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Abstract  

This work explores the utility of the cynomolgus monkey as a preclinical model to predict 

hepatic uptake clearance mediated by organic anion transporting polypeptide (OATP) 

transporters. Nine OATP substrates (rosuvastatin, pravastatin, repaglinide, fexofenadine, 

cerivastatin, telmisartan, pitavastatin, bosentan and valsartan) were investigated in plated 

cynomolgus monkey and human hepatocytes. Total uptake clearance and passive diffusion 

were measured in vitro from initial rates in the absence and presence of the OATP inhibitor 

rifamycin SV, respectively. Total uptake clearance values in plated hepatocytes ranged over 

three orders of magnitude in both species with a similar rank order and good agreement in the 

relative contribution of active transport to total uptake between cynomolgus monkey and 

human. In vivo hepatic clearance for these nine drugs was determined in cynomolgus monkey 

after intravenous dosing. Hepatic clearances showed a similar range to human parameters and 

good predictions from respective hepatocyte parameters (with 2.7 and 3.8-fold bias on 

average, respectively). The use of cross species empirical scaling factors (determined from 

cynomolgus monkey data either as the dataset average or individual drug values) improved 

prediction (less bias, better concordance) of human hepatic clearance from human hepatocyte 

data alone. In vitro intracellular binding in hepatocytes also correlated well between species. 

It is concluded that the minimal species differences observed for the current dataset between 

cynomolgus monkey and human hepatocyte uptake, both in vitro and in vivo, support future 

use of this preclinical model to delineate drug hepatic uptake and enable prediction of human 

in vivo intrinsic hepatic clearance. 
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Introduction 

It is widely accepted that transporters play an important role in the absorption, distribution 

and elimination of many drugs and this is supported by marked pharmacokinetic changes 

associated with genetic mutations and drug – drug interactions (DDIs) (Giacomini et al., 

2010; Giacomini et al., 2013). However, investigations focussing on quantitative prediction 

of transporter-mediated clearance including DDIs are still limited (Gertz et al., 2013; Zamek-

Gliszczynski et al., 2013) and confidence in the prediction is low (Jones et al., 2015). The 

current challenge is to obtain high quality in vitro and in vivo data from a preclinical species 

which allow the development and evaluation of robust strategies for extrapolation of in vitro 

data for the prediction of in vivo behaviour. Together with physiologically- based 

pharmacokinetic (PBPK) modelling, the in vitro derived information can be informative in 

predicting and assessing the impact of transporters on ADME processes and DDIs (Gertz et 

al., 2014; Galetin et al., 2017). 

 

Various in vitro assays and in vivo animal models have been explored to assess the clinical 

impact of members of the organic anion transporting polypeptide (OATP) family OATP1B1 

and OATP1B3 on the pharmacokinetics of drug candidates (Brouwer et al., 2013; Zamek-

Gliszczynski et al., 2013; Feng et al., 2014). However, poor protein homology between 

transporters in commonly used preclinical species (e.g., mice, rats and dogs) and humans 

often results in differences in substrate specificity, which can complicate the extrapolation of 

preclinical data to the clinical setting (Chu et al., 2013a). Recently it has been reported that 

transporters in the cynomolgus monkey exhibit high degree of OATP homology with human 

isoforms (Ebeling et al., 2011; Shen et al., 2013). For instance, the amino acid sequence 

identity of cynomolgus monkey OATP1B1, 1B3 and 2B1 has been shown approximately 92, 
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94 and 97% similarity to their human counterparts, respectively (Shen et al., 2013). In the 

case of protein expression, the levels of OATP1B1, OATP1B3 and OATP2B1 were either 6- 

to 13-fold greater or 6-fold smaller in cynomolgus monkey liver relative to those in human, 

respectively (Wang et al., 2015). In addition, the magnitude of transporter-mediated DDIs in 

humans and cynomolgus monkeys appears to be comparable (Shen et al., 2013; Takahashi et 

al., 2013; Shen et al., 2015) but not always consistent (Chu et al., 2015; Watanabe et al., 

2015). Although a comprehensive investigation is still lacking, these studies suggest that the 

cynomolgus monkey could be a valuable preclinical model to study hepatic uptake of OATP 

substrates.  

 

Furthermore the cynomolgus monkey is promising in terms of species similarity in biliary 

excretion (Kimoto et al., 2017) and endogenous biomarkers (Chu et al., 2015; Thakare et al., 

2017); however; intestinal permeability may differ (Takahashi et al., 2009; Miyake et al., 

2017). Similarities to human have been documented in hepatic metabolism specifically for 

cytochrome P450 enzymes, the latter being important due to the subsequent metabolism of 

several actively transported drugs and the interplay between these hepatic disposition 

processes. Eleven members of CYP1A, CYP2A, CYP2C, CYP2D, CYP2E and CYP3A 

subfamilies exhibit >90% homology in cDNA and amino acid sequences with corresponding 

human CYPs (Iwasaki and Uno, 2009). However, expression and activity of CYP3A4/5 in 

the monkey intestine is particularly high relative to human and hence lower bioavailability 

was documented relative to human (Akabane et al., 2010; Nishimuta et al., 2010). 
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Here we evaluate the use of the cynomolgus monkey to investigate hepatic uptake mediated 

by OATP transporters using a judicious selection of nine known OATP substrates 

(rosuvastatin, pravastatin, repaglinide, fexofenadine, cerivastatin, telmisartan, pitavastatin, 

bosentan and valsartan). These drugs represent class 1B and 3B of the extended clearance 

classification system (ECCS) where clinical evidence implies that hepatic uptake plays a 

dominant role in their systemic clearance (Varma et al., 2015; Varma et al., 2016). A 

comprehensive in vitro dataset of uptake kinetics in hepatocytes was generated with the intent 

of predicting hepatic clearance in vivo. These predictions were evaluated using 

experimentally determined in vivo pharmacokinetic data in the cynomolgus monkey. In 

addition, the in vitro parameters from the cynomolgus monkey were compared with 

corresponding data from human hepatocytes under identical experimental conditions. Clinical 

data have also been collated from the literature to allow evaluation of the utility of 

cynomolgus monkey to refine the prediction of in vivo pharmacokinetic behaviour in humans. 

Different approaches to scaling of the in vitro parameters have been explored including the 

use of empirical scaling factors (ESF) to minimize the in vitro-in vivo offset. For human 

prediction these have been derived from the in vitro-in vivo behaviour in cynomolgus 

monkey using either individual clearances for specific drugs or a composite value for the nine 

drugs. This cross species strategy has received only limited attention to date and our findings 

demonstrate the utility of this methodology for improving predictions of human hepatic 

clearance for OATP-mediated drugs.  
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Materials and Methods 

In vitro studies using cryopreserved hepatocytes 

Cryopreserved hepatocytes from humans (HH1025 – a 39 year old female Caucasian) and 

cynomolgus monkeys (Lot A 10310012 and Lot B 10353012, the latter being a pool of 20 

donor livers) were purchased from Life Technologies (Paisley, UK) and In Vitro ADMET 

Laboratories (Columbia, MD), respectively.  

 

Hepatic uptake of nine OATP substrates (rosuvastatin, pravastatin, repaglinide, fexofenadine, 

cerivastatin, telmisartan, pitavastatin, bosentan and valsartan) was investigated in plated 

hepatocytes 6 h post seeding. All uptake experiments were conducted as described previously 

(Ménochet et al., 2012a). Briefly, both cynomolgus and human hepatocytes were removed 

from liquid nitrogen storage, immediately thawed according to the supplier’s protocol. Cells 

were counted under a microscope using a haemocytometer, and the viability was assessed 

using the trypan blue exclusion method. Only cell suspensions with viability ≥85% were 

used. Cell suspension was diluted to a density of 750,000 cells/mL using the pre-warmed 

InVitroGRO CP (plating) medium (Bioreclamation IVT, Neuss, Germany)  and 0.5 mL of 

cell suspension was added to each well of 24-well collagen I-coated plates (BD Biosciences, 

Oxford, UK). Cells were incubated for 6 h at 37°C in an atmosphere containing 5% CO2 to 

allow to adhere to the collagen. Cell monolayers were visually checked before each 

experiment. 

 

In cynomolgus monkey hepatocytes, uptake was measured at a single substrate concentration 

(1µM) for all drugs. After removal of plating medium, cell monolayers were pre-incubated 

with Dulbecco’s phosphate-buffered saline (DPBS) containing 1 mM ABT ± OATP inhibitor 
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rifamycin SV (100 µM) for 20 min. Incubations were initiated by removing the pre-

incubation medium and adding fresh DPBS containing 400 µL of substrate ± rifamycin SV 

pre-warmed at 37°C. Total and passive uptake clearance values were measured from initial 

uptake rates (up to 2 or 5 min with 30 sec sampling) in the absence and presence of rifamycin 

SV, respectively. Hepatic uptake at longer incubation times (up to 45 min) in Lot A, was used 

to calculate estimates for the hepatocyte-to-medium concentration ratio (Kptotal). ABT has 

been documented not to affect transporter activity in sandwich culture human hepatocytes 

(Kimoto et al., 2012; Liu and Unadkat, 2013). 

 

For all drugs of interest, human hepatocyte uptake was measured at a single concentration of 

1 µM, with the exception of pravastatin (10 µM), fexofenadine (2 µM) and valsartan (2 µM) 

due to analytical and slow uptake characteristics. Substrates were dissolved in dimethyl 

sulfoxide (DMSO) and diluted in Dulbecco’s phosphate-buffered saline (DPBS) (maximum 

0.4 % (v/v) dimethyl sulfoxide). Plating medium was removed, cell monolayers were rinsed 

twice with pre-warmed DPBS and pre-incubated with fresh DPBS for at least 20 min 

containing 1 mM ABT ± 100 µM rifamycin SV. Incubations were started by the addition of 

400 µL of substrate ± rifamycin SV prewarmed at 37°C. After incubation for 30, 60, 90, and 

120 s or 30, 60, 90 and 300 s (pravastatin, fexofenadine and valsartan) at 37°C, substrate was 

collected for analysis. Uptake in human hepatocytes was also assessed at 1 µM for all drugs 

at extended incubation times; up to 45 min for repaglinide, 60 min for cerivastatin, 120 min 

for fexofenadine and valsartan, and 90 min for the remaining drugs. Following substrate 

removal, the cell monolayers were rinsed three times with 800 µL of DPBS, and 200 µL of 

water was added in each well to lyse the cells. Substrate samples and cell lysates were stored 

at -20°C until analysis. The clearance values were normalized for protein content in the 
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samples which was measured by the Bicinchoninic Acid protein assay (Pierce Chemical, 

Rockford, Illinois).  

In each experiment, uptake of 1 µM rosuvastatin was measured as a control of the uptake 

activity. Each time and concentration point was measured in duplicate. The mean uptake of 1 

M rosuvastatin control across all cynomolgous monkey experiments performed (n=5) was  

40 ± 9l/min/10
6
 cells and human experiments (n=3) was 37± 9l/min/10

6
 cells . For  all 

other drugs variation across duplicate measurements were <10%.  

 

Sample preparation and LC-MS/MS analysis of hepatocyte samples 

All samples were analyzed on an Agilent 1100 HPLC system coupled with a Micromass 

Quattro Ultima triple quadruple mass spectrometer. The analyte and associated internal 

standard were separated on a Luna C18 column (5µm, 50 × 4.6 mm, Phenomenex, Torrance, 

CA). Varying gradients of four mobile phases were used, the compositions of which were 1) 

90% water and 0.05% formic acid with 10% acetonitrile, 2) 10% water and 0.05% formic 

acid with 90% methanol, 3) 90% water and 10 mM ammonium acetate with 10% methanol, 

and 4) 10% water and 10 mM ammonium acetate with 90% methanol. The flow through the 

HPLC system was 1 ml/min and split to 0.25 ml/min before entering the mass spectrometer. 

All analytes were ionized by positive electrospray. Samples were quantified against a 

standard curve, and only standards within 30% of the nominal concentration were included in 

the standard curve. 

 

Cell lysates and media samples from the uptake experiments were thawed and quenched with 

an equal volume of methanol containing 1 µM of internal standard. Samples were placed for 

at least 1 h at -20°C before being centrifuged for 10 min at 6720g. All samples were analyzed 
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on an Agilent 1100 HPLC system coupled with a Micromass Quattro Ultima triple quadruple 

mass spectrometer. The analyte and associated internal standard were separated on a Luna 

C18 column (5µm, 50 × 4.6 mm. The flow through the HPLC system was 1 mL/min and split 

to 0.25 ml/min before entering the mass spectrometer. All analytes were ionized by positive 

electrospray. Samples were quantified against a standard curve, and only standards within 

30% of the nominal concentration were included in the standard curve. In addition, for the 

repaglinide and telmisartan incubations the appearance of repaglinide glucuronide and 

telmisartan glucuronide was monitored. 

 

Determination and scaling of in vitro uptake kinetic parameters 

Total (CLuptake) and passive (CLpassive) uptake clearance values were measured from initial 

uptake rates in the absence and presence of the OATP inhibitor rifamycin SV, respectively. 

Uptake rates were calculated over 2 min (or 5 min for pravastatin and fexofenadine) at 37 ºC 

from the slope of the linear regression of the cell concentrations versus time plot. Total and 

passive uptake clearance values were calculated by dividing the slope by the initial substrate 

concentration and were normalized for protein content. Active uptake clearance (CLactive) was 

calculated by subtracting the CLpassive from the CLuptake (Yabe et al., 2011). 

 

The Kptotal, representing both active uptake and intracellular binding, was calculated from Eq. 

1. 

𝐾𝑝𝑡𝑜𝑡𝑎𝑙 =  𝐶𝑐𝑒𝑙𝑙 𝐶𝑚𝑒𝑑𝑖𝑢𝑚⁄                                                                               𝐸𝑞. 1 

where, Ccell and Cmedium are drug concentrations in the cell and medium, respectively. 

Cynomolgus hepatocyte volume was set as 3.9 µL/10
6 

cells, assuming the same volume as 
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reported in rat hepatocytes (Reinoso et al., 2001). Human hepatocyte cell volume was 7.6 

µL/mg protein (Lu et al., 2016) which is equivalent to 7.6 µL/10
6 

cells (see below). 

 

The Kpuu and fucell were then calculated from Eq. 2 and 3, respectively (Yabe et al., 2011; 

Shitara et al., 2013); 

𝐾𝑝𝑢𝑢  =  𝐶𝐿𝑢𝑝𝑡𝑎𝑘𝑒  𝐶𝐿𝑝𝑎𝑠𝑠𝑖𝑣𝑒 ⁄                                                                           𝐸𝑞. 2 

𝑓𝑢𝑐𝑒𝑙𝑙  =  𝐾𝑝𝑢𝑢 𝐾𝑝𝑡𝑜𝑡𝑎𝑙⁄                                                                                       𝐸𝑞. 3 

When variability in hepatocyte volume was explored (2-8 µL/10
6 

cells) the changes in Kptotal 

(and hence fucell) did not change the rank order or incremental differences between 

compounds. 

 

Human and cynomolgus in vitro intrinsic clearance values expressed as µL/min/mg protein 

were converted to µL/min/10
6 

cells by assuming 1 mg protein is equal to 1 million cells (in 

house measurement) and scaled to the in vivo equivalent whole liver by multiplying with 

hepatocellularity (120 M cells/g liver) and average liver weight of 30 and 21.4 g liver/kg 

body weight in cynomolgus monkey and human, respectively (Davies and Morris, 1993; 

Rawden et al., 2005). 

 

In vivo studies 

All procedures performed on these animals were in accordance with regulations and 

established guidelines and were reviewed and approved by an Institutional Animal Care and 

Use Committee through an ethical review process. Experiments involving Male Cynomolgus 

monkeys were conducted at Pfizer (Groton, CT) or Wuxi (WuXi AppTec Co., Ltd, Suzhou, 
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China). Studies at Wuxi were conducted with male Cynomolgus Macaque Chinese monkeys 

with bile duct cannulation (Cassette 1 and 2) while studies run at Pfizer were conducted with 

male Cynomolgus Macaque Mauritian monkeys (Cassette 3 and 4). For each study 

(n=3/study), a cassette of two or three drugs was dosed: cassette 1:2 mg/kg pravastatin, 2 

mg/kg rosuvastatin and 2 mg/kg valsartan; cassette 2:1 mg/kg pitavastatin and 1 mg/kg 

fexofenadine; cassette 3:1 mg/kg pitavastatin and 1 mg/kg bosentan); cassette 4:1 mg/kg 

cerivastatin, 1 mg/kg repaglinide and 0.5 mg/kg telmisartan). Doses were selected to 

minimize interaction between the compounds on the basis of preliminary in vitro uptake 

studies using monkey hepatocytes (data not shown). Each cassette was administered via 

intravenous infusion for 30 min (cassette 1 and 2) or a bolus injection (cassette 3 and 4) via 

the cephalic vein; in a vehicle of 5% DMSO/40% PEG 400/55% saline (cassette 1 and 2); and 

10% ethanol/40% PEG 400/50% hydroxyl butyl beta cyclodextrin (12% in water) (cassette 

4). Serial blood samples were collected via the femoral vein before dosing and at predefined 

time points after that. Blood samples were collected into K2-EDTA treated collection tubes 

and were stored on wet ice prior to being centrifuged to obtain plasma. Each plasma sample 

was added to an equal volume of 0.1 M sodium acetate buffer (pH 4) and kept cold during 

collection, after which the plasma samples were stored frozen at -70°C. Urine samples were 

collected on wet ice and were added to an equal volume of 0.1 M sodium acetate buffer (pH 

4) prior to being stored frozen at 70°C. 

 

The plasma and urine samples were measured using LC-MS/MS. Standard and QC samples, 

prepared in blank plasma or urine with an equal volume of 0.1 M sodium acetate buffer (pH 

4), were extracted in the same manner as the in-life samples. In some cases, urine samples 

were diluted ten-fold into plasma for bioanalysis. Briefly, a Waters ACQUITY ultra 
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performance liquid chromatography system (Waters, Milford, MA) coupled to an API 4000 

quadrupole linear ion trap hybrid mass spectrometer equipped with either an atmospheric 

pressure chemical ionization or electrospray ionization source (depending upon analyte) 

(AppliedBiosystems, MDS Sciex, Foster City, CA) was used. Chromatographic separation 

was accomplished using either a Waters Acquity UPLC BEH C18 column (1.7 µm, 2.1 × 50 

mm) (cassette 1), a Waters XSELECT CSH XP C18 column (2.5 µm, 2.1 x 50 mM) (cassette 

2), and a Waters XSelect HSS T3 column (2.5 µm, 2.0 x 30 mm) (cassette 4) maintained at 

either room temperature or 45 °C. The mobile phase consisted of two solvents. For cassette 1 

and 2, solvent A (0.025% formic acid and 1 mM NH4OAC in Water/Acetonitrile (95:5 v/v)) 

and solvent B (0.025% formic acid and 1 mM NH4OAC in Water/Acetonitrile (5:95 v/v)). 

For cassette 3, solvent A was 0.1% formic acid in water and solvent B was acetonitrile. For 

cassette 4, solvent A was 0.1% formic acid in water and solvent B was acetonitrile. The 

elution gradient varied slightly by matrix and analyte. The gradient generally began at 3-30% 

B until about 1.2 min, followed by an increase to 50-65% B to 1.6 min, then decreased to 10-

30% B until ~1.7 – 1.9 min. Standard curves (minimum of six concentrations) and quality 

control samples (three concentrations prepared in duplicate) were prepared separately in 

blank plasma and bile and were extracted in the same manner as the in-life samples. Analyst 

1.4.2 or 1.6.2 software (SCIEX, Framingham, MA) was used for peak integration and 

standard curve regression. Watson LIMS™ version 7.5 (Thermo Fisher Scientific Inc, 

Waltham, MA) was used for calculation of pharmacokinetic parameters. The percentage of 

unchanged parent excreted into urine was calculated as follows: Urine concentration (ng/mL) 

x total urine volume (mL) / total dose (ng) x 100. 

 

Determination of in vivo intrinsic clearance  
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In vivo intrinsic hepatic clearance values (CLint,h) for all drugs were determined from 

systemic clearances obtained following intravenous bolus administration. Hepatic clearance 

(CLh) was calculated from systemic clearance (CLtotal) by accounting for renal excretion 

(CLR) and the blood/plasma concentration ratio (Rb) in humans. In vivo CLint,h was calculated 

from CLh using the well-stirred liver model (Pang and Rowland, 1977) according to Eq. 4; 

𝐶𝐿𝑖𝑛𝑡,ℎ =  
𝐶𝐿ℎ

𝑓𝑢

𝑅𝑏
× (1 −

𝐶𝐿ℎ

𝑄ℎ
)

                                                                        𝐸𝑞. 4 

where Qh represents the blood flow in monkeys (43.6 mL/kg) or humans (20.7 mL/kg); fu the 

experimentally determined free fraction in plasma in monkeys or humans. Rb in cynomolgus 

monkeys was not available and assumed to be the same as human Rb values.  

 

Prediction of the in vivo intrinsic hepatic clearance was assessed in terms of bias and 

precision of in vitro values using the absolute geometric mean fold error (gmfe, Eq. 5) and 

the root mean squared error (rmse, Eq. 6), respectively (Gertz et al., 2010).  Qualitative 

assessment of predictions were judged as being well predicted when in vitro values fell 

within 2-fold of the observed in vivo data. Values above or below this threshold were 

determined to be over predicted and under predicted, respectively. 

𝑔𝑚𝑓𝑒 = 10

∑[𝑙𝑜𝑔
𝐶𝐿𝑖𝑛𝑡,𝑖𝑛 𝑣𝑖𝑡𝑟𝑜
𝐶𝐿𝑖𝑛𝑡,𝑖𝑛 𝑣𝑖𝑣𝑜

]

𝑛                                                                                        𝐸𝑞. 5 

    

𝑟𝑚𝑠𝑒 =  √
1

𝑛
∑(𝑝𝑟𝑒𝑑𝑖𝑐𝑡𝑒𝑑 − 𝑜𝑏𝑠𝑒𝑟𝑣𝑒𝑑)2                                                           𝐸𝑞. 6 

 

Empirical scaling factors were also explored in each species using the bias metric gmfe. In 

addition, cross species optimization of human predictions from human hepatocytes was 
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investigated in two ways: i) by the use of the gmfe from the cynomolgus monkey relationship 

between in vivo clearance and in vitro predicted clearance for the dataset of nine drugs 

(ESFav) and ii) by using individual drug empirical scaling factors for each specific drug 

obtained from the ratio of observed to predicted cynomolgus monkey clearance (ESFsd) 

(Naritomi et al., 2001; Ito and Houston, 2005). 
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Results  

 

A linear time-dependent increase in uptake was observed in cynomologus monkey and 

human hepatocytes over the initial 2 min of the incubation for the nine drugs studied -

rosuvastatin, pravastatin, repaglinide, fexofenadine, cerivastatin, telmisartan, pitavastatin, 

bosentan and valsartan (Supplemental Figures 1 and 2). Inclusion of rifamycin SV provided 

an estimate of passive component on the assumption of complete inhibition of transporter 

proteins in these incubations. The clearance parameters for active, passive and total uptake, 

together with Kpuu, for each drug are shown in Figure 1 for two cynomolgus monkey lots and 

are compared to both the human donor reported here and previously reported values from 3 

other human donors using the same methodology (Ménochet et al., 2012b). Metabolism 

mediated by P450 was inhibited by the presence of ABT in each incubation; therefore for 

cerivastatin and bosentan, in particular, no confounding effects from metabolism were 

expected. In the case of repaglinide and telmisartan, the glucuronide was only detected in 

repaglinide incubations in monkey hepatocytes but represented <12% of parent drug and was 

not incorporated into CLuptake calculations. In human hepatocytes, previous studies have 

shown metabolic clearance by conjugation to be <1% of uptake clearance (Ménochet et al., 

2012b) so no correction was made. Longer incubations (up to 90 min) were also carried out 

to allow attainment of equilibrium between media and cellular drug concentrations to obtain 

assessment of cellular partitioning and binding (Figure 2). 

 

Uptake parameters in cynomolgus monkey hepatocytes 

In hepatocyte lot A, a 50-fold range in CLuptake was observed (Table 1) with telmisartan 

showing the highest CLuptake (387 µL/min/mg protein), and fexofenadine the lowest (CLuptake 

8 µL/min/mg protein). CLactive values showed a larger range of values (180-fold) with similar 
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drugs representing the extreme values. A >40-fold range in CLpassive was observed where 

cerivastatin (221 µL/min/mg protein) and pravastatin (5 µL/min/mg protein) showed the 

highest and the lowest values, respectively. These clearance values resulted in a 7-fold range 

in Kpuu values among the nine drugs (see Figure 1). The Kpuu of rosuvastatin and valsartan 

were >5, whereas pitavastatin and telmisartan showed Kpuu >2 and the remaining drugs were 

between 1 and 2.  

  

Also shown in Figure 1 are the corresponding parameters values for a second cynomolgus 

monkey lot (lot B – a pool of 20 donors). Comparison of the CLuptake, CLpassive, and CLactive 

values obtained in the hepatocytes from the two lots resulted in an overall good agreement 

(Supplemental Figure 3), with most of the parameter values within 2-fold between individual 

donors; particularly good agreement was observed with CLuptake. However, in the CLactive 

correlation analysis (Supplemental Figure 3B) cerivastatin and telmisartan were clear outliers 

as were pravastatin and valsartan in the CLpassive correlation (Supplemental Figure 3C). 

CLpassive of the nine drugs investigated was strongly correlated with the log D7.4 (Figure 3). 

Consideration of the relationship between CLpassive and log D7.4 for both lots provides no 

further explanation for the pravastatin and valstartan (the most hydrophilic drugs 

investigated) behaviour described above.  

 

The Kptotal values to assess total drug uptake for the nine compounds were obtained from the 

uptake time profiles over 90 min. Most of the drugs investigated reached equilibrium within 

30 min, with the exceptions of bosentan and valsartan. The Kptotal parameters obtained are 

shown in Table 2 and a 50-fold range in Kptotal values is evident (see Figure 2), with values 
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ranging from 3 (pravastatin) to 141 (bosentan). For six out of nine drugs the Kptotal values 

were >50, while rosuvastatin, fexofenadine and pravastatin showed comparably low values. 

The intracellular fraction unbound (fucell) was calculated using Kptotal and Kpuu values. There 

was a large (100-fold) range in fucell (see Figure 2); high intracellular binding was observed 

for bosentan, cerivastatin, pitavastatin, repaglinide, and telmisartan (fucell <0.05). The derived 

fucell values for the nine drugs investigated were correlated with the logD7.4, albeit with less 

precision for the high binders (Figure 3).  

 

Uptake parameters in human hepatocytes 

The uptake of the selected compounds was assessed in cryopreserved plated human 

hepatocytes (HH1025) under identical experimental conditions to the cynomolgus monkey 

hepatocyte studies. Kinetic parameters obtained are summarized in Table 1 and compared 

with the corresponding cynomolgus monkey parameters in Figure 4. For all parameters there 

was a similar range of values obtained across the nine drugs in human compared to 

cynomolgus monkey although for certain drugs (notably pravastatin and valsartan) human 

values were less than the cynomolgus monkey. 

 

Pravastatin showed the lowest extent of uptake with CLuptake of 1 µL/min/mg protein, 

whereas telmisartan had the highest value (351 µL/min/mg protein) (Figure 1). CLactive 

differed by 500-fold with the same drugs as extremes; pravastatin (0.2 µL/min/mg protein) 

and telmisartan (109 µL/min/mg protein). CLpassive values were comparatively low for the 

majority of compounds investigated, ranging from 0.2 to 242 µL/min/mg protein for 

valsartan and telmisartan, respectively. Human Kpuu values were comparable to those 

presented above for the cynomolgus monkey lot A (Figure 4D). 
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Kptotal and subsequently fucell values were also determined in this human donor (see Table 2). 

Figure 5 compares these data with the corresponding cynomolgus monkey parameters and 

indicates minimal species differences in the cellular binding of these drugs. A similar range 

of values is evident and an identical rank order with the exception of telmisartan; the human 

fucell was an order of magnitude lower than in cynomolgus monkey. If the logD7.4 relationship 

(see Figure 3) is considered for each species it can be argued that for the cynomolgus monkey 

telmisartan fucell is overestimated. The use of the logD7.4 relationship for the cynomolgus 

monkey (excluding telmisartan) estimates telmisartan fucell to be 0.007 with a corresponding 

Kptotal of 525 and removes the outlying tendency for this drug. 

 

Prediction of cynomolgus monkey and human in vivo clearance  

The pharmacokinetic studies for the nine drugs investigated were conducted following a 

single intravenous infusion over 30 min to three male cynomolgus monkeys. The in vivo 

parameters obtained are listed in Table 3 and plasma concentration-time profiles are shown 

(Supplemental Figure 4). The CLtotal values ranged from 6.5 mL/min/kg (for valsartan and 

fexofenadine) to 30 mL/min/kg (for pravastatin). Hepatic clearance was the major elimination 

mechanism for the drugs investigated, as CLR contributed >20% for only three drugs 

(rosuvastatin, fexofenadine and pravastatin). Hence hepatic clearance values indicated that 

four drugs had low hepatic extraction ratios (valsartan, repaglinide, fexofenadine and 

telmisartan with hepatic clearances <12 ml/min/kg; average hepatic blood flow 43.6 

mL/min/kg) whereas the remaining drugs were medium hepatic clearance (with values 

between 12 and 32 ml/min/kg). The relationship between cynomolgus monkey and human 

hepatic clearance in vivo is shown in Figure 6A and with the exceptions of pravastatin and 
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telmisartan there was a good interspecies agreement over two orders of magnitude showing 

little bias (gmfe 2.6).  

 

Figures 6B and 7A shows the predictions of both cynomolgus monkey and human in vivo 

intrinsic clearance from in vitro parameters, respectively. Direct extrapolation of cynomolgus 

monkey hepatocyte data (Figure 6B) resulted in a good agreement with observed cynomolgus 

monkey CLint,h (gmfe 2.7, rmse 899), with pravastatin as the most pronounced outlier (>2-

fold bias). In comparison, the corresponding prediction of human in vivo clearance from 

human hepatocytes (Figure 7A); while showing similar rank order to the cynomolgus monkey 

data there is less precision (Table 4) and more bias (gmfe 3.8). Application of these 

respective species gmfe values to the in vitro parameters to improve in vivo clearance 

predictions are shown (Supplemental Figure 5).  

 

The potential of using a cross species ESF to optimise human prediction was explored in two 

ways. First, the use of ESFav (gmfe from the cynomolgus monkey relationship between in 

vivo clearance and in vitro predicted clearance for the nine drugs investigated) is shown in 

Figure 7B. This reduced the prediction bias for human prediction and noticeably improved 

the precision for this set of drugs (Table 4). Consideration of each drug individually shows 

that prediction is improved for six drugs (repaglinide, cerivastatin, pravastatin, bosentan, 

telmisartan and valsartan), rosuvastatin is unaffected (its prediction being within 2-fold 

without the use of additional scaling factor) and for fexofenadine and pitavastatin prediction 

is less accurate, as clearly shown in the residual plots in the Figure 7D and E. Use of 

individual drug empirical scaling factors for each specific drug (ESFsd listed in Table 5) also 

shows an improved overall prediction and mixed success with individual drugs (Figure 7C 

This article has not been copyedited and formatted. The final version may differ from this version.
DMD Fast Forward. Published on May 2, 2018 as DOI: 10.1124/dmd.118.081315

 at A
SPE

T
 Journals on M

ay 17, 2023
dm

d.aspetjournals.org
D

ow
nloaded from

 

http://dmd.aspetjournals.org/


DMD # 81315 

 

22 

 

and F, Table 4). Whereas pravastatin, cerivastatin and bosentan were very well predicted by 

this approach, prediction accuracy of telmisartan was decreased and the remaining five drugs 

showed little difference. An analogous presentation of the improved human prediction using 

the previously reported values from 3 other human donors from applying the cross species 

ESFs is shown (Supplemental Figure 6). 
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Discussion  

In the current study the hepatic uptake of nine OATP substrates (rosuvastatin, pravastatin, 

repaglinide, fexofenadine, cerivastatin, telmisartan, pitavastatin, bosentan and valsartan) 

representing class 1B and 3B in ECCS was investigated in cynomolgus monkey both in vitro, 

using hepatocytes, and in vivo. Analogous in vitro studies have been carried out in human 

hepatocytes; together with literature collated clinical studies these data allow a detailed 

species comparison and assessment of the cynomolgus monkey as a preclinical model for 

prediction of OATP-mediated hepatic clearance. Previous studies using cynomolgus monkey 

hepatocytes have investigated CLuptake of one or two drugs (pitavastatin, rosuvastatin, 

bosentan) in isolation with either no or limited application to predict in vivo clearance (Shen 

et al., 2013; Morse et al., 2017; Thakare et al., 2017), but for these drugs there is a good 

agreement with current findings.  

 

We have used two donor sources for cynomolgus monkey hepatocytes and to ensure 

representative coverage, one lot represents a pool of 20 livers (Lot B). Hepatic disposition of 

the drug set in cynomolgus monkey hepatocytes has been compared with parameters from the 

human donor under identical experimental conditions. We have previously reported human 

data on seven of these drugs in our own laboratory and the rank order of CLuptake values is 

comparable (Ménochet et al., 2012b). To provide confidence in the human data derived in 

this study we also used the mean of these donors (also shown in Figure 1) for subsequent 

analyses. Total uptake clearance values in plated monkey hepatocytes ranged over a 50-fold; 

and showed a comparable rank order to in vitro data obtained under the same experimental 

conditions in plated human hepatocytes (150-fold range). This difference arises from the 

pravastatin values and a similar species difference is apparent in the in vivo data. Telmisartan 
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also shows a similar species difference (albeit in the opposite direction) in vivo but this trend 

is not evident in hepatocytes.  

 

This tendency for similar rank order for the nine drugs is apparent with all clearances 

determined in vitro and there is a good agreement in the relative contribution of active 

transport to total uptake between cynomolgus and human data (Table 1). In cynomolgus 

hepatocytes there is a 7-fold range observed in Kpuu values (see Figure 1); however, the range 

is wider for human hepatocytes due to the passive contribution for valsartan. For both species 

the Kpuu values are relatively low; rosuvastatin and valsartan were >5, whereas the remaining 

drugs were between 1 and 2 in human and 1 and 4 in cynomolgus monkey hepatocytes. This 

raises the question of whether the inhibition properties of rifamycin SV are adequate for 

passive clearance determination and other approaches (Li et al., 2014; Bi et al., 2017) may 

prove to be more appropriate in the future. As the rank order of CLactive is, in general, in good 

agreement, the interspecies differences of Kpuu cannot be explained solely by protein 

expression levels of OATP/Oatp isoforms in the liver and interspecies differences in intrinsic 

transport capacities have to be also considered. Recently in vivo Kpuu has been reported for 

rosuvastatin and due to the magnitude of this parameter (>200) the authors were critical of in 

vitro determination (Morse et al., 2017). However, adequate modelling of in vivo 

experimentation (to achieve steady-state) and simultaneous consideration of all processes to 

obtain Kpuu is problematic and such values cannot be taken as the gold standard. There has 

been much attention recently to the most appropriate approach to obtain Kpuu (Riccardi et al., 

2017; Riede et al., 2017; Yoshikado et al., 2017) and a consensus has yet to be reached. 
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The present findings also confirm the value of predicting the CLpassive term (for acidic drugs 

at least) from log D7.4 previously documented in rats (Yabe et al., 2011; Ménochet et al., 

2012a) and given the experimental issues in the actual experimental determination of this 

clearance term (Li et al., 2014; Bi et al., 2017), this supplementary approach has merit. A 

>500-fold range in CLpassive was observed in both species with the same extreme values. An 

exception to this trend was valsartan in the cynomolgus monkey although some clarity to this 

anomaly from the log D7.4 relationship illustrates the utility of correlation. For four drugs 

(pitavastatin, rosuvastatin, telmisartan and valsartan) active uptake was responsible for >60% 

of total uptake and two (cerivastatin and repaglinide) were <10%; fexofenadine, pravastatin 

and bosentan were intermediate values. Although the contribution of active transport 

component is less than anticipated, all the data reported in both species are consistent.  

 

In addition, the extent of intracellular binding between species appears to be very 

comparable. Determining the extent of intracellular binding of drug in hepatocytes has 

important implications in elucidating both pharmacokinetic and pharmacodynamic processes, 

including prediction of drug-drug interaction risk (Zamek-Gliszczynski et al., 2013; Morse et 

al., 2015). Several experimental methods and in silico approaches have been proposed to 

estimate intracellular drug concentration (Chu et al., 2013b). The reasonable species 

agreement in Kptotal highlights the relative importance of tissue binding for these compounds. 

The logD7.4 relationships with fucell are striking and are consistent with previous studies in 

both suspended and plated rat hepatocytes (Yabe et al., 2011; Ménochet et al., 2012a). 

Calculation of hepatic fucell from the correlation with logD7.4 can provide useful initial 

estimates of fucell for implementation in the PBPK models, in particular in the cases when 

other data are lacking or equivocal.  
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Four of the nine compounds selected for study undergo metabolism in human liver and 

probably also in cynomolgus monkey and the question regarding impact on uptake 

parameters is pertinent. We have used ABT as an inhibitor of P450 metabolism but as two 

drugs are known substrates for UGT, additional considerations are necessary. As clearance 

was calculated from initial rates (over 2 or 5 min) the impact of any losses due to UGT 

metabolism was minimal as glucuronidation of repaglinide and telmisartan was 

comparatively slow under those conditions. Kptotal was determined over a longer time when 

metabolism will be more appreciable however as an equilibrium was reached in all cases this 

is not a confounding issue. 

 

It can be concluded that both in vitro and in vivo intrinsic clearances in both species appeared 

generally well correlated both within and cross species. The range of clearance values 

observed in cynomolgus monkey following an intravenous infusion in a cassette dosing 

regimen is consistent with previous studies (Chu et al., 2015; Thakare et al., 2017). Direct 

extrapolation of cynomolgus monkey hepatocyte resulted in good concordance with in vivo 

CLint,h: 2.7-bias on average and five of the nine drugs within 2-fold range of in vivo values. 

Several approaches for human in vivo prediction were explored: direct scaling of human 

hepatocytes with and without ESF and empirical cross species scaling using a cynomolgus 

monkey data by either ESFav or ESFsd. Direct scaling for human indicated less precision and 

more bias than for cynomolgus monkey (Table 4). The application of empirical scaling 

factors from monkey studies (ESFav or ESFsd) did improve human prediction reducing the 

overall prediction bias and noticeably improving the precision for this set of drugs (Table 4). 

When considering the improvement in prediction for each drug individually there was mixed 
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success with both approaches. Consideration of the drugs where under prediction is clearly 

evident serves to illustrate this situation. Prediction of pravastatin, the most problematic of 

the drugs studied, is improved by both approaches but particularly by ESFsd. Fexofenadine 

and telmisartan are only improved by one approach (former by ESFsd and latter by ESFav). 

Repaglinide and valsartan are similarly improved by both approaches. The remaining four 

drugs (rosuvastatin, cerivastatin, pitavastatin and bosentan) show marginal changes from 

either approach. The nine drugs investigated can be assigned to class 1B or 3B of the ECSS 

(Varma et al., 2015), the distinction being permeability. In the current data no separation was 

apparent between the compounds in each class highlighting that uptake dominates hepatic 

clearance in all cases. 

 

The use of ESFsd was previously applied for human metabolic clearance prediction using rat 

derived factors (Naritomi et al., 2001; Ito and Houston, 2005). If under prediction were in 

some way linked to specific chemical properties of particular drugs then this approach would 

be valuable. However, this approach was thought not to have a broad application for human 

metabolic clearance prediction due to the lack of any strong correlation between the extent of 

under prediction from rat and human in vitro data reported recently (Wood et al., 2017). 

Further studies with transporter mediated drugs are required to establish the broad 

applicability of the ESFsd approach. From the current studies shown in Figure 7C and F it 

may be concluded that the ESFsd approach is most successful in optimising human prediction 

if the number of drugs within the 2-fold range is the deciding criterion. However by 

extending the analysis to include other donor livers (Supplemental Figure 6) the advantage 

for ESFsd over ESFav is not confirmed. 
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The future use of ESFav looks promising as a metric to estimate the relative functional 

activity of isolated hepatocellular systems and hence minimize the in vitro-in vivo offset for 

human clearance prediction. Herewith we report minor species differences between 

cynomolgus monkey and human hepatocyte in vitro uptake data for nine OATP substrates 

which is consistent with genomic and proteomic studies (Ebeling et al., 2011; Shen et al., 

2013). Since total in vitro uptake data are predictive of the observed in vivo data in 

cynomolgus monkeys in an analogous way to the human data, ESFav provides an independent 

measure of the potential shortcomings of the isolated hepatocyte system to refine human 

clearance prediction. The ability to supplement a physiological scaling factor, which is a 

multiplier for total hepatic capacity whether based on hepatocellularity (Wood et al., 2017) - 

or proteomic measurements (Ishida et al., 2018), with a measure of functional activity 

increases confidence for the prospective use of human hepatocytes for in vivo prediction of 

hepatic transporter mediated clearance.  

 

In summary, these investigations confirm the utility of cynomolgus monkey as a valuable 

preclinical model for the investigation of hepatic uptake of OATP substrates. Both sets of in 

vitro data predict in vivo clearance well; the most successful human predictions were 

obtained using cross species ESFs. A recent drug-drug interaction study involving rifampicin 

inhibition of pitavastatin and rosuvastatin active uptake demonstrates quantitative translation 

of in vitro derived OATP1B IC50 to predict DDIs using cynomolgus monkey as a preclinical 

model (Ufuk et al., 2018) supports this claim. 
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Legends for Figures  

Figure 1: Histograms comparing clearances in cynomolgus monkey (Lot A 10310012, Lot B 

10353012) and human (HH1025 and a published donor pool) hepatocytes for nine known 

OATP substrates. For all drugs variation across duplicate measurements was <10%. Panel A 

shows total uptake, B passive, C active clearance and D Kpuu.    

 

Figure 2: Histograms showing the Kptotal (panel A) and fucell (panel B) values for nine known 

OATP substrates in hepatocytes from cynomolgus monkey (Lot A 10310012) and human 

(HH1025) donor. 

 

Figure 3: Relationships between log D7.4 and passive permeability and cellular binding of 

nine drugs in cynomolgus monkey and human hepatocytes. Panel A and B shows plots of 

CLpassive for cynomolgus monkey (Lot A 10310012) and human (HH1025) hepatocytes, 

respectively. The regression equations shown are log CLpassive = 0.40log D7.4 + 1.1 and log 

CLpassive = 0.82log D7.4 + 0.52, respectively. Panels C and D shows fucell for cynomolgus 

monkey (Lot A 10310012) and human (HH1025) hepatocytes, respectively. The regression 

equations shown are log fucell = -0.59log D7.4 + 0.63 (no valsartan value included) and  log 

fucell = -0.75log D7.4 + 0.71, respectively Numbers shown relate to particular drugs: 1, 

pravastatin; 2, fexofenadine; 3, rosuvastatin; 4, valsartan; 5, repaglinide; 6, pitavastatin; 7, 

cerivastatin; 8, telmisartan; 9, bosentan.  

 

Figure 4: Comparison of the kinetic parameters (panels A-C) and hepatocyte to medium 

partition co-efficient for unbound drug (Kpuu) (panel D) of nine OATP substrates obtained 
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between cynomolgus monkey (Lot A 10310012) and human hepatocytes (HH1025). CLtotal, 

CLactive, CLpassive are total, active and passive uptake clearance, respectively. Solid and dashed 

lines represent the line of unity and the 2-fold under/over prediction boundaries, respectively. 

Numbers shown relate to particular drugs: 1, pravastatin; 2, fexofenadine; 3, rosuvastatin; 4, 

valsartan; 5, repaglinide; 6, pitavastatin; 7, cerivastatin; 8, telmisartan; 9, bosentan. 

 

Figure 5: Correlation between Kptotal (panel A) and intracellular fraction of unbound drug 

fucell (panel B) in human and cynomolgus monkey hepatocytes. Solid and dashed lines 

represent the line of unity and the 2-fold under/over prediction boundaries, respectively. 

Numbers shown relate to particular drugs: 1, pravastatin; 2, fexofenadine; 3, rosuvastatin; 4, 

valsartan; 5, repaglinide; 6, pitavastatin; 7, cerivastatin; 8, telmisartan; 9, bosentan. 

Figure 6. Comparison of in vivo intrinsic hepatic clearance (CLint,h) of nine OATP substrates 

between cynomolgus monkey and human (panel A) and correlation between observed and 

calculated in vivo intrinsic hepatic clearance values CLint,h  in cynomolgus monkeys (panel 

B). CLint,h values were determined from hepatic clearance calculated from systemic clearance 

following intravenous bolus administration and using the well-stirred liver model (Eq. 4). The 

in vitro data in cynomolgus monkey hepatocytes were from lot A 10310012. The solid and 

dashed lines represent the line of unity and 2-fold under/over prediction boundaries, 

respectively. Numbers shown relate to particular drugs: 1, pravastatin; 2, fexofenadine; 3, 

rosuvastatin; 4, valsartan; 5, repaglinide; 6, pitavastatin; 7, cerivastatin; 8, telmisartan; 9, 

bosentan. 

 

Figure 7: Correlation between observed and calculated in vivo intrinsic hepatic clearance 

values CLint,h (mL/min/kg) in humans (panel A-C) and the corresponding residual plots for 
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these predictions (panel D-F). Panels A and D show the direct use of in vitro parameters and 

Panels B and E and Panels C and F show the use of empirical scaling factors for human 

prediction obtained from using either the average of all cynomolgus monkey drug clearances 

(ESFav) or individual specific drug clearances (ESFsd), respectively. The solid and dashed 

lines represent the line of unity and 2-fold under/over prediction boundaries, respectively. 

Numbers shown relate to particular drugs: 1, pravastatin; 2, fexofenadine; 3, rosuvastatin; 4, 

valsartan; 5, repaglinide; 6, pitavastatin; 7, cerivastatin; 8, telmisartan; 9, bosentan.   

This article has not been copyedited and formatted. The final version may differ from this version.
DMD Fast Forward. Published on May 2, 2018 as DOI: 10.1124/dmd.118.081315

 at A
SPE

T
 Journals on M

ay 17, 2023
dm

d.aspetjournals.org
D

ow
nloaded from

 

http://dmd.aspetjournals.org/


DMD # 81315 

 

40 

 

Tables 

Table 1 

In vitro kinetic parameters for the hepatic uptake of nine OATP substrates in cynomolgus 

monkey
a
 and human hepatocytes 

Compounds Donor 

CLuptake CLpassive CLactive Kpuu 

µL/min/mg protein  

Bosentan 

Lot A 77 54 23 1.4 

Lot B 137 86 51 1.6 

HH1025 81 44 37 1.8 

Cerivastatin 

Lot A 223 221 1.5 1 

Lot B 161 117 44 1.4 

HH1025 244 199 45 1.2 

Fexofenadine 

 

Lot A 8 5.9 2.1 1.4 

Lot B 9.7 3.4 6.3 2.8 

HH1025 8.4 5.7 2.7 1.5 

Pitavastatin 

 

Lot A 134 52 82 2.6 

Lot B 73 42 32 1.8 

HH1025 172 100 72 1.7 

Pravastatin 

 

Lot A 9 5 4 1.8 

Lot B 7.9 0.4 7.5 19 

HH1025 1 0.8 0.2 1.3 

Repaglinide 

 

Lot A 129 121 8 1.1 

Lot B 138 101 37 1.4 

HH1025 95 88 7 1.1 

Rosuvastatin 

 

Lot A 40.1 ± 9 5.7 ± 2 34.4 7.0 

Lot B 53 17 36 3.1 

HH1025 37 ± 9 4.8 ± 0.5  33 8.2 

Telmisartan 

 

Lot A 387 104 283 3.7 

Lot B 425 407 18 1 

HH1025 351 242 109 1.5 

Valsartan 

 

Lot A 105 21 84 5.1 

Lot B 85 2 83 37 
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  HH1025 15.9 0.2 15.7 80 
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a 
Lot A and Lot B represent a single (10310012) and pooled (10353012) donor of 

cynomolgus hepatocytes, respectively. The mean uptake of rosuvastatin control across all 

experiments performed in this study (n= 5) for cynomolgus monkey and (n = 3) for human is 

shown and for all other drugs variation across duplicate measurements was <10%.  
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Table 2 

Hepatocyte-to-medium drug concentration ratios and intracellular fraction of unbound drug 

for nine OATP substrates in plated cynomolgus and suspended rat hepatocytes 

 Cynomolgus monkey Human LogD7.4 

Compounds Kptotal  fucell Kptotal  fucell   

Bosentan 141 0.01 142 0.01 1.25 

Cerivastatin 118 0.01 352 0.004 1.9 

Fexofenadine 6 0.22 5 0.3 0.3 

Pitavastatin 71 0.04 73 0.024 1.2 

Pravastatin 3 0.64 2 0.64 -0.4 

Repaglinide 101 0.01 221 0.01 2.3 

Rosuvastatin 20 0.35 39 0.21 -0.33 

Telmisartan 115 0.03 807 0.002 2.5 

Valsartan 64 1.0
a
 19 1.0 -1.11 

a 
calculated from the relationship log fucell = -0.59log D7.4 + 0.63
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Table 3 

 

In vivo hepatic clearance values, Rb values and protein binding for nine OATP substrates  

Compounds Species CLtotal CLR CLh CLint,h Rb fu Ref 

   mL/min/kg    

Bosentan 

cynomolgus 17.9 ± 3.1 n/a 17.9 776 

0.66 

0.061  

human 2.1 n/a 2.1 468 0.053 
(Weber et al., 1996; Weber et al., 

1999; Jones et al., 2012) 

Cerivastatin 

cynomolgus 19 ± 3.6 n/a 19 3181 

0.76 

0.014  

human 2.9 n/a 2.9 1778 0.002 
(Muck et al., 1997; Jones et al., 

2012) 

Fexofenadine 

cynomolgus 6.5 ± 1.7 1.7 4.8 19 

0.55 

0.31  

human 3.1 1.2 1.9 13 0.18 
(Lappin et al., 2010; Watanabe et 

al., 2011) 

Pitavastatin 
cynomolgus 10.9 ± 2.4 0.1 10.8 723 

0.58 
0.026  

human 5.7 n/a 5.7 434 0.025 (Watanabe et al., 2010) 

Pravastatin 

cynomolgus 30 ± 4.0 6.9 23.1 644 

0.56 

0.65  

human 14 6.6 7.4 48 0.43 
(Singhvi et al., 1990; Jones et al., 

2012; Poulin et al., 2012) 
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Repaglinide 

cynomolgus 6.9 ± 0.7 n/a 6.9 771 

0.62 

0.012  

human 7.8 n/a 7.8 1326 0.015 
(van Heiningen et al., 1999; Plum 

et al., 2000; Obach et al., 2008) 

Rosuvastatin 

cynomolgus 23.7 ± 1.8 4.3 19.4 305 

0.69 

0.18  

human 10.5 2.9 7.6 172 0.09 
(Martin et al., 2003; Jones et al., 

2012) 

Telmisartan 

cynomolgus 9 ± 2.5 n/a 9 490 

0.78 

0.025  

human 12 n/a 12 9657 0.005 
(Stangier et al., 2000; Yoshida et 

al., 2012; Shitara et al., 2013) 

Valsartan 

cynomolgus 6.5 ± 0.6 0.6 5.9 560 

0.55 

0.014  

human 0.49 0.14 0.35 361 0.001 
(Flesch et al., 1997; Watanabe et 

al., 2011; Jones et al., 2012) 

In vivo hepatic clearance values CLint,h were calculated from in vivo CLh after intravenous dosing to cynomolgus monkeys; Blood-to-

plasma partitioning Rb in cynomolgus monkeys was assumed to be equal to reported Rb values in humans; Protein binding was 

determined in vitro using membrane dialysis. 
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Table 4 

 

Statistical data comparing the accuracy and precision of the approaches used to predict 

human CLint,h  

 

 Methods 

 Direct ESFav ESFsd 

gmfe 3.8 (3.5)
a
 2.5 (2.3)

a
 2.4 (4.4)

a
 

rmse 2963  2430  3140  

% within 2-fold error 33 (43)
a
 33 (57)

a
 67 (57)

a
 

Human donor HH1025 hepatocytes were used.  
a
 Corresponding metrics when published 

human donor hepatocyte pool (Ménochet et al., 2012b) was used. 
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Table 5 

 

Drug specific empirical scaling factors obtained in cynomolgus monkey hepatocytes and used 

to estimate CLint,uptake in human hepatocytes 

Compounds ESF 

Rosuvastatin 2.07 

Pitavastatin 1.47 

Valsartan 1.46 

Repaglinide 1.63 

Fexofenadine 0.67 

Pravastatin 19.5 

Telmisartan 0.34 

Bosentan 2.76 

Cerivastatin 3.89 
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Figures 

 

Figure 1 
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Figure 2 
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Figure 3 
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Figure 4 
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Figure 5 
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Figure 6 
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Figure 7 
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