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Regulation of P-gp expression 

• PXR binds to DR4(1) motif in the 
distal XREM 

• PXR binds to both proximal 
promoter region and distal XREM 
of CYP3A 
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• P-gp and CYP based induction 
drug interactions are likely : 
– If the drug is a PXR ligand/activator as 

these drugs will induce the expression of 
P-gp and CYP3A4 as well as other 
CYPs (e.g. CYP2C9) and transporters 
(e.g. MRP2). 

Note: other receptors such as VDR and 
CAR may also play a role in regulating 
P-gp and CYP expression 
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• Pharmacogenetics of MDR1 
– Controversial area - needs clarification of genotype-

phenotype relationship 

– G2677T (Ala893Ser) in exon 21 leads to enhanced 
activity of MDR1, in vitro (digoxin) and in vivo 
(fexofenadine).  

– G2677T, and synonymous mutations at C1236T in 
exon 12 and C3435T in exon 26 (collectively 
MDR1*2) occurs in 62% of European Americans, 
13% African Americans 
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• Pharmacogenetics of MDR1 
Genotype Race P-gp  

substrate 
AUC(0-4h) 
ng.h/ml 

MDR1*1 Caucasian Fexofenadine 1316±543 

MDR1*2 Caucasian 
 

Fexofenadine 837±311* 

3435C/C Japanese Digoxin 4.11±0.57 

3435T/T Japanese Digoxin 3.27±0.58* 
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• Pharmacogenetics of MDR1 
– Others have found no association between C3435T 

and digoxin, talinolol or fexofenadine 
pharmacokinetics 

1. Gerloff et al.  MDR1 genotypes do not influence the 
absorption of a single oral dose of 1 mg digoxin in healthy 
white males. Br J Clin Pharmacol 2002 Dec;54(6):610-6  

2. Siegmund et al The effects of the human MDR1 genotype 
on the expression of duodenal P-glycoprotein and 
disposition of the probe drug talinolol. Clin Pharmacol 
Ther 2002 Nov;72(5):572-83 

3. Drescher et al. MDR1 gene polymorphisms and 
disposition of the P-glycoprotein substrate fexofenadine. 
Br J Clin Pharmacol 2002 May;53(5):526-34 
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MDR2677TT associated 
with decreased hepatic 
CYP3A4 induction 

Courtesy Dr. Kelly 



Alzheimer’s Disease 
Increased brain recovery and reduced clearance after 30 min of Aβ1-40  

injection in brain of P-gp null mice 

Similar increased recovery and reduce clearance in P-gp null mice  
was shown for Aβ 1-42 

Cirrito et al. The Journal of  Clinical Investigation 115, 11, 3285-3290 
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P-gp Activity and Regional Cerebral Blood 
Flow is Reduced in AD 

GPEN 2012 JD Unadkat, Ph.D.  9 Deo et al., In Preparation 
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Organic Anion Transporting 
Polypeptides (OATPs) 



A Model of Hepatobiliary Transport Of Organic 
Anions and Cations  

Courtesy Dr. Wang 



 
• Na+-independent transport systems.  

 
• Mechanism appears to be anion exchange, coupling the cellular 

uptake of organic compounds with the efflux of GSH, or 
bicarbonate, and/or glutathione-S-conjugates. (only 
demonstrated for rat Oatp1a1 and Oatp1a4)  
 

• bidirectional organic substrate transport, with overall 
directionality of transport dependent on substrate and counter-
ion gradients.  

Transport Mode 

Courtesy Dr. Wang 



Human OATP Substrates 

Rifampin Pravastatin 
Fexofenadine 

Asp-Tyr-Met-Gly-Trp-Met-Asp-PheNH2 

SO3H 

CCK-8 

Digoxin 

OATP1A2,2B1 
Not sig. metabolized 

OATP1B3,4C1 
Not extensively metabolized 

OATP1B3 

OATP1B1,2B1 
Not sig. metabolized 

OATP1B1,1B3 

Bilirubin 
OATP1B1? 

Thyroxine 
OATP1A2,1B1,1B3,1C1,4A1,4C1 Courtesy Dr. Wang 



Expression of Oatps/OATPs in Epithelial Tissues 

(Hagenbuch and Meier, Pflugers Arch 2004) 

OATP1A2 

OATP2B1 

Courtesy Dr. Wang 

OATP4C1 



OATP1A2 – Fexofenadine 



Effect of cyclosporin-containing immunosuppression therapy on 
pravastatin PK in cardiac transplant patients 

Hedman et al. Clin Pharmacol Ther. 2004 Jan;75(1):101-9 

10-fold higher AUC! 

Courtesy Dr. Wang 



HMG-CoA Reductase Inhibitor-Cyclosporin 
Interaction 

Shitara Y et al. Annu Rev Pharmacol Toxicol. 2005;45:689-723   

Some interactions have been reported to cause the severe side 
effect of myotoxicity of statins, including lethal rhabdomyolysis  

OATP1B1 is inhibited by cyclosporin A with a Ki value 
of less than 0.2 μM 

Courtesy Dr. Wang 



Genetic Variants of OATP1B1 

Tirona et al., JBC 2001; Nozawa et al., JPET 2002; Nishizato et al., 2003; 
 Niemi et al., Pharmacogenetics 2004; Morimoto et al., Drug Metab Pharmacokinet 2004 

Intracellular 

Extracellular 
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R152K 

P155T E156G 

V174A 

D241N 

N432D 

D462G 

G488A 

D655G 

E667G 

I353T 

N151S 

P336R 

C485F 

L643F 

L543W 

Courtesy Dr. Wang 



Pravastatin as a Probe Drug to Study the Impact 
of OATP1B1 Genetic Variation in Vivo 

Time 

“Normal” Activity 
Enhanced Activity 

Decreased Activity 

Hepatocyte 

MRP2 OATP 
1B1 

Bile Blood 

•  hydrophillic “statin” 
 

•  HMG-CoA reductase inhibitor 
 

•  not metabolized 
 

•  Clearance is uptake rate-limited 
 

• OATP1B1, OATP2B1and OAT3 substrate 
 

   
Courtesy Dr. Wang 



OATP1B1 Genotype and Pravastatin 
Pharmacokinetics In Vivo 

 

Nishizato et al., Clin Pharmacol Ther 2003 

A T 

G T 

A C 

388 521 

*1b 

*1a 

*5 
G C *15 

Non-renal clearance:  
 *1b/*1b (n = 4) 2.01 ± 0.42 L/ kg*h 
*1b/*15 (n = 9) 1.11 ± 0.34 L/ kg*h 
*15/*15 (n = 1)  0.29 L/ kg*h 

OATP1B1 Genotype and Pravastatin 
Pharmacokinetics In Vivo 

 

Courtesy Dr. Wang 



ATP ADP + Pi

Genotype dependent OATP1B1 
expression 

21 

SLCO1B1 haplotype c.388A>G (N130D) c.463C>A (P155T) c.521T>C (V174A) 
*1a 
*1b 
*4 
*5 

*14 
*15 

* 

* P value < 0.0001  ↑ statin response and 

tolerance (Rodrigues et al., 

2011, Donnelly et al., 2011)  

 ↓ pravastatin AUC (Mwinyi et 

al., 2004) 

 ↑ risk of methotrexate toxicity 

(Trevino, et al. 2009) 
Prasad et al. (Drug Metab Dispos 2013) 



ATP ADP + Pi

Expression Data Predict Genotype-
Dependent Changes in Repaglinide 

PK 

22 

32%↓in AUC0-∞ of repaglinide in individuals with 388GG  
(Kalliokoski et al., 2008) 
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OATP1B1 – Pravastatin Efficacy 



Impact of OATP1B1 Polymorphisms on Drug 
Pharmacokinetics  

Naunyn Schmiedebergs Arch Pharmacol. 2006 Mar;372(6):432-43.  
Courtesy Dr. Wang 



Role of Other Transporters in 
Drug Efficacy, Toxicity and 

Delivery 



Gemcitabine Efficacy 

• High ENT1 mRNA expression in pancreatic tumors correlated with longer overall and 
disease free survival in patients treated with gemcitabine. 

Giovanetti et al, Clin Cancer Res 2006; 66(7) 3928-5 



  Ribavirin is frontline Rx for 
hepatitis C 
 

  Ribavirin Rx is limited by its dose-
limiting hematological toxicity 
 

 Ribavirin transported into 
    erythrocyte by ENT1. 

 
  Phosphorylated to RTP. 

 
  RTP cannot diffuse or be 
    transported out. 
 
  Erythrocytes not capable of  
    purine dephosphorylation and 

results in derangement of ATP 
homeostasis 

RBV 

RBV-MP 

RBV-DP 

RBV-TP 

Ribavirin 



Fundamentals of Drug Transporters 
• Ribavirin is front-line Rx for hepatitic C. Its effectiveness is limited by 

its hematological toxicity. Viramide (Taribavrin), a prodrug, has lower 
hematological toxicity and greater distribution into the liver (perhaps 
due to greater lipophilicity or transport?).    

 

 Adenosine 
deaminase 
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Other transporters - hepatotoxicity  
• A phase 2 trial of fialuridine (FIAU), for 

hepatitis B, resulted in massive 
mitochondrial toxicity and hepatic failure in 
7 of 15 individuals.   
 • 5 patients died and 2 survived only after 
liver transplant 

• Major toxicities were hepatic failure, 
pancreatitis and myopathy 

• Mechanism of toxicity is associated with 
inhibition of mitochondrial DNA 
polymerase gamma and depletion of 
mitochondrial DNA 

O
OH

N

NH

O

O

I

OH

F

FIAU 
Fialuridine 
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FIAU 

FIAUMP 

FIAUDP 

FIAUTP 

mtDNA polymerase 
γ 

TK-2 dTMPK 

5’NDPK 

FIAUMP 

FIAUDP 
FIAUTP 

TK-1 

dTMPK 

5’NDPK 

Mitochondria Cytosol 

   
hENT1 

FIAU 

FIAU 

Transport and Intracellular Metabolism of 
FIAU 

Inhibition 

 Lai, Tse and Unadkat. 
J Biol Chem 279: 
4490–4497 (2004)  



 hENT1 and hENT2 are localized to the mitochondrial 
membrane  

 This localization facilitates the transport of nucleosides 
INTO the mitochondrial compartment 

 Mitochondrial-specific kinases convert the nucleoside 
drugs to the nucleotides 

 Antiviral nucleotides inhibit DNA-polymerase gamma and 
deplete mtDNA resulting in mitochondrial toxicity 

 Hydrophilic nucleoside drugs that are NOT substrates of 
nucleoside transporters are NOT mitochondrial toxins 

Mitochondrial toxicity of nucleoside drugs 
Fundamentals of Drug Transporters 



Other transporters - nephrotoxicity 
 
• Cidofovir, adefovir dipivoxil and tenofovir disoproxil are 

potent CMV, hepatitis and HIV drugs respectively. All 
these drug are cleared predominately by the kidney with 
>70% excreted unchanged in the urine.   
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Other transporters - nephrotoxicity 
• Cidofovir and adefovir are nephrotoxic.  The in vitro and in vivo toxicity 

of these drugs is facilitated by hOAT1. An inhibitor of hOAT1, 
probenecid, considerable reduces the cytotoxicity of these drugs. 
 

Figure 2. Cytotoxicity 
of cidofovir, adefovir, 
in CHOpIRES cells 
(solid circles) and in 
CHOhOAT cells in the 
absence of probenecid 
(solid triangles) and in 
the presence of 1 mM 
probenecid 
(open triangles). 

Chilar et al., NUCLEOSIDES, NUCLEOTIDES & NUCLEIC ACIDS, 20(4–7), 641–648 (2001) 
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CTYOMEGALOVIRUS RETINITIS – from micromedex 
• Cidofovir used IV 5 milligrams/kilogram (1hr infusion) once weekly for two 

weeks followed by 5 milligrams/kilogram once every other week until 
retinitis progression or therapy-limiting toxicity  
 

• Prehydration therapy and probenecid are recommended to prevent 
nephrotoxicity 
 

• Side effects of probenecid are serious, causing rash, dyspepsia and allergic 
phenomena. Adverse effects occurr in 48% of patients, and are severe in 3%.  
 

• Antihistamines useful in treating probenecid side effects, and/or a 3-week 
probenecid desensitization program has enabled continuation of cidofovir-
probenecid therapy in a patient with previous probenecid intolerance 
(hypersensitivity) (Lalezari et al, 1995; Lalezari et al, 1994; Higgins, 1994).  
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Utilization to improve bioavailability 
• Ganciclovir: Drug for cytomegalovirus (CMV) infection 

    Ganciclovir (F = 5%, variable)     Valganciclovir (Valcyte, F = 60%) 

Role of Transporters in Drug Delivery 
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Utilization of transporters to improve bioavailability 

• Ganciclovir (GCV): Drug for cytomegalovirus 
(CMV) infection (F = 5%, variable)  

Fundamentals of Drug Transporters 

Increased 
bioavailability of 
valganciclovir is 
thought to be due to its 
transport by the PEPT1 
transporter expressed in 
the intestine.   



Concentrations of gabapentin in plasma of monkeys 
following oral administration of gabapentin (closed 
circles) or XP13512 sodium salt (open triangles).  

Effect of XP13512 on electrophysiological responses of SMVT 
expressing oocytes. The maximal current induced by XP13512 
(Vmax) was approximately 40% of that produced by biotin (C). 

Cundy et al. J Pharmacol Exp Ther. 2004;311:315-33. 
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Fundamentals of Drug Transporters 

From Cundy KC J Clin Pharmacol. 2008 Dec;48(12):1378-88 

 



Fundamentals of Drug Transporters 

Vlotides G and  Mertens P  Nephrol Dial Transplant (2014) 0: 1–5 

canagliflozin, 
dapagliflozin, 
empagliflozin 



Merck 41 

 When a significant fraction of the drug is absorbed, distributed into 
an eliminating or non-eliminating tissue, or cleared from the body via 
transporters (i.e. ft is large) 
 e.g. when CLhepatic uptake transport vs. CLhepatic diffusion is large 
 

 If the fraction of the dose distributing into a tissue via a transporter 
is NOT significant, modulation (e.g. DDI) of this transporter 
will NOT significantly affect the systemic CL of the drug  
 But, will have a profound impact on the local tissue 
concentration and therefore potentially the toxicity and efficacy of 
the drug – disconnect between the plasma and tissue conc.  

.  

When are Transporters Relevant to ADME?  



Merck 42 

 When a new molecular entity is found to be a substrate of a 
transporter, consider the following : 
 Is the transporter(s) present in the tissue of interest?  
 If so, what is its contribution relative to CLdiffusion and CLother 
transporters?  
 In vitro transport ≠ in vivo relevance because  transfected cell 
lines (or X. oocytes) often exaggerate ft by the transporter due to 
high expression of the transporter 
 A substrate can be a potent inhibitor of a transporter without 
being a substrate 
 Even if the affinity of the substrate for the transporter is low 
and the expression of the transporter in the tissue of interest is 
low, that transporter could still be important in determinig the 
tissue conc. and/or clearance of the drug if ft via that transporter 
is large.   
 ft is king!   

Some Principles  



ATP ADP + Pi

Relative Transporter 
Abundance Pie Chart 

43 Li et al. DMD 2015 



ATP ADP + Pi

44 

Relative Transporter Abundance 
Pie Charts 



ATP ADP + Pi

Transporter Expression in Human 
Intestines 

ABCB1
8% ABCC2 10%

ABCC3 7%
ABCG2 4%

ASBT 6%
OCT1

8%

OCT3
1%

OATP2B1
6%

PEPT1 50%

ABCB1
5%

ABCC2 25%

ABCC3 36%
ABCG2 3%

OCT1 12%

OCT3 2%
OATP2B1

12%

PEPT1
5%

small intestine colon

Relative contribution 

45 

OATP1A2 could not be detected in the small intestine 

N=6, 5 males, 1 
female;  

 

  Drozdzik M  Mol Pharm. 2014 Oct 6;11(10):3547-55.  



ATP ADP + Pi

Interindividual Variability in Human Kidney 
(Cortex) Transporter Expression (N=14) 

Uptake transporters Efflux transporters 

• Expression of MATE2K and PEPT2 was below the lower level of 
quantification.  BCRP could not be detected.    
 

• Protein expression was not correlated with age or sex 
46 
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Modified Clearance Concepts  
CL=  

and when CLs
in/CLs

ef = ∞ (no permeability limitation) 
( )L

s
inu

s
inLu

QCLf
CLQf
+

and when CLc
ef = 0 (only metabolic elimination) 

the equation reduces to the well-stirred model 
int

int

CLfQ
CLQf

uL

Lu

+

( )intCLCLc
ef +

Endres  et al., Mol Pharm. 2009 6:1756-65 



Dependence of Systemic Clearance (CL) on  
 CLint and CLc

ef Clearances 
0.1 1 10 100 

Cls
in 

Cls
ef 

0.1 

1 

10 

100 

Merck 48 

Assumptions:  CLother = 0 
QL=1 (arbitrary vol/time units); Fp/FL = 1 

When sinusoidal distributional 
CL is 100-fold QL (=1), then 
Clsys  is limited by  QL .  When 
the NET sinusoidal CL is low 
(e.g. when the drug is highly 
permeable) CLc

ef / CLint 
determines CL.  Note when 
CLs

in is high, inhibition (DDI) 
of CLc

ef / CLint will have 
minimal effect on Clsys but a 
dramatic effect on hepatic 
conc.  

Endres  et al., Mol Pharm. 2009 6:1756-65 



When sinusoidal efflux is very small and there 
is no CLother: 
~As sinusoidal influx ↑, CL ↑, AUC reservoir ↓ 
As CLint ↑, CL↔, AUC reservoir ↔ 
 
However, in the LIVER: 
~As sinusoidal influx ↑, AUC liver ↔ 
As CLint ↑, AUC liver ↓ 



Cls
in 

Cls
ef 

Dependence of Systemic Clearance on  
Sinusoidal Distributional Clearance 

0.1 1 10 100 

0.1 

1 

10 

100 

When CLs
in is low or << 

CLs
ef, hepatic distribution 

becomes permeability rate 
limited - changes in either 
CLint or CLc

ef have 
decreasing impact on Clsys. 
A metabolic drug 
interaction may be predicted 
from microsomal data but 
NONE is observed in vivo  
 
Assumptions:  CLother = 0 
QL=1 (arbitrary vol/time units); 
Fp/FL = 1 
 
 

Merck 50 Endres  et al., Mol Pharm. 2009 6:1756-65 



Models of Renal and Hepatic OC Elimination  

- 70 mV 

- 70 mV 

H+ 

H+ 

H+ 

OC+ OC+ 

OC+ 

OC+ 

OC+ 

pH 6.6 pH 7.4 
pH 7.2 

Kidney Liver 

MATE1 OATPs 

Type 1 

Type 2   OC+ 

Merck 51 Courtesy Dr. J Wang 



Liver 
 
 
 

 
Blood 

 
 
 

Kidney 
 
 
 
 

Urine 

Mate1 

Oct1 

Mate1 

Oct1 

Bile Bile 

X X 
[Metformin] ↓↓↓? 

[Metformin] ↓↓↓? 

[Metformin] ↑ 

PD↓↓↓? 

What Happens to Metformin PK, Distribution 
and PD Following Ablation of Oct1/2? 

Oct2 

Slides from Maciej J. Zamek-Gliszczynski  DMD  40, 2012 
52 



Liver Kp ↓ 4.2X Metformin  Liver AUC 
modestly reduced in KO 

Metformin PK 
5 mg/kg IV 10 mg/kg PO

CL ↓ 4.5X;  Qr   
GFR 

Vd ↓ 3.5X 

F ↔ 

● wild type  
○ Oct1/2 KO 

53 



Metformin Pharmacodynamics 

● wild type  ▲  wild type + metformin 
○ Oct1/2 KO   ∆ Oct1/2 KO + metformin 

Complete hyperglycemic 
control 

ED50 ↔ 
Emax ↔ 

EAUC50 ↑ 3X 
Emax ↔ 

54 



Reduced Renal Secretion and increased Hepatic and 
Renal conc. of Metformin in Mate1 Knockout Mice 

Pharmacokinetics of Metformin after IV injection in WT and KO Mate1 Mice 

Merck 55 Courtesy Dr. J Wang Tsuda et al., Mol Pharmacol 75:1280–1286, 2009. 



Merck 56 

 Renal (and hepatic) transporter(s): 
If the uptake transport is a concentrative transporter, it may be 
the rate-limiting step. Modulation of this transport (e.g. DDI, 
SNPs) may profoundly affect the systemic conc. of the drug.  
But,  the impact on tissue conc. is likely to be much smaller 
because: 

• dX/dtrenal uptake = CLuptake remainder x Cp,u and Cp,u is ↑ 
• If the drug is mostly cleared by renal/hepatic CL, it will 
eventually be eliminated by passage through the kidney/liver 

Inhibition of the efflux transporter (e.g. at apical membrane) 
can profoundly increase the renal conc. and therefore potential 
toxicity/efficacy of the drug  

Summary 



CAUTION:  DDI 

• Many transporters are allosteric and 
demonstrate multiple binding sites 

• DDI may be substrate dependent 
• Need to better characterize the in vivo 

relevance of allosterism/multiple binding sites 

Merck 57 
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