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Human Health Risk Assessment

• Chemicals are widely distributed in food products, drugs, 
cosmetics and environment, therefore human exposure to 
chemicals is virtually inevitable

• Chemicals can enter the body through inhalation, ingestion or skin 
absorption, and many of these chemicals can cause several toxic 
and adverse health effects

• Safety data are lacking for most of the environmental chemicals



Drawbacks of traditional animal testing

• Large number of chemicals

• High cost

• Low throughput

• Time consuming

• Ethical issues

• Often contradictory findings

• Poor extrapolation to humans among others



The Tox21 Program

• Tox21 10K library
• 3 physical copies in different well locations
• 88 compounds as internal duplicates

• Tox21 robot screens
• Quantitative high throughput screening (qHTS)
• 15-pt titrations run in triplicate

• Formal process for assay nomination, optimization, validation and 
production screen

• Standard pipeline for data processing, screen performance evaluation, data 
sharing and publication

• Predictive models for in vivo toxicity
• In vitro assay data
• Chemical structure

• Provide data for QSAR community



Tox21 Process Overview

• CV (coefficient of variation) = standard 

deviation (SD) of compound area/median of 

compound area 

• Z factor = 1-[3*(SD of compound area + SD 

of basal)/(median of compound area – median 

of basal)]

Validation
• Positive controls

• Time course

• Signal to background

Miniaturization
• Cell density per well

• Positive controls

• Signal to background ≥ 3

• CV <10%

Attene-Ramos et al., 2013, Drug Discovery Today 18:716-723



Informatics Analysis Process

➢ Tox21 phase II data in public domain (PubChem)

• 70 assays

• 223 AIDs

• ~100 million data points

• Huang, R. (2016) High-throughput screening assay in toxicology, Methods in Molecular 
Biology,1473:111-122.

• Wang, Y.; Huang, R. (2016) High-throughput screening assay in toxicology, Methods in 
Molecular Biology,1473:123-134.

https://tripod.nih.gov/tox21/



Tox21 10K Screens

Reproducibility Activity

Assays

qHTS data



Predictive modeling of in vivo toxicity
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In vivo human toxicity data

• 14 human organ toxicity endpoints
• Behavioral

• Blood

• Brain and coverings

• Cardiac

• Endocrine

• Organs gastrointestinal

• Kidney ureter and bladder

• Liver

• Lungs thorax or respiration

• Musculoskeletal

• Peripheral nerve and sensation 

• Sense and special senses

• Skin and appendages skin 

• Vascular



In vitro assay and structure data

• In vitro qHTS assay data 
• Tox21 10K chemical library

• 47 assays with 156 readouts

• Structure data
• ToxPrint chemotypes

• 729 chemical features 



• Across all endpoints, the nontoxic chemicals 

outweighed the toxic chemicals (3.6:1)

Toxicity Data Distribution



Performance 
Evaluation

• Assays

• Chemical features

• Fisher’s exact p-value

Model 
Building

• Naïve Bayes (NB)

• Random Forests (RF)

• Support Vector Machine (SVM)

• Neural Networks (NNET)

Feature 
Selection

• Area under the receiver operating characteristic 
curve (AUC-ROC)

• Matthew’s correlation coefficient (MCC)

• Balanced accuracy (BACC)

Machine Learning Prediction Models
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Model Optimization - Feature Selection

Optimal AUC-ROC for each model

Assay Structure Assay Structure



✓ Chemical structure-based models generally performed better than assay 

activity-based models

✓ In vitro qHTS data combined with structure modestly improved predictive 

accuracy for most endpoints (8/14)

Model performance measured by AUC-ROC



In vivo toxicity Method AUC-ROC BACC MCC

Behavioral RF 0.69±0.01 0.68±0.01 0.35±0.02

Blood NB 0.73±0.02 0.67±0.01 0.38±0.03

Brain And Coverings NB 0.78±0.01 0.59±0.01 0.30±0.02

Cardiac NNET 0.67±0.02 0.63±0.01 0.29±0.02

Endocrine NB 0.82±0.01 0.58±0.01 0.32±0.02

Gastrointestinal SVM 0.67±0.01 0.65±0.01 0.29±0.02

Kidney Ureter And Bladder NNET 0.71±0.01 0.63±0.01 0.31±0.02

Liver NNET 0.76±0.02 0.67±0.01 0.40±0.02

Lungs Thorax Or Respiration NNET 0.68±0.01 0.65±0.01 0.31±0.01

Musculoskeletal NB 0.84±0.02 0.58±0.01 0.33±0.03

Peripheral Nerve And 

Sensation

NB 0.81±0.01 0.62±0.01 0.36±0.02

Sense Organs And Special 

Senses

NB 0.67±0.01 0.64±0.01 0.30±0.02

Skin And Appendages Skin NB 0.70±0.01 0.64±0.01 0.32±0.02

Vascular NNET 0.66±0.01 0.61±0.01 0.26±0.02

• Endpoints with AUC-ROC >0.8

• Musculoskeletal, endocrine, 

peripheral nerve and sensation

• Optimal classifier:

• NB (7), NNET (5), RF (1) and 

SVM (1)

Best performing models



Features for best performing models
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Toxic Structure Features



In vivo organ Features P value

Behavioral tox21_dt40_p1.aggregrated_100 3.47E-04

Blood tox21_rt_viability_hek293_p1.aggregrated_flor_16_hr 2.78E-03

Brain And Coverings tox21_vdr_bla_antagonist_p1.aggregrated_viability 4.54E-02

Cardiac tox21_er_luc_bg1_4e2_antagonist_p1.aggregrated_viability 2.99E-03

Endocrine tox21_rar_antagonist_p2.aggregrated_viability 1.22E-03

Gastrointestinal tox21_luc_biochem_p1.aggregrated_ratio 2.59E-03

Kidney Ureter And Bladder tox21_luc_biochem_p1.aggregrated_ratio 1.20E-02

Liver tox21_pparg_bla_agonist_p1.aggregrated_signal 7.36E-04

Lungs Thorax Or Respiration tox21_luc_biochem_p1.aggregrated_ratio 8.02E-03

Musculoskeletal tox21_aromatase_p1.aggregrated_viability 5.76E-03

Peripheral Nerve And Sensation tox21_er_luc_bg1_4e2_agonist_p2.aggregrated_activity 6.54E-03

Sense Organs And Special Senses tox21_are_bla_p1.aggregrated_activity 2.02E-04

Skin And Appendages Skin tox21_ar_bla_agonist_p1.aggregrated_control 4.29E-04

Vascular tox21_hre_bla_agonist_p1.aggregrated_signal 1.84E-02

Assays contribute to toxicity

• These assays can provide clues for potential mechanisms leading to 

human in vivo toxicity, e.g., vitamin D receptor (VDR)



• The complex of vitamin D and its receptor (VDR) not only promotes gene expression in

genomic action (A), but also activates protein kinases in non-genomic action (B) .

• VDR was closely related to brain and coverings toxicity in our study, suggesting that

some compounds may involve in vitamin D-target genes or signaling pathways through

VDR in human brain.

The actions of vitamin D in the central nervous system 

Cui, Xiaoying, et al. 2017

(A) 

(B) 



Summary

• Machine learning models were developed to predict 14 human 
organ level toxicity endpoints using chemical structure, Tox21 
assays and combination of both 

• Most models performed well and can be used to screen for new 
chemicals for potential human toxicity

• Structure features and assay targets identified by the models can 
help future chemical design and better understanding of 
mechanisms of chemical induced toxicity

• In vitro assay data showed marginal improvement of model 
performance

• Limited coverage of biological response space relevant for toxicity



Systematic identification of toxicity pathways

• Identify targets and pathways related to different in vivo toxicity endpoints
• Carcinogenicity, Cardiotoxicity, Developmental toxicity, Hepatotoxicity, 

Nephrotoxicity, Neurotoxicity, Reproductive toxicity, Skin toxicity

• Design in vitro assays to comprehensively probe these toxicity pathways

• Better understanding of toxicity mechanisms

• Better prediction of human in vivo toxicity



Workflow

Data Integration

(Nine in vivo toxicity endpoints, 

22,142 drug-target associations, 213 assay readouts)

Tox21 assays  
Drug target

annotation DBs

Drug adverse 

outcome reports

Known drug targets Human in vivo toxicity  Assay targets 

Literature
Extract toxicity

keywords

Toxicity gene 

targets

1

Feature selection

Machine learning 

Target genes

NB, NNET, SVM, 

RF, XGboost

Optimal  models

2

3

Toxicity related 

target genes

Toxicity related 

pathways

4



In Vivo Toxicity Data Distribution



Identify features through in vivo 
toxicity modeling

• Feature – Known drug target or assay target

• Select features that produce optimal model performance



✓ Optimal model AUC-ROC ranged 

from 0.77 to 0.93

✓ XGboost turned out to be the best 

feature selection method

Identify features through in vivo 
toxicity modeling



Endpoint Feature
Gain 

score
Carcinogenicity ABCC2 0.12

ABCC3 0.04

tox21-ar-mda-kb2-luc-agonist-p1_ratio 0.03

Cardiotoxicity ABCB11 0.06

ABCC2 0.04

PMP22 0.03

Developmental ABCC2 0.09

ABCB11 0.08

ABCC4 0.06

Hepatotoxicity ABCC2 0.17

ABCC4 0.05

ABCC3 0.04

Nephrotoxicity ABCC2 0.14

ABCC4 0.05

CXCL8 0.02

Neurotoxicity ABCB11 0.09

ABCC2 0.07

CXCL8 0.05

Reproductive ABCB11 0.1

ABCC2 0.07

ABCC4 0.04

Skin irritation tox21-hre-bla-agonist-p1_viability 0.14

tox21-are-bla-p1_ch2 0.08

tox21-aromatase-p1_ratio 0.07

Skin sensitization tox21-er-bla-antagonist-p1_ratio 0.08

CXCL8 0.06

tox21-rt-viability-hepg2-p1_flor_16h_n 0.04



Toxicity target genes from literature mining

Literature
Extract toxicity 

keywords
Target genes

3

A B

✓ 2,204 molecular targets

extracted for 8 in vivo toxicity 

endpoints

✓ 45% molecular targets only 

associated with one endpoint



Combining toxicity targets from modeling and 

literature mining 

Feature selection

Machine learning 

Target genes Optimal Model

2

Literature Target genes

3

Toxicity genes Toxicity pathways

4



http://tripod.nih.gov/bioplanet/

The NCATS BioPlanet

Annotates 1658 curated human pathways (~10,000 genes)

http://tripod.nih.gov/bioplanet/


Pathways identified for each in vivo toxicity endpoint

✓ A total of 206 BioPlanet pathways mapped to 8 toxicity endpoints

✓ Number of significant pathways ranges from 3 (developmental toxicity) to 101 (skin 

toxicity)

Pathways associated with multiple 

toxicity endpoints



Top three most significant pathways for each in 

vivo  toxicity endpoint

Endpoint Biological pathway p-value

Carcinogenicity
Mitotic G1-G1/S phases 1.2410-4

Cell cycle 3.0610-4

MicroRNAregulation of DNA damage response 8.5810-4

Cardiotoxicity
Muscle contraction 4.6210-3

HIF-1 signaling pathway 9.1910-3

Adrenergic signaling in cardiomyocytes 9.2410-3

Developmental toxicity
Neuroactive ligand-receptor interaction 4.0810-2

Peptide hormone biosynthesis 4.3010-2

GPCR ligand binding 4.8010-2

Hepatotoxicity
Biological oxidations 1.0510-2

Fatty acid metabolism 1.0610-2

Metapathway biotransformation 2.1810-2

Nephrotoxicity
Class A GPCRs (rhodopsin-like) 3.3210-3

Leptin influence on immune response 8.4410-3

Signaling by GPCR 1.1310-2

Neurotoxicity
Nicotine addiction 2.8510-3

Neuronal system 5.2010-3

Protein processing in the endoplasmic reticulum 8.2710-3

Reproductivetoxicity
GPCR ligand binding 3.2410-4

Signaling by GPCR 1.0810-3

Neuroactive ligand-receptor interaction 2.5010-3

Skin toxicity
Natural killer cell-mediated cytotoxicity 1.1910-4

Nuclear receptor transcription pathway 3.9910-4

Graft-versus-host disease 4.1710-4



Summary

• Systematic analyses conducted to explore molecular targets and 
pathways related to various in vivo toxicity endpoints

• A total of 1,516 molecular targets encompassing 206 pathways 
identified for eight common human organ level toxicity endpoints

• Help to expand our understanding of toxicity mechanisms

• Serve as a guide for the design of suitable in vitro assays for more efficient toxicity 
testing

• Provide testable hypotheses for subsequent experimental validation
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Questions???



@ncats_nih_gov @ncats.nih.govncats.nih.gov NIH-NCATS


