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Abbreviations 

AAFE, absolute average fold error; 

BSA, bovine serum albumin;  

CLH, systemic plasma clearance mediated by hepatic elimination;  

CLint, hepatic intrinsic clearance;  

CLint,met, intrinsic hepatic metabolic clearances;  

CYP, cytochrome P450;  

fu,p, the unbound fraction in rat plasma;  

fu,hep, the unbound fraction in hepatocyte suspension incubation;  

fu,liver tissue, the unbound fraction in rat liver tissue;  

fu,KHB w 4%,BSA, unbound fraction in KHB buffer containing 4% BSA; 

IVIVC, in vitro to-in vivo correlation;  

IVIVE, in vitro-to-in vivo extrapolation; 

Kp, hepatocytes to media partition coefficient at steady state; 

Kpuu,ss , unbound hepatocytes to media partitioning coefficient at steady-state; 

LC-MS/MS, liquid chromatography– tandem mass spectrometry;  

OATP, organic anion-transporting polypeptide; 

PSinf, hepatic uptake clearance for total drug;  

PSinf,act, hepatic active uptake clearance for total drug;  

PSinf,dif, passive influx for total drug;  

PSu,inf, unbound hepatic uptake clearance; 

PK, pharmacokinetics; 

RMSLE, root mean squared logarithmic error 
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Abstract  

Clearance (CL) prediction remains a significant challenge in drug discovery, especially when 

complex processes such as drug transporters are involved. The present work explores various in 

vitro to in vivo extrapolation (IVIVE) approaches to predict hepatic CL driven by uptake 

transporters in rat. Broadly, two different IVIVE methods using suspended rat hepatocytes were 

compared: initial uptake CL (PSu,inf) and intrinsic metabolic CL (CLint,met) corrected by unbound 

hepatocytes to media partition coefficient (Kpuu).  Kpuu was determined by temperature method 

(Temp Kpuu,ss), homogenization method (Hom Kpuu,ss), and initial rate method (Kpuu,V0). In 

addition, impact of albumin (BSA) on each of these methods was investigated. Twelve 

compounds, which are known substrates of organic anion-transporting polypeptides (OATP) 

representing diverse chemical matter, were selected for these studies. As expected, CLint,met alone 

significantly underestimated hepatic CL for all the test compounds. Overall, predicted hepatic 

CL using PSu,inf with BSA, Hom Kpuu,ss with BSA and Temp Kpuu,ss showed the most robust 

correlation with in vivo rat hepatic CL. Adding BSA improved hepatic CL prediction for 

selected compounds when using PSu,inf and Hom Kpuu,ss methods, with minimal impact on Temp 

Kpuu,ss and Kpuu,V0 methods. None of the IVIVE approaches required empirical scaling factor. 

These results suggest that supplementing rat hepatocyte suspension with BSA may be essential 

in discovery research for novel chemical matters to improve CL prediction.  
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Significance Statement 

The current investigation demonstrates that hepatocyte uptake assay supplemented with 4% BSA 

is a valuable tool for estimating unbound hepatic uptake CL and Kpuu. Based upon extended 

clearance concept, direct extrapolation from these in vitro parameters significantly improved the 

overall prediction of hepatic CL for OATP substrates in rat. This study provides a practical 

IVIVE strategy for predicting transporter-mediated hepatic CL in early drug discovery.    
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Introduction  

Prediction of human pharmacokinetics (PK) of drug candidates is one of the major focus during 

drug discovery to reduce attrition during clinical development. Liver is the major organ 

responsible for drug disposition and elimination. Upon active uptake or passive diffusion from 

blood into hepatocytes, drugs undergo metabolism and biliary excretion. Therefore, quantitative 

prediction of hepatic CL is an essential step towards accurately predicting human PK. Although 

allometric scaling across preclinical species has been commonly used for human PK prediction 

in drug discovery, mechanism driven IVIVE is the more preferred approach to predict hepatic 

CL because of the species difference in the function and/or expression of drug metabolizing 

enzymes and transporters in liver. When metabolism is the predominant CL mechanism, liver 

microsome or hepatocytes have served as an essential tool for predicting hepatic CL (Kilford et 

al. 2009, Hallifax et al. 2010, Di et al. 2012). However, when transporters are involved in drug 

disposition and elimination, the in vitro and in vivo correlation (IVIVC) and human PK 

prediction become highly uncertain (Shitara et al. 2013). Particularly, when hepatic uptake is the 

rate determining step for hepatic CL, direct extrapolation from intrinsic metabolic CL 

significantly underestimates the drug CL observed in vivo. Due to the difference between the in 

vitro and in vivo systems (e.g. transporter expression level, activity, static vs dynamic), the 

empirical scaling factor has been proposed to optimize the prediction of hepatic uptake CL 

(Jones et al. 2012, Li et al. 2014). Empirical scaling factor has been found to be system- and 

compound-dependent, thus presenting a great challenge to implement this approach in supporting 

drug discovery efforts.  
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Quantitative IVIVE approaches have been demonstrated to predict the hepatic CL from uptake 

CL obtained in human cryopreserved hepatocytes, although these examples are limited to only a 

few organic anions (Watanabe et al. 2010, Watanabe et al. 2011). Based upon the extended 

clearance concept, Izumi et al. demonstrated improved IVIVE for a variety of drugs by 

correcting intrinsic metabolic CL with Kpuu (Izumi et al. 2017). However, for the highly bound 

compounds, the application of these IVIVE approaches are still limited because of the 

experimental challenges for accurately determining hepatic uptake CL and Kpuu because of the 

significant non-specific binding to the cell surface and experimental devices, and limited 

analytical sensitivity to accurately determine the unbound fraction in matrices.  

Other than the difference of transporter expression level and activity, another deviation of in 

vitro systems from in vivo is that in vitro hepatic uptake assay often is carried out in a protein 

free condition, in contrast to the systemic circulation containing albumin. Primarily synthesized 

in liver, albumin is a key protein that maintains the oncotic pressure of blood and has been 

proven to be involved in drug metabolism and transport (Tessari 2003, Rabbani and Ahn 2019). 

For the highly bound compounds, the non-specific binding to the assay device and/or cell 

membrane surface could significantly contribute to the inaccuracy or underestimation of in vitro 

transport rate. The phenomenon of albumin-mediate hepatic uptake has been reported previously 

in various experimental systems (Tsao et al. 1988, Tsao et al. 1988). Recent studies have 

demonstrated that the unbound intrinsic hepatic uptake CL was enhanced by addition of bovine 

serum albumin (BSA) or human serum albumin (HSA), subsequently resulting in improvement 

in the prediction of the hepatic uptake CL of OATP substrates in rat/human hepatocyte 

suspension (Miyauchi et al. 2018, Kim et al. 2019). 
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A robust mechanism-driven IVIVE strategy is pivotal for building confidence in human PK 

prediction in order to prioritize compounds during drug discovery phase. Rodent is the most 

commonly used preclinical species for assessing pharmacokinetics and pharmacodynamic in 

early stages of drug discovery. In the present study, we aimed at identifying the most reliable and 

practical in vitro approach to establish good IVIVC in rat.  The twelve OATP substrates with 

diverse physicochemical properties, were selected for this investigation. For most of the 

compounds, OATP1B1 is the dominant uptake transporter responsible for the hepatic uptake, 

except telmisartan which is only transported by OATP1B3 (Supplemental Table S1). The 

hepatic uptake has been proven to be the rate-determining step for hepatic CL for these 

compounds, as indicated by preclinical and clinical evidence (Supplemental Table S1). In 

addition, uptake in rat hepatocyte in the absence and presence of 4% BSA was conducted to 

investigate the impact of albumin on intrinsic hepatic uptake CL (PSu,inf) and Kpuu estimation. 

Subsequently, these in vitro parameters were utilized to predict hepatic CL via two advanced 

IVIVE approaches, 1) directly predicting the hepatic CL using the initial uptake CL determined 

in rat hepatocytes suspension in the absence or presence of 4% BSA; 2) prediction based on 

intrinsic metabolic CL with correction of the Kpuu according to the extended clearance concept.  
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Materials and Methods 

Chemicals and Reagents 

Rosuvastatin calcium, atorvastatin calcium, pravastatin sodium, pitavastatin calcium, glyburide, 

valsartan, and telmisartan were purchased from MilliporeSigma (St. Louis, MO). Fluvastatin 

sodium and cerivastatin were purchased from Tocris bioscience (Bristol, UK). Bosentan was 

purchased from Bosche Scientific (New Brunswich, NJ). Asunaprevir was obtained from 

Advanced ChemBlock Inc (Burlingame, CA) and nateglinide was obtained from Tokyo 

Chemical Industry Co, Ltd (TCI) (Tokyo, Japan). Rifamycin SV sodium salt was purchase from 

MP Biomedicals, LLC (Solon, OH). Cryopreserved rat hepatocytes (lot JTJ), Krebs-Henseleit 

buffer (KHB), pooled rat plasma and rat liver homogenates were purchased from Bioreclamation 

IVT, LLC (Hicksville, NY). The cryopreserved hepatocytes thawing media (CHRM®) was 

obtained from APSciences, Inc (APS) (Columbia, MD). Dulbecco’s Modified Eagle Medium 

(DMEM) and L-glutamine were obtained from Thermo Fisher Scientific (Waltham, MA). 

Dimethyl sulfoxide and bovine serum albumin were purchased from MilliporeSigma (St. Louis, 

MO). HPLC grade acetonitrile and water were purchased from Burdick & Jackson (Muskegon, 

MI).  

 

Permeability Determination  

Transcellular permeability studies using MDCKII (Madin Darby Canine Kidney Epithelial Cells) 

cell monolayers were conducted at Q
2
 Solutions (Indianapolis, IN). Briefly, transcellular assay 

was performed on day 4 post plating of the MDCKII cells on 96-well transwell plates. Cells were 

pre-incubated with assay buffer (HBSS, pH 7.4 supplemented with 10 mM Hepes, 1 µM 
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elacridar and 0.1% BSA) for 30 minutes. After pre-incubation, assay buffer containing 5 µM test 

compound was added into the apical compartment, and assay buffer alone was added to the basal 

compartment. Elacridar (1 µM) was added to assay buffer at all times to inhibit any endogenous 

P-gp activity. Each incubation was performed in triplicate.  The plates were re-assembled and 

incubated (37°C, 5% CO2) for two hours.  At the end of incubation, samples from receiver and 

donor compartments were collected and analyzed by LC-MS/MS, and the apparent permeability 

coefficient (Papp) of tested compounds was calculated:  PAB = (dQ / dt) / (A * C0), where dQ / dt 

is the apical-to-basal penetration rate of the agent, A is the surface area of the cell monolayer on 

the transwell, and C0 is the initial concentration of the test compound.  

  

Determination of Unbound Fraction in Different Biological Matrices 

The binding in rat plasma, rat liver tissue homogenate, KHB buffer containing 4% BSA and 

hepatocytes suspension was performed using ultracentrifugation method as previously described 

with slightly modification (Nakai et al. 2004). Rat liver homogenate was prepared as 1g tissue 

per 4 mL of phosphate-buffered saline (dilution factor = 5). Briefly, rat plasma, diluted liver 

tissue homogenate, KHB with 4% BSA were spiked with test article at concentration of 5 µM 

and hepatocyte suspension at concentration 0.5 µM.  Thereafter, 25 µL aliquots of spiked matrix 

were transferred to a sample plate and kept on ice to represent total drug.  220 µL aliquots were 

transferred to ultracentrifuge tubes and spun at 190,000 x g for 4.5 hours in a Type 42.2 rotor 

(Beckman Coulter) at 37
o
C.  The remainder of spiked plasma was incubated at 37°C for the 

duration of the centrifugation period to be used to evaluate stability of test article.  After 

centrifugation, 25 µL aliquots of the aqueous supernatant representing unbound fractions and the 

stability control plasma were transferred to the sample plate respectively.  Samples were matrix 

This article has not been copyedited and formatted. The final version may differ from this version.
DMD Fast Forward. Published on August 5, 2020 as DOI: 10.1124/dmd.120.000064

 at A
SPE

T
 Journals on A

pril 19, 2024
dm

d.aspetjournals.org
D

ow
nloaded from

 

http://dmd.aspetjournals.org/


 

Public Information 
11 

 

matched and quenched with cold acetonitrile with 0.1% formic acid containing internal standard 

(1 µM tolbutamide). The samples were vortex-mixed and centrifuged at 3400 x g for 15 minutes 

at 4°C. The supernatants were analyzed by LC-MS using a Waters Acquity H-Class UPLC 

system with a BEH C18 column (1.7 um x 2.1 mm x 50 mm) connected to a Q Exactive™ 

Hybrid Quadrupole-Orbitrap™ Mass Spectrometer (Thermo Scientific™) in full scan positive 

mode. The unbound fraction in rat plasma (fu, plasma) and KHB with 4% BSA (fu, BSA) was 

calculated from the ratio of analyte detected in the aqueous layer after centrifugation relative to 

the total concentration in the original matrix. The fraction unbound in tissue homogenates was 

corrected for dilution according to the equation described in (Kalvass et al. 2007): 

Undiluted fu = (
1/𝐷

((1
𝑓𝑢

⁄ )−1)+1/D

)                                      (1) 

 

where undiluted fu is the adjusted fraction unbound in tissue, fu is the measured fraction unbound 

assuming no dilution, and D is the -fold dilution of the tissue.   

 

Measurement of CLint,met by Using Cryopreserved Rat Hepatocytes 

Intrinsic metabolic CL was determined using cryopreserved Sprague-Dawley rat hepatocytes in 

suspension (Lot # JTJ) in the standard 1 hr incubation assay. Cryopreserved rat hepatocytes were 

thawed and recovered in pre-warmed CHRM®. After a quick centrifugation at 100 g for 10 min, 

the cells were reconstituted in pre-warmed Dulbecco’s Modified Eagle Medium (DMEM, 

Thermo Fisher Scientific) supplemented with 2 mM L-glutamine (Thermo Fisher Scientific). The 

hepatocytes with equal or greater than 80% viability were diluted to 0.5 x 10
6
 cells/mL in pre-
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warmed DMEM.  The reaction was initiated by spiking test compounds into the hepatocyte 

suspension to achieve a final concentration of 0.5 µM and incubate at 37
o
C in a humidified CO2 

incubator for 1 hours on a thermomixer shaker. At 0, 10, 20, 30, 45 and 60 time points, the 

reaction was stopped by adding quench solution (acetonitrile with 0.1% formic acid with 

tolbutamide as internal standard). After centrifugation at 3750g for 45 min, the supernatants were 

analyzed for test compound and IS by RapidFire 365 high-throughput SPE system interfaced 

with a 6550 QTOF mass spectrometer (Agilent) (Supplement method). The apparent metabolic 

intrinsic clearance CLint, met (µL/min/10
6
 cells) was determined based on the degradation half-life 

estimated from analyte to IS peak area ratio time profile data.  

 

In vitro Uptake Assay in Rat Hepatocytes Suspension   

Uptake assay were performed in cryopreserved rat hepatocytes in suspension using a centrifugal 

filtration method described previously (Hirano et al. 2004). Cryopreserved rat hepatocytes (Lot# 

JTJ) were thawed and recovered in pre-warmed CHRM®. After a quick centrifugation at 100 g 

for 10 min, the cells were reconstituted in iced-cold KHB in the absence or presence of 8% 

bovine serum albumin at cell density of 1.0 x 10
6
 cells/mL. Hepatocytes with greater than 85% 

viability were used in all the uptake study described below. The cells (2X of final concentration) 

were aliquoted into glass tube and stored on ice before use.  The hepatic uptake was evaluated 

for the initial uptake rate by collecting aliquots at short time intervals (e.g. 20sec, 45sec and 

90sec; or 30sec, 60sec and 120sec) up to 30min at 37
o
C in the presence or absence of 1 mM 

rifamycin SV. The passive diffusion was also assessed on ice with assumption that all the active 

uptake is abolished at 4
o
C. After 5 min preincubation at 37

o
C or on ice, the uptake was initiated 

by adding an equal volume of pre-warmed or pre-chilled KHB containing 2X test compound, 

This article has not been copyedited and formatted. The final version may differ from this version.
DMD Fast Forward. Published on August 5, 2020 as DOI: 10.1124/dmd.120.000064

 at A
SPE

T
 Journals on A

pril 19, 2024
dm

d.aspetjournals.org
D

ow
nloaded from

 

http://scholar.google.com/scholar?q=Rapidfire+Q-TOF+agilent&hl=en&as_sdt=0&as_vis=1&oi=scholart
http://scholar.google.com/scholar?q=Rapidfire+Q-TOF+agilent&hl=en&as_sdt=0&as_vis=1&oi=scholart
http://dmd.aspetjournals.org/


 

Public Information 
13 

 

resulting in the final test compound concentration of 1 µM and cell concentration of 0.5 x 10
6
 

cells/mL. At designated time, an 80-µL aliquot of the reaction were removed and loaded onto a 

0.4 ml centrifugation tube (Thermo Fisher Scientific) containing 100 µL of silicone-mineral oil 

layer (5:1 ratio, density of 1.015 g/mL) over 50 µL of 2M ammonium acetate to separate the 

hepatocytes from the reaction buffer. The top layer media samples and hepatocyte pellets were 

vortex-mixed with quenching solution (80% acetonitrile with 0.1% formic acid containing 

internal standard, 100 nM tolbutamide). After centrifugation at 4000 rpm for 20 min, the 

supernatants were analyzed by LC-MS/MS using API 5500 triple quadrupole mass spectrometer 

with Turbo Ion Spray source in MRM mode (AB Sciex, Foster City, CA) (supplemental method). 

 

Rat PK study 

The intravenous PK studies in rats were conducted at Syngene International Limited (Bangalore, 

India). Male Sprague-Dawley (SD) rats, 8-10 weeks old weighing between 250-350 g, were 

dosed either rosuvastatin, fluvastatin, cerivastatin or pravastatin (each prepared in 100% DMSO) 

at 1 mg per kg single dose, via i.v. bolus injected in femoral vein. The dosing volume was 

controlled at 0.5 mL/kg.  Serial blood sampling was done via jugular vein at 0.083, 0.25, 0.5, 1, 2, 

4, 6, 8 and 24 hours post-dose. Blood Samples collected in K2-EDTA tubes were placed on ice 

until centrifuged (at 4˚C, 10 minutes at 13000 rpm, within 30 minutes of collection) to separate 

plasma. Plasma samples were stored at -70˚C until LC-MS/MS analysis. 

 

Data analysis 
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Approach 1: Determination of initial hepatic uptake CL (PSu,inf) from in vitro hepatocyte uptake 

assay  

The initial uptake rate was estimated from the slope obtained from the time course data within 

the initial linear phase, usually first three time points (20sec, 45sec and 90sec; or 30sec, 60sec 

and 120sec) using linear regression analysis. In the absence of BSA, the uptake CL (PSinf) were 

calculated by dividing the initial uptake velocity by the total drug concentration measured in the 

incubation buffer. Assuming minimal binding in the aqueous buffer, PSinf is equal to PSu, inf. In 

the presence of BSA, the uptake CL (PSu, inf) were determined by dividing the initial uptake 

velocity by the unbound drug concentrations in the incubation buffer containing 4% BSA. 

𝑃𝑆𝑢,𝑖𝑛𝑓 =
𝑃𝑆𝑖𝑛𝑓

𝑓𝑢,𝐾𝐻𝐵 𝑤 4% 𝐵𝑆𝐴
 

𝑃𝑆𝑢,𝑖𝑛𝑓 = 𝑃𝑆𝑢,𝑎𝑐𝑡 + 𝑃𝑆𝑢,𝑑𝑖𝑓 

Approach 2: Determination of Kpuu in rat hepatocytes 

Determination of Kpuu,ss in rat hepatocytes based on steady-state uptake: The time-dependent 

uptake profiles for the transporter substrates were limited to 30 min to ensure good viability of 

hepatocytes. For most of the compounds, the uptake peaked or reached plateau at 5 or 15 min. 

Based on the assumptions that the active uptake and efflux in hepatocytes is completely ceased 

on ice and the fraction unbound in the cell at steady state is independent of temperature, the Kpuu 

can be determined as Kp ratio of 37
o
C vs. 4

o
C at steady-state (Kpuu,ss).  

In the absence of BSA, at steady state, it is assumed to reach equilibrium between intracellular 

compartment and media, so Cu, cell (4
o
C) = Cu,media (4

o
C) and fu,cell (4

o
C) = fu,cell (37

o
C) 

In the absence of BSA, it is assumed that fu,media =1 
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𝑓𝑢,𝑐𝑒𝑙𝑙,4𝑜𝐶 =
𝐶𝑢,𝑐𝑒𝑙𝑙 (4𝑜𝐶)

𝐶𝑐𝑒𝑙𝑙 (4𝑜𝐶)
 =  

𝐶𝑢,𝑚𝑒𝑑𝑖𝑎 (4𝑜𝐶)

𝐶𝑐𝑒𝑙𝑙 (4𝑜𝐶)
 =

1

𝐾𝑝4𝑜𝐶
  

𝐾𝑝𝑢𝑢,𝑠𝑠 =
𝐶𝑢,𝑐𝑒𝑙𝑙 37𝑜𝐶

𝐶𝑢,𝑚𝑒𝑑𝑖𝑎 37𝑜𝐶  
 =

𝐶𝑐𝑒𝑙𝑙 37𝑜𝐶  × 𝑓𝑢,𝑐𝑒𝑙𝑙 

𝐶𝑚𝑒𝑑𝑖𝑎 37𝑜𝐶 × 𝑓𝑢,𝑚𝑒𝑑𝑖𝑎 
=

𝐾𝑝37𝑜𝐶

𝐾𝑝4𝑜𝐶
 

 In the presence of BSA, fu,media is fu,KHB w 4% BSA  

𝑓𝑢,𝑐𝑒𝑙𝑙,𝑜𝑛 𝑖𝑐𝑒 =
𝐶𝑢,𝑐𝑒𝑙𝑙 (4𝑜𝐶)

𝐶𝑐𝑒𝑙𝑙 (4𝑜𝐶)
 =  

𝐶𝑢,𝑚𝑒𝑑𝑖𝑎 (4𝑜𝐶)

𝐶𝑐𝑒𝑙𝑙 (4𝑜𝐶)
 =

𝐶 𝑚𝑒𝑑𝑖𝑎 (4𝑜𝐶) ×  𝑓𝑢,𝐾𝐻𝐵 𝑤 4%𝐵𝑆𝐴

𝐶𝑐𝑒𝑙𝑙 (4𝑜𝐶)
=

𝑓𝑢,𝐾𝐻𝐵 𝑤 4%𝐵𝑆𝐴

𝐾𝑝4𝑜𝐶
  

𝐾𝑝𝑢𝑢,𝑠𝑠 =
𝐶𝑢,𝑐𝑒𝑙𝑙 37𝑜𝐶

𝐶𝑢,𝑚𝑒𝑑𝑖𝑎 37𝑜𝐶  
 =

𝐶𝑐𝑒𝑙𝑙 37𝑜𝐶  × 𝑓𝑢,𝑐𝑒𝑙𝑙 

𝐶𝑚𝑒𝑑𝑖𝑎 37𝑜𝐶 × 𝑓𝑢,𝐾𝐻𝐵 𝑤 4%𝐵𝑆𝐴 
=

𝐾𝑝37𝑜𝐶

𝐾𝑝4𝑜𝐶
 

Where the Kp was determined by the ratio of total hepatocyte concentration and media 

concentration at 15 min.  

When the hepatic uptake reaches steady-state in vitro, the unbound hepatocyte-to-medium 

concentration ratio (Kpuu) can be also determined as equation below: 

𝐾𝑝𝑢𝑢,𝑠𝑠 =
𝐶𝑢,𝑐𝑒𝑙𝑙,𝑠𝑠

𝐶𝑢,𝑚𝑒𝑑𝑖𝑎,𝑠𝑠
=

𝐶𝑐𝑒𝑙𝑙,𝑠𝑠 ×  𝑓𝑢,𝑐𝑒𝑙𝑙

𝐶𝑚𝑒𝑑𝑖𝑎,𝑠𝑠  ×  𝑓𝑢,𝑚𝑒𝑑𝑖𝑎
= 𝐾𝑝 ×  

𝑓𝑢,𝑐𝑒𝑙𝑙

𝑓𝑢,𝑚𝑒𝑑𝑖𝑎
 

In the absence of BSA, it is assumed that fu,media =1 

𝐾𝑝𝑢𝑢,𝑠𝑠 = 𝐾𝑝 ×  𝑓𝑢,𝑐𝑒𝑙𝑙 

 In the presence of BSA, 

𝐾𝑝𝑢𝑢,𝑠𝑠 = 𝐾𝑝 ×  
𝑓𝑢,𝑐𝑒𝑙𝑙

𝑓𝑢,𝐾𝐻𝐵 𝑤 4% 𝐵𝑆𝐴
 

Where the fu,cell and fu,KHB w 4% BSA were experimentally determined in the binding assay. 
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Determination of Kpuu,V0 in rat hepatocytes based on initial uptake rate: CLuptake consists of 

active uptake (PSinf,act) and passive diffusion (PSinf,dif). PSinf was determined by the initial hepatic 

uptake CL determined at 37
o
C; while the PSdif was determined by the initial hepatic uptake CL 

determined at 37
o
C in the presence of uptake inhibitor, rifamycin-SV. Based on the extended 

clearance concept, assuming that the PSdif for the cellular influx is equal to that for the efflux, 

Kp,uu based on the initial uptake rate can be calculated using: 

𝐾𝑝𝑢𝑢,𝑉0 =
𝑃𝑆𝑖𝑛𝑓

𝑃𝑆𝑑𝑖𝑓
=

𝑃𝑆𝑎𝑐𝑡 + 𝑃𝑆𝑑𝑖𝑓

𝑃𝑆𝑑𝑖𝑓
 

In vitro to In Vivo Extrapolation (IVIVE) for Hepatic CL: 

The intrinsic hepatocyte metabolic CL (CLint, met  µL/min/10
6
 cells) was determined in the 

absence of BSA in rat hepatocytes and the in vitro unbound hepatic uptake CL (PSu,inf, 

µL/min/10
6
 cells) were first scaled up to in vivo using the following physiologic scaling factor: 

108 million cells/g liver and 36 g liver/Kg body weight (SimCYP).  

According to the extended clearance concept (Sirianni and Pang 1997, Shitara et al. 2006, 

Kusuhara and Sugiyama 2009, Patilea-Vrana and Unadkat 2016), the hepatic intrinsic clearance 

(CLint, all) is described by the following equation: 

𝐶𝑙𝑖𝑛𝑡,𝑎𝑙𝑙 = (𝑃𝑆𝑖𝑛𝑓,𝑎𝑐𝑡 + 𝑃𝑆𝑖𝑛𝑓,𝑑𝑖𝑓) ×  
𝐶𝐿𝑖𝑛𝑡,𝑚𝑒𝑡+𝑏𝑖𝑙𝑒

𝑃𝑆𝑒𝑓𝑓,𝑎𝑐𝑡 + 𝑃𝑆𝑒𝑓𝑓,𝑑𝑖𝑓 + 𝐶𝐿𝑖𝑛𝑡,𝑚𝑒𝑡+𝑏𝑖𝑙𝑒
 

Where PSinf,act , PSinf,dif, PSeff,act, PSeff,dif and CLint, met+bile represents transporter mediated active 

uptake intrinsic CL, intrinsic passive diffusion influx CL, intrinsic transporter-mediated active 

efflux CL, intrinsic passive diffusion sinusoidal efflux CL, and the sum of intrinsic metabolic 

clearance (CLint, met) and biliary excretion (CLint, bile). 
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If CLint, met+bile is much higher than the total back flux (PSeff, dif, and PSeff,act), then CLint, all can be 

described as following: 

𝐶𝑙𝑖𝑛𝑡,𝑎𝑙𝑙 = 𝑃𝑆𝑖𝑛𝑓,𝑎𝑐𝑡 + 𝑃𝑆𝑖𝑛𝑓,𝑑𝑖𝑓 

The equation can be rewritten as the following: 

𝐶𝑙𝑖𝑛𝑡,𝑎𝑙𝑙 = (𝐶𝐿𝑖𝑛𝑡,𝑚𝑒𝑡+𝑏𝑖𝑙𝑒) ×  
𝑃𝑆𝑖𝑛𝑓,𝑎𝑐𝑡 + 𝑃𝑆𝑖𝑛𝑓,𝑑𝑖𝑓

𝑃𝑆𝑒𝑓𝑓,𝑎𝑐𝑡 + 𝑃𝑆𝑒𝑓𝑓,𝑑𝑖𝑓 + 𝐶𝐿𝑖𝑛𝑡,𝑚𝑒𝑡+𝑏𝑖𝑙𝑒
 

Where (PSinf,act + PSinf,dif)/(PSeff,act + PSeff,dif + CLint, met+bile) represents to the degree of 

hepatocellular unbound drug accumulation or the liver to plasma drug unbound concentration 

ratio (Kpuu) at steady state. For the compounds which are actively taken up by hepatic uptake 

transporters and eliminated primarily by enzymatic metabolism, the equation is described as 

follows: 

𝐶𝐿𝑖𝑛𝑡,𝑎𝑙𝑙 = 𝐶𝐿𝑖𝑛𝑡,𝑚𝑒𝑡  ×  𝐾𝑝𝑢𝑢 

The predicted overall hepatic intrinsic clearance, by the above described methods, was used to 

predict systemic plasma clearance (CLH) mediated by hepatic elimination using well-stirred 

model (Pang and Rowland 1977),  

𝐶𝐿𝐻 = 𝑄𝐻  ×  
𝐶𝐿𝑖𝑛𝑡  ×  𝑓𝑢,𝑝

𝐶𝐿𝑖𝑛𝑡 ×
𝑓𝑢

𝑅𝐵/𝑃
+ 𝑄𝐻

 

where CLint, QH, fu,p and RB/P represent the predicted intrinsic hepatic CL, rat hepatic blood blow 

(77 mL/min/kg), unbound fraction in rat plasma and blood to plasma ratio, respectively.  
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The hepatic CL predicted by each IVIVE method was compared with the observed systemic CL. 

As the renal CL in rat for all the selected compounds are minimal (<10%), the total plasma 

clearance (CLP) was used as surrogate of hepatic CL. 

Statistical Analysis: 

The prediction performance of each IVIVE approach used in the study was compared with 

observed hepatic CL in rat. The fold error, absolute average fold error (AAFE) and root mean 

squared logarithmic error (RMSE) were calculated as the following equations:  

𝑓𝑜𝑙𝑑 𝑒𝑟𝑟𝑜𝑟 = 10
|𝐿𝑜𝑔10( 

𝐶𝐿𝑝𝑟𝑒𝑑

𝐶𝐿𝑜𝑏𝑠𝑒𝑟𝑣𝑒𝑑
)|

 

𝐴𝐴𝐹𝐸 =  10
[
1
𝑛

∑|𝐿𝑜𝑔(
𝐶𝐿𝑝𝑟𝑒𝑑

𝐶𝐿𝑜𝑏𝑠𝑒𝑟𝑣𝑒𝑑
)|]

 

𝑅𝑀𝑆𝐿𝐸 =  √
1

𝑛
∑(𝐿𝑜𝑔 (𝐶𝐿𝑝𝑟𝑒𝑑 + 1) − 𝐿𝑜𝑔(𝐶𝐿𝑜𝑏𝑠𝑒𝑟𝑣𝑒𝑑 + 1))

2
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Results 

Physicochemical Properties and In Vitro ADME data of Selected OATP Substrates. Twelve 

structurally diverse organic anion drugs covering a broad spectrum of physicochemical 

properties were systematically selected on the basis of varying permeability and lipophilicity. 

Compounds with high lipophilicity and high permeability include fluvastatin, cerivastatin, 

atorvastatin, bosentan, telmisartan, pitavastatin, nateglinide and glyburide; compounds with 

lower lipophilicity and low permeability include rosuvastatin, pravastatin and valsartan; 

compound with high lipophilicity and low permeability includes asunaprevir. The permeability, 

unbound fraction in all the matrices, including rat liver homogenate, KHB containing 4% BSA, 

rat plasma and rat hepatocytes incubation, and CLint, met in rat hepatocytes were determined and 

summarized in Table 1 along with the physicochemical properties for each compound. The 

overall Log D at pH 7.4 spans from -2.7 to 4.0; and the permeability spans from 0.14 to 29 (10
-

6
cm/s). The unbound fractions in KHB with 4% BSA (fu, KHB w 4% BSA) were within 2-3 fold of the 

unbound fractions in rat plasma (fu,p) for pravastatin, valsartan, fluvastatin, cerivastatin and 

atorvastatin. For the rest of compounds, the difference of fu, KHB w 4% BSA value with fu,p value was 

greater than 3-fold. The fu,p values for almost all drugs except rosuvastatin and pravastatin were 

less than 0.05; and fu,p values for valsartan, pitavastatin, bosentan, glyburide and telmisartan 

were less than 0.01. For the drugs with highest lipophilicity, i.e., telmisartan and asunaprevir, the 

unbound fraction in rat liver homogenate for was less than 0.01, suggesting high non-specific 

binding for these two compounds.   

Effect of Albumin on Hepatic Uptake CL in Rat Hepatocyte Suspension. The time-

dependent uptake profile was determined in rat hepatocyte suspension in the absence and 

presence of 4% BSA (Figure 1). The uptake velocity at 4ºC of all the test compounds was 
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significantly lower than that at 37
o
C. In the presence of hepatic uptake transporter inhibitor, 

rifamycin-SV, the uptake at 37
o
C significantly decreased for all of the compounds confirming 

the involvement of active uptake transporters. However, only for the less permeable compounds, 

i.e., rosuvastatin, pravastatin and valsartan, the uptake at 37
o
C was reduced to the levels similar 

to 4ºC. With addition of BSA, the dynamic range of active uptake (uptake at 37
o
C vs uptake at 

37
o
C with inhibitor) improved, particularly for the two highly lipophilic drugs with high non-

specific binding, asunaprevir (from less than 2-fold to 4-fold) and telmisartan (from 3-fold to 6-

fold).  In the absence of BSA, the uptake of all the drugs increased in a time-dependent manner 

except for telmisartan. The uptake of telmisartan reached a steady-state instantaneously due to its 

high binding characteristic, resulting in instant binding onto the cell surface. Therefore, the PSinf 

at 37
o
C of telmisartan was not determined in the pure aqueous buffer system. In the presence of 

BSA, the uptake of all the drugs increased in a time-dependent manner.  Initial hepatic uptake 

CL (PSinf) was determined from the initial slopes of uptake measured in KHB and KHB 

containing 4% BSA, respectively (Table 2). In the presence of BSA, the hepatic uptake CL for 

unbound drug (PSu,inf ) was calculated by dividing PSinf by fu, KHB w 4%BSA value. In the regular 

KHB, unbound fraction in the media was assumed to be unity, therefore, the PSu,inf was equal to 

PSinf. In the absence of BSA, PSu,inf ranged from 8.9 (pravastatin) to 2210 (asunaprevir) 

µL/min/10
6
 cells; and in the presence of BSA, PSu,inf ranged from 10.3 (pravastatin) to 2668 

(asunaprevir) µL/min/10
6
 cells. In the presence of BSA, the PSinf values for almost all drugs 

except pravastatin decreased compared to PSinf values determined in the absence of BSA. 

However, the PSu,inf with BSA overall increased, but to different extent, when compared to PSu,inf  

without BSA: for rosuvastatin, cerivastatin, pravastatin, atorvastatin, bosentan, asunaprevir, and 

nateglinide, this increase was less than 2- fold; for fluvastatin, pitavastatin and glyburide, the 
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increase was within 2-3 fold; for valsartan and telmisartan, the increase was greater than 10- fold. 

These results demonstrated that drugs with high plasma protein binding vary in the level of 

“albumin-mediated” hepatic uptake. Additionally, based on these data we were unable to identify 

any specific trends related to permeability or lipophilicity of the compounds which would dictate 

the enhanced hepatic uptake in the presence of BSA.  

Effect of Albumin on Kpuu Determination in Rat Hepatocytes. The Kpuu values of the twelve 

OATP substrates were determined in the absence and presence of BSA using temperature 

method, homogenization method and initial rate method as described in the Materials and 

Methods section. The data are summarized in Table 3. Based on the time profiles, the uptake of 

most drugs peaked at 15min, then either plateaued or started to decline. For both temperature 

method and homogenization method, the Kpuu, ss were determined at 15min for all the compounds, 

except valsartan determined at 30min of uptake. By using the temperature method, the difference 

of Kpuu,ss values determined in the absence or presence of BSA were mostly within 2-3 fold. In 

contrast, using homogenization method in general resulted in an increase in the Kpuu,ss values, 

except for rosuvastatin, pravastatin and bosentan. The increase was substantial (greater than 7-

fold) for valsartan, telmisartan and glyburide; for the rest of compounds, the increase was within 

2- fold. PSinf and PSinf,dif were determined from the initial slope of uptake at 37
o
C and 37

o
C with 

inhibitor, respectively. The Kpuu,V0 calculated based on ratio of PSinf and PSinf,dif determined in 

the absence and presence of BSA are summarized in Table 3. The impact of BSA on the Kpuu,V0 

does not have a clear trend due to the relatively large inter-experimental variability. Kpuu,V0 for 

telmisartan in the absence of BSA cannot be determined due to the high non-specific binding.  

In vitro to in vivo Extrapolation of Hepatic CL. The hepatic CL predicted by three IVIVE 

approaches using 1) CLint, met alone; 2) corrected CLint, met by Kpuu; 3) PSu,inf, were compared with 
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in vivo observed hepatic CL in rat (Figure 2).  First, when applying the traditional IVIVE 

approach by scaling directly from intrinsic metabolic CL alone, the hepatic CL was significantly 

underestimated for majority of the compounds and the AAFE and RMSLE were 8.99 and 0.83 

respectively (Table 5). Only one compound (atorvastatin) fell within 3-fold error, and 6 out of 

12 compounds showed greater than 10-fold underestimation of the hepatic CL (Figure 2A and 

Table 4).  

Based on the extended clearance concept, in the scenario when hepatic uptake is the rate-

determining step for hepatic CL, the intrinsic hepatic CL could be well accounted for by the in 

vitro hepatic uptake CL, regardless of the involvement of hepatic metabolism. PSu,inf determined 

in the hepatic uptake assay was used to predict the systemic hepatic CL (Figure 2B, Table 2). In 

the absence of BSA, 5 out of 12 compounds fell within the 3-fold error; 9 out of 12 compounds 

fell within 5-fold error; two compounds (valsartan and nateglinide) showed great than 10-fold 

underestimation; this approach was not applicable for telmisartan as PSu,inf could not be 

determined. In the presence of BSA, the predictability of PSu,inf was improved as demonstrated 

by AAFE and RMSLE (3.48 and 0.58 without BSA vs 2.23 and 0.40 with BSA) (Table 5); 8 out 

of 12 compounds fell within the 3-fold error and 11 out of 12 compounds fell within 5-fold error; 

only one compound (nateglinide) was underestimated greater than 5 fold.   

According to the extended clearance concept, correcting CLint, met determined in rat hepatocytes 

by multiplying Kpuu substantially improved the prediction of hepatic CL for all of the 12 

compounds (Table 4). When using the Kpuu,ss determined by temperature method in the absence 

of BSA,  the prediction of 10 out 12 compounds fell within the 3-fold error, and only one 

compound (telmisartan) showed greater than 5-fold underestimation of the hepatic CL (Figure 

2C). In the presence of BSA, the prediction performance was similar with the condition without 
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BSA, as demonstrated by AAFE and RMSLE (1.95 and 0.32 without BSA vs 2.11 and 0.37 with 

BSA) (Table 5).  When using the Kpuu,ss determined by homogenization method, in the absence 

of BSA, 6 out of 12 compounds fell within the 3-fold error and four compounds (valsartan, 

telmisartan, asunaprevir and nateglinide) showed greater than 5-10 fold underestimation (Figure 

2D). In contrast, the prediction performance was significantly improved by applying BSA when 

using the homogenization method, as demonstrated by AAFE and RMSLE (3.72 and 0.58 

without BSA vs 2.0 and 0.35 with BSA) (Table 5). When using the Kpuu,v0 determined by the 

ratio of PSinf and PSinf,dif, 9 out of 12 compounds fell within the 3-fold error regardless of the 

presence of BSA (Figure 2E). Although, the prediction performance of the Kpuu,v0 approach 

looked reasonable, however, due to the large inter-experimental variation of Kpuu,v0 

determination, this method is not practically recommended.  
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Discussion  

Accurate human PK prediction is pivotal at early stages of drug discovery to manage human 

dose projection, estimate efficacy and safety margins in an integrated manner. With the success 

in reducing CYP-mediated CL, the current chemical matter of interest has become more 

metabolically stable and transporter-mediated CL mechanisms have become predominant drivers 

of clearance (Shitara et al. 2006, International Transporter et al. 2010, Jones et al. 2012). A 

practical approach to accurately predict transporter mediated CL is urgently needed in the field to 

guide the prioritization of the new molecular entities with suitable PK properties for clinical 

development. Gaining the confidence in IVIVE strategies in preclinical species is an essential 

step towards improved human PK prediction. Rat is the most commonly used preclinical species 

for evaluating PK of drug candidates in early drug discovery. Therefore, this study focused on 

establishing a robust in vitro uptake assay in rat hepatocytes and evaluate variety of IVIVE 

approaches to provide a practical solution for predicting hepatic uptake transporter-mediated 

clearance in rat.  

It has also been demonstrated that the intrinsic hepatic uptake CL determined in human 

hepatocytes suspension was far more predictive of in vivo clearance of statins than extrapolating 

from intrinsic metabolic clearance (Watanabe et al. 2010, Watanabe et al. 2011). However, this 

approach is restricted to highly lipophilic compounds, due to the inability to detect active 

transport activity due to the high background caused by the high permeability, and 

underestimation of the intrinsic hepatic uptake clearance due to the non-specific binding (Kim et 

al. 2019, Koyanagi et al. 2019). Several studies have reported that addition of albumin can 

improve the IVIVE for hepatic uptake transporter substrates (Kim et al. 2019, Koyanagi et al. 

2019, Riccardi et al. 2019). Therefore, in the current study, we investigated the impact of BSA at 
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physiologically relevant concentrations on the predictability of the hepatic uptake parameters 

determined in suspended rat hepatocytes using various approaches.  

Compared to the traditional IVIVE approach from CLint, met alone, both advanced approaches 

(PSu,inf and the corrected CLint, met by Kpuu) substantially improved the prediction of hepatic CL 

for all twelve selected drugs. Among all the conditions evaluated in this study, PSu,inf generated 

in the presence of 4% BSA and CLint, met multiplied by Kpuu,ss generated using homogenization 

method in the presence of BSA and temperature method showed the most robust correlation with 

systemic hepatic CL. Some compounds are equally well predicted by all the approaches tested, 

regardless of addition of BSA, for examples, rosuvastatin, fluvastatin, cerivastatin, atorvastatin, 

and bosentan; the compounds which are sensitive to the IVIVE approaches and the presence of 

BSA include pravastatin, valsartan, telmisartan, asunaprevir, pitavastatin, nateglinide and 

glyburide.   

For 8 out of 12 compounds, PSu,inf value determined in the presence of BSA is similar to that in 

the absence of BSA; two compounds (fluvastatin and glyburide) showed about 3-fold increase of 

PSu,inf value in the presence of BSA; two compounds (valsartan and telmisartan) demonstrated 

greater than 10-fold increase in PSu,inf value in the presence of BSA. In contrast, the impact of 

albumin on the PSu,inf observed in human hepatocytes is more significant (unpublished data from 

our laboratory and (Kim et al. 2019). The increase of unbound intrinsic hepatic uptake in the 

presence of BSA can be attributed to albumin-mediated hepatic uptake. The “facilitated-

dissociation” model has been proposed recently to explain the phenomena where interaction of 

the albumin-drug complex with the cell surface enhances dissociation of the complex to present 

more unbound drug molecules to be transported (Miyauchi et al. 2018, Kim et al. 2019). Another 

group proposed transporter-induced protein binding shift model, where high affinity binding to 
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transporters may strip ligands off of the plasma protein before they dissociate (Bowman et al. 

2019). Based on these theories, the compounds with low binding to albumin should show less 

change in the PSu,inf  in the presence of BSA, while addition of BSA should demonstrate higher 

impact on the compounds with high binding to albumin. However, our data indicated the impact 

of albumin on the PSu,inf was not always shown for the compounds with high protein binding (fu,p 

< 0.01), i.e., bosentan and pitavastatin. Our finding suggested that the “albumin-mediated” 

hepatic uptake phenomenon could vary among compounds or between species, which may be 

attributed to interspecies difference in albumin binding, and expression or function of hepatic 

uptake transporters between human and rat. The relationship of albumin-mediated transport with 

variety of molecule properties requires further investigations, i.e., in-silico prediction (Liu et al. 

2016). It is important to note that there may be difference in protein binding between rat plasma 

protein and BSA as well. The compound avidly bound to albumin may have strong non-specific 

binding to cell surface or assay device due to the high lipophilicity. In the aqueous buffer, the 

loss of compounds in the nominal concentration could be another reason of underestimation in 

the in vitro assay. Therefore, it is important to calculate the PSu,inf using experimentally measured 

media concentration.  

Several in vitro methods have been developed and utilized to estimate the value of Kpuu.  The 

temperature method refers to Kpuu,ss estimated in hepatocytes using fu, liver determined by 1/Kp at 

4ºC based upon the assumptions that active transport is completely abolished on ice and tissue 

binding is not temperature-dependent (Shitara et al. 2013, Riede et al. 2017, Yoshikado et al. 

2017). Ryu, et al. have demonstrated that the drug binding properties are not influenced by assay 

temperature (Ryu et al. 2018). Our study showed Kpuu,ss estimated using temperature method was 

not impacted by addition of BSA, and CLint,met corrected by this Kpuu,ss demonstrated the most 
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robust correlation with in vivo observed rat CL, which provide experimental evidence of vitality 

of these assumptions. 

The homogenization method refers to Kpuu,ss determined using experimentally measured fu, liver in 

liver homogenate. The fundamental assumption of this method is that drug binding to the 

intracellular compartment is not affected by the homogenization process. For the least bound 

drug, i.e., pravastatin and the drug with high molecular weight, i.e., asunaprevir, the Kpuu,ss 

generated using this method was significantly lower compared to other methods. This 

phenomenon may be associated with the native caveat of the method for measuring the fu in 

tissue/cell homogenate (Riede et al. 2017). Mechanical homogenization which not only disrupt 

the plasma membrane but also break subcellular organelles, results in increased number of 

intracellular binding sites to the drugs (de Araujo et al. 2015, Keemink et al. 2015). Hence, fu, liver 

for the compounds with less lipophilicity or higher molecular weight can be underestimated. In 

addition, for the compounds with high binding to plasma, i.e., valsartan, telmisartan, and 

glyburide, Kpuu,ss estimated using this method was significantly enhanced by supplementing the 

uptake assay with 4% BSA, subsequently leading to improved hepatic CL prediction, which can 

be contributed by two factors, 1) albumin mediated hepatic uptake and/or 2) reduced non-

specific binding of test compounds to the cell surface or assay device.  

The initial rate method refers to Kpuu,v0 determined from the initial active uptake and passive 

diffusion (Yabe et al. 2011). Comparatively, the Kpuu, ss method has a practical advantage over 

the method to obtain the Kpuu, V0 value, as the experimental variability is much less for measuring 

Kpuu,ss than for Kpuu, V0, at least in our hands. The uptake data at longer time (15min or 30min, ~ 

steady state) are enough for Kpuu,ss estimation, whereas initial uptake rates obtained within 

seconds are required for Kpuu, V0 determination. Thus complexity in the assay procedure such a 
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rapid sampling at quick intervals could be a practical limitation of the latter approach. As Kpuu,v0 

is determined by PSinf and PSdif, the impact of BSA on the Kpuu, V0 should be aligned with the 

effect of BSA on PSinf, if PSdif is not influenced by addition of BSA. The large assay variation 

mainly attributed to PSdif determined at 37
o
C with hepatic uptake inhibitor. The phenomena of 

albumin-mediated hepatic uptake has been only investigated at the level of total influx. Therefore, 

the impact of albumin on active uptake vs. passive diffusion, and on other uptake (e.g. OATs) 

and efflux (e.g. MRPs) transporters would require further investigation.  

In conclusion, this study has demonstrated that the hepatic CL mediated by OATP transporter 

can be predicted reasonably well based upon extended clearance concept regardless of the 

involvement of metabolism and lipophilicity of the test compounds. Taking into account the 

assumptions and practical limitation of all the investigated methods, both intrinsic hepatic uptake 

CL determined in rat hepatocyte suspension in the presence of 4% BSA, and adjusted CLint,met by 

hepatocyte to media unbound concentration ratio determined in rat hepatocytes suspension at 

steady state provided robust correlation with the observed in vivo rat hepatic CL without any 

empirical scaling factor. In light of these findings, this study provided a practical strategy for 

improved predictions of transporter-mediated hepatic CL to support the optimization of new 

molecular entities in the early stage of drug discovery. The establishment of IVIVC in preclinical 

stage will build our confidence in human PK prediction as a necessary step toward the first-in-

human study.   
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Figure Legends 

Figure 1. Time-dependent uptake of the 12 OATP substratesin cryopreserved rat hepatocyte 

suspension. Uptake of rosuvastatin (A), fluvastatin (B), cerivastatin (C), pravastatin (D), 

atorvastatin (E), pitavastatin (F), bosentan (G), glyburide (H), nateglinide (I), valsartan (J), 

asunaprevir (K) and telmisartan (L) at 1 µM was determined in the regular KHB (left column) or 

KHB containing 4% BSA (right column) for (20sec -30min) at 37
o
C (closed circle), 37

o
C in the 

presence of 1mM rifamycin-SV (open circle), or 4
o
C (closed triangle). The uptake velocity (V0) 

was calculated by dividing the amount of compound measured in rat hepatocytes at each time 

point by the total compound concentration in the reaction buffer in the absence or presence of 

4% BSA. Data represents duplicate measurement at each time points.  

 

Figure 2. Correlation of the predicted hepatic CL using different IVIVE approaches with the 

observed in vivo hepatic CL in rat. Predicted hepatic CL based on intrinsic metabolic CL 

determined in rat hepatocytes (A). Predicted hepatic CL based on initial hepatic uptake CL 

determined in rat hepatocytes suspension (B). The open diamond symbol represents the unbound 

initial uptake CL (PSu,inf) determined in KHB containing 4% BSA; the blue circle represents the 

initial uptake CL (PSu,inf) determined in KHB with no BSA. Predicted hepatic CL based upon the 

extended clearance concept, corrected intrinsic metabolic CL by Kpuu determined using 

temperature method (C), homogenization method (D) and initial rate method (E). The open 

diamond symbol represents the Kpuu determined in KHB containing 4% BSA; the blue circle 

represents the Kpuu determined in the absence of 4% BSA.
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Table 1. Physicochemical properties, unbound fraction in variety of matrices, intrinsic metabolic clearance in rat hepatocytes of the 

selected 12 compounds 

 

NA, not available  

a
 Predicted by Amgen in-silico model 

b 
Data is referenced from (Li et al. 2014) 

c 
Data is referenced from (Riccardi et al. 2019)  

Intrinsic Metabolic CL

M.W. Log D7.4
a

pKa
a Papp (10

-6 
cm/s) f u, liver tissue f u, KHB w 4%BSA f u, p f u, hep

Rat Hepatocyte CL int,met  

(µL/min/10
6 

Cells)

Rosuvastatin 481.5 -2.7 4.3 1.8 0.15 0.21 0.059 0.77 19.8

Pravastatin 424.5 -0.8 4.3 0.62 0.29 0.69 0.63 0.85 NA

Valsartan 435.5 -0.6 3.7, 4.2 0.14 0.048
b

0.006
c 0.0029 0.79 20.4

Pitavastatin 421.5 0.4 4.2, 5.2 13 0.019 0.057 0.0065 0.56 46.2

Fluvastatin 411.5 0.5 4.3 19 0.015 0.037 0.015 0.51 38.8

Cerivastatin 459.6 0.6 4.2, 5.6 28 0.019 0.04 0.029 0.59 47.9

Nateglinide 317.4 0.6 3.6 6.2 0.037 0.063 0.015 0.73 43.5

Atorvastatin 558.6 1.3 4.3 5.5 0.018 0.066 0.036 0.63 90.8

Bosentan 551.6 1.5 4.0 16 0.025 0.057 0.0089 0.66 39.4

Glyburide 494.0 1.9 5.2 22 0.011 0.014 0.002 0.60 54.5

Asunaprevir 748.3 2.3 3.9, 5.6 1.7 0.00073 0.059 0.013 0.31 36.2

Telmisartan 514.6 4.0 3.5, 3.9, 5.0 29 0.0038 0.031 0.0061 0.45 23.3

Physico-Chemical Properties Ubound Fraction in Matrices
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Table 2. Unbound Initial Hepatic Uptake Clearance Determined in the Presence and Absence of 4% BSA and Predicted Rat Hepatic 

Clearance  

 

The PSu,inf data is presented as either mean of 2 independent experiments (individual data are given in parentheses) or mean ± S.D. of 

3-5 independent experiments.
  a

Data is referenced from (Yamashiro et al. 2006); 
b
Data is referenced from (Watanabe et al. 2010); 

c
Data is referenced from (Treiber et al. 2004);

 d
Data is referenced from (Wolfgang Wienen et al. 2000);

 e
Data is referenced from 

(Mosure et al. 2015);
 f
Data is referenced from (Tamura et al. 2010);

 g
Data is referenced from (Zhou et al. 2016). ND, not detected. 

  

Observed CL

no BSA w 4% BSA

Compound PSu, inf (µL/min/10
6
 ) PSu, inf (µL/min/10

6
 )

CLint 

(ml/min/kg)

Pred rat CL 

(ml/min/Kg)

CLint 

(ml/min/kg)

Pred rat CL 

(ml/min/Kg)

Rat CL 

(mL/min/Kg)

Rosuvastatin 120 (126, 114) 221 ± 13.8 467 17.2 858 24.2 56.7

Pravastatin 8.87 (13.0, 4.73) 10.3 (7.49, 13.2) 34.5 14.8 40.2 16.4 59.7

Valsartan 34.0 ± 10.5 560 (404, 716) 132 0.4 2177 5.6 17.8
a

Pitavastatin 249 (261, 236) 470 ± 212 966 5.5 1827 9.4 28
b

Fluvastatin 277 (310, 244) 903 (710, 1095) 1077 12.0 3509 24.6 20.0

Cerivastatin 527 ± 110 798 (595, 1001) 2048 26.0 3103 30.5 24.7

Nateglinide 88.8 (82.4, 95.1) 144 (139, 149) 345 4.7 560 7.1 58.1
f

Atorvastatin 300 (244, 355) 311 ± 110 1164 22.0 1210 22.4 35
b

Bosentan 232 (166, 297) 231 ± 94 900 6.8 899 6.8 23
c

Glyburide 461 (403, 518) 1587 (1078, 2095) 1790 3.3 6168 9.7 6.8
g

Asunaprevir 2210 (1759, 2661) 2668 (2454, 2882) 8592 32.7 10373 34.4 38.4
e

Telmisartan ND (n=2) 2625 ± 462 ND ND 10205 26.5 14.6
d

w 4% BSAno BSA

Initial Hepatic Uptake Rate Predicted Hepatic CL
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Table 3. Kp,uu Values Determined in Rat Hepatocytes Using Different Methods 

The data are presented as mean of 2 independent experiments (individual data are given in parentheses) or mean ± S.D. of 3-5 

independent experiments; ND, not detected. 

  

Compound no BSA w BSA no BSA w BSA no BSA w BSA

Rosuvastatin 17.1 (13.5, 20.6) 15.4 ± 4.66 12.6 (14.5, 10.7) 19.0 ± 4.52 54.9 (91.6, 18.2) 37.9 ± 11.4

Pravastatin 11.1 (15.8, 6.43) 4.80 (3.90, 5.69) 2.47 (3.84, 1.10) 2.62 (2.82, 2.42) 7.64 (4.88, 10.4) 30.2 (54.5, 5.97)

Valsartan 21.0 ± 14.6 8.43 (12.9, 3.95) 4.70 ± 1.71 96.5 (104, 89) 29.6 ± 15.9 12.8 (11.1, 14.5)

Pitavastatin 15.1 (22.1, 8.15) 11.6 ± 2.38 4.28 (4.10, 4.46) 7.30 ± 3.55 9.06 (6.22, 11.9) 6.33 ± 0.91

Fluvastatin 5.27 (5.42, 5.12) 20.1 (26.4, 13.7) 4.20 (4.90, 3.50) 16.6 (17.4, 15.8) 4.42 (5.60, 3.24) 11.7 (9.40, 13.9)

Cerivastatin 8.62 ± 1.37 5.75 (6.49, 5.0) 8.00 ± 0.71 15.8 (11.8, 19.7) 7.56 ± 0.33 6.25 ± 5.17

Nateglinide 10.8 (11.1, 10.4) 4.90 (6.80, 2.99) 2.27 (2.37, 2.16) 5.30 (4.85, 5.74) 5.22 (4.41, 6.02) 2.09, 2.39

Atorvastatin 10.5 (9.86, 11.2) 11.2 (10.3, 12.1) 4.71 (3.28, 6.14) 9.08 ± 4.01 12.8 (12.8, 12.7) 10.4 ± 5.36

Bosentan 5.51 (5.14, 5.88) 3.90 (3.53, 4.26) 4.38 (3.20, 5.56) 4.64 ± 1.96 6.31 (5.00, 7.62) 8.72± 3.51

Glyburide 6.73 (7.11, 6.35) 17.1 (23.5, 10.6) 2.26 (1.92, 2.60) 16.8 (14.9, 18.6) 19.4 (16.6, 22.2) 94.0 (14.9, 173)

Asunaprevir 5.02 (5.58, 4.45) 10.8 (11.2, 10.4) 0.94 (0.646, 1.24) 1.51 ± 0.11 2.12 (2.67, 1.56) 5.19 (4.24, 6.13)

Telmisartan 2.17 (1.89, 2.45) 4.17 ± 0.72 0.74 (0.647, 0.832) 6.84 ± 1.23 ND (n=2) 35.6 ± 10.0

Temp Kpuu,ss Hom Kpuu,ss Kpuu,V0
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Table 4. Predicted Rat Hepatic Clearance based on Extended Clearance Concept: CLint,met x Kpuu  

 

a
 CLint, met (mL/min/Kg) values was calculated based on the CLint, met (µL/min/10

6
cells) list in Table 1 using scaling factor of 108 x10

6
 

cells/g liver and 36 g liver /Kg body weight. 

b
 Determined in rat liver S9 at unit of mL/min/g liver (Watanabe et al. 2009), converted to mL/min/Kg using scaling factor of 36 g 

liver /Kg body weight. 

C
 refer to Table 2. 

ND, not detected.   

Compound 

Observed Rat 

CL 

(mL/min/Kg)
c

Rat Hepatocyte 

CLint,met 

(mL/min/Kg)
a

Pred rat CL 

(ml/min/Kg)

CLint 

(ml/min/kg)

Pred rat CL 

(ml/min/Kg)

CLint 

(ml/min/kg)

Pred rat CL 

(ml/min/Kg)

CLint 

(ml/min/kg)

Pred rat CL 

(ml/min/Kg)

CLint 

(ml/min/kg)

Pred rat CL 

(ml/min/Kg)

CLint 

(ml/min/kg)

Pred rat CL 

(ml/min/Kg)

CLint 

(ml/min/kg)

Pred rat CL 

(ml/min/Kg)

Rosuvastatin 56.7 77.0 5.23 1706 31.7 1541 30.6 1261 28.5 1901 32.7 5493 40.4 3794 38.3

Pravastatin 59.7 28.5
b 14.51 373 38.6 161 31.7 83 24.5 88 25.2 257 35.9 1015 43.1

Valsartan 17.8 79.2 0.29 2107 5.4 844 2.3 471 1.3 9669 17.4 2962 7.2 1283 3.4

Pitavastatin 28.0 179 1.99 4848 18.7 3733 15.9 1372 7.5 2341 11.4 2904 13.4 2029 10.3

Fluvastatin 20.0 151 4.04 1557 15.5 5925 30.4 1241 13.3 4906 28.4 1306 13.8 3443 24.4

Cerivastatin 24.7 186 7.64 2719 29.1 1813 24.6 2523 28.3 4970 35.0 2385 27.7 1971 25.6

Nateglinide 58.1 169 3.23 2492 20.7 1135 12.4 525 6.7 1228 13.2 1209 13.0 519 6.7

Atorvastatin 35.0 353 14.04 5900 37.9 6275 38.4 2639 31.1 5089 36.9 7143 39.2 5836 37.9

Bosentan 23.0 153 1.98 1280 9.1 905 6.9 1018 7.6 1079 8.0 1466 10.2 2027 13.0

Glyburide 6.8 212 0.70 2375 4.3 6017 9.5 798 1.5 5911 9.4 6846 10.6 33154 27.2

Asunaprevir 38.4 141 5.24 2280 18.1 4910 26.8 429 5.0 688 7.5 961 9.8 2357 18.4

Telmisartan 14.6 90.6 1.20 437 2.5 840 4.6 149 0.9 1378 7.1 ND ND 7168 22.5

CLint, met

w BSA

Temp Kpuu,ss Hom Kpuu,ss Kpuu, V0

no BSA w BSA no BSA w BSA no BSA
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Table 5. Comparison of the CL predictability by the tested IVIVE approaches (Observed: predicted)  

 

NA, not available; ND: not detected.  

*not included in the inter-experimental variability  

 

CLint,met

no BSA w BSA no BSA w BSA no BSA w BSA no BSA w BSA

Rosuvastatin 10.8 3.3 2.3 1.8 1.8 2.0 1.7 1.4 1.5

Pravastatin 4.1 4.0 3.6 1.5 1.9 2.4 2.4 1.7 1.4

Valsartan 61.6 46.9 3.2 3.3 7.7 13.4 1.0 2.5 5.2

Pitavastatin 14.0 5.1 3.0 1.5 1.8 3.7 2.4 2.1 2.7

Fluvastatin 4.9 1.7 1.2 1.3 1.5 1.5 1.4 1.5 1.2

Cerivastatin 3.2 1.1 1.2 1.2 1.0 1.1 1.4 1.1 1.0

Nateglinide 18.0 12.5 8.2 2.8 4.7 8.6 4.4 4.5 8.7

Atorvastatin 2.5 1.6 1.6 1.1 1.1 1.1 1.1 1.1 1.1

Bosentan 11.6 3.4 3.4 2.5 3.4 3.0 2.9 2.3 1.8

Glyburide 9.8 2.0 1.4 1.6 1.4 4.4 1.4 1.6 4.0

Asunaprevir 7.3 1.2 1.1 2.1 1.4 7.7 5.1 3.9 2.1

Telmisartan 12.2 ND 1.8 5.8 3.2 16.4 2.1 ND 1.5

AAFE 8.99 3.48 2.23 1.95 2.11 3.72 2.00 1.92* 2.11*

RMSLE 0.83 0.58 0.40 0.32 0.37 0.58 0.35 0.32* 0.4*

Temp Kpuu,ssPSu, inf Kpuu, V0Hom Kpuu,ss
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Supplemental Materials: 

Table S1: Summary of the in vitro and in vivo evidence of OATP-mediated hepatic uptake of the selected compounds 

 
  Transporters involved in hepatic uptake Preclinical and clinical evidence of OATP involvement 

 Compound Approach Hepatic Transporters Reference Approach PK Change Reference 

Rosuvastatin  RAF and REF OATP1B1 (M) and OATP1B3 (total 96% and 80%)  (Kunze et al., 2014) a oatp1a/1b KO mice i.v. : AUC↑ 1.7-fold 

PO: Cmax ↑ 3-fold; AUC↑ 7.1-fold 

(Iusuf et al., 2013) 

RAF OATP1B1(>95%) and OATP1B3 (<5%) (Izumi et al., 2018) b oatp1a/1b KO mice 

  

i.v. : AUC↑ 2.3-fold 

PO: Cmax ↑ 35-fold; AUC↑ 48-fold 

  

(Salphati et al., 2014) 

  

 
Hepatocytes 

with inhibitor 

OATP1B1/1B3 (71%), 2B1 (21%) and NTCP (6%) (Bi et al., 2019)  Clinical DDI with 

rifampicin (RIF) 

+ 600 mg RIF: Cmax ↑ 5.2-fold; AUC↑ 2.5-fold                               (Mori et al., 2020) 

Pravastatin RAF and REF OATP1B1 (M) and OATP1B3 (total 88% and 70%)  (Kunze et al., 2014) a oatp1a/1b KO mice AUC↑ 4.3-fold (Higgins et al., 2014) 

RAF OATP1B1 (>95%) and OATP1B3 (<5%) (Izumi et al., 2018) b oatp1a/1b KO mice i.v. AUC↑ 4-fold 

PO: Cmax ↑ 9.7-fold; AUC↑ 18-fold 

(Salphati et al., 2014) 

Hepatocytes 

with inhibitor 

OATP1B1/1B3 (98%) (Bi et al., 2019)  Clinical DDI with 

cyclosporin A (CsA)  

+ 2x 100 mg CsA: Cmax ↑ 3.2-fold; AUC↑ 3.4-fold                               (Yee et al., 2019) 

Valsartan RAF OATP1B1 (20-70%) and 1B3 (30-80%) (Yamashiro et al., 

2006)  

Clinical DDI with RIF + 600 mg RIF: Cmax ↑ 3.7-fold; AUC↑ 5.5-fold                               (Mori et al., 2020) 

  RAF OATP1B1 (>75%) and 1B3 (<25%) (Izumi et al., 2018)b       

Pitavastatin RAF OATP1B1 (90%) and OATP1B3 (10%) (Hirano et al., 2004) oatp1a/1b KO mice PO: Cmax ↑ 13.5-fold; AUC↑ 11.7-fold (Salphati et al., 2014) 

 RAF and REF OATP1B1 (M) and OATP1B3 (total 43% and 35%)  (Kunze et al., 2014) a oatp1a/1b KO mice i.v.: AUC↑ 3.7-fold (Chang et al., 2019) 
 

RAF OATP1B1 (>90%) and OATP1B3 (<10%) (Izumi et al., 2018) b Clinical DDI with RIF + 600 mg RIF: Cmax ↑ 3.7-fold; AUC↑ 4.0-fold                               (Mori et al., 2020) 

  Hepatocytes: 

inhibitor 

OATP1B1/1B3 (81%), 2B1 (12%)  (Bi et al., 2019)        

Fluvastatin  RAF and REF OATP1B1 (M) and OATP1B3 (total 50% and 42%)  (Kunze et al., 2014) a oatp1a/1b KO mice i.v.: AUC↑ 1.7-fold (Chang et al., 2019)  
RAF OATP1B1 (>93%) and OATP1B3 (<7%) (Izumi et al., 2018) b 

   

  Hepatocytes: 

inhibitor 

OATP1B1/1B3 (48%), 2B1 (12%) and NTCP (16%) (Bi et al., 2019)  
   

Cerivastatin  RAF and REF OATP1B1 (M) and OATP1B3 (total 19% and 16%) (Kunze et al., 2014) a Clinical DDI with CsA AUC↑ 3.8-fold (Shitara et al., 2013) 

RAF OATP1B1 (>95%) and OATP1B3 (<5%) (Izumi et al., 2018) b      

Nateglinide RAF OATP1B1(>85%) and 1B3 (<15%) (Izumi et al., 2018) b Clinical DDI with 

fluconazole 

AUC↑ 1.5-fold (Niemi et al., 2003) 

Atorvastatin  RAF and REF OATP1B1 (M) and OATP1B3 (total 73% and 63%) (Kunze et al., 2014) a oatp1a/1b KO mice AUC↑ 19-fold (Higgins et al., 2014) 

RAF OATP1B1 (>85%) and 1B3(<15%) (Izumi et al., 2018) b Clinical DDI with RIF + 600 mg RIF: Cmax ↑ 13.3-fold; AUC↑ 7.3-fold                               (Mori et al., 2020) 

Bosentan  RAF OATP1B1 (>90%) and 1B3 (<10%) (Izumi et al., 2018) b Clinical DDI with RIF + 600 mg RIF: AUC↑ 3.2-fold                               (Yoshikado et al., 2017) 

Glyburide  RAF OATP1B1 (>95%) and 1B3 (<5%) (Izumi et al., 2018) b Clinical DDI with RIF + 600 mg RIF: AUC↑ 2.2-fold (Shitara et al., 2013) 

Asunaprevir  Hepatocytes  Saturable Uptake  (Eley et al., 2015) Clinical DDI with 

rifampin  

PO: Cmax ↑ 21-fold; AUC↑ 15-fold (Eley et al., 2015) 

Telmisartan  RAF  OATP1B3 only (Ishiguro et al., 2006) Clinical DDI with 

Nisoldipine 

AUC↑ 2.3-fold (Bajcetic et al., 2007) 

  RAF OATP1B3 only (Izumi et al., 2018) b       
aIn Kunze, et al, the percent contribution of both OATP1B1 and OATP1B3 to the total active hepatic uptake clearance determined using RAF and REF respectively were listed in the parentheses. M in 

the parentheses indicated the major OATP involved in hepatic uptake. 
bThe percent contribution (%) cited from Izumi, et al and others represents the relative contribution of OATP1B1 and OATP1B3 to hepatic uptake. 

RIF: rifampicin 

CsA: cyclosporin A
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Supplemental methods:  

 

Bioanalysis using RapidFire 

Analysis of specimens for intrinsic metabolic CL in rat hepatocytes was performed using the 

RapidFire 365 high-throughput SPE system interfaced with a 6550 QTOF mass spectrometer 

with dual Agilent Jet (AJS) ESI source (Agilent Technologies, Santa Clara, CA, USA).  The 

instrument settings were gas temperature at 200°C, drying gas at 18 l/min, nebulizer 40 psig, 

sheath gas temperature at 350°C, sheath gas flow at 12 l/min and Vcap at 5000 V.  The 

acquisition rate/time was 5 spectra/s and Mass range was 100 to 700 m/z. Specimens were 

analyzed in positive mode.  The load/wash solvent (solvent A) was water containing 0.1% (v/v) 

formic acid.  The elution solvent (solvent B) was acetonitrile containing 0.1% (v/v) formic 

acid.  Specimens were aspirated serially, under vacuum, directly from multi-well assay plates.  In 

each case, a 10 µL aliquot was loaded onto a C18 SPE cartridge (cartridge type A) to remove 

buffer salts, using solvent A at a flow rate of 1.5 ml/min for 3500 ms.  The retained and purified 

analytes were eluted to the mass spectrometer by washing the cartridge with solvent B at 0.60 to 

0.8 ml/min for 3500 ms. The cartridge was re-equilibrated with solvent A for 500 ms at 1.5 

ml/min. The entire sampling cycle was around 8 s per well, enabling the analysis of a 96-well 

plate in approximately 13 min. 

 

LC-MS/MS Quantification  

The Shimadzu LC system included two LC-20ADXR pumps, a SIL-30ACMP auto sampler, a 

CBM-20A controller and a CTO-20A column oven (Shimadzu, USA). The chromatography was 

performed using C18 column (Cadenza 5CD - C18, 5 µM, 2 X 30mm, Imtakt, USA). Sample 

injection volume was 5μL and the LC flow rate was 1.2 mL/min. Mobile phase (A) was water 

with 0.1% formic acid and mobile phase (B) was acetonitrile with 0.1% formic acid. The 

gradient elution started with a 0.1 min hold at 5% mobile phase (B), followed by a 0.8 min ramp 

to 95% mobile phase (B) and hold for 0.5 min, followed by a 0.1 min ramp to 5% mobile phase 

(B) and a hold for 0.4 min re-equilibration. Integrated valco valve was used and the injected 

liquid was directed into Mass Spectrometer from 0.3 min to 1.8 min. The triple-quadruple 

instrument is an AB Sciex 5500 QTrap.  The mass spectrometer and peripherals were all 

controlled by Analyst™ (version 1.6.3; AB Sciex, Ontario, Canada) and DiscoveryQuant™ 
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software (version 3.0.1; AB Sciex, Ontario, Canada). Positive ionizations were used in selected 

reaction monitoring (MRM) scan mode. All the transitions of twelve compounds are listed 

below. 

 

Compound MW Q1 Q3 DP CE CPX EP 

Glyburide 494 495.2 370.1 73 10 9 8 

Nateglinide 317 318.2 69.1 120 25 13 12 

Valsartan 435 436.2 291.1 43 10 13 12 

Telmisartan 514 515.0 276.1 162 50 13 2 

Atorvastatin 558 559.4 440.3 81 10 16 10 

Asunaprevir 747 748.3 648.3 60 27 17 5 

Pitavastatin  421 422.5 290.2 96 39 10 10 

Bosentan 551 551.8 202.0 154 25 15 2 

Rosuvastatin  481 482.0 258.1 76 28 20 10 

Cerivastatin 459 460.2 356.3 86 20 12 10 

Fluvastatin 411 412.3 224.1 71 30 22 10 

Pravastatin  446 447.1 327.4 50 23 30 10 
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