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Abstract

Predicting human hepatic clearance remains a fundamental challenge in both pharmaceutical 

drug development and toxicological assessments of environmental chemicals, with concerns about 

both accuracy and precision of in vitro-derived estimates. Suggested sources of these issues 

have included differences in experimental protocols, differences in cell sourcing, and use of a 

single cell type, liver parenchymal cells (hepatocytes). Here we investigate the ability of human 

microfluidic four-cell liver acinus microphysiology system (LAMPS) to make predictions as 

to hepatic clearance for seven representative compounds: Caffeine, Pioglitazone, Rosiglitazone, 

Terfenadine, Tolcapone, Troglitazone, and Trovafloxacin. The model, whose reproducibility was 

recently confirmed in an inter-lab comparison, was constructed using primary human hepatocytes 

or human induced pluripotent stem cell (iPSC)-derived hepatocytes and 3 human cell lines for 

the endothelial, Kupffer and stellate cells. We calculated hepatic clearance estimates derived from 

experiments using LAMPS or traditional 2D cultures and compared the outcomes with both 

in vivo human clinical study-derived and in vitro human hepatocyte suspension culture-derived 

values reported in the literature. We found that, compared to in vivo clinically-derived values, the 

LAMPS model with iPSC-derived hepatocytes had higher precision as compared to primary cells 

in suspension or 2D culture, but, consistent with previous studies in other microphysiological 

systems, tended to underestimate in vivo clearance. Overall, these results suggest that use 

of LAMPS and iPSC-derived hepatocytes together with an empirical scaling factor warrants 

additional study with a larger set of compounds, as it has the potential to provide more accurate 

and precise estimates of hepatic clearance.
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1. Introduction

Understanding of hepatic clearance is a critical step in characterizing systemic metabolism 

of drugs and chemicals (Korfmacher 2003). A large number of experimental (Alqahtani 

et al. 2013; Chao et al. 2010) and computational (Silva and Trossini 2014) approaches 

have been developed to predict hepatic clearance. Most experimental data available on 

hepatic clearance of drugs and chemicals has been collected using in vitro studies in 

a variety of liver-derived models ranging from microsomes, to recombinant xenobiotic 

metabolism enzymes, cultures of hepatocytes and other hepatocyte-like cells, tissue slices, 

and in situ whole-organ perfusion (Chaturvedi et al. 2001). Suspensions of cryopreserved 

primary human and animal hepatocytes are used most widely for routine drug and chemical 

testing and estimation of in vivo hepatic clearance by monitoring loss of parent drug during 

incubation with hepatocyte suspensions and subsequent pharmacokinetic modeling (Chao 

et al. 2010; Naritomi et al. 2003; Pearce et al. 2017). These models are well-established 

and relatively high-throughput; they are used in lead optimization of drug candidates and 

for testing of environmental compounds (Wambaugh et al. 2015). However, there are a 

number of challenges with relying on the hepatocyte suspensions for predictions of in vivo 
intrinsic clearance. First, hepatocytes in suspension are poor models for the evaluation of 

compounds with long half-life (i.e., low clearance) as their metabolic capacity diminishes 

rapidly. Second, the plasma protein binding and/or cell uptake are also rate-limiting steps 

in the metabolism of many compounds and these parameters are typically evaluated in 

separate assays (Waters et al. 2008). Finally, the importance of flow and multi-cellular 

environment for maintaining long-term metabolic capacity in hepatocyte cultures has been 

widely acknowledged (LeCluyse et al. 2012; Soldatow et al. 2013).

The development of microphysiological models, or tissue chips, resulted in a dramatic 

increase in the number of organ-specific and multi-organ models, including those for 

studies of the liver (Marx et al. 2020). A number of publications described studies of 

pharmacokinetics in various microphysiological systems of the liver (Bale and Borenstein 

2018; Ribeiro et al. 2019; Taylor et al. 2019). These models aim to improve metabolic 

capacity of in vitro studies by (i) constructing complex microscale structures suitable for 

mimicking liver architecture, cellular composition, and multi-cellular interactions (Griffith et 

al. 2014; Khetani and Bhatia 2008; Vernetti et al. 2016), (ii) replacing cell lines or primary 

hepatocytes with induced pluripotent stem cell (iPSC)-derived models (Sakolish et al. 2021; 

Zhao et al. 2003), and (iii) extending the longevity and metabolic competence of hepatocytes 

from days to many weeks so that studies of metabolism can be conducted for low clearance 

compounds (Davidson et al. 2021; Di and Obach 2015). Indeed, recent studies of drug 

metabolism and clearance in liver microphysiological systems demonstrated a number of 

advantages in comparison to traditional hepatocyte cultures or suspensions (Ballard et al. 

2020; Burton et al. 2018; Edington et al. 2018; Jellali et al. 2016; Marin et al. 2019; 

Rubiano et al. 2021; Tsamandouras et al. 2017). The results of these studies suggest promise 
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of liver microphysiological systems for studies of toxicokinetics, a major need for their 

future use in drug and chemical safety evaluations (Baudy et al. 2020). However, most liver 

microphysiological system studies rely on primary human hepatocytes from various donors, 

one factor that contributes to the challenge of characterizing lab-to-lab variability (i.e., 

uncoupling technical and inter-individual variability) in the intrinsic clearance predictions 

(Bowman and Benet 2019b; Nagilla et al. 2006). This is an important consideration for 

clinical translation and comparative analysis among drug candidates and chemicals in a 

class for read-across purposes, a challenge that may be addressed by using iPSC-derived 

hepatocytes (Bulutoglu et al. 2020; Inoue et al. 2020).

This study aimed to test a human liver acinus microphysiological system (LAMPS) platform 

seeded with either human primary hepatocytes or human iPSC-derived hepatocytes, in 

combination with other non-parenchymal cells, for studies of hepatic drug clearance. We 

compared performance of LAMPS to 2D cultures of either cell type-based co-cultures, 

and to data from published clinical studies, or high-throughput liver metabolism studies 

that were conducted in suspensions of primary human hepatocytes. We show that LAMPS 

with either human primary hepatocytes or human iPSC-derived hepatocytes can predict 

both low and high clearance compounds with greater precision than 2D or suspension 

cultures, but may require an empirical scaling factor of about 10-fold to address systematic 

underprediction of metabolic activity with any in vitro liver model.

2. Materials and Methods

2.1. Cells and Reagents:

Primary human hepatocytes were obtained from ThermoFisher (HMCPTS, lot#HU1838, 

Waltham, MA), and iPSC-derived hepatocytes were purchased from FujiFilm-Cellular 

Dynamics International (01279, lot#103934, Santa Ana, CA). Cells were seeded directly 

into chips or plates from thaw. Supporting cells were cultured (37°C, 5% CO2) and 

expanded in flasks prior to seeding as follows. EA.hy926 (CRL-2922, lot 63396642, ATCC, 

Manassas, VA) cells were cultured in DMEM (11965-092, Invitrogen, Waltham, MA) 

supplemented with 10% fetal bovine serum (FBS, 35010CV, Corning, Corning, NY), and 

1% penicillin-streptomycin (SV30010, Hyclone, Logan, UT); LX-2 (SCC064, lot# 2924839, 

Millipore Sigma, Burlington, MA) cells in DMEM with 2% FBS, and 1% penicillin­

streptomycin; and THP-1 (TIB-202, lot# 70005912, ATCC) cells were grown in RPMI 

(SH3009601, Hyclone) with 10% FBS, 1% penicillin-streptomycin, and 2 mM L-glutamine 

(SH3003401, Hyclone). THP-1 monocyte cells were differentiated to adherent macrophages 

via treatment with 200 ng/mL phorbol-12-myristate-13-acetate (524400, Sigma-Aldrich, St. 

Louis, MO) 48 hours prior to seeding into chips or plates (Lee-Montiel et al. 2017).

Terfenadine, Caffeine, Rosiglitazone, Pioglitazone, Troglitazone, Tolcapone, Trovafloxacin 

and Mifepristone were purchased from Sigma-Aldrich. All compounds were >98% purity 

(HPLC grade) or higher. The microfluidic tissue chips used in this study were purchased 

from Nortis Bio (SCC-001, Seattle, WA). This device is made from polydimethylsiloxane, 

plastic and glass and contains a central “growth area” where cells and extracellular matrix 

are sequentially layered to establish the LAMPS model (Vernetti et al. 2016). Black-walled, 
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clear-bottom, tissue culture-treated 96 well plates (3603, Corning) were used for monolayer 

cultures.

2.2. Cell Culture in Tissue Chips:

Detailed protocols for this study are described elsewhere (Sakolish et al. 2021). Briefly, 

device chambers were first coated with fibronectin (F1141, Sigma-Aldrich, St. Louis, MO) 

and collagen I (CB354249, Corning) and then hepatocytes (primary or iPSC-derived) were 

injected at a density of 2.75×106 cells/mL (150 μL/chip) in corresponding plating media 

and incubated overnight (37°C, 5% CO2). The next day, THP-1 (0.8x106 cells/mL ending) 

and EaHy926 (1.5×106 cells/mL ending) were injected into devices (150 μL/chip), then 

incubated for 2 hrs at 37°C. After this, LX-2 cells were injected into devices (150 μL/chip). 

Chips were inverted and incubated for 1 hr at 37°C. After this, chips were re-inverted 

and incubated overnight at 37°C. Cell culture media (with or without drugs) was perfused 

through the devices at a rate of 15 μL/hr for up to 10 days. Each day, 360 μL of effluent was 

collected for analyses.

2.3. Cell Culture in Monolayers (96-well Plates):

Detailed protocols for this study are described elsewhere (Sakolish et al. 2021). Briefly, 

the 96-well plates were first coated with a mixed solution of fibronectin and collagen I; 

then, hepatocytes were plated at a density of 2.75×106 cells/mL (30 μL/well) and incubated 

overnight (37°C, 5% CO2). The following morning, THP-1 (0.8×106 cells/mL ending) and 

EaHy926 (1.5×106 cells/mL ending) were added (30 μL/well) on top of the hepatocyte layer, 

then incubated for 2 hrs at 37°C. After this incubation period, LX-2 cells were plated over 

top of the other cell types in the plate (30 μL/well). Plates were then incubated overnight at 

37°C. Media was collected and exchanged daily.

2.4. Drug Treatments in Tissue Chips and in Monolayer Cultures:

Chemical treatments were performed on cells that were grown in monolayers (as a static 

culture), or in Nortis Bio devices (perfused at 15 μL/hour flow rate) for up to 10 days. 

Treatments were added to syringes (3D cultures) or cell culture media (2D cultures) 

on the first day of perfusion (d0). Culture media containing vehicle (0.1% DMSO), 10 

μM Terfenadine, 600 μM Caffeine, 150 μM Trovafloxacin, 28 μM Troglitazone, 88 μM 

Tolcapone, 0.8 μM Rosiglitazone, or 3 μM Pioglitazone was perfused (3D), or exchanged 

daily (2D) and effluent samples were collected throughout the exposure period for analytical 

chemistry and biomarker testing. Test concentrations were selected to be at or near 

(≤10-fold) Cmax values with the exception of Terfenadine. Terfenadine was tested at a 

higher concentration to allow for detection of metabolite formation after accounting for 

non-specific binding, as other compounds were tested for parent compound only.

2.5. Determination of free fraction of drugs in cell medium:

Protein binding of drugs to proteins in cell culture media was evaluated using a rapid 

equilibrium dialysis (RED) assay (89809 and 89811, Thermo Scientific, Rockford, IL) 

according to the manufacturer’s protocol. Nonspecific binding of each drug in the RED 

experiment was further assessed by incorporating protein-free controls (i.e., PBS buffer) in 
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sample chambers. Twenty microliters of working stock solution of each drug (100 μM) was 

spiked in 180 μL of cell medium or PBS buffer to reach a final concentration of 10 μM in 

sample chambers. After 4-hour incubation at 37°C, 50 μL of cell medium or PBS buffer 

sample was mixed with an equal volume of PBS buffer or cell medium, respectively, to 

reduce the matrix effect. All samples were spiked with 10 μL of Mifepristone (1 μM), and 

then protein precipitation was performed with 200 μL of chilled acetonitrile followed by 

centrifugation at 10,000×g for 10 mins. Two hundred microliters of the supernatant were 

transferred to a 2 mL tube, dried under vacuum, and reconstituted with 100 μL of distilled 

water for subsequent LC-MS/MS analyses. Free fraction of a drug was calculated by 

comparing the response ratios of analytes and Mifepristone (internal standard, IS) between 

PBS buffer and medium buffer chamber, based on the following formula: % Free=(chemical 

response/IS response)PBS buffer÷ (chemical response/IS response)medium buffer

2.6. Determination of drug concentrations using liquid chromatography (LC) - tandem 
mass spectrometry (MS/MS) analyses:

Media samples (10 μL) were chromatographed on a ZORBAX SSHD Eclipse Plus C18 

column (3×50 mm, 1.8 μm, 959757-302; Agilent, Santa Clara, CA) with a guard column 

(2.1×5 mm, 1.8 μm, 821725-901; Agilent) using 1290 Infinity II liquid chromatograph (LC; 

Agilent). Column temperature and the LC flow rate were set at 40°C and 0.4 ml/min. Initial 

chromatographic condition was maintained at 90% mobile phase A (water with 0.1% formic 

acid, v/v) and 10% mobile phase B (acetonitrile with 0.1% formic acid, v/v) for one min, 

then increased to 80% B by 3 min, then to 95% B by 4 min, and then returned to initial 

condition at 5 min until 8 min for sufficient equilibrium. Unmodified mobile phases A 

(water) and B (acetonitrile) were used for the analysis of Troglitazone.

MS/MS analyses were performed in positive ion mode (all test drugs except Troglitazone) 

or negative ion mode (for Troglitazone) with an electrospray ionization (ESI) source using 

6470 triple-quadruple MS (Agilent). The capillary voltage was set at 3500 V. The nebulizer 

gas pressure and gas temperature were set at 35 psi and 350°C, respectively. The MS/MS 

parameters for each test compound are summarized in Supplemental Table 1.

2.7. Deriving intrinsic clearance (CL) from in vitro models:

For 2D culture, assuming a first order rate of substrate depletion, the apparent in vitro 

clearance rate in μL/(min · 106cells) is calculated as follows:

CLin vitro =
−ln( % Recovered) × V media

Tincubation × N106cells
= − ln( % Recovered) × 1.47μL ∕ (min ⋅ 106cells)

where Vmedia = 175 μL, Tincubation = 24 hr = 1440 min, and N106cells = 0.0825 million cells 

(hepatocytes were plated at a density of 2.75 million cells/ml, with 30 μL = 0.03 mL per 

well).

For 3D culture, we use a parallel tube model at steady state:

Cout = Cinexp( − CLin vitro × N106cells ∕ Q) .
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Solving for the clearance gives

CLin vitro = − ln(Cout ∕ Cin) × Q ∕ N106cells = − ln( % Recovered) × 0.606 μL ∕ (min ⋅ 106cells)

where the flow rate Q = 15 μL/hr = 0.25 μL/min and N106cells = 0.4125 million cells 

(hepatocytes were injected at a density of 2.75 million cells/ml, with 150 μL = 0.15 mL per 

chip).

In each case, the in vitro clearance of free chemical CLin vitro,free derived by dividing 

CLin vitro by the free fraction in media Fub,media, measured by RED (all values were 

truncated at 100% free).

CLin vitro,free = CLin vitro ∕ Fub,media

We use the mean of the measured values of Fub,media reported previously closest to the 

treatment concentration (Sakolish et al., 2021): specifically, the 1 μM data for Trovafloxacin 

and Rosiglitazone; the 10 μM data for Caffeine, Troglitazone, Tolcapone, and Terfenadine; 

and both (averaged) for Pioglitazone (because the treatment was at 3 μM).

The derived in vitro free clearance values are also compared to values derived using the in 

vitro clearance rates from hepatocyte suspensions (Sipes et al. 2017), as incorporated into 

the R httk package (Pearce et al. 2017). Note, it is assumed that the httk in vitro clearance 

rates are adjusted for free fraction in the hepatocyte incubation. All in vitro clearance values 

are initially reported in μL/min/million hepatocytes.

The intrinsic hepatic clearance extrapolated from the in vitro clearance is calculated by 

scaling the in vitro clearance to a whole liver, while adjusting for the free fraction in vitro as 

follows:

CLint, in vitro = CLin vitro, free × HPGL × Mliver

where HPGL = is hepatocellularity (110 million hepatocytes/gram of liver), Mliver is the 

liver mass (1715 g = 70 kg dody weight (BW) multiplied by 2.45% liver to body weight 

ratio). These values are taken from the R httk package (Pierce et al. 2017 doi: 10.18637/

jss.v079.i04). Further unit conversion was made from μL/min to L/hr for comparison to the 

in vivo data.

2.8. Literature-based in vivo intrinsic clearance:

We collected representative plasma protein binding and in vivo clearance measurements 

from the literature on the 7 compounds previously tested. We restricted our search to open 

literature studies of oral exposure that reported oral clearance or AUC. Most data were for 

a single dose, with repeat dose data only used for comparison if single dose data were 

also available. If multiple values were available, either in a single study or across multiple 

studies, they were averaged. Selected chemical property and toxicokinetic information on 
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these compounds is summarized in Table 1. In most cases, clearance is reported as oral 

clearance CLoral = oral dose/area under the curve (AUC). If this was reported on a per 

kg body weight basis, we multiplied by a standard body weight of 70 kg. Only for 

Tolcapone was there evidence of less than complete absorption (reduced bioavailability), 

so an adjustment was made for this compound but not other.

For Caffeine, reported oral clearance was 2.07 mL/min/kg (Lelo et al. 1986), which 

was converted using 70 kg body weight to 8.7 L/hr. This study also measured plasma 

free fraction of 0.68 via equilibrium dialysis, comparable to our previously reported 

measurement of 0.515 (Sakolish et al. 2021).

For Pioglitazone, oral clearance was reported as 0.038, 0.0529, and 0.0478 L/hr/kg (Eckland 

and Danhof 2000) which were converted using 70 kg body weight to 2.66, 3.7, and 3.35 

L/hr. Budde et al. (Budde et al. 2003) reported an AUC of 17,387 ug-hr/l for single dose 

of 45 mg, which implies a clearance of 2.59 L/hr. For repeat dose, they reported a daily 

AUC of 14,565 ug-hr/l, which implies a clearance of 3.09 L/hr. Kadam et al. (Kadam et al. 

2013) investigated the effect of CYP2C8*3 polymorphism on pioglitazone disposition, and 

estimated clearance of 2.12 (“wild type” individuals) and 3.21 (if CYP2C8*3 carrier) L/hr 

(the polymorphism had ~50% prevalence in that study). Thus, all these values (including 

separate values for the two polymorphisms) together give a mean of 3.02 L/hr. Further 

adjusting for 83% absorption (Eckland and Danhof 2000) gives a value of 2.51 L/hr. 

Previously reported plasma free fraction was <0.03 (Eckland and Danhof 2000), similar 

to our previously reported measurement of 0.0441 (Sakolish et al. 2021).

For Rosiglitazone, Chapelsky et al. (Chapelsky et al. 2003) reported oral clearance 3.07 

L/hr. Cox et al. (Cox et al. 2000) reported AUCs of 2,900 and 2,930 ng-hr/ml for oral dose 

of 8 mg, and 744 ng-hr/ml for an i.v. dose of 2 mg, suggesting a bioavailability of 98%, 

consistent with 100% absorption with the remainder due to first-pass. The clearances are 

thus estimated to be 2.76 and 2.73 L/hr for oral and 2.65 for iv. Although radioactivity was 

detected in feces, no parent compound was detected, so biliary excretion is unlikely to be 

important. Taking the average of the 3 values from oral dosing gives an oral clearance of 

2.85 L/hr. Chapelsky et al. (Chapelsky et al. 2003) also reported free fraction measured as 

0.0016 by ultrafiltration, similar to our previously reported measurement of 0.0038 (Sakolish 

et al. 2021).

For Troglitazone, Ott et al. (Ott et al. 1998) reported AUC of 7.3 ug-hr/mL for an oral 

dose of 400 mg, implying an oral clearance of 54.8 L/hr. Loi et al. (Loi et al. 1997) found 

oral clearance of 558 mL/min, which corresponds to 33.5 L/hr. In another study, Loi et al. 

(Loi et al. 1999) reported three oral clearance values of 500, 601 and 496 mL/min, which 

corresponds to 30, 36, and 29.8 L/hr. Taking the mean of these 5 available values gives 

clearance of 36.8 L/hr. Mean unbound fraction was reported by Ott et al. (Ott et al. 1998) to 

be 0.026 by ultrafiltration, but one-third of subjects had non-detects that were not included 

in the calculation. Assigning those subjects to “0” gives an overall mean of 0.017, similar to 

our previously reported measurement of 0.008 (Sakolish et al. 2021).
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For Tolcapone, Jorga et al. (Jorga et al. 1998) reported i.v. clearance of 7.1 L/hr, and oral 

clearance of 11.43 L/hr, implying an overall bioavailability is 62%. However, this includes 

hepatic first pass in addition to absorption. For an i.v. clearance of 7.1 L/hr, and a hepatic 

blood flow of 87 L/hr, this means an extraction ratio of 7.1/87 = 0.082. Thus, the absorption 

part of the bioavailability = 0.62/(1-0.082) = 0.68. This implies that CL/F adjusted for oral 

absorption is 11.43*0.68 = 7.8 L/hr. Other studies (Jorga et al. 1998) reported AUC values 

for different doses of tolcapone, and the mean value for oral clearance is 9.5 L/hr. Using the 

same adjustment of 0.68 for absorption gives a value 6.49 L/hr. Combining all the available 

values together gives an average of 6.64 L/hr. Jorga et al. (Jorga et al. 1998) stated the 

unbound fraction to be <0.001 (>99.9% bound), but no source was cited, though this value is 

not too dissimilar from our previously reported measurement of 0.002 (Sakolish et al. 2021).

For Trovafloxacin, Teng et al. (Teng et al. 1995) reported total oral clearance across 4 dose 

groups of 5.9 – 10.2 L/hr; subtracting reported renal clearances gives hepatic clearance 

values of 4.6-9.2 L/hr. In a study of repeat-dosing, total clearances of 8.93 and 9.01 L/hr 

for 2 dose groups were reported, with corresponding hepatic clearance values of 8.49 

and 8.57 L/hr (Teng et al. 1996). Vincent et al. (Vincent et al. 1998) studied oral and iv 

dosing at 200 mg equivalent. The AUC was 22 ug-hr/mL for iv and 32.2 ug-hr/mL for 

oral, implying bioavailability of >100%. Clearance is calculated as 9.09 and 6.21 L/hr, 

respectively. Taking all the available oral clearance values, the mean is 7.50 L/hr after 

subtracting renal clearance. Reported free fraction in serum was reported as 0.3 and 0.238 

(Teng et al. 1995; Teng et al. 1996), both by equilibrium dialysis, values similar to our 

previously reported measurement of 0.188 (Sakolish et al. 2021).

For Terfenadine, LaLonde et al. (Lalonde et al. 1996) reported an oral clearance value of 

4,420 L/hr. Okerholm et al. (Okerholm et al. 1981) reported these as 5,057 and 4,059 L/hr 

at 60 and 180 mg doses, respectively. An AUC value of 24.6 ng-hr/mL was reported in 

Bergstrom et al. (Bergstrom et al. 1997) at 60 mg dose, implying oral clearance of 2,439 

L/hr. Stern et al. 1998 (Stern et al. 1998) reported AUC of 20.14 ng-hr/mL after 120 mg 

dose, implying oral clearance of 5,960 L/hr. The mean of these 5 values is 4,390 L/hr. 

C14 studies showed only a trace of unchanged terfenadine in feces, so biliary excretion 

is likely to be negligible. Free fraction was reported as 0.03 but the source cited was a 

review (McTavish et al. 1990). Awni et al. (Awni et al. 1997) reported a free fraction 

by ultrafiltration of 0.003. Our previously reported measurement of 0.0219 is intermediate 

between these (Sakolish et al. 2021).

Converting in vivo oral clearance CLoral to intrinsic clearance CLint entails a number of 

assumptions, including that clearance is dominated by hepatic clearance, that permeability is 

not rate-limiting, in addition the mathematical model for the liver. In the usual well-stirred 

model, the oral clearance is actually equal to the intrinsic clearance, adjusted for free 

fraction (Chiba et al. 2009; Mehvar 2018):

CLoral = fuCLint

However, under a parallel tube model, the relationship between oral and intrinsic clearance 

is non-linear:
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CLoral = Qℎ[exp(fuCLint ∕ Qℎ) − 1]

where Qh is the hepatic blood flow, assumed to be 87 L/hr (Davies and Morris 1993). Note 

that for small clearance values, the well-stirred and parallel tube models are approximately 

equal because ex ≈ 1 + x for small x. Inverting this to derive the intrinsic clearance under the 

parallel tube model gives (Ito and Houston 2004)

CLint =
Qℎ
fu

log(1 + CLoral ∕ Qℎ) .

A more complex dispersion model has also been proposed, but several studies have 

suggested that the value-added over the parallel tube model is minimal given the additional 

complexity of the dispersion model (Chiba et al. 2009; Ito and Houston 2004). Additionally, 

the limits of the dispersion model in terms of zero or infinite dispersion parameter 

correspond to the parallel tube and well-stirred models, respectively, so those models 

represent bounding cases.

2.9. Statistical analyses:

Comparisons between in vitro- and in vivo-derived intrinsic clearance were assessed using a 

linear model in R statistical environment (version 4.0.5) defined as follows:

log10(CLint,in vitro ∕ Qℎ) = a + b × log10(CLint,in vivo ∕ Qℎ),

where a and b are the intercept and slope, respectively. The log10 transformation is so 

that a slope value b = 1 indicates a linear relationship, whereas values >/< 1 indicate 

greater/less than linear relationship. The clearances are scaled by the hepatic clearance Qh 

so that the intercept a can be interpreted as the “bias” for a nominal value of CLint,in vivo 

= Qh, where positive/negative values of the intercept a mean that the in vitro clearance over/

under-estimates the in vivo clearance. Regression estimates and 95% confidence intervals 

are reported for the slope and intercept. Also reported are the adjusted R2, residual standard 

error, and correlation coefficients (Pearson and Spearman, statistical significance p<0.05 was 

selected as a threshold).

2.10. Data availability:

The experimental protocols, raw data for each Figure and Table, and analysis tools including 

calculations used to determine inter- and intra-study reproducibility and clearance can be 

found in MPS-Db (https://mps.csb.pitt.edu/) using links included in Supplemental Table 2.

3. Results

Tested chemicals were highly diverse in their physico-chemical, pharmacokinetic, and 

hepatotoxicity properties (Table 1). Lipophilicity ranged from highly water soluble 

(Caffeine, LogP= −0.54) to highly lipophilic (Terfenadine, LogP=5.206). Plasma protein 

binding was high for 5 chemicals (<5% free), intermediate for Trovafloxacin (between 

Sakolish et al. Page 9

Toxicology. Author manuscript; available in PMC 2022 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

https://mps.csb.pitt.edu/


5% and 50% free), and low for Caffeine (>50% free). Binding in media also covered 

a wide range. Hepatic clearance also involved a diverse range of phase I and phase II 

metabolic processes, including several cytochrome P450s as well as several conjugation 

pathways. In vivo oral clearance ranged widely from around 3 L/hr for Pioglitazone to 

around 4000 L/hr for Terfenadine. Converting these values to intrinsic hepatic clearance 

yielded values ranging from 16 L/hr (Caffeine) to over 15,000 L/hr (Terfenadine). In 

terms of hepatotoxicity, Tolcapone and Trovafloxacin were expected to be the most toxic, 

Caffeine was a negative control, and the remaining compounds were of intermediate toxicity 

(Sakolish et al. 2021; Vernetti et al. 2016).

Over the 10-day experimental period, in vitro intrinsic clearance in general declined with 

time for all seven compounds across all four model systems (Figure 1). As previously 

reported, toxicity was evident for some compounds, as indicated by lactate dehydrogenase 

(LDH) and TNF-alpha release, with Tolcapone and Trovafloxacin being the most toxic. 

However, this decline in clearance was also observed for Caffeine, which served as 

a negative control for toxicity, so toxicity alone is unlikely to be the explanation for 

these trends. In most cases, primary cells exhibited greater clearance than iPSC-derived 

hepatocytes, but the opposite was true for Terfenadine (3D culture) and Tolcapone (2D 

culture).

Both clinical in vivo and hepatocyte suspension-based in vitro intrinsic clearance data were 

almost exclusively from acute (<24 hr) drug administration, so only Day 1 clearance values 

from the four model systems were compared to these previously reported values. As shown 

in Figure 2, the general trend is in vivo ≥ httk (hepatocyte suspension) ≥ primary 2D ≥ 

primary 3D ≥ iPSC 2D ≥ iPSC 3D. Additionally, for drugs where multiple hepatocyte 

suspension-based values have been reported, there is substantial discordance, particularly 

for Pioglitazone and Tolcapone, where the values range more than an order of magnitude 

(Figure 2). Moreover, while results from our 4 model systems correlate well amongst 

each other across chemicals (correlations coefficients 0.71-0.96), there is less concordance 

with previously reported hepatocyte suspension measurements (correlation coefficients 0.23- 

0.51) (Supplemental Figure S1).

We also evaluated the accuracy and precision of each model, including hepatocyte 

suspensions, in predicting in vivo estimates of intrinsic clearance. In terms of absolute 

accuracy, hepatocyte suspensions performed the best, with mean predictions for five of seven 

chemicals being within 10-fold of the mean in vivo estimate. By contrast, for both 2D and 

3D models using either primary or iPSC-derived hepatocytes, the majority of the predictions 

were more than 10-fold lower than the in vivo estimates (Figure 3). The bias was quantified 

from linear regression with the intercept term at a reference intrinsic clearance value equal 

to hepatic blood flow (=87 L/h), and was smallest (and not statistically significant from 0) 

for hepatocyte suspensions (−0.12 in log10 units) and largest (and statistically significantly 

different from 0) for the LAMPS model using iPSC-derived hepatocytes (−1.07 in log10 

units) (Table 2). However, all models showed a general trend of under-predicting clearance 

for compounds with higher intrinsic clearance (Figure 3), as further evidenced by the 

estimated slopes from linear regression being <1 (Table 2). This trend of deteriorating bias 

with increasing clearance was stronger (slope further below 1) for hepatocyte suspensions, 
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and less pronounced for the 2D and 3D models, suggesting that hepatocyte suspensions 

may have a lower “dynamic range” of measurable clearance as compared to the 2D and 3D 

models.

With respect to precision, the LAMPS 3D model with iPSC-derived hepatocytes had the 

least amount of variability, as evidenced by the relatively narrow confidence interval (Figure 

3) as well as the lowest residual error and highest R2 (Table 2). Specifically, the adjusted R2 

for the LAMPS 3D model with iPSC-derived hepatocytes was greater than 0.8, while those 

for the other models ranged from 0.46-0.69 (Table 2). Similarly, the LAMPS 3D model with 

iPSC-derived hepatocytes had the highest Pearson and Spearman correlation coefficients of 

0.92 and 0.82, respectively (Table 2). These results suggest that introduction the LAMPS 

model augmented by an empirical scaling factor of about 10-fold (corresponding to the 

“intercept” term in Table 2), as has been used previously with other 3D microphysiological 

systems (Tsamandouras et al. 2017), may provide predictions with the best combination of 

accuracy and precision.

4. Discussion and Conclusions

Predicting human hepatic clearance remains a fundamental challenge in both pharmaceutical 

drug development and toxicological assessments of environmental chemicals. Moreover, 

the increasing reliance on in vitro test methods for either efficacy or toxicity requires 

parallel in vitro methods to estimate toxicokinetic parameters for conducting in vitro-to-in 
vivo extrapolation (IVIVE). The standard approach to estimate hepatic clearance in vitro 
is the use of primary hepatocytes in suspension culture. However, a number of studies 

have reported either low accuracy or precision when compared to in vivo data using this 

approach. Here, we evaluated two alternative test systems, traditional 2D monolayer culture 

and 3D LAMPS, as well as two different hepatocyte sources, primary and iPSC-derived, 

as to their accuracy and precision in predicting hepatic clearance for 7 representative 

pharmaceutical compounds. We collected both in vivo clinical clearance data, as well as 

previously published in vitro human hepatocyte suspension culture data for comparison. 

The newly collected data across the 4 in vitro models we tested and hepatocyte suspension 

data from the literature allow for the analysis of interesting tradeoffs between accuracy and 

precision.

Across all 5 types of systems (4 tested herein and hepatocyte suspensions), the majority 

if not all clearance values were under-predicted as compared to in vivo estimates; this 

undesirable property of in vitro systems has also been reported previously in many 

analyses (Wambaugh et al. 2018; Wood et al. 2017). Hepatocyte suspensions had the 

least amount of underpredictions, while the greatest amount of underprediction, of about 

10-fold, was for LAMPS using iPSC-derived hepatocytes. It is interesting that other 3D 

liver microphysiological system (MPS) models have also reported underprediction when 

compared to in vivo clearance (Marin et al. 2019; Tsamandouras et al. 2017). Specifically, 

we found that LAMPS on average underpredicted by 13-fold with primary suspensions 

and 22-fold with iPSC-derived hepatocytes, with Caffeine and Pioglitazone having the 

smallest underprediction (<5-fold) and Terfenadine having the largest (>100-fold). In a 

study by Marin et al. (2019) with acetaminophen, half-life was 6-fold higher in the 
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microphysiological system system as compared to in vivo. Tsamadouras et al. (2017) 

reported an average 4-fold underprediction with a range from 2-fold to 8-fold. These 

previous results are encompassed by the range of our results with LAMPS, although we 

found somewhat greater underprediction overall. However, we do note the chemicals we 

tested include a far wider range of in vivo clearance values (2.5 to 4,390 L/hr) as compared 

to Tsamadouras et al. (2017) (3 to 82 L/hr).

Additionally, we found that compounds with higher in vivo clearance tended to be more 

underpredicted than compounds with lower in vivo clearance, a trend that has also been 

noted previously for studies with hepatocyte suspensions (Bowman and Benet 2019a; Wood 

et al. 2017). However, as shown in Figure 3, LAMPS using iPSC-derived hepatocytes had 

the least clearance-dependent underprediction, as the relationship between in vivo and in 
vitro clearance had a slope not statistically significantly different from 1.0. Hepatocyte 

suspensions, on the other hand, had the greater clearance-dependent underprediction, with 

a slope of about 0.5. An additional potential benefit of LAMPS is the ability to treat 

for longer periods of time (as least 24 hr) as compared to suspension cultures, which 

are generally limited to 4 hr, thus enhancing the sensitivity to evaluate low clearance 

compounds. However, this advantage may be tempered by the overall underprediction from 

microphysiological systems, which reduces sensitivity.

Furthermore, the model systems varied substantially in their precision in predicting in 
vivo clearance. Hepatocyte suspensions and other primary cultures (whether 2D or 3D) 

had relatively low precision, with R2 around 0.5 so that only half of the variation across 

compounds was explained. These results are consistent with recent reviews and analyses 

that have found low precision as well as high interlaboratory variability in clearance values 

derived from such methods (Bowman and Benet 2016, 2019b). However, models using 

iPSC-derived hepatocytes had greater precision, in particular in the LAMPS model, with 

high R2 and correlation coefficients (all >0.8).

Overall, these data suggest that the combination of the more physiologically-relevant 

experimental model system offered by LAMPS and the more reproducible hepatocyte 

properties offered by iPSC-derived cells has the potential to be a more consistent model 

system across a wider range of clearance values. The tradeoff for this increased precision is 

a greater degree of underprediction of clearance, but because the level of bias appears more 

consistent, it can potentially be adjusted for through a scaling factor as has been proposed 

for other microphysiological systems (Tsamandouras et al. 2017).

Our study has a number of important limitations that may constrain its generalizability. 

First, while we selected a diverse set of compounds for testing, they number only seven, so 

further studies with larger numbers of chemicals are needed, albeit the throughput of the 

microphysiological systems is typically a major challenge (Low and Tagle 2017). Moreover, 

the selected compounds by a relatively small number of CYP and conjugation enzymes 

(see Table 1), so it remains to be examined the extent to which these results can be 

further generalized. Moreover, the need for a 10-fold correction factor may reflect the low 

activity for CYP3A4, which is the major metabolizing enzyme for many drugs. Furthermore, 

additional data on the relative activity of different enzymes in the different cell types could 
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be used to replace the empirical factor. Second, hepatic intrinsic clearance is inherently 

challenging to estimate, even with in vivo clearance data. While contributions from renal 

and biliary clearance may be important for some compounds, the greatest challenge is for 

highly plasma bound compounds. This is because intrinsic clearance depends inversely on 

the fraction unbound, and it is challenging to measure low binding fractions using current 

models (Ferguson et al. 2019). As shown in Table 1, five of the compounds we tested have 

very low (<5%) fraction unbound, and the range of reported measurements is more than 

an order of magnitude for Rosiglitazone, Terfenadine, and Troglitazone. Thus, the derived 

values of in vivo intrinsic hepatic clearance have uncertainties that may span 10-fold or 

more. Third, the LAMPS model showed decline in clearance with time, so we were limited 

to the data for the 24 hr period; maintaining metabolic capacity over longer durations thus 

remains a challenge for all hepatocyte cultures, including those that are based on tissue 

chips. This also limits the ability to analyze substances with long half-lives. Additionally, 

our analysis only included disappearance of the parent compound from the culture media 

at a single initial concentration; further studies that also include multiple concentrations 

and measurement of metabolite formation may help to provide more refined and regulatory 

decision making-relevant estimates of in vitro clearance, particularly for low clearance 

compounds. Intracellular concentration was also not measured due to difficulty in removing 

seeded cells from devices. Finally, the liver models do not include additional elimination 

organs such as the intestine, which can possibly add to the underprediction of compounds 

such as Terfenadine, which is primarily metabolized by intestinal CYP 3A4 (Gertz et al. 

2011).

In summary, we found that, compared to in vivo clinically-derived values, the LAMPS 

model with iPSC-derived hepatocytes had the higher precision as compared to primary 

cells in suspension or 2D culture, but tended to underestimate clearance systematically, 

as has been observed with other microphysiological systems. Overall, this study suggests 

that using LAMPS and iPSC-derived hepatocytes together with an empirical scaling factor, 

which can be refined with additional data, to address systematic underprediction of in vivo 
metabolic activity has the potential to provide more accurate and precise estimates of hepatic 

clearance.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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List of Abbreviations

AUC Area under the curve

BW Body weight

CL Clearance

ESI Electrospray ionization

Fu Fraction unbound

HPGL Hepatocytes per gram of liver

HPLC High-performance liquid chromatography

Httk High-throughput toxicokinetics (R software package)

iPSC Induced pluripotent stem cell

IS Internal standard

IVIVE in vitro-to-in vivo extrapolation

LAMPS Liver acinus microphysiology system

LC Liquid chromatography

LDH Lactate dehydrogenase

MPS Microphysiological system

MLiver Liver Mass

MS/MS Tandem mass spectrometry

PBS Phosphate-buffered saline

Qh Hepatic blood flow

RED Rapid-equilibrium dialysis

TNF-α Tumor necrosis factor alpha
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Figure 1. 
Calculated intrinsic clearance of drugs as a function of time. Clearance derived from 

either monolayer culture (circles) or perfusate through LAMPS chips (squares) seeded with 

primary hepatocytes (filled symbols) or iCell hepatocytes 2.0 (open symbols) and cultured 

for up to 10 days. Data shown are mean±SEM (n=3-9 per condition).
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Figure 2. 
Comparison of intrinsic hepatic clearance of drugs across systems with in vivo clinical 

estimates. For each drug, clearance calculated from in vivo data (“Clinical”: triangles) is 

compared to that derived from in vitro hepatocyte suspension (“httk”: diamonds), monolayer 

culture (“2D”: circles) or perfusate through LAMPS chips (“3D”: squares) seeded with 

primary hepatocytes (“Primary”: filled symbols) or iCell hepatocytes 2.0 (“iPSC”: open 

symbols). For Primary/iPSC 2D/3D, only data at 24 hr (1st available time point) is used, as 

both in vivo and in vitro hepatocyte suspension data were collected at <24 hr.
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Figure 3. 
Correlation between intrinsic hepatic clearance from clinical in vivo data and from each in 

vitro system. Symbols represent the mean for each chemical and data source. Solid black 

line is 1:1 line, and dotted lines represent 10-fold over- and under-prediction. The solid blue 

line and shaded region represent the linear fit and confidence interval (on log-transformed 

values) (see Table 2 for summary statistics).
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