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Too High a Cost
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Too Many Chemicals
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Too many mechanisms 
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Toxicity Testing in the 21st Century
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Bioinformatics/
Machine Learning

computational

HTS 
-omics

in vitro testing

$Thousands

+

EPAs Contribution:  The ToxCast Research Program
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A Grand Challenge: Predicting Toxicity
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Human Relevance/ 
Cost/Complexity

Throughput/ 
Simplicity 

High-Throughput Screening Assays

10s-100s/yr

10s-100s/day

1000s/day

10,000s-
100,000s/day

LTS HTSMTS uHTS

batch testing of chemicals for pharmacological/toxicological endpoints 
using automated liquid handling, detectors, and data acquisition

Gene-expression
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High Throughput Screening 101

96-, 384-, 1536 Well Plates

Assay Target Biology (e.g., Estrogen Receptor)

HTS Robotic Platform

Pathway

Chemical Exposure

Cell Population

HTS: High Throughput Screening
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Drug Discovery

Chemical
Candidates,
Scaffolds,
Virtual libraries

Therapeutic
Endpoint

Chronic, Acute, Devel, 
Repro, Immuno, Neuro…tox

Chemical libraries
HTS screening
Bioprofiling
Chemical probes
Molecular profiling
Feature optimization
Cheminformatics
Chemogenomics
Systems biology
ADME

Toxicity 
Screening

Drugs, Industrial,
& Environmental
Chemicals

Polyfunctional

High dose
High specificity
High affinity

Polypharmacology

Low dose

Structure 
modification

Green 
chemistry Low specificity

Low affinity
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7

ToxCast Screening Assays

• Cell lines
– HepG2 human hepatoblastoma
– A549 human lung carcinoma
– HEK 293 human embryonic kidney

• Primary cells
– Human endothelial cells
– Human monocytes
– Human keratinocytes
– Human fibroblasts
– Human proximal tubule kidney cells
– Human small airway epithelial cells
– Rat hepatocytes
– Mouse embryonic stem cells (Sid Hunter)

• Biotransformation competent cells
– Primary rat hepatocytes
– Primary human hepatocytes

• Assay formats
– Cytotoxicity
– Reporter gene 
– Gene expression
– Biomarker production
– High-content imaging for cellular phenotype

• Protein families
– GPCR
– NR
– Kinase
– Phosphatase
– Protease
– Other enzyme
– Ion channel
– Transporter

• Assay formats
– Radioligand binding
– Enzyme activity
– Co-activator recruitment

Cellular AssaysBiochemical Assays

~800 Total 
Endpoints
~800 Total 
Endpoints

• Primarily Human/Rodent targets & cell lines
• Model organisms: Zebrafish embryo assay
• >50 external EPA collaborators (academics, 

govt, companies)

• Primarily Human/Rodent targets & cell lines
• Model organisms: Zebrafish embryo assay
• >50 external EPA collaborators (academics, 

govt, companies)
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ToxRefDB (Toxicity Reference Database)

• Publically available toxicity reference database
• Captures 30 years & $2 billion of animal testing data 

– mostly pesticide registration data reports submitted to EPA
• Stores study design, dosing & observed treatment-related effects using 

standard vocabulary

(Jan 2010)
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Using HTS data to predict Toxicity

ToxRefDB               ToxCast                 Human Disease 

$2B
30 years

$6M
4 years
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CHEMISTRY

Chemical 
structures

Chemical 
databases

Chemical 
linkages

Cheminformatics

SAR/QSAR 
models

EPA’s Computational Toxicology Research

• ToxCast (EPA) & Tox21 (Multi-Agency)
 screening >4000 (ToxCast) to >10K (Tox21) environmentally 

relevant chemicals across 10’s to 100’s of HTS assays
• ExpoCast, CPCat, ToxRef DB

 Exposure projects, non-targeted screening of environmental 
samples, create a product-use database, models to predict 
chemical function

• Downloadable data files, web tools to facilitate data 
access and exploration (EPA’s Chemistry Dashboard)
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ToxCast Phase I

Chemical Class Distribution
(≥5/Class)Misc

• 3 Triplicates
• 5 Duplicates 

• 276 Pesticides
• 16 Antimicrobials
• 9 Industrial Chemicals
• 8 Metabolites

• 75 Chemical Classes

Organophosphorus (39)
Amide (26)
Urea (26)
Conazole (18)
Carbamate (16)
Phenoxy (15)
Pyrethroid (12)
Pyridine (11)
Triazine (9)
Dicarboximide (8)
Phthalate (7)

Dinitroaniline (7)
Antibiotic (7)
Thiocarbamate (7)
Pyrazole (6)
Nicotinoid (6)
Dithiocarbamate (6)
Aromatic Acid (6)
Insect Growth Regulators (5)
Imidazolinone (5)
Unclassified (21)
Other (93)

(309 Unique Chemicals)
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198 volatile/ insufficient sample

COA/MSDS review

Unable to procure
Too expensive

4340 compoundsAble to purchase

3619 EPAEPA’s Inventory

EPA’s ToxCast/Tox21 Library Construction

~7,000 compoundsCandidates for procurement Complex mixtures
Ill-defined substances
No structure
Insoluble (est. LogP)
Volatiles (est. VP)
Inorganics
Explosive
Reactive
Polymers …

13

428 Insoluble in 
DMSO (approx 11%)

Solubilize
in DMSO

HPV, MPV Substances
Antimicrobials

Pesticide actives Pesticide inerts
Water contaminants

Industrial chemicals

NCCT Programs  EU, FDA
In vivo data availability (EPA, NTP, FDA)

Endocrine disruptors

~19,000 compounds
EPA Tox21/ToxCast Phase II Chemical Nominations (over 100 lists)

Green Chemistry
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ToxCast/Tox21 Chemical Library

# Chemicals309
>500

ToxCast Phase IToxCast Phase I

~1000

>50

~10,000

ToxCast Phase IIToxCast Phase II

NCCT/EPA NIEHS/NTP NIH/NCGC

Tox21Tox21

DrugsEnvironmental
Industrial/Tox

Environmental
Industrial/Tox
Drugs
Food Use

>8500 unique chemicals
Approx 100 HTS assays
>8500 unique chemicals
Approx 100 HTS assays
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Standards
Ontologies
Databases
Informatics
User-interfaces
Public access

Standards
Ontologies
Databases
Informatics
User-interfaces
Public access

Bioassay Data

ToxRef DB, NTP, IRIS, etc

ToxCast:  “Big Data” Informatics Challenges

Biochemical, Cell-based, …

HTS Data                  
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Chemical Elements to Data Integration:
Chemical representations  Uses

Structure

Generic 
Substance
Generic 
Substance
Generic 
Substance

Test 
Sample

Chemical Name
CASRN

Supplier, Lot/Batch, 
physical description

Features
Properties

Chemotypes, fingerprints, 
phys-chem properties, ...

SMILES
InChI

Experimental
Endpoint Data
Experimental
Endpoint Data

Public toxicity 
datasets

Public toxicity 
datasets

Structure searching 
& modeling

Structure searching 
& modeling

Chemical analogs, 
Read-across,
SAR modeling

Chemical analogs, 
Read-across,
SAR modeling



ACToR/InVitroDB

Solution ID 
Plate ID

Plate Address ID

DSSTox RID Assay name
Assay details
Assay outcome

Assay
Results

DSSTox RID
Bottle ID ( COA ID)

Solution ID ( QC ID)

ChemTrack Database

Chemical structure - CID
Substance details - SID
Project inventory record - RID
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ToxCast/Tox21 Chemical Registry

9
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ToxCast Chemical Landscape

DOI: 10.1021/acs.chemrestox.6b00135

ChemResToxicol., 2016, 29, 1225−1251

Open Access Perspectives article and 
Supporting Info files available for free 
download at:

http://pubs.acs.org/doi/abs/10.1021/acs.chem
restox.6b00135

Open Access Perspectives article and 
Supporting Info files available for free 
download at:

http://pubs.acs.org/doi/abs/10.1021/acs.chem
restox.6b00135
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ToxCast chemical x assay counts 
(Top 5 assay providers & Tox21, as of Jan 2016)

What’s in the bottle?
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QC process for Chemical Registration 
& Characterization
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COA/MSDS supplier documentation review

Analytical chemistry QC: 
ID, purity, stability, concentration

QSAR‐ready 
Structures

Structure normalization

Desalting, tautomer & functional group normalization, 
Optional: de‐duplicate, de‐stereo, remove metal‐containing compounds
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Unique CASRN‐name

Unique Structures

DSSTox chemical curation & registration

InChI Key checks: includes salt/hydrate form, stereo, 
stoichiometric complexes 

DSSTox QC levels 1&2 (highest quality manual curation) 

1:1 CASRN‐name‐structure
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• 22% of supplier-provided chemical 
structures corrected during curation

• 22% of supplier-provided chemical 
structures corrected during curation
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UseDB_17:Consumer Use
UseDB_20:Colorant

UseDB_23:Fragrance
UseDB_25:Personal Care

UseDB_29:Inert
ACToR:FDA GRAS

ACToR:FDA EAFUS
DSSTox_IRISTR

UseDB_18:Antimicrobial
UseDB_26:Pesticide

UseDB_28:Pharmaceutical
DSSTox_FDAMDD*

ACToR:EPA_IUR_2002,2006
ACToR:NHANES 2001-2,IV

UseDB_16:Industrial
DSSTox_HPVCSI
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DSSTox_TOXREF

ph1 +e1k+ ph2 +ph3 tox21
Phase I
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Phase III

0 500 1000 1500 2000 2500 3000 3500 4000

ToxCast Chemicals (sorted by Testing Phase and inventory)

What’s in the library?



Office of Research and Development
National Center for Computational Toxicology

Comparison to potential target inventories 
based on computed properties

Greater 
complexity

Less polar

CERAPP – approx. 30,000 chemicals with predicted endocrine activity
BMDHHA – human health assessment benchmark doses available
FDA_Drugs – approx. 7000 marketed & discontinued drugs

CERAPP – approx. 30,000 chemicals with predicted endocrine activity
BMDHHA – human health assessment benchmark doses available
FDA_Drugs – approx. 7000 marketed & discontinued drugs
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Nearest neighbor similarity comparisons

• 75% of CERAPP 
chemicals have a 
>75% similar 
TOXCST “analog” 

• 58% of BMDHHA 
chemicals have a 
>75% similar 
TOXCST “analog

• 61% of FDA_Drugs 
chemicals have a 
>75% similar 
TOXCST “analog

ChemResToxicol., 2016, 29, 1225−1251
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Toxicity Prediction Challenge

In Vivo

In Vitro/HTS

Structures

How do we make best use of all the data to 
improve predictive models?

Existing knowledge
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In Vivo

In Vitro/HTS

Chemical library serves to probe in vitro biology
• need sufficient diversity to sample wide range of target 
interactions, pathways, and MOAs
• need sufficient representation of important features to enable 
QSAR inferences 

Existing knowledge

Structures

Toxicity Prediction Challenge
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Structures

In Vitro/HTS

In Vivo

Existing knowledge

Reactivity & toxicity-
informed 

features & local 
chemistry 
domains

Biologically-based QSAR 
& Cheminformatics

Curation, 
aggregation

Model mechanistically 
well-defined

toxicity endpoint

Data-mining

Adverse Outcomes:
> Pathways

> Genes
> Assays

+ Statistical
associations

Toxicity Prediction Challenge
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Structures

In Vitro/HTS

In Vivo

Extremely diverse
“environmental-

exposure” 
landscape,

metals,
mixtures 

Limited data, large 
knowledge gaps,

experimental 
uncertainty

Missing targets,
dose-limited, 

lack of metabolic 
capability,

sample QC,
Noisy data!

Toxicity prediction is not easy!

Existing knowledge

Toxicity Prediction Challenge
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Combined Approaches

QSAR In vitro/HTS
Structure + Biological profile

In Vivo
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implies biological similarity
limited to local chemistry
subject to “activity cliffs”

Structure similarity:

implies mechanistic similarity
can link diverse local 

chemistries to common 
biological activities

noisy data, difficult to extract 
clear signal

HTS bioactivity similarity:
C
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Chemical “Read-Across” Explorer: Using 
bioactivity profiles & structure to find best 
analogs

29



Office of Research and Development
National Center for Computational Toxicology

Structure-modeling using biologically 
informed chemical features

Toxicity

Biological features

HTS Assays

In vitro In vivo

HTS results are used to inform feature selection, linking chemical 
features, or “Chemotypes” to toxicity 30

Slide courtesy of C. Yang
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Structure-modeling using biologically 
informed chemical features

Toxicity

Biological features

HTS Assays

In vitro In vivo

ToxPrint

“Chemotypes”

HTS results are used to inform feature selection, linking chemical 
features, or “Chemotypes” to toxicity 31

Slide courtesy of C. Yang
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729 features important to EPA & FDA’s “chemical exposure” landscape and 
safety assessment workflow

ToxPrints: http://www.toxprint.orgToxPrints: http://www.toxprint.org

Chemotyper: http://www.chemotyper.orgChemotyper: http://www.chemotyper.org

ToxPrints: A Public Set of Chemotypes
Yang, C. et al, J. J. Chem. Inf. Model. 55:510-28, 2015. 

Groups & Scaffolds Bonding 
Patterns

Chains

Atom types

Binary fingerprint file

Windows desktop 
application



Office of Research and Development
National Center for Computational Toxicology

Building a public chemotype
“knowledge- base”

Chemicals

HTS-In vitro

ToxCast
Tox21

Use categories
Fate & Transport
ADME

Reactivity
Biotransformation

Phys-chem 
properties

Biological activities

52
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Chemotypes: Build bridges to domain
experts & knowledge resources

• Toxicologists
• SAR modelers
• Chemists
• Bioinformaticists
• EPA Programs
• Risk assessors
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EPA’s Chemistry Dashboard
https://comptox.epa.gov/dashboard
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EPA’s Chemistry Dashboard
https://comptox.epa.gov/dashboard



Office of Research and Development
National Center for Computational Toxicology 37



Office of Research and Development
National Center for Computational Toxicology 38



Office of Research and Development
National Center for Computational Toxicology

Conclusions

• EPA’s ToxCast & Tox21 programs are helping to 
modernize & transform toxicity testing to be more 
efficient, sustainable and protective

• High priorities for program are community involvement, 
full public release of data, and web interfaces & tool 
development to support data analysis

• Much progress has been made, but plenty of 
opportunities remain to harness the power of chemistry 
towards improving predictive tox capabilities
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Thank you for your attention
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Suspect Screening Prelim Results

42
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Probability 
of Chemical 
Performing 
Function

Material from 
Katherine Phillips

Predicting Functional Use of Chemicals

43
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Literature Text Mining

44

Slide courtesy of Nancy Baker


