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A B S T R A C T   

In vitro and in silico methods that can reduce the need for animal testing are being used with increasing fre
quency to assess chemical risks to human health and the environment. The rate of hepatic biotransformation is an 
important species-specific parameter for determining bioaccumulation potential and extrapolating in vitro 
bioactivity to in vivo effects. One approach to estimating hepatic biotransformation is to employ in vitro systems 
derived from liver tissue to measure chemical (substrate) depletion over time which can then be translated to a 
rate of intrinsic clearance (CLint). In the present study, cryopreserved hepatocytes from humans, rats, and 
rainbow trout were used to measure CLint values for 54 industrial and pesticidal chemicals at starting test 
concentrations of 0.1 and 1 μM. A data evaluation framework that emphasizes the behavior of Heat-Treated 
Controls (HTC) was developed to identify datasets suitable for rate reporting. Measured or estimated (“greater 
than” or “less than”) CLint values were determined for 124 of 226 (55 %) species-chemical-substrate concen
tration datasets with acceptable analytical chemistry. A large percentage of tested chemicals exhibited low HTC 
recovery values, indicating a substantial abiotic loss of test chemical over time. An evaluation of KOW values for 
individual chemicals suggested that in vitro test performance declined with increasing chemical hydrophobicity, 
although differences in testing devices for mammals and fish also likely played a role. The current findings 
emphasize the value of negative controls as part of a rigorous approach to data quality assessment for in vitro 
substrate depletion studies. Changes in current testing protocols can be expected to result in the collection of 
higher quality data. However, poorly soluble chemicals are likely to remain a challenge for CLint determination.   

1. Introduction 

Despite a growing demand to reduce the need for animal testing in 
chemical risk assessments (USEPA, 2019), there is a large inventory of 
chemicals for which data to support a risk assessment is required. For 
example, the U.S. Environmental Protection Agency’s (EPA) Endocrine 

Disruptor Screening Program (EDSP) must assess potential endocrine 
disrupting effects of pesticides and possibly other environmental con
taminants in both humans and wildlife (21 U.S.C. § 346a(p) and 42 U.S. 
C. § 300j-17). The chemical substances covered under the EDSP include 
pesticide active ingredients, pesticide inert ingredients, and drinking 
water contaminants, with some overlap between these lists. While 
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screening for pesticides is mandatory, screening of drinking water con
taminants is discretionary. The number of chemicals is likely in the 
thousands, while only 52 chemicals to date have completed Tier 1 
screening (USEPA, 2015). Similarly, the Toxic Substances Control Act 
(TSCA), as amended by the Frank R. Lautenberg Chemical Safety for the 
21st Century Act, requires that EPA prioritize industrial chemicals for 
assessing their risk to human health and the environment (U.S.C. § 2601 
et seq, 2016); more than 40,000 industrial chemicals are legally 
authorized for use in the stream of commerce and may be considered for 
prioritization (USEPA, 2020a). 

Quantitative in vitro-in vivo extrapolation (QIVIVE) is increasingly 
being utilized as a non-animal alternative to prioritize chemicals for 
further evaluation (Basketter et al., 2012; Yoon et al., 2012; Wetmore, 
2015; Scholze et al., 2020). The QIVIVE approach involves extrapolation 
of an adverse in vitro effect concentration to a comparable in vivo 
concentration in plasma or a target tissue. A chemical mass-balance 
model is used to relate this in vivo concentration to an equivalent 
organismal exposure (Liao et al., 2007; Clewell et al., 2008; Blaauboer, 
2010; Louisse et al., 2017; Punt et al., 2021). This modeled exposure, 
typically expressed as a continuous daily dosing rate (e.g., mg/kg body 
weight/day oral exposure), is then compared to a known or hypothe
sized exposure to assess the potential for adverse effects. To date, 
QIVIVE has been used to evaluate potential effects on humans for nearly 
60 % of EPA’s Toxcast Phase I and II libraries (Rotroff et al., 2010; 
Wetmore et al., 2012, 2015; Wambaugh et al., 2019). The same 
approach has been used to predict adverse effects in rats, permitting 
direct comparisons to existing rodent toxicity data (Honda et al., 2019; 
Wetmore et al., 2013). 

Chemical prioritization and evaluation efforts may also require that 
chemicals be assessed to determine their potential to bioaccumulate. 
Generally, the focus of bioaccumulation assessments is on chemical 
bioaccumulation in fish. Hydrophobic organic compounds are of special 
interest, as they tend to partition out of the water column and into fish 
tissues, posing a potential hazard to fish and the animals that consume 
them. Measured bioaccumulation data for fish are available for >800 
chemicals (Arnot and Gobas, 2006), but this is a small fraction of the 
chemicals in the stream of commerce. Consequently, most of these 
evaluations are performed using screening-level computational models 
like those in the BCFBAF module of the U.S. EPA’s Estimation Program 
Interface Suite (EpiSuite™) software package (U.S. EPA, 2012a). 

A critical component of both QIVIVE and bioaccumulation assess
ment is the need to estimate parameters required to run predictive 
toxicokinetic models. Some model parameters may be estimated using 
quantitative structure-activity relationships (QSARs) such as those that 
describe chemical partitioning between blood and tissues (DeJongh 
et al., 1997; Poulin and Krishnan, 1995; Schmitt, 2008; Peyret et al., 
2010) and chemical uptake across fish gills (Arnot and Gobas, 2003). 
Despite considerable effort, however, several key parameters, including 
those describing plasma protein binding, distribution mediated by spe
cific membrane transporters, and biotransformation, remain difficult to 
predict with acceptable accuracy using QSAR methods. 

For many chemicals, the rate of hepatic biotransformation is of 
special interest, as this activity may substantially impact the rate and 
extent of chemical accumulation over time. Although QSARs have been 
developed to predict biotransformation rates in both humans (Hansch 
et al., 2004; Long and Walker, 2003; Peyret et al., 2012; Kirman et al., 
2015) and fish (Arnot et al., 2009; Brown et al., 2012; Kuo and Di Toro, 
2013; Papa et al., 2014), these tools have limited utility beyond the 
datasets employed for their development. As an alternative, therefore, 
QIVIVE of in vitro toxicity data is commonly informed by a parallel 
activity that involves in vitro-in vivo extrapolation of measured in vitro 
intrinsic clearance (Yoon et al., 2012; Wilk-Zasadna et al., 2015). The 
goal of the extrapolation is to estimate in vivo intrinsic clearance from in 
vitro data. This intrinsic clearance estimate is then used as an input to a 
physiological model of the liver to predict hepatic clearance due to 
biotransformation. Cryopreserved hepatocytes are often preferred for 

this application due to broad coverage of potential metabolic pathways, 
the presence of enzyme co-factors at physiological levels, and amena
bility for use in medium-throughput testing efforts (Li et al., 1999; 
Gebhardt et al., 2003). Similar extrapolation methods employing cry
opreserved trout hepatocytes (Mingoia et al., 2010; Fay et al., 2014a, 
2015) have been used to inform modeled bioaccumulation assessments 
for fish (Nichols et al., 2006, 2009; OECD, 2018a). 

The procedures used to perform in vitro-in vivo extrapolation of 
hepatocyte clearance data derive from methods developed by the 
pharmaceutical industry for pre-clinical screening of drug candidates 
(Rodrigues, 1997). Because the goal of the extrapolation is to estimate 
hepatic clearance occurring by all possible biotransformation pathways, 
these assays are generally performed using a substrate depletion 
approach (Itwatsubo et al., 1997; Obach et al., 1997; Carlile et al., 1998; 
Obach, 1999; Obach and Reed-Hagen, 2002). Most drugs are well-suited 
for application of these methods. In particular, the drug development 
process favors chemicals that possess low volatility and a 
moderate-to-high degree of aqueous solubility. Compounds possessing 
these traits are easily spiked into an in vitro test system and tend to 
remain in solution unless acted upon. Unlike drugs, many industrial and 
some pesticidal chemicals possess properties (e.g., high volatility, 
extreme hydrophobicity) that make them difficult to work with in an in 
vitro context. In the present study, in vitro depletion assays were per
formed for 54 industrial and pesticidal chemicals using cryopreserved 
hepatocytes from humans, rats, and rainbow trout. All assays were 
conducted using standardized methods employed previously to support 
QIVIVE efforts (humans/rats) and fish bioaccumulation assessments 
(trout). The same sampling design and total assay run time were 
employed throughput, with the goal of evaluating how well these 
methods perform in a screening-level approach to chemical assessment. 
The resulting datasets were then analyzed using a data quality evalua
tion framework to identify data suitable for rate reporting and provide 
guidance on future use of these methods. 

2. Materials and methods 

2.1. Test and reference chemicals 

Test chemicals were selected to provide broad coverage across the 
industrial and pesticidal chemical space while also prioritizing chem
icals within the published EDSP Universe of Chemicals (USEPA 2012b). 
Specific chemical-species combinations were chosen to avoid duplica
tion of existing data which precluded testing all chemicals across all 
three species. In addition, an effort was made to avoid chemicals that 
could volatilize from the selected in vitro assay systems. In previous 
depletion studies with rainbow trout hepatocytes, performed at 11 ◦C, 
naphthalene was shown to slowly volatilize from inactivated control 
vials (Fay et al., 2017). Reported Henry’s law constants (KH) for naph
thalene average approximately 5 × 10–4 m3 atm/mol (Sander, 2015). By 
comparison to the trout assay, chemical volatilization from an assay 
performed using rat or human hepatocytes may present an even greater 
challenge due to the higher temperature (37 ◦C) at which they are run. A 
Henry’s law constant cutoff of 5 × 10–5 m3 atm/mol was therefore 
employed to exclude potentially problematic chemicals. 

Sources, lot numbers, reported purities, and predicted physico
chemical properties ([KH] and log octanol-water partition coefficient 
[log KOW]) of test and reference chemicals are provided in Table S1. The 
identity of each chemical was confirmed by 1H NMR. Predicted KH and 
log KOW values were obtained using the OPERA HL and OPERA LogP 
QSAR models (Mansouri et al., 2018), which were accessed through US 
EPA’s CompTox dashboard (USEPA, 2020b) Reference chemicals were 
run in parallel with test chemicals as a check on individual assay per
formance and to evaluate the variability in performance with repeated 
analysis of the same substrate. The reference chemicals verapamil 
(human), fenbuconazole (rat), and pyrene (trout) were selected based on 
ease of analysis and the availability of published in vitro intrinsic 
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clearance values for these species. Stock solutions of test and reference 
chemicals were prepared in dimethyl sulfoxide (DMSO: 1 and 10 mM) 
and stored at − 70 ◦C. Working stocks (10 and 100 μM) were prepared by 
dilution of primary stock solutions in acetonitrile (for human and rat) or 
acetone (for trout), as detailed in publications on these assays (Wetmore 
et al., 2012, 2013; Fay et al., 2015). 

2.2. Hepatocyte culture reagents 

William’s E Medium (WEM), 4-(2-hydroxyethyl)-1-piper
azineethanesulfonic acid (HEPES), 1 % GlutaMAX, 0.5x penicillin- 
streptomycin, Leibovitz’s L-15 Medium (no phenol red, with L-gluta
mate, L-15), and trypan blue (0.4 %) were purchased from Gibco (Grand 
Island, NY). ITS + Premix was supplied by Corning (Bedford, MA). 
Hepatic Bio Cryo Recovery Medium (HB-CRM) and dexamethasone (100 
nM) were obtained from PhoenixSongs Biologicals (Branford, CT). 

2.3. Cryopreserved hepatocytes: sources, preparation and viability 

Human and rat hepatocytes were supplied by the QPS lab in Research 
Triangle Park, NC (QPS, LLC, Newark, DE). Human hepatocytes were 
obtained as a pool derived from 5 male and 5 female adults. Rat hepa
tocytes were derived from 8–12-week-old Sprague Dawley rats as sex- 
specific pooled samples (3 females, 4 males). These sex-specific sam
ples were combined just prior to use to provide a mixed-sex pool. Trout 
hepatocytes were isolated from sexually immature animals of mixed sex 
at the USEPA Great Lakes Toxicology and Ecology Division, Duluth, MN, 
using methods described by Fay et al. (2015). 

Cryopreserved human and rat hepatocytes were thawed and resus
pended using procedures given by the supplier. Briefly, the cells were 
thawed (in about 90 s) in a 37 ◦C water bath, diluted in pre-warmed (37 
◦C) HB-CRM, and centrifuged at room temperature at 100 × g for 8 min 
(human) or 55 × g for 3 min (rat). Media was removed by aspiration and 
cells were resuspended in pre-warmed (37 ◦C) incubation medium 
consisting of serum-free WEM (pH 7.4 at 37 ◦C) supplemented with 1.5 
% HEPES, 1 % ITS+Premix, 1 % GlutaMAX, 0.5X penicillin- 
streptomycin, and 100 nM dexamethasone. Cryopreserved trout hepa
tocytes were thawed in a room temperature water bath and suspended in 
ice-cold L-15 medium (pH 7.8 at 12 ◦C) using the procedure described by 
Fay et al. (2015). Viability and hepatocyte counts were determined by 
trypan blue exclusion. The cell suspensions were then diluted to 0.5 ×
106 viable hepatocytes/mL (human and rat) or 1.0 × 106 viable hep
atocytes/mL (trout) in their respective media and stored on ice until use. 
Heat-inactivated hepatocytes were prepared by boiling hepatocyte sus
pensions (0.5 × 106 hepatocytes/mL for human and rat; 1 × 106 hep
atocytes/mL for trout) for 15 min. These were prepared as 
species-specific batches in advance, aliquoted and stored frozen (− 20 
◦C) until needed. 

2.4. Hepatocyte characterization assays 

The metabolic activity of each lot of hepatocytes was evaluated using 
prototypical substrates for Phase I and Phase II enzyme activity. For the 
human and rat hepatocytes, 7-ethoxycoumarin-O-deethylase (ECOD) 
was employed as a marker for Phase I enzymatic activity while Phase II 
UDP-glucuronosyltransferase (UGT) and sulfotransferase (SULT) activ
ities were measured using 7-hydroxycoumarin as substrate. Human and 
rat hepatocytes were incubated (0.5 × 106 hepatocytes/mL) in triplicate 
with 100 μM 7-ethoxycoumarin or 7-hydroxycoumarin for 30 min at 37 
◦C following methods described by Ekins et al. (1995). Trout hepatocyte 
lysates were assayed for CYP1A activity in incubations with 0.5 μM 
7-ethoxyresorufin for 30 min at 12 ◦C (EROD assay) while gluta
thione-S-transferase (GST) activity was evaluated in incubations with 
1000 μM 1-chloro-2,4-dinitrobenzene for 20 min at 12 ◦C. The proced
ures used to characterize trout hepatocytes are described in detail by Fay 
et al. (2014b). 

2.5. Substrate depletion assays 

Test chemicals were incubated in triplicate with prepared hepatocyte 
suspensions at nominal concentrations of 0.1 and 1 μM. The human and 
rat assays were conducted as described by Wetmore et al. (2012, 2013), 
with minor modifications, while the trout assay was based on Basic 
Protocol 4 in Fay et al. (2015). Hepatocyte cell densities were 0.5 × 106 

hepatocytes/mL (human and rat assays) or 1 × 106 hepatocytes/mL 
(trout assays), and the total incubation volume was 1 mL. Assays per
formed using human and rat hepatocytes were conducted in 48-well 
deep-well polypropylene plates while those performed using trout he
patocytes were conducted in glass vials. Hepatocyte suspensions were 
pre-incubated for 10 min at their respective incubation temperatures (37 
◦C for human/rat; 12 ◦C for trout). Incubations of human and rat he
patocytes were conducted with gentle orbital shaking in a humidified 
incubator filled with 5 % CO2. Assays with trout hepatocytes were 
performed with gentle shaking in a temperature-controlled chamber 
equilibrated with room air. All assays were initiated by addition of test 
chemicals in solvent (working stocks). The final concentration of solvent 
was ≤1 % (v/v) in all cases. Sub-samples (100 μL) of the total incubation 
volume were removed at T = 0 (immediately after chemical addition), 
15, 30, 60, 120, and 240 min, and quenched by addition to 300 μL (for 
LC–MS/MS) or 100 μL (for GC–MS/MS) acetonitrile. The quenched re
action mixtures were then vortexed and stored at ≤− 70 ◦C prior to 
analysis. 

Species-specific reference chemical controls (0.1 and 1 μM, in trip
licate) were included with each assay and sampled as described above. 
Test chemicals were also incubated in duplicate with heat-inactivated 
hepatocytes at 0.1 and 1 μM; these Heat-Treated Controls (HTC) were 
sampled at T = 0 and 240 min. 

2.6. Sample analysis 

Test and reference chemical concentrations in incubation samples 
were determined using LC–MS/MS, HPLC/UV/Fluoresence or GC–MS/ 
MS methods. Descriptions of analytical methods are provided as Sup
plementary Data (Analytical methods). Additional analytical details are 
presented in Tables S2-S7. Standard curves (≥5 points, 1–1000 ng/mL) 
were used to relate analyte/internal standard (IS) peak area response 
and analyte concentration in incubation samples. All standard curves 
met acceptance criteria of a correlation coefficient ≥0.98 and a relative 
error (% RE) ≤15 % for each concentration (≤ ± 20 % at the limit of 
quantitation [LOQ]). The experimental LOQ was defined as the lowest 
concentration of calibration standards that met the acceptance criteria. 
Quality control (QC) standards (triplicate, three concentrations) were 
interspersed in each sample set. Precision and accuracy criteria for QC 
standards were a % RE of ≤ ± 15 % of the nominal value for each 
concentration and a relative standard deviation ≤ ± 15 %. 

2.7. Calculation of in vitro clearance 

Data from a single chemical/species/substrate concentration com
bination were considered a dataset. Measured test chemical concentra
tions were natural log (Ln)-transformed and plotted against time (three 
replicates per time point). Datasets with measured chemical concen
trations at three or more time points were evaluated by linear regression 
in Prism8 (GraphPad Software, San Diego, California) to obtain a fitted 
slope. In those cases where substrate concentrations could be quantified 
out to 4 h, measured values generally declined in a log-linear manner 
indicating that the hepatocytes had retained a large fraction of their 
initial activity over time. In approximately 10 % of cases, however, 
measured substrate concentrations at later time points suggested a 
decrease in enzyme activity. In these latter instances, a linear regression 
was fitted to the initial, log-linear portion of the dataset. All regressions 
fitted to these truncated datasets were based on at least four data points. 
An F-test (α = 0.05) was used to determine whether fitted slopes was 
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significantly different from zero. First-order elimination rate constants 
(kdep; 1/min) were then calculated from significant, negative slopes as: 
kdep = –1 × slope. In vitro intrinsic clearance rates (CLint; μL/min/106 

hepatocytes) were calculated by dividing estimated kdep values by the 
concentration of viable hepatocytes (106 hepatocytes/mL). 

CLint =
kdep

hepatocyteconcentration
x1000μL

/

mL (1) 

If measured chemical concentrations were obtained at only one or 
two time points (0 min, or 0 and 15 min), Eq. 2 was used to calculate the 
minimum slope of the depletion curve that would have resulted in the 
concentration dropping below the LOQ before the third sampling time 
point (30 min). 

− kdep =
Ln(ConcentrationT=O– ConcentrationLOQ)

30 min
(2) 

The CLint corresponding to this slope was then calculated using Eq. 1. 
CLint values estimated in this manner are referred to here as “greater 
than” values and denoted with the symbol “>”, since the true rate of 
depletion may have been faster than that calculated using Eq. 2 but is 
unlikely to have been slower. 

Depletion curves with slopes that did not differ significantly from 
zero may indicate an absence of biotransformation. Alternatively, 
biotransformation may have occurred but could not be detected due to 
the limited time over which the assays were run and/or the variance in 
repeated measurements. It was of interest, therefore, to estimate the 
lowest reasonably detectable rate of in vitro activity for each species and 
substrate concentration category (human, 1 μM; human, 0.1 μM, etc.). 
This was achieved by calculating the smallest detectable slope (kdep, low), 
assuming a power of 0.90 and α-level of 0.05, using the standard 
experimental design and its “typical” standard error. The standard error 
of the slope [SE (β̂)] for a “typical” experiment was estimated as 

SE (β̂) =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
σ2

∑
(x − x)2

√

(3)  

where σ2 is the average within time period variance of the Ln- 
transformed concentration for all datasets within the category, esti
mated from the root mean squared error (RMSE), and 

∑
(x − x) 2 is the 

sum of squares for x, calculated assuming 3 samples taken at times 0, 
0.25, 0.5, 1, 2, and 4 h (summing to 33.91). For this analysis, we used 
only RMSE values calculated from linear regressions that yielded 
measurable rates of activity. Additional information pertaining to the 
power calculation is provided as Supplementary Data (Power 
calculation). 

The kdep,low values calculated for each species and starting substrate 
concentration were divided by hepatocyte concentration to yield an 
estimated “less than” CLint, denoted with the symbol “<” (Table 1). For 
chemicals in this category, the true CLint may have been slower than the 

estimated lowest detectable rate but is unlikely to have been faster. The 
estimated lowest detectable CLint values for each species and starting 
substrate concentration were similar, ranging from 2.57 to 5.07 μL/min/ 
106 hepatocytes. There were no obvious relationships between these 
values and starting substrate concentration. 

Heat-Treated Control (HTC) recovery (%) was calculated from the 
concentration at T =240 min divided by the concentration at T = 0 min 
× 100 for each of two replicate control wells, and the mean recovery 
value was reported. 

3. Results 

3.1. Hepatocyte metabolic capacity and viability 

Measured ECOD activities determined for the two lots of human 
hepatocytes were somewhat lower than those given by the supplier 
(10.6–13.1 vs. 15–18 pmol/min/106 hepatocytes), while measured UGT 
and SULT activities were comparable to supplier-reported values 
(503–745 pmol/min/106 hepatocytes vs. 591–1200 pmol/min/106 he
patocytes and 49–76 pmol/min/106 hepatocytes vs. 49–82 pmol/min/ 
106 hepatocytes activity, respectively). ECOD activities measured for the 
rat hepatocyte lots were lower than supplier-reported values (3.9–7.8 
pmol/min/106 hepatocytes vs. 14.9–20.8 pmol/min/106 hepatocytes), 
while UGT and SULT activities were similar to those reported by the 
supplier (226–404 vs. 200–491 pmol/min/106 hepatocytes and 57–286 
vs. 49–143 pmol/min/106 hepatocytes, respectively). Measured EROD 
activities for trout hepatocytes (1.3–1.8 pmol/min/mg) were lower than 
those determined by the supplier (3.7–5.1 pmol/min/mg protein), while 
measured GST activities (356–378 nmol/min/mg protein) were within 
the range of supplier-reported values (295–412 nmol/min/mg protein). 
It is not clear why measured ECOD (humans, rats) and EROD (trout) 
activities were lower than those given by suppliers. Although some loss 
of activity associated with shipping and storage may be anticipated, 
differences between measured and previously determined values were 
greater than expected. We note, however, that measured phase II ac
tivities for all species were similar to or greater than values given by 
suppliers, while measured CLint values for reference chemicals were 
comparable to or greater than published values (see Section 3.2, 
Reference chemical clearance results). It was determined, therefore, that 
all cell lots possessed acceptable levels of activity. Hepatocyte viability 
was assessed on each day of use (Table S8) and ranged from 90 to 96 % 
(human), 85–98 % (rat), and 88–98 % (trout). 

3.2. Reference chemical clearance results 

Species-specific reference chemicals were run concurrently with test 
chemicals on each assay day (Tables 2 and S9). The CLint of verapamil by 
human hepatocytes averaged 24.1 (0.1 μM) and 16.4 (1 μM) μL/min/106 

hepatocytes, while the CLint of fenbuconazole by rat hepatocytes aver
aged 26.9 (0.1 μM) and 17.6 (1 μM) μL/min/106 hepatocytes, and the 
CLint of pyrene by trout hepatocytes averaged 27.9 (0.1 μM) and 7.3 (1 
μM) μL/min/106 hepatocytes. The activity of individual cell lots varied 
somewhat. For example, the mean CLint of verapamil determined using 
human cell lot 1 at the 0.1 μM starting concentration was 36.0 μL/min/ 
106 hepatocytes, while that determined using human cell lot 2 was 17.8 
μL/min/106 hepatocytes. For each cell lot, however, there was good 
replication among repeated measurements, resulting in percent relative 
standard deviations (% RSD) that averaged 26.2 % (range: 5.8–70.2 %). 
The CLint values determined here for verapamil and pyrene are within 
the range of reported values for these species (Tables 2 and S10). The 
CLint determined for fenbuconazole is approximately 5-fold higher than 
a previously published value; however, this higher rate was observed 
consistently throughout the study. 

Table 1 
Lowest detectable depletion rate constant (kdep, low) and corresponding lowest 
detectable in vitro intrinsic clearance rate (CLint), determined by power analysis 
for each species and starting substrate concentration category.  

Species Substrate 
concentration 
(μM) 

Average 
RMSEa of 
datasets 

kdep, 

low (1/ 
h) 

Lowest detectable CLint 

(μL/min/106 

hepatocytes)b 

Human 0.1 0.13 0.10 3.43 
Human 1 0.09 0.08 2.57 
Rat 0.1 0.11 0.09 2.93 
Rat 1 0.19 0.15 5.07 
Trout 0.1 0.21 0.17 2.80 
Trout 1 0.25 0.20 3.38  

a RMSE = root mean square error. 
b Calculated assuming 0.5 × 106 hepatocytes/mL for human and rat, 1 × 106 

hepatocytes/mL for trout. 
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3.3. Test chemical metabolic clearance results 

A total of 54 test chemicals were evaluated at nominal concentra
tions of 0.1 and 1 μM to determine CLint by human, rat, and trout he
patocytes (Table 3). For 21 of the test chemicals, CLint was evaluated 
across all three species. For the other chemicals, assays with one or two 
species were performed, resulting in 238 chemical-species-substrate 
concentration combinations (i.e., datasets). The complete set of deple
tion curves for all experiments is shown in Figs. S1-S3. Tabulated 
clearance data for all tested chemicals are provided in Table S11. 

3.4. Framework for data evaluation 

Twelve datasets were eliminated from further consideration due to 
quality control failures including high variance in measured chemical 
concentrations and/or measured concentrations at T = 0 min that were 
substantially different from target values. For the remaining 226 data
sets, a framework for data evaluation was developed to identify those of 
acceptable quality for rate reporting (Fig. 1). Because it is essential to 
distinguish between biologically-mediated and abiotic losses of test 
chemicals, the first tier of the data evaluation framework focused on the 
HTC recovery results. HTC recovery data for the 226 datasets are shown 
in Fig. 2. An examination of these values suggested several categories of 
assay performance, and the datasets were binned accordingly. Approx
imately 46 % (103) of the datasets had HTC recoveries between 80 and 
120 %, indicating little or no abiotic loss of test chemical. Fifty-six 
datasets (25 %) had HTC recoveries <50 %, suggesting a large abiotic 
loss of test chemical. Thirty-four datasets (15 %) had HTC recoveries 
between 50 and 80 %. A sharp break in the data was observed at a re
covery value of 130 %. Below this cut-off were 14 datasets (6 %) with 
values between 120 % and 130 %. The last bin contained 19 datasets (8 
%) with HTC recoveries >130 %. 

3.5. HTC recovery of 80–120 % 

Consistent with guidance provided in OECD (2018a), HTC recoveries 
between 80 and 120 % were judged to be ideal for CLint determination 
(e.g., Fig. 3A). Of the 103 datasets in this category, 94 had at least three 
time points with measured concentrations above the LOQ, permitting 
the calculation of an CLint value (Table 3). For the remaining 9 datasets, 
the CLint is reported as a “greater than” rate. 

3.6. HTC recovery of 50–80 % 

A HTC recovery of 50–80 % suggests a substantial level of abiotic test 

chemical loss. However, these datasets may still yield acceptable 
clearance estimates if the rate of loss in the live incubation is sufficiently 
greater than the rate of loss in the corresponding negative control 
(Nichols et al., 2013; OECD, 2018b). For example, in the depletion plot 
for picoxystrobin in rat hepatocyte incubations (Fig. 3B), the slopes of 
the live hepatocyte depletion curves (− kdep, solid symbols) are much 
greater than that of the corresponding HTC curve, defined by measured 
concentrations at T = 0 and 240 min (open symbols). For datasets with 
HTC recovery values between 50 and 80 %, the ratio of –kdep to the slope 
of the HTC curve (–kHTC) was calculated as:  

Ratio = –kdep/–kHTC                                                                         (4) 

For the 34 datasets with HTC recoveries between 50 and 80 %, these 
calculated ratios ranged from 0 to >160. There was no apparent rela
tionship between the magnitude of this ratio and test species. Calculated 
values for all species were therefore plotted together to visualize these 
findings (Fig. 4). When the ratio is >10, the error introduced into 
calculation of CLint by the unspecified loss of chemical in the HTC is ≤10 
%. Therefore, a ratio >10 was set as an acceptance criterion. This cri
terion was met by 22 datasets. For the 12 datasets that did not meet this 
criterion, no clearance rate is reported (e.g., Fig. 3C). Datasets that were 
advanced based on an acceptable ratio were further evaluated with 
respect to the number of data points in the depletion curve. Clearance 
rates are reported for the 13 datasets that met the ratio criterion and had 
≥3 points in the depletion curve. Nine datasets met the ratio criterion 
but had <3 points in the depletion curve. For these datasets an estimated 
“greater than” rate is reported (Table 3). 

3.7. HTC recovery of 120–130 % 

Fourteen datasets had HTC recoveries between 120 and 130 % (e.g., 
Fig. 3D). In nearly all these instances, the high recovery value was due 
primarily to a low concentration measurement in one of the T = 0 rep
licates. All datasets in this category were advanced to the next evalua
tion consideration: number of data points with measured concentrations 
above the LOQ. Clearance rates are reported for the ten datasets that had 
≥3 acceptable data points while “greater than” rates were estimated for 
the other four datasets (Table 3). 

3.8. HTC recovery <50 % or >130 % 

Example depletion curves for chemicals with HTC recoveries <50 % 
or >130 % are presented in Fig. 3E and F, respectively. Large abiotic 
chemical losses (HTC recovery <50 %) may be due to volatilization, 

Table 2 
Species-specific reference chemical clearance (CLint) and Heat-Treated Control (HTC) recovery.  

Species / Reference chemical 
(CAS No.) 

CLint 

(μL/min/106 hepatocytes)a 
Concentration (μM)b nc HTC recovery % ± SD nd Source 

Human / Verapamil (52-53-9) 
24.1 (11.1–45.8) 0.1 10 101 ± 10 7 This study 
16.4 (7.37–28.8) 1 10 100 ± 9 7 
21.8 (4.65–49.0) 0.25–3 29 – – Published literaturee 

Rat / Fenbuconazole (114369-43-6) 
26.9 (10.6–45.5) 0.1 9 102 ± 12 7 

This study 17.6 (6.79–37.6) 1 9 112 ± 43 7 
3.89 1 1 – – Wetmore et al., 2013 

Trout / Pyrene (129-00-0) 
27.9 (12.7–46.9) 0.1 7 115 ± 41 6 This study 
7.33 (2.32–13.2) 1 7 103 ± 34 6 
45.7 (19.3–66.7) 0.025–0.25 3 – – Published literaturee  

a Values shown for the present study represent means (low–high) for n runs for each starting chemical concentration measured using two lots of human and rat, and 
four lots of trout hepatocytes. Values given for published literature are reported as means (low–high) for n references which utilized a starting chemical concentration 
within 5-fold of those employed in the present study. 

b Values shown for the present study represent starting chemical concentrations. Values given for published literature represent the range of reported starting 
chemical concentrations (low–high). 

c Sample sizes are given as the number of CLint values determined in the present study (Table S9) or the number of values obtained from published literature. 
d Sample sizes are given for the number of HTC recovery values determined for each species and starting chemical concentration. 
e References for published literature on verapamil and pyrene are given in Table S10. 
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Table 3 
Measured in vitro clearance rates (μL/min/106 hepatocytes) for test chemicals by species and starting substrate concentration.  

aHTC 80–120 %. 
bHTC between 50 and 80 %, and ratio >10. 
cHTC between 50 and 80 %, and ratio <10, no rate reported. 
dHTC between 120 and 130 %. 
eHTC < 50 %, no rate reported. 
fHTC > 130 %, no rate reported. 
gAnalytical or technical issues, no rate reported. 
Grey = not run. 
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adsorption to the walls of the reaction vessel, chemical instability, or 
non-enzymatic reactions with components of the assay system. Under 
these circumstances, it is impossible to determine the biological 
contribution to test chemical depletion in the live hepatocyte assays. 
This behavior was often observed across all tested species and concen
trations for a given chemical, as demonstrated by 6:2 fluorotelomer 
alcohol, cymoxanil, triphenyl phosphite, and others (Table 3). All 
datasets (n = 56) in the <50 % category were determined to be un
suitable for rate reporting. 

A HTC recovery >130 % may indicate insufficient mixing of test 
chemical prior to the T = 0 min measurement, especially for those cases 
where the T =240 min measurement is at the nominal test concentra
tion. This behavior has been reported previously for very hydrophobic 
chemicals (Fay et al., 2015). If the T = 0 min measurement is on target 
but the T =240 min value is high, an analytical error associated with 
second measurement is the most likely cause. Datasets in this category (n 
= 19) were also eliminated from rate reporting. 

3.9. Relationship of log KOW to assay performance 

To evaluate potential effects of adsorption to the reaction vessel wall, 
individual test chemicals were flagged as “hydrophobic” if they 
possessed a predicted log octanol-water partition coefficient (log KOW) 

value greater than 5.0, as determined using US EPA’s CompTox dash
board (Table S1). In all, 10 chemicals satisfied this criterion (20 possible 
test results). Each chemical was then evaluated to determine whether 
the HTC recovery at 4 h was <80 % or between 80 and 130 %. Ignored in 
the analysis were any test results that suggested analytical problems, 
including HTC recovery values >130 %. A similar analysis was per
formed on the remaining unflagged chemicals. The results for each 
species were then expressed as a percentage “success” rate [(number of 
assays with mean HTC recovery between 80 % and 130 % / total number 
of assays) × 100]. 

Success rates for hydrophobic chemicals tested using the human and 
rat hepatocyte assays were quite low (21 % and 14 %, respectively; 
Table S12). By comparison, the success rate for hydrophobic chemicals 
tested in the trout hepatocyte assay was much higher (78 %). Non- 
hydrophobic chemicals performed reasonably well in both the human 
and rat hepatocyte assays (59 % and 50 % success, respectively). The 
success rate for non-hydrophobic chemicals in the trout hepatocyte 
assay was 74 %. 

For the hydrophobic chemicals, there was perfect agreement be
tween test results (successful or unsuccessful) obtained using human and 
rat hepatocytes. Examples include 4-n-nonylphenol, deltamethrin, 
dicumyl peroxide, p,p’-DDE, and triphenylethylene, all of which 
exhibited HTC recoveries <80 %. There was relatively poor agreement 
when results from the human and/or rat assays were compared to those 
obtained using trout hepatocytes. For example, deltamethrin, p,p’-DDE, 
triphenylethylene, and methoxychlor were lost from the human and/or 
rat assays (HTC < 80 %) but not from the trout assay. One hydrophobic 
chemical (3,3′,5,5′-tetrabromobisphenol A; log KOW = 6.66) performed 
successfully in human, rat, and trout assays, while a second (4-n-non
ylphenol; log KOW = 5.76) exhibited unsuccessful performance in all 
three assays. 

3.10. Concentration dependence of clearance rates 

The concentration-dependence of CLint was assessed for all datasets 
yielding reportable depletion rates at both the 0.1 and 1 μM test con
centrations. For the 35 datasets that fulfilled this criterion, a second 
analysis was performed to determine whether fitted slopes for the two 
depletion curves were significantly different. Finally, the CLint deter
mined at 0.1 μM was divided by that measured at 1 μM to develop a 
simple activity ratio (Fig. 5). 

Thirty-one of 35 (89 %) calculated activity ratios fell between 0.5 
and 2.0, indicating good agreement between the two tested substrate 
concentrations. For six chemicals (3,3′,5,5′-tetrabromobisphenol A, 4,4′- 
sulfonylbis[2-(prop-2-en-1-yl) phenol, dapsone, picoxystrobin, terbu
thylazine, triclocarban), calculated activity ratios were available for 

Fig. 1. Data evaluation framework for clearance rate reporting. Bins defined by Heat-Treated Control (HTC) recovery values are arrayed within the shaded rectangle 
while diamonds indicate decision criteria for determination of rate reporting. The symbols “>” and “< “indicate rates greater than and less than estimated limit 
values (see text for details). 

Fig. 2. Distribution of Heat-Treated Control (HTC) recovery values. HTC re
covery values for datasets that passed the analytical chemistry review (n = 226) 
are plotted in ascending order. Bins used to group datasets according to their 
HTC recovery are defined by dashed lines. Numbers shown on the X-axis 
indicate the number of datasets in each bin. 
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more than one species. In each of these cases, the ratio fell between 0.5 
and 2.0, indicating good agreement among species. Four of 35 (11 %) 
activity ratios exceeded 2.0. The largest value (4.76) was determined for 
ethylparaben, when tested using trout hepatocytes. There was no 
apparent relationship, however, between the magnitude of this ratio and 
test species. 

3.11. Comparison of extrapolated in vivo intrinsic clearance rates across 
species 

In vitro intrinsic clearance rates (CLint; μL/min/106 hepatocytes, 
Table 3) were extrapolated to in vivo intrinsic clearance rates (CLint, in 

vivo; μL/min/g liver) using the following hepatocellularity values (he
patocytes/g liver): human, 110 (Wetmore et al., 2015); rat, 117 (Wet
more et al., 2013); trout, 510 (Fay et al., 2014b) (Fig. 6). The CLint, in vivo 
rates for all species demonstrate that these assays have a dynamic range 
of at least 600-fold (100 to 60,000 μL/min/g liver). For both starting 
substrate concentrations, the “less than” values for trout liver are higher 
than those for human or rat liver. This is primarily due to the markedly 
higher hepatocellularity value for trout. 

At the 0.1 μM test concentration, CLint, in vivo rates were determined 
for more than one species for 23 chemicals (Fig. 6A). In general, the 
highest in vivo clearance values were calculated for rat liver tissue while 
the lowest values were obtained for trout. The most notable exception is 
3,3′,5,5′-tetrabromobisphenol A; the calculated CLint, in vivo of 3,3′,5,5′- 
tetrabromobisphenol A by trout liver was 7-fold higher than that 
determined for rat and 36-fold higher than that for human. For several 
other chemicals (e.g., 2-ethylhexylparaben, 4-nitroaniline, bisphenol 
AF, and 2,2′,4,4′-tetrahydroxybenzophenone), the CLint, in vivo calculated 
for trout liver is comparable to that (within approximately 3-fold) 
determined for rats or humans. The comparative clearance of propico
nazole at 0.1 μM in rat versus trout tissue represents the greatest dif
ference between two species (rat: >27,193 μL/min/g liver; trout: 571 
μL/min/g liver). 

CLint, in vivo rates for more than one species at the 1 μM test con
centration were determined for 23 chemicals (Fig. 6B). As at the 0.1μM 
starting concentration, the highest CLint, in vivo values were usually 
calculated for rat liver while the lowest values were generally deter
mined for trout. Nevertheless, the calculated CLint, in vivo of 3,3′,5,5′- 
tetrabromobisphenol A by trout liver was again greater than that for rats 

Fig. 3. Depletion plots for datasets in Heat- 
Treated Control (HTC) recovery bins identified 
in Figs. 1 and 2. A. HTC recoveries between 80 
and 120 %; rates reported. B. HTC recoveries 
between 50 and 80 %, and ratio kdep/kHTC >10; 
rates reported. C. HTC recoveries between 50 
and 80 %, and ratio kdep/kHTC <10; rates not 
reported. D. HTC recoveries between 120 and 
130 %; data were subjected to additional review 
and rates reported. E. HTC recoveries <50 %; 
rates not reported. F. HTC recoveries >130 %; 
rates not reported. Solid symbols indicate data 
for active hepatocytes while open symbols show 
data for HTCs. Each point represents the mean 
± SD of two (HTCs) or three measured values 
(active hepatocytes). Solid lines represent linear 
regression equations fitted to each active data
set while dotted lines show the analytical limit 
of quantitation (LOQ).   

S.R. Black et al.                                                                                                                                                                                                                                 



Toxicology 457 (2021) 152819

9

(4-fold higher) or humans (18-fold higher). For 4-nitroaniline and 
hydroxyflutamide, reported rates for all three species are given as “less 
than” values indicating very low levels of biotransformation. A similar 
finding for hydroxyflutamide was obtained at the 0.1 μM test 

concentration. Within the 1 μM dataset, the clearance of propiconazole 
again represented the greatest difference between two species (rat: 
19,241 μL/min/g liver; trout: 449 μL/min/g liver). 

Importantly, these species comparisons do not consider potential 

Fig. 4. Ratio of the measured depletion rate constant (kdep) to 
the slope of the Heat-Treated Control (HTC) recovery curve 
(kHTC) for datasets with HTC recovery values between 50 and 
80 %. Solid bars indicate datasets with ≥3 values above the 
analytical limit of quantification (LOQ); white bars indicate 
datasets with <3 values above the LOQ. The vertical line rep
resents a ratio (kdep/kHTC) of 10. *The ratios for 4-hexylresor
cinol and phenthoate were 107.6 and 160.5, respectively. 
Species codes: H = human; R = rat; T = trout.   

Fig. 5. Ratio of in vitro intrinsic clearance rates (CLint) determined for individual test chemicals at the 0.1 and 1 μM starting substrate concentrations. Grey bars 
indicate chemicals for which depletion rate constants at 0.1 and 1 μM did not differ significantly (F-test, α = 0.05). White bars indicate chemicals for which depletion 
rate constants at 0.1 and 1 μM were significantly different. The vertical line represents a ratio (0.1 μM/1 μM) of 1. Species codes: H = human; R = rat; T = trout. 
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differences in chemical binding within the different in vitro assays. 
These differences in binding will be negligible for hydrophilic chemicals 
that remain freely dissolved in solution. Larger differences can be ex
pected for hydrophobic chemicals that partition into hepatocytes. For 
such chemicals, binding is inversely related to the fractional volume of 
the assay occupied by cells (Brown et al., 2007; Hallifax and Houston, 
2007). Trout hepatocytes from sexually immature animals are approx
imately 1/5th the size of human or rat hepatocytes. Thus, binding in a 
solution that contains human or rat hepatocytes should be greater than 
that in a solution containing the same number of trout cells. In the 
present study, this effect of cell size would have been counteracted by 
the fact that human and rat assays were run using 0.5 × 106 hep
atocytes/mL while trout assays employed 1 × 106 hepatocytes/mL. 
Nevertheless, we can reasonably expect free chemical fractions (fU) in 
the trout assay to be slightly higher than those in the human or rat as
says, especially for highly bound chemicals. Empirically based algo
rithms for prediction of fU in human, rat, and trout hepatocyte assays 
have been given by several authors (Austin et al., 2005; Han et al., 2007; 

Kilford et al., 2008); however, the prediction accuracy of these algo
rithms is relatively low, especially for very hydrophobic chemicals 
(Kilford et al., 2008). We elected, therefore, to compare intrinsic 
clearance values without correction for in vitro binding, since relative 
differences in binding among the three assays are likely to be small (2 to 
3-fold or less) while errors in predicted binding for any given test 
chemical could be substantial. 

4. Discussion 

In vitro depletion data for 54 industrial and pesticidal chemicals 
were obtained using cryopreserved hepatocytes from humans, rats, and 
rainbow trout. The selected test chemicals represent a wide range of 
structures and physicochemical properties. Given the diverse nature of 
chemicals that comprise the industrial and pesticidal chemical universe, 
it is of interest to better understand the domain of applicability of in 
vitro methods used to measure intrinsic clearance. Additionally, as in 
vitro methods move toward greater regulatory acceptance, there is a 

Fig. 6. Cross species comparison of calculated in vivo intrinsic 
clearance rates (CLint, in vivo; μl/min/g liver). CLint, in vivo values 
were calculated from in vitro intrinsic clearance rates 
measured at starting substrate concentrations of 0.1 μM (A) 
and 1 μM (B). Dots indicate measured rates, open circles show 
calculated “less than" rates, and open diamonds indicate 
“greater than” rates. Color legend: human = blue; rat = orange; 
trout = grey. (For interpretation of the references to colour in 
this figure legend, the reader is referred to the web version of 
this article).   
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need to evaluate standardized test methods and develop guidance for 
predicting which chemicals are unlikely to perform well in such systems. 
A recent study examined experimental conditions across several studies 
utilizing human hepatocytes and found that CLint values obtained for the 
same chemical with divergent methods varied greatly, spanning more 
than an order of magnitude (Louisse et al., 2020). These findings high
light the need for specific guidance on how to perform and interpret in 
vitro metabolism studies conducted to support regulatory risk assess
ments (EFSA, 2019), preferably following principles outlined in the 
OECD Guidance Document Good In Vitro Method Practices (GIVIMP) 
(OECD, 2018c). 

The results of the present study were assessed using a data evaluation 
framework to identify datasets suitable for rate reporting. The primary 
emphasis of this framework was on HTC recovery. An initial evaluation 
showed a surprisingly wide range of values (Fig. 2). Most (~75 %) of the 
recovery values outside the acceptable range (80–120 %) were lower 
than 80 %. Plausible explanations for a low HTC recovery value include 
volatilization, adsorption to the reaction vessel wall, and abiotic 
chemical reactions including decomposition (e.g., hydrolysis or 
photolysis) and covalent binding with components of the incubation 
mixture. Volatilization and decomposition are true loss processes, while 
adsorption results in removal of chemical from the incubation medium, 
reducing the amount that is available to be acted on by metabolizing 
enzymes. Volatilization from a stirred system that is open to the air is 
likely to follow first-order kinetics. In such cases, it may be possible to 
subtract the volatilization rate constant from the depletion rate constant 
for an active sample to calculate a corrected rate of intrinsic clearance 
(OECD, 2018b). This correction would require several measurements of 
the HTC over the course of the experiment, as opposed to only the 
starting and ending times as was done in this study. Application of these 
methods to volatile substrates may also be facilitated by use of appro
priate sealing films. Chemical adsorption to a surface involves diffusion 
in the unstirred layer at the surface, as well as adsorption to and 
desorption from the surface itself (Rudzinski and Plazinski, 2006). If the 
kinetics of adsorption are fast, rapid establishment of an internal binding 
equilibrium could occur. Alternatively, if the rate of adsorption is slow, 
the time to equilibrium may be long relative to the kinetics of substrate 
depletion. Given this complexity, it may or may not be possible to cor
rect depletion rates observed in active samples, given additional HTC 
data. Abiotic chemical reactions may or may not follow first-order ki
netics, depending on the nature of the reaction and the relative con
centrations of reactants. 

Some low HTC recovery values were seen across all species within a 
chemical (e.g., 6:2 fluorotelomer alcohol, propargite, triphenyl phos
phite) suggesting that this behavior was compound-specific. In other 
cases, HTC recoveries were low in human and rat assays but the trout 
recovery value was acceptable (e.g., p,p-DDE, triphenylethylene). To 
examine the potential impact of chemical hydrophobicity on assay 
performance, chemicals were flagged as “hydrophobic” if they had a 
predicted log KOW value >5. One hydrophobic chemical (3,3′,5,5′-tet
rabromobisphenol A; log KOW = 6.66) exhibited excellent performance 
in all three assays (with HTC recoveries between 80 and 120 %). 
Generally, however, hydrophobic chemicals performed poorly in both 
the human and rat assays, resulting in HTC recoveries <80 %. In 
contrast, there was no apparent relationship between chemical hydro
phobicity and the behavior of HTCs when using the trout hepatocyte 
assay. These differences in assay performance may have been due to 
differences in methodology, which are based on protocols taken from 
the literature. Human and rat hepatocytes were tested in polypropylene 
plates, while trout hepatocytes were tested in glass vials. Although 
polypropylene is generally regarded as a low-binding material, 
numerous studies have shown that adsorption can be impacted by the 
composition of a test vessel. OECD guidance for using the trout hepa
tocyte assay recommends the use of glass vials to minimize the effect of 
chemical adsorption (OECD, 2018a). Importantly, this guidance was 
developed in anticipation that the assay would be employed for 

hydrophobic chemicals that possess high bioaccumulation potential. As 
more information becomes available, it may be possible to develop 
useful hydrophobicity thresholds for specific assays and/or provide 
guidance on selection of an appropriate test system (e.g., polypropylene 
plates or glass vials) for a chemical of interest. Unfortunately, it is 
difficult to determine how the present findings relate to earlier studies 
because HTC data are seldom presented. The present study therefore 
underscores the importance of HTC data and suggests the need for re
searchers to report this data and discuss how the observed values were 
used. 

In a substantial number of cases (n = 21), the chemical concentration 
dropped below the LOQ within 30 min indicating rapid biotransforma
tion. Had the six sampling time points for these assays been compressed 
towards the start of the assay, it is likely that more accurate rates could 
have been reported. Instead, the data were used to calculate “greater 
than” rates which establish a lower bound on intrinsic clearance. Despite 
the uncertainty associated with these “greater than” values, the derived 
rates may still be useful for modeling purposes, since hepatic clearance 
becomes blood flow-limited at high rates of intrinsic clearance (Rowland 
et al., 1973; Wilkinson and Shand, 1975). Thus, if the calculated “greater 
than” rate is sufficiently high, uncertainties regarding its true value may 
have little impact on predicted rates of hepatic clearance. 

The power analysis used to estimate a lowest detectable depletion 
rate constant was informed by the experimental design as well as typical 
levels of variance in resulting datasets. If the SE (β̂) for a given dataset is 
smaller than the average value estimated here using Eq. 3, the proba
bility of detecting a significant negative slope will exceed the probability 
(90 %) used to run the analysis. Within a given experiment, this would 
translate to an increased likelihood of detecting a significant slope 
smaller than the “less than” values given in Table 1. There are two ex
amples of this in the current study findings, both involving dapsone. 
Because of low variance in the data, depletion rate constants lower than 
the kdep, low values calculated for the rat and human assays were found to 
be significantly different from 0. The result is that CLint values for 
dapsone measured at both starting substrate concentrations are lower 
than the “less than” values given for both rat and human (Fig. 6A and B). 
In principal, it is possible to improve detection of low depletion rate 
constants by increasing the length of time over which the assay is run, 
the number of sampling times, and the number of measurements per 
sampling time; however, current experience suggests that it would be 
difficult to routinely measure kdep, low values much lower than those 
given in Table 1, using the described methods. Nevertheless, “less than” 
CLint values developed as described in this study may be useful in the 
context of performing modeled chemical risk assessments by establish
ing an upper limit on CLint, in vivo, and by extension hepatic clearance; 
the true CLint, in vivo may be lower than this value, but it is unlikely to be 
higher. 

Measured CLint values were used to evaluate the starting 
concentration-dependence of in vitro activity. The issue of 
concentration-dependence is important because procedures used to 
extrapolate in vitro clearance rates to the intact animal generally assume 
that this activity has been measured under first-order reaction condi
tions (i.e., starting substrate concentration <<KM; Obach, 1999; Nar
itomi et al., 2001; Nichols et al., 2006). If this assumption is met, CLint 
values determined at different starting substrate concentrations will be 
approximately equal. If not, rates determined at a lower test concen
tration should exceed those determined at a higher concentration. In the 
present study, most (31 of 35) of the calculated activity ratios (0.1 μM/1 
μM) fell between 0.5 and 2.0, indicating near first-order reaction con
ditions. Metabolic stability assays conducted by the pharmaceutical in
dustry are commonly performed using a 1 μM starting test 
concentration, based on the observation that KM values for most drugs 
exceed this value (Obach, 1999; Naritomi et al., 2001). Thus, it appears 
that guidance on starting substrate concentrations provided by the 
drug-testing experience is adequate for many industrial and pesticidal 
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chemicals. For several chemicals, however, the calculated activity ratio 
was greater than 2. An examination of reference chemical clearance data 
(Table 2) also shows that the activity ratio for pyrene (tested using trout 
hepatocytes) was greater than 2. For a small number of chemicals, 
therefore, the 1 μM starting test concentration may be insufficient to 
achieve first-order reaction conditions. 

Calculated CLint, in vivo rates for several test chemicals were similar 
for all three test species suggesting qualitative similarities in the activ
ities of specific metabolic pathways (i.e., consistently fast or slow). In 
most cases, however, clearance rates determined for humans and/or rats 
were faster than those calculated for trout. Previously, Han et al. (2007) 
used freshly isolated rat and trout hepatocytes to measure the in vitro 
intrinsic clearance of six chemicals at starting substrate concentrations 
ranging from 2 to 15 μM. When these measured CLint values were con
verted to CLint, in vivo values (expressed per gram liver), the rates for rats 
were 1.2 to 20-fold faster than those for trout. Similarly, Han et al. 
(2009) measured the basal activities of CYP1A, CYP3A, GST and UGT in 
liver microsomes and S9 fractions from rats and rainbow trout. When 
normalized to protein content and expressed as a simple ratio, measured 
S9 activities for rats were 3.0 (UGT) to 10.5 (CYP3A) times higher than 
those for trout. The CLint, in vivo rates determined here for rat liver tissue 
were usually higher than those for humans. Similar results have been 
reported for some pharmaceuticals (Nishimuta et al., 2013; Hallifax and 
Houston, 2019). There is some question, however, whether this pattern 
can be generalized to other chemicals. The datasets published by Wet
more et al. (2012, 2013), Honda et al. (2019) and Wambaugh et al. 
(2019) provide a unique opportunity to compare CLint, in vivo rates for 
rats and humans within the industrial and pesticidal chemical space. 
These studies used consistent methods and starting substrate concen
trations (1 μM). For 6 of the 58 chemicals with data generated in both 
species, there are two measured values for human hepatocytes yielding 
64 total data pairs (rat vs. human). In exactly half of these cases (n = 32) 
the CLint, in vivo determined for human hepatocytes was faster than that 
measured using rat hepatocytes, while in the remaining instances the 
reverse was true. 

Published CLint rates that could be compared to the results of this 
study were identified for 23 unique chemicals (Table 4). The greatest 
overlap was for chemicals tested using human hepatocytes (n = 16). 
Datasets generated in the present study for 8 of these chemicals did not 
pass the data quality assessment. For the remaining 8, CLint rates 
determined for 5 chemicals showed good agreement with values 
measured previously at a 1 μM starting substrate concentration. For 
example, clearance rates given here for hydroxyflutamide are reported 
as “less than” values (indicating no detectable clearance), while previ
ous studies indicated no measurable clearance. Conversely, rapid rates 
of clearance (>100 μL/min/106 hepatocytes) were determined in this 
and a previous study for benzylparaben and ipconazole. Clearance rates 
for celecoxib measured in the present study are essentially identical to a 
value determined earlier. A lower level of agreement between the pre
sent work and earlier studies was observed for 2,5-di-tert-butylbenzene- 
1,4-diol, 3,3′,5,5′-tetrabromobisphenol A, and 4-nitroaniline. In each 
case, clearance rates determined in the present effort were substantially 
lower than those measured previously at a 1 μM starting concentration. 
Relatively good agreement (<4-fold difference) was observed between 
current results and rates measured earlier at a 10 μM starting test con
centration. It is difficult, however, to interpret this finding as clearance 
rates determined in earlier studies at a 1 μM test concentration were 
consistently faster than those measured at 10 μM (average of 4.9-fold 
difference, excepting chemicals for which there was no measurable ac
tivity; Table 4). This observation suggests that starting substrate con
centrations greater than 1 μM tend to result in non-first-order reaction 
conditions. 

Published CLint rates were available for 7 of 40 chemicals tested in 
this study using rat hepatocytes. Unacceptable performance of HTCs was 
observed for 2 of these 7 chemicals (benzylparaben and deltamethrin). 
For 3 of the remaining 5 chemicals (atrazine, heptylparaben, 

zearalenone), clearance rates determined in the present effort are in 
reasonable agreement with reported values (5.2-fold difference or less 
for rates measured at 1 μM). Clearance of a fourth chemical (trimethyl 
phosphate) was reported as a “less than” value (indicating no detectable 
clearance) in this study, while previous studies indicated no measurable 
clearance. Clearance rates determined in this effort for 4-n-nonylphenol 
are approximately 10 times faster than that measured in a previous 
study, which was performed using a 5 μM starting test concentration. 
Additional published data were available for 5 chemicals tested in the 
present study using trout hepatocytes. Of these, 4-n-nonlylphenol and 
fenthion failed to pass the data quality assessment. For methoxychlor 
and deltamethrin, clearance rates measured here are in good agreement 
with published information (<2-fold difference from at least one pub
lished value). For atrazine, there was no detectable clearance in this or a 
previous study. 

The extrapolated CLint, in vivo rates from this study may also be 
compared to values predicted by established biotransformation QSARs. 
For example, Fig. 7 compares calculated human and rat CLint, in vivo 
values from this study to values generated by ADMET Predictor software 
v9.5 (Simulations Plus, Lancaster, CA). The rates given by ADMET are 
reported in units of μL/min/mg microsomal protein. Conversion to units 
of μL/min/g liver was accomplished using scaling factors of 32 and 61 
mg of microsomal protein/g liver for human and rat, respectively (Barter 
et al., 2007; Smith et al., 2008). For these comparisons, we ignored the 
role of binding as a determinant of measured (this study) or predicted 
(by ADMET) in vitro clearance. Existing information indicates, however, 
that non-specific binding in a solution containing 0.5 × 106 rat or human 
hepatocytes is comparable to that which occurs in the microsomal assays 
used to develop the ADMET QSARs (Supplementary Data, Chemical 
binding to isolated hepatocytes and liver microsomes). 

Two-thirds (25/38 = 66 %) of CLint, in vivo values determined in this 
study using human hepatocytes were within 10-fold of those predicted 
by ADMET (Fig. 7A). Where there was substantial (>10-fold) disagree
ment between extrapolated and predicted values for humans, the 
extrapolated values were usually higher (10/13 cases). The concordance 
between extrapolated and predicted CLint, in vivo values for rats was 
generally higher than that observed for humans (Fig. 7B). For rats, 30 of 
36 (83 %) extrapolated rates were within 10-fold of ADMET-predicted 
values. 

Importantly, CLint, in vivo values determined in the present study 
reflect the activity of intact hepatocytes while the QSARs in ADMET 
predict only microsomal activity. A microsomal preparation contains 
membrane-bound enzymes (e.g., CYPs and UGTs) responsible for most 
phase I biotransformation reactions and phase II glucuronidation. It does 
not contain cytosolic phase II conjugation enzymes, including SULTs and 
GSTs. If cytosolic enzymes contribute substantially to the in vitro 
clearance of a tested substrate, an CLint, in vivo value calculated using 
hepatocyte data might be expected to exceed that predicted by ADMET. 
This would tend to shift the plotted point for such a chemical upward in 
Fig. 7. The cluster of 10 points in the upper left-hand portion of Fig. 7A 
(for humans) may represent this type of substrate, but this would require 
confirmation based on detailed knowledge of metabolic products. There 
is no indication of a similar cluster in the comparison plot for rats 
(Fig. 7B); however, only one of the chemicals represented by the cluster 
of points in the human plot (zearalenone) produced an acceptable CLint 
using rat hepatocytes. Additional research is needed to determine 
whether in vivo intrinsic clearance rates predicted using biotransfor
mation QSARs or by in vitro-in vivo extrapolation of measured CLint are 
predictive of true, in vivo values. Absent this information, however, 
good agreement between rates predicted by both methods may 
contribute to a higher level of confidence in risk assessments that 
employ these predictions. 

In summary, standardized test methods employing cryopreserved 
hepatocytes from humans, rats, and trout were used to measure intrinsic 
clearance rates for a diverse set of industrial and pesticidal chemicals. 
Reportable rates were obtained for approximately half of the datasets 
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Table 4 
Comparison of measured in vitro clearance rates (μL/min/106 hepatocytes) with other published values.  

Test chemical CAS # Measured value Test conc. (μM) Published valueh Test conc. (μM) Reference 

Human 
2,5-Di-tert-butylbenzene-1,4-diol 88-58-4 8.91a 

2.75a 
1 
0.1 

9.86 
117 

10 
1 

Wambaugh et al., 2019 

3,3′,5,5′-Tetrabromobisphenol A 79-94-7 5.84a 

3.22a 
1 
0.1 

13.6 
50.5 

10 
1 

Wambaugh et al., 2019 

4-Nitroaniline 100-01-6 <2.57a 3.68a 1 
0.1 

8.62 
23.6 

10 
1 

Wambaugh et al., 2019 

Benzyl butyl phthalate 85-68-7 e 
e 

1 
0.1 

309 
465 

10 
1 

Wambaugh et al., 2019 

Benzylparaben 94-18-8 >356a >192d 1 
0.1 

312 
633 

10 
1 

Wambaugh et al., 2019 

Celecoxib 169590-42-5 22.9a 

24.6a 
1 
0.1 

25.7 1 Temesi et al., 2010 

Cymoxanil 57966-95-7 e 
e 

1 
0.1 

5.05 
32.8 

10 
1 

Wambaugh et al., 2019 

Dapsone 80-08-0 0.92a 

1.15a 
1 
0.1 

0.00 
0.00 

10 
1 

Wambaugh et al., 2019 

Di(2-ethylhexyl) phthalate 117-81-7 c 
g 

1 
0.1 

0.00 
0.00 

10 
1 

Wetmore et al., 2012 

Fenthion 55-38-9 e 
e 

1 
0.1 

21.6 
87.2 

10 
1 

Wetmore et al., 2012 

Hydroxyflutamide 52806-53-8 <2.57a <3.43d 1 
0.1 

0.00 
0.00 

10 
1 

Wambaugh et al., 2019 

Ipconazole 125225-28-7 106a 

>242a 
1 
0.1 

17.8 
101 

10 
1 

Wambaugh et al., 2019 

Isofenphos 25311-71-1 e 
e 

1 
0.1 

25.4 
158 

10 
1 

Wambaugh et al., 2019 

Octyl gallate 1034-01-1 g 
g 

1 
0.1 

158 
230 

10 
1 

Wambaugh et al., 2019 

p,p’-DDE 72-55-9 e 
c 

1 
0.1 

87.0 
199 

10 
1 

Wambaugh et al., 2019 

Propargite 2312-35-8 e 
e 

1 
0.1 

22.1 
24.0 

10 
1 

Wambaugh et al., 2019  

Rat 
4-n-Nonylphenol 104-40-5 121b >110b 1 

0.1 
11.7 2 Han et al., 2007 

Atrazine 1912-24-9 12.3a 14.1a 1 
0.1 

63.5 1 Han et al., 2007 

Benzylparaben 94-18-8 e 
e 

1 
0.1 

639 5 Honda et al., 2019 

Deltamethrin 52918-63-5 e 
e 

1 
0.1 

7 5 Honda et al., 2019 

Heptylparaben 1085-12-7 150d 

f 
1 
0.1 

311 5 Honda et al., 2019 

Trimethyl phosphate 512-56-1 <5.07a <2.93a 1 
0.1 

0 5 Honda et al., 2019 

Zearalenone 17924-92-4 213a >146a 1 
0.1 

59.5 5 Honda et al., 2019  

Trout 
4-n-Nonylphenol 104-40-5 e 

e 
1 
0.1 

1 
15.3 

2 
10 

Nichols et al., 2018 
Mingoia et al., 2010 

Atrazine 1912-24-9 <3.38a <2.80a 1 
0.1 

0.033 2 Han et al., 2007 

Deltamethrin 52918-63-5 2.96a 

2.43d 
1 
0.1 

2.55 
9.06 

1 
1 

Nichols et al., 2018 

Fenthion 55-38-9 f 
e 

1 
0.1 

3.4 
43 

0.2 
2 

Nichols et al., 2018 
Fay et al., 2014a 

Methoxychlor 72-43-5 3.40a 

3.55a 
1 
0.1 

0.37 
2.35 

0.32 
2 

Fay et al., 2014a 
Nichols et al., 2018 

aHTC 80–120 %. 
bHTC between 50 and 80 %, and ratio >10. 
cHTC between 50 and 80 %, and ratio <10, no rate reported. 
dHTC between 120 and 130 %. 
eHTC < 50 %, no rate reported. 
fHTC > 130 %, no rate reported. 
gAnalytical or technical issues, no rate reported. 
hLowest and highest intrinsic clearance values found in the literature with respective starting substrate concentration (Test conc.; μM) and reference. 
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(species/chemical combinations). This information is suitable for 
computational modeling efforts, including QIVIVE and bioaccumulation 
prediction, and may be used to address questions regarding species 
differences in biotransformation and the quality of predictions gener
ated by available biotransformation QSARs. Overall, however, the ob
tained datasets exhibited a wide range of behaviors, emphasizing the 
need for a robust approach to data quality assessment. While a revised 
sampling time course would have been likely to result in reportable rates 
for several of the rapidly metabolized chemicals, low recoveries from 
negative (HTC) controls cannot be as easily corrected. When in vitro 
depletion assays are performed to support large scale chemical screening 
and prioritization efforts, a balance must be struck between the 
competing needs for reliable data and high throughput. The results of 
this study suggest that a modest investment in preliminary work to tailor 
sampling schedules and identify chemicals unlikely to perform well 
could result in a substantial savings of time and analytical resources. By 
incorporating more negative control samples, it may also be possible to 
correct measured rates of clearance for abiotic chemical losses, provided 
that these abiotic loss processes exhibit first-order kinetics. 
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