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Background and Importance of the Problem

Bottom line is that we cannot readily dig our way out using 
only traditional testing approaches…
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EPA is Using New Approach Methods 
(NAMs) to Help Fill Information Gaps
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But, It All Starts With Chemistry… 
Curating Names, Structures, and 
Identifiers

DTXSID Substance_Name Substance
_CASRN

Source_Name (incorrect or 
ambiguous)

Source_CASRN 
(incorrect or 
invalid)

Source_Acronym 
(incorrect or 
ambiguous)

Unique_Acronym

DTXSID20874028 2H,2H,3H,3H-Perfluorooctanoic acid 914637-49-3 5:3 Polyfluorinated acid 914637-49-3 5:3 acid 5:3 PFOA

DTXSID7027831 N-Methyl -N-(2-
hydroxyethyl )perfluorooctanesul fonamide

24448-09-7 N-Methyl  
perfluorooctanesul fonamideoethanol

NMeFOSE, MeFOSE NMeFOSE

DTXSID10892352 Perfluoro-2-{[perfluoro-3-(perfluoroethoxy)-
2-propanyl ]oxy}ethanesul fonic acid

749836-20-2 Ethanesul fonic acid, 2-[1-[di fluoro(1,2,2,2-
tetrafluroroethoxy)methyl ]-1,2,2,2-
tetrafluoroethoxy]-1,1,2,2-tetrafluoro

749836-20-2 PFESA Byproduct 2 PFESA Byproduct 2

DTXSID70892479 Perfluoropentanesul fonate 175905-36-9 Perfluoropentansul fonate 2706-91-4 PFPeS PFPeS_ion

DTXSID8071354 Ammonium perfluoropentanesul fonate 68259-09-6 Ammonium perfluoropentansul fonate 68259-09-6 APFPeS

DTXSID40881350 4,8-Dioxa-3H-perfluorononanoic acid 919005-14-4 2,2,3-Tri fluoro-3-(1,1,2,2,3,3-hexafluoro-3-
(tri fluoromethoxy)propoxy)propanoic acid

919005-14-4 ADONA ADONA parent acid

DTXSID00874026 Ammonium 4,8-dioxa-3H-
perfluorononanoate

958445-44-8 Ammonium 4,8-dioxa-3H-
perfluorononanoate

958445-44-8 ADONA ADONA

DTXSID3037707 Potass ium perfluorobutanesul fonate 29420-49-3 Potass ium perfluoro-1-butanesul fonate PFBS PFBS-K

DTXSID5030030 Perfluorobutanesul fonic acid 375-73-5 Perfluorobutanesul fonic acid 375-73-5 PFBS PFBS

DTXSID60873015 Perfluorobutanesul fonate 45187-15-3 Perfluorobutanesul fonate 375-73-5 PFBS PFBS_ion

DTXSID3040148 Perfluorodecanesul fonic acid 335-77-3 Perfluorodecanesul fonic acid PFDS PFDS

DTXSID00873014 Perfluorodecanesul fonate 126105-34-8 Perfluorodecanesul fonate 335-77-3 PFDS PFDS_ion

DTXSID60892443 Sodium perfluorodecanesul fonate 2806-15-7 Sodium perfluoro-1-decanesul fonate PFDS PFDS-Na

Many Lists from EPA Regulatory 
Offices and Regions

No easy task… Try deriving the structure for this one with the 
“special characters”
2-Propenoic acid, 3,3,4,4,5,5,6,6,7,7,8,8,9,9,10,10,11,11,12,12,12-
heneicosafluorododecyl ester, polymer with 3,3,4,4,5,5,6,6,7,7,8,8,9,9,10,10,10-
heptadecafluorodecyl 2-propenoate, ╬▒-(2-methyl-1-oxo-2-propenyl)-¤ë-(2-methyl-1-
oxo-2-propenyl)oxypoly(oxy-1,2-ethanediyl), 
3,3,4,4,5,5,6,6,7,7,8,8,9,9,10,10,11,11,12,12,13,13,14,14,15,15,16,16,16-
nonacosafluorohexadecyl 2-propenoate, octadecyl 2-propenoate and 
3,3,4,4,5,5,6,6,7,7,8,8,9,9,10,10,11,11,12,12,13,13,14,14,14-
pentacosafluorotetradecyl 2-propenoate

Antony Williams, Ann Richard, Chris Grulke, and Chemical Curation Team 4

10,776 PFAS (as of August 2021) captured on the PFASSTRUCT list



5

Assembled a PFAS Chemical Library for 
Research and Methods Development

• Attempted to procure ~3,000 based on 
chemical diversity, Agency priorities, and 
other considerations

• Obtained 480 total unique chemicals
• 430/480 soluble in DMSO (90%)
• 54/75 soluble in water (72%)

(incl. only 3 DMSO insolubles) 

• Issues with sample stability and volatility

• Categories initially assigned based on three 
approaches

• Buck et al., 2011 categories
• Markush categories
• OECD categories

Kathy Coutros, Chris Grulke, Grace Patlewicz and Ann Richard 5



PFAS List Overlap
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OECD PFAS

STRUCT

PFAS

430INV

PFAS150

OECD 4729

PFASSTRUCT 3723 10776

PFAS430INV 310 407 428

PFAS150 119 139 146 146
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Selecting a Subset of PFAS for Tiered 
Toxicity and Toxicokinetic Testing

Goals:
• Generate data to support development and 
refinement of categories and read-across 
evaluation

• Incorporate substances of interest to Agency
• Characterise mechanistic and toxicokinetic 
properties of the broader PFAS landscape

Selected 150 PFAS in two phases 
representing 83 different categories

• 9 categories with > 3 members
• Lots of singletons

7
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In Vitro Toxicity and Toxicokinetic Testing

Toxicological Response Assay Assay Endpoints Purpose
Developmental Toxicity Zebrafish embryo assay Fertilisation, lethality, and 

structural defects
Assess potential teratogenicity

Immunotoxicity Bioseek Diversity Plus Protein biomarkers across 
multiple primary cell types 

Measure potential disease and 
immune responses

Mitochondrial Toxicity Mitochondrial membrane 
potential (HepaRG)

Mitochondrial membrane 
potential

Measure mitochondrial health 
and function

Developmental 
Neurotoxicity

Microelectrode array assay (rat 
primary neurons)

Neuronal electrical activity Impacts on neuron function

Endocrine Disruption ACEA real-time cell proliferation 
assay (T47D)

Cell proliferation Measure ER activity

General Toxicity Attagene cis- and trans-
Factorial assay (HepG2)

Nuclear receptor and 
transcription factor activation

Activation of key receptors and 
transcription factors involved 
in hepatotoxicity

High-throughput transcriptomic 
assay (multiple cell types)

Cellular mRNA Measures changes in important 
biological pathways

High-throughput phenotypic 
profiling (multiple cell types)

Nuclear, endoplasmic reticulum, 
nucleoli, golgi, plasma 
membrane, cytoskeleton, and 
mitochondria morphology

Changes in cellular organelles 
and  general morphology

Toxicokinetic Parameter Assay Assay Endpoints Purpose
Intrinsic hepatic 
clearance

Hepatocyte stability assay 
(primary human hepatocytes)

Time course metabolism of 
parent chemical

Measure metabolic breakdown 
by the liver

Plasma protein binding Ultracentrifugation assay Fraction of chemical not bound 
to plasma protein

Measure amount of free 
chemical in the blood

8



Objectives
• To inform

–Chemical Category and Read-across approaches
–Bioactive Dose Level (BDL) Approach (in vitro to in vivo extrapolation 
to define administered dose equivalent (ADE) values)

In order to:
Translate learnings to make inferences for a broader landscape of 
PFAS

Initially use structural categories to evaluate the degree of 
concordance in NAM results (per technology) within categories and 
across categories as a means to qualitatively and quantitatively infer 
in vivo toxicity

9



Characterising PFAS using structural 
categories

• Structural categories were assigned by visual inspection and whilst 
nominally consistent since only one individual was making the 
assignments, the approach was prone to error and not easily 
reproducible. 

• The assignments provided by OECD were similar in their genesis –
they were manually assigned by the same person. 

• Indeed, authors of many of the published literature studies on 
PFAS have often end up deriving bespoke naming conventions for 
categories which leads to the generation of a lot of parallel 
nomenclature that differ, creating unintended barriers to 
effective communication among scientists 

• Urgent need exists to develop a reproducible & objective means of 
developing structure-based categories

10



PFAS Structure-based Categorisation
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• Reconcile the different structural categories schemes 
initially used by creating a harmonised set of structure-
based categories 

• Category assignments should be computationally generated 
from structure only  reproducible, transferable, 
standardised, extendable

• Permits nested & overlapping categories such that categories 
can be tailored to different datasets (i.e. the various NAM 
data streams being generated) and decision contexts 



PFAS Structure-based Categorisation: ToxPrints
• Publicly available tools exist to generate & download ToxPrints e.g. 

ChemoTyper, CompTox Chemicals Dashboard
• Provides excellent coverage of PFAS chemical space
• Nested, hierarchical nature lends itself to creating flexible categories 

tailored to problem at hand, i.e., “fit for purpose”
• Can augment with computed structure properties (s.a., MW, size, etc.)
• Intuitive, easy to work with

ToxPrints:
 729 chemical features
 Chemically interpretable
 Coverage of diverse chemistry
 Includes scaffolds, functional 

groups, chains, rings, bonding 
patterns, atom-types

 Clear, reproducible means for defining regions of local chemistry, i.e. 
categories!!  12



PFAS Structure-based Categorisation
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• Reconcile the different structural categories schemes 
initially used – by creating a harmonised set of structure-
based categories 

• Category assignments should be computationally generated 
from structure only  reproducible, transferable, 
standardised, extendable

• Permits nested & overlapping categories such that categories 
can be tailored to different datasets and decision contexts 

• ToxPrints were used to develop 34 structural categories 
(TxP Categories) which cover >90% of the different PFAS 
inventories



PFAS Structure-based Categorisation
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Comparison of different inventories (PFASSTRUCT, OECD & 
the PFAS430INV) using the TxP Categories

14
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PFAS Coverage based on structure

• A 2D representation constructed using t-
Distributed Stochastic Neighbour Embedding 
(t-SNE) based on 729 ToxPrints as chemical 
fingerprints

• PFAS430 inventory well distributed across 
the PFASSTRUCT inventory
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Current PFAS Structural Grouping Approaches 
Use Different Levels of Aggregation

A B C D E F G H I J …
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In Vitro Toxicity and Toxicokinetic Testing

Toxicological Response Assay Assay Endpoints Purpose
Developmental Toxicity Zebrafish embryo assay Fertilisation, lethality, and 

structural defects
Assess potential teratogenicity

Immunotoxicity Bioseek Diversity Plus Protein biomarkers across 
multiple primary cell types 

Measure potential disease and 
immune responses

Mitochondrial Toxicity Mitochondrial membrane 
potential (HepaRG)

Mitochondrial membrane 
potential

Measure mitochondrial health 
and function

Developmental 
Neurotoxicity

Microelectrode array assay (rat 
primary neurons)

Neuronal electrical activity Impacts on neuron function

Endocrine Disruption ACEA real-time cell proliferation 
assay (T47D)

Cell proliferation Measure ER activity

General Toxicity Attagene cis- and trans-
Factorial assay (HepG2)

Nuclear receptor and 
transcription factor activation

Activation of key receptors and 
transcription factors involved 
in hepatotoxicity

High-throughput transcriptomic 
assay (multiple cell types)

Cellular mRNA Measures changes in important 
biological pathways

High-throughput phenotypic 
profiling (multiple cell types)

Nuclear, endoplasmic reticulum, 
nucleoli, golgi, plasma 
membrane, cytoskeleton, and 
mitochondria morphology

Changes in cellular organelles 
and  general morphology

Toxicokinetic Parameter Assay Assay Endpoints Purpose
Intrinsic hepatic 
clearance

Hepatocyte stability assay 
(primary human hepatocytes)

Time course metabolism of 
parent chemical

Measure metabolic breakdown 
by the liver

Plasma protein binding Ultracentrifugation assay Fraction of chemical not bound 
to plasma protein

Measure amount of free 
chemical in the blood

17
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PFAS Category Aggregation that incorporates 
Structural, Mechanistic and Toxicokinetic Data
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Targeted screening for nuclear 
receptor activation and cell 
stress

19

Houck et al. 2020



Gathering information on nuclear receptor and cell stress 
pathways via transcription factor activity profiling 

(TFAP)

>3800 ToxCast chemicals have 
been screened in concentration 
response in the Attagene
transcription factor profiling 
system

• HepG2 HG19 subclone for 
elevated xenobiotic metabolic 
capacity

• “CIS” assays: endogenous 
transcription factors that 
regulated transfected reporters 
(nuclear receptor promoter 
elements, cell stress)

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

• Used for environmental mixtures 
and single chemical screening



There are differences in assay sensitivity by mode and 
receptor, based on expression and design differences.

21

• Low- to negligible-expression 
in HepG2 cells of ERα and 
PXR was overcome by 
cotransfection of full-length 
receptors in the TRANS 
assay

• CAR and VDR have very low 
sensitivity to ligands due to 
reliance only on endogenous 
receptor expression in the 
host cell.



As with other assay platforms screened, lower MW often corresponded to 
more limited bioactivity, but there may be more than one reason.

• PFAS with molecular weight less than 330 
g/mol appeared less likely to be active in the 
Attagene assays and more likely to “fail” 
analytical QC (defined as parent structure not 
detected).

• Activity was not detected for 76 distinct 
structures, of which 55 % failed analytical QC. 

• 67% of the “failed” samples had predicted 
vapor pressures in excess of 100 mmHg, 
suggesting that chemical volatilisation may have 
played a role in limited bioactivity of some of 
these samples.

• The specific acid form of PFAS may also be 
important, as the free acid form of the 
chemical known as “GenX” (perfluoro-2-methyl-
3-oxahexanoic acid (DTXSID70880215) did not 
have a high vapor pressure (was unlikely to 
have volatilised), but the ammonium salt form 
of this chemical (DTXSID40108559) showed 
activity as a PPARα agonist when solubilised in 
water (rather than DMSO). 

22

Houck et al. 2020, Fig1B.



Potency for the PFAS that were positive at key transcription factor 
targets tended to be somewhat left-shifted from the rest of the 
ToxCast library

23

• Many PFAS were negative in the transcription 
factor activity screening

• Aryl hydrocarbon receptor (AhR), estrogen 
receptor alpha (ERa), PPAR alpha, delta, and 
gamma (PPARa,d,g), the pregnane X receptor 
(PXR), and RXR alpha and beta (RXRa,b) emerged 
as targets.

• The number of chemicals that simply hit one 
or more relevant assays for a particular 
transcription factor group can be examined in 
more depth for confirmation.



Estrogen receptor activity can be confirmed with orthogonal assays 
including 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



Confirmation of transcriptional responses with functional 
activity is an important strategy for ER bioactivity

• 40-60 PFAS demonstrated some activity in the ATG ERa
TRANS or ERE CIS assays; viewing these assays as 
orthogonal reduces the set to <10. 

• All of these were less potent than 17β-estradiol. 
• Acrylates and N-akyl perfluoroalkyl (linear) sulfonamide structural 

categories were significantly associated with ER activity.

• Adding in ACEA as another orthogonal assay to confirm 
specificity leads indicates few PFAS with transcription 
factor and functional ER-dependent cell proliferation.

• PFOA activated ATG_ERa_TRANS and ERE_CIS but 
failed to produce functional ER-dependent cell 
proliferation in ACEA.

1H,1H,8H,8H-Perfluorooctane-1,8-diol1H,1H,8H,8H-Perfluoro-3,6-dioxaoctane-1,8-diol

Houck et al. 2020, Fig5.



As expected PPAR activity was observed for a 
subset of PFAS.

26

• The TRANS assay contained endpoints 
for all three human PPARs (α,δ,γ) 
whereas the CIS assay contained a 
reporter gene controlled by a PPAR-
response element that responds to all 
three PPARs endogenously expressed 
in the HepG2 host cells. 

• Functional groups enriched within the 
actives were mostly carboxylates 
along with sulfonates, sulfonamides 
and a thenoylketone, which all have a 
negative ionic charge at physiological 
pH, consistent with known critical 
components for ligand-binding.

• Not much activity at PPARδ (smaller 
binding pocket?). Houck et al. 2020, Fig6.



~17 PFAS activated RXRβ, with two of 
these active at RXRα

• Seventeen of the PFAS, 
mostly linear, fluorinated 
carboxylic acids, showed a 
novel finding of activation 
of RXRβ. 

• Most also activated 
PPARα, PPARγ and NRF2, 
with varying levels of 
selectivity. Only two 
activated RXRα; however, 
NURR1 was activated, 
presumably through agonist 
effects on RXRβ .

• All are structurally related 
perfluorinated carboxylic 
acids and meet defined 
ligand structural 
requirements for RXR.

27

PFNA appears to work through RXR specifically: an RXR-selective 
antagonist, UVI3003 (DTXSID501024375), completely blocked PFNA 

activation of RXR, whereas the PPARα antagonist GW6471 was 
ineffective. 

Houck et al. 2020, Fig8A.

PFNA



Xenobiotic nuclear receptor responses associated with hepatic metabolism 
may also be important targets to screen for PFAS bioactivity.

• Many of the PFAS modulated the 
xenobiotic response, particularly PXR.

• Responses were generally modest with 
respect to potency and efficacy 
relative to prototypical PXR inducers. 

• None of the PFAS were determined to 
be CAR activators, recognizing 
limitations in the FACTORIAL-CIS 
assay for CAR, likely due to negligible 
expression of CAR in HepG2 cells. 

• Several PFAS structures activated the 
AhR, somewhat surprising in that all 
were linear fluoroalkyl molecules while 
the protypical activator is a polycyclic 
aromatic hydrocarbon. Except for 
sodium perfluorodecanesulfonate and 
1-Iodo-1H,1H,2H,2H-
perfluoroheptane, the responses were 
very weak with unknown in vivo 
relevance.

28

Houck et al. 2020, Fig3B.
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Take Home Messages…

• Chemical curation efforts are important to harmonise 
structure, naming, and identifiers across the PFAS 
space

• A chemical library of 430 PFAS was assembled for 
chemical screening, analytical method development, 
and other research needs

• A subset of 150 PFAS selected for in vitro toxicity 
and toxicokinetic testing to refine/support read 
across categories

• In vitro toxicity and toxicokinetic testing and the 
ongoing analysis demonstrate the diverse biological 
activities and toxicokinetic properties of PFAS 

• More information at https://www.epa.gov/chemical-
research/pfas-chemical-lists-and-tiered-testing-
methods-descriptions

29

https://www.epa.gov/chemical-research/pfas-chemical-lists-and-tiered-testing-methods-descriptions
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