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Determinants of Drug Disposition
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Case Study

59 yr old female with type 2 diabetes on metformin
presents with a 3 month history of vague abdominal
pain and diarrhea.

Also 3 months ago, started on cimetidine for
duodenal ulcer treatment.

On examination, noted to be agitated, hypotensive
(BP 85/40 mmHg). Arterial blood gas showed
profound metabolic acidosis (pH 6.5)

Dx: Metformin induced metabolic acidosis

Dawson et al Diabetes Care 26:2471-2472, 2003

Case Study

* Why did she develop this?

* Metformin is not significantly metabolized.
It is cleared by glomerular filtration and
tubular secretion.

e Cimetidine is known to be capable of
inhibiting renal tubular secretion of
metformin.

Dawson et al Diabetes Care 26:2471-2472, 2003
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Renal Transporters
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Ho RH and Kim RB Clin Pharmacol Ther, 78:260-77, 2005

OCT2 is the metformin transporter
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Kimura N et al et al Pharm Res 22:255-259, 2005
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OCT2 can be inhibited by cimetidine
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Hepatic OATP Transporters

Endogenous Substrates: Endogenous Substrates:
Estrone Sulfate, PGE,, Bilirubin, thyroid hormone  CCK-8, PGE, Thyroid hormone (T;, T,) Estradiol 17
(T5, T,) Bilirubin-glucuronides Estradiol 173-d- B -d-glucuronide, Bile acids, Deltophin, DPDPE,

glucuronide, bile acids

Drug Substrates: Drug Substrates:

Atorvastatin, Cerivastatin, Pravastatin Pravastatin, Pitavastatin, Rosuvastatin,,
Rosuvastatin, Pitavastatin, Caspofungin, Fexofenadine, BQ-123, Oubain, Digoxin,
Troglitazone-sulfate, Rifampin, Arsenic, Doxotaxel, Paclitaxel,, Rifampin, MTX, Bilirubin,
Atrasentan, Valsartan, Olmesartan, Enalapril, Repaglinide, Telmisartan, Valsartan,

MTX, Temocaprilat, SN-38 Olmesartan, Enalapril, Temocaprilat, SN-38
Toxins: Toxins:

Phalloidin, Microcystin-LR Phalloidin, Microcystin-LR

©Richard B. Kim M.D

MRNA and Protein Expression
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Expression of Hepatic Statin Transporters

400 A
A
*
« 300 o
)
o
£ s v
z *
> A
g 200 A A .
O AA v N
s —
€ $ala v
100 + A A !'
A ; L
ALl 'v;v
A v
v *ee?
v o %
DOXXD

OATP1B1 OATP1B3 OATP2B1 NTCP

Human Liver Samples Ho et al., Gastroenterology 2006

Protein Expression of Hepatic OATPs
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Hepatic OATP Expression
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Rosuvastatin Transporters
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So what should you do about
OATPs??

AN

Substrates Galore

Appetizer
Hepatocytes (could use rat).
Q. Uptake transport relevant?

Salad

Express OATP1B1, 1B3, 2B1 (consider
1A2).

Consider expressing rat or mouse
Oatps.

Entrée

Is uptake 1.5-fold or > than control?
If no, OATPs may not be the relevant
transporter(s)

Dessert
Determine Km and Vmax

(use a standardized transporter model
system. i.e. do not mix oocytes + Cell
lines + vesicles etc)

Beverages
OATP1B1- Consider PGEN

Richard Kim's OATP Cafe: Menu 0]

Lots of Inhibition
Appetizer
Consider labeled estradiol 17-B
glucuronide as a model substrate

Salad

Express 1B1 and 1B3 (might consider
other OATPs).

Entrée

Determine IC50.

Include known positive control inhibitors
(e.g. RIF).

Dessert

Consider I/1C50 values.

Difficult to know when a clinical
interaction study should be carried out.

Beverages

If a clinical study is necessary
Rosuvastatin or pravastatin as substrates
OATP1B3 (mostly) telmisartan

PK + and - your drug could be done

©Richard B. Kim M.D.
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OATP substrates: What to do step-by-step

Step 1:
Hepatocytes (could use rat).
Q. Uptake transport relevant?

Step 2:

Express OATP1B1, 1B3, 2B1
(consider 1A2).

Consider expressing rat or
mouse Oatps (why? Species
differences).

Step 3:

Is uptake 1.5-fold or > than
control?

If no, OATPs may not be the
relevant transporter(s)

Step 4:

Determine Km and Vmax

(use a standardized
transporter model system. i.e.
do not mix oocytes + Cell lines
+ vesicles etc)

Step 5:

OATP1B1- Consider PGEN in
vivo study

OATPs: What to do if you are worried that your
compound is an inhibitor

Step 1

Consider labeled estradiol
17-B glucuronide as a
model substrate

Step 2

Express 1B1 and 1B3 (might
consider other OATPS).

Step 3

Determine IC50.

Include known positive
control inhibitors (e.g. RIF).

Step 4
Consider I/IC50 values.

Difficult to know when a
clinical interaction study
should be carried out.

Step 5

If a clinical study is necessary
<Rosuvastatin or pravastatin
as substrates

«OATP1B3 (mostly) telmisartan

<PK of substrate +/- your drug
could be done

4/29/2011
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In vivo relevance

Focus on OATPs
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ACCELERATED COMMUNICATION

Targeted Disruption of Murine Organic Anion-Transporting
Polypeptide 1b2 (oatp1b2/Sico1b2) Significantly Alters Disposition
of Prototypical Drug Substrates Pravastatin and Rifampin
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Loss of hepatic Oatplb2
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Pravastatin continuous infusion
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Oatp KO mice data

Table 1 Solute carrier knockout mouse models of drug transport

Gene
Protein

Skeo1b2
Oatp1b2

Slcola/1b
Oatplanb

Localization
Hepatocyte
(basolateral
membrane)

Liver, kidney,
small intestine,
brain, testes

Probe drug (dose and route)
Rifampin 1 ma/kg IV

Rifampin & pg/h
for 24 h 5C Infusion

Pravastatin & pg'h
for 24h 5C infusion

Pravastatin 32 pg/h
for 24 h 5C Infusion

Phalloldin 2.5 mog/kg IP
Microcystin-LR 120 pg/kg IP
Rifampicin 3 mg/kg 5C
Rifamycin 5% 3 mg/kg S5C
Cerivastatin 3mg/kg SC
Lovastatin acid 3mg/kg 5C
Pravastatin 3 mg/kg 5C
Simvastatin acid 3mg/kg SC
Methotrexate 10mgkg IV
Methaotrexate 10mg/kg oral
Fexofenadine 1 mgikg IV
Fexofenadine 1 mg/kg oral

Paclitaxel 10mg/kg IV

oh B atd b 4 |

F orp offect of gene deletion

1.7-Fold increase in plasma AUC; 2.5-fold decrease in liver AUC
fourfold decrease

1.5-Fold increase in 1 te plasma conc
In steady-state liver concentration

1.8-Fold increase in steady-state plasma concentration; 1.8-fold decrease
in steady-state liver concentration

1.8-Fold increase in steady-state plasma concentration; 1.9-fold decrease
In steady-state liver concentration

Oatp1b2'~ mice protected from hepatoxicity: no change in ALT level or histology
6016 0atp1b2-" mice survived, compared with 3 of & wild-type mice
Fourfold decrease in liver-to-plasma ratio at 0.5hand 2h

Mo significant change In liver-to-plasma ratio at 0.5 hand 2h

Mo significant change in liver-to-plasma ratioat 0.5hand 2h

1.5-Fold decrease in liver-to-plasma ratioat 0.5hand 2 h

2.5-Fold increase in liver-to-plasma ratio at 2h

Mo significant change in liver-to-plasma ratioat 0.5 hand 2h

4.8-Fold increase in plasma AUC

3.8-Fold increase in plasma AUC

3.3-Fold increase in plasma AUC

4.6-Fold increase in plasma AUC

Twofold increase in plasma AUC; twofold decrease in liver AUC

DeGorter M and Kim RB, Clin Pharmacol Ther 2011

4/29/2011
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Oat, Oct, and Matel KO mice

Slc22a6
Oat1

Slc22a8
Dat3

Sle22al
Octh

Slc22a2
Ocr2
Slc22ali2
Oct12

Sle47al
Matela/lb

Kidney
(basolateral);
Chorold plexus
(apical)

Kidney
(basolateral);
choroid plexus
(aplcal)

Kidney, liver,
intestine
(basolateral)

Kidney
(basolateral)

Kidney (apical)

Furosemide 0.1-10ma/kg IV
Bendroflumethiazide
0.003-1mg/kg IV
Furosemide 0.1-10mg/kg IV

Bendroflumethiazide
0.003-1mg/kg IV

Penicillin G 1.87 pg/kg IV

Ciprofloxacin 5 mg/kg IV
Methotrexate 1.7 mg/kg IV

Ro 64-0802 (Oseltamivir)
1 mmol/l intracerebral injection

Metformin 5mg/kg IV;
150 mg/hikg IV infusion;
S0ma/kg IP {5 days)

Cisplatin 10mg/kg IP
Cisplatin 10mg/kg IP

Cisplatin 10mg/kg IP

Metformin S mg/kg IV

Cisplatin 0.5mag/kg IV:
15ma/kg 1P
Cephalexin 5 maikg IV

Fourfold Increase in ED,,

Threefold increase In EDgy

Threefold increase in EDg,

Twofold increase in ED,,

Two- and threefold increase in plasma AUC in male and female mice,
respectively

1.25-Fold increase in plasma AUC

Reduced clearance in female Oat3~'- mice

Threefold increase in brain concentration after 2h

30-Fold reduction in liver concentration after 10 min; protection from
metformin-induced lactic acidosis; no effect on fasting plasma glucose levels

Nao significant change

No significant change
Twofold decrease in total urinary excretion, no change in plasma AUC

Twolold increase in plasma ALIC after 60min

Significant increase in plasma and renal concentration after 1 h; increasein
nephrotoxicity after 3 days

1.5-Fold increase in plasma AUC

DeGorter M and Kim RB, Clin Pharmacol Ther 2011

OATPs and CNS Drug Entry?

4/29/2011
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OATP1A2 is expressed at the level
of the BBB

Lee et al, J.Biol.Chem. 2005

©Richard B. Kim M.D.

OATP1A2

Category Substrate
Bile salts Taurocholate

Cholate, glycocholate, TCDCA, TUDCA
Hormones DHEAS

E17RG
Unconjugated bilirubin
E-3-5, T,.T,. 1T,
Peptides Deltorphin Il
BQ-123, CRC-220, DPOPE

Organic anions  BSP

QOrganic cations  APD-ajmalinium, N-methylquinine,
N-methylquinidine, rocuronium

Dhrugs Fexofenading

Quabain
Imatinib
Rocuronium

Chlorambuciltaurecholate, Gd-8 20790,
erythromycin, levofloxacin, pitavastatin,
pravastatin, rosuvastatin, saguinavir,

D-penicillamine, bamet-UD2, bamet-R2,
h It 1l s

phthalein, unp ,
Toxins Microcystin
Eicosanowds Prostaglandin E,

Inhibitor

Ursodeoxycholate, tauroursodeoxycholate,
aurochenodeaxycholate, ursodeaxycholate,
indocyanine green, glycocholate, cholats,
chenodeaxycholate

Tauroursodecxycholate, taurachenodeoxycholate,
E-3-5, dexamethasone

Bilirubin

E,17pG

ole, naloxone, Leu-enkephalin, E-3-5, DPDPE

Rifampin, nfamyan 5V, oubain,
tauroursodeoxycholate, ursodecxycholate,
taurocholate, taurochenodeoxycholate, indocyanine
green, glycocholate, cholate, chenodeaxycholate

Grapefruit juice (naningin), orange juice (hesperiding,
apple juice, veraparml, saguinavir, nitonavr,
quinidine, PSC-833, nelfinavir, lovastatin,
ketoconazole, indinavrr, erythromycin
Taurochenodeaxycholate

Uremnic taxins {CMPF)

Taurocholate, quinidine, N-methylquinidine,
Kestrophantosicle, Azidoprocainamide methiodide

4/29/2011
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OATPs and Breast Cancer

OATP1A2 is Expressed in Breast Cancer

Non-malignant breast tissue

Malignant breast tissue

control control

Meyer zu Schwabedissen et al Cancer Res 2008

4/29/2011
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OATP1A2 and PXR go together
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PXR antagonist A792611 reduces PXR effect on
OATP1A2 expression

T47D

Negative control
A-792611

- Positive control
" ‘ Rifampin
P A792611

| DMSO
1 Rifampin +

anti-OATP1A2

anti-actin

"
i
-

!

Meyer zu Schwabedissen et al Cancer Res 2008

OATP1A2 is regulated by PXR

Anti-PXR-antibody

C——1DMSO A-20 N-16 ‘E
I A-792611 R pE S Ny
Rifampin
I Rifampin & A-792611
T T T 1
0 100 200 300 400

Luciferase activity
[%-of control]

4/29/2011
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PXR, OATP and Breast Cancer Proliferation
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OATPs and Colon Cancer

4/29/2011
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Expression of OATP1B3 in Colon Cancer

Q. RT-PCR Normal liver Normal colon Colon Tumor
anti-OATP1B3 anti-OATP1B3
= p<0.0001 it Sisints —
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Lee et al, Cancer Res., 2008

OATPs and Irinotecan (CPT-11)
Chemotherapy

* Topoisomerase | inhibitor used to treat
colorectal cancer.

e Active drug, SN-38 undergoes hepatic
transport and metabolism.

* Emerging evidence suggest hepatic OATP1B1
and 1B3 transporters affect SN-38 uptake and
disposition.

4/29/2011

20



Irinotecan Disposition Pathway

. Carboxy esterases .
IrMNOtECAN m——) SN-38 (active drug)

CYP3A5:*
Metabolites HEPATOCYTE

BLOOD

OATPs and Statin Therapy

30 million Americans take them
everyday.....

4/29/2011
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Case Study

* 52 yrold female, renal failure secondary to
polycystic kidney disease, underwent renal
transplant in 1996.

* Presents in May 1999 complaining of myalgia and
muscle weakness.

* From Dec 1996 to Nov 1998, had been on
simvastatin (10 mg/day) without any side effects.

e April 1999, switched to cerivastatin 0.1 mg/day.
Also on cyclosporine, mycophenolate,
prednisone, and ranitidine.

Rodriguez et al Ann Int Med 132:598, 2000

Case Study

* On admission, CK 12,615 U/L.
e Cerivastatin discontinued.
* CK level normalizes in 10 days.

Rodriguez et al Ann Int Med 132:598, 2000
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In vivo human relevance

Functional Polymorphisms in OATP1B1 (OATP-C)

wiRNAL oF Bl
301 by The Amsuris

Vil 276, No. 85, b of Seplember 21, jrp. 35665,
Frintee

upsTHY
Ay for Biochemistry and Molecubar Biskey, lnc

Polymorphisms in OATP-C

IDENTIFICATION OF MULTIPLE ALLELIC VARIANTS ASSOCIATED WITH ALTERED TRANSPORT ACTIVITY
AMONG EUROPEAN- AND AFRICAN-AMERICANS

Recoived for publieation, April 27, 2001, and in revised form, June
Published, JEC Papers in Press, July 26, 2001, DOT 10.1074/be. M10

Rommel G. Tirona, Brenda F. Leake, Gr:

From the Di n of Clinteal Pharmacole
Medicine, Nashville, Tennessee 37232-6602

in Merino, and Richard B. Kim{

.. Departments of Medicine and Pharmacology, Vanderbilt University School of

©Richard B. Kim M.D

4/29/2011

23



Impact of OATP1B1 Haplotypes to Pravastatin

Pharmacokinetics
200 - o o OATP1B1 Genotype
= 2
% - T 388 521
< N *la
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29 _._._
c 100 — *15
T 25
2
> 1— —
© 50 - Ho RH et al., Pharmacogenetics
o —_ Genomics 17:647-656, 2007
0 _ — —
T T I | T T |
*'\O ¥r{0 *'\,b "'QJ *'\6 ;'\‘3 LN
*@ &'\'b\ x»'\(b\ *'\(b\ &@ x-'\'b\ *,\V_)\
AUC 67 90 87 59 100 121* 167*
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Figure 1. Results of Tests for a Trend in the Association between Myopathy and Each SNP Measured in the Genome-
wide Association Study.

P values are shown for each SNP measured among 85 participants with myopathy and 90 matched controls who
were taking 80 mg of simvastatin daily. Analyses are based on 316,184 of the 318,237 SNPs (99.4%) on the Sentrix
HumanHap300-Duo BeadChip (lllumina). A result above the horizontal red line indicates strong evidence of an as-
sociation (P<5x1077).

e NEW ENGLAND
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A Genomewide Study
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The genetic defect turned out to be one my group
had first identified in 2001
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What about clinical relevance?
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Our Group’s Approach

=3

Drugs known to have
narrow
Therapeutic index or
variable efficacy

’
i

Blood samile
Determine Determine
Drug level Genotype

@"

Individualize
Drug selection
and dosing
©Richard B. Kim M.D.
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We have a Personalized Statin
Clinic

What will happen at the Statin FAQs:

Personalized Medicine Clinic? What s personalized sedieire?
J\hh]sdsa'uph. “1|-";"|°'°-‘"d"°d“"’ Personalized medicine consbines genetics
ey parter genrype and ather etars such as diet and environ
statin Joveld v e ment 1o choase the best treatement plan.

Your genotype and statin bevel willboustd 1 oehor medications affect statin
to choose the statin therapy that s rightfor (2 teF ™ ans

o Yes. Some drugs can inhibit the metabolism
ar branaport of statins, Thess drugs can -
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TAMOXIFEN PERSON
CLINIC AT/LHSC

When Considering Tamoxifen Therapy:
Request CYP2D6 Genotyping
or
Patients on Tamoxifen Therapy:
Request CYP2D6 Genotyping and Drug Level Analysis
(Must be on Tamoxifen for >1month)

IZED MEDICINE
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Tamoxifen
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Endoxifen
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CYP2D6 has a major impact to
tamoxifen therapy
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Drug level and genetic testing at our clinic

Collect blood == Obtain Plasma =)  Extract DNA

1 Drug Level Analysis 1 Genotyping

)
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75Q Vantage

CYP2D6 and Clinical Relevance

Breast Cancer Therapy
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Case

60 year old female, dx (R) breast cancer Aug 2008.

ER/PR positive
Chemo: FEC-D

Tried aromatase inhibitor but discontinued due to
side effects (arthralgia)

Tamoxifen started April 2010
Referred to Personalized Tamoxifen Clinic at UH

Current medications

insulin 30/70 46 units BID

furosemide 40 mg once a day

enalapril 5 mg once a day

bupropion 150 mg once a day

Celebrex 200 mg once a day

potassium supplement 600 mg once a day
metformin 500 mg BID

aspirin 81 mg once a day

Lipitor 10 mg once a day

calcium and vitamin D

Ativan 1 mg QHS

Mirapex 0.25 mg in the evening for restless leg syndrome

4/29/2011
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Genotype and drug levels

* Date of Blood Sample: August 4, 2010
— CYP2D6 genotype: *1/*1
— Tamoxifen level: 247 ng/ml (667 nM)

—  Endoxifen level: 3.85 ng/ml (10.3 nM)

 How do you interpret the genotype?

e Should you stay on tamoxifen?

CYP2D6 genotype and Endoxifen levels

150
100

50 H

i

Endoxifen plasma concentration (ni)

TAAIAIIS

I No CYP2DE inhibitar
Weak CYPZDE6 inhibitor
[ Potent CYP2D6 inh bitor

Féﬂi

UM/EM EM/EM EM/10 EM/*41 EMPM  *41/PM PM/PM
N=331 N=58105 N=412 N=1134 N=2485 HN=2 N=7

CYP2D6 Genotype

Borges et al. 2006. Clin. Pharm. Ther. 80: 61

CYP2D6 inhibitors:

Minimal:
SSRI
venlafaxine
(Effexor)

Weak:
SSRI
sertraline
(Zoloft)
citalopram
(Celexa)

Strong:
SSRI
paroxetine
(Paxil)
fluoxetine
(Prozac)
buproprion
(Wellbutrin, Zyban)

4/29/2011
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What have we learned from our
clinic?

[plasma] nM

Tamoxifen Endoxifen

h ratio

plasm
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How is endoxifen eliminated
from the body??

Drug Transporters

P-Glycoprotein

ATP-dependent efflux pump
encoded by MDR1 gene in
humans.

Can actively extrude various
anticancer agents from
intracellular to extracellular
compartment, thus preventing
cell death.

Expression in some cancer cells
result in the phenomenon of
multidrug resistance (MDR).

Kartner N and Ling V, Sci Am
1989;260(3):44-51
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P-glycoprotein (MDR1) Expression

Blood-
brain
barrier

Liver
bile Kidney
ducts tubules

Ovaries
Small
intestine

Testes

Placenta

P-glycoprotein and Drug Interactions

Substrates ¢ |nhibitors

Digoxin — Quinidine
Fexofenadine (Allegra) — Verapamil
— Ketoconazole

Cyclosporine
Y P — ltraconazole

Tacrolimus i
Quinidine — Cyclosporine
Verapamil (but not — HIV protease inhibitors
nifedipine or felodipine) — Erythrmycin
Taxol — Clarithromycin
HIV protease inhibitors
. ¢ Inducers
Erythromycin — Rifampin

— St John’s wort

4/29/2011
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P-gp: Identifying Drug Substrates

L-MDR1 Cells Top view (XY Plane)
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Apical compartment

Exdoxifen is a P-gp substrate
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Teft W et al, Drug Metab Disp (2011)
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Endoxifen Plasma Level in P-gp
wildtype and deficient mice
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Teft W et al, Drug Metab Disp (2011)

Brain endoxifen levels are far higher in
P-gp deficient mice
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Conclusion

Certain transporters have very broad substrate
specificity.

Drug uptake transporters should be considered
earlier in the drug development process

Many drug transporters exhibit tissue specific
expression.

Genetic variation in transporters exist.

Drug transporters may be important to drug
disposition and disease.

Drug transporters could be targeted to enhance drug
delivery

Drug transporters are relevant to optimal drug
therapy
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