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Multiple methods available for 
studying transporters
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When should transporters be studied?



Transporters can limit tissue 
distribution

• P-glycoprotein (P-gp/MDR1; ABCB1)
– Efflux transporter expressed on luminal 

side of blood-brain barrier
– Prevents entry to CNS for transported 

substrates
– PET imaging of 11C-labeled verapamil (P-gp

substrate) shows marked increase in brain 
accumulation following co-administration 
with cyclosporine A (P-gp inhibitor)

Sasongko et al. (2005), Clin. Pharmacol. Ther., 77: 503-514; Muzi et al. (2009), J. Nucl. Med., 50: 1267-1275

CNS Drugs



• Discovered in 1929
• Rapidly cleared via renal elimination 

(half life ~30 minutes)
• Supply so limited during early use, 

drug was re-isolated from urine of 
patients

Benzylpenicillin (Penicillin G)

Transporters can mediate drug 
clearance



• 3.3-fold increase in benzylpenicillin 
(PCG) AUC at highest dose of 
probenecid

• Renal clearance equal to GFR at 
highest dose (no active secretion of 
PCG)

Transporters can mediate drug 
clearance
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Maeda et al. (2014), Eur. J. Pharm. Sci., 59: 94-103

Benzylpenicillin (Penicillin G)



Transporters can mediate tissue distribution

• First line therapy for type 2 diabetes
• Site of action- liver
• Primarily excreted in urine (active 

secretion by OCTs & MATEs)

Metformin

• OCT1(-/-) mice 
show no change in 
metformin plasma 
AUC

• ~90 % reduction in 
liver distribution

Wang et al. (2003), Mol. Pharmacol., 63(4): 844-848



Transporters as targets

• Transporters are being harnessed as 
drug targets
– Sodium-glucose cotransporter 2 (SGLT2; 

SLC5A2)
• Canagliflozin (Invokana)
• Dapagliflozin (Farxiga)
• Empagliflozin (Jardinace)

– Uric acid transporter 1 (URAT1; 
SLC22A12)

• Lesinurad (Zurampic)

• Transporters are being utilized to 
improve absorption/distribution 
profile
– Peptide transporter 1 (PEPT1; SLC15A1)

• Valacyclovir
• valganciclovir

Transporters as targets



A changing regulatory environment
2006: FDA Draft Guidance (P-gp)

2007: Formation of International Transporter Consortium (ITC)

2010: ITC Transporter White Paper (P-gp, BCRP, OATP1B1, 
OATP1B3, OCT2, OAT1, OAT3)

2010: EMA Draft Guidance (P-gp, BCRP, OATP1B1, OATP1B3, 
OCT2, OAT1, OAT3, BSEP, OCT1)

2012: Revised FDA Draft Guidance (P-gp, BCRP, OATP1B1, 
OATP1B3, OCT2, OAT1, OAT3, BSEP, MATEs, MRPs)

2013: Final EMA Guidance (more detailed)

2014: PMDA Guidance published

2013: Seven ITC Whitepapers Published

2017: EMA Guidance Concept Paper Released

2017: Revised FDA Draft Guidance Released



EMA Guidance Update
Update to Guideline on the investigation of drug interactions
Concept paper released Q1 2017

Proposed changes include:
• Recommendations for in vitro studies on

– Transport
– Time-dependent inhibition
– Induction

• Update of transporter list (for inhibition screening)
• Update on cut-offs for transporter inhibition
• Transport as rate-limiting step
• Clarifications of guideline text
• Discussion of DDI study requirement with contraceptive steroids



FDA Draft Guidance Revision
Revision to Guidance for Industry Drug Interaction Studies – Study Design, Data 
Analysis, Implications for Dosing, and Labeling Recommendations
Released October 2017

Changes include:
• Preparation of two separate guidance documents

– In vitro
– In vivo

• Update of transporter list (for inhibition screening)
• Update on cut-offs for transporter inhibition
• Additional recommendations for in vitro experiments



Types of transporter study

• “Perpetrator” studies
• What is the risk of your NME 

causing a clinically significant 
change in disposition of co-
administered drug(s) 

• Same basic panel required for 
all NMEs

• “Victim” studies
• What is the risk of co-

administered drug(s) changing 
the disposition of your NME

• Transporter panel based upon 
important clearance pathways 
of NME

Inhibition studies Substrate studies



INHIBITION STUDIES SUBSTRATE STUDIES

Transporter EMA FDA EMA FDA

EFFLU
X

P-gp yes yes consider yes

BCRP yes yes consider yes

BSEP prefer no consider no

MRPs no no consider no

U
PTAKE

OAT1 yes yes consider ≥25 % of elimination  
is active renalOAT3 yes yes consider

OATP1B1 yes yes ≥25 % of elimination  
hepatic

≥25 % of elimination  
hepatic or biliaryOATP1B3 yes yes

OCT1 consider no consider no

OCT2 yes yes consider
≥25 % of elimination  

is active renalMATE1 consider yes consider

MATE2-K consider yes consider

Regulatory Requirements



NDA Approvals - Transporter Information

* Total approvals adjusted for 2013 onwards to exclude “Biologicals” (MABs and Peptide 
therapeutics), imaging agents and topical products.  

** Tweedie et al, CPT, 94(1), 113-25, 2013



NDA Approvals - Transporter 
Information

• Predominantly in vitro data
• Predominantly inhibition (perpetrator) studies reported 
• All transporter families significantly represented

• Total number of clinical investigations broadly similar 
• 19, 35, 28, 11, 29 and 30  each year for 2013- Q3 2018,  respectively

• Range of transporters tested clinically has broadened 
markedly

• Consequence of increased range of transporters investigated in vitro

• Occasional post-marketing commitments
• Negative and positive findings referred to in labels
• Trend to combine metabolism and transporter interactions

• Increasing use of PBPK modelling approaches



When should transporters be 
studied?



When should transporters be 
studied?

• Regulatory considerations

• Patient population
–Therapeutic indication and likely co-meds

• Physicochemical properties of compound

• Distribution/site of action

• Safety assessment



Regulatory considerations -
EMA Viewpoint

Substrate studies

Inhibition studies

• Preferably available before starting phase II, required 
before phase III



• Timing of in vitro studies depends on therapeutic 
indication and patient population

• Can be before clinical studies

Regulatory considerations -
FDA Viewpoint



Patient population - Polypharmacy

Gu et al. National Center for Health Statistics Data Brief No. 42, September 2010. Centers for Disease Control and Prevention

• Increasing prevalence of 
polypharmacy

• Increased risk of DDI 
and ADR

• ‘Prescribing cascade’



Patient population – Co-morbidities

“Co-morbidity among Chronic Conditions for Medicare FFS Beneficiaries: 2010”, from Centers for 
Medicare & Medicaid Services Chartbook, 2012 Edition; US Department of Health and Human Services



“Co-morbidity among Chronic Conditions for Medicare FFS Beneficiaries: 2010”, from Centers for 
Medicare & Medicaid Services Chartbook, 2012 Edition; US Department of Health and Human Services

Patient population – Co-morbidities



Tweedie et al., CPT, 94(1), 113-25, 2013

Patient population – Co-meds



Victim DDI for NTI drugs Pgp BCRP OATP OAT OCT

Severe clinical risk (toxicity severe in nature, 
options for management include contraindication, 
dose adjustment, directed monitoring)

Digoxin Topotecan Repaglinide Methotrexate Dofetilide
Pilsicainide
Procainamide

Moderate clinical risk (potential consequences of 
toxicity are less severe in nature and/or risk is 
moniterable before serious sequelae occur)

Atorvastatin
Fluvastatin
Rosuvastatin
Simvastatin

Atorvastatin
Pitavastatin
Pravastatin
Rosuvastatin
Simvastatin
Glyburide

Metformin

Victim Drugs - Therapeutic Index

Bloomer et al. (2013), Expert Opin Drug Metab Toxicol, 9:737-751



Victim Drugs - Therapeutic Index

Bloomer et al. (2013), Expert Opin Drug Metab Toxicol, 9:737-751



Physicochemical Properties – BCS 
and BDDCS

Biopharmaceutical Drug Disposition 
Classification System (BDDCS)

Amidon et al. (1995) Pharm. Res.; Wu, and Benet (2005) Pharm. Res.

Biopharmaceutics 
Classification System 

(BCS)



Physicochemical Properties – ECCS
Extended Clearance Classification 

System (ECCS)

Varma et al. (2015) Pharm. Res.; Varma et al. (2017) Clin. Pharm. Ther.

• Prediction of clearance 
rate-determining step 
using physicochemical 
properties 
(permeability, molecular 
weight, ionization)



• Ranking cpds based on BSEP IC50, 25 µM 
cutoff

• 79 % of cpds with BSEP IC50 < 25 µM 
associated with DILI

• Css / BSEP IC50 > 0.1 gave 95 % 
correlation with DILI incidence

• Recommendations:
– BSEP-VT screen for potent inhibitors
– Confirmatory transporter assays (MRP2, 

MRP3 and MRP4) may be helpful

Morgan, Toxicol Sci 2010 and 2013

Safety considerations - cholestasis



Safety considerations - cholestasis

Morgan, Toxicol Sci 2013



Safety considerations - cholestasis
• TAK-875 withdrawn in Ph.III

due to liver toxicity
• Used in vitro mechanistic data 

together with PBPK modeling 
(DILIsym)

• Mode of transporter 
inhibition found to be 
significant for predicting tox

Longo, Toxicol Sci 2019



Ganciclovir
~ 9% bioavailability

Valganciclovir
~ 60% bioavailability

Anderson, Clin Ther 1995; Abete, Antimicrob Agents Chemother 2004

Distribution – Prodrugs

• Addition of valine moiety makes Valganciclovir a substrate of the 
PEPT1 uptake transporter in the gut, increasing bioavailability 
following oral administration



Gadoxetate (Eovist)

- MRI contrast agent

- Used for imaging 
hepatocellular carcinoma and 
liver metastases

- Substrate for OATP1B1 and 
OATP1B3

Distribution – transporter targeting



- OATP1B3 expression is normally liver specific

- OATP1B3 expression is upregulated in prostate cancer

Hamada et al. (2008) Clin. Cancer Res. 

Distribution – transporter targeting



Slide modified from William Figg, Pharm.D. (NIH)

- Gadoxetate (MRI contrast agent and OATP substrate)

- Accumulation of gadoxetate in prostate cancer

Distribution – transporter targeting



- Screening for (hepato)tox
- BSEP, (& MRP2-4, NTCP)
- Incorporating in vitro data into PBPK models

- Transporter as a target
- Substrate/inhibition assessment – ie. SGLT2 (eg. Canagliflozin/Invokana) or 

URAT1 (eg. Lesinurad/Zurampic)
- Route of administration

- Oral - MDR1 & BCRP substrate assessment
- Target biology (tissue/site of action)

- Central nervous system? MDR1 & BCRP
- Organ targeting (ie. liver via OATPs)

- Patient population/co-meds
- Statins? OATPs
- Metformin? OCTs & MATEs

Development Stage - Preclinical



- Physicochemical properties
- BDDCS
- ECCS

- Patient population/co-meds
- Statins? OATPs
- Metformin? OCTs & MATEs

- Narrow therapeutic index
- ie. Oncology drugs
- Substrate assessment to determine extent of DDI liability as victim

Development Stage - Preclinical



Phase I
- Will have animal PK data (indication of extent of metabolism, renal/hepatic 

elimination)
- Little/no human PK/PD data
- Adding to transporter data information on substrate studies (test compound 

as victim of DDI)

Development Stage – Phases I & II

Phase II
- Will have human PK data (indication of extent of metabolism, renal/hepatic 

elimination)
- Additional transporter data required - Substrate studies (test compound as 

victim of DDI)
- Complete information on transporter DDI typically required for End-of-Ph.II

meeting



Summary
• Early transporter screening utilizing vesicle/cell-based assays 

useful to address specific questions
– Tissue targeting
– Mechanism of action
– BSEP (& MRP) inhibition and hepatotoxicity

• Prioritization of inhibition studies for patient population with 
high rates of co-morbidities/co-medications, or likely 
transporter-interacting co-meds

• Prioritization of substrate studies for patient population with 
high rates of co-morbidities/co-medications, narrow therapeutic 
index

• Some transporter inhibition data may be required pre-IND 
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