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ABSTRACT

The significance of transporters in the disposition, metabolism, and
elimination of drugs is well recognized. One gap in our knowledge is
a comprehensive understanding of how drug transporters change
functionality (their amount and activity) in response to disease and
how disease and its inevitable pathology change transporter expres-
sion. In this issue of Drug Metabolism and Disposition a series of
review and primary research articles are presented to highlight the
importance of transporters in toxicity and disease. Because of the
central role of the liver in drug metabolism, many of the articles in this

theme issue focus on transporters in the liver and how pathology or
alterations in physiology affects transporter expression. The contrib-
uting authors have also considered the role of transporters in
drug interactions as well as drug-induced liver injury. Noninvasive
approaches to assessing transporter function in vivo are also de-
scribed. Several articles highlight important issues in oncology where
toxicity must be balanced against efficacy. In total, this theme issue
will provide a stepping-stone to future studies that will establish a
more comprehensive understanding of transporters in disease.

Introduction

Transporters facilitate the movement of compounds across biologic
membranes which, in turn, regulate the intracellular concentration of
a transported substance. These transported compounds can be either
drugs (xenobiotics) or endogenous compounds (endobiotics). On
a rudimentary level the types of transporters can be classified into
uptake and efflux carriers. In vitro model systems, under rigorously
defined conditions, have provided a wealth of information about
individual transporter substrate selectivity, affinity, and driving forces.
From these studies, we know that many “drug” transporters are
multispecific and feature substrate redundancy, resulting in more than
one transporter interacting with a particular substrate (Giacomini et al.,
2010). One possible explanation for the broad substrate specificity is
the presence of a large substrate binding pocket, as is found in
P-glycoprotein (P-gp, aka MDR1 and ABCB1) (Aller et al., 2009).
Ultimately, the combination of in vitro model systems and structural
analysis will provide mechanistic insights into individual transporters.
However, determining the contribution of a single transporter to
a drug’s tissue concentration is complicated by multiple factors,
including the expression of the same transporter in more than one

tissue, the redundancy of transporter function, and the fact that many
tissues express both uptake and efflux transporters in the same or
opposing membranes. For instance, for hepatocytes, we need to
consider the possibility that a drug might interact with both canalicular
efflux and basolateral uptake and efflux transporters in the hepatocyte.
Key findings such as digoxin toxicity (Ho and Kim, 2005) and

myopathy associated with high statin plasma levels (Giacomini et al.,
2013) have been linked to alterations in transporter function. These
events were either a function of drug-drug interactions (DDI), such as
inhibition of P-gp for digoxin (Fenner et al., 2009) and inhibition of
organic anion transporting polypeptides (OATPs) by statins (Link
et al., 2008) or reduced transporter activity for statins with allelic
variants of OATPs (Giacomini et al., 2013). The role of transporters
in various diseases (Ho and Kim, 2005) and in response to drugs
and various toxicants (Ho and Kim, 2005; Sweet, 2005) has been
considered. Just as drug metabolizing enzymes reduce the exposure to
xenobiotics through direct clearance and increased excretion, trans-
porters can also function to modulate the intracellular concentrations
of compounds (McBride et al., 2009; Chu et al., 2013), which would
ultimately alter cellular physiology with toxicologic sequelae.
Deconvoluting the specific role(s) of transporters in tissue and plasma
exposure will come from modeling (Shitara et al., 2006; Poirier et al.,
2009; Menochet et al., 2012) and the application of new approaches to
assess in vivo function, such as positron emission tomography
(Sasongko et al., 2005) and mass spectrometry (Deo et al., 2012). In
comparison with drug metabolizing enzymes there are a limited
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number of specific substrates, and inhibitors for many transporters and
alternative approaches to overcome this significant challenge to
experimental paradigms are needed (Brouwer et al., 2013).
Clearly, transporter affinity, spatial distribution, and membrane

localization influence the degree to which individual transporters
impact a drug or endobiotic concentration. These are important issues
which are not specifically addressed in this theme issue, but have
been reviewed elsewhere (VanWert et al., 2010). Instead, we have
attempted to extend this foundation by presenting both primary and
review articles that highlight the complexity of understanding how
transporters impact disease and are, in turn, affected by disease state.

Liver Transporters in Health and Disease

Bile acids are synthesized from cholesterol in the liver. After
conjugation, they require transporters, ABCB11 (aka bile salt export
pump, BSEP) and ABCC2 (aka multidrug resistance protein 2, MRP2),
to cross the bile canalicular membranes. These secreted bile acids are
efficiently (.95%) reabsorbed from the intestinal lumen, mostly by the
apical sodium-dependent bile acid transporter (ASBT, SLC10A2) in the
terminal ileum (Dawson et al., 2003). The reabsorbed bile acids return
to the liver via the portal circulation and are taken up by the basolateral
uptake transporters of the hepatocyte (enterohepatic recirculation). The
sodium/taurocholate cotransporting polypeptide (NTCP, SLC10A1)
transports the majority (∼90%) of these bile acids, but OATPs
(SLCO1B) are also involved. Because transporters play a crucial role
in modulating the uptake and export, hence the amount of liver bile acid,
it is important to have a comprehensive overview of the transporters and
major factors (e.g., nuclear receptors) that are crucial to bile formation
and bile acid homeostasis. Integrating this knowledge is important to
provide insight into hepatic inflammation, fibrosis, and cirrhosis. To
address the role of transporters in the etiology of liver disease, in this
issue, Cuperus et al. (2014) provide an overview of the major canalicular
ATP binding cassette (ABC) transporters and their regulation by nuclear
receptors and function in cholestasis.
Elevation in bilirubin is a biomarker for liver damage, but one caveat

is that significant liver damage is required to raise serum bilirubin levels
(Kaplowitz, 2005). The importance of transporters to bilirubin homeo-
stasis is exemplified by the inclusion of ABCC2 and ABCB11, transport-
ers involved in bilirubin and bile acid transport, in the recently issued
DDI guidances from the European Medicines Agency (EMA) (CHMP,
2012) and the U.S. Food and Drug Administration (FDA) (CDER,
2012). In this context, it is important to understand which transporters
have affinity for and transport bilirubin. Variant ABCC2 alleles can
cause Dubin-Johnson syndrome (Dubin and Johnson, 1954), which is
characterized by a mild conjugated hyperbilirubinemia. However, the
exact importance of ABCC2 in hyperbilirubinemia remains difficult to
assign. For example, patients with Dubin-Johnson syndrome have
hyperbilirubinemia due to loss of MRP2 function and MRP3 up-
regulation, which increases bilirubin efflux into the systemic circulation
(Konig et al., 1999). As outlined by Keppler (2014), besides ABCC2,
OATP (SLC01B) and other uptake transporters contributes to bilirubin
uptake. Bilirubin is also metabolized in humans exclusively by uridine-
diphosphoglucuronate glucuronosyltransferase (UGT1A1) in the liver to
form bilirubin glucuronides (Kadakol et al., 2000). Alteration of any, or
all, of these proteins can contribute to increases in bilirubin levels. It is
possible that expression of human transporters in mice and rats will
provide insight into the relative role of human transporters in DDI and
in various disease states (van de Steeg et al., 2013).
The FDA recommends studies with ABCB11 to help provide

a mechanistic understanding of cholestasis, and the EMA guidance
suggests a more proactive role in assessing the interaction of

a compound with this transporter. For example, the causal link relating
inhibition of ABCB11 to cholestasis is not always clear. In this issue,
Rodrigues et al. (2014) consider the interaction with ABCB11 and the
proposed association with cholestasis in a more holistic manner,
discussing bile acid enterohepatic recirculation, bile acid clearance, and
the interplay of additional transporters (MRPs, ABCC subfamily) and
metabolic enzymes (sulfotransferases). The regulation of these trans-
porters and enzymes by nuclear hormone receptors as part of a feedback
loop in response to elevations in bile acids is also presented. Rodrigues
et al. (2014) provide interesting perspectives on the possible contributions
of a number of processes. In addition to the well-appreciated aspects of
bile homeostasis, they consider the possible role of kinases involved in
intracellular trafficking of proteins and also enterobacterial metabolism of
bile acids. As the authors note, the complexity of the overall process can
make it challenging to discern the primary mechanism(s) by which
a drug elevates bile acids either by directly impacting bile acid
homeostasis or as a secondary effect as a consequence of hepatotoxicity.
ABCG2 (breast cancer resistance protein, BCRP) is ubiquitously

expressed and capable of exporting a wide array of endobiotic and
xenobiotic compounds. Studies in knockout mice indicate that Abcg2
(Bcrp) does not have a protective role in adaptation to acute cholestasis
(Mennone et al., 2010), suggesting it does not interact with bile acids.
However, findings from in vitro studies are not as clear-cut and have not
ruled out a role for Abcg2 in bile acid transport. A potential explanation is
that ABCG2 activity is influenced by a combination of the membrane
microenvironment and the inherent properties of ABCG2 (Hegedus et al.,
2009b). For example, recent studies have demonstrated that the activity of
some ABC transporters is regulated by membrane cholesterol levels
(Paulusma et al., 2009). Telbisz et al. (2014) extend this by reporting in
this issue that human ABCG2 contains a domain referred to as a steroid-
binding element (SBE). ABCG2 apparently requires this domain because
mutations in the SBE abrogate cholesterol stimulation of ABCG2
ATPase. These studies are extended to show that ATPase activity in
ABCG2 harboring mutations in the SBE are refractory to bile acid
inhibition, unlike wild-type ABCG2. These studies suggest that bile
acids, while not being substrates for ABCG2, may impact its function.
A better understanding of the impact of disease on the expression of

transporters is key not only to developing treatments for specific
conditions but also to understanding the increased or decreased potential
for DDIs in the patient population. Animal models that more closely
recapitulate human diseases can provide needed insight into how
disease progression changes transporter function. Two primary articles
presented in this theme issue address this topic. First, Canet et al. (2014)
apply a model of nonalcoholic steatohepatitis (NASH) as a surrogate of
the human disease to characterize the alterations in transporter function.
In these studies, an interesting outcome of this disease model, in
comparison with healthy animals, was both an up-regulation of efflux
transporters and a repression of uptake transporters. The second article
by Merrell et al. (2014) uses an animal model that mimics human
infection with an enteropathogenic Escherichia coli. They use this
model system to elucidate how the toll-like receptor (TLR) pathway and
certain cytokines modulate expression of the transporters and the
metabolizing enzymes regulating liver bile acid concentrations.
An example of pathogen-induced transporter regulation is also

provided in this issue. In Sub-Saharan Africa, an estimated 25% of all
pregnancies are complicated by placental malaria infection (Dellicour
et al., 2010). The article by Cressman et al. (2014) in this issue takes
a unique perspective on the complex interplay of transporter and
enzyme expression during the pregnancy of malaria-infected female
mice. They find that malaria-induced alterations in the expression of
transporters and drug-metabolizing enzymes in maternal and fetal
tissues may alter drug disposition, potentially impacting maternal and
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fetal outcomes. This work is especially relevant in light of the drugs
currently used for malaria treatment (e.g., quinine, chloroquine,
halofantrine, artemisinin, etc.), many of which are also substrates for
CYP3A4 and efflux transporters such as P-gp and MRPs.

Transporters and Oncology

The impact of transporters in cancer chemotherapy can be viewed
from two perspectives: decreasing host toxicity and increasing tumor-
icidal activity. To mitigate and understand the factors causing the
untoward toxicities of cancer chemotherapy, a comprehensive knowl-
edge of the transporters in these tissues is needed. This will be
accomplished with systematic studies investigating the drug specificity
of transporters in susceptible host tissues. Such knowledge can
improve therapeutic efficacy. In this theme issue, Sprowl and
Sparreboom (2014) provide important illustrations of how this can
be realized. They tackle the known uptake carriers and highlight
how unexplained drug-induced pathologies can be explained by
tissue-specific expression of transporters, and they highlight some
potential strategies to minimize clinical toxicity due to transporters.
Knowledge of these transporters can account for the unique side
effects of some chemotherapeutic agents.
P-gp was discovered in the mid-1970s in rodent cells, which acquired

reduced sensitivity to anticancer drugs (Juliano and Ling, 1976). In the
past 20 plus years, other ABC transporters have been discovered that
also confer resistance to chemotherapeutic drugs (Gottesman et al.,
2002). However, much effort has been directed toward developing
inhibitors of P-gp as a strategy to overcome tumor drug resistance. This
focus on P-gp is probably not misplaced, considering the number of
compounds that interact with it. In addition, many of the new “targeted
therapies” (e.g., tyrosine kinase inhibitors) are substrates for P-gp
(Hegedus et al., 2009a). The strategy to increase antitumor efficacy by
inhibiting P-gp has been effective in vitro but has not successfully
translated in vivo. In this issue, Callaghan et al. (2014) account for this
lack of success. In addition, they propose a paradigm shift beyond the
simple P-gp inhibition model and suggest approaches such as
modulating P-gp expression by affecting signaling pathways as an
approach to increasing antitumor efficacy.
Folates are essential for cell growth and tissue development and

must be obtained from exogenous sources because mammals cannot
synthesize these derivatives de novo. Folates take part in essential
biosynthetic pathways that produce the building blocks for DNA and
RNA as well as certain amino acids. Folates are anions at physiologic
pH and do not cross biologic membranes by diffusion alone. The
major folate transporters are the reduced folate carrier (RFC) (SLC19A1)
and the proton-coupled folate transporter (PCFT) (SLC46A1) (Zhao
et al., 2009). RFC is the major membrane transporter of circulating
folates, and all substrates are anions. Antifolates such as methotrexate
are administered intravenously for cancer treatment. Methotrexate is
also used for the treatment of autoimmune/inflammatory diseases, but
administered orally. Methotrexate and other antifolates are good substrates
for RFC and PCFT. Matherly et al. (2014) provide a comprehensive
review of the biology and role of RFC and PCFT in cancer chemotherapy.

Transporters and Drug Interactions

Updates to the recent DDI guidances from both the FDA (draft,
CDER, 2012) and the EMA (CHMP, 2012) include a consideration of
the possible contributions of drug metabolites to DDI and toxicity. It is
usually very challenging to discriminate the relative contribution of
parent drug versus metabolite(s) in DDI. One significant complicating

factor is that metabolites (a result of phase I or phase II metabolism)
are likely to interact with transporters. Zamek-Gliszczynski et al.
(2014) in this issue discuss the possible role of metabolites in affecting
transporter function, thus altering the efficacy and safety of drugs. The
definition of a major metabolite according to the metabolites
discussion in the International Harmonization Committee’s Safety
Testing document (ICH, 2010) is 10% of the total drug-related
material in systemic circulation. Whether this level of metabolite, or
the 25% of parent proposed in the DDI regulatory guidance, is
sufficient to contribute to the overall drug related effects has been
questioned (Yu and Tweedie, 2013). Zamek-Gliszczynski et al. (2014)
also propose that excretory metabolites in modifying transporter
function may also need to be taken into consideration. An important
case could be made for drugs and endobiotics that undergo enterohepatic
recirculation, particularly as levels of noncirculating metabolites can be
significant (Li et al., 2014). A trend in the pharmaceutical industry
toward producing more metabolically stable drug candidates to reduce
clearance may in fact, as the authors propose, lead to greater interactions
with drug transporters. A number of case examples are presented to
illustrate their perspective.
Drugs that inhibit multiple transporters have the capability of

increasing the retention of both drug substrates and endobiotics (e.g.,
bile acids), which may increase the probability of tissue damage.
Indeed, impaired bile-acid export could contribute to the development
of cholestatic drug-induced liver injury (DILI) due to the increased
concentrations of liver bile acids producing hepatocellular apoptosis
and/or necrotic death. ABCB11 is the primary bile acid exporter
located in the canalicular membrane of the hepatocyte. Loss-of-function
mutations in ABCB11 cause the disease progressive familial-intrahepatic
cholestasis type 2 (PFIC 2) (Strautnieks et al., 1998). A number of
studies have highlighted the potential contribution of ABCB11
inhibition to DILI; thus, ABCB11 inhibition is considered a risk factor
in DILI. However, the drugs that interact with ABCB11 in vitro do not
always produce cholestasis. Notably, the basolateral ABC transporters
ABCC3 and ABCC4 also transport bile acids (Zelcer et al., 2003a,b).
In this issue, Kock et al., (2014) hypothesize that interaction with the
basolateral exporters (ABCC3 and ABCC4) might further increase the
likelihood of identifying drugs that produce cholestasis. This is
because ABCC3 and ABCC4 have the capability of exporting bile
acids (Zelcer et al., 2003a) but also because ABCC4 is up-regulated
in cholestasis in mouse and humans (Schuetz et al., 2001; Keitel
et al., 2005). Moreover, Abcc4 also protects against acute cholestatic
injury (Mennone et al., 2006). Thus, predicting drug and trans-
porter interactions contributing to cholestasis might be improved
by knowing which drugs interact with ABCB11 and the basolateral
efflux transporters ABCC4 and ABCC3. Using a combination of
in vitro transport assays and an inventory of drugs associated
with cholestasis, the authors determine that drug interactions with
both ABCB11 and ABCC4 might be important parameters to
consider when assessing a drug’s cholestatic potential. At the
very least, this study may facilitate the development of additional
preclinical models to enhance more reliable prediction of drug-
induced hepatotoxicity.

In Vivo Probes to Dissect Transporter Interaction

An emerging area is to noninvasively investigate the functional
capability of the uptake and efflux transporters in the liver using both
contrast and fluorescent dyes. The review by Pastor et al. (2014)
highlights how MRI can provide a noninvasive approach to determining
how hepatic concentrations are impacted by influx and efflux membrane
transport systems. Currently, these dyes exploit the OATPs and MRP2

Transporters in Toxicity and Disease 543



transporters in the liver. This approach can also reveal variation in
transporter function in both normal and injured hepatocytes. However,
there is also a practical, clinically important reason to know which
transporters use the contrast agents and fluorescent dyes. These dyes are
used to assess liver function, and it important to discriminate between
altered transporter activity versus reduced liver function. Furthermore,
a refined knowledge of transporters involved in transporting contrast dyes
will facilitate assessment and identification of potential DDI in vivo.
Another potential DDI concern is renal tubular secretion. In their

article, Imamura et al. (2014) evaluate 6b-hydroxycortisol (6b-OHF)
as a novel endogenous probe substrate of human OAT3 (SLC22A8)
and multidrug and toxin extrusion protein (MATE, SLC47A1), which
also may be a novel tool to evaluate renal DDI. Typically, 6b-OHF
and 4b-cholesterol are used to evaluate hepatic CYP3A4 activity, but
the renal excretion of 6b-OHF can be affected significantly by
inhibition of OAT3. In an elegant series of experiments using specific
transporter inhibitors, they demonstrate that OAT3, but not MATE,
plays a significant role in the urinary clearance of 6b-OF, thus
revealing a barometer of in vivo OAT3 function.

Conclusions

The past 20 plus years have seen an expansion in the number of
transporters of therapeutic and disease relevance. Transporters have
well-known importance in impacting therapeutic outcome (e.g., RFC is
crucial to antifolate therapy for cancer) or affecting oral drug absorption
and brain penetration (e.g., P-gp). We have attempted to highlight some
important and emerging areas where transporters are critical to drug
response, such as how pathology or changes in physiology affect trans-
porter expression and function. These articles underscore the need to
better understand the whole body distribution of drugs. This can be
accomplished by more clearly elucidating the transport processes
responsible for distribution into various organs and also how disease
and/or other xenobiotics modulate transporters. Such studies suggest
the need for further development of human relevant preclinical models
that incorporate not only expression data but also functional analysis
in particular. The latter determinations of in vivo transporter activity
can be achieved through the use and development of additional
noninvasive probes. The use of in vivo probes of transporter function
will also aid in the prediction of DDIs or the identification of
metabolites that interfere with transporter function. However, although
in vivo approaches will be a boon to our knowledge, in vitro studies
are also essential. In vitro transporter studies can further inform us by
judiciously using databases that catalog drug side effects. In
combination, these approaches will allow us to fill in the gaps in
our understanding of how individual and combinations of transporters
affect tissue concentrations.

Acknowledgments

The authors thank Camille Miller for her outstanding assistance.

Authorship Contributions
Wrote or contributed to the writing of the manuscript: Schuetz, Swaan,

Tweedie.

References

Aller SG, Yu J, Ward A, Weng Y, Chittaboina S, Zhuo R, Harrell PM, Trinh YT, Zhang Q,
and Urbatsch IL, et al. (2009) Structure of P-glycoprotein reveals a molecular basis for poly-
specific drug binding. Science 323:1718–1722.

Brouwer KL, Keppler D, Hoffmaster KA, Bow DA, Cheng Y, Lai Y, Palm JE, Stieger B,
and Evers R; International Transporter Consortium (2013) In vitro methods to support trans-
porter evaluation in drug discovery and development. Clin Pharmacol Ther 94:95–112.

Callaghan R, Luk F, and Bebawy M (2014) Inhibition of the multidrug resistance P-glycoprotein;
time for a change of strategy? Drug Metab Dispos 42:623–631.

Canet MJ, Hardwick RN, Lake AD, Dzierlenga AL, Clarke JD, and Cherrington NJ (2014)
Modeling human nonalcoholic steatohepatitis-associated changes in drug transporter expres-
sion using experimental rodent models. Drug Metab Dispos 42:586–595.

Center for Drug Evaluation and Research (CDER) (2012) Guidance for Industry: Drug In-
teraction Studies—Study Design, Data Analysis, Implications for Dosing, and Labeling Rec-
ommendations [Draft Guidance], U.S. Department of Health and Human Services, Food and
Drug Administration, Rockville, MD. http://www.fda.gov/downloads/Drugs/GuidanceCom-
plianceRegulatoryInformation/Guidances/ucm292362.pdf.

Chu X, Korzekwa K, Elsby R, Fenner K, Galetin A, Lai Y, Matsson P, Moss A, Nagar S,
and Rosania GR, et al.; International Transporter Consortium (2013) Intracellular drug con-
centrations and transporters: measurement, modeling, and implications for the liver. Clin
Pharmacol Ther 94:126–141.

Committee for Human Medicinal Products (CHMP) (2012) Guideline on the Investigation of
Drug Interactions [Final], European Medicines Agency, London. http://www.ema.europa.eu/
docs/en_GB/document_library/Scientific_guideline/2012/07/WC500129606.pdf.

Cressman A, McDonald C, Silver K, Kain K, and Piquette-Miller M (2014) Malaria infection
alters the expression of hepatobiliary and placental drug transporters in pregnant mice. Drug
Metab Dispos 42:603–610.

Cuperus FJC, Claudel T, Gautherot J, Halilbasic E, and Trauner M (2014) The role of canalicular
ABC transporters in cholestasis. Drug Metab Dispos 42:546–560.

Dawson PA, Haywood J, Craddock AL, Wilson M, Tietjen M, Kluckman K, Maeda N, and Parks
JS (2003) Targeted deletion of the ileal bile acid transporter eliminates enterohepatic cycling of
bile acids in mice. J Biol Chem 278:33920–33927.

Dellicour S, Tatem AJ, Guerra CA, Snow RW, and ter Kuile FO (2010) Quantifying the number
of pregnancies at risk of malaria in 2007: a demographic study. PLoS Med 7:e1000221.

Deo AK, Prasad B, Balogh L, Lai Y, and Unadkat JD (2012) Interindividual variability in hepatic
expression of the multidrug resistance-associated protein 2 (MRP2/ABCC2): quantification by
liquid chromatography/tandem mass spectrometry. Drug Metab Dispos 40:852–855.

Dubin IN and Johnson FB (1954) Chronic idiopathic jaundice with unidentified pigment in liver
cells; a new clinicopathologic entity with a report of 12 cases. Medicine (Baltimore) 33:
155–197.

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

Giacomini KM, Balimane PV, Cho SK, Eadon M, Edeki T, Hillgren KM, Huang SM, Sugiyama
Y, Weitz D, and Wen Y, et al.; International Transporter Consortium (2013) International
Transporter Consortium commentary on clinically important transporter polymorphisms. Clin
Pharmacol Ther 94:23–26.

Giacomini KM, Huang SM, Tweedie DJ, Benet LZ, Brouwer KL, Chu X, Dahlin A, Evers R,
Fischer V, and Hillgren KM, et al.; International Transporter Consortium (2010) Membrane
transporters in drug development. Nat Rev Drug Discov 9:215–236.

Gottesman MM, Fojo T, and Bates SE (2002) Multidrug resistance in cancer: role of ATP-
dependent transporters. Nat Rev Cancer 2:48–58.

Link E, Parish S, Armitage J, Bowman L, Heath S, Matsuda F, Gut I, Lathrop M, Collins R,
and Collins R; SEARCH Collaborative Group (2008) SLCO1B1 variants and statin-induced
myopathy—a genomewide study. N Engl J Med 359:789–799.

Hegedus C, Ozvegy-Laczka C, Apáti A, Magócsi M, Német K, Orfi L, Kéri G, Katona M, Takáts
Z, and Váradi A, et al. (2009a) Interaction of nilotinib, dasatinib and bosutinib with ABCB1
and ABCG2: implications for altered anti-cancer effects and pharmacological properties. Br J
Pharmacol 158:1153–1164.

Hegedus C, Szakács G, Homolya L, Orbán TI, Telbisz A, Jani M, and Sarkadi B (2009b) Ins and
outs of the ABCG2 multidrug transporter: an update on in vitro functional assays. Adv Drug
Deliv Rev 61:47–56.

Ho RH and Kim RB (2005) Transporters and drug therapy: implications for drug disposition and
disease. Clin Pharmacol Ther 78:260–277.

Imamura Y, Tsuruya Y, Damme K, Heer D, Kumagai Y, Maeda K, Murayama N, Okudaira N,
Kurihara A, and Izumi T, et al. (2014) 6b-hydroxycortisol is an endogenous probe for eval-
uation of drug-drug interactions involving a multi-specific renal organic anion transporter,
OAT3/SLC22A8, in healthy subjects. Drug Metab Dispos 42:685–694.

International Committee on Harmonization (ICH) (2010) Guidance for Industry: M3(R2) Non-
clinical Safety Studies for the Conduct of Human Clinical Trials and Marketing Authorization
for Pharmaceuticals. Revision 1. Center for Biologics Evaluation and Research (CBER),
Center for Drug Evaluation and Research (CDER), U.S. Food and Drug Administration,
Rockville, MD. http://www.fda.gov/downloads/Drugs/GuidanceComplianceRegulator-
yInformation/Guidances/ucm073246.pdf.

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

Kadakol A, Ghosh SS, Sappal BS, Sharma G, Chowdhury JR, and Chowdhury NR (2000)
Genetic lesions of bilirubin uridine-diphosphoglucuronate glucuronosyltransferase (UGT1A1)
causing Crigler-Najjar and Gilbert syndromes: correlation of genotype to phenotype. Hum
Mutat 16:297–306.

Kaplowitz N (2005) Idiosyncratic drug hepatotoxicity. Nat Rev Drug Discov 4:489–499.
Keitel V, Burdelski M, Warskulat U, Kühlkamp T, Keppler D, Häussinger D, and Kubitz R
(2005) Expression and localization of hepatobiliary transport proteins in progressive familial
intrahepatic cholestasis. Hepatology 41:1160–1172.

Keppler D (2014) The roles of MRP2, MRP3, and OATP1B1 and OATP1B3 in conjugated
hyperbilirubinemia. Drug Metab Dispos 42:561–565.

Kock K, Ferslew BC, Netterberg I, Yang K, Urban TJ, Swaan PW, Stewart PW, and Brouwer K
(2014) Risk factors for development of cholestatic drug-induced liver injury: inhibition of
hepatic basolateral bile acid transporters MRP3 and MRP4. Drug Metab Dispos 42:665–674.

König J, Nies AT, Cui Y, Leier I, and Keppler D (1999) Conjugate export pumps of the multidrug
resistance protein (MRP) family: localization, substrate specificity, and MRP2-mediated drug
resistance. Biochim Biophys Acta 1461:377–394.

Li Y, Zhou J, Ramsden D, Taub ME, O’Brien D, Xu J, Busacca CA, Gonnella N, and Tweedie DJ
(2014) Enzyme-transporter interplay in the formation and clearance of abundant metabolites of
faldaprevir found in excreta but not in circulation. Drug Metab Dispos 42:384–393.

Matherly LH, Wilson MR, and Hou Z (2014) The major facilitative folate transporters SLC19A1
and SLC46A1: biology and role in antifolate chemotherapy of cancer. Drug Metab Dispos 42:
632–649.

544 Schuetz et al.

http://www.fda.gov/downloads/Drugs/GuidanceComplianceRegulatoryInformation/Guidances/ucm292362.pdf
http://www.fda.gov/downloads/Drugs/GuidanceComplianceRegulatoryInformation/Guidances/ucm292362.pdf
http://www.ema.europa.eu/docs/en_GB/document_library/Scientific_guideline/2012/07/WC500129606.pdf
http://www.ema.europa.eu/docs/en_GB/document_library/Scientific_guideline/2012/07/WC500129606.pdf
http://www.fda.gov/downloads/Drugs/GuidanceComplianceRegulatoryInformation/Guidances/ucm073246.pdf
http://www.fda.gov/downloads/Drugs/GuidanceComplianceRegulatoryInformation/Guidances/ucm073246.pdf


McBride BF, Yang T, Liu K, Urban TJ, Giacomini KM, Kim RB, and Roden DM (2009) The
organic cation transporter, OCTN1, expressed in the human heart, potentiates antagonism of
the HERG potassium channel. J Cardiovasc Pharmacol 54:63–71.

Mennone A, Soroka CJ, Cai SY, Harry K, Adachi M, Hagey L, Schuetz JD, and Boyer JL (2006)
Mrp4-/- mice have an impaired cytoprotective response in obstructive cholestasis. Hepatology
43:1013–1021.

Mennone A, Soroka CJ, Harry KM, and Boyer JL (2010) Role of breast cancer resistance protein
in the adaptive response to cholestasis. Drug Metab Dispos 38:1673–1678.

Ménochet K, Kenworthy KE, Houston JB, and Galetin A (2012) Use of mechanistic modeling to
assess interindividual variability and interspecies differences in active uptake in human and rat
hepatocytes. Drug Metab Dispos 40:1744–1756.

Merrell MD, Nyagode BA, Clarke J, Cherrington N, and Morgan ET (2014) Selective and cytokine-
dependent regulation of hepatic transporters and bile acid homeostasis during infectious colitis in
mice. Drug Metab Dispos 42:596–602.

Pastor CM, Mullhaupt B, and Stieger B (2014) The role of organic anion transporters in di-
agnosing liver diseases by magnetic resonance imaging. Drug Metab Dispos 42:675–684.

Paulusma CC, de Waart DR, Kunne C, Mok KS, and Elferink RP (2009) Activity of the bile salt
export pump (ABCB11) is critically dependent on canalicular membrane cholesterol content. J
Biol Chem 284:9947–9954.

Poirier A, Funk C, Scherrmann JM, and Lavé T (2009) Mechanistic modeling of hepatic transport
from cells to whole body: application to napsagatran and fexofenadine.Mol Pharm 6:1716–1733.

Rodrigues A, Lai Y, Cvijic M, Elkin L, Zvyaga T, and Soars M (2014) Drug-induced pertur-
bations of the bile acid pool, cholestasis, and hepatotoxicity: mechanistic considerations be-
yond the direct inhibition of the bile salt export pump. Drug Metab Dispos 42:566–574.

Sasongko L, Link JM, Muzi M, Mankoff DA, Yang X, Collier AC, Shoner SC, and Unadkat JD
(2005) Imaging P-glycoprotein transport activity at the human blood-brain barrier with positron
emission tomography. Clin Pharmacol Ther 77:503–514.

Schuetz EG, Strom S, Yasuda K, Lecureur V, Assem M, Brimer C, Lamba J, Kim RB,
Ramachandran V, and Komoroski BJ, et al. (2001) Disrupted bile acid homeostasis reveals
an unexpected interaction among nuclear hormone receptors, transporters, and cytochrome
P450. J Biol Chem 276:39411–39418.

Shitara Y, Horie T, and Sugiyama Y (2006) Transporters as a determinant of drug clearance and
tissue distribution. Eur J Pharm Sci 27:425–446.

Sprowl J and Sparreboom A (2014) Uptake carriers and oncology drug safety. Drug Metab
Dispos 42:611–622.

Strautnieks SS, Bull LN, Knisely AS, Kocoshis SA, Dahl N, Arnell H, Sokal E, Dahan K, Childs
S, and Ling V, et al. (1998) A gene encoding a liver-specific ABC transporter is mutated in
progressive familial intrahepatic cholestasis. Nat Genet 20:233–238.

Sweet DH (2005) Organic anion transporter (Slc22a) family members as mediators of toxicity.
Toxicol Appl Pharmacol 204:198–215.

Telbisz A, Hegedus C, Varadi A, Sarkadi B, and Ozvegy-Laczka C (2014) Regulation of the
function of the human ABCG2 multidrug transporter by cholesterol and bile acids: effects of
mutations in potential substrate- and steroid-binding sites. Drug Metab Dispos 42:575–585.

van de Steeg E, van Esch A, Wagenaar E, Kenworthy KE, and Schinkel AH (2013) Influence of
human OATP1B1, OATP1B3, and OATP1A2 on the pharmacokinetics of methotrexate and
paclitaxel in humanized transgenic mice. Clin Cancer Res 19:821–832.

VanWert AL, Gionfriddo MR, and Sweet DH (2010) Organic anion transporters: discovery,
pharmacology, regulation and roles in pathophysiology. Biopharm Drug Dispos 31:1–71.

Yu H and Tweedie D (2013) A perspective on the contribution of metabolites to drug-drug
interaction potential: the need to consider both circulating levels and inhibition potency. Drug
Metab Dispos 41:536–540.

Zamek-Gliszczynski MJ, Xiaoyan Chu X, Polli JW, and Paine MF (2014) Understanding the
transport properties of metabolites: case studies and considerations for drug development. Drug
Metab Dispos 42:650–664.

Zelcer N, Reid G, Wielinga P, Kuil A, van der Heijden I, Schuetz JD, and Borst P (2003a) Steroid
and bile acid conjugates are substrates of human multidrug-resistance protein (MRP) 4 (ATP-
binding cassette C4). Biochem J 371:361–367.

Zelcer N, Saeki T, Bot I, Kuil A, and Borst P (2003b) Transport of bile acids in multidrug-
resistance-protein 3-overexpressing cells co-transfected with the ileal Na+-dependent bile-acid
transporter. Biochem J 369:23–30.

Zhao R, Matherly LH, and Goldman ID (2009) Membrane transporters and folate homeostasis:
intestinal absorption and transport into systemic compartments and tissues. Expert Rev Mol
Med 11:e4.

Address correspondence to: Dr. John D. Schuetz, Department of Pharmaceu-
tical Sciences, St. Jude Children’s Research Hospital, 262 Danny Thomas Place,
MS 313, Memphis, Tennessee 38105. E-mail: john.schuetz@stjude.org

Transporters in Toxicity and Disease 545

mailto:john.schuetz@stjude.org

