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

Relative Potency of Phthalates thatreduce fetal

Increasing Straight Chain Phthalate _ _ _
Length for ortho phthalates alternatives Testosterone Production using dipentyl
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Nine Phthalate in utero Mixture Study:
Prediction of the % of males with Epididymal Agenesis Using the Relative Potency
Factors forreduced Testosterone Production using Dipentyl Phthalate as the
Reference Chemical:

Prediction Method 1
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Phthalate ester DPeP | DHP |DCHP |DEHP |[DiHeP | DBP | BBP | DiBP |DHeP
RPF vs DPeP TPROD* 1 0571 069] 0.28] 0.09 ] 0.25 ] 0.20] 0.14 | 0.04
ED50 multiplier BASED @ 1 1.75]1 146 | 3.60 | 10.76] 4.00 | 5.08 | 7.08 | 28.20
ED50 EPI AGEN 1548 271 | 225 | 557 | 1665| 620 | 787 | 1096 | 4366
Predicted
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Percent Males with
Reproductive Tract

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

BRRT_PI’Od VEI’E‘:US RE_pI'Odl_JCti\fe ] Biologically Relevant Reductions in Fetal T Prod
Tract Malformations (not including nipple retention) versus Reproductive Tract Malform ations:
R2 = 65 %, 4PL best fit % Reduction in T Prod versus % male with malform ations
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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



| bet we could do
something similar
with PFAS




Background

A Legacy PFAS (PFOS, PFOA, PFNA) replaced with perfluoroalkyl ether acids (PFEAS)

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

A Legacy 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 studie:

A Adverse developmental, liver, or immune effects are the primary basis for all US state and federal risk
assessment reference doses and drinking water advisories or regul@tanso20 ET&DOI: 10.1002/etc.4863)

A Questions:
A Do emerging PFAS exert similar toxicities and potencies as legacy PFAS in animal studies?

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

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



Research Objectives

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

A Develop Adverse Outcome Pathways to facilitate the use witro or refinedin vivoassays
to predict effects of additional PFAS in future testing

Risk assessment relevant effect
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PFAS Studies

A Cellbased studies (in vitro)
A Peroxisome proliferator activated receptor (PPAR) alpha/beta/gamma
A Estrogen receptor, Androgen receptor, Glucocorticoid receptor

A Maternal and fetal studies; rat 5-day dosing
A Maternal and fetal body weight, liver weight
A Maternal clinical chemistry and thyroid hormones
A Maternal and fetal liver gene expression
A Maternal and fetal serum and liver PFAS concentrations

A Maternal and postnatal studieg rat 17-day dosing
A Maternal and neonatal body weight, liver weight GenX F F
A Birthweight j:
A Neonatal survival
A Neonatal liver histopathology F—

A Maternal and neonatal clinical chemistry F A
A Maternal and neonatal serum and liver PFAS concentrations NBP? F>Z<FF——
A Maternal and neonatal liver gene expression Ho /¢




PPAR

PPAR

In vitro human and rat PPAR alpha and gamma activity
Rat

Fold induction (% of max)

Fold induction (% of max)
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Protein, carbohydrate, and lipid metabolism
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Relevance of PPAR to human health

A PPAR-induced rodenthepatocarcinomalescribed as not relevant to human health (Corton et al. 2018)

APPARA A OGKS &Yl adSNI NBIdz I (i 2 &iiicdl r carBohydrdre métShblisa 2 A &
A Multiple pharmaceutical therapeutics target PPAfbrates) and PPARthiazolidinediones)
A Dual receptor therapeutics PPARPPAR(glitazar$
A Multiple fibrates and thiazolidinediones and glitazarshave failed clinical trials due to
toxicity (Hong et al. 2018)

Att!lwh 6Sff SELINBAEASR AYy KdzYlry fAOGSNI at A0Sa oWt
(Rakhshandehroet al. 2009)

A Clearly, PPARand PPARDboth relevant to human health and alteration of lipid and carbohydrate metabolis
conserved across species and critical during pregnancy/gestation



In vivostudy designs
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Fetal liver PPAR signaling pathway gene expressi@D 1418

Fetal GenX liver

Ehhadh+ : 30.5 812 1448 2148 2523
Fabp1l- : 109 283 566 778 883
Hmgcs2- : . 16.7 209 22.0
Cptlb- 1.7 : . 103 16.7 164
Acox1+ 1.2 : : 3.7 .
Ech1- 15 2.1 2.6 4.6 4.3
Cpt2- 14| 21 2.9 3.2 4.1 4.0
Scd1l- 1.7 2.4 2.9 3.6
Rxrg- 2.2 40, 44 4.9 3.4
Acaa2- 1.8 2.3 2.5 3.2 3.3
Slc22a5+ 1.6 1.7 2.6 24 3.4 3.2
Slc27a2+ 1.2 1.6 1.8 2.1 2.4 25
Acadm- 1.4 1.7 1.9 2.4 2.3
Acadl- 1.3 1.4 1.5 1.9 2.0
Fads2- 1.2 1.1 1.6 1.8 2.0 2.2
Acsl3+ 1.2 1.3 1.4 15
Pck1- 4.4 11.8
Angptl4- 1.6 <EI-P4 113 170 195 173
Cptla- 20| 34 4.6 6.2 11.2
Etfdh+ 1.7 2.1 2.7 3.5 3.6
Acsl1- 1.3 1.8 24| 25 2.9 2.7
MlycdH 1.4 2.3 2.6 2.4
Gk 1.4 1.4 1.9 1.7
Fabp5- 1.3 1.4 15
AQp7- 15 1.6 1.7 1.6
Acsl4- 15 1.6 1.7 1.7
Dgatl- 1.4 15 1.2 15 15
Lpl- | | | 12| 14| 13| 15| 15
Ctl 1 3 10 30 625 125 250

Maternal GenX dose (mg/kg/d)

Fetal NBP2 liver
Fabpl{ | | [ [ 1o 53

ct 01 03 1 3 10 30
Maternal NBP2 dose (mg/kg/d)

Fetal PFOS liver
Fabp1y [ [ [ | 1o 25[ 48|
Ctl 0.1 0.3 1 3 10 30
Maternal PFOS dose (mg/kg/d)

ANOVA p<0.001
Pairwise vs control p<0.01



PPAR signaling pathway gene expressomdent hepatocytes
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Glucose metabolism pathway gene expressioD1620 exposure

Fetal GenX liver (GD20) Fetal NBP2 liver (GD20)

(A) Genes with ANOVA p<0.001
Pck1- 3.2 No Glucose Metabolism genes affected
Pdk4+ 5.3
Ugp2+ 21 37/ -36] -51

(B) Genes with ANOVA p<0.01

G6pc- 4.1ﬁ
Pdp2- | 21 21| 25 2.0

Cltl 1 3 10 30 62.5 125
Maternal HFPO-DA dose (mg/kg/d)




Both GenX and NBP2 produce neonatal mortality, similar to PFOS, PFOA and PFN!/

Neonatal survival
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Neonatal effects on birthweight and liver weight differ between GenX and NBP2

Birthweight PND2 pup relative liver weight
8- 8-

— *kkk

C

E

o %

> ST TPITTOI N  WGiAlboS +60%

o

g 1) 8 o /O @ 5 E o R ) +40%

o

>

©

- 1 Y EoLy 9o 5 R +20%

B 0 o

K

5 %

=

N/A
L W o S M «H ® O o
a 3§ & S - °
GenX (mg/kg/d) NBP2 (mg/kg/d)

There are notable similarities and differences in GenX vs NBP2 developmental toxicity, likely asso
with different chemical functional groups (carboxylate vs sulfonate) and toxicokinetics



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

PNDO pup liver glycogen score
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Liver carbohydrate and lipid metabolism are strongly affected by GenX but seemingly less so by N



Serum [glucose] (mg/dL)

Serum [glucose] (mg/dL)

Newborn pup clinical chemistry more affected by GenX than NBP2
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