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Environmental Chemicals: Toxicity Assessment Data Gaps
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“A major focus for the future of computational toxicology 
will be integration and analysis of large data sets. The 
current state of toxicity databases is something of a 
mess. There are a number of databases, each with 
differing content, architecture, and searchability, that 
makes the task of integration extremely difficult.”



Part IPart I
Data & Data LinkagesData & Data Linkages



http://www.epa.gov/ncct/dsstox/

Chemical structure-indexing
Quality review & data standardization
Engage toxicologists in data representation
Expand toxicological “endpoints” for modeling
Facilitate structure-searching
Improve linkages across data resources



Published 
DSSTox Data 
Files:

~ 15K records

>8000 unique 
chemicals

6 data files
6 files with links 

to Chemical Data 
web pages

3 HTS inventories
2 inventories of 

gene expression 
experiments

EPA, NTP, FDA, 
NIH, EBI



CPDBAS_v5c_1547    (61 fields)

STRUCTURE
DSSTox_RID
DSSTox_CID
DSSTox_Generic_SID
DSSTox_FileID
STRUCTURE_Formula
STRUCTURE_MolecularWeight
STRUCTURE_ChemicalType
STRUCTURE_TestedForm

_DefinedOrganic
STRUCTURE_Shown
TestSubstance_ChemicalName
TestSubstance_CASRN
TestSubstance_Description
ChemicalNote
STRUCTURE_ChemicalName

_IUPAC
STRUCTURE_SMILES
STRUCTURE_Parent_SMILES
STRUCTURE_InChI
STRUCTURE_InChIKey
StudyType
Endpoint
Species

ActivityOutcome_CPDBAS_Mutagenicity
TD50_Rat_mg
TD50_Rat_mmol
TD50_Rat_Note
TargetSites_Rat_Male
TargetSites_Rat_Female
TargetSites_Rat_Both Sexes
ActivityOutcome_CPDBAS_Rat 
ActivityScore_CPDBAS_Rat
TD50_Mouse_mg
…
TD50_Hamster_mg
…
TD50_Dog_mg
TargetSites_Dog
TD50_Rhesus_mg
TargetSites_Rhesus
TD50_Cynomolgus_mg
TargetSites_Cynomolgus
TD50_Dog_Rhesus_Cynomolgus_Note
ActivityOutcome_CPDBAS_Dog_Primates
ActivityOutcome_SingleCellCall
ActivityOutcome_MultiCellCall
ActivityOutcome_MultiCellCall_Details
Note_CPDBAS
NTP_TechnicalReport
ChemicalPage_URL

adrenal gland; 
bone; 
clitoral gland; 
esophagus; 
ear/Zymbal’s gland; 
gall bladder; 
harderian gland; 
hematopoietic system; 
kidney; 
large intestine; 
liver; 
lung; 
mesovarium; 
mammary gland; 
mixture; 
myocardium; 
nasal cavity 
nervous system; 
oral cavity 
ovary; 
pancreas;
peritoneal cavity; 
pituitary gland; 
preputial gland; 
prostate; 
skin; 
small intestine; 
spleen; 
stomach; 
subcutaneous tissue; 
all tumor bearing animals; 
testes; 
thyroid gland; 
urinary bladder; 
uterus; 
vagina; 
vascular system.

multisite
multisex
multispecies

active
inactive
inconclusive

Potency Ranking  
[1-100]



CPDBAS_v5c_1547

Category & Species Totals 
by ActivityOutcome / ActivityScore  



16931 DSSTox Substances



11 DSSTox “Bioassays”

1.   AID 1194: CPDBAS Salmonella Mutagenicity 403   /860 Active
2.   AID 1189: CPDBAS SingleCellCall 806   /1547Active
3.   AID 1205: CPDBAS MultiCellCall 582   /1152Active
4.   AID 1208  CPDBAS Rat Bioassay (M/F/Both) 587   /1240 Active
5.   AID 1199: CPDBAS Mouse Bioassay (M/F/Both) 445   /1007Active
7.   AID 1190: CPDBAS Dog & Primates Bioassay 15     /32Active
8.   AID 1195: FDAMDD – FDA Maximum Daily Dose 1216 /1216 Active
9.   AID 1204: NCTRER – NCTR Estrogen Receptor Binding 131   /232 Active
10. AID 1188: EPA Fathead Minnow Acute Toxicity 580   /617 Active
11. AID 1201: EPA Disinfection By-Products Carcinogenicity Estimates   80     /209 Active



http://www.epa.gov/ncct/dsstox/



http://www.epa.gov/dsstox_structurebrowser



PubChem_CID

SMILES
CID

InChI









Link-outs

DSSTox Download Page
Source Home URL
Source Chemical Data URL

PubChem_CID
InChIKey
CAS
SMILES

http://www.epa.gov/dsstox_structurebrowser/...

Link-ins

?qtype=cas&qval=87-86-5
?q type=name&qval=atrazine
?q type=smiles&qval=CC
?qtype=inchikey&qval=…
?qtype=cid&qval=20238

?dbs=cpdbas

?qtype=rid&qval=20112

?qtype=sid&qval=20112



DSSTox SDF 
Files & 

Documentation

EPA HPV 
Information 

System

EPA IRIS 
Summary CPDB

NTP

PubChem

DSSTox

EPA ACToR
DSSTox 

Structure-
Browser

NCBI

EBI



Where are the data??



Towards a Public “Toxico-chemogenomics” Capability

No chemical standards
Difficult to identify chemical 

exposure-related experiments

PERL scripts to filter web-
accessed data content

Manual review of Submitter 
textual descriptions

Creation of initial chemical 
& experimental index

QA & structure annotation



9957 
Experiments

1014 
Unique 

chemicals

751 defined organics
71 inorganics
19 organometallics

2381
Chemical

experiments

Experiments

Genes

Pathways

Vehicle
Media
Reference
Combination

Treatment2134 
Chemical 
treatment-

related 
experiments

DSSTox 
GEOCSI

Chem 1
Chem 2
Chem 3
Chem 4

…
…

Chem 1014



Chemical Search Paradigm

Toxicity 
Results

ArrayExpress Results
E-TABM-131:Custom Array; Rat
E-MEXP-82: Affymetrix; Rat
E-TOXM-18: Agilent; Mouse
E-TOXM-31:Custom Array ; 
Human 

GEO Results
200005594:Agilent;Rat
200005593:Agilent;Rat
200005595:Agilent;Rat 

200000633:Custom Array; Rat
200005652:Agilent; Rat
200004874:Custom; Mouse
200005860:Agilent; Rat 

200008858: GE Healthcare;Rat

Acetaminophen
Meta-DataSet

Bioassay 
Results



Part IIPart II
Toxicity ProfilingToxicity Profiling



National Academy of Sciences Report (2007)
Toxicity Testing in the Twenty-first Century: A Vision and a Strategy

Science: Feb 15, 2008



http://www.epa.gov/ncct/toxcast/



Biochemical Assays
Toxicology Endpoints

Physical chemical 
Properties

Profile Matching

Correlating Domain Outputs

Genomic Signatures

In silico Predictions
Cellular Assays

EPA ToxCast Goal:
Derive “Signatures” from in 
vitro & in silico assays to 
predict in vivo endpoints
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ToxCast Phase I Chemicals

1

10

100

1000

10000

100000

Data Collection

IRIS
TRI
Pesticide Actives
CCL 1&2
Pesticide Inerts
HPV
MPV Current
MPV Historical
TSCA Inventory

Many well 
characterized

Few well 
characterized

11,000

90,000

ToxCast_320
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309 Unique Structures

Replicates for QC

291 Pesticide Actives
9 Industrial Chemicals
8 Metabolites

56/73 Proposed Tier 1 
Endocrine Disruption 
Screening Program

14 High Production 
Volume Chemicals

11 HPV Challenge

Chemical Classes in 
ToxCast_320 (Phase I) CHLORINE

ORGANOPHOSPHORUS
AMIDE
ESTER
ETHER
PYRIDINE
FLUORINE
CARBOXYLIC ACID
PHENOXY
KETONE
TRIAZINE
CARBAMATE
PHOSPHOROTHIOATE
PYRIMIDINE
BENZENE
ORGANOCHLORINE
AMINE
PYRETHROID
SULFONYLUREA
TRIAZOLE
UREA
IMIDAZOLE
NITRILE
ALCOHOL
CYCLO
PHOSPHORODITHIOATE
THIOCARBAMATE
ANILINE
THIAZOLE
DINITROANILINE
OXAZOLE
PHOSPHATE
IMINE
NITRO
PHENOL
PHTHALIMIDE
PYRAZOLE
SULFONAMIDE

Misc (<4 members)
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Mode-of-Action Classes in 
ToxCast_320 (Phase I)

MOA Classes with 
> 3 chemicals

Misc MOA classes with
3 or fewer representatives

Acetylcholine esterase inhibitors
conazole fungicides
Sodium channel modulators
pyrethroid ester insecticides
organothiophosphate acaricides
dinitroaniline herbicides
pyridine herbicides
thiocarbamate herbicides
imidazolinone herbicides
organophosphate insecticides
phenyl organothiophosphate insecticides
aliphatic organothiophosphate insecticides
amide herbicides
aromatic fungicides
chloroacetanilide herbicides
chlorotriazine herbicides
growth inhibitors
organophosphate acaricides
oxime carbamate insecticides
phenylurea herbicides
pyrethroid ester acaricides
strobilurin fungicides
unclassified acaricides
unclassified herbicides

Misc

Classification based on OPPIN
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EPA Pesticide Programs:
Data Evaluation Records (DERs)

• Used for hazard identification and 
characterization

• Study Types
– Chronic
– Cancer
– Subchronic
– Multigeneration
– Developmental
– Others: DNT, Neurotox, Immunotox, Mutagenicity

• Derive Endpoints (NOAEL/LOAEL)
– Systemic
– Parental
– Offspring
– Reproductive
– Maternal
– Developmental

• Critical Effects for Endpoints

DER Format
• Study Identifiers

– Tested Chemical Information
• IDs
• Name
• Purity

– Study Type IDs
– Reviewer Information

• Citation(s)
• Executive Summary

– Summary Study Design
– Summary Effects
– Endpoints (NOAEL/LOAEL)

• Test Material
– Purity
– Source
– Physical/Chemical Properties

• Animal Information
– Species
– Strain
– Husbandry

• Results (full dose-response)
– Clinical signs
– Body weight
– Clinical Chemistry/ Hematology
– Gross Pathology
– Non-neoplastic Pathology
– Neoplastic Pathology
– Parental vs. Offspring
– Maternal vs. Fetal

$10,000,000
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Rodent 
SubchronicRat MultiGen Mouse CancerRat Chronic/

CancerRabbit DevelRat Devel

235
268 264

278

ToxRefDB Data Entry: Phase I
291 Pesticides

270273
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>$1Billion Million Dollars Worth of In Vivo
Chronic/Cancer Bioassay Effects and Endpoints 

Effects & Endpoints
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Common Phenotypes in 
Chronic Rodent Studies 



ToxRefDB Profiling of Liver Effects for Pesticides

Liver non-
neoplastic 
histopathology 
and increased 
organ weight 
are often 
associated 
with tumors 
and cancer

Activity Profile is 
refined “Endpoint” for 

SAR modeling



Nine contracts provide chemical procurement; hundreds of 
biochemical, cellular, tissue and genomic assays; model 

organisms; and the capacity to screen up to 10,000 chemicals 

ToxCast Contracts for Generating HTS 
and Genomics Data

Compound Focus, Inc.
a subsidiary of

Receptors, 
Enzymes

Cell 
Signaling

Cell 
Function

Transcription 
Factors

Alternative 

Species
In vitro

Genomics

MetabolicTransformation

Cell 
Function

The Home of TFomics TM

attageneattageneattageneattagene



NR/transcription factors (Attagene, NCGC)
Enzyme inhibition/receptor binding HTS (Novascreen)
Cellular impedance (ACEA)
Complex cell interactions (BioSeek)
Hepatocelluar HCS (Cellumen)
Hepatic, renal and airway cytotoxicity (IVAL)
In vitro hepatogenomics (IVAL, Expression Analysis)
Zebrafish developmental toxicity (Phylonix)
Neurite outgrowth HCS (NHEERL)
Cell proliferation (NHEERL)
Zebrafish developmental toxicity (NHEERL)
NR Activation and translocation (CellzDirect)
HTS Genotoxicity (Gentronix)
Organ toxicity; dosimetry (Hamner Institutes)
Toxicity and signaling pathways (Invitrogen)
C. elegans WormTox (NIEHS)
Gene markers from microscale cultured hepatocytes (MIT)
D Cellular microarray with metabolism (Solidus)
Zebrafish vascular/cardiotoxicity (Zygogen)

20 Assay Sources
552 Endpoints

ToxCast Phase I Assays/Datasets



Methods described in
Judson et al 2008
A comparison of machine learning 
algorithms for chemical toxicity classification 
using a simulated multi-scale data model.
BMC Bioinformatics 9:241

N1  A1  E1  A2  N2  N3 N4  N5  C1  B1  B2  B3  G1  A3  E2
HTS Assays

Positive
cluster

Negative
cluster

In Vivo

In VitroToxCast
Predictive Modeling 

of Chronic
Rat Liver 

Apoptosis/Necrosis

(15)

(23)



Part IIIPart III
Incorporating SAR Concepts Incorporating SAR Concepts 

into ToxCastinto ToxCast



Bioassay DataBioassay Data

ToxRef DB, NTP, IRIS, etc

ToxCast:  Multidimensional Data

Biochemical, Cell-based, …
HTS Data                  HTS Data                  

Chemical StructuresChemical Structures
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Bioassay DataBioassay Data

Global modeling

Summary
Activity

+/-

Large chemical 
coverage

Uses no prior 
chemical knowledge

Calculated descriptors, properties, fragments

Chemical StructuresChemical Structures

Structure-Activity Approaches to Toxicity Prediction
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Bioassay DataBioassay Data

Chemical Class-Based Modeling

Summary
Activity

+/-

Limited chemical 
coverage

Heavy reliance on 
perceived “chemical 
similarity”

Assumes chemical 
class equates to MOA

Calculated descriptors, properties, fragments
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Structure-Activity Approaches to Toxicity Prediction
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Cyproconazole 1 1 1 1 1 0 1 0 0 1 0 0
Difenoconazole 1 1 1 1 1 0 0 1 1 0 0 0
Diniconazole 1 1 1 0 1 0 0 0 1 1 1 0
Fenbuconazole 1 1 0 0 0 0 0 0 0 1 0 0
Flusilazole 1 1 1 0 1 1 0 1 1 NA 1 1
Hexaconazole 1 1 1 1 1 0 1 1 1 NA 1 0
Imazalil 1 1 1 1 1 1 1 1 1 1 1 1
Myclobutanil 1 1 1 1 0 0 0 0 0 NA 0 0
Paclobutrazol 1 0 1 1 0 1 1 0 1 1 0 0
Prochloraz 1 1 1 1 1 1 1 1 1 NA 1 1
Propiconazole 1 1 1 0 0 0 0 1 0 NA 0 1
Tetraconazole 1 1 1 0 1 1 0 1 0 1 1 0
Triadimefon 1 1 0 1 1 1 1 0 0 1 0 1
Triadimenol 1 0 0 1 0 1 1 0 0 0 0 0
Triflumizole 1 1 1 1 1 1 0 1 1 1 1 1
Triticonazole 1 1 1 1 0 1 1 0 0 NA 0 0
Totals 16 14 13 11 10 9 8 8 8 8 7 6

Patterns can inform SAR

Chemical structures can 
suggest basis for activity 
differences
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Cluster according to 
activity and mechanism

Differences in activity 
profiles can discriminate 
within structure class

Chemical structure class:

Can project onto multiple 
chemical classes

Potentially broader coverage of 
chemical space

Implies mechanistic similarity

Bioactivity profile class:
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Bioassay DataBioassay Data

SAR 
modeling

Summary
Activity

+/-

Structure-Activity Approaches to Toxicity 
Prediction
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ToxRef DB

ToxRef DB provides 
detailed hierarchical 
toxicity data model

Linkage to chemical 
structures enables flexible 
SAR and data mining

Bioassay DataBioassay Data

Use of Bioassay Activity Categories in SAR

SAR modeling

Summary
Activity

+/-

In vivo
Activity
Clusters SAR
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Bioassay DataBioassay Data

Biochemical, Cell-based, …
HTS Data                  HTS Data                  

ToxRef DB, NTP, IRIS, etc

Structure-Activity Approaches

SAR
SAR

Chemical StructuresChemical Structures
N

N
NH

O

O

NH

O

CH3

CH3

O

N

O

S
Cl

Cl
Cl

Cl

Cl

O

O

OH
P

NH
O

S O
O

CH3

CH3

CH3



ToxCast: Data Publication & Exploration

Summarized 
endpoint data for use 
in SAR modeling

HTS 
data

Register ToxCast 
Substances in PubChem



ToxCast_320

Bioactivity 
Analysis:

Retrieve all 
bioassay data 
in PubChem for 
ToxCast_320

482 Bioassays
45 Compounds

Selected bioassays



Structure-Activity
Bioactivity Analysis:

7 bioassays, 45 Actives

View Bioassay Profile 
by Structure Similarity 
Cluster
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ToxCast Phase I: Proof of Concept

Chemicals

ToxCast_320
HTS

Assay DataToxRef in vivo
bioassay data

Phase II
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Phased Development of ToxCast 

Phase Number of 
Chemicals

Chemical 
Criteria

Purpose Number of 
Assays

Cost per 
Chemical

Target
Date

I 320
Data Rich

(pesticides)
Signature 

Development >400 $20k FY07-08

IIa >300 Data Rich 
Chemicals Validation >400 $15-20k FY09

IIb >100 Known Human 
Toxicants Extrapolation >400 $15-20k FY09

IIc >300
Expanded 

Structure and Use 
Diversity

Extension >400 $15-20k FY10

III Thousands Data poor Prediction and 
Prioritization ??? $10-15k FY11-12

Affordable science-based system for categorizing chemicals
Increasing confidence as database grows 
Identifies potential mechanisms of action
Refines and reduces animal use for hazard ID and risk assessment
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Tox21 Collaboration

National Center for 
Computational Toxicology

Biomolecular Screening Branch Toxicology Project Team

National Health and 
Environmental Effects

LaboratoryCombined HTS plates (2x1408) high 
interest chemicals

Joint assay development
Use of NCGC HTS informatics 

capabilities



1.   AID 434: Cell Viability – MRC5 102  /2816 Active
2.   AID 421: Cell Viability – BJ 104  /2816 Active
3.   AID 667: Cellular Toxicity (caspase-3) Renal Proximal Tubule 8      /1408 Active
4.   AID 666: Cellular Toxicity (caspase-3) NIH 3T3 12    /1408 Active
5.   AID 665: Cellular Toxicity (caspase-3) N2a 7      /1408 Active
6.   AID 664: Cellular Toxicity (caspase-3) Hek293 18    /1408 Active
7.   Cellular Toxicity (caspase-3) H-4-II-E 20    /1408 Active
8.   Cellular Toxicity (caspase-3) SK-N-SH 20    /1408 Active
9.   Cellular Toxicity (caspase-3) Mesangial 8      /1408 Active
10. AID 659: Cellular Toxicity (caspase-3) NIH 3T3 12    /1408 Active
11. AID 658: Cellular Toxicity (caspase-3) N2a 7      /1408 Active
12. Cellular Toxicity (caspase-3) SHSY5Y 10    /1408 Active
13. AID 656: Cellular Toxicity (caspase-3) HUV-EC-C 5      /1408 Active
14. AID 655: Cellular Toxicity (caspase-3) Jurkat 49    /1408 Active
15. AID 654: Cellular Toxicity (caspase-3) HepG2 15    /1408 Active
16. AID 544: Cell Viability – SH-SY5Y 148  /1408 Active
17. AID 435: Cell Viability – SK-N-SH 184  /2618 Active
18. AID 433: Cell Viability – HepG2 106  /2618 Active
19. AID 427: Cell Viability – Hek293 160  /2816 Active
20. AID 426: Cell Viability – Jurkat 284  /2816 Active
21. AID 541: Cell Viability – NIH 3T3 128  /1408 Active
22. AID 546: Cell Viability – Mesenchymal 60    /1408 Active
23. AID 545: Cell Viability – Renal Proximal Tubule 79     /1408 Active
24. AID 543: Cell Viability – H-4-II-E 119  /1408 Active
25. AID 542: Cell Viability – HUV-EC-C 64    /1408 Active
26. AID 540: Cell Viability – N2a 131  /1408 Active
27. AID 559: RNA polymerase 17  /62237 Active

As of Sept 20, 2008:

Data for 65 assays (1408+ chem) 
available for download

Keyword search: PubChem 
Bioassay> “ntp ncgc”

DSSTox CID.txt file with 
instructions available on NTPHTS 
download page
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