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AOP Network linking several MIEs and Key Events to common Adverse Outcomes resulting from disruption of the Androgen 
Signaling Pathway in utero. Other MIEs not shown include inhibition of DHT synthesis, for example.



PHTHALATE (PE) Adverse Outcome Pathway
Unknown Molecular Initiating Event(s) that reduces mRNA for about 40 Leydig cell genes involved in steroid hormone transport and synthesis, Insl3 synthesis and 

cholesterol synthesis. Reduced testicular testosterone and Insl3 synthesis are causally related to reproductive malformations.  Reductions in testosterone production 

in the fetal male rat can be used to predict the in utero doses that induce malformations in F1 male rats after birth. 
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P re d ic tio n  M e th o d  1

Phthalate ester DPeP DHP DCHP DEHP DiHeP DBP BBP DiBP DHeP 

RPF vs DPeP TPROD* 1 0.57 0.69 0.28 0.09 0.25 0.20 0.14 0.04

ED50 multiplier BASED ON TPROD1 1.75 1.46 3.60 10.76 4.00 5.08 7.08 28.20

ED50 EPI AGEN 154.8 271 225 557 1665 620 787 1096 4366

Predicted

Phthalate ester DPeP DHP DCHP DEHP DiHeP DBP BBP DiBP DHeP % Epididymal  agenesis

100% DOSE 10 80 80 80 80 80 80 80 80 71

67% 6.7 53.3 53.3 53.3 53.3 53.3 53.3 53.3 53.3 29

33% 3.3 26.7 26.7 26.7 26.7 26.7 26.7 26.7 26.7 2

17% 1.7 13.3 13.3 13.3 13.3 13.3 13.3 13.3 13.3 0

0% 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0
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Comparison of the relationship between reduced fetal rat Testosterone Production (T Prod) and the % 
of Male rat Offspring with Reproductive Tract Malformations:  Data from Nine Phthalates 



Predicting the adverse postnatal effects of a 9 phthalate mixture  administered in utero on GD 
14-18 from a Predictive Logistic Regression Model of Fetal Testosterone Reductions versus F1 

Male Rat Reproductive Abnormalities.  Prediction Method 2.
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Conclusion:  We can predict the adverse reproductive effects of in utero exposure to a phthalate or a mixture of 

phthalates solely from the fetal T Production Reductions eliminating the need for a One generation Postnatal Study .  



I bet we could do 
something similar 

with PFAS



ÅLegacy PFAS (PFOS, PFOA, PFNA) replaced with perfluoroalkyl ether acids (PFEAs)  

ÅParent PFEAs and manufacturing byproducts detected in drinking water and/or human serum in 
multiple locations across the US and globally

ÅCŜǿ ƻǊ ƴƻ ǇǳōƭƛǎƘŜŘ ǘƻȄƛŎƛǘȅ ǎǘǳŘƛŜǎ ƻƴ Ƴƻǎǘ άŜƳŜǊƎƛƴƎέ ƻǊ άƴŜȄǘ ƎŜƴŜǊŀǘƛƻƴέ tC!{

PFOA

GenX

Background

NBP2
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Cl-PFECA

PFO4DA

PFOS=perfluorooctanesulfonate

PFOA=perfluorooctanoic acid

PFNA=perflurornonanoicacid

Cl-PFECA=Chlorinated 
perfluoroethercarboxylicacid

PFO4DA=perfluoro-3,5,7,9-
butaoxadecanoic acid

GenX=hexafluoropropylene oxide dimer 
acid

PFMOAA=perfluoromethoxyaceticacid

NBP2=Nafion byproduct 2



ÅLegacy PFAS produce adverse developmental, liver, and/or immune toxicity, among other effects, in 
animal studies (rat and mouse) and are correlated with similar effects in human epidemiological studies

ÅAdverse developmental, liver, or immune effects are the primary basis for all US state and federal risk 
assessment reference doses and drinking water advisories or regulations (Post 2020 ET&C DOI: 10.1002/etc.4863)

ÅQuestions:

ÅDo emerging PFAS exert similar toxicities and potencies as legacy PFAS in animal studies?

ÅGiven most humans are known to be exposed to multiple PFAS, how do these compounds interact in 
mixture-based toxicity studies?

ÅCan we design shorter term studies that are quantitatively predictive of developmental effects to 
produce risk assessment relevant data more quickly than traditional guideline studies?

Background



Research Objectives

ÅAssess maternal, fetal, and perinatal effects of gestational exposure to PFEAs that have 
documented human exposure but little/no published toxicity data available

ÅDevelop Adverse Outcome Pathways to facilitate the use of in vitro or refined in vivoassays 
to predict effects of additional PFAS in future testing

Molecular 

Initiating 

Event

Key Event

(Cellular)

Adverse 

Outcome

(Individual)

Key Event

(Tissue)

Key Event

(Organ)

in vivo testingin vitro or in silico screening

Risk assessment relevant effect 

Adverse 

Outcome

(Population)



ÅCell-based studies (in vitro) 
ÅPeroxisome proliferator activated receptor (PPAR) alpha/beta/gamma
ÅEstrogen receptor, Androgen receptor, Glucocorticoid receptor

ÅMaternal and fetal studies ςrat 5-day dosing
ÅMaternal and fetal body weight, liver weight
ÅMaternal clinical chemistry and thyroid hormones
ÅMaternal and fetal liver gene expression
ÅMaternal and fetal serum and liver PFAS concentrations

ÅMaternal and postnatal studies ςrat 17-day dosing
ÅMaternal and neonatal body weight, liver weight
ÅBirthweight
ÅNeonatal survival
ÅNeonatal liver histopathology
ÅMaternal and neonatal clinical chemistry
ÅMaternal and neonatal serum and liver PFAS concentrations
ÅMaternal and neonatal liver gene expression

PFAS Studies

GenX

NBP2



In vitro human and rat PPAR alpha and gamma activity 

PPAR h

PPAR ɹ

Human Rat
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Protein, carbohydrate, and lipid metabolism

PPARh and PPARɹplay major roles in lipid and carbohydrate metabolism pathways

Proteins
polypeptides

Carbohydrates
Glucose, fructose, galactose

Lipids
triglycerides

Glycogen Glucose-6-phosphate

Lactic acid Pyruvate

Acetyl CoA

Amino acids

Tissue 
protein

Fatty acids

glycogenesis

glycogenolysis

gluconeogenesis
glycolysis

NADH, FADH2

fatty acid ̡ -oxidation

lipolysis

Ketone bodies

ketogenesis lipogenesis

lipogenesis

ketone oxidation

H2O

citric 
acid 
cycle

oxidative 
phosphorylation

urea
cycle

Urea

NH3

pentose 
phosphate 
pathway

NADPH

Glycerol



Relevance of PPAR to human health

ÅPPARh-induced rodent hepatocarcinomadescribed as not relevant to human health (Corton et al. 2018)

ÅPPARhƛǎ ǘƘŜ άƳŀǎǘŜǊ ǊŜƎǳƭŀǘƻǊ ƻŦ ƭƛǇƛŘ ƳŜǘŀōƻƭƛǎƳέ ŀƴŘ tt!wcɹritical for carbohydrate metabolism
ÅMultiple pharmaceutical therapeutics target PPAR(hfibrates) and PPARɹ(thiazolidinediones)
ÅDual receptor therapeutics PPARh+PPARɹ(glitazars)
ÅMultiple fibrates and thiazolidinediones and all glitazarshave failed clinical trials due to 

toxicity (Hong et al. 2018)

Ått!wʰ ǿŜƭƭ ŜȄǇǊŜǎǎŜŘ ƛƴ ƘǳƳŀƴ ƭƛǾŜǊ ǎƭƛŎŜǎ όWŀƴǎǎŜƴ Ŝǘ ŀƭΦ нлмрύ ŀƴŘ ŜȄǇǊŜǎǎƛƻƴ ƭŜǾŜƭǎ ǎƛƳƛƭŀǊ ǘƻ ƳƻǳǎŜ 
(Rakhshandehrooet al. 2009)

ÅClearly, PPARhand PPARɹboth relevant to human health and alteration of lipid and carbohydrate metabolism 
conserved across species and critical during pregnancy/gestation



F0

GD0 GD14 GD18

In vivo study designs

GD=gestation day

PND=postnatal day

GD16 GD20

DOSING

DOSING

GD22GD8 PND2

DOSING

BirthImplantation

Maternal & Fetal 

Endpoints

PND90/120

Maternal & Postnatal 

Endpoints

Å Body + organ weights
Å Serum clinical chemistry
Å Tissue-specific gene expression
Å Serum & liver PFAS concentration
Å Histopathology
Å Serum thyroid hormones (T3/T4)

Å Charles River Sprague-Dawley rat [Crl:CD(SD)]
Å җо ŘŀƳǎκƭƛǘǘŜǊǎ ǇŜǊ ŘƻǎŜ ƎǊƻǳǇ
Å Oral gavage administration
Å Ultra pure water vehicle



Fetal liver PPAR signaling pathway gene expression ςGD 14-18

ANOVA p<0.001
Pairwise vs control p<0.01
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PPAR signaling pathway gene expression ςrodent hepatocytes

http://dx.doi.org/10.1016/j.molmet.2014.02.002



Glucose metabolism pathway gene expression ςGD16-20 exposure

No Glucose Metabolism genes affected

Fetal NBP2 liver (GD20)
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Both GenX and NBP2 produce neonatal mortality, similar to PFOS, PFOA and PFNA

0

1
0

3
0

6
2

.5

1
2
5

2
5
0 0

0
.3 1 3

1
0

3
0

0

10

20

30

40

50

60

70

80

90

100

110

Neonatal survival

P
u

p
 s

u
rv

iv
a
l 
o

n
 P

N
D

2
 (

%
)

GenX (mg/kg/d) NBP2 (mg/kg/d)

****

****

****

****

*

NBP2 ~10-fold more potent than GenX based on oral maternal dose



Neonatal effects on birthweight and liver weight differ between GenX and NBP2
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There are notable similarities and differences in GenX vs NBP2 developmental toxicity, likely associated 
with different chemical functional groups (carboxylate vs sulfonate) and toxicokinetics



Histopathological neonatal liver glycogen deficit a common key event for GenX and NBP2
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