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• Synthetic chemicals using since the 1940’s in a variety of 
manufacturing facilities and consumer products

• Defining PFAS: any substance that contains at least one fully 
fluorinated methyl (CF3-) or methylene (-CF2-) carbon atom (without 
any H/Cl/Br/I attached to it)

• Currently more than 10,000 PFAS in commerce 

Scope of PFASStructural Diversity

Use & Applications



Current Regulations & Restrictions

European Union
• PFOS have been included in the Stockholm Convention to 

eliminate their use 

• PFOS restricted in the EU under the persistent organic 
pollutants (POPs) regulation

• Safety Threshold for PFAS in food

• PFOA banned under the POPs regulation 

• Substances of Very High Concern under REACH
• Based on persistence, mobility, and toxicity 

• PFAS restriction proposal submitted to ECHA
• Option A: Full Ban 

• Option B: Ban with use-specific derogations (proposed 
restriction)

• Restriction proposal for PFAS in firefighting foams 

• PFHxS added to ban for POPs regulation 

• Drinking Water Directive: limit of 0.5 ug/L for all PFAS

USA
• EPA published Significant New Use Rules impacting several hundred 

PFCAs and PFSAs 

• EPA drinking water limit for PFOA and PFOS was set to 70 ppt

• Implemented 2010-2015 PFOA Stewardship Program   

• 30/50 states have state-level restrictions with levels between the 
original proposed drinking water levels, and the newly proposed 
levels 

• California – 5.1 ppt for PFOA & Nevada – 667,000,000 ppt for PFBS

• EPA proposed National Primary Drinking Water Regulation

• EPA designates 2 PFAS: PFOA and PFOS as hazardous substances 
under CERCLA

• EPA updated drinking water advisories for PFOA and PFOS and a 
few alternatives 

• PFOS (0.02 ppt), PFOA (0.004 ppt), GenX (10 ppt), PFBS (2,000 ppt)

• EPA Unregulated Contaminant Monitoring Rule to establish
nationwide monitoring for 29 PFAS
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US Federal Government PFAS Programs

• CDC/ATSDR – PFAS assessments in communities near current or former 
military bases (both exposure and health surveys for 6 PFAS)

• CDC/NHANES – ongoing assessment of the U.S. population’s exposure to 
environmental chemicals (biomonitoring for 17 PFAS in blood and urine) 

• White House Office of Science Technology Policy – State of the Science 
Report to be used as a “PFAS roadmap” for Federal Agencies

• U.S. EPA – new data collection through ToxCast, ExpoCast, including IVIVE 

• NASEM – examining health outcomes associated with PFAS on behalf of CDC



PFAS Data Gaps: How to Group PFAS?
National PFAS Testing Strategy: Identification of Candidate PFAS for Testing 

Assessing Groups of PFAS

PFAS Report

• Group similar PFAS into categories 
• Substances that cover entire PFAS landscape
• Test representative substances for each 

category

• Subgroup approaches are time intensive 

• Holistic group approach to group substances

• Grouping strategies based on structure and/or 
mechanism of action

• Subsequent predictive modeling for other PFAS



PFAS Data Gaps: Inter-Individual Variability 

Guidance of PFAS Exposure, Testing, and Clinical Follow-Up

Annex XV Restriction Report

FY 2022 – 2026 EPA Strategic Plan

• PFAS exposure varies by individual 
• Race, ethnicity, life stage, other social factors 

can introduce additional risk for diseases as a 
result of hazardous exposures 

• Inter-individual variability introduced by 
differences in exposure and pharmacokinetics

• Assess risks to childhood lifestages and 
vulnerable populations 

• Support research that addresses uncertainties 

• Continuous PFAS exposure leading to 
unavoidable harmful health effects to the 
population including vulnerable individuals 



• Consider testing PFAS for cardiac sensitization 
• Read-across indicates that exposure to PFAS 

may lead to cardiac arrhythmias

• Gaps in current data or inadequate/insufficient 
data for a lot of health effects 

• Cardiovascular toxicity 

• Exposure to PFAS leading to increased risk of 
cardiovascular diseases 

Liver toxicity and 
metabolic 
disruption

Increased serum alanine transferase (ALT) which is a 
marker of liver toxicity and fatty liver diseases

Increases total and LDL-cholesterol

Increased risk of cardiovascular diseases 

PFAS Data Gaps: Cardiotoxicity

National PFAS Testing Strategy: Identification of Candidate PFAS for Testing 

Guidance on PFAS Exposure, Testing and Clinical Follow-Up 

Annex XV Restriction Report



Where do we go from here? 

• Test, test, test more!

• Test using in vitro battery (not in vivo)

• Higher-throughput, time, cost, ethical reasoning

• Still, need to prioritize testing of representative 
PFAS based on hazard and/or exposure, reduce 
dimensionality

• Most available data cover a limited number of 
organs; need to address other “-icities” (including 
cardio)

• Can use in vitro models to address human 
variability  

Solution: an optimized human cell-based battery of broad coverage assays 



Rusyn Lab Case Studies: Using a Battery of 

hiPSC-Derived Cells for “Decision Making”
Grouping of UVCBs to 
waive (or minimize) 

animal testing 
requirements

Deriving “protective” 
points of departure and 

bioactivity-exposure ratios

Testing validity of dose 
reconstruction 

assumptions for chemical 
mixtures

Rapid hazard screening 
after disaster events that 

may involve re-distribution 
of chemicals

House et al 2022

House et al 2021

Chen et al 2020 Chen et al 2021

Chen et al 2021
Jang et al 2022

Hsieh et al 2021

Tsai et al 2023

Ford et al 2022



(-)-control (medium)

vehicle-control (0.5% DMSO)

50 μM TAB (cytotoxicity)

50 μM TAB (cytotoxicity)

highest concentration of Chem/Mix

Series concentrations of (+)-control

High content imaging-based
phenotyping

Data Analysis

highest concentration of Chem/Mix

(Toxicological Priority Index) 

https://bioinformant.com/ipsc-disease-models/

Neurite outgrowth Beating frequency Angiogenesis

A compendium of 
Human iPSC-derived cells

[96- or 384-well plates]

Rusyn Lab Case Studies: Using a Battery of 

hiPSC-Derived Cells for “Decision Making”



❑ Cytotoxicity

❑ Neur. growth
❑ Cytotoxicity

❑ Beating

❑ Cytotoxicity

❑ Angiogenesis

❑ Cytotoxicity

❑ Mitochondria

48 endpoints 

total across 

6 cell types

···

Neurite outgrowth Beat frequency Angiogenesis

Using a Targeted Assay Battery of hiPSC-Derived 

Cells for “Decision Making”

High content imaging-based
phenotyping

Data Analysis

(Toxicological Priority Index) 

Neurite outgrowth Beating frequency Angiogenesis

Neurons Cardiomyocytes HUVECs Hepatocytes



Addressing Regulatory Science Questions

1. Are PFAS subclasses the best way to group PFAS? 

2. Can we rank PFAS to identify trends based on the overall bioactivity? 

3. Does in vitro bioactivity data exceed PFAS exposure levels? 

4. How do our PODs benchmark to those from the CompTox Dashboard? 

5. Compared to other industrial chemicals, how bad are PFAS?

6. Are PFAS potentially hazardous to cardiomyocytes? 

7. Are there particular subpopulations at risk for PFAS exposure? 



Conceptual Approach

Figures adapted from: Ford et al. 2024 (DOI: 10.1016/j.tox.2024.153763) 

https://doi.org/10.1016/j.tox.2024.153763


HepG2

HUVECs

PHHs

iCell
Cardio

iCell
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iCell
Neurons

Big reveal of the ending… 

Are subclasses the best way to group PFAS?  

Figures adapted from: Ford et al. 2024 (DOI: 10.1016/j.tox.2024.153763) 

https://doi.org/10.1016/j.tox.2024.153763
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Descriptora Structureb Descriptor Meaning c Padj
d 

Chemicals with 

Descriptor 

Cell Type 

(Phenotype) 

SGR10703 

 

N-attached double 

bonded heteroatoms 

-0.70 1.08E-05 
MeFOSE 

PFHxSA 

PHHs 

(Mitochondrial 

Intensity) 

SGR10587 Sulfonamide 

SGR10099 
Heteroatom-nitrogen 

bond 

SGR10668 
Heteroatom-bonded 

methyl group 
-0.70 1.08E-05 

MeFOSE 

MePF2EtOA 

SGR10199 
Two oxygens,  

5 bonds apart 
-0.57 3.11E-02 

MeFOSE 

PFBOH 

MePF2EtOA 

SGR10032 Methyl group -0.57 3.11E-02 
MeFOSE,  

PFPE-1, PFMBA 

SGR10343  Any primary amine -0.56 4.17E-02 

AmFPrOH, 

PFHxSA, 

PFOAMD 

iCell Heps 

(Cytoplasmic 

Integrity) 

SGR10704 

 

Polyethers -0.69 2.84E-05 
PFPE-6, 

C7F3ETOH 

HUVECs (All 

Nuclei Mean 

Area) 

SGR10013 
 

Any carbon -0.57 2.46E-02 
All tested PFAS 

(C # varies) 

iCell Cardio 

(Min POD) 

SGR10029 

 

Any heteroatom -0.57 2.79E-02 

All tested PFAS 

(heteroatom # 

varies) 

SGR10308 

 

H-bond acceptors -0.57 3.18E-02 

All tested PFAS 

(# of H-bond 

acceptors varies) 

 

Figures adapted from: Ford et al. 2024 (DOI: 10.1016/j.tox.2024.153763) 

https://doi.org/10.1016/j.tox.2024.153763
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Can we rank PFAS to identify trends based 
on the overall bioactivity? 
Good News! Little Bioactivity Observed across All Cell Types



Can we rank PFAS to identify trends based on 
the overall bioactivity? 

Using ToxPi to Rank and Prioritize PFAS
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Figures adapted from: Ford et al. 2024 (DOI: 10.1016/j.tox.2024.153763) 

https://doi.org/10.1016/j.tox.2024.153763


Does in vitro bioactivity exceed PFAS 
exposure levels? Using phenotypic PODs

• Is there overlap between 
exposure and observed 
PODs?

• Human health risk 
assessment considers a 
margin ≥ 100 “protective” 

• Compare exposure predicted 
data/blood level 
concentrations to the most 
sensitive in vitro POD

Figures adapted from: Ford et al. 2024 (DOI: 10.1016/j.tox.2024.153763) 

https://doi.org/10.1016/j.tox.2024.153763


How do our PODs benchmark to those from 
the CompTox Dashboard? 

• Using the lowest AC50 value from the 
human cell-based assays in the EPA 
CompTox Dashboard

• EPA assays are more sensitive when 
comparing to individual cell types

• Comparing to all cell types, the 6 cell 
types are more sensitive than EPA AC50

values (n=20 in vitro models)

In Vitro Assay Battery Sensitivity Comparison

Figures adapted from: Ford et al. 2024 (DOI: 10.1016/j.tox.2024.153763) 

https://doi.org/10.1016/j.tox.2024.153763


Compared to other industrial chemicals: 
how “bad” are PFAS?

VS.

Figures adapted from: Ford et al. 2024 (DOI: 10.1016/j.tox.2024.153763) 

https://doi.org/10.1016/j.tox.2024.153763


• Cannot group by structure, other descriptors can be used for grouping

• Rank individual chemicals, but not subclasses 

• Put in vitro data in the context of exposure, but still need more 
exposure data

• Optimized in vitro battery comparable sensitivity to ToxCast PODs

• PFAS not amongst the top ranked chemicals, in comparison to other 
industrial chemicals

Summary and Significance

Figures adapted from: Ford et al. 2024 (DOI: 10.1016/j.tox.2024.153763) 

https://doi.org/10.1016/j.tox.2024.153763


• Consider testing PFAS for cardiac sensitization 
• Read-across indicates that exposure to PFAS 

may lead to cardiac arrhythmias

• Gaps in current data or inadequate/insufficient 
data for a lot of health effects 

• Cardiovascular toxicity 

• Exposure to PFAS leading to increased risk of 
cardiovascular diseases 

Liver toxicity and 
metabolic 
disruption

Increased serum alanine transferase (ALT) which is a 
marker of liver toxicity and fatty liver diseases

Increases total and LDL-cholesterol

Increased risk of cardiovascular diseases 

PFAS Data Gaps: Cardiotoxicity

National PFAS Testing Strategy: Identification of Candidate PFAS for Testing 

Guidance on PFAS Exposure, Testing and Clinical Follow-Up 

Annex XV Restriction Report



PFAS Data Gaps: Inter-Individual Variability 

Guidance of PFAS Exposure, Testing, and Clinical Follow-Up

Annex XV Restriction Report

FY 2022 – 2026 EPA Strategic Plan

• PFAS exposure varies by individual 
• Race, ethnicity, life stage, other social factors 

can introduce additional risk for diseases as a 
result of hazardous exposures 

• Inter-individual variability introduced by 
differences in exposure and pharmacokinetics

• Assess risks to childhood lifestages and 
vulnerable populations 

• Support research that addresses uncertainties 

• Continuous PFAS exposure leading to 
unavoidable harmful health effects to the 
population including vulnerable individuals 



Traditional Toxicity Testing 

Methods: In Vivo 

New Approach Methods for 

Toxicity Testing: In Vitro 

• Time and labor-intensive, 

expensive, and low 

throughput 

• Challenges with 

extrapolation to humans 

• Models often overlook 

inter-individual variability

• Ethical concerns 

• Faster, cheaper, and higher-

throughput

• Ability to look at biologically-

relevant phenotypes

• Can evaluate inter-individual 

and intra-species variability 

• Reduces use of animal 

testing 

• Human lymphoblast cell lines 

(1,000+ donors)

• Human induced pluripotent 

stem cell-derived 

cardiomyocytes (~43 donors)

• Assess inter-individual and 

chemical-specific variability 

• Translation to humans 

Population-Based Human In 

Vitro Models 

Why are we interested in population-based 
in vitro methods? 



Are PFAS potentially hazardous to 
cardiomyocytes? 

Functional and Cytotoxicity 

Assays

iPSC-derived cardiomyocytes 

from multiple donors (N=16)

Chemical Exposure to 56 

Structurally-Diverse PFAS

Cumulative Distribution of 

TDVF05

Cell-Line Specific Concentration 

Response Modeling

Chemical-Specific MOEs

Experimental Design and Quality Control Assessment



Are PFAS potentially hazardous to 
cardiomyocytes? 

Functional and Cytotoxicity 

Assays

iPSC-derived cardiomyocytes 

from multiple donors (N=16)

Chemical Exposure to 56 

Structurally-Diverse PFAS

Cumulative Distribution of 

TDVF05

Cell-Line Specific Concentration 

Response Modeling

Chemical-Specific MOEs

Experimental Design and Quality Control Assessment



Are PFAS potentially hazardous to 
cardiomyocytes? 

QT 
Prolongation

Positive [+] 
Chronotrope

Negative [-] 
Chronotrope

Asystole

5% increase in 
decay/rise ratio

5% increase in 
peak frequency

5% decrease in 
peak frequency

95% decrease in 
peak frequency

In Vivo Phenotype In Vitro Phenotype

Cytotoxicity
10% decrease in 

total cells
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Are there particular subpopulations at risk 
for PFAS exposure? 



Are subclasses the best way to group PFAS? 

0.1 1 10 100

Other (n=3)

n:2 FTS (n=2)

n:2 FTOH (n=4)

PFSA (n=6)

PFECA (n=7)

PFAN (n=8)

Alcohol (n=9)

PFCA (n=17)

Log10(POD,μM)

0 8 16 24 32 40 48 56

ToxPi Rank

0 1 2

Log10(TDVF05)

-3 -2 -1 0 1 2 3 4 5 6 7

Log10(MOE)

PODs Ranking TD Variability MOE



Summary and Significance

• Upon testing across various populations, no particular subpopulation 
was more/less sensitive

• Chemicals-specific TDVFs were typically HIGHER than the default 
uncertainty factor of 101/2

• Cannot group by structure, but can prioritize chemicals

• We have hazard data, but need more measured exposure data to 
replace the predicted values 



Summary & Takeaways

1. Are PFAS subclasses the best way to 
group PFAS? 

2. Can we rank PFAS to identify trends 
based on the overall bioactivity?

3. Does in vitro bioactivity data exceed PFAS 
exposure levels?

4. How do our PODs benchmark to those 
from ToxCast? 

5. Compared to other industrial chemicals, 
how bad are PFAS?

6. Are there particular subpopulations at 
risk for PFAS exposure? 

Cannot group by structure (shown by 
phenotypic and transcriptomic data)

Can rank individual chemicals, but not 
subclasses

We have hazard, but more exposure data is 
needed (not predicted)

Optimized in vitro battery comparable to 
ToxCast PODs

PFAS not amongst top ranked chemicals, in 
comparison to other industrial chemicals

Inter-individual variability was observed and 
can be quantified using in vitro methods

Regulatory Science Questions Conclusions



Where do we go from here?... Mixtures



• Existing risk assessment methods rely on data 

from individual chemicals 

• No standardized approach to assess risk of 

mixtures

Two proposed methods: 

1) Whole-mixture approach 

2) Component-based approach

Current challenges in mixtures risk 

assessment: 

1) Health effects

2) Unknown composition of the mixtures

3) Exposure assessment 

How are mixtures currently assessed? 



Where do we go from here?... Mixtures

Mixture 
#

Mixture Name
Total Number of 
PFAS in Mixture

Number of PFAS 
at TAMU

Mixture 
#

Mixture Name
Total Number of 
PFAS  in Mixture

Number of PFAS 
at TAMU

1 ATSDR: PEASE Max Concentration 18 11 11
NHANES Biomonitoring Data (95th 

percentile)
13 10

2 ATSDR: PEASE Median Concentration 18 11 12
NHANES Biomonitoring Data (children 

95th percentile)
14 11

3
ATSDR: Saint Gobain Max 
Concentration  Detected

25 15 13
Noor's ITC Water Sample Right after 

ITC (MAX CONC)
7 7

4 ATSDR: Pease "Well Res17" 18 10 14
Noor's ITC Water Sample Right after 

ITC (MED CONC) 
7 7

5 Health Based Values Mixture 6 6 15
Noor's ITC Water Sample 3 months 

after ITC (MAX CONC) 
14 13

6 ATSDR: Lubbock County, TX Med Conc. 4 4 16
Noor's ITC Water Sample 3 moths after 

ITC (MED CONC) 
14 13

7
ATSDR: Lubbock County, TX 95th 

Percentile Conc.
7 6 17

Cardiotoxic Effects (based on in vitro 
most sensitive POD) 

56 56

8
ATSDR: Spokane County, WA Med 

Conc. 
5 5 18 Cardiotoxic Effects (median POD) 38 56

9
ATSDR: Spokane County, WA 95th 

Percentile Conc. 
7 6 19 Exposure Predictions MEDIAN 56 50

10
NHANES Biomonitoring Data (50th 

percentile)
13 8 20 Exposure Predictions 95th Percentile 56 50

• Apply study design to evaluate toxicity of defined and environmental 
mixtures 
• Screening realistic exposure scenarios using available biomonitoring data

• Use environmental samples to conduct region-specific exposure assessments

• Screening realistic exposure scenarios using 
available data

• Each box represents a mixture

• Colors = PFAS subclasses

• Sizes of boxes represent the portion of that 
chemical within the mixture



Bioactivity Comparison 
Single Chemical vs. Mixtures 



Thank you!

Questions?


