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ABSTRACT 

Hepatic uptake transporters (solute carriers, SLCs), including organic anion transporting 

polypeptide (OATP)1B1, OATP1B3, OATP2B1, sodium-dependent taurocholate co-transporting 

polypeptide (NTCP), organic anion (OAT2) and organic cation (OCT1) transporters, play a key 

role in determining the systemic and liver exposure of chemically diverse drugs. Here, we 

established a phenotyping approach to quantify the contribution of the six SLCs, and passive 

diffusion, to the overall uptake using plated human hepatocytes (PHH). First, selective inhibitor 

conditions were identified by screening about 20 inhibitors across the six SLCs, using single-

transfected HEK293 cells. Data implied rifamycin SV (20 µM) inhibits three OATPs, while 

rifampicin (5µM) inhibits OATP1B1/1B3 only. Further, hepatitis B virus myristoylated-preS1 

peptide (HBVpep, 0.1 µM), quinidine (100 µM) and ketoprofen (100-300 µM) are relatively 

selective against NTCP, OCT1 and OAT2, respectively. Second, using these inhibitory 

conditions, the fraction transported (ft) by the individual SLCs was characterized for 20 

substrates with PHH. Generally, extended clearance classification system (ECCS) class 1A/3A 

(e.g., warfarin) and 1B/3B compounds (e.g., statins) showed predominant OAT2 and 

OATP1B1/1B3 contribution, respectively. OCT1-mediated uptake was prominent for class 2/4 

compounds (e.g., metformin). Third, in vitro ft values were corrected using quantitative 

proteomics data to obtain ‘scaled ft’. Fourth, in vitro-in vivo extrapolation of the scaled 

OATP1B1/1B3 ft was assessed leveraging statin clinical drug-drug interaction data with 

rifampicin as perpetrator.  Finally, we outlined a novel step-wise strategy to implement 

phenotypic characterization of SLC-mediated hepatic uptake for new molecular entities and 

drugs in a drug discovery and development setting.  
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INTRODUCTION  

Hepatic (sinusoidal) uptake is the first step and often considered as rate-determining in the 

hepatic clearance of drugs (Shitara et al., 2013; Varma et al., 2015). Such uptake transport is 

mediated by a cadre of solute carriers (SLCs) comprising of the organic anion transporting 

polypeptides (OATP1B1, OATP1B3 and OATP2B1; SLCO1B1, SLCO1B3, and SLCO2B1), 

organic anion transporter 2 (OAT2, SLC22A7), organic cation transporter 1 (OCT1, SLC22A1), 

and sodium-dependent taurocholate co-transporting polypeptide (NTCP, SLC10A1) (Giacomini 

et al., 2010; Zamek-Gliszczynski et al., 2018).  Importantly, the expression and function of these 

transporters are modulated by genotype, disease, drug-drug interactions (DDI), and age (König et 

al., 2013; Elmorsi et al., 2016; Zhou et al., 2017).  Moreover, liver SLCs are often paired with 

drug-metabolizing enzymes with regard to drug disposition, commonly referred to as 

“transporter-enzyme interplay”, which also serve as the loci of DDI and whose expression-

function is also impacted by genotype, age and disease (Shitara et al., 2006; Shitara et al., 2013; 

Li et al., 2014; Varma et al., 2015). Therefore, it is important to quantitatively understand the 

major transporter(s) involved in the uptake clearance of a substrate drug (versus passive uptake 

clearance) and leverage the data to support in vitro-in vivo extrapolations (IVIVEs); specifically, 

determine the fraction of total hepatocyte uptake mediated by each individual transporter (ft)  

(i.e., ft,OATP + ft,NTCP + ft,OCT1 + ft,OAT2 + ft,passive ~1).  By analogy with cytochrome P450 (CYP) 

reaction phenotyping, such an exercise can be referred to as “SLC-phenotyping” (Williams et al., 

2005).   

Distinct transporter activity has been shown for drugs in different classes of the extended 

clearance classification system (ECCS)–a framework to predict clearance mechanism based on 

compound ionization state, molecular weight (MW) and in vitro membrane permeability (Varma 
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et al., 2015; El-Kattan and Varma, 2018). Clearly, hepatic clearance of high MW 

acids/zwitterions (ECCS class 1B/3B; e.g. statins) is associated with OATP1B1/1B3-mediated 

hepatic uptake (Shitara et al., 2013; Varma et al., 2015; Varma et al., 2017b). Results of our 

recent studies have shown that the majority of ECCS class 1A drugs (low MW acids/zwitterions; 

e.g., warfarin, tolbutamide) are substrates to OAT2 (Bi et al., 2018b; Kimoto et al., 2018). 

Similarly, ECCS class 4 drugs (low permeability bases/neutrals; e.g. metformin) potentially 

involve OCT1 in their hepatic disposition (El-Kattan and Varma, 2018). Given the importance of 

uptake transporters, it has become increasingly common practice to assess new molecular entities 

(NMEs) as liver transporter substrates in vitro using various combinations of human SLC-

transfected cells and primary human hepatocytes.   For the latter, studies have suggested that one 

can differentiate total active uptake (versus passive) by incubating a high concentration of a pan-

SLC inhibitor such as rifamycin SV (RIFsv ~1 mM) or comparing uptake rates at 37℃ versus 

4℃ (Bi et al., 2017; Chothe et al., 2018).  However, due to the limitation of selective inhibitors, 

assessing individual SLC activity in human hepatocytes has proven to be challenging.  

Undoubtedly, the OATPs are the most studied human liver SLCs and researchers have attempted 

relative activity factor (RAF), relative expression factor (REF) and small interfering RNA 

approaches to assess their contribution in the hepatic uptake of substrate drugs (Williamson et 

al., 2013; Kunze et al., 2014; Mitra et al., 2018).  In comparison, the tools to assess other SLCs 

(and their contributions) in human hepatocytes are not well developed.  For example, NTCP 

activity is often determined by incubating hepatocytes in sodium free (versus sodium containing) 

medium and no selective inhibitor has been identified (Bi et al., 2017).  Likewise, there are only 

a few examples describing OAT2 and OCT1 substrate phenotyping with human hepatocytes (De 

Bruyn et al., 2011; Bi et al., 2018a; Mathialagan et al., 2018).   
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In this study, about 20 compounds were screened as inhibitors across 6 major uptake 

transporters (individually expressed in HEK293 cells) in an attempt to identify, characterize, and 

validate selective inhibitor conditions for SLC-phenotyping using plated human hepatocytes 

(PHH). The fraction transported (ft) by individual transporters and passive diffusion were then 

determined via PHH incubations, and corrected for the protein expression differences between 

cryopreserved hepatocytes and liver samples, for a set of 20 diverse substrates/drugs representing 

various ECCS classes: estradiol 17β-glucuronide (E17G), estrone 3-sulfate (E3S), 

cholecystokinin octapeptide (CCK8), resveratrol-3-O-glucuronide (R3G), taurocholic acid, 

cyclic 3',5'-guanosine monophosphate (cGMP), rosuvastatin, pitavastatin, pravastatin, 

fluvastatin, bromfenac, entacapone, fluorescein, tolbutamide, meloxicam, R/S-warfarin, 

metformin, ranitidine and thiamine. Finally, we assessed in vitro-in vivo (IVIV) extrapolation of 

ft,OATP1B1/1B3 leveraging clinical statin DDI data following a single dose of rifampicin, a probe 

OATP1B1/1B3 inhibitor.  
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MATERIALS AND METHODS 

Chemicals and Reagents 

Cyclosporine A, ketoprofen, meloxicam, quinidine, ranitidine, rifampicin, rifamycin SV, 

taurocholate acid and tolbutamide were purchased from Sigma-Aldrich (St. Louis, MO). Statins 

were purchased from Sequoia Research Products Ltd. (Oxford, UK). All other compounds were 

obtained from the Pfizer Chemical inventory system. [3H]-metformin and [3H]thiamine were 

purchased from American Radiolabeled Chemicals Inc. (St.Louis, MO). [3H]-taurocholate acid, 

[3H]-cGMP, CCK8, E17G and E3S were purchased from PerkinElmer Life Sciences (Boston, 

MA). Hepatitis B virus myristoylated-preS1 peptide (HBVpep) was synthesized by New England 

Peptide (Gardner, MA); the amino acid sequence was derived from the preS1 region of HBV (D-

type, GenBank accession number U9555.1) containing residues 2-48 and modified with N-

terminal myristoylation (König et al., 2014; Yan et al., 2014). InVitroGro-HT, CP and HI 

hepatocyte media were purchased from Celsis IVT (Baltmore, MD). Collagen I coated 24-well 

plates were obtained from BD Biosciences (Franklin Lakes, NJ). Cryopreserved human 

hepatocytes lot Hu8246 (female, Caucasian, 37 year old, No medication, 2-3 alcoholic drinks per 

week, non-reactive to hepatitis B/C and HIV) were purchased from Life Technologies (Thermo 

Fisher Scientific, Carlsbad, CA). NP-40 protein lysis buffer was purchased from Thermo-Fisher 

(Franklin, MA).  Human Embryonic Kidney (HEK) 293 cells stably transfected with human 

OATP1B1, OATP1B3, or OATP2B1 were generated at Pfizer Inc (Sandwich, UK). HEK293 

cells stably transfected with human NTCP, OCT1, and OAT2(tv-1) were obtained from the 

laboratories of Per Artursson (Uppsala University, Sweden), Kathleen Giacomini (University of 

California, CA), and Ryan Pelis (Dalhousie University, Canada), respectively.   Dulbecco’s 

modified Eagle's medium (DMEM), fetal bovine serum, nonessential amino acids, GlutaMAX-1, 
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sodium pyruvate, penicillin and streptomycin solution were obtained from Invitrogen (Carlsbad, 

CA).  

 

In vitro Transport Studies using transporter-transfected cells 

HEK293 cells wild-type and stably transfected with NTCP, OATP1B1, OATP1B3, OATP2B1, 

OAT2 and OCT1 were seeded at a density of 0.5 to 1.2×105 cells/well on BioCoat™ 48 or 96-

well poly-D-lysine coated plates (Corning Inc., Corning NY), grown in DMEM containing 10% 

FBS and 1% sodium pyruvate for 48 hrs at 37°C, 90% relative humidity, and 5% CO2. 

OATP1B1-, OATP1B3-, OATP2B1-, and NTCP-HEK293 cells were supplemented with NEAA 

and GlutaMAX. OCT1-, and OAT2-HEK293 cells were supplemented with 1% gentamycin, 1% 

sodium pyruvate, and 50 µg/ml hygromycin B. 

For the inhibition studies, HEK293 cells were washed three times with warm uptake buffer 

(HBSS with 20mM HEPES, pH 7.4) followed by incubating with test compounds containing 

probe substrates: [3H]-cGMP (OAT2) 0.5µM, [14C]-metformin (OCT1) 10 µM, [3H]-taurocholic 

acid (NTCP) 10µM, or rosuvastatin (OATP1B1/1B3/2B1) 5µM (Bi et al., 2017; Bi et al., 2018a). 

For substrate studies test compounds were incubated for 2-4 minutes. Cellular uptake was 

terminated by washing the cells four times with ice-cold transport buffer and then lysed with 0.2 

mL of 1% NP-40 in water or methanol containing internal standard.  Radioactivity in each 

sample was quantified by measurement on a Wallac liquid scintillation counter (PerkinElmer 

Life Sciences, Boston, MA) for radiolabeled compounds or by LC-MS/MS system. The total 

cellular protein content was determined by using a Pierce BCA Protein Assay kit according to 

the manufacturer’s specifications. Uptake ratio was then derived as a ratio of accumulation in 

transfected cells to accumulation in WT cells (Bi et al., 2018a; Mathialagan et al., 2018). 
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Uptake and Inhibition Studies using Cryopreserved PHH 

The hepatic uptake assay was performed using short-term culture primary human hepatocytes as 

described previously with some modification (Bi et al., 2017). Briefly, cryopreserved 

hepatocytes were thawed at 37⁰C and seeded into 24-well collagen I coated plates with 0.35×106 

cells/well in a volume of 0.5 mL/well. The cells were cultured in the InVitro-CP media overnight 

(~18h). Functional studies using a variety of probe substrates, comparing previously validated 6h 

culture time (Bi et al., 2017) versus 18h culture time, suggested lack of functional difference 

under these conditions (data not shown). Cell culture was preincubated for 10min at 37⁰C with 

HBSS with or without inhibitors. The preincubation buffer was aspirated, and the uptake and 

inhibition reaction was initiated by addition of prewarmed buffer containing test compounds with 

or without inhibitors. The reactions were terminated at designated time points (0.5, 1, 2, 5min) 

by adding ice-cold HBSS immediately after removal of the incubation buffer. The cells were 

washed three times with ice cold HBSS and lysed with 100% methanol containing internal 

standard or 0.5% Triton-100 for radiolabelled tolbutamide; and the samples were analysed by 

LC-MS/MS (Supplementary methods) or by liquid scintillation counter. Uptake rates were 

estimated from the initial time-course (0.5 to 2min) by linear regression (Bi et al., 2017; Bi et al., 

2018a). 

 

LC/MS/MS Method  

LC-MS/MS analyses were performed on a SCIEX Triple Quad 6500 mass spectrometer (SCIEX, 

Ontario, Canada) equipped with TurboIonSpray interface. The HPLC systems consisted of an 
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Agilent 1290 Infinity binary pump and ADDA autosampler (Agilent Technologies, Santa Clara, 

CA).  All instruments were controlled and synchronized by SCIEX Analyst software (version 

1.6.2) working in tandem with the ADDA software.  Mobile phases were 0.1% formic acid in 

water (mobile phase A) and 0.1% formic acid in acetonitrile (mobile phase B). The gradient was 

maintained at 5% B for 0.2 min, followed by a linear increase to 95% B in 0.5 minutes, and kept 

at 95% B for 0.3 min then a linear decrease to 5% in 0.02 minutes. The column was equilibrated 

at 5% B for 0.5 min. The total run time for each injection was 1.5 minutes.   The 

chromatographic separation was carried out on a Phenomenex Kinetex C18 100Å 30 × 2.1 mm 

column with a flow rate of 0.8 ml/min. The injection volume was 10 µl. A Phenomenex Kinetex 

C18 (2.6 µm, 2.1 × 30 mm) column with a C18 guard column was used. The following gradient 

was used to elute samples: 5% solvent B for 0.2 min, increasing to 95% B for 0.5 min, held at 

95% B for 0.3 min, reduction to 5% B over 0.02 min, and held at 5% solvent B for 0.48 min 

(total run time 1.5 min). For mass spectrometer, the TurboIonSpray interface was operated in the 

positive/negative switching ion mode at 5000/-4500 V and 600 °C. Quadrupoles Q1 and Q3 were 

set on unit resolution. Multiple-reaction-monitoring (MRM) mode using specific 

precursor/product ion transitions was used for quantification. Linear regression was fitted to data 

of standard solutions using 1/Y2 weighting. Data processing was performed using MultiQuant 

software (version 3.0.2, Sciex). 

 

Data Analysis  

Uptake clearance from PHH incubations were estimated from the initial time-course (0.5-2min) 

by linear regression (Bi et al., 2017). Fraction transported (ft) by transporter(s)-specific active 
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transport or passive diffusion is defined from uptake clearance in the absence (control) and 

presence of inhibitors, by Eq 1 and 2, respectively. 

 𝑓𝑓𝑡𝑡,𝑎𝑎𝑎𝑎𝑡𝑡𝑎𝑎𝑎𝑎𝑎𝑎 = 1 −    uptake clearance𝑖𝑖𝑖𝑖ℎ𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖
uptake clearance𝑐𝑐𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑐𝑐

 (1) 

 𝑓𝑓𝑡𝑡,𝑝𝑝𝑎𝑎𝑝𝑝𝑝𝑝𝑎𝑎𝑎𝑎𝑎𝑎 =  uptake clearance𝑖𝑖𝑖𝑖ℎ𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖
uptake clearance𝑐𝑐𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑐𝑐

 (2) 

Scaled fraction transported (‘scaled ft’) is defined by the following equations. 

𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 𝑡𝑡𝑡𝑡𝑡𝑡𝑆𝑆𝑆𝑆 𝑡𝑡𝑡𝑡𝑆𝑆𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 =   𝑓𝑓𝑡𝑡,𝑝𝑝𝑎𝑎𝑝𝑝𝑝𝑝𝑎𝑎𝑎𝑎𝑎𝑎 +   𝑓𝑓𝑡𝑡,𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂1𝐵𝐵 ∙ 𝑅𝑅𝑅𝑅𝑅𝑅𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂1𝐵𝐵 +   𝑓𝑓𝑡𝑡,𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂2𝐵𝐵1 ∙ 𝑅𝑅𝑅𝑅𝑅𝑅𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂2𝐵𝐵1 +   𝑓𝑓𝑡𝑡,𝑁𝑁𝑂𝑂𝑁𝑁𝑂𝑂 ∙

𝑅𝑅𝑅𝑅𝑅𝑅𝑁𝑁𝑂𝑂𝑁𝑁𝑂𝑂 +   𝑓𝑓𝑡𝑡,𝑂𝑂𝑂𝑂𝑂𝑂2 ∙ 𝑅𝑅𝑅𝑅𝑅𝑅𝑂𝑂𝑂𝑂𝑂𝑂2 +  𝑓𝑓𝑡𝑡,𝑂𝑂𝑁𝑁𝑂𝑂1 ∙ 𝑅𝑅𝑅𝑅𝑅𝑅𝑂𝑂𝑁𝑁𝑂𝑂1  (3) 

REF, relative expression factor, is defined as the ratio of transporter protein expression in human 

liver samples to that in cryopreserved human hepatocytes (Shitara et al., 2013; Zamek-

Gliszczynski et al., 2013; Li et al., 2014). REF values are estimated using our previously 

published quantitative proteomics data (LC-MS based approach) – mean of protein abundance in 

multiple liver samples vs multiple single donor hepatocyte lots. Hepatocyte lot used for 

functional studies here closely represent (±30%) population mean protein abundance for OATPs 

(unpublished data) and OAT2/7s (Vildhede et al., 2018). REF values for OATP1B, OATP2B1, 

NTCP, OAT2 and OCT1 are 2.83 (average of OATP1B1 and OATP1B3) (Kimoto et al., 2012), 

2.36 (Kimoto et al., 2012), 1.06 (Qiu et al., 2013), 1,78 (Vildhede et al., 2018) 1.02 (unpublished 

data), respectively.   

 

Finally, ‘scaled ft’ via specific transporter or passive diffusion is described as below (OATP1B as 

representative). 

𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 𝑓𝑓𝑡𝑡,𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂1𝐵𝐵 =  𝑓𝑓𝑖𝑖,𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂1𝐵𝐵∙𝑅𝑅𝑅𝑅𝑅𝑅𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂1𝐵𝐵
𝑆𝑆𝑎𝑎𝑎𝑎𝑆𝑆𝑎𝑎𝑆𝑆 𝑡𝑡𝑡𝑡𝑡𝑡𝑎𝑎𝑆𝑆 𝑡𝑡𝑡𝑡𝑎𝑎𝑡𝑡𝑝𝑝𝑝𝑝𝑡𝑡𝑡𝑡𝑡𝑡

 (4) 
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Static Model Predictions of Statins AUC Ratio using ft 

The area under the plasma concentration-time curve (AUC) ratio of an oral victim drug, 

in the presence (AUC’po) and absence (AUCpo) of perpetrator, can be described by the following 

equations (Varma et al., 2014).  

𝐴𝐴𝐴𝐴𝐴𝐴 𝑡𝑡𝑆𝑆𝑡𝑡𝑟𝑟𝑡𝑡 =  AUC′𝑝𝑝𝑖𝑖
AUC𝑝𝑝𝑖𝑖

=  Fa′
Fa
∙ Fg′
Fg
∙ Fh′
Fh
∙ (CLℎ+CL𝑖𝑖)

(CLℎ′+CL𝑖𝑖′)
 (5) 

𝑅𝑅ℎ = 1 −  CLℎ
Qℎ

   and  𝑅𝑅ℎ′ = 1 −  CLℎ′
Qℎ

 (6) 

Where, Fa, Fg, Fh represent the fraction of drug absorbed, fraction of drug escaping gut-wall 

extraction and hepatic extraction, respectively.  Fa', Fg', Fh' are corresponding parameters in the 

presence of perpetrator. CLh, CLr, CLh' and CLr' represent hepatic and renal blood clearance in 

the absence and presence of the perpetrator, respectively.   

𝐴𝐴𝐶𝐶ℎ = Qℎ∙f𝑢𝑢,𝑖𝑖𝑐𝑐𝑖𝑖𝑖𝑖𝑏𝑏∙CL𝑖𝑖𝑖𝑖𝑖𝑖,ℎ
Qℎ+f𝑢𝑢,𝑖𝑖𝑐𝑐𝑖𝑖𝑖𝑖𝑏𝑏∙CL𝑖𝑖𝑖𝑖𝑖𝑖,ℎ

 and  𝐴𝐴𝐶𝐶ℎ′ = Qℎ∙f𝑢𝑢,𝑖𝑖𝑐𝑐𝑖𝑖𝑖𝑖𝑏𝑏∙CL𝑖𝑖𝑖𝑖𝑖𝑖,ℎ′
Qℎ+f𝑢𝑢,𝑖𝑖𝑐𝑐𝑖𝑖𝑖𝑖𝑏𝑏∙CL𝑖𝑖𝑖𝑖𝑖𝑖,ℎ′

 (7) 

𝐴𝐴𝐶𝐶𝑎𝑎𝑡𝑡𝑡𝑡,ℎ = 𝑄𝑄h∙𝑁𝑁𝐶𝐶h
𝑓𝑓𝑢𝑢,𝑖𝑖∙(𝑄𝑄h−𝑁𝑁𝐶𝐶h)  (8) 

 

Qh is hepatic blood flow (20.7 mL/min/kg (Kato et al., 2003)), and fu,blood is fraction unbound in 

blood.  CLint,h and CLint,h' are intrinsic hepatic clearance in the absence and presence of the 

perpetrator, respectively.  Assuming uptake (active + passive) is the rate-determining process in 

the hepatic clearance of statins, CLint,h' can be defined as (Eq. 9) (Li et al., 2014; Varma and El‐

Kattan, 2016). 
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CL𝑎𝑎𝑡𝑡𝑡𝑡,ℎ′ = CL𝑎𝑎𝑡𝑡𝑡𝑡,ℎ ∙ �
𝑆𝑆𝑎𝑎𝑎𝑎𝑆𝑆𝑎𝑎𝑆𝑆 𝑓𝑓𝑖𝑖,𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂1𝐵𝐵

(1+
𝐼𝐼𝑖𝑖𝑖𝑖,𝑚𝑚𝑚𝑚𝑚𝑚,𝑢𝑢

𝐾𝐾𝑖𝑖
)

 +  (1 − 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 𝑓𝑓𝑡𝑡,𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂1𝐵𝐵)�            (9) 

‘Scaled ft,OATP1B‘ represent the fraction transported by OATP1B/1B3, measured in vitro in PHH 

and corrected for the relative expression factor (REF). Ki is the inhibition constant, and Iu,max,in is 

the maximum unbound perpetrator concentration at the inlet to liver. 

For interaction with rifampicin (600mg single dose) as a perpetrator, we assumed no change in 

Fa, Fg and CLr of statins evaluated. All input values for statins, CLh and CLr, were taken from 

Izumi et al. (Izumi et al., 2017) (Rosuvastatin: fu,blood =0.298, CLh =16.45, CLr =6.37 mL/min/kg; 

Pitavastatin: fu,blood =0.0118, CLh =13.95, CLr =0 mL/min/kg; Pravastatin: fu,blood =0.888, CLh 

=14.12, CLr =12.35 mL/min/kg; Fluvastatin: fu,blood =0.0073, CLh =13.92, CLr =0 mL/min/kg). 

Rifampicin Ki and Iu,max,in (following 600mg single dose) values applied are 0.145µM (assuming 

Ki=IC50/2; OATP1B1 IC50 0.29µM measured in the current study was used – Table 1), and 

1.875µM (Varma et al., 2012), respectively. At this plasma unbound concentration, rifampicin 

selectively inhibits OATP1B1/OATP1B (see Results). 
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RESULTS 

In vitro inhibition of 6 hepatic uptake transporters in transfected cells  

About 20 compounds were selected to screen for their inhibition potency against 6 known 

human liver SLCs, based on prior published knowledge of their ability to inhibit one or more of 

these transporters (Figure 1, Table 1). For instance, erlotinib is known to selectively inhibit 

OATP2B1 over other OATP isoforms, but its effect on non-OATPs is not clear (Karlgren et al., 

2012). Well-characterized probe substrates were used to measure the inhibition potency: 

rosuvastatin for OATP1B1/1B3/2B1, taurocholate for NTCP, metformin for OCT1 and cGMP 

for OAT2 (Giacomini et al., 2010; Brouwer et al., 2013; Mathialagan et al., 2018).  OATP1B1-

mediated rosuvastatin transport was inhibited by rifamycin SV, rifampicin, gefitinib, octreotide, 

sulfasalazine and CCK-8 with a clear concentration-dependent response. Erlotinib inhibited 

OATP2B1 and OCT1 with similar inhibition potency (IC50), but inhibition was not apparent for 

other SLCs. Interestingly, OCT1 inhibitors also inhibited (e.g., erlotinib) or stimulated 

OATP2B1-mediated transport of rosuvastatin (e.g., MPP+, TEA, prazosin, quinidine). Sulfated 

and non-sulfated CCK8 inhibited both OATP1B1 and OATP1B3 with similar potency, but 

showed weaker OATP2B1 inhibition. Sulfasalazine showed relatively potent inhibition of 

OATP2B1 (IC50 ~1.7µM) compared to OATP1B1/1B3 inhibition (IC50 ~25µM). Both E3S and 

estropipate showed selective inhibition of OATP1B1 over OATP1B3 (IC50 ~0.2 versus 

~300µM). However, in replicate studies we noted that their OATP1B1 inhibition curves are 

relatively flat and reached only ~75% inhibition at maximum concentration tested (300µM). 

Moreover, estropipate also showed notable OATP2B1 inhibition (IC50 ~0.9µM). 
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Rifamycin SV at 20µM inhibited hepatic OATPs, but had a minimal impact on the other 

SLCs (Table 2). Additionally, rifamycin SV inhibited all 6 SLCs in the concentration range 

studied (up to 1mM). On the other hand, rifampicin at 10µM completely inhibited 

OATP1B1/1B3, but did not inhibit the other 4 SLCs, including OATP2B1. Finally, ketoprofen, 

quinidine and HBVpep showed selective inhibition of OAT2, OCT1 and NTCP, respectively. 

Based on the collective results, the following inhibition conditions were implemented for SLC-

phenotyping in PHH (Table 2) – rifampicin (10µM) for OATP1B1/1B3, rifamycin SV (20µM) 

for three OATPs, HBVpep (0.1µM) for NTCP, ketoprofen (100-300µM) for OAT2, and 

quinidine (100µM) for OCT1.  

 

In vitro transport by 6 SLCs in transfected HEK293 cells 

A set of 20 compounds, spanning various ECCS classes, were assessed for their substrate affinity 

to the individual SLCs expressed in HEK293 cells (Table 3). Uptake ratio (accumulation in 

transfected cells to wild-type cells) of >2 was used as a criteria for transport activity.  All ECCS 

class 1B and 3B compounds in the list (7 of 20) showed transport by OATPs. Additionally, many 

of these are also transported by NTCP. Taurocholate showed much higher uptake ratio (~185) 

with NTCP cells, although notable uptake is also apparent for OATP1B1/1B3 cells (uptake ratio 

11-26). Similarly, E17G and CCK8 presented much higher uptake ratios with OATP1B1 (423) 

and OATP1B3 (371) cells, respectively. E3S is actively transported by all transporters, except 

OCT1, although uptake was markedly high in the OATP1B1 and OATP2B1 cells. On the other 

hand, R3G showed transport by the 3 OATPs, but with a higher uptake ratio (~54) in OATP2B1 

cells. ECCS class 1A/3A compounds (cGMP, meloxicam, R/S-warfarin and tolbutamide) were 

shown to be transported by OAT2 alone; however, bromfenac, entacapone and fluorescein tested 
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positive for OATP1B1 as well. Metformin, ranitidine and thiamine (ECCS class 4) showed 

OCT1 activity.  

 In vitro uptake phenotyping in human hepatocytes  

Uptake of 20 compounds was also measured in PHH in the absence and presence of the various 

chosen inhibitor conditions (Figure 2).  Based on the uptake activity in the presence of the 

various inhibitors, and the REF of individual transporters, the ‘scaled ft‘ of individual 

transporter(s) and passive uptake was discerned (see Materials and Methods) (Figure 2, Table 4). 

For E17G, hepatocyte uptake was completely inhibited in presence of 10µM rifampicin and 

1mM rifamycin SV. This in conjunction with substrate activity in transfected HEK293 cells 

indicate that E17G is preferentially taken up by OATP1B1. Similarly, CCK8 uptake inhibition in 

the presence of 10µM rifampicin indicate preferential OATP1B1/1B3 uptake. Hepatocyte uptake 

of E3S was partially inhibited (~47%) in the presence of 10uM rifampicin, and almost 

completely inhibited (~93%) by 1mM rifamycin SV. Although E3S showed active uptake by 

OAT2 and NTCP in HEK293 cells, the contribution of these SLCs to hepatocyte uptake was not 

apparent as ketoprofen and HBVpep showed no significant inhibition. R3G showed OATP2B1-

specific uptake, with negligible inhibition by 10µM rifampicin. All OATP inhibitors 

(cyclosporine A, rifampicin and rifamycin SV) significantly inhibited uptake of all the statins 

tested, although the effects were relatively small for fluvastatin. Rosuvastatin and fluvastatin 

showed 15-20% contribution by OATP2B1 and/or NTCP, while pitavastatin and pravastatin are 

primarily taken up by OATP1B1/1B3.  

ECCS class 1A drugs, meloxicam, R/S-warfarin and tolbutamide are selectively inhibited by the 

OAT2 inhibitor, while class 4 drugs, metformin and ranitidine showed selective OCT1 activity. 
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Interestingly, thiamine showed almost equal contribution of OCT1-mediated active transport and 

passive diffusion. Generally, uptake of these compounds was not affected by OATP/NTCP 

inhibitor conditions (i.e. rifampicin 10µM, CSA 20µM, HBV peptide 0.1µM), but was inhibited 

by ketoprofen or quinidine and the pan-SLC inhibitor (1mM rifamycin SV). 

IVIV extrapolation of scaled ft,OATP1B1/1B3 using statin-rifampicin DDI data 

Clinical DDI data with single dose 600mg rifampicin was available for the statins as substrate 

drugs. At this dose, rifampicin plasma unbound Cmax at the inlet of liver (Cmax,in,u) is about 

1.87µM–where only OATP1B1 and OATP1B3 are inhibited (Varma et al., 2012)(Figure 1, 

Table 1 and 2). Therefore, scaled ft,OATP1B1/1B3 (measured via PHH incubations and corrected for 

REF) was used to predict the AUC change of the 4 statins following oral dosing with rifampicin. 

The static model (Eq. 5-9) considered a change in hepatic first-pass extraction and hepatic 

clearance of statins due to OATP1B1/1B3 inhibition, and assumed no change in oral absorption, 

gut extraction and renal clearance, by rifampicin. Predicted AUC ratios are generally within 25-

50% of the observed values, with the exception of rosuvastatin (Table 4, Figure 3). Pravastatin 

observed AUC ratio values from the 2 separate clinical studies spanned a wide range (2.3-4.6), 

and the scaled ft,OATP1B1/1B3 well recovered the higher AUC ratio. Notable underprediction of 

rosuvastatin DDI is plausibly due to lack of consideration to intestinal efflux inhibition by 

rifampicin in the static model (Kosa et al., 2018; Ufuk et al., 2018). IVIVE of the scaled ft via 

other transporters or for other substrate drugs could not be evaluated due to lack of relevant 

clinical data to verify.   
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Discussion 

  Primary human hepatocytes in suspension or plated cultures have become a major tool to 

characterize transport mechanisms and quantify uptake clearance in support of pharmacokinetics 

and DDI predictions (Brouwer et al., 2013; Shitara et al., 2013; Zamek-Gliszczynski et al., 

2013). However, due to lack of known selective inhibitors, the reliable quantification of 

individual transporter contribution has been challenging. In this study, we screened several 

inhibitors across six major hepatic sinusoidal uptake transporters, using individually transfected 

human liver SLCs in HEK293 cells, to identify selective inhibitor conditions that can be used to 

support ‘SLC-phenotyping’ with PHH.  It was found that OATPs can be differentiated from 

other SLCs by incubating hepatocytes with rifamycin SV (20 µM); and, OATP2B1 can be 

differentiated from OATP1B1/3 using rifampicin at a lower concentration (10 µM).  However, 

we were unable to identify selective OATP1B1 and OATP1B3 inhibitors to delineate their 

individual contribution. Incubation of HBVpep (0.1 µM) with hepatocytes can confirm NTCP 

function versus other SLCs.  Quinidine (100 µM) and ketoprofen (100-300 µM) can be used to 

phenotype OCT1 and OAT2, respectively.  Finally, rifamycin SV (1 mM) is a pan-SLC inhibitor 

and can be employed to assess passive versus active uptake.  The described panel of inhibitors 

could facilitate in vitro characterization of transport mechanisms involved in the hepatic uptake 

of NMEs, candidate SLC biomarkers and tool compounds.  For example, in the present study it 

was possible to confirm that uptake is dominated by individual SLCs (ft > 0.8) for substrates such 

as CCK8, pravastatin, pitavastatin and E17G (OATP1B1/3); cGMP, meloxicam, warfarin 

enantiomers, tolbutamide (OAT2); and R3G (OATP2B1).  A number of compounds however are 

transported by more than one SLC in PHH (e.g., E3S, entacopane, fluvastatin, rosuvastatin, and 

ranitidine) (Table 4).  
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 Based on current study, we propose a step-wise approach to phenotype hepatic uptake for 

NMEs and drugs (Figure 4). Firstly, ECCS, a framework that is based on molecular properties of 

compounds can act as a first tier predictor for the substrate affinity for the hepatic uptake 

transporter(s). Our previous evaluation of transporter-mediated DDIs per ECCS class validated 

the predominant role of OATPs in the hepatic clearance of class 1B and 3B drugs (Varma et al., 

2015; El-Kattan et al., 2016; Varma et al., 2017a). More recent studies clearly demonstrated 

OAT2-mediated uptake contribution to the clearance of class 1A drugs (Bi et al., 2018a; Bi et al., 

2018b; Kimoto et al., 2018). Additionally, drugs such as sumatriptan, morphine, ondansetron, 

which showed association of pharmacokinetic variability with SLC22A1 genotype belong to 

ECCS class 2 and 4 (Tzvetkov et al., 2013; Matthaei et al., 2016). Therefore, OCT1-mediated 

hepatic uptake may potentially contribute to the clearance of class 2 and 4 compounds. 

Evaluating the substrate affinity using single-transfected HEK293 cells or alternative 

overexpressed cell systems is the second logical step in confirming the potential for individual 

transporter(s) to contribute to hepatic uptake. Accordingly, for selective substrates, PHH studies 

with selective inhibitors and a pan-SLC inhibitor can be employed to estimate transporter-

specific active uptake and passive clearances. For the substrates of multiple transporters, the 

proposed inhibition panel in part or full can be used to estimate ft by individual transporters. 

Finally, correction for expression differences between the in vitro isolated hepatocytes and 

human liver is warranted to estimate in vivo relevant ‘scaled ft’.  

 

Incubations at low temperature (4oC or on-ice) or in the presence of pan-SLC inhibitor (e.g., 

rifamycin SV) are commonly used for estimating passive uptake (Poirier et al., 2008; Ulvestad et 

al., 2011; Jones et al., 2012; Nordell et al., 2013; Varma et al., 2014; Bi et al., 2017). Low 
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temperature incubations can impact membrane diffusion or passive transport, and could 

overestimate active transport rates (Poirier et al., 2008). However, unlike with in vitro models 

such as HEK293 and MDCK cells, our previous results suggested similar uptake by PHH at 4oC 

and in the presence of 1 mM rifamycin SV (37oC) (with a few exceptions), which may be due to 

cell membrane composition differences between the cell types (Bi et al., 2017).  Overall, 

incubation at 4oC may provide a reasonable measure of passive uptake in human hepatocytes; 

however, follow up studies may be needed to confirm that the passive diffusion is not reduced 

due to bilayer rigidity at low temperature.  We believe rifamycin SV at 1 mM, where all the 

major SLCs on the sinusoidal membrane of human hepatocytes are mostly inhibited, can better 

serve the purpose. Alternatively, a cocktail of selective inhibitors may be used to recover the 

active and passive ft values.  

 

The relative contributions of sodium-dependent (NTCP) and sodium-independent (e.g., OATPs) 

uptake processes in hepatocytes are often measured using sodium-free buffers (McRae et al., 

2006; Bi et al., 2013). We previously noted that sodium-free buffers (3 different buffer 

compositions) also impacted OATP1B1/1B3-mediated transport in over-expression cell systems 

(Bi et al., 2017). OATPs activity is generally believed to be sodium- and potassium-independent, 

but can be modulated by change in proton gradient or plasma membrane potential (Jacquemin et 

al., 1994; Martinez-Becerra et al., 2011). Even when the pH of the buffers is monitored, it is 

possible that the sodium-free buffers alter the membrane potential to a varying degree leading to 

an indirect effect on OATP1B1 and OATP1B3. A similar effect of sodium-free (N-methyl-D-

glucamine or choline substituted) buffers has been noted for OATP2B1 (Sai et al., 2006). 
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Therefore, HBVpep, which selectively inhibits NTCP at 0.1 µM (IC50 ~0.04µM), is a better 

alternative to discern the role of NTCP in hepatic uptake. 

 

The six SLCs (OATP1B1, OATP1B3, OATP2B1, NTCP, OAT2 and OCT1) studied here are 

shown to mediate hepatic uptake of various endogenous chemicals and drugs (Giacomini et al., 

2010; Zamek-Gliszczynski et al., 2018).  Assignment of ft could be inaccurate in cases where 

substrate-dependent inhibition is apparent (Izumi et al., 2013), and/or unknown transporters are 

involved. For example, Izumi et al. (2013) have reported substrate-dependent OATP1B1 

inhibition using prototypical substrates such as E17G, E3S and sulfobromophthalein (Izumi et al., 

2013). However, the Ki values of cyclosporine and rifampicin determined against 12 drug 

substrates (e.g., statins, sartans and glinides) have been reported to be within <55%CV of the 

average values, suggesting the substrate-dependence is generally minimum with clinically used 

drug substrates (Izumi et al., 2015). Additionally, OATP1B1-mediated uptake of all substrate 

drugs are completely inhibited (>90%) at 10µM rifampicin – inhibitory conditions proposed in 

the present study. Overall, the potential for substrate-dependence, if any, to influence ft estimates 

in the proposed phenotyping approach appears low. Nevertheless, concentration-dependent 

inhibition studies using transfect cell systems may be considered to avoid uncertainties in the 

process of SLC-phenotyping.  

 

Of note, considerable efforts have focused on OCT1 because its expression in human liver is 

greater (>10-fold) than that of OCT3 (SLC22A3) (Nies et al., 2009; Nishimura and Naito, 2005; 

Vildhede et al, 2015).  Moreover, a second highly expressed human liver OAT, OAT7 

(SLC22A9), was not studied because of its selectivity for steroid sulfates and the lack selective 
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inhibitors (Mathialagan et al., 2018; Vildhede et al., 2018).  These less studied transporters could 

be of relevance for specific substrates and further work is needed to phenotype their contribution.  

 

Fraction transport determined using chemical inhibition in PHH was scaled using transporter-

specific REF – derived using quantitative proteomics (Kimoto et al., 2012; Qiu et al., 2013; 

Vildhede et al., 2018).  This scaling allowed for the correction of expression differences in the 

various SLCs between the in vitro systems (PHH) versus liver in vivo. Subsequently, scaled ft 

values were used to predict DDIs of statins with rifampicin. At clinically relevant plasma 

unbound concentrations, rifampicin selectively inhibits OATP1B1/1B3-mediated hepatic uptake 

clearance, and therefore scaled ft,OATP1B1/1B3  reasonably recovered the AUC ratios of statins, with 

the exception of rosuvastatin (Figure 3). The contribution of increased intestinal absorption to 

observed AUC ratio, due to inhibition of breast cancer resistance protein (BCRP)-mediated 

efflux, may explain the notable underprediction for rosuvastatin (Table 4). Considering the IC50 

values for human BCRP and P-glycoprotein (P-gp) and the corresponding gut concentration/IC50 

ratio indicate that rifampicin can impact the clinical pharmacokinetics of BCRP and P-gp 

substrates at the dose (600mg single dose) recommended to probe OATP1B activity (Kosa et al., 

2018). This is consistent with our recent rosuvastatin-rifampicin DDI studies in cynomolgus 

monkey, where AUC ratios were well predicted following intravenous administration of 

rosuvastatin, but underpredicted following oral dose, particularly at higher doses of rifampicin; 

suggesting that the disconnect in the IVIV extrapolation of rosuvastatin-rifampicin DDIs is due 

to lack of consideration to BCRP-mediated intestinal efflux (Kosa et al., 2018; Ufuk et al., 2018).  

IVIV extrapolation of the scaled ft via other transporters or for other substrate drugs could not be 

evaluated due to lack of relevant clinical data.    
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CONCLUSIONS 

In conclusion, we have proposed a transporter phenotyping approach to evaluate the contribution 

of the major basolateral SLCs to the hepatic uptake using primary human hepatocytes. Selective 

inhibitor conditions were identified by screening about 20 inhibitors across 6 major hepatic SLCs, 

including OATP1B1/1B3/2B1, NTCP, OAT2 and OCT1. Using these conditions, the scaled ft by 

individual SLCs was characterized for about 20 different substrates, and an IVIV extrapolation 

was evaluated where clinical DDI data were available.  To our knowledge, this is the first study 

to systematically evaluate and validate a phenotyping approach to probe activity involving six 

major human hepatic SLCs.   
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Figure Captions 

Figure 1. Concentration-dependent inhibition curves of 20 compounds against 6 hepatic uptake 

SLCs, measured using HEK-transfected cells. Data points represent mean and s.d. of n=3. 

Rosuvastatin was used a probe substrate for OATP1B1/1B3/2B1 inhibition, whereas, 

taurocholate, metformin and cyclicGMP were used as probes to assess inhibition of NTCP, 

OCT1 and OAT2, respectively. Concentrations of probe substrates used were below their 

measured Km values. 

Figure 2: SLC-phenotyping of 20 probe substrates and drugs in plated human hepatocytes using 

the proposed panel of transport inhibitors. Grey bars show effect of inhibitors on total uptake (% 

of control), and multi-color bar depicts ‘scaled ft’. N=3 (mean, s.d.). Percentage contribution was 

estimated assuming rifampicin 5 µM inhibit OATP1B1/1B3 alone, rifamycin SV 20 µM inhibit 

OATP1B1/1B3/2B1, HBV peptide inhibit NTCP alone, Ketoprofen inhibit OAT2, quinidine 

inhibit OCT1 and rifamycin SV 1mM inhibit all 6 SLCs. When uptake inhibition was <15% 

(arbitrary cut-off to account for experimental variability) by any one condition, that particular 

mechanism(s) was assumed to be unaffected (i.e., 0% inhibition). No bars - conditions not 

evaluated. Cryopreserved human hepatocytes lot Hu8246 was used. 

Figure 3: Predicted versus observed AUC ratio of statins when administrated orally with 

rifampicin (single dose 600mg). AUC ratio was predicted using the in vitro scaled ft,OATP1B1/1B3, 

using static model (eq. 5-9). When available, mean AUC ratios from individual clinical studies is 

presented. Open data points - statins dosed in micro/small dose in a cocktail/cassette with other 

probe substrates. Closed data points - statins dosed alone (Supplementary Table S1). Solid line 

represents unity, and dashed and dotted lines represent ±25% and ±50% range, respectively. 
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Figure 4.  A pragmatic SLC-phenotyping strategy to discern the role of major transporters in the 

hepatic uptake of substrate drug, and measure the in vitro transporter parameters – passive (CLpd) 

and active (CLactive) uptake clearance and the fraction transported by a given SLC (ft). Initially, 

ECCS can be used to predict the likely transporters involved in the hepatic uptake. Subsequently, 

transport studies using over-expressed systems can inform substrate activity. In vitro transport 

parameters can accordingly be obtained using one specific inhibitor, or a battery of selective 

inhibitor conditions. Fraction transport obtained using chemical inhibition panel in human 

hepatocytes incubations needs to be corrected based on relative expression of each transporter in 

liver tissue versus hepatocytes (REF). The scaled ft can be used to predict victim DDIs via 

mechanistic static or PBPK models.  
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Table 1. Summary of inhibition potency of various drugs against 6 hepatic uptake SLCs, measured using HEK293-transfected cells. 

 
OATP1B1 ¹ OATP1B3 ¹ OATP2B1 ¹ NTCP OCT1 OAT2 

Probe substrate Rosuvastatin (5 µM) Rosuvastatin (5 µM) Rosuvastatin (5 µM) Taurocholate (10 µM) 14C-Metformin (10 µM) 3H-cGMP (2 µM) 

 Inhibitor IC50 
% inhibition 

(inhibitor conc.) IC50 
% inhibition 

(inhibitor conc.) IC50 
% inhibition 

(inhibitor conc.) IC50 
% inhibition 

(inhibitor conc.) IC50 
% inhibition 

(inhibitor conc.) IC50 
% inhibition 

(inhibitor conc.) 

CCK8 4.7 µM 89% (100  µM) 1.6 µM 87% (100 µM) >100 µM 40% (100 µM) nd nd nd nd nd nd 

CCK8-S 7.4  µM 85% (100 µM) 5.8 µM 88% (100 µM) >100 µM 33% (100 µM) nd nd nd nd nd nd 

Cyclosporin A nd 96% (100 µM) nd 91% (100 µM) nd nd nd 46% (100 µM) nd 2% (50 µM) nd nd 

Erlotinib >30 µM 22% (30 µM) >30 µM -23% (30 µM) 0.1 µM 87% (30 µM) >300 µM -1% (300 µM) 0.16 µM 93% (30 µM) >30 µM -12% (30 µM) 

E3S 0.3 µM 74% (300 µM) >300 µM 49% (300M) 23.7 µM 70% (100µM) nd nd nd nd nd nd 

Estropipate 0.2 µM 78% (300µM) 295 µM 56% (300M) 0.9 µM 97% (300 µM) 23 µM 98% (300 µM) nd nd nd nd 

Gefitinib 83 µM 87% (300 µM) 72 µM 87% (300 µM) 122 µM 70% (300 µM) >300 µM 7% (300 µM) 1.1 µM 93% (250 µM) 40 µM 90% (250 µM) 

HBV peptide 0.4 µM 69% (1 µM) 0.3 µM 69% (1 µM) >1 µM 17% (1 µM) 0.04 µM 100% (1 µM) >10 µM 26% (10 µM) >10 µM 10% (10 µM) 

Ketoprofen >300 µM 24% (300 µM) >300 µM -134% (300 µM) >300 µM -277% (300 
µM) >300 µM 2%  (300 µM) >300 

µM 12% (1 mM) 39 µM 88% (250 µM) 

Mefanamic acid >150 µM 8% (150 µM) >150 µM -78% (150 µM) >150 µM 52% (300 µM) 57 µM 85% (300 µM) 242 µM 66% (500 µM) 27 µM 84% (300 µM) 

MPP+ >300 µM -42% (300 µM) >300 µM -48% (300 µM) >300 µM -887% (300 
µM) >300 µM -1% (300 µM) 38.5 µM 90% (1 mM) >1 mM 24% (1 mM) 

Octreotide 48.6 µM 87% (300 µM) 18 µM 93% (300 µM) >300 µM 17% (300 µM) >300 µM 12% (300 µM) 20 µM 85% (300 M) >300 M -14% (300 µM) 

Prazosin >90 µM 21% (90µM) >90 µM 7% (90 µM) >90 µM -319 (90 µM) >300 µM 12% (300 µM) 0.55 µM 94% (300 µM) 47 µM 63% (300 µM) 

Quinidine >300 µM 35% (300 µM) >300 µM -5% (300 µM) >300 µM -150% (300 
µM) >300 µM 6% (300 µM) 6.5 µM 95% (1 mM) >1 mM 33% (1 mM) 

Rifampicin 0.29 µM 99% (75 µM) 0.50 µM 98%  (75 µM) >100 µM 54% (100 µM) >100 µM 15% (100 µM) 603 µM 59% (1 mM) >1 mM 28% (1 mM) 
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RIF SV 0.31 µM 94% (100 µM) 0.25 µM 93%  (100 µM) 1.9 µM 93%  (100 µM) 73 µM 96% (1 mM) 369 µM 76% (1 mM) 206 µM 77% (1 mM) 

Scutellarin >100 µM 5% (100 µM) >100 µM 8% (100 µM) 1.9 µM 92% (100 µM) nd nd nd nd nd nd 

Sulfasalazine 25 µM 83% (100 µM) 24 µM 100% (100 µM) 1.7 µM 100% (100 µM) nd nd nd nd nd nd 

T-3157 >20 µM 49% (20 µM) >20 µM 40% (20 µM) 1,1 µM 87% (20 µM) nd nd nd nd nd nd 

TEA >300 µM -37% (300 µM) >300 µM -23% (300 µM) >300 µM -546% (300 
µM) >300 µM -3% (300 µM) 406 µM 86% (5 mM) >5 mM 27% (5 mM) 
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Table 2. Summary of percent inhibition of individual transporters measured in the transfected HEK293 cells with the inhibitor conditions selected 
for SLC-phenotyping.  

  

Inhibitor conditions 

% inhibition in HEK cells   

Comments OATP1B1 OATP1B3 OATP2B1 NTCP OCT1 OAT2 

Rifampicin (10 µM) 93 96 15 -20 -9 12 OATP1B1/1B3 vs. OATP2B1 

Rif SV (20 µM) 95 94 89 21 13 4 OATPs vs. other SLC 

HBV (0.1 µM) 20 25 7 93 -17 -24 NTCP vs. other SLC 

Ketoprofen (100 µM) -8  -132 -360 -1 6 68 OAT2 vs. other SLC 

Quinidine (100 µM) -9  -12 -196 2 92 -18 OCT1 vs. other SLC 

Rif SV (1 mM) 97 96 95 93 72 75 active vs. passive 
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Table 3. Substrate affinity of various endogenous compounds and drugs to the 6 major hepatic uptake transporters.  

Substrate ECCS 
class 

Conc 
(uM) 

Mean Uptake Ratio (vs HEK-WT) 

OATP1B1 OATP1B3 OATP2B1 NTCP OCT1 OAT2 

CCK8 - 1 26 371 1.0 1.6 0.5 1.5 

Bromfenac* 1A 1 2.4 0.9 0.7 0.4 0.8 4.4 

cGMP 1A 1 1.1 1.7 1.5 2.5 1.1 21.1 

Entacopone* 1A 1 3.6 2.1 4.8 0.6 1.0 2.1 

Fluorescein* 1A 1 3.7 7.0 1.7 1.1 1.2 1.9 

Meloxicam* 1A 1 1.2 0.9 0.9 0.4 0.8 6.9 

R-warfarin 1A 0.5  0.6 0.7 0.5 0.8 0.8 10.7 

S-warfarin 1A  0.5 0.9 0.6 0.7 0.6 0.9 3.6 

Tolbutamide 1A  1 0.7 0.9 0.5 1.1 0.9 2.6 

Fluvastatin 1B 1 2.8 2.6 4.6 3.3 0.7 0.8 

Pitavastatin 1B 1  11.0 6.0 4.6 3.6 1.9 0.5 

E3S 3A 1 58 3.6 117 10 0.9 2.2 

E17G 3B 1 423 68 0.7 0.8 1.2 1.4 

Pravastatin 3B 1 116 32.2 21 3.3 1.1 0.8 

R3G 3B 1 3.4 3.6 53.9 1.4 1.0 1.6 

Rosuvastatin 3B 1 102.3 50.7 66.2 11.8 1.8 1.2 

Taurocholate 3B 1 11 26 0.8 185 0.4 1.6 

Metformin 4 10 1.1 0.8 0.8 1.3 27.0 1.6 

Ranitidine 4 1 1.0 1.1 1.0 1.0 10.1 2.4 

Thiamine 4 1 1.4 1.3 0.8 0.6 15.1 1.1 

Uptake ratio of >2 is used an arbitrary criteria to suggest substrate affinity. Values in bold imply compounds are transported by the specific transporter. *Data 
reproduced from our previous reports (Kimoto et al., 2018).  
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Table 4. Estimated scaled fraction transport by individual SLCs and passive diffusion; and the predicted statin DDIs with a single dose 
rifampicin (600mg) using scaled ft,OATP1B1/1B3. 

Substrate Scaled Fraction transport (Scaled ft) Predicted AUC 
ratio (+rifampicin 

SD) 

Observed AUC 
ratio (+rifampicin 

SD)* 
Passive OATP1B1/1B3 OATP2B1 NTCP OAT2 OCT1 

CCK8 0.01 0.99       
Bromfenac 0.24 0.61 0.04 0.11     

cGMP 0.03    0.97    

Entacopone 0.13 0.61 0.17 0.08     

Fluorescein 0.17 0.79 0.03      

Meloxicam 0.11    0.89    

R-warfarin 0.05    0.95    

S-warfarin 0.10    0.90    

Tolbutamide 0.13    0.87    

Fluvastatin 0.24 0.48 0.12 0.16   1.81 2.40 

Pitavastatin 0.07 0.81 0.12    4.03 2.54-5.41 

E3S 0.03 0.60 0.37      

E17G 0.03 0.97       

Pravastatin 0.02 0.98     4.41 2.27-4.64 

R3G 0.02  0.98      

Rosuvastatin 0.02 0.71 0.21 0.06   2.62 2.26-4.67 

Taurocholate 0.04 0.39 0.03 0.54     

Metformin 0.11     0.89   

Ranitidine 0.17   0.16 0.50 0.17   

Thiamine 0.49     0.51   

*Range of AUC ratios shown when data from multiple clinical studies were available. References for the observed clinical data are 
given in Supplementary Table S1. 
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Quantitative contribution of six major transporters to the hepatic uptake of drugs: 

‘SLC-phenotyping’ using primary human hepatocytes 

Yi-an Bi, Chester Costales, Sumathy Mathialagan, Mark West, Soraya Eatemadpour, Sarah Lazzaro, Laurie Tylaska, Renato Scialis, 
Hui Zhang, John Umland, Emi Kimoto, David A. Tess, Bo Feng, Larry M. Tremaine, Manthena V. S. Varma, A. David Rodrigues 

 

Table S1. Observed DDIs of oral statins with a single dose oral 600mg rifampicin. Data was extracted from University of Washington 
Drug Interaction Database (UW-DIDB). 

Victim drug AUC 
Ratio 

Object Interval Pubmed (PMID) 
number 

fluvastatin 2.40 2mg, single dose (as transporter cassette including atorvastatin, fluvastatin, pitavastatin, and 
rosuvastatin), concomitantly with placebo or rifampin 

29748935 

pitavastatin 2.54 0.2mg, single dose (as transporter cassette including atorvastatin, fluvastatin, pitavastatin, and 
rosuvastatin), concomitantly with placebo and rifampin 

29748935 

pitavastatin 4.23 10 µg (microdose), single dose, alone or with rifampin, as part of cocktail including midazolam, 
dabigatran etexilate, pitavastatin, rosuvastatin, and atorvastatin 

27943276 

pitavastatin 5.05 0.2mg, single dose, alone and with rifampin (administered simultaneously with pioglitazone and 
repaglinide as a small-dose cassette) 

27457785 

pitavastatin 5.28 4mg, single dose, alone or with rifampin 23831870 
pitavastatin 5.41 1mg, singe dose, alone or with rifampin 24617605 
pravastatin 2.27 20mg, single dose, with rifampin or placebo 19695392 
pravastatin 4.64 33 µg (microdose)single dose in solution with midazolam and atorvastatin, alone (phase 1) and 

with rifampin (phase 2) 
21832990 

rosuvastatin 2.26 0.5mg, single dose (as transporter cassette including atorvastatin, fluvastatin, pitavastatin, and 
rosuvastatin), concomitantly with placebo and rifampin 

29748935 

rosuvastatin 4.09 5mg, singe dose, alone or with rifampin 24617605 
rosuvastatin 4.59 25 µg (microdose)single dose, alone or with rifampin, as part of cocktail including midazolam, 

dabigatran etexilate, pitavastatin, rosuvastatin, and atorvastatin 
27943276 

rosuvastatin 4.63 5mg, single dose, alone (Period 2) and with rifampin (Period 3) 28576766 
rosuvastatin 4.67 5mg, single dose in the morning, alone (Period 2) and with rifampin (Period 3) 27317801 
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