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TRANSPORTERS IN DRUG DEVELOPMENT
In the past decade, an ever-increasing number of membrane 
transport proteins have been discovered and characterized. 
These membrane-bound proteins with saturable substrate-
binding sites control the access of endogenous substances 
and drugs to various tissues within the human body. With the 
discovery that some of these transporters are capable of trans-
porting a multitude of chemically diverse drug molecules, the 
possibility that the contribution of these transporters may exert 
a considerable impact on drug disposition, safety, and efficacy 
has been raised.1 Concomitant administration of multiple 
drugs that interact with the same drug transporters can lead to 
altered blood or tissue concentrations of the drugs compared 
with administration of the drugs alone (transporter-mediated 
drug–drug interaction (DDI)), which can result in side effects 
or loss of efficacy. For example, inhibition of organic anion–
transporting polypeptides (OATPs), which act as basolateral 
uptake transporters in hepatocytes, by cyclosporin A leads to a 
decrease in liver concentrations and an increase in blood con-
centrations of statins, which may cause side effects such as myo-
pathy or rhabdomyolysis.2,3

Considering the importance of potential transporter interac-
tions of new drug candidates, an urgent need to provide drug 
developers with guidelines on how to assess the risk of potential 
clinically relevant transporter-mediated DDIs was recognized. 
In 2007, the International Transporter Consortium (ITC) was 
founded; it included renowned experts in the field consisting of 
members from industry, academia, and the US Food and Drug 

Administration. Workshops that were held in 2008 and 2012 
focused on the identification and description of transporters that 
are of importance in clinical DDIs. Standards were established 
for in vitro–based evaluation of transporter-mediated DDIs to 
possibly reduce the need for in vivo studies. A series of white 
papers4–11 was published, which first identified seven transport-
ers, P-glycoprotein (Pgp, encoded by ABCB1), breast cancer 
resistance protein (BCRP, encoded by ABCG2), OATP1B1 and 
OATP1B3 (encoded by SLCO1B1 and SLCO1B3, respectively), 
organic cation transporter 2 (OCT2, encoded by SLC22A2), 
and organic anion transporters 1 and 3 (OAT1 and OAT3, 
encoded by SLC22A6 and SLC22A7, respectively), as the clini-
cally most relevant transporters.8 This list was later amended7 
to include multidrug and toxin extrusion transporters (encoded 
by SLC47A), multidrug resistance proteins (MRPs, encoded by 
ABCCs), and the bile salt export pump (encoded by ABCB11). 
The white papers recommended studying the interaction of drug 
candidates with these transporters in vitro using, for instance, 
cell lines overexpressing the transporters of interest to assess 
the potential of clinically relevant DDIs. Moreover, decision 
trees were proposed to decide whether clinical studies need to 
be conducted to evaluate the propensity for clinically relevant 
DDIs.7,8 In cases in which the ratio of unbound maximum drug 
concentrations in blood or tissue to the half-maximal inhibi-
tory concentration (IC50) for transporter inhibition exceeds 
certain thresholds, the ITC recommends in vivo DDI studies.7,8 
In this respect, the availability of suitable and selective probe 
substrates or inhibitors that can be safely used in humans is of 

Received 13 December 2013; accepted 21 March 2014; advance online publication 30 April 2014. doi:10.1038/clpt.2014.70

Clinical Pharmacology & Therapeutics

10.1038/clpt.2014.70

Review

30April2014

96

2

13December2013

21March2014

Drug disposition is highly regulated by membrane transporters. Some transporter-mediated drug–drug interactions 
(DDIs) may not manifest themselves in changes in systemic exposure but rather in changes in tissue exposure of drugs. 
To better assess the impact of transporter-mediated DDIs in tissues, positron emission tomography (PET)—a noninvasive 
imaging method—plays an increasingly important role. In this article, we provide examples of how PET can be used to 
assess transporter-mediated DDIs in different organs.
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high importance. Both the US Food and Drug Administration 
and the European Medicines Agency have published guidelines 
on drug interactions that also deal with transporters.12,13

To date, more than 400 transporters have been identified and 
classified into two superfamilies, the adenosine triphosphate–
binding cassette (ABC)14 and the solute carrier (SLC) trans-
porters.15 Several ABC and SLC transporters are capable of 
transporting drugs. Drug transporters are classified into differ-
ent functional categories. Transporters mediating the import 
of drugs into the cell are called uptake transporters, and those 
possessing export properties are referred to as efflux transport-
ers. Previous review articles have given detailed descriptions 
of different transport proteins and their roles in drug disposi-
tion.1,7,8,16,17 The majority of the ABC transporters, expressed 
in cellular and intracellular membranes, are responsible for the 
efflux of substances from cells or tissues. Only in some excep-
tions do they act as uptake transporters. The 48 ABC transport-
ers known today are divided into seven different families.14 
Most uptake transporters were found to be members of the SLC 
transporter family (e.g., OATPs). SLC transporters can be subdi-
vided into 48 transporter families and are abundantly expressed 
in various tissues.15 Expression of ABC and SLC transporters 
in different tissues was shown to be regulated by xenobiotic-
activated nuclear receptors such as the pregnane X receptor.1,18

POSITRON EMISSION TOMOGRAPHY AS A TOOL TO STUDY 
DRUG TRANSPORTERS
Several different in vitro approaches (e.g., membrane vesicle 
assays, transporter-overexpressing cell systems, and sandwich-
cultured hepatocytes) are currently used to study the influence 
of transporters on drug disposition. However, in vivo studies 
in human subjects remain the gold standard for identifying 
clinically significant contributions of transport proteins to drug 
disposition.16 Traditionally, clinical DDI studies have been per-
formed by treating healthy volunteers either with the drug of 
interest alone (i.e., victim/substrate or perpetrator/inhibitor 
drug) or in combination with a second drug (perpetrator/inhib-
itor or victim/substrate drug), followed by the assessment of 
the drug’s pharmacokinetics in the blood compartment, which 
is most readily accessible for sampling. However, it is increas-
ingly recognized that some transporter-mediated DDIs may 
not manifest themselves in changes in blood pharmacokinetics 
but rather in changes in tissue pharmacokinetics (e.g., liver, 
kidney, and brain).19 For instance, inhibition of an efflux trans-
porter at the canalicular membrane of hepatocytes may lead to 
changes in drug exposure in the liver and consequently to hepa-
totoxicity, with only minor changes in drug plasma exposure. 
Moreover, inhibition of an efflux transporter at the blood–brain 
barrier (BBB) may potentially lead to changes in brain tissue 
concentrations and neurotoxicity of drug candidates. To better 
understand the mechanistic basis and investigate the clinical 
relevance of such phenomena, there is an obvious need for a 
method that allows for assessment of drug tissue concentra-
tions.20 Several experimental techniques are available to assess 
drug concentrations in tissues, such as microdialysis, magnetic 
resonance spectroscopy, and tissue biopsy sampling.21 Most 

have clear limitations for a broader use in drug development, 
e.g., due to their invasiveness, lack of sensitivity, or inability 
for sampling at multiple time points. A particularly useful tool 
to measure drug tissue concentrations noninvasively in both 
animals and humans is positron emission tomography (PET) 
together with radioactively labeled drugs (so-called radiotrac-
ers).22,23 Ideally, radiotracers are structurally identical to the 
unlabeled drug and incorporate short-lived positron-emitting 
radionuclides (e.g., carbon-11 (11C), half-life: 20.4 min; or 
fluorine-18 (18F), half-life: 109.8 min), which allow detection 
and quantification of the anatomical localization of these radi-
otracers in the living organism by means of PET cameras. PET 
measures radioactivity concentrations in units of, for instance, 
kilobecquerel (kBq) per gram of tissue, which can be converted 
into absolute drug concentrations (e.g., nanograms per gram of 
tissue) using the specific activity of the radiotracer (i.e., ratio of 
radioactivity to mass, usually given as gigabecquerel (GBq) per 
micromole of substance). In principle, PET imaging is a very 
useful method for investigating drug–transporter interactions 
in vivo.19,24,25

However, studying specific transporters with PET relies on the 
availability of transporter-specific, metabolically stable probe 
substrates that are amenable to radiolabeling. Given the prom-
iscuity of xenobiotic transporters, the identification of suitable 
candidate molecules is not a trivial task. In their review article, 
Kannan et al.25 have proposed the following criteria for a suit-
able radiotracer to assess transporter function: (i) selectivity for 
the transporter of interest, i.e., lack of interaction with other 
transporters; (ii) amplitude of signal, i.e., difference in tissue 
uptake between a state in which the transporter is fully functional 
and a state in which it is completely inhibited; and (iii) chemical 
purity of signal, i.e., absence of radiolabeled metabolites that are 
taken up into the tissue of interest and may therefore confound 
interpretation of the PET signal. Recently published review arti-
cles have given overviews of currently available PET tracers for 
the assessment of ABC/SLC transporter function.19,24

PET-BASED DDI STUDIES
In contrast to traditional DDI studies, in which plasma pharma-
cokinetics of unlabeled drugs are measured, a PET-based DDI 
study uses a drug labeled with a positron-emitting radionuclide 
(e.g., 11C or 18F) in conjunction with a second unlabeled drug. 
The radiolabeled drug is usually administered as a microdose 
because PET radiotracers are usually obtained in high specific 
activity, i.e., the mass associated with a commonly administered 
dose of a PET tracer is typically in the range of 1–10 µg.23 An 
advantage of microdosing is that less preclinical toxicity data 
are required to test microdoses of drugs in humans as compared 
with traditional phase I studies.26 However, in a few selected 
cases in which the drug’s clinical safety profile is well established, 
PET tracers may also be administered at low specific activity, i.e., 
at doses that may result in relevant pharmacodynamic effects. 
This may be of particular importance when drugs display non-
linear pharmacokinetics, which may be the case when saturable 
transporters or metabolizing enzymes play a critical role in drug 
disposition.22,23
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In the case of transporter studies, the radiolabeled drug, a sub-
strate of one or more ABC or SLC transporters, may be the drug 
of interest (victim drug). The unlabeled (perpetrator) drug may 
be a drug expected to be concomitantly used with the victim 
drug in the clinic and suspected to inhibit one or more ABC or 
SLC transporters, thereby affecting the disposition of the victim 
drug. Alternatively, instead of radiolabeling the drug candidate, 
a generic PET tracer that is a well-characterized substrate of one 
or several transporters may be used.19,24 This PET tracer may 
then be used to assess whether the drug of interest (perpetrator 
drug) inhibits one or more transporters at clinically obtained 
plasma concentrations.

PET allows the monitoring of the whole-body distribution and 
pharmacokinetics of a radiolabeled drug and thereby enables a 
simultaneous assessment of the impact of transporter inhibi-
tion on the exposure of multiple organs to a radiolabeled drug 
(e.g., kidney, liver, and brain). When the concentration–time 
profile of the radiolabeled drug in arterial plasma is measured 
during the PET scan, mathematical modeling approaches can 
be used, enabling an estimation of the exchange rate constants 
of radiolabeled drug between the plasma and tissue compart-
ments. When combined with an anatomical imaging method, 
such as magnetic resonance tomography or computed tomog-
raphy, detailed information on the intraorgan distribution of a 
radiotracer can be obtained (Figure 1).

In preclinical PET-based DDI studies, transgenic mice or rats 
in which one or several membrane transporters are genetically 
knocked out may be used.27 The comparison of drug tissue 
kinetics and effects of transporter inhibition between transporter 

knockout and wild-type animals may lead to an identification of 
specific transporters involved in drug disposition. The selection 
of appropriate transporter knockout animals is usually guided 
by a collection of in vitro data characterizing a drug’s interac-
tion profile with different transporters. Figure 2 illustrates how 
the use of transgenic mice may be integrated into a preclinical 
PET-based DDI study at the BBB.28 In preclinical studies, at 
the end of the PET scan tissue and blood can be collected from 
animals. Obtained samples may be analyzed by radiochroma-
tographic methods (radio-thin-layer chromatography or radio-
high-performance liquid chromatography) to assess whether 
radiolabeled metabolites of the parent compound contribute to 
the measured PET signal in tissue. The great advantage of PET 
imaging relative to in vitro transporter assays is that PET allows 
capturing of the dynamic interplay of different transporters 
(e.g., uptake and efflux transporters) in different organ systems 
in the living organism, which often cannot be studied in vitro 
due to limited availability of suitable cellular systems expressing 
several different drug transporters at physiologically relevant 
expression levels.16 In other words, PET imaging provides the 
whole picture of the effect of the simultaneous actions of several 
different transporters on drug tissue exposure.

PET is a translational research tool and can be readily applied 
in human studies. This approach allows for direct assessment 
of the clinical relevance of DDIs identified in a preclinical set-
ting. PET is an ideal tool to assess species-dependent differences 
in transporter specificity, expression, and function, which are 
of great interest for drug development (Figure 1). The recent 
availability of transgenic animals expressing human transport-
ers provides a new opportunity to investigate species-dependent 
differences in transporters in a preclinical setting.29

Figure 1 Translational positron emission tomography (PET) imaging of 
the P-glycoprotein-mediated interaction between (R)-[11C]verapamil and 
tariquidar at the mouse (C57BL/6, upper row) and human blood–brain barrier 
(lower row). Left, magnetic resonance imaging-coregistered PET summation 
images (0–60 min) at baseline and, right, at 2 h (mouse) or 1 h (human) after 
i.v. administration of tariquidar (mouse: 15 mg/kg over 1 min, human: 8 mg/
kg over 160 min) are shown. Tariquidar plasma concentrations at the end 
of the PET scan were similar in the shown mouse (1,297 ng/ml) and the 
human volunteer (1,241 ng/ml). In mice, a 4.9-fold and in humans, a 2.0-fold 
increase relative to baseline in the brain-to-plasma ratio of (R)-[11C]verapamil 
at 60 min after injection (Kp,brain) was observed. Mean baseline Kp,brain values 
before tariquidar administration were 0.43 ± 0.05 (n = 6) for mice and 0.55 ± 0.06 
(n = 6) for humans. Radioactivity concentration is normalized to injected dose 
per kilogram body weight and expressed as a standardized uptake value.
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Figure 2  Preclinical positron emission tomography (PET)-based drug–drug 
interaction study between the P-glycoprotein (Pgp) substrate (R)-[11C]
verapamil and the Pgp inhibitor tariquidar using Friend virus B-type (FVB) wild-
type and transporter knockout mice. Shown are coronal (R)-[11C]verapamil PET 
summation images (0–60 min) for paired scans acquired before (upper row) 
and after (lower row) i.v. pretreatment with tariquidar (15 mg/kg, 2 h before 
start of second PET scan). Radiation scale is expressed as a standardized 
uptake value. In PET scans before tariquidar pretreatment, brain uptake of 
(R)-[11C]verapamil was low in animals expressing Pgp (wild-type and Bcrp1−/−) 
and high in animals lacking Pgp (Mdr1a/b−/− and Mdr1a/b−/−Bcrp1−/−). 
Following Pgp inhibition with tariquidar, brain uptake of (R)-[11C]verapamil 
was within a comparable range in all four mouse types. Taken together, these 
data demonstrate that (R)-[11C]verapamil is transported by Pgp at the mouse 
blood–brain barrier and not by breast cancer resistance protein.
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Because PET is fully noninvasive and provides dynamic 
data, the number of animals needed in a preclinical PET study 
is much smaller than that in traditional preclinical DDI stud-
ies. This is in accordance with the rule of the three Rs (replace-
ment, reduction, and refinement) and may allow for a cost 
reduction when expensive transgenic mouse models are used. 
Because animals can be scanned repeatedly, each animal may 
serve as its own control by facilitating assessment of drug tis-
sue distribution both before and after administration of the 
transporter-inhibiting perpetrator drug, which increases the 
statistical power and reduces the number of animals required in 
the experiment (Figure 2). When short-lived 11C is used as the 
PET radionuclide, repeated PET scans may be performed within 
one imaging session. This is possible because 11C decays fast 
enough so that the remaining radioactivity from the first PET 
scan will not interfere with the second PET scan. For instance, 
two consecutive PET scans with an 11C-labeled radiotracer may 
be performed at an interval of 2–3 h between the first and second 
PET scans. Before the second PET scan, unlabeled transporter 
inhibitor may be administered (Figure 2). In the case of clinical 
PET studies, this experimental design requires only a single visit 
to the PET imaging center and may therefore increase subject 
throughput in clinical PET imaging studies.

LIMITATIONS OF PET IMAGING IN STUDYING TRANSPORTER-
MEDIATED DDIs
PET measures the total radioactivity in a tissue and is not 
able to distinguish radiolabeled metabolites from radiola-
beled parent compound. In many cases, perpetrator drugs 
inhibit not only transporters but also inhibit or induce drug- 
metabolizing enzymes. When studying transporter-mediated 
DDIs with extensively metabolized PET tracers, it may be dif-
ficult to distinguish transporter effects from effects on metabo-
lizing enzymes because both may lead to changes in PET signal. 
For instance, the Pgp substrate radiotracer (R)-[11C]verapamil 
is known to undergo extensive peripheral metabolism mediated 
mainly by cytochrome P450 3A4, which generates polar radiola-
beled metabolites that were shown to be taken up into the brain 
independent of Pgp function.30,31 An increase in the fraction 
of polar radiolabeled metabolites of [11C]verapamil in plasma, 
for instance due an induction of drug-metabolizing enzymes, 
may lead to a concomitant increase in brain PET signal, which 
could be erroneously interpreted as an inhibition of drug efflux 
transporters at the BBB. It has been shown that this problem may 
be overcome in the case of [11C]verapamil by analyzing only the 
first few minutes of PET data acquired after radiotracer injec-
tion, in which peripheral metabolism is minimal.32

Another possible limitation of PET in predicting transporter-
mediated DDIs is that in most cases, PET studies are performed 
with microdoses of radiolabeled drugs. For low-capacity drug 
transporters and/or high-affinity substrates, the effect of DDIs 
may be different when drugs are studied at microdoses and at 
therapeutic doses; i.e., at microdoses, active drug transport may 
play a role, whereas at therapeutic doses, active transport may be 
(partly) saturated and the DDI may no longer be relevant. For 
instance, for the radiolabeled third-generation Pgp inhibitor [11C]

elacridar, striking differences in brain distribution were observed 
in rodents when the drug was studied at microdoses vs. therapeu-
tic doses.33,34 At microdoses, brain uptake was very low, whereas 
at therapeutic doses, appreciable brain uptake of [11C]elacridar 
was observed. This was interpreted as indicating that elacridar 
may have inhibited its own efflux transport by Pgp and Bcrp at the 
BBB, leading to higher brain distribution at therapeutic doses.34,35 
Because it may be difficult to predict such effects based only on 
in vitro transport data, it is advisable to study drug tissue distri-
bution in preclinical PET studies at both microdoses and thera-
peutic doses to assess dose linearity of drug tissue distribution.23

In traditional preclinical DDI studies, tissue concentrations 
of drugs may be analyzed by chromatographic methods, such 
as liquid chromatography–mass spectrometry, before and after 
administration of a perpetrator drug. In a few selected cases, the 
extent of transporter-mediated DDIs has been measured both 
with liquid chromatography–mass spectrometry analysis of tis-
sue samples and PET imaging.36,37 However, when comparing 
such data, caution is warranted because this can be done only for 
drugs that are metabolically stable; for extensively metabolized 
drugs, results from liquid chromatography–mass spectrometry 
analysis and PET analysis may differ due to possible contribu-
tion of radiolabeled metabolites to the PET signal. In addition, 
the administered drug doses required for liquid chromatogra-
phy–mass spectrometry analysis of tissue samples are usually 
considerably higher than the microdoses used for PET, which 
may also lead to divergent results.

SELECTED TRANSPORTER-MEDIATED DDIs ASSESSED WITH 
PET IMAGING
Blood–brain barrier
ABC and SLC transporters are abundantly expressed at the BBB 
to control drug access to the brain.38 Thus, transporter-mediated 
DDIs at the BBB may lead to unwanted clinical consequences at 
two different levels.39 First, DDIs may lead to an increase in side 
effects, especially when drugs that are not intended to exert their 
pharmacological effects in the central nervous system enter the 
brain, e.g., due to an inhibition of efflux transporters. Second, 
DDIs may lead to a loss of drug efficacy when penetration of 
neuropharmacological drug into the brain is impaired, e.g., due 
to an induction of efflux transporters or inhibition of uptake 
transporters. Hence, the ITC has recently discussed the likeli-
hood of clinically relevant DDIs at the human BBB.6 The ITC 
came to the conclusion that transporter-mediated DDIs at the 
BBB are unlikely in clinical settings because in clinical prac-
tice most drugs do not achieve high enough unbound plasma 
concentrations to achieve significant transporter inhibition. 
However, transporter-mediated DDIs, mostly with respect to 
Pgp, have been extensively investigated in both preclinical and 
clinical PET imaging studies. Examples have been published 
in which the brain distribution of radiolabeled Pgp substrates, 
such as racemic [11C]verapamil, (R)-[11C]verapamil, or [11C]N-
desmethyl-loperamide, was significantly increased following 
administration of potent Pgp inhibitors such as elacridar, 
tariquidar, valspodar, zosuquidar, or cyclosporin A.40–47 In a 
seminal study, Sasongko et al.41 assessed the effect of cyclosporin 

ClInICal PharmaCology & ThEraPEuTICS | VOLUME 96 NUMBER 2 | AUGUST 2014 209



Review

A on the brain distribution of [11C]verapamil in humans and 
found an 88% increase in [11C]verapamil brain exposure fol-
lowing infusion of cyclosporin A at a dose of 2.5 mg/kg/h. In 
another study by Kreisl et al.,45 it was shown that brain uptake 
of [11C]N-desmethyl-loperamide was increased by a factor of 
four in healthy human volunteers following i.v. infusion of the 
third-generation Pgp inhibitor tariquidar at a dose of 6 mg/kg 
body weight. The tariquidar dose used in this study was three 
times higher than doses in previous clinical oncology trials.48 
The magnitude of the increase in brain uptake of Pgp substrates 
observed in humans following transporter inhibition stands 
in strong contrast to the several times higher increases seen 
in rodents after genetic or chemical transporter knockout. It 
is currently not entirely clear whether such differences can be 
solely explained by the fact that unbound plasma concentra-
tions of Pgp inhibitors achieved in human studies were lower 
than those in rodent studies (Figure 1). Bauer et al.46 directly 
compared species differences in a Pgp-mediated DDI at the BBB 
by studying (R)-[11C]verapamil brain distribution in rats and in 
humans following administration of different tariquidar doses. 
They showed that the maximum effect of Pgp inhibition was 
different in rats and in humans. In rats, a maximum 11-fold 
increase was observed, whereas in humans, only a threefold 
increase in (R)-[11C]verapamil brain uptake was seen. This 
supported the concept that the consequences of transporter-
mediated DDIs may be less pronounced at the human BBB than 
at the rodent BBB. Similarly, in mice, the magnitude of increase 
in (R)-[11C]verapamil brain uptake following administration of 
tariquidar was two to three times higher than that in humans, 
at tariquidar plasma concentrations comparable to those in 
humans (Figure 1). It cannot be excluded that for substrates 
whose brain distribution is more dependent on Pgp function 
than those of [11C]N-desmethyl-loperamide or (R)-[11C]vera-
pamil (e.g., nelfinavir),49 higher increases in brain exposure may 
be observed following partial transporter inhibition at clinically 
relevant plasma concentrations of inhibitors. Two studies have 
assessed the effect of single-nucleotide polymorphisms in the 
ABCB1 gene in healthy volunteers on brain penetration of [11C]
verapamil, and these failed to show differences in [11C]verapamil 
brain distribution between different ABCB1 haplotypes.50,51

Thus far, only one study has investigated whether treatment of 
healthy subjects with rifampicin, a pregnane X receptor activa-
tor, leads to an induction of Pgp at the BBB.52 Subjects under-
went [11C]verapamil PET scans before and after treatment with 
rifampicin for 10–21 days. Although [11C]verapamil metabolism 
was significantly increased, most likely due to cytochrome P450 
3A induction, no differences in [11C]verapamil brain uptake 
were detected following rifampicin treatment.

It has been recognized that Pgp and BCRP form a coopera-
tive efflux system at the BBB and that dual substrates of Pgp 
and BCRP gain brain access only when both transporters are 
simultaneously inhibited.53 This is of clinical importance, given 
the discovery that several representatives of the class of recep-
tor tyrosine kinase inhibitors (e.g., gefitinib, sorafenib, imatinib, 
and erlotinib) are hindered from entering brain tissue by Pgp 
and BCRP efflux.54 This has been put forward as one possible 

reason why these drugs have been ineffective in clinical tri-
als in brain tumor patients.55 Several PET-labeled versions of 
these drugs ([11C]imatinib, [11C]erlotinib, [11C]gefitinib, [18F]
gefitinib, and [11C]sorafenib) have been synthesized, and it was 
shown that some of these tracers allow for assessment of the 
functional activities of Pgp and BCRP at the BBB.56 In one study, 
it was shown that pretreatment of mice with elacridar, the most 
potent dual Pgp/BCRP inhibitor known to date, resulted in 
large (~10-fold) increases of brain exposure of [11C]gefitinib.36 
PET imaging of the intratumoral distribution of radiolabeled 
tyrosine kinase inhibitors may be used in a personalized medi-
cine approach to identify patients who will benefit from treat-
ment with these agents.57 In addition, [11C]elacridar and [11C]
tariquidar have been proposed as generic PET tracers to assess 
Pgp and BCRP function at the human BBB.33,58–60

Liver
The liver is an important organ for drug metabolism and elimi-
nation, and it has been recognized that a multitude of differ-
ent SLC and ABC transporters expressed at the basolateral 
 (sinusoidal) or canalicular membranes of hepatocytes govern 
the uptake into hepatocytes and the excretion into blood or bile 
of drugs and their metabolites.16,17 Although inhibition of a 
basolateral uptake transporter may primarily lead to changes 
in drug blood concentrations, inhibition of a canalicular efflux 
transporter may lead to pronounced changes in liver concentra-
tions without changes in blood concentrations, which may have 
potentially life-threatening consequences (drug-induced liver 
injury). It has therefore been recognized that assessment of liver 
concentrations of drugs using noninvasive imaging methodology 
may be indispensable to understanding the true impact of trans-
porter inhibition in the liver.19 In a series of pioneering studies 
by Yuichi Sugiyama’s group in Japan, several novel PET tracers 
have been developed that facilitate the study of the functional 
status of liver uptake and/or efflux transporters.19 Validation of 
these PET tracers has been performed by either using transporter 
knockout mice or rats or using chemical inhibitors of these trans-
porters, some of which were substances with a potential for clini-
cally relevant transporter-mediated DDIs. Graphical analysis 
approaches (“integration plots”) allowed for calculating hepatic 
uptake and biliary efflux clearances based on blood and tissue 
 concentration–time curves, thereby distinguishing the effects 
of basolateral uptake and/or efflux transporters from the effects 
of canalicular efflux transporters on drug kinetics in the liver.

It has been shown that hepatobiliary clearance of telmisar-
tan, a selective angiotensin II receptor antagonist, depends 
on functional activity of OATP1B3, a basolateral SLC uptake 
transporter in hepatocytes. PET imaging with [11C]telmisartan 
demonstrated a significant reduction in hepatic uptake clear-
ance of [11C]telmisartan when rats were treated with the OATP 
inhibitor rifampicin, with no effect on biliary efflux clearance.61 
In another study, it was shown that hepatic uptake and biliary 
efflux clearances of 11C-labeled (15R)-16-m-tolyl-17,18,19,20-
tetranorisocarbacyclin methyl ester, a PET tracer initially 
developed for measurement of central nervous system–type 
prostacyclin receptors, were reduced in healthy human subjects 
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after single oral treatment with rifampicin (600 mg), which was 
attributed to inhibition of basolateral OATPs and possibly cana-
licular MRP2.62 Moreover, it has been shown that PET imaging 
with [11C]dehydropravastatin, a derivative of the cholesterol-
lowering drug pravastatin, allows for assessment of the func-
tional activity of OATPs and MRP2 in the liver. Treatment of 
rats with rifampicin resulted in a 30% decrease in hepatic uptake 
clearance and a 60% reduction in biliary efflux clearance of [11C]
dehydropravastatin, consistent with the inhibition of both Oatp 
and Mrp2 by rifampicin in the rat liver.63 Moreover, in Mrp2-
deficient rats (Eisai hyperbilirubinemic mutant rats), the cana-
licular efflux clearance of [11C]dehydropravastatin was found 
to be decreased by 89%, as compared with that in control rats.63 
In another study, pretreatment of mice with the antimalarial 
drug pyrimethamine resulted in markedly increased liver con-
centrations of the 11C-labeled oral antidiabetic drug [11C]met-
formin without changes in plasma concentrations,64 which was 
attributed to inhibition of hepatobiliary excretion by canalicular 
multidrug and toxin extrusion transporters.65

In another study, the interaction of glyburide, another oral 
antidiabetic drug, with SLC and ABC transporters was stud-
ied in vivo by performing PET experiments with [11C]glybur-
ide in baboons with and without pretreatment with rifampicin 
or cyclosporin A.66 Both substances caused pronounced 
increases in plasma area under the concentration–time curve 
(AUC)  values and decreases in liver-to-plasma AUC ratios of 
[11C] glyburide, which was attributed to inhibition of basolateral 
OATPs (i.e., OATP2B1) in hepatocytes (Figure 3).

Kidney
Few examples exist for PET studies on transporter-mediated 
DDIs in the kidney. Measurement of drug concentrations in 
the kidneys might be useful for the prediction of nephrotoxicity. 
A study in mice showed that genetic knockout of Bcrp, which 
is located in the brush border membrane of proximal tubule 
cells, led to a decrease in renal clearance of the radiolabeled 

metabolite of the cyclooxygenase-2 inhibitor celecoxib [11C]
SC-62807 by 99% and a concomitant (approximately sevenfold) 
increase in kidney exposure, which suggested that tubular secre-
tion of [11C]SC-62807 is predominantly mediated by Bcrp.67

Placenta
The blood–placenta barrier expresses several different ABC 
and SLC transporters. Transporter-mediated DDIs at this bar-
rier are clinically relevant because they may lead to changes in 
drug exposure of the embryo. In one study, pregnant nonhu-
man primates underwent [11C]verapamil PET scans before 
and after cyclosporin A administration (12 or 24 mg/kg/h) to 
measure placental Pgp activity either in mid- or late-gestational 
age. Percentage change in AUCfetal liver/AUCmaternal plasma ratio 
after cyclosporin A administration was used as a surrogate 
marker of placental Pgp activity and was found to significantly 
increase from mid- (+35 ± 25%) to late gestation (+125 ± 66%). 
According to the authors, the result was interpreted as indicating 
an increasing Pgp activity with gestational age.68–70

SUMMARY AND OUTLOOK
The Food and Drug Administration and the European 
Medicines Agency have provided guidelines on how to assess 
the risk of clinically relevant transporter-mediated DDIs of new 
drug candidates.12,13 When the maximum unbound drug con-
centrations in vivo exceed defined thresholds for transporter 
inhibition in vitro, the ITC proposes in vivo DDI studies in 
human volunteers. However, it has been recognized that for 
some DDIs, assessment of drug plasma concentrations may 
not be sufficient to assess the true impact of transporter inhibi-
tion in different organ systems (e.g., liver, kidney, and brain) on 
drug disposition. To address these questions, nuclear imaging 
techniques such as PET have become an indispensable tool for 
noninvasive assessment of drug tissue concentrations in human 
subjects. Due to the requirement for specialized infrastructure 
(cyclotron, radiochemistry laboratory, and PET camera), PET 
studies are technically challenging. Nevertheless, given the 
growing importance of membrane transporters with respect to 
drug safety and efficacy, the demand for PET studies is expected 
to increase in future drug development. PET imaging of drug 
transporters offers the perspective for personalized medicine 
approaches in order to predict treatment failure or side effects 
in select patient subgroups in which transporter activity may 
differ due to polymorphisms in transporter genes or disease-
induced alteration of transporter activity (e.g., cancer and epi-
lepsy).71 Moreover, PET is essential to gain information on the 
in vivo interplay of drug uptake and efflux transporters in mul-
tiple organs and to assess differences in transporter expression/
activity between preclinical species and humans.
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