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The past few years have ushered in a wealth of new information on transporter biology, ranging 

from the publication of new crystal structures of the human glucose transporters (GLUTs; 

SLC2A2) (1) to the discovery of the mechanism by which the monocarboxylate transporter 

(SLC16A11) associates with type 2 diabetes (2), to a plethora of new therapies that target 

transporters in the treatment of both common and rare diseases. Complementing these 

fundamental advances in transporter biology, great strides have been made in our understanding 

of the role of transporters in the pharmacokinetics and pharmacodynamics of drugs, including 

transporter-mediated drug-drug interactions (DDIs), nutrient-drug interactions, and in drug 

efficacy and safety (3-5). The International Transporter Consortium (ITC) sponsored its third 

workshop as a preconference to the annual meeting of the American Society for Clinical 

Pharmacology and Therapeutics in the spring of 2017. The major goal of the preconference was 

to summarize recent advances in transporter pharmacology, which are of particular relevance to 

the development, approval and safe and effective use of prescription drugs. A range of topics 

including computational modeling of drug-transporter interactions and emerging transporters of 

clinical importance were presented, culminating in ten articles that are featured in this issue of 

Clinical Pharmacology and Therapeutics. These articles summarize recent advances in 

transporters in drug development and include a summary of a wealth of new information and a 

review of the recent relevant literature.   

 

Transporters of Emerging Clinical Importance 

Eight transporters have been the focus of previous ITC recommendations for prospective 

evaluation during drug development, including P-glycoprotein (P-pg, ABCB1); breast cancer 

resistance protein (BCRP, ABCG2); organic anion transporting polypeptide (OATP) 1B1 

(SLCO1B1) and OATP1B3 (SLCO1B3); organic anion transporter (OAT) 1 (SLC22A6) and OAT3 

(SLC22A8); organic cation transporter (OCT) 2 (SLC22A2), and multi-drug and toxin extrusion 

protein (MATE) 1 (SLC47A1) and to a lesser extent, MATE2-K (SLC47A2). Recommendations for 

retrospective evaluation, in which a drug developer may wish to examine the involvement of a 

particular transporter in the context of results obtained from a clinical study, has focused on other 
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transporters. In making recommendations, the ITC has required a high level of evidence for the 

inclusion of a given transporter; most notably, substantial clinical evidence based on either DDI or 

genetic polymorphism studies that support the involvement of that transporter. In the current 

issue of Clinical Pharmacology and Therapeutics, Zamek-Gliszczynski and colleagues (6) extend 

the ITC recommendations for both prospective and retrospective evaluation.  Prospectively, a 

wealth of new information has been published on the associations between genetic 

polymorphisms in OCT1 (SLC22A1) (7) and increases in plasma concentrations of drugs from a 

range of therapeutic classes.  Thus, the ITC recommends testing of drugs as potential inhibitors 

of OCT1 prospectively during drug development. Considering recent clinical evidence supporting 

a role for OATP2B1 (SLCO2B1) in fruit juice-drug interactions and certain DDIs, OATP2B1 has 

been added to the list of transporters that should be evaluated retrospectively to explain a 

particular clinical finding that cannot be attributed to more common mechanisms (e.g., intestinal 

P-gp/BCRP, hepatic OATP1B1/3).  The article extends previous ITC focus from DDIs exclusively 

to include vitamin-drug interactions. The authors suggest that assessing drug interactions with 

THTR2 (SLC19A3) in vitro may aid drug developers in predicting which drugs should be carefully 

monitored in susceptible populations for drug-induced thiamine deficiency (6).   

 

Yee and colleagues (7) provide an update on polymorphisms that may be responsible for 

variation in drug absorption, disposition and therapeutic and adverse drug reactions. Genome-

wide and candidate gene association studies continue to support a strong role for coding region 

variants in BCRP and OATP1B1 as major determinants of interindividual variation in drug 

absorption, disposition and response.  In addition, the article provides an excellent summary of 

recent candidate gene studies showing associations between common reduced function OCT1 

polymorphisms and the pharmacokinetics and pharmacodynamics of various drugs.   

 

Clinical Evaluation of Transporter-mediated DDIs 

Zhang and colleagues (8) describe the FDA’s continued recommendation of an integrated 

approach (in vitro, in vivo, and in silico) to assess DDI potential so that appropriate measures can 
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be taken to minimize the risk of toxicities and ensure effectiveness.  One of the challenges in the 

evaluation of transporter-mediated DDIs is the lack of specific substrates and inhibitors for 

various transporters, which makes extrapolation of DDI results from one drug pair to another 

difficult.  This challenge was highlighted in the recently published FDA DDI guidances (9, 10) and 

also in the European Union and Japan guidance documents (11, 12). Therefore, the choice of 

transporter substrates or inhibitors for clinical DDI evaluation is typically based on the likelihood of 

co-administration (e.g., to obtain clinically relevant DDI information that can inform labeling 

regarding the management of a DDI). 

 

Chu and colleagues (13) describe the emerging field of research identifying, characterizing and 

validating endogenous biomarkers of transporters. They describe the characteristics of an ideal 

biomarker, e.g., specificity for a transporter (similar to a drug probe), the importance of 

understanding the rate of formation and elimination of these endogenous molecules, and factors 

affecting their baseline stability or interindividual variability. Figure 1 identifies endogenous 

substrates as potential biomarkers for several hepatic and renal transporters. The article of Chu 

et al. provides both a comprehensive overview of the methods needed to identify and validate 

novel endogenous biomarkers and their limitations and challenges. In addition, the authors 

identify major gaps in biomarker discovery (e.g., for BCRP and P-gp) and summarize probe drugs 

(administered individually or as cocktails), for interrogating particular transporters in clinical 

studies.  

 

Two additional commentaries in this issue provide useful advice on the design of clinical DDI 

studies focusing on the commonly prescribed anti-diabetic drug, metformin, and on the use of 

digoxin and dabigatran etexilate as probes for P-gp. The commentary by Zamek-Gliszczynski and 

colleagues (14) proposes a novel design of clinical DDI studies, which can support appropriate 

labeling of the use of new molecular entities, which are inhibitors of OCT/MATE when co-

administered with metformin. The study design focuses on pharmacologic response endpoints 

(e.g., via an oral glucose tolerance test) and metformin renal clearance, in addition to changes in 
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metformin systemic plasma concentrations. Chu and colleagues (15) highlight the use of 

dabigatran etexilate as a probe substrate for intestinal P-gp DDIs, noting that the compound is a 

prodrug and therefore does not interact with P-gp in other organs. The advantages and 

disadvantages of both digoxin and dabigatran etexilate as P-gp probes (microdose and/or 

standard dose) are discussed.   

 

Integrated Evaluation of Transporter Effects 

There is increasing clinical evidence of profound transporter-mediated DDIs at the tissue level 

that are not always supported by standard investigation of changes in the systemic exposure of a 

drug probe. Guo and colleagues (16) provide a critical overview of current advances in in 

vitro/preclinical models, imaging methods and physiologically-based pharmacokinetic (PBPK) 

modeling and simulation for estimation or prediction of tissue and intracellular drug 

concentrations, including organelle targeting (specifically lysosomes and mitochondria). The 

authors emphasize a need for integration of different approaches and propose a workflow in the 

context of drug development (Figure 2). The concept is supported by 23 PBPK modeling and 

simulation examples from the literature/regulatory submissions and three industrial case studies 

detailed in the article. These examples illustrate best practices in the verification of model-

simulated tissue exposure using pharmacologic response data (statins, simeprevir) and 

implementation of mechanistic liver and kidney models to simulate transporter-mediated 

disposition in the case of renal impairment (digoxin, OAT1 probes), hepatic impairment 

(obeticholic acid) or extrapolation across ethnic groups or diseased populations (letermovir). 

However, examples where quantitative PET (positron emission tomography)/MRI (magnetic 

resonance imaging) tissue data are used for development or verification of PBPK models are still 

sparse.  

 

Schlessinger and colleagues (17) illustrate recent progress in molecular modeling of membrane 

transporters, including approaches focusing on the structures of transporters and transporter 

ligands. The authors provide current best practices in molecular modeling techniques and 
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emphasize the importance of quality in vitro functional transporter data and crystal structures of 

relevant transporters for evaluation of model performance and recent advances in this area.  
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Disease Associated Changes in Transporter Expression and/or Activity 

Complex interplay of multiple processes and/or multiple organs involved in transporter-mediated 

disposition can be a challenge in defining the rate-determining step and consequences of 

perturbation of one or multiple mechanisms. These challenges are discussed from the in 

vitro/preclinical, imaging and PBPK modeling perspective (16), as well as disease-associated 

changes in transporter expression and/or activity (18, 19). Taskar and colleagues (18) discuss 

prospective evaluation of inhibition of the bile salt export pump (BSEP) as one of the mechanisms 

contributing to drug-induced liver injury (DILI). The authors propose a workflow for interpretation 

and mitigation of BSEP inhibition in drug discovery and/or early clinical development and propose 

more physiologically relevant cellular systems (e.g., sandwich cultured hepatocytes) to 

investigate the role of metabolites and complex interplay between BSEP and other bile acids 

transporters in DILI. Uncertainty in BSEP in vitro inhibition data and subsequent interpretation of 

such data in the context of in vivo exposure are critically discussed and highlight the necessity to 

increase our confidence in predicting drug tissue exposure (16). Recent quantitative systems 

toxicology efforts to integrate effects of multiple transporters and multiple DILI mechanisms (e.g., 

mitochondrial toxicity and oxidative stress) are encouraging, but are not widely adopted. 

 

Increasing evidence exists about changes in transporter expression and activity as a result of 

acute and chronic disease and altered physiological states; these important aspects are 

summarized comprehensively in the manuscript by Evers and colleagues (19). An additional 

consideration is the potential effect on regulatory pathways of drug transporters and changes in 

transporter localization in response to disease, as illustrated by multidrug resistance-associated 

protein 2 (MRP2, ABCC2) redistribution from the plasma membrane to intracellular compartments 

in patients with nonalcoholic steatohepatitis. Knowledge and quantitative data on disease-related 

changes in transporter expression and/or activity are key to inform PBPK modeling and facilitate  

MIDD (model-informed drug development) approaches (20), to support individual dose 

optimization and, ultimately, improved effectiveness and product safety. 
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Conclusion: 
 

Alterations in transporter function due to various intrinsic factors (e.g., genetics, disease states) 

and extrinsic factors (concomitant drugs or nutrients) can lead to variability in the 

pharmacokinetics, pharmacodynamics, efficacy and safety of drugs in individual patients.  The 

ITC articles in this special issue identified key transporters of clinical relevance that need to be 

evaluated either prospectively or retrospectively during drug development. Novel methodologies 

and best practices (in vitro, in vivo, in silico and their integrated application) have been presented 

in the evaluation of these transporters. Although great advancements have been made in our 

understanding of factors affecting transporter function and clinical relevance, challenges remain, 

and the knowledge gaps must be addressed via collaborative efforts such as this international 

consortium.   

 

DISCLAIMER 

The contents of this article reflect the views of the authors and should not be construed to 

represent the FDA’s views or policies. No official support or endorsement by the FDA is intended 

or should be inferred. The mention of commercial products, their sources, or their use in 

connection with material reported herein is not to be construed as either an actual or implied 

endorsement of such products by the FDA.  
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Figure legends: 

Figure 1.  Potential endogenous biomarkers for several hepatic and renal transporters. 

[adapted/modified from Chu et al. (13)]. 

The endogenous substrates with clinical DDI evaluation of potent transporter inhibitor(s) have 

been included into this figure as potential endogenous biomarkers.  Coproporphyrin I (CPI) and 

CPIII, glycochenodeoxycholate-3-O-sulfate (GCDCA-S), conjugated and unconjugated bilirubin 

(CB and UCB) are potential endogenous biomarkers for OATP1B1 and -1B3.  Hexadecanedioate 

(HDA) and tetradecanedioate (TDA) are potential biomarkers for OATP1B1 (they are not 

substrates for OATP1B3).  N1-methylnicotinamide (NMN) and creatinine are potential 

endogenous biomarkers of OCT2/MATE1/2K.  Taurine is a potential endogenous biomarker for 

OAT1. 6β-hydroxycortisol (6βHC) and GCDCA-S are potential endogenous biomarkers of OAT3.   

a
: Potential endogenous biomarkers with relatively higher selectivity and/or sensitivity for clinical 

evaluation based on current literature data. 

b
: Hexadecanedioate (HDA) and tetradecanedioate (TDA) are potential biomarkers for OATP1B1 

(they are not substrates for OATP1B3). 

N.I.: None identified 

 

Figure 2. Integrated workflow to illustrate in vitro/preclinical and clinical data generation 

and modeling considerations to identify, characterize and predict human 

pharmacokinetics in plasma and tissues for molecules where transporter plays an 

important role. [adapted/modified from Guo et al. (16)].  
a
 See case study 1 in ref. (16), 

b
See case study 2 in ref. (16), 

c
See case study 3 in ref. (16), 

d
 

Reference (13), 
 e
 Reference (7) 
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In vitro  
CLint, Papp, solubility, fu,p, B/P, 

fu,cell

Physico-chemical: 

MW, LogP, pKa, cPapp 

In vivo animal  
Plasma PK  

PKPD studies (plasma and 
target tissue concentrations) 

Early Preclinical Phase 

PKPD  
Potency IVIVC, 

Preclinical PKPD modeling 
including target tissue 

Preclinical PBPK 
verification         

Clearance IVIVC,  
Vss prediction,  

Absorption simulation  

In vivo animal  
Renal & biliary clearance, 

Tissue concentrations,  
PET/MSI imaging, knockout 

models  

In vitro human   
Active vs. passive uptake, 

Vmax & Km, Ki/IC50 , Kp, Kp,uu
c  

Predict Human PK  
Project plasma and tissue PK 

including uncertainties 

PBPK model development and guidance for data generation 

Late Preclinical Phase 

Additional Data:  
Tissue data: (dialysis, MSI, 

biopsy) or imaging (e.g., PET), 
PD and endogenous trans-

porter DDI biomarkerse 

Early Clinical PK Data:      
Single and multiple ascending 
doses, intravenous dose, mass 

balance, DDI 

Early Clinical Phase 
Late Clinical Phase 

Refined PBPK:        

Focus on key PK parameters  
Define transporter-metabolism 

interplay 

Further PK Data: 

DDI studies, population PK, 
PK from genotyped subjectsf 

and in specific population  

Final PBPK Model: 

Simulate unstudied DDIs, 
additional populations and 
DDIs in specific populations 

In vitro animal  
Species difference in Kp,uu

Translational PKPD  
Consider interspecies differ-

ences 
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