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Withdrawn 
 

Approv

 

Drug name 
 

Use 
 

Risk 
 

1998 1997 Mibefradil High blood pressure/Chronic stable angina Torsades de Pointes; Drug-drug interactions; 
1998 1997 Bromfenac  NSAID Acute liver failure 
1998 1985 Terfenadine Antihistamine Torsades de Pointes; Drug-drug interactions 
1999 1988 Astemizole Antihistamine Torsades de Pointes; Drug-drug interactions 
1999 1997 Grepafloxacin Antibiotics Torsades de Pointes 
2000(2002)* 2000 Alosetron* Irritable bowel syndrome in women Ischemic colitis; complications of constipation 
2000 1993 Cisapride Heartburn Torsades de Pointes; Drug-drug interactions 
2000 1997 Troglitazone Diabetes Acute liver failure 
2001 1997 Cerivastatin Cholesterol lowering Rhabdomyolysis; Drug-drug interactions 
2001 1999 Rapacuronium Anesthesia Bronchospasm 
2003 1993 Levomethadyl Opiate dependence Fatal arrhythmia 
2004 1999 Rofexocib Pain relief Heart attack; stroke 
2005 2001 Valdecoxib Pain relief Skin reactions (SJS) 
2005(2006)* 2004 Natalizumab* Multiple sclerosis Brain infection 
2005 2004 99m Tc** Diagnostic aid Cardiopulmonary arrest 
2005 1975 Pemoline ADHD Liver failure 
* remarketed with restricted distribution ** Technetium  (99m Tc) fanolesomab 

 

CYP/transporter inhibitor

uang, S-M, et al, “Principles of Gender-Specific Medicine”, Ed., Legato M, Academic Press, 2004, 
 848-859 ; Huang, S-M, et al, Toxicology Mechanisms and Methods,  16: 89–99, 2006

CYP/transporter substrate

H
pp

Drugs Withdrawn from the US Market due 
to Safety Reasons
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Composition of Safety-Related 
Labeling Changes for All Drug Products 

(changes made Oct 2002-Aug 2005, n=2645 label changes for 1601 NDA/BLA entries) 
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P-gp
& 

Digoxin

• NTR (narrow therapeutic 
range) drug

• Drug Interactions
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Drugs at the FDA (digoxin,“PRECAUTIONS-Drug Interactions- Antiarrythmics) 
http://www.accessdata.fda.gov/drugsatfda_docs/label/2004/21648lbl.pdf
http://www.accessdata.fda.gov/Scripts/cder/DrugsatFDA/

“Drugs that induce/inhibit P-glycoprotein 
in intestine or kidney have the potential to 
alter digoxin pharmacokinetics”

 recommendation of dosing adjustments
 and/or monitoring of digoxin levels

 
when 

“amiodarone, propafenone and quinidine” are
 

 
to be used with digoxin.  

Labeling (2004)

“No significant changes
 

in digoxin 
pharmacokinetics have been reported with 
disopyramide, dofetilide, flecainide, 
moricizine, mexilitine, procainamide,or sotalol”
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Poor or non-inhibitor

An in vivo interaction study
with a P-gp substrate 
(e.g., digoxin) is recommended

Bi-directional transport assay

Net flux    with  
[drug]

Net flux     with
[drug]

Determine Ki or IC50

[I]1

 

/IC50

 

(or Ki

 

) > 0.1
or 

[I]2

 

/IC50

 

(or Ki

 

) > 10

[I]1

 

/IC50

 

(or Ki

 

) < 0.1
and 

[I]2

 

/IC50

 

(or Ki

 

) < 10

An in vivo interaction study
with a P-gp substrate 
is not needed

hang L, et al, Xenobiotica 38:7, 709-724, 2008 Z

Is the NME a P-gp Inhibitor?  
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Is digoxin the only
clinically relevant P-gp 

substrate?



Drugs at the FDA (dabigatran- HIGHLIGHTS) , October 19, 2010
http://www.accessdata.fda.gov/drugsatfda_docs/label/2010/022512s000lbl.pdf
http://www.accessdata.fda.gov/Scripts/cder/DrugsatFDA/

Dabigatran
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Other transporters?
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P-gp: P-glycoprotein
Liver, Intestine, Kidney, Brain

BCRP: Breast Cancer Resistant Protein
Liver, Intestine, Kidney, Brain

OATP: Organic Anion 
Transporting Polypeptide

•

 

OCT2: Organic Cation 
Transporter 2

•

 

OAT1/3: Organic 
Anion Transporter 1/3

Huang S-M, Lesko LJ, and Temple R, "Adverse Drug Reactions and Pharmacokinetic Drug 
Interactions", Chapter 21, Adverse Drug Reactions and Drug Interactions in Part 4, 
FUNDAMENTAL PRINCIPLES: Clinical Pharmacology, “Pharmacology and Therapeutics: Principles to 
Practice,”

 

Ed. Waldman & Terzic, Elsevier, 2009

Selected efflux & uptake transporters in 
the gut wall (a), liver (b), and kidneys (c)
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OATP, BCRP, P-gp
& 

Statins
• Drug Interactions
• Pharmacogenetics
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Odds ratio: 
16.9 (CC/TT)
4.5 (C vs. T)

6.4 (amiodarone)

Genomewide Association

The SEARCH Collaborative Group. N Engl J Med 2008; 359: 789-799 (UK)

1. Estimated Cumulative Risk of Myopathy Associated with 
Taking 80 mg of Simvastatin

 
Daily, According to SLCO1B1 

rs4149056 Genotype (c.521T>C)

Pharmacogenetics (simvastatin)
 -Myopathy-

2. Association replicated in another 40 mg group

http://content.nejm.org/content/vol0/issue2008/images/large/NEJMoa0801936f1.jpeg


Labeling of Simvastatin
TABLE 1 Drug Interactions Associated with Increased 

Risk of Myopathy/Rhabdomyolysis 

Simvastatin labeling (Zocor), May 2010: HIGHLIGHTS
http://www.accessdata.fda.gov/drugsatfda_docs/label/2010/019766s080lbl.pdf

•
 

Itraconazole Ketoconazole Erythromycin Clarithromycin 
Telithromycin HIV protease inhibitors Nefazodone    

Avoid simvastatin
•

 
Gemfibrozil Cyclosporine Danazol                       
Do not exceed 10 mg simvastatin daily 

•
 

Amiodarone Verapamil                                     
Do not exceed 20 mg simvastatin daily 

•
 

Grapefruit juice                                          
Avoid large quantities of grapefruit juice (>1 quart daily)

•
 

Diltiazem                                                
Do not exceed 40 mg simvastatin daily 

Chinese Patients 
Taking Lipid-

 Modifying Doses 
(≥1 g/day Niacin) 
of Niacin-containing

 Products
Do not take
80 mg
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(Data compiled from labeling for Crestor (rosuvastatin; AstraZeneca); 
Labeling from http://www.accessdata.fda.gov/scripts/cder/drugsatfda.); November 2007 labeling

<Huang S-M, Temple R, Clin Pharmacol Ther. 84(3): 287-294, 2008>

Comparative exposure and dose recommendation 
in subgroups with various patient factors

http://www.accessdata.fda.gov/scripts/cder/drugsatfda
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Rosuvastatin
•

 
Rosuvastatin is not extensively metabolized; ~ 
10% of a radiolabeled dose is recovered as 
metabolite.

•
 

No drug interactions with ketoconazole, 
erythromycin, itraconazole, known CYP3A4/P-gp 
inhibitors

Simonson SG, et al. Clin Pharmacol Ther. 2004; 76(2):167; Kesjutaki JE, et al, 
Clini Pharmacol Ther 2009; 86:197; Tomlinson B, Clin Pharmacol Ther 2010

Crestor Labeling (AstraZeneca); htttp://www.accessdata.fda.gov/scripts/cder/drugsatfda

Possible mechanism-
cyclosporine 
inhibition of BCRP 
(efflux transporter) 
& OATP1B1 (uptake 
transporter)

http://www.accessdata.fda.gov/scripts/cder/drugsatfda
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(OATP1B1)
c.521CC/TT

(BCRP)
c.421AA/CC

(P-gp)
c.1236TT/CC
c.2677TT/GG
c.3435TT/CC

ata from Niemi M, Clin Pharmacol Ther 87:130, January 2010

c.521T>C
White: Black: Asian
15-20: 2 : 10-15%

c.421 C>A
White: Black: Asian

15-20: 0-5 : 25-35%

Fold-Change in Plasma AUC
 - Effect of Transporter Genetics -

D
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Data from Niemi M, Clin Pharmacol Ther 87:130, January 2010

Transporter Genetics?
-

 
Are We Ready?-

Other metabolic pathways?
Other transport pathways?

Dosing Based on 

 



Transporter Information in Drug Labeling

NME: new molecular entity;  
<Modified from Agarwal et.al, ACCP 2010 Abstract>

103# of PMRs/PMCs related to 
transporters

71# in ‘Highlights’ section

61# on other transporters
914# in vivo
1610# in vitro

206# on P-glycoprotein

21 (38%)11 (16%)# (%) with transporter information in 
the labelings

5667# of Approved NMEs

2007-
2009

2004-
2006

103# of PMRs/PMCs related to 
transporters

71# in ‘Highlights’ section

61# on other transporters
914# in vivo
1610# in vitro

206# on P-glycoprotein

21 (38%)11 (16%)# (%) with transporter information in 
the labelings

5667# of Approved NMEs

2007-
2009

2004-
2006



S-M Huang 20     

Transporter Information in Drug Labeling
Transporter Drug Names*

P-gp Aliskiren, ambrisentan, [aprepitant], clarithromycin, colchicine, 
[dexvenafaxine], dronedarone, [eltrombopag], everolimus,

 
fexofenadine, [fosaprepitant], [ixabepilone], lapatinib, 
maraviroc, nilotinib, paliperidone, posaconazole, [prasugrel], 
[[propafenone]], propranolol, ranolazine,

 

saxagliptin, 
silodosin, sirolimus, sitagliptin, tipranavir**, tolvaptan,

 
topotecan, [vorinostat]

OATP1B1 Atorvastatin,  cyclosporine, eltrombopag***, lapatinib, 
valsartan

OATP Ambrisentan

OAT Sitagliptin (OAT3)
OCT Metformin, pramipexole, [saxagliptin], [sitagliptin], varenicline 

(OCT2)
BCRP Lapatinib, topotecan
MRP Mycophenolate (MRP2), [ixabepilone] (MRP1),valsartan (MRP2)
*Not an extensive list: data based on a preliminary survey of electronic PDR and Drugs@FDA on September 
18, 2009. They are substrates, inhibitors, both substrates and inhibitors,

 

[not a substrate or an inhibitor], 
or [[not studies as a substrate or an inhibitor]]; **:Tipranavir

 

is also a P-gp inducer *** an inhibitor; its 
labeling contains a list of OATP1B1 substrates
<Huang, SM, Zhang L, Giacomini KM, Clin Pharmacol Ther January 2010>

HIGHLIGHTS
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OATP1B1
“Eltrombopag is an inhibitor of OATP1B1 
transporter. Monitor patients closely for 
signs and symptoms of excessive exposure to 
the drugs that are substrates of OATP1B1 
(e.g., rosuvastatin) and consider reduction of 
the dose of these drugs.”

The following were listed as OATP1B1 substrates:
 “benzylpenicillin, atorvastatin, fluvastatin, 

pravastatin, rosuvastatin, methotrexate, 
nateglinide, repaglinide, rifampin”

Drugs at the FDA (Promacta,November 2008, “Highlights” and “Drug Interactions”)
http://www.accessdata.fda.gov/scripts/cder/drugsatfda/index.cfm?fuseaction=Search.La

 
bel_ApprovalHistory
http://www.accessdata.fda.gov/Scripts/cder/DrugsatFDA/
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Members of the International 
Transporter Consortium

*Co-chairs

<Huang, SM, Zhang L, Giacomini KM, Clin Pharmacol Ther January 2010>
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White Paper
From the “International Transporter Consortium”

1.Overview of Transporters
Overview, MDR1, BCRP, OAT/OCT, OATP

2. Methods for Studying Transporters
Cell/membrane models, intact organ/in vivo models;
modeling/imaging tools, enzyme/transporter interplay

3. Drug Development Issues
Overview/example cases; decision trees 

1. International Transporter Consortium, Nature Reviews Drug Discovery, March 2010
2. Huang S-M, Woodcock J, Nature Reviews Drug Discovery, March 2010



S-M Huang 24     

International Transporter 
Consortium, Nature 
Reviews Drug Discovery, 
March 2010

OATP 
Decision 
Trees-

(a) 
substrate

(b) 
inhibitor



INTERNATIONALINTERNATIONAL
 TRANSPORTER CONSORTIUMTRANSPORTER CONSORTIUM

 SECOND WORKSHOPSECOND WORKSHOP

 March, 2012March, 2012
 Bethesda/Washington DCBethesda/Washington DC

Preliminary Notice
Updates will be provided on the AAPS Transporter 

Website
www.aapspharmaceutica.com/ITCwhitepaper

‐Leading scientists from academia, the FDA and
industry will extend discussions arising from 
the ITC white paper:
Nature Reviews Drug Discovery
9, 215‐236 (2010)

‐As with the first workshop, participants will 
be encouraged to join discussions on best 
practices and future directions.

‐Leading scientists from academia, the FDA and
industry will extend discussions arising from 
the ITC white paper:
Nature Reviews Drug Discovery
9, 215‐236 (2010)

‐As with the first workshop, participants will 
be encouraged to join discussions on best 
practices and future directions.

WORKSHOP SESSIONS

•

 

Tools and Techniques

•

 

Additional Transporters

•

 

Decision Trees and Regulatory Issues

WORKSHOP SESSIONS

•

 

Tools and Techniques

•

 

Additional Transporters

•

 

Decision Trees and Regulatory Issues

http://www.aapspharmaceutica.com/ITCwhitepaper


ITC Whitepaper Web Page

Dr. Maciej J. Zamek-Gliszczynski  

http://www.aaps.org/inside/focus_groups/DrugTrans/ITCwhitepaper.asp
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Draft published for public 
comment

September 11, 2006

http://www.fda.gov/downloads/Drugs/
GuidanceComplianceRegulatoryInformati

on/Guidances/ucm072101.pdf

FDA Drug Development & 
Drug Interaction website

http://www.fda.gov/Drugs/DevelopmentA
pprovalProcess/DevelopmentResources/Dr
ugInteractionsLabeling/ucm080499.htm

--
OLD

---

Bei
ng 

Rev
ise

d --
OLD

---

 
 

 
 

Revision of Guidance
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http://www.fda.gov/Drugs/DevelopmentApprovalProcess/Development
Resources/DrugInteractionsLabeling/ucm080499.htm
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–
 

The need to understand metabolism, 
transport, and drug-drug interaction 
(DDI) in order to assess benefit/risk

-
 

Application of mechanistic models in DDI 
prediction (static and dynamic models, 
including PBPK)

-
 

The need to evaluate therapeutic protein-
 drug interactions

–
 

The need to have exposure-response info 
to determine clinical significance of 
exposure changes due to drug interactions

New Draft Guidance
-

 
Key Messages -



30  S-M Huang

Evaluation of NME as a Substrate
 

for 
Transporters—Other Drugs’

 
Effect on NME 

Determine whether 
NME is a P-gp 
and/or BCRP
substrate *

All NMEs

Hepatic or biliary 
Secretion major?

e.g., ≥

 

25% 
total clearance?

Renal active 
secretion major?

e.g., ≥

 

25%
total clearance?

Refer to P-gp and
BCRP decision tree**

for the need to
conduct in vivo studies

Determine whether
NME is an OATP1B1

or OATP1B3
Substrate*

Determine whether
NME is an OAT1, OAT3 

or OCT2

 

substrate*

Refer to OATP1B1/1B3
decision tree** for the

need to conduct in 
Vivo studies

Refer to OAT1/3 and
OCT2 decision tree** for

the need to conduct
in vivo studies

Yes Yes

 The sponsor has the option to use in vitro tools first for the evaluation.
* Refer to the Transporter Whitepaper (ITC, Nature Reviews Drug Discovery, March 2010) for the 
ecision tree for each transporter                                                             Source: FDA Clinical Pharmacology Advisory Committee Meeting, 3/17/10.

*
*
d*
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31 

P-gp Inhibitors have >2-fold Increase in Exposure

1.0 1.5 2.0 2.5 3.0

1.0 1.5 2.0 2.5 3.0

1.0 1.5 2.0 2.5 3.0

Mild (50-80 mL/min)

Moderate (30—50 mL/min)

Severe (<30 mL/min)

Child-Pugh A

Child-Pugh B

Ketoconazole

Ritonavir

Renal 
Impairment

Hepatic 
Impairment

Drug Interactions 

1.4

1.5

1.6

1.2

2.3

2.6

2.5

Change in AUC Relative to “Normal”
Adapted from C Tornoe, Advisory committee meeting (rivaroxaban), March 2009
http://www.fda.gov/ohrms/dockets/ac/09/slides/2009-4418s1-06-FDA-Tornoe.pdf

?

Follow up PBPK modeling on multiple impairments: Zhao P, et al, presentation at the annual 
meeting of American Society for Clinical Pharmacology and Therapeutics,
Atlanta, GA, March 2010

Moderate Hepatic Impairment and Strong CYP3A4/
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Drug Interaction and Renal ImpairmentDrug Interaction and Renal Impairment
A semiA semi--PBPK simulationPBPK simulation

Plamsa
V

Liver
Vh

Qhv
Qha

Portal vein
Vpv

Gut Lumen

Qpv

Qpv

fa *fG *Ka

CLCLINT,H INT,H (CYP3A4, CYP2J2, and non(CYP3A4, CYP2J2, and non--CYP)CYP)

Dose

Plamsa
V

Liver
Vh

Qhv
Qha

Portal vein
Vpv

Gut Lumen

Qpv

Qpv

fa *fG *Ka
CL/F

400 mg

SubstrateSubstrate

KetoconazoleKetoconazole

RI

RI ??

X??X??

XX

KetoconazoleKetoconazole
• Ki_CYP3A4

 

=15 nM
(SimCYP®, V8.20)
• Ki_CYP2J2

 

= 2 µM 
(Jones, Drug Metabo Rev, 2008)

CLCLr_filr_fil +CL+CLr_Secr_Sec

• Ki_Renal Secretion

 

=????

Using SaamII®
Ito, Drug Metabo Dispos, 2003
Yang, Eur J Pharm Sci, 2003
Yang, J Psychopharmacol, 2006
Rostami-Hodjegan, personal comm.

0
0.1

0.2
0.3

0.4
0.5

0.6

0 0.5 1
% Decrease in GFR

%
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H
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 C
YP

Extrapolated from SimCYP®

<Zhao P, Zhang L, Lesko, L, Huang S-M, LOL presentation, Merrimac, WI, September 2009>
<Zhao P, et al, presentation at ASCPT, Atlanta, GA, March 2010>
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Blood

Lung

Rapidly perfused 
organs

Slowly perfused 
organs

Kidney

Liver

Intestines

Blood

Elimination
Dosing

ADME, PK, PD  and 
MOA 

Metabolism
Active transport 
Passive diffusion
Protein binding
Drug-drug interactions
Receptor binding

System component 
(drug-independent)

PBPK Model

Predict, Learn, Confirm

Drug-dependent 
component

A. Intrinsic/extrinsic Factors B. PBPK Model components

Huang and Temple, 2008
Individual or combined 
effects on human physiology

PBPK: Application of PBPK in 
Clinical Pharmacology Evaluation

<Zhao P, et al, Clin Pharmacol Ther, in press>
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Plasma

Liver
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34
Courtesy of Dr. Yuichi Sugiyama
odified from Yuichi Sugiyama, Optivia webinar, July 2010 

 -
 

Pravastatin in Humans -

M
< Watanabe T, et al, JPET, 328:652, 2009>

PBPK Modeling



35  S-M Huang

Interactions of HIV Protease 
Inhibitors with OATP

Annaert P, et al, Xenobiotica, 40(3): 163-176, 2010
Can the drug interaction data from ritonavir/
lopinavir

 
extrapolated to other PIs?
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Summary
• As drug development science advances and 
additional info becomes available, drug 
labels have continued to be updated

•
 
The role of transporter in drug efficacy 
& safety have been increasingly evaluated

[ P-gp-based interactions are among the 
most evaluated; others include OATP, 
OCT, OAT, BCRP]
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Summary (2)
• Collaborations among academia, industry,
government agencies, (and consumers) are
key to success in developing useful
information for the safe and effective 
use of drug products

• Various decision trees have been 
developed to guide clinical studies
based on in vitro data
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Summary (3)

• Modeling/simulation tools (e.g., PBPK based)
are critical and increasingly being used to
optimize study design and to address issues
related to multiple inhibitors/multiple
patient factors

• Pharmacogenetic
 

tools are available and 
critical in identifying important pathways
and potential drug interactions (both
genome-wide association and candidate
gene approaches)
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Summary (4)
FDA plans to issue for public 
comments another draft drug interaction
guidance, which will include recommendations
related to evaluation of transporter-based
drug interactions, in addition to non-
CYP based interactions, interactions 
involving therapeutic proteins, and the 
use of various mechanistic models

 
(static

and dynamic, including PBPK models) to
assess combined effect of various patient
factors
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