
Application of Predictive Tools to 

Environmental Assessment and Remediation 

 

Barry Hardy (Douglas Connect, Switzerland) 

Asish Mohapatra (Health Canada) 

 

OpenTox USA 2013 InterAction Meeting 

Hamner Conference Center, 

Raleigh-Durham, North Carolina, USA 

30 Oct 2013 



Disclaimer:  

"This presentation is based on a report 
to be finalized under contract to Health 
Canada, Contaminated Sites Division; 
however, this report and presentation 
does not necessarily reflect the opinion 
of Health Canada nor is it Health Canada 
guidance."  

 



 Overview 

• Background on Risk Management of Contaminated Sites 

• Remediation  Exposure Checklist Tool  

• Contaminated Site Remediation Measures 

• Chemicals of interest 

• Information Gathering 

 
Predictive Toxicology Tools 

• Searching for Data 

• Modeling Hazard and Risk 

• Using in vitro data 

• Biokinetics 

• Environmental Exposure 

• Mode-of-Action and Pathways 

• Toxicity Values  

 

• Application to Risk Assessment and Management 

• Conclusions 

 



 

 Risk Management of Contaminated Sites 

 • Health Canada Contaminated Sites – Expert Support under Federal 

Contaminated Sites Action Plan (FCSAP) 

  

• Site specific advice on human health risk assessment, risk 

management and remediation of contaminated sites 

 

• Risk Assessment and Management of data poor chemicals (e.g., 

Perfluorinated chemical clusters which persist in the environment ) and 

data rich chemicals (e.g., Petroleum Hydrocarbons, Chlorinated 

solvent clusters such as Tetrachloroethylene, Trichloroethylene, Vinyl 

Chloride, etc.)  

 

• Co-occurrence of Contaminants, interact or competitively bind with 

each other (e.g., metals) 

 

• Fate and transport issues in various environments and climates also 

pose complex temporal issues 

 



Remediation Exposure Checklist Tool 

• The Remediation Check List tool developed  by Health Canada  

Contaminated Sites Division lists 10  to 15 remediation technologies, 

each with a conceptual exposure model describing the main routes of 

exposure & mitigative measures for each exposure route 

  

• Fact sheet format summarizing the process, materials, residuals, by-

products, effects, discharges (both solid, liquid, and gaseous), limitations 

for Northern sites, time frame, and long-term considerations (post 

remediation) 

 

• Tool uses a selection of technologies with flowcharts and a decision 

matrix for evaluating human health exposure concerns related to 

remediation technologies 

 

• In an assessment matrix, an Expert Support reviewer can evaluate the 

potential exposure pathways related to Remediation Plans and 

contaminants and the general and unique conditions at the site. 

 

 



 

 Remediation Exposure Checklist Tool 

 Technology Primary 

Media 

Secondary Media Typical contaminant classes 

Groundwater Extraction & 

Treatment (Pump and Treat) 

Ground-water NAPL (as part of 

multi-phase) 

Soluble (All Types) 

Permeable/Passive Reactive 

Barriers 

Ground-water - Soluble VOCs and inorganics; cVOCs, possible 

for NAPL or PAHs 

Monitored Natural 

Attenuation and/or 

Institutional Controls 

Ground-water Soil and Sediment All (moderately for inorganics) 

Excavation & Off-Site Disposal Soil Groundwater and 

NAPL for Source Area 

Removal 

All (Shallow, < 8 to 10 m) 

Excavation & On-Site Bio 

(Incl. Landfarming) 

Soil Groundwater for 

Source Area Removal 

Shallow VOCs/SVOCs, Fuels 

Soil Vapour Extraction & 

Bioventing 

Soil Occasionally for 

NAPL 

VOCs/cVOCs, Fuels  

In Situ (Active/Enhanced) 

Bioremediation 

Soil and 

Ground-water 

- Aerobic - VOCs & Fuels;  

Anaerobic - cVOCs 

In Situ Chemical Oxidation Soil and 

Ground-water 

Possible for NAPL and 

Sediment 

VOCs/cVOCs; cSVOCs, Fuels 

Sediment Dredging and Off-

Site Disposal 

Sediment NAPL at 

manufactured gas 

plants and creosote 

sites 

All  

Dual or Multi-Phase Extraction NAPL Soil and Groundwater 

at NAPL sites 

Free-Phase Hydrocarbon (LNAPL), VOCs, cVOCs, 

Fuels 



 

 Contaminated Site Remediation Measures 

 • In Situ Chemical Oxidation (e.g., Chlorinated Chemicals) 

 

• In Situ Bioremediation (Petroleum Hydrocarbons- see Predictive Toxicology Tool 

Application in Bioremediation (Price and Chowdhury, 2011)) 

 

• Incineration (for Persistent Chemicals like PFOA, PFOS and PFAS) 

  

• Excavation and off-site disposal 

 

• Groundwater extraction and treatment 

 

• Excavation & on-site Bioremediation 

 

• Sediment dredging and off-site disposal 

 

• Dual or Multi-phase extraction 

 

• Soil Vapour Extraction & Bioventing 

 

• Permeable/Passive reactive barriers 

 

• Monitored Natural Attenuation 



 

Excavation 

and Off-

Site 

Disposal 

 

Boiling point / vapour 

pressure / volatility 

prediction 

Water 

solubility / 

LogP 

Oral Toxicity / 

gastrointestinal 

absorption 

Skin Sensitization / 

Irritation 

Dermal Absorption 

Eye Irritation / 

ocular toxicity 

Lung Absorption 

Bioaccumulation Fish Toxicity 

Inhalation Toxicity 

 
Exposure pathway for Excavation and Off-Site Disposal. The colored boxes map potentially useful predictive toxicology models to the flowchart 



 Using Predictive Models on Exposure Pathway Analysis 

OpenTox’s “IST FDA v3b Maximum Recommended Daily Dose” model, 

http://lazar-services.in-silico.ch/model/116)  

 

Water solubility: 

OpenTox model for XLogP (http://apps.ideaconsult.net:8080/ambit2/model/9) 

Many other LogP models available… 

 

Fish Toxicity: 

OpenTox model “IST EPA v4b Fathead Minnow Acute Toxicity (LC50_mmol)” 

(http://lazar-services.in-silico.ch/model/259) 

OpenTox ECOSAR LC50 fish model 

(http://apps.ideaconsult.net:8080/ambit2/model/238008)  

TOPKAT’s daphnid fish toxicity model 

OECD QSAR Toolbox model on acute aquatic toxicity (2 models: EcoSAR 

classification and Verhaar classification) 

 

Bioaccumulation 

Bioconcentration factor model from CAESAR 

BCFBAF bioaccumulation model from US EAP’s EPISuite 

 

 

http://lazar-services.in-silico.ch/model/116
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 Chemicals of Interest 

• Petroleum Hydrocarbons (PHCs): n-hexane, Benzene, 

Toluene, Xylenes, F1-F4 fractions 

 

• Poly Aromatic  Hydrocarbons (PAHs):  Naphthalene, 

Fluorene, Pyrene, Chrysene, Benzo [a]pyrene, Anthracene 

 

• Chlorinated Solvents: Tetrachloroethyelene (Perchloroethylene - 

PERC), Trichloroethylene (TCE); Dichloroethylene (DCE); Vinyl 

Chloride (VC) 

 

• Perfluorinated chemical clusters (PFCs - PFOA, PFOS, 

PFHxS) 

 

• Binary Metal/Metalloid Cluster (Arsenic, Antimony, Lead, Zinc, 

Mercury, Selenium etc.) 

 

 

 



 Polycyclic Aromatic Hydrocarbons (PAHs) 

• Many PAHs have been identified as carcinogenic, mutagenic and 

teratogenic 

 

• Naphthalene, Pyrene, Fluorene, Chrysene, Benzo[a]pyrene, Anthracene 
 

Anthracene: 

• Oxidises to Anthraquinone 

• Photodimerises reversibly with UV 

• not classified as carcinogenic 

 

 
Naphthalene 

• (IARC) classifies naphthalene as possibly 

carcinogenic to humans and animals (Group 

2B)  

• Naphthalene and chlorine can react to form 1-

chloronaphthalene even without a catalyst 

• Naphthalene can be alkylated by reaction with 

alkenes or alcohols, with sulfuric or phosphoric 

acid as the catalyst 



 Chlorinated Solvents – Trichloroethylene (TCE) 

• Exposure may be ingestion, inhalation and dermal 

• Distributes readily across membranes and thus affects all organs 

• Can also accumulate in adipose tissue 

• Metabolites of TCE: trichloroethanol (TCOH), trichloroethanol 

glucuronide (TCOG), trichloroacetic acid (TCA), and dichloroacetic 

acid (DCA) 

• Degradation product of high toxic concern - Vinyl Chloride (VC) 

 

• Unstable in the presence of metal over prolonged exposure 

• Neurotoxic, Cardiotoxic, Hepatotoxic 

 

TCE VC DCA TCA 



 Perfluorooctanoic Acid (PFOA)  

• Persistent organic pollutant not degraded by any natural process due to the 

strength of the carbon-fluorine bond 

• Carcinogenic potential of PFOA is suspected 

• Exposure though inhalation, ingestion, dermal contact 

• Distributed to blood and liver, where it covalently binds to proteins (mainly 

serum albumin) 

• PFOA is not metabolized but excreted through urine.  

• Resorption in kidneys is very strong, leading to serum half-life of PFOA of 2.3 

years 

• Persistence leads to chronic exposure of a majority of the population 

• indications of sub-chronic/chronic reproductive toxicity, but not with much 

evidence 

• PFOA has been shown to be hepatotoxic in rodents (it activates PPARα), 

leading to hypertrophy and changes in lipid metabolism 

 

 



 Perfluorooctane Sulfonate (PFOS) 

• Persistent organic pollutant 

 

• Excreted within days in rodents, but only within months in non-human 

primates and within years in humans 

 

• Tested negative in mutation assays in S. typhimurium, E.coli, and other 

mutagenicity assays 

 

• Believed to be a sub-chronic developmental toxin 

 

 



 

 Contaminated Sites (Human Health issues) 

 • Available data on chemical concentrations (spatial and temporal 

extent) at sites 

 

• Prediction of future intake by human and ecological receptors 

 

• Compare predicted intake of fish and terrestrial organisms (plants and 

animals) with Lowest or No Observable Adverse Effect Levels 

(NOAELs/LOAELs)  

 

• Consider human intake through drinking water, soil, food chain 

 

• Consider uncertainties and variability e.g., due to complex 

geochemical processes in different sites 

 

• Mixture issues - there is evidence that the combined effect of PCBs 

and TCE is greater than the additive effect of their individual toxicities. 

However predictive models for mixtures are currently limited. 

 



 

 Contaminated Sites 

 • Mines – metals / Metalloids and metallic oxides 

 

• Dry Cleaning sites – Chlorinated solvents 

 

• Hazardous Materials storage areas e.g., PHCs, PAHs, halogenated 

hydrocarbons 

 

• Compare predicted intake of fish and terrestrial organisms (plants and 

animals) with Lowest Observable Adverse Effect Levels (LOAELs) 

 

• Consider human intake through drinking water, soil, food chain 

 

• Consider uncertainties e.g., due to complex geochemical processes 

 

 

 



  Predictive Toxicology Tools 

• (Q)SARs and provide estimates to fill knowledge gaps 

• Clustering of chemicals based on hazard or biological data 

• Evaluate issues involving reactivity, metabolism 

• Toxicokinetics and Toxicodynamics 

• Fate and Exposure 

• Searching for Data 

• Modeling Hazard 

• Read Across 

• Using in vitro data 

• Biokinetics 

• Environmental Exposure 

• Mode-of-Action and Pathways 

• NOAELs 

• Weight of Evidence Framework 

• Validation Principles, Verification 

• Incorporating Uncertainty 

 

 



 

 

Input Structure Out  – Toxic or Not? 
 LD50 

 Liver Toxicity 

 Secondary Metabolites 

 Bioavailability 

 Mutagenicity 

 Carcogenicity 

 ReproductiveToxicology 

 Skin Irritation 

 Aqua Toxicity 

 Combined predictions for arrays 
of mutiple end points 

OpenTox 

Predictive Toxicology Challenge & Use Case 



Metabolites & degradation products 

Metabolites, Metabolic Enzymatic induction and the 

the creation of Reactive Intermediates may all lead 

to toxicity, e.g., in drug-drug interactions and 

hepatotoxic adverse events.  

 

According to ECHA Guidance B, further 

investigation may be required for degradation 

products and metabolites if considered relevant for 

the chemical safety assessment, PBT assessment or 

classification and labeling.  

 

OpenTox supports metabolite prediction and model 

building based on metabolites. 



SMARTCyp Service for Predicting Metabolites 

SMARTCyp – developed by Patrik 

Rydberg, University of Copenhagen  

www.farma.ku.dk/index.php/SMARTCyp/7990/0/ 

http://www.synergy-ist.eu/


 SMARTCyp Results - Benzoapyrene 

 

 

 



 Benzo[a]pyrene Mechanism 

 

 

 

 - Benzo[a]pyrene – a carcinogen 

 - Enzymatic metabolism of benzo[a]pyrene to 

benzo[a]pyrene diol epoxide; intercalates in 

DNA, covalently bonding to the nucleophilic 

guanine nucleobases at the N2 position.  

 - X-ray crystallographic and NMR structure” 

binding distorts the DNA by perturbing the 

double-helical DNA structure.  

 - Disrupts the normal process of copying DNA 

and induces mutations - occurrence of cancer 

after exposure. (Volk et al 2003) 

 - This mechanism of action is similar to that of 

aflatoxin which binds to the N7 position of 

guanine (Eaton et al 1994) 

http://en.wikipedia.org/wiki/File:Benzopyrene_DNA_adduct_1JDG.png


ToxPredict 

ToxPredict Developed by Ideaconsult 

 Simple building of predictive toxicology applications based on well-

established methods and databases compliant with OpenTox Standards  



 ToxPredict Results – Benzo[a]pyrene 

• ToxTree: Structure Alert for in vivo micronucleus assay in rodents 

• IST DSSTox Carcinogenic Potency DBS Hamster non-carcinogen 

• IST DSSTox Carcinogenic Potency DBS MultiCellCall carcinogen 

• IST DSSTox Carcinogenic Potency DBS Mutagenicity mutagen 

• IST Kazius-Bursi Salmonella mutagenicity mutagen 

• pKa-SMARTS 9.8 

• XLogP 5.96 

• START Biodegradability Class 2 (Persistent chemical) 

• F96h-LogLC50mmol/L (ECOSAR) 1.3 

• Cramer rules High (Class III) 

• Benigni/Bossa rules Structural Alert for genotoxic carcinogenicity 

• EPAFM LC50 fish OpenTox model created with SCR regression model 

5.81  

• CADASTER Aquatic tox (fish) Lethal Concentration - log(mol/L) 7.9 

• CADASTER HMGU Aqueous Solubility log(mol/L) 8.0 

 



 ToxPredict Results - PFOS 

• ToxTree: No Structure Alert for in vivo micronucleus assay in rodents 

• IST FDA v3b Maximum Recommended Daily Dose 0.0495527 mmol 

• IST DSSTox Carcinogenic Potency DBS MultiCellCall non-carcinogen 

• IST DSSTox Carcinogenic Potency DBS Mutagenicity non-mutagen 

• pKa-SMARTS 4.65 

• XLogP 6.33 

• START Biodegradability Class 2 (Persistent chemical) 

• F96h-LogLC50mmol/L (ECOSAR) -2.83 

• Cramer rules High (Class III) 

• Benigni/Bossa rules Structural Alert for nongenotoxic carcinogenicity 

• ToxTree Eye Irritation: Serious lesions to the eye 

• CADASTER Aquatic tox (fish) Lethal Concentration -log(mol/L) 5.6 

• CADASTER UI Aqueous Solubility log(mg/L) -0.2 

 

 



ToxCreate - (Q)SAR Model Building application 

Developed by In Silico Toxicology 



OECD Principle 
OpenTox  addresses Validation 

Principles by... 

1 Defined Endpoint providing a unified source of well defined and 

documented toxicity data with a common vocabulary 

2 Unambiguous 

Algorithm 

providing transparent access to well documented 

models and algorithms as well as to the source code 

3 Defined 

Applicability 

Domain 

integrating tools for the determination of applicability 

domains during the validation of prediction models 

4 Goodness-of-fit, 

robustness and 

predictivity 

providing scientifically sound validation routines for 

the determination of errors and confidences 

 

5 Mechanistic 

interpretation  

(if possible) 

integrating tools for the inference, correlation or 

prediction of toxicological mechanisms and the 

recording of opinions and analysis in reports 



ToxCreate – Confidence, Supporting Information 



 lazar results - Napthalene 



lazar results – Napthalene: Validation results for Kazius-Bursi 

Salmonella mutagenicity 



lazar results – Napthalene: Validation results for Kazius-Bursi 

Salmonella mutagenicity 



lazar results – Napthalene: Validation results for Kazius-Bursi 

Salmonella mutagenicity 



  

lazar results - 1,2-Naphthoquinone 

  



 lazar results - Benzoapyrene 



 lazar results - benzo[a]pyren-7,8-dihydrodiol-9,10-epoxide 

 



 ChEMBL (Assays) – benzo[a]pyrene 



ToxCast 

Assays  

 

Compound ToxCast Phase 

Naphthalene 2a 

Pyrene 2b 

Fluorene 2b 

Chrysene Tox21 

Benzo[a]pyrene Tox21 

Anthracene 2a 

Anthraquinone Tox21 

TCE Tox21 

TCOH n/a 

TCOG n/a 

TCA 2a 

DCA 2b 

VC n/a 

PFOA 1 (v2) 

PFOS 1 (v1 and v2) 



 ToxCast (Actor) - PFOA 



 ToxCast (Actor) – PFOS (part 1) 



 ToxCast (Actor) – PFOS (part 2) 



 ToxCast (Actor) – PFOS (part 3) 



 ToxCast (Actor - ToxRefDb) – PFOS 



 Mode of Action and Pathways 

• Anchor data to pathways 

• Map transcriptomics data to Pathways 

• Map in vitro data to Pathways 

• Enriched Analysis on transcriptomics data 

• Enriched analysis on in vitro data 

• Heterogenous enrichment 

• Pathway analysis and visualisation 

• Results shown based on CTD omics data 

and InCroMap software 
 

 



Public Data 

Analysis 

Molecular function 

Binding 

19 genes 

adjP=6.61e-01 

Catalytic activity 

9 genes 

adjP=6.75e-01 

Electron carrier 

activity  

3 genes 

adjP=1.75e-02 

Transporter 

activity 

Nucleoside binding 

3 genes 

adjP=6.75e-01 

Nucleotide 

binding 

Protein binding 

12 genes 

adjP=6.75e-01 

Oxidoreductase 

activity 

5 genes 

adjP=1.75e-02 

Transmembrane 

transporter activity 

3 genes 

adjP=6.61e-01 

Phospholipid Binding 

Oxidative Agent 

Clustering by 

Gene 

Ontology 

associations 

from CTD* 

Clustering by 

Gene 

Ontology 

associations 

from CTD* 

*CTD = Comparative  

 Toxicogenomics 

Database 

 (www.ctd.org) 

Kohonen P. et al. The ToxBank Data Warehouse: 

Supporting the Replacement of In Vivo Repeated Dose 

Systemic Toxicity Testing. Mol. Inf.17 JAN 2013. 

http://www.ctd.org/


 PubChem in vitro Data - Benzoapyrene 

 

 

 Actives obtained from data mining with IST AOP search 

Tool. Actives shown in red italics are based on a 

Tanimoto-based similarity read across. 



 PubChem in vitro Data - PFOA 

 

 

 Actives obtained from data mining with IST AOP search 

Tool. Actives shown in red italics are based on a 

Tanimoto-based similarity read across. 



 Pathways from CTD Omics Data - Benzoapyrene 

 

 

 Pathways shown for enriched analysis of CTD Home 

Sapiens omics data 



 Pathways from CTD Omics Data - Benzoapyrene 

 

 

 Pathways shown for enriched analysis of CTD Home 

Sapiens omics data 



Cancer Pathways  - Benzoapyrene 

 

 

 Pathway data shown based on enriched analysis of CTD 

Homo Sapiens omics data 



p53 Pathway  - Benzoapyrene 

 

 

 Pathway data shown based on enriched analysis of CTD 

Homo Sapiens omics data 



MAPK Signalling Pathway  - Benzoapyrene 

 

 

 Pathway data shown based on enriched analysis of CTD 

Homo Sapiens omics data 



 PPAR Pathways - PFOS 

 

 

 Pathways shown for enriched analysis of CTD omics data. 



 Bioclipse - OpenTox 

• Workbench for Chemical Safety Assessment 

• Interoperates in real time with distributed 

OpenTox web services 

• Combines local and distributed models 

• Explore impact on toxicities through 

chemical modifications 

• Informs site risk assessment on influence of 

reactions and alternative chemical forms 
 



 Bioclipse – OpenTox: 1,2-Naphthoquinone    



 Bioclipse – OpenTox: benzoapyrene    



 Bioclipse – OpenTox: benzo[a]pyren-7,8-dihydrodiol-9,10-epoxide 

 



 Bioclipse – OpenTox: Anthracene    



 Bioclipse – OpenTox: Anthraquinone (1)    



 Bioclipse – OpenTox: Anthraquinone (2)    



Event Driven Weight of Evidence 

Hardy and Affentranger, Drug Discovery Today.  

2013 Jul;18(13-14):681-6.  

http://www.ncbi.nlm.nih.gov/pubmed/23416145
http://www.ncbi.nlm.nih.gov/pubmed/23416145
http://www.ncbi.nlm.nih.gov/pubmed/23416145
http://www.ncbi.nlm.nih.gov/pubmed/23416145
http://www.ncbi.nlm.nih.gov/pubmed/23416145
http://www.ncbi.nlm.nih.gov/pubmed/23416145
http://www.ncbi.nlm.nih.gov/pubmed/23416145
http://www.ncbi.nlm.nih.gov/pubmed/23416145
http://www.ncbi.nlm.nih.gov/pubmed/23416145


 Inclusion of Biokinetics components 

• Need to model biokinetics and toxicodynamics to relate 

in vitro and in silico models to in vivo exposure pathways 

 e.g., exposure of wild fish to chemical leached from 

site, human exposure through eating fish or drinking 

water, ADME modeling of exposed chemicals 

• Need to model in vitro kinetics and variability 

• Kinetics modeling may guide experimental design for new 

data creation to fill gaps for data poor chemicals 

• Kinetics needed to support Weight of Evidence framework 

• Toxico- kinetics and dynamics supporting determination 

of NOAELs/LOAELs for risk assessment purposes 

• Environmental exposure modeling and time dependencies 

- also important for contaminated site risk assessment  

 

 



 Risk Management Application 

• We are developing a predictive toxicology framework to 

support Risk Management of Contaminated Sites 

• Risk Management Evaluation may be increasingly based 

on in vitro and in silico information 

• Need to fill data gaps and to design experiments (in 

vitro, omics) with Risk Assessment purposes in mind 

• Adopt toxicity pathways-based approach  

• Using reference compounds we will compare WoE 

approach for reference compounds discussed here cf. to 

traditional animal testing approach  

• Most compounds have already had REACH submissions 

• Most compounds are being tested in ToxCast Phase 

2/Tox21 

• Future is promising! 

 

 

 



 Conclusions 

• There is a significant amount of background knowledge available for 

chemicals of risk management and remediation interest 

• There are also significant gaps for some chemicals e.g., in vitro 

assay, omics, dose-response data 

• New data from programs such as ToxCast/Tox21, TG-Gates and EC 

programs such as SEURAT-1 and collaboration between such programs 

offer much promise for increasing application to new practical risk 

assessment framework establishment over the next 5 years 

• Kinetics model development will be an important factor 

• Reference compounds and models discussed here offer important test 

beds for practice development and establishment 

• Increasing sophistication on knowledge integration will be enabling 

• Community effort involving increased interaction between multi-

stakeholders is a key enabler 

• We are optimistic on the increasing application in practical situations 

involving assessment, management and remediation of contaminated 

sites in the years ahead. 


