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    Abstract
Kinetic parameters describing hepatic uptake in hepatocytes are frequently estimated without appropriate incorporation of bidirectional passive diffusion, intracellular binding, and metabolism. A mechanistic two-compartment model was developed to describe all of the processes occurring during the in vitro uptake experiments performed in freshly isolated rat hepatocytes plated for 2 h. Uptake of rosuvastatin, pravastatin, pitavastatin, valsartan, bosentan, telmisartan, and repaglinide was investigated over a 0.1 to 300 μM concentration range at 37°C for 2 or 45–90 min; nonspecific binding was taken into account. All concentration-time points were analyzed simultaneously by using a mechanistic two-compartment model describing uptake kinetics [unbound affinity constant (Km,u), maximum uptake rate (Vmax), unbound active uptake clearance (CLactive,u)], passive diffusion [unbound passive diffusion clearance (Pdiff,u)], and intracellular binding [intracellular unbound fraction (fucell)]. When required (telmisartan and repaglinide), the model was extended to account for the metabolism [unbound metabolic clearance (CLmet,u)]. The CLactive,u ranged 8-fold, reflecting a 11-fold range in uptake Km,u, with telmisartan and valsartan showing the highest affinity for uptake transporters (Km,u <10 μM). Both Pdiff,u and fucell span over two orders of magnitude and reflected the lipophilicity of the drugs in the dataset. An extended incubation time allowed steady state to be reached between media and intracellular compartment concentrations and reduced the error in certain parameter estimates observed with shorter incubation times. Active transport accounted for >70% of total uptake for all drugs investigated and was 4- and 112-fold greater than CLmet,u for telmisartan and repaglinide, respectively. Modeling of uptake kinetics in conjunction with metabolism improved the precision of the uptake parameter estimates for repaglinide and telmisartan. Recommendations are made for uptake experimental design and modeling strategies.


Introduction

For many years, research has focused on reducing the metabolic liability of new chemical entities (NCEs). Consequently, a shift in physicochemical properties has occurred, and more NCEs show a reduced ability to cross membranes readily and rely on active transport for their disposition (Wu and Benet, 2005; Funk, 2008). Organic anion-transporting proteins (OATPs) are expressed on the sinusoidal membrane of hepatocytes and have been identified as important contributors to the disposition of statins, angiotensin II receptor inhibitors, and antidiabetics (Hagenbuch and Gui, 2008; International Transporter Consortium et al., 2010; Watanabe et al., 2010). Activity of OATPs can be modulated as a result of polymorphisms and drug-drug interactions with cyclosporine, rifampicin, or gemfibrozil glucuronide, resulting in increased systemic exposure of OATP substrates linked to potentially severe toxicities (Simonson et al., 2004; Kajosaari et al., 2005; van Giersbergen et al., 2007; Kalliokoski et al., 2008; Ieiri et al., 2009). From the regulatory perspective, a thorough understanding of the active uptake of NCEs in vitro is vital for assessing any potential clinical risk associated with this mechanism, either in particular patient population or with certain comedication (European Medicines Agency, 2010; International Transporter Consortium et al., 2010; Zhang et al., 2011).

Over the past decade, both the quality and availability of cryopreserved human hepatocytes have improved (Badolo et al., 2011), making this cellular model the tool of choice for predicting human hepatic disposition in vitro (Brown et al., 2007; Soars et al., 2007). Nevertheless, the cost of human hepatocytes still limits their extensive use. Rat hepatocytes can easily be isolated and used as a substitute when developing new assays. Although the expression of transporters differs between the two species (Hagenbuch and Gui, 2008), physiologically based pharmacokinetic (PBPK) models developed in the rat have provided a sound basis for the prediction of human hepatic disposition (Poirier et al., 2008; Watanabe et al., 2009).

Drug uptake into cells may consist of a saturable active component and the nonsaturable passive permeation driven by the physicochemical properties of the drug investigated. Several studies have demonstrated that the relation between these two processes is a key factor for understanding the hepatic disposition of compounds undergoing active uptake (Webborn et al., 2007; Paine et al., 2008; Poirier et al., 2008; Watanabe et al., 2009). Many uptake studies regard passive permeation as a unidirectional process occurring from the media into the cell during the short incubation time (often ≤2 min). Parker and Houston (2008) demonstrated that even after 2-min incubation the cell-to-media ratio of nelfinavir could be as high as 3000, suggesting that the drug would permeate back from the cell into the media in in vitro systems (Baker and Parton, 2007; Parker and Houston, 2008; Poirier et al., 2008). In addition, only a few studies have reported full uptake kinetics in hepatocytes (Poirier et al., 2008, 2009; Yabe et al., 2011) or investigated drugs with differential transporter-metabolism involvement. A thorough understanding of the saturable uptake process with appropriate passive permeation and intracellular binding considerations is critical for accurate estimation of any subsequent metabolism and prediction of liver and systemic concentrations by using a PBPK modeling approach. To that aim, a mechanistic two-compartment model was developed to simultaneously fit all of the concentration-time points during uptake experiments performed over a range of initial concentrations, extending the model described previously by Poirier et al. (2008). The model presented here allows the estimation of intracellular binding and characterization of uptake kinetics either in isolation or conjunction with metabolism.

The present study focuses on the characterization of seven drugs (rosuvastatin, pravastatin, pitavastatin, bosentan, valsartan, telmisartan, and repaglinide); all have been identified as OATP substrates in different in vitro systems. In addition, there is an increasing body of clinical evidence on the important role of OATP1B1 in the pharmacokinetics of these drugs based either on studies performed in subjects expressing different allelic variants of this transporter (SEARCH Collaborative Group et al., 2008; Ieiri et al., 2009) or clinical drug-drug interactions reported with OATP inhibitors (Stangier et al., 2000; Kajosaari et al., 2005; International Transporter Consortium et al., 2010).

The aim of the present study was to assess the ability of a mechanistic two-compartment model to describe active uptake, bidirectional passive diffusion, and intracellular binding in plated rat hepatocytes over a range of substrate concentrations. Parameter estimates obtained by the mechanistic two-compartment and the conventional two-step approaches were compared. Unlike the mechanistic model, the conventional two-step approach requires prior data transformation to delineate passive from active uptake into the cell. The impact of extended incubation times (up to 45–90 min to allow steady state between cell and the media concentrations to be achieved) on the uptake and binding parameter estimates was analyzed. The mechanistic model was expanded to simultaneously describe uptake and metabolism for telmisartan and repaglinide within the same experimental system. The impact of the incorporation of metabolism in the mechanistic model on uptake and intracellular binding parameter estimates was investigated.



Materials and Methods



Chemicals.

Bosentan, pitavastatin, pravastatin, rosuvastatin, telmisartan, and valsartan were purchased from Sequoia Research Products (Pangbourne, UK). Telmisartan acyl-β-d-glucuronide, 2-despiperidyl-2-amino repaglinide (M1), 2-despiperidyl-2(5-carboxypentylamine) repaglinide (M2), 3′-hydroxy repaglinide (M4), and repaglinide acyl-β-d-glucuronide were obtained from Toronto Research Chemicals Inc. (North York, ON, Canada). Insulin (4 mg/ml) was purchased from Invitrogen (Paisley, UK). Repaglinide, mibefradil, verapamil, and indomethacin were purchased from Sigma-Aldrich (Poole, UK). All other chemicals and reagents were obtained from Sigma-Aldrich and were of the highest grade available.




Isolation of the Rat Hepatocytes.

Rat hepatocytes were isolated from 250 to 300 g Sprague-Dawley rat livers (Charles River, Margate, Kent, UK), following the two-step collagenase perfusion method described previously (Berry and Friend, 1969). Hepatocytes were suspended in William's medium E supplemented with 10% fetal bovine serum, 1% penicillin/streptomycin, and 0.01% insulin at pH 7.4. Cells were counted under a microscope using a hemocytometer, and viability was assessed by using the trypan blue exclusion method. Only preparations with a viability >80% were used. Cell monolayers were checked before each experiment to ensure coverage of >80% of the well surface. The cell suspension was diluted to 400,000 cells/ml in supplemented William's medium E. Hepatocytes were plated in 24-well collagen I-coated plates (BD Biosciences, Oxford, UK) at a density of 240,000 viable cells per well. Plates were incubated for 2 h at 37°C in an atmosphere containing 5% CO2 to allow adhesion to the collagen.




Measurement of Uptake in Rat Hepatocytes.

Uptake was measured over a range of 10 concentrations between 0.1 and 300 μM (0.1, 0.3, 1, 3, 10, 20, 30, 60, 100, and 300 μM). The maximum concentration used for telmisartan was 100 μM, because of its limited solubility in aqueous buffer. This wide range was chosen because the affinity of the seven drugs of interest toward uptake transporters in rat hepatocytes was mostly unknown (Ishigami et al., 1995; Nezasa et al., 2003; Poirier et al., 2009). The medium was removed after plating. Monolayers were rinsed twice with prewarmed serum-free Dulbecco's phosphate-buffered saline (DPBS). Substrate was dissolved in dimethyl sulfoxide (DMSO) and diluted in DPBS (maximum 1% DMSO). Incubation was started by the addition of 400 μl of substrate on top of the monolayers. After incubation for 30, 60, 90, or 120 s at 37°C, the substrate was collected for analysis. Cells were washed three times with ice-cold DPBS. Two hundred microliters of water was added to each monolayer. Samples were stored at −20°C until analysis. In each experiment, incubations were carried out in duplicate at 37°C. For each drug, experiments were performed in rat hepatocytes prepared from three separate isolations. Incubations were also carried out at 4°C to assess the passive diffusion of the substrates through the cellular membrane. At 4°C, a single well was used per time point. In preliminary studies, the use of a cocktail of OATP inhibitors (10 μM cyclosporine and 20 μM rifampicin) was investigated to assess passive permeation at 37°C in the absence of active uptake. However, substrate-dependent inhibition was observed (data not shown); therefore, the use of control incubations at 4°C was selected as an initial measurement of passive permeation. Incubations were also extended to 45–90 min to reach saturation of the active uptake. In that case, four additional time points were added between 2 and 45–90 min for at least five concentrations. To inhibit phase I metabolism of repaglinide and bosentan, a nonspecific cytochrome P450 pan-inhibitor 1-aminobenzotriazole (ABT) was added to the incubations at a concentration of 1 mM (Mico et al., 1988; Yabe et al., 2011). Previous studies in human embryonic kidney-293 cells expressing OATP1B1 have shown that ABT has no effect on the activity of uptake transporters (Plise et al., 2010). In the current study, uptake of 1 μM rosuvastatin was measured over 2 min as a control of the uptake activity of each hepatocyte preparation. The mean uptake of the 1 μM rosuvastatin control across all experiments performed in this study (n = 22) was 54.8 ± 19.5 μl/min/106 cells.




Depletion Assay.

As part of a preliminary analysis, depletion of 0.1 μM repaglinide and telmisartan was measured in rat hepatocytes plated as described above; the medium was removed after plating. Monolayers were rinsed twice with prewarmed serum-free DPBS. Substrate was dissolved in DMSO and diluted in DPBS (maximum 1% DMSO). Incubation was started by the addition of 400 μl of substrate on top of the monolayers. Reactions were stopped after 0.5, 1, 2, 5, 10, 30, 60, and 90 min for telmisartan and 0.5, 1, 2, 5, 10, 30, and 45 min for repaglinide, by the addition of 400 μl of ice-cold methanol containing 1 μM of the appropriate internal standard. Samples were stored at −20°C until analysis.




Sample Preparation and LC-MS/MS Analysis.

Cell lysates and substrate 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. Likewise, samples generated in the depletion assay were centrifuged in a similar manner. In both cases, 20 μl of supernatant was analyzed by LC-MS/MS as described below. All samples were analyzed on either a Waters 2795 HPLC system coupled with a Micromass Quattro Ultima mass spectrometer (Waters, Milford, MA) or a Waters 2695 HPLC system coupled with a Micromass Quattro Micro mass spectrometer. The analyte and associated internal standard were separated on a Luna C18 column (3 μm, 50 × 4.6 mm) (Phenomenex, Torrance, CA). 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. LC-MS/MS analysis of each analyte is described in detail in Table 1. Samples were quantified against a standard curve, and only standards within 30% of the nominal concentration were included in the standard curve. In addition to telmisartan, the appearance of telmisartan glucuronide was monitored for modeling purposes. In the case of repaglinide, M1, M2, M4, and repaglinide glucuronide were also monitored in the cell.
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TABLE 1 LC-MS/MS conditions for the selected compounds and their respective metabolites with details on the internal standards and mass transitions







Determination of Unbound Fraction in the Incubation Media.

The y intercept (t0) of the linear regression of the media concentration over time plot was calculated at each incubation concentration. The media were assumed to be free of proteins because all hepatocytes were attached to the collagen support and the cell monolayers were rinsed thoroughly before each incubation as stated above. Therefore, fumed was expressed as the slope of the linear regression of the unbound concentration extrapolated at t0 versus the initial incubation concentration plot. A representative example of the fumed estimation is illustrated for pitavastatin in Supplemental Fig. S1.




Initial Determination of Uptake Kinetic Parameters using a Conventional Two-Step Approach.

Uptake rate was calculated over 2 min at 37 and 4°C and expressed as the slope of the linear regression of the cell concentrations versus time plot. Passive diffusion (Pdiff) was calculated from the uptake rates measured at 4°C as shown in eq. 1. Pdiff was then inserted in eq. 2 as a constant, and the active uptake kinetic parameters were estimated by using Grafit version 6 (Erithacus Software Ltd, Horley, Surrey, UK).
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 where v is the uptake rate; Vmax is the maximum uptake rate; Km is the affinity constant; Pdiff is the passive diffusion clearance, and S is the substrate concentration. All kinetic parameters were corrected for nonspecific binding of the substrate to the incubation environment (fumed). CLactive,u the unbound active uptake clearance, was expressed as the ratio of Vmax over the unbound Km (Km,u). The total unbound uptake clearance (CLuptake,u) included both the active component (CLactive,u) and clearance via passive diffusion (Pdiff,u).




Determination of Uptake Kinetic Parameters Using a Mechanistic Modeling Approach.

A two-compartment model, based on the work by Poirier et al. (2008), was implemented in Matlab version 7.10 (2010) (The MathWorks, Inc., Natick, MA). Unlike the conventional two-step approach, this model allows simultaneous fitting of all concentration-time points during the experiment and relies only on measurements made at 37°C. It allows the assessment of multiple processes, namely active uptake of drugs into the hepatocytes, bidirectional passive diffusion, and intracellular binding. The uptake experiments were extended up to 45–90 min to reach steady state between concentrations in the media and intracellular compartment; analysis of uptake profiles after short and extended incubation times was performed. The scheme of steps taken to implement this model is presented in Fig. 1. The mechanistic model for the assessment of active uptake in hepatocytes is illustrated in Fig. 2A. Differential eqs. 3 and 4 show the change in cell and media concentrations over time, respectively. All parameters are expressed per well and therefore are normalized for the number of cells per well.
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 where Scell is the total cell concentration and Smed,u is the unbound media concentration expressed as nanomolar.
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Fig. 1. Schematic representation of the input data and steps required for the simultaneous assessment of uptake and metabolism in hepatocytes by using a mechanistic two-compartment model. C0 represents concentration at time 0.
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Fig. 2. A, two-compartment model (eqs. 3 and 4) describing the change in cell and media concentration of the parent drug over time because of active uptake (Km,u and Vmax), passive diffusion (Pdiff,u), and intracellular binding (fucell) in a plated rat hepatocyte assay. Scell and Smed,u represent the total cell and unbound media concentrations, respectively. B, extended mechanistic two-compartment model (eqs. 8–10) describing the interplay of active uptake (Km,u and Vmax), passive diffusion (Pdiff,u), intracellular binding (fucell), and metabolism (CLmet1,u and CLmet2,u) in plated rat hepatocyte assay. SMet1,cell and SMet2,cell represent the total concentration of the metabolites in the cell. In the case of telmisartan, a single metabolite (met1) was taken into account for the modeling of its uptake and metabolism.




fucell as a parameter reflects both nonspecific intracellular binding and active processes for transport. Hence, there is an advantage of the modeling in comparison with the traditional binding assays that rely on the use of dead cells (i.e., no active transport present), providing an estimate of the nonspecific cellular binding in separation to the active process.

An intracellular volume (Vcell) in each well of 3.9 μl/106 cells was used for rat hepatocytes (Reinoso et al., 2001), and the volume of media (Vmed) was 400 μl and expressed in liters. Vmax is expressed in nanomoles/minutes, Km,u is expressed in nanomoles, and Pdiff,u is expressed in liters/minute. CLactive,u and CLuptake,u were calculated as described above. Considering the saturable nature of the active transport with increasing substrate concentrations, the maximal contribution of the active process to the total uptake was estimated and expressed as the ratio of CLactive,u over CLuptake,u.

The nominal concentrations corrected for fumed were used as initial media concentrations. Initial cell concentrations were obtained by extrapolating the first four time points for each of the concentrations to time 0. The rationale was that not all of the drug could be washed from the cell membranes or experimental plates with DPBS during the washing steps. However, because of the differences in volumes between the cell and media compartments, the largest amount of drug found in the cells at time 0 represented <2% of the total amount of compound present in the incubation.

The solving of the rate equations was performed in Matlab version 7.10 (2010) using the ODE45 solver. Values for Km, Vmax, and Pdiff obtained from the initial analysis based on the conventional two-step approach were used as a priori information in the model because of availability of the data. However, the mechanistic model could still converge to a low objective function even when uninformed priors were used, due to the richness of the data in the experimental set. A value of 0.1 was used as a priori information for fucell for all drugs. In a first instance, the model was allowed to optimize the four parameters with open boundaries; the greatest uncertainty was associated with the determination of fucell. Therefore, secondary optimization was performed by using results from the initial optimization with set boundaries, as follows: Km,u ± 20%, Vmax ± 50%, Pdiff,u ± 100%, and fucell between 0 and 1. These boundaries were used as estimates of Km,u and Vmax were associated with low standard errors after the first round of optimization. Boundaries were greater for Vmax than Km,u to allow Pdiff,u to be optimized, because these two parameters are closely linked. The use of cell and media data, individually and in combination, was investigated. However, because of the small amount of drug being taken up into the cells relative to the total amount of drug present in the incubation, depletion of parent drug from the media caused by active uptake was lower than could be accurately quantified. The use of the media concentrations as an input into the model did not improve confidence in the kinetic parameters, resulting in increased standard errors associated with the parameter estimates (data not shown). Therefore, kinetic estimates in rat hepatocytes were based on the measurements of the cell concentrations alone. Nevertheless, a minimum of 64 data points were available to estimate Km,u, Vmax, Pdiff,u, and fucell from the rat hepatocyte experiments carried out over 2 min. This number was increased to up to 160 when experiments were extended to 45–90 min.

Unlike most studies published so far (Soars et al., 2007; Watanabe et al., 2009; Yabe et al., 2011), the model presented here takes into account the efflux of the drug from the cell into the media via passive diffusion. Comparable with previous reports, efflux caused by active transport was not included in the model, because the rat hepatocytes were plated over a short period of time, during which repolarization of the cells was limited (Hewitt et al., 2007). Internalization of efflux transporters was assumed as reported previously (Bow et al., 2008), where efflux transporters P-glycoprotein and multidrug resistance protein 2 were absent from the canalicular membrane. In addition, these transporters were not colocalized on the basolateral membrane alongside Oatp1b1. In the present study, repaglinide and telmisartan metabolites were not found in the media samples, and mass balance of the system was verified. These arguments led us to the conclusion that efflux transporters were unlikely to have a significant effect on the experimental system used here.




Determination of Uptake Kinetic Parameters and Metabolic Clearance of Telmisartan using a Mechanistic Modeling Approach.

In humans, telmisartan is transformed to a single glucuronide metabolite (Stangier et al., 2000). Because of a lack of nonspecific UDP-glucuronosyltransferase inhibitor, changes of both parent drug and glucuronide metabolite concentrations in the cell and media were monitored during the uptake experiment. To estimate the uptake kinetic parameters and the metabolic clearance of this drug simultaneously, a cell subcompartment was added in the two-compartment model, as illustrated in Fig. 2B. Changes in parent drug cell and media concentrations are shown by differential eqs. 5 and 6, respectively, whereas changes in metabolite cell concentrations over time are defined by eq. 7.
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 where CLmet,u is the unbound metabolic clearance expressed in liters/minute. Modeling was performed in a stepwise manner as described previously (Fig. 1). CLmet obtained in the depletion assay (2.2 μl/min/106 cells) was used as a priori information in this model. Only measurements made in the cell compartment (parent and metabolite) were used in the analysis; 128 data points were available to estimate Km,u, Vmax, Pdiff,u, fucell, and CLmet,u. Initial media and cell concentrations were measured as described in the previous section. Initial metabolite cell concentrations were obtained by extrapolating concentrations obtained for the first four time points to time 0. Initial metabolite concentrations were not null, but the amount found in the cell at time 0 represented <0.01% of the total amount of drug present in the incubation. Linearity of telmisartan glucuronide formation over the length of the incubations (90 min) was confirmed. Telmisartan glucuronide was also monitored in the media, but concentrations were found to be below the limit of quantification.




Determination of Uptake Kinetic Parameters and Metabolic Clearance of Repaglinide using a Mechanistic Modeling Approach.

Repaglinide is a CYP2C8 and CYP3A4 substrate, and to date six phase I and one phase II metabolites have been identified (Bidstrup et al., 2003; Gan et al., 2010). To identify the major metabolites generated in rat hepatocytes, formation of M1, M2, M4, and repaglinide glucuronide was monitored in the cells during uptake studies. M2 and repaglinide glucuronide were identified as the two major metabolites in rat hepatocytes (Fig. 3A) and considered for subsequent modeling purposes. Two cell subcompartments were added to the mechanistic two-compartment model to simultaneously describe uptake, passive diffusion, and formation of these two metabolites. Equation 8 defines the changes in repaglinide cell concentrations, whereas changes in media concentrations are as described in the case of telmisartan (eq. 6). Repaglinide glucuronide and M2 cell concentrations over time are shown by eqs. 9 and 10, respectively.
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 where Smet,gluc is repaglinide glucuronide cell concentrations; Smet,M2 is the M2 cell concentrations; CLmet,gluc,u is the unbound metabolic clearance caused by the formation of repaglinide glucuronide; and CLmet,M2,u is the unbound metabolic clearance caused by the formation of M2. Initial media, cell, and metabolite concentrations were calculated as explained previously. This model was tested with three different experimental scenarios to identify its limitations.
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Fig. 3. Formation of M1 (○), M2 (●), M4 (□), and repaglinide glucuronide (RPGG) (■) in plated rat hepatocytes over a range of concentrations (A) and at 100 μM in the presence (empty bar) or absence (filled bar) of 1 mM ABT (B). Metabolite concentrations were monitored in the cells over 2 min. M1, M2, and M4 formation rates are represented as mean ± S.D. of three experiments in the absence of ABT. All other data are results from a single experiment carried out in duplicate.




Uptake of repaglinide and formation of repaglinide glucuronide were estimated from experiments conducted in the presence of ABT (scenario 1). Then, CLmet,gluc,u and CLmet,M2,u were estimated simultaneously from an incubation carried out without ABT, where both metabolites were monitored in addition to repaglinide (scenario 2). Finally, CLmet,gluc,u and CLmet,M2,u were replaced in eqs. 9 and 10 by Michaelis-Menten kinetic parameters (Km,M2,u and Vmax,M2 and Km,gluc,u and Vmax,gluc, respectively) to describe the potential saturation of the metabolic activity (scenario 3). CLmet obtained in the depletion assay was used as a priori information in this model. In all cases, only measurements made in the cell compartments (parent and metabolites) were used in the analysis. Formation of all metabolites was linear over the length of the incubation (45 min). Depending on the scenario investigated, between 240 and 360 data points were available to estimate Km,u, Vmax, Pdiff,u, fucell, CLmet,gluc,u, and CLmet,M2,u. Any differences in parameter estimates and associated error depending on whether uptake and metabolic processes were considered in isolation or combined were investigated.




Identifiability of the Kinetic Parameters Estimated from the Various Models.

Identifiability of the kinetic parameters was verified by using Differential Algebra for Identifiability of Systems (DAISY) software (Bellu et al., 2007). Estimates from all of the models described previously were found to be only locally identifiable, when only observations made in the cell compartment were used. However, one of the two potential sets of kinetic estimates was predicted to always contain a nonsensical negative Km,u value. By setting boundaries to ensure only positive values of the kinetic parameters were taken into account, a unique set of estimates could be defined.




Statistical Analysis.

Standard error associated with each parameter estimate was computed in Matlab version 7.10 (2010) by using a Jacobian approach reported previously (Landaw and DiStefano, 1984). Coefficients of variation (CVs) for each estimate were subsequently calculated and expressed as percentages to assess the quality of the parameter estimates. The arithmetic mean, standard error, and CV were calculated from experiments conducted using rat hepatocytes isolated on three different occasions. Goodness of fit was assessed by visual inspection of the data and minimum objective function value. To quantify the improvement of the fitting when metabolism was added to the model, the rms error (rmse) and the geometric mean fold error (gmfe) were calculated by using eqs. 11 and 12 for results obtained with telmisartan when incubations were performed over 2 min and for repaglinide when incubations were carried out over 45 min.
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Collation of LogD7.4.

LogD7.4 values determined experimentally were collated from the literature for each drug investigated. Values used in this study and corresponding references are presented in Supplemental Table S1.







Results



Initial Analysis of Uptake Kinetics Based on the Conventional Two-Step Approach.

Uptake of seven selected compounds was assessed in plated rat hepatocytes; kinetic parameters obtained in the initial analysis based on the conventional two-step approach are summarized in Table 2. Parameter estimates were corrected for nonspecific binding in the media, which was <25% for all of the drugs investigated. The fumed ranged from 0.77 (telmisartan) to 1 (valsartan). Nonspecific binding had only a marginal impact on the kinetic parameters, in particular for pravastatin and repaglinide where fumed was >0.9. The Km,u ranged from 4.38 to 37.0 μM for valsartan and pravastatin, respectively. Pravastatin showed the lowest extent of active uptake with CLactive,u of 11.3 μl/min/106 cells, whereas telmisartan had the highest CLactive,u in rat hepatocytes (89.5 μl/min/106 cells). Variation in uptake activity observed between hepatocyte isolations for all of the drugs in the dataset was assessed relative to rosuvastatin (included in all incubation sets as a control) and was comparable for all drugs (CV within 35%), with the exception of valsartan (CV of 53% caused by variations in Vmax). Passive diffusion clearances through the cellular membrane estimated from 4°C data were low relative to the active uptake clearances for all compounds investigated, ranging from 0.192 to 13.2 μl/min/106 cells for valsartan and telmisartan, respectively.
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TABLE 2 Uptake kinetic parameters of seven OATP substrates estimated in rat hepatocytes by using a conventional two-step approach

Uptake kinetics was measured in freshly isolated rat hepatocytes plated for 2 h over 2 min at 10 concentrations (0.1–300 μM). Data represent mean of three experiments ± S.D., with the exception of fumed of pravastatin (n = 1).







Estimation of Uptake Kinetic Parameters Based on an Mechanistic Modeling Approach.

After initial analysis, uptake kinetic parameters were obtained by using the mechanistic two-compartment model (Fig. 2A) based on incubations in rat hepatocytes over either 2 or 45–90 min, as summarized in Table 3. Representative cellular uptake profiles for rosuvastatin after 2 and 45 min are shown in Fig. 4, A and B, respectively; the profiles for the remaining drugs are included in Supplemental Fig. S2. Analysis of the 2-min incubation data showed an 11-fold range in Km,u values, from 3.41 to 37.0 μM for telmisartan and pravastatin, respectively. This difference in Km,u was reflected in an 8-fold range in CLactive,u for this set of seven compounds; consistent with the initial analysis, pravastatin and telmisartan were the extremes. The range of Pdiff,u values obtained by the mechanistic model was greater compared with the conventional two-step approach. Pdiff,u estimates were increased for some of the most permeable drugs such as telmisartan or bosentan up to 2-fold, but not for repaglinide (4.49 μl/min/106 cells). In the case of hydrophilic compounds such as valsartan, estimate of Pdiff,u was low (<0.2 μl/min/106 cells), consistent with estimates obtained from the conventional two-step approach. Pdiff,u was positively correlated with LogD7.4 for the set of drugs investigated (R2 = 0.986), as illustrated in Fig. 5A. The fucell estimated from the rat hepatocyte incubations over 2 min ranged from 0.01 for telmisartan to up to 1 for valsartan. A negative linear correlation was observed between Log fucell and LogD7.4 (R2 = 0.889), as illustrated in Fig. 5B.

View this table:	View inline
	View popup



TABLE 3 Uptake kinetic parameters of seven OATP substrates estimated in rat hepatocytes by using a two-compartment mechanistic model

Uptake kinetics was measured in freshly isolated rat hepatocytes plated for 2 h over 2 or 45–90 min at 10 concentrations (0.1–300 μM). Data represent mean of three experiments ± S.D.
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Fig. 4. Representative kinetic profile of rosuvastatin uptake in plated rat hepatocytes at 10 concentrations (0.1–300 μM) over 2-min incubation (A) and 45-min incubation (B). Lines represent the predicted uptake profile based on a mechanistic two-compartmental model describing the changes in drug concentrations in both the cells and the incubation media over time (eqs. 3 and 4). Data points are mean of duplicate measurements.




[image: Fig. 5.]
[image: Fig. 5.]


	Download figure
	Open in new tab
	Download powerpoint


Fig. 5. Relationship between LogD7.4 and Pdiff,u (A) and fucell (B) in rat hepatocytes for seven OATP substrates. Estimates were obtained by using a two-compartment model describing the change of drug concentrations in both the cell and the incubation media over 2-min incubations for nonmetabolized drugs. Estimates for repaglinide and telmisartan were generated by using an extended two-compartment model incorporating metabolism. Data are represented as mean ± S.D. of three experiments with the exception of repaglinide (n = 1). 1, valsartan; 2, pravastatin; 3, rosuvastatin; 4, bosentan; 5, pitavastatin; 6, repaglinide; 7, telmisartan.




Using a mechanistic model to fit the data over 2 min, a larger interexperiment variation in active uptake parameter estimates was observed compared with the conventional two-step approach. In the case of rosuvastatin, repaglinide, and bosentan, variation in CLactive,u (n = 3) was within the variability seen for the rosuvastatin control across all experiments (CV 35%). Moreover, when data from 2-min incubations were used, large standard errors (>50%) were associated with estimations of fucell and/or Pdiff,u for all drugs with the exception of bosentan. This resulted in high interexperiment variability in both parameters, with CV values as large as 106 and 139% for fucell of pitavastatin and repaglinide, respectively. To improve the estimation of these two parameters, incubations were extended to 45–90 min to allow a steady state between the media and intracellular compartments to be achieved, as illustrated in Fig. 4B for rosuvastatin. Extended uptake studies resulted in on average 2-fold lower Km,u estimates across the dataset (p = 0.02). Differences in Vmax estimates between short and extended incubations were negligible, resulting in a 30% increase in CLactive,u when extended time points were used (Table 3). However, the use of longer incubations changed Pdiff,u and fucell estimates by, on average, 2.3-fold for this dataset. These changes were led mainly by pronounced differences in the estimates of these parameters obtained for repaglinide (4- to 8-fold; Table 3). When repaglinide was omitted from the dataset, the difference in Pdiff,u and fucell parameters between shorter and longer incubation was <2-fold. However, the use of extended incubations resulted in a decrease in standard errors associated with Pdiff,u and fucell to <50% for all seven drugs investigated. Comparison of uptake parameters estimates obtained in the current study in plated hepatocytes and data obtained previously by our group in suspended hepatocytes (Yabe et al., 2011) showed good agreement in Km values between the two sets of data (all within 2-fold). Only valsartan showed a greater Km in suspended compared with plated hepatocytes. Vmax estimates were also within 2-fold, with the exception of bosentan and telmisartan. Bosentan was the only drug that exhibited a greater Vmax in plated compared with suspended hepatocytes.

One of the advantages of the mechanistic two-compartment uptake model is that it accounts for bidirectional passive diffusion. Whereas the conventional two-step approach assumes that passive diffusion has an additive effect on total cellular uptake (Fig. 6, A and C), the use of the mechanistic model illustrates the differences in the rates of passive diffusion of the drug in and out of the cell over the range of concentrations studied. Passive diffusion from the cell back into the media can in some instances be more pronounced than the flux in the opposite direction (when the unbound cellular concentration is greater relative to the concentration in the media), as shown in Fig. 6, B and D for rosuvastatin and pitavastatin, respectively. The profiles for the remaining drugs are shown in Supplemental Fig. S3. The extent of this effect on total uptake is generally observed at low substrate concentrations, as illustrated in the case of pitavastatin in Fig. 6D. However, in the case of rosuvastatin, which displays comparable uptake Km,u to pitavastatin, but lower Pdiff,u and less pronounced intracellular binding, this effect is observed at substrate concentrations as high as >100 μM (Fig. 6B).
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Fig. 6. Representative uptake kinetic profiles after 2-min incubation for rosuvastatin and pitavastatin over a range of substrate concentrations based on the conventional two-step approach (eqs. 1 and 2) (A and C) or the mechanistic modeling approach (eq. 3) (B and D). In A and C, total and passive uptake rates were obtained from measurements at 37 and 4°C, respectively. Active uptake was expressed as the difference between total uptake and passive diffusion. In B and D, only measurements at 37°C were used to estimate uptake kinetics; active transport and passive diffusion were delineated by using the mechanistic model (eq. 3). ● and solid lines represent measured and predicted total uptake estimated from the kinetic parameters obtained with each approach, respectively. Dashed and dotted lines represent cellular uptake caused by active transport and passive diffusion, respectively. ○ represent measurements obtained at 4°C. Data points are mean of duplicate measurements.







Simultaneous Estimation of Uptake and Metabolism of Telmisartan in Plated Rat Hepatocytes.

No broad-spectrum chemical inhibitors of UDP-glucuronosyltransferases are currently available, hence both parent compound and telmisartan glucuronide were measured to estimate the extent of uptake and metabolism. In this case, the mechanistic two-compartment model was extended to allow the simultaneous estimation of uptake kinetic parameters and metabolic clearance of telmisartan, as illustrated in Fig. 2B. Incorporation of metabolism in the model decreased the estimate for telmisartan uptake Km,u by 1.7-fold, whereas a 2.6-fold increase in fucell was observed (0.026 versus 0.010) (Table 4); however, the fucell estimate was associated with a large variation (CV >70%). Pdiff,u and CLactive,u were increased by 94 and 56%, respectively. CLmet,u was estimated to be 38.9 μl/min/106 cell, 15-fold greater than the clearance obtained from the depletion assay. Incorporation of metabolism in the modeling of telmisartan data improved the precision of fitting of telmisartan cell concentrations; rmse decreased from 52 to 46 when metabolism was included. No bias was observed in either case (gmfe <1.1), as illustrated in Supplemental Fig. S4. Extension of the incubation time to 90 min (n = 1) had minimal impact on CLmet,u and uptake Km,u values. In contrast, Pdiff,u and Vmax estimates were decreased by 2.4- and 1.6-fold, respectively, leading to a 2.8-fold decrease in CLactive,u. However, the maximal proportion of total uptake caused by active transport was not affected compared with the use of shorter incubation time points (76 versus 79%, respectively).
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TABLE 4 Uptake and metabolism kinetic parameters of telmisartan estimated in rat hepatocytes by using an extended two-compartment mechanistic model

Uptake kinetics was measured in freshly isolated rat hepatocytes plated for 2 h over 2 min or 90 min at nine concentrations (0.1–100 μM). Data represent mean of three experiments ± S.D.







Estimation of Uptake and Metabolism of Repaglinide in Plated Rat Hepatocytes.

Uptake of repaglinide was assessed in the presence and absence of ABT in either a mechanistic or extended mechanistic two-compartment model. Analogous to telmisartan, the extended mechanistic model was required to account for repaglinide glucuronidation occurring during the uptake experiment performed in the presence of ABT. The addition of 1 mM ABT had no effect on repaglinide glucuronidation, as illustrated in Fig. 3B; at the same time, formation of M2 metabolite was reduced by 99.6% compared with incubations in the absence of ABT. This refined modeling was performed by using the extended incubation up to 45 min to characterize the uptake and metabolism of repaglinide simultaneously; therefore, all parameters in this section for repaglinide are based on 45-min incubations (Table 5). Consideration of repaglinide glucuronide formation in the model (data in the presence of ABT) resulted in an uptake Km,u of 10.0 μM and fucell of 0.051, consistent with the estimates obtained from the mechanistic two-compartment uptake model when glucuronidation was not taken into account. However, Pdiff,u decreased by 45%, whereas CLactive,u increased by 30%, resulting in a significant increase in the maximal proportion of repaglinide uptake caused by active transport from 73 to 87%. CLmet,gluc,u (0.90 μl/min/106 cells) was 95-fold lower than CLactive,u and was lower than the metabolic clearance estimated from the depletion assay (11.3 μl/min/106 cells). It is noteworthy that Km,u, Vmax, Pdiff,u, fucell, and CLmet,gluc,u could be estimated only with confidence (CV <50%) when both repaglinide and repaglinide glucuronide cell concentrations were incorporated in the model.
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TABLE 5 Uptake and metabolism kinetic parameters of repaglinide estimated in rat hepatocytes by using an extended two-compartment mechanistic model

Uptake kinetics was measured in freshly isolated rat hepatocytes plated for 2 h over 45 min at 10 concentrations (0.1–300 μM).




After initial assessment of the uptake in the presence of ABT, uptake studies were performed in the absence of ABT. In this case, cell concentrations of the repaglinide, M2, and glucuronide metabolite were monitored, and models with different levels of complexity were applied for data analysis. In addition to parameters estimated in scenario 1, M2 and repaglinide glucuronide formation were described either by single clearance parameters or full kinetics of these pathways (scenarios 2 and 3, respectively). Any differences in parameter estimates and associated error depending on whether uptake and metabolic processes were considered in isolation or combined were investigated. All uptake parameters estimated from the data in the presence of ABT were consistent with the values obtained in the first scenario, with the exception of Vmax and Pdiff,u which increased by 1.6- and 2.7-fold, respectively. Estimated uptake Km,u and fucell were low (Table 5), leading to a CLactive,u of 119 μl/min/106 cells. CLmet,gluc,u was comparable with the value obtained from the experiment with ABT (0.63 compared with 0.90 μl/min/106 cells). CLmet,M2,u was estimated to be 274-fold lower than CLactive,u, and the overall unbound metabolic clearance was 112-lower than CLactive,u.

Finally, an attempt was made to estimate the Michaelis-Menten parameters describing the metabolism of repaglinide into M2 and repaglinide glucuronide (scenario 3). The experiment where repaglinide, M2, and repaglinide glucuronide cell concentrations were measured over time was used for this purpose. The model was able to fit repaglinide, M2, and repaglinide glucuronide cell concentration data accurately, as illustrated in Fig. 7. Estimated Km,M2,u was greater than the highest repaglinide cell concentration studied in this experiment (data not shown). Hence, a single clearance parameter was judged sufficient to describe accurately the kinetics of M2 formation. Both Km,gluc,u and Vmax,gluc were low (12 μM and 17 pmol/min/106 cells, respectively), leading to a CLmet,gluc,u of 1.41 μl/min/106 cells, which was approximately 2-fold greater than results obtained by using a single clearance parameter. Repaglinide glucuronide cell concentrations were better described by full kinetics than when CLmet,gluc,u alone was used (Fig. 7B). All uptake parameters were estimated with confidence (CV <54%) and were within 2-fold of the estimates obtained in the previous scenarios; however, the CV associated with uptake parameters was increased compared with scenario 2.
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Fig. 7. Representative cellular concentrations of repaglinide (A), repaglinide glucuronide (B), and M2 (C) obtained when measured in plated rat hepatocytes at 10 concentrations (0.1–300 μM) over 45-min incubations without 1-aminobenzotriazole. Lines represent the predicted uptake profile based on the extended mechanistic two-compartmental model (Fig. 2B) describing the changes in drug and metabolite concentrations in both the cells and the incubation media over time. Data points are mean of duplicate measurements.




Extension of the mechanistic model and incorporation of various processes occurring during the uptake experiment improved the fitting of repaglinide cell concentrations. Accounting for metabolism occurring in the incubations carried out in the presence of ABT decreased the rmse from 216 to 176 when metabolism was incorporated in the mechanistic model (scenario 1; Supplemental Fig. S5). This value decreased further to 128 when incubations were performed without ABT and corresponding metabolite formation was described by clearance parameters (scenario 2). When the full kinetic of repaglinide glucuronide was estimated (scenario 3), rmse increased to 188. No bias was observed in the fitting in any of the scenarios investigated (gmfe <1.2).







Discussion

In the present study, the suitability of a mechanistic model to characterize the interplay between active uptake, bidirectional passive diffusion, and intracellular binding was comprehensively investigated by using seven OATP substrates in plated rat hepatocytes. In contrast to previous studies, the use of a mechanistic model allowed the simultaneous assessment of both uptake and metabolism, as illustrated with telmisartan and repaglinide and, as such, represented substantial improvement over the conventional two-step approach. The impact of modeling of either single or multiple metabolic pathways on the parameter estimates describing uptake and intracellular binding was also investigated.

Hepatic uptake often consists of an active, saturable component driven by transporters and a passive, nonsaturable component determined by the ability of a drug to cross cellular membranes. Currently, the most common technique to estimate passive diffusion in the absence of active uptake is based on incubations at 4°C run in parallel with the experiment at 37°C (conventional two-step approach). However, at 4°C, fluidity of the cellular membrane is known to be disturbed, leading to temperature-dependent passive diffusion (Frézard and Garnier-Suillerot, 1998; Poirier et al., 2008). Alternatively, a cocktail of OATP inhibitors can be used to measure passive diffusion at 37°C in the absence of active uptake. Both cyclosporine and rifampicin are potent inhibitors of the main OATPs expressed in the liver, i.e., OATP1B1 and OATP1B3 (IC50 ≤ 0.5 μM) (Tirona et al., 2003; Amundsen et al., 2010), but also a number of other transporters. In the present study, simultaneous use of 10 μM cyclosporine and 20 μM rifampicin resulted in the inhibition of uptake only in the case of pravastatin, rosuvastatin, and valsartan. These findings were in agreement with substrate-dependent inhibition seen in the transfected cell lines (Noé et al., 2007), but could also be a result of the differences in substrate/inhibitor specificities between rat and human (Hagenbuch and Gui, 2008). Therefore, one of the advantages of the mechanistic two-compartment model applied here was the ability to estimate Pdiff,u solely from measurements obtained at 37°C. In addition, unlike the conventional two-step approach, the mechanistic model allowed the dynamic assessment of passive diffusion by taking into account the bidirectional nature of this process between the cellular and media compartments. The importance of accounting for the passage of drug out of the cells back into the media is illustrated in Fig. 6 for pitavastatin and rosuvastatin. Both drugs show high affinity for uptake (Km,u ≤ 10 μM), but an approximately 10-fold difference in their Pdiff,u and intracellular binding leads to a different unbound cellular concentration relative to the media, and consequently, total uptake of these drugs across the range of substrate concentrations differs.

The seven drugs included in the dataset showed different physicochemical properties, with LogD7.4 values ranging from −1 to 2.85 for valsartan and rosuvastatin, respectively. Maximal contribution of the active transport to the total uptake was >80% for the drugs investigated based on the mechanistic two-compartment model (Tables 3⇑–5). Analysis of uptake kinetic data by the mechanistic model resulted in more than 10-fold range in Km,u, with telmisartan and valsartan showing the highest uptake affinity (Km,u < 10 μM). Both passive diffusion and fucell parameters were highly influenced by lipophilicity (Fig. 5), whereas uptake Km,u was not driven by LogD7.4, consistent with findings from studies in suspended hepatocytes (Yabe et al., 2011). In addition, no correlation was observed between Km,u and these two parameters. Pdiff,u was the most sensitive parameter to the use of the mechanistic model, especially in the case of telmisartan and bosentan, the most lipophilic drugs studied here. Both Pdiff,u and fucell required extended incubation times to allow the system to reach steady state and be estimated precisely.

Km and Vmax values were generally consistent between plated and suspended hepatocytes (Yabe et al., 2011); however, Pdiff estimates were on average 6-fold greater in suspended hepatocytes compared with plated hepatocytes. This difference is particularly noticeable for drugs with limited passive diffusion such as valsartan and rosuvastatin, which exhibited 21- and 8-fold differences between the two systems, respectively. Greater surface area being exposed to the drug in suspended hepatocytes in comparison to plated systems may account for the differences observed. The fucell estimates for pitavastatin, repaglinide, rosuvastatin, and telmisartan were in good agreement in both experimental settings, in contrast to the other three drugs (pravastatin, valsartan, and bosentan) where fucell values obtained in plated hepatocytes were generally higher. It is noteworthy that these results were generated in different experimental systems and were subject to different modeling approaches. Parameters obtained in the current study accounted for the nonspecific binding, in contrast to previous studies (Ishigami et al., 1995; Nezasa et al., 2003; Yabe et al., 2011). The extent of nonspecific binding for the drugs in the current dataset was not extensive (<25%) and would not be expected to contribute substantially to the differences observed.

Accounting for the loss of telmisartan caused by glucuronidation during the uptake experiment in the model (Fig. 2B) resulted in an approximately 2-fold increase in Km,u, Pdiff,u, and fucell estimates. A low uptake Km,u as well as high intracellular binding obtained by the extended mechanistic two-compartment model (Table 4) led to the highest estimate of active uptake clearance observed in the present study. However, active uptake of telmisartan was only 4-fold greater than passive diffusion and the metabolic clearance. Thus active uptake is not the rate-limiting process of telmisartan hepatic disposition in rat, in contrast with other actively transported drugs (e.g., saquinavir and nelfinavir; Parker and Houston, 2008), which clearly show uptake rate limited hepatocellular kinetics.

In addition to telmisartan, repaglinide was used to explore the performance and limitations of the mechanistic and extended mechanistic two-compartment models. In the first scenario, ABT was used to delineate phase I and phase II metabolism; in that case, only repaglinide glucuronide was formed. Modeling demonstrated the need to monitor the cell concentrations of both parent and metabolite to estimate uptake and metabolism with confidence. In the absence of ABT (scenario 2), we were able to estimate repaglinide uptake kinetics together with the metabolic clearances by using the cell concentrations of repaglinide and the two major metabolites. Finally, in scenario 3, we showed that the measurement of both parent and metabolite cell concentrations (Fig. 7) allowed the model to be extended to estimate the kinetics of the metabolite formation, in addition to drug uptake (Table 5). To date this level of delineation has been challenging for uptake transporter substrates in hepatocyte assays, because the unbound intracellular concentration at the enzyme site is unknown. Repaglinide passive diffusion through the cellular membrane represented only 23% of the total uptake (consistent with its moderate lipophilicity; LogD7.4 = 2.6). Active uptake was 3.3-fold greater than passive diffusion and more importantly 112-fold greater than the overall metabolic clearance. Considering this significant contribution of active uptake of repaglinide to total uptake, metabolism can be identified as the slowest, rate-limiting step in the disposition of this drug in rat hepatocytes. Although the metabolic pathways differ in humans, if a similar pattern was observed in human hepatocytes, this would explain the strong drug-drug interactions reported with cyclosporine and gemfibrozil (and its glucuronide), which are both modulators of P450 enzymes and OATPs (Niemi et al., 2003; Kajosaari et al., 2005).

An additional advantage of the mechanistic approach is in the model-driven design of the uptake experiments, which is essential for defining various processes occurring and determining the rate-limiting process. The length of incubation required to estimate uptake and metabolism simultaneously could be predicted successfully from uptake kinetic parameters obtained from the two-compartment model and the metabolic clearance determined in the depletion assay. This showed that, although 2-min incubations were sufficient for the study of telmisartan uptake and metabolism, 45-min incubations were required for repaglinide. The present study clearly illustrates the need for uptake studies to be performed over a range of substrate concentrations (10 points) and multiple time points (eight points used here) to allow detailed delineation of uptake kinetics. Extended incubation times allowed steady state between cell and the media concentrations to be reached and resulted in corresponding improvements in the estimation of intracellular binding in particular. It is important to note that for drugs that do not undergo metabolism uptake parameter estimates were comparable between shorter (2 min) and extended (45–90 min) incubation times.

In the case of drugs undergoing both uptake and metabolism, the major metabolites need to be identified and the linearity of their formation confirmed. A stepwise approach (±ABT) can be implemented to differentiate phase I and phase II metabolic pathways and assess their impact on the estimation of uptake parameters, as shown in the case of repaglinide. This analysis has also shown that when the formation of all major metabolites cannot be monitored metabolic clearance value can be fixed to that obtained in a depletion assay. However, the use of this approach resulted in an underestimation of CLactive,u, Pdiff,u, and fucell, but not uptake Km,u. The main limitation of the modeling approach presented here is the requirement for a large number of cells. In the present study, nearly 20 million hepatocytes were used for each incubation carried out over 2 min, 30 million for longer incubations. Moreover, a thorough knowledge of the metabolism of the drug of interest is of prime importance if metabolic clearances are to be estimated. However, the detailed characterization of uptake kinetics in rat hepatocytes presented here should facilitate the optimization of subsequent uptake studies in human hepatocytes.

In conclusion, a comprehensive analysis of uptake kinetics of seven OATP substrates was performed in rat hepatocytes. The proposed mechanistic model allowed the simultaneous assessment of uptake, passive diffusion, intracellular binding, and metabolism, making it a tool of choice for investigating the interplay between multiple processes. Thorough understanding of these processes is crucial for identifying the rate-limiting step in hepatic disposition of a drug, and coupled with a whole-body PBPK approach it can aid with the understanding of the potential consequences of multiple disposition mechanisms in vivo and assist in the design of appropriate clinical drug-drug interaction studies.
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ABBREVIATIONS:

	NCE
	new chemical entity
	OATP
	organic anion-transporting protein
	ABT
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	M4
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	unbound fraction in the media
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	intracellular unbound fraction
	Pdiff
	passive diffusion clearance
	Pdiff,u
	unbound passive diffusion clearance
	Km,u
	unbound affinity constant
	Vmax
	maximum uptake rate
	CLactive,u
	unbound active uptake clearance
	CLuptake,u
	unbound total uptake clearance
	CLmet,u
	unbound metabolic clearance
	CLmet,gluc,u
	unbound metabolic clearance caused by the formation of repaglinide glucuronide
	CLmet,M2,u
	unbound metabolic clearance caused by the formation of M2
	LogD7.4
	distribution coefficient between octanol and water at pH 7.4
	CV
	coefficient of variation
	PBPK
	physiologically based pharmacokinetic
	DPBS
	Dulbecco's phosphate-buffered saline
	DMSO
	dimethyl sulfoxide
	LC
	liquid chromatography
	MS/MS
	tandem mass spectrometry
	HPLC
	high-performance liquid chromatography
	Scell
	total cell concentration
	Smed,u
	unbound media concentration
	rmse
	root mean square error
	gmfe
	geometric mean fold error.




	Received August 19, 2011.
	Accepted December 20, 2011.

	Copyright © 2012 by The American Society for Pharmacology and Experimental Therapeutics

References
	↵
	Amundsen  R, 
	Christensen  H, 
	Zabihyan  B, 
	Asberg  A

 (2010) Cyclosporine A, but not tacrolimus, shows relevant inhibition of organic anion-transporting protein 1B1-mediated transport of atorvastatin. Drug Metab Dispos 38:1499–1504.
OpenUrlAbstract/FREE Full Text


	↵
	Badolo  L, 
	Trancart  MM, 
	Gustavsson  L, 
	Chesné  C

 (2011) Effect of cryopreservation on the activity of OATP1B1/3 and OCT1 in isolated human hepatocytes. Chem Biol Interact 190:165–170.
OpenUrlCrossRefPubMed


	↵
	Baker  M, 
	Parton  T

 (2007) Kinetic determinants of hepatic clearance: plasma protein binding and hepatic uptake. Xenobiotica 37:1110–1134.
OpenUrlCrossRefPubMed


	↵
	Bellu  G, 
	Saccomani  MP, 
	Audoly  S, 
	D'Angiò  L

 (2007) DAISY: a new software tool to test global identifiability of biological and physiological systems. Comput Methods Programs Biomed 88:52–61.
OpenUrlCrossRefPubMed


	↵
	Berry  MN, 
	Friend  DS

 (1969) High-yield preparation of isolated rat liver parenchymal cells: a biochemical and fine structural study. J Cell Biol 43:506–520.
OpenUrlAbstract/FREE Full Text


	↵
	Bidstrup  TB, 
	Bjørnsdottir  I, 
	Sidelmann  UG, 
	Thomsen  MS, 
	Hansen  KT

 (2003) CYP2C8 and CYP3A4 are the principal enzymes involved in the human in vitro biotransformation of the insulin secretagogue repaglinide. Br J Clin Pharmacol 56:305–314.
OpenUrlCrossRefPubMed


	↵
	Bow  DA, 
	Perry  JL, 
	Miller  DS, 
	Pritchard  JB, 
	Brouwer  KL

 (2008) Localization of P-gp (Abcb1) and Mrp2 (Abcc2) in freshly isolated rat hepatocytes. Drug Metab Dispos 36:198–202.
OpenUrlAbstract/FREE Full Text


	↵
	Brown  HS, 
	Griffin  M, 
	Houston  JB

 (2007) Evaluation of cryopreserved human hepatocytes as an alternative in vitro system to microsomes for the prediction of metabolic clearance. Drug Metab Dispos 35:293–301.
OpenUrlAbstract/FREE Full Text


	↵
European Medicines Agency (2010) Guideline on the Investigation of Drug Interactions, European Medicines Agency, London.



	↵
	Frézard  F, 
	Garnier-Suillerot  A

 (1998) Permeability of lipid bilayer to anthracycline derivatives. Role of the bilayer composition and of the temperature. Biochim Biophys Acta 1389:13–22.
OpenUrlPubMed


	↵
	Funk  C

 (2008) The role of hepatic transporters in drug elimination. Expert Opin Drug Metab Toxicol 4:363–379.
OpenUrlCrossRefPubMed


	↵
	Gan  J, 
	Chen  W, 
	Shen  H, 
	Gao  L, 
	Hong  Y, 
	Tian  Y, 
	Li  W, 
	Zhang  Y, 
	Tang  Y, 
	Zhang  H, 
	et al

. (2010) Repaglinide-gemfibrozil drug interaction: inhibition of repaglinide glucuronidation as a potential additional contributing mechanism. Br J Clin Pharmacol 70:870–880.
OpenUrlCrossRefPubMed


	↵
	Hagenbuch  B, 
	Gui  C

 (2008) Xenobiotic transporters of the human organic anion transporting polypeptides (OATP) family. Xenobiotica 38:778–801.
OpenUrlCrossRefPubMed


	↵
	Hewitt  NJ, 
	Lechón  MJ, 
	Houston  JB, 
	Hallifax  D, 
	Brown  HS, 
	Maurel  P, 
	Kenna  JG, 
	Gustavsson  L, 
	Lohmann  C, 
	Skonberg  C, 
	et al

. (2007) Primary hepatocytes: current understanding of the regulation of metabolic enzymes and transporter proteins, and pharmaceutical practice for the use of hepatocytes in metabolism, enzyme induction, transporter, clearance, and hepatotoxicity studies. Drug Metab Rev 39:159–234.
OpenUrlCrossRefPubMed


	↵
	Ieiri  I, 
	Higuchi  S, 
	Sugiyama  Y

 (2009) Genetic polymorphisms of uptake (OATP1B1, 1B3) and efflux (MRP2, BCRP) transporters: implications for inter-individual differences in the pharmacokinetics and pharmacodynamics of statins and other clinically relevant drugs. Expert Opin Drug Metab Toxicol 5:703–729.
OpenUrlCrossRefPubMed


	↵
	Giacomini  KM, 
	Huang  SM, 
	Tweedie  DJ, 
	Benet  LZ, 
	Brouwer  KL, 
	Chu  X, 
	Dahlin  A, 
	Evers  R, 
	Fischer  V, 
	et al

International Transporter Consortium, Giacomini  KM, 
Huang  SM, 
Tweedie  DJ, 
Benet  LZ, 
Brouwer  KL, 
Chu  X, 
Dahlin  A, 
Evers  R, 
Fischer  V, 
et al. (2010) Membrane transporters in drug development. Nat Rev Drug Discov 9:215–236.
OpenUrlCrossRefPubMed


	↵
	Ishigami  M, 
	Tokui  T, 
	Komai  T, 
	Tsukahara  K, 
	Yamazaki  M, 
	Sugiyama  Y

 (1995) Evaluation of the uptake of pravastatin by perfused rat liver and primary cultured rat hepatocytes. Pharm Res 12:1741–1745.
OpenUrlCrossRefPubMed


	↵
	Kajosaari  LI, 
	Niemi  M, 
	Neuvonen  M, 
	Laitila  J, 
	Neuvonen  PJ, 
	Backman  JT

 (2005) Cyclosporine markedly raises the plasma concentrations of repaglinide. Clin Pharmacol Ther 78:388–399.
OpenUrlCrossRefPubMed


	↵
	Kalliokoski  A, 
	Backman  JT, 
	Kurkinen  KJ, 
	Neuvonen  PJ, 
	Niemi  M

 (2008) Effects of gemfibrozil and atorvastatin on the pharmacokinetics of repaglinide in relation to SLCO1B1 polymorphism. Clin Pharmacol Ther 84:488–496.
OpenUrlCrossRefPubMed


	↵
	Landaw  EM, 
	DiStefano  JJ  3rd.

 (1984) Multiexponential, multicompartmental, and noncompartmental modeling. II. Data analysis and statistical considerations. Am J Physiol Regul Integr Comp Physiol 246:R665–R677.
OpenUrlAbstract/FREE Full Text


	↵
	Mico  BA, 
	Federowicz  DA, 
	Ripple  MG, 
	Kerns  W

 (1988) In vivo inhibition of oxidative drug metabolism by, and acute toxicity of, 1-aminobenzotriazole (ABT). A tool for biochemical toxicology. Biochem Pharmacol 37:2515–2519.
OpenUrlCrossRefPubMed


	↵
	Nezasa  K, 
	Higaki  K, 
	Takeuchi  M, 
	Nakano  M, 
	Koike  M

 (2003) Uptake of rosuvastatin by isolated rat hepatocytes: comparison with pravastatin. Xenobiotica 33:379–388.
OpenUrlPubMed


	↵
	Niemi  M, 
	Backman  JT, 
	Neuvonen  M, 
	Neuvonen  PJ

 (2003) Effects of gemfibrozil, itraconazole, and their combination on the pharmacokinetics and pharmacodynamics of repaglinide: potentially hazardous interaction between gemfibrozil and repaglinide. Diabetologia 46:347–351.
OpenUrlPubMed


	↵
	Noé  J, 
	Portmann  R, 
	Brun  ME, 
	Funk  C

 (2007) Substrate-dependent drug-drug interactions between gemfibrozil, fluvastatin and other organic anion-transporting peptide (OATP) substrates on OATP1B1, OATP2B1, and OATP1B3. Drug Metab Dispos 35:1308–1314.
OpenUrlAbstract/FREE Full Text


	↵
	Paine  SW, 
	Parker  AJ, 
	Gardiner  P, 
	Webborn  PJ, 
	Riley  RJ

 (2008) Prediction of the pharmacokinetics of atorvastatin, cerivastatin, and indomethacin using kinetic models applied to isolated rat hepatocytes. Drug Metab Dispos 36:1365–1374.
OpenUrlAbstract/FREE Full Text


	↵
	Parker  AJ, 
	Houston  JB

 (2008) Rate-limiting steps in hepatic drug clearance: comparison of hepatocellular uptake and metabolism with microsomal metabolism of saquinavir, nelfinavir, and ritonavir. Drug Metab Dispos 36:1375–1384.
OpenUrlAbstract/FREE Full Text


	↵
	Plise  EG, 
	Halladay  JS, 
	Cheong  J, 
	Sodhi  J, 
	Salphati  L

 (2010) Commonly used inhibitors of drug metabolizing enzymes: do they also inhibit drug transporters? Drug Metab Rev 42 (Suppl 1):139.
OpenUrl


	↵
	Poirier  A, 
	Cascais  AC, 
	Funk  C, 
	Lavé  T

 (2009) Prediction of pharmacokinetic profile of valsartan in humans based on in vitro uptake-transport data. Chem Biodivers 6:1975–1987.
OpenUrlCrossRefPubMed


	↵
	Poirier  A, 
	Lavé  T, 
	Portmann  R, 
	Brun  ME, 
	Senner  F, 
	Kansy  M, 
	Grimm  HP, 
	Funk  C

 (2008) Design, data analysis, and simulation of in vitro drug transport kinetic experiments using a mechanistic in vitro model. Drug Metab Dispos 36:2434–2444.
OpenUrlAbstract/FREE Full Text


	↵
	Reinoso  RF, 
	Telfer  BA, 
	Brennan  BS, 
	Rowland  M

 (2001) Uptake of teicoplanin by isolated rat hepatocytes: comparison with in vivo hepatic distribution. Drug Metab Dispos 29:453–459.
OpenUrlAbstract/FREE Full Text


	↵
	Link  E, 
	Parish  S, 
	Armitage  J, 
	Bowman  L, 
	Heath  S, 
	Matsuda  F, 
	Gut  I, 
	Lathrop  M, 
	Collins  R

SEARCH Collaborative Group, Link  E, 
Parish  S, 
Armitage  J, 
Bowman  L, 
Heath  S, 
Matsuda  F, 
Gut  I, 
Lathrop  M, 
Collins  R (2008) SLCO1B1 variants and statin-induced myopathy–a genomewide study. N Engl J Med 359:789–799.
OpenUrlCrossRefPubMed


	↵
	Simonson  SG, 
	Raza  A, 
	Martin  PD, 
	Mitchell  PD, 
	Jarcho  JA, 
	Brown  CD, 
	Windass  AS, 
	Schneck  DW

 (2004) Rosuvastatin pharmacokinetics in heart transplant recipients administered an antirejection regimen including cyclosporine. Clin Pharmacol Ther 76:167–177.
OpenUrlCrossRefPubMed


	↵
	Soars  MG, 
	Grime  K, 
	Sproston  JL, 
	Webborn  PJ, 
	Riley  RJ

 (2007) Use of hepatocytes to assess the contribution of hepatic uptake to clearance in vivo. Drug Metab Dispos 35:859–865.
OpenUrlAbstract/FREE Full Text


	↵
	Stangier  J, 
	Schmid  J, 
	Türck  D, 
	Switek  H, 
	Verhagen  A, 
	Peeters  PA, 
	van Marle  SP, 
	Tamminga  WJ, 
	Sollie  FA, 
	Jonkman  JH

 (2000) Absorption, metabolism, and excretion of intravenously and orally administered [14C]telmisartan in healthy volunteers. J Clin Pharmacol 40:1312–1322.
OpenUrlPubMed


	↵
	Tirona  RG, 
	Leake  BF, 
	Wolkoff  AW, 
	Kim  RB

 (2003) Human organic anion transporting polypeptide-C (SLC21A6) is a major determinant of rifampin-mediated pregnane X receptor activation. J Pharmacol Exp Ther 304:223–228.
OpenUrlAbstract/FREE Full Text


	↵
	van Giersbergen  PL, 
	Treiber  A, 
	Schneiter  R, 
	Dietrich  H, 
	Dingemanse  J

 (2007) Inhibitory and inductive effects of rifampin on the pharmacokinetics of bosentan in healthy subjects. Clin Pharmacol Ther 81:414–419.
OpenUrlCrossRefPubMed


	↵
	Watanabe  T, 
	Kusuhara  H, 
	Maeda  K, 
	Kanamaru  H, 
	Saito  Y, 
	Hu  Z, 
	Sugiyama  Y

 (2010) Investigation of the rate-determining process in the hepatic elimination of HMG-CoA reductase inhibitors in rats and humans. Drug Metab Dispos 38:215–222.
OpenUrlAbstract/FREE Full Text


	↵
	Watanabe  T, 
	Kusuhara  H, 
	Maeda  K, 
	Shitara  Y, 
	Sugiyama  Y

 (2009) Physiologically based pharmacokinetic modeling to predict transporter-mediated clearance and distribution of pravastatin in humans. J Pharmacol Exp Ther 328:652–662.
OpenUrlAbstract/FREE Full Text


	↵
	Webborn  PJ, 
	Parker  AJ, 
	Denton  RL, 
	Riley  RJ

 (2007) In vitro-in vivo extrapolation of hepatic clearance involving active uptake: theoretical and experimental aspects. Xenobiotica 37:1090–1109.
OpenUrlCrossRefPubMed


	↵
	Wu  CY, 
	Benet  LZ

 (2005) Predicting drug disposition via application of BCS: transport/absorption/ elimination interplay and development of a biopharmaceutics drug disposition classification system. Pharm Res 22:11–23.
OpenUrlCrossRefPubMed


	↵
	Yabe  Y, 
	Galetin  A, 
	Houston  JB

 (2011) Kinetic characterization of rat hepatic uptake of 16 actively transported drugs. Drug Metab Dispos 39:1808–1814.
OpenUrlAbstract/FREE Full Text


	↵
	Zhang  L, 
	Huang  SM, 
	Lesko  LJ

 (2011) Transporter-mediated drug-drug interactions. Clin Pharmacol Ther 89:481–484.
OpenUrlCrossRefPubMed







  


  
  



  
      
  
  
    
	  
		
		
			
			  
  
      
  
  
    
  
      
  
    	
			JPET articles become freely available 12 months after publication, and remain freely available for 5 years. 


			Non-open access articles that fall outside this five year window are available only to institutional subscribers and current ASPET members, or through the article purchase feature at the bottom of the page. 


			 


				Click here for information on institutional subscriptions.
	Click here for information on individual ASPET membership.


			



 

  




  


  
  



			

		

	
	
 	
	  
  
		
		
			
			  
  
      
  
  
    Log in using your username and password

  Username *
 



  Password *
 





Forgot your user name or password?




Purchase access
You may purchase access to this article. This will require you to create an account if you don't already have one.

  


  
  



			

		

	
	
 	
	
	


  


  
  



  





  


  
  



  
      
  
  
     PreviousNext 
  


  
  



  
      
  
  
     Back to top  


  
  



			

		

		
		
			
			  
  
        In this issue

    
  
  
    
  
    
  
      
  
  
    
    
      [image: Journal of Pharmacology and Experimental Therapeutics: 341 (1)]

  
  
      
      
          Journal of Pharmacology and Experimental Therapeutics      
      
        	Vol. 341, Issue 1 1 Apr 2012 


      
      
        		Table of Contents
	Table of Contents (PDF)
	About the Cover
	Index by author
	Editorial Board (PDF)
	Front Matter (PDF)




      




  


  
  



  



  


  
  



  
      
  
  
    
	  
  
		
          
            
  
      
  
  
     Download PDF  


  
  


  
      
  
  
     Article Alerts

  
    
  
      
  
  
    
  User Name *
 



  Password *
 


Sign In to Email Alerts with your Email Address

  Email *
 








  


  
  



  





  


  
  


  
      
  
  
     Email Article

  
    
  
      
  
  
    
 Thank you for sharing this Journal of Pharmacology and Experimental Therapeutics article.
NOTE: We request your email address only to inform the recipient that it was you who recommended this article, and that it is not junk mail. We do not retain these email addresses.




  Your Email *
 



  Your Name *
 



  Send To *
 

Enter multiple addresses on separate lines or separate them with commas.




  You are going to email the following 
 Simultaneous Assessment of Uptake and Metabolism in Rat Hepatocytes: A Comprehensive Mechanistic Model



  Message Subject 
 (Your Name) has forwarded a page to you from Journal of Pharmacology and Experimental Therapeutics



  Message Body 
 (Your Name) thought you would be interested in this article in Journal of Pharmacology and Experimental Therapeutics.



  Your Personal Message 
 








CAPTCHAThis question is for testing whether or not you are a human visitor and to prevent automated spam submissions.










  


  
  



  





  


  
  


  
      
  
  
     Citation Tools

  
    
  
      
  
  
      
  
      
  
  
      Research ArticleMetabolism, Transport, and Pharmacogenomics

  
  
      Mechanistic Modeling of Uptake and Metabolism in Hepatocytes
  
    	 Karelle Ménochet, Kathryn E. Kenworthy, J. Brian Houston and Aleksandra Galetin


  
    	Journal of Pharmacology and Experimental Therapeutics April 1, 2012,  341 (1) 2-15; DOI: https://doi.org/10.1124/jpet.111.187112 

  
  
  



  

  
  	      Citation Manager Formats

        
      	BibTeX
	Bookends
	EasyBib
	EndNote (tagged)
	EndNote 8 (xml)
	Medlars
	Mendeley
	Papers
	RefWorks Tagged
	Ref Manager
	RIS
	Zotero

    

  



  


  
  



  





  


  
  


  
        

    
  
  
    
  


  
  



          

        

        
        
          
            
  
      
  
  
     Share  


  
  


  
      
  
  
    
  
    
  
      
  
  
    
  
  
      Research ArticleMetabolism, Transport, and Pharmacogenomics

  
  
      Mechanistic Modeling of Uptake and Metabolism in Hepatocytes
  
    	 Karelle Ménochet, Kathryn E. Kenworthy, J. Brian Houston and Aleksandra Galetin


  
    	Journal of Pharmacology and Experimental Therapeutics April 1, 2012,  341 (1) 2-15; DOI: https://doi.org/10.1124/jpet.111.187112 

  
  
  



  


  
  



  
      
  
  
    
  
    Share This Article:
  
  
    
  
  
    Copy
  


  


  
  



  
      
  
  
    [image: Reddit logo] [image: Twitter logo] [image: Facebook logo] [image: Mendeley logo]
  


  
  



  



  


  
  


  
      
  
  
    	Tweet Widget
	Facebook Like
	Google Plus One



  


  
  



          

        

	
 	
	
	


  


  
  



  
        Jump to section

    
  
  
    	Article	Abstract
	Introduction
	Materials and Methods
	Results
	Discussion
	Authorship Contributions
	Acknowledgments
	Footnotes
	References



	Figures & Data
	Info & Metrics
	eLetters
	 PDF + SI
	 PDF



  


  
  



  
      
  
  
    
  
     Related Articles


 Cited By...


 More in this TOC Section
	
  
  
  
  
      HDL Mimetic 4F Modulates Aβ Distribution in Brain and Plasma  
  
  
  
  




	
  
  
  
  
      AOX1 Inhibition by Gefitinib, Erlotinib, and Metabolites  
  
  
  
  




	
  
  
  
  
      Catalytic Activity of CYP2C9 Variants  
  
  
  
  






Show more Metabolism, Transport, and Pharmacogenomics

 Similar Articles






  



  


  
  



  
      
  
  
    
  


  
  



  
      
  
  
    
  
    
  
      
  
  
    Advertisement



  



  


  
  



  



  


  
  



			

		

	
	
 	
	
	


    

  


      


  

    
  
      
    
  
    
  
    
  
                
    
      
  
    
  
      
  
  
    
  
      
  
    

	Home
	Alerts




Facebook   Twitter   LinkedIn   RSS
  




  


  
  



  

  
    
  
        Navigate

    
  
  
    	Current Issue
	Fast Forward by date
	Fast Forward by section
	Latest Articles
	Archive
	Search for Articles
	Feedback
	ASPET

  


  
  



  

  
    
  
        More Information

    
  
  
    	About JPET
	Editorial Board
	Instructions to Authors
	Submit a Manuscript
	Customized Alerts
	RSS Feeds
	Subscriptions
	Permissions
	Terms & Conditions of Use

  


  
  



  

  
    
  
        ASPET's Other Journals

    
  
  
    	Drug Metabolism and Disposition
	Molecular Pharmacology
	Pharmacological Reviews
	Pharmacology Research & Perspectives

  


  
  



  


    

  


  


  

  
  
    
  
    
  
                
    
      
  
    
  
      
  
  
    
  
      
  
    ISSN 1521-0103 (Online)


Copyright © 2024 by the American Society for Pharmacology and Experimental Therapeutics

  




  


  
  



  



    

  


  


  

  
    
  
      









  