins to
fulfill their function(s). PDZ proteins, for example, are one of the most common
interacting partners with transporters. PDZ proteins contain multiple PDZ domains
ranging from 80 to 90 amino acids in length and bind typically to proteins containing
PDZ consensus binding sites, the tripeptide motif (S/T)X (X = any amino acid and =
a hydrophobic residue) at their C-termini.39 These multidomain molecules not only
target and provide scaffolds for protein–protein interactions but also modulate the
function of receptors and ion channels by which they associate.40,41 The disruption of
the association between PDZ proteins and their targets contributes to the pathogenesis
of a number of human diseases, probably because of the failure of PDZ proteins to
appropriately target and modulate the actions of associated proteins.42,43

Several known members of the organic anion transporter polypeptide (OATP)
family have PDZ consensus–binding sites. Studies using protein mass fingerprinting
and immunoprecipitation44 showed that PDZ protein PDZK1 is the major interacting
protein of Oatp1a1 both in 293T cells cotransfected with Oatp1a1 and PDZK1 and
in native rat liver membrane extracts. Using PDZK1 knockout mouse liver to further
examine the functional significance of the interaction between PDZK1 and Oatp1a1,
it was found that Oatp1a1 was located predominantly in intracellular structures, in
contrast to its normal basolateral plasma membrane distribution, suggesting a critical
role for oligomerization of Oatp1a1 with PDZK1 for its proper subcellular localization
and function.
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PDZK1 was also found to interact with urate-anion exchanger URAT1 and hOAT4,
two members of the organic anion transporter (OAT) family. Through a yeast two-
hybrid screening, in vitro binding assay, coimmunoprecipitation, and surface plasmon
resonance analysis, it was revealed45 that the wild-type URAT1, but not its mutant
lacking the PDZ consensus–binding site, interacts directly with PDZK1. The asso-
ciation of URAT1 with PDZK1 enhanced urate transport activity in HEK293 cells
stably expressing URAT1 and cotransfected with PDZK1. Deletion of the URAT1
C-terminal PDZ consensus binding site abolished this effect. Augmentation of the
transport activity was accompanied by a significant increase in the maximum transport
velocity Vmax of urate transport and was associated with increased surface expression
level of URAT1 protein. By analyses similar to those used in the study of URAT1
and PDZK1 interaction, it was shown46 that OAT4 wild-type but not a mutant lacking
the PDZ consensus–binding site interacted directly with both PDZK1 and NHERF1.
OAT4, PDZK1, and NHERF1 proteins were colocalized at the apical membrane of
renal proximal tubules. The association with PDZK1 or NHERF1 enhanced OAT4-
mediated transport activity in HEK293 cells stably expressing URAT1 transfected
with PDZK1 or NHERF1. Deletion of the OAT4 C-terminal PDZ consensus–binding
site abolished this effect. Augmentation of the transport activity was accompanied by
an increase in maximum transport velocity Vmax of estrone sulfate transport and was
associated with an increased surface expression level of OAT4 protein.

Interaction of PDZ proteins with members of organic cation transporter families
OCTN1 and OCTN2 was also demonstrated.47 A pull-down study using recombinant
C-terminal proteins of OCTN identified specific interaction of OCTN1 and OCTN2
with PDZK1, IKEPP, and NHERF2. Both yeast two-hybrid and pull-down studies
suggested that the last four amino acids in OCTN1 and OCTN2 are required for
the interaction. The interaction of PDZK1 with the C-terminus of OCTN2 was also
confirmed in a pull-down study using kidney brush border membrane vesicles. Im-
munohistochemical analysis revealed that both PDZK1 and OCTN2 are colocalized
in brush border membranes of the kidney. Double transfection of OCTN2 and PDZK1
stimulated the uptake by OCTN2 of its endogenous substrate carnitine. Such an in-
crease was not observed for OCTN2 with deletion of the last four amino acids. In
contrast to increased surface expression of OAT4 and URAT1 when associating with
PDZK1, the surface expression of OCTN2 was not affected by the association with
PDZK1.

In addition to the interaction with PDZ proteins as mentioned above, drug trans-
porter activity can also be modulated through interacting with another class of pro-
teins: caveolins. Caveolins are a major structural component of caveolae, the small
flask-shaped and detergent-insoluble structures in the plasma membrane.48,49 Various
signaling molecules are found within caveolae, and their functional interaction with
caveolins plays an important role in transmembrane signaling. Several lines of evi-
dence indicate that caveolin may act as a scaffolding protein by direct interaction with
and modulation of the activity of multiple signaling molecules. The compartmentation
of various signaling molecules in caveolae and their direct and functional interaction
with caveolin provides a paradigm by which these membrane microdomains are in-
volved in regulating signal transduction pathways.50
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The interaction of caveolins with members of organic anion transporter family
OAT1 and OAT3 have been demonstrated.51,52 By Western blot analysis using iso-
lated caveolae-enriched membrane fractions or immunoprecipitates by respective
antibodies from the rat kidney, it was shown that rOAT1 and caveolin-2 colocalized
in the same fractions and formed complexes with each other. Similarly, rOAT3 and
caveolin-1 colocalized in the same fractions and associated with each other. These re-
sults were confirmed by performing confocal microscopy with immunocytochemistry
using primary cultured renal proximal tubular cells. When the synthesized cRNA of
rOAT1 along with the antisense oligodeoxynucleotides of Xenopus caveolin-2 were
coinjected into Xenopus oocytes, the uptakes of p-aminohippurate and methotrex-
ate were decreased significantly. Similarly, when rOAT3’s synthesized cRNA along
with the antisense oligodeoxynucleotide of caveolin-1 were coinjected into Xenopus
oocytes, the estrone sulfate uptake was reduced significantly. Therefore, the function
of these transporters can be modulated by caveolins.

Caveolin has also been shown to modulate the function of P-glycoprotein (Pgp).53

Pgp was identified in caveolar microdomains isolated from an in vitro model of the
blood–brain barrier, formed by coculture of bovine brain capillary endothelial cells
with astrocytes, and was found to interact with caveolin-1 and caveolin-2. Caveolae-
disrupting agents filipin III and nystatin decrease Pgp transport activity. In addition,
mutations in the caveolin-binding motif present in Pgp reduced the interaction of Pgp
with caveolin-1 and increased the transport activity of Pgp.

17.7. CONCLUSIONS

Cells exploit many types of posttranslational modulation as tools with which to effect
acute physiological responses. Although the development of heterologous expression
systems has facilitated the identification of different posttranslational modifications
on drug transporters, much remains to be learned about the effects of these modifica-
tions on transporter function in native cells. The mechanisms that regulate the activity
of these transporters need to be analyzed to place these proteins into the context of
cellular and organismal physiology and homeostasis. Modifications of different trans-
porters, as well as the pathways involved in regulating these modifications, could vary
depending on cell type and on the specific membrane domain (apical vs. basolateral)
to which a transporter is localized. The interaction of transporters with different types
of accessory proteins could also affect the posttranslational modifications of the trans-
porters, potentially allowing further heterogeneity in the regulation of transporters.
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18.1. INTRODUCTION

Integration of chemical, physical, and engineering technologies has led to great
advances in experimental methods in the biological sciences. For example, high-
throughput sequencing technology has allowed us to establish the full sequence of
the human genome, which has had enormous implications for understanding physio-
logical systems and identifying the novel target proteins for drugs. Further, three-
dimensional structure analysis of proteins will permit us to design novel drugs.
Equally, in research on drug transporters, the use of modern integrated technology
should enable the development of superior drugs and drug delivery systems, as well
as eliminating side effects. In this chapter we describe the methods available to study
drug transporters.

To understand the mechanisms of drug transport and to apply this knowledge to
drug development and medical treatment, it is important to identify novel transporters
that participate in pharmacological and physiological events and to clarify the func-
tions and roles of known transporters. For these purposes, there are various in vivo
and in vitro approaches (Figure 18.1).

18.2. IN VIVO EXPERIMENTS

In vivo study with model animals is an effective approach to elucidating the role of
transporters in pharmacological and physiological events. Recently, many types of
knockout or knockdown mice have become available. In addition, the RNA interfer-
ence technology provides a convenient method for knockdown research in cells or
animals. Here, we focus on comparative studies of normal and knockout or knock-
down mice.

18.2.1. Preparation of Knockout Mice

To generate knockout mice, embryonic stem (ES) cells derived from mice are
required.1–3 In ES cells, the wild locus is mutated by homologous recombination
(i.e., replacement of the wild locus with a targeting vector). Targeting vectors consist
of a drug-resistance genes such as the neomycin-resistance gene, with homologous
alignment of the target gene and a negative selection marker gene such as subunit
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A gene of diphtheria toxin.4–6 Appropriate design and construction of the targeting
vector is the key to successful cloning of positive homologous recombinants. Cloning
of homologous recombinants is also a critical step in the preparation of knockout
mice, since it is technically difficult. In the authors’ experiences, only 0 to 4 clones
of positive homologous recombinant may be found on screening about 1000 clones.7

After cloning, the cells are introduced into embryos by microinjection with suitable
micromanipulation equipment, followed by transplanting of the ES cell-injected em-
bryos into the uterus of pseudopregnant female mice. The chimeric progeny are born
about 3 weeks later. Mating of chimeric and wild-type mice provides heterozygous
(+/−) mice, and mating of these mice provides knockout (homozygous, −/−) mice.
The genomic Southern blot analysis and polymerase chain reaction (PCR) are used
for genotyping. Established knockout mice, such as mdr1−/−, can be purchased from
breeding companies, and chimeric mice can be prepared commercially by specialized
companies.

18.2.2. Preparation of Knockdown Mice

Knockdown technology can be applied to all animals. Knockdown studies with RNA
interference technology are an effective approach for in vitro research, and the tech-
nology has also been applied in vivo.8–10 The hydrodynamics method allows effective
suppression of gene expression in liver, kidney, lung, spleen, and heart. In addition,
it is inexpensive, rapid, and does not require special equipment or techniques.11–14

In the hydrodynamics method, the design of siRNA is crucial. Prior to intravenous
injection, cellular knockdown assay with the designed siRNA should be conducted to
examine knockdown efficiency and cellular viability. The injection volume of RNAi
solution, which is prepared by dissolving RNAi in phosphate-buffered saline (PBS),
is determined by calculating the injection volume based on 0.08 mL of RNAi solution
per 1 g of weight of animals, when the weight of the animals is between 11 and 33 g.
The animals are anesthetized on a warm plate, and the RNAi solution is injected
intravenously into the tail using a 26G needle. In the case of injection into 20-g
animals, 1.6 mL of RNAi solution is injected within 5 seconds. In general, 48 hours
after injection, a decrease in mRNA is observed, and the suppressing effect on protein
expression persists for several days, although monitoring of protein expression may
be required.15

18.2.3. Comparative Study of Normal and Knockout or Knockdown Mice

To identify pharmacological or physiological roles of drug transporters, and to evalu-
ate the contributions of transporters to drug behavior in humans, comparative studies
of normal and knockout or knockdown animals can provide persuasive evidence.16,17

By comparing drug accumulation, concentration, distribution, bioavailablity, and
other pharmacokinetic parameters in wild and gene-modified animals, the roles of
transporters can often be deduced. For this purpose it is possible to use a range of
methods, including in vivo methods, calculation of pharmacokinetic parameters, and
transport assays with isolated tissues, primary cells, or membrane vesicles.
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By means of the integration plot method, early-phase uptake of drugs by several
organs can be accessed, throwing light on the roles of carrier-mediated transport in
drug distribution and accumulation.18,19 In this method, mice are anesthetized and a
radiolabeled test compound is injected with or without 0.5 M unlabeled test compound
in saline. In addition, [14C]mannitol is often coinjected as a paracellular route marker.
At appropriate times, blood is withdrawn from the right jugular vein and plasma
is separated by centrifugation. After 1, 2, 3 or 5 minutes, mice are sacrificed, and
the target organs are excised immediately. The organ are rinsed with ice-cold saline,
blotted with dry filter paper, weighed, and solubilized. The solubilized organs are
mixed with hydrogen peroxide and the solution is neutralized with 5 M HCl. The
solubilized organs and plasma are mixed with scintillation liquid, and the associated
radioactivity is measured with a liquid scintillation counter, followed by calculations
of the tissue uptake clearance.

By using the integration plot method, we studied the distribution of an inhibitor of
xanthine oxidase, Y-700, in the liver.20 Following the intravenous administration of
[14C]Y-700 to rats, the liver and kidneys were removed and the amounts of [14C]Y-
700 taken up in these organs were measured. The values of tissue uptake clearance
were 1.04 and 0.316 mL/minute per kilogram in the liver and kidney, respectively,
suggesting efficient uptake of Y-700 by the liver in vivo.21

In comparative studies, alterations of pharmacokinetic parameters can be useful
in evaluating drug behavior and the pharmacological roles of transporters. Here we
focus on the measurement of drug disposition and tissue distribution. Animals are
starved overnight, anesthetized, and bolus-injected with radiolabeled test compound
via the jugular vein. [3H]Inulin is injected simultaneously with the radiolabeled test
compounds to evaluate the glomerular filtration rate (GFR). Serial blood samples
are collected from the intraorbital venous plexus using heparinized capillary tubes at
designated time intervals in individual mice during the experiment. Urine samples are
collected by washing the bladder with saline (0.5 mL) at designated times through a
catheter. Pharmacokinetic parameters, the area under the plasma concentration–time
curve (AUC), the elimination rate constant (k), the steady-state distribution volume
(Vdss), and the total body clearance (CLtot) can be estimated by means of model-
independent moment analysis or compartment analysis using Win–Nonlin (SCI) or
other computer-fitting techniques. GFR is estimated by inulin or creatinine clearance.
The renal clearance (CLr ) and renal secretory clearance (CLs) are calculated by using
the equations CLr = X/AUC and CLs = CLr− GFR, where X is the urinary excretion
amount of the test compound.

To evaluate the tissue distribution of drugs, the tissue-to-plasma concentration ra-
tio (K p) is often adopted. Mice are decapitated at the appropriate time after a single
intravenous injection of radiolabeled test compound. Tissues are quickly excised,
rinsed well with ice-cold saline, blotted to dryness, and weighed. Plasma and urine
samples are mixed with scintillation fluid. Tissue samples are dissolved, mixed with
scintillation fluid, and neutralized with 1 N HCl, then the associated radioactivity
is measured. If nonradiolabeled test compounds are used, quantification can be per-
formed with high-performance liquid chromatography (HPLC) or other analytical
techniques.
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In our study of systemic carnitine defficiency (SCD) by using jvs mice lacking the
organic cation transporter Octn2,22 we compared the K p values in jvs and wild-type
mice at 4 hours after tetraethylammonium administration. In kidney, jvs mice showed
significantly a higher K p value of TEA (25.0 ± 4.6) than did wild-type mice (9.89 ±
1.16), and the K p values in brain, lung, liver, and spleen of jvs mice were significantly
lower. We proposed that the increase in kidney may be explained in terms of decreased
renal apical secretory transport activity, and that the decrease of K p values in other
tissues may be explained in terms of decreased tissue-uptake activities.23

18.3. ISOLATED TISSUE METHODS

To predict the involvement of transporters in absorption and distribution, studies with
isolated tissues are often performed. To investigate intestinal absorption mechanisms,
the loop method, Ussing-type chamber method, or everted sac method can be adopted.
The loop method is an in situ approach, whereas the Ussing-type chamber and everted
sac methods are performed with isolated intestinal tissues. Sliced organs are often
used, except in the case of intestine.

18.3.1. Loop Method

The loop method is an in situ method for studying the intestinal absorption mecha-
nisms of drugs. Typically, mice are anesthetized, the intestine is exposed by midline
abdominal incision, and the bile duct is ligated. A 5-cm closed loop of intestine is
prepared by ligation at both ends after clearing the gut by passing warmed isotonic
2-morpholinoethanesulfonic (MES) acid buffer (pH 6.4, 290 mOsm/kg) slowly
through it until the effluent is clear, and expelling the remaining solution with air
pumped through a syringe. Each loop is filled with 0.2 mL of isotonic MES buffer. In
the case of intestinal absorption study, the mouse is kept on a warm plate at 37◦C for
a 10-minute recovery period. The test compound is introduced into the loop. After
15 minutes the solution in the loop is collected and the loop is rinsed with isotonic
MES buffer to give a total effluent volume of 5 mL. To estimate the remaining amount
of the test compound, the concentration in the effluent is measured by HPLC or by
other analytical techniques.24

Using the loop method, we compared the absorption of grepafloxacin in mouse
small intestine of mdr1a/1b double-knockout and wild-type mice. The knockout mice
showed significantly lower fractional absorption in the intestinal loop, suggesting that
mdr1 restricts the uptake of grepafloxacin from mouse small intestine.24,25

18.3.2. Ussing-Type Chamber Method

A Ussing-type chamber consists of two buffer tanks with isolated tissues (intestine,
skin, etc.) mounted between them.26 Drug movements from the apical to the ba-
solateral side and from the basolateral to the apical side can be measured to study
directional drug transport in tissues. We have used the Ussing-type chamber method
to investigate the intestinal absorption of a �-lactam antibiotic, cefadroxil, which is
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a representative substrate of Pept1. Rat intestinal tissue sheets consisting of the mu-
cosa and most of the muscularis mucosa were mounted vertically in an Ussing-type
chamber that provided an exposed area of 0.5 cm2. The volume of bathing solution on
each side was 5 mL, and the temperature was maintained at 37◦C. The test solution
(pH 7.4 or 6.0) was gassed with 95% O2–5% CO2 before and during the transport
experiments. At intervals, the amount of cefadroxil transported was determined by
HCPL with an ultraviolet detector.25

The drug transport can be estimated in terms of permeation (L/cm2) obtained by
dividing the amount transported (mol/cm2 or g/cm2) by the initial concentration of
test compound on the donor side (mol/L or g/L). The permeability coefficient (cm/s)
can be obtained from the slope of the linear portion of the permeation–time curve. In
addition, the Ussing-type chamber method also permits us to evaluate accumulation
of drugs and the regional dependence of transport in tissues.24,25

18.3.3. Everted Sac Method

The everted sac method is also used for studying drug absorption and distribution in
the intestine.27 The animals are anesthetized and an appropriate length of intestine
is excised. The isolated portion is everted and divided into small segments of 4-cm
length, which are fixed over polyethylene tubes. Each polyethylene tube carries two
lines marked at a distance of 3 cm, and the everted tissue is tied with cotton threads
at these marks. A 20-cm-length thread is ligated at the edge of the intestine so that
the intestine can be removed from the medium immediately at the desired time.
The everted segments are preincubated in buffer solution under 95% O2–5% CO2.
After preincubation, the intestine is placed immediately in assay medium containing
the test compound and gassed with 95% O2–5% CO2. After the desired period of
incubation, the tissues are washed in ice-cold isotonic buffer and blotted on filter paper,
followed by measurement with the appropriate analytical equipment.28 We have used
this approach to examine the time course, concentration dependence, and mode of
inhibition of uptake of several �-lactam antibiotics by small intestinal tissues.28

18.3.4. Sliced Organs

Transport assays with sliced organs or tissues can throw light on the contribution of
transporters to the uptake or distribution of drugs. Recently, we showed the involve-
ment of a transporter in the renal excretion of a novel diuretic inhibitor, M17055, with
this method.29

Rat kidneys were removed under anesthesia and soaked in ice-cold transport buffer
(adjusted to pH 7.4). Two rat renal cortical slices were collected from a kidney using a
Staddie–Riggs microtome (the weight of each slice was 20 to 40 mg). The slices were
preincubated for 5 minutes in the transport buffer at the experimental temperature with
bubbling of 95% O2 and 5% CO2. The transport buffer was then exchanged for fresh
buffer containing [14C]M17055. At the designated times, the slices were picked up and
washed twice with ice-cold transport buffer. Finally, the slices were solubilized and
neutralized for measurement of the radioactivity with a liquid scintillation counter.
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The uptake of [14C]M17055 by rat renal cortical slices showed a time-dependent
increase. In addition, we have examined the effects of various compounds on the
uptake of [14C]M17055 by rat renal cortical slices, and the results suggested that the
excretion of M17055 is at least partially mediated by the organic anion transporter
OAT1. An Eadie–Hofstee plot of data obtained at various substrate concentrations
provides the Km value.30

18.4. PRIMARY CELL CULTURES AND ESTABLISHED
MODEL CELL LINES

Primary cell cultures and established model cells may be the simplest systems that
reflect the physiological conditions and can provide clues to the involvement of trans-
porters in drug absorption, distribution, and excretion. In particular, primary cultured
cells can permit us to evaluate carrier-mediated transport and to identify directly the
molecules responsible. The introduction of established model cell lines has made it
possible to conduct experiments routinely.

18.4.1. Isolated Hepatocytes

Isolated hepatocytes and enterocytes are often used as primary cultured cells. Here
we focus on rat hepatocytes. Rat hepatocytes are isolated by means of the collage-
nase perfusion procedure.31 After isolation they are suspended at 4◦C in albumin-free
Krebs–Henseleit buffer. In the preparation of isolated primary cells it is important to
check cell viability using the trypan blue (0.4% w/v) exclusion test; we use only hep-
atocytes with more than 95% viability.32 After preincubation of isolated hepatocytes
for 5 minutes at 37◦C, the cells and the transport buffer containing a radiolabeled
drug are incubated separately at 37◦C for 5 minutes and then mixed to initiate uptake.
At designated times, 200-�L aliquots are taken and analyzed using the silicon layer
method described later. Although primary cultured cells may require maturation, suit-
able combinations of cells and analytic methods permit us to access the effects on
drug uptake, of ATP depressants, low temperature, and various compounds, as well
as to determine the concentration dependences of uptake.33,34 In addition, human
hepatocytes are available from some organizations in the United States and China,
and are useful to examine drug behavior in humans.23

18.4.2. Fibroblasts

Primary cultured cells can be an excellent tool in comparative studies with knock-
out or knockdown animals.35 We have studied the loss of transport capability for
cationic compounds in the jvs mouse using primary cultured fibroblasts. Transport
measurements were performed by the dish method. The uptake of [14C]TEA by fi-
broblasts from jvs mice was significantly lower than that by cells from normal mice,
as was also the case for [3H]carnitine. Furthermore, the efflux transport of [14C]TEA
was measured after preincubation of fibroblasts with [14C]TEA, to demonstrate the
bidirectional transport of TEA by Octn2.23
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18.4.3. Established Cell Lines

In organs and tissues relevant to drug behavior, drugs are transported by polar cells
such as intestinal and renal epithelial cells bearing directional drug transport systems.
Therefore, established model cell lines with polarity provide useful model systems to
study directional transport of drugs. Representative lines include Caco-2 and LLC-
PK1 cells. Furthermore, conditionally immortalized cell lines are also available as
new in vitro models for the study of transporters.36

Caco-2 Cells Caco-2 cells derived from human colon carcinoma are often used as
a model for intestinal epithelial cells to predict drug behavior in the intestine.37 For
cultivation of Caco-2 cells, we adopt Dulbecco’s modified Eagle’s medium, containing
10% fetal calf serum, 1% nonessential amino acids, 2 mM l-glutamine, penicillin,
and streptomycin in a humidified incubator at 37◦C under an atmosphere of 5% CO2

in air. For transport experiments, Caco-2 cells are grown on dishes and on Transwell
microporous polycarbonate membranes. Caco-2 cells are cultured for 21 to 23 days
before assays.25,38,39

LLC-PK1 Cells LLC-PK1 cells lines derived from pig kidney are often used for
studies of MDR1 (ABCB1), since human MDR1 is expressed on the apical membrane
of LLC-GA5-COL150 cells and confers upon them resistance to colchicines and other
P-glycoprotein substrates. In particular, comparative studies between LLC-PK1 and
LLC-GA5-COL150 cells can be performed to examine whether a test compound is
a substrate of MDR1. Ueda et al. used this approach to show that steroidal hormones
could be transported directionally by MDR1.40

LLC-PK1 cells are grown in M199 medium containing 10% fetal calf serum,
14.3 mM NaHCO3 and 3% l-glutamine. For cultivation of LLC-GA5-COL150 cells,
150 ng/mL colchicine is added to the medium. For transport experiments, the cells
are grown on Transwell microporous polycarbonate membranes and are cultured for
3 or 4 days before use.25,41

18.4.4. Transfected Cell Lines and Xenopus laevis Oocytes

For evaluation of the transport activity of drug transporters, gene expression systems,
such as cultured cells and Xenopus laevis oocytes, provide simple experimental tools
to evaluate substrate specificity and the driving force of transporters. Here we describe
transport assay in transporter-expressing HEK293 cells and X. laevis oocytes.

Expression of Drug Transporters Expressed in HEK293 Cells For evaluation of
the transport activity of drug transporters, several types of cultured mammalian
cell expression systems can be used. We have adopted HEK293 cells derived from
human embryonic kidney. HEK293 cells are routinely grown in Dulbecco’s modi-
fied Eagle’s medium containing 10% fetal calf serum, penicillin, and streptomycin
in a humidified incubator at 37◦C under an atmosphere of 5% CO2 in air. Af-
ter cloning or purchase of cDNAs encoding transporters, they are inserted into
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mammalian expression vectors such as the pcDNA series (Invitrogen Inc.) that include
a CMV promoter and neomycin resistance gene (Neor ). The constructs are transiently
transfected into HEK293 cells. In the case of transient expression, a transport study
is often performed at 48 hours after the transfection.42,43

We used the HEK293 cells expression system to examine the transport activity
of OCTN1 as an organic cation transporter. After 24 hours of cultivation of HEK
293 cells in 10-cm dishes, 10 �g/dish of the expression vector with or without human
OCTN1 cDNA was transfected into HEK293 cells by means of the calcium phosphate
precipitation method. At 48 hours after transfection, the cells were harvested and
suspended in transport medium. This suspension and a solution of a radiolabeled test
compound in the transport medium were each incubated at 37◦C for 10 minutes, and
then transport was initiated by mixing them. At appropriate times, 200-�L aliquots
of the assay mixture were sampled and analyzed by the silicon layer method. These
experiments provided data concerning the time, pH, and concentration dependence
of [14C]TEA transport by OCTN1, suggesting that OCTN1 is the strongest candidate
for the unknown renal H+/cation antiporter.44 For transport studies with cultured cells
expressing transporters or with primary cultured cells, several assay methods, such
as the dish method, and the silicon layer method, are available.

Expression in Xenopus laevis Oocytes Xenopus laevis oocyte expression systems
have been used extensively for the study of membrane transporters because they offer
the advantages of low background transport, high transporter expression level, and
proper posttranslational modifications. Drugs transported into oocytes can be analyzed
directly by measuring radioactivity. In the early stage of research, many members of
the solute carrier (SLC) superfamily were identified by expression cloning methods
utilizing Xenopus laevis oocytes.45–48 In the postgenome era, the expression cloning
method is being used less frequently, because scientists can utilize a gene database.
However, Xenopus laevis oocytes are useful as an assay system for transporters, and
drug transporter–expressing oocytes are commercially available. They are used, for
example, for screening candidate drugs by pharmaceutical companies.

Capped cRNAs for transporters are synthesized in vitro by using T7 RNA poly-
merase from plasmids containing transporter cDNAs. Oocytes are harvested from
oocyte-positive X. laevis, dissected and treated with collagenase in a calcium-free
OR2 solution (82.5 mM NaCl, 2.0 mM KCl, 1.0 mM MgCl2·6H2O, 5.0 mM HEPES,
pH 7.5). The oocytes are washed with modified Barth’s solution about 10 times and
peeled, then injected individually with 50 �L of transporter cRNA (∼500 ng/�L)
and incubated at 18◦C for 3 days in modified Barth’s solution (88 mM NaCl, 1 mM
KCl, 2.4 mM NaHCO3, 0.82 mM MgSO4, 0.33 mM Ca(NO3)2, 0.41 mM CaCl2,
10 mM HEPES, pH 7.5) containing 50 �g/mL gentamicin. Uptake assays are per-
formed by incubating transporter cRNA- or water-injected oocytes with 500 �L of
transport buffer containing a radiolabeled test compound for 10, 30, 60, and 90 min-
utes. After uptake assay, oocytes are washed with ice-cold transport buffer. For uptake
study, oocytes are lysed individually in 5% SDS, and the amount of the radiolabeled
test compound transported into each oocyte can be determined by liquid scintillation
counting.42
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We have employed X. laevis oocytes for functional characterization of the organic
cation transporter human OCTN1, using tetraethylammonium (TEA) as a model
organic cation. The uptake of [14C]TEA into OCTN1 cRNA-injected oocytes was
significantly higher than that into water-injected oocytes, and the uptake of [14C]TEA
increased linearly until 90 minutes, and was saturable. Calculation of the kinetic
parameters gave apparent Km and Vmax values of 0.195 ± 0.033 mM and 18.5 ± 1.45
pmol/60 minutes per oocyte, respectively. In addition, we examined the effects of pH
and membrane potential on the uptake of [14C]TEA by human OCTN1 by altering the
transport buffer pH or replacing Na+ with K+ in the transport buffer. The results of
these experiments suggested pH dependence and membrane potential independence
of human OCTN1.42

18.4.5. Techniques to Study Cellular Uptake or Transport

Dish Method The dish method is suitable for transport study in adherent cells. Cul-
tured cells are cultivated in an appropriate medium in a humidified incubator at 37◦C
under an atmosphere of 5% CO2 in air. In the transport measurement, the cells cul-
tured on plastic dishes are incubated with transport medium (Hanks’ balanced salt
solution: 136.7 mM NaCl, 5.36 mM KCl, 0.952 mM CaCl2, 0.812 mM MgSO4,
0.441 mM KH2PO4, 0.385 mM Na2HPO4, 25 mM d-glucose, 10 mM HEPES, pH
7.4) containing a radiolabeled test compound to initiate the uptake study. After an
appropriate time, the dishes are washed three times with ice-cold Hanks’ balanced
salt solution and solubilized 1 M NaOH; then the radioactivity is measured in a liquid
scintillation counter after neutralization with HCl and addition of liquid scintillation
fluid.23

Silicon Layer Method Cultured cells are cultivated in an appropriate medium in
a humidified incubator at 37◦C under an atmosphere of 5% CO2 in air. The cells
are harvested with a rubber policeman, washed twice, and suspended in the transport
buffer. After preincubation of cells for 5 minutes at 37◦C, the cell suspension is mixed
with transport medium containing the radiolabeled test compound to initiate the uptake
study. At appropriate times, 200-�L aliquots of the mixture are placed in centrifuge
tubes containing 50 �L of 3 M KOH, covered with a layer (100 �L) of silicon oil and
liquid paraffin mixture (density = 1.03). Then the samples are centrifuged, and the
resulting cell pellets are solubilized in 3 M KOH and neutralized with 30 �L of 5 M
HCl. The associated radioactivity is measured in a liquid scintillation counter.49,50

In the case of trans-stimulated uptake experiments, the cells are preloaded with
unlabeled compounds for 30 minutes, and subsequent uptake of radiolabeled com-
pounds by the cells is measured. In addition, in the case of trans-stimulated efflux
experiments, the cells are preloaded with radiolabeled compounds for 30 minutes at
37◦C. Then the cells are spun down, suspended in ice-cold transport medium, and
washed twice at 0◦C. The cells are again suspended in the transport medium contain-
ing a test compound, and efflux is initiated at 37◦C. At appropriate times, 100-mL
aliquots of the mixture are sampled.49
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Transwell Method The transwell method is useful to study the directional transport
of test compounds in polar cells such as Caco-2 and LLC-PK1. Confluent cells are
washed with Hanks’ balanced salt solution (HBSS, pH 7.4, 325 mOsm/kg). Then
0.5- and 1.5-mL aliquots of HBSS are added on the apical and basolateral sides,
respectively, of the cell insert. To study apical-to-basolateral or basolateral-to-apical
flux, the test compound is added to the apical or basolateral solution, respectively.
At appropriate times, samples (0.5 mL of basolateral-side or 0.2 mL of apical-side
solution) are collected from the acceptor compartment and replaced with an equal
volume of HBSS, followed by measurement of the drug concentration with suitable
analytical equipment.25,38,39

We have used the Transwell method to study the transport of quinolones,
grepafloxacin, sparfloxacin, and levofloxacin in Caco-2 and LLC-PK1 cells. Direc-
tional transport of [14C]grepafloxacin was studied by using monolayers of Caco-2
cells grown on Transwells. The apical-to-basolateral permeability coefficient was
found to be 2.60 ± 0.32 × 10−5 cm/s, which was 74 times higher than the value
of mannitol transport (0.035 × 10−5 cm/s), representing paracellular transport.
The basolateral-to-apical permeability coefficient of [14C]grepafloxacin was 4.80 ±
0.08 × 10−5 cm/s and was significantly higher than that in the apical-to-basolateral
directional, suggesting that the secretory-directional transport of grepafloxacin can
be ascribed to carrier-mediated transport. We also used cells of the LLC-PK1 se-
ries to examine the transepithelial transport of [14C]grepafloxacin, [14C]sparfloxacin,
and [14C]levofloxacin. LLC-GA5-COL150 cells showed greater basolateral-to-apical
and smaller apical-to-basolateral permeation of these compounds, indicating that
grepafloxacin, sparfloxacin, and levofloxacin are substrates for MDR1.25,41

18.5. MEMBRANE VESICLES

Membrane vesicles provide an excellent experimental system for examining transport
functions under various conditions. Generally, membrane vesicles can be prepared
from animal tissues and cultured cells; those derived from tissues are used to inves-
tigate drug transport in organs. In kidney, small intestine, and liver, epithelial cells
have polarity, and the plasma membrane has different transport properties on the
apical side and basolateral sides. Methods have been established for preparing mem-
brane vesicles derived from either apical or basolateral membrane, and they are often
called brush-border membrane vesicles (BBMV) and basolateral membrane vesicles
(BLMVs), respectively. These are powerful tools for the detailed study of directional
transport systems.

18.5.1. Membrane Vesicles from Cultured Cells

Membrane vesicles can be used to investigate in detail the properties of transporters,
including investigating the driving forces for transport, such as energy coupling, ef-
fects of trans- or cis-stimulation, and effects of intravesicular conditions. Membrane
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vesicles have been suggested to be a useful tool for pharmaceutical drug screening.
Here we describe a method for preparation of vesicles from HEK293 cells with the
expression vectors harboring transporter cDNAs.51

HEK293 cells expressing transporters are grown routinely in Dulbecco’s modified
Eagle’s medium containing 10% fetal calf serum, penicillin, and streptomycin in a
humidified incubator at 37◦C under an atmosphere of 5% CO2 in air. The transporter-
expressing cell clone is cultured on 30 plastic dishes (150 mm in diameter) containing
appropriate selection drugs, and when the cells reach confluence, they are harvested
by scraping with a rubber policeman and washed twice by centrifugation in PBS. The
cells are suspended in 25 mL of buffer 1 (10 mM NaCl, 1.5 mM MgCl2, 0.02 mM
phenylmethylsulfonyl fluoride, 10 mM Tris–HCl, pH 7.4) and placed on ice for 30
minutes. The cells are incubated in a cell disruption bomb (Parr 4635) and equilibrated
with nitrogen gas at 700 psi with gentle stirring for 20 minutes. Then the pressure is
released, ethylenediaminetetraacetic acid is added to a final concentration of 1 mM,
and the content is homogenized with a Teflon-glass homogenizer (20 strokes) at 4◦C.
The cell homogenate is collected and centrifuged for 5 minutes at 1000 rpm and 4◦C.
The supernatant is layered on buffer 2 (35% sucrose, 10 mM Tris–HCl, pH 7.4) in a
centrifuge tube and centrifuged for 90 minutes at 18,000g and 4◦C. The white-colored
fluffy layer at the boundary of buffer 2 is collected, suspended in buffer 3 (150 mM
mannitol, 75 mM potassium gluconate, 10 mM HEPES–Tris, pH 7.4), and centrifuged
at 100,000g for 2 hours at 4◦C. The resulting pellet is again suspended in buffer 3 and
centrifuged at 100,000g for 3 hours at 4◦C. The final pellet is suspended in buffer 3
and stored at −80◦C until used for transport experiments. The content of protein in
each preparation can be measured by the method of Bradford.52,53

We employed membrane vesicles prepared from HEK293 expressing OCTN2 to
examine the Na+ dependence of OCTN2. Overshoot uptake of l-[3H]carnitine by
membrane vesicles from OCTN2-expressing cells was observed in the presence of
extravesicular Na+, whereas it was not observed in the absence of extravesicular Na+,
indicating that OCTN2 mediates the Na+-coupled transport of l-carnitine.52

18.5.2. Membrane Vesicles from Tissues

By using membrane vesicles from tissues, we can investigate carrier-mediated drug
transport in organs. Here we describe the preparation of renal BBMVs. The kidneys
are rapidly removed under anesthesia and chilled in ice-cold isolation buffer. The
cortex is separated from the medulla with scissors, minced weighed, suspended in 10
volumes of homogenization buffer (10 mM mannitol, 2 mM Tris–H2SO4, pH 7.4), and
homogenized. A sample of homogenate is collected for protein and enzyme assays.
After addition of 10 mM MgCl2, the homogenate is stirred on ice for 15 minutes
and centrifuged at 1900g for 12 minutes. The resulting supernatants are centrifuged
at 20,000g for 12 minutes. The pellet is resuspended in 40 mL of homogenization
buffer with a Dounce glass pestle homogenizer, and the MgCl2 precipitation step is
repeated. The suspension is centrifuged at 1900g for 12 minutes and the supernatant
is further centrifuged at 20,000g for 12 minutes. This pellet is resuspended in 20 mL
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of intravesicular buffer, homogenized with a Dounce glass pestle homogenizer, and
centrifuged at 30,000g for 20 minutes. This step is repeated once more and the final
pellet is suspended in intravesicular buffer by aspirating the suspension with a syringe
through a 25G needle. Prepared BBMVs are frozen and stored at −80◦C in aliquots
of 0.1 mL until the transport experiments. The purity of the BBMVs is confirmed by
measuring alkaline phosphatase activity.54–57

For transport assays, frozen BBMVs are rapidly thawed under flowing water. The
uptake study is performed by means of a rapid filtration method. Data analysis is per-
formed after the subtraction of nonspecific absorption on the filter from the apparent
uptake values. Basolateral membrane vesicles can be prepared by a modification of
this method.30

18.5.3. Rapid Filtration Techique

Transport studies using membrane vesicles are performed by a rapid filtration
technique.58 Membrane vesicles stored at −80◦C are thawed rapidly at 37◦C and
kept on ice. After preincubation for 30 minutes at 25◦C, 10 �L of membrane vesi-
cle suspension containing 20 �g of protein is mixed with 90 �L of drug solution
containing the test compound in buffer 4 (150 mM NaCl, 20 mM mannitol, 10 mM
HEPES–Tris, pH 7.4) to initiate uptake studies. The uptake reaction is terminated
by diluting the mixture with 1 mL of buffer 5 (20 mM mannitol, 160 mM potas-
sium chloride, 5 mM HEPES–Tris, pH 7.4) at 4◦C. The diluted sample is filtered
immediately through a membrane filter (Millipore, HAWP, 0.45-�m pore size),
which is washed four times with buffer 5. The radioactivity retained on the mem-
brane filter can be quantified with a liquid scintillation counter or other appropriate
system.54–57

18.6. ANALYSIS OF DRUG INTERACTION MECHANISMS

For the prediction and clarification of drug interactions involving transporters, it is
important to know the substrate specificity and the regulation mechanism of trans-
porters, and this can also provide pharmacological and physiological information.
Here we focus on inhibition studies and transcriptional and posttranscriptional reg-
ulation studies, which can clarify the substrate specificity of transporters and give
insight into induction mechanisms and functional modification, respectively.

18.6.1. Inhibition Studies

Inhibition studies can give information about substrate specificity of transporters, as
well as sensitivity to various inhibitors, which have implications for the behavior of
drugs in tissues and the functional properties of transporters expressed in cells or vesi-
cles. In general, inhibition studies involve examining the effects of a nonradiolabeled
test compound on the transport of a radiolabeled probe compound. Compounds struc-
turally analogous to substrates are often used as inhibitors. In addition, to allow the
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classification of transporters, TEA is characteristically used as a cationic compound;
uridine and thymidine as nucleosides; and probenecid, estradiol-17-glucuronide, bro-
mosulfophthalein (BSP), taurocholate, p-aminohippuric acid (PAH), indomethacin,
and salicylate as anionic compounds. The experimental procedures for inhibition
studies are similar to those used in transport assays with animals, tissues, cells, and
oocytes.

We performed an inhibition study with rat renal cortical slices to characterize
the transport mechanism of a novel diuretic drug, M17055. The effects of vari-
ous compounds on [14C]M17055 uptake were measured at 37◦C. The concentration
of [14C]M17055 was 1 mM, and inhibitors used were 1 mM probenecid, 500 mM
p-aminohippuric acid (PAH), 200 mM benzylpenicillin (PCG,) and 1 mM estradiol-
17-glucuronide, 1 mM estrone 3-sulfate (E3S), 1 mM taurocholic acid (TCA), 1
mM tetraethylammonium (TEA), and 1 mM cimetidine. Probenecid, a well-known
inhibitor of organic anion transport systems, decreased [14C]M17055 uptake sig-
nificantly. E3S also showed remarkable inhibition, whereas TCA was less effec-
tive. PAH inhibited [14C]M17055 uptake, whereas PCG, which selectively inhibits
OAT3 while having little effect on OAT1, did not. In addition, a transport study with
OAT1-expressing HEK293 cells showed higher [14C]M17055 uptake activity than
did cells transfected with vector alone. PAH and probenecid inhibited the uptake of
[14C]M17055, whereas PCG had few effects. Overall, the results indicated that OAT1
contributes at least in part to the renal distribution of M17055.30

Thus, comparison of results obtained from tissues or primary cells with the known
properties of transporters can allow identification of the responsible or major trans-
porters involved in transport of particular drugs. When there are several transporters
with similar substrate specificities, it will be useful to perform the inhibition study
with tissues and cells devised by knockdown or knockout approaches. For example, in
a comparative knockdown study using transporter-expressing cells and human model
cell lines, the responsible molecule can be suggested by the loss of substrate transport
activity or sensitivity to inhibitors.

18.6.2. Elucidation of Regulatory Mechanisms

The results of the human genome project indicate that approximately 50 ABC trans-
porter genes and approximately 360 SLC transporter genes may exist in humans. So
the question arises: “How is the overall expression pattern of transporters controlled?”
To answer this it is necessary to clarify the mechanisms regulating the function and
expression of individual transporters. In this section we describe methods for studying
transcriptional and posttranscriptional regulation which can provide us with informa-
tion about induction and functional modifications of transporters by administration
of drugs.

Transcriptional Regulation

Reporter Gene Assay In initial transcriptional regulation studies, reporter gene as-
says are often performed to determine the minimal promoter and the region responsible
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for transcriptional regulation. The 5′-region upstream of the transcription start site
in the transporter gene is PCR-amplified using genomic DNAs and high-fidelity
DNA polymerase. The upstream and downstream primers are designed to include
internal restriction enzyme sites, since the PCR product is ligated into a firefly lu-
ciferase reporter gene vector such as pGL3-Basic (Promega Co.). After subcloning,
the 5′-deleted constructs are generated by digestion of the construct harboring the
PCR product with appropriate restriction enzymes and self-ligation. After cloning
of the deletion constructs, the nucleotide sequences are confirmed with a DNA
sequencer.

Cultured cells are maintained in the appropriate culture medium supplemented with
10% fetal calf serum and other appropriate additives. Cells are plated into 24-well
plates, followed by transfection of the reporter constructs and the Renilla reniformis
vector pRL-TK (Promega Co.) on the following day. Six hours after transfection,
the culture medium is changed to medium containing 2.5% fetal calf serum and
5% horse serum, and the cells are incubated for 48 hours at 37◦C. The firefly and
Renilla lucuferase activities are determined 48 hours after the transfection using a
dual luciferase assay kit and a luminometer. The firefly activity is normalized to the
Renilla activity, and changes in the ratio of firefly to Renilla luciferase activities can
be used to identify the minimal promoter region.59,60

In addition to determination of the minimal promoter region, computational se-
quence analysis can reveal transcription factor recognition sites, which may contribute
to the transcriptional regulation. Computational sequence analysis can be performed
with TFSEARC, TRANSFAC, or similar software.

Gel Mobility Shift Assay To confirm the possible contribution of transcription factor
recognition sites, gel shift assays are often performed to identify nuclear proteins that
interact with the sites. By using cell-derived nuclear extracts and a putative bind-
ing motif oligonucleotide within the promoter, protein–DNA interactions can be de-
tected. Confirmation can be obtained by using transcription factor–specific antibodies,
oligonucleotide competitors, or an excess of unlabeled probe oligonucleotide.61

In the preparation of probes, oligonucleotides of the sense and antisense strands
containing putative binding sites of target nucleotide-binding protein are synthesized
and labeled with � -[32P]ATP. Commercial gel shift assays are available and are easy to
use. The binding mixture consists of 1 �g of nuclear extract of cell, unlabeled competi-
tor probes, and several required components in buffer solution. After preincubation at
room temperature for 10 minutes, labeled probes are added, and the binding mixture
is incubated for a further 20 minutes. For supershift assays, 1 �g of antibody is added
to a target protein 10 minutes before addition of the labeled probes. The volume of
the binding mixture is 10 �L throughout the experiment. The DNA–protein complex
is then separated on a 4% polyacrylamide gel, and the gels are dried, followed by
autoradiography.62

After the confirmation of transcription factor recognition sites, it is necessary to
investigate the effects of the transcription factor(s). For this purpose, luciferase as-
say with cultured cells expressing the transcription factor is convenient. In the same
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experimental systems, site-directed mutagenesis of the transcription factor recogni-
tion sites can also provide useful confirmation.

Posttranscriptional Regulation Posttranscriptional regulation of transport proteins
may involve kinations, interaction with regulation factors, modification, and so on,
which may result in changes of specificity and localization. Here, we focus on inter-
actions with regulation factors. To investigate protein–protein interactions between
the transporter and regulatory factors and to identify putative regulation factors,
immunoprecipitation, pull-down assay, and the yeast two-hybrid method are often
employed.63–65

Immunoprecipitation Immunoprecipitation is initiated by mixing lysates of
transporter- and the tag sequence–fused putative regulatory factor–expressing cells,
or putative regulation protein-expressing cells and membrane fraction prepared from
tissues. Here, we describe the use of transporter and putative regulatory protein-
expressing cells. Cultured cells stably expressing the putative regulatory protein and
cells transiently expressing the transporter are washed twice with phosphate-buffered
saline (PBS) and collected with a rubber policeman followed by centrifugation. The
pellets obtained are solubilized in RIPA-Y buffer. The cell lysates are mixed and then
incubated with the antitag sequence antibody prebound to Protein G Sepharose at
4◦C for 4 hours, followed by centrifugation and washing three times with ice-cold
PBS. Samples are analyzed by Western blot analysis. If the construct of the putative
regulatory protein is fused to c-myc, anti-c-myc antibody is prebound to Protein G
Sepharose, and Western blot analysis is performed with antitransporter antibody. A
specific signal of the transporter on the blotting membrane suggests the occurrence
of a protein–protein interaction.64 In general, to clarify interactions among proteins,
a single approach is not sufficient.

Biotinylation Study of Surface Proteins To investigate transporter expression
changes and localization, biotinylation is often performed. Although Western blot
analysis of the membrane fraction indicates the amounts of transporters in the cell
membrane including organelle membranes, a biotinylation study allows us to deter-
mine the amount of functional transporter localized on the plasma membrane.

At 48 hours after transfection of fluorescent protein-fused transporter, the cells
are harvested and washed three times with PBS. Cells (2.5 × 107 cells/mL) are then
incubated at 4◦C with 0.5 mg/mL sulfo-NHS-LC-Biotin for 1 hour, washed with
PBS, incubated again with sulfo-NHSLC-biotin in the same manner, washed, and
solubilized in 20 mM phosphate buffer. The solubilized fraction is incubated at 4◦C
for 30 minutes with 50 �L of immobilized streptavidin, which is then washed three
times with PBS containing 0.02% Tween 20 and subjected to Western blot analysis.65

To study interactions and change of localization under physiological conditions,
immunocyto- or immunohistochemical analysis is performed with double staining
using specific antibodies. In addition, posttranscriptional regulation may influence
specificity and transport capacity, which can be accessed by transport and inhibition
studies using cultured cell expression systems.
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18.7. CONCLUSIONS

In this chapter we have presented methodological aspects of popular approaches to
the study of drug transporters. Application of these methods to study pharmacologi-
cal issues is considered in detail in other chapters. We have focused on methods that
we have employed ourselves, because descriptions based on actual examples should
be easier to understand. In the case of transport studies, we have described exper-
iments with radiolabeled probe compounds, but HPLC or LC/MS/MS systems are
also suitable for this purpose.

As mentioned in our introduction, it is important for research in this field to apply
state-of-the-art technology, so finally, we introduce some novel approaches for the
study of transporters (Figure 18.2). Saitoh and others used a baculoviral expression
system to obtain a large amount of purified PEPT1. This technology is likely to become
a useful one to study the functions, activities, regulation, and crystal structures of drug
transporters.66–68 In vivo imaging systems such as positron emission tomography
(PET) and computed tomography (CT) are used widely in clinical diagnostics and
can be modified for use with small animals such as rodents. They can be used to
visualize cellular and molecular events, in drug-treated living animals, and can be
powerful tools for in vivo experiments under physiological conditions.69,70 Single-
nucleotide polymorphism (SNP) analyses with clinical samples can help to elucidate
the physiological and pharmacological functions or importance of drug transporters.
Recently, the involvement of transporters in drug–drug interaction has been reported,
based on examination of SNPs and clinical samples. Understanding the SNPs of
transporters and associated proteins may contribute to the establishment of “tailor-
made medicine.”71–75

Many methods are available for similar purposes, and the choice of methods may
depend on the research environments, such as available equipments, experiences,
funds, personalities, and so on. Nevertheless, we emphasize that evidence obtained
form a single approach generally cannot be considered definitive and requires the
support of data obtained by independent methods.
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19.1. INTRODUCTION

Up to the present, many transporters have been identified and characterized in ro-
dents and humans, as discussed in earlier chapters. Substrate specificities and trans-
port kinetics of ligands for various transporters have been investigated thoroughly
using transporter expression systems such as cRNA-injected Xenopus laevis oocytes,
recombinant mammalian cells, and membrane vesicles expressing exogenous trans-
porters. In addition, transport properties of substrates in organs and barriers have
also been characterized by several experimental systems, such as in situ organ perfu-
sion, primary cells isolated from organs, and organ slices. One of the major reasons
for the discontinuation of the clinical development of new drugs is their unfavor-
able pharmacokinetics in humans. Examples of the importance of transporters in the
pharmacokinetics of several drugs have been published.1−3 To clarify the pharmacoki-
netic properties of new drugs during the early phase of drug development efficiently,
it is important to be able to predict the in vivo pharmacokinetics from in vitro ex-
perimental results, and consideration needs to be given to the methodologies for in
vitro–in vivo scale-up of transporter activities. Therefore, in this chapter we review
and discuss various methods for the prediction of pharmacokinetics from in vitro
results.

19.2. THEORETICAL BACKGROUND FOR THE PREDICTION OF IN
VIVO PHARMACOKINETICS FROM IN VITRO DATA

We can estimate the intrinsic transport activity of substrates for each transporter
by using gene expression systems. To extrapolate the intrinsic transport activities
of substrates for individual transporters to their in vivo pharmacokinetics, we must
consider several issues based on the pharmacokinetic concepts described below.2−4

19.2.1. Contribution of Each Transporter to Overall Membrane Transport

Several transporters are expressed on the same membrane of the same tissue. Due to
the broad substrate specificities of transporters, one compound is often recognized
by multiple transporters. Moreover, especially for lipophilic compounds, which can
easily penetrate the plasma membrane, passive diffusion may not be negligible. There-
fore, the intrinsic membrane transport clearance (CLint,membrane) is described as

CLint,membrane =
∑

i

CLtransport,i + CLpassive (1)

where CLtransport,i and CLpassive represent the active transport clearance medi-
ated by transporter i and passive transport clearance. We can roughly distin-
guish the active transport clearance from passive clearance by measuring the
reduction in transport activity in the presence of metabolic inhibitors [e.g.,
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p-trifluoromethoxyphenylhydrazone (FCCP), rotenone, sodium azide] or at a low
temperature.5 The methods for determining the quantitative contribution of each trans-
porter to the overall transport are discussed in the following sections.

19.2.2. Rate-Determining Process in Apparent Intrinsic Organ Clearance

Generally, the detoxification process consists of several parts: (1) uptake of com-
pounds from blood to tissue cells, (2) metabolism in an intracellular compartment,
(3) backflux from cells to blood, and (4) excretion from cells into another compart-
ment, such as bile (liver) and urine (kidney). The “apparent” intrinsic organ clearance
(CLint,all) in such cases can be described as follows:

CLint,all = CLu,influx
CLu,metab + CLu,eff

(CLu,metab + CLu,eff) + CLu,back
(2)

where CLu,influx, CLu,metab, CLu,eff, and CLu,back represent the influx clearance from
blood, metabolic clearance, efflux clearance from cells, and clearance for backflux,
respectively. If (CLu,metab + CLu,eff) is much greater than CLu,back, the apparent intrin-
sic clearance is very close to CLu,influx and the influx clearance is solely determined
by the overall intrinsic clearance:

CLint,all ∼ CLu,influx (3)

On the other hand, if (CLu,metab + CLu,eff) is much lower than CLu,back, the apparent
intrinsic clearance is determined by the activity of all the processes:

CLint,all ∼ CLu,influx × CLu,metab + CLu,eff

CLu,back
(4)

When the membrane transport clearance is very rapid and the membrane transport on
the blood side is symmetric (CLu,influx = CLu,back), equation (1) can be approximated
by

CLint,all ∼ CLu,metab + CLu,eff (5)

This equation is applicable to lipophilic drugs exhibiting rapid membrane perme-
ability. Considering these equations, the important thing is that even if the major
clearance mechanism of a drug is metabolism, the apparent intrinsic organ clearance
is determined not by metabolic intrinsic clearance but by influx clearance under certain
conditions, as discussed above when a drug is recognized by influx transporters.
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19.2.3. Relationship Between Apparent Intrinsic Organ Clearance
and Organ Clearance

According to pharmacokinetic theory, a number of models have been proposed to
explain organ clearance from the apparent intrinsic clearance, organ blood flow, and
protein unbound fraction. The simplest mathematical model is the well-stirred model,
in which instantaneous and complete mixing within an organ is assumed. Based on
this model, organ clearance (CLorg) can be described by as

CLorg = Qorg fBCLint,all

Qorg + fBCLint,all
(6)

where Qorg, fB , and CLint,all represent organ blood flow, protein unbound fraction in
blood, and intrinsic organ clearance as discussed above, respectively. If Qorg is much
smaller than fBCLint,all, equation (6) is approximated by

CLorg ∼ Qorg (7)

In this situation, organ clearance is limited by blood flow. On the other hand, if Qorg

is much larger than fBCLint,all, equation (6) is approximated by

CLorg ∼ fBCLint,all (8)

In this case, organ clearance is affected directly by intrinsic clearance and protein
unbound fraction.

19.3. PREDICTION OF HEPATIC TRANSPORT FROM IN VITRO DATA

Hepatic transport properties can be investigated by several in vitro methods. Iso-
lated hepatocytes are very useful for evaluating the hepatic uptake of compounds.
Hepatocytes are easily obtained from animals following perfusion of a collagenase-
containing buffer. In addition, we can now obtain batches of human cryopreserved
hepatocytes from several commercial sources. Shitara et al. have checked whether
active transport systems are retained properly in cryopreserved human hepatocytes
by comparing the estradiol-17�-glucuronide (E217�G) uptake (OATP substrate) and
Na+-dependent taurocholate (TCA) uptake (NTCP substrate) in freshly isolated hep-
atocytes with that in cryopreserved hepatocytes. It was found that there was a clear
time-dependent saturable uptake of E217�G and TCA in cryopreserved hepatocytes,
although the change in uptake clearance before and after cryopreservation exhibited a
large interbatch variability among five different preparations of human hepatocytes.6

This large difference was probably due to both the interindividual differences in in-
trinsic transport activity and the different conditions of isolation and cryopreservation
of the hepatocytes. In our experience, when several batches of commercially available
human cryoperserved hepatocytes are randomly screened by measuring the transport
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activity of E217�G and TCA, about 40% of the batches tested showed adequate trans-
port activity, while the other batches exhibited no detectable transport activity. Also,
the transport activity exhibited by each batch of hepatocytes did not always corre-
late with the metabolic activities described in the batch sheets. Therefore, before we
check the transport characteristics of several compounds using human hepatocytes,
we prescreen the uptake clearance of E217�G and TCA in many batches and select in
advance at least three batches of hepatocytes with high transport activity.7 Cultured
hepatocytes can also be used, due to their ease of handling; however, we must keep in
mind that several reports have indicated that long-term (>1 day) culture on collagen-
coated dishes results in a drastic reduction of the mRNA and protein levels of several
transporters and in the uptake activity of organic anions, such as pravastatin.8−10

Theoretically, the hepatic uptake intrinsic clearance can be estimated simply by
scaling up the uptake clearance in hepatocytes to the in vivo level. By multiplying
the uptake clearance per cell by the number of cells per gram liver, it is possible
to extrapolate in vitro uptake data to obtain the in vivo intrinsic uptake clearance.
Miyauchi et al. have demonstrated that the uptake clearance of 15 drugs calculated
from isolated hepatocytes correlated well with the values estimated by the in situ
multiple indicator dilution (MID) method, although the in situ clearance appeared
to reach an upper limit possibly because the diffusion of compounds in the unstirred
water layer became the rate-determining process.11 Kato et al. have also shown that the
uptake clearance of four types of endothelin antagonists obtained from integration
plot analysis after intravenous administration of the compounds to rats is almost
comparable with that calculated from the uptake clearance in isolated rat hepatocytes,
assuming the well-stirred model12 (Figure 19.1). This evidence suggests that isolated
hepatocytes are a good model for predicting hepatic uptake clearance.

Regarding uptake transport in human liver, some SLC (solute carrier) transporters
are expressed, such as NTCP (Na+-taurocholate cotransporting polypeptide) and
OATP (organic anion transporting polypeptide) family transporters, as discussed in
other chapters. In particular, OATP1B1, OATP1B3, and OATP2B1 show very broad
substrate specificities, and these overlap with one another, so that one compound is
often recognized by multiple transporters. The transport properties of each transporter
can be evaluated by using gene expression systems (e.g., mammalian cells, Xenopus
oocytes). However, the transporters that accept one compound are not always im-
portant for overall hepatic uptake if the relative contribution is very minor compared
with that of other transporters. Therefore, it is essential to determine the quantita-
tive contribution to hepatic uptake of each transporter to show the importance of each
transporter under in vivo conditions. When the function and/or expression level of one
transporter is changed due to genetic polymorphisms, pathophysiological conditions
and transporter-mediated drug–drug interactions information about the contribution
is necessary to predict the change in the in vivo pharmacokinetics from in vitro data.

Several estimation methods have been developed for this purpose. Kouzuki et al.
have proposed a method using reference compounds to determine the contribution of
rat Oatp1a1 and Ntcp to the hepatic uptake of bile acids and organic anions.13,14 This
concept was originally established in the field of metabolic enzymes by Crespi and
Penman,15 who named it the relative activity factor (RAF) method. Using this method
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FIGURE 19.1. Comparison between in vivo hepatic uptake clearance of four types of endothe-
lin antagonists and that predicted from in vitro data. The hepatic uptake clearance observed
in vivo (CLuptake,vivo) was obtained from the initial slope of the integration plot and plotted
against that predicted from the results in isolated rat hepatocytes (CLuptake,vitro). The straight
line indicates 1 : 1 correlation. (From ref. 12, with the kind permission of the American Society
for Pharmacology and Experimental Therapeutics.)

they checked the transport activity of both test and reference compounds, which should
be specific substrates for single transporters, in short-term cultured rat hepatocytes
and transporter-expressing COS-7 cells. Then they estimated the contribution from
the equations

contribution(%) = RCOS

Rhep
× 100 (9)

Rexp = CLuptake,COS(test)

CLuptake,COS(reference)
× 100 (10)

Rhep = CLuptake,hep(test)

CLuptake,hep(reference)
× 100 (11)

where CLuptake,COS(test) and CLuptake,COS(reference) represent the uptake clearances of the
test and reference compounds in transporter-transfected COS-7 cells, respectively,
and CLuptake,hep(test) and CLuptake,hep(reference) represent the uptake clearances of the test
and reference compounds in isolated rat hepatocytes, respectively. To estimate the
contribution of rat Oatp1 and Ntcp, they used as reference compounds, TCA for Ntcp
and E217�G for Oatp1a1. They found that rat Ntcp was responsible for the hepatic
uptake of bile acids. On the other hand, some organic anions were partially taken up
via Oatp1a1, but the hepatic uptake of other anions, such as pravastatin and DNP-
SG, could not be explained by Oatp1a1-mediated transport, suggesting that uptake
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transporters other than Oatp1a1 are involved in their uptake. Now, other hepatic uptake
transporters, such as Oatp1a4, Oatp1b2, and Oat2, have also been characterized, and
they can accept a variety of anions.16−18 Therefore, E217�G can no longer be used as
a reference compound for Oatp1a1, but Crespi and Penman’s concept is applicable
to estimation of the relative contribution.

Hirano et al. have applied this concept to human hepatocytes to estimate the rel-
ative contribution of OATP1B1 and OATP1B3 to the hepatic uptake of E217�G
and pitavastatin, a novel 3-hydroxy-3-methylglutarylcoenzyme A (HMG-CoA) re-
ductase inhibitor, in cryopreserved human hepatocytes (Figure 19.2a).7 As reference
compounds, they used estrone 3-sulfate (E-sul) for OATP1B1 and cholecystokinin
octapeptide (CCK-8) for OATP1B3. As with the previous method, they calculated the
ratio of the uptake clearance of the reference compounds in human hepatocytes to that
in the expression systems and defined Ract for OATP1B1 and 1B3. By multiplying
the Ract value by the uptake clearance of test compounds (CLtest), it is possible to
estimate the uptake clearance of the test compounds mediated by a specific trans-
porter in human liver. Assuming that the hepatic uptake clearance (CLhep) could be
explained by OATP1B1- and OATP1B3-mediated transport, the following equation
applies:

CLhep = Ract,OATP1B1CLtest,OATP1B1 + Ract,OATP1B3CLtest,OATP1B3 (12)

They demonstrated that both pitavastatin and E217�G were taken up mainly by
OATP1B1 in three independent batches of human hepatocytes and that the uptake
clearance observed in human hepatocytes was almost identical to the sum of the es-
timated clearance mediated by OATP1B1 and 1B3. They also confirmed their results
by two different approaches.7,19 One involves direct estimation of the ratio of the
expression level of OATP1B1, 1B3, and 2B1 in human hepatocytes to that in expres-
sion systems by comparing the band density of Western blot analysis and estimating
their contributions using that ratio instead of the Ract value shown above (Figure
19.2b).7,19 The other approach is to estimate the inhibitable portion of the uptake
of test compounds in human hepatocytes in the presence of a specific inhibitor for
each transporter (Figure 19.2c).19 E-sul can be used as a specific inhibitor as well
as a specific substrate for OATP1B1 (Figure 19.3a), whereas CCK-8 inhibited both
OATP1B1 and OATP1B3 to the same extent, indicating that CCK-8 could not be used
as a specific inhibitor, although it is a specific substrate for OATP1B3. The uptake of
pitavastatin and E217�G was completely inhibited by excess concentration of E-sul
(Figure 19.3b). Therefore, the importance of OATP1B3 in their hepatic uptake was
supported by these different approaches.

Shimizu et al. examined the uptake of fexofenadine in OATP1B1-, 1B3-, and
2B1-expressing cells, and significant uptake could be observed only via OATP1B3,
although the uptake in OATP1B1- and 2B1-expressing cells was slightly higher com-
pared with that in control cells.20 They estimated the contribution of OATP1B3 to
the uptake of fexofenadine based on the method using reference compounds and
concluded that OATP1B3 rather than OATP1B1 is mainly involved in fexofenadine
transport because its observed clearance in OATP1B1-expressing cells was much
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(a)

(b)

(c )

FIGURE 19.2. Schematic diagram of the method for estimating the contribution of each
transporter to the overall hepatic uptake: (a) using reference compounds; (b) using the relative
expression levels estimated from Western blot analysis; (c) using transporter-specific inhibitors.
The details are described in the text. (See insert for color representation of figure.)
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FIGURE 19.3. Specific inhibition of OATP1B1-mediated uptake by estrone 3-sulfate and
its different inhibitory effects on the uptake of pitavastatin and telmisartan in human hepato-
cytes. (a) Inhibitory effect of E-sul on the OATP1B1-mediated uptake of E217�G (circle) and
OATP1B3-mediated uptake of CCK-8 (triangle) in transporter-expressing HEK293 cells in the
presence of 0.3% human serum albumin. (b) Inhibitory effect of E-sul on the uptake of pitavas-
tatin in three batches of human hepatocytes. Open circles, triangles, and squares represent the
uptake in human hepatocytes of lots OCF, 094, and ETR, respectively. (c) Inhibitory effect of
30 �M E-sul on the uptake of telmisartan in human hepatocytes in the presence of 0.3% human
serum albumin. The y-axis represents the percentage of the saturable uptake of telmisartan and
E217�G in the absence of E-sul. [(a, c) From ref. 21; (b) from ref. 19. With the kind permission
of the American Society for Pharmacology and Experimental Therapeutics.]

lower than the value expected calculated from the assumption that OATP1B1 and
1B3 contribute equally to the fexofenadine uptake. Ishiguro et al. have demonstrated
that telmisartan, a novel angiotensin II receptor antagonist, could be taken up by
OATP1B3 but not by OATP1B1, and telmisartan uptake in human hepatocytes could
not be inhibited by 30 �M E-sul (Figure 19.3c), indicating that OATP1B3 is the main
transporter involved in its uptake.21 On the other hand, in the case of valsartan, which
is in the same category of drugs as telmisartan, both OATP1B1 and 1B3 are involved
in its uptake, indicating that the relative importance of each transporter might be dif-
ferent even between compounds with a similar chemical structure.22 Each approach
has both advantages and disadvantages, so we recommend that users compare the
results obtained from different methods and validate their results.

Gene-silencing techniques such as antisense, ribozyme, and RNA interference
(RNAi) are also powerful tools for determining the transport activity of specific
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proteins. Hagenbuch et al. have investigated the effect of coinjection of trans-
porter (Ntcp or Oatp1a1)-specific antisense oligonucleotide on the uptake of bro-
mosulfophthalein (BSP) and TCA in Xenopus oocytes injected with total rat liver
mRNA.23 They succeeded in obtaining a significant reduction in the expression level
of target transporter specifically and concluded that the Na+-dependent and Na+-
independent uptakes of TCA were due almost entirely to Ntcp and Oatp1a1, re-
spectively, whereas only half of the BSP uptake could be explained by Oatp1a1.
Nakai et al. adopted the same approach to estimate the contribution of OATP1B1
to the hepatic uptake of pravastatin and E217�G in humans.24 They demon-
strated that oocytes microinjected with human liver poly(A) mRNA exhibited Na+-
independent uptake of pravastatin and E217�G and that a simultaneous injection
of OATP1B1 antisense oligonucleotides abolished this uptake completely, suggest-
ing that OATP1B1 is a major transporter involved in their uptake. In this approach
we should note the assumption that the relative expression level of each uptake
transporter in Xenopus oocytes is the same as that in rat liver. Currently, we can-
not identify the transport activity mediated by a specific transporter only by us-
ing specific inhibitors. Takagi et al. have constructed 2′-O,4′-C-ethylene-bridged
nucleic acid residues that can be incorporated into antisense oligonucleotides tar-
geted to rat Oatp1a1, 1a4, and 1a5, and they checked the selective inhibition of
Oatp subtypes.25 Recently, some groups have succeeded in the construction of small
interference RNAs (siRNAs), which can efficiently reduce the expression level of
specific transporters such as MDR1 and MRP2.26,27 However, it is fairly difficult to
apply these gene-silencing techniques to primary cultured hepatocytes because long-
term culture dramatically reduces the expression level of several transporters,8−10

although generally it takes a few days to knock down the protein by depletion
of mRNA expression, and optimization of the culture conditions is required for
this analysis.

Regarding the evaluation of efflux transport in liver, one of the most popular
experimental systems involves the use of canalicular membrane vesicles (CMVs).
It is difficult to evaluate the transport activity of efflux transporters in cell systems
because substrates cannot easily reach the intracellular compartment, so this system
is often used for the rapid determination of adenosine triphosphate (ATP)-dependent
efflux transport of substrates across the bile canalicular membrane. Aoki et al. have
compared the in vitro transport clearance of nine substrates in rat CMVs defined as the
initial velocity for the ATP-dependent uptake divided by the substrate concentration
of the incubation medium with in vivo biliary excretion clearance, defined as the
biliary excretion rate normalized by the unbound concentration in rat liver at steady
state. They found a significant correlation between in vitro and in vivo clearance,
suggesting that in vivo biliary excretion clearance can be predicted from in vitro
transport studies using CMVs.28

To evaluate the biliary excretion clearance in humans, several methods have been
created.29 Niinuma et al. have shown that the transport activities of several substrates
were observed in human CMVs prepared from six independent batches of human
liver blocks, and interestingly, the initial uptake clearance of glucuronides was not
so different between rat and human CMVs,30 whereas that of other compounds in
human CMVs was significantly lower than that in rat CMVs. This result suggests
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a species difference in the substrate specificities of common transporters such as
MRP2, or the expression of multiple transporters with substrate specificities that differ
from each other. Shilling et al. have demonstrated that the interspecies variation of
the uptake clearance depends on the substrate by using CMVs prepared from rats,
dogs, monkeys, and humans, implying the species difference of the expression and
function of each efflux transporter.31 Some specific inhibitors of efflux transporters
have been proposed. For example, Ko143 preferentially inhibits BCRP-mediated
transport,32 while PSC833 and LY335979 inhibit the MDR1-mediated transport more
potently than transport via other efflux transporters.33,34 By evaluating the effect of
transporter-specific inhibitors on the ATP-dependent transport of test compounds in
human CMVs, the relative contribution of each transporter to the biliary excretion
can be assessed.

Recently, LeCluyse et al. have demonstrated that a collagen-sandwich culture
enabled the hepatocytes to form a bile canalicular “pocket” between the adjacent
cells,35 and depletion of Ca2+ from the incubation medium disrupted the bile canali-
culi rapidly.36 The advantage of this culture configuration is that the polarity and
expression level of uptake and efflux transporters are fully retained for several days,
unlike normal culture on rigid collagen, and the biliary excretion of compounds
can be evaluated in intact cell systems by differential cumulative uptake in mono-
layers preincubated in Ca2+-containing buffer and Ca2+-free buffer.37,38 Liu et al.
have found that the in vitro biliary clearance of five compounds (inulin, salicylate,
methotrexate, [d-pen2,5]enkephalin, and taurocholate) in rat hepatocytes calculated
from the amount excreted into a bile canalicular pocket divided by the area under
the incubation medium concentration–time profile correlated well with their in vivo
intrinsic biliary clearance, suggesting that this system is useful for prediction of the
in vivo biliary excretion of many compounds37 (Figure 19.4). Tian et al. succeeded in
applying siRNAs targeted to Mrp2 and Mrp3 in sandwich-cultured rat hepatocytes.39
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FIGURE 19.4. Relationship between in vivo intrinsic biliary clearance and in vitro esti-
mated biliary clearance calculated from the result in 96-hour sandwich-cultured hepatocytes for
model substrates, inulin (open square), salicylate (closed diamond), methotrexate (open circle),
[d-pen2,5]enkephalin (closed triangle) and taurocholate (closed circle). The dashed line is the
fit of a linear regression equation to the data (r 2 = 0.99). [From ref. 37, with the kind permission
of the American Society for Pharmacology and Experimental Therapeutics.]
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They observed that the knockdown of Mrp2 resulted in a reduction in the biliary
excretion index of carboxydichlorofluorescein (CDF), whereas knockdown of Mrp3
caused an increase in the biliary excretion index, and the degree of the reduction of the
protein expression level was in good agreement with the change in CDF disposition.
Recently, Bi et al. have evaluated the biliary excretion of several substrates of a variety
of efflux transporters in sandwich-cultured cryopreserved human hepatocytes.40 By
scaling up the in vitro biliary excretion clearance by multiplying the clearance per cell
by the number of cells per gram liver, it is possible to estimate the in vivo clearance
in humans from in vitro data.

Another approach to evaluating the efflux clearance is to use double-transfected
cells, which express both uptake and efflux transporters. Originally, Cui et al.
and Sasaki et al. established OATP1B3/MRP2 and OATP1B1/MRP2 double
transfectants.41,42 If a compound is a bisubstrate of uptake and efflux transporters,
basal-to-apical transcellular transport is significantly greater than that in the opposite
direction. Therefore, this system is suitable for high-throughput screening of bisub-
strates. To extrapolate the in vivo biliary excretion clearance from in vitro experiments,
Sasaki et al. have measured the basal-to-apical transcellular transport clearances of
seven compounds in rat Oatp1b2/Mrp2 double transfectants and their in vivo bil-
iary clearances (CLbile,blood) calculated from the biliary excretion rate normalized by
the blood concentration at steady state.43 They found that the in vivo and in vitro
clearances can be described by

CLbile,blood = Q H fbPSb−a�

Q H + fbPSb−a�
(13)

where Q H , fb, and PSb−a represent the hepatic blood flow rate, protein unbound
fraction of the compounds in blood, and transcellular transport clearance in double
transfectants corrected by the fact that 1 g of liver contains 160 mg of protein. Also,
� is the scaling factor used for the quantitative prediction of the in vivo clearance
from in vitro results. When � was 17.9, all data fitted the theoretical curve well as
described by equation (13) (Figure 19.5). We and others have constructed several
kinds of double and multiple transfectants, such as NTCP/BSEP and (OATP1B1 or
OATP1B3)/(MRP2, MDR1, or BCRP) double-transfected cells, and the development
and validation of the methodology for extrapolating the in vivo clearance from in
vitro data are ongoing.44−47

19.4. PREDICTION OF RENAL TRANSPORT FROM IN VITRO DATA

The renal clearance consists of three components: (1) glomerular filtration, (2) tubular
secretion, and (3) reabsorption. In particular, several renal transporters are known to be
involved in (2) and (3). The renal uptake transport can be estimated using kidney slices.
Hasegawa et al. have demonstrated that p-aminohippurate (PAH) was significantly
transported by rat Oat1 but not Oat3, while pravastatin was taken up by Oat3 but not
Oat1, indicating that PAH and pravastatin can be used as specific substrates of rat Oat1
and Oat3, respectively.48 An inhibition study using gene-expression systems revealed
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FIGURE 19.5. Comparison of the in vivo biliary excretion clearances with the in vitro tran-
scellular transport clearance across an Oatp1b2/Mrp2 double transfectant. The in vivo biliary
excretion clearance of seven compounds was compared with the transcellular transport clear-
ance in a double transfectant. The x-axis represents the basal-to-apical transcellular transport
clearance across the Oatp1b2/Mrp2 double transfectant (PSb−a) multiplied by the protein-
unbound fraction in blood ( fb) and a scaling factor (�). Closed circles represent the data
for which the x-axis values were corrected for the scaling factor (� = 17.9). The dotted line
represents the fitted line based on equation (13) with an � value of 17.9. E217�G, estradiol
17�-glucuronide; MTX, methotrexate; BQ123, cyclo-[d-Asp-Pro-d-Val-Leu-d-Trp]; TLC-S,
taurolithocholate sulfate; LTC4, leukotriene C4. (From ref. 43, with the kind permission of the
American Society for Pharmacology and Experimental Therapeutics.)

that pravastatin and benzylpenicillin (PCG) are more potent inhibitors of rat Oat3
than Oat1, whereas PAH inhibited Oat1-mediated uptake more potently than Oat3-
mediated uptake. Also, the inhibitory effect of PCG and pravastatin on the pravastatin
uptake in rat kidney slices was stronger than that of PAH, which also supports the
major contribution of Oat3 to the renal uptake of pravastatin. Hasegawa et al. have
also established methodology for determining the contribution of Oat1 and Oat3 to
the overall renal uptake of test compounds in rats and predicting the renal uptake
clearance in kidney slices using reference compounds (PAH and pravastatin).49 This
concept (RAF method) is similar to the one explained in Section 19.3. They have
compared the uptake clearance of 10 organic anions as well as reference compounds
in rat Oat1- and Oat3-expressing LLC-PK1 cells with that in rat kidney slices. As a
result, for most compounds, the uptake clearance predicted per gram kidney estimated
by the RAF method is almost identical to the uptake clearance observed in kidney
slices (Figure 19.6).

In the case of salicylate (closed inverted triangle) and acyclovir (open diamond),
the values predicted are lower than the values observed, indicating that transporters
other than Oat1 and Oat3 may be involved in their renal uptake, whereas the clearance
predicted for 2,4-dichlorophenoxyacetate (2,4-d) (open triangle) was greater than the
value observed, suggesting that diffusion in kidney slices may be a rate-determining
step in its renal uptake. Deguchi et al. have applied the same approach to the evaluation
of the transport mechanism of uremic toxins.50 They have investigated the contribution
of Oat1 and Oat3 to the renal uptake of indoxyl sulfate (IS), 3-carboxy-4-methyl-5-
propyl-2-furanpropionate (CMPF), indoleacetate (IA), and hippurate (HA) by the
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FIGURE 19.6. Relationship between the values observed and predicted for renal uptake clear-
ance mediated by rat Oat1 and Oat3. The values predicted represent the sum of the rat Oat1- and
Oat3-mediated uptake corrected by the relative transport activity of the test compounds with
the reference compounds (PAH for Oat1 and pravastatin for Oat3). Each symbol represents
an individual substrate. (From ref. 49, with the kind permission of the American Society for
Pharmacology and Experimental Therapeutics.)

RAF method using PAH and pravastatin as reference compounds, and investigated
the inhibitory effects of PAH, PCG, and pravastatin on their uptake in rat kidney
slices. They concluded that OAT3 accounts primarily for CMPF uptake and OAT1 for
IA and HA uptake, whereas OAT1 and OAT3 contribute almost equally to the renal
uptake of IS.

To predict the uptake clearance in human kidney directly from in vitro analyses,
Nozaki et al. characterized the transport properties of compounds by using human
kidney slices prepared from the normal parts of a kidney carcinoma removed during
surgery.91 Regarding the efflux transporters in the kidney, some candidate transporters
have been characterized, but it is still unclear which transporters are responsible for
renal efflux transport. Hasegawa et al. have found that the basal-to-apical transcellular
transport of some Oat ligands across the LLC-PK1 cell monolayer was enhanced by
the transfection of rat Oat1 or Oat3, suggesting that LLC-PK1 cells express the
efflux transporters endogenously (Hasegawa et al., submitted). They also found that
substitution of Na+ ions by K+ ions in the incubation medium resulted in a reduction
in the transcellular clearance and that the extent of this reduction depended on the
substrates, implying that both voltage-dependent and voltage-independent systems
are involved in the efflux of substrates in LLC-PK1 cells. They then excluded the
involvement of urate transporter (UAT) in the PAH efflux, due to the fact that they
found no inhibition of its transport by pyrazinoic acid and transfection of siRNA and
suggested that MRP4 contributes partially to its efflux in LLC-PK1 cells since MRP4
siRNA reduced its transcellular transport. Brush border membrane vesicles (BBMVs)
are also useful tools for the characterization of efflux transport systems,51 but further
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analyses are required to investigate the in vitro–in vivo correlation of efflux transport
in the kidney. Regarding the reabsorption process, we can qualitatively demonstrate
the involvement of reabsorption in the renal clearance by observing the reduction in the
reabsorption by diuresis induced by mannitol.52 However, there is no appropriate in
vitro experimental system for the quantitative prediction of transport activity involving
reabsorption.

19.5. PREDICTION OF BLOOD–BRAIN BARRIER AND BLOOD–CSF
BARRIER TRANSPORT FROM IN VITRO DATA

There are many transporters on the BBB and BCSFB that strictly regulate the entry
of xenobiotics into the brain. In general, a change in the transport activity in BBB
and BCSFB does not affect the body clearance and time profiles of the plasma con-
centration, but markedly affects the brain distribution, so it is difficult to predict the
function of transporters in BBB and BCSFB from the in vivo pharmacokinetics of
drugs, and several methods to assess the drug permeability into the brain have been
created.53 The role of Pgp in the brain disposition of drugs has been studied most
extensively. Adachi et al. have investigated whether the in vivo brain distribution
in mdr1a/1b knockout and normal mice can be predicted from in vitro transcellu-
lar transport studies using MDR1-expressing LLC-PK1 cells.54 As shown in Fig-
ure 19.7a, apical-to-basal and basal-to-apical flux across the cell monolayer can be
described by

PSa-to-b = PSa,inf
PSb,eff

PSa,eff + PSb,eff
(14)

PSb-to-a = PSb,inf
PSa,eff

PSa,eff + PSb,eff
(15)

where PSa,inf and PSa,eff represent the influx clearance from the apical compartment
to the cells and the efflux clearance from cells to the apical compartment, respectively,
and PSb,inf and PSb,eff represent the influx clearance and efflux clearance across the
basal membrane. The flux ratio (PSb-to-a/PSa-to-b) in MDR1-expressing LLC-PK1
cells can be calculated as

flux ratio = PSb,inf (PSa,eff + PSPgp)

PSa,inf PSb,eff
(16)

Also, the corrected flux ratio is defined as the ratio of the flux ratio in MDR1-
expressing LLC-PK1 cells to that in parent LLC-PK1 cells:

corrected flux ratio = 1 + PSPgp

PSa,eff
(17)
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FIGURE 19.7. Prediction of the in vivo Pgp function in the intestine and in brain from in
vitro transcellular transport studies in MDR1-expressing LLC-PK1 cells. (a) Schematic dia-
gram illustrating the relationship between the transcellular transport clearance of compounds
in MDR1-expressing and parent LLC-PK1 cells (upper figure) and the brain-to-plasma concen-
tration ratio in mdr1a/1b(−/−) mice and normal mice (lower figure). The details are discussed
in the text. (b) Correlation of the K p,brain ratio calculated from the in vivo brain-to-plasma
concentration ratio in mdr1a/1b(−/−) mice and normal mice and the in vitro corrected flux
ratio calculated from the transcellular transport clearance across the LLC-PK1 cell mono-
layer. Each symbol corresponds to an individual substrate. (c) Schematic diagram illustrat-
ing the relationship between the transcellular transport clearance of compounds in MDR1-
expressing and parent LLC-PK1 cells (upper figure) and the intestinal absorption clearance
in mdr1a/1b(−/−) mice and normal mice (lower figure). The details are discussed in the text.
(d) Correlation of the PS product ratio calculated from the results of in situ intestinal perfu-
sion studies and the in vitro PSa-to-b ratio calculated from the transcellular transport clearance
across the LLC-PK1 cell monolayer. Each symbol corresponds to an individual substrate. [(a,
b) From ref. 54; (c, d) from ref. 69. With the kind permission of Springer Science and Business
Media.]
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Regarding the in vivo brain distribution, the transport clearance across the BBB from
blood to brain and that in the opposite direction is given by

PSblood-to-brain = PSl,inf
PSal,eff

PSl,eff + PSal,eff
(18)

PSbrain-to-blood = PSal,inf
PSl,eff

PSl,eff + PSal,eff
(19)

where PSl,inf and PSl,eff represent the clearance for the influx and efflux clearance
across the luminal membrane, and PSal,inf and PSal,eff represent the influx and ef-
flux clearance across the abluminal membrane, respectively (Figure 19.7a). Then,
because the brain-to-plasma concentration ratio (K p,brain) is calculated by the ratio
PSblood-to-brain/ PSbrain-to-blood, K p,brain is given by

K p,brain = PSl,infPSal,eff

PSal,infPSl,eff
(20)

So the Kp,brain ratio, defined as the ratio of Kp,brain in mdr1a/1b knockout mice to that
in normal mice, can be described by

K p,brain ratio = 1 + PSPgp

PSl,eff
(21)

We should note that equations (17) and (21) have the same form and we can com-
pare the in vitro corrected flux ratio and in vivo K p,brain ratio directly. They found a
significant correlation between these two parameters among 10 compounds, whereas
ATP hydrolysis activity mediated by P-glycoprotein (Pgp) was not significantly corre-
lated with the K p,brain ratio (Figure 19.7b). The good correlation between the corrected
flux ratio and the K p,brain ratio among seven compounds was also shown by Yamazaki
et al.55

Several transporters other than Pgp are also expressed on the BBB. To clarify the
contribution of each transporter to the total efflux of E217�G from the brain, Sugiyama
et al. have established a method for estimating the contribution of Oatp1, 2 and Oat1,
3 by examining the effect of specific inhibitors on the elimination rate calculated
using the in situ brain efflux index (BEI) method.56 They confirmed that probenecid
is a nonselective inhibitor of the efflux transport and that TCA, PAH, and digoxin can
be used as selective inhibitors of the Oatp family, Oat family, and Oatp2, respectively.
Considering the inhibitory effects of these four compounds on the E217�G efflux rate
from brain, they concluded that Oatp2 and the Oat family (mainly, Oat3) account for
about 40% and 20% of the overall efflux of E217�G across the BBB, respectively.
Using the same approach, Kikuchi et al. have investigated the relative importance
of Oat3 and Oatp2 in the efflux transport of pravastatin and pitavastatin across the
BBB.57 The pravastatin efflux measured by the BEI method was partially inhibited
by all the inhibitors (PAH, TCA, and digoxin), whereas the pitavastatin efflux was
inhibited almost completely by digoxin, an Oatp2-specific inhibitor. This suggests
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that the relative contribution of Oatp2 and Oat3 to the efflux transport of pravastatin
and pitavastatin is different, even in the same category of drugs.

The same type of approach was applied to the functional analyses of drug transport
across BCSFB. Nagata et al. have investigated the uptake mechanisms of PAH and
PCG in isolated rat choroid plexus, especially concentrating on rat Oat3.58 The inhibi-
tion study revealed that PAH and PCG shared the same transport pathway because the
Ki values of six different inhibitors for the uptake of PCG correlates well with those
for the uptake of PAH in the isolated choroid plexus. Moreover, they have shown that
the Ki values for the uptake of PCG in the isolated choroid plexus were almost iden-
tical to those found in rat Oat3-expressing LLC-PK1 cells, suggesting that rat Oat3
is responsible for the uptake of PCG and PAH in the rat choroid plexus. Kuroda et al.
have investigated the efflux mechanisms of cefaclor and cephalexin, differing by only
one functional group via the choroid plexus by using transporter-specific inhibitors.59

The elimination of cefaclor from the cerebrospinal fluid after intracerebroventricular
administration was inhibited by PCG but not by glycylsarcosine (GlySar), which is
used as a PEPT2 inhibitor, while GlySar, but not PCG, inhibited the elimination of
cephalexin. Also, the uptake of cefaclor in the rat isolated choroid plexus was not
inhibited by other Oat3 substrates (cimetidine and PAH). These results suggest that
the efflux of cefaclor is mediated by a PCG-sensitive mechanism distinct from Oat3,
while that of cephalexin is thought to be accounted for mainly by PEPT2. Comparison
of the inhibitory effects of some specific inhibitors on the transport of test compounds
in gene expression systems of individual transporters and in situ experiments allows
us to gain an insight into the role of specific transporters in transport across the BBB
and BCSFB.

Recently, conditionally immortalized brain endothelial cell lines from transgenic
mice and rats harboring the temperature-sensitive simian virus 40 large T-antigen,
named TM-BBB and TR-BBB, have been established by Hosoya et al.60,61 These cell
lines maintain the expression of several types of transporters, such as GLUT1, MCT1,
neurotransmitter transporters, and ABC transporters.62 Terasaki et al. have shown that
there is a good correlation between the predicted BBB permeability clearance esti-
mated by transcellular transport clearance across TM-BBB or TR-BBB monolayers
and that observed from in vivo analyses, suggesting that these types of cell lines can
be used to predict the BBB permeability of drugs.62 Also, recently, Hino et al. have
succeeded in partially reducing the Oat3-mediated brain-to-blood efflux of PCG by
rapid injection of siRNA targeted to mouse Oat3 into the tail vein 36 hours before
the BEI experiment.63 Although the gene-silencing effect was not investigated in that
report, the siRNAs with an efficient delivery system may enable us to directly clarify
the role of specific transporters in transport via BBB and BCSFB in in vivo situations.

19.6. PREDICTION OF INTESTINAL TRANSPORT
FROM IN VITRO DATA

The role of MDR1 in the intestinal absorption of drugs has long been discussed,
and transcellular transport across the Caco-2 monolayer is frequently used to predict
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intestinal absorption. Some reports have shown that Caco-2 cells possess multiple drug
transporters, whose expression levels are similar to those of the human intestine,64,65

although some of them, such as BCRP and PEPT1, have been reported to be expressed
to a lower degree than in the human intestine,65 and Chong et al. have shown that
substrates of dipeptide transporters (�-lactam antibiotics and ACE inhibitors) do not
readily cross Caco-2 monolayers, in contrast to their complete absorption in vivo.66

Moreover, it is known that the transcellular transport clearance of the same series
of drugs across Caco-2 monolayers exhibits large interlaboratory differences, due
to differences in cell culture conditions, passage numbers, and protocols.67,68 Some
reports have also shown that the expression level of transporters depends largely on the
culture conditions.67,68 Such evidence makes it difficult to predict quantitatively the in
vivo human intestinal permeability from the transcellular transport of drugs in Caco-2
cells. Adachi et al. have measured the membrane permeability clearance determined
by in situ intestinal perfusion using mdr1a/1b knockout and normal mice and the
transcellular transport clearance in MDR1-expressing and parent LLC-PK1 cells.69

Based on pharmacokinetic theory, the in situ permeability clearance can be de-
scribed as (Figure 19.7c)

PSin situ = PSm,inf
PSs,eff

PSm,eff + PSs,eff + PSPgp
(22)

Accordingly, the PS product ratio, defined as the ratio of the PSin situ of mdr1a/1b
knockout mice to that of normal mice, can be expressed as

PS product ratio = 1 + PSPgp

PSm,eff + PSs,eff
(23)

On the other hand, the apical-to-basal transcellular transport clearance across the
LLC-PK1 monolayer is given by (Figure 19.7c)

PSa-to-b = PSa,inf
PSb,eff

PSa,eff + PSb,eff + PSPgp
(24)

The PSa-to-b ratio, defined as the ratio of the PSa-to-b in parent LLC-PK1 cells to that
in MDR1-expressing LLC-PK1 cells is given by

PSa-to-b ratio = 1 + PSPgp

PSa,eff + PSb,eff
(25)

It has been shown that there is a clear correlation between the in situ PS product
ratio and the in vitro PSa-to-b ratio, suggesting that MDR1 function in the human
small intestine can be estimated from in vitro transcellular transport studies using
MDR1-expressing LLC-PK1 cells (Figure 19.7d). On the apical membrane, efflux
transporters other than MDR1 are expressed, so even if vectorial apical-to-basal trans-
port of compounds, is observed, they are not always a substrate of MDR1 and other
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transporters are involved in the backflux of compounds to the apical compartment.
Watanabe et al. have constructed stable MDR1 knockdown Caco-2 cells to exam-
ine the specific impact of MDR1 on the transcellular transport of compounds, and
symmetrical transcellular transport of several MDR1 substrates (digoxin, vincristine,
rhodamine 123, and daunomycin) was observed in MDR1 knockdown Caco-2 cells.
This suggests that MDR1 really plays an important role in restricting the membrane
permeation of these ligands in Caco-2 monolayers.70

Several uptake and efflux transporters other than MDR1 are expressed in the human
intestine. However, currently, the relative importance of each transporter in terms
of intestinal absorption remains to be determined. For example, some reports have
suggested that there are uptake transporters for organic anions such as fexofenadine in
the intestine.71,72 Kikuchi et al. have reported the saturation of the intestinal absorption
of fexofenadine in rats using the Ussing-type chamber method in the presence of an
MDR1 specific inhibitor, ketoconazole.73 They suggested the possible involvement
of Oatp3 due to the similar Km values for fexofenadine transport obtained from the
results of Oatp3-expressing Xenopus oocytes and the Ussing chamber, although no
direct evidence has yet been found.

19.7. PREDICTION OF DRUG–DRUG INTERACTIONS
FROM IN VITRO DATA

Clinical examples in which transporter-mediated drug–drug interactions are involved
are being reported increasingly.4,74 To avoid a critical clinical drug interaction in ad-
vance of launching a drug it is necessary to predict in vivo drug–drug interactions
from in vitro experiments in a quantitative manner. Based on pharmacokinetic con-
cepts, when an inhibitor blocks the transporter-mediated transport of a substrate, the
intrinsic transport clearance (PSint) in the presence of the inhibitor is given by equa-
tion (26), assuming that the inhibitor competitively or noncompetitively inhibits the
transport of the substrate and that the substrate concentration is much lower than the
Km value:

PSint = Vmax

Km(1 + Iu/Ki )
(26)

where Vmax, Km , Iu , and Ki represent the maximum transport activity and Michaelis
constant for a substrate, and the protein unbound concentration and inhibition constant
for an inhibitor, respectively. Then the degree of inhibition (R) is defined as

R = PSint(+inhibitor)

PSint(−inhibitor)
= 1

1 + Iu/Ki
(27)

Due to the broad substrate specifities of transporters, a compound is often recognized
by multiple transporters. When these transporters function in parallel, if an inhibitor
can inhibit the multiple transporters with different inhibition potencies, the net degree
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of inhibition (R) is given by

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

(28)

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, the
R value for transporter n, and the contribution of transporter n to the overall trans-
port clearance, respectively. Therefore, considering this equation, when we predict
a clinical drug–drug interaction, we must obtain information about the contribution
of each transporter to the overall membrane transport ( fn), the protein unbound con-
centration of the inhibitor (Iu), and its inhibition constant for each transporter (Ki,n).
Also, fn can be obtained by several methods described in Section 19.3 and Ki,n can
be estimated from an in vitro inhibition experiment using suitable gene-expression
systems.

On the other hand, it is fairly difficult to estimate the exact Iu value because Iu

is defined as the unbound concentration at the capillaries and inside the cells for
estimating drug–drug interaction involving uptake and efflux processes, respectively,
and it cannot be measured directly in vivo. Therefore, to avoid any false-negative
predictions, especially during the early phase of drug development, when an inhibitor
is administered by the intravenous route, the maximum concentration in the circulating
blood is generally used as the Iu value. In the case of oral administration of an inhibitor,
it is possible that the inhibitor concentration at the inlet to the liver is higher than the
maximum concentration in the circulating blood. Ito et al. have proposed an equation
for estimating the unbound maximum concentration at the inlet to the liver75:

Iu,in,max = fu

(
Imax + ka DFa

Qh

)
(29)

where fu , Imax, ka , D, Fa , and Qh represent the blood protein unbound fraction, the
maximum concentration in the circulating blood, the absorption rate constant, the
dose, and fraction absorbed into intestinal cells and the hepatic blood flow, respec-
tively. To consider the maximum concentration of an inhibitor, ka and Fa values are
usually set at 0.1 per minute (maximum gastric emptying time = 10 minutes) and
1, respectively. In interpretating the results obtained from this approach, we need to
keep in mind that even if the R value for the combination of drugs is calculated to
be less than 1, a drug–drug interaction does not always occur. On the other hand, if
the R value is nearly equal to 1, we can disregard a drug–drug interaction for that
combination of drugs.

Shitara et al. have investigated the mechanism of the drug–drug interaction between
cerivastatin and cyclosporin A by using several in vitro experimental systems.76 They
have shown that the Ki values of cerivastatin for the uptake of cerivastatin both in
human hepatocytes and OATP1B1-expressing MDCKII cells are less than 1 �M,
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while the metabolism of cerivastatin in pooled human microsomes is inhibited by
cerivastatin with Ki values of more than 30 �M. Considering that the maximum
plasma unbound concentration of cerivastatin in clinical situations is around 0.1 �M,
it is still possible that cyclosporin A inhibits the hepatic uptake of cerivastatin via
OATP1B1 because after oral administration of cyclosporin A, the maximum concen-
tration at the inlet to the liver is much higher than that in the circulating blood, as
discussed above. The clinical reports showing that coadministration of cyclosporin
A causes an increase in the plasma concentration of OATP substrates such as statins,
repaglinide, and bosentan also support the inhibitory effect of cyclosporin A on OATP
transporters.2,77

To identify the clinically relevant drug–drug interaction for pitavastatin from in
vitro experiments, Hirano et al. have measured the inhibitory effects of several drugs
on the OATP1B1-mediated transport of pitavastatin by using OATP1B1-expressing
HEK293 cells, and they estimated the ratio of the uptake clearance in the absence
of inhibitor to that in its presence (I/R).19 As a result, several drugs, with the ratios
greater than 2.5, have the potential to interfere with the OATP1B1-mediated uptake of
pitavastatin. Campbell et al. have examined the inhibition potencies of several drugs
on the OATP1B1-mediated uptake to screen candidate drugs producing drug-induced
hyperbilirubinemia.78 They measured the Ki values for OATP1B1-mediated E217�G
uptake and compared the clinical maximum unbound concentration in the blood with
the Ki values. As a result, indinavir, cyclosporin A, and rifamycin SV inhibited human
OATP1B1 at therapeutically relevant concentrations and had the potential to induce
hyperbilirubinemia, whereas saquinavir, which is also a potent inhibitor of OATP1B1,
failed to inhibit OATP1B1 in clinical situations. These results are in good agreement
with the clinical reports of drug-induced hyperbilirubinemia.

Transporter-mediated drug–drug interactions can occur during biliary excretion
as well as during hepatic uptake. Horikawa et al. have searched for drugs that can
be used as inhibitors of MRP2 in clinical situations using the same approach and
assuming that the protein unbound concentration inside the cells is equal to that in the
circulating plasma.79 They found that some drugs (probenecid, sulfobromophthalein,
and cefodizime) had relatively smaller R values, but considering that the plasma half-
life of sulfobromophthalein and cefodizime is shorter than that of probenecid and
that probenecid is an orally administered drug, they finally proposed that probenecid
is a candidate inhibitor of MRP2 which can be used in clinical situations. They also
investigated the potential cholestatic activity of drugs in the same way and concluded
that the majority of cholestasis-inducing drugs have only a minimal inhibitory effect
on rat BSEP and MRP2.80

Ueda et al. have established a quantitative prediction method for examining al-
terations in the pharmacokinetics of drugs caused by inhibition of uptake as well as
efflux.81 They tried to predict the drug–drug interaction between methotrexate and
probenecid. In this strategy, the inhibitory effect of probenecid on the hepatic uptake of
methotrexate was evaluated using isolated rat hepatocytes, and the effects on its biliary
excretion were examined using bile canalicular membrane vesicles (CMVs). The de-
gree of inhibition of the uptake and efflux in vivo was comparable with that predicted
from in vitro experiments. This allowed the R values for uptake (Ruptake) and efflux
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FIGURE 19.8. Extrapolation of the drug interaction between methotrexate and probenecid
involving both hepatic uptake and biliary excretion from in vitro data. The y-axis repre-
sents the biliary excretion clearance of methotrexate in the presence of several concen-
trations of probenecid with respect to the circulating plasma. The open squares show the
CLbile,p values of methotrexate observed in vivo. The closed squares and solid line represent
the predicted CLbile,p values derived from the intrinsic biliary excretion clearance estimated
using the unbound concentration of inhibitor in the liver and plasma, respectively. (From
ref. 81, with the kind permission of the American Society for Pharmacology and Experimental
Therapeutics.)

(Rexcretion) to be calculated. The net degree of inhibition (Rnet) can be described as

Rnet ≤ Ruptake Rexcretion (30)

They showed that the degree of reduction in the hepatic clearance was overestimated
by a simple calculation of the product of the reduction in the hepatic uptake and
biliary excretion [equation (30)]. This method is useful for avoiding false-negative
predictions (Figure 19.8).

The transporters in kidney are also main targets of drug–drug interactions. For
example, coadministration of probenecid with famotidine results in a reduction in the
renal clearance of famotidine in humans but not in rats.82,83 To clarify this interspecies
difference, Tahara et al. examined the effect of probenecid on the uptake of famotidine
mediated by renal transporters.84 They showed that the transport activity of famotidine
in human OAT3 was relatively greater than that in rat Oat3 and that the renal uptake of
organic cations in humans is accounted for solely by human OCT2, which transports
famotidine to a lesser degree than does rat Oct1. In vitro inhibition studies suggested
that probenecid could not inhibit the OCT-mediated uptake. Therefore, they proposed
that in the case of rats, the relative contribution of 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,
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CLrenal  =  (1− ER) fp × GFR  +
Qr  fp CLr ,int

Qr + fp CLr ,int

CLsec
Assumption

CLrenal ~CLr,int ~CLint,uptake, ER = constant

observed

predicted

In vivo clinical data (cited from ref. 84)

In vitro inhibition assay (cited from [84])

− probenecid

+ probenecid

Inhibitory effect of probenecid on hOAT3-
mediated uptake of famotidine Ki = 2.55 μM

Maximum protein unbound concentration of
probenecid = 20~50 μM

CLrenal
[mL/min]

CLsec
[mL/min]

297 + 19−
107 + 5−

196 + 21−
22.0 + 4.2−

CLsec(+ probenecid)

CLsec(− probenecid)
= 0.112

R  =
1 +

Ki

= 0.049 ~ 0.113
1
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FIGURE 19.9. Prediction of the drug–drug interaction between famotidine and probenecid
in humans from in vitro data. Renal clearance (CLrenal) is described by this equation. ER,
reabsorption ratio; Qr , renal blood flow; f p , plasma protein unbound fraction; CLr,int, intrinsic
secretion clearance; GFR, glomerular filtration rate. Based on the pharmacokinetic parameters,
renal clearance can be approximated by CLr,int in this case, and assuming that renal uptake
is the rate-determining process of overall renal secretion, CLr,int is thought to be equal to
intrinsic uptake clearance (CLint, uptake). The extent of decrease in the renal secretion clearance
in the clinical study was well predicted from the information of the maximum protein unbound
concentration of probenecid in the clinical study and the Ki value of probenecid for the human
OAT3-mediated uptake of famotidine. (From ref. 84.)

and the inhibition of OAT3-mediated uptake of famotidine by probenecid causes a
drug–drug interaction (Figure 19.9).

Tahara et al. also examined the interspecies differences in the transport activities of
OAT1 and OAT3 in rats, monkeys, and humans using gene expression systems.85 In the
case of OAT1-mediated uptake, a good correlation of the relative uptake clearances of
11 compounds was observed between humans and monkeys and between humans and
rats. On the other hand, the relative clearances of nine substrates mediated by human
OAT3 did not correlate well with those mediated by rat Oat3. They also showed
that the tubular secretion clearance of famotidine was reduced to one-tenth when
coadministered with probenecid, and the drug–drug interaction between famotidine
and probenecid was observed in both monkeys and humans.86 Moreover, OCT1 is
not expressed in monkey kidney. These results suggest that the monkey is a more
appropriate animal model for predicting OAT3-mediated drug–drug interactions.

Nozaki et al. have examined the contribution of transporters [Oat1, Oat3, and
reduced folate carrier (RFC)-1] to the overall renal uptake of methotrexate and
the inhibitory effects of several nonsteroidal anti-inflammatory drugs (NSAIDs)
on the transporter-mediated uptake of methotrexate to investigate the mechanism
of the drug–drug interaction between methotrexate and NSAIDs.87 The uptake of
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methotrexate was partly inhibited by PCG (Oat3 inhibitor) and folate (RFC-1 in-
hibitor) but not PAH (Oat1 inhibitor), suggesting that Oat3 and RFC-1 contribute
equally to methotrexate uptake in the rat kidney. Also, the inhibitory effects of NSAIDs
on the Oat3-mediated uptake of methotrexate were more potent than the effects on
Oat1 and RFC-1, and they discussed how Oat3-mediated methotrexate uptake could
be inhibited by salicylate, indomethacin, and phenylbutazone in clinical situations,
whereas other NSAIDs, which were reported to cause severe drug–drug interactions,
were unlikely to inhibit the renal uptake of methotrexate.

Human-derived organ samples are now available for the evaluation of drug trans-
port in humans. However, there are few reports of the prediction of the in vivo phar-
macokinetics from in vitro data, and more examples are needed as well as validation
of the prediction methods for drug–drug interactions using human samples.

19.8. CONCLUSIONS

We have discussed some examples of the prediction of in vivo pharmacokinetics from
in vitro experimental results. Recently, several clinical reports have demonstrated that
many factors, such as genetic polymorphisms, drug–drug interactions, and pathophys-
iological conditions, affect the transport activities of multiple transporters and alter in
vivo pharmacokinetics and subsequent pharmacological effects. In particular, in hu-
mans, it is impossible to measure the concentration in each tissue and the site of drug
action. To predict the time-dependent whole-body pharmacokinetics in vivo, physio-
logically based pharmacokinetic (PBPK) models are powerful tools.88 Integrating the
kinetic parameters for each transporter and metabolic enzyme and physiological pa-
rameters such as blood flow rate and protein unbound fraction into PBPK models will
enable us to simulate the time-dependent concentrations in plasma and tissues. Once
we have constructed a good PBPK model, we can easily understand the importance
of each enzyme and transporter by simulation using modified kinetic parameters for
each molecule (called sensitivity analysis).

The methodology for constructing an accurate PBPK model needs to be inves-
tigated in detail to provide information about transporters and metabolic enzymes
at molecular levels to help with drug development and individualized drug therapy.
Using positron emission tomography (PET) or single photon emission computed to-
mography (SPECT), we can now obtain detailed data on tissue distribution directly
in humans. Some reports have even succeeded in quantifying drug concentrations in
the human brain.89,90 In future, by combining these data and a variety of in vitro data,
we should be able to construct more accurate pharmacokinetic models for humans.
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17. Noé, B., Hagenbuch, B., Stieger, B. and Meier, P.J. (1997). Isolation of a multispecific
organic anion and cardiac glycoside transporter from rat brain. Proc Natl Acad Sci USA
94, 10346–10350.

18. Cattori, V., Hagenbuch, B., Hagenbuch, N., Stieger, B., Ha, R., Winterhalter, K.E. and
Meier, P.J. (2000). Identification of organic anion transporting polypeptide 4 (Oatp4) as a



JWDD059-19 JWDD059-YOU June 13, 2007 12:12

REFERENCES 583

major full-length isoform of the liver-specific transporter-1 (rlst-1) in rat liver. FEBS Lett
474, 242–245.

19. Hirano, M., Maeda, K., Shitara, Y. and Sugiyama, Y. (2006). Drug–drug interaction be-
tween pitavastatin and various drugs via OATP1B1. Drug Metab Dispos 34, 1229–1236.

20. Shimizu, M., Fuse, K., Okudaira, K., Nishigaki, R., Maeda, K., Kusuhara, H. and Sugiyama,
Y. (2005). Contribution of OATP (organic anion–transporting polypeptide) family trans-
porters to the hepatic uptake of fexofenadine in humans. Drug Metab Dispos 33, 1477–
1481.

21. Ishiguro, N., Maeda, K., Kishimoto, W., Saito, A., Harada, A., Ebner, T., Roth, W., Igarashi,
T. and Sugiyama, Y. (2006). Predominant contribution of OATP1B3 to the hepatic uptake
of telmisartan, an angiotensin II receptor antagonist, in humans. Drug Metab Dispos 34,
1109–1115.

22. Yamashiro, W., Maeda, K., Hirouchi, M., Adachi, Y., Hu, Z. and Sugiyama, Y. (2006).
Involvement of transporters in the hepatic uptake and biliary excretion of valsartan, a
selective antagonist of the angiotensin II AT1-receptor, in humans. Drug Metab Dispos 34,
1247–1254.

23. Hagenbuch, B., Scharschmidt, B.F. and Meier, P.J. (1996). Effect of antisense oligonu-
cleotides on the expression of hepatocellular bile acid and organic anion uptake systems
in Xenopus laevis oocytes. Biochem J 316(Pt 3), 901–904.

24. Nakai, D., Nakagomi, R., Furuta, Y., Tokui, T., Abe, T., Ikeda, T. and Nishimura, K. (2001).
Human liver-specific organic anion transporter, LST-1, mediates uptake of pravastatin by
human hepatocytes. J Pharmacol Exp Ther 297, 861–867.

25. Takagi, M., Morita, K., Nakai, D., Nakagomi, R., Tokui, T. and Koizumi, M. (2004).
Enhancement of the inhibitory activity of oatp antisense oligonucleotides by incorporation
of 2′-O,4′-C-ethylene-bridged nucleic acids (ENA) without a loss of subtype selectivity.
Biochemistry 43, 4501–4510.

26. Materna, V., Stege, A., Surowiak, P., Priebsch, A. and Lage, H. (2006). RNA interference-
triggered reversal of ABCC2-dependent cisplatin resistance in human cancer cells.
Biochem Biophys Res Commun 348, 153–157.

27. Nieth, C., Priebsch, A., Stege, A. and Lage, H. (2003). Modulation of the classical mul-
tidrug resistance (MDR) phenotype by RNA interference (RNAi). FEBS Lett 545, 144–
150.

28. Aoki, J., Suzuki, H. and Sugiyama, Y. (2000). Quantitative prediction of in vivo biliary
excretion clearance across the bile canalicular membrane from in vitro transport studies
with isolated membrane vesicles. In: Proceedings of the Millennial World Congress of
Pharmaceutical Sciences, April 16–20, San Francisco, CA, p. 92.

29. Ghibellini, G., Leslie, E.M. and Brouwer, K.L. (2006). Methods to evaluate biliary excre-
tion of drugs in humans: an updated review. Mol Pharmacol 3, 198–211.

30. Niinuma, K., Kato, Y., Suzuki, H., Tyson, C.A., Weizer, V., Dabbs, J.E., Froehlich, R.,
Green, C.E. and Sugiyama, Y. (1999). Primary active transport of organic anions on bile
canalicular membrane in humans. Am J Physiol 276, G1153–G1164.

31. Shilling, A.D., Azam, F., Kao, J. and Leung, L. (2006). Use of canalicular membrane
vesicles (CMVs) from rats, dogs, monkeys and humans to assess drug transport across the
canalicular membrane. J Pharmacol Toxicol Methods 53, 186–197.

32. Allen, J.D., van Loevezijn, A., Lakhai, J.M., van der Valk, M., van Tellingen, O., Reid, G.,
Schellens, J.H., Koomen, G.J. and Schinkel, A.H. (2002). Potent and specific inhibition of



JWDD059-19 JWDD059-YOU June 13, 2007 12:12

584 IN VITRO–IN VIVO SCALE-UP OF DRUG TRANSPORT ACTIVITIES

the breast cancer resistance protein multidrug transporter in vitro and in mouse intestine
by a novel analogue of fumitremorgin C. Mol Cancer Ther 1, 417–425.

33. Dantzig, A.H., Shepard, R.L., Cao, J., Law, K.L., Ehlhardt, W.J., Baughman, T.M., Bumol,
T.F. and Starling, J.J. (1996). Reversal of P-glycoprotein-mediated multidrug resistance by
a potent cyclopropyldibenzosuberane modulator, LY335979. Cancer Res 56, 4171–4179.

34. Kusunoki, N., Takara, K., Tanigawara, Y., Yamauchi, A., Ueda, K., Komada, F., Ku, Y.,
Kuroda, Y., Saitoh, Y. and Okumura, K. (1998). Inhibitory effects of a cyclosporin deriva-
tive, SDZ PSC 833, on transport of doxorubicin and vinblastine via human P-glycoprotein.
Jpn J Cancer Res 89, 1220–1228.

35. LeCluyse, E.L., Audus, K.L. and Hochman, J.H. (1994). Formation of extensive canalicular
networks by rat hepatocytes cultured in collagen-sandwich configuration. Am J Physiol
266, C1764–C1774.

36. Liu, X., LeCluyse, E.L., Brouwer, K.R., Lightfoot, R.M., Lee, J.I. and Brouwer, K.L.
(1999). Use of Ca2+ modulation to evaluate biliary excretion in sandwich-cultured rat
hepatocytes. J Pharmacol Exp Ther 289, 1592–1599.

37. Liu, X., Chism, J.P., LeCluyse, E.L., Brouwer, K.R. and Brouwer, K.L. (1999). Correlation
of biliary excretion in sandwich-cultured rat hepatocytes and in vivo in rats. Drug Metab
Dispos 27, 637–644.

38. Hoffmaster, K.A., Turncliff, R.Z., LeCluyse, E.L., Kim, R.B., Meier, P.J. and Brouwer,
K.L. (2004). P-Glycoprotein expression, localization, and function in sandwich-cultured
primary rat and human hepatocytes: relevance to the hepatobiliary disposition of a model
opioid peptide. Pharm Res 21, 1294–1302.

39. Tian, X., Zamek-Gliszczynski, M.J., Zhang, P. and Brouwer, K.L. (2004). Modulation of
multidrug resistance-associated protein 2 (Mrp2) and Mrp3 expression and function with
small interfering RNA in sandwich-cultured rat hepatocytes. Mol Pharmacol 66, 1004–
1010.

40. Bi, Y.A., Kazolias, D. and Duignan, D.B. (2006). Use of cryopreserved human hepatocytes
in sandwich culture to measure hepatobiliary transport. Drug Metab Dispos 34, 1658–1665.

41. Cui, Y., Konig, J. and Keppler, D. (2001). Vectorial transport by double-transfected cells
expressing the human uptake transporter SLC21A8 and the apical export pump ABCC2.
Mol Pharmacol 60, 934–943.

42. 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 mono-
layer expressing both human organic anion–transporting polypeptide (OATP2/SLC21A6)
and multidrug resistance–associated protein 2 (MRP2/ABCC2). J Biol Chem 277, 6497–
6503.

43. Sasaki, M., Suzuki, H., Aoki, J., Ito, K., Meier, P.J. and Sugiyama, Y. (2004). Prediction
of in vivo biliary clearance from the in vitro transcellular transport of organic anions
across a double-transfected Madin–Darby canine kidney II monolayer expressing both rat
organic anion transporting polypeptide 4 and multidrug resistance associated protein 2.
Mol Pharmacol 66, 450–459.

44. Kopplow, K., Letschert, K., König, J., Walter, B. and Keppler, D. (2005). Human hepato-
biliary transport of organic anions analyzed by quadruple-transfected cells. Mol Pharmacol
68, 1031–1038.

45. Spears, K.J., Ross, J., Stenhouse, A., Ward, C.J., Goh, L.B., Wolf, C.R., Morgan, P., Ayrton,
A. and Friedberg, T.H. (2005). Directional trans-epithelial transport of organic anions in



JWDD059-19 JWDD059-YOU June 13, 2007 12:12

REFERENCES 585

porcine LLC-PK1 cells that co-express human OATP1B1 (OATP-C) and MRP2. Biochem
Pharmacol 69, 415–423.

46. Mita, S., Suzuki, H., Akita, H., Hayashi, H., Onuki, R., Hofmann, A.F. and Sugiyama,
Y. (2006). Vectorial transport of unconjugated and conjugated bile salts by monolayers
of LLC-PK1 cells doubly transfected with human NTCP and BSEP or with rat Ntcp and
Bsep. Am J Physiol Gastrointest Liver Physiol 290, G550–G556.

47. Matsushima, S., Maeda, K., Kondo, C., Hirano, M., Sasaki, M., Suzuki, H. and
Sugiyama, Y. (2005). Identification of the hepatic efflux transporters of organic anions
using double-transfected Madin–Darby canine kidney II cells expressing human organic
anion-transporting polypeptide 1B1 (OATP1B1)/multidrug resistance-associated protein
2, OATP1B1/multidrug resistance 1, and OATP1B1/breast cancer resistance protein. J
Pharmacol Exp Ther 314, 1059–1067.

48. Hasegawa, M., Kusuhara, H., Sugiyama, D., Ito, K., Ueda, S., Endou, H. and Sugiyama,
Y. (2002). Functional involvement of rat organic anion transporter 3 (rOat3; Slc22a8) in
the renal uptake of organic anions. J Pharmacol Exp Ther 300, 746–753.

49. Hasegawa, M., Kusuhara, H., Endou, H. and Sugiyama, Y. (2003). Contribution of organic
anion transporters to the renal uptake of anionic compounds and nucleoside derivatives in
rat. J Pharmacol Exp Ther 305, 1087–1097.

50. Deguchi, T., Kusuhara, H., Takadate, A., Endou, H., Otagiri, M. and Sugiyama, Y. (2004).
Characterization of uremic toxin transport by organic anion transporters in the kidney.
Kidney Int 65, 162–174.

51. Han, Y.H., Kato, Y. and Sugiyama, Y. (1999). Binding and transport of methotrexate and
its derivative, MX-68, across the brush-border membrane in rat kidney. Biopharm Drug
Dispos 20, 361–367.

52. Koren, G., Klein, J., Bentur, Y. and Giesbrecht, E. (1989). The effects of mannitol diuresis
on digoxin and phenobarbital handling by the kidney: implications for tubular reabsorption
and secretion of the cardiac glycoside. Clin Invest Med 12, 279–284.

53. Nicolazzo, J.A., Charman, S.A. and Charman, W.N. (2006). Methods to assess drug per-
meability across the blood–brain barrier. J Pharm Pharmacol 58, 281–293.

54. Adachi, Y., Suzuki, H. and Sugiyama, Y. (2001). Comparative studies on in vitro meth-
ods for evaluating in vivo function of MDR1 P-glycoprotein. Pharm Res 18, 1660–
1668.

55. Yamazaki, M., Neway, W.E., Ohe, T., Chen, I., Rowe, J.F., Hochman, J.H., Chiba, M.
and Lin, J.H. (2001). In vitro substrate identification studies for P-glycoprotein-mediated
transport: species difference and predictability of in vivo results. J Pharmacol Exp Ther
296, 723–735.

56. Sugiyama, D., Kusuhara, H., Shitara, Y., Abe, T., Meier, P.J., Sekine, T., Endou, H., Suzuki,
H. and Sugiyama, Y. (2001). Characterization of the efflux transport of 17beta-estradiol-d-
17beta-glucuronide from the brain across the blood–brain barrier. J Pharmacol Exp Ther
298, 316–322.

57. Kikuchi, R., Kusuhara, H., Abe, T., Endou, H. and Sugiyama, Y. (2004). Involvement of
multiple transporters in the efflux of 3-hydroxy-3-methylglutaryl-CoA reductase inhibitors
across the blood–brain barrier. J Pharmacol Exp Ther 311, 1147–1153.

58. Nagata, Y., Kusuhara, H., Endou, H. and Sugiyama, Y. (2002). Expression and functional
characterization of rat organic anion transporter 3 (rOat3) in the choroid plexus. Mol
Pharmacol 61, 982–988.



JWDD059-19 JWDD059-YOU June 13, 2007 12:12

586 IN VITRO–IN VIVO SCALE-UP OF DRUG TRANSPORT ACTIVITIES

59. Kuroda, M., Kusuhara, H., Endou, H. and Sugiyama, Y. (2005). Rapid elimination of
cefaclor from the cerebrospinal fluid is mediated by a benzylpenicillin-sensitive mechanism
distinct from organic anion transporter 3. J Pharmacol Exp Ther 314, 855–861.

60. Hosoya, K., Tetsuka, K., Nagase, K., Tomi, M., Saeki, S., Ohtsuki, S., Takanaga, H.,
Yanai, N., Obinata, M., Kikuchi, A., Okano, T. and Terasaki, T. (2000). Conditionally
immortalized brain capillary endothelial cell lines established from a transgenic mouse
harboring temperature-sensitive simian virus 40 large T-antigen gene. AAPS PharmSci 2,
E27.

61. Hosoya, K.I., Takashima, T., Tetsuka, K., Nagura, T., Ohtsuki, S., Takanaga, H., Ueda,
M., Yanai, N., Obinata, M. and Terasaki, T. (2000). mRna expression and transport
characterization of conditionally immortalized rat brain capillary endothelial cell lines; a
new in vitro BBB model for drug targeting. J Drug Target 8, 357–370.

62. Terasaki, T., Ohtsuki, S., Hori, S., Takanaga, H., Nakashima, E. and Hosoya, K. (2003).
New approaches to in vitro models of blood–brain barrier drug transport. Drug Discov
Today 8, 944–954.

63. Hino, T., Yokota, T., Ito, S., Nishina, K., Kang, Y.S., Mori, S., Hori, S., Kanda, T.,
Terasaki, T. and Mizusawa, H. (2006). In vivo delivery of small interfering RNA targeting
brain capillary endothelial cells. Biochem Biophys Res Commun 340, 263–267.

64. 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 proteins 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.

65. 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.

66. Chong, S., Dando, S.A., Soucek, K.M. and Morrison, R.A. (1996). In vitro permeability
through caco-2 cells is not quantitatively predictive of in vivo absorption for peptide-like
drugs absorbed via the dipeptide transporter system. Pharm Res 13, 120–123.

67. Balimane, P.V., Han, Y.H. and Chong, S. (2006). Current industrial practices of assessing
permeability and P-glycoprotein interaction. AAPS J 8, E1–E13.

68. Balimane, P.V. and Chong, S. (2005). Cell culture-based models for intestinal permeability:
a critique. Drug Discov Today 10, 335–343.

69. Adachi, Y., Suzuki, H. and Sugiyama, Y. (2003). Quantitative evaluation of the function
of small intestinal P-glycoprotein: comparative studies between in situ and in vitro. Pharm
Res 20, 1163–1169.

70. Watanabe, T., Onuki, R., Yamashita, S., Taira, K. and Sugiyama, Y. (2005). Construction
of a functional transporter analysis system using MDR1 knockdown Caco-2 cells. Pharm
Res 22, 1287–1293.

71. Dresser, G.K., Bailey, D.G., Leake, B.F., Schwarz, U.I., Dawson, P.A., Freeman, D.J. and
Kim, R.B. (2002). Fruit juices inhibit organic anion transporting polypeptide-mediated
drug uptake to decrease the oral availability of fexofenadine. Clin Pharmacol Ther 71,
11–20.

72. Kamath, A.V., Yao, M., Zhang, Y. and Chong, S. (2005). Effect of fruit juices on the oral
bioavailability of fexofenadine in rats. J Pharm Sci 94, 233–239.



JWDD059-19 JWDD059-YOU June 13, 2007 12:12

REFERENCES 587

73. Kikuchi, A., Nozawa, T., Wakasawa, T., Maeda, T. and Tamai, I. (2006). Transporter-
mediated intestinal absorption of fexofenadine in rats. Drug Metab Pharmacokinet 21,
308–314.

74. Endres, C.J., Hsiao, P., Chung, F.S. and Unadkat, J.D. (2006). The role of transporters in
drug interactions. Eur J Pharm Sci 27, 501–517.

75. Ito, K., Iwatsubo, T., Kanamitsu, S., Ueda, K., Suzuki, H. and Sugiyama, Y. (1998).
Prediction of pharmacokinetic alterations caused by drug–drug interactions: metabolic
interaction in the liver. Pharmacol Rev 50, 387–412.

76. Shitara, Y., Itoh, T., Sato, H., Li, A.P. and Sugiyama, Y. (2003). Inhibition of transporter-
mediated hepatic uptake as a mechanism for drug–drug interaction between cerivastatin
and cyclosporin A. J Pharmacol Exp Ther 304, 610–616.

77. Shitara, Y., Sato, H. and Sugiyama, Y. (2005). Evaluation of drug–drug interaction in the
hepatobiliary and renal transport of drugs. Annu Rev Pharmacol Toxicol 45, 689–723.

78. Campbell, S.D., de Morais, S.M. and Xu, J.J. (2004). Inhibition of human organic anion
transporting polypeptide OATP 1B1 as a mechanism of drug-induced hyperbilirubinemia.
Chem Biol Interact 150, 179–187.

79. Horikawa, M., Kato, Y., Tyson, C.A. 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.

80. Horikawa, M., Kato, Y., Tyson, C.A. and Sugiyama, Y. (2003). Potential cholestatic
activity of various therapeutic agents assessed by bile canalicular membrane vesicles
isolated from rats and humans. Drug Metab Pharmacokinet 18, 16–22.

81. Ueda, K., Kato, Y., Komatsu, K. and Sugiyama, Y. (2001). Inhibition of biliary excretion
of methotrexate by probenecid in rats: quantitative prediction of interaction from in vitro
data. J Pharmacol Exp Ther 297, 1036–1043.

82. Inotsume, N., Nishimura, M., Nakano, M., Fujiyama, S. and Sato, T. (1990). The inhibitory
effect of probenecid on renal excretion of famotidine in young, healthy volunteers. J Clin
Pharmacol 30, 50–56.

83. Lin, J.H., Los, L.E., Ulm, E.H. and Duggan, D.E. (1988). Kinetic studies on the com-
petition between famotidine and cimetidine in rats: evidence of multiple renal secretory
systems for organic cations. Drug Metab Dispos 16, 52–56.

84. Tahara, H., Kusuhara, H., Endou, H., Koepsell, H., Imaoka, T., Fuse, E. and Sugiyama, Y.
(2005). A species difference in the transport activities of H2 receptor antagonists by rat and
human renal organic anion and cation transporters. J Pharmacol Exp Ther 315, 337–345.

85. Tahara, H., Shono, M., Kusuhara, H., Kinoshita, H., Fuse, E., Takadate, A., Otagiri, M.
and Sugiyama, Y. (2005). Molecular cloning and functional analyses of OAT1 and OAT3
from cynomolgus monkey kidney. Pharm Res 22, 647–660.

86. Tahara, H., Kusuhara, H., Chida, M., Fuse, E. and Sugiyama, Y. (2006). Is the monkey an
appropriate animal model to examine drug–drug interactions involving renal clearance?
Effect of probenecid on the renal elimination of H2 receptor antagonists. J Pharmacol
Exp Ther 316, 1187–1194.

87. Nozaki, Y., Kusuhara, H., Endou, H. and Sugiyama, Y. (2004). Quantitative evaluation
of the drug–drug interactions between methotrexate and nonsteroidal anti-inflammatory
drugs in the renal uptake process based on the contribution of organic anion transporters
and reduced folate carrier. J Pharmacol Exp Ther 309, 226–234.



JWDD059-19 JWDD059-YOU June 13, 2007 12:12

588 IN VITRO–IN VIVO SCALE-UP OF DRUG TRANSPORT ACTIVITIES

88. Shitara, Y. and Sugiyama, Y. (2006). Pharmacokinetic and pharmacodynamic alterations
of 3-hydroxy-3-methylglutaryl coenzyme A (HMG-CoA) reductase inhibitors: drug–drug
interactions and interindividual differences in transporter and metabolic enzyme functions.
Pharmacol Ther 112, 71–105.

89. Takano, A., Kusuhara, H., Suhara, T., Ieiri, I., Morimoto, T., Lee, Y.J., Maeda, J., Ikoma, Y.,
Ito, H., Suzuki, K. and Sugiyama, Y. (2006). Evaluation of in vivo P-glycoprotein function
at the blood–brain barrier among MDR1 gene polymorphisms by using 11C-verapamil.
J Nucl Med 47, 1427–1433.

90. Sasongko, L., Link, J.M., Muzi, M., Mankoff, D.A., Yang, X., Collier, A.C., Shoner,
S.C. and Unadkat, J.D. (2005). Imaging P-glycoprotein transport activity at the human
blood–brain barrier with positron emission tomography. Clin Pharmacol Ther 77, 503–514.

91. Nozaki, Y., Kusuhara, H., Kondo, T., Hasegawa, H., Shiroyanagi, Y., Nakazawa, H., Okano,
T., and Sugiyama, Y. (2007). Characterization of the uptake of organic anion transporter
(OAT)1 and OAT3 substrates by human kidney slices. J Pharm Exp Ther 321, 362–369.



JWDD059-20 JWDD059-YOU June 13, 2007 9:30

20
AGE- AND GENDER-RELATED
DIFFERENCES IN XENOBIOTIC
TRANSPORTER EXPRESSION

Curtis D. Klaassen and Xingguo Cheng
University of Kansas Medical Center, Kansas City, Kansas

20.1. Introduction

20.2. Hepatobiliary Transporters

20.2.1. Hepatobiliary Excretion in Newborns

20.2.2. Hepatic Uptake

20.2.3. Hepatic Efflux into Bile

20.2.4. Hepatic Efflux into Blood

20.2.5. Hepatic Transporter Ontogeny Patterns

20.3. Renal Transporters

20.3.1. Renal Excretion in Newborns

20.3.2. Renal Uptake from Blood

20.3.3. Renal Uptake from Filtrate (Reabsorption)

20.3.4. Renal Efflux into Filtrate

20.3.5. Renal Efflux into Blood

20.3.6. Renal Transporter Ontogeny Patterns

20.4. Intestinal Transporters

20.4.1. Intestinal Uptake from Lumen

20.4.2. Intestinal Efflux into Lumen

20.4.3. Intestinal Efflux into Blood

20.5. Transporters in the Brain

20.6. Mechanisms for Age-Related Differences in Xenobiotic Transporter Expression

Drug Transporters: Molecular Characterization and Role in Drug Disposition, Edited by
Guofeng You and Marilyn E. Morris
Copyright C© 2007 John Wiley & Sons, Inc.

589



JWDD059-20 JWDD059-YOU June 13, 2007 9:30

590 AGE- AND GENDER-RELATED DIFFERENCES

20.7. Gender Differences in Transporter Expression

20.8. Mechanisms of Gender Differences

20.9. Conclusions

References

20.1. INTRODUCTION

For decades it has been known that infants cannot simply be regarded as miniature
adults when describing their response to drugs. However, the reasons for the differ-
ences between infants and adults have not been well delineated. Although variations
in pharmacokinetics and pharmacodynamics are assumed to be responsible for pro-
ducing these differences, their relative importance in producing these effects is not
understood. The purpose of this review is to illustrate the differences in expression of
drug transporters in young animals, as well as gender differences.

In laboratory animals the pharmacokinetics of numerous chemicals is different in
newborns than in adults. In general, chemicals are eliminated from the body more
slowly in young animals. In the 1960s it was determined that the expression of some
drug-metabolizing enzymes is not fully expressed at birth, which is responsible for
the delayed elimination of some xenobiotics from the body.1,2

In the mid-1980s, when P-glycoprotein (multidrug resistance protein, Mdr) was
first cloned,3,4 we began to understand the function of xenobiotic transporters in
eliminating xenobiotics from the body. Engineering of the first transporter-null mice in
the mid-1990s5 enabled the scientific community to understand more thoroughly how
transporters affect the pharmacokinetics of xenobiotics. It is now generally accepted
that transporters play a critical role in the absorption, distribution, and elimination
of xenobiotics. It thus follows that variations in transporter expression can lead to
differences in pharmacokinetics, and therefore, differences observed in the age- and
gender-specific pharmacokinetics of drugs may be explained by differences in the
expression of xenobiotic transporters.

Mouse is the species in which the most thorough studies have been performed
to examine the gender- and age-related differences in transporters. Therefore, we
emphasize the data from mice, but data from other species are included where avail-
able. Whereas it would be desirable to quantify the transporter protein and function
at various ages, the availability of antibodies and specific substrates for the various
transporters are not available, and thus most of the data presented in this chapter relate
to mRNA.

20.2. HEPATOBILIARY TRANSPORTERS

20.2.1. Hepatobiliary Excretion in Newborns

Many but not all drugs and other foreign compounds are more toxic in newborn than
in adult animals, and some of these compounds, which are excreted primarily into
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bile, are more toxic in newborn than in adult rats. For example, the following ratios of
the LD50 of drugs in adults over those in newborn rats demonstrate increased toxicity.
Probenecid is 2.8 times more toxic in newborn than in adult rats; indocyanine green,
3.3; iopanoic acid, 3.8; digoxin, 3.8; digitoxin, 4.6; colchicine, 21; and ouabain, 40
times.6,7 These observations suggest that the increased sensitivity of newborn rats to
these chemicals may be due to immaturity of their hepatic excretory mechanisms.

Because ouabain is 40 times more toxic in newborn than in adult rats,6,7 is not
biotransformed prior to its excretion,8,9 and is excreted from the body almost entirely
into bile,8 it is an ideal prototype to use to determine whether the hepatic excretory
mechanism is immature in newborns.6 The toxicity of ouabain decreased gradually
in rats from 3 to 12 days of age, with a marked decrease in toxicity observed between
12 and 21 days of age. After 30 days of age, the toxicity of ouabain was relatively
constant. Ouabain was removed very slowly from the plasma of 7-day-old rats, with a
half-time of 30 minutes compared to a half-life in an adult of approximately 5 minutes.
The reason for this longer half-life of ouabain in newborn rats is the inability of its
liver to remove ouabain from the plasma. The concentration of ouabain in the liver
of an adult rat reaches 50 times that of plasma, whereas the liver of newborns cannot
concentrate ouabain at all.6 Ouabain uptake into hepatocytes isolated from 12-day-old
rats is much slower than hepatocytes isolated from adult rats.10 The ability of liver to
extract ouabain from plasma and concentrate it in liver develops concurrently with the
decrease in toxicity. It appears that this inability of immature liver to extract ouabain
from the plasma and to excrete it into bile results in a prolonged high concentration
of ouabain in plasma, which is associated with a higher toxicity.6

Lower hepatic removal rates in newborn rats have also been demonstrated for or-
ganic acids. For example, sulfobromophthalein (BSP) and indocyanine green (ICG)
are extracted from plasma and excreted into bile less efficiently in newborn than in
adult rats.11 This difference is not as striking as that observed with ouabain, but the
time course of development of increasing clearance of the organic acids parallels that
observed with ouabain. Decreased clearance of BSP in newborns does not appear to
be due to a decreased conjugation of BSP, as similar results are obtained when the
conjugate (BSP-glutathione) is administered.11 It has also been demonstrated that the
increased toxicity of colchicine in newborn rats is also due largely to the immatu-
rity of hepatic excretory function.12 Whereas the immaturity in hepatic excretion of
ouabain in newborns appears to be in the transfer of ouabain from plasma to liver, for
colchicine. it is the transfer from liver to bile.12,13

Biliary excretion is not mature in newborn rats,7,14 dogs, rabbits,14 and guinea
pigs.15 Indirect evidence indicates that newborn humans also have a decreased capac-
ity to excrete foreign compounds into bile.16

20.2.2. Hepatic Uptake

There are a number of transporters in liver responsible for the uptake and efflux of
chemicals (Figure 20.1). As noted in earlier chapters, the organic anion–transporting
polypeptide (Oatp) is an important family of uptake transporters, consisting of 15
transporters in mice.17 The uptake transporter expressed most specifically in liver is
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FIGURE 20.1. Cellular localization and transport direction of known transporters in liver.
Uptake transporters from sinusoidal blood are depicted in the hepatocyte on the left. Efflux
transporters in the sinusoidal (basolateral) or canalicular (apical) membrane are shown in the
hepatocyte on the right.

Oatp1b217,18; however, as noted in Figure 20.2, six Oatp transporters are expressed
in mouse liver.

The developmental and gender differences in Oatp expression in mice are shown in
Figure 20.2. Oatp1a1, 1a4, and 1a6 are rodent organic anion transporters.17,19 There
is only one human ortholog for these three transporters: OATP1A2. Expression is
low at birth for all three transporters. Expression of Oatp1a1 reaches mature levels at
1 month of age, whereas Oatp1a4 and 1a6 reach adult levels earlier. The developmental
expression of Oatp1b2 is extremely low before birth, increases abruptly at birth, and
reaches adult levels at 3 weeks of age.17 The ontogenic expression of Oatp1b2 in rats
is similar to that in mice.20 In mice, most of the other Oatps have a developmental
pattern similar to that of Oatp1b2, with the exception of Oatp2a1, also known as the
prostaglandin transporter.21 Mouse Oatp2a1 is expressed consistently at similar levels
from 2 days before birth to adulthood.17 Figure 20.2 indicates that gender differences
exist in the expression of some Oatps in mouse liver: male-predominant expression
of Oatp1a1 and a female-predominant expression of Oatp1a4. The gender-divergent
expression of the Oatps in mouse liver becomes apparent at approximately 1 month
of age.

The equilibrative nucleoside transporter 1 (Ent1) mRNA is expressed at similar
levels at all ages in mouse livers,22 except that its expression is highest at birth. In
general, organic anion transporters (Oats) are expressed primarily in kidney; however,
Oat2 is also expressed in liver,23 with an unusual ontogenic pattern, with very low
expression at birth, reaching peak expression at day 15 and decreasing thereafter to
adult levels. In rat livers, Oat2 expression also occurs after birth.24 Organic cation
transporter 1 (Oct1) increases slowly to mature levels over the first 3 weeks of life.25
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FIGURE 20.2. Ontogenic expression of uptake transporters Oatp1a1, 1a4, 1a6, 1b2, 2a1, and
2b1, Ent1, Ntcp, Oat2, and Oct1 in livers of male and female mice. The total RNA from C57BL/6
mice at each age (n = 5/gender) was analyzed by the bDNA method. Data are presented as a
ratio of mRNA expression at that age to the highest observed in mouse liver. RLU (relative light
unit) represents the highest mRNA expression observed in mouse liver. � represents mRNA
expression levels in male mouse liver; � represents mRNA expression levels in female mouse
liver. np, not published.

Sodium taurocholate cotransporting polypeptide (Ntcp) is a bile acid–uptake
transporter26 whose ontogenic expression in mice is quite unusual. Ntcp expression
is very low 2 days before birth, attains maximal levels at birth, and then decreases by
5 days of age to fetal levels, remaining low until 23 days of age, when a second sharp
increase in its expression occurs. The Ntcp mRNA gradually decreases afterward, and
then increases in females but not in males at 45 days of age, when the gender differ-
ence in Ntcp mRNA expression becomes apparent. In rats, Ntcp expression appears
to reach adult levels by 1 week of age.27

20.2.3. Hepatic Efflux into Bile

Many drugs and xenobiotics are metabolized in liver to more water-soluble chem-
icals. Therefore, these metabolites do not readily pass membranes; most chemicals
exit the liver via transporters. Glutathione conjugates are often transported into bile,
and sulfate conjugates are usually transported back into blood, whereas glucuronide
conjugates are transported from the liver into both bile and blood.
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FIGURE 20.3. Ontogenic expression of canalicular (apical) efflux transporters Abcg5 and
g8, Bcrp, Bsep, Mate1, Mate2, Mdr1b, Mdr2, and Mrp2 in livers of male and female mice.
The total RNA from C57BL/6 mice at each age (n = 5/gender) was analyzed by the bDNA
method. Data are presented as a ratio of mRNA expression at that age to the highest observed
in mouse liver. RLU (relative light unit) represents the highest mRNA expression observed in
mouse liver. � represents mRNA expression levels in male mouse liver; � represents mRNA
expression levels in female mouse liver.

The multidrug resistance–associated protein (Mrp) family has the major role of
transporting chemicals out of cells.28 Mrp2 is highly expressed in liver and is re-
sponsible for hepatobiliary excretion of reduced and oxidized glutathione as well
as glutathione and glucuronide conjugates. Hepatobiliary disposition of conjugated
bilirubin is impaired in Dubin–Johnson syndrome patients, who have nonfunctional
Mrp2.29 As noted in Figure 20.3, the mRNA expression of Mrp2 in livers is very low
in mice before birth. At birth, Mrp2 reaches its highest expression.30 In rats, there is
also no marked increase in Mrp2 mRNA between 1 day of age and maturity.31,32

The multidrug and toxin extrusion (Mate) family consists of two transporters, and
both are localized in the bile canaliculus and excrete cationic drugs.33,34 As noted in
Figure 20.3, the expression of Mate1 and of Mate2 were relatively the same at all
ages except for a “surge” at birth.

The multidrug resistance protein (Mdr) family of transporters also transport chemi-
cals across the canaliculus into bile. Whereas neither Mdr1a nor 1b is highly expressed
in liver, Mdr1b appears to be more abundant than Mdr1a in the liver of mice. These
transporters often transport bulky neutral and cationic chemicals.35 As noted in Figure
20.3, Mdr1b is expressed similarly in mice of all ages, and no gender differences are
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observed. Mdr2 is a flippase, functioning to move phospholipids from the inner to
the outer leaflet of the canalicular membrane.36,37 Mdr2 mRNA expression markedly
increases at birth, decreases rapidly after birth, and gradually increases to adult levels
at 1 month of age.

The breast cancer resistance protein (Bcrp/Abcg2) has high expression in mouse
liver38 before birth, peaks at birth, and after birth, decreases rapidly. At approximately
30 days of age, Bcrp expression in male mice increases, whereas in females it does
not, thus creating a gender difference in expression in adult mice.38

Bile salt export pump (Bsep) is the main transporter for the hepatobiliary excretion
of bile acids. Targeted inactivation of mouse Bsep gene results in nonprogressive but
persistent intrahepatic cholestasis.39 Mutation of human BSEP gene is linked to the
etiology of progressive familial intrahepatic cholestasis subtype 2.40 Bsep mRNA
expression is low before birth in mice, reaches the highest level at birth, decreases to
adult levels by 5 days of age, and remains relatively constant thereafter. In rats, Bsep
is also expressed at relatively high levels at 1 day of age.32

The adenosine triphosphate (ATP)-binding cassette proteins (Abcg5 and g8) are
expressed predominantly in intestine, where they are important for limiting the ab-
sorption of plant steroids.41 Abcg5 and Abcg8 are also located in the bile canaliculus
and excrete these compounds into bile. The ontogenic expression of Abcg5 and Abcg8
in liver is very similar. Expression of both is extremely low before birth, increases
markedly at parturition, continuing to increase until day 15, and then decreases to
adult levels that are approximately one-half of that observed on day 15.

20.2.4. Hepatic Efflux into Blood

In contrast to Mrp2, Mrp3, 4, and 6 transport chemicals from liver back into blood
(Figure 20.1). Mrp3 mRNA is lowly expressed until 30 days of age, when expression
peaks (Figure 20.4). Mrp4 is expressed at similar levels at all ages, except at day 0,
the age at which it is most highly expressed.

Mutation in MRP6 is associated with the disease pseudoxanthomia elasticum,
characterized by progressive calcification of elastic fibers in many tissues, especially
the skin.42,43 Ontogenic expression of Mrp6 in mouse liver is nondetectable until day
10, when it reaches peak expression, and decreases thereafter to less than one-half
that in adults.

The organic solute transporters (Ost� and �) heterodimerize to form a transporter
that moves bile acids from enterocytes into blood.44 Ost� and � are also expressed in
liver but at lower levels, and are thought to transport bile acids from liver back into
blood.44 The ontogenic expression of Ost� and Ost� is quite different in mouse liver,
even though they heterodimerize to produce a functional transporter. Ost� is expressed
at a low level before birth and is expressed most highly on the day of birth. Ost�
decreases after birth, with an intermediate increase on day 15 and further increases
at days 40 and 45, reaching adult expression levels. In contrast, Ost� expression
decreases during the first month of life, although it also depicts the highest expression
at birth.
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FIGURE 20.4. Ontogenic expression of sinusoidal (basolateral) efflux transporters Mrp3, 4,
and 6, Ost�, and Ost� in livers of male and female mice. The total RNA from C57BL/6 mice
at each age (n = 5/gender) was analyzed by the bDNA method. Data are presented as a ratio of
mRNA expression at that age to the highest observed in mouse liver. RLU (relative light unit)
represents the highest mRNA expression observed in mouse liver. � represents mRNA expres-
sion levels in male mouse liver; � represents mRNA expression levels in female mouse liver.

20.2.5. Hepatic Transporter Ontogeny Patterns

Table 20.1 indicates the approximate age when the mRNA of each transporter reaches
adult levels in mice. Most transporters are expressed at low levels before birth. Only
four transporters (Oatp2a1, Ent1, Abcg5, and Abcg8) are expressed at adult levels
before birth. Probably the most surprising data show a surge in mRNA of one-half of
the transporters at the day of birth. The mechanism of this marked increase at birth is
not known. After this surge, the mRNA of most transporters remains high; however,
Mdr2 decreases and then reaches adult levels at an older age. Four of the transporters
in liver (Oatp1a4, Oatp1a6, Oat2, and Mrp6) reach adult levels at 5 to 10 days of age,
four (Oatp1b2, Oatp2b1, Oct1, and Mdr2) at 15 to 23 days of age, and two (Oatp1a1
and Mrp3) at 30 days of age or older.

20.3. RENAL TRANSPORTERS

20.3.1. Renal Excretion in Newborns

The kidneys of newborn animals are functionally immature. The renal clearance of
p-aminohippuric acid (PAH), an organic acid, has been shown to be low in humans,45

dogs,46 rats,47 rabbits,48 and sheep.49 The renal transport of tetraethylammonium
(TEA), an organic base, is also underdeveloped in newborns.50 Because PAH and
TEA are transported by proximal tubule cells into the filtrate, the decrease in renal
clearance of these chemicals in the newborn indicates that both organic acid and base
transporters are immature.50 The studies described below indicate that the mRNA
expression of many of the renal transporters is responsible for immaturity of renal
excretory function.
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TABLE 20.1. Hepatic Transporter Ontogeny Patterns

Fetal Birth Early Middle Late
Function Transporters (−2) (0) (5–10) (15–23) (30→)

Liver uptake Oatp1a1 ∗
Oatp1a4 ∗
Oatp1a6 ∗
Oatp1b2 ∗
Oatp2a1 ∗
Oatp2b1 ∗
Ent1 ∗ ∗
Ntcp ∗
Oat2 ∗
Oct1 ∗

Liver efflux into bile Mrp2 ∗
Mate1 ∗
Mate2 ∗
Mdr1b
Mdr2 ∗ ∗
Bcrp ∗
Bsep ∗
Abcg5 ∗ ∗
Abcg8 ∗ ∗

Liver efflux into blood Mrp3 ∗
Mrp4 ∗
Mrp6 ∗
Ost� ∗
Ost� ∗

∗Approximately adult levels.

20.3.2. Renal Uptake from Blood

The kidney contains numerous transporters for the uptake of chemicals into proximal
tubule cells, efflux into filtrate, reabsorption from the filtrate, and efflux back into
blood (Figure 20.5). In kidney, organic anion transporters (Oats), in general, are most
important for uptake of organic anions from blood.51,52 As noted in Figure 20.6, Oat1
and 3 mRNA in mouse kidney are less at birth than in adults. Oat1begins to increase at
30 days of age and reaches adult levels by 40 days of age. Oat1 exhibits gender differ-
ences in mRNA expression; higher expression is observed in kidneys of male mice at
30 days of age and older. Oat3 reaches adult levels of expression in mice at 35 days of
age. In rats, Oat3 matured at the youngest age, Oat1 at an intermediate age, and Oat2 at
a later age.23 The expression of Oat1 is male-predominant in rat kidneys as in mice.23,51

Oatp4c1 transports xenobiotics, such as digoxin, from blood into proximal tubule
cells.53 Its expression is relatively constant from before birth until 2 weeks of age,
when it more than doubles, to adult levels.17
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FIGURE 20.6. Ontogenic expression of basolateral uptake transporters Oat1, Oat3, Oct1,
Oct2, and Oatp4c1 in proximal tubular cells (PTCs) of kidneys of male and female mice. The
total RNA from C57BL/6 mice at each age (n = 5/gender) was analyzed by the bDNA method.
Data are presented as a ratio of mRNA expression at that age to the highest observed in mouse
kidney. RLU (relative light unit) represents the highest mRNA expression observed in mouse
kidney. � represents mRNA expression levels in male mouse kidney; � represents mRNA
expression levels in female mouse kidney.
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The organic cation transporters (Oct and Octn) are important for the transport of or-
ganic cations from blood into kidney.54 All four mouse Octs have very low expression
before birth (Figure 20.6), and their expression increases gradually to adult levels at
3 weeks of age.25,54 In rats, the developmental expression of Oct1 and 2 also increase
after birth, with consistent increases observed for the first 4 to 6 weeks of age.55

20.3.3. Renal Uptake from Filtrate (Reabsorption)

There are seven Oatps that are expressed in mouse kidneys.17 Of these, Oatp1a1, 1a4,
and possibly 1a6 transport xenobiotics from the lumen into proximal tubules, thus
facilitating reabsorption. The ontogenic pattern of Oatp1a1 is most unusual (Figure
20.7). The renal expression of Oatp1a1 is very low in young mice. Not until 30 days
of age is there any detectable expression of Oatp1a1 in male mouse kidneys. Between
30 and 45 days of age, a marked increase in Oatp1a1 is observed in male but not in
female mice. Thus, a major gender difference in Oatp1a1 is observed in kidneys of
mice. Oatp1a4 is expressed at similar levels from before birth to adulthood. Oatp1a6
exhibits a relatively linear increase in expression during the first 45 days of life.
Oatp2a1 and 2b1 expression are relatively constant from birth to adulthood. The
renal expression of Oatp3a1 before birth is about one-third of that observed in adult
male mice. Oatp3a1 expression remains relatively constant, but at day 30 it increases
in males, resulting in gender differences in expression.

The development of other renal reabsorption transporters in mice has distinctive
ontogenic patterns (Figure 20.7). The concentrative nucleotide transporter 1 (Cnt1)
has a gradual increase in expression during the first 45 days of life. The peptide
transporter (Pept) 2 is relatively low until it reaches its peak expression on day 15.
Oat2 mRNA in mouse kidneys is less at birth than in adults. Oat2 is expressed at very
low levels in mouse kidneys until 30 days of age. After 30 days of age, Oat2 begins to
increase and reaches adult levels by 40 days of age. Oat5 has low fetal expression in
kidney, with a major increase observed at birth. Oat5 expression is relatively constant
until day 22, when it increases in female mice, resulting in a gender difference in
expression. Urat1, the uric acid transporter,56 is expressed at low levels in kidneys
before birth, and gradually increases over the first 6 weeks of age. A male-predominant
gender difference is observed in adult mice.57 The apical sodium bile acid transporter
(Asbt) is expressed at very low levels in the kidney until 3 weeks of age, and by
6 weeks of age it is more highly expressed in female mice.

20.3.4. Renal Efflux into Filtrate

The multidrug resistance–associated protein (Mrp) family of transporters are ex-
tremely important in the efflux of chemicals from cells. In kidney, as in liver, Mrp2
plays a major role in the efflux of chemicals across the apical membrane, and thus
from proximal tubule cells into the filtrate. In mice, Mrp2 expression is very low
before birth and throughout the first 10 days of life, thereafter increasing to adult lev-
els by 15 days of age30 (Figure 20.8). Mrp4 expression gradually increases in kidney
over the first 6 weeks of life.30
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FIGURE 20.7. Ontogenic expression of apical reabsorption transporters Oatp1a1, 1a4, 1a6,
2a1, 2b1, and 3a1, Oat2, Oat5, Octn1, Octn2, Cnt1, Npt1, Pept2, Urat1, and Ibat/Asbt in
proximal tubular cells (PTCs) of kidneys of male and female mice. The total RNA from
C57BL/6 mice at each age (n = 5/gender) was analyzed by the bDNA method. Data are
presented as a ratio of mRNA expression at that age to the highest observed in mouse kidney.
RLU (relative light unit) represents the highest mRNA expression observed in mouse kidney.
� represents mRNA expression levels in male mouse kidney; � represents mRNA expression
levels in female mouse kidney.

The breast cancer resistance protein (Bcrp/Abcg2) is expressed in kidney before
birth, but gradually increases fivefold before reaching adult levels at 22 days of age.
The multidrug resistance protein 1b (Mdr1b) effluxes basic drugs from the proximal
tubule cells into filtrate. Mdr1b is expressed in kidney before birth at about one-
fourth the level in adult female mice. The developmental expression of Mdr1a and
1b mRNA and protein in rats appear to be similar to that in mice.31,58 From days
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FIGURE 20.8. Ontogenic expression of apical efflux transporters Bcrp, Mdr1b, Mrp2, and
Mrp4 in proximal tubular cells (PTCs) of kidneys of male and female mice. The total RNA
from C57BL/6 mice at each age (n = 5/gender) was analyzed by the bDNA method. Data are
presented as a ratio of mRNA expression at that age to the highest observed in mouse kidney.
RLU (relative light unit) represents the highest mRNA expression observed in mouse kidney.
� represents mRNA expression levels in male mouse kidney; � represents mRNA expression
levels in female mouse kidney.

10 to 22, Mdr1b expression increases, whereas expression decreases between days
30 and 45 in male mice, resulting in a gender difference in expression of Mdr1b.
The equilibrative nucleoside transporter (Ent) 2 and 3 are expressed in kidney.22

Ent2 is expressed similarly at various ages in mouse kidneys, whereas Ent3 shows a
continuous increase in expression from birth through day 45.

20.3.5. Renal Efflux into Blood

The Mrps in kidneys, not only efflux chemicals into the filtrate but can also transport
xenobiotics into blood (Figures 20.5 and 20.9). Whereas Mrp2 and 4 are localized
in the apical portion of renal tubular cell, Mrp1, 3, 5, and 6 exist in the basolateral
portion of renal tubular cell membranes and efflux chemicals back into blood.59,60

Figure 20.9 illustrates the developmental pattern of expression of these four Mrps.
Mrp1 expression is relatively constant at various ages in mice30 and rats;31 however,
its expression is higher at days 0 and 15 than at other ages. A later decrease in
expression in male mouse kidneys results in a female-predominant gender difference.
Mrp3 expression in kidney is low until 15 days of age, when the expression triples.30

At 30 days of age, Mrp3 expression in male kidneys decreases, also resulting in a
female-predominant gender difference in expression. Mrp5 expression in kidney is
similar before birth as in adult mice, but its expression is at least twice as high at
birth, but then it gradually decreases to adult expression levels. Mrp6 is expressed at
high levels before birth and gradually increases to levels observed in adults.

Organic solute transporters (Ost) � and � are important for effluxing bile acids
from enterocytes back into blood.61 In kidneys, they also probably transfer chemicals
back into blood.44 Ost� and � both have low expression before birth, increase to
about one-fourth of adult expression at birth, and reach maturity between 10 and 15
days of age (Figure 20.9).
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FIGURE 20.9. Ontogenic expression of basolateral efflux transporters Ent2 and 3, Mrp1, 3,
5, and 6, Ost�, and Ost� in proximal tubular cells (PTCs) of kidneys of male and female mice.
The total RNA from C57BL/6 mice at each age (n = 5/gender) was analyzed by the bDNA
method. Data are presented as a ratio of mRNA expression at that age to the highest observed
in mouse kidney. RLU (relative light unit) represents the highest mRNA expression observed
in mouse kidney. � represents mRNA expression levels in male mouse kidney; � represents
mRNA expression levels in female mouse kidney.

20.3.6. Renal Transporter Ontogeny Patterns

Similar to the ontogenic patterns of transporters in liver, only a few of the transporters
are expressed at adult levels before birth (Table 20.2). None of the transporters that
are responsible for elimination of chemicals into urine (i.e., those that are either
responsible for uptake of xenobiotics from blood or efflux into filtrate) are expressed at
adult levels before birth. However, a few transporters responsible for the reabsorption
of chemicals are at adult levels of expression at birth. For example, four of the six
Oatp transporters that probably reabsorb chemicals from the filtrate (only Oatp1a1 has
been shown to be localized to the lumenal membrane) are expressed before birth, as
well as Cnt2 and Mrp6, which probably function to transport chemicals from kidney
back into blood.

Whereas a major surge in expression of half of the transporters are observed in
the liver at birth, only 5 of 32 transporters expressed in kidney exhibit this phe-
nomenon: Oatp2a1, Oatp2b1, Oat5, Mrp1, and Mrp5. Very few of the transporters in
kidneys reach maturity at 5 to 10 days of age (Mrp1 and 5). Most of the transporters
(19 of 32) in kidneys reach adult expression levels at 15 to 23 days of age. A few
of the transporters (6 of 32) reach mature levels in kidneys at 30 days of age and
thereafter.
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TABLE 20.2. Kidney Transporter Ontogeny Patterns

Fetal Birth Early Middle Late
Function Transporters (−2) (0) (5–10) (15–23) (30→)

Renal uptake from blood Oat1 ∗
Oat3 ∗
Oct1 ∗
Oct2 ∗
Octn1 ∗
Octn2 ∗
Oatp4c1 ∗

Renal uptake from filtrate Oatp1a1 ∗
Oatp1a4 ∗
Oatp1a6 ∗
Oatp2a1 ∗ ∗
Oatp2b1 ∗ ∗
Oatp3a1 ∗ ∗
Cnt1 ∗
Npt1 ∗
Pept2 ∗
Oat2 ∗
Oat5 ∗ ∗
Urat1 ∗
Ibat/Asbt ∗

Renal efflux into filtrate Mrp2 ∗
Mrp4 ∗
Mdr1b ∗
Bcrp ∗

Renal efflux into blood Ent2 ∗
Ent3 ∗
Mrp1 ∗
Mrp3 ∗
Mrp5 ∗ ∗
Mrp6 ∗
Ost� ∗
Ost� ∗

∗Approximately adult levels.

20.4. INTESTINAL TRANSPORTERS

20.4.1. Intestinal Uptake from Lumen

Transporters in the intestine are important in the absorption of some chemicals and in
preventing the absorption of others (Figure 20.10). The concentrative nucleoside trans-
porters (Cnts) are important for the absorption of nucleosides from the intestine.25,55

Cnt1 and 3 have a similar ontogenic expression profile, being relatively lowly ex-
pressed during the first 3 weeks of life and then increasing to maximal expression
at 6 weeks of age (Figure 20.11). Cnt2 has a very different expression pattern: is
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FIGURE 20.11. Ontogenic expression of apical uptake transporters Cnt1, 2, and 3, Ibat/Asbt,
Oatp2b1, Octn1, and Pept1 in enterocytes of male mice. Previous studies showed that there
is no gender difference in mRNA expression of these transporters in adult mouse duodenum.
Therefore, the total RNA from male C57BL/6 mouse duodenum at each age (n = 5) was
analyzed by the bDNA method. Data are presented as a ratio of mRNA expression at that age
to the highest observed in mouse duodenum. RLU (relative light unit) represents the highest
mRNA expression observed in mouse duodenum.
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expressed in the intestine of the fetus, reaches its maximum expression at 2 to 3 weeks
of age, and decreases to an adult level lower than that in the fetus.

The intestinal bile acid transporter, also known as the apical sodium bile acid
transporter (Ibat/Asbt), is expressed at similar levels in all ages examined. In rats, the
Asbt protein is very low before 3 weeks of age.62 Oatp2b1 mRNA is expressed at a
similar level in enterocytes of mice of all ages. The organic cation transporter (Octn1)
is expressed from 2 days before birth through the first month of life at about one-half
that observed in 45-day-old mice.25 The peptide transporter (pept) 1 expression is
nonexistent two days before birth, but expression increases gradually over the first
month to adult levels.

20.4.2. Intestinal Efflux into Lumen

The intestinal efflux transporters are important in preventing the absorption of some
chemicals into the systemic circulation. For example, Mdr1a decreases the absorption
of many bulky cationic organic compounds. As noted in Figure 20.12, Mdr1a expres-
sion in the intestine is low 2 days before birth but is expressed at nearly adult levels
at birth, continuing through adulthood. Mrp2 is expressed in mouse intestine before
birth, maximally expressed at days 0 to 15, and decreases by more than 50% to adult
levels. Mrp7 is expressed at constant levels from 2 days before birth to adulthood.30

Abcg5 and g8 prevent the absorption of plant sterols.63,64 The ontogenic patterns for
Abcg5 and g8 are quite different (Figure 20.12). Abcg5 reaches its maximum expres-
sion at day 15 and then decreases, whereas Abcg8 reaches its maximum expression
earlier (days 5 and 10), and then decreases markedly.

INTESTINAL EFFLUX INTO LUMEN
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FIGURE 20.12. Ontogenic expression of apical efflux transporters Abcg5 and g8, Mdr1a,
Mrp2, and Mrp7 in enterocytes of male mice. Previous studies showed that there is no gender
difference in mRNA expression of these transporters in the adult mouse duodenum. Therefore,
the total RNA from male C57BL/6 mouse duodenum at each age (n = 5) was analyzed by
the bDNA method. Data are presented as the ratio of mRNA expression at that age to the
highest observed in mouse duodenum. RLU (relative light unit) represents the highest mRNA
expression observed in mouse duodenum.
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FIGURE 20.13. Ontogenic expression of basolateral efflux transporters Ost� and Ost� in
enterocytes of male mice. Previous studies showed that there is no gender difference in mRNA
expression of these transporters in adult mouse duodenum. Therefore, the total RNA from
male C57BL/6 mouse duodenum at each age (n = 5) was analyzed by the bDNA method.
Data are presented as the ratio of mRNA expression at that age to the highest observed in
mouse duodenum. RLU (relative light unit) represents the highest mRNA expression observed
in mouse duodenum.

20.4.3. Intestinal Efflux into Blood

The organic solute transporters Ost� and � form heterodimers and their main function
is to transport bile acids out of enterocytes into blood.61 Their expression in intestine
is very low before birth, and reaches a maximum on the day of birth (Figure 20.13).
Surprisingly, their expression then decreases. Ost� expression decreases more than
95%, and Ost� decreases more than 50%.

20.5. TRANSPORTERS IN THE BRAIN

As noted in Figure 20.14, there are a number of transporters that are expressed in
brain. Figure 20.14 illustrates that Mdr1a, Mdr1b, Ent2, Oatp1a4, Oatp1c1, Mrp4,
and Mrp5 are all expressed in brain. These seven transporters are expressed in brain
before birth. Mdr1b, Ent2, Mrp4, and Mrp5 expression does not vary markedly with
age. In contrast, Mdr1a, Oatp1a4, and 1c1 are low at birth. Mdr1a reaches adult levels
at 3 weeks of age. Oatp1a4 reaches maturity at 30 days of age, whereas Oatp1c1
reaches adult levels at 10 days of age.

20.6. MECHANISMS FOR AGE-RELATED DIFFERENCES IN
XENOBIOTIC TRANSPORTER EXPRESSION

It is clear from the information above that most transporters in liver and kidney are
not expressed at adult levels at birth. This is not surprising because excretory function
before birth is performed by the mother. After birth there is a need to develop processes
for elimination of chemicals.

Little is known about the molecular mechanisms responsible for the developmental
expression of transporters. As noted previously, there is a surge of some transporters
at birth. Might this be due to hormones or the stress of birth? It is not known. Might the
later increases be due to change in diet from milk to chow, puberty, or other changes?
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FIGURE 20.14. Ontogenic expression of transporters Mdr1a, Mdr1b, Ent2, Mrp4, Mrp5,
Oatp1a4, and Oatp1c1 in the brain of male mice. Previous studies showed that there is no gender
difference in mRNA expression of these transporters in the brain of adult mice. Therefore, the
total RNA from male C57BL/6 mouse brain at each age (n = 5) was analyzed by the bDNA
method. Data are presented as the ratio of mRNA expression at that age to the highest observed
in the brain. RLU (relative light unit) represents the highest mRNA expression observed in the
brain.

This is not known either. Little is known about the transcription factors that regulate
the basal developmental expression of transporters.

The importance of the transcription factor hepatic nuclear factor 1 alpha (HNF1�)
on the constitutive expression of transporters in liver and kidney has been examined in
HNF1�-null mice.65 HNF1� is a positive regulatory factor for expression of the Oat
family of transporters in both liver and kidney and most of the Oatp family members
in these two organs. In contrast, HNF1� is a negative regulatory factor for most Mdr
and Mrp transporters in mouse liver and kidney. Very little information is available
on other transcription factors that regulate the constitutive expression of transporters
in adult animals, and essentially nothing is known about the transcription factors
responsible for the development pattern of transporters in newborn animals. This is a
fertile research area.

20.7. GENDER DIFFERENCES IN TRANSPORTER EXPRESSION

Over the years we have learned that there are gender differences in the disposition
of xenobiotics, especially in rodents. Some of these differences are due to gender
variations in expression of phase I and II drug-metabolizing enzymes. However,
gender differences in transporters might be equally important.
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TABLE 20.3. Gender Differences in Transporter Expression in Mice

Gender Differencea

Tissue M/F F/M Refs.

Oatp1a1 Liver 2.2 17,87
Oatp1a4 Liver 2.4 17,87
Oatp1a1 Kidney 19.0 17,87
Oatp3a1 Kidney 2.8 17,87
Bcrp Liver 2.4 38
Mdr1b Kidney 2.9 N.Pb

Map3 Kidney 25.0 30,88
Map4 Kidney 2.4 30,88
Mate1 Kidney 10 N.P.
Mate2 Kidney 2.2 N.P.
Ntcp Liver 1.7 N.P.
Ent1 Kidney 1.5 22
Ent2 Kidney 1.4 22
Ibat/Asbt Kidney 1.9 N.P.
Ost� Liver 1.5 N.P.
Ost� Kidney 1.7 N.P.
Ost� Kidney 1.8 N.P.
Oat1 Kidney 2.4 51
Oat5 Kidney 2.4 N.P.
Urat1 Kidney 1.5 57
Oct2 Kidney 1.8 25
Octn1 Kidney 1.6 25

aGender difference is the ratio of mRNA expression of a transporter in adult male and female mice.
bN.P., not published.

Table 20.3 illustrates numerous examples of gender differences in the transporter
expression in mice. Gender differences in the expression of five transporters were
noted in mouse liver: Oatp1a1, Oatp1a4, Bcrp, Ntcp, and Ost�.17,38 Meanwhile
15 transporters exhibit gender-divergent expression in mouse kidneys: Oatp1a1,
Oatp3a1, Mdr1b, Mrp3, Mrp4, Ent1, Ent2, Asbt, Ost�, Ost�, Oat1, Oat5, Urat1,
Oct2, and Octn1.22,25,30,51 Eight of the transporters have higher expression in male
mice, and 12 transporters are more highly expressed in female mice. The magnitude
of gender differences for most of the transporters is about two fold in mRNA expres-
sion; however, the expression of Oatp1a1 is 19-fold higher in male mouse kidneys,
whereas Mrp3 has a 25-fold higher expression in female mouse kidneys.

As shown in Table 20.4, gender differences in a specific transporter are not observed
consistently in all species. For example, whereas Oat2 expression in mice is higher
in kidneys of male mice, in rats it is higher in kidneys of females.23,66 Ntcp is more
highly expressed in livers of female mice, but in male rats.67 In rabbit kidneys, no
gender difference is observed in Oats and Octs, indicating caution in extrapolating
transport-related gender differences between species.68 However, the expression of
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TABLE 20.4. Gender Differences in Transporter Expression in Mice and Rats

Gender Differencea

Tissue Mice Rats

Oatp1a1 Liver M>F
Oatp1a4 Liver F>M M>F
Oatp1a1 Kidney M>F M>F
Oatp3a1 Kidney M>F M>F
Bcrp Liver M>F M>F
Mdr1b Kidney F>M
Mrp3 Kidney F>M
Mrp4 Kidney F>M
Mate1 Kidney M>F
Mate2 Kidney F>M
Ntcp Liver F>M M>F
Ent1 Kidney F>M
Ent2 Kidney F>M
Ibat/Asbt Kidney F>M
Ost� Liver F>M
Ost� Kidney M>F
Ost� Kidney F>M
Oat1 Kidney M>F
Oat2 Kidney F>M
Oat5 Kidney F>M
Urat1 Kidney M>F
Oct2 Kidney M>F M>F
Octn1 Kidney F>M

aGender difference is the ratio of mRNA expression of a transporter in adult male and female mice.

Oatp1a1 is male-predominant in kidneys of rats20,69,70 and mice,17,71 and Oct2 is
male-predominant in both rats and mice.25,55,72

20.8. MECHANISMS OF GENDER DIFFERENCES

Gender differences in transporter gene expression may be the result of regulation
by sex hormones and/or gender-dimorphic growth-hormone (GH) secretory patterns.
Androgens and estrogens alter gene expression by stimulating gene transcription
directly or stabilizing the mRNA of certain genes.73−75 Growth hormone is also an
important regulator of gender-divergent gene expression. Gender-divergent secretion
patterns of GH lead to differential patterns in gene expression. In rats, males secrete
GH in high-amplitude pulses with a regular frequency. Between pulses, serum GH
levels are nondetectable.76 In contrast, female rats secrete GH in low-amplitude pulses
with greater frequency and higher trough levels than males, resulting in a continuously
detectable baseline of serum GH.77 These GH-secretory patterns are responsible for
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male-specific expression of rat Cyp2c11 and female-specific Cyp2c12, respectively.78

GH-secretion pattern in male mice is similar to that in male rats.79 In female mice, GH
is secreted at regular intervals with a nondetectable baseline between pulses, however,
the pulses are more frequent (1 to 1.5 hours) than those in male mice (2.5 hours).79 The
GH-secretory pattern in male mice is responsible for induction of male-predominant
Cyp2d9 and repression of female-predominant Cyp2a4 in liver.80,81

Several animal models are used to investigate the effects of hormones on gene
expression. Hypophysectomy (HPX) is surgical removal of the pituitary, which oblit-
erates the production of several hormones, including luteinizing hormone, follicle-
stimulating hormone, adrenocorticotropic hormone, and prolactin. Gonadectomy
(GNX) is the surgical removal of testes or ovaries, the organs primarily responsible for
sex hormone production. A mutant mouse model, the lit/lit mouse, has a spontaneous
mutation in the GH-releasing hormone receptor (GHRH-R), which leads to impaired
GH secretion.82-85 Unlike hypophysectomy, the lit/lit mouse model circumvents the
loss of other pituitary hormones and is still responsive to GH therapy.81,86

Table 20.5 indicates the results of experiments in mice to determine whether sex
hormones or the growth-hormone secretory pattern is responsible for the gender differ-
ences in transporters. The three experimental protocols described above were used:
(1) hypophysectomy, followed by testosterone, estrogen, male-pattern growth hor-
mone, or female-pattern growth hormone; (2) gonadectomy, followed by testosterone
or estrogen; and (3) the lit/lit mouse, followed by male- or female-pattern growth
hormone.

Using these experimental designs, the male-predominant expression of Oatp1a1
in mouse livers is due to the stimulatory effect of male-pattern growth hormone (GH)
secretion, whereas the female-predominant expression of Oatp1a4 in mouse livers
is due to the inhibitory effect of male-pattern GH secretion. In contrast, the male-
predominant expression of Oatp1a1 and 3a1 in mouse kidneys appears to be due to
testosterone. The male-predominant expression of Oatp1a1 in liver and kidney of
mice is due to different mechanisms; in liver it is due to male-pattern GH secretion,
whereas in kidney it is testosterone.87

The female-predominant expression of the bile acid transporter Ntcp in mouse liv-
ers is due to the inhibitory effect of male-pattern GH secretion. The male-predominant
expression of Bcrp in mouse livers appears to be due to the stimulatory effect of
testosterone,38 whereas the female-predominant expression of Mrp3 in mouse kid-
neys is due to estrogen stimulation.88 Whereas the gender difference in expression
of all the transporters above appears to be due to one factor, the female-predominant
expression of Mrp4 in kidney of mice appears to be due to inhibitory effects of both
testosterone and male-pattern growth-hormone secretion.88

20.9. CONCLUSIONS

The data described in this chapter indicate that many of the transporters involved
in transport of chemicals into and out of cells are observed to have age- and
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gender-specific differences in mRNA expression in mice. The implication of these
observations is that age- and gender-related differences in pharmacokinetics may be
ascribed in part to differences in transporter expression. Therefore, when attempt-
ing to explain age- or gender-related discrepancies in xenobiotic pharmacokinetics,
functional studies of transporters that display variations in expression should be con-
sidered to exclude or confirm a contribution of transporter expression patterns to the
differences observed in pharmacokinetics.
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21.1. GENETIC VARIATION AND DRUG RESPONSE

Numerous environmental and genetic factors influence interindividual variation in
drug response. Differences in age, disease state, alcohol and recreational drug use,
concomitant drug and natural-product administration, and organ function are all as-
sociated with variability in specific drug responses.1 Pharmacogenetics is the study
of the contribution of genetic variability in drug response genes to variability in
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drug efficacy and toxicity.2–4 Until recently, most of the efforts in pharmacogenet-
ics focused on drug-metabolizing enzymes and transporters. For example, genetic
variability in thiopurine methyltransferase is known to dramatically influence an in-
dividual patient’s response rate and likelihood of toxicity for the anticancer agent
6-mercaptopurine.5 Similarly, patients with functional variants of cytochrome P450
2C9 (CYP2C9) and vitamin K epoxide reductase (VKORC1) are at increased risk of
breakthrough bleeding and require lower doses of warfarin.6,7 These examples high-
light the importance of genetic variability in drug-metabolizing enzymes and drug
targets in determining drug response and toxicity. It is also well recognized that mem-
brane transporters play an important role in determining plasma and intracellular drug
levels. A growing interest in understanding the molecular mechanisms of regulation
of drug transporters and in defining their in vivo roles in drug disposition makes it
of great importance to understand how genetic variability in membrane transporters
contributes to interindividual variation in drug response.

The importance of genetic variation in determining a given phenotype can be in-
vestigated in two ways: (1) using a phenotype-to-genotype approach, in which an
observable phenotype is associated with a gene and polymorphisms in that gene, and
(2) using a genotype-to-phenotype approach, in which a systematic examination of
naturally occurring polymorphisms takes place, followed by functional and/or clinical
examination of the effect of these variants on protein function and a clinical or cellular
phenotype. Both of these approaches have been in widespread use only since the de-
velopment of techniques that enabled the sequencing of the human genome in a time-
and cost-effective manner. In phenotype-to-genotype studies the genetic basis for a
given phenotype is mapped to a pathogenic locus in the genome by comparing patterns
of linkage disequilibrium in affected and unaffected individuals. Once a putative locus
is identified, candidate genes most likely involved in a physiological pathway associ-
ated with the phenotype are identified and polymorphism screening is carried out. The
genotype-to-phenotype approach has been more widely used for drug transporters.
For example, the ABCB1 gene encoding P-glycoprotein has been screened for genetic
variation in the coding region, and cell-based systems have been used to characterize
the effect of amino acid changes on transport function.8–10 The best characterized
variants of ABCB1, 2677G>T/A and 3435C>T, have subsequently been examined
for an association with drug pharmacokinetics, response, and toxicity.11–14

As the sequencing of the human genome neared completion, the nascent field of
pharmacogenomics began to draw interest. The vast majority of the human genome is
identical in all individuals—less than 1% of the genome is variable.15 This raises the
intriguing question of whether the small number of interindividual variations in the
genome can be used by scientists and clinicians to predict biological outcomes and tai-
lor drug therapies to reduce toxicities while maximizing efficacy. Although this is, of
course, the hope of researchers in the field of pharmacogenetics, a significant amount
of research is still necessary before these goals are fulfilled. In particular, the field of
drug transporter pharmacogenetics is still in its infancy. Large-scale efforts to identify
the nature and extent of genetic variation in adenosine triphosphate (ATP)-binding
cassette (ABC) and solute carrier (SLC) transporters is well under way, although most
data available cover only the coding region of these genes (see www.pharmgkb.org).



JWDD059-21 JWDD059-YOU June 13, 2007 9:32

GENETIC VARIATION IN MEMBRANE TRANSPORTERS 621

Functional analysis of membrane transporter variants lags further behind and clinical
studies are largely inconclusive. However, the increased understanding of important
roles for drug transporters in determining intracellular concentrations and drug re-
sponse makes this an exciting and vibrant area of research. Presented below is the
current state of understanding of the pharmacogenetics of membrane transporters,
including results from genetic, functional, and clinical studies. Future directions and
challenges are also discussed.

21.2. GENETIC VARIATION IN MEMBRANE TRANSPORTERS

Systematic examination of genetic variation has been carried out for a number of
membrane transporter genes, including members of the ABCB, ABCC, ABCG, SLC10,
SLC15, SLCO, SLC22, SLC28, and SLC29 families.8–10,16–59 Most of these single nu-
cleotide polymorphisms (SNPs) can be found in several publicly available databases,
including the Pharmacogenetics Knowledge Base (PharmGKB), which catalogs geno-
typic and phenotypic pharmacogenetic data (www.pharmgkb.org). In most cases, only
the coding region and surrounding intron–exon boundaries were examined, based on
the hypothesis that nonsynonymous changes leading to an amino acid change would be
most likely to influence transport function.8–10,16–22,24–26,29,33,36–45,47,48,50,51,53,55–59

A limited number of data are available regarding genetic variation in the untranslated
and promoter regions of membrane transporter genes.23,27,28,32,34,35,49,52,54 Polymor-
phisms in untranslated regions may influence mRNA stability and translation, while
promoter region variants may influence transcription and gene/protein expression.
In light of the relative paucity of common coding region variants that affect trans-
port function (see Section 21.3), it is increasingly interesting to determine whether
genetic variation in these noncoding regions may have a greater impact on trans-
porter function. Many studies have focused on a single ethnic population and have
examined a sufficient number of representative DNA samples to provide reason-
able estimates of minor allele frequencies for common variants (>5% minor al-
lele frequency) in that population.8,16,20,23,28,29,31–35,40,41,49,54 Others have carried out
deep resequencing in multiple ethnic groups, including Caucasians, African Amer-
icans, Mexican Americans, and Asian Americans.9,10,17,18,21,22,24,25,36,38,43–45,48,51

The latter approach is important since genetic variation will differ across ethnic
groups, and population-specific information is necessary for application to the clinical
setting.

A recent analysis of 24 membrane transporter genes that were screened for poly-
morphisms in exonic and flanking intronic regions revealed some interesting trends
in genetic variation.60 A total of 680 single-nucleotide polymorphisms (SNPs) were
identified in 96 kb of sequence that was screened in DNA samples from 247 subjects,
including 100 Caucasians, 100 African Americans, and 30 Asians. Similar numbers
of coding- and non-coding-region SNPs were found, and only 12 SNPs were iden-
tified in intron–exon boundaries. The deep resequencing across the Caucasian and
African-American populations in the Leabman et al. analysis identified a large num-
ber of population-specific SNPs.60 Of the 680 SNPs that were identified, more than
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two-thirds were population specific, and more than half of these were rare mutations
found on only one of 494 chromosomes. A larger number of common population-
specific SNPs (>5% minor allele frequency) were found in the African-American
population compared to the Caucasian population.

Interestingly, the number of synonymous (silent) and nonsynonymous (resulting
in an amino acid change) SNPs identified in the 24 membrane transporter genes was
also similar (175 and 155, respectively).60 However, statistical genetic analysis of the
variation observed, which takes into account the frequency of the SNP and the number
of alleles that were screened (denoted as the average heterozygosity, 	), revealed
that variation was about three- to fourfold more common at synonymous positions
than at nonsynonymous positions (Figure 21.1a). This suggests that there is some
selective pressure on membrane transporter genes to suppress dramatic changes in
transporter function. Genetic variation was strikingly low at nonsynonymous sites for
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FIGURE 21.1. (a) Nucleotide diversity (	) is greater at synonymous than at nonsynonymous
sites. The 	 values are shown for synonymous (black bars), and nonsynonymous (open bars)
sites and were calculated separately for a population of 100 African Americans (AA), 100
Caucasians (CA), and 30 Asian Americans (AS). The values shown are the mean ± S.D. (b)
Nucleotide diversity is generally higher in the loops than in the transmembrane domains and is
particularly low for evolutionarily conserved residues. The 	 values are shown for all nonsyn-
onymous loop residues (black bars), evolutionarily conserved loop residues (diagonal lines),
evolutionarily unconserved loop residues (dotted bars), all nonsynonymous transmembrane
domain residues (open bars), evolutionarily conserved transmembrane domain residues (gray
bars), and evolutionarily unconserved transmembrane domain residues (stippled bars). The
values are shown separately for 18 SLC and 5 ABC transporters and are the mean ± S.D. (Data
from ref. 60.)
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the SLC29A1 gene encoding ENT1, ABCC1 encoding MRP1, and SLC22A3 encoding
OCT3.60 Amino acid diversity was also much lower in the transmembrane regions
of the transporters compared to the loops (Figure 21.1b). This was particularly true
for the ABC transporters, with calculated 	 values for nonsynonymous sites varying
more than 13-fold between loops and transmembrane domains. In the loop regions,
nonsynonymous SNPs were much more common at evolutionarily unconserved sites
than at conserved sites. A similar relationship held for the transmembrane domains of
the SLC, but not the ABC transporters. Of the five ABC transporters analyzed in this
study, average heterozygosity in the transmembrane regions was extremely low at all
sites, irrespective of sequence conservation across species.60 A number of algorithms
were evaluated that parsed nonsynonymous SNPs into various categories based on
chemical similarities and evolutionary relatedness. Assuming that deleterious amino
acid changes would be selected against and thus found at low frequency, consideration
of conservation at the variant site across orthologous species is predicted to be the
best indicator of a detrimental effect on transporter function.51,60 In fact, functional
analysis of 15 amino acid variants of OCT1 revealed that evolutionary conservation
is a strong predictor of function, although consideration of the degree of chemical
change is also informative.51

In general, insertion and deletion (indel) mutations are relatively rare.61–63 In the 24
membrane transporter genes that were studied by Leabman and colleagues, a total of
29 indels were found, including eight that affected the coding region.60 The majority
of these coding indels resulted in the addition or deletion of a single amino acid with
no disruption of the reading frame. A common insertion of a Leu at position 140 in
CNT1 is found at a frequency of ∼30% in Caucasians and African Americans, and
a frameshift deletion at codon 385 in this same transporter occurs at a frequency of
3% in African Americans.24

Haplotypes define the combination of genotypes across a given gene or a multi-
genic region and are expected to more accurately predict functional consequences
of genetic variation than is consideration of single SNPs. The near completion of
the HapMap project to define haplotype blocks across all human genes provides
a wealth of information regarding genetic variation in persons of African, Euro-
pean, and Asian descent, and this information is being used increasingly in the de-
sign of genetic association studies.64 Haplotype structure has been determined for
several membrane transporter genes based on the variants identified during popu-
lation screening.9,10,24,41,43,45,46,48 In some cases, a relatively low number of haplo-
types describes the genetic variation in a given population; for example, a single
haplotype (SLC29A1*1) accounted for more than 90% of the 494 chromosomes
screened in one study.43 In contrast, almost 60 coding region haplotypes were es-
timated for SLC28A1.24 Numerous haplotypes have been estimated for ABCB1, al-
though relatively few contain nonsynonymous variants that would result in altered
protein sequence.9,10 Of these, ABCB1*13 is the most common haplotype in Cau-
casians and Asian Americans and contains three intronic variants: two synonymous
changes (1236C>T and 3435C>T) and a single nonsynonymous site (2677G>T/A,
Ala893Ser).10 The SLC22A4 and SLC22A5 genes are located in tandem on chromo-
some 5q31 and have a functional haplotype that spans both genes and includes a
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missense mutation in SLC22A4 and a promoter region variant in SLC22A5.46 Inter-
estingly, this haplotype has been shown to alter transport function and transcriptional
activity and is associated with an increased risk of Crohn’s disease.46

21.3. FUNCTIONAL ANALYSIS OF TRANSPORTER VARIANTS

In contrast to genetic variation data that can be amassed in large quantities using state
of the art high-throughput methods, characterization of the functional consequences of
genetic variation in membrane transporters is significantly more challenging. Since
initial resequencing efforts to identify transporter variants were exoncentric, func-
tional studies have focused largely on the effects of amino acid changes on transporter
function. The transmembrane domains probably confer substrate specificity for SLC
and ABC transporters, while specific transmembrane and loop domains may control
proper trafficking to the plasma membrane.65–68 The large intracellular loops of ABC
transporters contain ATP-binding domains that are required for energy-dependent
transport.69 Amino acid changes can potentially affect transport kinetics and sub-
strate/inhibitor selectivity, properties that can be examined in heterologous expression
systems in vitro. The basic approach in examining changes in transporter function is
to express the reference and variant proteins in a heterologous expression system and
to measure the transport of known substrates and interaction with known inhibitors.
Determination of transport kinetics provides additional mechanistic data regarding
the effect of a SNP or haplotype on transport function. The functional consequences
of untranslated region (UTR) and promoter variants can also be examined in vitro.
Variants in the UTR may affect mRNA stability and promoter region variants can
influence transcription and ultimately the expression and function of the transporters.
Cell-based systems are used to compare mRNA stability and transcriptional activity
of reference and variant transporter sequences. Such in vitro studies of the functional
consequences of genetic variation in membrane transporters can serve as the basis
for future studies aimed at determining the clinical consequences of functionally
significant variants.

21.3.1. SLC Transporters

Functional analysis of coding-region changes have been reported for many of the
SLC transporters, and a summary of these studies is presented in Table 21.1. The
function of members of the SLC family as uptake transporters greatly facilitates their
characterization relative to the ABC efflux transporters, thus explaining our increased
understanding of the impact of amino acid changes on SLC transporter activity. In
a recent analysis, data were culminated from multiple studies to elucidate general
principles related to the functional effects of amino acid variants on SLC membrane
transporters.70 Eleven transporters (OCT1, OCT2, OCTN1, OCTN2, OAT1, OAT3,
CNT1, CNT2, CNT3, ENT1, and ENT2) were analyzed for the number of variants that
caused a change in transport function. A total of 88 variants across the 11 transporters
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TABLE 21.1. Summary of Functional Consequences of Nonsynonymous
Polymorphisms in SLC and ABC Membrane Transporters

Transporter Variant Function Substrates Refs.

CNT1 V189I ↓ Gemcitabine 24
V385del, S546P ↓↓ Thymidine

CNT3 S5N ↔ Adenosine, cladribine,
fludarabine, inosine,
thymidine, cytidine, uridine

18,20

G367R ↓ Inosine, thymidine

ENT2 D5Y ↓ Gemcitabine, fludarabine,
S282del ↓↓ hypoxanthine, inosine,

uridine
45

OAT1 R50H ↓ Adefovir, cidofovir, tenofovir 19
K525I ↔
R454Q ↓↓ p-Aminohippurate,

methotrexate, ochratoxin A
22

OAT3 R149S, Q239del,
I260R

↓↓ Estrone 3-sulfate, cimetidine 21,70

R277W, I305F ↓
OATP1B1 F73L, V82A,

I353T, G488A
↓↓ Estrone sulfate, estradiol 17�-

glucuronide, atorvastatin,
cerivastatin, pravastatin

55,75–78

N130D ↔
V174A ↔, ↓, ↓↓
N130D + V174A ↓
N432D ↔, ↓

OCT1 S14F ↑ MPP+, TEA 51,73
R61C, P341L ↓
F160L ↔
G220V, P283L,

R287G, G401S,
G465R

↓↓

OCT2 F45lns, M165I,
R400C

↓ MPP+ 74

OCTN1 D165G, M205I,
R282del

↓ Tetraethylammonium 46,70,172

L503F ↑
T306I ↔
G462E ↓↓

OCTN2 F17L ↓ Carnitine 70,173,174
E452K, S467C ↓↓

(Continued)
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TABLE 21.1. (Continued)

Transporter Variant Function Substrates Refs.

P-gp N21D, F103L,
A998T

↔ Bisantrene, calcein-AM,
daunorubicin, bodipy-FL

9,10,80,81

S400N ↔, ↓ forskolin, bodipy-FL
A893S ↔, ↑ prazosin, bodipy-FL

verapamil, bodipy-FL
vinblastine, rhodamine 123,
vinblastine, vincristine,
doxorubicin, digoxin,
amprenavir, indinavir,
lopinavir, ritonavir,
saquinavir, calcein-AM,
cyclosporin A, verapamil

MRP1 T73I, S92F,
T117M, R230Q,
R633Q, G671V,
R723Q,
C1047S,
R1058Q,
S1512L

↔ Leukotriene C4, estradiol
17�-glucuronide, glutathione

84,85

R433S, A989T ↓, ↔
MRP2 R412G, R1150H ↓ Methotrexate, glutathione- 90,91,93,94

V417I, A1450T ↔ methylfluorescein,
R768W, I1173F ↓, ↓↓ 2,4-dinitrophenyl-S-
S789F ↑ glutathione, leukotriene C4,
Q1382R ↓↓ estradiol 17�-glucuronide,

gluthothione-
monochlorobimane,
carboxyfluorescein

MXR V12M, Q141K ↓, ↔ Mitoxantrone, topotecan, 97,175,176
A149P, R163K, ↔ doxorubicin, SN-38,

Q166E, P269S esterone 3-sulfate, DHEAS,
I206L ↑ PAH, bodipy FL-prazosin,
S441N, N590Y,

D620N
↓ pheophorbide a

BSEP E297G ↔, ↓ Glycocholate, taurocholate 177,178
R432T ↓
D482G ↔

were tested functionally in heterologous expression systems with model substrates,
and 22 variants reduced function. Interestingly, those variants that were detrimental
to function were more likely to be amino acid changes at evolutionarily conserved
positions. Another intriguing result from this multitransporter analysis is that some
protein-altering variants can change substrate specificity. In a survey of nine SLC
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transporters, 14% of the variants exhibited altered substrate specificity. Such a find-
ing will have important implications on clinical studies to investigate how SLC trans-
porter polymorphisms influence pharmacokinetic and pharmacodynamic properties
of therapeutic compounds. In general, the SLC transporter variants discussed in this
section are highlighted because of their common allele frequency and/or functional
effect.

Using a Xenopus laevis oocyte expression system, 15 nonsynonymous variants
of SLC22A1 (OCT1) were evaluated with respect to MPP+ uptake.51 Of the six
OCT1 variants with altered function, two showed reduced MPP+ uptake (Arg61Cys
and Pro341Leu), three had complete loss of function (Gly220Val, Gly401Ser, and
Gly465Arg), and one variant increased accumulation of MPP+ (Ser14Phe). In addi-
tion to decreased MPP+ transport, the Cys88Arg, Pro341Leu, and Gly401Ser variants
have decreased transport of tetraethylammonium (TEA), and the latter two variants
have diminished ability to transport serotonin relative to the reference OCT1.71–73

The Pro341Leu variant is of particular interest since it is found at a frequency of
greater than 8% in African Americans and Asian Americans.51 Kinetic analysis of
the Arg61Cys and Pro341Leu variants with MPP+ showed a simultaneous decrease
in Vmax and increase in Km .51 While the relevance of Vmax changes measured in het-
erologous expression systems is unclear, the increased Km suggests that the Cys61
and Leu341 variants of OCT1 have decreased affinity for MPP+ compared to the ref-
erence transporter. In contrast, the nonfunctional Gly465Arg OCT1 variant had im-
paired localization to the basolateral membrane relative to the reference transporter.51

Analysis of a related transporter, OCT2, showed a reduced Km for MPP+ with the
Lys432Gln variant relative to the reference transporter, suggesting increased affinity
for this substrate.74

OATP1B1 (SLCO1B1) has multiple protein-altering variants that have been func-
tionally studied in vitro and many show reduced transport of model substrates (Ta-
ble 21.1). The most common nonsynonymous polymorphisms are at residues 130
(Asn130Asp) and 174 (Val174Ala), which are located in the second extracellular
loop and fourth transmembrane domain, respectively. Asn130Asp is a common variant
(>30%) in African Americans, European Americans, and Japanese while Val174Ala
is common in European Americans (14%) and is much less frequent in African
Americans and Japanese (<3%).55,75 Heterologous expression of the Asn130Asp
and Val174Ala variants generally shows no effect on the transport of estrone sul-
fate and estradiol 17�-glucuronide.75–77 Similarly, these variants had no effect on the
transport of pravastatin or the active irinotecan metabolite SN-38.76 However, in some
systems the Val174Ala variant shows reduced uptake of both estrone sulfate and estra-
diol 17�-glucuronide.55,78 A natural haplotype of these two variants (SLCO1B1*15)
is found in Japanese subjects at a frequency of 3%.75 When the two variants were
expressed together, there was decreased uptake of estradiol 17�-glucuronide, estrone
3-sulfate, pravastatin, and SN-38.76–78 In several studies, cellular localization experi-
ments showed that the Val174Ala variant was expressed at lower levels on the plasma
membrane and was also found in intracellular compartments.55,78 It is possible that
SLCO1B1*15 alters membrane trafficking and that the reduction in OATP1B1 trans-
porters on the plasma membrane decreases the Vmax. Additional nonsynonymous
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variants of OATP1B1 (Phe73Leu, Val82Ala, Ile353Thr, and Gly488Ala) show re-
duced function for either estrone 3-sulfate or estradiol 17�-glucuronide (Table 21.1),
but their allele frequency is generally less than 2% in European Americans and African
Americans.55

The concentrative and equilibrative nucleoside transporters have a relatively small
number of functionally significant variants. In a study of 14 amino acid variants of
CNT1 only two (Val385del and Ser546Pro) were unable to transport thymidine.24

Despite normal levels of thymidine uptake by the Val189Ile CNT1 variant, differen-
tial interaction with gemcitabine was noted. Similarly, only one of 10 CNT3 variants
(Gly367Arg) showed loss of thymidine and inosine uptake.18,20 Neither of the two
nonsynonymous ENT1 variants had altered transport, but a deletion variant of ENT2
(�845–846) was unable to transport inosine, guanosine, uridine, hypoxanthine, flu-
darabine or gemcitabine.43,45 Reduced transport of these substrates was also noted
for the Asp5Tyr variant of ENT2.45

Of the organic anion transporters, nonsynonymous variants have been character-
ized functionally for OAT1 and OAT3. The majority of OAT1 variants are able to
transport p-aminohippurate, ochratoxin A, and methotrexate to a degree similar to
that of the reference transporter, although the Arg454Gln variant of OAT1 has com-
plete loss of transport of these three substrates.22 The transport of the antiretrovirals
adefovir, cidofovir, and tenofovir is impaired significantly with the Arg50His variant
of OAT1.19 The Arg50His variant is found at 17% frequency in African Americans,
suggesting that it could have a significant effect on the disposition of these antiretrovi-
rals in this ethnic population. The uptake of estrone sulfate and cimetidine is abolished
in the Arg149Ser, Gln239del, and Ile305Phe variants of OAT3.21,70 However, only
the Ile305Phe variant is found at a frequency of >1% (3.5% in Asian Americans), so
the clinical significance of these changes might be minimal.

The majority of polymorphic sites with functional consequences have negative ef-
fects on transport function; however, there are rare examples where variants increase
function. A nonsynonymous variant in OCT1 causes a Ser-to-Phe change at residue
14 (Ser14Phe) which was associated with a 75% increased uptake of MPP+ and TEA
and a ∼twofold increase in Clint (Vmax/Km) compared to the reference OCT1.51 One
general assumption is that if an amino acid position is necessary for optimal protein
function, it should be conserved across species. An alignment with other mammalian
sequences orthologous to OCT1, as well as human OCT2 and OCT3, showed that
Phe14 is evolutionarily conserved except for in human OCT1.51 Although the mecha-
nism for this increased function is unclear, the variation at a highly conserved residue
is consistent with the functional change observed.

The in vitro functional effects of a variant may not always be clear if a lim-
ited number of substrates are tested. As discussed earlier, a variant may show only
functional effects with specific substrates. One such example is OCTN1. Mam-
malian cell lines were transiently transfected with the reference and Leu503Phe
OCTN1 to see how multiple unrelated substrates affected transport.46 Enhanced func-
tion with Phe503 OCTN1 was observed with tetrabutylammonium, tetraethylammo-
nium, and tetrapentylammonium; however, reduced function was seen with carnitine,
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choline, cimetidine, lidocaine, N-methylnicotinamide, and verapamil. Significant dif-
ferences were seen in Km values, suggesting that residue 503 influences substrate
affinity. These studies nicely illustrate how detailed functional analysis of mem-
brane transporter variants can provide important information regarding transporter
biology.

In some cases, substrate selectivity of genetic variants is assessed indirectly by in-
hibition studies. Four OCT2 variants were analyzed in Xenopus laevis oocytes using
the model substrate MPP+, and only the Lys432Gln variant had altered transport.36 In-
terestingly, tetramethylammonium, tetraethylammonium, and tetrapropylammonium
each inhibited the reference OCT2 and the Met165Ile, Ala270Ser, Arg400Cys, and
Lys432Gln variants to a similar degree. In contrast, tetrabutylammonium was a more
potent inhibitor of the Arg400Cys and Lys432Gln variants and a weaker inhibitor of
the Ala270Ser variant than was the reference.

21.3.2. ABC Transporters

Amino acid variants of multiple ABC transporters have been characterized function-
ally in vitro, and many of the results from these studies are summarized in Table 21.1.
The most widely studied ABC transporter is P-glycoprotein (Pgp), which is encoded
by ABCB1. There are dozens of polymorphic sites in ABCB1 that have been iden-
tified through multiple SNP discovery efforts.8–10 Functional analyses of all of the
nonsynonymous variants are slowly accumulating but the most frequently studied
SNP is the triallelic variant at amino acid position 893 that is located in the sixth
intracellular loop near the C-terminus. The reference Ala can change into a com-
mon Ser or a lower frequency Thr.9,10 The Ala-to-Ser variant was first seen in the
drug-resistant cell line MCF-7/Adr, which is a breast cancer cell line that overex-
presses ABCB1.79 ABCB1 was cloned from MCF-7/Adr and transfected into differ-
ent drug-sensitive cell types. The cells acquired the drug resistance phenotype but no
comparison was made with the reference Ala at codon 893. The functional effects of
the Ala893Ser polymorphism were first examined in a specialized mouse fibroblast
cell line (NIH3T3-GP+E86).9 In this study the Ser893 Pgp showed enhanced efflux
of the model substrate digoxin. In contrast, analysis of the function of five nonsyn-
onymous variants, including Ala893Ser, in HeLa cells (human cervical cancer cell
line) using seven different substrates showed no differences in transport compared
to the reference Pgp.80 Two subsequent studies looking at Ala893Ser also concluded
that there was no in vitro functional difference using established Pgp substrates,
such as calcein-AM and verapamil.10,81 It is possible that the varying results for
the Ser893 variant reflect differences between the heterologous expression systems
used in these analyses or result from substrate-dependent effects of this polymor-
phism. Other Pgp variants have been characterized in vitro, including Asn21Asp,
Phe103Leu, Ser400Asn, and Ala998Thr.80,82,83 In most cases there were no differ-
ences in function between the reference and variant Pgps; however, Ser400Asn shows
increased resistance to vinblastine and vincristine and decreased transepithelial flux of
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rhodamine 123.83 The Ser400Asn variant also has altered affinity to several protease
inhibitors.82

Limited in vitro functional data exist for polymorphisms of ABCC1 encoding
MRP1. In a single study the function of ten nonsynonymous variants were exam-
ined using three different MRP1 substrates. There appeared to be minor substrate-
dependent changes for some of the variants; however, only the Ala989Thr was deter-
mined to have a significant functional effect. Specifically, the 989Thr MRP1 showed
a 50% decrease in function when transporting estradiol 17�-glucuronide but had nor-
mal transport function with leukotriene C4 and glutathione.84 Amino acid 989 is at
the membrane interface of the seventh extracellular loop and may play an important
role in substrate interactions. The functional effects of a variant of amino acid 433,
located at the interface between the cytoplasm and the plasma membrane, have also
been investigated.85 The Arg433Ser polymorphism occurs in the fourth cytoplasmic
loop close to the membrane interface of transmembrane domain 8. MRP1 was ex-
pressed transiently in HEK293 and HeLa cells, and membrane vesicles were used to
measure transport of leukotriene C4, estradiol 17�-glucuronide, and estrone sulfate.
The Ser433 MRP1 showed a 50% decrease in transport of leukotriene C4 and es-
trone sulfate as well as a decrease in Vmax for both substrates relative to the reference
transporter.85 It is possible that the conversion from a positively charged amino acid
(Arg) to a neutral one (Ser) disrupted substrate affinity.86

A deficiency in MRP2 function can lead to altered transport of conjugated biliru-
bin in the liver, resulting in the hyperbilirubinemic disease known as Dubin–Johnson
syndrome.87,88 Certain mutations in ABCC2 are thought to form an inactive protein
product and are regarded as the molecular basis of Dubin–Johnson syndrome.89–91

In some cases, including the Arg768Trp and I1173Phe variants, loss of MRP2 trans-
port function is a result of defects in protein maturation and sorting to the apical
membrane.90,92 In contrast, the Gln1382Arg and Arg1150His polymorphisms have no
effect on localization but disrupt the nucleotide-binding domain and ATP-dependent
transport of MRP2 substrates.90,91 A rare mutation resulting in the Arg412Gly vari-
ant MRP2 has recently been associated with loss of methotrexate function in vitro
and higher plasma methotrexate levels in vivo.93 The most common nonsynony-
mous variant of MRP2 described to date is a Val417Ile change found at a fre-
quency of 12 to 17% in major ethnic populations (see www.pharmgkb.org). A
comparison of reference and Ile174 MRP2 transport of estradiol 17�-glucuronide,
leukotriene C4, and 2,4-dinitrophenol-S-glutathione showed no significant changes in
function.94

The ATP-binding domains for ABC transporters are important for function as
is evident in their high degree of conservation across subfamilies and species.95 A
priori any modifications made to these regions would be predicted to alter energy-
dependent transport of substrates. Pseudoxanthoma elasticum is a rare heritable
disorder defined by the calcification of elastic fibers, and dozens of mutations in
ABCC6 (encoding MRP6) have been associated with pseudoxanthoma elasticum.96

Many of the mutations cause nonsynonymous changes in or around the nucleotide-
binding domains (NBDs) of MRP6, which most likely produce an aberrant MRP6
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transporter. Three variant amino acid positions located in the second nucleotide-
binding domain (NBD2) of MRP6—Val1298Phe, Gly1302Arg and Gly1321Ser—
are conserved residues thought to be important for hydrogen bonding with ATP
and/or proper side-chain folding.96 These variants were expressed individually in
Sf9 insect cells and transport of N -ethylmaleimide S-glutathione and leukotriene
C4 was measured in membrane vesicles. There was no difference in expression
between the reference and variant MRP6 transporters, but each variant showed an
80% decrease in transport activity for both substrates compared to reference MRP6.
Val1298Phe and Gly1302Arg MRP6 variants also showed impaired ATP binding us-
ing a nucleotide-trapping technique.96 The amino acid changes in NBD2 of MRP6
have loss-of-function consequences that demonstrate the importance of the ATP bind-
ing domains in ABC transporters.

Most of the functional data on ABCG2 polymorphisms focuses on the Gln141Lys
variant in the cytoplasmic loop of the protein. This polymorphism is found at
a frequency of approximately 9% in Caucasians and less than 2% in African
Americans.97andwww.pharmgkb.org Initial studies showed that Lys141 MXR had lower
in vitro protein expression as well as decreased in vitro drug resistance to mi-
toxantrone, topotecan, and SN-38.29 More recently, the Gln141Lys variant has
also been linked with a defect in ATPase activity associated with an increased
Km for ATP.97 This is somewhat surprising since the polymorphism of note
is not located in the nucleotide-binding domain. Changes in ATPase activity
were also associated with increased sensitivity to mitoxantrone, doxorubicin, and
topotecan.

Limited studies have been reported to date on the effects of UTR and promoter
variants on ABC transporter expression and function. ABCC1 has a G-to-C transver-
sion 260 bp upstream (−260G>C) of the transcriptional start site that is located in the
core promoter region. Based on an interpopulation genome analysis, it was predicted
that −260G>C underwent recent positive selection, and as a result this promoter vari-
ant may be functionally relevant.98 The transcriptional activity of the reference and
−260G>C variant of ABCC1 was studied in four different mammalian cell lines using
reporter constructs, and in each case the variant C allele had at least a twofold greater
level of promoter activity. Bioinformatic analysis indicates that this SNP resides in a
putative c-ETS-1 transcription factor binding site.98 The variant C-allele disrupts the
c-ETS-1 binding sequence and may negate the repressive properties c-ETS-1 has on
transcription.

A recently recognized mechanism for changes in transporter mRNA and pro-
tein expression is allelic imbalance. The highly studied 3435C>T polymorphism in
ABCB1 was shown to be associated with the expression of ABCB1 mRNA in liver.99

Specifically, the expression of the 3435C allele was 10 to 60% higher than that of the
3435T allele, which translated into differences in ABCB1 hepatic mRNA levels that
were 3435 genotype dependent. Cell-based studies showed that the mRNA transcripts
containing the 3435T allele had decreased stability relative to the reference allele. The
possibility that this is a more general mechanism for altered expression and function
of transporters is currently being explored.
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21.4. CLINICAL SIGNIFICANCE OF DRUG TRANSPORTER VARIANTS

All genotype–phenotype association studies require the collection or availability of
clearly defined and well-documented phenotypes. Pharmacogenetic phenotypes in-
clude drug response expressed either in a continuous (e.g., decrease in blood pressure)
or categorical (e.g., 5-year disease-free survival) manner and the presence of a drug-
related toxicity such as peripheral neuropathy, nephrotoxicity, or specific CNS distur-
bances. Appropriate phenotypes for association studies with membrane transporter
variants can be any pharmacokinetic parameter that drug transporters influence (e.g.,
CL or F) as well as measures of drug efficacy or toxicity. In the latter case, drug trans-
porters may be implicated as a major determinant of drug concentration at the target
or toxicity site. In this section we describe a number of examples of SLC and ABC
transporter polymorphisms that have been associated with clinical endpoints, ranging
from pharmacokinetics and pharmacodynamics to congenital disorders; a compre-
hensive summary of SLC and ABC transporter genotypes that have been linked to
clinical phenotypes can be found in Table 21.2.

21.4.1. SLC Transporters

Proteins in the SLC superfamily transport small molecules in a process that does not
directly utilize the energy of the cell. Most, if not all, SLC transporters have both
endogenous and xenobiotic substrates that are transported with varying degrees of
efficiency. SLC family members often have overlapping substrate specificity, although
their tissue distribution may show isoform-specific patterns. Variation in SLC genes
may cause defects in the function of physiologically important pathways such as bile
acid metabolism or autoimmune function as well as drug disposition and response.
The investigation of several serious disorders led to the discovery and characterization
of SLC gene polymorphisms.

One early example of a phenotype–genotype association study began with the
publication of a case report in 1975 in which a boy with underdeveloped musculature
and weakness as well as recurring episodes of hepatic and cerebral dysfunction was
found to have marked carnitine deficiency in skeletal muscle, plasma, and liver.100

Oral administration of carnitine returned plasma levels to normal and symptoms
improved, although muscle and liver carnitine levels did not change. This disorder
was classified as primary systemic carnitine deficiency (SCD, OMIM 212140).100

The pathogenic locus for SCD was mapped by linkage analysis to chromosome 5q
in a Japanese family in 1998.101 The SLC22A5 (OCTN2) gene was cloned in 1999
and was found to transport carnitine in a sodium-dependent manner in vitro. Analysis
of three SCD family pedigrees uncovered a number of mutations that resulted in a
truncated OCTN2: a 113-bp deletion containing the start codon encoded a transporter
that lacked the first two transmembrane domains, a cytosine insertion just after the
start codon led to a frameshift, a SNP in the first codon of exon 2 resulted in the
creation of a premature stop codon, and a splice site mutation removed exon 9 and
caused a frameshift. All of these mutations abolish transporter function and cause the
carnitine deficiency phenotype.102 At least 20 additional polymorphisms in SLC22A5
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642 POLYMORPHISMS OF DRUG TRANSPORTERS AND CLINICAL RELEVANCE

have been discovered, all of which lead to nonfunctional OCTN2 and presentation of
primary SCD.103 Knowledge of the genetic and molecular causes of SCD allows ear-
lier diagnosis and more effective treatment; in the majority of cases, clinical carnitine
administration alleviates symptoms of SCD.104

The SLC22A4 and SLC22A5 (encoding OCTN1 and OCTN2, respectively) genes
are located in tandem on chromosome 5q23.3.105 At the amino acid level, OCTN1 and
OCTN2 are 77% identical and 88% similar.106 OCTN1 and OCTN2 are both widely
expressed in human tissues, although OCTN1 is not expressed in adult liver, whereas
OCTN2 is found in hepatocytes.106 Despite the high level of sequence identity and
overlapping tissue distribution, OCTN1 and OCTN2 transport different substrates;
therefore, polymorphisms in these genes result in different clinical phenotypes. For
example, polymorphisms in OCTN1 have not been associated with SCD, although
OCTN2 polymorphisms clearly lead to the development of SCD. However, both
the OCTN1 and OCTN2 genes have been tentatively linked to several autoimmune
disorders, such as Crohn’s disease and rheumatoid arthritis.107,108 Using linkage dise-
quilibrium mapping, a common multigenic haplotype encompassing both OCTN1 (a
missense substitution) and OCTN2 (a promoter polymorphism) was associated with
Crohn’s disease susceptibility and severity.46 The molecular mechanism that leads to
these autoimmune disorders is not yet known but may involve the thiol ergothionine,
which was recently characterized as a physiological substrate of OCTN1.109

Several members of the SLCO (OATP) family of transporters have been charac-
terized as xenobiotic uptake transporters, perhaps playing a complementary role to
the xenobiotic efflux transporters in the ABCB and ABCC gene families. OATP1B1,
in particular, has gained attention because of its ability to facilitate uptake of drugs
into hepatocytes, which suggests that this transporter may affect drug disposition and
pharmacokinetics. One recent study identified naturally occurring polymorphisms in
a population of Africans and European Americans and demonstrated the detrimental
effects of several polymorphisms on OATP1B1 transport or expression in vitro.55

This initial report and related findings76,77 led to the development of several clini-
cal studies that investigated the impact of OATP1B1 polymorphisms on pravastatin
pharmacokinetics in vivo.

The cholesterol synthesis inhibitor pravastatin, used widely in the treatment
of hypercholesterolemia, is known to be a substrate for OATP1B1 (encoded by
SLCO1B1).110 In one clinical study, the SLCO1B1*5 haplotype (consisting of the non-
synonymous SNP 521T>C, Val174Ala) increased pravastatin AUC after a single oral
dose, indicating reduced hepatocellular uptake.111 In another study, the SLCO1B1*15
haplotype, containing the Val174Ala and Asn130Asp amino acid changes, was com-
pared to the SLCO1B1*1b haplotype, which consists of only the Asn130Asp amino
acid change. After a single oral dose of pravastatin, carriers of the SLCO1B1*15
allele had reduced clearance compared to those with the SLCO1B1*1b allele.41 Pre-
vious studies have shown that the SLCO1B1*1b allele has no effect on OATP1B1
function in vitro,55,75 so these data suggest that the reduced pravastatin clearance ex-
hibited by SLCO1B1*15 carriers is due primarily to the Val174Ala change. This cor-
relates with the in vitro findings that the 521T>C (Val174Ala) polymorphism signifi-
cantly reduced uptake of the OATP1B1 model substrates estrone sulfate and estradiol
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17�-d-glucuronide, which may be attributed to the reduced surface expression of the
OATP1B1*5 protein.55

The SLCO1B1 521 T>C variation is an example of a transporter polymorphism
that does not have a phenotype except during situations in which the transporter
is challenged by an environmental stress: in this case, pravastatin administration.
Another example of a transporter with a “hidden” phenotype is SLC16A1, the gene that
encodes the monocarboxylate transporter MCT1. In 2000, five patients were identified
with signs of abnormal muscle injury upon exercise or heat exposure due to reduced
lactate transport in erythrocytes. Upon examination of these patients, a number of
missense mutations were identified in SLC16A1 that presumably led to muscle damage
during exercise or heat exposure.112 Although the functional consequences of these
polymorphisms have yet to be confirmed in vitro, it was recently shown that exercise
rapidly increases MCT1 expression in rat muscle,113 indicating that MCT1 has a
prominent role in lactate transport during exercise.

In the liver, as in muscle, numerous tissue-specific transporters with specialized
functions are expressed. Hepatic ABC and SLC transporters are involved in the
movement of bile acid. Defects in these transporters are commonly manifested as
cholestasis, or the suppression of biliary flow from the liver. There are several types
of cholestatic disorders, including heritable disorders such as progressive familial in-
trahepatic cholestasis (PFIC). In one cohort of patients with PFIC, positional cloning
led to the implication of ABCB11, encoding the bile salt export pump (BSEP), in a
more specific disorder classified as PFIC-2 (OMIM 601847).114 A mutation in this
gene eliminates expression of BSEP, as shown by antibody staining in liver samples
from patients with PFIC-2.115 In another form of PFIC, PFIC-3, the MDR3 transporter
is absent or defective in liver samples due to polymorphisms in ABCB4.116

The discovery that the ABC transporters BSEP and MDR3 play such a crucial role
in bile acid homeostasis led to a study in which the expression of other hepatic trans-
porters was examined in patients with PFIC-2 and PFIC-3. Besides investigating the
mRNA levels of ABCB4 and ABCB11, expression of SLC10A1 (NTCP), SLCO1B1
(OATP1B1), and SLCO1B3 (OATP1B3) was also measured. This study highlighted
the interplay between the SLC uptake transporters and the ABC efflux transporters,
finding that in liver samples from patients with PFIC-2 or PFIC-3, the SLC bile salt
uptake transporters also had decreased expression, thus compensating for the reduced
hepatic elimination of bile salts by the ABC efflux transporters BSEP or MDR3.117

It is plausible that polymorphisms in multiple hepatic transporters would have an
additive effect; therefore, the severity of cholestasis may be increased significantly.

21.4.2. ABC Transporters

Although some members of the ABC superfamily are involved in crucial physiological
functions such as biliary homeostasis, the ABC transporters that cause multidrug
resistance have been more widely studied with respect to their role in drug disposition
and response. Homologous ABC transporters can be found in evolutionarily lower
organisms such as yeast, suggesting that ABC transporters play a crucial part in
the existence and survival of an organism.118,119 Presumably, the transport activity
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of these proteins has a protective effect that has been widely conserved throughout
evolution.

The majority of multidrug resistance transporter research has focused on
P-glycoprotein (Pgp), a xenobiotic efflux transporter that is encoded by ABCB1.
Pgp was identified in 1979 as the protein that reduced the permeability of Chinese
hamster ovary (CHO) cells, thereby limiting the intracellular accumulation of the
anti-inflammatory drug colchicine.120 In the 1980s, Pgp was found to cause resis-
tance to a wide spectrum of drugs, including anticancer agents, and overexpression
of the transporter in tumor samples and cell lines was reported.121 Characterization
of the substrate specificity and elucidation of the molecular mechanism of Pgp has
progressed, but many aspects of this transporter remain to be investigated.

A number of associations with SNPs in ABC transporters and various pharmacoki-
netic or pharmacodynamic phenotypes have been reported in the last five years. The
genotype–phenotype approach was commonly used to study the effects of ABCB1
polymorphisms and response to drug therapy. The coding region of the gene was first
sequenced in 2000 in a small number of healthy subjects in whom Pgp expression
and function had also been characterized. A number of polymorphisms were found,
one of which, the synonymous 3435C>T SNP, was associated with decreased in-
testinal Pgp function and expression.8 More comprehensive SNP discovery efforts
followed, in larger cohorts and in ethnically diverse populations.9,10,122 Those SNPs
that occurred at high frequencies or which were predicted to have a functional ef-
fect were examined in vitro. The most widely studied SNPs included 3435C>T,
2677G>A/T (Ala893Ser/Thr), and 1236C>T, which were found to be in signifi-
cant linkage disequilibrium.9,10,123 The common haplotype containing 3435T, 2677T
(893Ser), and 1236T was named ABCB1*13 and had a frequency greater than 30%
in Caucasians, Asian Americans, Mexican Americans, and Pacific Islanders.10

The in vitro analyses of the functional consequences of some of these SNPs were
suggestive of a clinical effect; for example, one study reported a significant increase
in digoxin efflux associated with the ABCB1*13 haplotype, although protein expres-
sion was not influenced.9 Clinical pharmacogenetics studies quickly followed, with
results that were often conflicting. Complicating the matter was the fact that most
studies looked at each SNP individually instead of considering them in their naturally
occurring haplotypes. For instance, several studies found that the 3435T genotype in-
creased digoxin AUC significantly but found no significant correlation between 2677
genotype and digoxin pharmacokinetics.124,125 Another study found no association
between 3435 genotype and digoxin pharmacokinetics.126 It is probable that multiple
haplotypes were included in each genotype group, and for this reason, the effects of
these haplotypes may have been obscured.

While there are many reports on ABCB1 polymorphisms and pharmacokinet-
ics of clinically used Pgp substrates, including digoxin,127 fexofenadine,128 and
cyclosporine,129 there are also a number of studies that examine the effects of ABCB1
polymorphisms on clinical endpoints such as drug response or survival. The predic-
tive value of ABCB1 genotype has been studied with respect to rates of remission
and survival in patients with acute myeloid leukemia (AML). One study found that
the wild-type 1236C, 2677G, and 3435C alleles were associated with significantly
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decreased survival rate and increased probability of relapse, although conversely,
these genotypes were correlated with low ABCB1 mRNA expression.130 Contrary to
the first study, a second study showed that the wild-type 3435C and 2677G alleles
were strongly associated with an increased probability of AML remission.131

The role of ABC transporter pharmacogenetics has also been examined in HIV.
The HIV virus targets CD4 T-lymphocytes and the site of action for HIV antiretro-
viral drugs are lymphoblastoid cells. mRNA expression of several ABC transporters,
including ABCB1, is measurable in lymphocytes,132 and the addition of ABC trans-
porter inhibitors in vitro increases the activity of the HIV antiretroviral drugs AZT
and indinavir,133 suggesting that ABC transporters limit drug entry in lymphocytes.
Consistent with these findings, Pgp transport of HIV protease inhibitors has been
demonstrated in cultured cells.134 All of these data have contributed to the hypothesis
that genetic polymorphisms in ABCB1, and possibly other ABC transporters, affect
the pharmacokinetics and pharmacodynamics of HIV antiretroviral drugs.135

The first study testing this hypothesis was reported by Fellay et al. in 2002. Pa-
tients with the ABCB1 3435TT genotype receiving protease inhibitor–based therapy
had higher increases in CD4 count than other genotypes after 6 months, and the ABCB1
3435TT genotype was a strong predictor of immunologic response.136 Fellay et al.
also associated the ABCB1 3435TT genotype with lower nelfinavir plasma concentra-
tions, which may be explained by more nelfinavir being retained in lymphocytes.136

The ABCB1 3435T genotype was associated with increased efavirenz efficacy, but
not with efavirenz plasma concentrations,137 and with higher lymphocyte nelfinavir
concentrations in HIV seropositive patients.138 In follow-up studies, one group re-
ported an association between the ABCB1 3435TT genotype and increased efavirenz
efficacy;139 however, the majority of studies have not been able conclusively to validate
an association between ABCB1 3435 genotype and HIV antiretroviral pharmacoki-
netics or efficacy.139–141 It is important to note that unlike the original report, these
studies were performed in antiretroviral-naive subjects.

As with HIV antiretroviral efficacy, the data concerning the impact of ABC trans-
porter pharmacogenetics on the field of drug-resistant epilepsy are discordant. In
1995, an exploratory study found that in 11 of 19 brain specimens removed from
patients with refractory epilepsy, ABCB1 mRNA levels were significantly higher
than in normal brain; these samples also had increased Pgp expression, as determined
by immunohistochemistry.142 Potschka et al. demonstrated that Pgp transports the
antiepileptic drugs phenytoin and carbamazepine in a rat microdialysis model,143,144

although the transport properties of these compounds were challenged by several
in vitro reports.145,146 More recently, the association between the ABCB1 3435C>T
polymorphism and refractory epilepsy has been explored. In a study of 315 epilep-
tic patients (200 drug-resistant, 115 drug-responsive), the frequency of the ABCB1
3435CC genotype was higher in patients with drug-resistant epilepsy than in those
with drug-responsive epilepsy,147 consistent with previous findings that the 3435C
allele was associated with higher Pgp expression than was the 3435T allele.8,148,149

In a second study that used the same criteria for classification of drug resistance,
however, the frequency of the ABCB1 3435C>T genotype was not different be-
tween drug-responsive or drug-resistant patients.150 Several replication studies have
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also failed to reproduce the correlation between ABCB1 3435 genotype and refrac-
tory epilepsy,131,151 although another study demonstrated an association between the
ABCB1 1236C/2677G/3435C haplotype and increased pharmacoresistance in patients
with temporal lobe epilepsy.152 The conflicting data in the field speak to the lack of
knowledge about the causal mechanism of refractory epilepsy, although it is likely
that transporters play a role.

ABCB1 genetic variability has also recently been considered in Parkinson’s dis-
ease, another debilitating neurological disorder. Because it has been shown that Pgp
located on the blood–brain barrier limits the brain’s exposure to xenobiotics in both
mice153,154 and humans,155 it was hypothesized that the level of Pgp expression and/or
function at the blood–brain barrier modulates the amount of neurotoxic agents that
enters the brain and therefore susceptibility to neurological disorders. A small pilot
study examined the effect of the ABCB1 2677G>T/3435C>T haplotype on patient
age at the onset of Parkinson’s disease. Although there was no statistically significant
association between ABCB1 genotype and Parkinson’s disease, the frequency of the
2677T/3435T haplotype was highest in the patient group with early-onset Parkin-
son’s disease (36%), second highest in the group with late-onset Parkinson’s disease
(23%), and lowest in the control group (19%).156 This haplotype has previously
been linked with decreased Pgp expression,8,148,149 providing a plausible hypothe-
sis for the association with earlier development of Parkinson’s disease: lower Pgp
expression at the blood–brain barrier leads to higher brain exposure to neurotoxic
xenobiotics, thus increasing susceptibility to Parkinson’s. The trends in this study
have been reproduced,157 suggesting that ABCB1 genotype may be a risk factor for
the development of Parkinson’s disease.

The connection between Pgp function and Parkinson’s disease is still being es-
tablished, but ABCB1 is a logical candidate gene for this disease, given that the
passage of neurotoxic xenobiotics across the blood–brain barrier is likely controlled
to some degree by membrane transporters. At times, however, xenobiotic membrane
transporters are not obvious candidate genes, and the association between transporter
pharmacogenetics and clinical phenotype is somewhat surprising. For example, ul-
cerative colitis is a disorder attributed to an abnormal immune response to bacteria in
the digestive tract.158 mdr1a knockout mice were reported to be susceptible to a form
of colitis similar to ulcerative colitis,159 prompting an investigation into the effect
of the ABCB1 3435C>T polymorphism on predisposition to ulcerative colitis. Be-
cause the 3435T allele has been associated with lower Pgp expression,8,148,149 it was
hypothesized that ABCB1 3435T carriers were predisposed to ulcerative colitis. In a
study with 149 patients with ulcerative colitis and 998 controls, the 3435TT genotype
was associated significantly with ulcerative colitis, suggesting a previously uncharac-
terized antibacterial role for Pgp.160 This association was replicated in a recent study
in which the 3435T allele was correlated with susceptibility to late-onset ulcerative
colitis.161 However, this genotype–phenotype relationship was not replicated in two
other studies;162,163 subsequently, questions were raised about how the composition
of patient and control populations can affect the reproducibility of clinical findings.

Through SNP discovery efforts, polymorphisms in other ABC transporter genes
have been identified, and several have been singled out as causing altered transport
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function in vitro, including the 421C>A (Gln141Lys) polymorphism in ABCG2,
which encodes MXR. This polymorphism caused reduced MXR expression and trans-
port of the anticancer agent topotecan in vitro,29 and in a small preliminary study, two
carriers of the 421A allele had increased topotecan bioavailability compared to per-
sons with the wild-type allele, indicating reduced intestinal MXR efflux activity.164

Pharmacogenetic studies of other ABC transporters that are thought to be involved in
multidrug resistance are ongoing. High expression of several members of the ABCC
family of transporters has been demonstrated in numerous tissues and tumor types,165

suggesting that polymorphisms in these genes may affect the development and degree
of multidrug resistance.

Although genetic variation in the vast majority of ABC transporters implicated
in multidrug resistance have been studied using a genotype–phenotype approach,
there are a few ABC transporters in which polymorphisms were identified through
a phenotype–genotype approach. One prominent example is ABCC7, which was
mapped in 1989 as the pathogenic locus of cystic fibrosis (OMIM 219700). A com-
mon �F508 amino acid deletion was discovered in the cystic fibrosis transmembrane
conductance regulator (CFTR) protein of patients with cystic fibrosis.166 This three-
nucleotide deletion in ABCC7 causes a defective chloride channel in approximately
70% of cystic fibrosis patients; other polymorphisms are responsible for the remain-
ing 30% of cases. Additional examples of phenotype–genotype studies include the
polymorphisms in ABCC2 (MRP2) that lead to a rare liver disorder called Dubin–
Johnson syndrome (DJS) (OMIM 237500),89 and polymorphisms in ABCC6 (MRP6)
that have been associated with pseudoxanthoma elasticum (PXE) (OMIM 264800),
a disorder of the connective tissue.167

21.5. CONCLUSIONS

To date, most of the polymorphisms in transporter genes that result in a clinical effect
have been identified through phenotype-to-genotype studies. These polymorphisms
generally result in a decrease in expression and/or function of the transporter, lead-
ing to an obvious and observable clinical phenotype. Genotype-to-phenotype studies
provide a wealth of information about genetic diversity but have been less successful
at identifying polymorphisms that result in substantial clinical effects. This is in part
because of the multiplicity built into the genome and the ability of one gene to compen-
sate for the altered function of another, and in part because most clinical phenomena,
including drug response and toxicity, are complex events that involve multiple genes.
The consideration of genetic variation in a group of genes implicated in the response
and toxicity to a given drug—a pathway approach—may assist in the elucidation of
the effects of transporter polymorphisms in more complex clinical phenotypes. An
increasing number of drug response pathways are available at www.pharmgkb.org
and serve as an important resource for the design of pharmacogenetic studies.

Appropriate study design is another important consideration for pharmacogenetics
studies. In many of the early transporter genotype–phenotype association studies,
sample sizes were small and sufficient power to detect meaningful differences was
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often absent. In addition to power considerations, the issue of haplotypic diversity
must also be incorporated into study design. In many cases there is a lack of well-
documented functional polymorphisms for a given transporter that is implicated in the
phenotype of interest. In this case, the use of tagging SNPs that incorporate genetic
diversity data from the HapMap project and reflect variation across the entire gene
should be used.168,169 Such an approach has recently been used in several ABCB1
association studies.170,171

Information regarding the functional consequences of genetic variation in trans-
porter genes is increasing, but there will be a continuing need for studies in this
area. A shift in focus from amino acid-altering variants to polymorphisms in the un-
translated promoter and intronic regions of genes is currently underway. It remains
important to understand the molecular basis for an association with any transporter
polymorphism and a clinical phenotype. In many cases, initial association studies
do not reveal the causative SNP, and additional studies are necessary to identify the
molecular mechanism for a change in expression and/or function.

Research in the area of drug transporter pharmacogenetics has already increased
our understanding of interindividual variability in drug response and toxicity. The
ultimate goal of this work is to be able to use patient-specific genotype data to guide
the proper selection of drug, dose, and regimen. In the future, a comprehensive under-
standing of the genetic regulation of drug-metabolizing enzymes, transporters, and tar-
gets will be applied in a rational manner to guide drug therapy. Incorporation of emerg-
ing principles in human genetics and the adoption of molecular techniques for studying
protein function and expression will aid in the advancement of this exciting field.
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22.1. INTRODUCTION

Dietary effects on drug pharmacokinetics have been well documented.1,2 A number
of mechanisms are responsible for food–drug interactions, including alterations in
physiological conditions (e.g., gastric pH, gastric emptying, intestinal motility, hep-
atic blood or bile flow rate), complexation of drugs with dietary components, and
modulation of drug-metabolizing enzymes by dietary constituents.3,4 Over the past
decade, numerous food–drug interaction studies have focused primarily on the effects
of diet on drug-metabolizing enzymes. Alterations in activities of drug-metabolizing
enzymes can subsequently change the pharmacokinetics of drugs that are substrates
of these enzymes.4−6 Foods that contain complex mixtures of phytochemicals, such as
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fruits, vegetables, herbs, and teas, have great potential to modulate the activities of both
phase I and phase II enzymes.4 Many clinically significant metabolic food–drug in-
teractions have been reported, as exemplified by the interactions between cytochrome
P450 (CYP) enzymes and diet and dietary supplements, such as grapefruit juice and
St. John’s wort.4,6,7 In recent years, great advances have been made in elucidating the
roles of drug transporters in drug disposition.8−10 It is now recognized increasingly
that drug transporters can also contribute significantly to food–drug interactions.

Drug transporters can be generally classified into two major groups: efflux and
uptake transporters. Most efflux transporters belong to a superfamily of adenosine
triphosphate (ATP)-binding cassette (ABC) transporters, which utilize energy de-
rived from ATP hydrolysis to export substrates out of cells against a concentration
gradient. Some major members of this group of transporters include P-glycoprotein
(Pgp; MDR1, ABCB1), multidrug resistance–associated proteins (MRPs, ABCC), and
breast cancer resistance protein (BCRP, ABCG2).11 In contrast, uptake transporters
mediate the translocation of drugs into cells. Included in this group of transporters are
the organic anion–transporting polypeptide (OATP, SLCO) family, the organic anion
transporter (OAT, SLC22A) family, and the organic cation transporter (OCT, SLC22A)
family.12−14 Many of these efflux and uptake transporters are expressed in various
major organs, such as intestine, liver, kidney, blood–brain barrier, and placenta, sug-
gesting their essential roles in governing the oral absorption, intestinal, hepatobiliary,
and renal excretion of a variety of endogenous and exogenous compounds.9−11,15−18

In addition, overexpression of efflux transporters (e.g., Pgp, MRP, and BCRP) in tumor
cells limits intracellular accumulation of a broad range of structurally and function-
ally unrelated anticancer agents and leads to inefficient cell killing, a phenomenon
known as multidrug resistance (MDR), which remains the primary obstacle to suc-
cessful cancer chemotherapy.18−20 The transport activities of these efflux transporters
have been shown to confer cellular resistance to many widely used and clinically
important anticancer agents, such as anthracyclines, Vinca alkaloids, camptothecin
derivatives, palitaxel, and mitoxantrone.18,21 Due to the important roles of these trans-
porters in drug disposition and cancer therapy, modulation of these drug transporters
by inhibitors or inducers may significantly alter the pharmacokinetics and therapeu-
tic efficacy of many anticancer drugs, resulting in beneficial or adverse drug–drug
interactions. The importance of transporter-mediated drug interactions is being rec-
ognized increasingly and has been indicated in a number of preclinical and clinical
studies.22−27

In recent years, dietary supplements (e.g., St. John’s wort, ginkgo, garlic, ginseng)
have been widely used in Western countries due to an increased public interest in
alternative medicine and disease prevention.7,28,29 Emerging evidence to date has
suggested that many of these dietary supplements, as well as nutrients contained
in these dietary supplements (e.g., flavonoids), are potent inhibitors or inducers of
several major efflux and uptake drug transporters.30−35 In addition, significant or
even life-threatening pharmacokinetic interactions between diet/nutrients and drug
transporters have been observed in a number of animal and clinical studies.25,37,38

Given the growing consumption of dietary supplements and the essential roles of drug
transporters in drug disposition, it is important to understand the interactions of diet
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and nutrients with drug transporters as well as the potential clinical consequences of
these interactions. In this review we focus on the interactions of diet and nutrients with
drug transporters arising from in vitro and in vivo studies, with specific emphasis on
several major efflux transporters (e.g., Pgp, MRP, and BCRP) and uptake transporter
(e.g., OATP).

22.2. DIET/NUTRIENT INTERACTIONS WITH DRUG TRANSPORTERS

22.2.1. Interactions of Diet and Dietary Supplements with Drug Transporters

Dietary supplements are products (other than tobacco) intended to supplement the
diet. Many top-selling herbal products, such as St. John’s wort, garlic, green tea,
ginseng, and milk thistle, are classified as dietary supplements.29,39 Since their mar-
keting does not require Food and Drug Administration (FDA) approval, the potential
interactions of these herbal products with conventional drugs, in general, have not
been carefully evaluated, raising a serious concern about the safety of using these
products. Recent in vitro and in vivo studies have shown that many dietary items
and supplements can modulate the activities of both efflux and uptake transporters
and alter the pharmacokinetics of various therapeutic agents, resulting in clinically
important drug interactions (Table 22.1).

St. John’s Wort St. John’s wort is widely used in the treatment of depression as
an over-the-counter herbal medicine.40 As a complex mixture, St. John’s wort con-
tains multiple constituents, such as hypericin, pseudohypericin, hyperforin, and the
flavonoids quercetin and its methylated form, isorhamnetin.41,42 A large number of
clinically relevant St. John’s wort–drug interactions have been reported, many of
which are drug transporter–mediated interactions.

Effects on Drug Transporters Several studies have shown that St. John’s wort in-
duced Pgp both in vitro and in vivo. In LS-180 intestinal carcinoma cells, Pgp ex-
pression was induced significantly after 3 days of exposure to St. John’s wort (a
fourfold increase at 300 �g/mL) or hypericin (a sevenfold increase at 3 �M) in a
dose-dependent fashion. The induction of Pgp in LS-180 cells resulted in enhanced
efflux and decreased accumulation of rhodamine 123, a fluorescent molecule that
acts as a probe of Pgp.43 In an in vivo induction study, 14 days of administration of
St. John’s wort increased the Pgp level significantly: the intestinal Pgp 3.8-fold in
rats and the duodenal Pgp level 1.4-fold in humans.31 Similarly, chronic treatment
with St. John’s wort (3 × 600 mg/day for 16 days) caused a 4.2-fold increase in
Pgp expression level in the peripheral blood lymphocytes from healthy volunteers,
resulting in reduced accumulation of rhodamine 123.44 The underlying mechanism
of Pgp induction by St. John’s wort is presumably due to the activation of pregnane X
receptor (PXR), a nuclear receptor that regulates Pgp expression. It has been shown
that hyperforin, a major constituent of St. John’s wort, is a potent agonist for PXR
with a Ki value of 27 nM.45,46
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In addition to altering Pgp expression, St. John’s wort was also shown to interact
with Pgp via modulating Pgp-mediated efflux. Using calcein-AM as a fluorescent
marker of Pgp, Weber et al.47 reported that St. John’s wort extracts, as well as some
constituents such as quercetin and hyperforin, potently modulated the transport by
Pgp in VLB cells (a human lymphocytic leukemia cell line expressing Pgp) and in
porcine brain capillary endothelial cells (PBCECs). In Caco-2 cells or canine kidney
cells stably expressing Pgp (MDCK-MDR1), hypericin and quercetin significantly
inhibited Pgp-mediated efflux of ritonavir, resulting in increased intracellular uptake
or a decreased basal-to-apical/apical-to-basal transport ratio of ritonavir.48 Similarly,
Wang et al.49 showed that hyperforin and hypericin significantly inhibited Pgp activity
with IC50 values of approximately 30 �M by using daunorubicin and calcein-AM as
fluorescent substrates.

Recently, several studies suggested that St. John’s wort could also induce MRP2
expression both in vitro and in vivo. In human heptocellular carcinoma HepG2 cells,
a 24-hour exposure of St. John’s wort or hyperforin to HepG2 cells resulted in 1.55-
to 1.72-fold increases in MRP2 mRNA levels.50 In rats, when St. John’s wort was
given at a dose of 400 mg/kg per day for 10 days, the amount of MRP2 in the liver
was increased significantly, to 304% of control. The increase in MRP2 was maximal
at 10 days after St. John’s wort treatment and lasted for at least 30 days.51

In Vivo Drug Interactions In a single-blind, placebo-controlled parallel study, it
was shown that the area under the plasma concentration–time curve (AUC) and peak
plasma concentration (Cmax) of digoxin (a well-known Pgp substrate52) were de-
creased by 25% and 26%, respectively, after the ingestion of St. John’s wort for 10 days
(3 × 300 mg/day) by healthy volunteers.24 Similarly, administration of St. John’s wort
to eight healthy male volunteers at a dose of 300 mg three times a day for 2 weeks
decreased the bioavailability of digoxin.31 In another study, coadministration of the
hyperforin-rich extract to healthy volunteers for 14 days significantly reduced the
AUC and Cmax of digoxin: by 24.8% and 37%, respectively.53 Given the fact that
digoxin undergoes limited metabolic transformation, it is likely that induction of
Pgp might be the underlying mechanism responsible for the altered pharmacokinetic
profiles of digoxin.24,54

Interestingly, the effects of St. John’s wort on Pgp activity appear to be exposure
duration–dependent. Using fexofenadine, a Pgp substrate with minimal metabolic
transformation,55,56 Wang et al.57 reported that a single oral dose (900 mg) of St. John’s
wort to healthy volunteers increased the Cmax of fexofenadine by 45% and decreased
the oral clearance by 20%, indicating inhibition of intestinal Pgp. However, long-term
administration (3 × 300 mg/day for 14 days) reversed the changes in fexofenadine
disposition observed with single-dose administration. The mechanism underlying this
biphasic effect of St. John’s wort is possibly due to the initial inhibition of Pgp after
acute exposure, followed by a significant induction of intestinal Pgp after long-term
use.58

In addition, coadministration of St. John’s wort (3 × 300 mg/day for 14 days)
significantly decreased indinavir (a protease inhibitor) AUC by 54% and the plasma
trough concentration (Ctrough) by 81% in healthy subjects.59 Moreover, significant
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reductions in AUC and plasma concentration of cyclosporine, an immunosuppres-
sant, were observed in renal transplant patients after prolonged administration of
St. John’s wort.60,61 It was suggested in several case studies that the decreased cy-
closporine concentration during treatment with St. John’s wort was the possible cause
of acute heart and kidney transplant rejection.62,63 A similar pharmacokinetic in-
teraction was observed between St. John’s wort and another immunosuppressant,
tacrolimus. Coadministration of St. John’s wort (3 × 300 mg/day for 18 days) to 10
healthy volunteers significantly decreased tacrolimus AUC and increased its apparent
oral clearance.64 Since indinavir, cyclosporine, and tacrolimus are dual substrates for
both Pgp and CYP3A4, it is likely that these interactions might involve induction of
Pgp or CYP3A4, or both.44,64,65

Grapefruit Juice The interaction of grapefruit juice with some drugs was discov-
ered accidentally when grapefruit juice was used to mask the taste of ethanol in a
study using the calcium channel blocker felodipine. Coadministration of grapefruit
juice increased the bioavailability of felodipine threefold.66 Since then, a number
of studies have shown that grapefruit juice can enhance the bioavailability of many
clinically important drugs.67 The predominant mechanism for grapefruit juice–drug
interactions appears to be the inhibition of CYP3A4 in the small intestine, resulting
in reduced presystemic metabolism and enhanced drug oral bioavailability.68 An-
other important mechanism of grapefruit juice-drug interactions, as revealed in many
recent studies, is through the modulation of drug transporters, especially Pgp and
OATP.25,69−75

Effects on Drug Transporters The major constituents in grapefruit juice include
flavonoids (e.g., naringin, naringenin, quercetin, kaempferol) and furanocoumarins
(e.g., bergamottin, 6′, 7′-dihydroxybergamottin). Many studies have shown that both
grapefruit juice and its major constituents can modulate the activities of several drug
transporters.

An early report of the grapefruit juice–drug interaction indicated that grapefruit
juice activated the transport of several Pgp substrates across MDCK-MDR1 cells.76

However, the majority of the more recent studies have indicated that grapefruit juice
has an inhibitory effect on Pgp-mediated transport. In Caco-2 cells using talinolol and
digoxin as specific, yet metabolically stable Pgp substrates, the apical-to-basolateral
(absorptive) transport of talinolol and digoxin was increased significantly.72,74 Sim-
ilarly, in Caco-2 cells and a rat everted sac model, grapefruit juice extracts or some
major components such as naringin and 6′,7′-dihydroxybergamottin decreased sig-
nificantly the efflux or increased intracellular accumulation of several Pgp substrates,
such as rhodamine 123, fexofenadine, and saquinavir.73,75,77,78 Using vinblastine as
a Pgp substrate, a number of studies indicated that several extracts of grapefruit juice
inhibited the activity of Pgp in Caco-2 cells with different potency. The ethyl ac-
etate extracts of grapefruit juice, followed by diethyl ethyl and methylene chloride
extracts, exhibited the greatest potency in increasing the permeability coefficient of
the apical-to-basolateral transport of vinblastine.71,79
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In addition to modulating Pgp activity, grapefruit juice has been shown to interact
with Pgp via other mechanisms. Using an ATP-hydrolysis assay, Wang et al.70 reported
that bergamottin increased ATP hydrolysis approximately 2.3-fold, with a Km value of
8 �M, suggesting that grapefruit juice components might also modulate Pgp ATPase
activity. In an in vitro study, exposure of grapefruit juice as well as kaempferol and
naringenin to human proximal tubular HK-2 cells for 4 days decreased Pgp mRNA
and protein levels significantly in a dose-dependent manner.80

Recently, it was shown that grapefruit juice could also interact with other drug
transporters. In human MRP2 transfected porcine kidney epithelial cells (LLC-
MRP2), ethyl acetate extracts of grapefruit juice or its components (bergamottin
and 6′,7′-dihydroxybergamottin) inhibited MRP2-mediated transport of vinblastine
and saquinavir significantly.75 Interestingly, recent interaction studies on grape-
fruit juice and fexofenadine (a substrate for both Pgp and human OATP or rat
oatp55) indicated that grapefruit juice preferentially inhibited human OATP and rat
oatp rather than Pgp in cell culture studies at a concentration of 5% of normal
strength. Several constituents, including bergamottin, 6′,7′-dihydroxybergamottin,
naringenin, and hesperidin, at a concentration of 50 �M significantly inhibited fex-
ofenadine uptake mediated by rat Oatp3. Moreover, 6′,7′-dihydroxybergamottin po-
tently inhibited rat oatp1 with an IC50 value of 0.28 �M, whereas no significant
inhibitory effect on Pgp was observed.25 Moreover, in human embryonic kidney
293 cells stably expressing OATP-B, grapefruit juice at a concentration of 5% sig-
nificantly inhibited OATP-B-mediated uptake of estrone 3-sulfate by 82%. Major
grapefruit juice constituents, including naringin, naringenin, quercetin, bergamottin,
and 6′,7′-dihydroxybergamottin, at a concentration of 10 �M, also significantly in-
hibited OATP-B-mediated uptake of estrone 3-sulfate by 39, 28, 21, 60, and 43%,
respectively.81

In Vivo Drug Interactions Several studies have indicated that grapefruit juice can
produce significant increases in the AUC (45 to 60%) and Cmax (35 to 43%) of
cyclosporine in healthy subjects.82−84 Compared with CYP3A4, intestinal Pgp was
suggested to be a more important determinant of cyclosporine bioavailability, pre-
sumably by being a rate-limiting step in drug absorption.85

In rats, grapefruit juice caused a nearly twofold increase in Cmax and more than
a 35% increase in AUC of talinolol, indicating an important role of Pgp in talinolol
disposition.72 In a recent clinical study, however, intake of grapefruit juice signifi-
cantly decreased the AUC, Cmax, and urinary excretion of talinolol to 56, 57, and 56%,
respectively.86 One possible explanation for this discrepancy is the difference in ex-
perimental protocols (adjusted and unadjusted pH for grapefruit juice) since talinolol
has a pH-dependent intermediate lipid solubility and low water solubility. Another
explanation suggested by the authors is that other intestinal uptake transporters might
be responsible for talinolol uptake, and grapefruit juice may have species-different
effects on these transporters.86

On the other hand, inhibition of Pgp by grapefruit juice had no significant effects
on digoxin pharmacokinetics. In two clinical studies, grapefruit juice did not affect
AUC, Cmax, elimination half-life, or renal clearance of digoxin, although it decreased
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the digoxin absorption rate constant significantly.87,88 The lack of in vivo effect of
grapefruit juice on digoxin is probably due to the fact that digoxin has a high bioavail-
ability after oral administration, and therefore Pgp does not have a significant role in
determining its absorption and bioavailability after oral administration.89,90

Consistent with the in vitro data of OATP inhibition, grapefruit juice decreased
the AUC, Cmax, and urinary excretion values of fexofenadine to 30 to 40% of those
with water, with no change in the time to Cmax, elimination half-life (t1/2), renal
clearance, or urinary volume in humans.25 Presumably, the mechanism underlying
this interaction is related to the reduced intestinal fexofenadine absorption due to the
inhibition of the uptake transporter OATP. A recent clinical study indicated that the
volume of grapefruit juice also had a significant effect on fexofenadine bioavailability.
A 300-mL volume of grapefruit juice decreased the AUC and Cmax of fexofenadine
to 58 and 53%, respectively, to that following ingestion of the same volume of wa-
ter. With the total dose being the same, a 1200-mL volume of grapefruit juice had a
more pronounced effect and decreased these parameters to 36 and 33%, respectively,
of those with the corresponding volume of water. It was concluded that grapefruit
juice, at a commonly consumed volume, decreased the oral bioavailability of fexofe-
nadine, probably due to direct inhibition of uptake by intestinal OATP-A. A much
higher volume caused an additional modest effect, possibly from reduced intestinal
concentration and transit time of fexofenadine.91

Garlic Garlic is one of the best-selling herbal supplements in the United States and
has long been used as an herbal medicine for its lipid-lowering, cardioprotective,
antioxidant, antineoplastic, antimicrobial, and antiplatelet effects.29,92 Allicin (diallyl
thiosulfinate) is believed to be one of the major active ingredients in garlic, which can
be further converted to a number of organic sulfur compounds, such as allyl, diallyl,
and methyl sulfides.93

Recent studies indicated that garlic and its components could interact with drug
transporters via multiple mechanisms. In an in vitro study, allicin inhibited the Pgp-
mediated efflux of ritonavir significantly, increasing uptake of ritonavir in MDCK-
MDR1 cells with an IC50 value of 119 �M. Moreover, allicin (50 �M) remarkably
inhibited Pgp-mediated ritonavir transport across Caco-2 cell monolayers, result-
ing in an efflux ratio of ritonavir close to unity.48 Using purified Pgp cell mem-
branes and a colorimetric ATPase assay, Foster et al.94 showed that garlic extracts
inhibited Pgp activity significantly, although the potency was low to moderate com-
pared with verapamil, a positive control. However, in Pgp-overexpressing human
carcinoma KB-C2 cells, diallyl sulfide or diallyl trisulfide (50 �M) had no sig-
nificant effects on daunorubicin intracellular accumulation.95 Interestingly, in Pgp-
overexpressing K562-resistant cells, exposure of a nontoxic concentration of diallyl
sulfide (8.75 mM) resulted in a time-dependent reduction of Pgp expression levels,
with a maximum effect observed at 72 hours. In addition, oral administration of diallyl
sulfide (5 mg/kg body weight) effectively reduced Vinca alkaloid–induced Pgp over-
expression in mouse hepatocyte.96 In contrast, oral administration of diallyl disulfide
(200 mg/kg for 3 days) to rats induced Mrp2 expression sevenfold in renal brush
border membranes, while no Pgp induction was observed.97
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Two clinical trials have indicated that administration of garlic supplements de-
creased AUC and Cmax of HIV protease inhibitors saquinavir and ritonavir, substrates
for both CYP3A4 and Pgp.98,99 As suggested by the authors, one mechanism is prob-
ably due to the induction of CYP3A4 in the gut mucosa. However, the contribution
from induction of Pgp cannot be excluded since saquinavir and ritonavir are also Pgp
substrates.98,100,101

Green Tea Green tea is widely consumed as a beverage. Tea polyphenols, known
as catechins, are the major constituents in green tea. The most abundant catechins in
a typical brewed green tea include 10 to 15% (−)-epigallocatechin gallate (EGCG),
6 to 10% (−)-epigallocatechin (EGC), 2 to 3% (−)-epicatechin gallate (ECG), and
2% (−)-epicatechin (EC).102 The extracts of green tea were reported to exhibit a
variety of beneficial health effects, especially chemopreventive, anticarcinogenic,
and antioxidant effects.103

Several recent studies indicated that green tea components could interact with Pgp
and inhibit its transport activity. In a multidrug-resistant cell line CHRC5, green tea
polyphenols (30 �g/mL) inhibited the photolabeling of Pgp by 75% and increased the
accumulation of rhodamine 123 threefold. Among the catechins present in green tea,
EGCG, ECG, and (−)-catechin gallate (CG) were the major determinants responsible
for inhibiting Pgp. In addition, EGCG was able to potentiate the cytotoxicity of
vinblastine in CHRC5 cells.104 In carcinoma KB-A1 cells, green tea polyphenols (40
�g/mL) and EGCG (10 �g/mL) enhanced doxorubicin cytotoxicity 5.2- and 2.5-fold,
respectively. More detailed studies revealed that green tea polyphenols were able to
inhibit Pgp ATPase activity and down-regulate Pgp expression.105

The effects of green tea extracts on MRP2 were also investigated. In human
gastrointestinal epithelial LS-180 cells, green tea extracts, at a concentration of
0.01 mg/mL, had no effect on either activity or expression of MRP2. However, at a
concentration of 0.1 mg/mL, green tea extracts significantly inhibited MRP2-mediated
efflux of methotrexate (a MRP2 substrate) in MRP2-overexpressing MDCK (MDCK-
MRP2) cells, resulting in increased cellular accumulation of methotrexate. In contrast
to the inhibitory effects on Pgp, the green tea components EGCG and EGC did not
contribute to the MRP2 inhibition activity.106 Using Caco-2 and MDCK-MRP cells,
green tea polyphenols such as EGCG, ECG, EGC, and EC were shown to be poten-
tial substrates of MRPs, suggesting the importance of MRPs in determining cellular
concentrations of green tea components.107−109

In a recent study involving 15 herbal extracts, green tea extracts were shown to
potently inhibit OATP-B-mediated uptake of estrone 3-sulfate at the putative gastroin-
testinal concentration (400 �g/mL). Moreover, OATP-B inhibition by green tea ex-
tracts exhibited concentration dependence with an IC50 value of 22.1 ± 4.9 �g/mL.110

In in vivo xenograft studies, green tea extracts were shown to be effective in reversal
of cancer multidrug resistance.105,111,112 For example, in mice bearing doxorubicin-
resistant human carcinoma KB-A-1 cells, the combination of doxorubicin with EGCG
(40 mg/kg) increased the doxorubicin concentration in the tumors by 51% and poten-
tiated doxorubicin-induced apoptosis of tumor cells. Compared with the mice given
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either doxorubicin or EGCG alone, there was a considerable reduction of tumor
weights in mice given both EGCG and doxorubicin.112

Ginseng Ginseng is a well-known traditional Oriental herbal medicine and has gained
popularity as a dietary supplement in the United States during the last decade. Gin-
senosides are considered the major active constituents and contribute to the many
pharmacological activities of ginseng, including cognition-enhancing, neuroprotec-
tive, antioxidant, antineoplastic, and immunomodulatory effects.113

The effects of ginseng constituents on Pgp-mediated multidrug resistance were
investigated both in vitro and in vivo. In drug-resistant KBV20C cells, ginsenoside
Rg(3) increased cellular accumulation of rhodamine 123 and vinblastine significantly
in a dose-dependent manner. In addition, Rg(3), at the concentration of 20 �M,
greatly enhanced cytotoxicity and reversed multidrug resistance to several anticancer
drugs, such as doxorubicin, colchicine, vincristine, and etoposide. However, Rg(3)
did not affect either mRNA or protein levels of Pgp in KBV20C cells. A photo-affinity
labeling study with [3H]azidopine revealed that 100 �M Rg(3) completely inhibited
[3H]azidopine binding to Pgp, indicating that inhibition of drug efflux by Rg(3) was
probably due to the competition for the common substrate binding sites on Pgp. In
mice implanted with doxorubicin-resistant murine leukemia P388 cells, combining
4 mg/kg doxorubicin with10 mg/kg Rg(3) enhanced the cytotoxicity and efficacy of
doxorubicin, resulting in a significant increase in life span and suppression in tumor
growth in the mice.114

Similarly, in acute myelogenous leukemia cell sublines AML-2/D100 (overex-
pressing Pgp) and AML-2/DX100 (overexpressing MRP), protopanaxatriol ginseno-
sides (PTG) were able to reverse Pgp (but not MRP)-mediated resistance in a
concentration-dependent manner. PTG (100 �g/mL) increased daunorubicin accu-
mulation in the AML-2/D100 subline twofold higher than that observed in the pres-
ence of verapamil (5 �g/mL) but 1.5-fold less than that by cyclosporin A (3 �g/mL).
In contrast to verapamil and cyclosporin A, the maximum noncytotoxic concentra-
tions of PTG had no effects on Pgp expression. Moreover, PTG, at a concentration of
200 �g/mL or more, completely inhibited the [3H]azidopine binding to Pgp.115 These
results indicated that PTG probably reversed Pgp-mediated multidrug resistance via
direct interaction with Pgp at the azidopine site, resulting in increased intracellu-
lar accumulation of other Pgp substrates. Although ginseng constituents are potent
multidrug resistance chemosensitizers, no studies to date have been conducted to
determine the potential in vivo drug interactions.

Milk Thistle Milk thistle is one of the most popular herbal medicines, used as a
hepatoprotectant in the therapy of various liver diseases, including hepatitis and al-
coholic cirrhosis.116,117 The major constituent of milk thistle is silymarin, a mixture
of flavonolignans such as silybin, isosilybin, silychristin, and silydianin.118,119

In a Pgp-overexpressing human breast cancer cell line (MDA435/LCC6MDR1),
silymarin increased daunomycin cellular accumulation significantly in a
concentration-dependent manner. At a concentration of 50 �M, silymarin enhanced
daunomycin accumulation approximately fourfold. Moreover, silymarin (100 �M)
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potentiated doxorubicin cytotoxicity threefold in resistant cells. In the presence of
100 �M silymarin, the verapamil-induced Pgp ATPase activity was inhibited com-
pletely and [3H]azidopine photoaffinity labeling of Pgp was decreased significantly.
However, preincubation cells with 50 �M silymarin did not change Pgp protein
levels.120 In Caco-2 cells, silymarin significantly inhibited Pgp-mediated transport of
digoxin across the cell monolayers in a concentration-dependent manner, resulting
in decreased efflux and increased cellular accumulation of digoxin.121 These results
indicated that silymarin had inhibitory effects on Pgp-mediated drug efflux and the
mechanism of the interaction involved, at least in part, a direct interaction.

In addition to interacting with Pgp, silymarin also modulates MRP1 activity. In
MRP1 overexpressing human pancreatic adenocarcinoma Panc-1 cells, silymarin
(50 �M) increased the cellular accumulation of vinblastine and daunomycin ap-
proximately threefold. However, the inhibition of MRP1 by silymarin was not due
to the inhibition of glutathione S-transferase activity or depletion of intracellular
glutathione.32

In vivo drug interactions with milk thistle have been reported recently. However,
the results are less compelling compared with the in vitro results. Using digoxin as a
selective probe of Pgp, the effects of milk thistle on digoxin pharmacokinetics were
studied in 16 healthy subjects. However, no statistically significant changes in AUC,
Cmax, and oral clearance (CL/F) were observed after administration of milk thistle
(900 mg/day) for 2 weeks.122 Similar to the case of grapefruit juice, this lack of in vivo
effect of milk thistle on digoxin is probably due to the high inherent bioavailability
of digoxin.90 In addition, the administration of milk thistle for 14 days,123 21 days,124

and 28 days125 to healthy subjects had no significant effects on the pharmacoknet-
ics of indinavir. In cancer patients, short-term (4 days) or more prolonged intake of
milk thistle (12 days) did not change the pharmacokinetics of irinotecan, a substrate
for CY3A4, Pgp, and BCRP.126,127 Given the fact that indinavir and irinotecan are
substrates for both drug-metabolizing enzymes and transporters, the lack of drug in-
teractions with milk thistle is probably due to the complicated in vivo regulation of
metabolizing enzymes and drug transporters, which are highly susceptible to both in-
duction and inhibition by xenobiotics. Therefore, further studies with better substrate
candidates are necessary to characterize in vivo drug interactions with milk thistle.

Kava Kava has been used for many centuries as a traditional intoxicating beverage
in the Pacific islands. During the past few decades, kava has gained popularity in
Western countries as an herbal supplement for its anxiolytic, antistress, and sedative
properties.128 The major constituents in kava are kavalactones, a mixture of more than
18 different �-pyrones, including kawain, methysticin, yangonin, dihydrokawain,
desmethoxyyangonin, and dihydromethysticin.129,130 However, in 2002, due to the
reported cases of liver toxicity, kava extracts were withdrawn from the market in
several countries, which prompted wide discussion on kava’s relative benefits and
risks as an herbal remedy.29,131

In a Pgp-overexpressing cell line P388/dx, a kava crude extract and six main
kavalactones (kawain, dihydrokawain, methysticin, dihydromethysticin, yangonin,
and desmethoxyyangonin) exhibited moderate to potent inhibitory activities on
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Pgp-mediated efflux of calcein-AM. The crude extract and the kavalactones increased
cellular accumulation of calcein-AM significantly, causing increased intracellular flu-
orescence intensity. The concentrations needed to double baseline fluorescence were
170 �g/mL and 17 to 90 �M for crude extract and six kavalactones, respectively.132

A recent in vivo study indicated that oral coadministration of kava extract
(256 mg/kg) significantly changed the pharmacokinetcs of kawain, resulting in a
tripling of kawain AUC and a doubling of Cmax. Moreover, kava extract and kavalac-
tones significantly inhibited CYP enzymes and modestly modulated Pgp ATPase
activities in vitro. It was concluded that mechanisms by which kava extract altered
the pharmacokinetics of kawain might include inhibition of CYP450 and/or Pgp.133

22.2.2. Interactions of Flavonoids with Drug Transporters

Flavonoids are a class of polyphenolic compounds widely present in fruits, vegeta-
bles, and plant-derived beverages, and in many herbal products marketed as over-
the-counter dietary supplements, such as St. John’s wort, green tea, and milk thistle.
Concentrations of some flavonoids, such as naringin and hesperidin, abundant in fruit
juices, have been reported to be as high as 145 to 638134 and 200 to 450 mg/L,135,136

respectively. The average daily intake of total flavonoids from the U.S. diet was esti-
mated to be 200 mg to 1 g137−141. The structures of a number of flavonoid subclasses
are shown in Table 22.2. Flavonoids have long been associated with a variety of
biochemical and pharmacological properties, including antioxidant, antiviral, anti-
carcinogenic, and anti-inflammatory activities, with no or low toxicity.142,143 These
health-promoting activities indicate that flavonoids may play a protective role in can-
cer prevention and cardiovascular diseases, as well as other age-related degenerative
diseases.143−145 Recently, numerous studies have indicated that flavonoids could inter-
act with several efflux and uptake transporters such as Pgp, MRP1, BCRP, and OATP,
suggesting the potential roles of flavonoids for in vivo drug interactions.30,34,120,146

Interactions with Pgp The effects of flavonoids on Pgp have been studied extensively
during the past decade (Table 22.3). It was shown clearly from these studies that many
of these flavonoids demonstrated Pgp-modulating activities. However, the effects of
flavonoids, especially for some flavonols, were cell line-dependent, concentration-
dependent, and substrate-dependent. For example, in Pgp-expressing HCT-15 colon
cells, flavonols such as quercetin, kaempferol, and galangin were shown to stimu-
late adriamycin efflux.147 In contrast, in MCF-7-ADR-resistant breast cancer cells,
quercetin was able to restore sensitivity to adriamycin and inhibit rhodamine 123
efflux.148 Interestingly, in mouse brain capillary endothelial cells (MBEC4), quercetin
and kaempferol exhibited biphasic effects by activating Pgp at a low concentration
(10 �M) and inhibiting Pgp at a high concentration (50 �M).149 In rat hepatocytes,
the effects of quercetin, kaempferol, and galangin on rhodamine 123 and doxorubicin
efflux were shown to be substrate-dependent.150 Using a purified and reconstituted
Pgp system, Shapiro and Ling reported that quercetin inhibited Pgp-mediated Hoechst
33342 efflux and enhanced its accumulation in resistant CHRC5 cells. This effect was,
at least partly, caused by the inhibition of Pgp ATPase activity by quercetin.151 More
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TABLE 22.2. Chemical Structures of Subclasses of Flavonoids

Structural Representative
Formula Flavonoids

Substitutionsa

5 7 2′ 3′ 4′ 5′

Flavones

O

O

6

7

5

2'

3' 4'

5'

Apigenin OH OH H H OH H
Chrysin OH OH H H H H
Luteolin OH OH H OH OH H
Diosmetin OH OH H OH O-Me H

Flavonols

O

O

OH

Fisetin H OH H OH OH H
Galangin OH OH H H H H
Kaempferol OH OH H H OH H
Morin OH OH OH H OH H
Myricetin OH OH H OH OH OH
Quercetin OH OH H OH OH H

Flavanones

O

O

Hesperitin OH OH H OH O-Me H
Naringenin OH OH H H OH H

Flavanols

O

OH

Epicatechin OH OH H OH OH H
Epigallocatechin OH OH H OH OH OH

Flavanolols

O

O

OH

Silibinin OH OH H H Selane H

Isoflavones
O

O

Biochanin A OH OH H H O-Me H
Genistein OH OH H H OH H
Daidzein H OH H H OH H

aO-Me, methoxy.

recently, in Pgp-overexpressing KB-C2 carcinoma cells, quercetin and kaempferol
significantly inhibited Pgp activity and increased cellular accumulation of rhodamine
123 and daunorubicin.152 The reason(s) for these observed disparate results is still
unclear. One possible explanation might be the existence of multiple drug-binding
sites on Pgp and various allosteric effects of flavonoids on these sites. It has been
shown that quercetin could preferentially bind to the Hoechst 33342–binding site on
Pgp and inhibited Hoechst 33342 transport, presumably via competitive inhibition. In
contrast, binding of quercetin to the Hoechst 33342 site resulted in increased binding
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of rhodamine 123 to another site on Pgp and stimulated rhodamine 123 transport.153

Alternatively, the difference in experimental conditions, such as the different cell
lines, the different substrates and their concentrations, and the concentrations of
flavonoids used, might contribute to the discrepancies as well. As shown in the
MBEC4 study, low concentrations of quercetin and kaempferol activated Pgp pos-
sibly via enhancing the phosphorylation (and hence activity) of Pgp, whereas high
concentrations of quercetin and kaempferol inhibited Pgp directly.149 Despite these
earlier controversial observations, the majority of recent studies have shown that
many flavonoids aglycones have an inhibitory activity on Pgp-mediated drug transport
(Table 22.3).

Using purified C-terminal nucleotide-binding domain (NBD2) from mouse Pgp,
Conseil et al. studied the structure–activity relationship of flavonoids interacting with
Pgp based on their binding affinity. As a suitable tool for the rapid screening of
Pgp modulators, NBD2 contains an ATP-binding site as well as a close but distinct
hydrophobic steroid RU486-binding site.30 It was shown in this study that flavones
(apigenin) and flavonols (quercetin) had higher binding affinity than flavanones (narin-
genin), isoflavones (genistein), or glycosylated derivatives (rutin). Interestingly, the
flavonol kaempferide exibited bifunctional interactions with both the ATP-binding
and hydrophobic steroid–binding sites.30 It was shown in other studies that among
a total of 29 flavonoids tested, flavonols were able to bind to the ATP-binding site
but flavones did not, suggesting the essential roles of hydroxyl at position 3 on the
C ring in interacting with ATP-binding site.154 Moreover, hydrophobic substitution
by prenylation at either position 6 or 8 on the A ring increased the binding affinity
of flavonoids for Pgp NBD2 significantly and abolished the interactions of flavonols
with the ATP-binding site.154 Based on these findings, a tentative mechanism for the
interaction of flavonoids with Pgp was proposed by Di Pietro et al.154 In this model,
flavonols appear to interact with the ATP-binding site via hydroxyl groups at positions
3 and 5 on the A or C ring, whereas the rest of the molecule would interact with the
hydrophobic steroid-binding region. Increasing hydrophobicity by prenylation will
shift flavonol binding from the ATP-binding site to the vicinal steroid-binding and
transmembrane domain (TMD) (Figure 22.1).

Additional structure–activity relationship studies using NBD2 and cell lines sug-
gest that high Pgp-modulating activities are associated with molecules containing a
2–3 double bond (planar structure), 3- and 5-hydroxyl groups, and hydrophobic groups
on the A or B ring. Moreover, glycosylation would dramatically decrease flavonoid
Pgp-modulating activity, as exemplified by rutin, heperidin, and naringin (Table 22.3).
With regard to flavanols (e.g., catechin, catechin gallate, EGC, EGCG), the presence
of a galloyl moiety on the C ring increases their activities markedly.152,154−156

The pharmacokinetic interactions of flavonoids with drug transporters have been
reported in a number of studies, most of which were focused on the interactions
between Pgp and quercetin. Using paclitaxel as a Pgp substrate, Choi et al.157 inves-
tigated the effects of quercetin on paclitaxel pharmacokinetics in rats. It was shown
in this study that the oral administration of quercetin increased the AUC and Cmax of
paclitaxel (po dose, 40 mg/kg) in a dose-dependent manner. At a dose of 20 mg/kg,
quercetin administration resulted in a 3.1- and 2.7-fold increase in paclitaxel AUC and



JWDD059-22 JWDD059-YOU June 21, 2007 12:59

DIET/NUTRIENT INTERACTIONS WITH DRUG TRANSPORTERS 685

OUT

IN

TMD TMD

NBDNBD

Membrane

Flavonol

ATP-
binding

site

ATP-
binding
site

steroid-
interacting

region

steroid-
interacting
region

flavonoid

P
renyl

FIGURE 22.1. Interactions of flavonoids with P-glycoprotein and related multidrug resistance
transporters. Flavonols such as kaempferide, quercetin, and galangin display bifunctional inter-
actions with NBDs at both the ATP-binding site and the hydrophobic steroid-binding region.
Prenylation of flavonoids would greatly increase the hydrophobicity of flavonoids, shifting
the flavonol binding outside the ATP-binding site to vicinal steroid-binding region and TMD
drug-binding site. (From ref. 154, with permission.)

Cmax, respectively. Moreover, the absolute bioavailability of paclitaxel was improved
from 2% (control group) to 6.2% (20 mg/kg quercetin treatment group). The t1/2

and MRT of paclitaxel were also greatly prolonged compared to those of the control
group. Similarly, the oral administration of 40 mg/kg quercetin to pigs increased the
AUC of digoxin (p.o. dose, 0.02 mg/kg) by 170% and increased the Cmax by 413%.
Unexpectedly, increasing the dose of quercetin to 50 mg/kg resulted in sudden death
of two of three pigs within 30 minutes after digoxin administration.37 The adverse
interaction observed in this study raised a serious safety concern of concomitant use
of dietary supplements and clinically important drugs, especially those with a narrow
therapeutic index. In another study, quercetin (100 �M) significantly inhibited Pgp-
mediated transport of moxidectin and enhanced cellular accumulation of moxidectin
in rat hepatocytes. In addition, subcutaneous administration of quercetin (10 mg/kg)
increased the AUC of moxidectin (p.o. dose, 0.2 mg/kg) by 83.8%.158 Interestingly, in
a study by Hsiu et al.,159 the oral administration of quercetin (50 mg/kg) to pigs and rats
resulted in decreases in the AUC of cyclosporine by 56 and 43%, respectively. How-
ever, in a recent clinical study, oral administration of quercetin (5 mg/kg, 30 minutes
or 3 days pretreatment) increased cyclosporine AUC by 36 and 47%, respectively.38

Possible explanations for the contradictory results of cyclosporine might be species
differences, methods of administration (concomitant or separate administration), and
doses (low or high doses). All these studies indicated that flavonoid–Pgp interaction
could occur in vivo. However, the pharmacokinetic interactions observed might re-
sult from the interactions with Pgp and/or CYP3A or both, since most of these Pgp
substrates are also CYP3A substrates.
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Interactions with MRPs A growing number of reports have been published regard-
ing the modulating effects of flavonoids on MRPs. Many flavonoids have been shown
to interact with MRPs, and the potential mechanisms of MRPs reversal might involve
(1) decreasing intracellular glutathione (GSH) concentrations via stimulating GSH
transport, (2) altering the expression of MRPs, (3) influencing drug transport pos-
sibly via direct or indirect binding interactions with MRPs at substrate or allosteric
binding sites, and (4) affecting ATPase activity, ATP binding, and ADP release (Table
22.4). Using recombinant nucleotide-binding domain (NBD1) from human MRP1,
Trompier et al.160 studied the direct interactions of flavonoids with NBD1 and re-
vealed the presence of multiple flavonoid-binding sites. In this study, dehydrosilybin
was found to bind to a ATP-binding site and to inhibit leukotriene C4 (LTC4) transport.
Similar to the case of Pgp, hydrophobic C-isoprenylation of dehydrosilybin increased
the binding affinity for NBD1 but shifted the flavonoid binding outside the ATP site
and decreased the inhibition of LTC4 transport.

A number of structure–activity relationship studies indicated that flavones and
flavonols were more potent in modulating MRP1 activities than were isoflavones, fla-
vanols, flavanones, and flavanolols. Glycosylation of flavonoids resulted in a decrease
in the inhibitory activity.146,161,162 The structural features necessary for high MRP1
inhibitory potency include (1) a planar molecular structure due to the presence of a
2–3 double bond, (2) the presence of both 3′- and 4′-hydroxyl groups on the B ring,
and (3) hydrophobic substitution of 4′-hydroxyl group on the B ring.161−163 In a recent
study including 29 flavonoids, diosmetin (3′,5,7-trihydroxy-4′-methoxyflavone) was
identified as the most potent MRP1 inhibitor, with an IC50 value of 2.7 ± 0.6 �M.162

In contrast to the wide variety of flavonoids that can inhibit MRP1, MRP2 displays
higher selectivity for flavonoid inhibition. Among 29 flavonoids tested, only robinetin
and myricetin inhibited MRP2-mediated calcein efflux, with IC50 values of 15.0 ±
3.5 and 22.2 ± 3.9 �M, respectively. The presence of a pyrogallol group on the B
ring of flavonols was an important structural characteristic of flavonoids for MRP2
inhibition.162

Interactions with BCRP Several recent studies have demonstrated that many natu-
rally occurring flavonoids can inhibit BCRP. Among all the subclasses of flavonoids
tested, flavones seemed to be the most potent BCRP inhibitors164,165 (Table 22.5).
The EC50 values of the flavones chrysin and apigenin for BCRP inhibition (measured
as the concentration of flavonoids for producing 50% of the maximal increase in mi-
toxantrone accumulation in BCRP-overexpressing MCF-7 MX100 cells) were shown
to be within the sub- or low-micromolar range (0.39 ± 0.13 and 1.66 ± 0.55 �M,
respectively).165 Glycosylation dramatically decreased the BCRP-inhibiting activi-
ties of some flavonoids.34,164 Recent structure–activity relationship studies indicated
that high BCRP inhibitory potency was associated with flavonoids with the following
characteristics: (1) a planar molecular structure due to the presence of a 2–3 double
bond, (2) hydroxylation at position 5, (3) lack of hydroxylation at position 3; (4) B
ring attached at position 2, and (4) hydrophobic substitution of a 6, 7, 8, or 4′-hydroxyl
group.165,166 Interestingly, it was shown in a recent study that prenylation at position
6 strongly enhanced both inhibitory potency and specificity of flavones. Compared
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with chrysin (IC50 = 4.6 ± 0.5�M), the inhibitory potency of 6-prenylchrysin was
enhanced significantly (IC50 = 0.29 ± 0.06�M). Moreover, 6-prenylchrysin seemed
to represent a specific BCRP inhibitor since no interaction was detected with either
Pgp or MRP1.166

Interactions with OATP In a recent study, 20 naturally occurring flavonoids and some
of their corresponding glycosides were investigated for their modulatory effects on
OATP-C by using [3H]dehydroepiandrosterone sulfate (DHEAS) as a probe substrate.
Many of the flavonoids tested (including biochanin A, genistein, and epigallocatechin-
3-gallate) inhibited [3H]DHEAS uptake significantly in a concentration-dependent
manner, with biochanin A being one of the most potent inhibitors, with an IC50 of 11.3
± 3.22 �M. A kinetic study revealed that biochanin A inhibited [3H]DHEAS uptake
in a noncompetitive manner with a Ki value of 10.2 ± 1.89 �M. Four of the eight pairs
of tested flavonoids and their glycosides [i.e., genistein/genistin, diosmetin/diosmin,
epigallocatechin (EGC)/epigallocatechin-3-gallate (EGCG), and quercetin/rutin] ex-
hibited distinct effects on [3H]DHEAS uptake. For example, genistin did not inhibit
DHEAS uptake whereas genistein did, and rutin stimulated uptake whereas quercetin
had no effect36 (Table 22.6). In another study using HEK293 cells stably transfected
with OATP-B, Fuchikami et al. identified that some flavanols from green tea extracts
(e.g., catechin, EC, EGC, ECG, EGCG) were potent inhibitors of OATP-B. At a
concentration as low as 10 �M, EC, ECG, and EGCG significantly inhibited OATP-
B-mediated uptake of estrone-3 sulfate.110 Similar to Pgp inhibition, the presence of
a galloyl moiety on the C ring of green tea catechins (e.g., EGCG vs. EGC, ECG vs.
EC) markedly enhanced their potency in both OATP-B and OATP-C inhibition.36,110

22.2.3. Interactions of Organic Isothiocyanates with Drug Transporters

Organic isothiocyanates (ITCs, R N C S), also known as mustard oils, are
widely present in cruciferous vegetables, such as broccoli, watercress, cabbage, and
cauliflower. Human consumption of glucosinolates, the precursors of ITCs in plants,
has been estimated as high as 300 mg/day, and milligram quantities of ITCs can
be released from consumption of normal amounts of vegetables.167,168 Recently, di-
etary supplements containing ITCs have been used increasingly, due to the beneficial
health effects of ITCs, especially cancer chemopreventive effects.169,170 However, the
mechanisms of ITCs in cancer chemoprevention have not been fully characterized.

Recently, a number of studies have indicated that ITCs might reverse resistance
to anticancer drugs via interacting with drug transporters. Using Pgp-overexpressing
MCF-7/ADR and MRP1-overexpressing Panc-1 cells, Tseng et al.171 evaluated the
effects of ITCs on Pgp- and MRP1-mediated transport of chemotherapeutic agents.
Among all the ITCs tested, 1-naphthyl-isothiocyanate (NITC) increased the accu-
mulation of daunomycin (DNM) and vinblastine (VBL) significantly in both resis-
tant cell lines. Benzylisothiocyanate (BITC) and phenylhexylisothiocyanate (PHITC)
increased the accumulation of DNM and/or VBL in MCF-7/ADR cells signifi-
cantly, whereas phenethylisothiocyanate (PEITC), erysolin, PHITC, and phenylbutyl-
isothiocyanate (PBITC) increased the accumulation of DNM and/or VBL in Panc-1
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TABLE 22.6. Interactions of Flavonoids with OATPs

Cell Line Effect on
Flavonoid Used Substrates OATPs Refs.

Flavones
Apigenin HeLa/OATP-C DHEAS ↓ Uptake 36
Chrysin HeLa/OATP-C DHEAS ↔ Uptake 36
Luteolin HeLa/OATP-C DHEAS ↓ Uptake 36
Diosmetin HeLa/OATP-C DHEAS ↓ Uptake 36
Diosmin HeLa/OATP-C DHEAS ↔ Uptake 36

Flavonols
Fisetin HeLa/OATP-C DHEAS ↓ Uptake 36
Galangin HeLa/OATP-C DHEAS ↔ Uptake 36
Kaempferol HeLa/OATP-C DHEAS ↔ Uptake 36
Morin HeLa/OATP-C DHEAS ↓ Uptake 36
Myricetin HeLa/OATP-C DHEAS ↓ Uptake 36
Quercetin HeLa/OATP-C DHEAS ↔ Uptake 36
Rutin HeLa/OATP-C

HEK/OATP-B
DHEAS
Estrone

3-sulfate

↑ Uptake
↓ Uptake

36
110

Flavanones
Hesperitin HeLa/OATP-C DHEAS ↓ Uptake 36
Hesperidin HeLa/OATP-C DHEAS ↓ Uptake 36
Naringenin HeLa/OATP-C DHEAS ↓ Uptake 36
Naringin HeLa/OATP-C DHEAS ↓ Uptake 36

Flavanols
Catechin HEK/OATP-B Estrone

3-sulfate
↓ Uptake 110

Epicatechin HEK/OATP-B Estrone
3-sulfate

↓ Uptake 110

EGC HeLa/OATP-C
HEK/OATP-B

DHEAS
Estrone

3-sulfate

↔ Uptake

↓ Uptake

36
110

ECG HEK/OATP-B Estrone
3-sulfate

↓ Uptake 110

EGCG HeLa/OATP-C
HEK/OATP-B

DHEAS
Estrone

3-sulfate

↓ Uptake
↓ Uptake

36
110

Flavanolols
Silibinin/

silymarin
HeLa/OATP-C DHEAS ↓ Uptake 36

Isoflavones
Biochanin A HeLa/OATP-C DHEAS ↓ Uptake 36
Genistein HeLa/OATP-C DHEAS ↓ Uptake 36
Genistin HeLa/OATP-C DHEAS ↔ Uptake 36
Daidzein HeLa/OATP-C DHEAS ↔ Uptake 36
Daidzin HeLa/OATP-C DHEAS ↔ Uptake 36
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cells. In another study, Hu et al.172 reported that BITC and PEITC were able to deplete
cellular concentrations of glutathione (GSH) in Panc-1 and Caco-2 cells after 2- and
24-hour ITC treatments. However, no significant changes in glutathione-S-transferase
activity were found in the presence of BITC, PEITC, or NITC. In addition, PEITC
and/or its metabolites was shown to be transported by MRP1 and MRP2 but not
by Pgp.172,173 These results indicate that certain dietary ITCs inhibit the Pgp- and
MRP1-mediated efflux of anticancer drugs in MDR cancer cells, and the interactions
probably involve multiple mechanisms.

In a recent study, the effects of 12 ITCs on the cellular accumulation of mitox-
antrone (MX) were measured in BCRP-overexpressing human breast cancer (MCF-7)
and large cell lung carcinoma (NCI-H460) cells. At a concentration of 10 or 30 �M,
seven ITCs increased MX accumulation significantly in both cell lines and reversed
MX cytotoxicity, indicating that ITCs could also modulate BCRP activities.174

22.3. CONCLUSIONS

In recent years, a wealth of evidence has been generated from in vitro and in vivo
studies showing that many diets and nutrients interact extensively with drug trans-
porters and play critical roles in multidrug resistance reversal and drug disposition.
The importance of transporter-mediated diet–drug interactions has been recognized
increasingly and reported in a number of preclinical and clinical studies. Some nutri-
ents rich in fruits and vegetables, such as flavonoids and isothiocyanates, have been
identified as potent inhibitors or inducers of major efflux or uptake transporters. The
structural preferences of flavonoids for some efflux transporters have been described
in several structure–activity relationship studies. However, diet and nutrient interac-
tions with drug transporters still remain largely unknown. Most in vivo interaction
studies reported to date are focused primarily on the interactions between dietary sup-
plements and Pgp. Given the facts that MRPs and BCRP, and OATP are also essential
in drug disposition, it is important to appreciate pharmacokinetic interactions of diet
and nutrients with these transporters. The concentrations of many flavonoids required
to produce significant modulation on activities of these transporters appear to be, in
general, within the micromolar range, which is achievable in the intestine after intake
of food and especially, dietary supplements. Therefore, altered disposition of MRP,
BCRP, and OATP substrates following ingestion of a regular diet is likely to occur
and needs further characterization. Moreover, structure–activity relationship (QSAR)
studies will be crucial to better understand the potential of dietary components for in-
hibiting or inducing drug transport and the potential for significant in vivo diet/dietary
supplement–drug interactions.
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23.1. INTRODUCTION

The liver is a powerhouse of drug-metabolizing enzymes and is of paramount im-
portance in first-pass drug removal since the organ connects the gastrointestinal tract
to the general circulation. Removal of the orally administered dose due to first-pass
removal reduces the fraction of dose absorbed or the systemic bioavailability.1 Upon
reaching the sinusoid, the unbound drug enters the hepatocyte by passive diffusion or
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FIGURE 23.1. Schematic diagram of transport and metabolism of drugs in the hepatocyte
which shows influx transporters such as OATP, NTCP, OAT2, OCT1, and MCT2 at the si-
nusoidal membrane; efflux transporters such as MRP3, MRP4, and MRP6 at the basolateral
membrane; and canalicular efflux transporters such as Pgp or MDR1, MDR3, MRP2, BSEP,
and BCRP at the canalicular membrane. Enzymes such as CYP, UGT, SULT and GST are
present to mediate intracellular metabolism. (From ref. 84, with permission.)

is taken up by transporters. Within the cell, the drug may be effluxed immediately back
to the blood or eliminated irreversibly by metabolism or secretion into the bile. To
date, blood flow, vascular [plasma protein and red blood cell (RBC)] binding, trans-
porters, and metabolic enzymes are regarded as important determinants that affect
hepatic drug extraction.2,3

Most drug removal activities have been attributed to the cytochrome P450s
(CYPs), UDP-glucuronosyltransferases (UGTs), glutathione S-transferases (GSTs),
and the sulfotransferases (SULTs) in accounting for irreversible loss of drug due to
metabolism.4 Uptake transporters on the sinusoidal membrane include the OATPs
(organic anion transporting polypeptides), NTCP (sodium-dependent taurocholate–
cotransporting polypeptide), OCTs (organic cation transporters), and MCT2 (mono-
carboxylic acid transporter 2), and the ABC transporters, Pgp (P-glycoprotein or
MDR1, multidrug resistance protein 1), MRP2 (multidrug resistance–associated pro-
tein 2), BSEP (bile salt export pump), and BCRP (breast cancer resistance protein) on
the canalicular membrane (Figure 23.1).5−9 Moreover, it is recognized that hepatic
uptake transporters may rate-limit metabolism and excretion in the liver.10−12 Zonal
heterogeneities of transporters and metabolic enzymes further modulate drug disposi-
tion in the liver.13,14 For phase II reactions, rate-limiting roles for cosubstrates15,16 in
conjugation reactions have been described. Complicating factors include the intercon-
version or futile cycling between drug and metabolite, as this presence tends to alter the
simple relationships of clearance with respect to transporters, enzymes, and flow.17−22

The hepatic microcirculation consists of the dual perfusion from the portal vein (PV,
75%) and hepatic artery (HA, 25%). The flow pattern to the liver and the micromixing
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of the circulation are of paramount importance. The incompleteness of micromixing
of PV and HA and bypass of the HA will affect drug clearance in liver.23−26 If flow
to the region is absent, metabolism and excretion would not occur. Hence, drugs in
the circulation are delivered to the sinusoidal membrane and must recruit transporters
for entry or enter passively before they are acted on by the enzymes intracellularly.
The flow pattern is expected to be more important in the modulation of clearances of
drugs with high hepatic extraction ratios.27

23.2. MODELS OF HEPATIC DRUG CLEARANCE

The efficiency of hepatic removal is based on clearance concepts. Hepatic clearance
(CLliver,tot) is the volume of perfusing blood cleared of the drug per unit time. CLliver,tot

is a proportionality constant that equals the rate of elimination divided by the concen-
tration of drug entering the liver and is the product of the hepatic blood flow (Q) and
the extraction ratio (E).28 The relationship that CLliver,tot = QE is simple but mislead-
ing, since E is modulated by common factors such as flow rate, unbound fraction, the
enzymes, and transporters.

Various hepatic clearance models have been developed to elucidate the removal
mechanisms and predict drug extraction in the liver. Two conventionally used models
are the well-stirred model, which views the liver as a well-stirred compartment with
concentration of drug in the liver in equilibrium with that in the emergent blood,
and the parallel tube model, which regards the liver as a series of parallel tubes with
enzymes distributed evenly around the tubes, with the concentration of drug declin-
ing along the length of the tube.27−31 These models reflect extreme flow conditions
of complete and rapid mixing (well-stirred model) or lack of mixing (parallel tube
model) (Figure 23.2). The reality is an intermediate degree of mixing, the dispersion
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FIGURE 23.2. Hepatic clearance models based on flow patterns: (a) bulk flow, infinite mixing:
well-stirred model (dispersion number DN = ∞); (b) plug flow, no mixing: parallel tube model
(DN = 0); (c) dispersion flow, intermediate mixing: dispersion model (DN > 0).
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model, imparting some finite value for the DN number that yields asymmetric outflow
dilution curves.32,33 The three models have been extended to include the sinusoidal
transmembrane barrier34−38 for a description of the hepatic clearances of solutes.
Other hepatic clearance models include the enzyme-distributed model,39 the series-
compartment model,40 the zonal-compartment model,14 and Goresky’s model that
describes variable capillary transit times and barrier-limited transport.41 Zonal het-
erogeneities of enzymes and transporters13,42,43 are additional variables that need to
be considered in hepatic drug clearance model. This is particularly important for
highly extracted compounds in which cellular substrate concentration is maintained
low and enzymes and transporters compete for the substrate.

In the absence of a barrier and futile cycling, the important equations detailing the
steady-state extraction of the models are for the well-stirred model,

E = fuCLint

fuCLint + Q
(1)

for the parallel-tube model,

E = 1 − e− fu CLint/Q (2)

and for the dispersion model,

E = 1 − e−[ fu CLint/Q + ( fu CLint/Q)2 DN ] (3)

where fu is the unbound fraction in the vasculature (plasma or blood with rapid
drug equilibration), CLint the total intrinsic clearance (sum of Vmax/Km or intrinsic
clearances for metabolism and excretion under first-order conditions), Q the blood
flow rate and DN the dispersion number. The equations have been extended to include
transport barriers. For the well-stirred model,

E = fuCLinfluxCLint

QCLefflux + CLint(Q + fuCLinflux)
(4)

for the parallel tube model,

E = 1 − e− fu CLintCLinflux/[Q(CLint + CLefflux)] (5)

and for the dispersion model,

E = 1 − e−[(1−√
(1+4DNRN))/(2DN)] (6)

where the efficiency number RN contains terms pertaining to unbound fraction fu , the
total intrinsic clearance CLint, and the influx and efflux clearance parameters CLinflux

and CLefflux, respectively:

RN = fuCLintCLinflux

Q(CLefflux + CLint)
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23.3. IN VITRO SYSTEMS

Questions are often posed as to how to interrelate in vitro data to in vivo data: namely,
how to model the data in order to answer questions mechanistically and make pre-
dictions. Vital information is provided from in vitro systems to arrive at transport
data to predict events in vivo. The in vitro systems for the study of drug transport
include use of cell lines transfected with transporter genes44,45 and hepatocyte uptake
studies.1,46,47 Transfected cells and freshly prepared isolated hepatocytes are often
used to determine, within the linear uptake period, the extent of cellular accumula-
tion to yield the initial velocity of uptake (amount/time). Beyond these time points,
efflux and metabolism become dominant and drug accumulation is no longer pro-
portional to time. The velocity data derived may be fitted to the Michaelis–Menten
equation or similar relationships to provide the maximum transport capacity (Vmax)
and affinity constant (Michaelis-Menten constant Km or concentration of drug at
half Vmax). Because of the time-involvement and lack of availability of human livers
for the preparation of fresh hepatocytes, cryopreservation has been used to retain
and preserve functions of the hepatocyte.48,49 Zonal hepatocytes, prepared accord-
ing to the digitonin–collagenase method of Lindros and Pentı̈lla,50 have been used
for the study of acinar drug uptake. Vesicles from either basolateral or canalicu-
lar membranes may be used for study. The transmembrane transport often aims at
identification of the driving forces of uptake.51,52 Inside-out vesicles are needed for
examination of canalicular transport, especially for drugs that are too polar to traverse
the basolateral membrane. With molecular cloning, in vitro gene expression systems
in Xenopus laevis oocytes or mammalian cells have been applied extensively to drug
transport studies, in either transiently or stably transfected systems.44,45,53,54 Dou-
ble transfection systems that express rat transporters such as Ntcp/Bsep55 have been
developed. Moreover, double-transfected MDCK II or LLC-PK1 cells expressing
human OATP2/MRP2,57,58 OATP2/MDR1, OATP2/BCRP,59 or OATP8/MRP2,60,61

or even quadruple-transfected cells62 have been utilized to study vectorial transport
of solutes in cell monolayers. Transgenic animals bearing a human transporter gene
have succeeded to show that the Eisai hyperbilirubinemic rat that is deficient in Mrp2
could regain its ability to excrete Mrp2-substrates into bile.63

Analogously, many systems exist at the subcellular level: the S9 fraction, cytosol,
and microsomes purified enzyme systems64,65 for the assessment of metabolic ac-
tivities. In other systems, transgenic animals,66−68 antibodies,69 and reconstituted or
cDNA-expressed systems70 are used routinely to identify the metabolic system as
well as the kinetic parameters (Km and Vmax). However, one drawback of these in
vitro studies is that the cofactors or cosubstrates are usually added in excess, and this
type of study rarely divulges the rate-limiting role of cofactors or cosubstrates that
may be depleted in vivo.15,16 In other instances, the in vitro system is not able to fully
reflect the activity of the enzyme in vivo.71,72

The isolated hepatocyte that retains the intact cellular membrane houses both trans-
porters and enzymes and encompasses the pertinent information for both transporter
and enzymes.11,21 Similar types of information may be obtained in the sandwich-
cultured hepatocytes73−75 and bioreactors composed of cultured hepatocytes.76,77

However, caution is needed with cultured systems since enzyme levels and regulators
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and coactivators may be dependent on the culture system. Some of the models may be
cholestatic in nature, due to the inability to clear bile acids from the canaliculi when
cells are in culture. Liver slices, standardized and improved with precision cut,78,79

are also useful in the investigation of drug biotransformation and toxicity. Others have
used gene-knockout or mutant animals.80−83

In this chapter we highlight the use of in vitro data in unraveling the mechanisms
and rate-limiting steps underlying the hepatic clearances of drugs, some of high extrac-
tion ratios and some of poor extraction ratios. Data from the perfused liver preparation
were used since the intact organ consists of flow perfusing the hepatocytes in their
native cellular architecture and environment, and the system provides a platform to
investigate interplay of the determinants of drug clearance.84 We demonstrate how in
vitro data on transport and metabolism may be used within simple (PBPK) and zonal
(ZPBPK) physiologically based pharmacokinetic models to provide an integrated ap-
proach to study the hepatic drug extraction. We found that there is a good correlation
between data in vitro from hepatocytes for transport and those in the perfusion sys-
tem. The resulting model may be utilized for the study and prediction of the interplay
between transporters and enzymes.

23.4. SIMPLE AND ZONAL PHYSIOLOGICALLY
BASED PHARMACOKINETIC MODELS

The zonal model is based on extending the simple physiologically based pharmacoki-
netic model (PBPK) (Figure 23.3a).85,86 The recirculating system includes three zones
in the liver to describe heterogeneities of transporters and enzymes (Figure 23.3b).14

The simple PBPK model consists of the reservoir or the central (blood) compart-
ment, the liver plasma or blood (PL), liver tissue (L), and bile compartment (bile).
Upon expansion, the new ZPBPK model comprises the periportal (PP, around the
portal region, at the inlet), midzonal, and perivenous (PV, around the central vein, at
the outlet) regions.14 Transport clearances across the sinusoidal membrane for drug
from hepatic plasma to tissue and from tissue to hepatic plasma are characterized by
influx (CLinflux) and efflux (CLefflux) intrinsic clearances, respectively, and these are
designated with the subscript, i to denote each i th zonal region. Drug within tissue
is metabolized by enzymes of intrinsic clearance, CLint,met(Vmax/Km for first-order
condition); the Vmax,i for each zonal region may vary to reflect enzyme zonation,
whereas Km is constant among the zones. Biliary excretion of drug is a function of
the biliary intrinsic clearance, CLint,sec, and these may be subdivided into CLint,sec,i for
the canalicular membrane for each respective zonal region (Figure 23.3b). The total
intrinsic clearance of the liver is the

∑
CLint,i for i = 1 to 3. Through our experience

with modeling and simulation with any given intrinsic clearance, the repetitive re-
moval of drug by enzymes or canalicular proteins that are dispersed among the zonal
regions would furnish a higher extraction efficiency than that when the enzymes or
canalicular transporters are confined within one compartment only.

Much was learned from the simpler physiologically based pharmacokinetic
(PBPK) model, since solutions for the biliary (CLliver,ex), metabolic (CLliver,met), and
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FIGURE 23.3. Simple (PBPK) (a) and zonal (ZPBPK) (b) physiologically based pharma-
cokinetic models. In the PBPK model (a), the liver compartment consists of the liver blood,
tissue, and bile compartments. Influx (CLinflux) and efflux (CLefflux) clearances, as well as the
metabolic (CLint,met) and secretory (CLint,sec) intrinsic clearances, regulate levels of the drug
in tissue (DL ), plasma (DP), and reservoir (DR). M is the total amount of metabolite formed,
including the amounts of metabolite in reservoir, bile, and liver tissue as well as those for
subsequently formed metabolites; Q and Qbile are the liver blood flow and bile flow rates,
respectively. In the ZPBPK model (b), the liver is divided into three zones (PP zone or zone 1,
middle zone or zone 2, and PV zone or zone 3) according to the hepatic microcirculation. A
subscript i denotes the influx (CLinflux,i ), efflux (CLefflux,i ), and metabolic (CLint,met,i ) and se-
cretory (CLint,sec,i ) intrinsic clearances in different zones. The models may be further modified
by RBC partitioning and unbound fraction in plasma, f p .
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total (CLliver,tot) clearances existed with the physiological variables: the hepatic flow
rate (Q), unbound fraction (denoted by fu and fL , the unbound fractions in plasma and
tissue, respectively), CLint,met, CLint,sec, and the basolateral influx (CLinflux) and efflux
(CLefflux) clearances.85,86 Modeling readily considers the binding of drugs that parti-
tion rapidly or slowly into RBCs. All of the above named parameters would influence
clearances in a complex fashion (Table 23.1).85 As shown, the unbound fraction in
tissue is absent under first-order conditions, showing that tissue binding is irrelevant
for first-order conditions. It is immediately recognized from these mathematical re-
lations that the secretory intrinsic clearance (CLint,sec) is present in the determination
of the metabolic clearance (CLliver,met), and the metabolic intrinsic clearance term
(CLint,met) is present in the determination of the excretory clearance (CLliver,ex). Upon
dividing the equations, it may be shown that

CLliver,ex

CLliver,met
= CLint,sec

CLint,met
(7)

Equation (7) may be used to ascertain CLint,sec, which normally remains obscure in
the intact liver. Since CLliver,ex and CLliver,met are measured parameters, and CLint,met

may be estimated from in vitro studies, CLint,sec may be estimated from equation (7).
The next strategy was to express heterogeneity from in vitro data to the ZPBPK

model. Normally, we obtain direct measurements of the biliary clearance, CLliver,ex.
The metabolic clearance, CLliver,met, is obtained either directly or indirectly as the
difference between total and the biliary clearances. Since CLint,met may be estimated
from in vitro studies (S9, microsomal or cytosolic incubations), CLint,sec may be
approximated by equation (7), which will hold true when all of the transporters and
enzymes are evenly distributed among the zones (unpublished simulations). But equa-
tion (7) will not hold when transporter/enzyme heterogeneity and futile cycling exist,
as will be divulged later with the example on estradiol 17�-d-glucuronide (E217G).
Nonetheless, the estimate of CLint,sec from equation (7) provides an initial estimate
for fitting purposes. The acinar transporter activity for the canalicular (described by
CLint,sec) or sinusoidal (CLinflux or CLefflux) membrane may be assessed qualitatively
from confocal microscopy or from Western blotting on the relative expression of
transporter proteins in preparations derived from PP and PV hepatocytes.47,87 Direct
verification of acinar transport may be secured from uptake studies involving zonally
enriched isolated hepatocytes.46,47,87

23.5. INTERPLAY BETWEEN TRANSPORTERS AND ENZYMES

After verification of the appropriateness of the PBPK and ZPBPK models with various
drug examples, these models may then be used for examination of the interplay
between enzyme and transporter. The first account was from Sirianni and Pang,85

who solved the equations and examined the competition between metabolism and
excretion in the PBPK model. Based on sound modeling and pharmacokinetic theory,
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it may be deduced that suppression of one pathway should elevate the rate of drug
removal by compensatory pathways, whereas total clearance would be decreased.85,87

23.5.1. Enalapril

Enalapril, an angiotensin-converting enzyme (ACE) inhibitor, is taken up by rat
Oatp1a1 and human OATP1B2 into the liver53,88 and is metabolized by the car-
boxylesterases to enalaprilat in the hepatocyte, demonstrating a moderately high ex-
traction ratio (E ∼ 0.7) (Figure 23.4).90 The precursor–product pair is excreted via
Mrp2/MRP2 into bile in the rat and human livers.88 In the rat, the metabolic intrinsic
clearance (Vmax,met/Km,met under the linear conditions) was estimated from S9
fractions.14 Further probing with zonal cells showed acinar metabolism with zonal
S9 fractions, but there was a lack of heterogeneity in the transporters, Oatp1a1 and
Mrp2 (Figure 23.5) (Table 23.2).

Taking the view that the ratio of the excretory to metabolic clearances equals the ra-
tio of the intrinsic clearances (CLint,sec/CLint,met) under linear conditions [equation (7)]
for the PBPK model, estimate of the CLint,sec may be obtained with known excretion
and metabolic clearances, and the experimentally determined value of CLint,met from
either S9 or microsomal–cytosolic preparations. The only unknown left is CLefflux,
which may be estimated according to the equations for the well-stirred, parallel tube,
or dispersion models [equations (4) to (6)]. The estimates may be used as initial
estimates for fitting with the simple PBPK model to the data (Table 23.3).

The parameters derived may be utilized to simulate various conditions to test the
effects of each of the variables on hepatic drug extraction. To study the interplay of
transporters and enzymes in hepatic drug processing, CLint,sec may be changed from
100% to 200%, then 50% with the PBPK model; it is noted that when CLint,sec equals
zero, the condition mimics the EHBR liver that lacks Mrp2, the transporter responsible

CH2

CH2
CH2

COOCH2CH3

O

N

COOH

EN ENA

COOH

O

N

COOH

CH NH CH CCH NH CH C

Sinusoidal
Efflux

carboxylesterase

Oatp1a1

hepatocyteMrp2 Mrp2
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fpEN ENbound

CH2

CH2
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FIGURE 23.4. Biological fate of enalapril (EN) and its metabolite, enalaprilat (ENA), in
rat liver. Enalapril but not its diacid metabolite enalaprilat is taken up by Oatp1a1, and both
compounds are excreted into bile via Mrp2; enalapril is metabolized to enalaprilat by the
carboxylesterases. (From ref. 87, with permission.)
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FIGURE 23.5. Uptake of enalapril by PP (solid circle) and PV (open circle) rat hepatocytes
with increasing concentrations (mean ± S.D., n = 4). The lines are based on the average fitted
constants shown in Table 23.2 for a single saturable uptake component (a). Protein expression of
Oatp1a1 and Oatp1a4 in sinusoidal membrane fragments (b) and of Mrp2 and Pgp in canalicular
membrane fragments (c) was similar to that for PP and PV hepatocytes. (From refs. 12, 47,
and 89, with permission.)

for the canalicular transport of enalapril into bile.88 The process is then repeated for
CLint,met, which is changed from 100% to 200%, then 50%; the CLint,sec value and other
parameters are kept unchanged for the simulation. One conclusion that may be made
from the simulation results is that a change in CLinflux or CLefflux would result in similar
trends for the biliary, metabolic, and total clearances. When the influx clearance is
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TABLE 23.2. Kinetic Parameters for Metabolism of Enalapril by S9 Enzymes Derived
from Homogeneous or Zonal Rat Hepatocytes and the Transport Constants Derived
from Initial Uptake Velocities by Homogeneous or Zonal Rat Hepatocytes

Km (�M) Vmax (nmol/min/g liver)

Transporta

Periportal hepatocytes 461 ± 117 1235 ± 260
Perivenous hepatocytes 441 ± 50 1352 ± 260
Homogeneous hepatocytes 344 ± 52 1430 ± 195

S9 metabolismb

Periportal hepatocytes 1049 ± 335 547 ± 310
Perivenous hepatocytes 2612 ± 236 2096 ± 600
Homogeneous hepatocytes 1308 ± 419 800 ± 300

Source: Refs. 14 and 47; with permission.
aBased on 130 × 106 cells per gram of liver.
bBased on 100 mg of S9 protein per gram of liver.

increased or decreased, all of the clearances increase or decrease concomitantly,
but the ratio of the biliary–metabolic clearances remains unchanged (Figure 23.6a),
since CLint,sec/CLint,met is constant [equation (7)]. The reverse trend holds for the
basolateral efflux clearance (Figure 23.6b); a decrease of CLefflux would bring about
increases in the clearances, whereas an increase in CLefflux evokes decreases in the
clearances. The ratio of drug metabolized to excreted would remain unchanged, since
CLint,sec/CLint,met is constant [equation (7)]. These changes are well predicted by the
equations shown in Table 23.1, and the results are summarized in Table 23.4.

Changes in CLint,sec or CLint,met will modulate the clearances differentially. As
may be envisioned, many scenarios may be simulated to demonstrate the competing
nature of transporters and metabolic enzymes. For enalapril that is excreted only to
a minor extent, exhibiting a low CLint,sec, the metabolic and total clearances would
be modulated only very slightly with changes in CLint,sec (Figure 23.6d), whereas
changes in CLint,met would evoke large changes in the total, metabolic, and biliary
clearances (Figure 23.6c; Table 23.4). Generally speaking, for a drug that undergoes
metabolism and biliary secretion, an increase in the intrinsic clearance of one pathway
will decrease the observed or “apparent” clearance of the alternative pathway, and
the total clearance is increased. By contrast, a decrease in intrinsic clearance of one
pathway will increase clearance of the alternative pathway and decrease the total
hepatic clearance. These compensatory mechanisms (seesaw phenomenon) are due
to changes in the intracellular substrate concentration, increasing upon inhibition and
decreasing with activation of the elimination pathways. The ratio of the biliary and
metabolic clearances will change when the intrinsic metabolic or secretory clearance
is altered (Figure 23.6c and d).

With the added complexity of zonation in enzymes, the ZPBPK model that en-
compasses zonal metabolism of enalapril has been added as an illustration. The total
CLint,met, being the sum of the zonal intrinsic clearances, CLint,met,i (PP, midzonal, and
PV activities represented 27, 32, and 41% of the total CLint,met from S9 studies), is the
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TABLE 23.4. Similar Trends in the Total Hepatic, Metabolic, and Excretion Clearance
When the Influx, Efflux, Metabolic, or Secretory Intrinsic Clearances Are Changed
Under Linear Conditions for Both the Single Liver Compartment PBPK Model
(Figure 23.3a) and the ZPBPK Model (Figure 23.3b)

Predictions for Clearances

Changes CLliver,tot CLliver,met CLliver,ex

↑ CLinflux ↑ ↑ ↑
↓CLinflux ↓ ↓ ↓
↑ CLefflux ↓ ↓ ↓
↓CLefflux ↑ ↑ ↑
↑ CLint,met ↑ ↑ ↓
↓CLint,met ↓ ↓ ↑
↑ CLint,sec ↑ ↓ ↑
↓CLint,sec ↓ ↑ ↓
↑ fP or fu ↑ ↑ ↑
↓ fP or fu ↓ ↓ ↓

basis of the simulations. With the heterogeneity of enzyme included in the ZPBPK
model, clearances and trends in the transporter–enzyme interplay are similar to
those for the simple PBPK model (cf. Figures 23.7 and 23.6). With the CLint,met

unevenly dispersed among the zones, slightly higher clearances result for the ZPBPK
model than that predicted by the PBPK model. The ratio CLliver,met/CLliver,ex is not
CLint,met/CLint,sec for the ZPBPK model (Table 23.4). Similar to the results obtained
for the PBPK model (Table 23.4), decreasing the intrinsic clearance of one elimination
pathway will increase the apparent clearances of alternative removal pathways, and
the total hepatic clearance is decreased, whereas increasing the intrinsic clearance of
one pathway will decrease the apparent clearances of alternative pathways and total
clearance will be increased (Figure 23.7c and d).

There are various unexpected results in the literature: namely, the inhibition of
P-glycoprotein (Pgp or Mdr1) appeared to produce an increase in CLliver,tot.

92,93 The
observation is tenable only when efflux is also reduced in the presence of inhibitors.87

It must be borne in mind that inhibitors or inducers exert multiple actions in addition
to their actions on certain pathways. Simulation studies are of great utility to show
the underlying mechanism for the changes in clearance.

23.5.2. Digoxin

The second example is digoxin (Dg3), a commonly used cardiotonic drug. In the
rat liver, digoxin is metabolized primarily by cytochrome P450 3a2 (Cyp3a2) that
is enriched in the PV zone94 to di- and monodigitoxosides as well as digoxigenin
(Figure 23.8).95,96 In addition, digoxin is excreted unchanged into bile by Pgp.80 The
transport of digoxin into rat hepatocytes is by passive diffusion and Oatp1a4, shown in
transport studies involving Oatp1a4-transfected Xenopus laevis oocytes97−99 or LCC-
PK1 cells.54 Digoxin uptake into rat zonal (PP and PV) hepatocytes showed similar
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fLDg3L Dg2L Dg1L
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FIGURE 23.8. Schematic presentation of the fates of digoxin (Dg3) and its metabolites, Dg2
(di-digitoxoside), Dg1 (mono-digitoxoside), and Dg0 (digoxigenin) in the rat liver. Dg3 is
taken up by Oatp1a4 and is excreted via Pgp/Mdr1 into bile. Dg3 is metabolized by Cyp3a to
Dg2, Dg1, and Dg0. (From ref. 96, with permission.)

uptake clearances when estimated as the sum of saturable (CLuptake or Vmax/Km)
and nonsaturable (PSuptake) components (Figure 23.9 and Table 23.5). The findings
contrasted with those of others who showed a perivenous abundance of Oatp1a4.100

Western blotting (Figure 23.5b) and confocal immunofluorescent microscopy verified
the lack of zonal distribution of the Oatp1a4.89 These, when scaled up, provided the
influx clearance (CLinflux) for the transport of digoxin into rat liver. The distribution
of Pgp/Mdr1 in zones 1, 2, and 3 was similar (Figure 23.5c).89

Modeling of the digoxin data (reservoir and bile) from recirculating rat liver per-
fusion studies in the absence of RBCs and albumin at a 40-mL/min flow rate (KHB–
perfused liver), and with 20% RBC–1% albumin at 10 mL/min (RBC–alb–perfused
liver) was successful (Figure 23.10).89 Normally, the free drug concentration may
be estimated as the unbound fraction multiplied by the total drug concentration.
However, the slow exchange of digoxin between plasma and RBCs (Figure 23.8)
necessitated consideration of these binding–debinding rate constants in the ZPBPK
model (Figure 23.3b). The exchange-rate constants from plasma to RBCs (kpr or
0.468 ± 0.021 min−1) and from RBCs to plasma (k ′

rp or 1.81 ± 0.12 min−1) of
digoxin demonstrate a slow (RBC) distribution and modest plasma protein binding
(an unbound plasma fraction of 0.64).89 The slow efflux from RBCs may constitute
an impediment to drug removal.101 To enable fitting, the uptake clearance CLinflux,
provided by scale-up of hepatocyte uptake data (Table 23.5), and the parameters on
RBC partitioning (kpr and k ′

rp) and digoxin binding in plasma (an unbound fraction in
f p) were assigned. The values of CLinflux,i , CLefflux,i , and CLint,sec,i were partitioned
evenly for each zone (one-third of the value of the liver), whereas that for CLint,met,i

for metabolism by Cyp3a2 for zones 1, 2, and 3, respectively, was assigned arbitrarily
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FIGURE 23.9. Rates of digoxin uptake by PP and PV isolated rat hepatocytes (n = 4): the
fitted lines are the sum of saturable (small dashed lines) and nonsaturable (medium dashed
lines) components. (From ref. 89, with permission.)

TABLE 23.5. In Vitro Metabolism and Transport Data on Digoxin in the Rat Hepatic
Microsomes and Isolated Zonal Hepatocytes

K a
m V a

max PSb
uptake CLc

int

(nM) (pmol/min/mg) (�L/min/mg) (�L/min/mg)

Metabolismd 125,000 362 — 2.90
Transport

Periportal hepatocytes 180 ± 112 13 ± 8 9.2 ± 1.3 83 ± 29
Perivenous hepatocytes 390 ± 406 18 ± 4.9 10.7 ± 2.5 111 ± 80

Source: ref. 89; with permission.
aSaturable component.
bNonsaturable or linear uptake clearance.
cTotal hepatocyte uptake clearance is equal to Vmax/Km + PSuptake under linear conditions; PSuptake is the
permeability–surface area product by passive diffusion.
d Metabolic data from Salphati and Benet.96
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FIGURE 23.10. Fits of the Dg3 data in reservoir (Dg3R) and bile (Dg3bile) to the ZPBPK
model (Figure 23.3b) for the KHB-perfused (without binding) (a) and RBC-Alb-perfused (with
binding) (b) livers. The solid triangle symbols are observations on the summed amounts of Dg2
in reservoir and bile (% dose); however, the total amount of Dg2 formed (Dg2total) predicted,
was underestimated since Dg2 amounts in liver was not accessible for all time points. (From
ref. 89, with permission.)

as 10, 30, and 60% of the total CLint,met (Table 23.6). Again, the fit to the ZPBPK
model provided reasonable estimates of CLefflux, CLint,met, CLint,sec, and fL and was
consistent with the data (Figure 23.10) and the observed clearances (Table 23.6).

Simulations are then made to illustrate the various relevant points pertaining to the
removal of digoxin, a poorly cleared compound. When the blood flow rate is increased
from 10 mL/min to 40 mL/min, it is apparent that the flow would not perturb the
concentration profile and decay processes of digoxin, a poorly extracted compound
(Figure 23.11a). Whereas when red cell binding is set as nonexistent (kpr = k ′

rp = 0),
the decay profile of digoxin is hastened, and all clearance values, excretory and
metabolic, are increased (Figure 23.11b). When albumin binding is further set as
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TABLE 23.6. Assigned and Fitted Parameters to ZPBPK Based on Average Data of
Digoxin

Observed/Assigned

RBC-Alb-Perfused Livers
(20% RBC–1% Albumin)

Fitted/Predicted

ZPBPK1a ZPBPK2b

Q (mL/min/g) 0.811
Hct 0.142
VR (mL/g)c 12.2
VS (mL/g)d 0.149
VL (mL/g)e 0.663
k′

rp (min−1) f 1.81
kpr (min−1) f 0.468
f p

g 0.64
CLinflux (mL/min/g)h 12.1
CLefflux (mL/min/g) 14.3 ± 388 14.1 ± 204
CLint,met (mL/min/g) 0.202 ± 5.49 0.197 ± 2.84
CLint,sec (mL/min/g) 0.017 ± 0.469 0.017 ± 0.250
fL 0.051 ± 1.40 0.052 ± 0.749
CLliver,ex (mL/min/g) 0.011 ± 0.007 0.008 0.008
CLliver,met (mL/min/g) 0.103 ± 0.051 0.093 0.094
CLliver,tot (mL/min/g) 0.123 ± 0.061 0.101 0.102
E 0.144 ± 0.054 0.125 0.126

Source: ref. 89.
aFitted parameters when the metabolic activity, CLint,met, was distributed heterogeneously
(10% : 30% : 60% of total intrinsic clearance in zones 1, 2, and 3, respectively).
bFitted parameters when CLint,met was distributed homogeneously in zones 1, 2, and 3.
cMean of reservoir volume normalized to averaged liver weight.
d Sinusoidal blood volume of liver.
eCellular water space of liver.
f Partition rate constants of digoxin between plasma and RBCs.
gUnbound fraction in plasma (1 and 2% albumin) for 0.01 to 100 �M of digoxin.
hCalculated from data of Table 23.5, the in vitro, hepatocyte uptake data were scaled up with the scaling
factor (�/�, where � is 1.25 × 108 cells/g liver and � is 1 × 106 cells/mg protein).11

zero ( f p = 1), steeper changes in decay are observed, and all of the clearance values
are increased further (Figure 23.11b). Trends simulated for the interplay between
transporters and enzymes (Figure 23.12) are identical to those of enalapril (Figures
23.6 and 23.7). The simulated results from digoxin with the ZPBPK model (with and
without heterogeneous distribution of Cyp3a2, ZPBPK1, and ZPBPK2, respectively;
Table 23.6) again confirm identical trends on the competing nature of transporters
and metabolic enzymes, as observed previously for enalapril (Table 23.4). The lack
of effect of flow on the clearances of digoxin is consistent with the fact that digoxin
is a poorly extracted compound. Due to the low E, the presence of heterogeneity of
enzyme CLint,met,i is also devoid of effect since the intrahepatic concentration gradient
is shallow, and the enzyme is unable to perturb the substrate concentration within
the cell.



JWDD059-23 JWDD059-YOU June 13, 2007 14:57

INTERPLAY BETWEEN TRANSPORTERS AND ENZYMES 729

Time (min)

0 100 200 300 400 500

A
m

ou
nt

 (
%

 d
os

e)

0.1

1

10

100
Dg2 total

Dg3R

Dg3bile

Time (min)

0 100 200 300 400 500

A
m

ou
nt

 (
%

 d
os

e)

0.1

1

10

100

Dg3bile

Dg2total

Dg3R

(b)

(a)

FIGURE 23.11. Simulation of the effect of flow rate (a) or binding (b) on Dg3 in reservoir
(Dg3R), bile (Dg3bile), and total Dg2 formation (Dg2total) with the ZPBPK model (Figure 3b).
(a) The flow rate was increased from 10 mL/min (solid line) to 40 mL/min (dashed–dotted line);
(b) The on and off binding constants for digoxin with red cells were set as zero (k ′

rp = kpr = 0)
(dashed–dotted line), suggesting lack of RBC binding, and binding to BSA was further set to
zero ( f p = 1) (dashed line). (From ref. 89, with permission.)

23.5.3. Estradiol 17�-d-Glucuronide

Estradiol 17�-d-glucuronide (E217G) is taken up into rat hepatocytes at the sinu-
soidal membrane by members of the sodium-independent organic anion transporting
polypeptide: Oatp1a1, Oatp1a4, and Oatp1b2 (Figure 23.13).102−104 In the rat liver,
futile cycling between E217G and estradiol 3-sulfate-17�-d-glucuronide (E23S17G)
occurs via estrogen sulfotransferase or sulfotransferase 1e1 (Sult1e1) and arylsulfa-
tase C.105 Since the metabolite, E23S17G, is not transported across the sinusoidal
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FIGURE 23.13. Schematic of the biological fate of E217G in rat liver. E217G is sulfated
by Sult1e1 to E23S17G, which may be desulfated by arylsulfatases back to E217G. Influx
transporters (Oatp1a1, Oatp1a4, and Oatp1b2) bring E217G into the liver. The conjugated
estrogens, E217G and E23S17G, may be excreted into bile by Mrp2 and Bcrp, or efflux out by
Mrp3 and Mrp4. (From ref. 105, with permission.)

membrane, the metabolite appears exclusively in bile.105 Both E217G and E23S17G
are excreted by Mrp2, and to a lesser extent Bcrp, into bile.106−109 The efflux of E217G
at the basolateral membrane may be mediated by Mrp3 and Mrp4,110,113 whose levels
are very low at physiological conditions unless cholestasis occurs.9,111,112,114

In a metastatic liver tumor model in which microcirculatory changes were absent
in male Wag/Rij rats,115 enzymes and transporters in the peritumor tissue were found
to be altered with tumor progression. Specifically, Oatp1a1 and Oatp1b2 were de-
creased significantly (40%) compared to those in sham-operated rat liver; sulfatase
activity was unchanged, whereas sulfotransferase activity by Sult1e1 was increased
significantly (Figure 23.14).105 These in turn altered the removal kinetics E217G (Fig-
ure 23.15). The data from both sham-operated and metastatic tumor liver have been
fit to a PBPK model that includes futile cycling. The fit revealed a decreased influx
clearance (CLinflux, 40% decrease) and increased sulfation activity (CLint,met, 40%)
(Table 23.7). The model is able to predict the perfusion data (Figure 23.15), with and
without tumor, and altered protein levels of enzyme and uptake transporters (Figure
23.14). For E217G that is taken up rapidly, however, the decrease in CLinflux in tumor
liver would not reduce the overall clearance of E217G, since the CLinflux remains to
be very high. When the decrease in CLinflux exceeds 40% (Figure 23.16), the reduc-
tion in clearance (total, biliary, and metabolic) would then become apparent. For this
flow-limited and highly cleared substrate, increased Sult1e1 levels increases sulfation
and the net metabolic clearance, bringing about a reduction in the biliary excretion
clearance (Table 23.7).



JWDD059-23 JWDD059-YOU June 13, 2007 14:57

732 INTERPLAY OF DRUG TRANSPORTERS AND ENZYMES

(a)

(b)

Oatp1a1

Oatp1a4

Mrp2

Sult1a1

Sult1e1

Sult2a1

Sham-operated Peritumor 

Oatp1b2

Oatp1a1 Oatp1a4 Oatp1b2 Mrp2 Sult1a1 Sult1e1 Sult2a1

R
el

at
iv

e 
E

xp
re

ss
io

n 
of

 P
ro

te
in

 L
ev

el
s

0

1

2

Sham-operated tissue 

Peritumor tissue 

*

*

*

FIGURE 23.14. Western blots (relative protein expression) (a) and integrated densitometric
analysis (b) of crude membrane fractions (for the Oatps and Mrp2) and cytosolic fractions (for
Sult’s) prepared from sham-operated rat liver tissue (n = 4) and peritumor tissue of metastatic
rat livers (n = 5). An asterisk denotes that p < 0.05 between sham-operated and peritumor
tissue. (From ref. 105, with permission.)

Due to futile cycling, equation (7) no longer holds even for the PBPK model; the
ratio CLliver,met/CLliver,sec fails to reflect CLint,sult/CLint,sec (2.56/1.55 or 1.65) (Table
23.8). Due to the high extraction ratio for E217G, clearance values would change more
dramatically between the PBPK and ZPBPK models that engender heterogeneity
even when the same given intrinsic clearance is used for prediction (Table 23.8).
The ZPBPK model consists of variable CLint,sult,i for sulfation in the PP, midzonal,
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FIGURE 23.15. Fits of liver perfusion data: E217G in reservoir perfusate and E217G and
E23S17G in bile from metastatic tumor-bearing livers (n = 5, open symbols) and sham-
operated livers (n = 4, solid symbols) at 4 weeks’ postdevelopment of tumor to a PBPK
model. Perfusate E217G (circle) and the cumulative amounts of E217G (triangle up) and
E23S17G (triangle down) in bile were adequately predicted by the PBPK model (solid line
for sham-operated and dashed line for metastatic tumor group). A statistical difference (*,
p < 0.05) was noted for the cumulative biliary excreted amounts of [3H]E23S17G (and the
biliary clearances) between sham-operated and metastatic tumor groups. (From ref. 105, with
permission.)

and PV regions that were assigned 13, 33, and 54% of the CLint,sult, respectively,
according to Tan et al., who reported the acinar distribution of Sult1e1 and evenness
of the sulfatases in the futile cycling of estrone sulfate.116 With the added complexity
of futile cycling, different patterns would surface for predictions according to the
PBPK and ZPBPK models in describing changes in CLinflux on the clearances of
E217G. While the patterns of change predicted for E217G with the PBPK model
would show similarity with those for enalapril and digoxin—an increase in CLinflux

increased all clearances—patterns distinctly different from those of the PBPK model
are predicted for the ZPBPK model. According to the ZPBPK, an increase in CLinflux

increases CLliver,ex and CLliver,tot but decreases the metabolic clearance, CLliver,met.
This is attributed to the perivenous zonation of Sult1e1 and even distribution of the
Mrp2 and is expected for E217G, a highly cleared compound (Table 23.8). Rapid
entry into hepatocytes and absence of basolateral efflux for E217G would trap larger
amounts of the substrate in zone 1, the first accessible zone after onset of perfusion,
for both sulfation and excretion. Due to less efficiency of sulfation for zone 1, more
is excreted. The perivenous abundance of Sult1e1 therefore renders a lower apparent
metabolic clearance in comparison to the scenario when Sult1e1 is evenly distributed
(Table 23.8). With changes in CLinflux, the CLliver,met/CLliver,ex ratio would remain
constant for the PBPK model but is altered in the ZPBPK model, as would also
be expected for drugs undergoing futile cycling or drugs that are highly extracted
(Table 23.8).
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FIGURE 23.16. Profiles simulated for perfusate E217G (a), E217G (b), and E23S17G (c) in
bile. Parameters for simulation were based on the intrinsic clearances reported for the sham-
operated liver preparations (Table 23.7; CLefflux = 0) except that a higher CLint,sult value (41%
increase, as in tumor group) was used. CLinflux was decreased (down-regulated by 0%, 20%,
40%, 60%, 80%) to simulate the profiles for E217G and E23S17G. The solid line, unchanged
CLinflux, and the dotted, medium-dashed, short-dashed, and dashed-dotted lines are associated
with reductions in CLinflux of 0, 20, 40, 60, and 80%, respectively. The total clearance of E217G
remained apparently unchanged when CLinflux retained 60% of its original value. (From ref.
105, with permission.)
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The trends predicted for the biliary, metabolic, and total clearance of E217G with
varying CLint,sec or CLint,sult are similar to those for enalapril and digoxin, in which
futile cycling is absent. Patterns for the PBPK and ZPBPK models are also similar.
An increase in the CLint of one pathway would decrease the clearance of the alter-
native pathway but increase the total clearance, whereas a decrease in the CLint of
one pathway would increase the clearance of the alternative pathway but decrease
the total clearance (Table 23.8). The existence of futile cycling further empowers the
metabolite, E23S17G, to exert considerable influence on the rate and extent of hepatic
removal of the parent drug via desulfation intrinsic clearance (CLint,desult{M}) and
the secretory intrinsic clearance of the metabolite, CLint,sec{M}, by altering the intra-
cellular concentration of E217G. According to both the PBPK and ZPBPK models,
an increase in desulfation clearance of E23S17G (CLint,desult{M}) decreases the net
metabolic clearance and increases the apparent biliary clearance of E217G (Table
23.8). Biliary excretion of the metabolite (CLint,sec{M}), which removes the metabo-
lite irreversibly and prevents futile cycling, effectively increases the net sulfation
clearance and results in attenuated biliary excretion of the parent drug (Table 23.8).
These patterns are unique for E217G and E23S17G since the parent drug E217G fails
to reenter the circulation at the basolateral membrane, and the metabolite E23S17G
does not cross the basolateral membrane at all.

23.6. CONCLUSIONS

The predictive power of the simple and zonal physiologically based pharmacokinetic
liver models has been showcased in the chapter. The drug examples above reveal that
PBPK liver model has exquisite properties in presenting integrative views on hepatic
drug extraction. The ZPBPK liver model, which is based on the acinar distribution
of transporters and enzymes, is superior, since it is able to describe the attendant
heterogeneities of transporters and enzymes. To use this integrated approach, in vitro
hepatocyte transport and metabolic data and information on the zonal distribution of
transporters and enzymes are building blocks of the ZPBPK model. Enalapril and
digoxin have been chosen as the examples because of the richness of in vitro data on
transport and metabolism and ex vivo liver perfusion data in our laboratory. The data
and the simulations aptly demonstrate the interplay of transporters and enzymes. The
concepts developed are pertinent to all drugs and allow us to explain quantitatively the
effects of blood flow, vascular (plasma and RBC) binding, transport, and metabolism
on hepatic drug disposition. The models are able to predict changes in the biliary,
metabolic, and total hepatic clearances upon alteration of one or multiple parameters.
More important, the PBPK and ZPBPK models share common views on the interplay
of enzymes and transporters (Table 23.4). These concepts have been based solidly on
mass transfer principles and will be unyielding in terms of the predictions.

However, the scenario is altered with futile cycling, as exemplified by estradiol
17�-d-glucuronide that is sulfated to its 3-sulfate conjugate, which in turn is desulfated
back to the parent glucuronide. Due to the absence of E217G basolateral efflux and
the complication due to futile cycling, the interplay between transporter and enzyme
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becomes more complex. A new pattern of change, depending on the distributions of
the enzyme and secretory transporter, surfaces with changes in CLinflux (Table 23.8).
Nonetheless, the seesaw patterns in the clearances with changes in CLint would persist
for both PBPK and ZPBPK for drugs that undergo futile cycling (Table 23.8) and are
readily discerned with modeling and simulations. These types of ZPBPK models lend
great usefulness to decipher drug–drug interactions in liver and the type of changes
accompanying the use of inhibitors and inducers.
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24.1. INTRODUCTION

In patients, drug–drug interactions can result in unexpected life-threatening and even
lethal toxicities. Up to 10% of all hospital admissions in general hospitals are caused
by improper use of drugs and combinations of drugs, resulting in potentially severe
drug–drug interactions.1,2 Adverse drug reactions can be especially severe when these
interactions involve cytotoxic anticancer agents.3,4 Anticancer drugs are dosed close to
the maximum dose tolerated, and factors affecting the pharmacokinetics may therefore
greatly increase the likelihood of development of life-threatening toxicities. Thus far,
drug–drug interactions have been thought to result from inhibition of drug metabolism,
displacement out of the protein binding, or pharmaceutical interactions. However,
interference at the level of the ATP-binding cassette (ABC) and other transporters is
increasingly being identified as the mechanism behind clinically important drug–drug
interactions. These factors are the subject of this chapter.

24.2. INTERACTIONS MEDIATED BY ABC DRUG TRANSPORTERS

24.2.1. ABCB1 (MDR1, P-Glycoprotein)

Impact of Polymorphism on Function Currently, at least 105 variants of the ABCB1
gene have been identified, with significant differences in their frequencies among dif-
ferent ethnic groups. The majority of these single-nucleotide polymorphisms (SNPs)
involve intronic or noncoding regions, thus do not affect the P-glycoprotein (Pgp)
amino acid sequence, whereas several variants in the ABCB1 coding regions result
in amino acid change and potentially affect Pgp expression and activity. Hoffmeyer
et al. reported an association between an SNP in exon 26 (C3435T) of ABCB1, re-
duction in duodenal Pgp levels, and higher peak plasma concentrations of the Pgp
substrate digoxin in healthy volunteers.5 Confirming and contradicting studies have
subsequently been published about the influence of SNPs in ABCB1 on the disposi-
tion of digoxin and on other Pgp substrate drugs (such as fexofenadine, tacrolimus,
irinotecan, SN-38, paclitaxel, and cyclosporin A) and on Pgp expression and activity
(for reviews, see refs. 6 to 13).
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Moreover, by potentially altering the physiologic protective role of Pgp, genetic
variation in ABCB1, has recently been assessed in the etiology of several human patho-
physiological conditions. An increasing number of studies have associated certain
SNPs in ABCB1 with susceptibility to such diseases as pharmacoresistant epilepsy,
Parkinson’s disease, inflammatory bowel diseases (e.g., ulcerative colitis, Crohn’s
disease), colorectal cancer, and renal carcinoma.14–19

In addition, C3435T polymorphism has been linked to an increased immunological
response (CD4 count) to the anti-HIV protease inhibitor nelfinavir in HIV-positive
patients,20 although some later studies confirmed and others contradicted the associa-
tion of certain ABCB1 SNPs with the efficacy of antiviral therapy in HIV patients.21–26

Recently, ABCB1 SNP C3435T has been associated with antiemetic treatment effi-
cacy with 5-hydroxytryptamine type 3 receptor antagonists (e.g., granisetron, on-
dansetron, tropisetron) in patients with cancer,27 whereas in patients affected by
depression, the same polymorphism has been linked to the development of postural
hypotension induced by the antidepressant nortriptyline.28 The 2677T SNP has been
recognized as a positive predictor of tacrolimus-induced neurotoxicity.29 Furthermore,
in a recent study, hypercholesterolemic patients carrying the 1236T variant allele
showed higher lipid-lowering efficacy of simvastatin treatment than for homozygotes
with the wild-type allele. 1236T, 2677A/T, and 3435T alleles were also associated with
reduced incidence of adverse reaction to the 3-hydroxy-3-methylglutarylcoenzyme
A (HMG-CoA) synthase inhibitor simvastatin.30

MDR1 gene polymorphism is also suggested to affect the outcome of patients
with several malignancies. Goreva et al. reported an association between C3435T and
G3677T SNPs in ABCB1 and the risk of drug resistance in patients with lympho-
proliferative diseases.31 A correlation between several commonly occurring ABCB1
SNPs and overall survival and risk of relapse has been reported in patients affected
by acute myeloid leukemia treated with etoposide, mitoxantrone, or daunorubicin
(well-known Pgp substrates).32 Moreover, ABCB1 SNP C3435T has been suggested
as a significant predictor of the treatment outcome in children affected by acute lym-
phoblastic leukemia, although these findings have not been confirmed in adults.33–35

Another study showed an increased response to preoperative chemotherapy in breast
cancer patients homozygous for the C3435T genotype,36 whereas conflicting results
have been reported regarding the impact of genetic variation of the MDR1 gene
(in particular, G2677T/A) on the response to paclitaxel chemotherapy in patients
with ovarian carcinoma.37 Taken together, all these findings suggest that despite the
numerous conflicting results, an interethnic difference in ABCB1 SNPs exists, and
several ABCB genetic variants, resulting in altered Pgp function, may contribute to
the interindividual variability in toxicity and pharmacokinetics of drugs and to the
susceptibility to certain diseases. Additional studies to clarify the clinical implications
of ABCB1 polymorphisms are needed.13,38

Main Substrate Classes (Clinically Applied) Pgp presents high transport capacity
and broad substrate specificity. A wide number of clinically relevant drugs with struc-
turally different features belonging to different classes [e.g., several anticancer drugs,
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some HIV protease inhibitors, H2-receptor antagonists, antiarrythmics (cardiac gly-
cosides and calcium channel blockers), immunosuppressive agents, corticosteroids,
antiemetic and antidiarrheal agents, analgesics, antibiotics, anthelmintics, antiepilep-
tics, sedatives, antidepressants] can be transported by Pgp (for a review, see ref. 39); in
general, they are hydrophobic and amphipatic molecules in nature, uncharged or basic,
although zwitterionic and negatively charged compounds can also be transported.

Inhibitors (Competitive and Noncompetitive) Some Pgp drug substrates are able
to inhibit Pgp-mediated transport of other substrates. The discovery by Tsuruo and
colleagues40 that verapamil (a weak Pgp substrate) could reverse Pgp-mediated mul-
tidrug resistance in leukemia cells was followed by the identification of several other
Pgp inhibitors41,42 that can block Pgp activity by competition for drug-binding sites
(competitive inhibitors) or by blockade of the adenosine triphosphate (ATP) hydrol-
ysis process (noncompetitive inhibitors). The first agents identified as Pgp inhibitors
were drugs (e.g., verapamil and cyclosporin A) already used in the clinic, which
were themselves transported by Pgp (called first-generation inhibitors). Because of
their low substrate selectivity and the concomitant inhibition of the drug-metabolizing
cytochrome P4503A4 enzyme (CYP3A4), second (cyclosporin A analog PSC833)-
and third (LY335979, VX710, GF120918, XR9576)-generation Pgp inhibitors were
developed. These and other selective Pgp inhibitors have been tested extensively pre-
clinically and in patients to reverse multidrug resistance. Of interest is the fact that
GF120918 (elacridar), originally developed as a Pgp inhibitor, was also identified as
an effective breast cancer resistance protein (BCRP)- (ABCG2) inhibitor.43

Recently, it has been reported that the benzimidazole gastric H+,K+-ATPase pro-
ton pump inhibitors (PPIs) omeprazole, pantoprazole, lansoprazole, and rabeprazole,
which are used by up to 50% of patients with cancer, are effective inhibitors of Pgp,44

although their potency toward BCRP inhibition is even greater.45 Drug interactions
with benzimidazoles are reported increasingly.1,2,46–49

In addition, several widely used drugs have been described to inhibit Pgp func-
tion, thus potentially leading to relevant drug–drug interactions. They include various
antimicrobial agents (e.g., ceftriaxone, cefoperazone, clarithromycin, erythromycin,
itraconazole, ketoconazole), Ca2+ antagonists (verapamil, diltiazem, quinidine, qui-
nine, nifedipine, nicardipine), HIV protease inhibitors (ritonavir, indinavir, saquinavir,
nelfinavir), and other compounds, such as amiodarone, propanolol, dipyridamole,
tacrolimus, hydrocortisone, progesterone, and tamoxifen, to name a few.50,51

Inducers Clinical and preclinical findings reveal that the expression of Pgp (as in
some of the CYP isoenzymes) is inducible. Recent in vitro studies have demonstrated
that several drugs, including rifampicin, paclitaxel, reserpine, and hyperforin (one
of the components of St John’s wort), can induce CYP3A4 and MDR1 gene expres-
sion through a similar mechanism.52–54 Other Pgp inducers are clotrimazole, phe-
nobarbital, phenytoin, troglitazone, and the flavonoids kaempferol and quercetin.50

Clinically relevant drug–drug interactions between Pgp substrates and inducers have
been reported (see below).
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Pharmacological and Toxicological Function The pharmacological functions of
Pgp have been studied extensively in vitro and in vivo models. Pgp was first described
as a plasma membrane protein that could cause multidrug resistance in tumor cells by
actively extruding a wide range of structurally diverse compounds, thus contributing
to the resistance against chemotherapy that occurs in several cancers. In addition, the
strategically physiological distribution of Pgp in organs that play key roles in processes
of drug absorption, distribution, and elimination of compounds suggests that Pgp has
a relevant impact on limiting cellular uptake of drugs out of the blood circulation
into the brain, placenta, and testis and from the intestinal lumen into epithelial cells
lining the gut. In addition, Pgp may also mediate excretion of drugs out of hepatocytes
into the bile canalicuIi and out of renal tubules into the urine. The effect of Pgp on the
pharmacokinetics of substrate drugs has been demonstrated in vivo using Mdr1a and
Mdr1a/1b knockout mice. Mice lacking one or both Mdr genes showed significant
alterations in drug absorption, distribution, and elimination.55–58 Compared to wild-
type mice, Mdr1a (−/−) and Mdr1a/1b (−/−) mice displayed increased sensitivity to the
centrally neurotoxic anthelmintic ivermectin and other known Pgp substrates, such as
vinblastin, digoxin, and cyclosporin A. Compared with wild-type mice, Mdr1a (−/−)

and Mdr1a/1b (−/−) knockout mice also presented higher concentrations of drugs in
many tissues (especially in the brain) and a reduction in the rate of drug elimination.
Other in vitro and in vivo studies documented the effect of Pgp expression on the ap-
parent oral bioavailability of substrate drugs. Hunter et al. reported the apical efflux of
vinblastin across Caco-2 cells layers, and the efflux was inhibited in the presence of
the Pgp inhibitor verapamil.59 In in vivo experiments, the apparent bioavailability of
the Pgp substrate paclitaxel after oral administration was 11% in Mdr1a(+/+) and 35%
in Mdr1a(−/−) mice.60 Bardelmeijer et al.61 reported an apparent bioavailability after
oral administration of docetaxel, another Pgp substrate, of 3.6% in wild-type mice
and 22.7% in Mdr1a/1b(−/−) knockout mice. In other studies, oral administration of
Pgp the inhibitors valspodar (PSC833), cyclosporin A, and elacridar (GF120918),
followed by oral paclitaxel62–64 or oral docetaxel,61 resulted in a significant increase
in the apparent oral bioavailability in wild-type mice treated with a Pgp inhibitor con-
trasted with those without (Figure 24.1a). These findings lead to important potential
clinical implications. Drug–drug interaction between substrates and Pgp inhibitors
can modify the drug’s pharmacokinetics by increasing bioavailability and organ up-
take, leading to more adverse drug reactions and toxicities. Possibly, coadministration
of substrates for Pgp and Pgp inducing agents may lead to reduction of plasma drug
levels and consequently, undertreatment.

Furthermore, the localization of Pgp in the placenta has been shown to play a key
role in preventing fetal exposure to various potentially harmful or therapeutic com-
pounds. Fetal exposure to an isomer of the pesticide ivermectin, L-652,280, a well-
known Pgp substrate reported to cause cleft palate in mice, was significantly higher
in Mdr1a knockout fetuses than in wild-type fetuses. Accordingly, the incidence of
cleft palate was 100% in Mdr1a(−/−) litters, 30% in Mdr1a (+/−) litters, and 0% in
Mdr1a(+/+) litters.65 Moreover, Pgp has been shown to reduce fetal penetration of Pgp
substrate drugs: Administration of digoxin, saquinavir, or paclitaxel (well-known Pgp
substrates and clinically used drugs) to heterozygous Mdr1a(+/−)/1b(+/−) pregnant
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FIGURE 24.1. (a) Coadministration of oral paclitaxel and cyclosporin A (CsA) in wild-type
(WT) mice resulted in a significant increase in the area under the curve (AUC) of paclitaxel in
plasma. The effect was even greater than the AUC of paclitaxel when given to Pgp-deficient
mdr1a/b knockout (KO) mice. The results indicate that Pgp effectively prevents oral uptake of
paclitaxel from the gut. CsA may also have inhibited CYP3A to explain the additional increase
in the AUC compared with the experiment in KO mice. (b) Coadministration of oral paclitaxel
and cyclosporin A in patients with advanced cancer resulted in a significant increase in the
AUC of paclitaxel in plasma. These results are the clinical proof of the concept that inhibition
of Pgp (and possibly also CYP3A in the gut epithelium) results in a significant increase in the
uptake of paclitaxel from the gut, leading to a significant increase in the systemic exposure to
paclitaxel. [(a) From ref. 60, with permission; (b) from ref. 162, with permission.]
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mice resulted in a significant increase in Mdr1a(−/−)/1b(−/−) fetal drug concentrations
compared with those in Mdr1a(+/+)/1b(+/+) fetuses. Oral coadministration of a Pgp
inhibitor (GF120918 or PSC833) to pregnant Mdr1a(+/−)/1b(+/−) mice led to an
increase in fetal drug distribution similar to that reported in Mdr1a(−/−)/1b(−/−)

fetuses.66 In humans, studies with in vitro perfused term placenta showed that the
fetal-to-maternal clearance index of the Pgp substrates indinavir and vinblastin was
two- to threefold higher than the maternal-to-fetal clearance.67 Moreover, treatment
with the Pgp inhibitors PSC833 or GF120918 significantly increased the maternal-
to-fetal clearance index of the Pgp substrate saquinavir,68 suggesting that inhibition
of Pgp activity in the placenta can affect the distribution and consequently, the fetal
toxicity and/or efficacy of Pgp substrate drugs.

Drug–Drug Interactions In the literature, several drug–drug interactions mediated
by Pgp have been described (see Table 24.1). In general, study of the involvement
of Pgp in drug–drug interactions is difficult to prove in humans because due to the
overlapping substrate specificity of inhibitors and inducers between CYP3A4 and Pgp,
many drug interactions may involve both CYP3A4 enzymes and Pgp.69 Moreover, Pgp
and CYP3A4 may be linked functionally, and several potential mechanisms by which
the functions of Pgp and CYP3A4 could be complementary have been proposed.70

Furthermore, drug–drug interactions may involve additional ATP-binding cassette
transporters as well.

Clinical drug–drug interactions were reported in the literature between digoxin
and other drugs, such as quinidine,71–73 verapamil,74 propafenone,75,76 talinolol,77

clarithromycin,78 itraconazole,79 and erythromycin.80 Coadministration of quinidine
and digoxin increased digoxin plasma concentrations, resulting in clinical toxicity.
One possible explanation proposed for this drug–drug interaction is the inhibition
of Pgp by quinidine with two main mechanisms: reduction of the renal secretion of
digoxin by blocking Pgp activity in the renal tubule, and direct inhibition (mediated
by quinidine) of the intestinal elimination of digoxin. In vitro and in vivo experi-
ments have shown that digoxin is a Pgp substrate56 with only a minimal contribution
of metabolism to its disposition.81 In vitro experiments demonstrated that the Pgp-
mediated transport of digoxin can be inhibited by low concentrations of quinidine,82

and a decreased renal excretion of digoxin by quinidine and verapamil has been
demonstrated in in vitro studies using isolated perfused rat and dog kidney.83,84 In
vivo experiments performed in wild-type and Mdr1a (−/−) knockout mice reported
that coadministration of quinidine with digoxin in wild-type mice increased plasma
digoxin levels by more 70%, whereas there was no effect on plasma digoxin levels
for the combination in knockout mice. Furthermore, other in vivo experiments, in
rats revealed a possible interaction between quinidine and the intestinal absorption
of digoxin.85,86 Finally, Drescher et al.87 reported in humans that the direct elimina-
tion of digoxin into the intestinal lumen can be inhibited by intraluminal quinidine.
In in vitro experiments, verapamil was found to be an efficient Pgp inhibitor40 and
has been used in vivo in several animal and human studies as a Pgp modulator.
Similar mechanisms involved in the digoxin–verapamil interaction can be postulated
for the interaction described between digoxin and propafenone, clarithromycin, or
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TABLE 24.1. Examples of the Possible Involvement of MDR1 in Clinical Drug–Drug
Interactions

Inhibitor/ Measured Putative
Drug Inducer Effect/Toxicity Mechanism Refs.

Digoxin Quinidine Increased plasma
levels, decreased
renal clearance

Inhibition of MDR1 71,72

Verapamil Increased plasma
levels, decreased
renal clearance

Inhibition of MDR1 74,89

Talinolol Increased plasma levels
and AUC, decreased
renal clearance

Inhibition of MDR1 77

Clarithromycin Increased plasma
levels, decreased
renal clearance

Inhibition of MDR1 78

Erithromycin Increased plasma
levels, decreased
renal clearance

Inhibition of MDR1 80,274

Itraconazole Increased plasma
levels, decreased
renal clearance

Inhibition of MDR1 79,275

Statins (e.g.,
atorvastatin)

Increased plasma
levels, decreased
renal clearance

Inhibition of MDR1 277

Ritonavir Increased plasma AUC
and terminal
half-life, toxicity
effects

Inhibition of MDR1 90,103

Paclitaxel Cyclosporin A Increased apparent
bioavailability

Inhibition of MDR1,
CYP3A

162

Elacridar Increased
bioavailability

Inhibition of MDR1,
CYP3A

278

Docetaxel Cyclosporin A Increased
bioavailability

Inhibition of MDR1,
CYP3A

163

Saquinavir Ritonavir Increased apparent oral
bioavailability

Inhibition of MDR1,
CYP3A

92,95

Tacrolimus Verapamil Increased plasma levels
and toxicity

Inhibition of MDR1,
CYP3A

107

Ketoconazole Increased apparent oral
bioavailability

Inhibition of MDR1,
CYP3A

279

Talinolol Verapamil Increased plasma
levelsa

Inhibition of MDR1 114,115

Erythromycin Increased AUC Inhibition of MDR1 112
Cyclosporin A Erythromicin Increased plasma AUC

and peak plasma
concentrations

Inhibition of MDR1,
CYP3A

280,281
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TABLE 24.1. (Continued)

Inhibitor/ Measured Putative
Drug Inducer Effect/Toxicity Mechanism Refs.

Loperamide Quinidine Increased CNS
adverse effects

Inhibition of MDR1 181

Digoxin Rifampin Decreased plasma
levels and AUC

Induction of MDR1,
CYP3A

118

Talinolol Rifampin Decreased AUC Induction of MDR1 119
Tacrolimus Rifampin Decreased

apparent oral
bioavailability,
decreased total
clearance

Induction of MDR1,
CYP3A

282

Fexofenadine Rifampin Decreased AUC,
peak plasma
concentrations,
increased oral
clearance

Induction of MDR1,
CYP3A

120

Cyclosporin A Rifampin Decreased oral
bioavailability

Induction of MDR1,
CYP3A

121

Digoxin St John’s Worth Decreased AUC
and peak
plasma
concentrations

Induction of MDR1 125,283

Cyclosporin A St John’s Worth Decreased
plasma levels

Induction of MDR1 123

Indinavir St John’s Worth Decreased
plasma levels

Induction of MDR1,
CYP3A

124

Tacrolimus St John’s Worth Decreased
plasma levels

Induction of MDR1,
CYP3A

131

Topotecan Elacridar
(GF120918)

Increased
apparent oral
availability

Inhibition of BCRP,
MDR1

164

Methotrexate Omeprazole/
Pantoprazole

Increased AUC,
decreased
clearance

Inhibition of BCRP,
MDR1

45,111

aThe supposed molecular mechanism of this drug–drug interaction came from preclinical findings; in a
clinical study, coadministration of talinolol and verapamil resulted in a decrease in talinolol oral AUC (area
under the plasma concentration–time curve) compared with placebo112 (see the text).

erythromycin, as in vitro experiments reported that all these drugs could reduce the
renal secretion of digoxin by inhibiting Pgp activity in the renal tubule.88,89

Recently, Phillips et al. reported a case of a clinical drug–drug interaction between
the HIV protease inhibitor ritonavir and digoxin in a 61-year-old woman undergoing
antiretroviral triple therapy combined with digoxin, in whom digoxin toxicity devel-
oped 3 days after coadministration of ritonavir.90 Although it has been demonstrated
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that ritonavir is a potent inhibitor of the metabolizing CYP3A4 and other cytochrome
P450 isoforms91–94 and that the reported ritonavir–drug interaction is likely to occur
mainly at the metabolic level,93–96 this mechanism cannot explain this drug–drug
interaction, as the contribution of metabolism to digoxin elimination is negligible
in humans.81 On the other hand, it has been demonstrated that digoxin is a good
Pgp substrate83,84 that lacks Pgp inhibitor properties in vitro, and several studies re-
ported that ritonavir (like other HIV protease inhibitors) is a substrate97–100 and an
inhibitor of Pgp in vitro,97,99,101 including Pgp in renal tubules.102 Furthermore, in
a clinical study in 12 healthy volunteers, repeated oral administration of ritonavir
increased the area under the plasma concentration–time curve (AUC) of digoxin by
86% and its volume of distribution by 77%. Ritonavir decreased the nonrenal and
renal digoxin clearance by 48 and 35%, respectively, and resulted in an increase in
digoxin terminal half-life in plasma by 156%.103 Although the additional inhibition
of other digoxin-transporting systems by ritonavir cannot be excluded completely,
these findings support the hypothesis that therapeutic doses of ritonavir also inhibit
drug transport in humans in addition to the well-known and marked inhibitory effects
on drug metabolism.

A clinical drug–drug interaction has also been described between ritonavir and
another HIV protease inhibitor, saquinavir. When saquinavir was coadministered
with ritonavir, its oral bioavailability increased dramatically in both animals and
humans.92,93,95,104,105 In vitro, animal and clinical experiments have shown that the
main mechanism involved in this interaction is probably ritonavir-mediated inhibition
of CYP3A-mediated drug metabolism.95,96,101,106 However, a marginal role of Pgp
modulation cannot be excluded completely, because as reported above, saquinavir
and ritonavir are both substrates and inhibitors of Pgp and CYP3A, and Pgp may be
linked functionally.51,70

Drug–drug interaction is also documented between the immunosuppressive
tacrolimus and verapamil. Hebert and Lam described a patient with dramatically
increased tacrolimus plasma levels and toxicity symptoms during coadministration
of verapamil.107 Since tacrolimus and verapamil are well-known substrates and/or in-
hibitors for Pgp and CYP3A, a contribution of Pgp modulation could be postulated in
this interaction. In addition, in vitro studies showed Pgp-mediated efflux of tacrolimus
from intestinal epithelial cells (Caco-2 cells),108 and in vivo studies demonstrated a
contribution of Pgp to oral bioavailability of tacrolimus in rats.109 Recently, clinical
reports regarding the possible involvement of proton pump inhibitors in drug–drug
interactions have been reported. Sipe et al. described a serious case of rhabdomyoly-
sis causing atrioventricular block in a patient taking atorvastatin, esomeprazole, and
clarithromycin.110 In patients receiving high-dose methotrexate therapy, concurrent
administration of benzimidazoles was associated with a significant decrease in clear-
ance and significantly higher plasma concentrations of methotrexate.111 Although
proton pump inhibitors are known to interact with drug-metabolizing enzymes, since
a recent in vitro study has demonstrated that omeprazole, lansoprazole, and pantopra-
zole are substrates and inhibitors of Pgp and are able to down-regulate digoxin efflux,44

the authors speculated that a possible contribution to this reaction could be Pgp inhi-
bition by esomeprazole altering atorvastatin’s normal significant first-pass clearance.
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Drug–drug interaction has also been reported between the �1-adrenergic antago-
nist talinolol and erythromycin or verapamil in humans. An increase in oral bioavail-
ability of talinolol after concomitant administration of erythromycin is observed in
humans.112 In vitro studies showed that talinolol, a drug that is eliminated primarily
via the urine without any significant systemic metabolism, is a Pgp substrate ac-
tively transported across intestinal Caco-2 cells. Verapamil was able to block this
transport.113 In rats, coadministration of talinolol and verapamil resulted in increased
oral AUC of talinolol.114 In vivo experiments in humans demonstrated that talinolol
is actively secreted into the small intestine, and the secretion is reduced by the in-
traluminal supply of the Pgp inhibitor verapamil.115 These findings were not con-
firmed in a clinical study: Coadministration of talinolol with verapamil decreased the
oral bioavailability of talinolol without affecting the renal clearance of the drug in
healthy volunteers. However, the authors attributed this unexpected result to intestinal
metabolism. Therefore, the relatively low dose of verapamil that was administered
may have been insufficient to inhibit Pgp significantly.113,116,117

Other clinically relevant drug interactions described in the literature involve the
antimicrobial drug rifampicin, a well-known inducer of intestinal CYP3A4. How-
ever, recent findings indicated that it can also induce Pgp expression. In a clinical
study the oral bioavailability of digoxin in eight healthy volunteers was decreased by
30% during rifampicin therapy.118 Intestinal biopsies obtained from the same patients
before and after administration of rifampicin showed a significant increase in intesti-
nal Pgp expression after administration of the antimicrobial drug, which correlated
inversely with the oral AUC of digoxin. In addition, pretreatment with rifampicin had
little effect on the AUC and renal clearance of digoxin. These results suggest that
the digoxin-rifampicin interaction occurs primarily at the intestinal level. Chronic
exposure to rifampicin can thus result in Pgp induction.118 Similar interactions with
rifampicin have been reported for talinolol,119 fexofenadine,120 and cyclosporin A.121

Administration of rifampicin and talinolol to eight healthy male volunteers resulted
in a significant reduction in the AUC after intravenous and oral talinolol and substan-
tially increased expression of duodenal Pgp.119 Hamman et al.120 reported reduction of
peak plasma concentration and increased oral clearance of fexofenadine in 20 healthy
volunteers after oral coadministration of rifampicin. The investigators concluded that
this interaction has been caused by induction of intestinal Pgp. However, in view of
the recent findings indicating that fexofenadine is also an inducer of CYP3A4 and that
organic anion–transporting polypeptides (OATPs) are involved in the hepatic uptake
of fexofenadine,122 it is likely that the interaction is due to a combination of factors.
Hebert et al. reported a reduction in the oral bioavailability of cyclosporin A from
27% to 10% after oral administration of rifampicin to six healthy volunteers.121 Since
cyclosporin A is a substrate for both CYP3A4 and Pgp, and since rifampicin is an
inducer of both CYP3A4 and Pgp, the interaction is probably due to a combination
of CYP3A4 and Pgp induction.

Finally, clinically relevant drug–drug interactions have been reported between the
over-the-counter antidepressant herbal St John’s wort (SJW) and a wide range of
drugs. Chronic administration of SJW together with cyclosporin A has been asso-
ciated with a significant reduction of cyclosporin plasma levels and increased risk
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of acute organ rejection in transplanted patients.123 In healthy volunteers, admin-
istration of SJW together with the HIV1 protease inhibitor indinavir produced an
approximately 57% reduction in the plasma AUC of indinavir.124 Coadministration
of SJW with digoxin produced a 18% reduction in the plasma AUC of digoxin and a
40% increase in the expression of intestinal Pgp.125 Other clinical studies confirmed
that coadministration of SJW significantly reduced plasma concentrations of drugs
such as oral contraceptives, cyclosporin A, tacrolimus, warfarin, omeprazole, vera-
pamil, fexofenadine, and some others, leading to important clinical implications (i.e.,
undertreatment and failure of therapies). Induction of CYP3A4 and enhanced Pgp ex-
pression have been demonstrated to be responsible for these drug–drug interactions
[for reviews, see refs. 126 to 136].

Interactions mediated by Pgp that have clinically relevant consequences have also
been reported for some excipients used in pharmaceutical formulations. In in vitro
experiments, Tween 80 was able to inhibit Pgp activity and to increase daunoru-
bicin intracellular levels in cell cultures.137 Cremophor EL and Tween 80 (substances
used in drug formulations to dissolve some lipophylic and/or poorly soluble drugs)
were reported to increase the oral absorption of saquinavir and digoxin, respectively,
through interaction with Pgp activity.138,139 In addition, food and dietary constituents
are possible Pgp modulators. A recent report described the interaction between fexofe-
nadine and grapefruit, orange, and apple juice,140 although these complex interactions
are supported by rather contradictory results from in vivo and in vitro studies. For
example, grapefruit juice has been reported to enhance intestinal absorption and to
increase the plasma levels of the Pgp substrate talinolol in rats,141 whereas decreased
oral bioavailability of talinolol was observed in humans after ingestion of grapefruit
juice.142 Species differences, multiple mechanisms, and other transporters may be
the cause of this apparent discrepancy; indeed, grapefruit juice is reported to be an
enzymatic inhibitor of CYP3A, a moderate inhibitor of Pgp, and a potent inhibitor of
OATP drug-uptake transporters.122,141,143–145

Possible Clinical Benefit of Drug–Drug Interactions On the other hand, the study
of drug–drug interactions with Pgp modulators is an interesting research field, as
Pgp was discovered and described for its ability to confer the multidrug (MDR)
phenotype to cancer cells. The modulation of Pgp activity was at first seen as a
useful strategy for increasing the penetration and retention of anticancer drugs in
resistant tumor cells, thus overcoming the intrinsic or acquired resistance against
chemotherapy that occurs in several cancers. Since the mid-1980s, various clinical
trials with anticancer drugs in combination with Pgp modulators (calcium channel
blockers—nifedipine or verapamil—or cyclosporin A) have been performed.146–148

Unfortunately, with only a few exceptions,149–153 these studies did not show any
survival benefit for the combination of anticancer drug plus Pgp inhibitor.154–158 In
addition, because the Pgp inhibitors used in those trials presented overlap in substrate
specificity with CYP3A4 inhibitors, pharmacokinetic interactions occurred, resulting
in increased toxicity. To date, some clinical trials using second- and third-generation
Pgp inhibitors with the aim to reverse MDR in tumor cells have been performed, and
others are ongoing.159–161
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Modulation of Pgp activity with selective inhibitors could also be a useful strategy
to increase the oral bioavailability of Pgp substrate drugs, in particular to develop
oral formulations of anticancer drugs transported by Pgp. Several in vivo studies in
animals (see above) and clinical trials in humans have been performed to evaluate
the feasibility and the safety of this approach (coadministration of a substrate drug
and a Pgp inhibitor). In a clinical study, cyclosporin A, an effective Pgp blocker,
followed by oral paclitaxel (a well-known Pgp substrate), increased systemic exposure
to paclitaxel eightfold162 (Figure 24.1b). Cyclosporin A also effectively increased the
oral bioavailability of docetaxel from 8% to 91%.163 Elacridar, an effective inhibitor
of BCRP as well as of Pgp, increased the oral bioavailability of topotecan from 40%
to 97%.164 These oral strategies turned out to be safe and clinically active.164–166

Modulation of Pgp activity to improve the oral bioavailability of drug substrates is
actually a field of research for HIV protease inhibitors (HPIs), as it has been demon-
strated that almost all of them (in particular, indinavir, saquinavir, nelfinavir, and
ritonavir) are good substrates of Pgp.97–99,167 Inhibition of intestinal and possibly
also hepatobiliary Pgp would increase HPI oral bioavailability; retard HPI elimina-
tion, avoiding undertreatment and development of HPI-resistant HIV variants; and
reduce the necessary frequency of drug dosing. This may result in increased com-
pliance of patients to the therapy.167 The inhibition of Pgp in subclasses of lympho-
cytes might increase the intracellular HPI concentration, thereby enhancing the drug’s
effectiveness.167 In addition, blockade of Pgp in the blood–brain, blood–testis, and
blood–nerve barriers would increase HPI penetration and retention in the putative
pharmacological sanctuaries that are thought to harbor reservoirs of poorly tractable
HIV copies that can reinvade the circulation, thus avoiding eradication of the HIV. In
in vivo experiments, the concentrations of indinavir, nelfinavir, and saquinavir in the
brain were increased significantly in Pgp knockout mice compared with wild-type
mice.98,168 Edwards et al. reported a significantly increased accumulation of ampre-
navir in brain tissue after coadministration of the Pgp/BCRP inhibitor GF120918
(elacridar).169

Indeed, an interesting clinical application of selective modulation of Pgp activ-
ity might lead to an increase in the passage of certain drugs across the blood–brain
barrier, which might considerably extend the range of drugs available for treatment
of brain disorders.170 These include primary and metastatic tumors, microbial infec-
tions, HIV infections, mood disorders, and neurological treatment-resistant diseases
(e.g., refractory epilepsy and schizophrenia). Furthermore, preclinical studies have
shown that the brain penetration of anticancer drugs which are transported by Pgp,
such as paclitaxel, docetaxel, and imatinib, can be improved by concomitant use of
Pgp inhibitors, such as cyclosporin A, valspodar, elacridar, and zosuquidar.171–175

A clinical study determining the brain penetration of paclitaxel in combination with
elacridar in patients with primary brain tumors is ongoing, and the preliminary re-
sults are reported to be promising.176 Similarly, clinical trials are exploring the activity
of imatinib (Gleevec) against central nervous system (CNS) tumor glioblastoma,177

based on promising preclinical results. However, taking into account that imatinib
is a good Pgp and BCRP substrate drug with limited distribution to the brain,178,179

and that preclinical studies reported that combination of imatinib with an effective
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Pgp inhibitor resulted in improved CNS accumulation,174,180 modulation of Pgp
as well as BCRP activity can be a useful strategy to improve CNS penetration of
imatinib.176,180

However, the safety of this approach should be explored carefully, as modulation
of Pgp in the blood–brain barrier may lead to increased CNS accumulation of un-
wanted potentially toxic xenobiotics and endogenous compounds. Preclinical studies
in wild-type mice and Mdr1a/b knockout mice demonstrated that Mdr1a/1b knock-
out mice are fertile and viable, but they are more sensitive than wild-type mice to
a range of drugs and toxins.55,57,58 Moreover, absence or inhibition of Pgp activity
can alter the specific pharmacodynamic activity of some Pgp substrate drugs, leading
to CNS toxicity and adverse drug effects. For instance, the safe clinical use of the
antidiarrheal drug loperamide may also be critically dependent on the presence of
Pgp in the blood–brain barrier. Loperamide is a potent opiate which demonstrates
nearly exclusively peripheral opiatelike effects, on the gastrointestinal tract and no
central effects, because it is a Pgp substrate. Thus, normally, it cannot accumulate in
the CNS. In Mdr1a knockout mice, however, loperamide showed pronounced opiate-
like effects and sometimes lethal effects at doses that are safe in wild-type mice.57 In
humans, coadministration of loperamide with the Pgp inhibitor quinidine produced
opiate-induced respiratory depression, a clear central opiate effect that is normally not
seen in humans.181 Along the same line, blocking of placental Pgp in HIV-infected
pregnant women might be used to enhance HPI levels in the unborn child shortly
before and during delivery, thereby reducing the risk of HIV infection of the fetus.
However, the safety of this approach needs to be studied in greater detail. For instance,
preclinical data using Mdr1a/1b knockout mice demonstrated significantly increased
fetal penetration of the HPIs indinavir and saquinavir, indicating that placental Pgp
might have a protective role for the fetus.66,167

24.2.2. ABCG2 (BCRP)

Impact of Polymorphism on Function Currently, more than 80 naturally occurring
SNPs in the BCRP gene have been identified with different ethnic distribution.182–186

Few commonly occurring SNPs with presumed clinical consequences have been
studied: the G34A (V12M, replacing valine by methionine), C376T (with a stop
codon for glutamine 126), and C421A (Q141K, a transversion changing glutamine
to lysine at codon 141).183 Recently, 19 ABCG2 SNPs were found in a Dutch pop-
ulation, of which seven were unknown previously.186 The Q141K polymorphism
located in exon 5 showed an allele frequency ranging between 1 and 35%, with the
highest allele frequencies in Japanese and Chinese populations and rare detection
in African and African-American subjects.185,187 In vitro functional characterization
and in vivo protein expression in human tissue samples of certain ABCG2 allelic
variants (e.g., V12M, Q141K, C34A) have been performed, but contradicting results
were reported.183,185,188–190 However, a recent clinical study has documented a cor-
relation between Q141K polymorphism and significant pharmacokinetics changes of
the BCRP substrate diflomotecan when administered intravenously, suggesting that
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ABCG2 SNPs may affect the expression of BCRP protein (in this case reducing
its functional expression), thus changing the pharmacokinetics of BCRP substrate
drugs.191 In another pilot study, increased oral bioavailability of topotecan was ob-
served in two patients heterozygous for the nonsynonymous variant C421A (which
displays a significantly reduced transport of topotecan in vitro), compared to patients
with the wild-type allele.192 On this basis, Özvegy-Laczka et al. hypothesized that the
high frequency of the allele C421A in the Japanese population (35%) might be one ex-
planation for the unexpectedly high toxicity of the BCRP substrate tyrosine kinase in-
hibitor gefitinib observed in the Japanese population.193–195 Similarly, it was proposed
that ABCG2 SNPs could explain, at least in part, the large interindividual variability
observed in the pharmacokinetics of BCRP substrate drugs, in particular irinote-
can and its metabolites SN-38 and SN-38 glucuronide and topotecan.164,196,198,199

Although in a clinical study performed in cancer patients the pharmacokinetics of
irinotecan and SN-38 were not significantly different in wild-type patients and in
those carrying at least one ABCG2 variant allele (K141), one of the two homozy-
gous subjects showed marked accumulation of SN-38 and SN-38 glucuronide and
severe toxicity.187 In another recent study performed in Asian patients, genetic, poly-
morphisms in ABCG2, as well as in ABCB1, has been reported to potentially affect
the pharmacokinetics of irinotecan and its metabolites.8 In addition, the BCRP SNP
C421A has been shown to influence the disposition of 9-aminocamptothecin in pa-
tients with advanced solid tumors.200

A number of mutants of wild-type BCRP (detected in normal tissues) found in
some drug-selected resistant cell lines were shown to affect the substrate specificity of
BCRP. In particular, the amino acid at position 482 is reported to be an important deter-
minant of substrate recognition by BCRP.201–205 In contrast to wild-type BCRP (with
an Arg at position 482), mutants with a threonine or glycine (R482T or R482G) were
reported to transport daunorubicin and rhodamine 123 but not methotrexate.201,206

Recently, several BCRP mutants with different drug resistance profiles have been
generated in vitro and characterized functionally.207 However, mutants with amino
acid changes at position 482 found in some drug-selected resistant cell lines have so
far not been identified in normal populations or in DNA samples of cancer patients.

Main Substrate Classes (Clinically Applied) Functional characterization studies
have demonstrated that BCRP can transport a wide range of substrates, ranging
from chemotherapeutic agents to conjugated and unconjugated organic anions and
chemical toxicants.208 Thus, BCRP displays a broad spectrum of substrate speci-
ficity that is overlapping, but distinct from that of Pgp and multidrug resistance
protein 1 (MRP1). Clinical and preclinical findings suggest that mitoxantrone,
epipodophyllotoxins (etoposide), and several camptothecin derivatives (e.g., irinote-
can and its active metabolite SN-38, topotecan, homocamptothecins) are substrates
of BCRP. In particular, camptothecin analogs with high polarity are transported by
BCRP.199,208–210 Flavopiridol, a new cyclin-dependent kinase inhibitor currently in
clinical trials, appears to be a BCRP substrate.202 Methotrexate and methotrexate
polyglutamates are reported to be substrates of wild-type BCRP only.45,203,204,206 In
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contrast, anthracyclines (e.g., doxorubicin, daunorubicin, epirubicin) are transported
by the BCRP mutants R482G and R482T only.201,207

BCRP also actively transports sulfated conjugates (e.g., estrone 3-sulfate, dehydr-
oepiandosterone)211,212 and, with less affinity, GSH and glucuronide conjugates.203

Other BCRP substrates include some chemical toxicants and carcinogenic subst-
ances [e.g., pheophorbide a and 2-amino-1-methyl-6-phenylimidazol[4,5-b]pyridine
(PhIP)],213–215 the tyrosine kinase inhibitors CI1033 (canertinib)216 and STI571
(imatinib or Gleevec),180 phosphatidylserine,217 proton pump inhibitors (pantopra-
zole, omeprazole, lansoprazole),45 the antibiotic nitrofurantoin,218 phytoestrogens
and flavonoids,219 prazosin,220 several fluoroquinolone antibiotics,221 the HMG-CoA
reductase inhibitor pitavastatin (and possibly other statins),222 and the HIV nucleo-
side reverse transcriptase inhibitors lamivudine and zidovudine.223–225 In addition,
fluorescent compounds, such as BODIPY-prazosin and Hoechst 33342 are BCRP
substrates.220,226,227 However, rhodamine 123 and Lyso-Tracker Green appear to be
transported by mutants R482G and R482T only.202

Inhibitors (Competitive and Noncompetitive) Recently, a large number of BCRP
inhibitors with diverse chemical structures have been described, of which some
show overlap in substrate selectivity with other ABC transporters, whereas oth-
ers are substrates of BCRP, thus inhibiting BCRP in a competitive manner. The
acridone carboxamide derivative GF120918 (elacridar) is an effective Pgp and BCRP
inhibitor.43,164,228,229 The pipecolinate derivative VX-710 (biricodar) is reported to be
a BCRP as well as a Pgp and a MRP1 inhibitor.230 The HIV protease inhibitors riton-
avir, saquinavir, and nelfinavir are effective inhibitors (but not substrates) of BCRP,231

whereas ritonavir is also described to be a weak Pgp inhibitor.97,99,101,103 Recently,
proton pump inhibitors (omeprazole, pantoprazole, and lansoprazole) have been re-
ported to be Pgp and BCRP substrates and inhibitors.44,45 Other BCRP inhibitors are
the natural product fumitremorgin C and its derivatives Ko132, Ko134, and K143,
which appear to reverse BCRP, but not Pgp- or MRP1-mediated drug resistance.232–234

The coumermycin antibiotic novobiocin,210,235 tryptostatin A,236 reserpine, tamox-
ifen, estrone, and several food dietary flavonoids (in particular, biochanin A and
chrysin)219 have been shown to block BCRP activity. Recently, the tyrosine kinase
inhibitors CI1033 (canertinib), STI571 (imatinib), EKI-785, and ZD1839 (gefitinib,
Iressa) were reported to be potent BCRP inhibitors in vitro and in vivo.216,237–240

Finally, in in vitro studies the immunosuppressants cyclosporin A, tacrolimus, and
sirolimus were revealed to be effective inhibitors (but not substrates) of BCRP at
clinically relevant concentrations.241

Pharmacological and Toxicological Function The strategic localization of BCRP
in placenta, small intestine, colon, liver, blood–brain barrier, and to a lesser extent
in human kidney suggests that BCRP, as well as other ABC transporters, play a
crucial protective role for the fetus, for the body as a whole, and especially for the
brain. BCRP limits the oral absorption of substrates and increases biliary elimina-
tion of substrate xenobiotics, thus affecting the pharmacological behavior of these
compounds. In preclinical studies, the oral bioavailability of topotecan, a much better



JWDD059-24 JWDD059-YOU June 13, 2007 14:30

INTERACTIONS MEDIATED BY ABC DRUG TRANSPORTERS 763

BCRP than Pgp substrate, was increased dramatically by oral coadministration of
the BCRP/Pgp inhibitor elacridar in both wild-type and Pgp knockout mice. Treat-
ment with elacridar only marginally decreased the plasma clearance and hepatobiliary
excretion of topotecan.229 In a recent clinical study, coadministration of elacridar in-
creased the apparent oral bioavailability of topotecan in cancer patients significantly,
from 40% to 97%. Elacridar reduced the plasma clearance of topotecan administered
intravenously by only 10%, indicating that increased systemic exposure after oral
administration of topotecan when given in combination with elacridar is due almost
entirely to increased uptake of topotecan from the gut.164 Polli et al. also described an
important role of BCRP in the bioavailability and disposition of GV196771, a potent
antagonist of the NMDA receptor developed for the treatment of neuropathic pain and
reported to be a good BCRP and poor Pgp substrate. Coadministration of elacridar
in Pgp knockout mice resulted in a significantly increased AUC of GV196771.242

Moreover, in in vivo pharmacokinetic studies using wild-type and Bcrp1 knockout
mice, the plasma concentration of ciprofloxacin (a commonly used fluoroquinolone
antibiotic) after oral administration was increased more than twofold in Bcrp1(−/−)

compared with wild-type mice.221 In the same animal model, Bcrp1 (the homolog of
human BCRP) effectively reduced the intestinal absorption and increased biliary and
intestinal elimination of the Bcrp1 substrate PhIP (a dietary carcinogen), supporting
the hypothesis that BCRP has a protective role in the body and can affect the phar-
macokinetics of substrate drugs.215 Recently, Cisternino et al. reported that Bcrp1
reduced brain penetration of the BCRP substrates mitoxantrone and prazosin.243 All
these findings suggest that BCRP may play an important role in regulating drug ab-
sorption and disposition. Clinically, no increased or unexpected toxicities have been
seen in studies modulating the oral uptake of BCRP substrate drugs.165

Drug–Drug Interactions Clinically important drug–drug interactions have recently
been reported between the antifolate drug methotrexate (MTX); its main metabolite,
7-OH-methotrexate (7-OH-MTX); and the benzimidazoles omeprazole and pantopra-
zole, resulting in long-lasting extensive myelosuppression associated with systemic
infections and severe mucositis. In a case report, omeprazole was shown to inhibit
MTX clearance, resulting in sustained highly toxic levels46 (Figure 24.2a). In another
case report, coadministration of pantoprazole resulted in a 70% increase in the serum
concentration of the metabolite 7-OH-MTX.48 In a clinical study, patients receiving
benzimidazoles and high-dose MTX therapy displayed reduced MTX clearance and
increased MTX plasma levels.111 Although it was challenging to assess the contri-
bution of BCRP in these drug–drug interactions, as several transporters are involved
in MTX uptake and efflux out of cells (reduced folate carrier 1; MRP1-4244–249;
human organic anion transporters hOAT1, hOAT3, and hOAT4529), several preclini-
cal findings support the hypothesis that high-dose MTX–benzimidazoles interactions
are mainly BCRP mediated. MTX is a BCRP substrate, and Volk204,206 and Chen203

showed that besides MTX, the active di- and triglutamylated forms of MTX could
be transported by BCRP. In in vitro studies the proton pump inhibitors omeprazole
and pantoprazole have been demonstrated to be BCRP substrates and effective BCRP
and Pgp inhibitors.44,45 In in vivo experiments, the AUC of MTX after intravenous
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FIGURE 24.2. (a) Omeprazole increased the plasma exposure to high-dose methotrexate. The
mechanism of this important drug–drug interaction is explained in (b). (b) In vivo studies with
wild-type and Bcrp1 knockout (k.o.) mice, revealing that absence of Bcrp1 and coadministration
of the BCRP and Pgp inhibitor pantoprazole effectively increased plasma exposure to high-
dose methotrexate (MTX). The aim of these studies was to unravel the mechanism of the
drug–drug interaction reported between high-dose methotrexate and benzimidazole proton
pump inhibitors in patients [see (a)]. [(a) From ref. 46; (b) from ref. 45. With permission from
the American Association for Cancer Research.]

administration was increased 1.8-fold, and its clearance was reduced about twofold
by coadministration of pantoprazole in wild-type mice, reaching similar levels as in
Bcrp1 knockout mice, while the AUC and the clearance of MTX were not affected
by pantoprazole in Bcrp1 knockout mice45 (Figure 24.2b). Together, these findings
suggest that inhibition of BCRP may explain the clinical interaction between high-
dose methotrexate and benzimidazoles.
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Preclinical findings showed that some tyrosine kinase inhibitors (TKIs) are also
BCRP substrates and/or inhibitors. In in vitro experiments the HER TKI CI1033 en-
hanced the cytotoxicity of SN-38 and topotecan by inhibiting BCRP-mediated drug
efflux from resistant cells.216 Furthermore, in several in vitro assay systems, Hegedus
et al. and Özvegy-Laczka et al. found that imatinib mesylate, gefitinib, and EKI-785
interacted with BCRP at submicromolar concentrations, whereas the other multidrug
transporters, MDR1 and MRP1, were much less sensitive to these agents. Moreover,
at higher concentrations of the three TKIs reported, inhibition of BCRP, MDR1,
and MRP1 was observed in each case.237,250 In other studies, gefitinib was able to
overcome BCRP-mediated drug resistance by inhibiting the pump function of BCRP
in BCRP-transfected human myelogenous and murine lymphocytic leukemia cells
and in human colon cancer cells expressing BCRP endogenously. Mice transplanted
with lymphocytic leukemia cells BCRP-transfected and treated with a combination of
irinotecan and gefitinib presented significantly longer survival than those treated with
irinotecan or gefitinib alone.239 Recently, Stewart et al. reported that the combination
of gefitinib and irinotecan resulted in greater than additive antitumor activity in tumor
models and that activity was independent of tumor Erb-B1 status. Furthermore, gefi-
tinib enhanced the oral bioavailability of irinotecan and topotecan in mice.238 This
BCRP-mediated drug–drug interaction could be relevant for clinical applications,
as it has been demonstrated that protracted schedules of administration increase the
efficacy of several camptothecin analogs, including irinotecan and topotecan.251–253

This can best be achieved by oral dosing. However, oral dosing of irinotecan and
topotecan is associated with significant limitations because of, in part, poor oral
bioavailability and large interpatient variability.196,254 Potentially, gefitinib might en-
hance oral absorption, decrease interpatient variability, and at the cellular level, might
reverse tumor resistance mediated by BCRP, thereby increasing the effectiveness of
the anticancer therapy.

Moreover, as gefitinib was also reported to be a BCRP substrate,193 modulation of
BCRP activity by coadministration of BCRP inhibitors might also improve the brain
penetration of gefitinib, thereby increasing its activity against brain metastases of
non-small-cell lung cancer patients.255 Furthermore, due to the extensive expression
of both BCRP and Pgp in the blood–brain barrier and overlap between BCRP and
Pgp in substrate specificity, modulation of BCRP, as well as Pgp, by BCRP and Pgp
inhibitors could be a good strategy to improve brain penetration of substrate drugs.
Preclinical in vitro and in vivo studies reported significant activity of imatinib mesylate
against glioblastoma,177 but limited brain penetration of imatinib has been observed
in humans and nonhuman primates.178,179,256 Preclinical in vitro and animal studies
have shown that imatinib is a Pgp substrate. Pgp limits the distribution of imatinib
to the brain and the Pgp inhibitors cyclosporin A and LY335979 could improve the
brain penetration of imatinib in mice.174,257 Recently, imatinib has been reported to
be a good BCRP substrate and inhibitor,180 and coadministration of the BCRP and
Pgp inhibitors pantoprazole or elacridar increased the CNS concentration of imatinib
significantly in mice. This might be of interest for the treatment of patients with
primary or metastatic brain tumors sensitive to anticancer drugs with high affinity for
Pgp and/or BCRP.176
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Potentially clinically relevant BCRP-mediated drug–drug interactions can also
be predicted between flavonoids or flavonoid-containing food and herbal prod-
ucts and BCRP-substrate drugs. Flavonoids are the most abundant polyphenols
present in fruits, in plant-derived beverages, and to a lesser extent, in vegetables.258

Due to their recognized protective effect on cancer, cardiovascular diseases, and
osteoporosis,259 flavonoid-containing dietary supplements and herbal products are
widely used and their consumption will probably increase. Preclinical studies showed
that flavonoids are Pgp and CYP3A4 inhibitors.260,261 Recently, it has been reported
that flavonoids effectively inhibit BCRP-mediated drug resistance at relatively low
concentrations.219,262–264 These concentrations could well be achieved in the gut af-
ter the ingestion of flavonoid-containing foods or dietary supplements. Moreover,
when coadministered, some flavonoids were reported to inhibit BCRP.264 Recently,
the flavonoids chrysin and 7,8-benzoflavone were reported to inhibit human BCRP-
mediated transport of topotecan with relatively high potency in BCRP-overexpressing
cells. However, oral coadministration of topotecan with chrysin and 7,8-benzoflavone
failed to alter topotecan pharmacokinetics significantly in rats or Mdr1a/1b knockout
mice.265 Although there is an incomplete in vitro–in vivo correlation, these findings
point in the direction of possibly clinically relevant flavonoid–drug interactions.

Other relevant BCRP-mediated drug–drug interactions can be predicted between
some steroid drugs and BCRP-substrate drugs. Recently, several glucocorticoid drugs,
including prednisone and dexamethasone, were shown to inhibit BCRP efficiently in
vitro.266 Due to the fact that many of the BCRP substrates identified are anticancer
drugs, and that prednisone and dexamethasone are frequently used in chemotherapeu-
tic regimens in the treatment of lymphoid leukemias and solid tumors, either for their
anticancer activity or for their ability to reduce adverse side effects of chemotherapy,
pharmacokinetic interactions could occur. Moreover, it can be speculated that high
systemic levels of glucocorticoids contribute to reverse BCRP-mediated multidrug
resistance. Similarly, as several commercially available estrogen antagonists and ag-
onists (in particular, diethylstilbestrol, tamoxifen, and tamoxifen derivatives) have
been reported to reverse drug resistance effectively in BCRP-overexpressing cells,267

clinical drug–drug interactions can be predicted in patients taking these BCRP in-
hibitors and BCRP-substrate drugs. Whether the modulation of BCRP activity by
these drugs is clinically relevant and can be used to improve the oral bioavailability
of BCRP substrate drugs and potentiation of their cytotoxic activity is still an open
question.

Drug–drug interactions might also take place in patients taking highly active an-
tiretroviral therapy (HAART) for the treatment of HIV type 1 (HIV-1) infection, as
recently the HIV protease inhibitors ritonavir, saquinavir, and nelfinavir have been
reported to block BCRP activity effectively in vitro, although ritonavir, saquinavir,
nelfinavir, indinavir, and amprenavir were not substrates of BCRP.231 Preclinical
experiments revealed that the nucleoside reverse-transcriptase inhibitors (NRTIs)
zidovudine (AZT) and lamivudine (3TC) are probably transported by BCRP,223 and
preclinical studies have shown that antiretroviral drugs used in HAART are substrates
and/or inhibitors of other ABC transporters, in particular Pgp and MRP4, MRP5, and
MRP8.268–270 Further studies are warranted to evaluate if the modulation of BCRP,
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Pgp, and MRP activity is a useful strategy to increase the intracellular concentrations,
the oral bioavailability, and the brain penetration of HIV antiretroviral drug substrates
when given in combination with potent inhibitors of these transporters. Drug–drug
interaction has been described between the anticancer drug irinotecan and the im-
munosuppressive tacrolimus in a patient with hepatocellular carcinoma after liver
transplantation. Concomitant administration of irinotecan and tacrolimus resulted in
increased plasma concentrations of SN-38 and severe diarrhea.271 The mechanism
of this interaction remains unknown, but as tacrolimus has recently been reported to
inhibit BCRP efficiently in vitro241, the inhibition of BCRP may explain, at least in
part, this clinically relevant feature. Other clinically relevant drug–drug interactions
involving the anticancer drug irinotecan and its metabolites have been described, but
as irinotecan displays an extremely complex pharmacokinetics that involves several
metabolizing enzymes and membrane transporters, it is likely that various mecha-
nisms and different transporters are involved in these interactions (see the section
“MRP2”).

Modulation of BCRP activity could also be a useful strategy to modify the phar-
macokinetic property of anthelmintic benzimidazole drugs such as albendazole and
fenbendazole. This is a class of drugs used for the treatment of intestinal luminal par-
asites because they are poorly absorbed from the gut.272 As the sulfoxide derivatives
of albendazole and fenbendazole can be actively transported by BCRP (but not by
Pgp or MRP2) in vitro, clinical use of efficacious BCRP inhibitors might improve
their oral bioavailability by reducing their intestinal elimination and hepatobiliary
secretion. Therefore, this strategy, resulting in increased plasma levels and duration
of systemic exposure to sulfoxide derivatives of methylcarbamate albendazoles, might
improve the therapeutic efficacy of these compounds against extraintestinal (systemic)
infections.273

24.2.3. ABCC Family (Multidrug Resistance–Associated Proteins,
MRP1 to MRP9)

MRP1 (ABCC1)

Impact of Polymorphism on Function MRP1 (ABCC1) SNPs have been described
in various ethnic populations, but they are not associated with any known genetic dis-
order or phenotype, or with altered pharmacokinetics or toxicity of substrate drugs,
in particular, irinotecan.7,284–288 A mutation of R433S in MRP1 has been identi-
fied and displayed decreased organic anion transport and increased resistance to
doxorubicin.289 In vitro functional characterization studies have shown that some
MRP1 allelic variants display altered substrate specificity.289 For this reason we spec-
ulate that some MRP1 variants could be associated with changes in drug disposition,
but further studies are awaited.

Main Substrate Classes (Clinically Applied) MRP1 is primarily an organic anion
transporter. MRP1 can also transport compounds that are conjugated or complexed
to glutathione (GSH), sulfate, glutamate, or glucuronide.244,248,290–296 In addition,
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MRP1 is able to cotransport neutral/basic drugs with reduced GSH: In in vitro exper-
iments it has been reported that the ATP-dependent vesicular transport of vincristine,
daunorubicin, and etoposide by MRP1 required reduced GSH, and GSH-depleting
agents such as buthionine sulfoximine (BSO) could sensitize MRP1-overexpressing
cells to a number of anticancer agents.292,297–303 Antimonial and arsenical oxian-
ions are also cotransported by MRP1 with GSH304 or complexed to GSH.303 Thus,
MRP1 transports a broad range of physiological compounds, xenobiotics, and drugs.
Leukotriene C4 (LTC4) and its metabolites, D4 (LTD4) and E4 (LTE4), are good
substrates of MRP1, as well as other prostaglandin derivatives, the cholestatic 17�-
estradiol-glucuronide and the sulfated bile salt sulfatolithocholate.290,292,295,305 A vari-
ety of chemical toxicants and their metabolites with potential carcinogenic activity are
also transported by MRP1. In vitro data show that the GSH-conjugated stereoisomers
of aflatoxin B1,306 the glucuronide conjugate of some nicotine metabolites,296,307

the GSH conjugates of the herbicide metolachlor, and the toxicants 1-Cl-2,4-
dinitrobenzene and 4-nitroquinoline 1-oxide are all substrates of MRP1.308–310 Clin-
ically relevant substrates of MRP1 include several classes of anticancer agents, such
as anthracenedione (mitoxantrone); epipodophyllotoxins; Vinca alkaloids; anthracy-
clines; camptothecins (topotecan, irinotecan, and the unconjugated and conjugated
forms of its active metabolite SN-38)311; conjugates of alkylating agents (thiotepa,312

cyclophosphamide, chlorambucil, and melphalan); and the antiandrogen flutamide
and its metabolite, hydroxyflutamide.313 MRP1 can also confer resistance to short-
term exposure to methotrexate, a folate antimetabolite.244,248 Recently, the HIV
protease inhibitors ritonavir and saquinavir, as well as conjugates of the diuretic
ethacrynic acid,316 were found to be transported by MRP.314,315

Inhibitors (Competitive and Noncompetitive) Various classes of compounds with
MRP-inhibiting activity have been described. Sulfinpyrazone, benzbromarone,
probenecid, and indomethacin can modulate MRP1 activity, but they are nonspecific
inhibitors, as these molecules modulate the activity of many transporters, and based on
in vitro findings, they should be used at relatively high concentrations to inhibit MRP1
activity in vivo.317–320 Relatively specific modulators of MRP1 are MK571 (a LTD4

receptor antagonist),321 ONO-1078 (a peptide leukotriene receptor antagonist),322

glibenclamide [a sulfonylurea derivative that inhibits MRP1 as well as sulfony-
lurea receptor 1 (SUR1)]323 and several peptidomimetic GSH-conjugate analogs.324

Several tricyclic isoxazole derivatives (e.g., LY475776, LY329146, LY402913) are
highly specific and potent MRP1 inhibitors, as they block the MRP1-mediated
LTC4 transport in a GSH-dependent manner.294,325–327 Some Pgp inhibitors, such
as VX-710 (Biricodar), PSC 833 (valspodar), verapamil,328 cyclosporin A, agosterol
A,329 PAK-105P,330,331 S9788 332 as well as several bioflavonoids (e.g., genistein,
quercetin),333,334 nonsteroidal anti-inflammatory drugs (NSAIDs),335 steroid deriva-
tives (e.g., RU486, budesonide), and imidathiazole derivatives have been shown
to inhibit MRP1, but with low affinity and poor specificity.296 Recently, MRP1-
specific antisense oligonucleotides and cDNA, ribozymes, and small interfering RNA
molecules have been developed. For instance, ISIS 7597 (a MRP1-specific antisense
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oligonucleotide) has been shown to down-regulate MRP1 successfully in a xenograft
model of human neuroblastoma.336

Inducers In some cell systems MRP1 expression can be induced by pro-oxidant
compounds such as quercetin, sulindac, menadione, pyrrolidinedithiocarbamate, and
tert-butylhydroquinone.337–339 Several compounds that generate reactive oxygen
species (e.g., TNF�)340 and nitric oxide donors341 are also reported to induce MRP1
expression.

Pharmacological and Toxicological Function The pharmacological and toxicolog-
ical functions of MRP1 have been studied using Mrp1(−/−) mice. Increased sensi-
tivity to the MRP1 substrate etoposide after intravenous administration in Mrp1(−/−)

mice has been described as well as dramatically increased vincristine and etoposide
toxicity after intraperitoneal administration to Mrp1(−/−) and Mdr1a/1b(−/−) (triple
knockout) mice compared with Mdr1a/1b(−/−) and wild-type mice. In particular, the
Mrp1(−/−) and/or Mdr1a/1b(−/−) mice showed increased sensitivity of bone marrow
precursor cells and some epithelia containing high levels of Mrp1 (e.g., oropharyn-
geal mucosa and collecting tubules of the kidney) to Mrp1 substrate drugs (etoposide
and vincristine). They also showed increased anticancer drug–induced destruction of
sperm cells in the testis and increased drug (etoposide) levels in the cerebrospinal
fluid (CSF).342–346 Recently, MRP1 has been reported to participate in the brain
uptake and accumulation of substrate drugs. Indeed, although saquinavir has been
described as a good Pgp substrate and it has been reported that affinity for Pgp affects
its brain distribution significantly, in a preclinical study in mice the brain uptake of
saquinavir increased more than fourfold in the presence of the selective MRP in-
hibitor MK571.347 Other in vitro experiments confirmed that at the cellular level, the
endogenous expression of MRP1 (together with Pgp) can contribute to the basal re-
sistance of cell lines to a variety of anticancer drugs. Murine fibroblast and embryonic
stem cell lines lacking the expression of Mrp1, Mdr1a, and Mdr1b genes displayed
significantly increased sensitivity to anthracyclines, topotecan, SN-38, epipodophyl-
lotoxins, and arsenite.348,349 All these findings together suggest that MRP1 plays an
important role in protection of the body and that administration of MRP1 modulators
can alter the pharmacokinetics of coadministered drugs, thus leading to potentially
clinically relevant drug–drug interactions.

MRP2 (cMOAT, ABCC2)

Impact of Polymorphism on Function Several mutations of MRP2 (cMOAT,
ABCC2) have been described in humans and animals. In humans some mutations
(missense, nonsense, splice site, and deletion mutations) in the MRP2 gene, resulting
in the absence or functional inactivity of MRP2 in the bile canalicular membrane,
have been reported in persons affected by the Dubin–Johnson syndrome, an auto-
somal recessive inheritable disorder characterized by conjugated hyperbilirubinemia
and increased urinary coproporphyrin I fraction.15,350 Although the hepatic function
of patients with Dubin–Johnson syndrome is reported to be normal (probably due
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to a compensation by other transporters), it has been suggested that those patients,
however, are at increased risk of drug-induced toxicity.351 In rats, two differently
occurring mutations in the Mrp2 gene generate the Mrp2-deficient GY/TR− or Eisai
hyperbilirubinemic (EHBR) rat strains.352–356 Recently, in a study performed in 64
Caucasian cancer patients, a functional MRP2 SNP (C3972T) able to affect irinotecan
pharmacokinetics has been found. Patients carrying the 3972T allele showed higher
AUC of irinotecan and its metabolite, SN-38 glucuronide. SNP analysis of MRP2
has also been performed in healthy Japanese subjects, in a Dutch population, and
in several cell lines established from surgically dissected tumors from Japanese pa-
tients. Several SNPs have been identified, and some of them have been characterized
functionally, but their clinical consequences and impact on drug disposition need
to be clarified.15,286,350,357,358 Interindividual differences in the expression level of
MRP2 in liver and gut have also been found, and it is supposed that together with
single-nucleotide polymorphism, the induction/down-regulation of this transporter
can be affected by different disease states (e.g., cholestatic conditions, hepatitis) and
food and/or drug intake.352,359–362 Clinical implications of this observation are not
yet known.

Main Substrate Classes (Clinically Applied) There are many similarities between
compounds transported by MRP2 and MRP1, although there is not complete over-
lap. Anticancer drugs transported by MRP2 include anthracyclines (doxorubicin
and epirubicin), camptothecin derivatives (irinotecan/SN-38), Vinca alkaloids (vin-
blastin and vincristine), mitoxantrone, cisplatin, and probably, etoposide.244,296,363–367

Recently, it has been reported that MRP2 transports taxanes (paclitaxel and doc-
etaxel) and that this transport is stimulated by probenecid.368 Like MRP1 and MRP3,
MRP2 is able to confer resistance after short-term (brief) exposure to high con-
centrations of methotrexate.244,248,369 In addition, as MRP2 is primarily an organic
anion transporter, it seems very likely that basic drugs (e.g., vinblastin) are cotrans-
ported with GSH.363,367,370 Substrates of MRP2 also include many amphipathic anion
drugs and endogenous compounds and GSH, glucuronide, and sulfate conjugates.
MRP2 is the principal transporter of bilirubin mono- and bisglucuronides into the
bile.371,372 Other MRP2 endogenous substrates include LTC4, reduced and oxidized
GSH (GSSG), LTD4, LTE4, estradiol-17�-glucuronide, l-thyronine, and glucuronide
conjugates of such drugs as diclofenac and acetaminophen.350,373–375 Taurolitho-
cholate sulfate and taurochenodeoxycholate sulfate are also substrates of MRP2.376,377

Other clinically important drugs transported by MRP2 are pravastatin; temocapri-
lat; ampicillin; ceftriaxone; grepafloxacin and its glucuronide conjugate, BQ-123;
sulfinpyrazone; the HIV protease inhibitors saquinavir, ritonavir, and indinavir;
p-aminohippurate; and possibly, arsenic trioxide.296,367,378–381 Furthermore, MRP2
has been shown to mediate the transport of some carcinogens, such as PhIP (2-amino-
1-methyl-6-phenylimidazo[4,5-b]pyridine),382,383 the glucuronide conjugate of the
nicotine metabolite 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanol (NNAL),307 the
fungal toxin ochratoxin A,384 arsenite, cadmium, and �-naphthylisothiocyanate.370,381

Inhibitors and Inducers Inhibitors of MRP2 have been described, but they are not
highly specific. MK571 inhibits MRP2 but also MRP1 and MRP3, and cyclosporin
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A, PSC 833, PAK-104P, sulfinpyrazone, benzbromarone, and probenecid, in addi-
tion to Pgp, are reported to block MRP2 activity in intact cells. Many of the anionic
substrates of MRP2 (e.g., LTC4, phenolphtalein glucuronide, fluorescein, methotrex-
ate) can act as competitive inhibitors in in vitro systems.319,385 Interestingly, certain
MRP2 modulators can inhibit MRP2-mediated transport of a number of substrates
(e.g., probenecid inhibits methotrexate transport by MRP2) but stimulate transport
of others (e.g., probenecid stimulates transport of taxanes, etoposide, vinblastin, and
HPIs).244,367,368,386,387

Zelcer et al. demonstrated that a large variety of clinically used compounds could
stimulate MRP2 transport.388 Fromm et al. reported that rifampicin is able to induce
intestinal MRP2 as well as Pgp in humans.362 Regulation of MRP2 activity can also
take place at the cellular level. Dynamic endocytic retrieval and exocytic insertion
of MRP2 between the canalicular membrane and an intracellular pool of vesicles
are involved. Treatment of rats with lipopolysaccharide (which induces cholestasis)
also induces endocytic retrieval of MRP2.389,390 Implications for the disposition of
substrate drugs of MRP2 are currently unknown.

In vitro, transcriptional regulation of MRP2 has also been characterized, and vari-
ous MRP2-inducing agents have been found. In primary cultures of human and/or rat
hepatocytes, dexamethasone, rifampicin, tamoxifen, cisplatin, cycloheximide, phe-
nobarbital, 2-acetaminofluorene, cholic acid, chenodeoxycholic acid, clotrimazole,
pregnenolone, sodium arsenite, and oltipraz, serving here as examples, induced MRP2
expression.350,391–400 Induction of liver Mrp2 expression has also been described in
Wistar rats treated with St. John’s wort.400 Similarly, treatment of Sprague–Dawley
rats with dexamethasone induced Mrp2 expression in liver and kidney.401 However,
further investigations are needed, as discrepancies have been reported between in
vitro and in vivo findings. For instance, in contrast with results observed in cultured
hepatocytes, phenobarbital treatment of rats did not increase Mrp2 expression.402–404

Pharmacological and Toxicological Function The pharmacological and toxicolog-
ical functions of MRP2 have been studied extensively in in vitro and in vivo models,
using rat strains defective for Mrp2 (GY/TR- and EHBR) and cells from humans
suffering from the Dubin–Johnson syndrome. In these models the pharmacokinetics
of MRP2 substrate compounds are altered significantly, suggesting that MRP2 can
affect the pharmacological behavior of these substrate drugs. MRP2 is involved in
the hepatobiliary excretion of clinically important anionic drugs and intracellularly
formed glucuronide and glutathione conjugates of many drugs,352,354,372,405 thus play-
ing a key role in the phase III xenobiotic detoxification system, the biliar excretion of
conjugated metabolites produced by phase I and II hepatic enzymes. MRP2 probably
has a central role in the disposition and hepatobiliary elimination of substrate drugs.
In Mrp2-deficient rats, a reduction was found in the biliary excretion of cefodizime,
ceftriaxone, and grepafloxacin, antimicrobials used clinically in the treatment of in-
fections of the biliary tract, indicating that efficient excretion of these drugs into the
bile is probably mediated by MRP2.379,406–408 Similarly, the biliary elimination of
the HMG-CoA reductase inhibitor pravastatin, a known MRP2 substrate, has been
reported to be threefold lower in EHBR than in normal rats.409 Biliary excretion of
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methotrexate, mediated by MRP2 as well as BCRP, has been proposed to be responsi-
ble for its intestinal toxic effects.45,410 Furthermore, secretion into the bile via MRP2
of the glucuronide derivative of the nonsteroidal anti-inflammatory drug diclofenac
is supposed to cause toxic effects to the bile canalicular membrane.376

Moreover, MRP2, together with BCRP and Pgp, may contribute to the gastrointesti-
nal excretion of the anticancer drug irinotecan and its metabolites SN-38, and SN-38
glucuronide. Irinotecan, SN-38, and SN-38 glucuronide are transported by BCRP and
to a lesser extent by MRP2 and Pgp.197,199,411,412 The intestinal excretion of irinote-
can and its metabolites has been linked to severe unpredictable diarrhea, a frequent
dose-limiting effect of irinotecan that shows wide interpatient variability.310,413–419

Several strategies to prevent this important toxicity using efficient inhibitors of the
gastrointestinal transport of irinotecan and its metabolites have been investigated.
In rats, coadministration of probenecid (a MRP2 inhibitor) reduced SN-38 biliary
excretion and decreased irinotecan-induced late-onset diarrhea.378,420 In other stud-
ies, coadministration of irinotecan with cyclosporin A (a Pgp, BCRP, and MRP2
inhibitor)240,421 resulted in significantly reduced excretion of irinotecan and SN-38
via the biliary route and/or the intestinal route in rats.422,423 In patients affected by
fluorouracil-refractory metastatic colorectal cancer, a clinical phase I study of intra-
venous irinotecan and oral cyclosporin A revealed an increased plasma AUC0–24h of
irinotecan, SN-38, and SN-38 glucuronide, and a reduction of irinotecan clearance
and of diarrhea with preservation of antitumor activity.424 Similar results were found
in another study performed in a larger patient population with refractory solid tumors
or lymphoma.425

MRP2-mediated biliary excretion of drugs as part of a multiple elimination path-
way (such as biliary and urinary) has been proposed to confer pharmacokinetic ad-
vantage to substrate drugs (e.g., temocapril), thus avoiding potentially toxic effects. In
patients with renal failure, the relatively stable pharmacokinetics of temocaprilat [the
active metabolite of the angiotensin-converting enzyme (ACE) inhibitor temocapril],
compared with other ACE inhibitors (such as enalapril, captopril, and cilazapril),
is thought to be due to its dual excretion via both bile and urine,426–429 whereas the
other ACE inhibitors are eliminated primarily via renal excretion. Preclinical findings
show that temocaprilat is transported by MRP2 and that MRP2 is the predominant
factor in determining its biliary excretion. The biliary clearance after intravenous
administration of temocaprilat was significantly lower in EHBR than in Sprague–
Dawley rats. In contrast, the other ACE inhibitors do not appear to be good MRP2
substrates.430 In addition, intestinal MRP2 limited the oral bioavailability of substrate
compounds. In preclinical studies, absorption after oral administration and the tissue
levels in several organs (liver, kidney, lung, and colon) of the food-derived carcinogen
PhIP (a proven MRP2 substrate) were approximately twofold higher in TR− than in
Wistar rats. Furthermore, after intravenous administration, the levels of PhIP and its
metabolites in bile and the direct intestinal excretion of unmetabolized PhIP were
significantly reduced in TR− compared with Wistar rats.370,382 In vitro experiments
using reverted sacs prepared from jejunum and the ussing chamber have shown an
important reduction of clearance by intestinal excretion and vectorial transcellular
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transport of 2,4-dinitrophenyl-S-glutathione, a MRP2 substrate, in EHBR compared
with normal rats.430,431

Extrapolating these findings to the known MRP2 drug substrates, it is likely that
these compounds are also affected by intestinal MRP2 activity in their oral bioavail-
ability and direct intestinal excretion. It is also possible that in some studies the
overlapping transport activity of the highly expressed intestinal transporters Pgp and
BCRP has masked the relevance of MRP2 in this function.432 Recently, in preclin-
ical studies using Wistar and TR− rats, MRP2 has been reported to limit the oral
bioavailability of the HIV protease inhibitor saquinavir 433 and of the taxanes pacli-
taxel and docetaxel, substrates for which both Pgp and MRP2 have affinity.368,380,433

In addition, recent research demonstrates that MRP2 modulates the brain penetration
of clinically important substrate drugs. In TR− rats, brain extracellular levels and the
anticonvulsant effect of the antiepileptic drug phenytoin were significantly increased
compared with normal rats. Moreover, using in vivo microdialysis in rats, a signifi-
cantly enhanced brain extracellular concentration of phenytoin has been reported with
local perfusion of the anion transporter inhibitor probenecid.434–436 A significant in-
crease of drug penetration into the brain by probenecid was reported previously for
valproate437 and carbamazepine438 and has been attributed to inhibition of MRP2 in
the blood–brain barrier, although probenecid is not a specific inhibitor of MRP2.439

Subsequently, a study using TR− rats reported increased anticonvulsant response to
carbamazepine in the kindling model of temporal lobe epilepsy, but no difference
in brain drug levels.435 These findings have important clinical relevance, as recently
it has been hypothesized that overexpression of Pgp and MRPs may be involved in
the generation of drug resistance in epileptic patients.14,440–442 Therefore, the de-
velopment of active and more specific MRPs and/or Pgp inhibitors might overcome
drug resistance to antiepileptic drugs.443 Furthermore, due to the broad MRP2 sub-
strate specificity, its pharmacological role and the wide range of clinically used drugs
that can modulate MRP2 activity, several clinically relevant drug–drug interactions
mediated by MRP2 could be anticipated.

Clinically relevant drug–drug interactions have been described when rifampicin
is coadministered with morphine or propafenone, resulting in loss of analgesic effect
of morphine or in reduced bioavailability of propafenone, respectively.444–446 These
interactions can be attributed in part to induction of intestinal Pgp and phase I drug-
metabolizing enzymes. However, rifampicin has also been demonstrated to induce
the intestinal expression and activity of MRP2.362 Therefore, induction of MRP2
expression mediated by rifampicin could contribute to the reduction in intestinal
absorption, plasma concentrations, and urinary recovery of morphine and propafenone
that has been observed.

A drug–drug interaction has also been described between phenobarbital and ac-
etaminophen glucuronide: Pretreatment with phenobarbital significantly increased
acetaminophen glucuronide (AP-G) formation but significantly reduced AP-G bil-
iary excretion in rats,447 whereas acute phenobarbital treatment decreased the biliary
excretion of AP-G together with a moderate reduction in AP-G production.448 The
decreased biliary excretion of AP-G due to phenobarbital treatment can be attributed
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to impairment in biliary excretion or up-regulation in basolateral transport of AP-G.
Although the impaired biliary excretion of AP-G after phenobarbital pretreatment
may be attributed primarily to the induction of hepatic MRP3 by phenobarbital (see
below), it could also be explained by inhibition of Mrp2-mediated AP-G transport
by the phenobarbital metabolite p-hydroxyphenobarbital glucuronide (p-OHPBG).374

Pharmacokinetic modeling and simulation studies suggest that the biliary excretion
of AP-G is mediated almost exclusively by Mrp2.373 Furthermore, the AP-G biliary
clearance was markedly decreased and the AP-G basolateral clearance significantly
increased in TR− rat liver. In plasma membrane vesicles, p-OHPBG significantly
inhibited Mrp2.374

Another drug–drug interaction has been reported between probenecid and the
HIV protease inhibitor (HPI) saquinavir and the anticancer drug paclitaxel. In in
vitro experiments MRP2 appears to transport saquinavir and paclitaxel efficiently
and the transport of both drugs is stimulated by probenecid.314,368,380 In wild-type
and Pgp deficient mice (used because saquinavir and ritonavir are also good Pgp sub-
strates), coadministration of saquinavir, ritonavir (to inhibit saquinavir metabolism),
and probenecid resulted in strongly decreased saquinavir plasma levels.435 Although
the same experiment performed in Mrp2-deficient rats showed that Mrp2 transport
function was not the main cause for the decreased HPI plasma levels, it cannot be ex-
cluded that in vivo there may be MRP2 stimulation that contributes to this drug–drug
interaction. As probenecid is still used in general clinical practice in some countries,
in particular in HIV/AIDS patients, for treatment of gout or in adjunct to antimicro-
bial therapy (e.g., with penicillin and/or cephalosporins) to boost antibiotic plasma
concentrations, this reported drug–drug interaction possibly has clinical conse-
quences. It may lead to a drop in HPI plasma levels, resulting in suboptimal therapy;
selection of mutant, resistant HIV strains; and subsequently, to failure of therapy. Sim-
ilarly, coadministration of probenecid and other MRP2-stimulating drugs in cancer
patients during chemotherapy with MRP2 substrate drugs (e.g., taxanes, etoposide)
might enhance MRP2-mediated drug resistance, increase the elimination of parenter-
ally administered drugs, and decrease the oral bioavailability of anticancer drugs, with
potential effects on therapeutic efficacy.368 It is noteworthy that recently, consider-
ably high levels of MRP2 have been reported in cancers originating from lung, breast,
ovarian, renal, and colon carcinomas.449 To date there is no clinical evidence of the
aforementioned drug interaction with probenecid; however, selected combinations
are worth investigating.

Furthermore, Zelcer et al. and Bakos et al. recently reported a broad range of
clinically applied drugs that can stimulate and/or inhibit MRP2 activity in vitro,
thus potentially leading to clinically relevant (beneficial or adverse) drug–drug
interactions.319,388 Indomethacin, penicillin G, pantoprazole (as well as other proton
pumps inhibitors, such as omeprazole and lansoprazole), furosemide, glibenclamide
and sulfanitran stimulated MRP2 transport in in vitro models. However, based on
the complex model of the MRP2 interaction proposed (two distinguishable binding
sites, one site from which the drug is transported and a second site that regulates the
former allosterically), the effect of a transport modulator appeared to depend on the
substrate transported. For example, probenecid significantly stimulated transport of
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17�-estradiol 17�-d-glucuronide (E217�G) but inhibited the transport of methotrex-
ate, two well-known MRP2 substrates.388 In addition, other widely used drugs and
herbal medicines, such as rifampicin, tamoxifen, dexamethasone, and St John’s wort,
which are often coadministered with other MRP2 substrate drugs (in particular, in
anticancer therapy) have been demonstrated to induce intestinal or liver MRP2 in
humans, rodents, and primates.362,392,400 However, it is important to note that the
stimulation of intestinal and hepatic MRP2 could lead to differential clinical effects.
On the one hand, it may result in decreased bioavailability of drugs, which may lead
to reduced treatment efficacy, but on the other hand, it could be a beneficial strategy
to stimulate the secretion of toxic metabolites (e.g., to improve the clearance of HPIs
in case of an accidental overdose or HPI-mediated toxicity). The exact clinical im-
plications have, however, not been documented, and before attributing consequences
to these in vitro observations, careful interaction studies should be performed with
humans.

MRP3 (ABCC3)

Impact of Polymorphism on Function Little information is available about MRP3
(ABCC3) genetic polymorphism.284,450,451 By screening of a Japanese population,
Saito et al. recently identified several intron variations of ABCC3 and three exon
SNPs, leading to synonymous amino acid changes in MRP3.284 Screening 103 Cau-
casians, Lang et al. identified multiple synonymous and nonsynonymous mutations
in the human MRP3 gene, one of which affected hepatic MRP3 expression.451 In
another study performed using several Caucasian patients with lung cancer or other
respiratory diseases, a naturally occurring variant of MRP3 was described (MRP3-
Arg 1297 His), with cellular location and transport characteristics similar to those of
MRP3.450 To date, no clinical phenotype has been attributed to a functionally deficient
MRP3. However, nonsynonymous polymorphic MRP3 variants with altered transport
characteristics are likely to exist.

Main Substrate Classes (Clinically Applied) MRP3 is an organic anion transporter
with substrate specificity in part overlapping with MRP1 and MRP2. MRP3 transports
several anticancer drugs, such as the epipodophyllotoxin derivatives etoposide and
teniposide, methotrexate, and possibly vincristine, probably in a non-GSH-dependent
manner.368,452 Substrates of MRP3 include E217�G, a variety of bile salts, LTC4,
dinitrophenyl-S-GSH (GS-DNP) (but not GSH) and several glucuronide and sulfate
conjugates of steroids,452–454 prostaglandins [in particular, the glutathione conju-
gate of 15-d-prostaglandin J2, an important product of prostaglandin D2 (PGD2)
metabolism],455 bile acids,456,457 and commonly used drugs (e.g., acetaminophen and
morphine).376,458,459

Inhibitors (Competitive and Noncompetitive) In vitro, several organic anion trans-
port inhibitors, such as indomethacin, probenecid, benzbromarone, and sulfinpyra-
zone, could reverse MRP3-mediated decreased accumulation of substrate drugs, sug-
gesting a possible inhibiting effect on MRP3 activity.452
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Inducers Several groups have reported that liver MRP3 expression can be in-
duced in response to a number of toxins, such as �-naphtoflavone460 and 2-
acetylaminofluorene,461 oltipraz, diallyl sulfide, and trans-stilbene oxide,462 and to
drugs such as phenobarbital,374,463,464 acetaminophen,465 the proton pump inhibitor
omeprazole,460 and several nonsteroidal anti-inflammatory drugs.339 Certain bile
salts (e.g., chenodeoxycholic acid) can also act as inducers of MRP3 expression.466

In humans, increased MRP3 expression has been detected in several hereditary
and acquired liver diseases, including Dubin–Johnson syndrome,467 primary biliary
cirrhosis,468 type 3 progressive familial intrahepatic cholestasis,469 and obstructive
cholestasis.359,470

Pharmacological and Toxicological Function Recently, the role of MRP3 in drug
disposition has been investigated. In Mrp3 knockout mice, administration of the com-
monly used analgesic and antipyretic acetaminophen (AP) resulted in dramatically
increased AP-glucuronide (AP-G) levels in the liver and bile and in a reduction of
plasma AP-G levels compared with Mrp3(+/+) mice. In the isolated perfused liver,
a strong decrease in AP-G secretion was found in the perfusate of Mrp3(−/−) livers,
suggesting that in the absence of Mrp3, AP-G accumulates sufficiently in the liver to
redirect a fraction of its excretion through low-affinity canalicular transport involving
Mrp2.471 This hypothesis is supported by previous preclinical studies investigating
the hepatobiliary disposition of AP in Mrp2 (TR−)-deficient rats, in which Mrp3
up-regulation was demonstrated. In this model, administration of AP resulted in a
reduction in the biliary elimination of AP-G without retention of this metabolite in
hepatocytes, and increased secretion of AP-G into the urine.472 The same concept
was demonstrated by Xiong et al.373 using isolated perfused livers from TR− and
wild-type rats.

Similarly, Zelcer et al.458 recently reported pharmacokinetic alterations of injected
morphine and morphine-glucuronides in Mrp3(−/−) mice with a reduction in antinoci-
ceptive potency of injected morphine-6-glucuronide in Mrp3(−/−) mice. In addition,
MRP3 has been demonstrated to affect the disposition of substrate drugs, thus pos-
sibly changing their pharmacological and toxicological profile. For instance, several
findings support the hypothesis that induction of liver expression of MRP3 by AP may
contribute to AP-decreased hepatotoxicity, as overexpression of MRP3 might mini-
mize AP liver exposure, thus reducing AP activation to its toxic reactive metabolite.
Although speculative, this hypothesis could contribute to the explanation of clinical
cases of patients who took high-doses of AP without developing liver damage.473 In
rats and mice, treatment with an acute toxic dose of AP increased the hepatic expres-
sion of Mrp2 and increased the biliary excretion of its model substrates dinitrophenyl-
S-GSH and GSSG. Repeated AP dosages correlated with a significant Mrp3 induction
in the liver (but not to further MRP2 up-regulation), a shift from canalicular to ba-
solateral efflux of AP-G and a decrease in its enterohepatic recirculation.465,474–476

Moreover, in other preclinical studies, Xiong et al.374 and Slitt et al.462 used different
Mrp3 inducers and demonstrated increased urinary excretion of the AP-G metabo-
lite. This modulation of the route of drug excretion by MRP3 may lead to clinically
relevant drug–drug interactions.
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As reported above, induction of hepatic Mrp3 by phenobarbital is one of the
most important mechanisms involved in the reduction of the biliary excretion of ac-
etaminophen glucuronide after phenobarbital pretreatment of rats.374 Phenobarbital is
a well-known enzyme inducer that also induces the hepatocyte basolateral transporters
Mrp3 and organic anion–transporting polypeptide 2 (Oatp2) in Sprague–Dawley
rats.374,470,477 Studies of the recirculating isolated perfused rat liver model have sug-
gested that Mrp3 is involved in the basolateral transport of AP-G. Experiments with
plasma inside-out membrane vesicles showed that AP-G is a low-affinity substrate for
Mrp2 and Mrp3 and that p-hydroxyphenobarbital glucuronide (p-OHPBG), a major
phenobarbital metabolite, significantly inhibited Mrp2- and Mrp3-mediated transport
processes.373 These findings support the hypothesis that the impaired biliary excretion
of AP-G after phenobarbital pretreatment can be attributed primarily to the induction
of hepatic Mrp3.

MRP4 MRP4 substrates include cyclic nucleotides and nucleotide analogs widely
used in antiviral and anticancer therapy [e.g., 9-2-phosphonylmethoxyethyladenine
(PMEA), azydothymidine (AZT) lamivudine, 2′,3′-dideoxy-3′-thiacytidine, ganci-
clovir, 6-mercaptopurine, thioguanine, cladribine],478–483 cyclic GMP (guanosine
3′-5′-cyclic monophosphate) and AMP (adenosine 3′-5′-cyclic monophosphate),
methotrexate, leucovorin,249,478 cyclophosphamide,484 several camptothecins (topote-
can, irinotecan, its active metabolite SN-38, and rubitecan),484–486 GSH, and
folate.246,249,484,487,488 The involvement of GSH in MRP4 cotransport of certain
substrates is still controversial, as different groups reported contradicting
results.479,487,489 Several drugs have been reported to inhibit MRP4 activity efficiently
in vitro, but their specificity and clinical applicability are still unclear. Buthionine-
sulfoximine (BSO), MK571, celecoxib, and diclofenac as well as dipyridamole, di-
lazep, nitrobenzyl, mercaptopurine ribozide, probenecid, and sulfinpyrazone have
been described as MRP4 blockers.481,484 Little is known about induction of MRP4
expression. Recently, a study in infected human macrophages indicated that AZT
treatment induced MRP4 mRNA expression.490

The pharmacological role of MRP4 is not yet completely known. However, due
to the broad tissue distribution of MRP4, it is likely that its modulation by coadmin-
istered drugs (inhibitors or inducers) may have important pharmacokinetic implica-
tions for substrate drugs. In this respect, a recent and interesting study from Leggas
et al.491 reported enhanced accumulation after intravenous administration of topote-
can (a MRP4 substrate) in brain tissue and cerebrospinal fluid (CSF) of Mrp4(−/−)

mice compared with Mrp4(+/+) mice. Moreover, in a previous study,492 the transport
of intraventricularly injected methotrexate from the choroid plexus into the blood
circulation was inhibited by probenecid, a reported Mrp4 inhibitor. Therefore, Mrp4
appears to play a significant role in brain penetration of selected cytotoxins and other
therapeutic agents. Modulation of MRP4 activity and expression may enhance brain
penetration of drugs, thus possibly improving the treatment of primary brain tumors
and other cerebral diseases. At the cellular level, inhibition of MRP4 activity may be
a useful strategy to increase the intracellular concentration of drugs, thus overcom-
ing drug resistance. Interestingly, the expression level of MRP4 was associated with
poor prognosis in patients with neuroblastoma.486 Moreover, in a preclinical study,
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coadministration of celecoxib enhanced the antitumor activity of irinotecan and re-
duced the gastrointestinal side effects in mice bearing HT-29 and colon-26 tumor.
One of the possible mechanisms involved in this beneficial drug–drug interaction
might be the modulation of MRP4 function, but further studies are needed to explore
the role of MRP4 in resistance, toxicity, and pharmacokinetics of irinotecan and its
metabolites.493 To date, several clinical phase I/II studies exploring the efficacy and
safety of the association of irinotecan and celecoxib, frequently in combination with
other drugs (e.g., docetaxel, 5 fluorouracil/leucovorin, thalidomide), in colorectal
cancer, lung cancer, and malignant glioma have been performed, but the results are
inconclusive.494–499

The multidrug resistance proteins MRP5 to MRP9 have not yet been completely
characterized. Thus, their physiological and pharmacological role and possible in-
volvement in drug–drug interactions are not clear at this moment.

24.3. INTERACTIONS MEDIATED BY ORGANIC ANION
AND CATION TRANSPORTERS

24.3.1. Organic Anion Transporters

Impact of Polymorphism on Function Genetic variation in OATs has been studied
in several different populations, but currently little is known about the impact of these
genetic variants on drug disposition, toxicity, and disease.500,501 A total of 25 single-
nucleotide polymorphisms (SNPs) were identified from OAT1–OAT3 gene loci in
healthy Japanese volunteers and involved the 5′ flanking regions, the 5′ untranslated
regions, the coding regions, and introns, but their functional consequences were not
explored.502 More recently, SNPs in OAT family members were analyzed in an eth-
nically diverse sample of 96 individuals as well as combinations of OATs1 to 4 and
URAT1 in particular ethnic groups. A total of 29 SNPs were identified, 14 of which
were nonsynonymous and most of which were located in the OAT4 gene. Subjects
with nonsynonymous SNPs in OATs localized in both apical and basolateral mem-
branes, as well as with combinations of synonymous SNPs in OAT1 and OAT3, were
found. Certain ethnic groups displayed a high prevalence of nonsynonymous SNPs in
particular OATs (such as OAT4 in sub-Saharan Africans), and this finding may sup-
port the hypothesis of an association between ethnic group and risk to develop toxic
and adverse drug reactions to several commonly prescribed drugs.501 Furthermore,
polymorphism in OAT4 has been suggested to potentially affect the fetal in utero risk
because of toxicity by endogenous and/or exogenous compounds.501

Recently, sequencing of the SLC22A12 gene in 32 Japanese subjects affected by
idiopathic renal hypouricemia, it was demonstrated that URAT1 was responsible for
most cases of renal hypouricemia, especially severe renal hypouricemia. In these
Japanese patients, eight new mutations and two previously identified mutations of
SLC22A12 gene were found, resulting in loss of URAT1 function and clinically re-
nal hypouricemia. In particular mutation G774A, changing tryptophan 258 (TGG)
to a stop codon (TGA) and resulting in a truncated nonfunctional URAT1 protein,
which was associated with the development of hypouricaemia, was reported as the
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major SLC22A12 renal hypouricemia allele in Japan.501,503,504 In addition, two other
homozygous missense mutations in SLC22A12 gene, leading the substitution of thre-
onine by methionine (T217M) and glutamic acid by aspartic acid (E298D), respec-
tively, were found in subjects affected by renal hypouricaemia.505 Very recently, a
SNP in the SLC22CA12 gene was associated with elevated serum uric acid levels
among Japanese subjects. This SNP might be an independent genetic marker for
predicting hyperuricemia, but further investigations are needed.506

In general, OAT1 has been shown low genetic and functional diversity suggesting
its important role in body homeostasis. However, lately, 20 SNPs in human OAT1
were observed in an ethnically diverse population, of which one nonsynonymous
SNP (R50H, encoding change from arginine to histidine) was associated with in vitro
impaired transport of the nucleoside phosphonate analogs adefovir, cidofovir, and
tenofovir.507 Analogously, in another study, only one OAT1 genetic variant (R454Q)
between six nonsynonymous SNPs identified in an ethnically diverse population was
reported to be nonfunctional, but the subsequent clinical study performed in a single
African-American family failed to demonstrate a significant difference in renal clear-
ance of the antiviral drug adefovir, a well-known OAT1 substrate, between subjects
heterozygous for the nonfunctional variant OAT1-R454Q and subjects not carrying
this variant.508 In another study performed in a Japanese population, polymorphisms
in the OAT3 gene was not associated with changes in renal handling of the HMG-CoA
reductase inhibitor pravastatin, an expected OAT3 substrate.509,510 Finally, SNPs in
the 5′ regulatory regions of the SLC22A6 and SLC22A8 genes, potentially affecting
the transcription of OAT1 and OAT3, respectively, have been described, but their
importance in affecting the human variation in organic anionic drug handling as well
as the possibility of a reciprocal influence of the nucleotide polymorphisms in OAT1
and OAT3 remain to be established.511

These studies evaluating the potential relationship between OAT SNPs and the
therapeutic effect of drugs have a significant clinical relevance. Indeed, they can help
us understand and predict altered drug responses and toxicities, in particular ethnic
subgroups that carry certain SNPs in OATs. It has been proposed that SNPs in OATs
could be responsible, in part, for the different therapeutic activity of diuretics and
ACE inhibitors, widely used antihypertensive drugs, and well-known OAT substrates.
This mechanism could at least partly explain that about two-thirds of hypertensive
patients are inadequately treated.512 Testing for variants in OATs could also be a useful
strategy to predict a predisposition to adverse events during treatment of a large group
of the population. For instance, study of the impact of OATs SNPs on the incidence
of nephrotoxicity caused by the nucleoside phosphonate analog cidofovir (an OATs
substrate) could be clinically relevant, as cidofovir has recently been proposed for the
treatment of smallpox infections in the case of bioterrorist attacks.512

Main Substrate Classes (Clinically Applied) and Inhibitors Generally, OATs me-
diate the transport of structurally diverse organic anions with broad overlapping sub-
strate specificities. Interspecies differences in OAT substrates have also been de-
scribed. OAT1 is an organic anion/dicarboxylate exchanger reported to transport a



JWDD059-24 JWDD059-YOU June 13, 2007 14:30

780 CLINICAL RELEVANCE

wide range of organic anions but also uncharged molecules such as steroid hormones.
Typically, OAT1 substrates are compounds with a hydrophobic domain of 4 to 10 Å.
In addition, functional studies suggested that substrates with an increase in the neg-
ative charge and/or with electron-attracting side groups (e.g., Cl, Br, NO2) interact
with more affinity with OAT1.

OAT1 substrates include the model organic anion p-aminohippurate (PAH) and
endogenous anionic compounds such as the cyclic nucleotides cAMP and cGMP,
folate,�-ketoglutarate, prostaglandin E2, urate, indole acetate, and indoxyl sulfate.
In addition, several classes of widely used drugs are transported by OAT1. An-
tibiotic agents (e.g., �-lactam antibiotics—penicillins and cephalosporines, tetra-
cyclines, and quinolone gyrase inhibitors) and diuretics (e.g., furosemide, acetazo-
lamide, bumetanide, hydrochlorothiazide, ethacrynate, tienilate) are transported by
OAT1. Moreover, OAT1 substrates comprise several antiviral drugs (e.g., acyclovir,
ganciclovir, lamivudine, zidovudine, stavudine, trifluridine adefovir, cidofovir, teno-
fovir, zalcitabine), nonsteroidal anti-inflammatory drugs (NSAIDs: indomethacin,
acetylsalicylate, ketoprofen, salicylate), cimetidine, methotrexate, neurotransmitter
metabolites (e.g., vanilmandelic acid), heavy metal chelators [2,3-dimercaptopropane
sulfonate (DMPS)], test agents (fluorescein and 6-carboxyfluorescein), and toxins (in
particular, ochratoxin A) [for a review, see refs. 514 to 517]. In addition to the human
substrates, rat OAT1 has been shown to interact with several ACE inhibitors (capto-
pril, enalapril, delapril, quinapril, ramipril), angiotensin II antagonists (telmisartan,
candesartan, valsartan, losartan), the antiepileptic valproate, and several neurotrans-
mitter metabolites (e.g., 5-methoxytryptophol, 5-hydroxyindole-3-acetic acid, d,l-4-
hydroxyl-3-methoxymandelic acid).514–516

Inhibitors of human OAT1 have also been reported. Probenecid, the classic in-
hibitor of the renal organic anion secretion system, has been shown to block OAT1
activity with high affinity but low specificity, as it also inhibited sat-1, OAT2, and
OAT3. Furthermore, in in vitro studies PAH cellular uptake OAT1-mediated was
inhibited by benzylpenicillin with low affinity and by cephaloridine, cephradine,
doxycycline, minocycline, oxytetracycline, and tetracycline. Human OAT1 inhibitors
include some antiviral drugs (e.g., acyclovir, adefovir, cidofovir and its prodrug, zi-
dovudine, and ganciclovir) as well as certain diuretics (furosemide, bumetanide) and
NSAIDs (diclofenac, ibuprofen, flurbiprofen, indomethacin, ketoprofen, naproxen,
etodolac, diflunisal, phenacetin, piroxicam, and salicylate). Cimetidine was shown to
inhibit OAT1 and OAT2 in a noncompetitive manner and OAT3 and OAT4 in a com-
petitive way. Pravastatin was able to block OAT1 and OAT3 activity in vitro.514,517–521

A wider range of OAT1 inhibitors comes from in vitro experiments using the rat Oat1
isoform. In these studies several �-lactam antibiotics (penicillins and cephalosporines
such as piperacillin, cloxacillin, nafcillin, cefazolin, cephalexin, cephaloridine, cef-
triaxone, cefoperazone, and others) were found to inhibit rat Oat1 activity in a com-
petitive manner as well as a wide range of clinically used antiviral drugs, diuretics
(acetazolamide, bumetanide, hydrochlorothiazide), and NSAIDs (in addition to the
compounds tested with human isoform, also salicylurate, tolmetin, benzydamine, an-
tipyrine, aminopyrine, acetylsalicylate, and paracetamol).522–525 Substrate specificity
of human OAT2 has not yet been characterized completely, although based on in vitro
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studies, it is currently accepted that OAT2 transports PAH, �-ketoglutarate, cAMP,
and prostaglandins E2 and F2�.515,526 Clinically applied drug substrates of OAT2 are,
for example, the antiviral zidovudine, the cytostatic methotrexate, and the antimicro-
bial tetracyclines and cephalosporines. Due to the low transport rates found in in vitro
experiments for ochratoxin A, valproate, methotrexate, and tetracyclines, it has been
suggested that OAT2 does not contribute significantly to proximal tubular transport
of these compounds. Probenecid was shown to inhibit human OAT2 in vitro but with
low affinity; tetracycline, oxytetracycline, and minocycline were reported to inhibit
the uptake of prostaglandin F2�.527–532

Human OAT3 was demonstrated to translocate PAH, cAMP, glutarate, sulfate,
or glucuronide conjugates of steroid hormones (e.g., dehydroepiandrosterone sul-
fate, estrone sulfate, estradiol glucuronide), prostaglandins E2 and F2�, taurocholate,
and urate, as well as clinically relevant drugs such as tetracycline, methotrex-
ate, salicylate, cimetidine, zidovudine, valacyclovir, and ochratoxin A. Several
cephalosporins (cefadroxil, cefamandole, cefazolin, cefoperazone, cefotaxime, cef-
triaxone, cephaloridine, and cephalothin) have also been reported to interact with
human OAT3.514,515,528–530,533 In addition to probenecid, benzylpenicillin, quinidine,
the loop diuretics furosemide and bumetanide, and the NSAIDs diclofenac, ibupro-
fen, and indomethacin have been reported to inhibit the cellular uptake of estrone
3-sulfate by human OAT3 in vitro. Furthermore, piroxicam was observed to inhibit
OAT3-mediated ochratoxin A transport in a competitive manner.520

Less is known regarding the substrate specificity and inhibitors of the other OAT
members: OAT4 showed affinity to various sulfate but not to glucuronide conjugates.
Indeed, OAT4 has been reported to interact with estrone sulfate with high affinity and
with prostaglandins E2 and F2�, dehydroepiandrosterone sulfate, and ochratoxin A.
Very little transport of PAH was described.515,529,531,534,535 Functional characteriza-
tion has been evaluated only for rat OAT5, whereas data on the human isoform are
lacking. When expressed in Xenopus oocytes, rat Oat5 was able to transport sulfo-
conjugated steroids (e.g., estrone sulfate) and ochratoxin A. Rat Oat5 was also shown
to interact with penicillin G, several diuretics, certain NSAIDs, sulfobromophtalein,
and some substrate conjugates (e.g., �-estradiol sulfate).536,537

Finally, human URAT1 is reported to act as an antiporter exchanging urate against
certain organic anions (e.g., lactate, nicotinate, acetoacetate, hydroxybutirate) and
chloride. Orotate, pyrazinecarboxylic acid, and nicotinate have been reported to in-
hibit URAT1 as well as several uricosuric compounds that have been shown to re-
duce hyperuricemia in experimental and clinical conditions (e.g., benzbromarone,
fenylbutazone, sulfinpyrazone, probenecid, NSAIDs, and diuretic). In addition, the
angiotensin II receptor antagonist losartan (DuP7-53) has been described to determine
a transient uricosuria with a reduction in blood urate levels in healthy volunteers,
probably due to inhibition of urate reabsorption in renal proximal tubule.505,538,539

Inducers Little is reported about induction of OAT expression and activity. Steroid
hormones, in particular androgens, have been suggested to affect OAT expression,
leading to the sexual dimorphism in OATs reported in rodents and supposed in humans.
Indeed, in rats, testosterone has been shown to increase OAT3 and to decrease OAT2
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messenger RNA levels, respectively.540–542 Moreover, phosphorylation has been hy-
pothesized to affect OAT activity posttranslationally: The epidermal growth factor
(EGF) has been reported to induce OAT activity, whereas protein kinase C and certain
protein kinase C activators (e.g., phorbol esters) led to an inhibition/internalization
of human OAT1.543,544

Pharmacological and Toxicological Function Given the increasing number of drugs
discovered to be OAT substrates, study of the pharmacological and toxicological roles
of OATs has acquired clinical relevance. The recent generation of OAT gene knockout
mice has provided in vivo models for this purpose, although the presence of species
differences in substrate specificity and tissue distribution between OATs always has
to be considered. Moreover, due to the functional redundancy of OATs, generation of
knockout of multiple OAT genes (e.g., OAT1−/−/OAT3−/− or OAT4−/−/URAT1−/−)
is expected to help further in the elucidation of the in vivo function of these clinically
relevant transporters. Both Oat1 and Oat3 knockout mice recently developed appeared
healthy and viable and did not exhibit any obvious phenotype. Oat1 knockout mice
showed a significant loss of renal organic anion secretion and markedly increased
plasma levels of a wide range of endogenous (e.g., benzoate, N-acetylaspartate, 4-
hydroxyphenyllactate, 4-hydroxyphenylpyruvate, 4-hydroxyphenylacetate) and spe-
cific exogenous compounds, some of which have been demonstrated to interact with
OAT1 in vitro. For instance, in Oat1 knockout mice a reduced renal excretion of the
loop diuretic furosemide (a well-known OAT1 substrate) was demonstrated, result-
ing in altered diuretic effect of this drug. Similarly, OAT1 can be predicted to affect
the pharmacokinetics of other clinically used substrate drugs (�-lactam antibiotics,
NSAIDs, antiviral nucleoside analogs), and the concomitant treatment with OAT sub-
strates and inhibitors may lead to a reduction in renal clearance and to an increase in
plasma levels and the half-lives of substrate compounds, thus potentially increasing
the risk of their extrarenal toxicity.545 For instance, drug–drug interactions between
the antifolate methotrexate (a well-known OATs substrate) and penicillin, probenecid,
and NSAIDs, have been reported to determine life-threatening complications due to
severe myelosuppression caused by a decreased methotrexate renal secretion.528

Oat3 knockout mice have recently been generated. They display an altered organic
anion transport physiological phenotype in renal and choroid plexus epithelia. In
ex vivo experiments, uptake of Oat1 substrates, in particular taurocholate, but also
estrone sulfate and to a lesser extent PAH, was reduced significantly in renal slices pre-
pared from Oat3 knockout mice compared with slices from wild-type mice. Similarly,
using intact choroid plexus, uptake of the Oat substrate fluorescein was markedly re-
duced in Oat3 knockout mice compared with wild-type mice. These findings suggest
that at least in mice, Oat3, together with other members of the OAT family and other
organic anion transporters, may play an important role in drug distribution and in
brain protection from toxic injury by regulating the composition of the extracellular
fluid of the central nervous system.546

Moreover, renal toxicity of several clinically used drugs (tetracyclines, cephalori-
dine, adefovir, cidofovir) as well as nephrotoxins (ochratoxin A, citrinin, mercuric
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conjugates) and uremic toxins (indoxyl sulfate, indoleacetic acid, p-hydroxyhippuric
acid, and o-hydroxyhippuric acid) has been suggested to be caused by their accu-
mulation in the renal proximal tubular cells via OATs, in particular OAT1.547 This
hypothesis is further supported by the protective role observed for OAT inhibitors or
competitive substrates such as probenecid and several NSAIDs against nephrotoxic-
ity from ochratoxin A, adefovir, cidofovir, cephaloridine, and mercury. In this view,
drug–drug interactions due to competition for OAT transport is expected to determine
a decrease in the renal secretion, thus leading to decreased nephrotoxicity, increased
half-life, and potentially enhanced extrarenal toxicity of substrates.

For instance, ochratoxin A, a mycotoxin recently identified as an etiological fac-
tor of the endemic Balkan nephropathy, is transported by OAT1, OAT2, and OAT4.
Accumulation of ochratoxin A, in proximal tubular cells via OATs has been reported
as a primary event in the development of ochratoxin A nephrotoxicity. The OAT
inhibitor probenecid has been observed to decrease the renal clearance of ochra-
toxin A, whereas piroxicam and octanoate, which inhibit OAT1-mediated uptake
of ochratoxin A, have been reported to prevent the nephrotoxicity of ochratoxin
A.548–551 Therefore, the administration of OAT inhibitors or competitive substrates
has been evaluated as a useful strategy to decrease nephrotoxicity of clinically used
nephrotoxic OAT substrate drugs such as �-lactam antibiotics and antiviral nucleotide
analogs: in particular, cidofovir, adefovir, and its orally available prodrug adefovir
dipivoxil.

Organic anion transporter activity has also been proposed to be involved in the
chelation therapy of the enviromental neurotoxicant methylmercury. N-acetylcysteine
and dimercaptopropanesulfonate have been reported to increase dramatically the uri-
nary methylmercury excretions in animals and humans, probably by forming mer-
captide complexes, which are high-affinity substrates for Oat1. Therefore, organic
anion transporters may facilitate the urinary methylmercury excretion.552 Further-
more, based on the recent detection of OAT3 at the basolateral side of the blood–
brain barrier and at the brush border membrane of the choroid plexus in rats and
mice, it has been suggested that OAT3, together with other transporters belong-
ing to the MRP family, localized at the luminal membrane of capillary endothe-
lial cells of the blood–brain barrier, may participate in the efflux of metabolites of
monoamine neurotransmitters, uremic toxins, and endogenous compounds (e.g., p-
aminohippuric acid) but also of several drugs from the brain. In particular, OAT3
and members of MRPs (especially MRP4 and MRP5) have been proposed to reduce
the brain penetration of the thiopurines nucleobase analogs 6-mercaptopurine and
6-thioguanine, drugs used widely in maintaining remission in the treatment for acute
lymphoblastic leukemia (ALL), especially in pediatric patients. It has recently been
suggested that coadministration of 6-mercaptopurine together with OAT3-specific
inhibitors could be a useful strategy to increase thiopurine concentrations in the
brain interstitial and cerebrospinal fluid, thus enhancing their pharmacological effect
to prevent CNS relapses during treatment of patients with ALL.553 Indeed, it was
demonstrated in animal models that 6-mercaptopurine efflux from the brain was in-
hibited by OATs and/or MRPs inhibitors, such as benzylpenicillin, cimetidine, and
sulfinpyrazone.553
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Drug–Drug Interactions Several clinically relevant drug–drug interactions mediated
by OAT family members have been described and others can be predicted. Indeed, due
to the multispecific substrate recognition of OATs, OAT substrate drugs coexisting in
the plasma may compete for the transport processes, thus modulating a drug’s phar-
macokinetics. Drug–drug interactions have been reported between methotrexate and
NSAIDs, probenecid, and penicillin G, resulting in severe and even life-threatening
effects, including bone marrow suppression, hepatitis, and acute renal failure.554–560

These interactions may be caused at least in part by protein-binding displacement,
inhibition of prostaglandin synthesis with reduction of glomerular filtration, and de-
crease of renal secretion of methotrexate due to competition for renal organic anion
transporters. Several drug transporters are involved in methotrexate elimination and
disposition, such as OATs, MRP4, MRP2, reduced folate carrier (RFC-1), oatp1,
oatp3, and NPT1 (human type I sodium-dependent inorganic phosphate transporter).
OATs have recently been suggested to contribute to interactions with methotrexate.
Lately, in vitro studies using renal slices and mouse proximal tubular cells stably
expressing human OAT1, OAT3, and OAT4 have shown that these transporters are
the site of drug interactions between methotrexate and NSAIDs, probenecid, and
penicillin G. In addition, it has been suggested that human OAT3 mediates the drug
interactions between methotrexate and salicylate, phenylbutazone, indomethacin, or
probenecid in vivo, as the OAT3 inhibition by these NSAIDs and probenecid took
place at therapeutically relevant concentrations in vitro. In contrast, NSAIDs were
reported to inhibit methotrexate transport mediated by RFC-1 in vitro at concentration
levels higher than those clinically relevant.523,528,561

Interactions between methotrexate and the NSAID loxoprofen, a propionic acid
derivative widely used in Japan, have been suggested. One Japanese patient with
Hodgkin’s disease treated with methotrexate at high-doses and loxoprofen experi-
enced a delay in the elimination of plasma methotrexate. Subsequent in vitro studies
showed that loxoprofen and its trans-OH metabolite inhibited methotrexate transport
by human OAT1 and OAT3 at clinically relevant concentrations.562 Severe drug–
drug interactions between methotrexate and other NSAIDs (e.g., diclofenac, ketopro-
fen, ibuprofen, piroxicam, naproxen) have been reported, but the mechanism is still
unclear.556,563

Drug–drug interactions have also been described between cephalosporin an-
tibiotics and probenecid. As several cephalosporins are substrates of OATs and
probenecid is recognized as a good organic anion transporter inhibitor, some of these
drug–drug interactions may be due to an OAT-mediated uptake process. For instance,
coadministration of probenecid has been shown to alter the pharmacokinetics of
cefadroxil, cefamandole, and ceftriaxone, resulting in increased peak plasma concen-
tration and half-life of these antibiotics.564–567 As reported above, clinically bene-
ficial drug–drug interactions may involve OAT substrates and OAT inhibitors, such
as probenecid and NSAIDs. These inhibitors, by blocking OAT activity, may reduce
the tubular secretion of OAT substrate drugs, thus decreasing their nephrotoxicity. In-
deed, probenecid has been reported to decrease the nephrotoxicity of cephaloridine,
adefovir, and cidofovir and of the toxic compounds ochratoxin A and mercury.568 In
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addition, betamipron and cilastatin have been suggested to prevent nephrotoxicity of
the antimicrobial panipenem and imipenem, respectively, via inhibition of OATs.577

Analogously, in in vitro studies, several NSAIDs (e.g., ketoprofen, diflunisal, flur-
biprofen, indomethacin, ibuprofen, naproxen, diclofenac, and diflunisal) were re-
ported to reduce significantly the cytotoxicity of adefovir and its orally available
prodrug, adefovir dipivoxil (antiviral OAT substrate drugs widely used in HIV ther-
apy and currently in clinical evaluation against chronic hepatitis B virus infections
and herpes viruses and retroviruses) at clinically relevant plasma concentrations, in-
dicating that they may exhibit in vivo nephroprotective effects when coadministered
with adefovir or other nephrotoxic OAT1 substrate drugs.518 Moreover, the concomi-
tant administration of OAT substrate drugs and inhibitors may result in the impaired
efficacy of drugs at the renal level. Indeed, most diuretics are actively secreted by
renal OATs, thus reaching their target molecules in the kidney; coadministration of
these diuretics with inhibitors of renal organic anion transporters is predicted to re-
duce their diuretic effect. In Oat1 knockout mice a reduction in tubular secretion and
a decrease in diuretic effect of the loop diuretic furosemide was demonstrated. In
humans, after treatment with probenecid, the renal clearance of intravenously admin-
istered furosemide was decreased significantly.570 Drug–drug interactions probably
mediated by organic anion transporters have been described between the antiviral
zidovudine (AZT) and cimetidine. In humans, cimetidine has been shown to inhibit
the renal clearance of AZT. In vitro studies have shown that AZT is an OAT1, OAT2,
OAT3, and OAT4 substrate but it is not transported by OCTs, and cimetidine has been
identified as a potent inhibitor of OAT3 (as well as OCT1 and OCT2). Thus, this
clinically relevant drug–drug interaction may be mediated by OATs.529,533,571,572

In contrast, contradicting results have been reported regarding the mechanism of
interaction between the antiviral acyclovir and probenecid. In humans, after oral
administration of probenecid, the mean terminal half-life and the AUC of intra-
venously administered acyclovir were increased significantly, whereas the urinary
excretion of the antiviral drug was reduced.573 Although probenecid showed sig-
nificant inhibition of organic anion uptake mediated by OAT1 and OAT3 in in vitro
models, it exerted only a weak inhibitory effect on the acyclovir transport mediated by
OAT1, thus suggesting that OAT1 is not responsible for the drug interaction between
acyclovir and probenecid.529 A drug–drug interaction probably mediated by OAT3
has also been described in humans between famotidine and probenecid. Coadminis-
tration of famotidine, and probenecid resulted in increased plasma concentrations and
decreased renal clearance of famotidine, probably due to inhibition of OAT3-mediated
transport of famotidine by probenecid.574

Finally, due to the large number of compounds that have been shown to interact
with urate transporter 1 (URAT1), modulations of URAT1 activity by drugs used clin-
ically is predicted to affect the urate plasma levels. It has been observed that several
anti-inflammatory drugs may have uricosuric or antiuricosuric effects by inhibiting or
stimulating URAT1. Drugs that stimulate the expression and the activity of URAT1
may be used in the treatment of hyperuricemia, a pathophysiological condition that
leads to problems such as gout, hypertension, and cardiovascular disease, whereas
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the use of drugs that inhibit URAT1 may increase urate plasma levels, thus enhanc-
ing the risk of gout. A pharmacokinetic interaction has been described between the
uricosuric compound benzbromarone and oxypurinol, an active metabolite of allop-
urinol, a xanthine oxidase inhibitor widely used for the treatment of hyperuricemia
and gout. Although in a previous study no significant effect of benzbromarone on the
oxypurinol pharmacokinetics were found after a single dose of the drug in healthy
volunteers,575 in a subsequent study evaluating pharmacokinetic parameters at steady
state, concomitant administration of benzbromarone increased the renal clearance and
decreased plasma levels of oxypurinol in healthy subjects.576 It was suggested that
this drug–drug interaction could potentially lead to a reduction of uricosuric effect
of allopurinol, but another study performed in 14 patients with gout showed that de-
spite the pharmacokinetic interaction between oxypurinol and benzbromarone, which
resulted in a lower oxypurinol plasma level, the combination therapy consisting of
Allomaron (100 mg of allopurinol plus 20 mg of benzbromarone twice daily) was
superior to allopurinol alone (Zyloprim: 100 mg allopurinol twice daily) in lowering
plasma acid uric concentrations, probably because of the added uricosuric effect of
benzbromarone.577 In any case, it has been suggested that the effects of such com-
bined therapy may be less than additive when compared with the separate effects of
similar doses of the two drugs. In preclinical studies, oxypurinol has been shown to
be a substrate of URAT1, and its uptake in oocytes expressing URAT1 was inhibited
by benzbromarone at clinically relevant concentrations.578 These findings support the
hypothesis that benzbromarone increases the clearance of oxypurinol by interacting at
the URAT1 level, thus reducing oxypurinol renal tubular reabsorption. Analogously,
the URAT1-mediated transport of oxypurinol was inhibited by probenecid: at least
in part explaining the drug–drug interaction between probenecid and oxypurinol in
humans, resulting in enhanced renal clearance of oxypurinol.579 In contrast, concomi-
tant treatment with pyrazinamide, an antituberculous agent with also antiuricosuric
properties, has been reported to increase the renal clearance of oxypurinol through
activation of URAT1.579

24.3.2. Organic Anion–Transporting Polypeptides

Impact of Polymorphism on Function Recently, SNPs of OATPs have been
identified,580 several of which have shown a reduction in transport activity in vitro and
in vivo. These SNPs may contribute to the interindividual variability in the pharmaco-
logical/toxicological profile of OATP substrate drugs that have the liver as one of their
pharmacological targets (e.g., HMG-CoA reductase inhibitors) and/or have a plasma
clearance affected by OATP1B1-mediated hepatic uptake. Indeed, a recent study per-
formed in a Japanese population showed that the T521C (Val174Ala) polymorphism
in the OATP1B1 gene was linked with increased systemic exposure to pravastatin, a
highly hydrophilic semisynthetic inhibitor of HMG-CoA reductase.509 In subsequent
studies, the haplotypes 130Asp/174Ala and −11187A/130Asp/174Ala and the SNP
174Ala were associated with altered transport activity in vitro, reduced renal and
total clearance, and significantly increased AUC of pravastatin in healthy Caucasian,
Japanese, European, and African-American populations.509,581–584 Subsequent
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increased exposure to pravastatin due to a decreased uptake of the statins from blood
into hepatocytes in subjects carrying these haplotypes has been suggested to en-
hance the risk of myotoxic effects. On the other hand, as statins reduce cholesterol
levels primarily by inhibiting the hepatic HMG-CoA reductase, a reduction of the
cholesterol-lowering efficacy of pravastatin could be predicted.581 In contrast, the
haplotype 130AspVal174, was reported to increase the hepatic OATP1B1-dependent
uptake of pravastatin, thus putatively contributing to lower oral bioavailability of this
statin (by reducing its AUC after oral administration), other analog drugs, and possi-
bly valsartan and temocapril, two widely used drugs transported by OATP1B1.585,586

Analogously, certain OATP1B1 variant haplotypes have been found to reduce the up-
take from blood into hepatocytes of pitavastatin, a new HMG-CoA reductase inhibitor
in healthy Korean volunteers.982 Allelic variants of OATP1B1 have been reported
to affect the pharmacokinetics of repaglinide, an antidiabetic drug transported by
OATP1B1.587 These findings support the hypothesis that SNPs in OATPs may influ-
ence the interindividual variability in disposition and drug response in the population.

Genetic polymorphism in the SLCO1B3 and SLCO2B1 genes has been studied,
and several SNPs have been identified. A complete functional characterization of these
variants is required to assess their possible implications for drug disposition.583,588

In addition, several OATP1A2 SNPs were identified in the Japanese population, and
some of them were located in regulatory regions of the SLCO1A2 gene. As OATP1A2
is localized predominantly in the capillary endothelial cells of the brain, allelic variants
of OATP1A2 could affect the brain distribution and toxicity of several substrate
drugs.502,589

Main Substrate Classes (Clinically Applied) In general, OATPs mediate the trans-
port of structurally diverse compounds such as organic anions, cations, neu-
tral or zwitterionic substances, and certain peptidomimetic agents. The principal
OATP physiological substrates are bile acids, bilirubin, steroids, thyroid hormones,
prostaglandins, and cholecystokinine. An increasing number of clinically used drugs
has been recognized to be transported by OATPs. OATP substrate drugs include several
HMG-CoA reductase inhibitors, and in particular, pravastatin, the antihistaminergic
compound fexofenadine, the angiotensin-converting enzyme inhibitors enalapril and
temocaprilat, the cardiac glycoside digoxin, the antidiabetic repaglinide, the folate
analog methotrexate, the endothelin receptor antagonist BQ-123, and several antimi-
crobial agents, such as benzylpenicillin and rifampin.

In particular, OATP1A2 has a broad substrate specificity and has been reported to
transport bile salts and bromosulfophtalein (BSP), steroid sulfates, thyroid hormones
[triiodothyronine (T3), thyroxine (T4), and reverse T3], prostaglandin E2, fexofena-
dine, opioid peptides [e.g., deltorphin II and (d-penicillamine)enkephalin], rocuro-
nium, N-methylquinine and N-methylquinidine, ouabain, the endothelin receptor an-
tagonist BQ-123, the thrombin inhibitor CRC-220, and certain magnetic resonance
imaging contrast agents.122,590–594 OATP1B1 substrates include bile salts, conjugated
and unconjugated bilirubin, BSP, steroid conjugates, T3 and T4, peptides, natural tox-
ins such as microcystin and phalloidin, and drugs such as pravastatin, methotrexate,
benzylpenicillin, and rifampicin.595–599 OATP1B3 displays similar broad substrate
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specificity as OATP1B1, but there are some differences in affinity.600 Moreover, in
contrast to OATP1B1, unconjugated bilirubin is not a substrate for OATP1B3.601 In
addition, OATP1B3 has also been reported to transport leukotriene C4, linear and
cyclic peptides, the intestinal peptide cholecystokinin 8 (CCK-8), digoxin, ouabain,
and deltorphin II.602,603

OATP1C1 has narrower substrate specificity: T4 (thyroxine) and reverse T3 (re-
verse triiodothyronine) are the highest affinity substrates, whereas BSP, steroid sul-
fates and conjugates, and T3 are transported to a lesser extent.591 Analogously,
OATP4A1 exerts high affinity for T4, T3, and reverse T3, but it was also found
to transport taurocholate, steroid sulfates and conjugates, prostaglandin E2, and
benzylpenicillin.599,604 Although there is wide tissue distribution, the substrate speci-
ficity of OATP2B1 is rather limited. OATP2B1 substrates include BSP and steroid
sulfates (e.g., estrone 3-sulfate and dehydroepiandrosterone sulfate), whereas con-
trasting results have been reported for steroid conjugates and prostaglandin E2.591,602

To date, less is known about OATP4C1 substrate specificity. OATP4C1 has been
reported to transport cardiac glycosides (digoxin and ouabain), thyroid hormones
(triiodothyronine and thyroxine), cAMP, and methotrexate in a sodium-independent
manner.605

Inhibitors (Competitive, Noncompetitive) Several compounds have been reported
to inhibit OATP activity. Cyclosporin has been shown to inhibit OATP1B1 in vivo,
thus modulating the pharmacokinetics of repaglinide, a novel antidiabetic drug.606

The antimicrobial rifamycin SV was able to strongly block OATP1B1-, OATP1B3-,
OATP2B1-, and OATP1A2-mediated transport of BSP in vitro and in vivo, whereas
rifampicin, a drug structurally related to rifamycin SV, was shown to inhibit in a com-
petitive manner OATP1B3 primarily, and to a lesser extent, OATP1B1, in preclinical
and clinical studies.607,608 Rifamycin SV and rifampicin decreased BSP clearance in
humans significantly and were shown to interfere with OATPs-mediated estradiol-
17�-glucuronide transport, probably through inhibition of OATPs-mediated hepatic
uptake. Moreover, rifamycin SV and rifampicin were shown to interfere with hep-
atic organic anion uptake by inhibition of Oatp1a1 and Oatp1a4 in rats. Inhibition of
OATPs transport activity by rifamycin antibiotics has been suggested to determine the
reduced hepatic bilirubin/organic anion elimination observed during initial treatment
with these antimicrobial agents.607–610

Recently, grapefruit, orange, and apple juices as well as several of their
furanocoumarin, bioflavonoid, and bergamottin constituents (such as 6′,7′-
dihydroxybergamottin, bergamottin, naringin, hesperidin, methoxypsoralen) were re-
ported to reduce human OATP and rat Oatp activity in vitro and in vivo, thus leading
to clinically relevant drug–food interactions.139,611 For instance, in a clinical study
performed in 12 healthy volunteers, grapefruit juice at a commonly consumed vol-
ume diminished the oral bioavailability of coadministered fexofenadine sufficiently
to be clinically relevant. The main molecular mechanism of this interaction could be
the direct inhibition mediated by grapefruit juice on the intestinal OATP1A2 uptake
of fexofenadine.612 Analogously, the antimicrobials ketoconazole and erythromycin
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are described as OATP inhibitors.122 Recently, troglitazone sulfate, the metabolite of
troglitazone (an insulin-sensitizing drug developed for the treatment of type 2 diabetes
mellitus) as well as other thiazolidinediones (e.g., pioglitazone and rosiglitazone) have
been demonstrated to inhibit OATP1B1 and/or OATP1B3 in vitro, thus suggesting a
possible involvement of troglitazone sulfate in troglitazone hepatotoxicity, the rare
side effect that caused withdrawal of the drug from the market.613

Finally, in in vitro studies, several Pgp substrates and inhibitors were shown to
inhibit OATP transport activity to various extents. The HMG-CoA reductase inhibitor
lovastatin and the HIV-1 protease inhibitors ritonavir, saquinavir, and nelfinavir, as
well as quinidine, ketoconazole, and verapamil,122 were reported to reduce OATP-
mediated transport activity.

Inducers Several studies have demonstrated that OATP expression can be induced by
various compounds that are well-known ligands and activators of the nuclear receptors
pregnane X receptor (PXR) and constitutive androstane receptor (CAR). Furthermore,
the expression of certain OATPs (such as OATP1B1 and OATP1B3) has been sug-
gested to be under transcriptional control by hepatocyte nuclear factor 1� (NF1�).
Indeed, in a recent study, rat Oatp1b1 expression was shown to be modulated by
several classes of drug-metabolizing enzyme inducers. In particular, Oatp1b1 expres-
sion was increased moderately by CAR ligands and increased dramatically by PXR
ligands: phenobarbital, diallyl sulfide, and polychlorinated biphenyl were reported
to increase Oatp1b1 expression. Other compounds, such as spironolactone, dexam-
ethasone, and diethylhexylphthalate, were shown to enhance Oatp1b1 expression by
a different mechanism.614

Previous studies in humans revealed that the barbiturate phenobarbital increased
the hepatic clearance of organic anions BSP and bilirubin from plasma.615 In pre-
clinical studies, phenobarbital treatment enhanced the transport maximum for the
excretion of bilirubin into bile in rats and significantly stimulated (more than sixfold)
the maximum uptake velocity of BSP in isolated rat hepatocytes.616,617 Analogously,
pretreatment of rats with phenobarbital and the synthetic steroid pregnenolone-16�-
carbonitril resulted in a reduced plasma half-life, increased hepatic clearance, and
decreased toxicity of certain cardiac glycosides (e.g., digoxin, digitoxin, ouabain)
that are well-known OATP substrates.618–620 Increased hepatic uptake of cardiac gly-
cosides by the two compounds was also induced in isolated hepatocytes.621 More
recently, phenobarbital and pregnenolone-16a-carbonitril were shown to enhance
the expression of Oatp1B1 in rats, and consequently, the uptake of digoxin was
increased.403 However, in primary human and mouse hepatocytes, phenobarbital de-
creased OATP1B3, OATP2B1, and Oatp1a1 mRNA expression, respectively.622,623

These findings support the hypothesis that modulation of Oatp/OATP expression in
rats, as well as in humans, by phenobarbital and other compounds may affect the
pharmacokinetics of coadministered OATP substrate drugs, leading to potentially
clinically relevant drug–drug interactions.624–626 On the other hand, as the hepatic
expression of OATP1B3 has been reported to depend on hepatocyte nuclear fac-
tor 1� (HNF1�) and on the bile acid nuclear receptor farnesoid X-activated receptor
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(FXR)/BAR (bile acid receptor), it has been suggested that the induction of SLCO1B3
gene expression by bile acids could maintain the hepatic elimination of xenobiotics
and peptides under cholestatic conditions.591,627,628 Finally, testosterone has been
reported to induce renal rat Oatp1a2.629

Pharmacological and Toxicological Function Organic anion transporter polypep-
tides play a significant role in mediating the transport of anionic, neutral, and cationic
organic endogenous and exogenous compounds. Given their expression in organs
such as the liver, intestine, and brain, and the increasing number of known substrate
drugs, OATPs are expected to affect drug bioavailability and tissue distribution. Fur-
thermore, as some OATPs are coexpressed in several tissues with efflux carriers of the
ABC family (such as Pgp and MRPs), the coordinated activity of both drug-uptake and
efflux transporters may be important in drug disposition. Moreover, the liver-specific
expression of some OATPs suggests a significant role for them in detoxification reac-
tions, to prevent the accumulation of xenobiotics and toxic endogenous compounds in
certain tissues. The expression of OATP1A2 in the capillary endothelial cells of brain
supports the hypothesis that OATP may modulate the brain penetration of substrate
drugs. However, to date little is known about the impact of OATP activity on the phar-
macokinetics of substrate drugs, due to the lack of animal models, because even if the
generation of mice with targeted disruption of OATPs/Oatps could be a useful model,
there is no orthology between rodents and humans. Therefore, the physiological and
pharmacological role of OATPs may be studied by identification of naturally occur-
ring null or functionally deficient alleles in the population and their association with
particular phenotypes, or a particular impairment in the pharmacokinetics of substrate
drugs. However, as discussed above, OATP activity has been reported to affect the
disposition of substrate drugs such as the HMG-CoA reductase inhibitors pravastatin
and rosuvastatin, the cardiac glycosides digoxin and ouabain, the antihistaminergic
compound fexofenadine, and the antidiabetic repaglinide. Similarly, it is expected
that the pharmacokinetics of numerous other OATP substrate drugs are influenced by
OATP activity.

Drug–Drug Interactions Several clinically relevant drug–drug and food–drug in-
teractions mediated by OATPs have been reported; other drug–drug interactions can
be predicted by the concomitant use of OATP substrates and inhibitors/inducers,
and some of them can be clinically beneficial. As reported above, a clinically rele-
vant drug–drug interaction has been described between the immunosuppressive cy-
closporin A (a well-known Pgp, CYP3A4, and OATP1B1 inhibitor) and the antidia-
betic repaglinide: Coadministration of the two drugs resulted in increased repaglinide
plasma levels, with less effect in subjects with the SLCO1B1 521TC gene variant.606

A drug–drug interaction was also observed between the HMG-CoA reductase in-
hibitor rosuvastatin and cyclosporin A. Heart transplant patients receiving cyclosporin
A for antirejection presented a significant increase in rosuvastatin AUC compared
with historical controls.630 A clinical interaction has also been described between
cerivastatin and cyclosporin A: The plasma AUC and maximum plasma concentra-
tion of cerivastatin increased by four- and fivefold, respectively, when administered
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concomitantly with cyclosporin A. Although cerivastatin is metabolized by cy-
tochrome P450 2C8 (CYP2C8) and 3A4 (CYP3A4), the interaction is probably better
explained by a transporter-mediated process, in particular by cyclosporin A inhibi-
tion of cerivastatin OATP1B1 transport.631,632 Similarly, the interactions reported in
the literature between pravastatin, atorvastatin, and pitavastatin (other HMG-CoA
reductase inhibitors and well-known OATP1B1 substrates) and cyclosporin A may
be ascribed at least in part to a transporter-based mechanism and in particular to
cyclosporin A inhibition of OATP1B1 activity rather than a metabolically mediated
process.633–635

Recently, the widely clinically applied antihypertriglyceridemic drug gemfibrozil
has been reported to interact when coadministered with certain statins, such as cerivas-
tatin, pravastatin, simvastatin, lovastatin, pitavastatin and rosuvastatin.636–642 In par-
ticular, the interaction with cerivastatin has been considered responsible for the side
effect of myotoxicity, including lethal rhabdomyolysis.637,643 Anyway these findings
must be interpreted cautiously, as gemfibrozil may inhibit other transporters, such as
MRP2 and BCRP or metabolic enzymes (e.g., CYP2C8 and CYP2C9). Indeed, al-
though gemfibrozil has been reported to inhibit OATP1B1 transport activity and that
the interaction with rosuvastatin was ascribed to gemfibrozil-mediated OATP1B1
inhibition of rosuvastatin transport, other authors suggested that this interaction is
probably metabolism mediated.639,644–646

Clinically relevant drug–drug interaction has been described between digoxin and
amiodarone, resulting in increased digoxin plasma levels and toxicity.647–649 Recent
findings suggest that other mechanisms besides the modulation of Pgp (classically
considered the main interaction site) take part in this interaction. Indeed, in preclin-
ical and clinical studies, amiodarone appeared to increase digoxin plasma levels in
humans and in rats by decreasing the hepatic elimination of digoxin rather than by
decreasing its urinary secretion.648,650,651 Recently, digoxin has been described to
be transported by human OATP1B3, OATP4C1, and rat Oatp1a4 (previously named
Oatp2).602,605,618,652 Moreover, at therapeutic concentrations, amiodarone was able
to inhibit digoxin uptake significantly by oatp2-expressing Xenopus oocytes and by
isolated rat hepatocytes, whereas only slight inhibition of Pgp-mediated digoxin trans-
port was documented in cell monolayers overexpressing Pgp after incubation with
amiodarone.276 In addition, using the isolated-perfused liver system, amiodarone in-
creased the plasma levels of digoxin by inhibiting its uptake into rat hepatocytes.653

Therefore, the inhibitory effect of amiodarone on the hepatic uptake of digoxin by
rat oatp2 appears greater than that on the tubular and biliary secretion of digoxin
mediated by Pgp. These findings suggest that modulation of OATP may be one of the
main molecular mechanisms involved in the digoxin–amiodarone interaction, at least
in rats. Additional studies are needed to further confirm this hypothesis in humans. In
particular, it might be interesting to investigate whether OATP1B3 and/or OATP4C1
could be considered the functional counterparts of rat Oatp1a4 and to elucidate the
effect of amiodarone on human OATPs-mediated transport of digoxin.

A significant food–drug interaction has been reported between fexofenadine and
several fruit juices. In humans, pretreatment with grapefruit juice caused a significant
reduction in the maximum plasma concentration and AUC of fexofenadine after
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oral administration.654 Analogously, orange and apple juices have been observed to
reduce the bioavailability of fexofenadine. Although several fruit juice components
have been reported to affect Pgp activity, the fruit juice–fexofenadine interactions
above described appeared to be mediated by a net inhibition of OATP activity by
citrus bioflavonoids and bergamottin, substances with which these fruit juices are
enriched.140,612

Clinically relevant drug–drug interactions have also been described between the
antimicrobials ketoconazole or erythromycin and fexofenadine, but although these
antimicrobials have been reported to inhibit OATP activity, the interactions appear
more likely to be mediated by inhibition of Pgp activity.122 Drug–drug interactions
mediated by OATP have also been documented between the barbiturate phenobar-
bital and cardiac glycosides, in particular digoxin. Pretreatment with phenobarbital
resulted in a reduced half-life, toxic and the therapeutic activities of cardiac glyco-
sides, digoxin and ouabain, in dogs and rats, respectively, an effect probably mediated
by hepatic OATP induction. Indeed, cardiac glycosides are OATP substrates, and en-
hanced Oatp1B1 expression was observed in livers of rats treated with phenobarbital
and pregnenolone-16�-carbonitrile.403,477,618,655,656 Based on these preclinical find-
ings, a similar interaction can be predicted in humans. The study of OATP inhibitors
and/or inducers is important to explain, predict, and thus avoid clinically disadvan-
tageous drug–drug or drug–food interactions. Moreover, the development and the
clinical use of selective OATP inhibitors may have relevant implications for drug
therapy.

The oral bioavailability of an OATP substrate drug with significant OATP-mediated
hepatic first-pass elimination (such as the thrombin inhibitor CRC 220) could be
improved by coadministration of an OATP-specific inhibitor.657 In contrast, con-
comitant treatment with an OATP inhibitor and an intrahepatically active drug (such
as pravastatin) could reduce the hepatic uptake of the drug, thus leading to a de-
creased drug efficacy and therapeutic failure.596 Administration of a selective OATP
inhibitor could also be useful in reducing hepatotoxicity in patients affected by an
OATP substrate intoxication (e.g., microcystin); the OATP inhibitor could reduce the
hepatic toxin uptake and the enterohepatic toxins circulation.658

24.3.3. Organic Cation Transporters

Impact of Polymorphism on Function Recently, different groups have described
several polymorphic genetic variations in organic cation transporters, but little is still
known about the effect of these genetic variants on drug disposition and disease.659–663

Kerb et al. reported the identification of 25 SNPs in the hOCT1 gene in 57 Cau-
casians, and functional characterization studies revealed that three of these variants
(Arg61Cys, Cys88Arg, and Gly401Ser) resulted in decreased transport function.661

From a screening study for variants performed in 247 subjects with different ethnic
backgrounds, Leabman et al. identified 15 variants of OCT1 and 28 polymorphisms
in OCT2.662,663 Some of these variants displayed a significantly altered (decreased or
increased) transport activity (or substrate selectivity).659,662 Further studies in humans
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are awaited to elucidate the relationship between genetic variation in organic cation
transporters and drug disposition and toxicities.

Main Substrate Classes (Clinically Applied) and Inhibitors In general, the OCTs
mediate the transport of structurally diverse small hydrophilic organic cations, and
they display a broadly but not completely overlapping substrate specificity. Inter-
species differences in the function of the OCTs have also been described. OCT
substrates include the model substrate tetraethylammonium (TEA), the neurotoxin
1-methyl-4-phenylpyridinium (MPP+), and clinically applied drugs such as antidi-
abetics (biguanides)664 antiparkinson drugs (amantadine and memantine),665,666�-
blockers (acebutolol),665 the H2-receptor antagonist cimetidine,667,668 skeletal mus-
cle relaxants (e.g., vecuronium),665,668,669 and several other endogenous compounds,
such as dopamine,666,668 noradrenalin, serotonin, histamine,666,667,670 creatinine, and
choline.665,671 Moreover, OCT1 and OCT2 have been demonstrated to transport some
anionic prostanoids (i.e., prostaglandins and their derivatives), indicating that a pos-
itive charge is not an absolute prerequisite for being an OCT substrate.526 Lately, the
tyrosine kinase inhibitor imatinib mesylate was shown to be transported into cells
by OCT1, thus confirming previous studies suggesting that influx proteins in gen-
eral (and OCT1 in particular) might play an important role in imatinib mesylate cell
accumulation and response during treatment.672,673 In a group of patients affected
by chronic myeloid leukemia, the cell expression/function of OCT1 was correlated
significantly with patient response to imatinib mesylate treatment.671

Similarly, increased accumulation and cytotoxicity of the anticancer drug oxali-
platin (but not of cisplatin or carboplatin) was reported in human OCT1 and OCT2
transfected cells, indicating that oxaliplatin is a substrate of these transporters. These
findings suggest that OCT1 and OCT2 tumor expression might be a determinant of
the anticancer activity of oxaliplatin and might contribute to its antitumor specificity.
Additional studies are needed to elucidate the role of tumor OCT expression as
a marker for selecting specific platinum-based therapies in individual patients.675

Moreover, the consequences of the modulation of OCTs on pharmacokinetics and
anticancer activity of oxaliplatin should be explored.

Several compounds have been shown to inhibit uptake of the prototypes TEA
or MPP+ in a competitive or noncompetitive manner, suggesting that they can in-
teract with OCTs. Cimetidine appears to produce a noncompetitive inhibition of
OCTs, whereas cisplatin has been reported to inhibit TEA uptake by mouse Oct2
competitively.676 The antiarrhytmic procainamide is reported to inhibit OCT1 as well
as OCT2 and OCT3 efficiently; quinine and quinidine appear to alter the activity of
OCT1 and OCT2.665,669,671,677 In a mammalian expression system for murine OCT2
and OCT3, several steroids (in particular, �-estradiol, corticosterone, deoxycorti-
costerone, papaverine, testosterone, and progesterone) were found to inhibit TEA
uptake.678 In addiction, the HIV protease inhibitors ritonavir, saquinavir, indinavir,
and nelfinavir have been reported to be potent inhibitors but poor substrates for human
OCT1.669,679 Finally, several flavonoids (such as quercetin, kaempferol, naringenin,
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isoquercitrin, spiraeoside, and others) have been shown to inhibit OCT2-mediated
transport in vitro.680

Pharmacological and Toxicological Function The pharmacological and toxicolog-
ical roles of OCT1-3 have been investigated in vivo using knockout mice gener-
ated for all three organic cation transporters.681–683 Oct1(−/−), Oct2(−/−), Orct3(−/−),
and Oct1/2(−/−) mice are viable, fertile and do not display any obvious physiologi-
cal defect, but present altered pharmacokinetics of substrate organic cations. In Oct
1(−/−) mice accumulation of the model OCT1 substrate TEA (tetraethylammonium)
in liver was significantly lower than in wild-type mice after intravenous adminis-
tration, whereas direct intestinal excretion of TEA was about twofold reduced.681

Similarly, decreased liver accumulation but no difference in intestinal secretion was
found in Oct1(−/−) mice for the neurotoxin 1-methyl-4-phenylpyridium (MPP+) and
[131I]metaiodobenzylguanidine (MIBG), an anticancer drug clinically used in detec-
tion and treatment of tumors of neuroadrenergic origin, such as neuroblastoma and
pheochromocytoma.684 These findings supported the idea that OCT1 can affect the
liver distribution of substrate drugs. Extrapolating to humans, modulation of OCT1
expression and/or activity might have clinically important consequences in drug ther-
apy. Reduced liver uptake of drugs may result in reduction of efficacy for drugs that
have the target or undergo to metabolic activation in the liver, but it can also be posi-
tive for limiting the toxicity of hepatotoxic drugs. Indeed, Wang et al. demonstrated
that Oct1 affects the distribution of the biguanide metformin and plays a key role
in biguanide-induced lactic acidosis, a life-threatening adverse effect of biguanides.
Distribution in liver and small intestine of the intravenously administered metformin,
as well as the blood lactate concentration, were decreased significantly in Oct1(−/−)

compared with wild-type mice.664,685 In all these animal experiments no clear dif-
ference was found in the renal distribution and elimination of the OCT1 substrate
compounds tested, probably due to the shift from hepatobiliary toward renal elimina-
tion and to the functional redundancy of OCT1 with OCT2 in mice.664,681 Therefore,
the impact of OCTs activity on renal distribution of substrates was elucidated by
generating Oct2 single- and Oct1/2 double-knockout mice. Using this model, Jonker
et al. reported that although the absence of Oct2 had little effect on the renal distribu-
tion of substrate compounds (such as TEA), the concomitant deficiency of Oct1 and
Oct2 in mice resulted in a complete abolishment of the renal secretion of TEA.686

By extrapolating from rodents to humans (where only OCT2 and not OCT1 has been
reported to be expressed in the kidney), it can be expected that OCT2 deficiency in
humans may result in altered renal elimination and consequently, increased exposure
to some drugs.

The pharmacological and physiological functions of Oct3 were partly elucidated
by generation of Oct3 knockout mice.683 Oct3 knockout mice do not present obvious
physiological or neural phenotype and also no imbalance of monoamine neurotrans-
mitters (noradrenalin and dopamine). However, Oct3(−/−) mice showed a significant
reduction in heart uptake of MPP+, a neurotoxin involved in the etiology of Parkin-
son’s disease, suggesting that Oct3 is an essential component in vivo for the trans-
port activity of the extraneuronal monoamine clearance system named uptake-2.683
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Indeed, the extraneural uptake-2 system was first discovered in myocardiocytes of
the heart in rats, and high expression of Oct3 has been reported in heart of rodents
and humans.687 In addition, the placenta was identified as a novel site of the ex-
traneuronal uptake-2 system: in pregnant females of an Oct3 heterozygous cross, a
threefold-reduced MPP+ accumulation after intravenous administration was found in
Oct3(−/−) compared with wild-type fetuses.683 No difference in MPP+ uptake was
found in other Oct3-expressing organs, probably due to the functional redundancy
within the different OCTs and other transporters.

Drug–Drug Interactions A number of drug–drug interactions probably mediated
by OCTs have been described. A drug–drug interaction has been observed between
the H2-receptor inhibitor cimetidine and the antiarrythmic procainamide. Treatment
with cimetidine is reported to increase the AUC significantly and to reduce the renal
clearance of coadministered procainamide.688 Similarly, coadministration of cime-
tidine with the biguanide metformin has been shown to increase the plasma levels
and to reduce the renal excretion of metformin, thus leading to clinically relevant
consequences.689 Recently, a clinically relevant interaction was reported between the
antiarrythmic drug pilsicainide and the H1-receptor antagonist cetirizine in a Japanese
patient with moderate renal insufficiency. In a subsequent study using healthy vol-
unteers, when these two drugs were coadministered, they mutually inhibited renal
clearance and decreased their elimination constant. Moreover, as in vitro studies both
cetirizine and pilsicainide were able to inhibit the transport of substrates mediated by
MDR1 and OCT2, and pilsicainide was reported to be excreted into urine probably
via both MDR1 and OCT2, it has been suggested that this drug interaction may be
mediated by both MDR1 and OCT2.690 In a previous study in healthy volunteers
coadministration of pilsicainide and cimetidine resulted in an increased AUC of pilsi-
cainide by on average 33%, a prolonged elimination half-life, and a reduced apparent
renal clearance of pilsicainide.691

24.3.4. Organic Cation/Carnitine Transporters

Impact of Polymorphism on Function Recently, single-nucleotide polymorphisms
(SNPs) of OCTN1 have been identified in the Japanese population. Two SNPs (G462E
and T306I) have been functionally characterized: The single amino acid mutation
T306I does not seem to affect TEA transport activity, whereas the G462E mutation
altered OCTN1 transport activity, presumably affecting the physiological function
of OCNT1 and the pharmacokinetics of its substrate drugs.692 Several mutations of
OCTN2 causing loss of uptake activity and certain silent polymorphisms of OCTN2
have been reported in ethnically diverse subjects, in patients affected by primary
carnitine deficiency, and in some of their relatives; their impact on the pharmaco-
logical profile of substrate drugs needs to be investigated further.693–699 However, it
is likely that mutations causing loss of carnitine transport ability may result in re-
duced transport of the fourth-generation �-lactam antibiotics (such as cefepime and
cefoselis) that are reported to interact with OCTN2. Therefore, it has been proposed
that patients with systemic carnitine deficiency may have reduced distribution and
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altered pharmacological profile (in particular, increased renal clearance and there-
fore decreased systemic half-life) of �-lactam antibiotics and other OCTN2 substrate
drugs.700

Main Substrates Classes (Clinically Applied) and Inhibitors (Competitive and
Noncompetitive) Carnitine and carnitine esters (acetyl- and propionylcarnitine), to-
gether with other important organic cations, are the main physiological substrates
of OCTN1 and OCTN2. OCTN1 and OCTN2 substrates include TEA and the Ca2+

antagonists verapamil and quinidine. OCTN2 has been reported to transport betaine,
choline, lysine, and methionine.701 In in vitro models of several clinically applied
drugs, such as the �-lactam antibiotics cephaloridine, cefepime, cefoselis, and ce-
fluprenam, were reported to inhibit OCTN2-mediated carnitine transport in a com-
petitive manner, suggesting themselves being substrates of OCTN2.700 Analogously,
widely used compounds such as quinidine, procainamide, desipramine, cimetidine,
clonidine, emetine, and the hormones aldosterone and corticosterone compete with
carnitine and/or acetylcarnitine for OCTN2 transport.698,702,703 OCTN1 is inhibited
by structurally diverse compounds, including cephaloridine, quinine, cimetidine, pro-
cainamide, and pyrilamine.703

Valproic acid seems to interfere with the regulation or synthesis of carnitine trans-
porters, and it or its metabolites are reported to be responsible for inhibition of
l-carnitine transport in cell cultures.700,702,704 Emetine (an antiamebic and emetic
compound) and pivalic acid (a substance contained in several antibiotics used in the
treatment of respiratory and urinary tract infections) have been reported to inhibit
OCTN2 activity. In humans, long-term treatment with emetine and pivalic acid, as
well as therapy with valproic acid and betaine, may lead to a secondary or acquired
systemic carnitine deficiency.701,704–709

Pharmacological and Toxicological Function, and Interactions Organic cation/
carnitine transporters are physiologically important in mediating the transport of
carnitine, carnitine ester derivatives, and several organic cations. OCTN substrates
include also a number of clinically relevant drugs. These findings, together with
the wide tissue distribution of OCTNs and the observation that OCTN activity
may be inhibited by a variety of xenobiotics, suggest a significant pharmacologi-
cal and toxicological role for OCTNs. At the renal level OCTN2 mediates the re-
absorption of substrate drugs, thus affecting their disposition and clearance. Conse-
quently, by increasing the systemic half-life of substrate drugs, OCTN2 may enhance
their therapeutic efficacy and modulate their toxicological properties. For instance,
one of the reported mechanisms of nephrotoxicity caused by the �-lactam antibi-
otic cephaloridine is competition with carnitine transport at the level of OCTN2
in renal tubular cells and mitochondria, possibly leading to renal mitochondrial
damage.710,711

OCTN1 and OCTN2 have also been proposed to affect the intestinal absorption
and pharmacokinetic behavior of a number of drugs. In rats, oral administration of
sulpiride, a dopamine D2 receptor antagonist, with OCTN1 and OCTN2 substrates
and/or inhibitors decreased the plasma sulpiride concentration.712,713 Moreover,
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systemic carnitine deficiency has been associated with long-term treatment with the
antiepileptic valproic acid, the �-lactam antibiotic pivampicillin, the emetic and an-
tibiotic emetine, the nucleoside analog zidovudine, and the compound betaine. Al-
though the mechanisms responsible for this drug toxicity have not been characterized
completely, the competitive inhibition of OCTN2-mediated carnitine transport by at
least some of these drugs (valproic acid, emetine) has been reported to cause the drug–
induced carnitine deficiency. These findings suggest that the drug–drug interactions
between carnitine and other OCTN2 substrate drugs mediated by OCTN2 could be
clinically relevant.

Analogously, the inhibitory effect of anticonvulsants on carnitine transport by the
human placental carnitine transporter may cause the fetal anticonvulsant syndrome,
of which some symptoms are similar to the fetal carnitine deficiency phenotype.
Indeed, fetuses and neonates may not be able to synthesize adequate amounts of
carnitine that is essential in fetal metabolic functions and tissue development and
maturation. Recent in vitro experiments performed with vesicles derived from pla-
cental brush border membranes showed that several clinically used anticonvulsants,
in particular valproic acid, phenytoin, and tiagabine, were able to inhibit carnitine
uptake competitively.714,715 Moreover, carnitine supplementation has been described
to reduce the adverse reactions caused by long-term valproic acid treatment.716,717

These findings suggest a possible beneficial role of carnitine supplementation dur-
ing pregnancy in women treated with certain anticonvulsants. However, consider-
ing that carnitine transporters have recently been involved in carnitine transport
across the blood–brain barrier, carnitine administration could competitively inhibit
the uptake of anticonvulsants in the brain.714,718 The drug–drug interactions at the
level of OCTN1 and 2 outlined may have clinical implications; however, it is war-
ranted to investigate this in greater detail. In Table 24.2, examples of clinical drug–
drug interactions probably mediated by organic anion and cation transporters are
reported.

24.4. INTERACTIONS MEDIATED BY PEPTIDE TRANSPORTERS

Impact of Polymorphism on Function To date, no polymorphisms in human
peptide transporter genes have been described. However, based on the relevant
(patho)physiological and pharmacological role of peptide transporters (PEPTs), it
can be predicted that genetic polymorphism in PEPT and peptide/histidine transporter
(PHT) genes may influence the function of the transporters, affect drug disposition,
and contribute to interindividual variability in drug therapy.

Main Substrates Classes (Clinically Applied) There are some differences in sub-
strate specificity and affinity as well as in transport capacity between PEPT1 and
PEPT2. PEPT1 is considered a low-affinity, high-capacity transporter, whereas PEPT2
is a high-affinity, low-capacity system. The physiological substrates of PEPT1 and
PEPT2 include all 400 dipeptides and about 8000 possible tripeptides derived from
the proteogenic l-�-amino acids. These transporters are stereoselective, as they
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TABLE 24.2. Examples of the Possible Involvement of Organic Anion and Cation
Transporters in Clinical Drug–Drug Interactions

Inhibitor/ Measured Putative
Drug Inducer Effect/Toxicity Mechanism Refs.

Penicillin Probenecid Decreased renal
clearance, prolonged
half-life

Inhibition of
OATs

720,721

ACE inhibitors Probenecid Decreased renal
clearance, prolonged
half-life

Inhibition of
OATs

721–726

Methotrexate Penicillin Decreased renal
clearance, increased
toxicity

Inhibition of
OATs

721,727–
730

NSAIDs Decreased renal
clearance

Inhibition of
OATs

529,557–
559,
563,564

Probenecid Decreased renal
clearance

Inhibition of
OATs

529,555,
730

Adefovir/
cidofovir

Probenecid Reduced
nephrotoxicity

Inhibition of
OATs

569,731–
733

Cephalosporins Probenecid Increased peak plasma
concentration and
terminal half-life

Inhibition of
OATs

565,734–
736

Furosemide Probenecid Decreased renal
clearance

Inhibition of
OATs

571

Zidovudine Cimetidine Decreased renal
clearance

Inhibition of
OCTs, OATs

737,738

Probenecid Decreased renal
clearance

Inhibition of
OATs

738–740

Famotidine Probenecid Increased plasma
concentration,
decreased renal
clearance

Inhibition of
OATs

575

Oxypurinol Benzbromarone Decreased plasma
level, increased renal
clearance

Inhibition of
URAT1

577,579

Digoxin Amiodarone Increased plasma levels
and toxicity

Inhibition of
OATPs, MDR1

276,649,
652,654,
741

Fexofenadine Fruit juices
(grapefruit,
orange,
apple)

Decreased plasma
AUC and maximum
plasma
concentration

Inhibition of
OATPs, MDR1

128,140

Erythromycin Increased plasma levels Inhibition of
OATPs, MDR1

123,742

Repaglinide Cyclosporin A Increased plasma AUC Inhibition of
OTAPs, MDR1

607,743,
744
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TABLE 24.2. (Continued)

Inhibitor/ Measured Putative
Drug Inducer Effect/Toxicity Mechanism Refs.

Statins Cyclosporin A Increased plasma AUC
and maximum
plasma
concentration

Inhibition of
OATPs, CYP3A4,
CYP2C8,
CYP2C9

631

Pravastatin Cyclosporin A Increased AUC and
plasma levels

Inhibition of OATPs 643

Cerivastatin Cyclosporin A Increased AUC and
plasma levels

Inhibition of OATPs,
CYP2C8/3A4

632,633

Atorvastatin Cyclosporin A Increased AUC and
plasma levels

Inhibition of
OATPs, CYP3A4

636

Pitavastatin Cyclosporin A Increased AUC and
plasma levels

Inhibition of OATPs 745

Statins Gemfibrozil Increased myotoxicity Inhibition of
OATPs, MRP2,
BCRP, CYP2C8,
CYP2C9

645,647

Simvastatin Gemfibrozil Increased AUC and
plasma levels

Inhibition of OATPs 637

Cerivastatin Gemfibrozil Increased AUC and
plasma levels

Inhibition of OATPs,
CYP2C8/3A4

638,644,
645

Lovastatin Gemfibrozil Increased AUC and
plasma levels

Inhibition of OATPs 641

Rosuvastatin Gemfibrozil Increased AUC and
plasma levels

Inhibition of
OATPs, CYP2C9

640

Metformin Cimetidine Decreased renal
clearance, increased
AUC

Inhibition of OCTs,
OATs, OATPs

690

Procainamide Cimetidine Decreased renal
clearance, increased
AUC

Inhibition of OCTs,
OATs, OATPs

689,720,
721,
746

Dofetilide Cimetidine Decreased renal
clearance, increased
AUC

Inhibition of OCTs,
OATs, OATPs

721,747

Pilsicainide Cimetidine Decreased renal
clearance, increased
AUC and half life

Inhibition of OCTs,
OATs, OATPs

692

Levofloxacin Cimetidine Decreased renal
clearance, increased
AUC

Inhibition of OCTs,
OATs, OATPs

721

Pilsicainide Cetirizime Mutually reduction of
renal clearance

Inhibition of OCTs,
MDR1

691
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display higher affinity for oligopeptides containing l-enantiomers of amino acids
residues than for peptides with d-enantiomers. Moreover, as PEPT1 has recently
been reported to transport simple 
-amino fatty acids that do not contain a peptide
bond, several studies were performed to identify the essential features of PEPT sub-
strates. The minimal structure of PEPT substrates consists of two charged moieties
at opposite ends (carboxyl and amino groups) separated by at least four methylene
groups.747

Furthermore, PEPT1 and PEPT2 effectively transport a significant number of
peptidomimetic drugs, including penicillin �-lactam antibiotics (e.g., ampicillin,
cyclacillin) and cephalosporins (e.g., cefadroxil, cefixime, ceftibuten, cephalexin,
cepharadine),748,749 ACE inhibitors (e.g., captopril and the ester prodrugs fosino-
pril and enalapril),750,751 and the aminopeptidase inhibitor bestatin (also named
ubenimex).752 PEPT substrates also include some prodrugs, such as 3,4-dihydroxy-
l-phenylalanine (l-dopa, used in the treatment of Parkinson disease), the antiviral
l-valyl ester of acyclovir (called valaciclovir), and the l-valine ester of zidovudine.
Several nonpeptidic compounds are also transported by PEPTs, such as the pho-
tosensitizing agent 5-aminolevulinic acid (�-ALA), widely used in photodynamic
therapy,753 and sulpiride, a selective dopamine D2 receptor antagonist.712 Less is
known about PHT1 and PHT2 substrates. Both are reported to mediate the proton-
dependent uptake of histidine and several di- and tripeptides. The rat PHT1 isoform
showed a high affinity for carnosine in various in vitro studies.754,755

Inhibitors Several inhibitors of peptide transporters were identified during screen-
ing for substrates of these transporters, whereas others were synthesized more re-
cently by a rational approach. 4-Aminomethylbenzoic acid (4-AMBA) is the first
competitive nontransported PEPT1 inhibitor described756; PEPT1 was reported to
be blocked efficiently by diethylpyrocarbonate.757 Other clinically relevant non-
competitive PEPT1 inhibitors are the orally active sulfonylurea antidiabetic drugs
nateglinide and glibenclamide as well as tolbutamide and chlorpropamide.758,759 Re-
cently, several high-affinity competitive inhibitors of PEPT1 and PEPT2 have been
developed. They are lysine-containing dipeptide derivatives starting from lysyl-4-
nitro-benzyloxycarbonylproline (Lys[Z(NO2)]-Pro).760,761 Moreover, certain com-
pounds with a structure related to cephalosporins and ACE inhibitor-ester prodrugs,
such as quinalapril and quinalaprilat, fosinoprilat, and enalaprilat, have been reported
to block peptide transporter activity with low affinity.762–764

Inducers The activity of peptide transporters can be modulated by several substances
and in different pathophysiological conditions. In particular, PEPT1 may be modu-
lated at the transcriptional level or at the level of translocation of transporter proteins
to the plasma membrane. Treatment with insulin, leptin, human growth hormone,
pentazocine, clonidine, or Ca2+ channel blockers as well as addition of high amounts
of dipeptides in a medium of cultured cells (Caco-2 cells) expressing PEPT1 were
reported to induce PEPT1 expression.765–770 In contrast, cell exposure to the immuno-
suppressive drugs tacrolimus and cyclosporin A, to thyroid hormone T3, or epidermal
growth factor are reported to inhibit PEPT1 activity.766,771,772
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Dietary conditions and several pathophysiological states can modulate PEPT ex-
pression: In rats, a brief period of fasting or starvation or administration of a diet
enriched in certain free amino acids and peptides was associated with up-regulation
of PEPT1 expression.773–776 A circadian regulation of intestinal PEPT1 expression
has also been described in rats fed ad libitum and was able to affect the pharmacoki-
netics of the oral antibiotic ceftibuten, a peptidelike drug. However, the diurnal rhythm
of intestinal rat PEPT1 activity was disrupted by fasting.777,778 Diabetes, induced by
treatment of rats with streptozotocin, resulted in an increased expression of PEPT1
in the small intestine.779 Unusually high intestinal colonic levels of PEPT1 have also
been identified in patients affected by short-bowel syndrome, chronic ulcerative col-
itis, Crohn’s disease, or acute cryptosporidiosis, whereas PEPT1 is virtually absent
under normal conditions of the gastrointestinal tract.780–783 A potential role of PEPT1
in inflammatory bowel diseases has recently been suggested, as PEPT1 was reported
to transport formyl-Met-Leu-Phe (fMLP), a neutrophil chemotactic factor produced
by Escherichia coli.784,785 In contrast, endotoxin and lipopolysaccharide are associ-
ated with down-regulation of PEPT1 in animal models.786 Less is known regarding
modulation of PEPT2 expression: Up-regulation of PEPT2 has been described in
rat remnant kidney after unilateral nephrectomy, which could possibly modulate the
pharmacokinetics of drugs transported by PEPT2 in patients affected by chronic renal
failure.787

Pharmacological and Toxicological Function The physiological activity, the wide
substrate specificity, and the tissue distribution of peptide transporters suggest that
they could affect the oral bioavailability and the pharmacokinetics of substrate drugs.
In general, compounds that are structurally similar to oligopeptides and are well-
known PEPT1 substrates have good oral bioavailability, whereas their class analogs
not transported by PEPT1 display slower and less complete absorption after oral ad-
ministration. Indeed, in a study comparing several penicillins and cephalosporins, a
significant correlation was found between the in vitro affinity for PEPT1 and their re-
ported oral availability. In particular, aminopenicillins, and aminocephalosporin that
displayed higher affinity and higher in vitro transport rates than other �-lactam an-
tibiotics showed higher absorption rates in vivo.788–790 Moreover, it has been reported
that the expression level of PEPT1 in the rat intestine correlated significantly with
intestinal absorptive transport of cephalexin and cefadroxil.776,791

Based on these findings, a strategy was developed to improve the oral bioavail-
ability of drugs. It consists of coupling an amino acid residue to a drug to obtain a
peptide or a peptidomimetic compound transported by peptide transporters. For exam-
ple, l-dopa-l-Phe, a peptide derivative developed as a prodrug of l-dopa, displayed
an intestinal uptake around 40-fold higher than that of free l-dopa, a drug widely
used in treatment of Parkinson’s disease.792 Analogously, valacyclovir, the l-valyl
ester of acyclovir, a well-known antiviral drug, shows three- to fivefold higher oral
bioavailability than that of free acyclovir, and in in vitro models, valacyclovir, but not
acyclovir, appears to be a PEPT1 substrate.793–796 The examples of l-valine ester of
zidovudine, a compound commonly used in the treatment of HIV infection and the
amino acid esterification of other antiviral nucleosides have led to the development
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of other compounds that become substrates of peptide transporters after modification
by amino acid esterification, thereby improving their pharmacological profile.796 Fur-
thermore, the peptidic prodrugs of a series of novel aminomethyl tetrahydrofuranyl
(THF)-1�-methylcarbapenems showed higher efficacy and intestinal uptake than that
of the active parent drug molecules.797

Moreover, both PEPT1 and PEPT2 may, by mediating the renal tubular reabsorp-
tion of substrates, affect the half-life, the clearance, and thereby the pharmacokinetics
of substrate drugs. �-Lactam antibiotics transported by peptide transporters have more
rapid intestinal uptake, increased availability after oral administration, and a longer
half-life than that of antimicrobials that are not PEPT substrates.789,790 Peptide trans-
porters may also affect the tissue distribution of substrates in the body, thus determin-
ing a specific pattern of tissue drug delivery. This characteristic could be exploited
in the treatment of selected diseases. For instance, �-ALA, a precursor of cellular
porphyrin synthesis used widely as a photosensitizer in the photodynamic therapy of
tumors, is a well-known PEPT1 and PEPT2 substrate. This may affect ALA’s rapid
intestinal absorption and renal clearance but may also determine its accumulation in
other tissues with PEPT2 expression, such as the brain, mammary gland, and lung,
thus possibly improving under well-selected conditions the response of these organs
to photodynamic therapy.753,798,799 In addition, due to the proposed role of PEPT2 in
mediating the influx and efflux of peptides from cerebrospinal fluid, PEPT2 may affect
the disposition of peptidomimetic drugs (e.g., aminocephalosporins and penicillins)
and xenobiotics in the cerebrospinal fluid and the brain. Therefore, the development
of drugs with limited PEPT2 affinity or the design of selective PEPT2 inhibitors
could be a useful strategy to improve brain delivery of drugs aimed to treat brain
disorders.800,801 Finally, PEPTs have been found on the cell membrane of a range
of cancer cells; however, it is currently unknown whether this expression affects the
outcome of anticancer drug therapy.

Drug–Drug Interactions Clinically relevant drug–drug interactions mediated by
peptide transporters have been reported between different �-lactam antibiotics and/or
inhibitors of these transporters. Oral coadministration of cefadroxil and cephalexin
has been shown to delay and decrease the time to maximal plasma concentration and
the AUC, respectively, of cefadroxil, presumably due to competitive inhibition by
cephalexin of the intestinal PEPT1-mediated transport of cefadroxil.802 Analogously,
altered pharmacokinetics of the �-lactam ampicillin and amoxycillin were described
after oral administration, together with cyclacillin, to healthy volunteers. These find-
ings, together with evidence obtained previously in rats, suggested competition for
absorption between these penicillins in the human gut at the level of peptide drug
transporters.803,804

Via a different mechanism, nifedipine, a widely used Ca2+ antagonist, has been ob-
served to increase the bioavailability of orally administered amoxicillin and cefixime
in humans and cephalexin in rats. One of the mechanisms proposed to explain these
drug–drug interactions involves a change in the intestinal surface pH mediated by
nifedipine (due to a decreased concentration of intracellular Ca2+), thereby increas-
ing the driving force for �-lactam drug transport mediated by PEPT1.770,791,805–807
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Clinically relevant drug–drug interactions mediated by PEPT at the intestinal ab-
sorption level may be postulated between certain sulfonylureas and peptidelike coad-
ministered drugs. As several sulfonylureas, such as nateglinide, glibenclamide, and
tolbutamide, appear to be good inhibitors of PEPT1 activity, oral coadministration of
glibenclamide or nateglinide and �-lactam antibiotics to diabetic patients may lead to
a reduction in the oral bioavailability of the �-lactam compounds, thereby affecting
their plasma levels and possibly also their therapeutic efficacy.758,759

On the other hand, taken in consideration the postulated involvement of PEPT1
in intestinal inflammation via transport of the neutrophil chemotactic factor formyl-
Met-Leu-Phe, the activity of PEPT2 at the renal and brain level and the affinity of
both peptide transporters for �-ALA, long-term administration of PEPT inhibitors,
such as glibenclamide or nateglinide, might affect states of intestinal inflammation,
porphyrin metabolism, and brain tissue drug delivery. It is of interest to explore
these concepts further preclinically and eventually, test the clinical feasibility in
patients.

24.5. INTERACTIONS MEDIATED BY MONOCARBOXYLATE
TRANSPORTERS

Impact of Polymorphism on Function Mutations of monocarboxylate transporters
(MCTs) have been reported to cause lactate transport deficiency with important patho-
physiological effects. Some decades ago an otherwise healthy patient who developed
severe chest pain and elevated serum creatine kinase levels after heavy exercise has
been described. He was reported to have a defective red cell lactate efflux and a delayed
reduction in muscle lactate after exercise.808 In a subsequent study, genetic analysis
of this patient and other subjects with reported defective lactate transport led to the
identification of missense mutations of MCT1 gene with altered protein function.809

Recently, mutations of MCT8 (a MCT that has been shown to participate in thyroid
hormone transport and metabolism) have been identified, and several of them have
been associated with the Allan–Herndon–Dudley syndrome (AHDS), an X-linked
condition characterized by severe mental retardation, neurological dysfunction, and
elevated serum triiodothyronine (T3) levels.810–812

Main Substrates Classes (Clinically Applied) MCT1 substrates consist of a broad
range of short-chain monocarboxylates, especially those substituted in the C2
and C3 positions such as lactate, pyruvate, acetoacetate, �-hydroxybutyrate, some
branched-chain keto acids (e.g., �-ketoisocaproate), and acetate, proprionate, and
butyrate.813,814 MCT1, as well as other MCTs, is also able to transport some exoge-
nous or pharmacologically active compounds, usually consisting of monovalent weak
organic acids with the carboxyl bound to a lateral small hydrophobic or hydrophilic
group. Putative clinically relevant MCT1 substrates include salicylic acid, benzoic
acid, nicotinic acid, foscarnet, and R- and S-mandelic acid.815–817 MCTs in general,
and MCT1 in particular, have been implicated in the transport of some �-lactam antibi-
otics (e.g., phenethicillin, propicillin, carindacillin)818,819 and HMG-CoA reductase
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inhibitors (e.g., simvastatin, lovastatin, pravastatin, atorvastatin) at the blood–brain
barrier.820–822 MCT2 has been found to transport a wide range of monocarboxy-
lates with substantially higher affinity than MCT1, in particular for pyruvate,823,824

whereas MCT4 displayed lower affinity for most MCT1 substrates.825,826 To date, the
substrate specificity of the other MCT isoforms has not been described fully, with the
exceptions of T-type-amino acid transporter 1 (TAT-1), which appears to transport
aromatic amino acids (phenylalanine, tyrosine, tryptophan, l-dopa), and of MCT8,
which is reported to transport the thyroid hormones T4 and T3.827,828

Inhibitors (Competitive and Noncompetitive) Thus far, several MCT1 inhibitors
have been described, but none of them is specific. MCT1 inhibitors can be divided
into several groups: The first is composed of substituted bulky or aromatic monocar-
boxylates (including 2-oxo-4-methylpentanoate and phenylpyruvate) and cyanocin-
namate derivatives [e.g., �-cyano-4-hydrocinnamate (CHC)] that act as competitive
inhibitors. The second group consists of amphiphilic compounds with different struc-
tures that also inhibit the anion exchanger AE1 and other membrane transporters.
This group includes bioflavonoids, such as phloretin and quercetin, and anion trans-
port inhibitors such as niflumic acid and 5-nitro-2-(3-phenyl-propylamino)benzoate
(NPPB).

Stilbenedisulfonates [e.g., 4,4′-diisothiocyanostilbene-2,2′-disulfonate (DIDS),
4,4′-dibenzamidostilbene-2,2′-disulfonate (DBDS)] are reversible weak inhibitors of
MCT1, although on prolonged exposure, DBDS appears to be able to block irre-
versibly MCT1 activity.984 Other irreversible inhibitors are a broad range of amino
reagents (e.g., phenylglyoxal, pyridoxal phosphate) and the organomercurial thiol
reagent p-chloromercuribenzene sulfonate (pCMBS).814,827 MCT2 is more sensitive
to inhibition by a range of MCT blockers, including CHC, DBDS, and DIDS, but is
insensitive to pCMBS.823,824,829 MCT3 is reported to be insensitive to CHC, p-CMBS,
and phloretin.830 MCT4 exhibits less affinity for most inhibitors than MCT1 and is
reported to be insensitive to DIDS.826

Inducers Several studies suggested that in human muscles the lactate/H+ transport
capacity and MCT expression could be enhanced by training. In one study, 7 days
of bicycle training increased the content of MCT1 in the vastus lateralis muscle with
an increase in the femoral venous lactate concentration during exercise.985 In another
study, high-intensity knee-extensor exercise was reported to increase the MCT1 and
MCT4 content by 76 and 36%, respectively, with an increase in sarcolemmal trans-
port of lactate measured in vesicles prepared from muscle tissue obtained by needle
biopsies.831 Subsequently, in another study, lon-gterm leg cycle endurance training
has been associated with an increase in MCT1 and MCT4 in the human vastus lateralis
muscle.832 Also, MCTs have been reported to be rapidly up-regulated by exercise.833

Indeed, in human muscles, MCT1 and MCT4 proteins were increased 2 and 4 days af-
ter a prolonged exercise bout.834 This suggests that up-regulation of MCT1 and MCT4
involves both posttranscriptional and transcriptional mechanisms. Conversely, lactate
transport capacity is reduced and MCTs are down-regulated after denervation of mus-
cle or spinal injury.835–837 Moreover, in rat heart, MCT1 is increased after ligation
of a branch of the left coronary artery, whereas in rats with streptozotocin-induced
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diabetes, MCT1 expression is reported to be reduced in the heart, in adipose tissue,
and together with MCT4, in skeletal muscle,838,839 although previous studies reported
contrasting results.985 In another study, MCT1 content in skeletal muscle of patients
with type 2 diabetes was lower than in the muscle of healthy men. In addition, training
increased MCT1 content in both groups, whereas in healthy people, but not in patients
with type 2 diabetes, MCT4 increased in response to training.840

In brain tissue, MCT expression levels were found to vary in endothelial and
parenchymal cells during peri- and postnatal development in rats. For instance, it was
observed that endothelial mature astrocytes and parenchymal cells in rat brain have
increased levels of MCT1 postnatally, an increase after weaning, and quite high levels
at adulthood. These modifications in MCT expression seem to reflect formation of
the blood–brain barrier and the switch in the postnatal period from a prevalent use of
monocarboxylates to glucose utilization by the adult brain.841 Furthermore, in adult
rat a ketogenic diet as well as ischemic conditions were reported to induce brain
MCT1 expression.842,843 Moreover, in cultured cortical neurons, MCT2 expression
was enhanced by noradrenalin, suggesting that MCT expression may be regulated
by synaptic activity.844,845 In addition, treatment of rat brain endothelial cells by
cobalt chloride increased MCT1 expression.817 In retinal explants, MCT1 was in-
duced by hypoxia and vascular endothelial growth factor,817,846 whereas in cultured
macrophages, lipopolysaccharides and tumor necrosis factor-� determine increased
expression of MCT1.847

In human colonic epithelial cells, treatment with butyrate has been reported to up-
regulate MCT1 expression, and exposure to leptin, a hormone involved in regulation
of cellular metabolism, was able to further increase butyrate uptake.848,849 In rat,
treatment with testosterone has recently been associated with an increase in MCT1
and MCT4 proteins in skeletal muscles but not in the heart.850 Finally, as MCT1 and
MCT4 activity has been linked to the expression of some membrane glycoproteins
(e.g., GP-70 in humans, CD147, OX-47, basigin, etc., in other species), overexpression
of these glycoproteins by several factors can modulate the expression and activity of
MCT transporters.851,852

Pharmacological and Toxicological Function In view of their cellular location and
tissue distribution, it has been proposed that MCTs, in particular MCT1, can be
involved in intestinal absorption, blood–brain transport, and liver delivery of some
weak organic acid drugs. MCTs may be involved in the intestinal absorption of some
�-lactam antibiotics and nonsteroidal anti-inflammatory drugs, as they are reported to
be good MCT substrates in vitro.817 In addition, as monocarboxylate activity is proton
dependent, the transport of substrate drugs by MCTs across the epithelial layer of the
small intestine may be facilitated by the presence, at the luminal side of the brush
border membrane, of a low pH. This creates a proton gradient that could facilitate the
monocarboxylate transport.853 MCT1 expression at the blood–brain barrier may play
a crucial role in the efflux of certain drugs from the brain. Indeed, the low distribution
of probenecid and 6-mercaptopurine in the brain has been proposed to depend in part
on their MCT-mediated efflux.854,855

The tissue-specific expression of MCTs may also explain the development of
certain side effects that follow the intake of a range of MCT substrate drugs. For
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instance, the lipophilic HMG-CoA reductase inhibitors lovastatin and simvastatin,
which present a carboxylic acid moiety and are used clinically for the treatment
of hypercholesterolemia and mixed dyslipidemia, have been suspected to be MCT1
substrate drugs. In particular, it has been suggested that MCTs (especially, MCT1)
may contribute to the transport of simvastatin across the blood–brain barrier into the
brain, thus determining some of the CNS side effects (predominantly sleeplessness)
associated with the intake of these drugs. In vivo brain perfusion studies confirm
that penetration of these drugs across the blood–brain barrier correlates with these
side effects, and in vitro studies reported a possible role of MCT1 in the uptake of
simvastatin.820,821 A possible contribution of MCTs to the intestinal absorption of
atorvastatin, another HMG-CoA reductase inhibitor, has been speculated, but other
mechanisms and/or transporters may be involved as well.822

Drug–Drug Interactions To date, no clinically relevant drug–drug interactions me-
diated by MCTs have been described. However, because MCTs are involved in impor-
tant pathophysiological conditions (hypoglycemia, diabetes, starvation, cerebral and
heart ischemia), modulation of MCTs expression and activity may be a useful strategy
to protect some tissues from ischemic or metabolic damage. Recently, transfection
of MCT2 in cultured neurons has been reported to confer neuroprotection against
toxicity.856,857 Further studies need to be undertaken to unravel the role of MCTs in
clinically relevant drug–drug interactions.

24.6. INTERACTIONS MEDIATED BY THE
NUCLEOSIDE TRANSPORTERS

Impact of Polymorphism on Function Recently, genetic variability in nucleoside
transporter family members have been described, although no pathophysiological
conditions have been associated with this family to date. However, large interindi-
vidual differences in response to anticancer and antiviral nucleoside analogs and
substrates of nucleoside transporters have been observed, suggesting that genetic
variability in nucleoside transporters could lead to reduced function or nonfunc-
tional transporter proteins. This could result in interpatient variability in systemic
and intracellular levels of nucleoside analog drugs. In general, equilibrative nucle-
oside transporters (ENTs) appear to have less genetic and functional diversity than
do concentrative nucleoside transporters (CNTs). No significant differences in the
functional characterization were found between the two recently identified nonsyn-
onymous variants of ENT1 and the reference ENT1.858 Five protein-altering variants
were identified for ENT2, but they were found at very low frequency, making the
hypothesis unlikely that genetic variation of ENT2 significantly affects the variability
in drug response that is observed clinically.859

Regarding the CNT family, CNT1 and CNT2 display more genetic diversity than
CNT3. Recently, Gray et al. have observed in an ethnically diverse population a high
degree of genetic and functional variation in CNT1. In particular, two nonfunctional
variants and one variant (CNT1-Val189Ile) with reduced affinity for the anticancer
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pyrimidine nucleoside analog gemcitabine were described.860,861 In addition, a non-
synonymous CNT2 variant (CNT2-F355S) with significant allelic frequency was
identified in the African-American population; it displayed altered specificity for
inosine and uridine.860 In contrast, CNT3 has less genetic and functional diversity,
suggesting that CNT3 is more critical for viable human life, tolerating less genetic
and functional diversity.858 Possibly, more genetic variation can be tolerated in CNT1
and CNT2, because together with CNT3, they display overlapping tissue distribution
and substrate specificity.

Main Substrate Classes (Clinically Applied) In general, most nucleosides, nucle-
obases, and their analogs used in anticancer and antiviral therapy are substrates of
the nucleoside transport systems. There are many similarities between the spectrum
of compounds transported by ENTs and CNTs, although there is no complete over-
lap. ENT1 displays broad substrate specificity for purine and pyrimidine nucleo-
sides, with higher affinity for adenosine and lower affinity for cytidine, but it is
reported not to transport nucleobases.862–866 Anticancer and antiviral drugs trans-
ported by ENT1 include gemcitabine, cytarabine, fludarabine, cladribine, and rib-
avirin, whereas the nucleoside analogs 2′,3′-dideoxycytidine (zalcitabine, ddC) and
2′,3′-dideoxyinosine (didanosine, ddI) are only weak substrates. The antiviral drug
3′-azido-3′deoxythymidine (zidovudine, AZT) is reported not to be a substrate for
ENT1.862,864,867–871

ENT2 transports a broad range of substrates, including purine and pyrimidine
nucleosides (although with a lower apparent affinity than ENT1, with the exception
of inosine),863,864,872 nucleobases (hypoxantine, adenine, guanine, uracil, thymine,
and cytosine),873 and possibly, cyclic nucleotides.874 In contrast to ENT1, ENT2 can
transport AZT and displays much greater affinity for ddC and ddI.864,870 Recently, it
has been reported that the anticancer drugs gemcitabine and fludarabine are substrates
of ENT2.875–877

Characterization of the substrate specificity of ENT3 and ENT4 is currently in prog-
ress. ENT3 appears to be able to transport several nucleosides (with the exception of
hypoxantine) and antiviral nucleoside analogs such as AZT, ddC, and ddI. Adeno-
sine is reported to be a weak substrate for ENT4.878,879 CNT1 selectively trans-
ports pyrimidine nucleosides (cytidine, thymidine, uridine) and adenosine.880,881

CNT1 substrates also include the antiviral nucleoside analogs zidovudine (3′-
azido-3′-deoxythymidine, AZT), lamivudine (2′,3′-dideoxy-3′-thiacytidine, 3TC),
zalcitabine (2′,3′-dideoxycytidine, ddC), the anticancer drugs gemcitabine (2′,2′-
difluorodeoxycytidine, dFdC), cytarabine [(1-�-d-arabinofuranosyl)cytosine, AraC],
and 5′-deoxy-5-fluorouridine (5′-DFUR, which is the active metabolite of
capecitabine).869,880,882–884 In contrast, CNT2 transports purine nucleosides (adeno-
sine, guanosine, inosine), uridine, and formycin B selectively.881,885–886 CNT2 sub-
strates also include didanosine (2′,3′-dideoxyinosine, ddI) and ribavirin,880,886–888

but CNT2 does not appear to transport other antiviral drugs, such as zidovu-
dine, zalcitabine, or the anticancer nucleoside analogs currently used in anticancer
chemotherapy.870,886,888 CNT3 is widely selective for nucleoside substrates, accepting



JWDD059-24 JWDD059-YOU June 13, 2007 14:30

808 CLINICAL RELEVANCE

both purine and pyrimidine nucleosides. CNT3 also transports several nucleoside
analogs, such as fludarabine, cladribine, zebularine, 5-fluorouridine, gemcitabine,
ddI, ddC, and AZT, although the latter weakly.889–891

Inhibitors (Competitive and Noncompetitive) Historically, inhibition activity of ni-
trobenzylthioinosine (NBTI) was used to classify ENTs. ENT1 is reported to be highly
sensitive to inhibition by NBTI (Ki for ENT1 is in the nanomolar range), whereas
ENT2 is resistant to inhibition by NBTI up to micromolar concentrations.892,893 Coro-
nary vasodilators such as dipyridamole, dilazep, and the lidoflazine-related com-
pounds lidoflazine, mioflazine, soluflazine, R75231, and draflazine are reported to
be potent ENT1 competitive inhibitors, whereas ENT2 is much less susceptible to
inhibition by these compounds.863,878,894 Recently, several dipyridamole analogs with
potent inhibiting activity against nucleoside transporters and with a better pharma-
cological profile have been identified.895 Moreover, a large number of protein kinase
inhibitors, including some inhibitors of serine/threonine or tyrosine kinases, such as
STI-571 (imatinib mesylate, Gleevec), protein kinase C inhibitors (e.g., staurosporine,
arcyriarubin A), rapamycin, kinase inhibitors against p38 MAPK (mitogen-activated
protein kinase) EGF receptor kinase, and others, have been reported to inhibit ENT1
and/or ENT2 in a human erythroleukemia cell line.896–898 The antidiabetic trogli-
tazone, a thiazolidinedione, was able to inhibit ENT1 competitively, whereas it did
not have any effect on ENT2 activity.899 In vitro, ethanol is suggested to inhibit
ENT1 selectively after acute administration and to down-regulate ENT1 after chronic
exposure.900,901 Lately, a range of 6-benzylthioinosine analogs, currently studied as
potential agents against Toxoplasma gondii, have been described as inhibitors of
ENT1.902 Potential clinical consequences of these recent observations warrant further
investigations.

Inducers Expression of nucleoside transporters appears to be regulated by several
cellular and systemic events, as expression of nucleoside transporter is cell cycle-
dependent and varies with cell differentiation and with the cellular deoxynucleotide
levels.903–905 In in vivo studies, after 48 hours of starvation, rats showed an increase
in CNT1 protein levels in jejunum and liver. Moreover, nucleotide supplemented diet
increased the CNT1 level in the liver and decreased it in the small intestine.906 In
rodents, after partial hepatectomy a rapid up-regulation of CNT1 and CNT2 with
no significant modification in ENT1 mRNA levels has been described.905,907 ENT1-
dependent nucleoside transport appears to be regulated by protein kinase C (PKC)
isoforms, in particular � and/or ε. In human cultured cells, long treatment with phor-
bol 12-myristate 13-acetate (PMA) is associated with a decrease in ENT1 transport,
whereas acute stimulation of PKC increases the ENT1 nucleoside uptake. In hu-
man BLS1 and Raji B lymphocytes, treatment with PMA and lipopolysaccharide
(LPS) up-regulated CNTs and led to a down-regulation of ENT1 in a PKC-dependent
manner.908–910 In murine bone marrow–derived macrophages, induction of prolifera-
tion with M-CSF is reported to up-regulate es-type transport activity (presumably me-
diated by ENT1), whereas macrophage activation mediated by interferon � (IFN-� )
determined the induction of CNT1 and CNT2. Moreover, IFN-� was able to
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down-regulate the M-CSF-induced expression of ENT1.910,912 In addition, hormonal
regulation of nucleoside transporters has been reported in various tissues and cell
types. In a study using rat liver, glucagon was reported to up-regulate the nucleoside
transport, whereas insulin was able to stimulate Na+-dependent uridine uptake by
stimulation of synthesis of the transporters.912 In cultures of rat B and T lymphocytes,
nucleoside transporter expression levels were reported to be regulated independently
and differentially by glucose and insulin.913,914 Elevated levels of glucose were also
reported to induce the expression of ENT1 in human aortic smooth muscle cells.915

High concentrations of glucose reduced the expression level and transport activity
of ENT1 and affected adenosine transport in human umbilical vein endothelial cells
(HUVECs) with a mechanism that involved endothelial nitric oxide synthase, PKC,
and MAP kinases.916,917 The thyroid hormone T3 and dexamethasone were able to
induce selective up-regulation of CNT2 and down-regulation of ENT1 and ENT2 in
rat fetal hepatocytes.918 T3 has also been reported to induce the expression of nucleo-
side transporters and to stimulate adenosine transport in cultured chromaffin cells.919

Possible clinical implications of these findings need to be explored further.

Pharmacological and Toxicological Function The cellular location of nucleoside
transporters in several normal and cancer tissues and in organs, which play a key role
in drug distribution, suggest that they may influence the intracellular bioavailability
and the pharmacokinetic, therapeutic, and toxicological profiles of affected nucleoside
analog substrate drugs. Variation in nucleoside transporter expression may contribute
to variation in drug efficacy and drug resistance: Transport of nucleoside analogs
is the first step in tumor cytotoxicity. In general, tumors display highly variable
patterns of ENT and CNT expression, which affects drug bioavailability and action.
Decreased nucleoside transporter expression and/or activity in tumor tissues and in
virally infected cells that are targets for nucleoside antiviral drugs have been correlated
with reduced drug-uptake and the development of drug resistance. Chemosensitivity
and ex vivo cytotoxicity of cytarabine, fludarabine, and other nucleoside analogs have
been correlated to expression of subtypes of nucleoside transporters in several in
vitro studies.875,876,884,920–927 Furthermore, gemcitabine cytotoxicity was correlated
to nucleoside transporter activity in cell lines derived from a variety of lymphoid
and human pancreatic adenocarcinomas with defined different patterns of nucleoside
transporter expression.868,875

The location of nucleoside transporters (in particular, CNTs) in the intestine, kid-
ney, and liver suggests that these transporters may affect the systemic absorption
and disposition of nucleoside analog substrate drugs. The significant expression of
CNT2 in the gastrointestinal tract is supposed to be a major factor in absorption of
orally administered ribavirin and other natural purine and purine analogs.887,928 In
addition, the broad tissue distribution of ENT1 appears to be a major determinant
of the unusually large distribution volume of ribavirin.867,929 Furthermore, the renal
disposition of natural nucleosides and nucleoside analogs appears to be affected by
nucleoside transporters widely expressed in the kidney.930 In contrast, although some
nucleoside transporters have been found in brain capillary endothelial cells that form
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the blood–brain barrier, it is still not known whether they mediate the vectorial trans-
fer of nucleosides and nucleoside analogs across the blood–brain barrier. However,
due to the lack of animal models knocked out for the various nucleoside transporter
genes, together with the overlap in substrate specificity between the various nucle-
oside transporters and between other membrane protein pumps able to translocate
nucleoside analogs, it is difficult to evaluate the contribution of individual nucleoside
transporters to in vivo disposition of nucleoside analogs. To date, only ENT1-null
mice have been generated.900

At this moment, no clinically relevant drug–drug interactions mediated by nu-
cleoside transporters have been described, although the possible therapeutic benefits
resulting from the concomitant use of nucleoside analogs and nucleoside transporter
inhibitors are being evaluated. In particular, by modulating the extracellular concen-
trations of adenosine in several tissues (they block the intracellular uptake and re-
uptake of adenosine), ENT inhibitors can potentiate adenosine-mediated protective
cellular processes. For this reason, ENT inhibitors such as dipyridamole, dilazep and
draflazine have been used in the treatment of cardiovascular diseases.931,932 Dipyri-
damole appears to inhibit the nucleoside/adenosine uptake into endothelial cells, thus
prolonging and enhancing the cardioprotective effects of adenosine. This mechanism
might explain the therapeutic benefit of dipyridamole during percutaneous translu-
minal coronary angioplasty in humans.933 Indeed, the infusion of the ENT inhibitor
R-75231 before coronary artery occlusion has been reported to increase myocar-
dial adenosine levels, to reduce infarct size, and to enhance postischemic recovery
in swine.934 Administration of nucleoside transporter inhibitors has also been re-
ported to have promising beneficial effects in the treatment of ischemic neuronal
damage: The xanthine derivative propentofylline has been studied as a neuroprotec-
tive drug for brain ischemic injury.935 One of the proposed mechanisms by which
propentofylline appears to protect neurons from ischemic cerebral damage is the in-
hibition of the cellular uptake of adenosine (due to the ability of propentofylline to
block ENT1, ENT2, and CNT1), resulting in increased extracellular concentrations
of endogenous adenosine and enhanced stimulation of adenosine receptors.935–938

Indeed, preischemic administration of the phosphorylated prodrug form of
nitrobenzylthioinosine increased brain adenosine levels and reduced ischemic neu-
ronal death in rats.939,940

Inhibition of nucleoside transporter activity may also be a potentially useful strat-
egy in the treatment of chronic pain. Adenosine A1 receptor activation in the spinal
cord has antinociceptive effects,941 and in mice, administration of nucleoside transport
inhibitors have been described to enhance the opioid-mediated antinociception.942

Moreover, ENT1 was found at significant levels in the dorsal horn of the rat spinal
cord, and administration of the ENT1 inhibitor nitrobenzylthioinosine resulted in
increased extracellular adenosine levels that modulated glutamate release at the
presynaptic A1 receptors. This would finally lead to a suppression of nociceptive
neurotransmission.943

Another potentially beneficial drug–drug interaction mediated by nucleoside trans-
porters involves nucleoside transporter inhibitors and nonnucleoside antimetabolite
drugs: In vitro studies reported that dipyridamole was able to potentiate the cytotoxic
effect of methotrexate, pemetrexed disodium (Alimta), lometrexol (which inhibits de
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novo synthesis of purine and pyrimidine nucleotides), and certain thymidylate syn-
thase inhibitors by preventing the nucleoside and/or base cellular salvage mediated
by nucleoside transporters.895,944–949 However, clinical trials that evaluate whether
coadministration of dipyridamole and antimetabolite drugs can be a useful strategy to
improve the efficacy of antimetabolite therapy have been unsuccessful. This is prob-
ably due to the presence of nucleobase transporters in cancer cells that are insensitive
to nucleoside transport inhibitors and to low concentrations of free dipyridamole in
the plasma, due to its avid binding to serum proteins (in particular to the �1 acid
glycoprotein).892,895,950

Finally, given the recent finding that several kinase inhibitors widely used in the
treatment of certain cancer types can significantly block the activity of ENT1 and/or
ENT2, clinically relevant drug–drug interactions between kinase inhibitors and nu-
cleoside analogs can be speculated and should be explored to avoid potential antago-
nistic interactions between these drugs. On the other hand, as ENTs can mediate both
cellular uptake and efflux of therapeutic nucleoside analogs, the chronomodulated
coadministration of selective ENT inhibitors with nucleoside analogs (in particular,
if they are also transported into cells by CNTs) may improve the cytotoxicity of nu-
cleoside analogs. In vitro, dipyridamole has been reported to increase intracellular
ara-CTP levels by blocking cellular efflux of cytosine arabinoside in human leukemic
myeloblasts.951 In the same way, in cultured human leukemic lymphoblasts the cyto-
toxicity of cladribine (2-chlorodeoxyadenosine) has been shown to be improved by
subsequent treatment with nitrobenzylthioinosine or dipyridamole.952

24.7. INTERACTIONS MEDIATED BY THE FOLATE
UPTAKE TRANSPORTER

Impact of Polymorphism on Function Recently, a common SNP at position 80 in
exon 2 of the RFC1 gene has been identified. This mutation substitutes a histidine
(CAG codon) at residue 27 of the protein with an arginine (CGG codon), leading
to the production of a RFC1 protein with reduced activity.953 Recently, several epi-
demiological studies have analyzed the possible role of the RFC1 A80G polymor-
phism, independently and/or in association with maternal periconceptional folate
intake and other genetic variants of cellular enzymes involved in folate metabolism
(e.g., methylenetetrahydrofolate reductase), as a significant risk factor for the devel-
opment of neural tube defects, Down’s syndrome, and congenital heart and orofa-
cial defects, all congenital diseases linked to impaired folate homeostasis. Although
the results of these studies are not yet conclusive (or even contrasting) a contribu-
tion of the RFC1 A80G variant to the susceptibility of the population to these and
other pathological conditions cannot be excluded.953–959 Moreover, the G80A RFC1
polymorphism, via the modulation of extra- and intracellular folate levels, has been
proposed to be a protective factor against thrombosis 960 and to contribute to interindi-
vidual variability in response and toxicities to high-dose therapy with methotrexate.961

In contrast with recent epidemiological findings supporting an association between
polymorphisms in folate-metabolizing enzymes and risk of colorectal and other
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cancers, RFC1 G80A polymorphism was not associated with altered colon cancer
risk.962

Main Substrate Classes (Clinically Applied) RFC1 mediates transport of folate and
its derivatives, with high affinity for reduced folates (e.g., N5-formyltetrahydrofolate,
N5-methyltetrahydrofolate). RFC1 substrates also include thiamine derivatives (in
particular, active thiamin metabolites such as thiamine monophosphate) 963 and
several folate analog drugs used in cancer chemotherapy and for the treatment of
rheumatic diseases. Indeed, RFC1 has been reported to contribute to the cellular trans-
port of methotrexate and other classical antifolate drugs, such as raltitrexed (Tomudex,
ZD1694), pemetrexed (Alimta, LY231514), the thymidylate synthase inhibitor
ZD9331, and the structural analog of aminopterin N�-(4-amino-4-deoxypteroyl)-N�-
hemiphthaloyl-l-ornithine (PT523).964–967

Inhibitors Specific RFC1 inhibitors have not yet been identified completely.
Probenecid and other anion transporter inhibitors have been reported to block RFC1
activity, whereas recently, sulfasalazine, a drug widely used in the treatment of
rheumatoid arthritis and inflammatory bowel disease, has been shown to act as a po-
tent noncompetitive inhibitor of RFC1.968 Prostaglandin A1 has also been described
as a noncompetitive inhibitor of the RFC1-mediated transport of methotrexate.969

Nitric oxide (NO) and several NO donors (e.g., 3-nitroso-N-acetylpenicillamine,
sodium nitroprusside) were recently reported to inhibit, specifically and reversibly,
the activity of RFC1 in cultured human retinal pigment epithelial cells. In addi-
tion, hyperglycemic conditions have been shown to reduce the expression and activ-
ity of RFC1 in the same cell system and in retinal pigment epithelium of diabetic
mice.970,971

Inducers In contrast, dietary folate deficiency has been reported to induce RFC1
expression significantly and specifically at the rat intestinal brush border membrane,
suggesting regulation of the transport process by the dietary substrate level.972 More-
over, 5-amino-4-imidazolecarboxamide riboside has been shown to potentiate the in-
flux of methotrexate in the human T-lymphoblastic leukemia cell line (CCRF-CEM)
by induction of RFC1, suggesting a possible role of 5-amino-4-imidazolecarboxamide
riboside in enhancing the therapeutic effect of methotrexate against childhood acute
lymphoblastic leukemia.973

Pharmacological and Toxicological Function The contribution of RFC1 to phar-
macokinetic, therapeutic, and toxicological profiles of folate analog drug substrates
for this transporter is difficult to evaluate in in vivo animal models, as the homozy-
gous deletion of the RFC gene in the mouse is embryonically lethal. However, for
methotrexate and other classical antifolate drugs, the transport mediated by RFC1
plays an essential role in cellular uptake and tissue drug delivery: Impaired RFC1
expression and/or activity has been reported to contribute to the development of
resistance to antifolate drugs used in the treatment of cancer. On the other hand,
the ubiquitous expression of the RFC1 in normal tissues reduces the specific tissue
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distribution of antifolate drugs in cancer cells and the patient tolerability to these drug
substrates for RFC1.

Drug–Drug Interactions Clinically relevant drug–drug and drug–nutrient interac-
tions mediated by RFC1 have been evaluated. Sulfasalazine has been reported to
inhibit RFC1 activity, thus interfering with intestinal uptake of folate and other
coadministered RFC1 substrate drugs. Indeed, administration of sulfasalazine to pa-
tients with inflammatory bowel diseases and/or rheumatoid arthritis has been as-
sociated with macrocytic anemia and other pathophysiological conditions related
to folic acid deficiency.974–977 Sulfasalazine was able to reduce the cellular uptake
of methotrexate partially at clinically relevant plasma concentrations in several in
vitro models.968,978 In patients with rheumatoid arthritis, the combination therapy of
sulfasalazine–methotrexate did not display the additive/synergistic effects expected
from the well-known efficacy of monotherapy with either sulfasalazine or methotrex-
ate alone.979,980 Coadministration of sulfasalazine and methotrexate resulted in a
significant loss in cellular methotrexate uptake and in elevated homocysteine levels
(revealing folate deficiency). In contrast, sulfasalazine-induced cellular folate defi-
ciency has been suggested as a useful strategy to increase the cellular sensitivity to
trimetrexate, a folate antagonist with high activity in cells with low intracellular folate
levels due to impaired RFC1expression and/or activity.968,981 These findings suggest
a potential synergistic combination of sulfasalazine with trimetrexate.

Another potentially clinically relevant therapeutic strategy may be postulated in
patients with retinal diseases due to impaired RFC1 activity, in particular in the pres-
ence of elevated levels of nitric oxide at the retinal pigment epithelium. As ascorbate
and glutathione have been reported to reverse the inhibitory effect of nitric oxide
on RFC1 activity, these antioxidant compounds could be used in patients with dia-
betes mellitus, where circulating levels of nitric oxide are elevated.971 The cellular
biochemistry of folates and antifolates is intriguing: It has already been studied for
several decades and in different disease conditions. It is clear that a proficient folate
carrier is also essential in the cellular uptake of natural folate and folate antagonists.
As outlined, it is at this level that folate–drug and drug–drug interactions take place
that can have clinical implications.

24.8. CONCLUSIONS

More and more it becomes clear that endogenously expressed transport proteins medi-
ate clinically important drug–drug, food–drug, and herb–drug interactions. Drug–drug
interactions may involve drugs from different therapeutic classes with widely differ-
ent chemical structures and physicochemical characteristics. Up to 10% of all hospital
admissions in general hospitals are caused by improper use of drugs and combina-
tions of drugs, resulting in potentially severe drug–drug interactions. Adverse drug
reactions can be especially severe when these interactions involve cytotoxic anti-
cancer agents. Anticancer drugs are dosed close to the maximum dose tolerated, and
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factors affecting the pharmacokinetics may therefore greatly increase the likelihood
of development of life-threatening toxicities.

Thus far, drug–drug interactions have been thought to result from inhibition of
drug metabolism, inhibition of renal drug excretion, displacement out of the pro-
tein binding, or pharmaceutical interactions. However, interference at the level of
ABC transporters and other drug transporters is increasingly being identified as the
mechanism behind clinically important drug–drug interactions. In the field of cancer,
unwanted clinically important anticancer drug–drug interactions may comprise inter-
actions when two or more anticancer agents are given together, resulting in increased
toxicity of the combination, or when a non-anticancer drug is coadministered with an
anticancer agent, thereby increasing the toxicity of the anticancer agent.

The importance of ABC transporters in drug–drug interactions is increasingly
being identified. Pgp is involved in the interactions between cyclosporin A or ve-
rapamil and oral digoxin. Azole antifungals, such as fluconazole and itraconazole,
interact with Pgp, explaining drug interactions with digoxin and other drugs. Ben-
zimidazoles are transported by and inhibit Pgp. Pgp regulates oral bioavailability
and tissue distribution of the immunosuppressant tacrolimus. Pgp mediates drug
interactions between antiretroviral drugs and comedication. Also, genetic variabil-
ity in the MDR1 gene affects absorption and tissue distribution of Pgp substrate
drugs. At the renal level, ABC and other transporters, including human organic anion
transporters (hOAT1, 3, and 4), play significant roles in drug secretion. Interactions
at this level (e.g., between MTX and NSAIDs) can result in enhanced toxicity of
MTX.

After absorption, many drugs are detoxified by conjugation with glutathione, glu-
curonic acid, or sulfate, which results in acidic charged conjugates that cannot diffuse
through cell membranes. ABC transporters can have a function in the detoxification
pathway by mediating the export of these conjugates. Also, in renal clearance of
drugs, ABC transporters play an important role in contributing to the active secretion
of substrate drugs. Drug–drug interactions mediated by BCRP may also take place by
coadministration of HIV protease inhibitors, which were recently identified as BCRP
inhibitors. However, the possible role of a number of transporter proteins in mediating
drug–drug interactions needs to be explored further in vivo and in humans. This con-
cerns, for example, the ABCC family members MRP4 to MRP9, the organic cation
transporters, the organic cation/carnitine transporters, the peptide transporters, the
monocarboxylate transporters, and the nucleoside transporters. In addition, possible
consequences of genetic variability on the expression and activity of these transporters
need to be explored in clinical studies.

Furthermore, complementary and alternative medicine (CAM) use, such as herbs,
food, and vitamins, by patients has increased significantly in recent years. Surveys
have shown that the prevalence of CAM use among cancer patients receiving conven-
tional therapy is 54 to 77%, and that about 72% do not inform their treating physician.
CAM use significantly increases the risk of interactions with anticancer drugs, es-
pecially because of the small therapeutic range and steep dose–toxicity curve of
these drugs. Clinically relevant problems are seen with St. John’s wort and grapefruit
juice. St. John’s wort decreases significantly the plasma levels of SN38 and the active
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metabolite of irinotecan, and increases imatinib clearance. Grapefruit juice reduces
oral bioavailability of etoposide. However, it is expected that CAM–drug interactions
are responsible for more of the so-far-unresolved interindividual variation and clinical
problems seen in cancer and noncancer patients.

The main causes of interactions are changes in the pharmacokinetics of drugs,
although interactions at the pharmacodynamic level are also possible. Many drugs
are cleared by biotransformation and are subsequently transported by Pgp and BCRP
(ABCG2) or other transporters. Altered expression or activity of these enzymes can
lead to decreased therapeutic efficacy or increased toxicity. Expression levels of these
proteins are regulated by nuclear receptors such as the pregnane X receptor, consti-
tutive androstane receptor, and the vitamin D–binding receptor. Some (active con-
stituents of) herbs, such as hyperforin from St. John’s wort, can activate one or more
of these receptors, thereby increasing the expression of metabolizing enzymes and
transporters. Garlic, ginseng, milk thistle, and kava inhibit CYP activity directly. Pgp
activity can be inhibited by curcumin, milk thistle, and quercetin, and its expression
induced by St. John’s wort. However, for most CAM, it is unknown whether they affect
metabolizing enzymes and/or drug transporters, leading to unwanted PK interactions
with drug therapy. Increased knowledge of drug–drug, food–drug, and herb–drug in-
teractions and of genetic factors affecting pharmacokinetics and pharmacodynamics
is expected to improve drug safety and will enable drug therapy tailored to individual
patients’ needs.
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667. Gründemann D, Liebich G, Kiefer N, Köster S, Schömig E. 1999. Selective substrates
for non-neuronal monoamine transporters. Mol Pharmacol 56: 1–10.

668. Zhang L, Brett CM, Giacomini KM. 1998. Role of organic cation transporters in drug
absorption and elimination. Annu Rev Pharmacol Toxicol 38: 431–460.

669. Zhang L, Gorset W, Dresser MJ, Giacomini KM. 1999. The interaction of n-
tetraalkylammonium compounds with a human organic cation transporter, hOCT1.
J Pharmacol Exp Ther 288: 1192–1198.
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824. Bröer S, Bröer A, Schneider HP, Stegen C, Halestrap AP, Deitmer JW. 1999. Charac-
terization of the high-affinity monocarboxylate transporter MCT2 in Xenopus laevis
oocytes. Biochem J 341: 529–535.

825. Dimmer KS, Friedrich B, Lang F, Deitmer JW, Bröer S. 2000. The low-affinity mono-
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FIGURE 4.4. Confocal microscopic images showing fluorescein accumulation in induced
metanephric mesenchyme (MM) due to expression of organic anion transporters. Control;
(a–i) or presence of 2 mM probenecid (probenecid; j–l). (a, d, g, j) Phase-contrast photomi-
crographs of the induced epithelial tubular structures. (b, e, h, k) Corresponding fluorescence
photomicrograph of the tissue shown in the preceding panel. (c, f, i, l) Merged image of the two
preceding photomicrographs, indicating the accumulation of fluorescein in the induced MM.
(a–c) Low-magnification examination of a group of tubular structures in the induced mes-
enchyme in the absence of probenecid; bar = 100 μM. (d–f ) High-magnification examination
of tubular structures in the mesenchyme induced in the absence of probenecid; bar = 20 μM.
(g–i) Higher-magnification examination of a tubular structure in the induced mesenchyme in
the absence of probenecid; bar = 20 μM. Note the accumulation of fluorescein, to a concentra-
tion greater than the medium, in what appears to be a fluid-filled space (presumptive lumen).
(j–l) Low-magnification examination of a group of tubular structures in the mesenchyme in-
duced in the presence of 2 mM probenecid; bar = 100 μM. Note the absence of concentrative
fluorescein accumulation.
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FIGURE 4.6. Mechanisms of proximal tubular uptake and efflux of organic ions mediated by
organic anion and cation transporters (OATs, OCTs, OCTNs). Transporters whose encoding
genes are chromosomally paired are enclosed in ovals.
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FIGURE 4.7. Proposed conformational changes that accompany substrate translocation by
GlpT. The crystal structure (d) represents the Ci conformation of the protein. The Ci–Pi confor-
mation (c) was generated by fitting the GlpT model into the 6.5-Å map of the substrate-bound
form of OxlT,50 the latter being represented by elongated rods. By rotating the two halves of
the GlpT model separately in opposite directions along an axis at their interface and parallel
to the membrane, it was found that a 6◦ rotation of each domain can generate a structure that
fits the OxlT map reasonably well. The Co–Pi conformation (a) was produced by a 10◦ rotation
of each domain that is sufficient to close the pore on the cytosolic side of the molecule and to
open a pore on the periplasmic side. Finally, the Co conformation (b) was generated by a 16◦

rotation.
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FIGURE 7.2. (a) A side view of the hypothetical structure of MCT1 embedded in the plasma
membrane is depicted with solid lines indicating the edge of the lipid bilayer. (b) MCT1 is
shown as in (a), but viewed from the exofacial membrane surface. Each transmembrane domain
(TMD) is color coded from the N- (red) to the c-terminus (purple). The positions predicted for
the critical amino acids necessary for substrate binding (red) and transport activity (black) are
highlighted and numbered according to their position in the protein sequence. This structure
was deduced by threading the MCT1 protein sequence onto the crystal structure of the E. coli
lactose permease A chain using the Cn3D software available from NCBI.
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FIGURE 11.2. Subcellular localization of ABCC/MRP efflux pumps. (a) Schematic rep-
resentation of polarized Madin–Darby canine kidney (MDCK) cells recombinantly express-
ing human ABCC/MRP efflux pumps, which acquire a domain-specific localization either in
the apical membrane (ABCC2, ABCC11) or in the basolateral membrane (ABCC3, ABCC4,
ABCC5, ABCC6). (b) Confocal laser scanning micrographs of ABCC/MRP efflux pumps
in human hepatocytes. At least four different ABCC/MRP transporters have been identified
in human hepatocytes [i.e., ABCC2 (red) in the canalicular (apical) membrane and ABCC3,
ABCC4, and ABCC6 (green) in the sinusoidal (basolateral) membrane]. Bars, 20 μm. (c)
Confocal laser scanning micrographs of MDCK cells simultaneously expressing recombinant
human OATP2B1 (green) as an uptake transporter and ABCC2 (red) as an efflux pump for
organic anions. The lines indicate where the optical xz-sections had been taken. These double-
transfected cells serve as valuable tools to study the vectorial transport of organic anions that
undergo hepatobiliary elimination. In human hepatocytes, OATP2B1 (green) is located in the
sinusoidal membrane and ABCC2 (red) in the canalicular membrane. Bars, 10 μm.
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FIGURE 14.1. Xenobiotic transport mechanisms at the brain barriers. The proposed expres-
sion of ABC superfamily transporters, organic anion and cation transporters, nucleoside trans-
porters, and peptide transporters is depicted at the BBB endothelium and at the choroid plexus
epithelium. Although expression of these transporters has been shown, localization and function
remain to be demonstrated. The arrows indicate the direction of substrate transport. References
are indicated in the text.
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FIGURE 14.2. Xenobiotic transport mechanisms in the brain parenchyma. The proposed ex-
pression of ABC superfamily transporters, organic anion and cation transporters, nucleoside
transporters, and peptide transporters is depicted in astrocytes, microglia, and neurons. Al-
though expression of these transporters has been shown, localization and function remain to
be demonstrated. The localization of membrane drug transporters in oligodendrocytes has not
been well characterized and therefore is not included in this figure. The arrows indicate the
direction of substrate transport. References are indicated in the text.
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FIGURE 19.2. Schematic diagram of the method for estimating the contribution of each
transporter to the overall hepatic uptake: (a) using reference compounds; (b) using the relative
expression levels estimated from Western blot analysis; (c) using transporter-specific inhibitors.
The details are described in the text.

8




