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ABSTRACT: On the basis of two pilot high-content screens
of ToxCast Phase I chemicals, we previously demonstrated
that exposure of zebrafish embryos to abamectin and
butafenacil abolished spontaneous activity and induced severe
anemia, respectively. Therefore, the objective of this study was
(1) to determine whether high-throughput in vitro screening
data from the ToxCast program would have prioritized
abamectin and butafenacil for further testing and (2) to
determine whether a single three-day zebrafish embryo assay is
a strong predictor of Toxicological Priority Index (ToxPi)
scores derived from ToxCast data. Using publically available
ToxCast assay end point data and target information, we
calculated assay hit rates, developed hazard classifications, and
relied on the ToxPi Graphical User Interface to generate ToxPi charts and scores within a biological process-driven configuration.
Overall, our findings suggest that embryonic zebrafish may be valuable for prioritizing ToxCast testing as well as addressing
toxicity pathways that may not be represented by the ToxCast assay battery.

■ INTRODUCTION

As part of a broader multiagency Toxicity Testing in the 21st
Century (Tox21) program, the U.S. Environmental Protection
Agency (EPA) ToxCast research program was initiated in 2007
to test the hypothesis that a diverse battery of cell-based and
cell-free high-throughput screening assays have the potential to
predict toxicity in vivo and prioritize chemicals for animal-based
regulatory toxicity testing.1 Across Phase I and Phase II of the
ToxCast program, more than 1000 unique chemicals have been
evaluated within 600−700 high-throughput assays that reflect a
wide array of signaling pathways thought to be important for
initiating and/or mediating chemical toxicity at the cellular
level.2 These data are now publicly available via the U.S. EPA’s
Interactive Chemical Safety for Sustainability (iCSS) Dash-
board, allowing scientists, regulators, and the public to mine
ToxCast and Tox21 data by assay type and/or chemical of
interest. In addition, while currently unavailable via the iCSS
Dashboard, the Toxicological Priority Index (ToxPi) Graphical
User Interface (GUI) developed by Reif and colleagues is
publicly available as a decision-support tool to visualize
ToxCast data and aid in chemical prioritization.3,4

Embryonic and larval zebrafish offer one of the most
promising alternative and cost-effective models for predicting
developmental toxicity and chemical mode of action within
vertebrates. Indeed, as part of the ToxCast program, a zebrafish
developmental toxicity assay has been used by the U.S. EPA to
evaluate the potential human health and ecotoxicological effects
of 320 ToxCast Phase I chemicals.5 In this assay, chorionated
zebrafish embryos are exposed in 96-well plates under static-
renewal conditions from 8 to 120 h postfertilization (hpf) and

then visually assessed for mortality and gross malformations at
144 hpf. Similarly, Truong and colleagues recently screened the
potential toxicity of 1060 unique ToxCast chemicals to
dechorionated zebrafish embryos within 96-well plates under
static exposure conditions from 6 to 120 hpf.6 Results from
these and other studies around the world7−10 highlight the
potential value of embryonic zebrafish for identifying teratogens
within large libraries of chemicals lacking baseline toxicity data.
In addition, because of the transparency of zebrafish during
embryonic development, a number of high-content, phenotype-
driven screening assays using transgenic reporter lines have
been developed to assess the potential for targeted chemical
impacts on the development of the cardiovascular system,11,12

early nervous system,13 endocrine pancreas,14 pronephric
kidney,15 and innate immune system16 at nonteratogenic
concentrations. Unlike assays that rely on apical end points
such as survival and gross malformations, these assays are
equally important for evaluating targeted effects on organo-
genesis and classifying chemicals by toxicologically relevant
modes of action.
To this end, using transgenic zebrafish ( f li1:egfp) embryos

that stably express enhanced green fluorescent protein within
vascular endothelial cells, we previously leveraged two different
384-well high-content screening assays to screen a small subset
of ToxCast Phase I chemicals for potential impacts on
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cardiovascular and early nervous system development. On the
basis of these two pilot screens, we demonstrated that (1)
exposure to abamectin (CAS Registry No. 71751-41-2) from 5
to 25 hpf abolished spontaneous activity, an indicator of
developmental neurotoxicity,17−20 in the absence of effects on
survival and gross morphology13 and (2) exposure to
butafenacil (CAS Registry No. 134605-64-4) from 5 to 72
hpf resulted in severe anemia (because of a complete loss of
hemoglobin) in the absence of effects on cardiac function and
vascular development21 (Figure 1). Abamectin is a broad-
spectrum avermectin insecticide registered in the United States
and many other countries within Europe and Asia for foliar
applications on tree nuts, citrus, tree fruits, potatoes, and
vegetables, as well as a seed treatment to control parasitic
nematodes on cotton, corn, and soybeans. Butafenacil is a
broad-spectrum, postemergent imide herbicide that is regis-
tered for agricultural use on cotton, citrus, and cereal grains
within Australia, Argentina, Brazil, Japan, Switzerland, and
Thailand. Within vertebrates, abamectin activates γ-amino-
butyric acid (GABA)-gated chloride channels and induces
paralysis,19,22 whereas butafenacil inhibits protoporphyrinogen
oxidase (PPOX) and abolishes hemoglobin and red blood cell
production.21 As seen in our findings in early stage zebrafish
embryos, abamectin and butafenacil exposure resulted in
behavioral and hematologic abnormalities, respectively, in
adult rodent toxicity studies required for registration.23,24

As ToxCast data were publicly available for the same Phase I
chemicals screened within our high-content screening assays,
the objective of this study was (1) to determine whether high-
throughput in vitro screening data from the ToxCast program
would have prioritized abamectin and butafenacil for further
testing and (2) to determine whether a single three-day
zebrafish embryo assay is a strong predictor of ToxPi scores
derived from a large battery of ToxCast assays. Using ToxCast
assay end point data and target information, we calculated assay
hit rates, developed hazard classifications, and relied on the
ToxPi GUI to generate ToxPi charts and scores within a
biological process-driven configuration.

■ DATA SOURCES AND METHODS

Assay end point data for 1860 chemicals were downloaded
from the U.S. EPA’s iCSS Dashboard version 0.5 (http://actor.
epa.gov/dashboard/) during January 2015 under the file name
“Dashboard_Export_11_14_2014_09_35_59”. In addition,
assay target information was downloaded from the U.S.
EPA’s ToxCast Data Web site (http://www.epa.gov/ncct/
toxcast/data.html) under the file name “ToxCast Assay
Annotation Assay_Target_Info_20141021.csv”. Assay end
point data for 27 ToxCast Phase I chemicals previously
screened in our laboratory11,13,21 were extracted, and assay
target information was added to create a new file used for data
mining (File 1 of the Supporting Information). Maximum
tolerated concentrations (MTCs) for zebrafish embryo survival
for the same 27 ToxCast Phase I chemicals were obtained from
the Supporting Information of Yozzo et al.11 and Leet et al.21

(File 2 of the Supporting Information). MTCs represent the
highest concentration resulting in >70% zebrafish embryo
survival following static exposure of one embryo per well within
384-well plates from 5 to 72 hpf.
Half-maximal activity concentrations (AC50) for all 27

ToxCast Phase I chemicals (File 1 of the Supporting
Information) were used to calculate assay hit rates, develop
hazard classifications, and provide overall summary statistics. As
the number of assay end points (range of 786−791) per
chemical was not identical across all 27 chemicals, the percent
assay hit rate for each chemical was defined as the number of
assay end points with an AC50 of <1000 μM, the maximal
concentration tested and the basis for an “inactive” activity call,
relative to the total number of assay end points per chemical.
Likewise, for each chemical, assay end points with an AC50 of
1000 μM were excluded prior to determining the percent of
assay end points within each hazard classification (0.001−0.1,
0.1−10, or 10−200 μM) and developing box plots to visualize
the variance in AC50s for “active” activity calls.
ToxPi charts and scores were generated using ToxPi GUI

version 1.3 (http://comptox.unc.edu/toxpi.php). All assay end
point data (including “inactive” activity calls) were organized by
biological process (11 total) and reformatted to be compatible
for the ToxPi GUI (File 3 of the Supporting Information).
After data had been imported, 11 biological process slices of

Figure 1. Baseline information for two pesticides (abamectin and butafenacil) previously identified as hits from two pilot screens of a subset of U.S.
EPA’s ToxCast Phase I chemical library. Abamectin and butafenacil were identified using our zebrafish-based high-content screening assays that
evaluate potential impacts of chemical exposure on early nervous system and cardiovascular development, respectively.
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equal weight (9.1% per slice) were added within the ToxPi GUI
and −log 10(x) + log 10(max(x)) scaling was applied to
provide greater separation among inactive and active hits.
Overall ToxPi scores were based on the sum of individual
scores for 11 biological process slices. On the basis of this
configuration, a larger slice was associated with increased
chemical potency (lower AC50) for assay sets representing a
biological process.

■ RESULTS AND DISCUSSION
After “inactive” activity calls had been removed (AC50 = 1000
μM), assay hit rates across all 27 chemicals ranged from
approximately 1 to 18%, with flufenpyr-ethyl and abamectin
having the lowest and highest hit rates, respectively (Figure
2A). Twenty of 27 chemicals (or 74%) resulted in assay hit
rates of <10%, and four of the seven remaining chemicals
resulted in assay hits rates ranging from 14 to 18%. Butafenacil
ranked 20th on the basis of this approach, with an assay hit rate
of <5%. Following calculation of hit rates, assay end point data
(AC50) were either (1) binned into three different hazard
classifications spanning 5 orders of magnitude of concentration
(Figure 2B) or (2) summarized using box and whisker plots to
visualize data distributions and outliers (Figure 2C). Chemicals
within panels B and C of Figure 2 were ranked in the same
order as in Figure 2A to determine whether higher assay hit
rates were related to increased chemical potency (lower AC50s)
within assays with “active” activity calls. However, neither
approach revealed a strong relationship even though the
majority of “active” activity calls spanned AC50s ranging from 1
to 50 μM (Figure 2C). Therefore, we developed ToxPi charts
and scores to account for hit rate and chemical potency within a
single metric as well as simultaneously to determine whether
certain chemicals differentially impacted assay sets representing
unique biological processes.
On the basis of output from the ToxPi GUI, 27 chemicals

were ranked from highest (top left) to lowest (bottom right)
ToxPi score within Figure 3. ToxPi scores across all 27
chemicals ranged from 0.44 to 9.06, with carfentrazole-ethyl
and chlorothalonil having the lowest and highest ToxPi scores,
respectively (Figure 3). On the basis of this approach,
abamectin and butafenacil ranked fourth and 23rd on the
basis of ToxPi scores of 5.537 and 1.198, respectively (Figure
3). Relative to assay hit rate alone (Figure 2A), the rank order
changed for the top seven chemicals and tebufenpyrad (ToxPi
score of 3.106) was replaced with dazomet (ToxPi score of
3.731). Nevertheless, consistent with Figure 2A, chlorothalonil
(ToxPi score of 9.06) and thiram (ToxPi score of 6.419)
remained within the top three chemicals with the highest ToxPi
scores.
Within the configuration used within the ToxPi GUI, the hit

rate across multiple assay sets, rather than the chemical potency
within a smaller number of assay sets, was the primary driver
for calculation of overall ToxPi scores. For example, clodinafop-
propargyl strongly affected assay end points representing
“regulation of catalytic activity” (Figure 3) but did not strongly
affect assay end points representing the 10 remaining biological
processes. As a result, clodinafop-propargyl was ranked 21st on
the basis of the overall ToxPi score. Therefore, as a higher
ToxPi score was driven by impacts on multiple biological
processes, we hypothesized that MTCs for zebrafish embryo
survival, an in vivo end point that integrates converging
pathways of toxicity, would be predictive of ToxPi scores
generated from ToxCast assay data. Indeed, there was a

significant negative correlation (p < 0.001) between ToxPi
scores and MTCs based on a linear regression in log MTC
space, where lower log MTCs were strongly associated with
higher ToxPi scores (Figure 4).
On the basis of our findings discussed above, this study has

led to three major conclusions. First, although ToxPi scores are
useful metrics that integrate ToxCast assay hit rates and
chemical potency, the assay hit rate was the primary driver for

Figure 2. (A) Hit rate, (B) hazard classification, and (C) summary
statistics based on AC50s for 27 ToxCast Phase I chemicals screened
within the ToxCast research program. Within panel A, chemicals are
ranked from highest (top) to lowest (bottom) hit rate; chemicals
within panels B and C are ranked in the same order as those in panel
A. Abamectin and butafenacil are shown in red to highlight where
these two chemicals ranked relative to the 25 remaining chemicals.
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generation of higher ToxPi scores within the ToxPi GUI.
Second, because of the absence of ToxCast assays that identify
PPOX inhibitors and/or chemicals affecting red blood cell
production, butafenacil may not have been prioritized by the
ToxCast program for future testing even though this chemical
was identified as a potent inducer of anemia in zebrafish
embryos. Lastly, on the basis of a single three-day assay using

one 384-well microplate, 72 hpf zebrafish embryo survival was a
strong predictor of ToxPi scores derived from a large, complex
battery of nearly 800 ToxCast assay end points.
Taken together, these conclusions suggest that ToxCast

assays and the ToxPi GUI appear to prioritize acutely toxic
chemicals that impact multiple biological pathways. Moreover,
these conclusions suggest that, similar to conclusions by

Figure 3. ToxPi charts and scores for 27 ToxCast Phase I chemicals based on biological processes assigned to assay end points. ToxPi charts are
color-coded by biological process (11 total) and organized from the highest (top left) to lowest (bottom right) ToxPi score. Abamectin and
butafenacil are shown in red to highlight where these two chemicals ranked relative to the 25 remaining chemicals.
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Truong and colleagues,6 a single three-day microplate assay
using zebrafish embryo survival and development as apical end
points may be used as an initial testing tier to help identify and
prioritize chemicals for testing within the ToxCast program as
well as “fit-for-purpose”, mode-of-action-driven assays using
zebrafish embryos and larvae as well as other non-mammalian
alternative models such as the nematode Caenorhabditis
elegans.25 In addition to their use streamlining the time and
cost investments associated with ToxCast testing, zebrafish
embryos that are ≤72 hpf are considered nonprotected life
stages26−31 and, like cell-based and cell-free assays, are similarly
defined as alternative testing models. Moreover, although
organogenesis is incomplete at 72 hpf, longer-term screening
assays using 96 to 144 hpf zebrafish, such as the Fish Embryo
Toxicity test guideline (OECD Test 236) adopted in 2013, are
low-throughput and more labor-intensive, requiring treatment
solution renewals (and, therefore, more technical material) and
excessive embryo/larval handling. Therefore, future research is
needed to explore and leverage the utility and application of
high-throughput screening assays with early stage zebrafish
embryos for prioritization of chemicals for ToxCast testing.
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