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ABSTRACT

Momentum is growing worldwide to use in vitro high-throughput screening (HTS) to evaluate human health effects of
chemicals. However, the integration of dosimetry into HTS assays and incorporation of population variability will be
essential before its application in a risk assessment context. Previously, we employed in vitro hepatic metabolic clearance
and plasma protein binding data with in vitro in vivo extrapolation (IVIVE) modeling to estimate oral equivalent doses, or
daily oral chemical doses required to achieve steady-state blood concentrations (Css) equivalent to media concentrations
having a defined effect in an in vitro HTS assay. In this study, hepatic clearance rates of selected ToxCast chemicals were
measured in vitro for 13 cytochrome P450 and five uridine 5′-diphospho-glucuronysyltransferase isozymes using
recombinantly expressed enzymes. The isozyme-specific clearance rates were then incorporated into an IVIVE model that
captures known differences in isozyme expression across several life stages and ethnic populations. Comparison of the
median Css for a healthy population against the median or the upper 95th percentile for more sensitive populations
revealed differences of 1.3- to 4.3-fold or 3.1- to 13.1-fold, respectively. Such values may be used to derive chemical-specific
human toxicokinetic adjustment factors. The IVIVE model was also used to estimate subpopulation-specific oral equivalent
doses that were directly compared with subpopulation-specific exposure estimates. This study successfully combines
isozyme and physiologic differences to quantitate subpopulation pharmacokinetic variability. Incorporation of these values
with dosimetry and in vitro bioactivities provides a viable approach that could be employed within a high-throughput risk
assessment framework.
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Over the past five years, high-throughput in vitro screening (HTS)
has been advocated as the future of toxicity testing (Andersen
and Krewski, 2009; Collins et al., 2008; NRC, 2007). The ability

to screen thousands of chemicals across hundreds of molecular
targets and pathways provides an efficient, economical, and hu-
mane alternative to the current use of high-dose animal-based
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studies. Although these attributes make HTS desirable within a
toxicity testing framework, several key considerations need to
be addressed before it can be realistically considered within the
context of risk assessment. First, the chemical concentration in
a well that elicits in vitro biological activity may be different from
the blood or tissue concentration required to elicit a comparable
in vivo response due to bioavailability, clearance, and other phar-
macokinetic (PK) considerations (Blaauboer, 2010). Second, the
HTS data—in particular the concentrations at which perturba-
tions may occur—need to be viewed in the context of anticipated
exposure levels to gauge the relevance of a biological effect oc-
curring given a proposed exposure scenario (Cohen Hubal et al.,
2010; NRC, 2007). Third, HTS data provide little consideration of
variability in responses due to PK or pharmacodynamic differ-
ences among subpopulations.

To address the first two issues, we previously measured
in vitro hepatic clearance and plasma protein binding for 239
ToxCast chemicals and performed in vitro in vivo extrapolation
(IVIVE) to determine steady-state blood concentrations (Css) that
would be predicted given repeated, daily exposure (Rotroff et al.,
2010b; Wetmore et al., 2012). These values were then used in con-
junction with ToxCast HTS data (Houck et al., 2009; Huang et al.,
2011; Judson et al., 2010; Knight et al., 2009; Knudsen et al., 2011;
Martin et al., 2010; Rotroff et al., 2010a) to estimate the daily oral
dose, known as the oral equivalent dose, necessary to produce
steady-state in vivo blood concentrations equivalent to the AC50

(concentration at 50% of maximum activity) or LEC (lowest ef-
fective concentration) values in the in vitro assays. These values
were then compared with human exposure estimates derived
from US Environmental Protection Agency (EPA) pesticide regu-
latory documents to assess whether anticipated exposures fell
at levels that could potentially elicit biological activity measured
in the in vitro assays. Hepatic clearance was measured using pri-
mary hepatocytes derived from a pool of healthy male and fe-
male adults from 20–50 years of age. As a result, the oral equiv-
alent dose values were estimated for a population of general,
healthy adults. Further, although hepatocytes are routinely used
to estimate hepatic intrinsic clearance, this system provides no
insight into the relative contribution of individual phase I and II
metabolic isozymes to chemical clearance.

Risks associated with xenobiotic exposure can vary for hu-
mans from different life stages or ethnicities for a variety of rea-
sons. Differing exposure scenarios brought on by dietary, behav-
ioral or physiological differences can affect the extent of expo-
sure (EPA, 2011; NRC, 1993). Children, for instance, have a greater
inhalation and food ingestion rate per unit body weight and
are more likely to come in contact with contaminants present
in soil and house dust than other subgroups. Xenobiotic clear-
ance rates in humans are also known to vary throughout life,
with significantly different rates noted in gestational and neona-
tal life stages compared with juvenile, adult, and geriatric pop-
ulations (Ginsberg et al., 2005, 2002; Schmucker, 2005; Tanaka,
1998). Differences in other PK factors such as protein binding,
volume of distribution, and hepatic blood flow all contribute to
this variability (Besunder et al., 1988a,b; Ginsberg et al., 2005,
2002; Kearns et al., 2003; Schmucker, 2005). Consequently, the
reliance on a generalized adult population as the basis of com-
parison between the oral equivalent dose values for the in vitro
assays and human exposure estimates could significantly un-
derestimate the risk to other populations.

With the majority of drugs and xenobiotics metabolized by
the cytochrome P450 (CYP)-dependent monooxygenase and the
uridine 5′-diphospho-glucuronosyltransferase (UGT) systems,
any differences in the expression of these enzymes can signifi-

FIG. 1. Schematic representation of approach to incorporate population-specific
dosimetry with high-throughput in vitro screening data. Isozyme-specific clear-

ance rates for each chemical were measured across 18 recombinantly expressed
cytochrome P450s and UGTs. Using a population-based in vitro in vivo extrapo-
lation model (IVIVE), steady state plasma concentrations (Css) were predicted by
incorporating experimentally measured plasma protein binding and isozyme-

specific clearance data with population-specific physiology and isozyme on-
togenies scaled to capture known abundances across different life stages and
ethnic populations. Population-specific Css values were predicted; in addition,
Monte Carlo simulations captured variability within each population, with me-

dian, lower, and upper 95th percentile values obtained as output. Using re-
verse dosimetry, population-specific plasma Css were incorporated with chem-
ical in vitro bioactivity concentrations as measured in ToxCast to estimate
population-specific oral equivalents. These values can then be compared against

population-specific exposure estimates.

cantly impact clearance rates. Life stage-based differences in the
abundances of CYPs 1A2, 2C8, 2C9, 2C18, 2C19, 2D6, 2E1, 3A4, and
UGTs 1A1, 1A4, 1A6, 1A9, and 2B7 have been documented and
extensively characterized from fetal and pediatric life stages to
the adult (Cresteil, 1998; Hines, 2007; Johnson et al., 2006; Kearns
et al., 2003; Leakey et al., 1987; Miyagi and Collier, 2007; Salem
et al., 2013; Yokoi, 2009). Genetic polymorphisms of CYPs 2B6,
2C9, 2C19, and 2D6 have also been well characterized, resulting
in differing drug metabolizing capabilities for up to 20% of the
Asian population for CYP 2C19 substrates and 10% of the Cau-
casian population for CYP2D6 substrates (Hiratsuka, 2012; Mc-
Graw and Waller, 2012). Incorporation of these enzyme differ-
ences in the measurement of xenobiotic clearance rates would
provide key information in determining the range and extent of
inter-individual PK variability.

In this study, we outline an approach to link in vitro HTS re-
sults with subpopulation-specific dosimetry and exposure esti-
mates. For subpopulation dosimetry, in vitro intrinsic clearance
of a subset of nine ToxCast chemicals was determined across a
panel of recombinant CYP (13) and UGT (5) isozymes and used in
conjunction with population databases describing the genetic,
ethnic, and life-stage (ontogeny)-related differences in enzyme
abundance and physiology (Fig. 1). This approach allowed the
estimation of oral equivalent dose values for each of the previ-
ously published ToxCast assays across a range of life stages and
ethnic populations. The oral equivalent doses for each chemical-
assay combination were compared with the corresponding ex-
posure estimates for each population. The approach also pro-
vides the ability to estimate chemical-specific human toxicoki-
netic adjustment factors (HKAF) for use in risk assessment (IPCS,
2005) (Lipscomb et al., 2004).
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MATERIALS AND METHODS

Chemical selection. With the goal of this effort to inform safety
assessments and/or priority setting, selected chemicals needed
to meet certain criteria to evaluate the approach. All nine of the
chemicals were screened for bioactivity across over 700 HTS as-
says and a range of technologies as a part of the US EPA’s ToxCast
program (Judson et al., 2010). Seven of the nine were selected
due to the availability of regulatory exposure estimates to allow
derivation of a population-specific margin of exposure. Avail-
ability of hepatocyte clearance data in previous work (Wetmore
et al., 2012) enabled the inclusion of chemicals that spanned a
range of clearance rates (low, medium, high). In addition, three
of the chemicals were selected based on the availability of in vivo
PK data to allow an assessment of the IVIVE model employed. A
listing of the chemicals, their class and usage information, and
fulfillment of the selection criteria is provided in Table 1.

Reagents and chemicals. Microsomal preparations of baculovirus-
infected insect cells (BD Supersomes) expressing recombinant
human CYP (1A2, 2A6, 2B6, 2C8, 2C9, 2C18, 2C19, 2D6, 2E1, 2J2,
3A4, 3A5, 3A7) and UGT (1A1, 1A4, 1A6, 1A9, and 2B7) enzymes,
0.5 M potassium phosphate buffer (pH 7.4), 0.5 M Tris-HCl buffer
(pH 7.5), NADPH regenerating system solutions A and B, UGT re-
action mix solutions A and B, Sf9 insect cell control Supersomes,
UGT insect cell (BTI-TN-5B1–4) control Supersomes, and pooled
human liver microsomes (HLMs; mixed gender 150 donor pool)
were purchased from BD Biosciences (Woburn, MA). Acetoni-
trile, dimethyl sulfoxide, formic acid, and ammonium acetate
were obtained from Sigma-Aldrich (St Louis, MO). Positive con-
trol chemicals and internal standards were purchased in neat
form. Vendor and purity information for study chemicals, pos-
itive controls, and internal standards can be found in Supple-
mentary tables 1A, B, and C, respectively.

Measurement of plasma and microsomal protein binding. Plasma
protein binding was previously measured for each chemical
(Wetmore et al., 2012). Microsomal protein binding was deter-
mined for each chemical using the rapid equilibrium dialysis
(RED) method with slight modification (Wetmore et al., 2012).
HLM (150-donor pool, equal gender mix; BD Biosciences) were
rapidly thawed in a 37◦C water bath and placed on wet ice prior
to diluting to the concentration used in the assay (1 mg/ml,
in 0.1 M potassium phosphate buffer). Chemicals were added
to HLM (10 �M final concentration, in acetonitrile) and trans-
ferred in triplicate to the red chambers of the 96-well RED plate
(catalog no. 90006, Thermo Fisher, Rockford, IL). White cham-
bers were preloaded with 0.1 M potassium phosphate buffer.
The RED plate was wrapped in aluminum foil and incubated
at 37◦C at 100 oscillations per minute for 4 h. After incuba-
tion, aliquots were removed and equal volumes of potassium
phosphate buffer or HLM were added to aliquots from the HLM
or potassium phosphate buffer chambers, respectively, for ma-
trix matching. The samples were diluted with three times the
volume of 100% acetonitrile. Excess undialyzed samples were
transferred to polypropylene tubes, combined with an equal vol-
ume of potassium phosphate buffer, and three times the volume
of 100% acetonitrile to assess non-specific binding of chemical to
the RED plate. All samples were stored at �−70◦C until analysis.

Measurement of recombinant CYP or UGT isozyme clearance rates. For
each chemical, two master 96-well incubation plates (total well
volume = 0.15 ml) containing potassium phosphate (0.1 M final
concentration) or Tris (0.1 M, for CYPs 2C9 and 2A6) buffer, pu-
rified water, recombinant CYP or UGT isozyme, and chemical [1

and 10 �M final concentration with solvent (acetonitrile) con-
centration not to exceed 2% v/v] were prepared (Chauret et al.,
1998). Each chemical-isozyme sample was run in triplicate. Su-
persomes were added to the plate prior to chemical to mini-
mize binding of chemical to plastic known to occur in the ab-
sence of protein. Plates were incubated at 37◦C in a shaking wa-
ter bath both prior to and after the addition of the appropriate
regenerating system to start the reaction (NADPH system used
for CYPs (final concentration of 1.3 mM NADP+, 3.3 mM glucose-
6-phosphate, 0.4 U/ml glucose-6-phosphate dehydrogenase, 3.3
mM MgCl2); UGT reaction mix used for UGTs (final concentra-
tion of 50 mM Tris-HCl buffer (pH 7.5) containing 8 mM MgCl2,
25 �g/ml alamethicin, and 2 mM UDPGA)). At 0, 5, 15, 30, and 60
min, a set volume (25 �l) was removed from the master plate and
transferred to a collection plate containing an equal volume of
acetonitrile to terminate the reaction. The collection plates were
then shaken to mix the solution, sealed, and placed on ice prior
to centrifugation at 2000 × g for 5 min and subsequent storage
at �−70◦C.

For each isozyme, positive control reactions were run in par-
allel and in duplicate to confirm the assay was functioning prop-
erly. The P450 content of the CYP enzymes was selected based
on assay qualification information to allow for optimal detec-
tion of loss of parent chemical (BD Biosciences, unpublished
communication) and ranged from 25–200 pmol/ml reaction vol-
ume. All UGT isozymes and HLMs were analyzed at 0.5 mg/ml.
Where available, P450 isozyme products containing recombi-
nant cytochrome b5 were used (Crewe et al., 2011; Venkatakr-
ishnan et al., 2000). Supplementary table 1B contains detailed
information including P450 content, protein concentration, pos-
itive control information, cytochrome B5 content, and activity
information for each isozyme assessed. Negative controls con-
taining Sf9 insect cell Supersomes (lacking detectable P450 con-
tent) or UGT insect cell control Supersomes (lacking detectable
7-hydroxy-4-trifluoromethylcoumarin glucuronidation activity)
were run in parallel, with reactions terminated at 5 min and 60
min after initiation. Negative controls lacking regenerating sys-
tem were also run. Similar results were obtained for both nega-
tive controls (data not shown).

Chemical analysis by liquid chromatography with mass spectrometric
detection. Estimation of intrinsic metabolic clearance was esti-
mated using substrate depletion, with loss of parent compound
monitored over time. Samples from the metabolic stability assay
(quenched 1:1 with acetonitrile) were thawed at room tempera-
ture and centrifuged at 3220 × g for 3 min. Samples were diluted
with either 10 mM ammonium acetate in H2O (pH = 7.4) or 0.1%
formic acid (pH = 2.7) in H2O. The 10 �M and 1 �M metabolic
stability incubations were diluted 1:6. Prior to analysis, sam-
ples were spiked with internal standard and adjusted through
the addition of acetonitrile to contain approximately 40% to-
tal organic content to match the initial chromatographic con-
ditions described below. Internal standards were selected from
a library of available compounds, with each internal standard
being paired to its analyte based on the following parameters:
(1) functional group similarities, (2) log D profile, and (3) pKa.
Assessments revealed that the glucuronidated products formed
were stable out to 48 h at 4◦C. Samples were analyzed using an
Agilent 6460 triple quadrupole mass spectrometer with an Agi-
lent 1290 Infinity UHPLC system (Agilent, Santa Clara, CA). Cal-
ibration standards were prepared on the same day as sample
analysis and in a matrix identical to the samples.

Samples from the microsomal protein binding assay
(quenched 1:1:6, HLM:potassium phosphate buffer:acetonitrile)
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TABLE 1. Background on Chemicals Analyzed

Chemical Class/use pattern
Exposure

information In vivo PK data

Acetochlor Chloroacetanilide herbicide (pre- and early post-emergent; corn) Yes No
Azoxystrobin Strobilurin fungicide (grains, herbs, brassica vegetables) Yes No
Bensulide Organophosphate herbicide (fruiting/leafy vegetables; homeowner use) Yes No
Carbaryl Carbamate insecticide (apples, pecans, grapes; homeowner use) Yes Yes
Difenoconazole Conazole fungicide (apples, barley, brassica vegetables, pecans) Yes No
Fludioxonil Pyrrole fungicide (citrus, apple, root vegetables) Yes No
Haloperidol Dopamine agonist (anti-psychotic drug) No Yes
Lovastatin HMG-CoA reductase inihibitor (hypolipidemic agent) No Yes
Tebupirimfos Organophosphate insecticide (corn) Yes No

were thawed at room temperature, vortexed briefly, and cen-
trifuged at 6000 × g for 4 min. Sample preparation for the
protein binding assay was identical to the metabolic stability
assay described above.

Chromatographic separation was conducted on a Kinetex
1.7 �m XB-C18 100-Å column (Kinetex XB-C18, 50 mm × 2.1
mm, 1.7 �m) (Phenomenex, Torrance, CA) with a C18 guard col-
umn. Aqueous mobile phases used for these analyses were 0.1%
formic acid (pH = 2.7) for positive ionization and 10 mM ammo-
nium acetate (pH 7.4), for positive or negative ionization, with
the organic phase being acetonitrile. Chromatographic separa-
tion was conducted using the following gradient conditions: (1)
40% organic for 0.1 min, (2) linear gradient ramp to 100% organic
over 3.4 min, (3) maintain 100% organic for 0.1 min, (4) linear
gradient ramp to 40% organic over 0.3 min, and (5) maintain 40%
organic for 0.1 min. Total analysis time was 4.1 min per sam-
ple. The flow rate used for this analysis was 500 �l per min.
Mass spectrometry conditions for all compounds are described
in Supplementary table 1C.

Plasma and microsomal protein binding data analysis. To calculate
the fraction of chemical unbound in the microsomal preparation
(fumic), the test compound concentration in the chamber con-
taining buffer only was divided by the chemical concentration
in the chamber containing microsomal protein. The fraction of
chemical unbound in plasma (fu) was obtained from an earlier
study (Wetmore et al., 2012). Data are provided in Supplementary
tables 2A and B.

Recombinant CYP and UGT clearance data analysis. Substrate de-
pletion was utilized to measure Clint in place of separate assess-
ment of Vmax and Km, applying the use of first-order rate con-
stants (Hallifax et al., 2010; Lipscomb and Poet, 2008; Wetmore,
2014; Wetmore et al., 2012). For each isozyme and each chemical,
the percent of chemical remaining data at each time point is pro-
vided in Supplementary table 2C. The semi-log data were ana-
lyzed using linear regression. With three replicates at each of the
five time points, a standard F-test (degrees of freedom = 1, 13; �

= 0.10) was used to determine whether the slope of the line was
significantly different from zero. In instances where the chem-
ical amount fell below the limits of detection (LOD) before the
completion of the time course, a value equivalent to the LOD/

√
2

was entered for the first time point at which the chemical was
not detected (Hornung and Reed, 1990). The LOD values were cal-
culated by dividing the concentration of the lowest standard by
the root-mean-square signal-to-noise ratio then multiplying by
3. The intrinsic clearance derived for each recombinant enzyme
(Clint rCYP or Clint rUGT) was normalized to P450 content or protein

content for rUGTs, with units of �l/(min × pmol P450) or �l/(min
× mg protein).

Although the insect Sf9 and BTI-TN-5B1-4 cells used to ex-
press the recombinant CYP and UGT isozymes possess no de-
tectable P450 content or 7-hydroxy-4-trifluoromethylcoumarin
glucuronidation activity, respectively, other native enzyme ac-
tivities present in these cells may elicit additional clearance of
the parent compound. Insect cells possess carboxylesterase ac-
tivity, which does not require the presence of any additional co-
factors (Jamroz et al., 2000; Whyard et al., 1994). Any such back-
ground clearance was determined based on the natural log of
the percent remaining at the 60 min time point in the appropri-
ate negative control reactions and normalized to protein content
using the following equation:

Background clearance =
ln(2)(

T1/2∗P450 content

(
pmol/1000 �l

))
∗

isozyme protn. conc.( mg
ml )

control SS protn. conc.(0.5 mg
ml )

,

where

T1/2 = ln(2) ∗ (incubation time)
ln ((% remaining)/100)

.

This value was subtracted from the clearance rate derived for
each isozyme Clint rCYP value. An isozyme-chemical combination
whose slope was not significantly different from zero (p � 0.10)
and for which the isozyme-positive control reaction run in par-
allel displayed significant clearance was assigned a metabolic
clearance of zero.

The unbound intrinsic clearance rate (Cluint rCYP) was then
calculated using the following equation:

Cluint rCYP = Clint rCYP

fumic rCYP
.

Fumic was determined in incubations of HLMs at protein con-
centrations of 1 mg/ml. These were scaled according to protein
concentrations in the recombinant assays as follows:

fumic rCYP =
1((

rCYP assay protn. conc.

fumic assay protn. conc. (HLM)

)
∗ ((1 − fumic HLM)/fumic HLM) + 1

) .
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Estimation of subpopulation-based Css using intersystem extrapola-
tion factor, IVIVE, and Monte Carlo simulation. The isozyme-specific
clearance (Clint rCYP) and fumic assay data were entered into the
Simcyp simulation tool (Simcyp V. 11.1; Certara, Sheffield, UK)
and used to estimate clearance using intersystem extrapola-
tion factors (ISEFs) for CYPs and tissue scalars for UGTs (Crewe
et al., 2011; Proctor et al., 2004). ISEFs are dimensionless scalars
that are required to appropriately scale in vitro recombinant en-
zyme data to reflect whole organ metabolic clearance. ISEFs ad-
just for intersystem differences including lipid:protein ratios,
nonspecific binding, and differences in CYP:NADPH CYP reduc-
tase:cytochrome b5 ratio (Crewe et al., 2011; Lipscomb and Poet,
2008).

The ISEFs also adjust for differences in isoform abundance
per mg microsomal protein. In a subsequent step, Simcyp de-
rives population-specific metabolic clearance rates and related
PK parameters by varying the abundance of the various CYP
isozymes in the human liver, kidney, or intestine (pmol/mg pro-
tein) such that they correspond to the concentrations for a par-
ticular individual or subpopulation of interest. As sufficient data
are not yet available to calculate ISEFs for UGTs, a tissue scalar
or relative activity factor approach is used to relate expression
and activity of the UGT in the recombinant enzyme to that of
the native enzyme in the microsomes from the tissue of interest
(Gibson et al., 2013). For UGTs, variability in relative abundance
(rather than absolute abundance) is factored into the scaling of
clearance. Tissue scalar information is provided in Supplemen-
tary table 3A.

The chemical steady-state blood concentrations (Css) were
estimated using the following equation. The equation is based
on constant uptake of a daily oral dose and factors in
plasma protein binding, hepatic clearance, metabolic and non-
metabolic renal clearance, and intestinal clearance:

CSS =
ko(

(QH×Fub×Clint H)
(QH+Fub×Clint H)

)
+

(
(QR×Fub×Clint R)
(QR+Fub×Clint R) + GFR × Fub

)
+

(
QG×Fub+Clint G
QG+Fub×Clint G

)

where ko = chemical exposure rate set to 0.042 mg/kg/h (i.e., 1
mg/kg/day); Fub = unbound fraction of parent compound in the
blood; GFR = glomerular filtration rate; QH, QR, QG = hepatic, re-
nal, or intestinal blood flow, respectively; and ClintH, ClintR, ClintG

= hepatic, renal, or intestinal intrinsic metabolic clearance, re-
spectively. The Fub was calculated based on the experimentally
measured Fu plasma divided by the blood:plasma ratio (B:P). The
CLint values were derived by scaling experimentally measured
CLuint rcyp rates to represent whole organ clearance by factor-
ing in microsomal protein per gram tissue (MPPGL for the liver,
MPPGK for the kidney) or microsomal protein per total intestine
(MPPI), and the volume (in g) of the respective tissues.

Non-metabolic renal clearance (GFR × Fub) also varied in ac-
cordance with the specific subpopulation of interest. The GFRs
for the adult subpopulations were backcalculated based on the
serum creatinine Cockcroft-Gault equation (Cockcroft and Gault,
1976). Compared with the healthy adult 20–50-year-old popula-
tion, median GFRs were 4% lower in female 20–50 year olds, 37%
lower in 50–80 year olds, and 80% lower in renally-compromised
populations. For the pediatric subpopulations, the GFRs were
calculated using a body surface area-based equation developed
from a meta-analysis of studies investigating age-based changes
in GFR (Johnson et al., 2006). Compared with the healthy adult
population, the median GFRs for the newborn to 6 month-old

and 1 to 6-year-old groups are 91 and 70% lower, respectively
(Rubin et al., 1949). GFRs applied for all populations are provided
in Supplementary table 3A.

Both healthy and general adult population Simcyp libraries
were employed (Dickinson and Rostami-Hodjegan, 2008). The
healthy adult population was used as the comparator in this
study and is comprised of North European Caucasian adults
who have taken part in phase I clinical studies. The other Sim-
cyp population libraries have been built from public health
databases, particularly the US National Health and Nutrition
Examination Survey (NHANES) database and census data pro-
duced by UK and Japanese governmental bodies, as well as ex-
tensive meta-analyses of numerous literature sources (Howgate
et al., 2006; Jamei et al., 2009). Consequently, the North European
Caucasian, Japanese, and Chinese population libraries represent
general rather than healthy populations, as it is difficult to de-
fine a healthy population and surveys do not usually separate
healthy individuals from those with minor health issues and
those with major health issues or diseases. Two sets of subpop-
ulations were assessed.

The first set of populations was defined based on known
PK and physiologic differences across age groups identified in
pediatric pharmacology and developmental ontogeny studies
(Cresteil, 1998; Hines, 2007; Kearns et al., 2003). These popula-
tions included multiple life stages [0–0.5 years, 0.5–2 years, 2–6
years, 6–20 years, and 20–50 years (Healthy)], ethnic backgrounds
(Chinese, Japanese, and North European Caucasian), and chronic
diseases (diabetes and compromised renal function). Both sexes
were included in all of the populations. In the populations bro-
ken out by life stage and chronic disease, the ethnic background
was North European Caucasian. In the populations broken out
by ethnic background and chronic disease, the age range was
20–50 years of age.

The second set of populations was defined to allow direct
comparison with life stage-based exposure estimates collated
from US Environmental Protection Agency (US EPA) exposure es-
timates. These populations included different age ranges [�1 yr,
1–2 years, 3–5 years, 6–12 years, 20–50 years (Healthy); and 50 – 80
years] and females of reproductive age (16–49 years). In the pop-
ulations broken out by life stage, both sexes were included and
the ethnic background was North European Caucasian. For the
females of reproductive age, the ethnic background was North
European Caucasian. For all of the populations assessed, Sim-
cyp provides pre-parameterized libraries except for the female
(16–49 years old) and the 50–80-year-old subgroups. However,
given that patient characteristics that would impact the Css de-
terminations such as microsomal protein per gram tissue, tis-
sue blood flows and tissue volumes vary for these subpopula-
tions and are captured within Simcyp during the simulations,
selection for these particular gender- and age-based subpopu-
lations from the default population library (i.e., the North Euro-
pean Caucasian library) still provides useful information about
the PK differences for these two subpopulations for this analysis.
A correlated Monte Carlo approach (Jamei et al., 2009) was used
to simulate variability across 10,000 individuals in each subpop-
ulation. The median, upper, and lower fifth percentiles for the
Css were obtained as output.

In vitro bioactivity data. The ToxCast program measured biologi-
cal activity across �600 in vitro assay endpoints using nine sepa-
rate technologies including receptor-binding and enzyme activ-
ity assays, cell-based protein and RNA expression assays, real-
time growth measured by electronic impedance, and fluorescent
cellular imaging. Each chemical-assay combination was run in
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dose response and an AC50 or LEC value was estimated depend-
ing on the range of the dose response data. The in vitro bioac-
tivity was assumed to be solely the result of the parent com-
pound. Although two assays used primary hepatocyte cultures
with some metabolic capacity, most of the assays lacked known
metabolic activity. A detailed description of the assays and as-
sociated data are provided in earlier publications (Houck et al.,
2009; Huang et al., 2011; Judson et al., 2010; Knight et al., 2009;
Knudsen et al., 2011; Martin et al., 2010; Rotroff et al., 2010a).
All in vitro HTS data are available from the ToxCast web site
(http:/www.epa.gov/ncct/toxcast).

Calculation and statistical presentation of oral equivalent dose values
data. In conventional use, PK models are used to relate exposure
concentrations to a blood or tissue concentration. This is typi-
cally referred to as “forward dosimetry”. In contrast, the mod-
els can also be reversed to relate blood or tissue concentrations
to an exposure concentration, which is referred to as “reverse
dosimetry” (Tan et al., 2007). As previously described, the in vitro
AC50 or LEC values were assumed to be functionally equivalent
to the Css values in terms of biological activity (Rotroff et al.,
2010b; Wetmore et al., 2012). Based on the principal of reverse
dosimetry, the median, 5th, and 95th percentiles for the Css were
used as conversion factors to generate oral equivalent doses ac-
cording to the following formula:

Oral equivalent

( mg
kg

day

)
=

Tox Cast AC50 or LEC(�M) ×
1 mg

kg
day

Css(�M)
.

In the equation above, the oral equivalent dose value is lin-
early related to the in vitro AC50 or LEC and inversely related to
Css. Two sets of Css values were obtained using in vitro clear-
ance data measured at the tested chemical concentrations (1
and 10�M). The Css output selected to calculate the oral equiva-
lent for each chemical-assay combination corresponded to that
which utilized clearance rates derived at the chemical concen-
tration closest to the AC50 or LEC value for that assay (Rotroff
et al., 2010b; Wetmore et al., 2012). This equation is valid only
for first-order metabolism that is expected at ambient exposure
levels. An oral equivalent value was generated for each chem-
ical and each AC50 or LEC value across the 600 in vitro assay
endpoints. Those chemical and assay combinations that did not
show activity (i.e., did not possess an AC50 or LEC value) were not
simulated.

Box and whisker plots were used to visualize the oral equiv-
alent dose values for each chemical. In each figure, the 95th per-
centile of the Css was used in the figures to provide a conser-
vative estimate of the oral equivalent dose values. The median
oral equivalent dose value for each chemical was displayed as
a horizontal line and the ends of the boxes represent the 25th
and 75th percentiles. The whiskers denote those values that fall
either less than or greater than 1.5 times the interquartile range
from the 25th or 75th percentiles, respectively (Tukey, 1977). In
those instances where the minimum or maximum value for that
chemical does not exceed the whisker, the whisker is set to that
value. Any value beyond the range of the whiskers is designated
as an outlier and is displayed as a black circle.

Evaluation of PK modeling. Published studies of the human in vivo
PKs of carbaryl (May et al., 1992), haloperidol (Mihara et al., 1999;
Suzuki et al., 2003; Yasui-Furukori et al., 2002), and lovastatin
(Bramer et al., 1999; Kothare et al., 2007; Mignini et al., 2008) were
used to estimate the human plasma Css given an oral expo-
sure of 1 mg/kg/day. These values were then compared against
the IVIVE-derived values generated using the in vitro isozyme-
specific clearance rates.

Relative impact of physiology versus enzyme clearance rates to popu-
lation variability. To separate out the contribution of physiologic
differences from metabolic differences in human toxicokinetic
variability, the following steps were taken. First, IVIVE was per-
formed using in vitro isozyme-specific clearance data to estimate
in vivo Clint. Output obtained included estimations of in vivo hep-
atic, renal, and intestinal clearance. Next, these in vivo hepatic,
renal, and intestinal clearance rates were adjusted with a scal-
ing factor to predict in vitro hepatic, renal, and intestinal clear-
ance rates that would yield the same in vivo clearance values
(i.e., performing an in vivo to in vitro scaling). The resulting in
vitro clearance rates were input into a subsequent IVIVE in place
of the isozyme-specific clearance rates to derive the Css output,
whereas the population libraries were varied. This variation at
the population library level would incorporate differences in tis-
sue weights, tissue blood flow (e.g., hepatic, intestinal, and re-
nal blood flow), body weights, etc. without the adjustment for
isozyme abundances as performed when the isozyme clearance
rates were used. Simulations were conducted using the healthy
adult and the most sensitive subpopulations for each chemical.
The resulting Css values provide an assessment of the impact of
population-based differences in physiology on population vari-
ability. Clearance rates, scaling factors, and findings are provided
in Table 4 and Supplementary tables 3C and D.

Human oral exposure estimates. Exposure estimates were ob-
tained from available EPA Office of Pesticide Programs docu-
ments and Federal Register notices. The majority of the esti-
mates came from Reregistration Eligibility Documents that con-
tained residue levels and estimated aggregate exposures from
food and drinking water sources organized by various age groups
and subpopulations. These estimates were collated previously
(Wetmore et al., 2012) and have been confirmed to be up to date
for this study.

RESULTS

Assessment of Isozyme-Specific Clearance
In this study, metabolic clearance assays were conducted for
13 CYP and 5 UGT isozymes at 1 and 10 �M chemical con-
centrations. The 1 �M concentration is typically used in rCYP-
based clearance assays conducted in the pharmaceutical indus-
try as this concentration is believed to be significantly below
the Km for most compounds (Harper and Brassil, 2008; Stringer
et al., 2009), whereas both 1 and 10 �M concentrations fall in
the middle of the range of concentrations tested in the Tox-
Cast assays. IVIVE simulations incorporating these data were
used to calculate the fraction of compound metabolized (fm),
which takes into account isozyme-specific clearance rates along
with isozyme abundance to assess the overall contribution of
each isozyme to chemical clearance. When using the healthy
adult population library, simulations revealed that CYPs 1A2,
2C9, and 3A4 and UGT1A4 were main contributors to clearance
for three to seven of the nine compounds assessed (Table 2).
CYP3A4 was a major contributor to metabolism, accounting for
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TABLE 2. Summary of Percent Contribution of Isozymes to Chemical Clearance

Isozymea Population
No. of chemicals with

percent fm � 5%a Percent fm rangeb

Chemicals where
percent fm � 5%

CYP1A2 Healthy adult 3 4.71 (0.4–91.36) Bensulide, carbaryl,
fludioxonil

Pediatric (0–0.5) 2 1.55 (0.2–75.35) Carbaryl, fludioxonil
CYP2B6 Healthy adult 1 2.30 (0.3–10.28) Acetochlor

Pediatric (0–0.5) 1 0.63 (0.17- 7.60) Acetochlor
CYP2C8 Healthy adult 0 0.31 (0.26–3.81) None

Pediatric (0–0.5) 1 0.77 (0.6 - 5.6) Tebupirimfos
CYP2C9 Healthy adult 6 5.41 (2.05–63.08) Azoxystrobin, bensulide,

carbaryl, difenoconazole,
haloperidol, tebupirimfos

Pediatric (0–0.5) 8 17.96 (4.66–77.03) Acetochlor, azoxystrobin,
bensulide, carbaryl,
difenoconazole,
haloperidol, tebupirimfos

CYP2C18 Healthy adult 0 0.02 (0.01–0.18) None
Pediatric (0–0.5) 0 0.02 (0.01–0.16) None

CYP2C19 Healthy adult 2 1.08 (0.03–24.50) Bensulide, tebupirimfos
Pediatric (0–0.5) 3 1.82 (0.05–22.64) Azoxystrobin, bensulide,

tebupirimfos
CYP2D6 Healthy adult 0 0.31 (0.11–0.85) None

Pediatric (0–0.5) 0 0.39 (0.12–1.47) None
CYP2E1 Healthy adult 0 0.76 (0.22–1.71) None

Pediatric (0–0.5) 0 1.55 (0.26–2.78) None
CYP2J2 Healthy adult 0 0.07 (0.05–0.27) None

Pediatric (0–0.5) 0 0.20 (0.08–0.44) None
CYP3A4 Healthy adult 7 43.30 (0.97–80.19) Acetochlor, azoxystrobin,

bensulide, difenoconazole,
haloperidol, lovastatin,
tebupirimfos

Pediatric (0–0.5) 7 28.49 (1.20–64.42) Same as above
CYP3A5 Healthy adult 2 2.95 (1.37–6.36) Lovastatin, tebupirimfos

Pediatric (0–0.5) 3 4.35 (2.33–8.90) Acetochlor, lovastatin,
tebupirimfos

CYP3A7 Healthy adult 0 0.11 (0.01–0.46) None
Pediatric (0–0.5) 2 1.66 (0.12–5.84) Lovastatin, tebupirimfos

UGT1A1 Healthy adult 2 5.83 (2.59–19.33) Haloperidol, tebupirimfos
Pediatric (0–0.5) 2 5.72 (3.71–28.69) Same as above

UGT1A4 Healthy adult 3 4.55 (0.11–12.06) Difenoconazole,
haloperidol, lovastatin

Pediatric (0–0.5) 4 9.45 (0.13–19.97) Acetochlor, difenoconazole,
haloperidol, lovastatin

UGT1A9 Healthy adult 1 3.74 (2.16–9.26) Carbaryl
Pediatric (0–0.5) 1 1.43 (1.13–8.00) Carbaryl

UGT2B7 Healthy adult 1 19.67 (4.39–34.96) Haloperidol
Pediatric (0–0.5) 1 5.33 (0.73–9.94) Haloperidol

aSimulations were performed using Clin vitro measured at 1�M.
bMedian, with minimum to maximum values in ().

TABLE 3. Comparison of IVIVE Modeling Results with Published in
vivo PK Data

Chemical Population
In vivo PK Css

(�M)a

IVIVE Css

(�M)a ,b

Carbaryl Healthy adult 0.03 0.043
Haloperidol Japanese 0.090–0.126 0.029
Lovastatin Healthy adult 0.004–0.009 0.001

aCss, steady-state blood concentration for 1 mg/kg/day dose.
bPredicted using the 1 �M metabolic clearance rate.

65–80% of the clearance for four of the nine chemicals (Table 2).
All UGT isozymes glucuronidated at least one chemical with an
fm exceeding 5%, with the median fm range spanning 3.7% to
19.7%. When using the pediatric (0–0.5 years) life stage popula-
tion a similar trend was observed, although CYP2C9 contributed
to clearance of eight of the nine compounds compared to seven
for CYP3A4. In addition, pediatric CYP3A7 displayed fm values
exceeding 5% for two chemicals. A complete breakdown of fm
data across all chemicals and isozymes for these two popula-
tions is provided in Supplementary table 4.
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TABLE 4. Estimated Chemical-Specific Toxicokinetic Adjustment Factors (HKAFs) Using the IVIVE Modeling Results

1�M 10�M

Chemical

Median
Css

healthy
populationa

95th
percentile
(median)
Css most

sensitiveb

Most
sensitive

Estimated
HKAF

c

95th:median
(me-
dian:

median)

Median
Css

healthy
populationa

95th per-
centile
(me-

dian) Css

most
sensitiveb

Most
sensitive

Estimated
HKAF

c

95th:median
(me-
dian:

median)

Average
esti-

mated
HKAF

d

Percent
contri-
bution

of
isozyme
differ-
ences

to
average

HKAF

Acetochlor 0.026 0.17
(0.063)

Pediatric
(0–0.5)

6.7 (2.5) 0.064 0.24
(0.10)

Pediatric
(0–0.5)

3.7 (1.6) 5.2 (2.0) 80

Azoxystrobin 0.099 0.66 (0.22) Pediatric
(0–0.5)

6.7 (2.2) 0.64 5.53
(1.63)

Pediatric
(0–0.5)

8.6 (2.5) 7.7 (2.4) 86

Bensulide 0.241 0.97 (0.35) Pediatric
(0–0.5)

4.0 (1.5) 5.58 21.43
(9.58)

Renal
Failure

3.8 (1.7) 3.9 (1.6) 66

Carbaryl 0.043 0.49 (0.17) Pediatric
(0–0.5)

11.4 (4.0) 0.062 0.92
(0.28)

Pediatric
(0–0.5)

14..8
(4.5)

13.1 (4.3) 88

Difenoconazole 0.201 0.71 (0.30) Renal
Failure

3.5 (1.5) 0.718 2.16
(0.79)

Chinese 3.0 (1.1) 3.3 (1.3) 58

Fludioxonil 0.380 4.37 (1.45) Pediatric
(0–0.5)

11.5 (3.0) 1.672 16.81
(5.98)

Pediatric
(0–0.5)

10.1 (3.6) 10.8 (3.3) 86

Haloperidol 0.029 0.14 (0.04) Pediatric
(0–0.5)

4.9 (1.5) 0.033 0.16
(0.06)

Pediatric
(0–0.5)

4.8 (1.8) 4.8 (1.6) 83

Lovastatin 0.001 0.009
(0.003)

Pediatric
(0–0.5)

6.5 (2.1) 0.001 0.01
(0.002)

Pediatric
(0–0.5)

10.1 (2.2) 8.3 (2.2) 92

Tebupirimfos 0.107 0.38 (0.16) Renal
Failure

3.5 (1.5) 0.054 0.14
(0.06)

6 to 20
years

2.6 (1.1) 3.1 (1.3) 20

aMedian Css values estimated using Monte Carlo simulation for healthy adult (20–50 years) population (see the Materials and Methods section).
bUpper 95th percentile and median (in parentheses) Css values estimated for the most sensitive population (i.e., population with the highest 95th percentile value for
that chemical).
cEstimated human toxicokinetic adjustment factors (HKAF) calculated from the ratio of (1) the 95th percentile Css for the most sensitive to the median of the healthy
population (95th percentile:median) or (2) the median for the most sensitive to the median of the healthy population (in parentheses; median:median).
dAverage of the 1- and 10-�M HKAFs.

Generation and Assessment of Subpopulation-Specific Css Values
Median, 5th, and 95th percentile Css values were collated from
simulations conducted across multiple life stages and ethnic-
and disease-based populations using in vitro chemical clearance
rates at the 1 �M concentration (Fig. 2). Generally, those chem-
icals cleared by multiple isozymes displayed the least variabil-
ity across subpopulations, whereas carbaryl, cleared by only two
isozymes, displayed the greatest (Figs. 2A and B and Table 3).
Among the life stage-based populations, the pediatric group (0–
0.5 years) typically showed the highest Css values. Although
the subchronic disease subpopulations showed Css values as
higher than the highest ethnic subpopulation, they were gener-
ally lower than the youngest pediatric life stage. For most of the
chemicals, the Css values derived at the 10-�M chemical clear-
ance rates displayed a similar trend (data not shown). A com-
plete listing of all of the estimated Css values is provided in Sup-
plementary table 3B.

Evaluation of IVIVE Modeling
Three of the nine chemicals analyzed had in vivo PK studies
available in the literature from which Css values could be derived
(Table 3). These chemicals included carbaryl, haloperidol, and lo-
vastatin. A single in vivo PK study was available for carbaryl with
an estimated Css value of 0.03�M for a 1-mg/kg/day dose (May
et al., 1992). The IVIVE-predicted median Css value for carbaryl

was 0.046 �M and within 1.5-fold of the in vivo PK-derived value.
For haloperidol, in vivo Css values were calculated from three
published studies (Mihara et al., 1999; Suzuki et al., 2003; Yasui-
Furukori et al., 2002) and were within 1.4-fold of each other (0.09–
0.126 �M). The IVIVE-derived value for haloperidol was 0.0285
�M, falling 3.2–4.4-fold lower than the in vivo PK-derived values.
Three published studies were used to estimate the lovastatin in
vivo PK Css values (Bramer et al., 1999; Kothare et al., 2007; Mignini
et al., 2008). The three in vivo studies resulted in a 2.5-fold range
of Css values between 0.004 and 0.009�M, whereas the IVIVE-
derived value of 0.001�M was 4–9-fold lower, depending on the
study.

Estimation of Chemical-Specific Human Toxicokinetic Adjustment Fac-
tors (HKAF)
Two methods were used to derive chemical-specific HKAFs to ac-
count for inter-individual variability. These methods divided ei-
ther (1) the 95th percentile or (2) the median value for the sensi-
tive population by the median value for the general healthy pop-
ulation. The 95th:median ratio HKAF is consistent with a strat-
egy previously outlined to convey toxicokinetic variability for
a bimodal population and is based on the assumption that a
sensitive subpopulation is a discrete group rather than a frac-
tion of the general population (Lipscomb et al., 2004). For the
chemicals evaluated, the average estimated 95th:median and

D
ow

nloaded from
 https://academ

ic.oup.com
/toxsci/article/142/1/210/1708695 by guest on 24 April 2024



218 TOXICOLOGICAL SCIENCES, 2014, Vol. 142, No. 1

FIG. 2. Comparison of Css values derived across multiple subpopulations. 5th, median, and 95th percentile Css values are displayed in box and whisker format for the
nine chemicals analyzed in the study. Css values were derived using hepatic clearance rates at 1�M chemical concentration. Non age-based subpopulations had an

age range of 20–50 years of age, equal numbers of both genders, and were selected based on availability in the Simcyp simulation tool: Healthy, Chinese, Japanese,
Northern European (Northern European Caucasian), Female, Diabetic, and Renal Failure (individuals with a glomerular filtration rate � 30 ml/min). For the remaining
subpopulations, the numbers represent the age range (in years) simulated. Panel (A) displays life stage-, ethnic-, and disease-based subpopulations chosen due to

characterization of PK and physiologic differences in meta-analyses and pediatric studies from varied literature sources. Panel (B) displays subpopulations simulated
to allow direct comparison with age-based exposure estimates collated from regulatory documents. Additional information about subpopulations is available in the
Materials and Methods section.
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FIG. 3. Comparison of subpopulation-specific oral equivalent ranges and exposure estimates. Box and whisker plots depict the range of the oral equivalent values
calculated for each chemical-subpopulation group with the lower and upper whiskers set to represent the range of values 1.5 times the interquartile range below or
above the 25th or 75th percentiles, respectively. In those instances where the lowest or highest value for that chemical-assay combination does not exceed the whisker,

the whisker is set to that value. Subpopulations are as defined in Figure 1. Symbols (� ,♦,×,�,#,�, �) depicting human life stage-based oral exposure estimates derived
from US regulatory documents are included where available.

median:median HKAFs ranged from 3.1- to 13.1-fold and 1.3- to
4.3-fold, respectively (Table 4). Except for tebupirimfos, the aver-
age estimated 95th:median HKAFs for all chemicals were greater
than the default uncertainty factor of 3.2. In general, the most
sensitive population was the youngest pediatric life stage group
(pediatric 0–0.5 years). The chemicals with ethnic or chronic dis-
ease populations as the most sensitive had HKAF values closer to
the default uncertainty factor.

Relative Impact of Physiology Versus Enzyme Ontogeny to Subpopula-
tion Variability
To assess the relative impact of age-based differences in phys-
iology and metabolism on Css, model simulations were run for
the healthy and most sensitive populations while holding the
metabolic clearance rates constant. The percent contribution of
subpopulation metabolic differences to the HKAF values for all
but tebupirimfos ranged from 58–92%, with six of the nine chem-
icals greater than 80% (Table 4 and Supplementary table 3C). For
tebupirimfos, metabolic differences only accounted for 20% of
the variability. In addition, comparison of the physiology-based
median Css values for the most sensitive and healthy adult pop-
ulations yielded healthy adult Css values that were higher than
those for the most sensitive subpopulation for all but one chem-
ical (tebupirimfos) (Supplementary table 3C).

Comparison of Subpopulation-Specific Oral Equivalent Doses to
Subpopulation-Specific Oral Exposure Estimates
Subpopulation-specific Css values were used to estimate the
subpopulation-specific oral equivalent doses for each chemical-
assay combination. The subpopulations evaluated in this anal-
ysis were those selected based on exposure estimates collated
from US EPA exposure estimates. Given that between 75 and 129
in vitro assays yielded AC50 or LEC values for the chemicals tested

in this study, box and whisker plots were used to depict the
range and distribution of the subpopulation-specific oral equiv-
alent doses (Fig. 3). In most cases, the pediatric (0–0.5 years) life
stage possessed the lowest minimum oral equivalent dose value
among all subpopulations (denoted by the lower whisker).

To best capture the differences between the oral equivalent
dose ranges and the exposure estimates, activity-to-exposure
ratios (AERs) were calculated by dividing the lower whisker by
the appropriate age-based exposure estimate (Supplementary
table 5). One chemical, fludioxonil, had AERs for two pediatric
subpopulations (�1 and the 1–2-year-old group) that were less
than 1, indicating that the estimated exposures could lead to
blood concentrations similar to those that elicited bioactivity
in the in vitro HTS assays. The AERs were less than 3.3 for all
of the other subpopulations for this chemical. Only two of the
six other chemicals for which exposure estimates were avail-
able had AERs less than 100 for at least one of the subpopu-
lations assessed—azoxystrobin (40, for the 1–2-year age group)
and difenoconazole (values ranging from 7 to 25 for all age
groups). On a chemical-by-chemical basis, the difference be-
tween the largest and smallest AERs ranged from 2.2 to 7.1-fold
(Supplementary table 5).

DISCUSSION

Within the United States and abroad, consideration of uncer-
tainty and variability is recognized as a critical part of the risk
assessment process (EPA, 2005; Meek et al., 2002). To address the
uncertainty in predicting human effects from animal toxicity
studies and the potential variability in response between gen-
eral and more sensitive human populations, the US EPA applies
default uncertainty factors in their non-cancer risk assessments
to ensure the adequate protection of human health (NRC, 1983).
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A greater understanding of species-specific and subpopulation-
specific PK and pharmacodynamic differences has led regula-
tors to consider transitioning away from these default values to
data-driven, chemical-specific adjustment factors when appro-
priate (Dorne and Renwick, 2005; Lipscomb et al., 2004). The US
EPA and the International Programme for Chemical Safety have
released draft guidance documents that provide frameworks for
such an approach (IPCS, 2005) (Lipscomb et al., 2004), whereas
strategies that incorporate pathway-related uncertainty factors
for chemicals with intermediate data availability have also been
introduced (Dorne, 2010; Lipscomb et al., 2004). Further, in 2009
a report released by the US National Research Council recom-
mended implementing a tiered approach in determining the
level of detail necessary to support uncertainty and variability
assessments (NRC, 2009).

Over the past decade, the US EPA has been under increasing
pressure to streamline hazard identification and prioritization
of the thousands of chemicals in commerce for which limited
or no toxicity data are available (EPA, 2003; Kavlock et al., 2005).
In response to this pressure, the US EPA ToxCast research pro-
gram was launched in 2007 to incorporate in vitro HTS and bioin-
formatics tools into the process (Dix et al., 2007; Judson et al.,
2010; Kavlock et al., 2009). Since then, close to 1800 chemicals
have been evaluated for their potential to perturb hundreds of
pathways and biological processes in vitro (Houck et al., 2009;
Knight et al., 2009; Knudsen et al., 2011; Martin et al., 2010; Rotroff
et al., 2010a). Previous studies have integrated PK with the in vitro
HTS data to estimate oral equivalent doses that would result in
steady-state blood levels equivalent to concentrations eliciting
bioactivity in the in vitro assays (Rotroff et al., 2010b; Wetmore
et al., 2012). The integration of PK has been critical for applica-
tion to risk assessment (Judson et al., 2011). The ability to incor-
porate subpopulation susceptibility into the generation of these
oral equivalent doses would further enhance the applicability of
the HTS data within a risk assessment framework.

In this study, metabolic clearance rates were measured for
a subset of nine ToxCast chemicals across 13 CYP and 5 UGT
isozymes. All nine chemicals were significantly cleared by at
least one CYP and one UGT isozyme. Fm assessment revealed
that CYPs 1A2, 2C9 3A4, and UGT1A4 played a major role in me-
tabolizing the chemicals tested. These findings are consistent
with reports in the pharmaceutical literature, where these four
isozymes are the most abundantly expressed in hepatic tissue
and are responsible for over 62% of drug metabolism (Donato
and Castell, 2003; Pinto and Dolan, 2011; Singh et al., 2011). Com-
parison of fms between pediatric (0–0.5 years) life stage and the
adult population revealed similar trends, although CYPs 2C9 and
neonatal 3A7 significantly metabolized (i.e., possessed fm �5%)
more chemicals in this pediatric population. This observation is
consistent with the more rapid development of CYP2C9 in the
first few months of life compared with CYP3A4 (Johnson et al.,
2006; Koukouritaki et al., 2004), and the decrease in CYP3A7 lev-
els as development ensues and CYP3A4 levels increase (Hines,
2007). Although the UGTs are primarily recognized as a phase II
enzyme family, they also glucuronidate unmodified compounds
containing carboxylic acids, aminophenols, or other functional
groups (Tukey and Strassburg, 2000). The phase I activity of UGTs
was evident in this study, where several of the isozymes dis-
played broad substrate specificity by each glucuronidating five
to six of the nine compounds tested (Supplementary table 4). Al-
though CYPs and UGTs were selected for this study due to their
recognized prominence in xenobiotic metabolism, other hepatic
enzymes (e.g., flavin-containing monooxygenases, sulfotrans-
ferases) may also metabolize some of the chemicals tested. How-

ever, the CYPs and UGTs are also the only enzymes with suffi-
cient isozyme abundance and developmental ontogeny data to
allow the generation of subpopulation-specific Css values.

The isozyme-specific intrinsic clearances expressed per unit
enzyme were used together with isozyme abundance data and
known physiologic differences to construct IVIVE PK models for
multiple subpopulations to predict chemical concentration in
the blood at steady state. Use of rCYP and rUGT reaction phe-
notyping in such a model requires acknowledgment of certain
details. First, incubations with recombinant enzymes are typi-
cally performed at enzyme levels that exceed physiologic levels
to offer high assay sensitivity in detecting substrate depletion.
In addition, in those instances where a chemical is a substrate
for multiple enzymes, the differing kinetic behaviors (e.g., Km,
Vmax) of each enzyme may impact the relative contribution of
each to overall in vivo Clint in a manner that is not captured in
these in vitro assessments (Harper and Brassil, 2008). However, a
comparison of the performance of three in vitro systems in pre-
dicting in vivo Clint for 110 drugs revealed that recombinant en-
zymes outperformed hepatocytes and liver microsomes, provid-
ing predictions within 5-fold of the observed in vivo Clint for 70%
of the chemicals (Stringer et al., 2009).

To evaluate the accuracy of the IVIVE modeling, the IVIVE
predictions were compared with Css values derived from pub-
lished in vivo PK studies. The IVIVE model for carbaryl was
within 1.5-fold of the in vivo value, whereas the IVIVE models
for haloperidol and lovastatin were within 3-fold and 4–9-fold
of the in vivo values, respectively. It should be noted that the
two in vivo studies used to provide Css values for lovastatin also
demonstrated variability, with Css estimates spanning 2.5-fold.
Although three chemicals is a limited number to draw broad
conclusions on the utility of the approach, the IVIVE-predicted
Css values were generally comparable to Css values from the pub-
lished models and come within the 3–5-fold range desired in
sound IVIVE strategies (Hallifax et al., 2010).

The measurement of isozyme-specific intrinsic clearance ex-
pressed per unit enzyme enables the use of IVIVE and incor-
poration of system-specific parameters in different virtual pop-
ulations. One advantage of this “bottom-up” approach is that
as data describing the demographic, genetic, and physiological
data continue to emerge and evolve, revised system parameters
can be incorporated and the likely exposure in relevant sensi-
tive populations resimulated. For instance, UGTs 1A9 and 2B7
are present in the kidney (Fisher et al., 2001; King et al., 2000), and
the intestine possesses UGT1A1 as well as the intestinal-specific
UGTs 1A7, 1A8, and 1A10 (Fisher et al., 2001; Gregory et al., 2004;
Ritter, 2007; Thelen and Dressman, 2009). This latter group of
UGTs was not measured in our study. The measurement of UGT-
mediated clearance and incorporation of rUGT:tissue scalars al-
lows the incorporation of this extrahepatic metabolism into the
modeling results. As absolute renal and intestinal UGT abun-
dance data emerge in the literature for different populations,
this approach can be further refined to incorporate Clint per pmol
isozyme, thus replacing the tissue scalar approach.

Isozyme ontogeny data were derived from measurements
of enzyme expression and activity from multiple studies and
reported previously (Johnson et al., 2006). Developmental dif-
ferences in isozyme abundances were evaluated by applying a
number of models, with the most parsimonious model identified
and used to derive the fraction of adult CYP abundance for each
age band (Johnson et al., 2006). Several reports on CYP ontogeny
in the literature suggest that a higher coefficient of variation
(CV) exists within certain age bands, particularly around birth
(Croom et al., 2009; Hattis et al., 2003; Johnsrud et al., 2003; Kouk-
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ouritaki et al., 2004). As insufficient data are available to delin-
eate the variability that exists due to the fast postnatal isozyme
development from true isozyme variability, the approach within
Simcyp applies CVs based on adult data across the whole pedi-
atric age range (Rowland-Yeo et al., 2003). From a risk assessment
perspective, an alternate approach that accounts for greater CVs
may need to be considered to ensure adequate protection of this
sensitive life stage group.

The population-specific IVIVE models were applied in two
different ways. The first application was to assess the range
of variability in Css values across a broad range of popula-
tions and use the variability to estimate chemical-specific hu-
man toxicokinetic adjustment factors (HKAFs). One proposed
method for deriving chemical-specific HKAFs that account for
inter-individual variability is to divide the 95th percentile for
the sensitive subpopulation by the median value for the general
healthy population (Lipscomb et al., 2004). For all of the chem-
icals evaluated, the average estimated HKAFs were greater than
the default uncertainty factor of 3.2 with a range between 3.1-
and 13.1-fold. Our results with these nine compounds suggest
that the default value does not afford sufficient protection for
sensitive populations, which for most of the chemicals was the
pediatric life stage group (0–0.5 years). This is important in that
initial studies that did not consider enzyme differences sug-
gested that children would be adequately covered by the de-
fault uncertainty factor due to increased elimination or clear-
ance of chemicals compared with adults (Renwick, 1998; Ren-
wick and Lazarus, 1998). Separation of the variability associ-
ated with physiologic differences from differing enzyme rates
in this study confirms the minor role physiology plays in this
regard, supporting, to a degree, these earlier conclusions. Sub-
sequent consideration of polymorphic metabolism or enzyme
differences between healthy adults and neonates has led to the
realization that the default uncertainty factor could be exceeded
for certain chemicals (Dorne and Renwick, 2005; Ginsberg et al.,
2005, 2002, 2004; Hattis et al., 2003). Although earlier papers
relied on an overall understanding of differing enzyme abun-
dances to draw these conclusions, the current work provides
clearance information at the isozyme level and quantifies the
impact of both enzyme differences and physiology on subpop-
ulation variability. Although of moderate throughput, quantita-
tion of chemical-specific HKAFs in this manner could prove use-
ful when applied more widely to the risk assessment process.

The second application was to estimate subpopulation-
specific oral equivalent dose values associated with in vitro
HTS assays to aid in chemical prioritization and identifying
subpopulations with greater susceptibility to potential path-
way perturbations. For most of the chemicals evaluated, the
subpopulation-specific oral equivalent doses were significantly
lower than the corresponding estimates of human exposure.
Regulatory exposure estimates were not generated for carbaryl,
the chemical with the largest HKAF, as they were not deemed ap-
propriate given the rapid recovery from carbaryl-induced acetyl-
cholinesterase inhibition (USEPA, 2007). However, one chemical,
fludioxonil, had oral equivalent dose values that overlapped ex-
posure estimates for two pediatric subpopulations. This overlap
indicates that the estimated exposures could lead to blood con-
centrations similar to those that elicited activity in the in vitro
HTS assays. Although the comparison of subpopulation-specific
oral equivalent dose values with corresponding exposure esti-
mates can be useful for chemicals such as fludioxonil, the cost
and analytical chemistry workload for generating the isozyme-
specific clearance rates is significantly greater. In all the chem-
icals analyzed in this study, the maximum difference between

the AERs for the healthy adult population and the most sensi-
tive subpopulation was 7.1-fold. Given this difference, it makes
sense to apply this approach only as a second tier screen where
the margin of exposure between the oral equivalent dose values
for the healthy adult population and the exposure estimate for
the most highly exposed subpopulation is less than 100.

Apart from PK differences, pharmacodynamic variability will
also need to be incorporated for ultimate application to risk as-
sessment. The pharmacodynamic variability needs to address
both genetic and age-related differences. High-throughput eval-
uation of population-based genetic differences in pharmacody-
namic response was recently conducted using 81 lymphoblast
cell lines derived from 27 mother-father-child trios (Lock et al.,
2012). The 81 lymphoblast cell lines were exposed to 240 chem-
icals in concentration-response format and differences in cy-
totoxicity and apoptosis were measured. The results showed
chemical-specific variability between the cell lines for the end-
points assessed suggesting that the approach may be used as a
surrogate measure of genetic variability across a population.

Age-related pharmacodynamic variability is a separate pa-
rameter that will be difficult to capture in either an HTS frame-
work or using conventional tools. However, continued screening
of chemicals across a broad range of molecular and pathway-
based targets together with better characterization as to the on-
tological expression of these targets could be used to qualita-
tively identify age-related susceptibilities. In addition, combin-
ing the in vitro assay data with computational modeling will help
to quantitatively evaluate the extent of the susceptibility when
target pathways are known.

The development of new toxicity testing paradigms will rely
heavily on in vitro HTS assays together with parallel investments
in characterizing the pharmacokinetics and exposure levels of
these chemicals. However, in order to translate the in vitro HTS
results into risk assessment, PK and pharmacodynamic vari-
ability will need to be incorporated. A previous study outlin-
ing a framework for high-throughput risk assessment used sim-
plifying default assumptions for the distribution of population-
variability (Judson et al., 2011). In this study, we present an ex-
perimental approach for estimating chemical-specific PK vari-
ability across multiple subpopulations. When integrated with
promising approaches for estimating pharmacodynamic vari-
ability (Lock et al., 2012) and subpopulation-specific exposure es-
timates, the combination provides a significant step toward en-
abling high-throughput chemical risk assessment.
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