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PRESENT PFAS Family Tree

* Thousands of PFAS and PFAS
precursors have been identified,
depending on the definition

* As legacy PFAS are phased out,
replacement species are being
developed

Printed from: Intersiate Technology & Regulatory Council (ITRC). 2021. FFAS Technical and Regulatory Guidance Document
and Facf Sheets PFAS-1. Washington, D.C.: Interstate Technology & Regulatory Council, PFAS Team. hitps:\pfas-1.itreweb.orgl.
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Current Drinking Water PFAS Rule

 The U.S. Environmental Protection Agency enforces the
strict limit of 4.0 parts per trillion for PFOA and PFOS in
drinking water, but has proposed extending compliance
deadlines and rescinding rules for four other chemicals
(GenX, PFNA, PFHxS and Hazard Index Mixture)

 MCLs determined based on IARC carcinogenicity calls —
4ppt is lowest measurable level, currently

https://www.epa.gov/sdwa/and-polyfluoroalkyl-substances-pfas 4
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PFAS contaminate the environment via multiple sources

= PFAS below detection level

I = PFAS above detection level
[ ]=PFAS not tested

Consumer Products '

l, Human Exposure

Waste Infrastructure !m
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Adapted from: Sunderland et al (2019) J Expo Sci Environ Epidemiol & Hu et al (2016) Envir Sci Technol Lett
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PFAS transfer from mother to
newborn via blood and milk

Concentrations of PFOS and PFOA
in the blood of mothers at delivery,
cord blood, and infants (only values
above limits of quantitation (LOQ)
are shown; lines represent median
values).

Fromme et al 2010. Environ. Sci.
Technol. 2010, 44, 18, 7123-7129

PFOA data in mice (blood and milk)
Fenton et al., Repro Toxicol 20096



In utero PFAS exposure sets the stage for a lifetime

Transplacental and of increased disease susceptibility
breastmilk transfer Elevated cholesterol/triglycerides
Hypertensive disorders Reduced kidney function
of pregnancy Menstrual Issues Thyroid hormone disruption
Adverse birth outcomes Reduced fertility Cancer
Shortened Lactation Metabolic outcomes Modify Chemotherapy Outcomes

Disruptions in timing
of puberty
Reduced immune function
@ Metabolic disorders
Low
birth
weight !




PFAS and Birth Weight E‘::} WQO

group and Study
PFOS for top versus bottom
Apelberg et al. 2007 + -58.00 (-125.00, 9.00) .22
4 B Fei et al. 2008 - -10.80 (-33.40, 111.80) 9.56
- Maisonet et al. 2012 —_— -140.01 (-238.14, -41.89) 5.23
1 8 80 d l'tl C ie S Darrow et al. 2013 _— -54.00 (-128.00, 17.00) 9.58
2 2 Bach et al. 2016 —— -58.00 (-105.00, 8.00) 15.78
Starling et al. 2017 —_——— =71.10 (-142.60, 0.50) 9.84
i ~ Cao et al. 2018 + -17.60 (-141.20, 106.00) 3.30
Meng et al. 2018 — -48.20 (-99.00, 2.50) 18.56
PFOS PFOA PFHXS PFNA PFDA Marks et al. 2019 % -83.88 (-201.43, 33.68) 3.64
, = # i i Wikstrom et al. 2020 —_—— -80.00 (-144.00, -16.00) 1230
L N=829 N=570 N=102 N=167 N=212 i Subgroup, DL (I* = 0.0%, p = 0.776) < -50.00 (-81.53, -36.64) 100.00
PFOA for top versus bottom
: Apelberg et al. 2007 —_———— -58.00 (-119.00, 3.00) 12.08
@ DuP!lcate removal Fei et al. 2008 —— -21.30 (-46.10, 3.40) 19.05
Maisonet et al. 2012 _— -133.45 (-237.37, -29.54) 6.59
Darrow et al. 2013 —_—— 0.00 (-68.00, 69.00) 10.84
- Bach et al. 2016 —— 9.00 (-47.00, 64.00) 13.07
5 1 3 a rt IC l es Starling et al. 2017 —_—— -92.40 (-166.20, -18.50) 10.03
Cao et al. 2018 % -26.30 (-149.10, 96.40) 517
Meng et al. 2018 —_— -117.00 (-172.30, 61.60)  13.09
Marks et al. 2019 + -45.96 (-170.83, 78.92) 5.04
Removal of ineligible abstracts Wikstrom et al. 2020 % -90.00 (-159.00, 91.00) 5.03
Subgroup, DL (I* = 54.9%, p = 0.018) > 51,48 (-83.52, -19.44) 100.00

Other adverse outcome than birth weight/size
Systematic reviews, Meta-Analyses, Epi studies PFHxS for top versus battom

: Maisonet et al. 2012 B ——— -107.93 (-206.18, 9.69) 8.89
Studies on plants and algae Bach et al. 2016 —_— 49.00 (-109.00, 11.00)  23.84
Algorithm errors Starling et al. 2017 + -31.80 (-105.80, 42.20) 1567
Cao et al. 2018 + -25.10 (-149.10, 98.90) 5.58
Meng et al. 2018 —— 8.60 (-59.70, 76.90) 18.40
Marks et al. 2019 : -53.87 (-173.65, 65.91) 5.98
. Wikstrom et al. 2020 . -6.00 (-69.00, 57.00) 2163
106 a rtlc I es Subgroup, DL (I = 0.0%, p = 0.577) O -30.60 (-59.90, -1.31) 100.00
66 in vivo animal studies, 55 in vitro studies PFHpS for top versus botiom
(15 studies included both animal experi d Bach et al. 2016 —_— -43.00 (-100.00, 14.00) 54.25
periments an Meng et al. 2018 —_— -102.60 (-169.00, -36.20)  45.75
in vitro experiments) Subgroup, DL (I = 43.9%, p = 0.182) _— -70.27 (-128.46, -12.07)  100.00

Heterogeneity between groups: p = 0.427
| |

Gundacker et al., 2022 (left); Gui et al., 2022 (right) 0 ° =0

Meta-analysis of the association of PFOS, PFOA, PFHxS and PFHpS with birth weight (g) for top versus bottom categories of exposure.




PFAS, Liver, & Public Health Relevance

Hapatocallular
Healthy liver MASLD MASH Cirrhosis

carcinoma
15-30% 12-40% 15-25%
— — __p.
-— -—
Revarsible Reversible
. . : Late stages of
Fat in <5% of Steatosis = Steatosis fbrosis o
hepatocytes / (Fat in >5% = Inflammation
hepatocytes) » Ballooning Resmetirom for MASH
* Fibrosis with F2-F3
Appropriataly Manage Risk Factors of » Culturally appropriate, Madarranoan diel, and al ’
Diabetes. Hypertension. Cholesterol per least 150 minutes of moderate physical activity s e
curent guidelines using medications that have = Weight loss goal of 3% to 10% of body weight. L transpia J
benefil o the liver * Consider Bariatric surgery, if indications are met
1 o

= <eas X

Metabolic dysfunction—associated steatotic liver disease (MASLD) — Fatty buildup with little to no inflammation or
liver damage. Globally 38% of adults are diagnosed with MASLD; 7% to 14% of children have MASLD.
Metatbolic-associated steatohepatitis (MASH) — Fatty buildup with inflammation and liver injury that can lead to
fibrosis. Numerous reports of PFAS being related to MASLD and MASH.

PFOS increased risk of adult HCC by 4.5 times (odds ratio 4.5, 95% Cl 1.2-16.0). Goodrich et al., 2022; J Hep Report.

Clin Mol Hepatol. 2024 Aug 19;31(Suppl):532-S50. doi: 10.3350/cmh.2024.0431



https://doi.org/10.3350/cmh.2024.0431
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NC History of GenX Pollution

1980s: GenX is formed as
unknown byproduct during 2016: Sun et al. publish report on
fluoropolymer production at first paper on PFAS in the GenX levels in CFR and finished
Chemours/DuPont plant Cape Fear River (CFR) drinking water (631 ppt)

2002: Production of

) 2009: DuPont/Chemours 2017: NCDEQ reports plant is
PFOA at plant begins begins producing GenX as no longer discharging GenX
substitute for PFOA (07/13/17)

2007: Nakamaya et al. publish
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Adapted from:

Sun et al (2016) Environ Sci Technol Lett
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Adapted from: Gaccioli & Lager Front Physiol 2016
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* Pre-term birth and SGA

e Gestational diabetes

* Increased gestational weight gain
* Lowered infant birth weight

* Gestational hypertension

PFOA Adverse Pregnancy Outcomes

FFEFRF O
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FFFFFFFF / \
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¢
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Plug +
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Daily weight & dosing

Daily weight & dosing I

Acclimation Sacrifice Sacrifice

Control (water)
1 mg/kg/day PFOA
5 mg/kg/day PFOA
2 mg/kg/day GenX
10 mg/kg/day GenX

Blake et al 2020, Environ Health Perspect



NC STATE UNIVERSITY Increased Placental Size

Findings consistent with hypertensive disorder of pregnancy phenotype

Maternal Liver {

Fetal Liver
* Excess GWG— clinical feature of HDP * Disrupted fetal-placental growth
* Disrupted liver enzymes— component * Pathological lesions in the placenta

of HELLP syndrome

* Increased maternal & fetal liver size



NC STATE UNIVERSITY Congestion of Blood Vessels

Vehicle control

GenX Exposed

Foley et al., 2026 Toxicologic Pathology



NC STATE UNIVERSITY Altered Size of the Junctional Zone

Vehicle control

GenX Exposed

Foley et al., 2026 Toxicologic Pathology




NC STATE UNIVERSITY Altered Decidual Spiral Artery Remodeling
PND 5.5 Body Weight ()

i Maternal 7
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artery Syn y
i 1 -0.34 **
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arteries
artery
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Radial vein
; -0.04
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-0.19
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LitterSize 1 -

0

— Umbilical
Maternal circulation vein and artery

&3’.‘ ‘ (12

Foley et al., 2026 Toxicologic Pathology ‘ ] A
Control ~ 1mglkg PFOA




NC STATE UNIVERSITY Altered Lactation

Dr. Alina Hamilton Hayam Morsy

GenX Gland at Weaning — Active Lactation
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Manuscript submitted for publication



Control Control + 5 ppb PFOA 1 mg/kg PFOA 1 mg/kg + 5 ppb PFOA 5 mg/kg PFOA
\ ) -’ ¥ = i

. o ‘* - - '\
B L R
e . N

Treated Dam Control Dam Treated Dam

Nursing Control (5L) Pups  Nursing Treated (5U) Pups  Nursing Treated (5U+L) Pups

1. White et al 2007
Reprod Toxicol

2. White et al 2011
Environ Health Perspect

(reviewed in Navigation Guide Systematic Review — Koustas et al. 2014 EHP)
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PFAS and shortened duration of lactation

PFOS PFOA
Fei et al (2010) - OR 3 ® Fei et al (2010) - OR 3 ®
Fei et al (2010) - OR 3-ng/mL —— Fei et al (2010) - OR 3-ng/mL -
Rosenetal (2018)-OR3 | ——#—— Rosen etal (2018)-OR3 | —&——
Fei etal (2010) - OR 6 . Fei et al (2010) - OR 6 *
Fei et al (2010) - OR 6-ng/mL —— Fei et al (2010) - OR 6-ng/mL -
Rosen etal (2018)-OR 6 | —At—— Rosen et al (2018) - OR 6 AT
- —_—
Romano et al (2016) - RR 3 * ;"m“" ei ‘“l gg;g g 2
10201 _ -~ omano €t ai - ‘
R‘;lma“" o a] (231:) ;E ‘33 e Rosenctal (2018)-HR3 | —A—
osen etal (2018) - B Rosen et al (2018) - HR 6 —a
Rosen etal (2018) - HR 6 —A Fei et al (2010) - HR ———
i -
Fei et al (2010) - HR A Romano et al (2016) - HR T——
Timmermann et al (2022a) - HR —a— Timmermann et al (2022a) - HR ——
T T T T T T T T
8 1 1.2 1.5 2 2.5 8 1 12 1.5 2
PFOS PFOA
Timmerman etal (2017) - Months . Timmerman et al (2017) - Months °
T T T T I T T T T
2 -1.5 -1 -5 0 5 15 1 5

Effect estimates for the association between serum-PFOS/PFOA and breastfeeding

Timmermann et al, Toxics. 2023 PMC10145877

Additional studies since then:
Romano et al, Int J Hyg Environ Health 2024 PMID: 38521049
Rokoff et al, Sci Total Environ 2023 PMID: 37290653



NC STATE UNIVERSITY GenX Health Effects in Two Generations

>
PFAS /-~
Maternal Maternal Environmental Fronms ] Maternal
Mutrition Disease Exposures Lifestyle

Increased maternal
weight gain,
Increased
embryo:placenta, &
a constellation of
adverse liver features

r Potential Mechanisms

«  Alterafions in tha maternal’
fetal endocring milkeu

-0 Placental defects

*  |UGR/compensatory growth

- Epégenatic regulation

L Oxidative stressfinflammation

Physiological Adaptations

Reproductive Melabeolic [ Cardiovascular ] Other
System System System Systems GenX
Altered reproductive Glucose intolerance . . Reduced cognithe
R P Insulin resistance Hyperiension function ifi
E:“m;::‘;aﬁaﬂ Hyperinsulinemia ' m:zw near Altered behaviar Sex-specific
vancedide S )
pﬂ"ll_mn? L ﬁ.:;tlll::ulr::i-lsl:ancﬂ Stroke n::ann:ef:d ekl MASLD ‘ Female
igo-anavulation
Riducad fartlity 'Dbﬂiﬂ'j' Alherosclansis Proakir a»gmg Outcomes

0.2 mg/kg
GenX

Fadmanabhan et al. (2016) Endocrinal

See Blake et al 2020 EHP, Cope et al 2021 Emerg Contam, and Blake et al 2022 Ecotox Environ Saf




NC STATE UNIVERSITY PFAS, Cancer and Developmental Exposures

Rickard et al., Int. J. Mol. Sci. (2022) Strongest associations at
Jones et al., JNCI (2025) 55-59 years

Childbirth and breastfeeding Menopause leads to
decrease PFAS levels increased PFAS levels 1

Onset of menstruation leads to ‘

MTJFOSAAA decreased PFAS levels

PFUNnD

PEUr Ovarian cancer
°FOs. mainly affects
PFOA? post-menopausal

women

Born with ~50% of
mother’s PFAS
burden

€

Y

20



From ATSDR’s 2021 Toxicological Profile for Perfluoroalkyls

Figure 5-2. Timeline of Important Events in the History of Polyfluorinated Compounds

2009 — PFOS
and related 2015 -
1976 — 1984 — 2003 —EPA | [compounds are Work
Taves PFOA found begins listed under toward
etal. in local 2000 - 3M Enforceable | |AnnexB of the | | eliminating
tentatively drinking announces Consent Stockholm long-chain
identify water near phaseout Agreement Conventionon | | PFCs from
PFOA in Washington of C8 (ECA) Persistent emissions
pooled Works based process with Organic and
blood plant, WV chemistry | | manufacturers Pollutants products
[V v/ % | _\/ | Y_
I I/ I | [ |
2000 2005 2010 2015
1978 — 3M 1998 — 3M 2002 — EPA 2006 — EPA 2010 -
reports reportsto Begins review and 8 major Target 95%
PFOA EPA fluoro- of datalinking companies reduction in
foundin chemicals C8 to health launch facility
blood of widespread| | problems; also 2010/2015 emissions, and
workers in human publishes SNUR PFOA product
blood bank Stewardship content levels
samples Program relative to
2000
baseline

EPA = U.S. Environmental Protection Agency; PFC = perfluorinated compound; PFOA = perfluorooctanoic acid; PTFE = polytetrafluoroethylene;

SNUR = significant new use rule; WV = West Virginia

Source: Reprinted (adapted) with permission from Lindstrom et al. 2011 (Environ Sci Technol 45:7954-7961). Copyright 2011 American Chemical

Society.



Potential
mechanisms
of PFAS-
induced
carcinogenesis

Boyd et al., 2022 Cancers
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