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Abstract 

In vitro - in vivo extrapolation (IVIVE) to predict human hepatic clearance including 

metabolism and transport requires extensive experimental resources. In addition, there may 

be technical challenges to measure low clearance values. Therefore, prospective identification 

of rate-determining step(s) in hepatic clearance through application of the Extended 

Clearance Classification System (ECCS) could be beneficial for optimal compound 

characterization. IVIVE for hepatic intrinsic clearance (CLint,h) prediction is conducted for a 

set of 36 marketed drugs with low-to-high in vivo clearance, which are substrates of 

metabolic enzymes and active uptake transporters in the liver. The compounds were assigned 

to the ECCS classes and CLint,h, estimated with HepatoPac® (a micro-patterned hepatocyte 

co-culture system), was compared to values calculated based on suspended hepatocyte 

incubates. A Papp threshold (apical to basal) of 50 nm/s in LLC-PK1 cells proved optimal for 

ECCS classification. A reasonable performance of the IVIVE for compounds across multiple 

classes using HepatoPac® was achieved (with 2- to 3-fold error), except for substrates of 

uptake transporters (class 3b), where scaling of uptake clearance using plated hepatocytes is 

more appropriate. Irrespective of the ECCS assignment, metabolic clearance can be estimated 

well using HepatoPac®. The validation and approach elaborated in the present study can 

result in proposed decision trees for the selection of the optimal in vitro assays guided by 

ECCS class assignment, to support compound optimization and candidate selection. 

Significant Statement 

Characterization of the rate-determining step(s) in hepatic elimination could be on the critical 

path of compound optimization during drug discovery. This study demonstrated that 

HepatoPac® and plated hepatocytes are suitable tools for the estimation of metabolic and 

active uptake clearance, respectively, for a larger set of marketed drugs, supporting a 
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comprehensive strategy to select optimal in vitro tools and to achieve ECCS-dependent 

IVIVE for human clearance prediction.   

This article has not been copyedited and formatted. The final version may differ from this version.
DMD Fast Forward. Published on August 1, 2020 as DOI: 10.1124/dmd.120.000133

 at A
SPE

T
 Journals on M

ay 17, 2023
dm

d.aspetjournals.org
D

ow
nloaded from

 

http://dmd.aspetjournals.org/


In vitro assays for CLh prediction with ECCS-based IVIVE 

 

5 

 

Introduction 

Most drugs are eliminated from systemic circulation by pathways involving the kidney or 

liver. Hepatic elimination is the net result of drug uptake over the sinusoidal membrane 

(carrier- and non-carrier mediated), followed by metabolism and/or biliary excretion, with 

some cases where drugs can also undergo passive escape from the hepatocytes back to the 

systemic circulation (Kusuhara and Sugiyama, 2010). These individual clearance processes 

can be measured in conventional systems such as primary hepatocytes, liver microsomes and 

sandwich-cultured hepatocytes (Iwatsubo et al., 1997; Swift et al., 2010; Watanabe et al., 

2010). However, in vitro - in vivo extrapolation (IVIVE) to predict hepatic clearance (CLh) 

requires significant experimental resources (Camenisch and Umehara, 2012) and since 

metabolically stable compounds are preferred as drug candidates due to their longer retention 

in the body (Murgasova, 2019), reliable measurements of low metabolic clearance values can 

be a bottleneck. Furthermore, metabolically stable compounds are more likely to undergo 

hepatobiliary transport, warranting consideration of additional pathways in order to avoid 

mis-predictions in human intrinsic clearance (CLint,h). Accordingly, a holistic approach for 

the prediction of CLint,h has been demonstrated using the Extended Clearance Model 

(ECM), which integrates the major hepatic clearance processes: PSinf (= PSinf,passive + 

PSinf,active) for uptake, CLmet for metabolism, PSbile for biliary excretion, and PSeff for 

back-flux (Camenisch and Umehara, 2012; Umehara and Camenisch, 2012). 

 Characterization of the rate-determining step(s) in hepatic elimination could be on the 

critical path during drug discovery, since this could direct optimization towards the most 

relevant in vitro parameters for a given drug candidate series. The framework of an Extended 

Clearance Classification System (ECCS) has been proposed and was verified using 307 

compounds with a single clearance mechanism contributing to ≥ 70% of systemic clearance 

(Varma et al., 2015): Class 1a (hepatic metabolism; molecular weight (MW) ≤ 400, 
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acids/zwitterions, and high permeability), Class 1b (hepatic uptake; MW > 400, 

acids/zwitterions, and high permeability), Class 2 (hepatic metabolism; bases/neutrals and 

high permeability), Class 3a (renal elimination; MW ≤ 400, acids/zwitterions, and low 

permeability), Class 3b (hepatic uptake and/or renal elimination; MW > 400, 

acids/zwitterions, and low permeability) and Class 4 (renal elimination; bases/neutrals and 

low permeability). Of note, the permeability threshold value for ECCS based differentiation 

between classes 1/2 and 3/4 has so far not been intensively investigated.  

 For the accurate determination of low metabolic clearance values, the use of systems 

allowing for longer incubation times than primary hepatocytes in suspension (limited to four 

to six hours) is beneficial. HepatoPac® is an example of a long-term human hepatocyte co-

culture systems which maintain viability and functional expression of drug metabolizing 

enzymes for up to seven days and are now well established (Khetani and Bhatia, 2008; Lin 

and Khetani, 2016), while the other assay approaches as Hurel microliver platform® and 

relay method are also available (Hultman et al., 2016; Murgasova, 2019). HepatoPac® has 

been shown to provide improved accuracy and precision of hepatic intrinsic metabolic 

clearance predictions compared to hepatocytes in monoculture (Kratochwil et al., 2017; Chan 

et al., 2019; Docci et al., 2019).  

In this study, ECCS classification and IVIVE for human CLint,h prediction was 

conducted for 36 marketed drugs with low-to-high in vivo clearance, which are substrates of 

metabolic enzymes and active uptake transporters in the liver. Metabolic intrinsic clearance 

CLint,h was estimated with HepatoPac®, and was compared to estimations made with 

suspended hepatocytes. Passive permeability measured in LLC-PK1 cells was compared to 

the ratio PSinf,active/PSinf in plated human hepatocytes for a training compound set and a 

threshold permeability for ECCS-based compound classification was determined. Finally, a 
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workflow for selection of the most appropriate in vitro tools for human CLh prediction was 

defined. 
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Materials and Methods 

Chemicals and biological materials. Bupropion, cimetidine, dextromethorphan, 

diclofenac, digoxin, fexofenadine, fluvastatin, furosemide, gemfibrozil, ketoconazole, 

irinotecan, MK-571, mycophenolic acid, pravastatin, propranolol, quinidine, tolbutamide and 

verapamil were purchased from Sigma-Aldrich (St. Louis, MO). Oseltamivir, repaglinide, 

SN-38, memantine and zosuquidar were obtained from Toronto Research Chemicals 

(Toronto, Canada). Atorvastatin, benzydamine, clozapine, famotidine, rosuvastatin, 

simvastatin and valsartan were purchased from ChemPacific (Baltimore, MD), Honeywell 

Research Chemicals (Charlotte, NC), Memory Pharmaceuticals (Montvale, NJ), Prestwick 

Chemical (Illkirch, France), Cayman, LKT Laboratories (St. Paul, MN) and Lucerna Chem 

AG (Luzern, Switzerland), respectively.  Cyclosporine A, efavirenz and talinolol were 

provided from Syntex (Palo Alto, CA). Clopidogrel, ethynylestradiol, omeprazole, oxazepam 

(as internal standard for LC-MS/MS analysis), rosiglitazone and midazolam were synthesized 

at F. Hoffmann-La Roche Ltd. (Basel, Switzerland). Acetonitrile and phosphate-buffered 

saline (PBS) were obtained from Biosolve Chimie (Dieuze, France) and Thermo Fisher 

Scientific (Waltham, MA), respectively. Dimethyl sulfoxide (DMSO; Sigma-Aldrich) was 

used to prepare stock solutions of the test drugs, resulting in 0.1% (v/v) DMSO 

concentrations in the final incubation samples.  

Human cryopreserved hepatocytes for hepatic uptake and metabolism assays were 

obtained from BioIVT (Westbury, NY). Viability of hepatocytes after reconstitution was at 

least 80% throughout the study. Ready-to-use Human HepatoPac® cultures (long-term 

hepatocyte co-cultures; a pool of ten donors) and stromal mouse fibroblasts (lots/donors: 

8305/YFA and 9177/ACR; pooled) with the plates for incubations, application medium and 

maintenance medium were acquired from BioIVT.  
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Passive permeability in LLC-PK1 cells. LLC-PK1 cells overexpressing human P-

glycoprotein (encoded by the Multi-Drug Resistance (MDR)1 gene), were obtained from Dr. 

A. Schinkel, The Netherlands Cancer Institute (Amsterdam, The Netherlands) under licence 

agreement and used for monolayer permeability measurements as previously described 

(Poirier et al., 2014).  Cells were cultured in Medium-199 supplemented with 10% (v/v) fetal 

calf serum (FCS), penicillin-streptomycin (10,000 IU/μg/mL) and colchicine (150 ng/mL). 

Briefly, compounds dosed at 1 µM in phenol red-free Medium-199 supplemented 

with 10% (v/v) FCS and penicillin-streptomycin (10,000 IU/μg/mL) were evaluated for 

permeability in the apical-to-basolateral and basolateral-to-apical directions using a liquid 

handling robot (Tecan, Männedorf, Switzerland). Samples were collected from triplicate 

wells of donor and receiver compartments after a 3.5-hour incubation in the presence or 

absence of P-gp inhibitor (zosuquidar, 1 µM). Drug concentrations were measured by high-

performance liquid chromatography-tandem mass spectrometry (LC-MS/MS). The 

extracellular marker lucifer yellow (10 µM) was also added to ensure monolayer integrity; 

values exceeding 25 nm/sec were eliminated from analysis. The incubation was conducted in 

triplicates. 

For the permeability data assessment, the following equation was used: 

𝑃𝑎𝑝𝑝(𝑛𝑚/𝑠𝑒𝑐) =
1

𝐴×𝐶0
×

𝑑𝑄

𝑑𝑡
        (1)  

where Papp, A, C0 and dQ/dt represent the mean, bidirectional apparent permeability 

in the presence of P-gp inhibitor, the filter surface area, the initial concentration of test 

substances and the amount per time period (3.5 h), respectively. The recovery was calculated 

according to the equation: 

𝑅𝑒𝑐𝑜𝑣𝑒𝑟𝑦 (%) = (
𝐶𝑟𝑉𝑟+𝐶𝑑𝑉𝑑

𝐶𝑑0𝑉𝑑
) × 100       (2)  
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where Cr is the concentration in the receiver compartment at the end of experiment, 

Vr is the volume of the receiver compartment, Cd is the concentration in the donor 

compartment at the end of experiment, Cd0 is the initial concentration in the donor 

compartment, and Vd is the volume of the donor compartment. The acceptable range for 

mass balance recovery was 70 – 120 %. 

Hepatic uptake in human plated hepatocytes.  The cryopreserved primary cells (male 

and female; mixed) were reconstituted in a tube containing pre-warmed InVitroGRO 

cryopreserved platable (CP) medium at 37°C (BioreclamationIVT). To each well of a 

collagen-I coated 24-well tissue culture plate (BD BIOCOAT; BD Biosciences, San Jose, 

CA), 0.5 mL of the cell suspension was added corresponding to approximately a cell density 

of 0.3 × 10
6
 cells/well. The plates were then incubated at 37°C and 5% CO2, with saturating 

humidity for 3 and 4 h to allow for cell adherence, the medium was removed, and the cells 

were washed once with 1 mL of pre-warmed Hank’s balanced salt solution (HBSS; Thermo 

Fisher Scientific), supplemented with HEPES (20 mM), pH 7.4. The experiment was initiated 

by aspirating the wash buffer, and then adding 0.3 mL of a pre-warmed serum-free HBSS 

solution including the test compound in the absence and presence of the inhibitor cocktail on 

active transporters: MK-571 at 100 µM, cyclosporine A at 20 µM and quinidine at 100 µM 

(inhibiting OATPs, P-gp, BCRP, MRPs, BSEP, NTCP, OAT2 and OCT1). The inhibitor 

concentrations were optimized to achieve complete inhibition effects on hepatic transporters 

without any cell toxicity (in-house information). After the designated incubation time 

optimized to derive the linear uptake profile, the assay was stopped by washing the cells three 

times with ice-cold HBSS buffer containing 0.2% (v/v) bovine serum albumin (BSA). 

Subsequently, 0.3 mL of acetonitrile/water (75/25, v/v) containing internal standard were 

added to deprotonate the cells. The aliquot was transferred into LC-MS/MS to measure 

concentrations of the test drug. Using an additional cell plate by lysing the cells in 1% (v/v) 
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Triton X-100, an average protein content (mg/mL) was determined by the Pierce BCA assay 

kit with BSA used as standard (Thermo Fisher Scientific). The uptake assay was conducted in 

triplicates. 

Drug permeability clearance across the plasma membrane (PSinf: µL/min/mg protein) 

was determined from the test compound amount inside the cells (normalized to the cell 

protein amount and incubation time) divided by the measured concentration in the incubation 

medium. Contribution of an active uptake (PSinf,act) component (%) to the total permeability 

clearance (PSinf) was calculated as the following equation: 

 (1 – a ratio dividing the drug permeability clearance with and without the inhibitor cocktail 

(PSinf,pas/PSinf)) × 100        (3)  

ECCS classification of marketed drugs based on an experimentally defined 

permeability threshold. Using Roche in-house synthesized discovery compounds from the 

same chemical series as a development compound previously reported to show active hepatic 

uptake in clinical studies (Kratochwil et al., 2018), Papp (nm/s) in the apical to basal direction 

in LLC-PK1 cells was plotted against the respective hepatic active uptake component (%). 

These compounds all included a carboxylic acid moiety indicating potential of being 

substrates of Organic Anion Transporting Polypeptide (OATP), and had molecular weight 

(MW) > 400. This correlation was used to set a permeability threshold for ECCS based 

differentiation between classes 1/2 and 3/4. For verification, ECCS classification for 36 

marketed drugs was conducted, followed by IVIVE for CLint,h prediction. Known enzyme 

and transporter interactions for these drugs are provided in Table 1. 

Metabolism by suspended human hepatocytes. Primary pooled cryopreserved 

hepatocytes (male and female; mixed) were reconstituted in pre-warmed William’s E media 

containing 10% FCS, 0.05 mg/mL streptomycin and 50 U/mL penicillin and 0.4 mM L-

glutamine from Thermo Fisher Scientific; and 0.01 mg/mL gentamicin, 0.048 mg/mL 
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hydrocortisone and 0.004 mg/mL insulin from Sigma-Aldrich, to a final suspension density 

of 1×10
6
 cells/mL.  

The incubation was performed fully automatically with Evo Liquid Handling System 

(Tecan) equipped with a CO2 incubator with an orbital shaker from LiCONiC instruments 

(Montabaur, Germany). After the addition of test compounds at 1 µM, 0.1% v/v DMSO 

(marketed: n = 36) to the wells (1×10
5
 cells/well, 100 µL incubation volume), the 96-well 

hepatocyte suspension culture plates were incubated at 900 rpm in a 5% CO2 at 37°C. 

Samples were quenched by addition of acetonitrile (including an internal standard) to the 

incubation well at the designated time points up to 2 h. The incubation was conducted in n=1 

or 2. For intrinsic clearance, n=1 denotes a single intrinsic clearance value determined using 

seven different independent incubation wells with different incubation times. 

The natural logarithm of the percentage initial drug concentration in the incubation 

samples was plotted against time and a linear regression analysis was applied using GraphPad 

Prism version 7.04 for Windows (GraphPad Software, La Jolla, CA). The in vitro CLint was 

calculated from the slope of the linear regression: 

𝐼𝑛 𝑉𝑖𝑡𝑟𝑜 𝐶𝐿𝑖𝑛𝑡(µ𝐿/min/106 ℎ𝑒𝑝𝑎𝑡𝑜𝑐𝑦𝑡𝑒𝑠)  =  
−𝑠𝑙𝑜𝑝𝑒 ∗ 𝑉𝑖𝑛𝑐𝑢𝑏𝑎𝑡𝑖𝑜𝑛 ∗ 106

𝑛ℎ𝑒𝑝𝑎𝑡𝑜𝑐𝑦𝑡𝑒𝑠 𝑝𝑒𝑟 𝑖𝑛𝑐𝑢𝑏𝑎𝑡𝑖𝑜𝑛
  (4)  

A conversion factor of 1mg protein per million hepatocytes as determined previously 

(Kratochwil et al., 2017) was used to convert intrinsic clearance per million cells into 

intrinsic clearance per milligram hepatocyte protein. 

Metabolism by human HepatoPac®.  Incubations for the same set of the test 

compounds (1 µM, 0.1% v/v DMSO) as conducted in suspension assays were performed in 

96-well plates containing either a co-culture of adherent hepatocytes (mixed, n=5 for male 

and n=5 for female) with mouse fibroblast control cells or control cells alone (5% CO2 

atmosphere and 37°C). The incubation media in human HepatoPac® was identical with that 
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in suspended hepatocytes. At defined time points (2, 18, 26, 48, 72 and 96 h), whole wells 

were quenched with ice-cold acetonitrile containing an internal standard. Samples were then 

centrifuged appropriately and the supernatant analyzed by LC-MS/MS. The incubation was 

conducted in n=1 or 2. For intrinsic clearance, n=1 denotes a single intrinsic clearance value 

determined using eight different independent incubation wells with different incubation 

times. 

 Measured concentrations in the medium were plotted against incubation time (min) 

and a linear fit made to the data with emphasis upon the initial rate of compound 

disappearance. This calculation was performed for samples prepared from HepatoPac® and 

fibroblast control cells (stromal cells). The slope of the fit was then used to calculate the 

apparent intrinsic clearance: 

CLint,met,app (µL/min/mg protein) = [slope (min
-1

) × 1000] / protein concentration (mg 

protein/mL)          (5)  

The apparent intrinsic clearance in hepatocytes was corrected for fibroblast 

metabolism. Each well in HepatoPac® plates has 75% surface area as fibroblasts and 25% 

surface area as hepatocytes (Khetani and Bhatia, 2008; Chan et al., 2019). The in vitro 

intrinsic clearance determined from the fibroblast lysate according to equation (5) were 

multiplied by 0.75 and then subtracted from the respective value determined in HepatoPac® 

plates, to exclude metabolic clearance by fibroblasts. Hence, the hepatocyte-specific intrinsic 

clearance (CLint,met) was calculated using equation (6): 

Hepatocytes CLint,met (µL/min/mg protein) = HepatoPac® CLint,met,app (µL/min/mg 

protein) – (0.75 × Fibroblasts (stromal cells) CLint (µL/min/mg protein))  (6)  

LC-MS/MS analysis. Calibration samples for test compounds were prepared by 

spiking stock solution of the test substance into the blank culture medium used for the 

experiment (1%, v/v, DMSO), followed by quenching with 2-fold volumes of acetonitrile 
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containing 0.1 µg/mL oxazepam as internal standard. All samples were 10-fold diluted in a 

mixture of acetonitrile and water (66:33, v/v). The HPLC system consisted of 20AD 

Shimadzu pumps (Kyoyo, Japan) and a HTS CTC PAL auto-sampler (CTC Analytics AG; 

Zwingen, Switzerland). Sample solutions (1 µL) were injected into the analytical column 

heated to 60°C (Supelco Ascentis Express C18; 2cm × 2.1mm, particle size: 2.7µm, Sigma-

Aldrich). To elute the compounds, the following mobile phases used were: A - formic acid 

0.5% in water:methanol = 95:5 (v/v); and B - acetonitrile. A high pressure linear gradient 

from 0% to 95% B in 40 s was applied at a flow rate of 600 µL/min. MS detection with 

multiple reaction monitoring was operated in the positive ion mode with an API6500 mass 

spectrometer equipped with a TurboIonSpray source (IonSpray Voltage 5,500V; Sciex, 

Framingham, MA). Analyst 1.6.3 software (Sciex) was used for data processing using linear 

regression with 1/x
2
 weighting on peak area ratio. The precision and accuracy of linear 

regression of the standard curve samples was between 80% and 120%.  

Prediction of human hepatic intrinsic clearance from the in vitro assays. Using the 

measured clearance values (CLint,met from hepatocyte suspension and HepatoPac®), the 

intrinsic hepatic unbound clearance (CLint,h,u) was estimated according to equation (7):  

𝐶𝐿𝑖𝑛𝑡, ℎ, 𝑢 =
𝐶𝐿𝑖𝑛𝑡,𝑚𝑒𝑡

𝑓𝑢(𝑖𝑛𝑐)
= 𝐶𝐿𝑖𝑛𝑡, 𝑚𝑒𝑡, 𝑢      (7) 

where fu(inc) is the unbound fraction in incubates. The fu(inc) values were predicted 

with the dilution method (Schuhmacher et al., 2000) based on the reported unbound fractions 

in plasma (fu,p), without conducting experimental measurements (Table 2). Correspondence 

of calculated and measured fu(inc) values was confirmed with a limited test compound set 

(midazolam, quinidine, diclofenac, tolbutamide and dextromethorphan) where measured 

fu(inc) values were previously available: 0.19, 1, 0.02, 0.35 and 1, respectively (Kratochwil 

et al., 2017). This provided validity of the use of the dilution method for fu(inc) prediction. 
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For measured intrinsic uptake clearance (PSinf), fu(inc) was assumed as 1, since the assays 

were conducted in the absence of serum protein.  

It was assumed that intrinsic process clearance values in the current in vitro assays 

were measured under linear conditions: substrate concentration (S) << Km. 

For CLint,h,u prediction, the following physiological scaling factors were applied: 

hepatocellularity - 120 (10
6 

cells = mg protein/g liver), liver weight - 22 (g liver/kgbw) and 

body weight - 70 (kgbw). The previous study results from the protein determination using 

human hepatocyte suspensions indicated that the 10
6 

cells was equivalent to 1 mg protein 

content (Kratochwil et al., 2017). The identical relationship between mg protein and cell 

numbers is assumed with HeatoPac®, which the identical protein content per hepatocyte is 

applied for scaling the hepatocyte CLint,met after subtraction of the background turnover 

measured by the incubation with fibrobrasts as indicated in equation (6). Otherwise, the 

scaling factors were generally  taken from the system parameter database (Johnson et al., 

2005). 

 Estimation of human in vivo hepatic (intrinsic) clearance as reference. 

Pharmacokinetic parameters for reference compounds were collected from publications, 

clinical pharmacology review documents and drug prescribing labels. Hepatic plasma (organ) 

clearance CLh,p was calculated from total plasma clearance CLtot,p by subtraction of renal 

CLr,p and other pathway clearances CLothers,p:  

CLh,p = CLtot,p – CLr,p – CLothers,p.       (8) 

The fu,p and the blood-to-plasma concentration ratio (Rb) were used for the 

calculation of fu,b = fu,p / Rb, assuming Rb = 1 if no data were available (Table 2).  

Hepatic organ blood clearance (CLh,b) was obtained as CLh,b = CLh,p / Rb. Finally, 

the in vivo intrinsic hepatic clearance was calculated with the well-stirred model as follows: 
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𝐼𝑛 𝑣𝑖𝑡𝑟𝑜 𝐶𝐿𝑖𝑛𝑡, ℎ, 𝑢 =
𝐶𝐿ℎ,𝑏

𝑓𝑢,𝑏∙(1−
𝐶𝐿ℎ,𝑏

𝑄ℎ
)
       (9) 

where Qh is hepatic blood flow rate (23.2 mL/min/kg; (Johnson et al., 2005)). Key PK 

parameters used for evaluation of the current IVIVE performance for CLint,h,u prediction are 

summarized in Table 2. Derivations of the in vivo CLtot,p, CLr,p and CLothers,p are 

summarized in Supplementary Table S1 with the literature source information. 
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Results 

ECCS classification. Papp values (nm/s) in the apical to basal direction in LLC-PK1 

cells were plotted against the active uptake component in plated hepatocytes, for the training 

data set compounds (MW > 400) each containing a carboxylic acid moiety (Figure 1(A); 

Supplementary Table S2). The same compounds were incubated with plated hepatocytes in 

the absence and presence of the inhibitor cocktail for active transporters: MK-571 at 100 µM, 

cyclosporine A at 20 µM and quinidine at 100 µM.  

Based on the internal compound set of active uptake substrates, a Papp value of 50 

nm/s can be considered as a threshold above which active uptake was likely to be low, but 

below which net active uptake was likely to be important in the clearance of carboxylic acid 

containing drugs (Figure 1(A)). Thus, a threshold Papp of 50 nm/s is proposed here for ECCS 

sub-classification to separate high (class 1 and 2) from low permeability compounds (class 3 

and 4). Using this threshold, the 36 marketed drugs used for CLint,h,u prediction were 

classified as follows: 5 compounds in class 1a, 17 in class 2, 2 in class 3a, 7 in class 3b and 5 

in class 4 (Table 1 and Figure 1(B)). No assignment was made to class 1b.  

IVIVE for ECCS class 1a/2 compounds. Hepatic metabolism was estimated to be the 

predominant pathway for 22 out of the 36 marketed drugs (Table 1 and Figure 1(B)). The 

disposition pathway characterization was in agreement with the in vivo information on factors 

contributing to CLh,p (Table 2), except for memantine (No. 30) and digoxin (No. 35) where 

renal clearance was actually the major pathway. Digoxin can be assigned to ECCS class 4 

depending on historical Papp values (Table 1). In vitro CLint,h in HepatoPac® was higher (by 

≤3-fold) compared to that in suspended hepatocytes, especially when the intrinsic clearance 

was less than 10 µL/min/mg in suspended hepatocytes (Table 2; Figure 2(A) and 

Supplementary Figure S1).  
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For quinidine (No. 2), bupropion (No. 6), propranolol (No. 7) and cyclosporine A 

(No. 20) with relatively low in vitro CLint,h, a >3-fold under-estimation of the up-scaled 

CLint,h,u (mL/min/kg) from the hepatocyte suspension assays relative to the reference in vivo 

CLint,h,u was observed (Table 2; Figure 3(A)). HepatoPac® assays improved the prediction 

performance, resulting in 2- to 3-fold errors (Table 2; Figure 3(B) and Supplementary Figure 

S2). IVIVE performance remained poor for verapamil (No. 8) irrespective of the assay.  

IVIVE for ECCS class 3b compounds. Hepatic active uptake and renal excretion 

were estimated to be the main pathways for seven marketed drugs (class 3b; Table 1, Figure 

1(B) and Supplementary Figure S1). Contribution of renal excretion to total elimination was 

indicated for fluvastatin (No. 23), pravastatin (No. 25), rosuvastatin (No. 26), fexofenadine 

(No. 29) and valsartan (No. 33, Table 2). Up-scaled CLint,h,u (mL/min/kg) were under-

estimated (by <10-fold) for several drugs (No. 25. pravastatin, No. 26. rosuvastatin, No. 29. 

fexofenadine) likely due to uptake clearance not contributing to hepatocyte metabolic 

clearance assessments (Table 2; Figure 3(C), (D) and Supplementary Figure S2). For these 

drugs, determination of PSinf using plated hepatocytes with short-term incubation (1-5 

minutes) reveals an improved prediction of CLint,h,u (Supplementary Table S3).  

CLint,h,u values for three compounds (No. 22. atorvastatin, No. 23. fluvastatin and 

No. 33. valsartan) were reasonably predicted with HepatoPac® (within 2- to 3-fold errors) 

(Table 2; Figure 3(D) and Supplementary Figure S2).  

IVIVE for ECCS class 3a/4 compounds. Renal excretion was estimated to be the 

main pathway for seven marketed drugs (Table 1, Table 2, Figure 1(B) and Supplementary 

Figure S1). Based on literature data, the relative contribution of CLr,p to total clearance was 

23% for oseltamivir (No. 16), 33% for irinotecan (No. 17), 72% for famotidine (No. 27), 36% 

for furosemide (No. 32), 63% for cimetidine (No. 34) and 57% for talinolol (No. 36; Table 

2). An occurrence of renal excretion of SN-38 (No. 18, an active drug of irinotecan) was 
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qualitatively reported (Toshimoto et al., 2017) (Table 2). Relatively good prediction of 

CLint,h,u for ECCS class 3a and 4 compounds was shown with HepatoPac® (Figure 3(E), 

(F) and Supplementary Figure S2).   
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Discussion 

Usefulness of the Extended Clearance Classification System (ECCS) (Varma et al., 

2015) to estimate the rate-determining steps of a compound at the drug discovery stage is 

confirmed again in this study using a different set of marketed drugs, for which drug 

disposition pathways are well known (Table 1). To identify whether metabolism or active 

transport is the rate-determining step in hepatic elimination, it is important to define an in 

vitro permeability filter for ECCS classification. A Papp threshold of 50 nm/s across LLC-PK1 

monolayers is proposed in this study (Figure 1(A)), corresponding to an active contribution to 

total hepatocyte uptake of ≥ 50% as measured in a plated hepatocyte assay. Independent of 

the current study, the same permeability threshold of 50 nm/s in low efflux MDCK cells and 

in Caco-2 cells was used for absorption and systemic clearance predictions based on ECCS 

classification (Fredlund et al., 2017; Varma et al., 2017). 

The assignment to ECCS classification categories is straightforward, however, it may 

not always accurately predict the major rate-determining steps. For instance, digoxin (No. 35) 

is predominantly eliminated by the kidneys (Table 2). Actually, historical Papp values of 

digoxin measured in-house range from 35-45 nm/s below the threshold value, would result in 

ECCS class 4 assignment (Table 1). However, a reported Papp of digoxin was 54 nm/s which 

is on the border of the threshold permeability (Zhang and Morris, 2003), resulting in an 

assignment to ECCS class 2 indicating predominant metabolism. These findings indicate the 

importance of accurate and precise Papp measurements by ensuring adequate experimental 

design (i.e. test within solubility range and under linear, sink conditions) and excluding the 

potential effects of non-specific binding, transporter contribution, and poor mass balance as a 

consequence of cellular accumulation due to lysosomal trapping (Riede et al., 2019; 

Bednarczyk and Sanghvi, 2020). Furthermore, although we have determined a Papp threshold 

(50 nm/s) that is common with two other independent labs (as noted above), there remains the 
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possibility of significant differences in Papp between other laboratories and in vitro systems. 

Left unchecked, the assumed rate-determining steps could be incorrectly assigned and would 

risk an inappropriate ADME strategy. To address this, we would recommend each group 

conduct their own assay calibration with reference compounds in order to either validate our 

proposed Papp threshold or to adjust accordingly.   

This study confirmed that HepatoPac® predicted hepatic intrinsic clearance with 

improved accuracy and precision compared to suspended hepatocytes, irrespective of hepatic 

clearance classification and ECCS class assignments (Figure 3 and Supplementary Figure 

S2). Of note, an advantage of the use of HepatoPac® was especially apparent for the low 

hepatic clearance compounds: quinidine (No. 2), bupuropion (No. 6) and cyclosporine A (No. 

20) in the ECCS classes 1 & 2; and irinotecan (No. 17), SN-38 (No. 18), cimetidine (No. 34) 

and talinolol (No. 36) in ECCS classes 3a & 4 (Table 2 and Figure 3). In addition, internal 

compounds showing an identical CLint,h in suspended hepatocytes of ~ 1 µL/min/mg, have 

sometimes showed up to 30-fold range of in their HepatoPac® CLint,h from 0.1 to 3 

µL/min/mg (in-house data), indicating improved sensitivity to low CLint,h determination in 

HepatoPac®. 

For ECCS class 3b drugs as atorvastatin (No. 22), fluvastatin (No. 23) and valsartan 

(No. 33), hepatic elimination might be governed by metabolism as well as uptake process, 

which is confirmed by the reasonable CLint,h,u prediction with  2- to 3-fold errors seen in 

HepatoPac® (Table 2; Figure 3(D)) and in hepatocytes for short incubation period, 

respectively (Watanabe et al., 2010; Umehara and Camenisch, 2012). Although CLmet,u 

estimation for repaglinide (No. 31, due to CYP3A4 and CYP2C8) using HepatoPac® is 

likely reliable relative to suspended hepatocytes, the in vitro CLint,h in HepatoPac® shows a 

~9-fold under-estimation of the up-scaled CLint,h,u. It is not likely that HepatoPac® does not 
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fully capture the hepatic uptake clearance seen in vivo (e.g. via OATP1B1, Table 1 and Table 

2; Figure 3(C) and (D)).  

None of the 36 reference drugs was assigned to class 1b (Table 1 and Figure 1(B)). 

Although atorvastatin, fluvastatin and repaglinide were originally assigned to class 1b with 

the Papp threshold of 50 nm/s in low efflux MDCK cells (Varma et al., 2015), this study 

results re-assigned these drugs in class 3b with the identical Papp threshold of 50 nm/s in 

LLC-PK1 cells. The inconsistent ECCS class assignment among substrates of active uptake 

transporters could be derived from the difference of the in vitro permeability assay format 

among test facilities. Irrespectively, previously reported ECCS class 1b compounds 

(bosentan, cerivastatin, glyburide, pitavastatin and telmisartan) are subject to active uptake 

via OATPs and metabolism via CYP3A, CYP2Cs and UGTs (Varma et al., 2015). The 

hepatic intrinsic clearance of ECCS class 3b/1b drugs (active transporter substrates with low 

metabolic turnover) can be successfully calculated using PSinf measured in hepatocytes 

(short-term incubation) and CLmet,u in HepatoPac®, by following previously reported 

calculations with marketed drugs (Watanabe et al., 2010; Umehara and Camenisch, 2012).  

For ECCS class 3a/4 compounds, the contribution of CLr to total systemic clearance 

is predicted to be ≥70% (Varma et al., 2015) which implies that hepatic metabolism should 

account for below 30% potentially indicating low metabolic turnover. Therefore, better 

prediction performance of CLint,h,u with HepatoPac® was expected and this is supported for 

the ECCS class 3a/4 compounds in this study (Figure 3(E) and (F)). However this type of 

molecule remains challenging since CLr,p contributes significantly to overall clearance 

(Table 2) and, with a few exceptions, verified IVIVE methods have not been established for 

this process. For example, prediction of renal secretion clearance of OAT substrates is 

demonstrated by estimating relative activity factors for the probe substrates of OATs to 

directly relate the in vitro transport clearance using the transporter-transfected human 
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embryonic kidney cells to in vivo secretory clearance (Mathialagan et al., 2017). A model for 

prediction of extent of passive tubular absorption in the kidney is recently reported as a 

function of Caco-2 permeability (Scotcher et al., 2016).  

Accordingly, a workflow for selection of in vitro tools to achieve optimal IVIVE 

prediction for hepatic clearance and identify the most relevant tools for clearance 

optimization can be proposed as shown in Figure 4. The workflow is different for ECCS class 

1b/3b compounds with hepatic active transport, compared to class 1a/2/3a/4 compounds with 

hepatic metabolism, irrespective of the degree of the contribution of renal (and biliary) 

excretion to total elimination. Ongoing assessments of permeability are also important to 

ensure that relevant optimization targets continue to be set as lead series chemistry changes. 

Once compounds are identified as ECCS class 3b, a ratio of active and passive uptake 

clearance from the short-term incubation assays with hepatocytes could be measured to 

perform spot-checks whether the ECCS class properties are maintained during the lead 

optimization phase (Figure 4(A)). After the compound nomination, the in vitro uptake 

clearance is more appropriately measured for hepatic clearance prediction. Eventually, human 

clearance predictions of potential drug candidates can be generated with ECM method.  

For the other ECCS class 1a/2/3a/4 compounds, suspended hepatocytes could be used 

effectively for metabolic clearance optimization and initial clearance estimations during lead 

optimization. It is recommended that a long-term culture system, such as HepatoPac®, is 

used for the human clearance prediction of potential drug candidates in order to obtain the 

best currently possible predictions. A strategy for the selection of the in vitro tools for 

metabolic clearance evaluation is proposed here, especially taking into consideration cost-

effectiveness in drug development (Figure 4(B)). For compounds with CLint,h ≤ 3 

µL/min/10
6
 cells in suspended hepatocytes (low clearance), re-assessment of CLint,h using 

HepatoPac® should be considered to achieve a reasonable IVIVE. With 3 < CLint,h ≤ 30 
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µL/min/10
6
 cells (moderate clearance), CLint,h in suspended hepatocytes can be used for the 

clearance prediction (Docci et al., 2019). However, it is noted that a >3-fold under-estimation 

of up-scaled CLint,h,u (mL/min/kg) in hepatocyte suspension relative to the reference in vivo 

CLint,h,u is likely, when CLint,h is ≤ 10 µL/min/10
6
 (Table 2; Figure 3(A)). Based on an 

internal assessment (data not shown), human liver microsomes generally provide accurate 

and precise in vitro metabolic turnover with CLint,h ≥ 30 µL/min/10
6
 cells (high clearance).  

In conclusion, low passive permeability can be used to identify molecules whose in 

vivo clearance is driven by active uptake, such as carboxylic acids. The HepatoPac® system 

suitable for the assessment of metabolic turnover has limited predictability of uptake likely 

due to measurability challenges (small amount of drug material taken up with cellular mass of 

the system). Therefore, measurement of uptake clearance during a short-term incubation 

using suspended hepatocytes is proposed. Nevertheless, the in vivo hepatic clearance would 

not be captured because of a lack of biliary excretion in such in vitro systems. Clear 

knowledge of system limitations enables project teams to anticipate when IVIVE methods 

will result in mis-prediction of hepatic clearance and select the most relevant test systems for 

compound optimization. The validation and approach presented here provide more 

confidence in mechanistic human PK prediction with modeling and simulation support. 
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Figure legends 

Figure 1. Comparison of apparent permeability in LLC-PK1 cells to active uptake in 

human hepatocytes.  

(A) Papp values (nm/s) in the apical to basal direction in LLC-PK1 cells are plotted against 

active uptake component in plated hepatocytes, for a set of discovery compounds (MW > 

400) with a carboxylic acid moiety. Each data point is as expressed an average of triplicate 

measurements for one compound. (B) ECCS classification of the 36 marketed drugs used for 

CLint,h,u prediction. ECCS class 1b compounds in parentheses represents the assignment 

according to (Varma et al., 2015). Digoxin can be assigned to ECCS class 2 or class 4 

depending on reported Papp values (Table 1). 

 

Figure 2. Apparent in vitro intrinsic clearance for marketed drugs measured in 

suspended human hepatocytes and HepatoPac®. 

For 36 marketed drugs at 1 µM, apparent in vitro intrinsic clearance CLint,h (without 

correction by unbound fraction in incubates fu(inc)) generated with suspended hepatocytes 

are compared to these generated in the HepatoPac® model. The CLint,h values are calculated 

based on linear depletion rate of the parent drug from the media during the incubation time: 2 

h for hepatocyte suspension and 96 h for HepatoPac® (n=1 or 2). For intrinsic clearance, n=1 

denotes a single intrinsic clearance value determined using seven (suspended hepatocytes) or 

eight (HepatoPac®) different independent incubation wells with different incubation times. 

A hepatocyte cell density of 1.0 mg protein/10
6
 cells is assumed irrespective of the two 

different assay systems (hepatocyte suspension and HepatoPac®). CLint,h values of 20 

compounds assigned as ECCS class 1a and 2 (-i.e. predicted to be eliminated mainly by 

metabolism), 5 compounds as ECCS class 3b (-i.e. likely eliminated mainly by hepatic active 
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uptake and/or renal excretion), and remaining 4 compounds as ECCS class 3a and 4 (-i.e. 

likely eliminated mainly by renal excretion) are plotted in panels (A), (B) and (C), 

respectively. Compound names with numbering for each plot are summarized in Table 1. 

CLint,h values for 23. fluvastatin, 27. famotidine, 29. fexofenadine, 30. memantine, 32. 

furosemide, 34. cimetidine and 35. digoxin are not shown due to a lack of measurement of 

depletion of the drug concentration from the media in suspended hepatocytes (Table 2). 

Solid, broken and bold lines represent 1:1, 1:2 and 1:3-correspondence, respectively. 

 

Figure 3. Comparison of the reference and scaled-up hepatic intrinsic clearance values 

for marketed drugs. 

The in vivo CLint,h,u values (mL/min/kg) for 36 marketed drugs are plotted against the in 

vitro CLint,h,u values (mL/min/kg) from human suspended hepatocytes (A, C and E) and 

HepatoPac® (B, D and F) assays. 20 ECCS class 1a/2 compounds (-i.e. predicted to be 

eliminated mainly by metabolism), 5 ECCS class 3b compounds (i.e. likely eliminated 

mainly by hepatic active uptake and/or renal excretion) and remaining 4 ECCS class 3a/4 

compounds (-i.e. likely eliminated mainly by renal excretion) are shown in panels (A, B), (C, 

D) and (E, F), respectively. The in vitro and in vivo CLint,h,u values to illustrate the panels 

are listed in Table 2. Solid, broken and bold lines represent 1:1, 1:2 and 1:3-correspondence, 

respectively. 

 

Figure 4. Decision trees for the selection of the optimal in vitro assays for the in vitro-in 

vivo extrapolation of human hepatic clearance by active uptake and metabolism.  

The decision tree suggests an ECCS class-dependent selection of the optimal in vitro assay 

(liver microsomes, hepatocytes and HepatoPac®). The assessment of uptake and metabolic 
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clearance processes is followed by IVIVE to predict the hepatic clearance. Panels (A) and (B) 

represent decision trees for ECCS class1b/3b and ECCS class 1a/2/3a/4 compounds, 

respectively. The two schemes also indicate when the potential investigation of other 

disposition pathways such as biliary and renal excretion may be mandated. To compensate 

differences of human hepatocytes and liver microsomes for clearance optimization, 

hepatocellularity (120×10
6 

cells/g liver), and liver microsomal contents (38 mg human liver 

microsome/g liver; (Johnson et al., 2005)) can be used.

This article has not been copyedited and formatted. The final version may differ from this version.
DMD Fast Forward. Published on August 1, 2020 as DOI: 10.1124/dmd.120.000133

 at A
SPE

T
 Journals on M

ay 17, 2023
dm

d.aspetjournals.org
D

ow
nloaded from

 

http://dmd.aspetjournals.org/


In vitro assays for CLh prediction with ECCS-based IVIVE 

 

36 

 

Tables  

Table 1. Data supporting ECCS classification of 36 marketed drugs and collected data on main elimination pathways 

No. Compound 

Molecular 

weight 

(g/mol) 

Ionization 

classification 

at pH 7.4 

Papp (A to B) Main elimination pathways 

ECCS 
(nm/s) Reference Enzyme Transporter Reference 

1 Midazolam 325.78 Base 135  CYP3A4 - FDA, 2020 2 

2 Quinidine 324.42 Base 280  CYP3A4 - FDA, 2020 2 

3 Dextromethorphan 271.40 Base 291  CYP2D6 - FDA, 2020 2 

4 Diclofenac 296.15 Acid 132.8 (Lee et al., 2017) CYP2C9 - FDA, 2020 1a 

5 Tolbutamide 270.35 Acid 173  CYP2C9 - FDA, 2020 1a 

6 Bupropion 239.74 Base 388  CYP2B6 - FDA, 2020 2 

7 Propranolol 259.34 Base 287  CYP2D6/multiple - 
(McGinnity et al., 

2004) 
2 

8 Verapamil 454.60 Base 197  CYP3A4 - 
(McGinnity et al., 

2004) 
2 

9 Clozapine 326.82 Base 199  CYP1A2/multiple - 
(McGinnity et al., 

2004) 
2 

10 Efavirenz 315.68 Acid 158  
CYP2B6/2A6 > 3A4 

and 1A2 
- Simcyp 2 

11 Rosiglitazone 357.43 Acid 152  CYP2C8/3A4 - Simcyp 1a 

12 Omeprazole 345.42 Neutral 253  CYP2C19/3A4 - Simcyp 2 

13 Ethinylestradiol 296.40 Neutral 233  

CYP1A2/2C9/3A4, 

UGT1A1 and 

SULTs 

- Simcyp 2 

14 
Mycophenolic 

acid 
320.34 Acid 50  UGT1A9/2B7 Minor/(MRP2) 

(Picard et al., 2005; 

Patel et al., 2017) 
1a 

15 Clopidogrel 321.82 Base 257  CES1/CYP2C19 - (Polasek et al., 2011) 2 

16 Oseltamivir 312.40 Base 45  CES1 - FDA review 3a 

17 Irinotecan 586.68 Base 21  CES1/2/CYP3A P-gp/MRP2 (Mathijssen et al., 4 
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2001; Toshimoto et 

al., 2017) 

18 SN-38 392.40 Base 37  UGT1A1 P-gp/MRP2/BCRP 

(Mathijssen et al., 

2001; Toshimoto et 

al., 2017) 

4 

19 Benzydamine 309.41 Base 302  
FMO(1/)3 (and 

UGT) 
- 

(Baldock et al., 

1990; Bohnert et al., 

2016) 

2 

20 Cyclosporine A 1202.60 Neutral 68  CYP3A4 (P-gp) 
Simcyp; (Thiel et al., 

2015) 
2 

21 Ketoconazole 531.43 Base 171  

CYP3A4 

(+UGT/FMO/ 

deacetylation) 

- (Kim et al., 2017) 2 

22 Atorvastatin 558.64 Acid 11  CYP3A4 OATP1B1 (Maeda et al., 2011) 3b 

23 Fluvastatin 411.47 Acid 26 (Li et al., 2011) CYP2C9 (OATP1B1/)BCRP 

(Fujino et al., 2004; 

Keskitalo et al., 

2009; Kunze et al., 

2014) 

3b 

24 Simvastatin 418.57 Neutral 52  CYP3A4 (OATP1B1/1B3) 
Simcyp; (Kunze et 

al., 2014) 
2 

25 Pravastatin 424.53 Acid 3.22  Minor OATP1B1/MRP2 (Thiel et al., 2015) 3b 

26 Rosuvastatin 481.54 Acid 
0 

(BLOQ) 
 Minor 

OATP1B1/NTCP/ 

BCRP 
Simcyp 3b 

27 Famotidine 337.45 Base 12  
Minor (S-oxide 

formation) 
OCT2 (renal) 

FDA, 2020; (Echizen 

and Ishizaki, 1991) 
4 

28 Gemfibrozil 250.33 Acid 82  UGT2B7 - Simcyp 1a 

29 Fexofenadine 501.68 Zwitterions 
0 

(BLOQ) 
 - 

OATP1B3 and 

unknown mechanism 

(Shimizu et al., 

2005) 
3b 

30 Memantine 179.30 Base 320  - OCT2 (renal) FDA, 2020 2 

31 Repaglinide 452.59 Zwitterions 41  CYP3A4/2C8 OATP1B1 Drug label 3b 

32 Furosemide 330.75 Acid 36  Biliary excretion OAT3 (renal) FDA, 2020 3a 

33 Valsartan 435.52 Acid 
0 

(BLOQ) 
 P450 (minor) 

OATP1B1/1B3 

/MRP2 

FDA, 2020; 

(Waldmeier et al., 

1997) 

3b 
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34 Cimetidine 252.34 Base 35  P450 (minor) OAT3/OCT2 (renal) 

(Somogyi and 

Gugler, 1983; 

McGinnity et al., 

2004); FDA, 2020 

4 

35 Digoxin 780.94 Neutral 
54 

(Zhang and 

Morris, 2003) Minor P-gp 
(Caldwell and Cline, 

1976); Simcyp 

2 

35-45  4 

36 Talinolol 363.50 Base 29 
(Anderle et al., 

1998) 
(CYP3A4) P-gp (and MRP2) 

(Giessmann et al., 

2004); FDA, 2020 
4 

BLOQ: below limit of quantification 

Table 1 summarizes physicochemical parameters used for the ECCS classification of 36 marketed drugs. The pathways (enzymes and 

transporters) involved in hepatic (and renal) elimination are provided. Pathway descriptions are provided in parentheses if the clinical relevance 

of the elimination pathways is not confirmed. Passive permeability (Papp) in the apical to basal direction in LLC-PK1 cells was measured in the 

present study or was taken from the literature (Caco-2 permeability) in the instances where the reference is provided. Documentation for 

physiologically-based pharmacokinetic models for the marketed drugs are provided with the SimCYP software platform and have been verified 

to show good performance for prediction of PK profiles and drug-drug interaction potential. Therefore, the model input parameters and drug 

disposition pathways were used for the current assessment.
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Table 2. Measured and scaled hepatic intrinsic clearance from the in vitro assays, in comparison to the respective in vivo data among 36 

marketed drugs 

(A) ECCS class 1a (n = 5, in bold) and class 2 (n = 17): primarily elimination = metabolism 

No. Compound 

fu,p Rb fu(inc) 2) 

In vitro In vivo 

CLint,h 

(hep 

sus) 

CLint,h,

u 

CLint,h 

(Hepato 

Pac) 

CLint,h,

u 

CLint,h,

u 
CLh,p CLr,p 

CLother

s,p 
CLtot,p 

- Ref. - Ref. - 
(µL/min

/mg) 

(mL/ 

min/kg) 

(µL/min

/mg) 

(mL/ 

min/kg) 
(mL/min/kg) 

1 Midazolam 0.0320 Simcyp 0.60 Simcyp 0.25 32.50 345.35 43.60 463.29 631.27 8.27 0.02 0.00 8.29 

2 Quinidine 0.2020 Simcyp 0.82 Simcyp 0.72 2.59 9.54 12.50 46.04 52.34 6.80 1.67 0.00 8.47 

3 Dextromethorphan 0.5000 Simcyp 1.32 Simcyp 0.91 9.60 27.88 13.70 39.78 57.00 14.76 0.00 0.00 14.76 

4 Diclofenac 0.0038 

(Ye et 

al., 

2016) 

0.55 

(Ye et 

al., 

2016) 

0.04 3.10 222.73 4.30 308.95 561.90 1.83 2.74 0.00 4.57 

5 Tolbutamide 0.0440 Simcyp 0.60 Simcyp 0.32 1.17 9.80 1.30 10.89 4.85 0.21 0.00 0.00 0.21 

6 Bupropion 0.1600 Simcyp 0.82 Simcyp 0.66 0.70 2.82 27.10 109.10 119.20 9.52 0.00 0.00 9.52 

7 Propranolol 0.0990 

(Poulin 

and 

Theil, 

2002) 

0.89 

(Shibata 

et al., 

2002) 

0.52 3.00 15.13 11.50 57.99 129.88 7.92 0.04 0.00 7.96 

8 Verapamil 0.1000 

(Lombar

do et al., 

2004) 

0.77 

(Shibata 

et al., 

2002) 

0.53 23.40 117.37 23.40 117.37 
12484.9

5 
17.61 0.36 0.00 17.97 

9 Clozapine 0.0550 Simcyp 0.85 Simcyp 0.37 5.00 35.88 12.90 92.57 43.40 2.13 0.0065 0.00 2.13 

10 Efavirenz 0.0290 Simcyp 0.74 Simcyp 0.23 2.60 29.85 2.40 27.55 21.92 0.61 0.00 0.00 0.61 

11 Rosiglitazone 0.0030 Simcyp 0.96 Simcyp 0.03 2.77 250.34 3.00 271.13 245.70 0.71 0.0007 0.00 0.71 

12 Omeprazole 0.0430 Simcyp 0.59 Simcyp 0.31 6.30 53.65 25.60 218.00 90.69 3.04 0.01 0.00 3.04 

13 Ethinylestradiol 0.0150 Simcyp 1.00 Simcyp 0.13 37.92 757.49 17.90 357.57 403.36 4.80 1.0011 0.00 5.80 

14 Mycophenolic acid 0.0300 
(Bulling

ham et 

al., 

0.70 
(Malmb

org and 

Ploeger, 

0.24 5.38 60.13 18.00 201.17 209.22 4.53 0.0158 0.00 4.54 
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1998) 2013) 

15 Clopidogrel 0.0370 
In silico 

pred. 
1.00 -1) 0.28 200.00 1902.23 59.60 566.86 1229.14 15.36 0.00 0.00 15.36 

19 Benzydamine 0.1460 

(Reddy 

et al., 

2018) 

0.76 

(Reddy 

et al., 

2018) 

0.63 2.63 11.00 5.50 23.01 7.04 0.97 1.31 0.00 2.29 

20 Cyclosporine A 0.0365 Simcyp 1.62 Simcyp 0.27 3.10 29.79 10.30 98.97 460.25 11.61 0.01 0.00 11.62 

21 Ketoconazole 0.0290 Simcyp 0.62 Simcyp 0.23 23.50 269.77 28.40 326.02 108.50 2.58 0.04 0.00 2.62 

24 Simvastatin 0.0200 Simcyp 1.00 Simcyp 0.17 88.84 1383.77 49.70 774.13 422.83 6.20 0.92 0.00 7.12 

28 Gemfibrozil 0.0080 Simcyp 0.75 Simcyp 0.07 2.34 82.78 8.10 286.55 159.50 1.19 0.01 0.09 3)
 1.28 

30 Memantine 0.5500 

Product 

monogr

aph_Lu

ndbeck 

1.00 -1) 0.92 
Not 

detected 
0.00 0.50 1.43 0.71 0.39 1.82 0.00 2.20 

35 Digoxin 0.7100 Simcyp 1.07 Simcyp 0.96  0.00 0.70 1.92 1.97 1.32 2.48 0.00 3.80 

 

(B) ECCS class 3b (n = 7): primarily elimination = hepatic uptake (or renal excretion) 

No. Compound 

fu,p Rb fu(inc) 2) 

In vitro In vivo 

CLint,h 

(hep 

sus) 

CLint,h,

u 

CLint,h 

(Hepato 

Pac) 

CLint,h,

u 

CLint,h,

u 
CLh,p CLr,p 

CLother

s,p 
CLtot,p 

- Ref. - Ref. - 
(µL/min

/mg) 

(mL/ 

min/kg) 

(µL/min

/mg) 

(mL/ 

min/kg) 
(mL/min/kg) 

22 Atorvastatin 0.0570 

(Waldm

eier et 

al., 

1997) 

0.68 
PMDA 

database 
0.38 1.29 9.04 9.90 69.38 179.64 6.21 0.00 0.55 6.75 4)

 

23 Fluvastatin 0.0100 

(Tse et 

al., 

1993) 

0.71 

(Tse et 

al., 

1993) 

0.09 
Not 

detected 
0.00 19.20 552.50 401.46 3.23 0.33 2.54 6.10 4)

 

25 Pravastatin 0.4850 Simcyp 0.56 Simcyp 0.90 1.00 2.92 0.40 1.17 22.15 5.86 4.60 0.00 10.47 

26 Rosuvastatin 0.1070 Simcyp 0.63 Simcyp 0.55 1.24 6.01 1.20 5.81 186.86 8.40 3.24 0.00 11.64 

29 Fexofenadine 0.3000 
Product 

monogr
1.00 -1) 0.81 

Not 

detected 
0.00 0.10 0.33 8.04 2.19 0.91 0.00 3.10 
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aph_San

ofi (a 

median 

of the 

range; in 

vivo 

fu,p) 

31 Repaglinide 0.0230 Simcyp 0.62 Simcyp 0.19 3.38 46.83 8.80 121.92 1057.47 9.04 0.01 0.00 9.05 

33 Valsartan 0.0560 Simcyp 0.56 Simcyp 0.37 0.30 2.13 0.40 2.84 6.87 0.37 0.15 0.00 0.52 

 

(C) ECCS class 3a (n = 2, in bold) and class 4 (n = 5): primarily elimination = renal excretion 

No. Compound 

fu,p Rb fu(inc) 2) 

In vitro In vivo 

CLint,h 

(hep 

sus) 

CLint,h,

u 

CLint,h 

(Hepato 

Pac) 

CLint,h,

u 

CLint,h,

u 
CLh,p CLr,p 

CLother

s,p 
CLtot,p 

- Ref. - Ref. - 
(µL/min

/mg) 

(mL/ 

min/kg) 

(µL/min

/mg) 

(mL/ 

min/kg) 
(mL/min/kg) 

16 
Oseltamivir 

(pro-drug) 
0.8130 

In silico 

pred. 
1.00 -1) 0.98 25.72 69.46 19.50 52.66 204.91 20.36 6.17 0.00 26.53 

17 Irinotecan 0.2980 

(Toshim

oto et 

al., 

2017) 

0.97 

(Toshim

oto et 

al., 

2017) 

0.81 0.80 2.61 3.30 10.76 32.01 6.70 6)
 1.87 0.00 8.57 

18 SN-38 0.0283 

(Toshim

oto et 

al., 

2017) 

1.31 

(Toshim

oto et 

al., 

2017) 

0.23 0.50 5.85 6.60 77.25 
264.80 

6)
 

- - - - 

27 Famotidine 0.8105 

(Echize

n and 

Ishizaki, 

1991) (a 

median 

of the 

range; in 

vivo fp) 

1.00 -1) 0.98 
Not 

detected 
0.00 

Not 

detected 
0.00 1.82 1.38 3.63 0.00 5.01 

32 Furosemide 0.0240 (Cameni 0.75 (Cameni 0.20 Not 0.00 0.00 0.00 8.31 0.20 0.71 1.06 5)
 1.97 
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sch and 

Umehar

a, 2012) 

sch and 

Umehar

a, 2012) 

detected 

34 Cimetidine 0.7785 

(Somog

yi and 

Gugler, 

1983) 

(mean 

of the 

range) 

0.98 

(Somog

yi and 

Gugler, 

1983) 

0.97 
Not 

detected 
0.00 0.50 1.36 6.09 3.92 6.81 0.00 10.74 

36 Talinolol 0.3000 

(Thiel et 

al., 

2015) 

1.00 -1) 0.81 1.00 3.26 4.50 14.65 7.70 2.10 2.80 0.00 4.90 

Not detected: calculated values are below the internal resolution limit criteria (< 0.1 µL/min/mg) 

1) Informed assumption since there is no literature information available 

2) Predicted with dilution method (Schuhmacher et al., 2000) using the respectively reported or measured unbound fractions in plasma. In 

hepatocyte suspension and HepatoPac® assays, 10% FCS was added to the incubation media. 

3) Contribution of UGT2B7 in kidney (Simcyp) 

4) Estimation using Simcyp to capture the plasma concentration profiles over time 

5) Contribution of biliary excretion 

6) Estimation with PBPK modeling using top-down approach (Toshimoto et al., 2017) 

For IVIVE with the in vitro data, the following scaling factors were applied irrespective of differences of the two in vitro assay systems 

(hepatocyte suspension and HepatoPac®): hepatocellularity - 120 (10
6 

cells = mg protein/g liver), liver weight - 22 (g liver/kgbw) and body 
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weight - 70 (kgbw). These were generally derived from a system parameter database (Johnson et al., 2005). The in vivo intrinsic hepatic 

clearance as reference was calculated with the well-stirred model, the in vivo CLh,p and Qh (23.2 mL/min/kg; (Johnson et al., 2005)). For the 

marketed drugs, perfusion-limited conditions were applied even though permeability limitations in hepatic elimination may have been reported 

for some. Key PK parameters used to estimate the in vitro CLint,h,u (up-scaled) and in vivo CLint,h,u (reference) were also provided in this 

table. Derivations of the in vivo CLtot,p were listed in Supplementary Table S1 with the respective literature source information. Documentation 

for physiologically-based pharmacokinetic models for the marketed drugs are provided with the SimCYP software platform and have been 

verified to show good performance for prediction of PK profiles and drug-drug interaction potential. Therefore, the model input parameters and 

drug disposition pathways were used for the current assessment.
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Figure 1 

(A) 

 
(B) 
 

 

Papp 
LLC-PK1

50 nm/s

High 
permeable

Low 
permeable

Acids/Zwitterions Bases/Neutrals

MW
400

Class 1 Class 2: metabolism

Class 3 Class 4: renal clearance

Class 1A: metabolism Class 1B: hepatic uptake

Class 3A: renal clearance Class 3B: renal clearance 
or hepatic uptake

Midazolam
Quinidine

Dextromethorphan
Bupropion

Propranolol
Verapamil
Clozapine
Efavirenz

Omeprazole
Ethinylestradiol

Clopidogrel

Diclofenac
Tolbutamide

Mycophenolic acid
Gemfibrozil

Rosiglitazone

Oseltamivir
Furosemide

Irinotecan
Famotidine
Cimetidine
Talinolom

SN-38
Digoxin

Benzydamine
Cyclosporine
Ketoconazole
Simvastatin
Memantine

Digoxin

Atorvastatin
Fluvastatin
Pravastatin

Rosuvastatin
Fexofenadine
Repaglinide
Valsartan

No assignment

This article has not been copyedited and formatted. The final version may differ from this version.
DMD Fast Forward. Published on August 1, 2020 as DOI: 10.1124/dmd.120.000133

 at A
SPE

T
 Journals on M

ay 17, 2023
dm

d.aspetjournals.org
D

ow
nloaded from

 

http://dmd.aspetjournals.org/


In vitro assays for CLh prediction with ECCS-based IVIVE 
 

1 
 

Figure 2 

(A) (B) (C) 
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Figure 3 
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 Figure 4 

(A) 
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