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ABSTRACT: The hepatic organic anion transporting poly-  0aTP1B1
peptides (OATPs) influence the pharmacokinetics of several

OATP expression in

§ g human liver
drug classes and are involved in many clinical drug—drug % E 4
interactions. Predicting potential interactions with OATPs is, * = °
therefore, of value. Here, we developed in vitro and in silico °
models for identification and prediction of specific and general 5 >
inhibitors of OATP1B1, OATP1B3, and OATP2BI1. The £ oo .

maximal transport activity (MTA) of each OATP in human
liver was predicted from transport kinetics and protein OATP2B1L OATP1B1 OATP183 OATP2B1
quantification. We then used MTA to predict the effects of a

subset of inhibitors on atorvastatin uptake in vivo. Using a data set of 225 drug-like compounds, 91 OATP inhibitors were
identified. In silico models indicated that lipophilicity and polar surface area are key molecular features of OATP inhibition. MTA
predictions identified OATP1B1 and OATPIB3 as major determinants of atorvastatin uptake in vivo. The relative contributions
to overall hepatic uptake varied with isoform specificities of the inhibitors.

B INTRODUCTION transport proteins, such as the OATPs, determine intracellular
concentrations and, hence, exposure to drug metabolizing
enzymes. Examples of drugs and drug classes that are substrates
of the OATPs are 3-hydroxy-3-methylglutaryl-coenzyme A
(HMG-CoA) inhibitors (statins), bosentan, and angiotensin II-

Drug transporting membrane proteins are major determinants
of the disposition of many registered drugs and are, therefore,
of great relevance for drug safety and efficacy. This has
stimulated a considerable interest in developing a better oror :
understanding of interactions with transporters already at the receptor antagonists.”" Although there is a large substrate
drug discovery stage. The organic anion transporting overlap between the three hepatic OATPs, some compounds
polypeptide 1B1 (OATP1B1/SLCOIBI) transporter is one of have been described as specific substrates of one or another of
the most highly expressed uptake transporters in human liver." the OATPs, e.g, pitavastatsin and prostaglandin B2 as
OATPIBI has, along with OATPIB3 (SLCOIB3), been OATPI1BI1 specific substrates,” and paclitaxel and the gastro-
shortlisted as a transporter of considerable importance for intestinal peptide hormone cholecys;cé)kinin octapeptide (CCK-
drug disposition.” The significance of OATPIB1 has further 8) as OATPIB3 specific substrates.”

been emphasized by numerous reports regarding OATP1B1 Although, we have a relatively good understanding of OATP
mediated clinical drug—drug interactions (DDIs)* as well as the substrates as well as OATPIBI interacting drugs to date (cf.
identification of this transporter as an important pharmacoge- refs 3,7), limited data is available regarding OATP1B3 and
nomic biomarker for simvastatin-induced adverse drug effects.* OATP2BI interacting drugs. So far, no global comparisons of
OATPI1B1, OATPIB3, and the less studied OATP2BI the known OATP interacting drugs, nor of the molecular

(SLCO2BI) transporter are all localized in the basolateral features of importance for inhibition of the three OATPs in the
membrane of human hepatocytes. They mediate the uptake of

xenobiotics and endogenous compounds from the portal Received: February 16, 2012

bloodstream into the hepatocytes. For substrate drugs, Published: April 30, 2012
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human liver, have been made. Knowledge about specific and
general inhibitors of these transporters would be of great value
in revealing transport in complex systems like hepatocytes.

A crucial factor for increasing the knowledge and
predictability of drug disposition is the establishment of in
vitro to in vivo correlations. A prerequisite for assessing and
comparing the importance of transport proteins, as well as the
impact of drug interactions in vivo, is knowledge of the maximal
transport activity (MTA) of each transport protein in the tissue
of interest; in this case, of OATPs in the human liver. Because
deep tissue measurements cannot be routinely performed in
humans for ethical reasons, ways to extrapolate in vitro activity
to in vivo conditions need to be developed. The transport
activity is dependent on the amount of functional transporter.
Therefore, information about tissue expression of transport
proteins would be beneficial in the estimation of MTA, and for
the subsequent prediction of the impact of various DDIs.

The aims of this study were: (i) to identify specific and
general inhibitors of the three hepatic OATPs (OATP1BI,
OATP1B3, and OATP2B1), (ii) to study the inhibition
patterns of OATP1B1, OATP1B3, and OATP2B1 and the
molecular features that determine inhibition, and (iii) to
determine the protein expression of OATP1B1, OATP1B3, and
OATP2B1 in human liver and in in vitro cell models in order to
calculate the maximal hepatic transport activity and, thereby,
predict the importance of each OATP for uptake clearance
(CL) and DDIs in vivo.

To meet these aims, we developed in vitro screening models
for rapid identification of OATP inhibition. We have applied
these models to investigate the inhibition potential of 225 drugs
and drug-like compounds on OATP1B1, OATPI1B3, and
OATP2B1 mediated transport. Our experimental data were
used to develop multivariate computational models predicting
specific or general OATP interactions based on physicochem-
ical properties of the studied compounds. For a selected subset
of 13 compounds, concentration dependent inhibition of each
OATP was studied and compounds that could be used as
selective or general OATP inhibitors were identified. Further,
the protein expression of OATP1B1, OATP1B3, and
OATP2B1 was determined in human liver and in the in vitro
cell models. The results were used to calculate the intrinsic
hepatic uptake CL of atorvastatin for each OATP and to
determine the contribution of each transport protein to drug
interactions, using a subset of identified inhibitors.

B RESULTS

Characteristics of the Data Set. The data set of 225
compounds used in this study was selected mainly from the
chemical space of oral drugs. An in-house data set of 142
compounds, enriched in OATP inhibitors,” was used as a
starting point. This data set was expanded with compounds
known to interact with other hepatic transporters and with the
major cytochrome P450 (CYP) enzymes involved in drug
elimination, giving a final data set of 225 compounds. A
principal component analysis (PCA) of the data set resulted in
two significant components that described 78% of the chemical
variation of the data set. The first principal component was
mainly governed by polarity and hydrogen bonding, while the
second principal component was mainly described by lip-
ophilicity. The data set was well distributed in the oral drug
space (see Figure 1a). Outliers included large compounds such
as rifampicin and cyclosporine A.
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Figure 1. Principal components analysis (PCA) of an oral drug
reference data set® (gray squares; n = 529) and the data set of 225
compounds investigated for OATP inhibition (black squares; n = 225)
(a). The circle indicates the 95% confidence interval of the PCA for
the oral drug reference data set. The first principal component (x-axis)
is governed by polarity and hydrogen bonding, which increases to the
right, whereas the second principal component (y-axis) is governed by
lipophilicity, which increases upward. Distribution of molecular charge
at pH 7.4 of the 225 compounds investigated for OATP inhibition (b).

The physicochemical descriptors of all the compounds are
summarized in Table 1 and in Supporting Information Table 1.
The molecular weight distribution ranged from 94.1 to 1214.6
g/mol, with a mean + standard deviation of 401.6 + 191.3 g/
mol, which is higher than the mean of orally administered drugs
(347 + 162 g/mol®). This is a result of the inclusion of
compounds known to interact with the OATPs, e.g, protease
inhibitors, which tend to be larger than average oral drugs.7 The
lipophilicity, as indicated by NNLogP, varied between —2.8 and
7.2, with a mean of 2.7 + 1.9 and the average polar surface area
(PSA) was 96.1 + 70.2 A% which is in line with the range of
conventional registered oral drugs. The data set included 22%
positively charged compounds, 29% negatively charged
compounds, 43% neutral compounds, and 6% zwitterionic
compounds at pH 7.4 (see Figure 1b). Because the data set was
enriched in compounds interacting with the OATP transporters
(e, mainly neutral or negatively charged compounds),” a
higher fraction of neutral and negatively charged compounds
was found in this data set compared to the corresponding
fraction in the oral drug space.

Transport Kinetics. Human embryonic kidney 293
(HEK293) cells were stably transfected with OATPIBI,
OATP1B3, or OATP2B1. On the basis of all experiments
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Table 1. Inhibitory Effect on OATP1B1, OATP1B3, and OATP2B1 Mediated Transport and Molecular Descriptors of the 225
Investigated Compounds (The Complete Table Including Additional Molecular Descriptors Can Also Be Found in Supporting
Information Table 1.)

OATPIBI1 OATP1B3 OATP2B1

Inhi SD Inhib SD Inhi SD

Compound %’ % %" % %° % My’ PSA’ NNLogP’ Charge®
Completely overlapping

inhibitors

Atazanavir/ 6.7 4.0 [EELA 3.1 704.9 186.2 53 n
Atorvastatin "/ 11 744 162 BEIE 06 5576 1154 6.1 .
Bromosulfalein "/ 32 749 39 693 9.0 7920  185.1 6.7 -
Cholecystokinin 8/ 3.0 3.7 10.8 11413  461.9 -1.9 +
Dipyridamole 3.2 40 5046 1347 3.6

Fluo-3 1.2 12.8 7655 2193 5.7 .
Fluvastatin "/ 11.1 1.0 4105 82.9 42 -
Glycochenodeoxycholate " 59 6.9 448.6 115.1 3.6 -
Glycodeoxycholate " 35 84 4486  115.1 3.7 -
Indocyanine green” 5.8 RN A 4.0 752.0 113.2 52 -
Lopinavir/' 73 45 6288 1314 5.0
Mifepristone” 5.1 102 4296 417 4.6

MK-571 2.5 72 5141 66.9 4.1 -
Morin 4.0 59 3022 1420 2.0 .
Novobiocin 581 68 39  611.6 2066 4.0 .
Pitavastatin " '/ 68 4205 92.5 3.4 -
Rifamycin SV 98 6978 2183 5.6 .
Ritonavir/*' 1.5 7209 1515 5.8 n
Rosuvastatin "/ 7148 6.8 109 480.5 1412 2.3 =
Silymarin 94.5¢ 7.1 4824 1684 22 -
Sulfasalazine 92.1% 92.3 2.8 397.4 144.5 3.5 +
Taurocholate "/ 93.0¢ TRl 14 5147 1567 2.8 -
Taurodeoxycholate "’ 42 499.7 137.7 3.2 -
Taurolithocholate " 97.8¢ [ZY 30 4827 1115 45 .
Telmisartan’ 109.4 (XM 12 513.6 58.8 7.2 =
Tipranavir’ 109.0 i 99.0 U] 601.7 107.4 5.8 -
Partially overlapping

inhibitors

5-Carboxyfluorescein

diacetate 707¢ 11.1 711 50 -249 302 4594 1284 438 .
Benzbromarone 6.6 19.5 13.7 6.3 424.1 50.6 6.1 -
Budesonide 732 8.7 - 41 303 251 4305 99.2 2.1 n
Cerivastatin "/ 73.65 204 681 7.9 401 209 4585  101.3 4.1 -
Clarithromycin 731 104 538 41 51 123 7490  197.6 34 +
Cyclosporin A *'™ 1.5 1.6 140 179 12026  290.1 0.1 n
Diazepam 516 194 93 214 514 134 2847 28.8 2.9 n
Diethylstilbestrol 62.1% 129 311 153 681 9.6 2684 457 53 n
Estradiol-17-B-glucuronide"* = 67.94 9.7 = 69.0 8.0 -122 144 4475 1453 22 .
Genistein 116 -50 352 679 73 2702 96.3 2.5 -
GF120918 (Elacridar)” 09 374 171 612 16 5647 1014 5.0 n
Glibenclamide 29 493 72 - 13 4930 1232 4.1 -
Glycyrrhizic acid 65.8¢ 9.7 34 287 97 8199 2778 1.4 -
Ivermectin 647¢ 186 552 94 390 166 8751 1739 45 .
KO143 593 125 242 46 - 47  469.6 1024 4.0 n
Nefazodone 120 249 614 71 615 163 4710 518 44 n
Nelfinavir/ 713 74 593 146 499 82 5688 1204 53 n
Nystatin 69.3¢ 112 749 85 234 211 9261 3479 1.7 *
Paclitaxel” 716 64 621 123 308 206 8539 2358 3.6 n
PSC833 (Valspodar) I 1.8 07 331 149 12146 2858 43 s
Quercetin 108 216 79 726 122 3022 1420 2.0 -
Repaglinide” 29 - 71 422 181 4516  80.0 5.4 -
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Table 1. continued
OATPI1B1 OATP1B3 OATP2B1

Inhib SD Inhib SD Inhib SD

Compound % % %" % %° % My’ PSA’ NNLogP’ Charge®
Reserpine 67.2° 123 254 128 723 74 6097 1226 33 n
Rifampicin /™ 30 MUOKM 19 212 125 8239 2416 5.7 *
Taurochenodeoxycholate "’ 24 44 472 199 4987 1341 3.6 -
Vinblastine” 57.6¢ 107 543 126 -93 304 813.0 1688 22 n

Specific inhibitors

17p-estradiol 59 393 103 474 184 2724 454 42 n
Amprenavir 43 163 210 -34 179 5056 1394 27 n
Astemizole 223% 205 244 102 589 123 4596 435 49 +
Baicalin 2765 174 209 190 591 124 4454 1962 1.5 :
Candesartan 5218 201 286 53 284 183 4384 1068 3.5 =
Coumestrol’ 732 106 -21.1 140 -415 172 2682 82.8 3.8
Diclofenac B s 23 74 196 134 2051 512 49 -
Erlotinib’ 1064 186 275 388 1.6 3934 703 23
Erythromycin 5885 9.1 458 192 -190 93 7349 2114 3.1 +
Estrone-3-sulfate "/ 26 101 183 208 192 3494 84.0 3.5 -
Ezetimibe 555 115 1.5 260 -89 30.8 4094 64.6 4.0 n
Flutamide 68% 241 90 35 658 135 2762 772 32 n
Gemfibrozil 593¢ 107 144 198 151 227 2493 463 49 -
Glycocholic acid "/ 66.4% 45 290 135 98 332 4646 1377 2.7 -
Hoechst 33342 48.1 142 67.0 43 127 203 4526 59.6 1.2 +
Indinavir 7198 250 181 95 178 292 6148 1315 3.6 n
Indometacin - 45 486 117 -824 274 3568 65.1 4.0 -
Itraconazole” 223 107 23 288 598 145 7056 84.7 6.1 n
Ketoconazole 53.6% 187 247 154 440 162 5314 57.8 3.2 n
Levothyroxin -13.1% 243 114 50 637 150 7769 101.2 5.7 +
Lovastatin "/ 66.55 45 213 160 -17.9 285 4045 76.7 42 n
Mitoxantrone 27.2% 182 679 7.3 48.3 12.8  446.5 193.0 0.2 +
Nicardipine” 65.1% 7.6 101 18.1 31.8 223 4805 1226 25 n
Nifedipine” 637 188 -21.0 239 -444 273 3463 1133 1.1 n
N-methylnicotinamide 7148 57 05 138 145 197 1362  43.1 0.1 n
Olmesartan "’ 60.4¢ 227 370 87 19 350 5576 1472 33 :
Ouabain 50.5¢ 198 205 50 241 29.0 5847 2251 0.5 n
Piroxicam 162 163 235 75 683 93 3313 1040 0.8
Pravastatin "/ 5228 126 54 193 368 82 4235 1319 22 .
Progesterone 63.9¢ 12.1 334 40 -362.6 620 3145 36.5 3.6 n
Quinine 540% 119 -13 136 229 342 3254 512 2.9 +
Rosiglitazone - 47 321 208 100 150 3574 713 3.1 n
Saquinavir * 63.85 85 66 265 115 243 6718 1868 45 n
Simvastatin "/ 73.1% 13.1 293 269 474 142 4186 76.7 4.8 n
Spironolactone’ - 26 -342 40 -820 250 416.6 63.6 29 n
Tetracycline 22.1% 197 295 11.1 511 99 4454 2052 0.1 =
Valproic acid 252¢ 179 9.6 247 619 80 1432 37.2 33 .
Valsartan”’ 622% 21.1 337 47 123 262 4335 1063 45 -
Vincristine” 39 193 598 98 130 194 8270  187.1 2.0 n
Non-inhibitors

1-methyl-4-phenyl

pyridinium 142% 182 108 303 24 248 1702 0.6 25 n
Acarbose 149¢ 226 177 56 01 261 6466 3558 2.8 +
Aciclovir 23 182 20 147 -152 163 2252 1123 -1.0 *
Allopurinol 356 530 108 114 84 160 136.1 70.5 0.1 -
Amantadine 264% 325 100 170 17.0 179 1523 31.7 1.8 +
Amitriptyline 10.5¢ 234 220 84 -89 313 2784 9.3 5.1
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Table 1. continued
OATPIBI1 OATPI1B3 OATP2B1

Inhib  SD Inhihb SD Inhib SD

Compound %" % % % % % My’ PSAY NNLogP’ Charge’
Amodiaquine 2428 139 282 154 434 180 3569 56.3 44 +
Atenolol 206 166 7.1 128 68 328 2673 96.4 0.7 +
Atomoxetine 75 391 316 50 163 350 2564 27.6 3.6 +
Berberine 320 257 194 36 185 189 3364 37.0 3.3 n
Bestatin 109¢ 130 318 93 207 247 3084 1243 0.2 +
Bufuralol 2139 207 238 212 -70 210 2624 50.5 35 +
Bupropion 85¢ 321 72 145 170 220 2407 36.8 34 +
Buspirone 333 86 -56 15 -139 285 3865 68.3 2.0 n
Caffeine -1.8 0 319 221 195 32 273 1942 48.5 -0.1 n
Captopril 186 128 40 11.1 391 212 2163 56.6 0.8 -
Carbamazepine 13.3% 372 232 187 173 197 2363 46.8 3.0 n
Carnitine 36.6¢ 126 -93 295 155 172 1612 59.7 0.5 -
Cefadroxil 94%¢ 218 210 139 35 263 3838 1440 0.4 -
Cefamandole 302¢ 124 165 212 27 209 4615 1520 0.5 -
Celecoxib” 33% 184 223 61 -69.0 286 3814 78.9 44
Cetirizine 357 144 403 20 299 154 3889 56.4 3.1 *
Chelerythrine -07% 172 249 110 131 219 3484 37.0 3.5 n
Chloroquine -14% 227 72 132 235 193 3209 33.8 42 +
Chlorpromazine 27.18 138 228 194 43 184 3199 9.8 4.8 +
Chlorprothixene 240% 205 -69 190 266 222 3169 9.3 52 +
Chlorzoxazone 20.1% 204 -1.0 414 120 233 169.6 425 2.1 n
Cholic acid 41.6% 202 408 104 202 19.6 4076 1049 3.3
Cimetidine 403% 212 248 125 -62 234 2523 81.7 0.4 +
Clotrimazole” 3234 153 -1204 132 -37.1 326 344.8 10.8 54 n
Colchicine 452¢ 132 -39 64 244 93 3994 87.5 1.5 n
Coumarin 76 220 382 172 93 127 146.1 27.7 23 n
Daidzein 350 341 07 127 320 157 2542 73.4 2.7 n
Desipramine 259% 273 32 124 -44 62 2674 19.1 3.7 +
Dexamethasone 107 179 342 124 -125 279 3925 1042 1.8 n
Dextromethorphan 363¢ 155 -219 336 159 188 2724 18.4 3.9 +
Digoxin’ 36.0¢ 218 -47 124 321 145 7809 2152 1.7 n
Diltiazem 32¢ 108 41 45 91 245 4155 64.6 26 +
Disopyramide 47.5¢ 19.1 8.6 129 185 161 3405 65.7 3.6 +
Disulfiram’ 85 290 -38 105 155 73 2965 2.4 3.6 n
Dofetilide 10 274 199 48 181 219 4426 1220 1.8 n
Doxazosin 28.8% 140 -173 310 458 92 4515 1049 22 n
Doxorubicin 588 257 266 127 499 144 5445 2266 0.4 *
Efavirenz’ 409 218 182 186 432 150 3157 413 45 n
Eletriptan 317 337 28 99 04 96 3835 60.0 3.7 +
Emtricitabine 64 437 171 13.6 207 207 2472 88.1 0.2 n
Enalapril 715 348 41 215 197 150 3764 1022 13 -
Etoposide 422¢ 92 85 122 68 239 5886  166.6 1.3 n
Felodipine” 36.6 169 184 112 214 163 3843 68.7 2.7 n
Fendiline 1508 228 204 214 -1187 310 3165 18.5 53 +
Fenofibrate” 54¢ 230 -108 182 342 238 3608 54.4 53 n
Fentanyl 533 422 226 64 117 178 3315 284 3.9 +
Fexofenadine / 289 137 60 21.1 -58 313 5017 91.6 4.8 +
Fluconazole 74 290 75 241 341 179 3063 70.5 0.5 n
Fluoxetine 21.8 400 143 63 226 146 3103 27.6 3.8 +
Flupenthixol 302¢ 17.1 135 44 95 308 4355 33.0 43 +
Fluvoxamine 438 113 292 76 390 168 3193 62.1 2.8 +
Furafylline -147 471 07 368 181 387 2602 71.3 0.8 n
Furosemide 2348 357 223 126 345 144 3297 1264 2.0 -
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Table 1. continued
OATPI1B1 OATPIB3 OATP2B1

Inhib  SD Inhibb SD Inhib SD

Compound %t B B % %° % My’  PSA” NNLogP! Charge
Glipizide 1.1¢ 234 252 143 220 174 4445 134.5 3.0

Glycyl proline -84 281 9.6 8.2 241 257 172.2 88.3 -1.9 +
Hygromycin 328 205 42 9.7 315 105 5115 222.3 -0.8 n
Ibuprofen 47.3% 157 66 215 135 230 2053 372 4.4 -
Imipramine 269 210 -24 138 169 230 2814 9.8 4.8 +
Irinotecan 40.5¢ 13.1 269 126 163 136 5877 116.5 3.7 +
Isoniazid 299% 114 187 215 238 122 1371 74.3 -0.7 n
Isradipine 47.5¢ 177 77 345 120 109 3714 106.0 2.1 n
Lamotrigine 249 232 145 303 136 262 256.1 89.0 1.8 n
Lansoprazole 314% 248 233 148 -75.7 21.1 369.4 61.9 29 n
Lisinopril 46% 198 9.0 143 192 192 4055 144.0 -0.9 +
Loperamide 32.5% 243 324 11.6 196 288 4780 51.3 3.7 +
Loratadine’ 432% 121 450 104 281 174 3829 38.5 5.0 n
Mephenytoin 57 383 -06 134 329 245 2183 52.3 1.6 n
Metformin -33% 213 196 3.1 45 245 1292 65.5 -0.7 +
Methotrexate 274% 247 172 39 -134 299 4524 204.4 -0.4 -
Methoxsalen 381 143 89 140 -16 84 216.2 46.2 2.6 n
Metoprolol 28.1¢4 291 198 205 305 183 2684 59.0 1.9 +
Midazolam’ 329 376 6.7 7.1 227 204 3258 20.1 4.1 n
Moclobemide 1.7 33.1 -33 9.3 27.5 10.1 269.7 50.9 1.4 n
Naringenin 348% 6.6 -572 21.1 324 223 2723 96.0 22 -
Naringin 340 258 377 168 47.1 119 5805 244.0 0.2

Nicotine 6.9¢ 147 11.0 220 -165 162 163.2 19.5 1.3 +
Nitrofurantoin 233 215 -15 218 231 181 2382 119.2 0.8 -
N-methylpyridinium, ASP+ 279 262 23 123 128 215 94.1 0.6 0.9 n
N-methyl-quinidine -6.1 364 21.0 128 -103 236 3395 41.9 2.8 n
Nootkatone 256 201 -32 188 -722 322 2183 18.3 3.9 n
Ofloxacin -82¢ 262 245 247 184 233 3614 75.3 2.1 +
Omeprazole 159 135 295 6.1 113 233 3454 71.0 2.5 n
Ondansetron 48% 166 -36 240 -87 233 2934 29.7 25 n
Oxaliplatin 130 175 99 157 82 102 1152 59.7 -1.3 n
P-aminohippuric acid 30.1% 269 237 94 274 127 1932 97.7 0.2 -
Pantoprazole 152 248 234 213 173 212 3834 80.1 1.9 n
Paroxetine 33.0 284 127 132 375 13.0 3304 45.8 33 +
Penicillin G 8.8¢ 124 409 201 7.6 167 3334 89.5 1.7 -
Phalloidin 26.1# 86 362 108 24.1 186 78389 320.7 -1.7 n
Phenacetin 342% 131 -09 174 01 224 179.2 41.6 1.5 n
Phenformin 345% 134 23 388 167 266 2063 106.9 0.3 +
Phenobarbital -39 379 1713 92 11.0 221 2322 84.0 1.3 n
Phenylbutazone 251 131 170 75 151 208 3074 40.0 44 -
Phenylethyl isothiocyanate -164% 251 123 1.7 -320 195 1632 9.6 32 n
Phenytoin 254% 211 202 59 111 335 2523 65.7 2.0 n
Pilsicainide 112 408 -168 134 108 249 2734 41.8 3.0 +
Pindolol -247 323 245 152 -10.8 275 2493 64.2 1.3 +
Pioglitazone 219% 265 56 307 99 304 3564 70.5 3.6 n
Prazosin 25.1% 176 361 129 10 197 3834 96.1 1.9 n
Prednisolone 23 371 96 210 276 172 3604 104.2 1.4 n
Probenecid 352% 228 220 119 264 278 2844 75.9 2.4 -
Procainamide 21.6 303 34 63 178 29.8 2363 69.8 1.1 +
Propranolol 89 310 128 175 101 131 2604 50.2 2.6 +
Quinidine 433¢ 134 372 136 -100 249 3254 51.2 2.9 +
Ranolazine 43 391 -149 1.7 416 154 4285 83.7 2.9 n
Sanguinarine” 028 172 29 9.0 150 244 3323 37.0 32 n
Sildenafil 222 239 308 137 459 193 4756 1133 2.1 n
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Table 1. continued

OATPIB1 OATP1B3 OATP2B1
Inhib SD Inhib SD Inhib SD
Compound %" % %" % % ° % My’ PSAY NNLogP’ Charge’

Sotalol 46.4¢ 7.6 6.6 104 190 19.1 2734 92.9 0.8 +
Sulfaphenazole 169 183 07 211 17.1 264 3144 92.9 1.8 -
Tamoxifen’ 256% 166 285 245 110 266 3725 18.4 6.2 +
Tenofovir 184 382 336 7.8 233 198 2862 128.2 -0.6 -
Terfenadine 427% 148 333 13.0 3.7 228 4727 54.4 5.8 +
Testosterone 332% 159 374 148 -175.1 365 2884 40.8 34 n
Tetraethylammonium 259 205 49 9.8 6.7 179 1303 0.0 1.7 n
Theofylline 08 270 25 93 255 288 1802 61.9 -0.3 n
Thioridazine 26.1% 112 252 35 215 187 3716 9.8 5.5 +
Thiotepa -403 452 06 179 162 150 189.2 49 -0.4 n
Ticlopidine 194 149 02 359 230 252 2648 9.3 4.0 n
Tolbutamide 9.1¢% 118 58 92 155 97 269.3 81.2 2.7 -
Topotecan 367 192 173 170 -392 309 4225 110.8 2.1 n
Tranylcypromine 95 422 93 121 155 203 1342 31.7 1.2 +
Triazolam’ 457 144 187 161 205 266 3432 333 34 n
Trimethoprim 247% 218 188 109 351 126 2903 103.1 1.5 +
Valaciclovir 83% 146 66 182 -73 152 3253 148.5 -1.1 n
Varenicline 247 464 08 9.6 273 186 2123 39.0 1.8 +
Warfarin 278 259 -32 178 31.6 193 3073 65.2 2.8 -
Verapamil 403% 221 90 148 -626 270 4556 64.4 43 +
Zidovudine 9.5¢ 300 7.1 25 47 162 2672 127.3 0.3 n
Inhibition 50-75% Inhibition<50%

“Inhibition of OATP1B1 mediated E174G uptake at 20 #M. Substrate concentration used was 0.52 M. bInhibition of OATP1B3 mediated E175G
uptake at 20 M. Substrate concentration used was 1.04 yM. “Inhibition of OATP2B1 mediated E3S uptake at 20 uM. Substrate concentration used
was 1.02 uM. “AZ oeSelma descriptors generated from SMILES (Supporting Information Table 4). Compounds were treated in their neutral states.
Predicted charge at pH 7.4 (based on pK, values obtained using ADMET Predictor (SimulationsPlus, Lancaster, CA, USA)). + and — denotes
positively and negatively charged compounds, respectively. n denotes neutral compounds and + denotes zwitterionic compounds. TPredicted
solubility (using ADMET Predictor (SimulationsPlus, Lancaster, CA, USA)) in water at pH 7.4 is lower than 20 M. However, it should be noted
that all compounds are first dissolved in DMSO and further diluted with HBSS buffer giving a final DMSO concentration <1% in all experiments.
&Values from Karlgren et al.” hCompounds or compound groups suggested as OATP1B1 substrates by Giacomini et al.”> ‘Compounds or compound
groups suggested as OATP1B3 substrates by Giacomini et al.>’Compounds or compound groups suggested as OATP2B1 substrates by Giacomini et
al* *Compounds suggested as OATP1B1 inhibitors by Giacomini et al.* ‘Compounds suggested as OATP1B3 inhibitors by Giacomini et al.>

"Compounds suggested as OATP2B1 inhibitors by Giacomini et al.>

(n = 12 (OATPIB1), n = 66 (OATPIB3), n = Sl
(OATP2B1)), the mean uptake of the model substrates,
estradiol-17-glucuronide (E174G) or estrone-3-sulfate (E3S)
in the OATP expressing HEK293 cells, increased 13 times
(OATPIB1), 6.5 times (OATPI1B3), and 44 times
(OATP2B1) compared to the passive uptake in mock-
transfected cells (for a representative experiment see Figure
2a—c). The uptake curves of model substrates and atorvastatin
(used in the in vitro—in vivo extrapolations), as well as resultin
kinetic parameters, are in line with available published data”
and are presented in Figure 2d—f, Table 2, and Supporting
Information Figure 1. For all curves, both a saturable (OATP
dependent) and a linear (passive diffusion) component were
observed.

Interaction with the OATP Transporters. The screening
of the 225 compounds for interaction with each individual
OATP was performed at a concentration of 20 uM, as
described in the Experimental Details. A compound was
classified as an inhibitor if it significantly decreased the uptake
of model substrate by at least 50%. In the OATPIBI
interaction study, 78 (35%) of the 225 compounds analyzed
were classified as OATP1B1 inhibitors (see Figure 3 and
Table 1). Of these, four compounds (coumestrol, diazepam,
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nifedipine, and novobiocin) have not, to our knowledge,
previously been reported to interact with OATP1BI. In the
OATP1B3 and OATP2BI interaction studies, 46 (20%) and 45
(20%) inhibitors were identified, respectively (Figure 3 and
Table 1). Of the 46 identified inhibitors of OATP1B3, 16 have
not, to our knowledge, previously been reported to interact
with OATP1B3. Of the 45 compounds identified as OATP2B1
inhibitors, 29 compounds were identified as novel inhibitors
and have not, to our knowledge, been reported to interact with
OATP2B1 in any other studies. All novel OATP inhibitors
identified in this study are summarized in Table 3.

A few compounds stimulated, rather than inhibited, the
OATP mediated transport (see Figure 3 and Table 1). Using an
equivalent definition of stimulators as of inhibitors, ie, a
stimulator increases the transport of substrate at least 2-fold,
clotrimazole was identified as a stimulator of OATP1B3
mediated uptake of E17/G, while fendiline, progesterone, and
testosterone were found to stimulate the transport of E3S by
OATP2BI1. Of these identified stimulators, fendiline is a novel
OATP2B1 stimulator, not previously reported to interact with
any OATP. Stimulation of OATP1B3 and OATP2B1 mediated
uptake by clotrimazole and progesterone has been reported
previously.'>'! Testosterone, here identified as an OATP2B1
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Figure 2. Uptake of estradiol-17f-glucuronide (E178G) in OATP1B1
(a) and OATPIB3 (b) and of estrone-3-sulfate (E3S) in OATP2B1
expressing HEK293 cells (c) as compared to the passive uptake in
mock transfected cells in one representative experiment. Substrate
concentrations used were 0.52, 1.04, and 1.02 uM for OATPI1BI,
OATPIB3, and OATP2BI, respectively. Bars represent mean =+
standard deviation (OATP1B1 and OATP2B1) or mean + range
(OATP1B3). Michaelis—Menten kinetics of model substrate uptake in
HEK293 cells stably expressing the OATP1B1 (d), OATP1B3 (e), or
OATP2B1 (f) transporter. The intracellular accumulation of the
radiolabeled substrates was measured on a scintillation counter. Each
data point in the OATP1B1 and OATP2BI1 curves represents the
mean uptake + standard error, whereas in the OATP1B3 curve, each
replicate is shown.

stimulator, has previously been reported to be an OATP2B1
inhibitor."* This result is analogous with, e.g., results for the
ABC transporter multidrug resistance associated protein 2
(MRP2), where interacting compounds have been shown to
serve as both stimulators and inhibitors depending on
concentration used and other experimental factors."

Identification of OATP Inhibitor Overlap Using the
Single-Point Inhibition Results. In total, 91 of the 225
investigated compounds were identified to interact with one or
more of the three OATP transporters. The number of
OATPI1B1 inhibitors was almost twice as high as those of
OATP1B3 or OATP2BI1 (see previous section). Twenty-seven
compounds that only inhibit OATP1B1 were identified from
the screens. This can be compared with three and nine
compounds classified as specific inhibitors of OATP1B3 and
OATP2BI, respectively (see Figure 4 and Table 1). The three
hepatic OATP transporters displayed a large inhibitor overlap,
with 26 compounds identified as common inhibitors.
OATP1B1 and OATPIB3 had the greatest similarity in
inhibition pattern, with 42 inhibitors in common. Of these,
16 did not significantly decrease OATP2B1 mediated transport
at 20 uM used in the screening assay. In contrast, only one
compound (nefazodone) was identified as an inhibitor of both
OATPIB3 and OATP2B1 while not interacting with
OATPI1BI.

Of the 225 compounds included in this study, 67 substances
are suggested as CYP substrates, inhibitors, or inducers by the
Food and Drug Administration (FDA) and/or the European
Medicines Agency (EMA)."> Twenty-one of these 67
compounds also inhibited one or several of the OATP
transporters, indicating an interaction overlap between OATP
transporters and CYP enzymes. The largest overlap was seen
for CYP2C8 where 73% of the interacting compounds also
inhibited one or several of the OATP transporters, as illustrated
in Supporting Information Figure 2. These results are now
further investigated in our group.

Molecular Characteristics of the OATP Inhibitors. The
identified inhibitors were compared with the noninhibitors with
regard to physicochemical properties. Compounds that
stimulated substrate uptake were excluded from the analysis
of each data set. In general, the identified OATP inhibitors had
a significantly higher lipophilicity, a larger molecular weight,
and a larger PSA compared to noninhibitors (see Table 4 and
Figure Sa—b). As expected from the annotation of OATPs as
anion transporters, a significantly larger fraction of negatively
charged compounds was found among the inhibitors. The
importance of lipophilicity, as well as polarity and hydrogen
bonding, for OATP inhibition was also evident from the PCA
of the data set, where the inhibitors were clustered in the upper
right corner of the PCA graph (with the first principal
component mainly described by polarity and hydrogen
bonding, and the second principal component mainly governed
by lipophilicity) as shown in Figure Sc.

Although the physicochemical properties identified as
important for inhibition of each of the three OATPs were
similar, some differences were observed. While inhibitors of
OATPIB3 had more hydrogen bond donors than non-

Table 2. Kinetic Parameters of OATP1B1, OATP1B3, and OATP2B1 Mediated Transport

substrate K, (uM)
OATP1B1 estradiol-17-glucoronide 12.20 + 5.94
OATP1B3 estradiol-17/-glucoronide 11.69 + 3.80
OATP2B1 estrone-3-sulfate 38.24 + 10.19
OATP1B1“ atorvastatin 0.77 + 0.24
OATPI1B3 atorvastatin 0.73 + 145
OATP2B1 atorvastatin 2.84 + 1.63

“Values from Karlgren et al”
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Vnex (pmol/mg protein/min) Vina/ K (4L/mg protein/min)
15.44 + 3.44 1.27
10.12 + 1.78 0.86
455.2 + 55.36 11.90
6.61 + 1.24 8.58
229 £ 145 3.14
2427 + 8.12 8.55
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Figure 3. Inhibition potency of all 225 compounds on OATP1B1 (a),
OATPIB3 (b), and OATP2B1 mediated transport (c) at a
concentration of 20 uM. Values are presented as mean percent
inhibition + standard deviation. The 50% cutoff value is indicated by
the dashed lines. Compounds identified as inhibitors (inhibition
>50%) are shown in dark gray, while compounds identified as
noninhibitors or stimulators are shown in medium gray. In total, 78,
46, and 4S5 inhibitors of OATP1B1, OATP1B3, and OATP2B1 were
identified, respectively. For OATP1B], inhibition values for 142 of the
225 compounds were taken from the study by Karlgren et al.’.

inhibitors, no significant difference in the number of hydrogen
bond donors was observed between the inhibitor and
noninhibitor group of OATP1B1 and OATP2B1. In addition,
OATP2B1 inhibitors seemed to be less dependent on polarity
than OATP1B1 and OATPI1B3 inhibitors based on the
importance of PSA (see Table 4).

In Silico Prediction of OATP Inhibition. A computational
multivariate partial least-squares projection to latent structures
(PLS) model, discriminating inhibitors of any OATP trans-
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porter from noninhibitors, was developed. This resulted in a
model based on only two molecular descriptors, NNLogP and
PSA. The model was able to predict OATP inhibitors with
accuracies of 85% and 79% for the training and test set,
respectively. The line of optimal separation between the two
classes (as depicted in Figure 6) was described by the following
equation:

NNlogP + 0.0339 X PSA — 5.7336 = 0 (1)

In addition, multivariate PLS models, discriminating
inhibitors of each individual OATP from noninhibitors, were
also developed. The final models predicted OATP1BI,
OATPI1B3, and OATP2BI inhibitors with accuracies of 73%,
81%, and 77%, respectively, for the training sets and 79%, 92%,
and 75%, respectively, for the test sets (see Figure 7a—b). The
classification cutoff values'* for the three models, i.e.,
OATP1B1, OATP1B3, and OATP2B1, were 0.40, 0.36, and
0.32, respectively, as determined by the training sets. The
resulting regression coefficients, reflecting lipophilicity, dipole
moment, polarity, nonpolarity, hydrogen bonding, orbital 7-
energy, size, and rigidity, for the three discriminating models
are depicted in Figure 7c—e.

Specific and General OATP Inhibitors Based on ICs,
Determinations. From the overlapping and specific OATP
inhibitors in Table 1, a subset of 13 compounds was chosen for
determinations of half-maximal inhibitory concentrations
(ICs,) and subsequent inhibition constants (K;). The subset
included three compounds previously suggested as general
OATP inhibitors (cyclosporine A, rifampicin, and ritonavir)®
and three compounds commonly used as inhibitors of different
efflux (ABC) transporters (Hoechst 33342, KO143, and
MK571).% In addition, to include potential “OATP specific”
inhibitors in a broader sense, OATP inhibitors not previously
identified as inhibitors of multidrug resistance protein 1
(MDR1), breast cancer resistance protein (BCRP), MRP2,
and/or organic cation transporter 1 (OCT1) in published
studies®'® were included based on the single-point inhibition
studies. Of these, five compounds were classified as specific
inhibitors of one of the OATP transporters (indometacin,
vincristine, doxorubicin, erlotinib, and pravastatin) and two
compounds were classified as general OATP inhibitors
(atazanavir and sulfasalazine). Chemical structures of the 13
compounds are provided in Figure 8.

IC curves, ICyy, and K; values of the 13 compounds are
summarized in Figure 9. Because low substrate concentrations
were used in all experiments (ie, well below K.), the
calculated K; values were close to the experimentally
determined ICg, values for all compounds. The obtained ICy,
curves verified the trend seen in the single-point inhibition
assays. Using the same definition of an inhibitor as in the single-
point inhibition studies, i.e., an ICsy, < 20 uM, 34 of the 35 ICy,
values resulted in the same classification as in the single-point
inhibition assays. The only exception was Hoechst 33342,
which did not classify as an OATP1BI inhibitor in the single-
point inhibition assay (48% inhibition at 20 zM) but had an
ICs, value of 19 uM.

As in our previous study on ABC transporters, we classified
an inhibitor as selective if it had a greater than 10-fold lower
ICy, value as compared to those of the other two OATP
transporters.® Using this definition, pravastatin (ICs, of 3.6
uM) and erlotinib (ICs, of 0.55 uM) were classified as selective
inhibitors of OATP1B1 and OATP2B1, respectively. Cyclo-
sporine A and rifampicin, both previously proposed for use as
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Table 3. Novel OATP Inhibitors Identified

compound new inhibitor of previously known OATP interaction ref
S-carboxyfluorescein diacetate OATP1B3 OATPI1BI inhibitor 7
(5-CFDA)
astemizole OATP2B1
baicalin OATP2B1
benzbromarone OATP2B1 OATPI1BI1 inhibitor 7,49
cholecystokinin octapeptide OATP2B1 OATPI1BI substrate and inhibitor, OATP1B3 substrate, Oatp1b2 substrate,  5a,6a,7,50
(CCK-8) Oatplb4 substrate
coumestrol OATPIBI1
diazepam OATP1B1, OATP2B1
diethylstilbestrol OATP2B1 OATP1B1 inhibitor 7
dipyridamole OATP1B3, OATP2B1 OATPI1BI inhibitor 7
erlotinib OATP2B1
fluo-3 OATP2B1 OATPI1B3 substrate S1
flutamide OATP2B1
genistein OATP2B1 OATPI1B1 inhibitor 52
GF120918 (elacridar) OATP2B1 OATPI1BI1 inhibitor 7
glycochenodeoxycholate OATPI1B3,0ATP2B1 OATPI1BI inhibitor, Oatpla$ substrate 7,53
glycodeoxycholate OATP1B3,0ATP2B1 OATPIBI inhibitor, Oatpla$ substrate 7,53
Hoechst 33342 OATPI1B3
indocyanine green OATP2B1 OATPI1B3 substrate, OATP1A2, OATP1B1, OATP1B3, Oatp2al, Oatplal 54
and Oatplcl inhibitor
itraconazole OATP2B1
ivermectin OATPI1B3 OATPI1BI inhibitor 7
KO143 OATP2B1
levothyroxin OATP2B1 OATP1A2, OATP1B1, OATPICI, Oatpla4, Oatpla$, Oatplcl and Oatp4al 55
substrate
morin OATPI1B3,0ATP2B1 OATPI1BI substrate and inhibitor 52
nefazodone OATPI1B3, OATP2B1
nelfinavir OATPI1B3 OATP1A2, OATP1B1 and OATP2B1 inhibitor 56
nifedipine OATP1B1
novobiocin OATPI1B1, OATP1B3, OATP2B1
nystatin OATP1B3 OATPI1BI inhibitor 7
piroxicam OATP2B1
PSC833 (valspodar) OATP1B3 OATPI1BI, Oatpl and Oatp2 inhibitor 564,57
reserpine OATP2B1 OATPI1B1 inhibitor 7
silymarin OATPI1B3, OATP2B1 OATPI1BI1 inhibitor 52,58
sulfasalazine OATPI1B3, OATP2B1 OATPI1BI inhibitor 7
taurodeoxycholate OATP2B1 OATPI1B3, Oatplal and Oatpla$ substrate S3b,c
taurolithocholate OATPI1B3, OATP2B1 OATPI1B1 substrate, OATP1B1 and skate Oatp inhibitor 7,59
tetracycline OATP2B1
tipranavir OATP1B3 OATPI1B1 and OATP2BI inhibitor 7,60
valproic acid OATP2B1

general OATP inhibitors,> were identified as OATP1B1/
OATP1B3 inhibitors in the single-point inhibition assays. The
ICs, determination confirmed these findings. Vincristine,
identified as a specific inhibitor of OATPI1B3 in the single-
point inhibition assays, only had a 4-fold lower IC;, value for
OATP1B3 than for OATP1B1 (11 yM compared to 44 pM)
and was thus, like cyclosporine A and rifampicin, classified as an
OATP1B1/OATP1B3 inhibitor. Atazanavir, MKS571, and
ritonavir were here identified as general OATP inhibitors
(ICsy values within one log unit) with ICg, values ranging
between 0.4 and 5.2 uM, 2.9 and 6.4 uM, and 1.3 and 6.1 uM,
respectively. Hoechst 33342 was also classified as a general
OATP inhibitor, although with a preference for OATP1B1/
OATP1B3 and higher IC;, values as compared to the general
inhibitors listed above. Indometacin and sulfasalazine were
classified as borderline general inhibitors but with a preference
for OATP1B1. Doxorubicin inhibited all three transporters but
at even higher concentrations (ICs, values of 41—-240 uM).
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Because of low solubility, complete inhibition curves could not
be generated for the BCRP specific inhibitor KO143. However,
because this compound completely inhibits BCRP at a lower
concentration (1 uM)® than concentrations affecting the
OATPs, we conclude that it retained its BCRP specificity.
Prediction of ICs, Values from Inhibition Studies at a
Single Concentration. In parallel to experimental ICs,
determinations, ICs, values for the selected subset of 13
compounds were predicted based on the percent inhibition
obtained at 20 M in the single-point inhibition experiments
using eq 6 (see Experimental Details). These predicted ICq,
values were compared to the experimentally determined values.
The predicted ICs, values agreed reasonably well with the
experimental values (see Supporting Information Figure 3).
Only two predicted values were more than 10-fold different
from the experimental values, and, in total, 68% of the
predicted values were less than 3-fold different from the
obtained values. This observation further supports the
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Figure 4. Inhibitor overlap for the three investigated OATP
transporters OATPIB1 (yellow), OATP1B3 (red), and OATP2B1
(blue). In total, 91 (40%) of the 225 compounds screened inhibited at
least one of the OATP transporters studied. The number of specific
inhibitors of OATP1B1, OATP1B3, and OATP2B1 were 27, 3, and 9,
respectively. Larger inhibitor overlaps were seen between OATP1B1
and OATP1B3, and between OATP1B1 and OATP2B1, than between
OATPIB3 and OATP2B1. As many as 26 compounds were identified
as inhibitors of all three transporters at the studied concentration (20

uM).

applicability of simple screening protocols such as those used in

this study.

Table 4. Difference in Physicochemical Properties between

Inhibitors (> 50% Inhibition) and Noninhibitors (0—50%
Inhibition) of OATP1B1, OATP1B3, and OATP2B1,
Respectively (Median Descriptor Values Are Presented)

OATPI1B1
inhibitors noninhibitors significance
property n="78 n =123 p
NNLogP 3.6 2.3 <0.0001
polar surface area (A%) 121 66 <0.0001
nonpolar surface area (A%) 454 307 <0.0001
total surface area (A%) 564 363 <0.0001
molecular weight (g/mol) 481 325 <0.0001
negative charge (%) S3 18 <0.0001
hydrogen bond acceptors S 3 <0.0001
hydrogen bond donors 2 ns
OATP1B3
inhibitors noninhibitors significance
property n =46 n = 141 P
NNLogP 3.8 2.7 0.0001
polar surface area (A%) 142 70 <0.0001
nonpolar surface area (A%) 492 307 <0.0001
total surface area (A%) 609 369 <0.0001
molecular weight (g/mol) 514 336 <0.0001
negative charge (%) 59 23 <0.0001
hydrogen bond acceptors 7 3 <0.0001
hydrogen bond donors 3 2 0.0007
OATP2B1
inhibitors noninhibitors significance
property n =4S n =133 p
NNLogP 4.0 2.3 <0.0001
polar surface area (A%) 115 74 0.0005
nonpolar surface area (A?) 456 316 0.0004
total surface area (A%) 551 369 <0.0001
molecular weight (g/mol) 482 333 <0.0001
negative charge (%) 60 24 <0.0001
hydrogen bond acceptors S 4 0.0012
hydrogen bond donors 2 2 ns.
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Figure S. Differences in molecular properties between inhibitors and
noninhibitors of the OATPs. Distribution of polar surface area (PSA)
(a) and lipophilicity (NNLogP) (b) for the OATP inhibitors (black
bars) and the noninhibitors (gray bars). The OATP inhibitors have a
significantly higher PSA and lipophilicity than the noninhibitors, as
assessed using the nonparametric Mann—Whitney U test. Principal
component analysis (PCA) of the 225 compounds investigated for
OATP inhibition (c). OATP inhibitors are shown as black squares and
noninhibitors as gray squares. The first principal component (x-axis) is
governed by polarity and hydrogen bonding, which increases to the
right, whereas the second principal component (y-axis) is governed by
lipophilicity, which increases upward.

Prediction of Hepatic Intrinsic Uptake Clearance from
Maximal Transport Activity. To accurately assess the
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Figure 6. Discrimination between inhibitors and noninhibitors of the
OATPs using two variables only: NNLogP and PSA. The
corresponding model separated the two classes (here visualized with
a black line) with an accuracy of 85% for the training set and 79% for
the test set.

importance of the three hepatic OATPs in vivo, determination
of the MTA of each transport protein in the human liver is
required. Because transport capacity is related to the amount of
functional transport protein, we determined the membrane
protein expression in human liver samples and in our in vitro
cell models. We then related the protein expression to observed
maximal transport rates (V.. values) in the in vitro systems
and used these data together with expression data from the
human liver to calculate the MTA in vivo (see eq 7).

Relative and Targeted Protein Quantification of OATP
Expression in Human Liver. To obtain an appreciation of the
variability in the liver transporter expression and to select a
representative sample for targeted protein quantification, the
relative protein expressions of OATPIB1, OATP1B3, and
OATP2B1 were first determined in membrane fractions of
human liver from 12 individuals using a filter-aided sample
preparation (FASP) based proteomics approach.'® On the basis
of these results, a sample, representative of the average OATP
protein expression (filled circle in Figure 10a), was selected and
used for the subsequent targeted protein quantification. The
expression of OATPIB1, OATP1B3, and OATP2B1 was
compared with the corresponding data obtained in the in
vitro HEK293 cells overexpressing OATP1B1, OATP1B3, and
OATP2B], respectively (Figure 10b—c). As determined by the
peptide-based targeted protein quantifications, the levels of
OATPs (liver vs overexpressing HEK293 cells) were found to
be 7.2 + 0.3 vs 12.1 + 0.9 (OATP1B1), 6.3 + 0.4 vs 4.7 + 0.4
(OATP1B3), and 4.0 + 0.4 vs 57.3 + 2.5 fmol/ug membrane
protein (OATP2B1), respectively.

Maximal Transport Activity Predicts Hepatic Uptake
Clearance of Atorvastatin. Atorvastatin, a substrate of all
three OATPs,”"” was used in in vitro to in vivo extrapolations
because its liver uptake is mainly dependent on OATP
transporters. The intrinsic uptake clearance (CLim’uPtake) of
atorvastatin for each transporter in the in vitro experiments was
extrapolated to corresponding in vivo data using the MTA. As
can be seen in Figure 10d, OATP1B1 and OATP1B3 were the
major OATP transporters responsible for the hepatic uptake of
atorvastatin in vivo, with predicted CLiyypiake Oof 450 and 370
uL/min/g liver, respectively. This corresponds to a contribu-
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tion to the overall uptake CL of atorvastatin of 52% and 42%,
respectively, while the remaining 6% is cleared by OATP2BI.

Impact of the Maximal Transport Activity on Drug—Drug
Interactions. Using a static mathematical model and assuming
competitive inhibition, the impact of 10 uM of the 13 selected
inhibitors on hepatic atorvastatin uptake CL in vivo was
estimated.'® The results indicated that pravastatin, identified as
a specific inhibitor of OATPIB1 in this study, almost
exclusively inhibited the uptake of atorvastatin by OATP1B1
(75% reduction) with only a minor impact on the uptake by
OATP1B3 and OATP2B1 (15% and 5% reduction, respec-
tively) (see Figure 10d—e). As a result of the pronounced
OATP1B1 inhibition, the uptake CL became more dependent
on OATPIB3 and OATP2B1 compared to the situation
without an inhibitor. In total, the overall CL, was reduced
by 45% in the presence of pravastatin.

Erlotinib, on the other hand, identified by us as a specific
inhibitor of OATP2B1, primarily decreased the contribution of
OATP2BI to atorvastatin uptake (CLiyuprake reduced from 53
to 2.7 uL/min/g liver, a reduction of the remaining transporter
activity by 95%). However, due to the low contribution of
OATP2B], the total reduction of the overall CL e in the
presence of erlotinib was only 32% (see Figure 10e). In fact,
inhibition of OATP1B1 by erlotinib had a larger impact on
overall atorvastatin uptake CL in quantitative terms (CLim,uptake
by OATP1B1 reduced from 450 to 290 yL/min/g liver, ie., a
36% reduction) than the inhibition of OATP2BI1. This can be
explained by a combination of a higher MTA for OATPIB1
and a lower affinity of atorvastatin for OATP2BI.

Atazanavir, identified as a general inhibitor in this study,
inhibited the uptake of atorvastatin by all three OATPs. Overall,
uptake CL was decreased by 91% and the remaining uptake CL
was mainly dependent on OATP1B1 (Figure 10d). Finally,
sulfasalazine, a borderline general inhibitor with a preference
for OATP1B1 over OATPIB3, had a large impact on
OATP1B1 mediated uptake (95% reduction). This resulted
in a clear shift in the contribution of each transporter to the
overall uptake of atorvastatin, increasing the OATPIB3
contribution from 42% to 85%. Thus, in this case, OATP1B3
became the major transporter contributing to atorvastatin
uptake (Figure 10e).

In general, for all these DDIs, the contribution of OATP2B1
to the uptake CL of atorvastatin was minor. This is a result of
the lower MTA of OATP2BI in combination with the lower
affinity for atorvastatin as compared to OATP1BI and
OATPIB3. With some inhibitors though, the OATP2BI
contribution increased up to 6-fold (e.g, cyclosporine A and
rifampicin being OATP1B1/OATP1B3 specific inhibitors) (see
Figure 10e). However, it should be noted that even in cases
where the OATP2B1 contribution increases as compared to the
other two OATPs, the maximal OATP2B1 CLupuke Of
atorvastatin cannot exceed 53 puL/min/g liver. This clearly
highlights the importance of OATP1B1 and OATPIB3 as
atorvastatin uptake transporters. Nevertheless, the importance
of OATP2BI1 interactions will increase for substrates with
higher affinity for OATP2BI than for the other OATPs.

nt,uptake

B DISCUSSION

Liver expressed OATPs are considered some of the most
important drug transporting proteins in humans and the
pharmaceutical industry is recommended to examine new drug
candidates for probable interactions with these proteins.” This
has created a need for in vitro screening of OATP mediated
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Comparison of the PLS regression coefficients for the molecular descriptors included in the final discriminating models and their correlation to
inhibitors, or noninhibitors, for the OATP1B1 (c), OATP1B3 (d), and OATP2B1 model (e). Descriptors with large absolute coefficients have a
large influence on the discriminant model. The included descriptors are Hiickel molecular orbital 7-energy (HMO pi-energy), total hydrogen bond
acceptor strength (HYBOT _sum_acceptor), total hydrogen bond (hydrogen bond acceptors and donors) strength (HYBOT _sum_total), number
of hydrogen bond acceptors (HB-acceptors), polar surface area (PSA), total surface area (TSA), nonpolar surface area (NPSA), dipole moment
based on Gasteiger atomic charges (Dipole moment Gast.), number of rigid fragments in the molecule (Num. rig. frag.), two-dimensional dipole

moment (Dip. mom. 2D (G+H)) and lipophilicity (NNLogP).

DDIs in drug discovery.”'® A problem when investigating such
interactions is that many of the proposed inhibitors of OATP
transporters have not been studied for their specificity toward
the three hepatic OATPs. We therefore set out to investigate
the inhibitor specificity for a data set of 225 structurally diverse
oral drugs and drug-like compounds enriched with known and
putative OATP inhibitors. We also introduced the maximal
transport activity which allows determination of the maximal
transport capacity of each transport protein in the human liver
in vivo.

While several studies on OATP1B1 mediated drug
interactions have been performed previously (cf. ref 3,7), less
is known about global drug interaction patterns with OATP1B3
and, in particular, OATP2B1. Here, we observed a large overlap
between the inhibitors of the three OATPs and especially
between OATP1B1 and OATP1B3, which is in agreement with
the high (80%) amino acid sequence homology between these
two transporters.

No crystal structures of the OATPs are available, but
attempts to develop pharmacophore models from smaller data
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sets suggest that hydrogen bond features and lipophilicity are
important properties of OATPIBI1 substrates.”® This agrees
well with an interesting aspect of the OATP inhibitors in this
study; they benefit from being both lipophilic and being polar.
While NNLogP has been positively correlated to inhibition of
both efflux and uptake transporters, PSA has either not been
identified as an important molecular property or has been
negatively correlated to inhibition of other hepatic transporters
in previous studies.”'>*" As shown here for the investigated
compounds, a larger PSA generally results in a lower NNLogP.
Hence, a number of different structures may exhibit inhibitory
characteristics. A large structural diversity has also been
observed for inhibitors of E17G uptake in human hepatocytes,
which, presumably, is mainly the result of inhibition of
OATP1B1/OATP1B3.>

The result that inhibitors benefit from increase in both
lipophilicity and polar surface area supports the speculation that
there are several interaction sites for these transporters and that
a variety of different structures may act as inhibitors of
OATP1B1, OATP1B3, and OATP2BI. Although most
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Figure 8. Molecular structures of the 13 inhibitors selected for experimental determination of ICs, values. Compounds identified as selective
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transporters) are shown in the middle section, and below, in the bottom section, general inhibitors of the OATPs are displayed. The inhibitors are
grouped according to transporter preference based on the IC, experiments (see Results). For KO143, complete inhibition curves could not be
generated and, hence, its placement was based on the highest concentration used.

inhibition curves had slopes close to 1, the existence of several
binding sites could explain the few exceptions with slopes much
less than unity (see Figure 9 and Supporting Information Table
2). Results supporting the existence of two binding sites have
previously been provided for OATP1B1** and for OATP2B1**
based on biphasic uptake kinetics of E3S. In addition, allosteric
interaction sites affecting the uptake of pravastatin by
OATPIB1 and OATP1B3 were discussed in a recent
publication.*®

The number of inhibitors of each transporter was sufficiently
large to investigate molecular descriptors of importance for
inhibition of the individual OATP transporters and to develop
in silico models that are able to predict inhibition with good
accuracy. Our modeling reveals the somewhat different
behavior of OATP2BI1 relative to OATP1B1 and OATP1B3
(Figure 7c—e). The OATP2B1 model, contrary to those of the
other two transporters, has a negative contribution of nonpolar
(NPSA) and total surface area (TSA). However, as shown in
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Table 4, the OATP2BI inhibitors have a significantly higher
NPSA and TSA than the noninhibitors. This may be explained
by the presence of a subgroup of OATP2B1 noninhibitors with
large NPSA and TSA (e.g, cyclosporine A, ivermectin, and
PSC833). The linear model thus includes a negative
contribution of these descriptors, enabling correct predictions
of OATP2B1 inhibition potency also for such compounds.
Among the compounds classified as specific OATP1B1
inhibitors, we find the three statins, lovastatin acid, pravastatin
acid, and simvastatin acid. This is in line with the impact of
OATPIB1 polymorphisms on the pharmacokinetics®® and
dynamics* of statins. For OATP1B3, only three specific
inhibitors could be identified (the novel inhibitor Hoechst
33342, as well as the previously known interacting drugs
mitoxantrone and vincristine’”). Erlotinib, a tyrosine kinase
inhibitor used in the treatment of several forms of cancer,”® was
the only strong selective OATP2BI1 inhibitor identified.
Comparison with the maximum unbound plasma concentration
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Figure 9. Concentration dependent inhibitory effect of atazanavir (a), cyclosporine A (b), doxorubicin (c), erlotinib (d), Hoechst 33342 (e),
indometacin (f), KO143(g), MKS71 (h), pravastatin (i), rifampicin (j), ritonavir (k), sulfasalazine (1), and vincristine (m) on OATP1B1 (black
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average expression of all 12 liver tissues, was used for targeted protein quantification to obtain the membrane protein expression of OATPIBI,
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of erlotinib (0.4 uM>®) reveals that erlotinib probably inhibits
OATP2BI at clinically relevant concentrations.

Erlotinib also inhibits several other transporters, including
the abundantly expressed organic cation transporters OCT1"*
and multidrug and toxin extrusion 2K (MATE2K)* as well as
the ABC transporters BCRP, MDR1,* and MRP7.3' This
complexity is shared by many other inhibitors in this study.
Pravastatin, here identified as an OATP1BI1 specific inhibitor,
has been reported to be a substrate of MDRI, BCRP, and
MRP2.** Sulfasalazine, here classified as a borderline general
OATP inhibitor, is also a substrate of BCRP.*? Finally, MKS71,
identified as a general ABC inhibitor by Matsson and co-
workers,® was also identified as an OATP inhibitor in this study
with ICg, values ranging between 2.9 and 6.4 yuM as compared
to 26 uM (MDR1), 50 uM (BCRP), and 10 uM (MRP2) for
the ABC transporters.” This analysis emphasizes the significant
impact of interactions with various drug transporting proteins
on the pharmacokinetics of drugs. We conclude that to be
interpretable, screening studies of transporter interactions in
drug discovery should be performed under conditions that
allow for the investigation of each transport protein in isolation.
For this purpose, the new specific and general inhibitors of the
three OATPs found in this study will be useful tools.

On the basis of this study, we suggest pravastatin and
erlotinib as specific in vitro inhibitors of OATP1B1 and
OATP2BI, respectively. In addition, we conclude that cyclo-
sporine A and rifampicin can be used as OATP1B1/OATP1B3
inhibitors, with little effect on OATP2B1. We also confirm the
recommendation of ritonavir as a general OATP inhibitor” and
suggest atazanavir as another general OATP inhibitor. Finally,
when considering a general inhibitor of both the hepatic
OATPs and ABC transporters, MK571 is the compound with
the highest potential, taking into account the results from this
as well as from previous studies.”

Given the complexity of drug interaction patterns with
transport proteins, it may seem impossible to predict the in vivo
impact of such interactions. Here, we present a new approach
to handle this issue for individual transporters. By introducing
the concept of MTA, the transport capacity in vitro (V,,,,) can
be linked to the transport activity in the human liver in vivo.
The major underlying assumption is that all transport proteins
in the isolated membrane fractions are available for drug
transport both in vitro and in vivo (see Experimental Details for
additional assumptions with respect to eq 7). When this is the
case, the maximal transport capacity is directly linked to the
Vimax Value in the in vitro model and a scaling factor giving an
assumed V. value in vivo can be obtained according to eq 7.
We underscore that the MTA represents an ideal situation,
where it is assumed that all transport protein is active. For
instance, intracellular pools of transport proteins are not
accounted for. It has been stated, however, that OATPs are not
stored in intracellular compartments.*

As in previously published work, based on the so-called
relative expression factor,”® the highest relative protein
expression was observed for OATP1B1. The large variability
in OATP1B1 expression between donors (Figure 10a) could be
a result of variable expression due to common genetic variants
of this protein.'”** This is in line with previous studies, where
similar interindividual variations in human liver OATP
expression have been reported."® In addition, the protein
expression levels obtained using targeted protein quantification
were in reasonably good agreement with these reports.'™3¢
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Because we identified atorvastatin as a substrate of all three
OATPs in this study, we could compare the uptake clearance
values of the three OATP transporters in vitro. As can be seen
in Table 2, OATP2B1 transported atorvastatin with the highest
efficiency (V,,.,/K.,) in vitro. This is presumably due to a high
OATP2B1 expression in the in vitro cell model. When taking
the MTA into account to calculate intrinsic uptake clearance in
the human liver, the contribution of OATP2B1 mediated
transport to the overall uptake clearance of atorvastatin was
however reduced to a minimum.

The impact of a series of inhibitors with different inhibition
patterns (ICg, values) on each of the OATPs was markedly
altered when the MTA was considered. One such example is
erlotinib, where the inhibition of OATP1B1 and OATP1B3 was
more significant than the OATP2B1 inhibition in quantitative
terms even though erlotinib was identified as an OATP2B1
specific inhibitor (Figure 10d). Importantly, this finding does
not preclude the application of erlotinib as a highly specific
OATP2B1 inhibitor under controlled in vitro conditions. Note
that for the predictions in Figure 10d—e, a fixed concentration
of 10 M was used for all inhibitors. However, if evaluating the
risk of clinical DDIs, unbound plasma concentrations in vivo
are the most accurate input variables to use (cf. ref 2).

Interestingly, the substantial contribution of OATP1B3 to
atorvastatin uptake clearance as well as the overlapping
specificities of many inhibitors suggest that OATPI1B3 is
more important for known clinical DDIs than previously
understood. For example, both cyclosporine and rifampicin
have been reported to affect atorvastatin pharmacokinetics in
clinical studies."” Cyclosporine is an inhibitor of several drug
transporters and metabolizing enzymes.>*” In vivo, concom-
itant administration of atorvastatin and cyclosporine has
resulted in vastly increased plasma concentrations of
atorvastatin (7.4—15.3-fold increase (cf. ref 19)). This effect
has mainly been attributed to inhibition of OATP1B1 mediated
uptake and inhibition of CYP dependent metabolism (cf. ref
38). Our results, taking MTA into consideration, reveal that
inhibition of OATP1B3 mediated uptake of atorvastatin might
be almost equally important as OATP1B1 inhibition. Indeed,
for both OATPIB1 and OATPI1B3, only 11-12% of the
predicted activity is remaining when the dual OATP1B1/
OATP1B3 inhibitor cyclosporine is used (Figure 10e).

With rifampicin, a similar situation prevails. Concomitant
single-dose treatment with atorvastatin and rifampicin has
resulted in 6.8-fold increased plasma concentration in vivo,
which has been attributed to OATPI1B1.* Also here, our
results indicate that rifampicin greatly reduces both OATP1B1
and OATP1B3 mediated atorvastatin uptake (Figure 10e).
Hence, the role of OATP1B3 needs to be reconsidered. In light
of the large inhibitor overlap between OATPIB1 and
OATP1B3 displayed in Figure 4, it is likely that similar
conditions will apply for other drugs administered in
combination with a shared OATP1B1/OATP1B3 substrate.
Clarithromycin (73.1% inhibition of OATP1B1, $3.8%
inhibition of OATP1B3), which has been reported to increase
atorvastatin AUC 4.5-fold, could be one such example.*’

H CONCLUSION

In summary, our results speak in favor of considering
transporter expression levels in DDI studies. As exemplified
above, many of the compounds identified as OATP inhibitors
also interact with other drug transporters in vitro. The
importance of individual interactions for the overall in vivo
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drug disposition of a compound is difficult to determine
without knowledge of differences in protein expression levels
between systems. As more quantitative information on
transporter protein levels become available, more accurate
scaling from in vitro to in vivo can be performed, which will
further improve predictions of drug disposition and DDIs.
Importantly, the MTA introduced here does not only apply to
the liver. It can also be applied in predictions of transporter
impact in other cells and tissues.

B EXPERIMENTAL DETAILS

Chemicals. The 225 compounds investigated in the inhibition
assays were obtained from Sigma-Aldrich Corp. (St. Louis, MO, USA),
Toronto Research Chemicals Inc. (North York, ON, Canada),
International Laboratory USA (San Bruno, CA, USA), 3B Scientific
Corp. (Libertyville, IL, USA), and AstraZeneca (Mdlndal, Sweden).
Bufuralol was kindly provided by Dr. Inger Johansson, Karolinska
Insititutet, Stockholm, Sweden. Aciclovir, amantadine, buspirone,
daidzein, doxazosin, etoposide, fenofibrate, fluoxetine, fluvoxamine,
furafylline, lamotrigine, mitoxantrone, nifedipine, ofloxacin, phenyl-
butazone, procainamide, propranolol, ranolazine, sanguinarine, sulfa-
phenazole, tetraethylammonium, tolbutamide, tranylcypromine, val-
proic acid, and verapamil were obtained as DMSO stocks from
LOPAC (Sigma-Aldrich Corp., St. Louis, MO, USA). Radioactively
labeled E178G (*H-E175G) and E3S (*H-E3S) were purchased from
PerkinElmer (Waltham, MA, USA).

Compound Selection. A data set of structurally diverse
compounds previously used in a study of OATP1B1 inhibition was
used as a starting point for the compound selection.” This data set
contained compounds reflecting the oral drug space as well as
compounds identified in the literature as interacting with OATPs. The
data set was further expanded with compounds highlighted in the
recently published review on drug transporters by the international
transporter consortium.” Compounds generally used as substrates,
inhibitors, or inducers in CYP studies were also included in the final
data set."?

Establishment of Stable Cell Lines and Cell Cultivation. Total
human liver RNA was obtained from Clontech (Mountain View, CA,
USA). Reverse transcription was performed using the SuperScript III
first-strand synthesis supermix according to the manufacturer’s
instructions (Invitrogen, Carlsbad, CA, USA). The resulting cDNA
was used as a template when SLCO1B3/OATP1B3 and SLCO2B1/
OATP2B1 were amplified using Platinum Pfx DNA polymerase
(Invitrogen, Carlsbad, CA, USA) and gene specific primers (see
Supporting Information Table 3). The PCR products were cloned into
the BamHI/Xhol (OATP1B3) or the Hindlll/EcoRV (OATP2BI1)
sites of the expression vector pcDNAS/FRT (Invitrogen, Carlsbad,
CA, USA). The sequences of the obtained OATP1B3-pcDNAS/FRT
and OATP2B1-pcDNAS/FRT constructs were verified by DNA
sequencing and were found to be identical with the SLCO1B3*2 (the
most common SLCO1B3 allele having an allele frequency of up to 88%
in Caucasians*') and SLCO2BI1*1 (NCBI SLCO2BI reference
sequence: NM_007256) alleles, respectively. HEK293 Flp-In cells
(Invitrogen, Carlsbad, CA, USA) were transfected with the
constructed OATP1B3- and OATP2BI1-pcDNAS/FRT expression
vectors and further selected using hygromycin B (Invitrogen, Carlsbad,
CA, USA) as previously described for OATP1B1 and mock transfected
cells.” HEK293 cells were used because the endogenous background
expression of transport proteins and drug metabolizing enzymes is
either very low or absent.** For continued maintenance, all stable
clones were cultured as described by Karlgren et al.”

Transport Experiments. Two days prior to transport experiments
with E175G or E3S,* OATP1B1,” and OATP2B1 overexpressing cells
were seeded in 96-well CellBind plates (Corning, Amsterdam,
Netherlands) at a density of 100000 cells per well. For all experiments
with OATP1B3 expressing cells or with atorvastatin as substrate, cells
were seeded in 24-well CellBind plates (Corning, Amsterdam,
Netherlands) three days prior to transport experiments at a density

4757

of 600000 cells per well. Cell density was optimized by computer
assisted experimental design using MODDE 7.0 (Umetrics, Ume3,
Sweden) as described elsewhere.” For culturing in 96- and 24-well
plates, Flp-In-293 medium without phenol red and hygromycin B was
used.”

Characterization of OATP1B1, OATP1B3, and OATP2B1 Medi-
ated Transport. To determine the binding affinity (K,,) and maximal
transport rate (V) of the OATP1B1 and OATP1B3 mediated
uptake of model substrate (E17/G), OATP1B1-HEK293 cells grown
in 96-well plates were incubated with a solution containing 1 #Ci/mL
(20.4 nM) of *H-E178G and 0.5—-100 uM of unlabeled E176G in
HBSS, and OATP1B3-HEK293 cells grown in 24-well plates were
incubated with a solution containing 2 uCi/mL (40.9 nM) of *H-
E17p6G and 1-100 uM of unlabeled E174G in HBSS. The K, and
Vinax Of the OATP2B1 model substrate, E3S, were determined using
OATP2B1-HEK293 cells grown in 96-well plates. The cells were
incubated with a solution containing 1 #Ci/mL (21.9 nM) of *H-E3S
and 0.5-600 yM of unlabeled E3S in HBSS. The uptake of model
substrate was analyzed using a scintillation counter as described below.
To characterize the OATP1B3 and OATP2B1 mediated atorvastatin
uptake, cells grown in 24-well plates were incubated with a solution
containing 0.01-20 pM atorvastatin in HBSS and intracellular
accumulation was analyzed using LC-MS/MS as previously described.”

Uptake kinetics of E175G, E3S, and atorvastatin were assessed by
plotting the initial uptake rate (uptake after 1 min) against substrate
concentration [S], and the apparent K, and V,,,, were determined
using nonlinear regression (Prism v.4.02 from GraphPad Software, La

Jolla, CA, USA) fitted to eq 2.

Vo X [S]

= K+ 5] + Py X [S]

)

where Pdiff is the passive permeability of the substrate.

Substrate concentrations well below the K, were selected for
subsequent inhibition studies with the radiolabeled model compounds.
Linearity of E178G and E3S uptake over time, in the three OATP
expressing HEK293 cell lines, was assessed using the selected substrate
concentrations for up to 10 min incubation time. The OATP1B1 and
OATP1B3 mediated uptake of E178G was linear over the first 10 min,
and the OATP2B1 mediated uptake of E3S was linear for the first 5
min. All uptake experiments were performed in the linear interval.

Single-Point Inhibition Studies. The screening for inhibition of
OATP1BI1 mediated uptake of E178G was performed at an inhibitor
concentration of 20 uM, as previously described.” In total, 225
compounds were investigated. Inhibition values for 142 of these
compounds were taken from a previous screen of OATPIBI
inhibition.”

For the OATP1B3 and OATP2BI single-point inhibition assays,
experimental design was used to optimize the assays with regard to
substrate concentration, amount of labeled substrate, incubation time,
number of washes, cell seeding density, and days in culture before the
experiments. The MODDE 7.0 (Umetrics, Ume3, Sweden) software
was used for setup and evaluation of the experimental design as
described previously.” In the OATP1B3 inhibition assay, cells grown in
24-well plates were incubated for S min with a solution containing 20
UM of the test compound, 2 uCi/mL (40.9 nM) of *H-E175G, and 1
UM of unlabeled E174G in HBSS. In the OATP2B1 inhibition assay,
cells grown in 96-well plates were incubated for 4 min with a solution
containing 20 uM of the test compound, 1 #Ci/mL (21.9 nM) of *H-
E3S, and 1 uM of unlabeled E3S in HBSS. All 225 compounds in the
data set were screened for OATP1B3 and OATP2B1 inhibition.

On each plate, HEK293 cells were incubated with substrate solution
as a positive control of OATP mediated uptake (OATP expressing
cells) and the passive permeability was obtained from mock
transfected cells. In addition, pitavastatin, taurocholate, or atorvastatin
was included on each plate as a positive control of inhibition. Percent
inhibition was calculated according to eq 3.
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A compound was classified as an inhibitor if it decreased the uptake
of model substrate by at least 50% (2-fold decrease).”®'>?! Likewise, a
compound was classified as a stimulator if it increased the uptake by at
least 100% (2-fold increase).

ICsy Determinations. The half-maximal inhibitory concentration,
ICyy, for a subset of 13 compounds was determined in vitro, using the
same methodology as in the single-point inhibition studies. To include
potential “OATP specific” inhibitors in a broader sense, OATP
inhibitors not identified as inhibitors of the ABC-transporters MDRI,
BCRP, MRP2, and/or the organic cation transporter OCTI1 in
previously published studies®'* were selected from the data set. With
this prerequisite, five of the 13 compounds, identified as either specific
(doxorubicin, erlotinib, indometacin, and vincristine) or general
(sulfasalazine) OATP inhibitors in the single-point inhibition assays,
were selected. Additionally, three compounds recommended as OATP
inhibitors (rifampicin, ritonavir, and cyclosporine A),” three commonly
used ABC inhibitors (Hoechst 33342, KO143, and MK571),% and two
compounds belonging to drug classes with clinically relevant OATP
mediated drug—drug interactions (atazanavir and pravastatin) were
investigated. In the ICs, experiments, S—12 inhibitor concentrations
were used in the following concentration intervals: atazanavir 0.02—
40 uM, cyclosporine A 0.01-25 uM, doxorubicin 0.1-1000 uM,
erlotinib 0.02—400 xM, Hoechst 33342 0.1-600 pM, indometacin
0.1-600 uM, KO143 0.05—10 #M, MKS71 0.01—100 uM, pravastatin
0.1-400 M, rifampicin 0.05—400 uM, ritonavir 0.01-50 uM,
sulfasalazine 0.01—100 uM, and vincristine 0.1—600 uM. IC, values
were calculated by fitting the data to the following equation using
Prism v.4.02 (GraphPad Software, La Jolla, CA, USA).

100
1+ IO(Log[I]—LogICSO)XHiHSlope
(4)

This is equal to the four-parameter equation when the bottom
plateau of the curve is constrained to zero and the top plateau to 100.
(1] is the inhibitor concentration, and the Hill Slope describes the
steepness of the curve.

The inhibition constant, K;, was calculated according to eq 5
(assuming competitive inhibition).

- 18]
K = ICSO/( K. + 1] )

In parallel to the experimental determinations, predicted ICs, values
for the 13 compounds were calculated based on the obtained single-
point inhibition results using eq 6.

B 1) (©)

Compounds showing negative inhibition values (i.e., stimulation of
the uptake) in the single-point inhibition studies, and compounds
where no experimental IC;, value could be determined, were excluded
from the IC;, predictions.

Scintillation Analysis. At the end of the incubation with
radioactively labeled substrate solutions, carrier-mediated uptake was
stopped by addition of ice-cold PBS followed by three or four washes.
The cells were lysed using 1 M NaOH. Analysis of intracellular
accumulation of radioactively labeled model substrate was carried out
on a TopCount NXT scintillation counter using Luma plates
(OATP1BI and OATPIB3) or Opti plates with addition of 250 uL
of Microscint 20 scintillation liquid (OATP2B1), respectively. All
plates, scintillation liquids, and equipment were obtained from
PerkinElmer, Inc. (Downers Grove, IL, USA).

Protein Concentration Measurements. In all uptake kinetics or
inhibition experiments, cell lysates (obtained by addition of 1 M
NaOH as described above) were neutralized using 1 M HCL Total

substrate uptake (% of control) =

100

%inhibition

IC,, = [I] X (
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protein content was measured using the BCA Protein Assay Reagent
Kit (Pierce Biotechnology, Rockford, IL, USA) according to
manufacturer’s instructions.

Statistics. All experiments were performed in duplicate
(OATP1B3) or triplicate (OATP1B1 and OATP2B1) on 2-6
independent occations. In each experiment, ANOVA and Dunnett’s
multiple comparison test were used to ensure that the uptake in
presence of inhibitor/stimulator was significantly different from the
positive OATP control where no inhibitor/stimulator was used.

Molecular Descriptors. The 225 compounds used in this study,
together with an oral drug reference data set,® were treated in their
neutral states and characterized using the AZ oeSelma descriptors
generated from SMILES (see Supporting Information Table 4 for a
compilation of the structures in SMILES format). The AZ oeSelma
descriptors consist of AstraZeneca’s in-house compilation of 93
molecular descriptors, of physicochemical nature, in line with the work
of Labute.** These descriptors contain 1D and 2D descriptors,
including properties such as various counts of atoms and bonds,
charges, surfaces, and lipophilicity. In addition, charge and solubility in
water at pH 7.4 were predicted using ADMET Predictor
(SimulationsPlus, Lancaster, CA, USA). Significant differences
between the groups of inhibitors and noninhibitors, with regard to
physicochemical properties, were assessed using the nonparametric
Mann—Whitney U test.

Computational Modeling. The overall characteristics of the data
set were assessed using PCA implemented in Simca-P (version 12.0 of
the Simca-P software, Umetrics AB, Ume3, Sweden). The data set was
also assessed on a PCA model where the 529 oral drugs in the
reference data set were used as a training set and the OATP data set
was projected onto that model. Modeling of the inhibition of the three
transporters (OATP1B1, OATP1B3, and OATP2B1) was performed
using the PLS method implemented in Simca-P (version 12.0 of the
Simca-P software, Umetrics AB, Umed, Sweden). Each model was
developed as a classification model where the cutoff for inhibition was
set to 50%. Compounds exhibiting inhibition greater than 50% were
designated as inhibitors (class = 1), and compounds exhibiting
inhibition less than 50% were considered to be noninhibitors
(class = 0).

For all three models, compounds exhibiting inhibition <0%, i..,
stimulation of the transport, were excluded from the modeling. The
data sets were split into a training set and a test set, where a third of
the data set was randomly selected as the test set. Because of skewed
distributions of inhibitors and noninhibitors of the three transporters
(the former class being between 33% and 38% in the respective
training sets), the cutoff value, normally set to 0.5 for equally
distributed classes, was adjusted during model development using the
training sets to optimize accuracy. The data were mean-centered and
scaled to unit variance. A variable selection procedure was applied on
the training sets, where variables exhibiting low variable importance
were removed stepwise. The aim of the variable selection was to
maintain predictability and increase the robustness of the models. At
the same time, the complexity of the models was decreased, facilitating
interpretation by removing information that was not directly related to
the response variable (i.e., noise). The variable selection was validated
by the 7-fold cross-validated R* (Q?) for the training sets. The selected
variables for the three transporters were subsequently used to derive
the final models and the qualities of these models were judged by the
accuracies of the respective test sets.

A general OATP inhibition model was also developed as described
above, whereby a compound was defined as an inhibitor if it decreased
the uptake of model substrate by any of the three transporters by 50%
or more.

Prediction of in Vivo Uptake Clearance. Preparation of Cell
and Tissue Samples for Protein Expression Analysis. HEK293 cells
stably transfected with OATP1B1, OATP1B3, or OATP2B1 were
cultured as described elsewhere” until reaching a passage of 19, 17, and
18, respectively. At 95—100% confluence, cells were trypsinized and
centrifuged at 450g for S min, followed by one washing step using
phosphate buffered saline (PBS). The resulting cell pellets were frozen
at —80 °C until analysis.
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Snap-frozen human liver tissue samples were obtained from 12
individual donors undergoing surgical liver resection at Uppsala
University Hospital (Uppsala, Sweden), as approved by Uppsala
Regional Ethical Review Board (ethical approval no. 2009/028). All
donors gave their informed consent. The tissue samples were stored at
—80 °C until further analysis.

Extraction of Membrane Proteins and Measurement of
OATP1B1, OATP1B3, and OATP2B1 Protein Expression. For relative
protein quantification, HEK293 cells and liver tissue samples were
prepared and analyzed as described previously.lé’45 Briefly, crude
membrane fractions were isolated from the samples and lysed in SDS-
containing buffer. Proteins were digested with trypsin according to the
FASP protocol, using 30k ultrafiltration units. The digests were loaded
on SAX-pipet tip columns at pH 11, and the peptides were eluted with
a buffer of pH 2. LC-MS/MS analysis of the samples was carried out
on an Orbitrap instrument using 4 h LC gradients. The relative
abundances of the proteins were calculated using the total signal
intensities of the peptides identifying each protein as determined in
the MaxQuant software (Max Planck Institute of Biochemistry,
Martinsried, Germany).

For the targeted protein quantification, membrane fractions from
the frozen HEK293 cells and from one representative human liver
tissue sam3ple were extracted and digested with trypsin as previously
described.*® The targeted OATP proteins were quantified by peptide-
based LC-MS/MS measurements as a surrogate of proteins levels, with
the addition of stable isotope labeled internal standard peptides that
are specific for each OATP.

In Vitro to in Vivo Extrapolations Using the Maximal Transport
Activity. A static mathematical model was used to estimate the
contribution of each OATP to the intrinsic uptake CL (CLint,uptake) of
atorvastatin in vivo. The model was based on in vitro kinetic results of
atorvastatin uptake in OATP overexpressing HEK293 cells. An
intersystem extrapolation factor based on the ratio of the OATP
protein abundances (obtained using targeted proteomics quantifica-
tion) in the cell lines (protein expression;, ,;y,) to those in human liver
tissue (protein expression;, ,y,) was used to calculate the MTA,
assuming that the protein expression is directly proportional to the
maximal velocity (V) and that the amount of membrane protein per
total amount of protein is equal in the two systems (see eq 7).

protein expression,

1n vivo
rotein expression % V;nax(m vitro)
P in vitro

MTA =

(7)

This is in line with previously published work, where the so-called
relative expression factor, representing the ratio of protein expression
between human hepatocytes and in vitro cell models, measured by
Western blotting, was used as an in vitro to in vivo scaling factor.>

The intrinsic uptake CL of each OATP was predicted using eq 8:

_ MTA
int,uptake K+ [S]

m

CL X HomPPGL

(8)

where MTA is the estimated maximal velocity in vivo using the scaling
factor explained above, [S] is the atorvastatin concentration
(Crnagunbound = 2 nM*®), and HomPPGL is milligrams of homogenate
protein per gram of liver (88 + 14 mg/g, data based on 12 protein
measurements using the Pierce 660 nm Protein Assay kit with addition
of ionic detergent compatibility reagent (Pierce Biotechnology,
Rockford, IL, USA)). The overall intrinsic uptake CL of atorvastatin
in vivo was derived as the sum of the intrinsic uptake CL of each
individual OATP. This approach is similar to the one described by
Proctor et al. for CYPs but with proteomics data used as an
intersystem extrapolation factor.*”

Our model was subsequently used to predict the impact of the
subset of 13 compounds (for which ICs, values were determined) on
atorvastatin intrinsic uptake CL at an inhibitor concentration of 10 M
(a concentration where maximal resolution was expected for this
subset of compounds, because 49% of the ICg, values <10 yM and
51% of the ICy, values >10 M), assuming competitive inhibition and
using the following equation:*®
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MTA

1]

CL
kox (L1

X HomPPGL

int,uptake —

) + [S] )

where K, is the atorvastatin concentration at half-maximal velocity in
vitro, [I] is the inhibitor concentration (10 M), and K, is the
inhibition constant determined using eq S. As above, the overall
intrinsic uptake CL of atorvastatin in vivo in presence of an inhibitor
was derived as the sum of the intrinsic uptake CL of each individual
OATP.
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