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Overview of this presentation

• Introduction to ToxCast/Tox21
• What biology is covered by ToxCast/Tox21?
• How are ToxCast/Tox21 data managed and what are the key 

data definitions for use?
• Key context: assay interference from cytotoxicity is related to 

selective and non-selective phenotypes in HTS
• Where to next?



Why?
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Lack of Data

Why can’t we use traditional toxicology 
for all of our problems?

Need for better mechanistic data
- Determine human relevance
- What is the Mode of Action (MOA) or Adverse Outcome 

Pathway (AOP)?

TOXICITY TESTING IN THE 21ST CENTURY:
A VISION AND A STRATEGY, NRC, 2007.



ToxCast / Tox21 Overall Strategy

• Identify targets or pathways linked to toxicity (AOP focus)
• Identify/develop high-throughput assays for these targets or 

pathways
• Develop predictive systems models

• in vitro/in silico→ in vivo
• human focus

• Use predictive models:
• Prioritize chemicals for targeted testing 
• Suggest / distinguish possible AOP / MOA for chemicals 

• High-throughput Exposure Predictions 
• High-throughput Risk Assessments                                                           
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ToxCast begins with chemistry

Richard et al., 2016 
What did we learn about bioactivity from 

screening large numbers of substances (100s 
to 10,000)?

• Assay performance could be defined 
• New reference chemicals by target could be 

understood
• Integrated and predictive models could be 

built
• Prioritization based on bioactivity could be 

achieved

Screening large numbers of substances for 
bioactivity can illustrate trends, define domain 
of applicability, and better highlight strengths 
and weaknesses of the assays. 

Bottom-line: building confidence

• Include pesticides, antimicrobials, contaminants, industrial, high production volume, lists with regulatory 
interest, FDA in vivo data sets, FDA food additives, fragrances, plasticizers, drugs

• ToxCast total substances: approaches 4,000
• Tox21 total substances: approaches 10,000

https://comptox.epa.gov/dashboard/chemical_lists/toxcast



ToxCast PhI & PhII 1060:
# Compounds per Inventory
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• Addressing chemicals of interest: Excellent 
coverage of multiple inventories; many 
chemicals appear on many lists

• Learnings for more than one class: broad 
diversity of chemical-use categories.

• Large overlap with data-rich in vivo inventories 
to build confidence/models.



Hazard Predictions:  High-Throughput Screening (HTS)
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ToxCast contains heterogeneous data
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Species
human

rat
mouse

zebrafish
sheep
boar

rabbit
cattle

guinea pig

Cell Format
cell free 
cell lines

primary cells
complex cultures

free embryos

Detection Technology
qNPA and ELISA

Fluorescence & Luminescence
Alamar Blue Reduction 
Arrayscan / Microscopy

Reporter gene activation
RT-PCR

Spectrophotometry 
Radioactivity

HPLC and HPEC
TR-FRET

Readout Type
single

multiplexed
multiparametric

Assay Sources
ACEA

Apredica
Attagene
BioSeek

CCTE/EPA ORD
CeeTox

CellzDirect
LifeTech Expression Analysis
NovaScreen (Perkin Elmer)

Odyssey Thera
Stemina

Tox21/NCATS
University Partners

Zebrafish: CCTE and Tanguay

Assay Design
viability reporter

morphology reporter
conformation reporter

enzyme reporter
membrane potential reporter

binding reporter
inducible reporter

ETC

Biological Response
cell proliferation and death

cell differentiation
Enzymatic activity

mitochondrial depolarization
protein stabilization

oxidative phosphorylation
reporter gene activation

gene expression (qNPA, RT-
PCR)

receptor binding
receptor activity
Steroidogenesis

Metabolomic responses in 
stem cells

Tissue Source
Lung              Breast
Liver           Vascular
Skin              Kidney
Cervix             Testis
Uterus            Brain

Intestinal        Spleen
Bladder             Ovary
Pancreas        Prostate
Inflammatory     Bone

Target Family
response Element

transporter
cytokines
kinases

nuclear receptor
CYP450 / ADME
cholinesterase
phosphatases

proteases
XME metabolism

GPCRs
ion channels

ETC

List of assays and related information at: https://www.epa.gov/chemical-research/toxcast-data-generation-toxcast-assays



ToxCast and Tox21 have generated a lot of publicly available 
bioactivity data for hazard screening and prediction.
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• ToxCast: more assays, fewer chemicals, EPA-driven
• Tox21: fewer assays, all 1536, driven by consortium
• All Tox21 data are analyzed by multiple partners
• Tox21 data is available analyzed in the ToxCast Data Pipeline

EPA’s ToxCast program at a glance

Tox21 robot



ToxCast covers a lot of biology but not all; and, 
ToxCast is growing over time.

Invitrodb version 3.3 (released August 2020) contained 17 different assay sources, covering (at least) 491 unique gene-
related targets with 1600 unique assay endpoints. Varying amounts of data are available for 9949 unique substances.
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Assay source Long name Truncated assay source description Some rough notes on the biology 
covered

ACEA ACEA Biosciences real-time, label-free, cell growth assay system based on a microelectronic impedance readout Endocrine (ER-induced proliferation)

APR Apredica CellCiphr High Content Imaging system Hepatic cells (HepG2)

ATG Attagene multiplexed pathway profiling platform Nuclear receptor and stress response 
profile

BSK Bioseek BioMAP system providing uniquely informative biological activity profiles in complex human primary co-culture systems Immune/inflammation responses

NVS Novascreen large diverse suite of cell-free binding and biochemical assays.
Receptor binding; transporter protein 
binding; ion channels; enzyme inhibition; 
many targets

OT Odyssey Thera novel protein:protein interaction assays using protein-fragment complementation technology Endocrine (ER and AR)

TOX21 Tox21/NCGC Tox21 is an interagency agreement between the NIH, NTP, FDA and EPA. NIH Chemical Genomics Center (NCGC) is the primary screening facility 
running ultra high-throughput screening assays across a large interagency-developed chemical library Many – with many nuclear receptors

CEETOX Ceetox/OpAns HT-H295R assay Endocrine (steroidogenesis)

CLD CellzDirect Formerly CellzDirect, this Contract Research Organization (CRO) is now part of the Invitrogen brand of Thermo Fisher providing cell-based in 
vitro assay screening services using primary hepatocytes.

Liver (Phase I/Phase II/ Phase III 
expression)

NHEERL_PADILLA NHEERL Padilla Lab The Padilla laboratory at the EPA National Health and Environmental Effects Research Laboratory focuses on the development and screening of 
zebrafish assays. Zebrafish terata

NCCT NCCT Simmons Lab The Simmons Lab at the EPA National Center for Computational Toxicology focuses on developing and implementing in vitro methods to identify 
potential environmental toxicants. 

Endocrine (thyroid - thyroperoxidase
inhibition)

TANGUAY Tanguay Lab The Tanguay Lab, based at the Oregon State University Sinnhuber Aquatic Research Laboratory, uses zebrafish as a systems toxicology model. Zebrafish terata/phenotypes

NHEERL_NIS NHEERL Stoker & 
Laws

The Stoker and Laws laboratories at the EPA National Health and Environmental Effects Research Laboratory work on the development and 
implementation of high-throughput assays, particularly related to the sodium-iodide cotransporter (NIS). Endocrine (thyroid - NIS inhibition)

UPITT University of 
Pittsburgh

The Johnston Lab at the University of Pittsburgh ran androgen receptor nuclear translocation assays under a Material Transfer Agreement (MTA) 
for the ToxCast Phase 1, Phase 2, and E1K chemicals. Endocrine (AR related)



With each release, more assay endpoints and more 
chemical x endpoint data are released

Invitrodb version 3.3 (released August 2020) contained 17 different assay sources, covering (at least) 491 unique gene-
related targets with 1600 unique assay endpoints. Varying amounts of data are available for 9949 unique substances.

These assay endpoints were notable additions in invitrodb version 3.3. 
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Assay source Long name Truncated assay source description Some rough notes on the biology covered

NCCT_MITO

NCCT (now Center 
for Computational 
Toxicology and 
Exposure) 
Mitochondrial 
toxicity

Respirometric assay that measure mitochondrial function in HepG2 cells
Multiple assay endpoints to evaluate mitochondrial 
function
https://doi.org/10.1093/toxsci/kfaa059.

NHEERL_MED
NHEERL Mid-
Continent Ecology 
Division

The EPA Mid-Continent Ecology Division of the National Health and Environmental Effects 
Research Laboratory screened the ToxCast Phase 1 chemical library for hDIO1 (deiodinase 1) 
inhibition as part of an ecotoxicology effort.

Endocrine (thyroid – hDIO1,2,3 inhibition)
https://doi.org/10.1093/toxsci/kfy302

STM Stemina Stem cell-based metabolomic indicator of developmental toxicity for screening.
Developmental toxicity screening – multiple assay 
endpoints
https://doi.org/10.1093/toxsci/kfaa014

LTEA Life Tech Expression 
Analysis Gene expression measured in HepaRG cells following 48 hr exposure 

Liver toxicity model via transcription factor regulated-
metabolism and markers of oxidative/cell stress; 
multiple assay endpoints

https://doi.org/10.1093/toxsci/kfaa059
https://doi.org/10.1093/toxsci/kfy302
https://doi.org/10.1093/toxsci/kfaa014


What biology is covered currently (or in the 
near future) for ToxCast?



Learning more about the assay endpoints

Download summary information here: https://www.epa.gov/chemical-research/exploring-toxcast-data-downloadable-data

Assay 
endpoint

Assay 
componentAssay

CEETOX_H295R

ESTRADIOL

ESTRADIOL_up

ESTRADIOL_dn

TESTOSTERONE

TESTOSTERONE_up

TESTOSTERONE_dn

https://comptox.epa.gov/dashboard/assay_endpoints/

Example assay annotation hierarchy

• Many assay endpoints are mapped to a gene, if applicable
• Assay endpoints now cover 1398 unique gene targets in invitrodb

version 3.3, in addition to other processes
• Intended target family is one way to understand biological target 

(incomplete list here):
• Apolipoprotein
• Apoptosis
• Background measurement
• Catalase
• Cell adhesion
• Cell cycle
• Cell morphology
• CYP
• Cytokine
• Deiodinase
• DNA binding
• Esterase

• Filaments
• GPCR
• Growth factor
• Histones
• Hydrolase
• Ion channel
• Kinase
• Ligase
• Lyase
• Malformation (zebrafish)
• Membrane protein
• Metabolite (Stemina metabolomics)
• Mitochondria

• Methyltransferase
• microRNA
• Mutagenicity response
• Nuclear receptor
• Oxidoreductase
• Phosphatase
• Protease/inhibitor
• Steroid hormone
• Transferase
• Transporter



More information about assay endpoints



Biological coverage

• Not all assays can be mapped to a single gene as a surrogate 
for biology (e.g., cytotoxicity, mitochondrial toxicity)

• Large focus on nuclear receptors, cell cycle, cell stress, but 
many diverse assays

• Revisit in next section: How can we better cover biological 
space in a Tier 1 screening, followed by targeted screening?

In the following slide, some of the assays will be discussed briefly 
to help orient the user to the types of assay data in ToxCast.



ACEA: Real Time Cell Analysis Based on 
Electrical Impedance

• Can measure cell proliferation or 
cytotoxicity depending on the direction

• Electrical impedance measured over 80 
hr

• ACEA ER assay uses T-47D breast cancer 
cells

• ACEA AR assay uses 22Rv1 human 
prostate cancer cell line



ACEA: ER and cytotoxicity examples

Judson et al. 2015



Apredica: High-content imaging of 
HepG2

• 1, 24, 72 hr of exposure in HepG2 cells x 
384 wp

• Cell stress, mitochondrial toxicity, oxidative 
stress

• Applies automated image analysis 
techniques to capture multiple cytological 
features using fluorescent labels, to 
measure the concentration-dependent 
changes 

• not fully metabolically capable, but HepG2 
cells can undergo continuous proliferation in 
culture and have a demonstrated capacity to 
predict hepatotoxicity

p53, stress kinase, oxidative stress, microtubles, mitochondrial 
mass, mitochondrial membrane potential, mitotic arrest, cell 
cycle arrest, nuclear size, cell number



Attagene: transcription factor activity 
profiling

• HepG2 HG19 subclone for elevated xenobiotic metabolic 
capacity

• “CIS” assays: endogenous transcription factors that 
regulated transfected reporters (nuclear receptors, cell 
stress

• “TRANS” assays: exogenous receptor-reporter system is 
transfected in (xenobiotic nuclear receptors)

• Recently published (not yet in Dashboard): addition of 
TRANS-FACTORIAL nuclear receptor assays for multiple 
species (Houck et al. 2020)

ATG “CIS” endpoints (endogenous signal)



BioSeek: co-culture models that provide phenotypic 
information

Unique processing for lowest effect 
concentration rather than 
ACC/AC50



CeeTox/Cyprotex (HT-H295R assay)



Published HT-H295R statistical model for 
prioritization

maxmMd

---- ± 1.5-fold vehicle control

---- critical limit

Figure 5, Haggard et al. (2018).

• Reduced an 11-dimensional 
question to a single dimension.

• Selection of the maxmMd
appeared to provide a 
reproducible, quantitative 
approximation of the magnitude 
of effect on steroidogenesis.



Gene expression in models of the liver

CellzDirect (CLD): 
fewer genes, ToxCast Phase I only

LifeTech Expression Analysis (LTEA): 
HepaRG cells, 1060 substances

• Newly released in invitrodb version 3.3
• ToxCast Phase I and Phase II Chemical library
• 189 assay endpoints, including ~93 genes: biotransformation, 

transporters, cell cycle, disease state markers (inc microRNA), 
etc.

• Paper forthcoming



NovaScreen (NVS)

• Cell-free assays
• Receptor binding, protein binding, transporter 

function, and enzyme activity for a substrate
• Typically performed in a tiered workflow

Sipes et al. 2013 analysis



Stemina (STM) devTOX quickPredict platform

• Human pluripotent stem cells
• Developmental toxicity predicted 

based on changes in cellular 
metabolism following chemical 
exposure.

• Multiple parameters measured; 
the ornithine/cystine ratio is the 
key assay endpoint, along with 
cytotoxicity for context.



Thyroid-related molecular initiating events and 
key events as targets for HTS



Recent publication of work to integrate 12 assay 
endpoints for the thyroid hormone receptor.

We tested the hypothesis that TR has a more restrictive 
ligand-binding pocket than estrogen and androgen receptors 
using Tox21 screening and follow-up assays.



NCCT_MITO: mitochondrial function

• Contrast to Tox21 and 
Apredica mitochondrial 
membrane permeability 
assay

• Apredica also has some 
additional mitochondrial 
morphology assays



Zebrafish developmental malformation screening: 
2 labs, lots of peer-reviewed literature

• Integrated, highly conserved model of development
• Applicable to both human and eco toxicology
• Experimental design

• Duration of experiment: 6 days with repeat dosing
• Initial single dose testing (80 uM)
• Dose-response for all actives plus a subset of 
inactives
• 8 concentrations, 3 replicates

• Malformation visual assessment manually and by 
automated microscopy



Zebrafish developmental malformation screening: 
2 labs, lots of peer-reviewed literature

NHEERL_PADILLA: not dechorinated; TANGUAY: dechorinated



Tox21 assays: a diverse suite.

• Most of these assays are in 1536 wp format, but not all.
• Typically 15 concentrations with n=3
• ~8500 unique chemical structures (~10,000 samples)
• Many are for nuclear receptors, stress pathways, assay 

interference.
• E.g., Nuclear Receptors: AR, ERa, PPARg, GR, TR, AhR, PXR
• GAL4 System (ligand detection assay) and full-length receptors
• β-lactamase or luciferase reporter gene assays
• Agonist and antagonist mode, sometimes with multiple concentrations of antagonist available
• Viability assays measured in parallel
• Other assays: mitochondrial toxicity, DNA damage, aromatase



This was an incomplete tour through 
much of what is in ToxCast, but not all.

• Biological gaps continue to be filled.

• E.g., developmental neurotoxicity new approach methodologies.



How are ToxCast/Tox21 data managed and what are the key data 
definitions for use?

Summary information, datasets, and the full database (invitrodb version 3.3 August 2020 release) are available 
here: 

https://www.epa.gov/chemical-research/exploring-toxcast-data-downloadable-data

https://www.epa.gov/chemical-research/exploring-toxcast-data-downloadable-data


Pipeline Overview

• Raw (source) data remains unaltered
• Storage of data at “levels” to standardize for any future 

analysis
• Use combination of statistics (x-MAD, AIC) and biology-

based efficacy cutoffs
• Points of Departure (e.g. AC10, ACC) are included
• System of “caution flags” has been developed 

(continues to evolve)



ToxCast: high-throughput bioactivity 
information

Level 0: raw data in standard format

Vendor source file

Custom processing 
because data are 

heterogeneous

Level 1: define replicate and concentration indices

Level 2: assay component-specific corrections

Level 3: assay endpoint-specific normalization

Level 4: model fitting

Level 5: model selection and hit-calling

Level 6: caution flagging on the fitting

Level 7: uncertainty estimation

Level 1: assay endpoint-specific normalization

Level 2: sample processing and hit-calling

Single concentration: pre-screen for efficacy Multi-concentration: efficacy and potency



Pipeline Overview: Curve Fits

CONSTANT (cnst) HILL(hill) GAIN-LOSS (gnls)

Winner determined by AIC

Tcpl is on CRAN and GitHub with 1-2 updates a year Vignettes on CRAN and peer-reviewed work



Key ToxCast vocabulary for using these 
data

Key vocabulary Full description Derivation Use

AC50 50% activity concentration, often 
represented as log10-AC50 (micromolar 
units)

A stable point on the curve that is 50% of 
the maximal fitted response

Potency estimate

ACC Activity concentration at the cutoff, often 
represented as log10-ACC (micromolar 
units)

Similar to a benchmark dose; variable 
efficacy across heterogeneous assays

Potency estimate

HITC Hitcall: -1, 0, 1 Qualitative activity determination; hitc=-1 
not enough data to fit; hitc=0 negative 
because model top does not exceed the 
coff and/or the winning model is constant; 
hitc=1 positive

Binary activity – pretty incomplete picture 
(think borderline efficacy)

COFF Efficacy “cut-off” Statistical or biology-based cut-off for a 
positive; assay endpoint-dependent

Determines positive/negative hitcall

BMAD Baseline median absolute deviation Median absolute deviation of data that 
approximate assay “baseline;” can be 
lowest two concentrations in the index (by 
plate), or can be DMSO or vehicle wells

3*BMAD is a common way to bound the 
“noise” in the assay baseline so that signal 
can be distinguished from noise

Flags Caution flags on curve-fitting (from level 
6)

Lots of different specific flags from 
“borderline activity” to “noisy fit”

Not all curve fits with flags are bad; some 
flags worse than others; >= 3 flags tend to 
indicate low quality curves

Model, winning model Curve-fitting models (e.g., Hill, gain-loss, 
constant)

The winning model has the lowest AIC the winning model determines the 
potency estimates reported



Improvements for 2021 and beyond

• New curve-fitting to 
incorporate BMDExpress
curvefitting models (for 
tcpl version 3.0).

• Ongoing onsideration of 
uncertainty in potency 
values.



Key context: assay interference from cytotoxicity is related to 
selective and non-selective phenotypes in HTS



Many of the substances in ToxCast 
appear non-selective
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• Many chemicals appear to act at many targets, or 
be non-selective

• This could be used to subset chemicals into 
screening tracks 



Schematic explanation of the burst

Oxidative Stress
DNA Reactivity
Protein Reactivity
Mitochondrial stress

ER stress
Cell membrane disruption
Specific apoptosis
…

Specific Non-specific

Judson et al. Tox.Sci. (2016); slide from Richard Judson



Most chemicals display a “burst” of potentially non-
selective bioactivity near cytotoxity concentration
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The cytotoxicity “burst” is useful for context

• The latest Comptox Chemicals Dashboard release (version 3.5, July 2020 release) demonstrates a cytotoxicity threshold 
based on the latest ToxCast database (invitrodb version 3.3, released Aug 2020). This value can change as more cytotoxicity 
data become available, curve-fitting approaches for existing data change, or the “burst” calculation approach is updated.

• In invitrodb version 3.3, 88 assays are considered for the cytotoxicity threshold. A positive hit must be observed in 5% of 
these assays (noting that not all chemicals are screened in all 88 assays) in order to assign a cytotoxicity threshold. The 
cytotoxicity threshold is a median of AC50 potency values from the N assays with a hit. The cytotoxicity threshold visualized
in the Dashboard is a lower bound on this estimate, calculated as the median cytotoxicity potency minus 3 times the global 
median absolute deviation. 

• This is discussed further in a publication (10.1093/toxsci/kfw148) and the ToxCast Pipeline R package (tcpl) function, 
tcplCytoPt() (available on CRAN: https://cran.r-project.org/web/packages/tcpl/index.html). 

• If fewer than 5 cytotoxicity assays demonstrate a positive hit, a default of 1000 micromolar is assigned for the chemical.
• The lower bound estimate of the cytotoxicity threshold or “burst” is useful context for ToxCast results. Bioactivity observed

below the cytotoxicity threshold may represent more specific activity that is less likely to be confounded by cytotoxicity. 
• It is possible that AC50 values above the cytotoxicity threshold are informative. If an assay has a parallel cytotoxicity assay in 

the same cell type, that may be more informative for interpreting that assay. Or, if a result is consistent with an AOP relevant
to the chemical with assay AC50 values above and below the cytotoxicity threshold, those data may be meaningful.
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https://doi.org/10.1093/toxsci/kfw148
https://cran.r-project.org/web/packages/tcpl/index.html


Where are we headed?



High-throughput toxicology answers scientific and 
regulatory needs

• We face many environmental challenges:
• Chemicals, disease, crop-failure, climate change

• Data alone cannot answer all necessary questions:
• Data can be expensive and noisy
• Cause and effect relationships are multivariate and non-linear

• Needed: mathematical and statistical models, approximations, and other tools that increase safety and 
efficiency. Endocrine examples below, many more in the literature!

• Extension of HTS data to QSAR.

Estrogen receptor pathway model Androgen receptor pathway model Steroidogenesis HT-H295R model



Use of predictive science in chemical safety 
should include risk-based approaches like BER

• Specific vs. nonspecific modes-of-action and the challenge of hazard 
labeling

46

Thomas et al. 2013 suggested a framework for hazard 
assessment that would be largely customized based on 
MOE (or now, BER).



Use of predictive science in chemical safety 
should include risk-based approaches like BER

• Now, ~6 years later, Thomas et al. (2019) suggest a computational toxicology blueprint that represents 
evolution of the same concept

47

Traditional “ToxCast”



Tier 1 becomes a broad-based screening 
that segues to Tier 2 (targeted screening).

• High-throughput phenotypic profiling and high-throughput 
transcriptomics will provide broad screening coverage

• Points-of-departure based on these techniques could then 
be augmented/refined using targeted screens (e.g., subsets 
of existing ToxCast assays and new assays to fill gaps)

High-throughput phenotypic-profiling High-throughput transcriptomics
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ToxCast and Tox21 have generated a lot of publicly available 
bioactivity data for hazard screening and prediction.
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• ToxCast: more assays, fewer chemicals, EPA-driven
• Tox21: fewer assays, all 1536, driven by consortium
• All Tox21 data are analyzed by multiple partners
• Tox21 data is available analyzed in the ToxCast Data Pipeline

EPA’s ToxCast program at a glance

Tox21 robot



ToxCast covers a lot of biology but not all; and, 
ToxCast is growing over time.

Invitrodb version 3.3 (released August 2020) contained 17 different assay sources, covering (at least) 491 unique gene-
related targets with 1600 unique assay endpoints. Varying amounts of data are available for 9949 unique substances.
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Assay source Long name Truncated assay source description Some rough notes on the biology 
covered

ACEA ACEA Biosciences real-time, label-free, cell growth assay system based on a microelectronic impedance readout Endocrine (ER-induced proliferation)

APR Apredica CellCiphr High Content Imaging system Hepatic cells (HepG2)

ATG Attagene multiplexed pathway profiling platform Nuclear receptor and stress response 
profile

BSK Bioseek BioMAP system providing uniquely informative biological activity profiles in complex human primary co-culture systems Immune/inflammation responses

NVS Novascreen large diverse suite of cell-free binding and biochemical assays.
Receptor binding; transporter protein 
binding; ion channels; enzyme inhibition; 
many targets

OT Odyssey Thera novel protein:protein interaction assays using protein-fragment complementation technology Endocrine (ER and AR)

TOX21 Tox21/NCGC Tox21 is an interagency agreement between the NIH, NTP, FDA and EPA. NIH Chemical Genomics Center (NCGC) is the primary screening facility 
running ultra high-throughput screening assays across a large interagency-developed chemical library Many – with many nuclear receptors

CEETOX Ceetox/OpAns HT-H295R assay Endocrine (steroidogenesis)

CLD CellzDirect Formerly CellzDirect, this Contract Research Organization (CRO) is now part of the Invitrogen brand of Thermo Fisher providing cell-based in 
vitro assay screening services using primary hepatocytes.

Liver (Phase I/Phase II/ Phase III 
expression)

NHEERL_PADILLA NHEERL Padilla Lab The Padilla laboratory at the EPA National Health and Environmental Effects Research Laboratory focuses on the development and screening of 
zebrafish assays. Zebrafish terata

NCCT NCCT Simmons Lab The Simmons Lab at the EPA National Center for Computational Toxicology focuses on developing and implementing in vitro methods to identify 
potential environmental toxicants. 

Endocrine (thyroid - thyroperoxidase
inhibition)

TANGUAY Tanguay Lab The Tanguay Lab, based at the Oregon State University Sinnhuber Aquatic Research Laboratory, uses zebrafish as a systems toxicology model. Zebrafish terata/phenotypes

NHEERL_NIS NHEERL Stoker & 
Laws

The Stoker and Laws laboratories at the EPA National Health and Environmental Effects Research Laboratory work on the development and 
implementation of high-throughput assays, particularly related to the sodium-iodide cotransporter (NIS). Endocrine (thyroid - NIS inhibition)

UPITT University of 
Pittsburgh

The Johnston Lab at the University of Pittsburgh ran androgen receptor nuclear translocation assays under a Material Transfer Agreement (MTA) 
for the ToxCast Phase 1, Phase 2, and E1K chemicals. Endocrine (AR related)



With each release, more assay endpoints and more 
chemical x endpoint data are released

Invitrodb version 3.3 (released August 2020) contained 17 different assay sources, covering (at least) 491 unique gene-
related targets with 1600 unique assay endpoints. Varying amounts of data are available for 9949 unique substances.

These assay endpoints were notable additions in invitrodb version 3.3. 
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Assay source Long name Truncated assay source description Some rough notes on the biology covered

NCCT_MITO

NCCT (now Center 
for Computational 
Toxicology and 
Exposure) 
Mitochondrial 
toxicity

Respirometric assay that measure mitochondrial function in HepG2 cells
Multiple assay endpoints to evaluate mitochondrial 
function
https://doi.org/10.1093/toxsci/kfaa059.

NHEERL_MED
NHEERL Mid-
Continent Ecology 
Division

The EPA Mid-Continent Ecology Division of the National Health and Environmental Effects 
Research Laboratory screened the ToxCast Phase 1 chemical library for hDIO1 (deiodinase 1) 
inhibition as part of an ecotoxicology effort.

Endocrine (thyroid – hDIO1,2,3 inhibition)
https://doi.org/10.1093/toxsci/kfy302

STM Stemina Stem cell-based metabolomic indicator of developmental toxicity for screening.
Developmental toxicity screening – multiple assay 
endpoints
https://doi.org/10.1093/toxsci/kfaa014

LTEA Life Tech Expression 
Analysis Gene expression measured in HepaRG cells following 48 hr exposure 

Liver toxicity model via transcription factor regulated-
metabolism and markers of oxidative/cell stress; 
multiple assay endpoints

https://doi.org/10.1093/toxsci/kfaa059
https://doi.org/10.1093/toxsci/kfy302
https://doi.org/10.1093/toxsci/kfaa014


What can be done with ToxCast data?

• (for example) Does this 
substance have endocrine or 
liver-mediated bioactivity?

• Is there support for one or 
more adverse outcome 
pathways based on these 
data, or does the substance 
appear “non-selective?”
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• Can a protective bioactivity-
based point-of-departure be 
calculated?

• What is the relative priority of 
this substance for additional 
evaluation?

Answering biological questions Answering risk-related questions



A user interface to browse and download data: 
CompTox Chemicals Dashboard
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https://comptox.epa.gov/dashboard



Using ToxCast Data in Weight of Evidence or 
Screening Level Assessment

• Vignette 1: Weight of evidence example
• Vignette 2: Risk-based approach that incorporates bioactivity and 

exposure, making the best use of new approach methodologies, for 
endocrine bioactivity.
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Analytical chemistry: 
was the chemical 
present and in the 

DOA for current 
ToxCast?

Models available? Selective or non-
selective?

Identification of a 
potency value to use 

for IVIVE of a 
threshold dose

Comparison to 
exposure predictions 

for a 
bioactivity:exposure

ratio

This presentation will demonstrate where to find these information and suggest an approach for utilizing them in 
screening level risk evaluation.



Vignette one: bioactivity for 
weight-of-evidence/biological 
questions
Is mystery compound A toxic to liver and/or mitochondria?
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Mystery compound A: in domain of 
current screening?
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Probably able to cross cell membrane without active transport

Not volatile

MW = 441.54 g/mol – likely 
good oral availability

Analytical chemistry: 
was the chemical 
present and in the 

DOA for current 
ToxCast?



“Low” hit-rate substances in ToxCast are 
distributed across physicochemical properties
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These physicochemical properties may 
be helpful in considering substances 
that look negative across ToxCast, but 
physicochemical properties don’t tell 
the entire story.

Substances with low hit-rate on the 
“fringe” of the distribution may need 
closer consideration to understand if 
they are within the domain of 
screening.



Mystery compound A seems to fit into the 
domain of screening based on chemistry
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Analytical chemistry: 
was the chemical 
present and in the 

DOA for current 
ToxCast?

Seems stable under screening sample conditions (DMSO, room temp, 0-4 months)

Select samples that were analyzed (the chemical in DMSO stock) are high purity and confirmed



But what bioactivity does Mystery 
Compound A have?
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Each assay platform or source can be a 
surrogate for one or more collections of AOPs

Consider some of the information that might inform about liver 
toxicity:

• Mechanistic information on mitochondrial toxicity, oxidative stress, 
nuclear receptor transcription factor activity, markers of injury in liver-
specific models, cell stress and cytotoxicity (inexhaustive listing here):
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Biological process Assay technologies Details

Mitochondrial 
toxicity

TOX21_MMP Mitochondrial membrane permeability (HepG2)

NCCT_MITO Multiple assay endpoints that measure oxygen consumption and respiration via Seahorse; can distinguish 
mechanism (HepG2)

Apredica MitoMembPot High content imaging, mitochondrial membrane permeability (HepG2)

Apredica MitoMass High content imaging, mitochondrial mass (HepG2)

Nuclear receptors 
and oxidative 
stress

ATG Transcription factor activity, including nuclear receptor and cell stress panel (CIS by endogenous expression and 
TRANS by GAL4-NR receptor modules); HG19 subclone of HepG2 cells (for elevated metabolism)

LTEA mRNA expression in HepaRG for nuclear-receptor regulated metabolism/oxidative stress

CLD mRNA expression in sandwich-cultured primary human hepatocytes for Phase I-II metabolism and transport

Tox21 NR assays LUC and BLA nuclear receptor reporter assays

NVS NR and transporter assays Cell-free binding

Odyssey Thera Receptor complexes and stabilization of coactivator interaction

Cell stress and 
cytotoxicity

Viability and cell stress assays across 
platforms

88+ assays

Models available? Selective or non-
selective?



Looking for consistency in MOA and 
concentration ranges (this is just a subset of 
assay technologies for demonstration)
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Mitochondria: 
Consistency in MOA
Concentration ranges by 
technology; the NCCT 
Seahorse technology 
suggests 1-10 uM, similar to 
Tox21 MMP assay

Liver: 
Clearly CYPs, Phase II 
transferases, and nuclear 
receptor interactions 
occuring
May occur at concentrations 
greater than mitochondria 
or cell cycle bioactivity

Consider reviewing the curves more specifically for a single chemical weight-of-evidence.



Mystery substance A: brief 
consideration of weight of evidence 

• 282/919 assays active: high hit-rate; consider that ToxCast contains a focus on NR-related 
processes, cell stress, and liver.

• Mitochondrial endpoint notes:
• NCCT_MITO positive, suggests decrease in basal oxygen consumption and max respiration – indicative of 

Complex I inhibition (~3-7 uM)
• TOX21 MMP assay positive (~9 uM)
• APR_HepG2 mito assays – several positive – much higher concentrations (50 uM+).
• Cytotoxicity limit is estimated at ~12 uM.

• Liver/cell stress endpoints:
• LTEA

• LDH assay in LTEA system suggests AC50 ~83 uM.
• Effects on multiple transporters in LTEA (BSEP, MRP3, MRP2, OCT1, OATP1B1,etc.) (20-40 uM)
• Effects on multiple Phase I enzyme expression inc CYP3A, CYP4A in LTEA (20-40 uM)
• Acox1 expression altered in LTEA (suggests hepatic mitochondrial activity altered), along with other indicators of 

stress/apoptosis (BAX/BCL2-like 11) (~60+ uM)
• Multiple inflammatory markers upregulated in LTEA and BSK
• It is difficult to discern if effects on mitochondria and cell cycle precede or coincide with effects on Phase I-II metabolism and 

transport. 
• TOX21 and ATG suggest consistent PPAR activity (gamma), possibly PXR, GR, and other nuclear receptors 

(ToxCast AR model is equivocal).
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Mystery substance A: revealed

• Troglitazone
• Treatment for Type II diabetes, works primarily by activating 

PPARγ
• Also involved in immune response via decrease in NF-KB

• Drug removed from market due to DILI, with several proposed 
mechanisms, including:

• Mitochondrial toxicity [Electron transport chain inhibitor (Complex I) at 
low micromolar concentrations]

• Inhibits of bile acid transport/cholestatic effects (e.g., BSEP)
• Apoptosis
• Formation of reactive metabolites/oxidative stress
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Vignette two: Screening-level 
endocrine bioactivity assessment
Evaluate mystery compound B for endocrine bioactivity risk
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Examine physicochemical properties such as logP, vapor 
pressure, and MW to get a better sense of whether the 
chemical was suitable for the current in vitro assay suite
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Analytical chemistry: 
was the chemical 
present and in the 

DOA for current 
ToxCast?

Many successfully screened chemicals have been (but not limited to):
logP -0.4 to 5.6 range; MW 180-480; 
log10 Vapor Pressure < 1. 

ToxCast negatives: what does a negative mean? Outside of domain of applicability (DOA)?



Available QC data suggests that the substance is 
present in DMSO sample and stable over 4 months
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Analytical chemistry: 
was the chemical 
present and in the 

DOA for current 
ToxCast?

redacted

• Active research is ongoing to better surface an 
integrated analysis of analytic sample QC. 

• Not all QC data is currently displayed – but failures noted 
in the tripod site can indicate a possible problem with 
the representative sample (e.g., degradation).

Representative samples that were analyzed (the chemical in DMSO stock) are high purity and confirmed



What is an example of a substance that QC 
might tip us off we need different NAMs from 
what is currently in ToxCast?
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Mystery substance B: Models >>> 
single assays. And equivocals happen.

70

CERAPP = consensus ER QSAR (from 17 groups)
COMPARA = consensus AR QSAR
ToxCast Pathway Model AUC ER = full ER model (18 assays)
ToxCast Pathway Model AUC AR = full AR model (11 assays)

>0.1 = positive; 0.001-0.1 = equivocal

Models available?

As of now, the models supported in the CompTox Chemicals Dashboard are endocrine-related but hope to expand to 
other published models in the future.

Consult the peer-reviewed literature for additional models and interpretations.

Mystery substance B has positive ToxCast ER pathway agonist and ToxCast AR antagonist scores. 



HT-H295R model for steroidogenesis

• Supplemental File 4 has fold-change 
by hormone

• Supplemental File 9 has mMd
(model values)

• Invitrodb v3.2 has a hth295r model 
table with both of these included in it.

• Hope to include this in future release 
of the Dashboard.
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Endocrine models 
available?



Bioactivity summary in the Dashboard
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This is the cytotoxicity threshold 
or “burst” based on the method 
described in Judson et al. 2016. 
It is the lower bound on the 
estimate of a cytotoxicity 
threshold. (see tcplCytoPt() 
function in the tcpl R package).

Selective or non-
selective?



The cytotoxicity “burst” is useful for 
context.

• The latest Comptox Chemicals Dashboard release (version 3.5, July 2020 release) demonstrates a cytotoxicity threshold 
based on the latest ToxCast database (invitrodb version 3.3, released Aug 2020). This value can change as more cytotoxicity 
data become available, curve-fitting approaches for existing data change, or the “burst” calculation approach is updated.

• In invitrodb version 3.3, 88 assays are considered for the cytotoxicity threshold. A positive hit must be observed in 5% of 
these assays (noting that not all chemicals are screened in all 88 assays) in order to assign a cytotoxicity threshold. The 
cytotoxicity threshold is a median of AC50 potency values from the N assays with a hit. The cytotoxicity threshold visualized
in the Dashboard is a lower bound on this estimate, calculated as the median cytotoxicity potency minus 3 times the global 
median absolute deviation. 

• This is discussed further in a publication (10.1093/toxsci/kfw148) and the ToxCast Pipeline R package (tcpl) function, 
tcplCytoPt() (available on CRAN: https://cran.r-project.org/web/packages/tcpl/index.html). 

• If fewer than 5 cytotoxicity assays demonstrate a positive hit, a default of 1000 micromolar is assigned for the chemical.
• The lower bound estimate of the cytotoxicity threshold or “burst” is useful context for ToxCast results. Bioactivity observed

below the cytotoxicity threshold may represent more specific activity that is less likely to be confounded by cytotoxicity. 
• It is possible that AC50 values above the cytotoxicity threshold are informative. If an assay has a parallel cytotoxicity assay in 

the same cell type, that may be more informative for interpreting that assay. Or, if a result is consistent with an AOP relevant
to the chemical with assay AC50 values above and below the cytotoxicity threshold, those data may be meaningful.
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Selective or non-
selective?

https://doi.org/10.1093/toxsci/kfw148
https://cran.r-project.org/web/packages/tcpl/index.html


User application dictates “selectivity”

• AC50 < burst?
• AC50 0.5log10 distance from burst?
• AC50 < parallel viability assays?
• How else to filter ToxCast data: 3+ caution flags and curves with both 

low efficacy and potency values below the concentration range 
screened

• Other related ideas:
• What other assays appear active in a similar concentration range?
• Is there consistent support for MOA(s), or is it nonspecific activity?
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Selective or non-
selective?



A note on ToxCast versioning

• Data change: curve-fitting, addition of new data
• Models change: improvements, more data, etc.
• The CompTox Chemicals Dashboard release from July 2020 is 

now using ToxCast invitrodb version 3.3: 
https://doi.org/10.23645/epacomptox.6062479.v5

• All ToxCast data and endocrine models (CERAPP, COMPARA, 
ER, AR, steroidogenesis) can currently be accessed from within 
invitrodb.

• Data downloads for NCCT: https://www.epa.gov/chemical-
research/exploring-toxcast-data-downloadable-data

• We anticipate a new ToxCast release in 2021. 75

https://doi.org/10.23645/epacomptox.6062479.v5
https://www.epa.gov/chemical-research/exploring-toxcast-data-downloadable-data


Mystery compound B has a lot of activity.

If endocrine bioactivity is of 
interest, examining some of 

these intended target families 
more closely would be helpful 

for understanding possible 
“selective” endocrine 

bioactivity.



A deeper dive into the intended target family categories 
relevant for ER/AR activity and selectivity

NAME GENE_SYMBOL HIT_CALL AC50
ACEA_ER_80hr ESR1 ACTIVE 0.373
ATG_ERE_CIS_up ESR1 ACTIVE 9.81E-02
ATG_ERa_TRANS_up ESR1 ACTIVE 0.119
NVS_NR_bER ESR1 ACTIVE 0.421
NVS_NR_hER ESR1 ACTIVE 0.23
NVS_NR_mERa Esr1 ACTIVE 0.257
OT_ER_ERaERa_0480 ESR1 ACTIVE 5.73
OT_ER_ERaERa_1440 ESR1 ACTIVE 4.31
OT_ERa_EREGFP_0120 ESR1 ACTIVE 0.424
OT_ERa_EREGFP_0480 ESR1 ACTIVE 0.631
TOX21_ERa_BLA_Agonist_ratio ESR1 ACTIVE 0.962
TOX21_ERa_BLA_Antagonist_ratio ESR1 ACTIVE 43.5
TOX21_ERa_LUC_VM7_Agonist ESR1 ACTIVE 0.445
TOX21_ERa_LUC_VM7_Antagonist_0.1nM_E2 ESR1 ACTIVE 75.1
TOX21_ERa_LUC_VM7_Agonist_10nM_ICI182780 ESR1 ACTIVE 19.6

Downloaded ToxCast Summary from the CompTox
Chemicals Dashboard, and filtered for one gene of interest
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Identification of a 
potency value to use 

for IVIVE of a 
threshold dose



An IVIVE approach based reverse toxicokinetics has 
been developed

Reverse dosimetry can be leveraged in IVIVE to estimate the exposure that would 
produce the plasma concentration corresponding to bioactivity

High-throughput toxicokinetic (HTTK) approaches make it possible to predict doses 
corresponding to in vitro bioactivity for thousands of chemicals.

2012
A subset of the papers 

describing the 
development of a high-

throughput toxicokinetic 
approach

2017

2017

2017

2014 2015

2019

2014
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High throughput toxicokinetics 
(HTTK)

httk
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Hepatic clearance from suspended hepatocytes

Plasma protein binding

Generic 
toxicokinetic 

models
in vitro data

Some high-level assumptions: 

(1) bioactive nominal in vitro assay 
concentration ~ in vivo plasma 
concentration that would correspond 
to a similar effect;

(2) plasma concentration can be 
approximated by steady-state kinetics; 
and,

(3) external exposures (in mg/kg/day 
units) that may have resulted in that 
plasma concentration can be 
constructed using estimates of 
species-specific physiology and Phase I 
and Phase II enzyme-driven hepatic 
clearance.
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Many works apply HTTK to prioritization 
and assessment case studies

2019

2018

20152011 2018

2019

2020

2020

2020
A subset of the papers describing 

the application of a high-
throughput toxicokinetic approach 

– too many to fit 81



IVIVE via high-throughput 
toxicokinetic data and models

• Operationally, the httk R package (v 2.0.2) can be downloaded from CRAN or GitHub for reproducible generation of 
administered equivalent doses (AEDs).

• AC50 or LEC (micromolar) * (1 mg/kg/day/Css (micromolar)) = AED prediction 

• Httk package optionally implements multiple models that can have increasing complexity based on data available (e.g., 
using pbtk model or including interindividual toxicokinetic variability).
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Identification of a 
potency value to use 

for IVIVE of a 
threshold dose

3.3 mg g mol 1e6 µmol

L 1000 mg 228.291 g mol
= 14.45523 µmol/L = µM 

0.1 µM 1 mg/kg/day

14.45523 µM = 0.007 mg/kg/day = AED95

Css here is from 95th quantile (Note that 
95th concentration quantile is the same 
population as the 5th dose quantile).



Bioactivity:exposure ratio requires 
exposure

• Total population predictions are based upon consensus exposure model predictions and the similarity of 
the compound to those chemicals monitored by NHANES. The method for the total U.S. population was 
described in a 2018 publication, "Consensus Modeling of Median Chemical Intake for the U.S. Population 
Based on Predictions of Exposure Pathways". 

• When available, demographic-specific predictions are based upon a simpler, heuristic model described in 
the 2014 publication "High Throughput Heuristics for Prioritizing Human Exposure to Environmental 
Chemicals".
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Comparison to 
exposure predictions 

for a 
bioactivity:exposure

ratio

Bioactivity:exposure ratio = BER95 = 0.3430.007 mg/kg/day

0.0204 mg/kg/day

https://doi.org/10.1021/acs.est.8b04056
https://doi.org/10.1021/es503583j


What to make of Mystery Substance B

• Mystery substance B is Bisphenol A, which clearly has some in 
vitro nuclear receptor activity at concentrations that may be 
below or near cytotoxicity. 

• It has moderate ToxCast ER agonist and AR antagonist scores.
• The cytotoxicity threshold or “burst” seems to support selectivity of 

some nuclear receptor responses.
• Diving a little deeper into the intended target family supports this 

analysis.



Use of predictive science in chemical safety 
should include risk-based approaches like BER

• Specific vs. nonspecific modes-of-action and the challenge of hazard 
labeling
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Thomas et al. 2013 suggested a framework for hazard 
assessment that would be largely customized based on 
MOE (or now, BER).



Use of predictive science in chemical safety 
should include risk-based approaches like BER

• Now, ~6 years later, Thomas et al. (2019) suggest a computational toxicology blueprint that represents 
evolution of the same concept
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Screening level assessment example: combine 
NAMs for exposure, in vitro bioactivity, and 
toxicokinetics

• Conducted by Accelerating the 
Pace of Chemical Risk 
Assessment (APCRA)

• “international cooperative 
collaboration of government 
agencies convened to address 
barriers and opportunities for the 
use of new approach methodologies 
(NAMs) in chemical risk 
assessment” (Paul Friedman et al., 
accepted)

(APCRA partners for these two case studies)



PODtrad

EPA - ToxValDB

Health Canada

EFSA

ECHA 

PODNAM

ToxCast AC50s 
(µM)

Apply high-
throughput 

toxicokinetics
(httk) to get 
mg/kg/day

Exposure

EPA - ExpoCast

Health Canada
Bioactivity-exposure 

ratio PODtrad : PODNAM ratio

Is log10-POD ratio > 0 for most chemicals?
Can we learn from log10-POD ratio < 0?

Is BER useful for prioritization?
Are there addressable weaknesses? • NOEL, LOEL, 

NOAEL, or 
LOAEL

• Oral exposures
• Mg/kg/day

5th %0-5th %95th %
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Case study workflow
ASTAR HIPPTox

EC10s (µM)



Prioritize chemicals based on BER for all 
bioactivity or for some target bioactivity

89
Figure 3 from Paul Friedman et al. 

https://doi.org/10.1093/toxsci/kfz201
Ch

em
ic

al
s

For 448 substances, ~89% of the time, the point-of-departure 
based on ToxCast (POD-NAM) was less than the NOAEL/LOAEL 

values available from animals.

https://doi.org/10.1093/toxsci/kfz201


Conclusions

• Bioactivity data, including ToxCast, may help inform hazard 
prediction for weight-of-evidence, screening, and new approach 
methodologies-based points-of-departure for risk assessment.

• A high-throughput toxicokinetic approach to in vitro to in vivo 
extrapolation can translate bioactivity data in micromolar 
concentrations to administered equivalent doses for comparison to 
exposure or other in vivo data.

• The Comptox Chemicals Dashboard provides a data browsing and 
downloading capability to support weight-of-evidence evaluations 
and screening.

• Consider that operationally, the steps taken to prepare a dataset for a single 
chemical weight-of-evidence evaluation may be different from preparation of a 
dataset for many chemicals.
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Overview of this presentation

• EPA-specific catalysts for endocrine-related new approach 
methodologies

• Estrogen receptor and androgen receptor models
• Steroidogenesis
• Thyroid
• Ongoing research



EPA specific catalyst for endocrine new 
approach methodologies

94

• The US Environmental Protection Agency’s (EPA) Endocrine 
Disrupting Screening Program (EDSP) 

• established in response to Congressional mandates in the 
Federal Food Quality Protection and Safe Water Drinking Acts

• evaluating potential risk of endocrine disruption in humans 
and wildlife from exposure to pesticide chemicals and 
drinking water contaminants

• recommendations from an expert advisory committee 
established a two tiered system

• Tier 1 screening for potential to interact with the estrogen, androgen or thyroid 
hormone systems

• Tier 2 testing to verify interaction and quantify dose-response relationship
• In 2011, EPA began a multiyear transition to prioritize and 

screen thousands of EDSP chemicals using high-throughput 
in vitro assays and computational modeling approaches

https://www.federalregister.gov/articles/2015/06/19/2015-
15182/use-of-high-throughput-assays-and-computational-tools-
endocrine-disruptor-screening-program-notice

https://www.federalregister.gov/articles/2015/06/19/2015-15182/use-of-high-throughput-assays-and-computational-tools-endocrine-disruptor-screening-program-notice


Regulatory needs have driven a large research investment 
in endocrine-related bioactivity prediction

Timeline of Recent FIFRA SAPs Relevant for the EDSP

2013 FIFRA SAP: Scientific 
Issues Associated with 
Prioritizing the Universe of 
EDSP Chemicals using 
Computational Toxicology 
Tools

2014 FIFRA SAP: Endocrine Activity and 
Exposure-based Prioritization and Screening

2017 FIFRA SAP: Continuing Development of 
Alternative High-Throughput Screens to 
Determine Endocrine Disruption, Focusing 
on Androgen Receptor, Steroidogenesis, and 
Thyroid Pathways

2013 FIFRA SAP: EDSP Tier 1 
Screening Assays and Battery 
Performance

2013 FIFRA SAP: EDSP Tier 2 
Ecotoxicity Tests

2013 FIFRA SAP: Weight-of-Evidence: 
Evaluating Results of EDSP Tier 1 Screening

2014 FIFRA SAP: New High Throughput 
Methods to Estimate Chemical Exposure

Note: Prioritize and screen have separate and distinct meanings in this context. Prioritization is 
a first step (think QSARs and bioactivity models with higher uncertainty). Screening is Tier 1 or 
Tier 1 equivalents (think the ER model as a substitute for the estrogen screens in Tier 1).FIFRA SAP = Federal Insecticide, Fungicide, and Rodenticide Act Scientific Advisory Panel

A lot of focus on ER prediction

AR, steroidogenesis, and just the beginning of thyroid



EDSP to EDSP21
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EDSP Chemical Universe
10,000 chemicals
(FIFRA & SDWA)

EDSP List 2
109 Chemicals

EDSP List 1
52 Chemicals

• In 2009, EPA published list of 67 pesticide chemicals (List 
1) for Tier 1 screening (15 subsequently withdrawn).

• In 2013, EPA published a revised second list (List 2) of 109 
chemicals for proposed Tier 1 screening.

• In 2015, EPA issued EDSP ordered additional testing on 
positive List 1 chemicals.

• The cost of running the Tier 1 battery is ~$1 million per 
chemical.

• The number of animals saved using alternative high 
throughput testing approach for EDSP tier 1 battery is 
approximately 600 animals for one chemical (~200 Rats, 
80 fish and 320 frogs).

• At current rate, it would take decades and cost billions of 
dollars to screen all 10,000 chemicals of interest to EPA 
for potential endocrine activity.

EDSP Chemical Universe List Number

Conventional Active Ingredients 838

Antimicrobial Active Ingredients 324

Biological Pesticide Active Ingredients 287

Non Food Use Inert Ingredients 2,211

Food Use Inert Ingredients 1,536

Fragrances used as Inert Ingredients 1,529

Safe Drinking Water Act Chemicals 3,616

TOTAL 10,341



Approaches for predicting estrogen and androgen 
receptor (ER, AR) activity 



Approach using in vitro ToxCast data
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 Developed multiple high-throughput 
screening assays 
• Use multiple assays per pathway

– Different technologies
– Different points in pathway

• No assay is perfect
– Assay Interference
– Noise

 Use a systems biology model to 
integrate assays
• Model creates a composite dose-

response curve for each chemical to 
summarize results from all assays

Androgen Receptor 
Computational Model
Kleinstreuer et al., Chem Res Toxicol 
(2017) 

Estrogen Receptor 
Computational Model
Judson et al.,  Envi Health Pers (2015)



ToxCast ER model 

• The current model in the CompTox
Chemicals Dashboard is an update of the 
2015 published model but still includes all 
18 assays for agonist mode.

• This model has been accepted as an 
alternative for the ER binding, ER-TA, and 
Uterotrophic assays in the EDSP Tier 1 
(https://www.federalregister.gov/documents
/2015/06/19/2015-15182/use-of-high-
throughput-assays-and-computational-
tools-endocrine-disruptor-screening-
program-notice).

• A newer publication describes how only 4 
assays that cover key “receptors” or events 
in the activation of ER can achieve similar 
performance as the full model 
(10.1016/j.yrtph.2017.09.022).

99https://doi.org/10.1093/toxsci/kfv168

https://www.federalregister.gov/documents/2015/06/19/2015-15182/use-of-high-throughput-assays-and-computational-tools-endocrine-disruptor-screening-program-notice
https://doi.org/10.1016/j.yrtph.2017.09.022
https://doi.org/10.1093/toxsci/kfv168


ToxCast AR model

• Reviewed by Scientific Advisory Panels in 2014 and 2017.
• The Dashboard provides values from the original model published in 2017; new full AR model 

presented in 2020 publication on minimal assay set (with more assays – now 14).
• The use of the uncertainty bounds around both the ER and AR model scores can be helpful in 

understanding weak or borderline scores.
• Both the ER and AR models are most helpful in understanding relative bioactivity. 100

10.1021/acs.chemrestox.6b00347

https://doi.org/10.1021/acs.chemrestox.6b00347


No assay is perfect (ToxCast AR model, 
2020)

Consider the subset of 1239 substances for which at least on AR 
assay endpoint in the set of 14 is positive.

Not all assay endpoint positives are specific to the pathway 
(interference processes), and selectivity (distance from cytotoxicity) 
can be helpful in distinguishing AR antagonism from cytotoxicity.



Ongoing evaluation of these approaches
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• Comparison to existing literature studies
• Comparison to curated reference 

chemicals
• Peer-reviewed publications
• FIFRA Scientific Advisory 

Panel (SAP)
• Organization of Economic Cooperation 

and Development (OECD) review



Cytotoxicity threshold or “burst” is incorporated 
into the ToxCast ER/AR models
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Judson et al. Tox.Sci. (2016)

• Most chemicals display a “burst” of potentially 
non-selective bioactivity near the cytotoxicity 
concentration.

• This is often “false positive” activity
• E.g. Activity in an ER assay in the “burst” 

region is likely due to cell stress and not 
true ER binding activity

• “Z-score” method can be used to filter out this 
false positive activity before drawing 
conclusions about ER, AR (or other specific 
target) activity



Uncertainty analysis for the ER and AR 
models
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Bootstrap Uncertainty in In Vitro 
Potency Values

Computational Modeling Propagation of Uncertainty in 
Modeling Output

ER Pathway Model

18 ER In Vitro Assays Watt and Judson, PLOS One 2018

Major sources of uncertainty:
1. Qualitative: is an assay “hit” really due to ER/AR activity, or assay interference?
2. Quantitative: uncertainty around the true potency value (AC50)

Both are now incorporated into the ER and AR model results



Practically, how many assay endpoints are 
needed to maintain model performance?

105Judson et al., Reg. Tox. Pharm. (2017) (ER)
Judson, et al. Reg. Tox. Pharm. (2020) AR)

• Original ER and AR models used many redundant 
assays to help understand the types of noise and 
assay interference occurring in in vitro assays

• “Subset models” were developed: Rebuild the 
original models using all subsets of assays (2, 3, 4, 
… n assays)

• Results show that subsets with fewer assays have 
acceptable performance against the full model, and 
the in vitro and in vivo reference chemicals. 

• The acceptable subsets all have assays that:

– probe diverse points in the pathway
– use diverse assay reporting technologies 
– use diverse cell types

• ER Agonist: 4 or more assays

• AR Antagonist: 5 or more assays



Lessons learned

106

• Impact of cytotoxicity: Analysis and incorporation of cytotoxic ‘burst’

• Flexibility in assay selection: Developed smaller subset pathway models 
and criteria for assay selection in the subset to allow use of 
existing/preferred assays

• Metabolic Competence: Lack metabolic competence in in vitro HTS Assays 
may lead to over- or underestimation of chemical hazard.

• In Vitro HTS Assays and the Pathway Model Analysis: In the analysis of the 
HTS assays, there is a need to establish uncertainty bounds around potency 
and efficacy values. 



Approach using in silico methods: 
CERAPP and COMPARA
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• Large scale QSAR modeling projects to predict ER and AR activity

• CERAPP - Collaborative Estrogen Receptor Activity Prediction 
Project

• CoMPARA : Collaborative Modeling Project for Androgen Receptor 
Activity

• Use ER and AR Pathway model results to train QSAR models

• Use data from the open literature to evaluate 

• Many expert groups from US, Europe, Japan and China submitted 
models, from which consensus models were derived

• Modes: Binding, Agonist, Antagonist

• Model types: 
• Qualitative (active, inactive), 
• Semi-quantitative (inactive, very weak, weak, moderate, 

strong)

• Results available through the CompTox Chemicals Dashboard
Mansouri et al., Environmental Health Perspectives (2016)
Mansouri et al., Environmental Health Perspectives (in press 2019).

Forward Prediction Results



Model scores as available in the 
CompTox Chemicals Dashboard
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ToxCast Pathway Model AUC ER = full ER model (18 assays)
ToxCast Pathway Model AUC AR = full AR model (11 assays)
CERAPP = consensus ER QSAR (from 17 groups)
COMPARA = consensus AR QSAR

>0.1 = positive; 0.001-0.1 = equivocal



Interpreting and using ToxCast pathway 
model scores: relative activity

Endogenous ligand 
or reference

Endogenous ligand 
or reference

negatives

Equivocals – potency not 
anticipated below 100 uM

negatives

Equivocals – potency not 
anticipated below 100 uM



Future: Retrofitting Metabolism to an 
Estrogen Receptor Transactivation Assay

Parallel evaluation of parent compound and metabolites identifies false positive and false negative effects 

AIME Method: S9 fraction immobilization 
in alginate microspheres on 96- or 384-

well peg lids

• Retrofitting Metabolism: AIME method suitable for biochemical- and cell-based HTS assays

• Screening Throughput: Adaptable to 96- and 384-well screening platforms

• Regulatory Relevance: Integration of phase I liver metabolism for hazard identification of parent and metabolite 
endocrine activity 

• Results: Evaluation of a 63 chemical test set supports metabolic screening for -

• Refinement of prioritization for ER-active substances based on metabolite effects

• In some cases, supports more accurate prediction of in vivo effects for biotransformed substances

Deisenroth and colleagues, unpublished (forthcoming).



Predicting disruption of steroidogenesis: 
investigating NAMs for the H295R assay



CeeTox/Cyprotex (HT-H295R assay)



Confusion matrices demonstrate good sensitivity, 
specificity, and accuracy for reference chemicals.

Figure 6 Haggard et al. (2017).



Agreement among labs in the OECD inter-laboratory 
validation

• For any effect on testosterone:
• Average concordance among labs was 0.88, 0.91, and 0.90 for the 12 core 

reference chemicals only, the 16 supplemental reference chemicals only, 
and the entire set.

• For any effect on estrogen:
• Average concordance among labs was 0.95, 0.84, and 0.89 for the 12 core 

reference chemicals only, the 16 supplemental reference chemicals only, 
and the entire set.



Example of the 11-dimensional results for 
prochloraz

Figure 2 Haggard et al. (2017).



Mahalanobis distance compressed 11-
dimensional data to 1.

• Hormones were measured from the same experimental well, and the synthesis of these 
steroid hormones is interdependent.

• The Mahalanobis distance adjusts the distances, or effect sizes, for the variance and 
covariance among the hormone measures at each concentration, thereby accounting for 
knowledge of the interrelatedness of the steroid hormone measurements.

• To calculate the Mahalanobis distance, the response at each concentration of a test 
chemical was considered as a point in an 11-dimensional space.
• Each axis corresponds to the natural logarithm of the measured concentration of one of the 

hormones included in this analysis.
• Method in brief: 

• (1) the degree to which variation among replicates is correlated across hormones was estimated
• (2) Covariance matrix that characterizes both the noise variance and correlation among 

hormone levels across replicates, after taking chemical and concentration into account, was 
constructed

• (3) Computation of the mean Mahalanobis distance at each concentration of chemical screened 



Using our maximum mean Mahalanobis distance 
approach to get a single prioritization metric
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Mifepristone strongly modulated progestagens with significant 
effects on progesterone and OH-progesterone and moderate but 
non-significant trends on corticosteroids and androgens, 
resulting in a relatively high adjusted maxmMd of 33. 

maxmMd

---- ± 1.5-fold vehicle control

---- critical limit

Figure 5, Haggard et al. (2017).

• Reduced an 11-
dimensional 
question to a 
single dimension.

• Selection of the 
maxmMd
appeared to 
provide a 
reproducible, 
quantitative 
approximation of 
the magnitude of 
effect on 
steroidogenesis.



MaxmMd was reproducible and quantitatively 
distinguished chemicals with larger effects.

Bisphenol A

Negative maxmMd but 
variable steroid hit count

EDS v. finasteride; same hit 
count, very different maxmMd

Figure 8, Haggard et al. (2017).



HT-H295R model for steroidogenesis: follow-up 
analysis

• Evaluated the robustness, 
reproducibility, and power of the 
HT-H295R statistical model per 
feedback received at Scientific 
Advisory Panel review.

• Considered a case study: does 
the HT-H295R assay and model 
detect aromatase inhibitors?

• Demonstrated the use of the 
HT-H295R statistical model in a 
selectivity-based prioritization 
exercise.
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Parallel cytotoxicity (MTT assay) and cytotoxicity threshold 
estimates may help rank positives by selectivity



Steroidogenesis summary

• HT-H295R screening assay as an alternative for the OECD-validated, low 
throughput H295R assay. 

• The ANOVA analysis and logic used herein for the HT-H295R dataset to determine effects on the 
steroid biosynthesis pathway enabled a direct comparison of the OECD inter-laboratory validation data 
and the HT-H295R data. 

• Novel integration of 11 steroid hormone analytes for pathway-level analysis using 
the HT-H295R assay data.

• A mean Mahalanobis distance (mMd) was computed for each chemical concentration screened. 
• The mMd provided a set of unitless values from which the maximum mean Mahalanobis distance 

(maxmMd) could be calculated across the concentration range screened. This maxmMd may be a useful 
prioritization metric.

• How can we extend information about ~2000 substances in the HT-H295R assay 
to larger chemical inventories of interest? Ongoing development of structure-
based activity prediction.



Progress on thyroid-relevant bioactivity screening 
in ToxCast



Progress in HTS assay development for 
targets in the AOP network
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• Considering the thyroid-related AOP 
network as an outline for HTS 
screening

• Ongoing research on the 
development of screening assays 
for molecular initiating events and 
key events

• Includes development of 
confirmatory approaches that 
could be used in a future model

Paul-Friedman et al., 2016;  Noyes et al.,2019  doi: 10.1289/EHP5297



A possible outline of thyroid screening, model 
development, and confirmatory screening

Many of the MIE 
targets have MTS 
and HTS assays, but 
efforts to evaluate 
the screening 
sensitivity and 
specificity of those 
screens are still in 
progress (e.g., TR, 
TRHR, TSHR).



Approach to thyroid will be different

• Many molecular-initiating event and key event targets for assay 
development.

• Uncertainties regarding species sensitivity.
• Less redundancy at each screening target.
• Uncertainties regarding the importance of all possible screening 

targets for modulation by xenobiotics.
• Understanding target tissue dose and critical windows of 

susceptibility will be key to any modeling approach.



Integrating multiple assay endpoints: agonism and 
antagonism of thyroid hormone receptor (TR) occurs with 
a limited number of substances

We tested the hypothesis that TR has a more restrictive 
ligand-binding pocket than estrogen and androgen receptors 
using Tox21 screening and follow-up assays.



TR agonism and antagonism

• 11 chemicals identified of 8,305 unique substances as putative direct TR ligands
• 8 agonists

• T3 analogs (see table to right)
• Additional 9 chemicals, largely pharmaceuticals, that agonize RXR through 

TR:RXR heterodimer resulting in partial agonism in the transactivation 
assays (permissive heterodimer effect); no activity when RXR not present

• 3 antagonists of higher confidence: pharmaceuticals, at concentrations 
exceeding therapeutic concentrations

Mefenamic acid
(NSAID, some evidence of 
plasma TH effects in rats)

Table 2 from Paul Friedman et al. 2019 EHP

Risarestat
(aldose reductase 

inhibitor for hypoglycemia 
assoc. with diabetes)

Diclazuril
(anticoccidal used in 

poultry)

Overall conclusion: 
work supports the 

hypothesis that TR is a very 
selective nuclear receptor.



Thyroid hormone synthesis targets: new 
assays in ToxCast

TPO inhibition

NIS inhibition

DIO1 inhibition

DIO1, DIO2, DIO3 inhibition

• These assays have relatively 
high hit-rates.

• Determining selectivity of the 
response will be critical.



Ongoing work on the hypothalamic-
pituitary regulatory targets

• Confirmation and followup on Tox21 TSHR and TRHR assay 
endpoints: the hits currently reported are not filtered for 
selectivity and assay interference.

• These assays use indirect readouts of TSHR and TRHR agonist 
and antagonist activity (cAMP and Ca2+).



Putting the HPT all together

A critical component of integrating these assay information into 
models for prioritization or hazard prediction will be internal 
dosimetry during the critical neurodevelopmental window.



Take Home Messages

• EPA has addressed the need to screen and prioritize 
thousands of chemicals quickly and without the use 
of animals through:

• Development of high-throughput screening assays
• Integrated computational models
• Development of in silico consensus models

• EPA has made great advances on including 
uncertainty and metabolic competence in analysis of 
high-throughput assays and computational 
approaches.

• An important component of scientific confidence in 
these approaches is performance-based evaluation as 
compared to curated reference chemicals.

• Current approaches can be applied more broadly 
beyond what is described here and can be used 
across testing laboratories and decision contexts.

131

EDSP Chemical Universe
10,000 chemicals
(FIFRA & SDWA)

ToxCast ER/AR 
Model
~1800

Chemicals

EDSP List 2
109 Chemicals

EDSP List 1
52 Chemicals

CERAPP/CoMPARA
~40-60,000 Chemicals



Questions?
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