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Per fluorinated = fully fluorinated
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Perfluorooctanoic acid (PFOA ,C-8)

Very stable (C-F bond energy 485 kJ/mol)
(C-C 346, C-N 305, C-O 358, C-Cl 327   kJ/mol) 

Per- and Polyfluoroalkyl Substances (PFAS)

Poly fluorinated = many fluorines
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Newton et al., 2017.  Novel polyfluorinated compounds 
identified downstream of manufacturing facilities near 
Decatur, AL using high resolution mass spectrometry

Polyfluorinated carboxylic acid from 
the production of polyvinylidene 
fluoride (PVDF) plastic

Perfluorooctanesulfonate (PFOS)

Thousands of PFAS in production of industrial and consumer products.
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Introduction to PFAS
A class of man-made chemicals that are ubiquitous due to:

• Wide variety of industrial and consumer uses
• Persistence
• High Mobility

They are a concern due to:
• Known or suspected toxicity, especially for PFOS and PFOA
• Bioaccumulation
• Some have very long half lives (several years), especially in humans
• Shorter PFAS tend to be highly mobile, longer PFAS less mobile

Information on PFAS is rapidly evolving. 3



Ecological Effects of PFAS
- Initial emphasis on multiple human health endpoints (e.g., immune 

suppression, cancer, thyroid disease, etc.)
- Drinking water and (more recently) dietary exposures

- Increasing attention on potential ecological effects
- Detected in many ecosystems from point/nonpoint sources
- Can be highly persistent and bioaccumulative (may biomagnify)
- Some have significant toxicity potential
- Large universe (100s/1000s?) of (mostly) poorly understood chemicals

- Recent activities worldwide focused on exposure to/possible ecological 
effects of PFAS

- NAMs are being applied to rapidly screen PFAS for potential bioactivity
- Need for AOPs to provide context in terms of apical hazards



Strategy
ECOTOX 

Knowledgebase
Mammalian 
databases

New Literature 
searches

Results from in 
vitro assays

Taxonomic Relevance

Evaluation of 
evidence; 

Prioritization for 
further development

PFAS-relevant AOPs: 
Development           

and WoE

Focused in vitro and 
in vivo testing

5



Source

ECOTOX ? some

ToxREFDB ?

HTP data: 
Attagene, ZFISH, 
Thyroid assays

Open Literature

Sources of information for AOP development
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Potential Pathways of PFAS Toxicity
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ECOTOX Knowledgebase:
Thyroid axis

PPAR signaling
Lipid/cholesterol levels

Immune system

Results from in vitro assays:
Lipid metabolism (PPAR, PPRE)

Reproduction (ERα, ERE) 
Thyroid targets (DIO, TTR)

Development of PFAS-relevant AOPs:
AOP323: PPARα Agonism Impairs Fish 

Reproduction

From mammalian literature:
Hepatoxicity 

Reproductive Toxicity
Thyroid Disruption

Immunotoxicity

Priorities for further development:
- PPARα (Fish)
- ERα (Fish)
- Thyroid (Birds)
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Nuclear receptor
 Forms heterodimer with RXR & is activated 

through ligand binding
 Promotes transcription of many genes, 

including those involved in: 
 Inflammation & Immunity
 Nutrient metabolism
 Energy homeostasis

 Fibrate drugs activate PPARα                                               
to lower cholesterol
 Evidence multiple PFAS act via PPARα

Clofibrate
Gemfibrozil

Peroxisome proliferator activated receptor alpha (PPARα)

Rakhshandehroo et al. 2010. doi:10.1155/2010/612089
Behr et al. 2020. doi: 10.1016/j.tiv.2019.104700; Houck et al. 2021. doi: 10.1016/j.tox.2021.152789. 8



Title and Abstract Screening
n = 5,389 references

Clofibrate & Clofibric Acid
14,942 citations downloaded

For Review (Full Text Screening)
n = 252 references 

Title and Abstract Screening
n = 1,369 references

Gemfibrozil
8,316 citations downloaded

For Review (Full Text Screening)
n = 91 references + 100 in UNIFY

Title and Abstract Screening
n = 1,089 references

Wy 14643
2,552 citations downloaded

For Review (Full Text Screening)
n = 27 references 

Title and Abstract Screening
n = 6 references

GW 590735
18 citations downloaded

For Review (Full Text Screening)
n = 0 references 

Fibrates: ECOTOX Relevant
n = 232 references 

Combine citations

Comprehensive removal of duplicates

Topic modeling

Targeted Literature Search: Fibrates

9



Molecular

MIE: 
PPARα

Agonism

Increase, 
Expression of 

PPARα-
Regulated 

Genes
(qPCR, 

Microarray)

Cellular

Increase, 
Peroxisome 
Proliferation

(Histology)

Increase, Fatty 
Acid β-Oxidation

(TBARS Assay)

Decrease, 
Cholesterol
(Commercial 

Assay Kit)

Tissue

Decrease, 
Steroid 

Synthesis: 11-
Keto-

Testosterone, 
Estradiol, 

Testosterone 
(Radio-

immunoassay, 
ELISA, Ex Vivo 

Steroidogenesis)

Organ

Decrease, 
Sperm 
Quality

(Histology)

Delayed 
Oocyte 

Development 
(Histology)

Organism

Decrease, Mass 
& Length

Decrease, Egg 
Production

Increase, Male 
Aggression

Population

Increase, Sex 
Ratio  of 
Males to 
Females

AOP Draft



KER by KER Development Strategy Taken 
● Google Scholar search for initial background information/key terms 

curation
● Literature Search via Abstract Sifter (https://doi.org/10.12688/f1000research.12865.1 )

○ Objectivity
● Initial scan of abstracts to determine relevance 
● Thorough read of relevant papers
● Organized relevant papers into concordance tables 
● Evaluated by 3rd party 
● Uploaded to AOP wiki

https://doi.org/10.12688/f1000research.12865.1


Clofibrate & Clofibric Acid
14,942 citations downloaded

Gemfibrozil
8,316 citations downloaded

Wy 14643
2,552 citations downloaded

GW 590735
18 citations downloaded

Targeted Literature Search: Fibrates

PPAR AND activation AND cholesterol

sperm OR 
spermatogenesis 

OR 
spermiogenesis

Query terms by KER or KE
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13

• KE 1756: 
Decreased, 11-
Ketotestosterone

• KE 1758: 
Impaired, 
Spermatogenesis

KER 2076

Example – evidence for dose-
response concordance
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• KE 1756: 
Decreased, 11-
Ketotestosterone

• KE 1758: 
Impaired, 
Spermatogenesis

KER 2076

Example – data that did not 
fit the expected patterns for a 
causal relationship



● Search Engine: Google Scholar
○ Search Terms: Impaired spermatogenesis male infertility & ISMI in Fish

■ 41600 Search Results but looked at the first page only to gain familiarity with 
spermatogenesis

● Search Engine: AbstractSifter
○ Search Terms: Spermatogenesis AND Fish

■ 1587 Initial Results → 9 when filtered with male, infertility, and reduced
■ 11 papers with 1 overlap when filtered with male, infertility, and impaired 

○ Search Terms: Spermatogenesis AND Zebrafish
■ 192 Initial Results → 25 papers with 4 overlap when filtered  with male and “infertil”



Other Sources & Example of Initial Organization

● Additional sources were used 
towards the creation of the 
weight of evidence for this KER 
including: 
○ Papers recommended by 

colleagues
○ “Breadcrumb” papers

● Reasons for this included:
○ Papers to provide more 

information regarding 
spermatogenesis

○ Lack of papers involving chemical 
stressors 



Concordance Table 



• MIE 227: 
Activation, 
PPARα

KER 2073

• KE 807: 
Decreased, 
Cholesterol

KER 2072
• KE 1756: 

Decreased, 11-
Ketotestosterone

KER 2076

• KE 1758: Impaired, 
Spermatogenesis

KER 2274
• AO: 

Decreased, 
Reproduction

AOP 323: PPARα Agonism Impairs Fish Reproduction

Used for OECD case study on KER-by-KER approach to 
technical review of AOPs 



Summary of KER Pilot Study
Development
• KERs developed by different authors

• Each KER took ~2-4 months
• Employed Systematic Review approaches
• Result: Very high quality KERs

Review
• 17 invitations  4 reviews received 

• 5 responses with no review, 8 did not respond at all 

• Of those that responded, generally, high quality reviews

• Result: Concerns regarding reviewer recruitment confirmed

• 

RE: KER as Unit of Development and Review
• KER-based approach was very successful from a development perspective
• Continue to promote KER-by-KER approach as a development strategy for AOP authors
• Does not seem feasible as a unit of review; requires more volunteer reviewers
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ECOTOX Knowledgebase:
Thyroid axis

PPAR signaling
Lipid/cholesterol levels

Immune system

Results from in vitro assays:
Lipid metabolism (PPAR, PPRE)

Reproduction (ERα, ERE) 
Thyroid targets (DIO, TTR)

Development of PFAS-relevant AOPs:
AOP323: PPARα Agonism Impairs Fish 

Reproduction

From mammalian literature:
Hepatoxicity 

Reproductive Toxicity
Thyroid Disruption

Immunotoxicity

Priorities for further development:
- PPARα (Fish)
- ERα (Fish)
- Thyroid (Birds)

Development of ER-relevant AOPs:
Relevance to apical adverse effects is 

well known, but AOP development has 
been sparseAOP under review; presented previously

Potential Pathways of PFAS Toxicity



Literature Search: ECOTOX & SWIFT-Review
● ECOTOX Knowledgebase Screening:

○ 4 chemicals: 17β-estradiol(E2), 17α-
Ethinylestradiol(EE2), estrone(E1), and 
diethylstilbestrol

○ 4 species: Danio rerio, Oncorhynchus 
mykiss, Pimephales promelas, Oryzias 
latipes

○ Initial results lead to 326 references

● SWIFT-Review utilized to organize and filter 
papers

○ 47 initial papers with FHM as a primary 
filter

○ To hone further, used chemicals as a 
secondary filter however read all 47 
papers by the end 



Potential Reproductive Adverse Outcomes
● Within those 47 references, 22 showed some sort of 

reproductive adverse outcome. 
○ 8 papers tested for egg fertility and fertilization and 6 of those 

papers had a decrease in fertilization/fertility with 0.32 ng EE2/L in 
a long-term exposure and 10 ng EE2/L for a short-term 
exposure(21 days).

○ 11 papers tested for egg production and 10 papers reported a 
decrease or inhibition of egg production with the LOEC inducing 
this effect being 3.5 ng EE2 /L for a long-term exposure/life-cycle 
tests(>30 days) and 50 ng E2/L for a short-term exposure(21 days).

○ 15 papers looked for histological changes in male testes and 13 
papers reported impaired spermatogenesis with the LOEC being 
10 ng EE2/L for a long-term exposure and 0.18 ng E2/L for a short 
term exposure(14 days). 

○ 9 papers tested and reported a female-skewed sex ratio with the 
LOEC being 0.32 ng EE2/L for the skew to begin and complete 
feminization at 3.5 ng EE2/L in a life-cycle test setting. 

Egg Fertility & Fertilization

Spermatogenesis

Egg Production

Female-Skewed Sex Ratio



Hypothesis Diagram



Expert 
Knowledge

Research team has 
worked on endocrine 
toxicity in fish for 20+ 
years

Familiar with the 
underlying biology



Proposed AOP linking ER agonism to 
reduced cumulative fecundity (females)

https://aopwiki.org/aops/445



New field in the AOP-
Wiki, implemented July 
2022.



● AOP Development Strategy
○ Context (WHY the AOP was developed)

■ Research question / problem formulation
■ Scope
■ Envisioned use (may be different from end 

use)
■ Funding source(s) and stakeholders

○ Strategy (HOW the AOP was developed)
■ Decisions on the level of resolution at 

which to describe the pathway
■ Overall data search and identification 

strategy(ies)



Proposed AOP linking ER agonism to 
reduced cumulative fecundity (females)

https://aopwiki.org/aops/445



↓ MIS 
surge by 

granulosa

Impaired 
oocyte 

maturation 
and 

ovulation

↑Oocyte 
atresia

↓ 
Cumulative 
fecundity

↑ mER
activation 
in ovary

Alternative AOP linking ER agonism to 
reduced cumulative fecundity (females)

An alternative AOP was revealed 
through evaluation of literature 
associated with one of the 
downstream KERs.



ER 
agonism

↓ 
gonadotrop

ins (-
feedback)

↓ 
androgen, 
by Leydig 

cells

↑ E2-
EQ/androg
en ratios, 

Sertoli cells

Impaired 
spermatoge

nesis

↓ 
Fertility

↓ viable 
offspring

Hypothesized AOPs  - Males

Impaired 
spermiation

?

ER 
agonism

↑ 
vitellogenin 
synthesis in 

liver

↑ plasma 
vitellogenin

↑ renal 
pathology  

due to VTG 
deposition

Increased 
adult 

mortality

↓ 
reproductive 

output



Next Steps

● Multiple interns engaged in review and synthesis of literature related to 
hypothesized AOP(s)

● Effects of ER-active PFAS on multiple intermediate KEs along the pathway still 
being analyzed

● Quantitative understanding:  
○ Define total E2 equivalents associated with effects on all measured KEs as a basis 

for development of response thresholds
○ Estimate the relevance of AOPs for other PFAS and weak xenoestrogens based on 

in vitro relative potencies.
○ Apply PNEC for FC10-diol for a TTC-like “worst case” evaluation of PFAS mixtures
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