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Abstract

Background: The developmental toxicity potential (dTP) concentration from
the devITOX quickPredict (devTOX?") assay, a metabolomics-based human
induced pluripotent stem cell assay, predicts a chemical's developmental toxic-
ity potency. Here, in vitro to in vivo extrapolation (IVIVE) approaches were
applied to address whether the devIOX?% assay could quantitatively predict
in vivo developmental toxicity lowest effect levels (LELs) for the prototypical
teratogen valproic acid (VPA) and a group of structural analogues.

Methods: VPA and a series of structural analogues were tested with the
devIOX?" assay to determine dTP concentration and we estimated the equiva-
lent administered doses (EADs) that would lead to plasma concentrations

Abbreviations: 4-ene-VPA, 2-propyl-4-pentenoic acid or 2-propylpent-4-enoic acid IUPAC name); ACs,, half-maximal activity concentration;
CASRN, chemical abstracts service registry number; Cly, in vitro intrinsic clearance; Cy,,x, max plasma concentration; Cg, steady state plasma
concentration; devTOX%, devTOX quickPredict assay; DMPA, 2,2-dimethylvaleric acid or 2,2-dimethylpentanoic acid (IUPAC name); dTP, in vitro
developmental toxicity potential; EAD, equivalent administered dose; EBA, 2-ethylbutyric acid or 2-ethylbutanoic acid JUPAC name); EC,, effect
concentration at which 10% effect is observed compared to the control; EHA, 2-ethylhexanoic acid; EPA, U.S. Environmental Protection Agency; fu,
fraction of chemical unbound to plasma protein; GP, GastroPlus; HA, hexanoic acid; HTS, high-throughput screening; httk, R package for high
throughput toxicokinetics; iPSC, induced pluripotent stem cell; IVIVE, in vivo to in vitro extrapolation; LEL, lowest effect level; MHA,
2-methylhexanoic acid; MPA, 2-methylpentanoic acid; NMRI, Naval Medical Research Institute; o/c ratio, ornithine to cystine ratio; OPERA, OPEn
Structure-activity/property Relationship App; PA, 4-pentenoic acid or pent-4-enoic acid (IUPAC name); PBPK, physiologically based
pharmacokinetic; PHA, 2-propylheptanoic acid; PK/TK, Pharmacokinetics/toxicokinetics; PPK, population-based pharmacokinetic; QSAR,
quantitative structure-activity relationship; TP, in vitro cytotoxicity potential; VPA, valproic acid.
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equivalent to the in vitro dTP concentrations. The EADs were compared to the
LELs in rat developmental toxicity studies, human clinical doses, and EADs
reported using other in vitro assays. To evaluate the impact of different phar-
macokinetic (PK) models on IVIVE outcomes, we compared EADs predicted
using various open-source and commercially available PK and physiologically
based PK (PBPK) models. To evaluate the effect of in vitro kinetics, an equilib-
rium distribution model was applied to translate dTP concentrations to free
medium concentrations before subsequent IVIVE analyses.

Results: The EAD estimates for the VPA analogues based on different
PK/PBPK models were quantitatively similar to in vivo data from both rats and
humans, where available, and the derived rank order of the chemicals was con-
sistent with observed in vivo developmental toxicity. Different models were
identified that provided accurate predictions for rat prenatal LELs and conser-
vative estimates of human safe exposure. The impact of in vitro kinetics on
EAD estimates is chemical-dependent. EADs from this study were within
range of predicted doses from other in vitro and model organism data.
Conclusions: This study highlights the importance of pharmacokinetic con-
siderations when using in vitro assays and demonstrates the utility of the
devTOX?” human stem cell-based platform to quantitatively assess a chemical's

KEYWORDS

acid (VPA) analogues

1 | INTRODUCTION

Birth defects affect approximately 3% of all babies born in
the United States each year (CDC, 2020). Many of these
defects may be caused by in utero exposure to various
pharmaceutical and environmental chemicals, including
metals, pesticides, and industrial solvents (Weinhold,
2009). To identify chemicals that may pose a risk to the
developing fetus, developmental toxicity tests utilizing
in vivo animal models are frequently used. However,
these in vivo tests are expensive and time-consuming and
require a large number of animals, making it impractical
to test the more than 80,000 chemicals registered for
commercial use in the United States (Luz & Tokar, 2018).

Compared to animal tests, in vitro assays can provide
more mechanistic insights. Use of human cell lines can
also improve human pathway relevance, helping to
address the difficulties inherent to interspecies extrapola-
tion that is necessary when animal models are used.
In vitro assays can often be converted to a high-
throughput platform, which greatly accelerates testing
and reduces overall costs. Over the past decade, significant
advances have been made to overcome the challenges
associated with implementation of high-throughput

developmental toxicity potency.

developmental toxicity potency, in vitro to in vivo extrapolation, pharmacokinetics, valproic

screening (HTS) assays (Richard et al., 2021; Shukla,
Huang, Austin, & Xia, 2010). Screening 10,000 chemicals
in a few weeks has become routine in some facilities.
Efforts in both the public and private sectors are explor-
ing how HTS data can accelerate the evaluation of
potentially toxic chemicals while providing insights into
mechanisms of human toxicity. For example, a
European Union research program focused on human
cell- and mechanism-based toxicological assessment
(EU-ToxRisk, 2020) has developed several case studies to
address alternative models in regulatory decision-making.
One case study investigated the teratogenic potency of
valproic acid (VPA) analogues using alternative methods.
VPA is a short-chain aliphatic acid used as an anticon-
vulsant and antiepileptic drug that is known to be terato-
genic in humans and animals. VPA exposure during
pregnancy causes spina bifida and minor facial mal-
formations in children (Lammer, Sever, & Oakley, 1987;
Ornoy, 2009). VPA is also teratogenic in most animal spe-
cies tested, although animals are considered to be less sus-
ceptible to its teratogenic effects. In rats, which is a
commonly used animal model for identifying potential
teratogens, prenatal VPA exposure caused a significant
reduction in fetal weight starting at a daily dose of 200 mg/
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FIGURE 1

Predicting equivalent administered dose using an in vitro bioactivity concentration in the devTOX quickPredict (devTOX%") assay.

The developmental toxicity potential (dTP) concentration provided by the devTOX% assay is used as the target plasma concentration, expressed as
either a steady-state (Cy) or maximum (Cp,,,) concentration. Experimental or predicted values for input parameters are used to populate a

pharmacokinetic or physiologically based pharmacokinetic model, which estimates plasma concentration at a given dose (mg/kg/day). Reverse

dosimetry is carried out to estimate an equivalent administered dose that results in the plasma concentration equal to the in vitro dTP concentration.

kg. At higher doses, VPA also induces abnormal vertebrae,
ribs and craniofacial dysmorphia, cardiovascular defects
and hydronephrosis (Binkerd, Rowland, Nau, &
Hendrickx, 1988).

VPA and its analogues were tested with the devIOX
quickPredict™ assay (devITOX?’), an in vitro human
induced pluripotent stem cell (iPSC)-based assay that pre-
dicts a chemical's developmental toxicity potential (dTP)
based on changes in cell metabolism. Stem cells are ideal
for examining developmental toxicity due to their capac-
ity to differentiate into nearly any cell type. Earlier stud-
ies demonstrated that the teratogenic potency ranking
based on the devTOX? assay was consistent with in vivo
developmental toxicity potency for sets of environmental
chemicals (Kleinstreuer et al., 2011), pharmaceutical
compounds (Palmer et al., 2013), and retinoic acid and its
analogues (Palmer et al., 2017). The assay was also used
to screen 1,065 chemicals from the U.S. EPA's ToxCast
program and achieved ~80% accuracy when compared to
results from in vivo animal developmental toxicity stud-
ies (Zurlinden et al., 2020). However, whether concentra-
tions that induce a response in the devIOX%" assay can
be used to quantitatively predict in vivo exposure causing
developmental toxicity has not been evaluated.

In vitro to in vivo extrapolation (IVIVE) of dosimetry,
also known as reverse dosimetry, translates bioactive
chemical concentrations to external exposures that would
be predicted to result in plasma concentrations equal to

the in vitro bioactive concentrations. Translating in vitro
measurements into estimates of in vivo outcomes is a
complex process requiring understanding of the pharma-
cokinetics and pharmacodynamics of both in vitro and
in vivo systems. The IVIVE outcome relies on both
in vitro and in vivo kinetics. Due to a lack of in vitro
kinetics data, the nominal concentration was often used
to derive the bioactive concentration for IVIVE. However,
Efforts started recently to characterize chemical kinetics
in in vitro assay systems. For example, Armitage et al.
demonstrated a mass-balance model that considers essen-
tial assay components (e.g., media volume, cell number,
head space, percent of serum) and physicochemical pro-
perties to calculate chemical distribution in vitro
(Armitage, Wania, & Arnot, 2014).

In addition, a pharmacokinetic (PK) model describing
in vivo kinetics is needed for reverse dosimetry (Figure 1).
PK models used for IVIVE can vary in complexity. At one
extreme is a simple one-compartment model that relies on
assumptions of linear dose-response and steady-state
kinetics. In contrast, complex multi-compartment physio-
logically based PK (PBPK), or toxicokinetic (PBTK),
models use tissue-specific partition coefficients to calculate
dynamic chemical concentrations in plasma and tissues
(Andersen, 2003). To evaluate developmental effects, a
pregnancy-specific PBPK model simulating in utero expo-
sure is preferred. A pregnancy-specific model is inherently
more complex than conventional PBPK model due to
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growth of and interaction between maternal and embryo/
fetal tissues. Many of the parameters such as compartmen-
tal volumes and cardiac output, which are treated as con-
stants in conventional PBPK models, must be formulated
as time-varying quantities for pregnancy PBPK models
due to the significant physiological and anatomical
changes occurring during the course of gestation (Young
et al., 1997). Both open-source and commercial platforms
are available for generic and pregnancy-specific PBPK
modeling (Pearce, Strope, Setzer, Sipes, & Wambaugh,
2017; Simulations Plus Inc, 2020).

In the current study, we performed IVIVE to predict
in vivo developmental toxicity dose levels by estimating
equivalent administered doses (EADs) that would result
in maternal and/or fetal blood concentrations equivalent
to the dTP concentrations from the devTOX?%" assay. The
in vitro-derived EADs were compared to lowest effect
levels (LELs) in rat developmental toxicity studies or
human therapeutic doses, and to EADs from a recent
OECD case study based on different sets of in vitro data
(OECD, 2020). We evaluated the impact of in vitro kinet-
ics and different modeling approaches on EAD estimates
and identified the type of PK/PBPK models that best
predicted oral doses that would induce developmental
toxicity in vivo. This work relates in vitro developmental
toxicity potency to in vivo measurements for VPA ana-
logues, promoting confidence in use of these approaches
in chemical prioritization and hazard assessment.

2 | METHODS

2.1 | Invitro assay data

VPA and nine structural analogues were tested with the
devTOX? assay using human iPS cells (HYR0103,
ATCC®ACS-1007™, Manassas, VA) to determine dTP
concentrations as previously described (Palmer et al,
2017). The devTOX? assay (Stemina Biomarker Discov-
ery, Inc., Madison, Wisconsin) is a biomarker-based
human pluripotent stem cell assay for developmental tox-
icity screening across a dose-response range (Palmer
et al., 2013, 2017). The devTOx assay has been devel-
oped and validated using both human embryonic stem
(hES) cells and iPS cells; the current work was carried out
using iPS cells. The assay measures changes in the abun-
dance (metabolism) of two metabolite biomarkers, orni-
thine and cystine, from which the ornithine to cystine
(o/c) ratio is calculated at different chemical concentra-
tion. Both ornithine and cystine were identified
as indicators of developmental toxicity. Perturbation of
biochemical pathways that include these biomarkers
has been shown to be associated with teratogenic mecha-
nisms in vivo (Palmer et al., 2013). Using a set of

chemicals with known information on developmental tox-
icity, the o/c ratios were shown to be predictive of develop-
mental toxicity potency (Palmer et al., 2013). From the o/c
ratio response curve (Figure S1), the dTP concentrations
can be derived and used for determining in vitro develop-
mental toxicity potency (Palmer et al., 2013, 2017). The
dTP concentration is the interpolated concentration at
which the o/c ratio response curve drops below the
predefined developmental toxicity threshold, which was
developed based on a set of pharmaceuticals with known
human teratogenic potential. Conversely, the toxicity
potential (TP) concentration is defined as the concentra-
tion at which cell viability drops below the same thresh-
old. The TP concentration is used for assessing overall
toxicity of a chemical (Figure S1). The dTP concentration
was used for subsequent IVIVE analysis as it measures
bioactivity relevant to teratogenic mechanisms.

2.2 | Armitage model adjustment to
in vitro concentrations

To calculate the free medium concentration corres-
ponding to nominal concentration, the Armitage mass
balance model contained in the high throughput
toxicokinetic (httk) R package was used (Pearce et al.,
2017). A set of assay-specific and chemical-specific para-
meters are required as inputs for executing the Armitage
model. The values for assay-specific parameters (e.g., sys-
tem temperature, number of wells on plate, total volume
of wells) were provided by Stemina Biomarker Discovery,
Inc. The values for physiochemical parameters (e.g., logP,
Henry's law constant, water solubility and melting point)
were obtained using the Open Structure-activity/property
Relationship App (OPERA) (Mansouri, Grulke, Judson, &
Williams, 2018).

2.3 | Invivo developmental toxicity
study data

The rat LELs from in vivo developmental toxicity studies
for VPA and its analogues were obtained from the scien-
tific literature. Information extracted include strains,
dosing range, exposure routes, dosing period, and LELs
for maternal and fetal toxicities. LELs for both maternal
and fetal toxicities were combined to derive the range of
developmental toxicity LELs.

2.4 | Pharmacokinetic parameters

Values required as inputs for the PK and PBPK models
included fraction of chemical unbound to plasma protein
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(fu) and intrinsic clearance rate (Cl;,,) in primary hepato-
cytes. Experimental fu and Cl;,, values in primary hepa-
tocytes were obtained from literature sources (Mansouri
et al.,, 2018; OECD, 2020) or provided by Dr. Ciaran
Fisher (Certara). For Cl;,; values that fall below the limit
of quantitation for the assay (e.g., PHA), a value two-fold
below the limit of quantitation was used. When experi-
mental values are not available, predicted values from
OPERA (v2.7) were used (Mansouri et al., 2018). All
other model input parameters, for example, uptake rates
from gut, tissue-to-plasma partition coefficients, were
obtained from the U.S. Environmental Protection
Agency's (EPA) high-throughput toxicokinetics (httk) R
package (Pearce et al., 2017) or commercial software
GastroPlus® v9.7 (Simulations Plus Inc, 2020). Structural
similarity between VPA and the nine other analogues
was calculated based on Tanimoto similarity score and
extended connectivity fingerprints (ECFP,) (Table S3).
ECFP, are circular topological fingerprints that measure
the features x radius from the center of the chemical,
where x is 0, 2, 4, 6 (O'Boyle & Sayle, 2016).

2.5 | PK models and EAD estimates
Four different PK and PBPK models of different complex-
ity were used to estimate the daily EAD (expressed as
mg/kg body weight/day) from the oral route of exposure
(Figure 2). The simplest model (Figure 2a) was a one-
compartment population-based PK (PPK) model
(Wetmore et al., 2012) that assumes 100% absorption and
calculates total clearance as the sum of hepatic clearance
and renal clearance calculated based on passive glomeru-
lar filtration rate. For a given dose of test substance, this
model estimates the upper 95th percentile steady-state
plasma concentration (Cg) for a Monte Carlo simulated
population of 10,000 samples, which accounts for
variability due to individual parameters such as liver size,
hepatic clearance rate. Using this model, EADs were
estimated that would result in the total Cg equal to the
dTP concentration from the devTOX? assay.

The EAD derived from the total chemical concentra-
tion was calculated as:

. 1
EAD =dTP concentration X — (1)

SS

The httk.PBTK model (Figure 2b) is a generalized
open-source physiologically based toxicokinetic (PBTK)
model obtained from the httk R package (v1.8.1) (Pearce
et al., 2017). The model includes compartments for artery,
vein, lung, gut, liver, kidney, and rest-of-body, with each
tissue compartment described by perfusion rate-limited
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kinetics, in which the blood flow to the tissue becomes
the rate-limiting process (Jones & Rowland-Yeo, 2013).
For this model, tissue: plasma partition coefficients were
calculated using the modified Schmitt method provided
in the httk R package (Schmitt, 2008). The model
assumes that elimination of chemical is mainly through
hepatic and renal clearance. The model generates simula-
tions using default body weights of 70 kg for human and
0.25 kg for rat. For IVIVE, the model was applied to pre-
dict Cynax following an oral dose of 1 mg/kg/day. As linear
relationship between dose and plasma concentration is
assumed in httk. PBTK model, the EAD corresponding to
the dTP concentration was calculated as:

1
EAD = dTP concentration X —— (2)
Cmax

The httk.fPBTK model (Figure 2c) is a human
pregnancy-specific PBTK model obtained from the httk R
package (v1.8.1) (Kapraun, Wambaugh, Woodrow Setzer, &
Judson, 2019). The httk.fPBTK model includes fetal and
maternal instances of each of the tissue compartments
included in the generalized model. In addition, the model
includes four fetal cardiac compartments, a fetal brain com-
partment, maternal and fetal thyroid compartments, and
maternal and fetal placenta blood compartments. For
IVIVE, the model is used to simulate a 30-year-old pregnant
female with body weight of 61 kg and a two-week oral
chemical exposure of 1 mg/kg/day starting at 12 weeks of
gestation. Based on these inputs, the model predicts both
maternal and fetal plasma C,,,. Same as httk. PBTK model,
linear relationship between dose and plasma concentration
is assumed in httk.fPBTK model. Therefore, the EAD that
would result in maternal or fetal plasma C,,, equal to the
dTP concentration is calculated as:

1
EAD = dTP concentration X (3)
Cmax (maternal or fetal)

A pregnancy PBPK model from the commercial Gas-
troPlus software (v9.7, Figure 2d) was also used in our
analysis. The GastroPlus (GP) pregnancy model is a
human 12-week gestation model built to simulate drug
exposure via maternal ingestion of a delayed-release for-
mulation (enteric coated tablet or capsule). Compart-
ments in this model include maternal lung, liver, spleen,
gut, adipose tissue, muscle, heart, brain, kidney, skin,
reproductive tract, red marrow, yellow marrow, uterus,
placenta, and rest-of-body, as well as fetus, amniotic fluid,
and fetal placenta. The model simulates a 30-year-old Amer-
ican female with pre-pregnancy body weight of 61 kg and a
two-week oral chemical exposure of 1 mg/kg/day starting at
12 weeks of gestation. To calculate the EAD that leads to a
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Structures of pharmacokinetic (PK) models used for in vivo to in vitro extrapolation analyses. (a) The population-based
pharmacokinetic model is a one-compartment, open-source population-based PK model. (b) The httk.PBTK model is a generalized PBTK
model provided in the Environmental Protection Agency (EPA) httk R package. (c) The httk.fPBTK model is a human pregnancy specific PBTK
model provided in the EPA httk R package. Adapted from Sfeir et al. (2020). (d) A human pregnancy physiologically based pharmacokinetic
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Reported Clinical dose
Reported Plasma Cmax

maternal or fetal plasma C,,,, equal to dTP concentrations,
we first used Equation (3) to have a rough estimation on
EADs, then we adjusted EAD values by comparing simu-
lated maternal or fetal C,,, at the EADs to dTP concentra-
tions. For chemicals with Cy,,, plateau reached, the dose at 3 |
the starting point of plateau is used as EAD.

Additionally, we obtained plasma Cp,, values for 3.1 |

EAD = dTP concentration X

(4)

RESULTS

Comparison of in vitro dTP and TP

VPA at given clinical doses from PharmaPendium
(Elsevier, Amsterdam, Netherlands, 2021), based on
which we applied linear extrapolation to estimate EAD
corresponding to dTP concentration.

concentrations

As noted above, the devITOX% assay produces two statis-
tics for each chemical tested. The dTP concentration



CHANG ET AL.

describes developmental toxicity potency, while the TP
describes the concentration where a chemical is cytotoxic
in human pluripotent stem cells (Palmer et al., 2013;
Palmer et al., 2017). Since the dTP concentration is used
for predicting the developmental toxicity potency of a
chemical, it was used as the in vitro activity concentra-
tion input for the IVIVE analysis. The dTP concentration
for all of the VPA analogues was lower than or within
two-fold of the TP concentration (Table 1). Two ana-
logues, EBA and MPA, did not decrease iPS cell viability
at the concentrations tested in this study (Table 1).

VPA has the lowest dTP concentration (Table 1,
Figure 3), indicating that it is the most potent develop-
mental toxicant of all the chemicals tested in this study.
For VPA, the dTP and TP concentrations from a similar
assay but using hES cells have also been reported
(Palmer et al., 2013), and were found to be slightly differ-
ent (dTP of 91 pM and TP of 1,114 pM), but within the
expected range for variability (3-fold), especially consider-
ing that different cell lines were used. Assay specific
information and results comparison can be found in
Table S1. Interestingly, the o/c ratio dose-response curve
for PA was biphasic and differed from VPA and the other
analogues (Figure 3). This effect was the result of
increased cystine uptake prior to cell death, which may
be due to an adaptive response to oxidative stress.

In addition, chemical structure similarity between
VPA and the rest of chemicals were calculated based on
ECFP, fingerprints and the Simplified Molecular Input
Line Entry Specification (SMILES), which is a widely
used chemical notation system designed for chemical
information (Weininger, 1988) (Table 1). Based on dTP
concentration, EHA is the second most potent analogue
and also has the highest structure similarity score. PHA,
4-ene-VPA, EBA, MPA have relatively higher structure
similarity score (0.58-0.64) (Table 1). However, based on
dTP concentration, 4-ene VPA and PHA are considered
to have high potency, while EBA and MPA show lowest
potency.

3.2 | Assay-specific and chemical-
specific parameters

The parameters describing the devTOX? assay system
are listed in Table S2. Chemical specific parameters
(e.g., physiochemical parameter, fu and Cly,) used in
IVIVE analyses are listed in Table S3. The fu values for
ten VPA analogues are >0.15, indicating these substances
are highly unbound to plasma protein.

Experimental Cl;,, values in primary hepatocytes for
five chemicals (EHA, MHA, EBA, MPA, VPA) were
obtained from a recent OECD report (OECD, 2020).

Experimental Cl;,; values for two additional chemicals,
HA and PHA, were obtained through communication
with one co-author of the OECD report. For Cl;,, values
that fall below the limit of quantitation for the assay
(e.g., PHA), a default value for Cly,; that was two-fold
below the limit of quantitation was used (Table S3). The
range of experimental values for Cly,, is 0.07-33.6 (pl/
min/10°), suggesting a large variation in clearance among
these chemicals.

The same fu and Cl;,, values for each chemical were
used regardless of PK/PBPK model type. However, for
other parameters required for populating PK/PBPK
models (e.g., uptake rate of chemical from the gut, tissue
to plasma partition coefficients) default values provided
by httk package or GastroPlus v9.7 were used respec-
tively. The use of these default values is to evaluate the
impact of different modeling approaches on EAD esti-
mates under routine applications.

3.3 | Invivo developmental toxicity
study data

We performed a literature search to obtain rat in vivo
developmental toxicity data for VPA and nine VPA ana-
logues (Table 2). Search terms included the CASRN or
chemical name for each chemical in combination with
“developmental toxicology,” “teratogen,” “teratogenicity,”
or “developmental toxicity.” From the articles returned,
we selected articles with relevant information in the titles
and abstracts for data extraction. The LELs inducing
toxicities in both dams and fetuses were collected and
combined to define a range of developmental toxicity
LELs, which we used to evaluate the performance of the
IVIVE analyses. To be inclusive, general adverse effects
such as maternal body weight changes are also included
(Narotsky et al., 1994).

Rat development toxicity study data are only available
for five chemicals (EHA, PA, VPA, EBA, and MPA). For
EBA and MPA, LELs only for maternal adverse effects
are available. For those chemicals with LELs for both
maternal and fetal toxicities, LELs for fetal toxicity
are generally lower than those for maternal toxicity,
suggesting that fetal toxic endpoints are more sensitive to
chemical exposure.

Since LEL data was only available for a subset of the
analogues, we compared the relative potency of the ana-
logues in vitro to the relative potency in vivo as deter-
mined in the Naval Medical Research Institute (NMRI)
exencephaly-mouse model (Eikel et al., 2006), which had
results for 8 of the 10 analogues (Table 1). The mouse
model is described in detail in an early publication (Nau,
Zierer, Spielmann, Neubert, & Gansau, 1981). Using the

2
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FIGURE 3 Comparison of valproic acid (VPA) analogue response in the devIOX quickPredict assay. The x-axis is the analogue

concentration (uM) of the test article and the y-axis is the vehicle-treatment normalized (fold change) values for the o/c ratio of each
analogue. The horizontal red line represents the developmental toxicity threshold (0.85), the dashed horizontal gray line represents 1.0. The
vertical red line indicated the concentration that is three times more than the developmental toxicity potential (dTP) concentration of VPA.

The solid squares are mean values and error bars are the standard error of the mean. If not shown, error bars are smaller than the size of the
symbol. The black outlined circles of various colors indicate the dTP concentrations for the corresponding analogue.

dTP concentration of VPA as a baseline, we calculated
the relative developmental toxicity potency of each chem-
ical by determining ratio of each analogue's dTP concen-
tration relative to VPA's dTP concentration (Table 1). A
higher ratio indicates a low relative potency (less likely to
be developmentally toxic), while a lower ratio indicates a
relatively high potency (more likely to be developmen-
tally toxic). Using this ratio, the relative potency of the
analogues can be categorized into two groups. Analogues
with high potency in the NMRI exencephaly-mouse
model elicited a response in human iPS cells <3-fold of
the VPA dTP concentration, whereas the dTP concentra-
tions for analogues with little to no effect this model
were >3-fold higher than VPA's dTP.

3.4 | EAD estimates using rat
nonpregnancy models and comparison to
rat LELs

Table 3 compares EAD estimates from the two rat non-
pregnancy models (PPK and httk.PBTK models) to the
rat developmental toxicity LELs. Except for one chemical,

EADs produced using PPK model are 1.2-6.4-fold higher
than those estimated using httk. PBTK model. The EAD
difference between the two models for all chemicals are
<10-fold, ranging from 1.9 to 6.5-fold, which is expected
considering the differences between the two models
regarding model structure and types of plasma concentra-
tions used for IVIVE (Table 3). Figure 4 compared EADs
to oral rat LELs for the five chemicals with rat develop-
mental toxicity study data. Both PPK and httk.PBTK
models accurately predict the lowest LEL (within
1.5-fold) for EHA. Both models overpredicted the rat
LELs for PA, EBA, and MPA, and underpredicted the rat
LEL for VPA. Of the two models, the httk. PBTK model
provided more conservative, and accurate, estimates of
rat LELs. The EADs produced from the httk. PBTK model
were within 3.5-fold of rat LEL range for all chemicals
except for VPA.

Both nominal dTP concentration and corresponding
free medium concentration (predicted using the
Armitage mass balance model) were used in IVIVE. To
evaluate the impact of the two types of in vitro concentra-
tion on IVIVE outcomes, ratios of free medium versus
nominal concentration for each chemical were calculated
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Rat LELs obtained from in vivo assays

TABLE 2

LEL: Fetal toxicity
(mg/kg/day)

200
200

LEL: Maternal

Gestational

Dose range

References

toxicity (mg/kg/day)

NA

400

dosing period

Route
NA

Strains

(mg/kg/day)

0-800
0-400

Chemical
VPA

Table 2 (Binkerd et al., 1988)

GD 8-17

Sprague-Dawley

Tables 5and 6 (Narotsky, Francis,

GD 6-15

Corn oil gavage

Sprague-Dawley

& Kavlock, 1994)

Pennanen, Tuovinen, Huuskonen, and

100

600

GD 6-19

Drinking water

Wistar

0-600

EHA

Komulainen (1992)
Hendrickx et al. (1993)

250
50

NA
NA

500
75

Fischer 344 NA GD 6-15

0-1,000
0-100

=

=1

Tables 1and 8 (Narotsky et al., 1994)

Table 1 (Narotsky et al., 1994)

GD 6-15

Corn oil gavage

Sprague-Dawley

PA

Society for

Birth Defects

Research &
Prevention

150
188

GD 6-15

Sprague-Dawley Corn oil gavage

0-200

EBA

Table 1 (Narotsky et al., 1994)

GD 6-15

Sprague-Dawley Corn oil gavage

0-250

MPA

CHANG ET AL.

Abbreviations: EBA, 2-ethylbutyric acid or 2-ethylbutanoic acid (IUPAC name); EHA, 2-ethylhexanoic acid; GD, gestation days; LEL, lowest effect level; MPA, 2-methylpentanoic acid; NA, not available; PA,

4-pentenoic acid or pent-4-enoic acid JUPAC name); VPA, valproic acid.

(Table S4). In general, EAD estimates using free concen-
tration are lower than those obtained from the nominal
concentration for all chemicals, with a ratio spanning from
0.23 to 0.98 for all chemicals (Table S4). The predicted free
concentration is about 80% of corresponding nominal
concentration for 4 chemicals (EBA, MPA, HA, and 4-ene-
VPA), 40-60% of nominal concentration for the other
four chemicals (EHA, VPA, DMPA, and MHA), almost
the same (98%) as nominal concentration for PA, and the
smallest ratio is 23% for PHA.

3.5 | EAD estimates using human
regular and pregnancy-specific PK/PBPK
models

The human EADs predicted using nonpregnancy models
(i.e., PPK and httk.PBTK models) and pregnancy-specific
PBPK models (i.e., httk.fPBTK and GP pregnancy
models) are shown in Figure 5. Compared to regular PK
models, pregnancy PBPK models have separate fetus
compartments, so they can simulate dynamic change of
both maternal and fetal plasma concentrations. To deter-
mine which of the two plasma concentrations gives more
conservative estimates of in vivo LELs, EADs corres-
ponding to both maternal and fetal plasma C,, were
calculated for pregnancy models.

EADs estimated using the httk pregnancy model
(httk.fPBTK, Figure 5 blue circles) are similar (< 1.5-fold)
to those using the httk nonpregnancy model (httk.PBTK,
Figure 5, red open circle). Using the same PK/PBPK
models, EAD values for humans are in general lower
than those for rat (Table 3, Table S5), suggesting that at
similar external doses, humans would achieve higher
plasma concentrations as compared to rat. For both preg-
nancy models (i.e., httk.fPBTK and Gp.preg.PBTK) EAD
estimates with maternal Cy,,x as target concentration are
less than those when fetal plasma C,,, was chosen as
target concentration. This suggests that compared to
maternal Cp,.y, a higher exposure level is needed for fetal
Cmax to reach the same target concentration. This obser-
vation is expected considering the existence of blood
placenta barrier between mother and fetus. EAD calcu-
lated from different PK/PBPK models varies. The varia-
tion in these EADs is ~1.4-10-fold across PK/PBPK
models and chemicals (Table S5, Column of “Ratio_max
EAD vs min EAD”). The GastroPlus pregnancy model
with maternal C,,,, as target plasma concentration
(Figure 5a, solid square) provided the lowest, thus most
conservative, EAD estimates for all chemicals except for
PHA. For VPA, it also produces an EAD value (6.4, solid
square) that is closest to the EAD value (4.6, red solid tri-
angle) calculated by linear extrapolation of human
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TABLE 3 Rat EAD estimates (mg/kg/day) compared to rat developmental toxicity LELs

EAD using PPK model® EAD using Httk. PBTK model®
Using Using free Using Using free Developmental Ratio
nominal medium nominal medium toxicity LEL (max EAD

Chemical dTP Conc. Conc. dTP Conc. Conc. (mg/kg/day)b vs min EAD)

VPA 33.3 14.3 13.5 5.8 200-400 5.7

EHA 95.3 45.5 77.3 36.9 100-600 2.6

PHA 27.5 6.3 39.5 9.1 NA 6.3

4-ene- 119.6 95.7 77.1 61.7 NA 1.9

VPA

DMPA 936.6 505.8 388.3 209.7 NA 4.5

HA 2,921.8 2,308.2 652.7 515.6 NA 5.7

PA 947.1 931.1 147.7 145.2 50-75 6.5

MHA 924.3 573.1 331.4 205.5 NA 4.5

EBA 2,708.3 2,260.4 517.4 431.8 150 6.3

MPA 2,957.1 2,407.2 574.2 467.4 188 6.3

Abbreviations: Conc., concentration; DMPA, 2,2-Dimethylvaleric acid or 2,2-dimethylpentanoic acid IUPAC name); EAD, equivalent administered dose; EBA,
2-ethylbutyric acid or 2-ethylbutanoic acid (IUPAC name); EHA, 2-ethylhexanoic acid; HA, hexanoic acid; LEL, lowest effect level; MHA, 2-methylhexanoic
acid; MPA, 2-methylpentanoic acid; NA, not available; PA, 4-pentenoic acid or pent-4-enoic acid (IUPAC name); PHA, 2-propylheptanoic acid; VPA,

valproic acid.

“EAD values in boldface indicate values were within 3.5-fold of the lowest or highest rat LELs.
"Data were extracted from rat studies with oral, repeat dosing unless indicated otherwise. Data sources and experimental details are listed in Table 2.

clinical dose-C,,;x data reported in the PharmaPendium
(Figure 5a).

For VPA, we were able to get information on its clini-
cal usage. Our results showed that all models produce
EADs that approximate the minimum clinical dose of
VPA. The lowest EAD was provided by the GP pregnancy
model, which was 1.6-fold less than the lowest clinical
dose of VPA (Figure 5a). This result suggests that the
human EADs derived from the devTOX% assay dTP pro-
vide a quantitative estimate of the VPA clinical dose, and
indicates that the VPA clinical dose may exert develop-
mental toxicities. This observation is consistent with the
established warning that VPA is not safe in pregnancy
(Diav-Citrin et al., 2008; Jentink et al., 2010).

Figure 5b showed EAD comparison between two
PBPK models using free and nominal dTP concentra-
tions. Same as shown for rat, EAD estimates using free
concentration are lower than those obtained from the
nominal concentration for all chemicals, with a ratio
spanning from 0.23 to 0.98 for all chemicals (Figure 5b,
Table S4).

3.6 | Comparison of EAD estimates to
literature reported values

A recent OECD case study explored the possibility of using
read-across information from a subset of the VPA

structural analogues tested here to predict the develop-
mental toxicity of the target compound, MHA
(OECD, 2020). In the study, several structural related ali-
phatic carboxylic acids of MHA were selected and tested
using a battery of in vitro testing models that are relevant
to developmental toxicity. These models include Zebrafish
Embryo Test (ZET), ZET ceratohyal angle assay, mouse
Embryonic Stem cell Test (mEST), iPSC-based neu-
rodevelopmental model (UKN1), and Chemically Acti-
vated LUciferase eXpression (CALUX) reporter gene
assay. The methods and suitability of these in vitro models
are described in detail in the OECD report (OECD, 2020).

In the report, in vitro effect concentrations (e.g.,
EC,o) for each endpoint measured with these models and
corresponding mouse or human oral equivalent doses
(OEDs) were presented (OECD, 2020). We extracted all
human OEDs (Table S6) from the report and calculated
the OED range across all assays (OED,) for five VPA
analogues (row 4, Table 4). The OED,; ranges are quite
large with fold differences between minimum and maxi-
mum OEDs spanning from 24- to ~1,200-fold, indicating
a large variation in endpoint sensitivity among these
assays. To narrow this down and be conservative, we
selected only OED values (OED,,10w) derived from the
most sensitive endpoint in each in vitro model and calcu-
lated another OED range (row 5, Table 4).

Next, we compared EADs estimated using the
devTOX?” assay and httk. PBTK or Gp.preg.PBTK models
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FIGURE 4

Comparison of equivalent administered doses (EADs) to oral rat lowest effect levels (LELSs) for selected valproic acid analogues.

The figure represents data provided in Table 3. EAD values predicted from devITOX quickPredict assay nominal developmental toxicity

potential concentrations (open symbols) and free medium concentration (filled symbols) using one-compartment population-based

pharmacokinetic (triangles) or httk. PBTK model (circles) are compared to the lowest and highest rat LELs (star and cross, respectively). Dashed

lines highlight the range from lowest to highest in vivo LELs. The chemicals are ordered based on their lowest LELSs, from low (left) to high

(right). Whether predicted (p) or experimental (e) Cly,,, values were used to generate EAD is indicated parenthetically on x-axis labels.

to these two OED ranges. Regardless the type of PBPK
we used, all EADs we estimated fell within the “all-inclu-
sive” OED ranges, which is not surprising as OED,y
range is quite large. When compared to the OED, 0w
range that covers only the most sensitive endpoints in
each in vitro model category, EADs estimated using Gp.-
preg.PBTK model simulating maternal plasma Cy,,, were
within range for most chemicals (row 3, Table 4),
whereas EADs estimated using httk.PBTK model were
outside of the range for four chemicals (row 2, Table 4),
albeit within an order of magnitude. The difference
between EADs predicted from nominal dTP concentra-
tions and the high end of the OED,,,.0w range is <2-fold
for EBA and MPA, 3.25-fold for VPA, and 4.7-fold for
EHA, and the difference is even smaller for EADs
predicted from free medium concentrations. In general,
our EAD values are comparable to literature values, pro-
viding an additional layer of validation for the approach
combining the devTOX%" assay and IVIVE.

4 | DISCUSSION

Reliable, predictive, human cell-based in vitro develop-
mental toxicity assays are needed for rapidly screening
chemicals for potential developmental toxicity. Despite the
challenging nature of this endpoint, much progress has
been made in using iPSCs for such assays. Before wide-
spread use of iPSC-based assays in toxicity assessment, val-
idation is needed to ensure the assay's outcomes correlate

well to in vivo assay results (Luz & Tokar, 2018). IVIVE is
a useful tool to evaluate the correlation between an in vivo
toxic effect and activity measured in an in vitro assay that
is presumed to be toxicologically relevant based on the
represented biology. For chemicals lacking in vivo toxicity
data, IVIVE can be used to predict potentially toxic in vivo
doses from in vitro assay measurements, expediting the
safety assessment process.

In this study, we used in vitro dTP concentrations
derived from the devIOX?% assay and applied various
PK/PBPK models to estimate in vivo doses in rats and
humans that would exert potential developmental toxic-
ity. We evaluated the effects of using different modeling
approaches (e.g., different PK model structures and plat-
form, free medium versus nominal concentration) on
IVIVE outcomes. LELs from rat in vivo developmental
toxicity studies, human clinical doses, and oral equivalent
doses reported in a recent OECD case study publication
were used to validate our model predictions. The close
agreement between EADs produced by the PK/PBPK
models and in vivo data suggests that the devITOX?" assay
in combination with IVIVE can be used to quantitatively
predict in vivo developmental toxicity levels.

41 |
IVIVE

Nontargeted IVIVE versus targeted

Several important factors need to be considered when
conducting IVIVE: biological relevance of the in vitro
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assay to in vivo endpoints, assay- and chemical-specific
data to inform in vitro and in vivo Kinetics, and suitabil-
ity of the PK/PBPK models for reverse dosimetry.
Whether an in vitro assay measures interaction with a
molecular target that can be linked to in vivo toxicity
through an adverse outcome pathway (AOP) or demon-
strated biological plausibility impacts IVIVE applicability.
“Nontargeted” IVIVE uses in vitro assays with non-
specific molecular targets for an in vivo outcome, which
is useful for prioritizing chemicals for further testing.
One good example of such application is to use half-
maximal activity concentration (ACsy) values from all
in vitro ToxCast assays (>500) measuring diverse end-
points to predict EAD distributions, and choose the low-
est EAD to be compared to actual human exposure to
determine testing priority for chemicals (Wetmore
et al., 2012). A chemical with EAD estimates far above
the actual human exposure has low testing priorities,
while those with EAD estimates close to or below human
exposures will have high testing priorities.

However, to quantitively predict in vivo doses exerting
any specific toxic outcome, in vitro assays that measure an
endpoint targeting to the same AOP or informing the same
mechanism of action is preferred for IVIVE, referred to
here as “targeted IVIVE.” As a good example of this
“targeted IVIVE,” Casey et al. used a set of in vitro assays
measuring key aspects of estrogen receptor pathway acti-
vation to accurately predict LELs of rodent uterotrophic
bioassays (Casey et al., 2018). Applying a similar rationale,
here we used an iPSC-based assay that provides informa-
tion on dTP to predict rat developmentally toxic LELs and
human clinical doses for VPA and nine closely related
structural analogues and achieved good agreement
between EADs and in vivo data. In fact, for VPA, the
range of EADs (2.7-24.4 mg/kg/day) derived from the
in vitro dTP concentration predicted to result in human
developmental toxicity was substantially closer to the
reported teratogenic clinical doses (10-60 mg/kg/day) than
the LEL derived from the rat developmental toxicity study
(200 mg/kg/day), in addition to being more protective.
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TABLE 4 Comparison of human EADs predicted from different assays and PBPK models
EBA MPA MHA EHA VPA
EAD_Httk.PBTK? 484.7 (404.5)  541.2(440.6)  285.5(176.0)  47.0(224) 104 (4.5)
EAD_Gp.preg. PBTK® aiernal 153.2 (127.8)  166.9 (135.8)  59.12 (36.5) 14.1 (6.7) 6.4 (2.7)
Range of all human OEDs reported (OECD, 2020)b 34.4-826.6 35.2-1,353.3 2.3-928.4 0.74-901.3 0.11-51.9
Range of human OEDs estimated from most sensitive 35.8-357.8 37.3-261.1 2.3-286.3 2.6-10 0.11-3.2
endpoints
OEDs from the most sensitive endpoints in each in vitro model category (OECD, 2020)
ZET assay: Pericardial and/or yolk edema, 53.3 84.5 55.1 4.8 2.8
Total embryo ECy
ZET CHA reporter assay: Scoliosis/lordosis, 124.9 44.5 NA 0.74 0.1
Total embryo ECy
mEST assay: HDAC inhibition, day10, 357.8 261.1 286.3 10 2
medium-unbound EC,,
UKNT1 assay: HDAC inhibition, medium-unbound 161.4 186.6 254.8 6 3
ECyo
CALUX reporter assay: Minimum cell-total EC, 35.8 37.3 2.3 2.6 32

Abbreviations: CALUX, Chemically Activated LUciferase eXpression reporter gene assays; CHA, ceratohyal angle assay that assesses the morphological
appearance of the ceratohyal; D3, ES cells; EAD, equivalent administered dose; EBA, 2-ethylbutyric acid or 2-ethylbutanoic acid TUPAC name); EC,,, effect
concentration at which 10% effect is observed compared to the control; EHA, 2-ethylhexanoic acid; HDAC, histone deacetylase; mEST, mouse embryonic stem
cell test; MHA, 2-methylhexanoic acid; MPA, 2-methylpentanoic acid; OED, oral equivalent dose; PBPK, physiologically based pharmacokinetic; PBTK,
physiologically based toxicokinetic; UKN1, iPSC-based neurodevelopmental model; VPA, valproic acid; ZET, zebrafish embryo test.

“EADs corresponding to nominal (outside of parenthesis) or free medium (inside of parenthesis) dTP concentrations. EAD values in boldface indicate those
values that were within the range of human OEDs corresponding to the most sensitive endpoints in each in vitro model category (OECD, 2020).

The individual human oral equivalent dose extracted from literature are contained in Table S6.

4.2 | Effect of model type on EAD
prediction

Our analysis evaluated the performance of several types
of PK/PBPK models with different structures and applica-
bility for IVIVE. We used both open-source and proprie-
tary PK models to generate EAD estimates that would
produce maternal or fetal plasma concentrations equal to
dTP concentrations in the devTOX%" assay. However, no
pregnancy-specific rat PBPK models were available from
either open-source and proprietary platforms. Due to
significant physiology differences in pregnancy between
humans and rats, extrapolation from humans to rat via
allometric modeling is not feasible. Thus, only non-
pregnancy models were used for rat IVIVE, while both
nonpregnant and pregnant models were used for human
IVIVE.

The PK/PBPK models used in this analysis had vastly
different complexity (Figure 2). Therefore, some varia-
tions were expected in the predictive performance
between these models. Our results showed ~1.4-10-fold
variation in human EAD estimates across models and
chemicals (Table S5). Surprisingly, we did not see signifi-
cant differences in EAD estimates produced by the httk.
PBTK (nonpregnancy) and httkfPBTK (pregnancy)
models. The closeness between the predictions produced

by these two models is likely due to the simulated early
gestation age (12 weeks). This finding suggests that, for
early pregnancy predictions of EAD, the httk.PBTK
model can approximate httk.fPBTK models in simulating
maternal and fetal plasma concentrations, justifying our
approach of using httk. PBTK model for predicting rat
developmental toxicity LELs. Of all human models, the
GP pregnancy model that simulated maternal plasma
concentration provided the lowest EAD estimates for
majority of tested chemicals, suggesting that this is the
most conservative approach for risk evaluation. All
PK/PBPK models produce EADs that approximated the
minimum clinical dose of VPA, which is in agreement
with observations that VPA clinical doses are not safe for
pregnant women (Diav-Citrin et al.,, 2008; Jentink
et al., 2010).

Both httk.PBTK and httk.fPBTK models assume con-
stant absorption rate and clearance, thus plasma Cy,,y iS
linearly related to external dose in those approaches. On
the other hand, the GastroPlus pregnancy model incorpo-
rates nonlinear components in chemical absorption, pro-
tein binding and clearance mechanism, leading to
potential nonlinear relationships between external dose
and plasma Cp,,,. Nonlinearities in absorption and bio-
availability can cause increases in chemical concentra-
tions that are disproportionately high or low relative to
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the change in external dose (Ludden, 1991). Nonlinear
pharmacokinetics also occur when the amount of chemi-
cal exceeds the capacity of the enzymes to metabolize it
(Stein & Peletier, 2018). To determine possible existence
of nonlinear PK, and to validate the EADs predicted
under linearity assumption, we simulated maternal and
fetal Cpax at the predicted EADs using GastroPlus
pregnancy model and compared these Cy,.x values to the
corresponding dTP concentrations. We found that for the
range of EAD estimates, the linear assumption between
external dose and Cp., largely holds true for most
VPA analogues except for 2,2-dimethylpentanoic acid
(DMPA). On a dose-plasma Cy,,x curve for DMPA, a Cpyax
plateau is reached at ~20,000 mg/day, suggesting a possi-
ble absorption saturation (Figure S2). Further increases
in dosing amount did not significantly increase Cpax.
Thus, it is difficult to estimate an EAD that would yield
plasma C,,x equal to the dTP concentration for DMPA.
Instead, the dose at the starting point of saturation pla-
teau is used as EAD for DMPA, providing a more conser-
vative estimate.

The httk models do not incorporate nonlinear PK,
limiting their use for simulating nonlinear kinetics. How-
ever, the linearity assumption between external dose and
Cmax holds true for the majority of chemicals at the dose
ranges tested. Considering the attractive features of being
open-source and high throughput, the httk models dem-
onstrate great potential in IVIVE applications and can be
readily accessed via the National Toxicology Program
Integrated Chemical Environment (https://ice.ntp.niehs.
nih.gov/) (Abedini et al., 2021).

4.3 | Effect of pharmacokinetic
parameters on EAD prediction

The lack of accurate experimental data for key pharmaco-
kinetic parameters (e.g., Cliy) is often the limiting factor
in developing IVIVE approaches for large chemical sets.
Fortunately, experimental data for Cl;,, are available for
several VPA analogues (OECD, 2020). The Cl;,; range for
these VPA analogues is 0.07-33.6 pl/min/10°, covering a
relatively large range from low to high. In general,
chemicals with low clearance tend to have a lower EAD
estimate, as low clearance rate will cause chemical accu-
mulation in the body, thus less exposure is needed for
Cmax to reach the target concentration.

When experimental values are not available, open-
source QSAR models provided in OPERA (v2.7)
(Mansouri et al., 2018) can be used to predict the fu and
Cliy¢ of a chemical. Using in silico models to adequately
estimate input parameter values for PK and PBPK model-
ing greatly expands the utility of IVIVE for risk assessment.

~  Prevention

However, the reliability of QSAR predictions depends on
the number and structural diversity of the chemicals
included in the model's training set (Cherkasov et al.,
2014). The training set for the OPERA (v2.7) Cl;, model
includes experiment values for several VPA analogues,
which ensures that VPA-like chemicals are included
within the model's applicability domain.

44 | Adjusting for in vitro nominal
concentration

IVIVE relies on in vitro measurements of bioactivity to
predict EADs in exposed subjects. As a result of lacking
experimental in vitro kinetics data, the nominal concen-
tration has routinely been used to derive the effect con-
centration for IVIVE. However, theoretically, only the
chemical portion unbound to plasma protein or culture
vessel should be considered available for uptake into cells
and exert toxicity (Groothuis et al., 2015). Therefore, the
free medium concentration would be a better representa-
tive for the true effective concentration.

In our study, both nominal and free medium dTP
concentration were used for IVIVE. The ratio of free ver-
sus nominal concentration in devIOX?" assay system
was calculated using a published mass-balance model
that considers essential assay components and physico-
chemical characteristics (Armitage et al., 2014). The free:
nominal concentration ratio was 0.23-0.98 across
chemicals (Table S4). EAD adjustment with these ratios
led to lower EADs across all chemicals, suggesting a
more conservative EAD estimate when free medium con-
centration is used. These biologically more relevant
values represent relative intrinsic potencies of the
chemicals to induce effects in these various in vitro sys-
tems. The fu parameter is particularly important in
affecting free medium concentration. For example, the
chemical that had the lowest ratio of free versus nominal
concentration (0.23, for PHA) also has the lowest fu value
(0.057), whereas the chemical with the highest ratio
(0.98, for PA) also has the second highest fu value (0.66)
(Table S4).

4.5 | Chemical structure similarity
analysis and comparison to OECD studies

Chemical structure similarity between VPA and the rest
of chemicals were also calculated (Table 1) and used to
help understand the potency differences between VPA
analogues. EHA is the second most potent analogues
based on devTOX% dTP concentration. Interestingly, it
also has the highest structure similarity score to VPA.
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However, four other chemicals (PHA, 4-ene-VPA, EBA,
MPA) had relatively high structure similarity scores
(0.58-0.64), but their potencies (based on dTP concentra-
tion) were different (Table 1). For example, PHA and
EBA had almost the same structure similarity score rela-
tive to VPA (0.58 vs. 0.6), but there is approximately a
two-fold difference in their dTP concentrations (546 pM
vs. 1,071 pM). This discrepancy could be explained by
data shown in the OECD report (OECD, 2020), which
suggested that side-chain length is related to the terato-
genic potency of these chemicals, and PHA has the lon-
gest side chains while EBA has the smallest side chain.
Our result suggests that chemical structure information
may help explain differences in toxicity potency of this
series of aliphatic carboxylic acids, but the exact func-
tional group or moiety that is related to potency needs
further investigation.

In the recent OECD case study, multiple in vitro test-
ing models with various endpoints relevant to develop-
mental toxicity, for example, pericardial and yolk edema,
cranio-facial deformation for zebrafish embryo test,
HDAC inhibition assay using mouse embryonic stem cell,
were used for IVIVE of the VPA analogues. In the OECD
report, the nominal EC,, values were also converted into
biologically more relevant EC,, values by assay-specific
in vitro biokinetics models that consider factors of evapo-
ration, plastics binding, and binding to serum lipids and
protein, etc (OECD, 2020). Two ranges were calculated to
summarize OED data from the OECD report, one
includes data from all in vitro assays (OEDy), the other
only includes the most sensitive endpoint of each in vitro
assay (OEDpaow). The OED,; range is quite large with
fold differences between the lowest and highest OEDs
spanning from 24- to ~1,200- fold across the tested
chemicals, suggesting a large variation in in vitro assay/
endpoint sensitivity. The CALUX reporter assay and ZET
CHA reporter assay seem more sensitive than the rest of
assays in detecting developmental toxicity, which is not
surprising as reporter gene assays were generally
observed to possess greater endpoint sensitivity than
other assay types (Dreier, Connors, & Brooks, 2015). In
the OECD case study, there was another in vitro assay
using human stem cells, that is, human neural embryonic
cells (UKN1 assay), which was also used for IVIVE for
the VPA analogues. The UKN1 assay measures changes
in gene expression and differentiation using human neu-
ral embryonic cells and provides valuable information on
a chemical's neurodTP (OECD, 2020). However, the assay
is not adaptable to high throughput platform because the
differentiation needs to be done in 6 or 12 well plates.
In comparison, devIOX? assay can be adapted to a
medium/HTS platform, has a relatively short testing
period (3-day), and high balanced accuracy in predicting

in vivo developmental toxicity for a wide variety of
chemicals (Zurlinden et al., 2020), making it suitable in
screening chemicals for dTP in a high throughput
manner.

Using devIOX?" assay and PBPK models, all EADs
estimated from dTP concentration fell within the OED,;
range. Depending on the type of PBPK models used, the
EADs were either within the OED, ;0w range or < 5-fold
different when compared to the high end of the
OEDy 10w range. In all, our EAD values are comparable
to the literature reported values that used a diverse set of
in vitro assays, further validating our IVIVE approach.
However, considering the large variance in assay/
endpoint sensitivity, how to consolidate results from mul-
tiple assays with various molecular initiation and signal-
ing events remains a challenging question to answer.

When examining this type of approach for pairing
in vitro testing with IVIVE projections, a detailed under-
standing on mode of action or AOP for toxicity endpoints
(e.g., developmental toxicity) and the relevance of an
in vitro assay endpoint to specific molecular and biological
process leading to an adverse outcome (e.g., dysmorphic
effects) will facilitate establishing confidence and
supporting widespread application. The predictive accu-
racy of all in silico models (e.g., QSAR and PBPK models)
should be evaluated, and efforts are also needed to char-
acterize applicability domain and model uncertainty.
Work is underway to account for population variability
in the PBPK models (Cohen Hubal et al., 2019), and pro-
mote use of guidance documents for model reporting and
validation to help users determine the suitability of a
model for a specific IVIVE application (Bell et al., 2018;
OECD, 2021).

5 | CONCLUSIONS

In summary, this study demonstrated the application of
the devTOX? assay and IVIVE in predicting rat oral
developmental toxicity LELs and human clinical doses
for VPA and its analogues. We evaluated the impact of
using various PK models with different complexities and
in vitro kinetics on IVIVE outcomes. The EAD variations
observed when using different PK models are within
expected ranges. Minimal differences in model perfor-
mance between open-source nonpregnancy (httk.PBTK),
pregnancy-specific (httk.fPBRK), and commercial (GP)
models in human EAD predictions were observed. The
httk.PBTK model provided the most accurate predictions
of rat LELs for the majority of the VPA analogues. The
EAD derived from the human iPS cell-based devTOX?”
assay was a better predictor of the human teratogenic
clinical dose for VPA than the LELs from the rat
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developmental toxicity study. This work highlights the
utility of IVIVE to support assessment of developmental
toxicity potency based on in vitro assays.
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