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PREFACE

Public Health Goal (PHG) technical support documents provide information on health effects
from contaminants in California drinking water. PHGs are developed for chemical contaminants
based on the best available data in the scientific literature and using the most current principles,
practices, and methods used by public health professionals. These documents and the
analyses contained therein provide estimates of the levels of contaminants in drinking water that
would pose no significant health risk to individuals consuming the water on a daily basis over a
lifetime.

Under the California Safe Drinking Water Act of 1996 (Health and Safety Code, Section
116365), the Office of Environmental Health Hazard Assessment (OEHHA) develops PHGs for
drinking water contaminants in California based exclusively on public health considerations.
OEHHA periodically reviews PHGs and revises them as necessary based on the occurrence of
the respective chemical in California drinking water supplies and the availability of new scientific
data. This document presents proposed PHGs for perfluorooctanoic acid and perfluorooctane
sulfonic acid.

OEHHA is releasing this draft assessment for public comment and independent, external peer
review. OEHHA will address the comments in a second draft and will release it for further public
comment before publishing the final assessment.

PHGs published by OEHHA are for use by the State Water Resources Control Board (SWRCB)
in establishing primary drinking water standards (California Maximum Contaminant Levels, or
CA MCLs). Whereas PHGs are to be based solely on scientific and public health considerations
without regard to economic cost considerations, MCLs adopted by SWRCB consider economic
factors and technological feasibility. State law requires that MCLs be set at a level that is as
close as feasible to the corresponding PHG, placing emphasis on the protection of public health.
PHGs established by OEHHA are not regulatory and represent only hon-mandatory goals.
Under federal law, CA MCLs established by SWRCB must be at least as stringent as the federal
MCL if one exists.
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SUMMARY

For more than a half-century, perfluorooctanoic acid (PFOA) and perfluorooctane sulfonic acid
(PFOS) were widely used in industrial applications and consumer products, notably, PFOA in
nonstick cookware and PFOS in stain and water-repellant fabrics and in fire-fighting foams. The
manufacture of these chemicals was phased out in the US following concerns about their
extreme persistence in the environment and their detection in virtually all human blood serum
samples. Although levels in the environment have declined from their peak around the year
2000, PFOA and PFOS continue to be present in the environment and are found in California
drinking water. Because exposure to these chemicals is so prevalent and elimination times are
so long, it is critical to understand the toxicity associated with these compounds, and their
impacts on human health.

Public Health Goals for PFOA and PFOS

Scientific studies show adverse health effects of PFOA and PFOS in people exposed at
environmental levels, and similar effects in laboratory animals. There is evidence from
epidemiologic studies that exposure to PFOA increases the risk of kidney cancer. Human
exposure to PFOA is also associated with liver and immune system toxicity and increased total
cholesterol, and there is suggestive evidence of an association with risk of preeclampsia and
pregnancy-related hypertension. PFOS is associated with immune system toxicity and
increased total cholesterol in humans, with suggestive evidence of an association with risk of
preeclampsia and pregnancy-related hypertension. The effects seen in humans are supported
by studies in laboratory animals, which show that PFOA and PFOS can cause liver toxicity,
immunotoxicity, thyroid toxicity, developmental/reproductive toxicity, and cancer.

This draft document presents proposed public health goals (PHGSs) for PFOA and PFOS in
drinking water, based on the most sensitive health effects. A PHG is the concentration of a
contaminant in drinking water that is estimated to pose no significant health risk to individuals
consuming the water on a daily basis over a lifetime. The proposed PHG for PFOA is based on
kidney cancer in humans, while the proposed PHG for PFOS is based on liver and pancreatic
tumor data from rat studies. This draft document also identifies health-protective concentrations
(HPCs) for noncancer effects of PFOA and PFOS. The dose-response data from human
studies were sufficient for derivation of the HPCs for these compounds, with the most sensitive
noncancer endpoints being liver damage for PFOA and clinically relevant increased total
cholesterol for PFOS.

Table S1 shows the proposed PHGs and HPCs for PFOA and PFOS.

Table S1. Proposed Public Health Goals and Health-Protective Concentrations

Chemical Name PHG PHG Effect(s) HPC HPC Effect

(PpY) (PpY)

. Increased risk of
Kidney cancer

Perfluorooctanoic acid 0.007 3 liver damage
(human data)
(human data)
Perfluorooctane sulfonic Cancer Increased total
. 1 . 2 cholesterol
acid (animal data)

(human data)
HPC, health-protective concentration; PHG, public health goal; ppt, parts per trillion (equivalent to
nanograms per liter or ng/L)

Proposed Public Health Goals for OEHHA
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PHGs are not regulatory requirements, and are based solely on protection of public health
without regard to cost impacts or other factors. PHGs form the basis of California’s Maximum
Contaminant Levels (MCLs) for drinking water, which are established by the State Water
Resources Control Board (SWRCB), and each MCL must be set as close to the corresponding
PHG as is economically and technologically feasible. PHGs are developed for chemical
contaminants based on the best available data in the scientific literature and using the most
current principles, practices, and methods used by public health professionals, and on
comprehensive analyses of information on the toxicology of each compound.

Derivation of the PHGs and HPCs

As noted above, a number of adverse health effects have been observed in studies in humans
and laboratory animals exposed to PFOA and PFOS. The proposed PHGs are based on the
cancer endpoint because it is the most sensitive effect. PHGs are set at a level where the
cancer risk is estimated to be one per one million persons exposed over a lifetime. The PHGs,
as well as the noncancer HPCs, also include considerations of sensitive and highly exposed
populations.

The proposed PHGs and noncancer HPCs are different from the reference levels supporting the
notification levels OEHHA recommended to SWRCB in 2019.% This is due to a number of
factors, including the availability of new studies, the use of human data when possible, and
improved toxicokinetic analyses.

Systematic Literature Search

The proposed PHGs and noncancer HPCs are based on epidemiologic and laboratory animal
studies OEHHA identified through systematic literature searches described in appendices to this
document. In addition, OEHHA identified studies published before 2016 from the reference lists
of assessments published by the US Environmental Protection Agency (US EPA, 2016b; US
EPA, 2016d), the National Toxicology Program (NTP, 2016), the International Agency for
Research on Cancer (IARC, 2017a), and the Agency for Toxic Substances and Disease
Registry (ATSDR, 2018a). Finally, in 2019, OEHHA issued a data call-in to request information
from the public. For each pertinent study identified in this manner, OEHHA evaluated the
methods and quality in order to base the PHGs and noncancer HPCs on studies of sufficient
quality.

Toxicokinetic Analyses to Address Persistence in Humans

PFOA and PFOS strongly bioaccumulate in humans and to a much lesser degree in animals.
To address the issue of the persistence of PFOA and PFOS in the human body in its dose-
response analyses, OEHHA used serum concentrations as a measure of the internal exposure.
Fortunately, all the available human toxicity studies OEHHA selected to use in the dose-
response analyses report serum concentrations for PFOA or PFOS. OEHHA converted serum

1In 2019, OEHHA developed reference levels of 0.1 ppt for PFOA based on pancreatic and liver tumors
in rats and 0.4 ppt for PFOS based on liver tumors in rats. However, the cancer-based reference levels
were lower than could be reliably detected in drinking water using currently available technologies. Thus,
OEHHA recommended that SWRCB set the notification levels for PFOA and PFOS at the lowest levels
that could be reliably detected in drinking water (5.1 ppt for PFOA and 6.5 ppt for PFOS). OEHHA also
developed noncancer reference levels of 2 ppt for PFOA based on liver toxicity in mice and 7 ppt for
PFOS based on immunotoxicity in mice (OEHHA, 2019).
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levels to chronic intake doses (amount of chemical consumed per unit body weight) using
toxicokinetic (TK) approaches. In establishing human equivalent doses associated with health
effects observed in animal studies, OEHHA also used a TK approach to address the large
differential in chemical half-life between animals and humans.

OEHHA conducted an extensive review of the literature and analyzed different TK approaches
in order to select the best method to address this matter. The TK approaches OEHHA selected
for use rely on the application of a clearance factor. OEHHA conducted a comprehensive
review of the literature before it selected the most appropriate clearance value to use in its
analyses. A human clearance factor of 2.8 x 10 L/kg-day was developed for PFOA and

3.9 x 10 L/kg-day for PFOS. This improves the approach used previously (OEHHA, 2019).

PFOA Health Effects Basis for PHG and HPC

Kidney cancer in humans as the sensitive endpoint for the PHG: A large case-control study of
PFOA and kidney cancer in 10 study centers across the US was recently published by the
National Cancer Institute (Shearer et al., 2021).2 This prospective population-based study,
along with previous epidemiologic studies in an area of high environmental exposure (Barry et
al., 2013; Vieira et al., 2013) and in an occupational setting (Steenland and Woskie, 2012),
provide strong evidence that PFOA causes kidney cancer in humans. The occupational study
by Raleigh et al. (2014) did not report an association between PFOA and kidney cancer, but
used an inhalation exposure model that was not validated. Lack of information on potential
confounding, a potentially inappropriate comparison group, and limited statistical power are
other possible reasons why this study may have missed a true association. Multiple analyses
performed by the researchers of all four studies show that the positive results for kidney
cancer and PFOA are very unlikely to be due to chance. Also, evidence of dose-response
patterns, a criterion commonly used for evaluating causality, is seen in each of the four
studies, and the prospective nature of these studies assures that PFOA exposure came
before kidney cancer development, which helps rule out the possibility of reverse causality.

OEHHA performed a number of evaluations and detailed analyses on whether the biases or
problems frequently seen in epidemiologic studies could have caused the positive associations
reported. This includes evaluating potential problems related to participant recruitment and
selection, in categorizing participants’ PFOA exposure, and in classifying people with and
without kidney cancer. Overall, these analyses show that each of these issues was either very
minor or likely to have led to underestimates, rather than overestimates, of kidney cancer risk
from PFOA exposure.

A number of other factors are known to cause or are suspected to cause kidney cancer, and
these could potentially confound the relationship between PFOA and kidney cancer. The
studies used in OEHHA's dose-response analyses accounted for the most important of these
(e.g., sex, age, tobacco smoking, and being overweight or obese) with statistical adjustments or
stratified analyses. For all other factors, including the presence of other PFAS, all available
evidence shows that they were either not prevalent enough or their associations with PFOA or
kidney cancer were not strong enough to cause major confounding.

2 Paper became available online in September, 2020 at:
https://academic.oup.com/jnci/article/113/5/580/5906528
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Overall, the body of evidence on PFOA and kidney cancer from human studies meets the
modified Hill (1965) criteria that are commonly used to evaluate causality. The carcinogenicity
of PFOA in humans is supported by the results of animal cancer bioassays. A recent NTP study
in rats concluded there is “clear evidence of carcinogenic activity of PFOA” in male rats and
“some evidence of carcinogenic activity of PFOA” in female rats (NTP, 2020). It is also
supported by in vivo and in vitro mechanistic studies.

Dose-response analysis of the human kidney cancer data for the PFOA PHG: The
epidemiologic studies by Shearer et al. (2021) and Vieira et al. (2013) include data sufficient for
guantifying cancer risks. Both studies involved large sample sizes and therefore had good
statistical power to identify true effects. Both studies had a good range of PFOA exposures,
included large numbers of participants with exposure levels close to those seen in the general
US population, and adjusted or stratified for other major kidney cancer risk factors. In these two
studies, PFOA exposure was assessed using either directly measured serum PFOA levels in
each individual (Shearer et al., 2021), which are good indicators of long-term PFOA exposure,
or individual PFOA serum levels estimated using a validated exposure model (Vieira et al.,
2013). Evaluations show that the impacts of exposure misclassification from either of these
methods are likely to be mostly minor and unlikely to have caused the elevated risks reported in
either study.

The cancer slope factors derived from these studies are within about six-fold of each other. To
make maximum use of both these strong studies, the geometric mean of the cancer slope
factors, 0.0026 per ng/kg-day, is used to derive the proposed PHG of 0.007 parts per trillion
(ppt) for PFOA (Table S1).

Human liver toxicity as the basis for the noncancer HPC for PFOA: Several epidemiologic
studies provide sufficient data to derive the noncancer dose-response benchmarks for
immunotoxicity, liver toxicity and increased cholesterol health effects. The proposed noncancer
HPC for PFOA is based on an increased risk of liver toxicity, as indicated by elevated alanine
aminotransferase (ALT) levels (Gallo et al., 2012) exceeding clinically based reference levels
used by the International Federation of Clinical Chemistry and Laboratory Medicine. The study
involved residents of the Mid-Ohio Valley who lived near a chemical plant known to have
emitted PFOA into the surrounding environment, and whose ALT increased with increasing
serum levels of PFOA. This is the basis of an acceptable daily dose of 0.87 ng/kg-day and a
proposed noncancer HPC of 3 ppt for PFOA (Table S1).

PFOS Health Effects Basis for PHG and HPC

PFOS PHG based on cancer endpoint: Although there are a few epidemiologic studies that
show some association of PFOS with breast, liver, and bladder cancer, the results are mixed or
the sample sizes are small. OEHHA did not identify any epidemiologic studies of PFOS that
could be used for quantifying cancer risk in humans. Thus, the proposed PHG for PFOS is
based on cancer data in laboratory animals. The cancer slope factor of 15.6 per mg/kg-day,
derived from liver and pancreatic tumors in male rats exposed through the diet for two years
(Butenhoff et al., 2012b), is used to derive the proposed PHG of 1 ppt for PFOS (Table S1).

Increased cholesterol in humans as the basis for the noncancer HPC for PFOS: Sensitive
noncancer endpoints for PFOS are immunotoxicity and alterations in lipid metabolism. Total
cholesterol appeared to be a somewhat more sensitive endpoint, with the large study by
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Steenland et al. (2009) of residents near the West Virginia facility who drank contaminated
water and had elevated blood serum levels of PFOS. Based on the relationship in this study
between PFOS and serum lipids (Steenland et al., 2009), a point of departure for PFOS was
derived for an increased risk of elevated total cholesterol above the clinical reference level
published by the American Heart Association. This is the basis of an acceptable daily dose of
0.64 ng/kg-day and a proposed noncancer HPC of 2 ppt for PFOS (Table S1).

Evaluation of Exposure Parameters

Calculation of the PHGs entails making assumptions about the amount of water people
consume and, in the calculation of the HPCs for noncancer effects, an additional assumption
regarding the relative source contribution, that is, the proportion of exposures to a chemical
attributed to tap water as part of total exposure from all sources, including food.

Drinking water intake: OEHHA used age-specific water ingestion estimates derived from a
nationwide survey of food and beverage intake from approximately 20,000 individuals (see
OEHHA (2012)). These age-specific intake rates are normalized to body weight. This enables
addressing the higher rate of ingested water (per unit body weight) of the young. In considering
levels of water intake to assume for the PFOA and PFOS assessment, OEHHA reviewed the
literature that could inform drinking water trends and intake in California and performed a
detailed evaluation of US EPA'’s recently updated chapter on water consumption in its Exposure
Factors Handbook (US EPA, 2019) that used nationwide survey data from 2005-2010.

OEHHA found that US EPA's updated drinking water intake rates may not be representative of
California’s residents due to a number of factors such as greater numbers of jobs performed in
outdoor settings (e.g., farm work and construction) for longer periods throughout the year, and
lifestyle and recreation, which all require proper hydration, particularly in California’s hot
summer climate. Thus, OEHHA retained the peer reviewed drinking water intake rates that it
developed in 2012. A lifetime-weighted average drinking water intake rate of 0.053 L/kg-day
was used in deriving the PHGs and HPCs.

Relative source contribution for PFOA and PFOS: OEHHA applied US EPA’s Exposure
Decision Tree Approach (US EPA, 2000) and found a lack of information about sources of
exposure to support a value other than the default value of 20%. This determination is
consistent with other regulatory bodies, including US EPA, Health Canada, and the State of
New Jersey.

Conclusion

PFOA and PFOS are extremely persistent in the environment and are present in virtually all
human blood serum samples. New analyses in this assessment have improved the estimates
of clearance rates for PFOA and PFOS. Clearance in humans is much slower than in laboratory
animals, with half-lives of several years in humans versus several days in animals. There is
mounting evidence that environmental levels of PFOA and PFOS can adversely affect human
health, and studies in laboratory animals support the effects observed in humans exposed to
these chemicals through the environment. Large, well-conducted epidemiologic studies form
the basis for the proposed PHG for PFOA and HPCs for PFOA and PFOS, while a well-
conducted study in laboratory animals is the basis for the proposed PHG for PFOS.
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1. INTRODUCTION

Perfluorooctanoic acid (PFOA) and perfluorooctane sulfonic acid (or perfluorooctane sulfonate,
PFOS) are organic acids that consist of a chain of eight carbons, where all the hydrogens on the
carbon chain have been replaced with fluorines. The two chemicals differ in that PFOA has a
carboxylic acid at one end of the carbon chain, whereas PFOS has a sulfonic acid group. Both
chemicals belong to a large class of chemicals called per- and polyfluoroalkyl substances
(PFAS), of which PFOA and PFOS are the best studied.

The strong carbon-fluorine bonds of these compounds make them resistant to biological and
environmental degradation. As such, PFAS confer stain, grease, heat, and water resistant
properties to consumer products when they are applied, which has made the commercial use of
these chemicals desirable. Historically, PFAS have been used in myriad products, including
fabrics, carpets, cookware, cleaning products, and aqueous fire-fighting foam.

Due to their resistance to biological and environmental degradation, most PFAS have long half-
lives in humans and the environment. Coupled with many industrial uses, the environmental
persistence of PFAS has resulted in widespread exposure. Even though PFOA and PFOS were
voluntarily phased out in the United States (PFOS in 2002 and PFOA by 2015), exposure to
these chemicals still occurs due to their environmental persistence, their use in imported goods,
and the use of products manufactured before the phase-out. Additionally, PFOA and PFOS can
result from the breakdown of other PFAS. PFOA and PFOS have been detected in California
drinking water, despite the absence of manufacturing of these compounds in California.
Furthermore, Biomonitoring California reports that PFOA and PFOS were found in the serum of
>99% and >97%, respectively, of participants across all study cohorts. This indicates that
exposure to these chemicals is widespread in California.

Numerous adverse health effects in humans and laboratory animals have been associated with
exposure to PFOA and PFOS, including liver toxicity, immunotoxicity, thyroid toxicity,
reproductive/developmental toxicity, effects on lipids and cholesterol, and cancer. In 2019,
OEHHA derived cancer reference levels (RLs) for PFOA and PFOS in drinking water (OEHHA,
2019).

¢ 0.1 ng/L (nanograms/liter) or parts per trillion (ppt) for PFOA, based on pancreatic and
liver tumors in male rats;
e 0.4 ng/L (or ppt) for PFOS, based on liver tumors in male rats.

OEHHA also developed RLs for noncancer effects as follows:

e 2 ng/L (or ppt) for PFOA, based on liver toxicity in female mice;
e 7 ng/L (or ppt) for PFOS, based on immunotoxicity in male mice.

OEHHA reviewed previous evaluations by US EPA (2016a, 2016b, 2016c, 2016d), New Jersey
Drinking Water Quality Institute (2017, 2018), and ATSDR (2018a) and concluded those
evaluations comprehensively and effectively identified the published literature prior to their
respective dates of publication. Thus, in deriving Public Health Goals (PHGs) for PFOA and
PFOS, OEHHA performed a systematic literature search and thoroughly evaluated human,
animal, and mechanistic toxicity studies published from 2016 onward. Additionally, OEHHA
conducted rigorous evaluations of toxicokinetics, drinking water intake rates, and the relative
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source contribution of drinking water, and used its own health risk assessment methodology
when deriving health-protective concentrations in this document.

1.1. Physical and Chemical Properties

The physical and chemical properties for PFOA and PFOS can be found in Table 1.1.1.

The structures of PFOA and PFOS can be linear or branched and formation of these structures
is dependent on the manufacturing process. Both chemicals are solid at room temperature and
have low vapor pressure. PFOA and PFOS are stable and are resistant to environmental
degradation. In solution, PFOA exists as the perfluorooctanoate anion and is a strong acid.
PFOS also exists as an anion in solution; however, pKa values can only be estimated.

Table 1.1.1. Physical and Chemical Properties of PFOA and PFOS

Perfluorooctanoic acid Perfluorooctane sulfonic acid
(PFOA) (PFOS)
Formula CsHFlsoz CgHF1703S
CAS No. 335-67-1 1763-23-1

Structure
Molecular weight (g/mole) 414.09 500.13
Physical state at ambient White powder White powder
temperature
54.3 (HSDB, 2020a) 2400 (potassium salt) (EFSA,
. L
Melting point (°C) 55 (US EPA, 2020) 2008)
192 (HSDB, 2020a) 249 (HSDB, 2020b)
Boiling point (°C) 189 (US EPA, 2020) 258-260 (US EPA, 2016b; US
EPA, 2016d)
Density (g/cm?) 1.792 (20 °C) (HSDB, 2020a) | No data

3,300 (25 °C) (HSDB, 2020a) | 680 (OECD, 2002)

570 (potassium salt in pure
water) (ATSDR, 2021)

519 (20 + 0,5°C) (EFSA, 2008)
680 (24 - 25°C) (EFSA, 2008)

Solubility in water (mg/L)

0.525 at 25 °C (measured) 2.0 X103 at 25 °C estimated US
(Hekster et al., 2003) EPA EPI Suite) (HSDB, 2020b)

0.962 at 59.25 °C (measured)
(Kaiser et al., 2005)

Vapor pressure (mm Hg)
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Perfluorooctanoic acid
(PFOA)

Perfluorooctane sulfonic acid
(PFOS)

Henry’'s Law constant
(atm. m3/mol)

9.08 x 102 (25 °C, estimated
US EPA EPI Suite) (HSDB,
2020a)

4.1 x 10 (25 °C, estimated US
EPA EPI Suite) (HSDB, 2020b)

3.05 x 10 atm. m*mol pure
water (potassium salt) (EFSA,
2008)

4.81 (estimated US EPA EPI
Suite) (HSDB, 2020a)

4.49 (estimated US EPA EPI
Suite) (HSDB, 2020b)

2.5, 2 to 3 (Prevedouros et
al., 2006)

Log Kow Ammonium
perfluorooctanoate (APFO):
0.7 (EFSA, 2008)
20.5-4.2 (HSDB, 2020a) <1.0 (estimated) (HSDB,
N 2.8 (US EPA, 2016b) 2020b)
Acidity, pKa -3.3 (calculated value for acid)

(Brooke et al., 2004)
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2. METHODOLOGY
Development of a PHG for a chemical in drinking water entails a four-part process.
2.1. Systematic Literature Search and Toxicological Evaluation

The toxicological evaluation of a chemical starts with a review of the available literature. A
systematic literature search is conducted, using a comprehensive search string and multiple
scientific databases (Pubmed, Embase, Scopus, etc.). Details on the literature search are
provided in Appendix 1. Briefly, a PECO (population, exposure, comparator, outcome)
statement that outlines inclusion/exclusion criteria is developed for initial reference screening.
The title and abstract of each reference are screened by a minimum of two reviewers, and each
reference is included or excluded based on criteria outlined in the PECO statement. A separate
search was conducted specifically for human epidemiology studies as outlined in Appendix 7.
Subsequently, a full-text review of included references is conducted to ensure that the studies
are relevant for PHG development.

2.2. Study Evaluation
2.2.1. Animal Studies

The findings from studies that meet the PECO criteria are critically evaluated and the quality of
each study is assessed. OEHHA's criteria for study quality evaluation include the following:

e appropriate number of animals per dose group

e an untreated control group plus a minimum of two dose groups
e appropriate exposure duration

e relevant route of exposure

e appropriate test species

e appropriate statistical analysis

¢ biological significance of endpoints

e adequate reporting.

2.2.2. Human Studies

For epidemiology studies, several factors were evaluated when assessing study quality,
including study design, factors related to bias, exposure and outcome methods, and
confounding. Specific details for OEHHA's study quality evaluation for human epidemiology
studies are provided in Chapters 5 and 6, and in Appendix 7.

2.3. Evaluation of Health Hazards

For each major toxicity endpoint (e.g. hepatotoxicity, immunotoxicity, reproductive toxicity,
cancer, etc.), relevant studies are reviewed to identify the health hazards induced by chemical
exposure. This review considers factors such as consistency across multiple studies, exposure-
reponse relationships, biological plausibility, and relevance to human health. Furthermore,
consideration is given to the potential molecular and cellular mechanisms by which toxicity is
induced (modes of action).
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2.4. PHG Derivation

After a review of the toxicity studies of suitable quality and identification of relevant hazards, the
most sensitive endpoints from studies determined to be relevant to human health are selected,
and analyses of the dose-response relationships are performed. The adverse effect or a
physiological change that leads to an adverse effect that occurs at the lowest dose is selected
as the critical effect from which a PHG is derived.

If a chemical has been identified as a human or animal carcinogen, health-protective water
concentrations are determined for both cancer and noncancer effects and the lowest value is
selected as the PHG.

2.4.1. Deriving Health-Protective Concentrations for Noncancer Effects

Calculation of a health-protective concentration for noncancer effects involves a four-step
approach: determination of the point of departure (POD), estimation of an acceptable daily dose
(ADD), determination of the relative source contribution (RSC) and calculation of a health-
protective drinking water concentration (C).

Point of Departure (POD)

The POD is the dose of a chemical (in units of milligrams per kilogram of body weight per day,
mg/kg-day) from a study in animals or humans that is used as a starting point for calculation of
the ADD. The POD is typically determined by fitting a mathemathical model to the dose-
response data. OEHHA generally uses the publicly available Benchmark Dose Software
(BMDS) program developed and maintained by the US Environmental Protection Agency (US
EPA; https://lwww.epa.gov/bmds). BMDS fits mathematical models to the data and determines
the dose (benchmark dose or BMD) that corresponds to a pre-determined level of response
(benchmark response or BMR). The BMR is typically set at 5% above the background or the
response of the control group for dichotomous data. For continuous data, a BMR of one
standard deviation from the control mean is typically used when there are no data to indicate
what level of response is biologically significant (US EPA, 2012). In order to account for the
uncertainty of the data, the model also calculates the 95% lower confidence limit of the BMD,
called the BMDL (L stands for the lower confidence limit). For PHG development, OEHHA uses
the BMDL as the POD for the calculation of a health-protective drinking water concentration
when the data are amenable to BMD modeling. When data are not amenable to BMD
modeling, OEHHA uses the no-observed-adverse-effect level or concentration (NOAEL or
NOAECQC), or lowest-observed-adverse-effect level or concentration (LOAEL or LOAEC)
approach in identifying the POD.

Application of BMD modeling for noncancer effects mitigates some of the limitations of the
NOAEL/LOAEL approach, including:

¢ dependence on dose selection and sample size;

¢ inability to account for uncertainty and variability of experimental results due to the
characteristics of the study design;

¢ the need to use an uncertainty factor when a NOAEL cannot be determined in a study;
and

¢ inability to account for the shape of the dose-response curve.
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Acceptable Daily Dose (ADD)

The ADD is the estimated maximum average daily dose of a chemical (in mg/kg-day) that can
be consumed by a human for an entire lifetime without adverse effects. This is similar to the
term “reference dose” used by US EPA. To determine the ADD, the POD is adjusted by factors
that account for uncertainties and variabilities in the risk assessment, such as differences
between animals and humans, and differences among humans in response to a chemical
exposure. These factors are combined into a composite uncertainty factor (UF).

Uncertainty and Variability Factors (UF)

When developing health-protective levels for noncancer effects based on animal toxicity studies,
OEHHA generally applies a combined UF of 300 (OEHHA, 2008).

These UFs are:

e 10 for interspecies extrapolation, accounting for possible differences in the way
laboratory animals and humans respond to the chemical, consisting of
o 10 for toxicokinetics
o 10 for toxicodynamics
e 30 for intraspecies variability, which accounts for some human subpopulations, such
as children and the elderly, possibly being more sensitive to the chemical than the
general population, consisting of
o 10 for toxicodynamics
0 10 for toxicokinetics.

These default factors are applied unless data support an alternative value. A table of default
UFs for ADD derivation is presented in Appendix 2. Additional adjustments may be included
depending on the limitations of available data.

The ADD is calculated using the following equation:
ADD = POD =+ UF.
Relative Source Contribution (RSC)

The RSC is the proportion of exposures to a chemical attributed to tap water, as part of total
exposure from all sources (including food and air). The RSC values typically range from 20% to
80% (expressed as 0.20 to 0.80), and are determined based on available environmental
monitoring data. For certain PHGs, the RSC can be as high as 1.0 (tap water is the only source
of the chemical) when it is deemed appropriate. OEHHA uses this approach to ensure that the
PHG identifies a level of a drinking water contaminant that would pose no significant health risk
after taking into account exposures to all other sources (see Appendix 4 for details).
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Daily Water Intake Equivalent (DWI)

To calculate a PHG for a chemical, the ADD is converted to a concentration in drinking water
that accounts for the total exposure to the chemical that people receive from using tap water. It
includes intake from ingestion as well as inhalation and dermal contact with the chemical in tap
water from household uses (e.g., drinking, cooking, bathing, and showering). Inhalation
exposure can take place when the chemical volatilizes out of the water during cooking or
showering. Dermal absorption of the chemical can occur during bathing and other household
uses of tap water.

DW!1 is expressed in units of liters or liter equivalents per kilogram of body weight per day (L/kg-
day or Leg/kg-day, respectively). Liter equivalents represent the equivalent of the amount of tap
water one would have to drink to account for the exposure to a chemical in tap water through
oral, inhalation, and dermal routes. However, due to the physicochemical properties of PFOA
and PFOS, inhalation and dermal exposure through household uses of tap water are expected
to be negligible.

For oral intake rates, the PHG program uses age-specific water ingestion estimates (OEHHA,
2012) derived from a nationwide survey of food and beverage intake from approximately 20,000
people (US Department of Agriculture’s Continuing Survey of Food Intake of Individuals 1994-
1996, 1998 dataset). These age-specific intake rates, normalized to body weight and
expressed as L/kg-day, indicate that drinking water ingestion per unit body weight is higher in
infants than in adults. Previous PHGs using ingestion rates of 2 L/day for adults and 1 L/day for
a 10 kg child are being updated with these more refined estimates. While US EPA has recently
updated drinking water ingestion rates in their Exposure Factors Handbook (US EPA, 2019),
OEHHA has not adopted these new ingestion rates for reasons described in Appendix 3.

Derivation of the Health-Protective Concentration (C)

Following the determination of the ADD, the health-protective concentration (C, in milligrams per
liter, mg/L or in micrograms per liter, ug/L) in drinking water can be derived by incorporating the
DWI and RSC of the chemical:

C = (ADD x RSC) =+ DWL.
2.4.2. Deriving Health-Protective Concentrations for Cancer Effects

Calculation of a health-protective concentration for cancer effects involves a three-step
approach: determination of a POD from which a cancer potency can be determined, estimation
of an average daily dose, and calculation of a health-protective drinking water concentration (C).

Cancer Dose-Response Analyses and Cancer Potency Derivation

Standard methods for estimation of lifetime theoretical cancer risks are employed in the
development of cancer potencies based on animal studies (US EPA, 2005; OEHHA, 2009; US
EPA, 2012). The estimated cancer potency, also referred to as the cancer slope factor (CSF),
is a measure of the carcinogenic potential of a compound. It is often reported in units of
1/(mg/kg-day) or (mg/kg-day)? and is derived by fitting a linear low-dose extrapolation using US
EPA’s BMDS Multistage-Cancer model (US EPA, 2012) to the tumor incidence data from an
animal carcinogenicity bioassay.
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Method for Calculating Cancer Potency

Development of cancer potency estimates from animal bioassays includes consideration of:

¢ the quality, suitability, and sensitivity of the available animal bioassay studies; for
example, the thoroughness of experimental protocol, the temporal exposure pattern, the
degree to which dosing resembles the expected manner of human exposure, the
duration of the study, the purity of test material, the number and size of exposed groups,
and the extent of tumor occurrence

e the cancer sites and types from the selected experiments most appropriate for
characterizing the cancer potency; where there are multiple sites with significant tumor
findings in a selected experiment, a multisite analysis is performed to describe the
overall carcinogenic potential

¢ whether a dose-response model that assumes the absence of a carcinogenic threshold
dose should be used or whether there are compelling mechanistic data to support an
alternative approach

e interspecies scaling of animal cancer potency to human cancer potency

¢ physiologic, TK and metabolic information for possible use in extrapolating from test
animals to humans, from high to low dose, and from one exposure route to another.

Calculating Average Daily Dose

A mathematical model is fit to dose-response data from animal studies. For studies that do not
involve daily administration of a fixed mg/kg body weight amount, an average daily dose (in
units of mg/kg-day) is calculated. This is done by adjusting the administered or nominal dose,
accounting for days of dosing during the week and total dosing weeks during the experimental
period. For studies using variable doses, the weighted mean dose is calculated considering the
dosing frequency and duration of the various administered doses.

Dose-Response Model

Information on the mode of action (MOA) involved in the carcinogenesis of a chemical is
evaluated to determine whether human cancer risk should be estimated using the default
assumption of low dose linearity or otherwise. Unless there is sufficiently compelling evidence,
OEHHA uses a non-threshold approach and a linearized multistage (LMS) cancer model to
calculate the chemical’s cancer potency, expressed as the CSF. This is accomplished by using
the BMDS Multistage-Cancer model developed by US EPA (BMDS version 2.7). The model
calculates the lifetime probability of developing a tumor (p) induced by an average daily dose (d)
using the following equation:

p(d) = B + (1- B) x exp[-(qud + g2d? + ... + qd)].

The qi are parameters of the model, which are taken to be constants and are estimated from the
animal cancer bioassay data. As recommended by US EPA (2012), gi 20 for all i. For example,
with four dose groups, the Multistage-Cancer model can have a maximum of four parameters, (3,
J1, 92, and gs. When dose is expressed in units of mg/kg-day, gz is given in units of
(mg/kg-day)™. The q. parameter is, for small doses, the ratio of excess lifetime cancer risk to
the average daily dose received. The parameter B provides the basis for estimating the
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background lifetime probability of the tumor (i.e., when dose d is zero, the probability of cancer,
p, is equal to B).

The Multistage-Cancer model defines the probability of developing a tumor at a single site. For
carcinogens that induce tumors at multiple sites and/or in different cell types at the same site in
a particular species and sex, US EPA’s BMDS can be used to derive maximum likelihood
estimates (MLESs) for the parameters of the multisite carcinogenicity model by summing the
MLEs for the individual multistage models from the different sites and/or cell types. This
multisite model provides a basis for estimating the cancer potency of a chemical that causes
tumors at multiple sites.

Adjusting for Human-Animal Differences

In the absence of reliable TK information, the human cancer slope factor (CSFnuman) is estimated
by assuming the chemical dose per body weight scaled to the three-quarters power produces
the same degree of effect in different species. Under this assumption, the CSFanima is multiplied
by the ratio of human to animal body weights raised to the one-fourth power when animal
cancer potency is expressed in units of (mg/kg-day)™:

CSF(human) = CSF(animal) X (body Weight(human) - body Weight(animal))ll4

When data are available, separate oral and inhalation cancer potencies may be calculated and
they are applied to each specific exposure route. Since it is unusual to have a cancer bioassay
through dermal exposure, OEHHA generally uses the oral cancer potency for estimating cancer
risk through the dermal route. Similarly, when an inhalation cancer potency is not available, the
oral cancer potency is used to estimate cancer risk through the inhalation route. If only an
inhalation cancer potency is available, then it will be applied to all routes when determining the
PHG.

Accounting for Increased Susceptibility During Early-in-Life Exposures

When determining cancer risk, OEHHA applies age sensitivity factors (ASFs, unitless) to
account for the increased susceptibility of infants and children to carcinogens (OEHHA, 2009).
A weighting factor of 10 is applied for exposures that occur from the 3™ trimester to <2 years of
age, and a factor of 3 is applied for exposures that occur from 2 through 15 years of age.
However, analysis of recent PFOA bioassay data from the National Toxicology Program (NTP,
2020) indicates that perinatal exposure (from gestation day (GD) 6 through postnatal day (PND)
21) does not increase cancer risk, compared to later-in-life exposures, in rats (see Section 5.7.2
for details). Thus, ASFs are not applied in the calculation of cancer based health-protective
concentrations for PFOA and, due to structural and toxicological profile similarities, for PFOS as
well.

Derivation of the Health-Protective Concentration (C)

The health-protective water concentration (C) for carcinogenic effects can be calculated using
the following equation:
C =R+ (CSF x DWI)

where,

R = default risk level of one in one million, or 10
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CSF = cancer slope factor, in (mg/kg-day)*
DWI lifetime average daily water intake rate.

Water consumption rates are described in the noncancer methodology section, and the
underlying principles do not change when examining cancer endpoints.
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3. PRODUCTION, USE, AND ENVIRONMENTAL OCCURRENCE
3.1. Production and Use

PFOA and PFOS are produced by two main methods: by electrochemical fluorination (ECF) or
by telomerization (US EPA, 2016b; US EPA, 2016d). Historically, the ECF method has been
the main source for PFOA and PFOS production (Prevedouros et al., 2006; Paul et al., 2009).
In addition to the linear form of PFOA or PFOS, 20-30% of the PFOA or PFOS produced by the
ECF method are branched isomers (Paul et al., 2009; Beesoon et al., 2011). In contrast,
primarily linear isomers of PFOA and PFOS are produced in the telomerization process, and the
relative fraction of the linear isomer in the analyzed sample can be used to trace the
manufacturing origin of the compound mix in the environment or human serum (US EPA,
2016b; US EPA, 2016d).

The main use of PFOA has been as a processing aid in the manufacturing of fluoropolymers
such as polytetrafluoroethylene (PTFE) and polyvinylidene fluoride (Prevedouros et al., 2006).
PTFE was widely used as the functional component of non-stick pans, but partly as a result of
the US EPA PFOA Stewardship Program?® and Canada’s PFAS Environmental Performance
Agreement,* this and other uses of PFOA have been steadily declining in North America (Vierke
et al., 2012). As the processing aid, PFOA acts to solubilize fluoromonomers to facilitate
polymerization (Prevedouros et al., 2006). PFOA was also added to aqueous polymer
dispersions used for paints, photographic film additives and in the textile finishing industry
(OECD, 2006; Vierke et al., 2012). Additionally, PFOA and other polyfluorinated carboxylic
acids (PFCAs) are indicated in patents of various consumer products, including floor polishes,
cleaning formulations, hair care products, medical inhalers, fuel additives, air fresheners and
textile treatments (references summarized in Prevedouros et al. (2006)). In one case study,
high levels of PFOA and PFOS in the serum samples of one Canadian family were attributed to
repeated carpet treatments in their house (Beesoon et al., 2012). PFOA was used as a
component of aqueous fire-fighting foams from approximately 1965-1975, and this use has
contributed to environmental contamination near related facilities such as airports and military
bases (Prevedouros et al., 2006; Ahrens et al., 2015; Darlington et al., 2018).

PFOS has been used in the production of firefighting foams, semiconductors, hydraulic fluids
and photolithography (D'Eon and Mabury, 2011b). The major consumer product-related uses
for PFOS include water-repellant treatment for clothes, stain and dirt-resistant treatment for
carpets, and oil and grease-repellant treatments for paper and packaging (Paul et al., 2009).
PFOS-containing fire-fighting foams continue to be held in stock (OECD, 2006). Specific
industrial uses of PFOS and its salts included as a mist-suppressing agent (i.e., fume
suppressant) in the mining industry, as an antireflective agent in the photographic industry, as
photo-resistant and antireflective coatings, as an anti-erosion additive in the aviation industry,
and as a surfactant (fume suppressant) in the metal plating industry (OECD, 2006). PFOS is
found as an impurity in food packaging (Bagley et al., 2017). Both PFOA and PFOS appear to
be used in certain pesticide products (OECD, 2006; Liu et al., 2017c).

3 https://www.epa.gov/assessing-and-managing-chemicals-under-tsca/fact-sheet-20102015-pfoa-
stewardship-program

4 https://www.canada.ca/en/environment-climate-change/services/environmental-performance-
agreements/list/perfluorocarboxylic-acids-overview.html
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PFOA and PFOS can accumulate in the environment as impurities or degradation products of
other PFAS (Prevedouros et al., 2006; Paul et al., 2009).

3.2. Environmental Occurrence and Human Exposure

PFOA and PFOS are manmade compounds and are not known to occur naturally. The
historical worldwide production of PFOA was estimated at a total of 3,600-5,700 tons from 1951-
2004, and the estimated direct global environmental emissions were 400-700 tons over the
same period (Prevedouros et al., 2006). One of the major PFOA production sites in the US was
the DuPont Washington Works plant, located in West Virginia near the Ohio border. The
historical worldwide production of PFOS was estimated at 96,000 tons from 1970-2002, and
estimated total global emissions were 6,800-45,250 tons during that time period (Paul et al.,
2009). Other reports estimated lower PFOS production and emissions (Armitage et al., 2009;
Wang et al., 2017b). The main PFOS manufacturing site in the US was at the 3M Company in
Decatur, Alabama (Wang et al., 2017b). PFOA and PFOS are resistant to degradation in the
environment (Parsons et al., 2008; Saez et al., 2008). While manufacturing and direct use of
PFOA and PFOS have declined in Western countries, these compounds have continuing
presence in the environment. China continues production of PFOA and PFOS, and yearly
environmental release from all sources was estimated at 40 tons of PFOA and 70 tons of PFOS
(Liu et al., 2017c).

The presence of PFOA and PFOS in groundwater and surface water is of major concern.
These chemicals can reach groundwater and surface waters via direct emissions of liquid waste
and leaching of contaminated sites, such as landfills and airfields. In addition, due to their
unique physicochemical properties, PFOA and PFOS can also reach groundwater from air
emissions followed by deposition from air to soil with precipitation and migration through soil to
groundwater (Davis et al., 2007). Both DuPont Washington Works and 3M Decatur plants
caused PFOA and PFOS contamination of the drinking water in the nearby communities.

Air

Due to their ionic nature, PFOA and PFOS have low volatility (US EPA, 2014). lonic PFAS such
as PFOA and PFOS have low vapor pressures and predominantly bind to particles (Abbott et
al., 2007; Haug et al., 2011b; Vierke et al., 2011). When directly introduced into the
atmosphere, particle-bound PFAS settle to the ground following rain events (Barton et al., 2007;
Davis et al., 2007). When dissolved in water, PFOA and PFOS tend to concentrate at the air-
water interface, and for this reason, aerosols formed with the action of ocean waves have much
higher PFOA levels than in the water (McMurdo et al., 2008). Aerosol transport by air currents
likely contributes to the long-range transport of PFAS, which may explain the presence of these
chemicals in the organisms in the Arctic (Martin et al., 2004a; Smithwick et al., 2006). PFOS
levels remained constant in the particle phase of the air in the Arctic in 2006-2012 (Hung et al.,
2016).

Commonly, PFAS air studies focused on precursors of PFOA and PFOS (Dreyer et al., 2009;
Cai et al., 2012a; Del Vento et al., 2012; Wang et al., 2015b). Precursor compounds FTOHs
(fluorotelomer alcohols) and FOSEs (perfluorooctane sulfonamide ethanols) play an important
role in the mechanisms of air transport of PFOA and PFOS. These substances are used as
grease-proofing agents in various consumer products such as carpets and food packaging and,
due to their volatility, are often present at higher concentrations in the air than PFOA and PFOS.
Once in an organism, FTOHs and FOSEs can break down to PFOA and PFOS, and FTOHs in
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indoor office air significantly predicted PFOA serum concentrations in office workers (Fraser et
al., 2012). Precursors can also degrade to PFOA and PFOS in the environment due to
microbial action (Lee et al., 2010; Liu and Mejia Avendafio, 2013). Due to their neutral nature,
these precursor compounds are much more efficiently transported into the air from wastewater
and landfills (Ahrens et al., 2011, Vierke et al., 2011), and could also contribute to long-range
transport of PFOA and PFOS (Jahnke et al., 2007a; Schenker et al., 2008).

PFAS air concentrations are generally higher in urban areas compared to rural areas. PFOA
and PFOS concentrations in the gas fractions of outside air in an urban area (Albany, New
York) averaged 2.86 (range, 1.89-6.53) picograms per cubic meter (pg/m®) and 1.42 (0.94-3)
pg/m?3, respectively (Kim and Kannan, 2007). For the particle fraction of the outside air, mean
PFOA and PFOS concentrations were reported at 1.57 (range, 0.76-4.19) pg/m?® and 0.66
(range, 0.35-1.16) pg/m?3, respectively, in samples collected in 2006 (Kim and Kannan, 2007).

In two urban areas in Japan during 2000-2001, PFOS outdoor air concentrations were 0.6-5.3
pg/m? (Sasaki et al., 2003). In a different study of urban areas in Japan, with samples collected
from 2001-2003, PFOA air concentrations were 2.0-263 pg/m* and PFOS concentrations were
0.7-5.2 pg/m?® (Harada et al., 2005b). The exposure due to the high PFOA air levels (geometric
mean of 263 pg/m?3) observed in the Kyoto area were comparable with the estimated exposure
from food intake in the area. In rural areas of northwestern Europe, PFOA and PFOS
concentrations in the outdoor air were 6.4 and 0.34 pg/mg?, respectively (combined means from
available data), and for urban areas, these values were 232 and 33 pg/m?, respectively (Barber
et al., 2007; Egeghy and Lorber, 2011). In an urban area in Germany (Hamburg), PFOA and
PFOS in the outdoor air were present at <0.2-2.6 pg/m?* and 0.4-1.6 pg/m?, respectively (Jahnke
et al., 2007b).

Reports on PFOA and PFOS in indoor air are scarce. Based on the observation of twenty-fold
higher indoor levels of EtFOSA (ethylperfluorooctanesulfonamide) and MeFOSEA
(methylperfluorooctanesulfoamidethylacrylate) compared to outdoor levels (Shoeib et al., 2005),
some exposure models assumed that the indoor concentrations of PFOA and PFOS would also
be twenty-fold higher than their respective outdoor levels, pegging the estimates at about 30-50
ng/m? (Egeghy and Lorber, 2011; Lorber and Egeghy, 2011). Mean PFOA levels in the
particulate phase of indoor air in Tromso, Norway was 4.4 ng/m? (Barber et al., 2007). In a case
study of a family with very high PFAS exposure due to repeated carpet treatments, PFOA and
PFOS indoor air concentrations in the dust samples in a residence were as high as 150 and
1,100 ng/g respectively (Beesoon et al., 2012).

Soil

PFOA and PFOS can bind effectively to different types of soil and sediment, and the organic
content in the solid phase appears to be the main determinant of binding (Higgins and Luthy,
2006). High organic content in sewage sludge results in absorption of PFOA and PFOS from
wastewater (Zareitalabad et al., 2013), with negative implications for downstream sludge uses,
such as for fertilizer in agricultural settings. Based on a review of available studies for PFOA
and PFOS, Zareitalabad et al. (2013) reported average soil-adsorption coefficients (logKoc) of
2.1 log(l/kg) and 3.0 log(l/kg), respectively. In the FAO (Food and Agriculture Organization of
the United Nations) soil mobility classification scheme, these correspond to the moderately
mobile class (US EPA, 2009).

Strynar et al. (2012) analyzed sixty ‘background’ soil samples (i.e., without known PFAS
contamination sources) from around the world and noted that the US soils had generally higher
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PFAS background levels than some of the other countries. The authors hypothesized, that this
would correlate with the relatively higher PFAS serum levels in US residents (Strynar et al.,
2012). Among the reported results, PFOA was present at 1.56-31.7 ng/g in soil samples from
North Carolina, Kentucky, Texas and Indiana, and PFOS was present at 0.606-2.55 ng/g. The
levels of PFOA and PFOS in the agricultural soil in the Chicago area were greatly increased
with the addition of bio-solids, with a maximum detected PFOS level of 483 ng/g (Sepulvado et
al., 2011). The concentration of certain precursors, such as MeFOSAA (2-N-
methylperfluorooctane sulfonamidoacetic acid) was high in the applied sludge but not in the
augmented soil, indicating likely conversion to PFOS upon application (Sepulvado et al., 2011).

Global soil analysis of samples from each continent revealed PFAS accumulation in the
Northern hemisphere (Rankin et al., 2016). The highest PFOS concentrations were detected in
Europe, and the highest PFOA level occurred in one sample in Asia. Among the North
American soil samples, three were from California, which contained 11-101 pg/g PFOA and 3.2-
14.2 pg/g PFOS (Rankin et al., 2016). The soil level data of Rankin et al. (2016) were modeled
to predict the global soil load of PFOA and PFOS (Washington et al., 2019), which was about
1,000 metric tons for either compound.

Indoor dust contained very high levels of PFOA and PFOS, at 100-500 ng/g for samples from
the UK, Canada, France, Germany, Japan and US, while homes from Sweden, Norway,
Thailand and Kazakhstan demonstrated much lower levels (Kubwabo et al., 2005; Kato et al.,
2009; Goosey and Harrad, 2011; Haug et al., 2011b). Levels were also high in the dust from
cars, classrooms and offices in the UK (Goosey and Harrad, 2011). High levels were found in
the dust from the daycare centers in the US (mean values, 142 and 201 ng/g for PFOA and
PFOS, respectively) and Sweden (~40 ng/g for either) (Strynar and Lindstrom, 2008; Bjérklund
et al., 2009). Harrad et al. (2010) reviewed available data and suggested that carpeting and use
of floor wax could be contributing to the presence of PFAS in the house dust.

Water

PFOA and PFOS occur in groundwater and surface waters, and in public drinking water in the
US and around the world. PFOA and PFOS were included in US EPA'’s Third Unregulated
Contaminant Monitoring Rule (UCMR3) which extensively analyzed sources of drinking water
across the US from 2013-2015, with method reporting limits (detection limit) for PFOA and
PFOS at 20 and 40 ng/L, respectively (US EPA, 2017). Out of 4,920 public water systems
(PWS) analyzed, PFOA was detected in 117 (2.4%) and PFOS in 95 (1.9%). PFOA and PFOS
were more frequently detected in the groundwater than surface water and were strongly
correlated with the presence of major industrial sites (Hu et al., 2016). Although having tested
widely across the US, the low detection rates under UCMR3 could be due to the relatively high
detection limits of 20 ng/L for PFOA and 40 ng/L for PFOS. Several UCMR3-tested areas in
California had 20-70 ng/L PFOA and/or 40-200 ng/L PFOS in drinking water (Hu et al., 2016).

In the subset of UCMR3 results for California,® 0.83% of water samples contained PFOA or
PFOS at the level of or greater than the detection limit. The average PFOA concentration
among these samples was 28 ng/L, and the average PFOS concentration was 57 ng/L.

5 https://www.waterboards.ca.gov/drinking_water/certlic/drinkingwater/PFOA PFOS, accessed
September 2020
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The results of the more recent drinking water monitoring program carried out by SWRCB are
summarized in Table 3.2.1.° This program comprised four rounds of testing in 2019-2020. Due
to lower detection limits, the detection rate was higher compared to the UCMRS3 dataset, and
the average values are lower. The program utilized US EPA Method 537.1, with lowest
concentration minimum reporting levels (LCMRLS) of 0.82 ng/L for PFOA and 2.7 ng/L for PFOS
(Shoemaker and Tettenhorst, 2018).

Table 3.2.1. PFOA/PFOS public water system testing results in California (2019-2020)

Arithmetic Arithmetic Geometric
Samples % __mean mean mean
Dates PFAS (N) detected including excluding excluding
non-detects | non-detects | non-detects
(ng/L) (ng/L) (ng/L)
04/01/19-06/30/19 | PFOA 570 40 5.71 14.4 8.71
07/01/19-09/30/19 | PFOA 653 43 5.31 12.4 8.16
10/01/19-12/31/19 | PFOA 920 33 4.79 145 9.01
01/01/20-06/30/20 | PFOA 771 38 5.27 13.9 7.89
04/01/19-06/30/19 | PFOS 570 45 115 255 14.6
07/01/19-09/30/19 | PFOS 653 47 115 245 14.0
10/01/19-12/31/19 | PFOS 920 40 10.4 26.1 13.3
01/01/20-06/30/20 | PFOS 772 42 9.7 22.8 11.8

In a different study, the median of 57 reported PFOA concentrations in US surface waters was
41 ng/L, and for PFOS (N=56), 42 ng/L (Zareitalabad et al., 2013). These values were highest
among ten nations analyzed, and for comparison, PFOA and PFOS median values for China
(N=86, 83) were 1.8 ng/L and 0.89 ng/L, respectively, while for Canada (N=74, 70) PFOA and
PFOS median values were 0.1 ng/L and 2.2 ng/L, respectively (Zareitalabad et al., 2013).
These surface water data were based on several reports (Hansen et al., 2002; Boulanger et al.,
2005; Giesy et al., 2006; Nakayama et al., 2007).

In a summary of published studies, PFOA and PFOS levels in river water (including rivers from
Europe and China) were generally within 1-10 ng/L and 0.1-10 ng/L, respectively (Zhao et al.,
2015b). Higher PFOA levels (22-260 ng/L) were observed in the Yangtze river (So et al., 2007).

Another contributor to PFOA and PFOS in surface waters is stormwater runoff. PFOA and
PFOS were detected in 100% of stormwater runoff samples in the Minneapolis, MN, area at
concentrations up to 30.6 and 155.8 ng/L, respectively (Xiao et al., 2012). These levels were

significantly higher than rainfall concentrations (8.4 and 6.7 ng/L for PFOA and PFOS,

respectively), indicating leaching of PFOA and PFOS from urban surfaces during the storm

events. In a different study conducted in New York state, PFOA and PFOS concentrations in
runoff reached 29.3 and 14.6 ng/L, respectively, and were also higher than concentrations in
rain or snow (Kim and Kannan, 2007).

The discharge from municipal wastewater treatment plants (WWTPSs) appears to be a major
contributor to increased PFOA and PFOS concentrations in surface water (Becker et al., 2008).
PFOA and PFOS in wastewater discharges are persistent despite wastewater treatment

6 hitps://www.waterboards.ca.gov/pfas/drinking_water.html, accessed September 2020, accessed

September 2020
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(Sinclair and Kannan, 2006; Schultz et al., 2006a; Becker et al., 2008). Certain wastewater
primary treatments, such as activated sludge treatment, can result in increased levels,
presumably as a result of degradation of precursor compounds such as fluorotelomer alcohols
(Sinclair and Kannan, 2006; Schultz et al., 2006b; Eriksson et al., 2017a). Oxidation and
microbial processes can also contribute to transformation of precursor compounds to PFOA and
PFOS (Houtz and Sedlak, 2012).

PFOA and PFOS are ubiquitously present throughout the world’s oceans, and their
concentrations in surface ocean water can reach several hundred pg/L (Ahrens et al., 2009;
Ahrens et al., 2010; Benskin et al., 2012; Cai et al., 2012b; Zhao et al., 2012; Gonzalez-Gaya et
al., 2014; Zhao et al., 2015b). As the result of bioaccumulation, PFOA and PFOS are present in
marine organisms, and consumption of seafood can be a major source of PFAS in humans.

Biota and Food

PFOA and PFOS have been described as proteinophilic compounds (Kelly et al., 2009; Xia et
al., 2013), and as a result they readily distribute into living organisms. PFAS did not significantly
correlate with several classes of lipophilic compounds such as PCBs (polychlorinated
biphenyls), DDTs (dichlorodiphenyltrichloroethanes) and PBDEs (polybrominated diphenyl
ethers) in a bioaccumulation study in fish and birds in the Barents Sea food web, consistent with
the distinct physicochemical properties of PFAS (Haukas et al., 2007).

The marine environments in the industrialized parts of the world, e.g., the Baltic Sea, are of
particular concern for PFOA and PFOS pollution, as high levels were found in fish, birds and
marine mammals (Kratzer et al., 2011; Gebbink et al., 2016; de Wit et al., 2020). Gebbink et al.
(2016) reported dramatic trophic magnification of PFOS in the food chain, but PFOA levels were
fairly similar in the living organisms in the ecosystem. This study also reported enrichment of
the linear PFOS isomer up the food chain, with approximately 90% of total PFOS in the top
organisms (Gebbink et al., 2016). Accordingly, fish and seafood are among the top contributors
to PFOA and PFOS in the diet (Haug et al., 2010; Noorlander et al., 2011).

Trophic magnification of PFOA and PFOS and selective enrichment of linear PFOS (n-PFOS)
were also found in the food web of Taihu Lake, China (Fang et al., 2014). In this study, n-PFOS
concentrations in fish were 10-90 ng/g. High biomagnification of PFOS was also observed in
the eastern Arctic food webs (Tomy et al., 2004; Haukas et al., 2007). In this ecosystem, PFOA
did not appear to be subject to trophic magnification (Tomy et al., 2004). Martin et al. (2004b)
observed trophic magnification of PFOS in the Lake Ontario food chain but suggested that
conversion of PFOS precursors to PFOS could contribute more to trophic magnification than
PFOS bioaccumulation, at least in this particular ecosystem.

Metabolic conversion from precursor compounds can be a major source of PFAS exposure in
marine organisms (Gebbink et al., 2016). Pilot whales, as well as crustaceans, lack the enzyme
necessary for conversion of PFOSA (perfulorooctane sulfonamide) to PFOS, and contained
much higher levels of PFOSA than PFOS in a study in the North Atlantic (Dassuncao et al.,
2017). Moreover, PFOSA levels in whale muscle demonstrated a sharp decline from 2001
onward, whereas PFOS levels in whale muscle were increasing. Based on these observations
and exposure models, this study concluded that high PFOS levels in most marine organisms, as
well as recent declines of PFOS in marine organisms other than whales could be primarily
driven by exposure to PFOS precursor(s) (Dassuncao et al., 2017). Due to the efficient and
reversible retention by soil, PFOA and PFOS are readily taken up by plants and are subject to
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further bioaccumulation in livestock (Ghisi et al., 2019). Stahl et al. (2009) observed a
statistically significant concentration-dependent carryover of PFOA and PFOS from spiked soll
(0.25-50 mg/kg) to maize, oats, wheat and potatoes. In this study, PFOA levels in foodstuffs
exceeded the background levels at 0.25 mg/kg spiked concentration in soil (lowest studied),
while PFOS in plants exceeded background levels at 1 mg/kg. PFOA and PFOS were also
detected in lettuce, tomatoes, carrots, peas, celery and radishes (Blaine et al., 2013; Blaine et
al., 2014; Bizkarguenaga et al., 2016). Cereals and cereal products were the main source of
PFOA in the Norwegian diet, followed by meat and dairy, and with much smaller contribution
from fruits and vegetables among other food groups (Haug et al., 2010). In a different study,
PFOA contribution from vegetables (18 pg/kg-day) was comparable to that of meat products (22
pg/kg-day) (Gebbink et al., 2015b).

Animals appear to bioaccumulate PFOA and PFOS, as discussed in more detail in Chapter 4 of
this document. As a result of feed and drinking water contamination, meat, eggs and dairy
contain high levels of PFAS. Generally, animal products (meat, eggs, fish and dairy) tend to
dominate dietary intake of PFOS, while for PFOA, cereals and vegetables have a comparable
contribution (Tittlemier et al., 2007; Haug et al., 2010; Noorlander et al., 2011; Vestergren et al.,
2012; Gebbink et al., 2015b). Although food packaging materials and non-stick cookware
contain PFAS, it is unclear whether they significantly contribute to PFOA and PFOS intake with
food (Jogsten et al., 2009).

The dietary studies discussed in this section were not specific to California or US diet, and the
contribution of diet to overall exposure for California residents is further discussed in Appendix 4
of this document.

Human Exposure

Humans are exposed to PFOA and PFOS through diet, drinking water, ingestion of dust,
inhalation of indoor and outdoor air, and through metabolic conversion of PFAS precursors,
such as FOSEs and FTOHs. Appendix 5, Table A5.1 summarizes exposure studies that
analyzed different routes of exposure (Egeghy and Lorber, 2011; Haug et al., 2011a; Lorber and
Egeghy, 2011). The major exposure contribution in adults is food (71-87%), followed by
drinking water (7.5-23%). The contribution of PFOA in ingested dust is also significant in adults
(14.7-19.8%), whereas that of PFOS is smaller (1.6-5.5%). The biggest difference in infants
and young children compared to adults is larger contribution from ingested dust, attributed to
increased floor level playing activity and hand to mouth transfer. These exposure assessments
did not consider indirect exposure resulting from exposure to PFOA and PFOS precursors in the
environment, and the subsequent conversion to PFOA and PFOS in the organism. The
contribution from precursor compounds to the overall PFOA and PFOS exposure is generally
thought to be low (<10%) based on exposure assessments that estimate the 50" percentiles of
exposures from different routes (Vestergren et al., 2008; Gebbink et al., 2015a; Gebbink et al.,
2015b). However, in the high-exposure scenario, based on the 95" percentile of exposure via
all routes, conversion from precursors was estimated to contribute up to 55% and 80% of overall
exposure to PFOA and PFOS, respectively (Vestergren et al., 2008). Based on the study of
temporal trends of PFOA, PFOS and precursors in diet, consumer products and human serum,
it was suggested that precursor compounds may significantly contribute to the overall PFOA
exposure in the Norwegian population (D'Eon and Mabury, 2011b).

Additional exposure studies found comparable values to those presented in Appendix 5, Table
A5.1 (Noorlander et al., 2011; Vestergren et al., 2012; Gebbink et al., 2015a; Balk et al., 2019).
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However, some studies predicted higher background exposure to PFOA and PFOS (Trudel et
al., 2008; Fromme et al., 2009; Karrman et al., 2009). For example, Trudel et al. (2008)
estimated PFOA exposure levels for an intermediate exposure scenario for infants, children and
adults at 9.8, 7.6 and 2.5 ng/kg-day, respectively. For PFOS, exposure levels for an
intermediate exposure scenario for infants, children and adults were at 54.6, 22.1 and 15.3
ng/kg-day, respectively. These values, particularly for PFOS, are higher compared to the
studies in Table A5.1 in Appendix 5. While different exposure routes were analyzed, individual
contributions to overall exposure were not specified in Trudel et al. (2008).

Occupational PFOA exposure can be much higher, e.g., 158 ng/kg-day for male adults in one
estimate, and driven by inhalation (Vestergren and Cousins, 2009). In the general population,
air pollution can provide an exposure contribution equal to that of diet (Harada et al., 2005b).

Contaminated drinking water can also become the main source of exposure. Vestergren and
Cousins (2009) estimated that at 519 ng/L or higher, the contribution of drinking water to the
overall PFOA exposure would be greater than 75%. The cutoff of 519 ng/L was from reported
PFOA drinking water concentrations in Arnsberg, Germany (Holzer et al., 2008). These
exposure conditions were also met in exposure studies in Little Hocking and Lubeck (US),
where the PFOA concentration in drinking water was 3,550 and 500 ng/L, respectively, and with
PFOS exposure studies in Ronneby, Sweden, where the PFOS concentration in drinking water
was 8,000 ng/L (Thompson et al., 2010; Li et al., 2018c). The PFOA exposure from drinking
water in the Veneto region of Italy was close, with a median of 319 ng/L (Pitter et al., 2020).

Biomonitoring

Due to their ubiquitous presence in the environment, PFOA and PFOS have been detected in
close to 100% of human serum samples. The available publications reporting PFOA and PFOS
serum levels are too numerous to provide a comprehensive review. Inthe US, the National
Health and Nutrition Examination Survey (NHANES) compiles the data for PFAS levels,
including PFOA and PFOS, in serum for the general population. Data from this survey are
available independently and in published reports (Calafat et al., 2007a; Calafat et al., 2007b;
Kato et al., 2011; Jain, 2018). In 2013-2014, the weighted average PFOA serum concentration
was 2.0 ng/ml, and for PFOS the weighted average serum concentration was 4.1 ng/ml (Jain,
2018). Mirroring PFOA and PFOS trends in manufacturing and uses serum concentrations
increased through the 90s and then declined. The published studies on the time trends of
PFOA and PFOS serum levels are summarized in Appendix 5, Table A5.2. While decreases in
serum concentrations were observed in all studies from the US, Western Europe and Japan
over 2000-2015, one study from South Korea (Seo et al., 2018) did not find a clear trend within
the 2006-2015 period. Time trend studies from other countries and parts of the world are
lacking, and it is possible that the decrease in PFOA and PFOS serum concentration observed
over the last decade would be specific to industrial countries, where use and environmental
pollution has been decreasing.

Several studies analyzed PFOA and PFOS serum levels in California residents, they are
summarized in Table 3.2.2. These include studies conducted by the Biomonitoring California’
program as well as other published studies of Californians. Generally, the PFOA and PFOS
serum levels are consistent with NHANES data. Studies reporting time trends in the PFOA and

7 https://dev.biomonitoring.ca.qov/
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PFOS serum concentrations in California also found decreases from earlier peaks (Wang et al.,

2011; Olsen et al., 2012; Kim et al., 2020).

Table 3.2.2. PFOA and PFOS biomonitoring studies in California

Study Area Participants | PFAS Year-Cserum(ng/ml)?2 Reference
CHDS" Northern Pregnant PFOA | Arithmetic means Wang et al.
California women, 1960s°¢: 0.30 (2011)
archived 1980s: 3.17
samples 2009: 2.21
(N=105) PFOS | Arithmetic means
1960s°: 45.90
1980s: 30.60
2009: 9.44
CHARGEP | Northern Women PFOAY | 2009: 1.66; 2010: 1.37 Kim et al.
California (mothers) 2011: 1.26; 2012:1.14 (2020)
(N=450) 2013:1.02; 2014:0.94
2015: 0.80; 2016: 0.68
PFOSY | 2009: 4.86; 2010: 4.1
2011: 3.78; 2012: 3.42
2013:3.02; 2014:2.8
2015: 2.42; 2016: 2.12
Red Los Adult plasma | PFOA? | 2000/01: 4.0 Olsen et al.
Cross Angeles donors 2006: 2.7 (2012)
plasma (N=100) 2010: 1.9
samples® PFOSY | 2000/01: 35.0
2006: 14.3
2010: 7.7
MIEEP San Pregnant PFOA | 2010-2011: 0.47 (95" pctl: 2.14) | Website,®
Francisco women Morello-Frosch
(N=49-77) PFOS | 2010-2011: 2.55 (95" pctl: 7.25) et al. (2016)
FOX California Firefighters PFOA | 2010-2011: 3.75 (95" pctl: 9.54) | Website,®
(N=101) PFOS | 2010-2011: 12.5 (95" pctl: 24.7) (Dz%ggca etal.
CTS California Female PFOA | 2011-ongoing: 2.46 (95" pctl: Website,©
teachers 6.22) Hurley et al.
(N=1,257- 2011-2015: 2.996 (mean) (2018)
1,759) PFOS | 2011-ongoing: 6.80 (95" pctl: Website,®
19.5) Hurley et al.
2011-2015: 8.539 (mean) (2018)
Subset of PFOA | 2011-2013: 2.45 (1,263 subjects | Hurley et al.
CTS with non-detectable PFOA® in (2016)
subjects with drinking water); 3.47 (70 subjects
identifiable with detectable levels of PFOA in
source of drinking water)
drinking PFOS | 2011-2013: 6.76 (1,240 subjects
water with non-detectable PFOS® in
(N=1,333) drinking water); 8.51 (93 subjects
with detectable PFOS in drinking
water)
BEST-1 Central Adults PFOA | 2011-2012: 1.97 Website®
Valley (N=110) (95" pctl: 4.7)
PFOS | 2011-2012: 7.00
(95" pctl: 25.8)
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Study Area Participants | PFAS Year-Cserum(ng/ml)2 Reference

BEST-2 Central Adults PFOA | 2013: 1.49 (95" pctl: 4.57) Website®
Valley (N=337) PFOS | 2013: 5.21 (95" pctl: 17.6)

MAMAS California Pregnant PFOA | 2012-2015: 1.24 (95" pctl: 2.81) | Website®

women N . th .
(N=200) PFOS | 2012-2015: 4.2 (95" pctl: 12.3)

ACE 1 San Chinese PFOA | 2016: 1.41 (90" pctl: 2.85) Website®
Francisco adults - 0 -
Bay Area (N=96) PFOS | 2016: 6.51 (90™ pctl: 19.3)

ACE 2 San Vietnamese | PFOA | 2017: 1.69 (90™ pctl: 3.06) Website®
Francisco adults - 0 -
Bay Area (N=99) PFOS | 2017: 7.47 (90™ pctl: 22.9)

CARE-LA | Los Adults PFOA | 2018: 1.04 (95" pctl: 3.06) Website®
Angeles (N=425) - 0 -
county PFOS | 2018: 2.13 (95™ pctl: 8.33)

CARE-2 Riverside, | Adults PFOA | 2019: 0.98 (95" pctl: 2.70) Website®
San (N=358)
Bernardino, | Adults PFOS | 2019: 2.40 (95" pctl: 8.72)
Imperial, (N=357)
Mono, and
Inyo
counties

ACE, Asian/Pacific Islander community exposures; BEST, biomonitoring exposures study; CARE-LA,
California regional exposure study, Los Angeles county; CHARGE, childhood autism risk from genetics
and environment study; CARE-2, California Regional Exposure Study, Region 2; CHDS, child health and
development studies; CTS, California teachers study; FOX, firefighter occupational exposures project;
MAMAS, measuring analytes in maternal archived samples; MIEEP, maternal and infant environmental
exposure project

aGeometric mean if not indicated otherwise; pctl, percentile

® CHDS (except 2009 data), CHARGE and Olsen et al. (2012) studies were not part of the Biomonitoring
California program

¢ Non-detects were as assigned a value of LOD (limit of detection)/v/2 for each analyte

¢ Graphical data were quantified using GetData Graph Digitizer software (version 2.26)

€ https://biomonitoring.ca.gov/, last accessed May 2021
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4. TOXICOKINETICS

PFOA and PFOS strongly bioaccumulate in humans and, to a much lesser degree, in animals.
For such compounds, dose-response analysis is usually based on an internal dose metric such
as serum concentrations, and the results are converted to applied doses using toxicokinetic
(TK) approaches. All available human toxicity studies report serum concentrations for PFOA or
PFOS, necessitating an adequate TK approach to convert human dose-response data to an oral
dose, which serves as the basis for the PHG. Similarly, animal studies that report applied doses
would require conversion to serum concentrations prior to dose-response analysis, and those
that report serum levels would require conversion to human equivalent doses in deriving an
acceptable daily dose. This chapter summarizes available TK information for these compounds
in humans and animals (Sections 4.1-4.5), considers available physiologically-based
pharmacokinetic models (Section 4.6) and analyzes in more detail the estimation of serum
clearance for these compounds (Sections 4.7-4.9). As will be explained in the text, applying a
clearance factor is a relatively simple method to convert serum concentrations to applied doses,
and has been used in this capacity by US EPA for its PFOA and PFOS assessments (US EPA,
2016b; US EPA, 2016d). After reviewing this approach in detail, OEHHA provides updated
clearance estimates for PFOA and PFOS (Section 4.9).

4.1. Species Differences: PFOA and PFOS Serum Half-lives

PFAS, including PFOA and PFOS, demonstrate dramatic differences in TK® properties among
species, and in some cases, between sexes, as demonstrated for half-life (T12) estimates in
Table 4.1.1. Except for human T, values, data are from a recent review that summarized
available studies in rat, mouse and monkey (Pizzurro et al., 2019). For human Ty, values in
the table were chosen by US EPA for their PFOA and PFOS assessments. Human T, values
are discussed in detail in Section 4.7. Additionally, PFOA T, was 5.5-7 hours in the rabbit,
10.6-20.1 days in the dog and 2.7-5.6 days in the Japanese macaque (Hanhijarvi et al., 1988;
Kudo and Kawashima, 2003; Harada et al., 2005a).

Table 4.1.1. PFOA and PFOS serum half-lives in species (Pizzurro et al., 2019)

PFOA PFOS
female male female male
1.9-4.6 h (<25mg/kg) | 1.5-15 d (<25 mg/kg) 24-83d 26-82d

15.6 d (1 or 10 mg/kg)

30 d (20 mg/kg-d)

Rat 16.2 h (25 mg/kg) 6.5 d (25 mg/kg)
24 h (50 mg/kg) 4.4 d (50 mg/kg)
Mouse 1.2 d (20 mg/kg-d®) 21.7d (1 or 10 mg/kg) | 38d (1 mg/kg-d) | 43 d (1 mg/kg-d)

36 d (20 mg/kg-d)

Cynomolgus | 32.6d 20d 110-200d 132-200d
monkey
Human 2.3 years (US EPA, 2016b) 5.4 years (US EPA, 2016d)

d, days; h, hours

@17 days (multi-dose treatment)

8 The terms “toxicokinetic” and “pharmacokinetic” have been used interchangeably in past PHG
documents. In this document, OEHHA is using the term toxicokinetic, unless specifically referring to
physiologically based pharmacokinetic models, for consistency.
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Human PFOA Ty, is ~ 200x that of the rat (male) and ~40x that of the mouse. Human PFOS
Ti2 is ~ 40x that of the rat or mouse. Such dramatic differences in half-lives indicate that
interspecies dose extrapolations have to be done using TK considerations, such as clearance
rates or PBPK (physiologically based pharmacokinetic) models. Another interesting aspect of
interspecies TK differences is the sex difference for the rat PFOA Ti,, values, with much faster
elimination in the female rat (Table 4.1.1). Other species, including human, do not demonstrate
sex differences in PFOA Ty values. The observation of sex differences in PFOA elimination in
the rat allowed characterization of the underlying mechanisms of renal reabsorption involving
specific membrane transporters. While absorption, distribution and metabolism of PFOA and
PFOS demonstrate interspecies similarity, differences in excretion appear to underlie
interspecies differences in PFAS kinetics.

4.2. Absorption

PFOA and PFOS are well absorbed with oral administration in animal studies. In male CD rats,
93% of the oral gavage dose (11 mg/kg) was absorbed after 24 hours (unpublished report cited
in US EPA (2016b)). Similarly, oral absorption efficiency was at least 92-93% in male Sprague
Dawley rats exposed to 5 or 20 mg/kg of PFOA via gavage (Cui et al., 2010). In the same
study, absorption of PFOS in male rats was approximately 98% for either 5 or 20 mg/kg oral
gavage doses (Cui et al., 2010). The PFOA absorption efficiency in male C57BL/6 mice was
98% over 48 hours following a gavage dose of approximately 7.5 mg (Jandacek et al., 2010). In
a PFOA mouse study, the area under the concentration-time curve (AUC) was measured over
24 hours for serum concentrations following a single intravenous (i.v.) or oral gavage dose, and
the resulting i.v. to oral AUC ratio was close to 1, indicating 100% absorption efficiency (Fuijii et
al., 2015). In male Sprague Dawley rats, the absorption of a single oral dose at 4.2 mg/kg
PFOS was estimated to be >95% (Chang et al., 2012). PFOS was fully absorbed in female
white New Zealand rabbits following an oral gavage dose of 0.2 ug/kg (Tarazona et al., 2016).
When PFOS was alternatively introduced by i.v. or oral gavage to male or female Sprague
Dawley rats at 2 mg/kg, the plasma concentration curves overlapped at =2 hours in either sex,
indicating 100% absorption (Huang et al., 2019a).

In humans, PFOA was rapidly absorbed with oral doses of 50-1,200 mg in a clinical trial of
cancer patients, as indicated by peak plasma concentrations at 2-4 hours in most study
participants (Elcombe et al., 2013; IARC, 2017a; Convertino et al., 2018). However, in a sizable
fraction of the 43 subijects in this study, peak plasma concentrations were steadily increasing
over the initial 24 hours of measurement, indicating a slower absorption/distribution process and
significant kinetic variability in this population (Elcombe et al., 2013). No studies of human
PFOS oral absorption were identified. PFOA and PFOS human exposure models demonstrated
good correlation of predicted and observed serum concentrations, with the assumption of high
oral absorption efficiency (Haug et al., 2011a; Noorlander et al., 2011; Vestergren et al., 2012).

Several PFOA and PFOS exposure models, originating with Trudel et al. (2008) used
PFOA/PFOS oral absorption efficiency values of 0.66, 0.8 and 0.91 to represent low,
intermediate and high exposure scenarios, respectively (Trudel et al., 2008; Gebbink et al.,
2015a; Balk et al., 2019). This scale was derived from the distribution of recovery of [**C]PFOA
(carbon-14 radioisotope labeled PFOA) doses (as percentage of total administered) in urine and
tissues among both sexes of rat, mouse, hamster and rabbit (Hundley et al., 2006). This study
did not consider elimination via bile excretion/fecal route, and produced much lower PFOA
absorption estimates, e.g., 77% and 57% in male and female mice, respectively, than most
other reports. Therefore, the resulting assumption of lower human absorption efficiency, such
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as reported in Trudel et al. (2008) is not supported by most available data. Based on available
human and animal studies, oral absorption of PFOA and PFOS appears to be equal to or
greater than 90%.

PFOA was dermally absorbed in rabbits and rats (Kennedy Jr, 1985; US EPA, 2016b). In an
unpublished study, O’Malley and Ebbens (1981) observed increased mortality in female and
male New Zealand white rabbits at 1,000 and 2,000 mg/kg PFOA applied dermally for 14 days,
while no animals died at 100 mg/kg (US EPA, 2016b).

Dermal permeability coefficients (Kp) for PFOA were 9.49+2.86x107 cm/h and 3.25+1.51x10°
cm/h, for human and rat skin respectively, as determined in vitro (Fasano et al., 2005).

In an unpublished study, Hinderliter (2003) demonstrated effective absorption of PFOA in rats
through inhalation exposure to a PFOA aerosol (US EPA, 2016b). Plasma PFOA
concentrations increased proportionally to the applied dose, and reached higher levels in male
rats, presumably due to sex-specific excretion differences.

4.3. Distribution

PFOA and PFOS are widely distributed in the body with preferential accumulation in the liver,
plasma and kidney (Appendix 6, Table A6.1). Liver appears to have the highest levels of PFOA
in rats and male mice, but in female mice plasma concentrations are higher than those in the
liver. In two monkey and two human studies, liver had lower PFOA concentrations than serum
(Griffith and Long, 1980; Butenhoff et al., 2004a; Maestri et al., 2006; Mamsen et al., 2019). For
PFOS, all species but humans had strong liver accumulation, and in human studies, evidence
was mixed, with highest levels of PFOS in the liver in two studies (Olsen et al., 2003c; Maestri
et al., 2006). Taken together, these data suggest toxicokinetic differences between species.

PFOA and PFOS can cross the placenta and accumulate in the fetus, with liver as one of the
fetal target organs (Mamsen et al., 2019). PFOA and PFOS can transfer via lactation in
humans (reviewed in Pizzurro et al. (2019)), resulting in decreased body burden in the mother
and increased blood concentrations in the infant. This may be of concern, particularly for
PFOA, since concentrations in the infant plasma can become much higher relative to maternal
plasma. In a German study of 53 mother-infant pairs randomly sampled from the general
population and of which 37 infants were exclusively breast-fed, the median concentration of
PFOS was nearly the same in the maternal and infant serum at 6 months of age, while PFOA
concentrations were 4.6-fold higher in the infants, on average (Fromme et al., 2010). In infants
from a Faroe Islands study, PFOS levels in plasma increased on average at a rate of 29.2% per
month over the first 18 months of life, while PFOA levels increased on average at a rate of
27.8% per month (Mogensen et al., 2015a). Overall the values increased approximately 4-fold
for either compound, the majority of increase was during the first 11 months and correlated with
breast-feeding. In the same study, at the age of 5 years, the PFOA and PFOS values
decreased relative to the peak at 11-18 months.

The effects of breastfeeding on increasing PFOA and PFOS concentrations at 1 year of age
were also reported in a study of 101 German infants (Abraham et al., 2020). However, in a
cross-sectional study of 300 children in Texas, plasma concentrations of PFOA or PFOS
steadily increased for 0-3, 3-6, 6-9 and 9-13 years of age groups, indicating that a possible early
life spike in plasma concentrations would have dissipated by 3 years of age (Schecter et al.,
2012). This could be partly due to growth dilution. Several recent kinetic and PBPK models

Proposed Public Health Goals for OEHHA
PFOA and PFOS in Drinking Water July 2021
37



Electronic Filing: Received, Clerk's Office 3/07/2022
FIRST PUBLIC REVIEW DRAFT

addressed infant kinetics of PFAS (Verner et al., 2016; Brochot et al., 2019; Goeden et al.,
2019).

In general, PFAS distribution in the body has been thought to be driven by protein binding
(Kennedy et al., 2004; Cheng and Ng, 2017). High levels of PFOA and PFOS accumulation in
plasma and liver are likely driven by binding to specific proteins, such as serum albumin and
liver fatty acid-binding protein (L-FABP). Published reports on PFOA and PFOS binding to
proteins are summarized in Appendix 6, Table A6.2. PFOA and PFOS bind to albumin with
particularly high affinity, often with the dissociation constant at ~10° M. Detailed analysis of
PFOA-albumin binding energies indicates non-covalent binding with likely involvement of Van-
der-Waals forces and hydrogen bonds (Qin et al., 2010).

Binding of PFOA and PFOS to certain targets, such as plasma albumin, L-FABP and
transthyretin appears to be of the same magnitude as binding constants reported for their
endogenous ligands (Luebker et al., 2002; D'Eon et al., 2010; MacManus-Spencer et al., 2010).
Displacement of endogenous ligands from carrier or transporter proteins has been hypothesized
as one of the possible mechanisms of action in PFOA/PFOS toxicity.

While binding to blood proteins is important, PFOA and PFOS do not appear to distribute to red
blood cells or lipoproteins to a significant extent in either humans or rats (Johnson et al., 1984;
Karrman et al., 2006; Ehresman et al., 2007; Kudo et al., 2007; Butenhoff et al., 2012c;
Hanssen et al., 2013; Jin et al., 2016). In contrast, PFOA and PFOS appear to be efficiently
distributed to the liver, likely due to the demonstrated L-FABP binding (Luebker et al., 2002).

At physiological pH, PFOA and PFOS are charged and therefore, would not be able to cross
membranes via passive transport. Several transporter proteins are likely to be involved in
PFOA and PFOS transport (Appendix 6, Table A6.3). Transporter studies primarily involved
cell-cultures (in vitro system), in which kinetics of PFAS absorption into cells or across a cell
barrier were compared to that of a negative control, such as cells lacking the transporter of
interest. In some studies, such as Kummu et al. (2015), the efficiency of in vitro transport was
correlated with transporter expression levels for human organ samples.

Important physiological roles for PFAS-active transporters have been proposed and include:

¢ in the kidney, secretion and/or reabsorption of PFAS, which drives overall PFAS kinetics;
transporters are suggested to be responsible for species/sex kinetic differences;

e inthe liver, bile acid transporters (Zhao et al., 2015a) appear to mediate re-uptake of
PFAS following secretion in bile, likely contributing to enterohepatic circulation of these
compounds;

e in the placenta, organic anion transporter (OAT) 4 may be involved in transport of PFAS
into the fetus (Kummu et al., 2015).

There are limited animal studies on distribution of PFOA and PFOS isomers. When
administered orally as a mixture of isomers to rats, both PFOA and PFOS demonstrated organ-
specific and sex-specific differences among isomers after 38 days following a single dose or
after 38 days of daily treatments (Benskin et al., 2009; De Silva et al., 2009). While some
isomers demonstrated higher levels of accumulation in some organs, the underlying
mechanisms or similarity with human systems remain unclear. Branched PFOS isomers were
eliminated faster than n-PFOS (linear form) in rats given PFAS-spiked food for 77 days (Ross et
al., 2012).
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In humans, n-PFAS isomers appear to be enriched (relative to other isomers and the source of
exposure) and with longer half-lives compared to other isomers (Zhang et al., 2013b; Zhou et
al., 2014). Longer retention of linear isomers could be due to tighter binding to blood proteins
(Beesoon and Martin, 2015; Gao et al., 2015b).

4.4. Metabolism

PFOA and PFOS are not known to be metabolized (EFSA, 2018). Based on the distribution and
excretion of ionic and non-ionic fluorine in female rats administered an unspecified dose of
PFOA (mix of linear and branched isomers) and followed for 96 hours, Ophaug and Singer
(1980) hypothesized that PFOA did not undergo Phase | metabolism and was excreted intact.
Single dose i.v. studies in rats of both sexes and in vitro microsomal incubations with
radioactively labelled PFOA did not detect covalently modified or Phase Il conjugated
metabolites of PFOA (Vanden Heuvel et al., 1991; Goecke et al., 1992; Kuslikis et al., 1992).
For example, only parent [**C]PFOA was excreted in urine and bile of male and female rats
treated with a single i.v. dose of 9.4 pmol/kg PFOA and followed for 6 hours (bile) or up to 28
days (male rats) (Vanden Heuvel et al., 1991). Consistent with the general lack of metabolism,
only 1.3-5.2% of 1*C activity was recovered in the expired air from mice, rats and hamsters over
120 hours after a single oral gavage dose of [\*C]JPFOA (10 mg/kg) (Hundley et al., 2006).
Based on elution properties of PFOA excreted in rats exposed to a single intraperitoneal (i.p.)
dose (50 mg/kg) and followed for 96 hours, Ylinen et al. (1989) also concluded that the
compound would not be conjugated with glucuronic or amino acid groups, indicating no Phase |l
metabolism. While PFOA metabolism studies in humans and studies with PFOS are lacking, it
is generally assumed that both compounds are inert to metabolism in humans and are excreted
intact (US EPA, 2016b; US EPA, 2016d).

4.5. Excretion

Excretion pathways of PFOA and PFOS include:

1) Renal or urinary excretion, which occurs in all mammalian species and appears to be
dominant in fast eliminators, e.g., in the case of PFOA elimination in the female rat.

2) Fecal or gastrointestinal excretion appears to play a more important role in slow
eliminators, such as humans; likely subject to enterohepatic circulation.

3) Elimination pathways via pregnancy and lactation in human females (Wong et al., 2014).

Several studies in rats determined that renal excretion was higher than fecal excretion for PFOA
and PFOS. With a single i.p. dose of PFOA (20 mg/kg), cumulative elimination in urine (50-75%
of the dose) was more than 20-fold higher than excretion in feces, in both female and male rats
(Kudo et al., 2001). During subchronic exposure in male rats, the daily amount of PFOA
excreted in urine was 22-fold higher than the amount excreted in feces over 28 days at either 5
or 20 mg/kg-day doses (Cui et al., 2010). For PFOS, approximately similar amounts were
excreted in urine and feces for the first 10 days at either 5 or 20 mg/kg-day doses, with
progressively relatively higher amounts of PFOS excreted in urine at 10+ days (Cui et al., 2010).
Ohmori et al. (2003) found that in male and female rats injected with a single dose of PFOA or
other perfluorocarboxylic acids (48.65 mmol/kg), increasing PFAS chain length correlated with
longer T2 and lower renal clearance. Regression of renal clearance versus total clearance for
all data points (PFAS/sex combinations) produced good fit (r* = 0.981) and a slope of 0.48,
suggesting that renal clearance would account for approximately half of overall excretion.
Additional rat studies are consistent with these general conclusions (Ophaug and Singer, 1980;
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Kojo et al., 1986; Vanden Heuvel et al., 1991; Luebker et al., 2005a; Katakura et al., 2007;
Benskin et al., 2009; Chang et al., 2012; Gao et al., 2015a).

In male and female mice administered a single dose of PFOA and followed for 24 hours, urinary
clearance was 7.6x higher than fecal clearance with an i.v. dose (0.31 ymol/kg), and 2.5x higher
with a gavage dose (3.13 ymol/kg) (Fujii et al., 2015). Similar to rats (Ohmori et al., 2003),
increasing chain length of perfluoroalkyl carboxylate (C7-C14) resulted in progressively lower
urinary clearance and progressively higher fecal clearance, with approximately similar amounts
eliminated via urine or feces for PFDA (perfluorodecanoic acid, C10).

In humans, multiple reports directly measured PFOA and PFOS renal clearance in
occupationally exposed subjects and in the general population (Table 4.5.1). All studies were in
Asia (China, Japan). Despite a wide range of observed serum concentrations, renal clearance
values for both PFOA and PFOS were generally narrowly distributed. The only exception was
the PFOA clearance value from the Zhang et al. (2013b) study, which at 0.79 ml/kg-day was
higher than the rest of the values, with the next highest value for PFOA clearance at 0.09 ml/kg-
day. Considering it an outlier, the geometric mean of the remaining six studies for PFOA renal
clearance was 0.059 ml/kg-day (using an average for two values in Harada et al. (2005a)). For
PFOS, the geometric mean of six studies was 0.016 ml/kg-day.

Table 4.5.1. Human renal clearance (CLg) studies for PFOA and PFOS

Reference Chemical Population CLg (ml/kg-day)? Cserum (Ng/ml)?2

Fu et al. PFOA Occupational 0.067 (9x10°-2.4) 1,052

(2016) PFOS (N=302) 0.01 (5%x10%-0.54) 5,624

Gao et al. PFOA Occupational 0.09 (0.01-2.17) 2.66-10,515

(2015b) PFOS (N=36) 0.01 (0.0002-0.07) 37.9-36,625

Zhang et al. PFOA General adult 0.071 (adults) 2.47

(2015) PFOS (N=54) 0.026 (adults) 8.62

Fuijii et al. PFOA General adult 0.044 5.96

(2015) (N=10)

Zhou et al. PFOA Fishermen 0.075 (0.02-0.263) 43.5 (34.7-52.4)

(2014) n-PFOS (N=16-39) 0.015 (0.001-0.092) 8,940 (7,280-10,600)

Zhang et al. n-PFOA General adult 0.79 (0.48-1.1) 3 (0.24-28)

(2013b) n-PFOS (N=7-20) 0.031 (0.021-0.042) 15 (0.91-50)

Harada et al. | PFOA General adult 0.033 (M) 7.9-12 (M)

(2005a) (N=20) 0.027 (F) 7.6-14 (F)
PFOS 0.012 (M) 12.6-26.3 (M)

0.019 (F) 11.2-23.5 (F)

@ Range indicated in parenthesis when reported
Cserum, concentration in serum; n-PFOA, n-PFOS, linear isomers

Han et al. (2012) compared available PFOA renal clearances (CLg) for different species and
sexes to their corresponding glomerular filtration rates (GFR). The adapted table for this
comparison is presented in Appendix 6 (Table A6.4), with added values for male and female rat,
and an OEHHA-derived human clearance value. Assuming the unbound fraction in blood (f.) as
0.02, comparison of the GFR X f,, (amount passively accessible to tubular secretion) and CLr
(amount eventually excreted) values provides insight into whether the compound is actively
secreted or reabsorbed during the renal filtration process. This comparison demonstrated
dramatic interspecies differences, with net renal tubular secretion in some systems (rabbit,
female rat) to account for very high clearance values, and a wide range of reabsorption
efficiencies with other species (Appendix 6,Table A6.4). According to this calculation, human
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kidney reabsorbed 99.8% of PFOA. This mechanism would explain the exceptionally long
human T, relative to animals.

Renal reabsorption was found to be hormone-dependent in rats (Ylinen et al., 1989; Vanden
Heuvel et al., 1992; Kudo et al., 2002). Multiple receptors at the basolateral and apical
membranes of tubular cells have been implicated in this process (Kato et al., 2002; Kudo et al.,
2002; Katakura et al., 2007; Yang et al., 2009a; Weaver et al., 2010; Han et al., 2012). Renal
reabsorption has been consistently incorporated into PBPK models of PFAS.

While more PFOA and PFOS would be expected to be eliminated in feces than in urine in
humans, measurements in feces were below the detection limit in the three available studies
(Beesoon et al., 2012; Genuis et al., 2013; Fujii et al., 2015). PFAS are more readily detected in
the urine compared to feces due to the significantly lower detection limits. However, in one
study both PFOA and PFOS could be detected in stool samples following treatment with
cholestyramine in eight individuals with high PFAS body burdens (Genuis et al., 2013),
providing evidence for the presence of enterohepatic circulation of these compounds.
Cholestyramine is a resin used to immobilize certain lipophilic compounds in the gastrointestinal
(G)) tract, preventing their reabsorption and therefore, interrupting their enterohepatic cycle.

Further evidence for enterohepatic circulation of PFOA and PFOS came from the
measurements of their biliary clearance in humans. Harada et al. (2007b) measured PFOA and
PFOS in the bile samples from four elderly patients, and estimated mean biliary clearance as
1.06 and 2.98 ml/kg-day, respectively. These values are dramatically higher than the urinary
clearances, and would also greatly exceed the overall plasma clearances given the kinetic
assumptions used in that study. Therefore, the authors concluded that a large fraction of PFOA
and PFOS secreted with bile would be reabsorbed via an enterohepatic circulation mechanism,
and estimated that the reabsorbed fractions were 0.89 and 0.97 for PFOA and PFOS,
respectively. Using similar methodology, Fuijii et al. (2015) reported biliary clearance for PFOA
as 0.044+0.01 ml/kg-day (mean + standard deviation, N=5). Both studies reported very close
ratios of PFOA concentration in bile to its concentration in serum, 0.21 (Harada et al., 2007b)
and 0.25 (Fuijii et al., 2015). Harada et al. (2007) estimated the bile to serum ratio for PFOA
was 0.60 (N=4).

Enterohepatic circulation for PFAS appears to be observed in other species. Vanden Heuvel et
al. (1991) reported a fairly high level of excretion in bile for [**C]PFOA in bile duct-cannulated
rats exposed to a single i.v. dose (9.4 umol/kg) and followed for 6 hours. There was no
difference between male and female rats, and in male rats, bile excretion likely contributed to
elimination through feces, which after 28 days added up to approximately 35% of the total dose.
These results were consistent with another rat study (Kudo et al., 2001).

In mice treated with increasing doses of PFOA (12.5, 25, 50 umol/kg-day) via oral gavage for 4
weeks, Minata et al. (2010) observed a high degree of PFOA concentration in bile. At the low
dose, the concentration in bile was 2.8-fold higher than in blood, and at mid and high doses,
16.7-fold and 33.9-fold higher, respectively. Such high excretion rates in bile combined with the
relatively long T, estimates in mouse (Table 4.1.1) would also imply a high level of re-
absorption of PFOA although the report did not address this question.

Additional PFAS elimination routes in humans include pregnancy, lactation, birth, and menstrual
loss of blood in females. Several studies modeling human biomonitoring data observed better
concordance of predicted and observed serum concentrations for females when terms for loss
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through menstrual blood and lactation were included in the overall elimination constant (Wong
et al., 2014; Gomis et al., 2017). Table 4.5.2 lists individual terms of the elimination constant
used in Gomis et al. (2017), calculated using published parameters, with the resulting values in
the second column and overall percent contribution to total elimination in the third column. This
study estimated lower Ty, values for both PFOA and PFOS compared to most other studies,
which would result in higher plasma elimination.

Table 4.5.2. Elimination rate (Gomis et al., 2017) by term (year™)?
By (tage) In2 M, BM; X I, x U

ki ( = +
ellm( age) Bw(tage) T1/2 Vd X Bw Vd X Bw
Formula term _C(_)rre_sponding % of total
elimination rate (y?)
B!, (t 0 in adults
Growth dilution —{age)
Bw(tage)
Plasma elimination PFOA 0.33 37.3
T1/2 PFOS 0.21 54.8
M
Loss to menstrual blood - PFOA 0.057 6.57
VaXBw PFOS 0.049 12.9
. BM XLy XU
Loss to lactation ——t—m*" PFOA 0.50 6.1
VaXBw PFOS 0.12 32.3

afor an average adult woman 30-40 years old; body weight (Bw) = 74.8 kg (US EPA, 2011a); half-life
(tTy;;) 2.1 years (PFOA, American women), 3.3 years (PFOS, American women); volume of distribution
(V4) 200 ml/kg (PFOA), 235 mi/kg (PFOS); menstrual blood loss (M,) 868 ml/year; serum:milk transfer

ratio (BM,), 0.029 (PFOA), 0.0085 (PFOS); average volume of milk (I,,,) 700 ml/day; unit correction factor
(U) 365 days/year.

The overall comparison for different terms in the elimination rate for an adult woman indicates
that contribution of elimination via menstrual blood may not be significant, while PFAS loss
through lactation would be sizable. The model assumes only one pregnancy and birth per
woman-lifetime, and a lactation period of 6 months, therefore the overall effect of lactation on
the life-averaged elimination rate would be higher for a woman who has more than one child.
One limitation of this approach was using fixed previously reported V4 estimates, which may not
be optimal, as described in Section 4.8 of this document.

4.6. Physiologically-Based Pharmacokinetic Models

A large number of physiologically based pharmacokinetic (PBPK) models have been developed
for PFOA and PFOS, and they are summarized in Table A6.5 in Appendix 6. The models were
developed for different species, including humans and differ in complexity. The majority of
models incorporate the renal reabsorption loop, which was first hypothesized as underlying the
sex differences in PFOA kinetics between fast-eliminating female rats and slow eliminating male
rats. It is assumed that renal transporters (Appendix 6, Table A6.3) mediate transfer of PFAS,
including PFOA and PFOS, at renal interfaces, and that the net effect of secretion and
reabsorption could explain the species differences in PFAS elimination (Appendix 6, Table
A6.4). The majority of PFAS PBPK models describe renal reabsorption with Michaelis-Menten
kinetics, with observed data-optimized Ky and Vmax parameters.
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Andersen et al. (2006) developed the first model with renal reabsorption, in the monkey. The
model contains only three compartments: central compartment (~plasma), tissue compartment
and filtrate compartment for renal elimination. The reabsorption loop was modeled as the back-
flow from the filtrate to the central compartment. Six parameters in the model were optimized
based on observed data, including reabsorption parameters, compartmental transfer constants,
V4 and the proportion of free compound in blood. The resulting model described well the PFOA
kinetics of a single dose (10 mg/kg), as well as kinetics of the approach to steady state during
repeat dosing and following the discontinuation of daily treatment (20 mg/kg-day). A similar
approach was used for PFOS, and while a single dose (2 mg/kg) demonstrated good
convergence with the observed data, predictions for repeated treatment experiments (0.03,
0.15, 0.74 mg/kg-day) were much higher than the observed values in an independent validation
study.

There were two important directions of PFAS PBPK modelling that started with the Andersen et
al. (2006) model. In the first direction, Tan and coworkers and later, Loccisano and coworkers,
continued to add compartments and expand to other species, successively developing a five-
compartment model for rat and monkey (Tan et al., 2008), an eight-compartment model for rat
(Loccisano et al., 2012a), a nine-compartment model for monkey and human (Loccisano et al.,
2011), and culminating in the addition of gestational and lactational compartments for rat
(Loccisano et al., 2012a) and human (Loccisano et al., 2013). The Loccisano et al. (2011)
human model was further optimized at the organ level (Fabrega et al., 2014) using
contemporaneously published human cadaver data. These sequentially developed models re-
used certain parameters developed in previous iterations. One of the limitations of the rat
models is the use of limited TK studies for optimization and validation and reliance on
unpublished data. Another limitation of several models is using a time-dependent function for
some parameters, such as Vg and free fraction in blood. While time-dependence was employed
for a better fit of the observed kinetic data (particularly for longer treatments), the biological
basis underlying such an adaptation of a physiological parameter is unclear and lacks
experimental justification.

The second important derivation of the Andersen et al. (2006) model was the development of
the complex probabilistic optimization of the same basic structure for two compounds (PFOA,
PFOS) and three species (rat, mouse, monkey). This approach (Wambaugh et al., 2013) was
used by US EPA in the risk assessment of PFOA and PFOS (US EPA, 2016b; US EPA, 2016d).
Some of the optimized parameter values have very wide confidence intervals that span orders
of magnitude, indicating a high level of uncertainty. The model optimization for rat and mouse
relied on a limited number of kinetic studies, even though multiple studies are available in the
literature. Certain parameter values, such as the filtrate compartment volume had biologically
implausible values, highlighting the fact that the model was not physiologically based. It
appears that, at least for some species, the model may have limited predictive power outside
the range of concentrations used in the optimization process. For example, OEHHA ran the
Wambaugh et al. (2013) model with kinetic data from a 28-day oral study in mice (Li et al.,
2017b) that has doses below the range of doses used for optimization of the model and found
that at the lowest PFOA dose (0.05 mg/kg-day), the model predicted approximately 10 times
higher serum concentration than was reported (Appendix 6, Table A6.6). The code for the
model was obtained from the authors and was adapted for Berkeley Madonna, a mathematical
modeling software package.

Rodriguez et al. (2009) developed simplified 2- to 3-compartment models for PFOA in mice.
The model for non-pregnant mice included a more complex renal recirculation circuit with an
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additional compartment for renal plasma. The models that include gestation and lactation in
mice did not include renal reabsorption and the dam was modeled as a single compartment.
The model relied on data from only three published studies for optimization and validation. The
model had a tendency to overestimate plasma levels. However, in OEHHA’s comparison of
mouse models (Appendix 6, Table A6.6), this model performed well at predicting plasma
concentration at 0.05 mg/kg-day in the 28-day oral study by (Li et al., 2017b). The model code
was adapted for Berkeley Madonna.

Unlike traditional PBPK methods that optimize a certain number of parameters for a better fit of
observed data, Cheng and Ng (2017) developed a complex 19-compartment PFOA model for
rat that utilized 72 independent parameters without fitting any parameters to data. Instead,
parameter values and ranges were developed through expert knowledge and used for Monte-
Carlo analysis of uncertainty ranges for predicted serum concentrations. The fit to the observed
data was excellent and the uncertainty ranges were narrow. However, the study only modeled
a single dose scenario and was validated with limited data. The model was re-iterative and not
differential equation-based, which made it computationally challenging. While this appears to
be the most biologically-informed approach of all published models to date, its utility for risk
assessment is limited because it cannot handle repeated dose exposures.

Worley and Fisher (2015) developed a novel PFOA rat model with detailed mechanism of active
transport in the renal reabsorption loop. This included active transport from filtrate to proximal
tubule cells via apical transporters, active transport from kidney to proximal tubule cells via
basolateral transporters and active flux from proximal tubule cells to blood. The transporter
kinetics were described using Michaelis-Menten kinetics or first-order transfer, and in some
cases was informed by in vitro parameters adjusted to the in vivo system (in vitro to in vivo
extrapolation or IVIVE). The model was calibrated for single dose oral gavage and i.v.
experiments and demonstrated good agreement with observed serum, liver and urine
concentrations. However, the model relied on a limited number of studies for development and
validation, including unpublished data. This model was further developed into a PFOA human
model (Worley et al., 2017a) and a PFOS rat, mouse, monkey and human model (Chou and Lin,
2019). The human PFOA model only considered human serum data from a single study for
optimization and a single study for validation, despite including many non-serum compartments
(Worley et al., 2017a). The model has not been validated with additional human kinetic data
that are available.

The multi-species PFOS model of Chou and Lin (2019) and the related read-across report
(Chou and Lin, 2020) is an attempt to develop a comprehensive PBPK model framework for use
in risk assessment. The main contribution of this research was to develop uncertainty
distributions for different parameters and species, which were used in a somewhat traditionally
defined PFOS model with more detailed Gl and kidney compartments and simplified
compartment for the rest of the body. Many starting parameters in the model were values
optimized to data in the related Loccisano models, and since Bayesian-Markov chain Monte
Carlo (MCMC) optimization did not appear to change these original values much (within 20% of
the prior values), the overall parameter space was not very different compared to the Loccisano
models. However, unlike the Loccisano suite of models for PFOS, free fraction in blood was
modeled as a constant. The models demonstrated generally good agreement of predicted and
observed values for the rat, mouse and monkey. For humans, the model failed to accurately
predict organ levels (liver, kidney). The organ predictions for rats were generally accurate for
one study used for validation. Similar to other PFAS PBPK models, this model relied on the
same handful of animal studies and did not evaluate the vast majority of published data.
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Although this model was further used for human risk assessment (Chou and Lin, 2020), its utility
would be limited given poor predictive power at the organ level.

Two simplified human models have been reported for predictions of gestational and lactational
transfer (Verner et al., 2016; Goeden et al., 2019). Verner et al. (2016) modeled mother and
child as two compartments, with placental transfer (gestational) and lactational transfer (post-
birth) parameters, and values for Vg4 and T1, lactation, and growth characteristics summarized
from available literature. Evaluating the Verner model with available plasma data in infants and
children (Fromme et al., 2010; Granum et al., 2013; Mogensen et al., 2015a) provided
acceptable fit (R? = 0.5-0.6 for regression of individual predictions). The model predicted a peak
in infant plasma levels at cessation of breastfeeding, e.g., at 6 months for the Fromme et al.
(2010) study. For PFOA, the child/mother plasma ratio reached 4.5 at the 50" percentile, 7.8 at
the 95" percentile and a maximum 15.3. For PFOS these values were <1, 3 and 7,
respectively. Much lower ratios for PFOS were attributed by the authors to less efficient transfer
to milk.

The Goeden et al. (2019) model for PFOA was similar the the Verner model overall. Apart from
slightly different parameter values, the main differences were: consideration for bottle-fed
infants, adjusting Vq for age, and a detailed break-down of age-dependent water consumption
rates. The model also considered central tendency as well as upper percentiles for its
parameter values. This model demonstrated good fit of predicted to observed plasma data
(e.g., R? = 0.7 for PFOA based on Fromme et al. (2010) data). The model also predicted a peak
in plasma concentration in breast-fed infants at the age of termination of breast-feeding. At their
peak, PFOA concentrations in infants were 6-fold higher than maternal serum at delivery.

Both human lactational models predicted an increase in plasma concentration, particularly for
PFOA during the first year of life attributed to breast-feeding. This could be important for
relevant developmental endpoints. However, it is important to emphasize that the exact level in
infants depends on the mother's exposure and the context of exposure.

In addition to more complex models, multiple PFOA and PFOS exposure studies utilized a one-
compartment model, typically to back-calculate exposure from serum concentrations (Washburn
et al., 2005; Fromme et al., 2007; Trudel et al., 2008; Karrman et al., 2009; Vestergren and
Cousins, 2009; Haug et al., 2010; Niisoe et al., 2010; Thompson et al., 2010; Egeghy and
Lorber, 2011; Lorber and Egeghy, 2011; Shin et al., 2011; Lorber et al., 2015; Zhang et al.,
2015; Gomis et al., 2017; Balk et al., 2019; Zhang et al., 2019b). These models had different
assumptions for absorption efficiency, V4 and Ty, values; some of these issues are discussed
later in this document.

There are several common conclusions regarding PFOA and PFOS PBPK models. Most
models have been developed in series, with the rat PFOA model as the first. The rat PFOA
models relied on the same limited number of studies, some unpublished, for optimization and
validation, and at the expense of multiple other published kinetic studies. None of the published
animal models have been extensively tested against published studies with kinetic data to
determine overall prediction efficiency and dose range applicability, i.e., whether the models can
predict serum concentrations outside the range used for their optimization. US EPA used the
Wambaugh et al. (2013) model in their PFOA and PFOS risk assessment, but as it happens the
studies used for the optimization of the model were also the critical studies chosen for dose-
response in the toxicity assessment (US EPA, 2016b; US EPA, 2016d). It remains unclear,
whether this or another model can be effectively applied to a study not used in the model
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development, especially if the predicted doses or plasma concentrations are outside the range
used for model optimization.

Despite well-established species differences in PFOA and PFOS toxicokinetics, physiological
parameters optimized in a PBPK model or measured in vitro for one species are often used for
a PBPK model in another species without adjustment. This is usually motivated by the lack of
data in the species of interest but can also mask possible interspecies differences in
physiological parameters. In order to better fit observed data, some models incorporated
biologically implausible mechanisms, such as making certain physiological parameters time-
dependent. Finally, although several human PBPK models were developed, only one was
optimized at the organ level, with limited success (Fabrega et al., 2014), underscoring the need
for more detailed human data.

Use of PFOA and PFOS PBPK models in risk assessment

The fact that there are dramatic differences in PFOA/PFOS half-lives between species
necessitates incorporation of kinetic considerations in extrapolating dose from animal studies to
humans. Even when evaluating human studies, which are often based on serum
concentrations, kinetic considerations are important in conversion of the point of departure to an
exposure concentration. Due to well understood challenges in this area, most animal and
human PFOA and PFOS toxicity studies include plasma or serum level measurements in the
reports, as detailed in Chapters 5 and 6 of this document.

The available PFOA and PFOS animal PBPK models have not been validated with the majority
of published kinetic data and their use for the purposes of risk assessment would require an
extensive review. OEHHA'’s work with two mouse models (Appendix 6, Table A6.6) suggested
that models can err dramatically outside their optimized range and specifically at lower doses,
which are of particular interest for POD determinations. However, since most animal studies of
interest have reported serum concentrations, use of this metric appears to be least uncertain for
the PFOA/PFOS assessment, and still fairly precise compared to modeled average
concentrations when half-lives are much longer than the treatment interval.

In most animal species with half-lives at approximately 1 month (Table 4.1.1), day-to-day
fluctuations in serum concentrations would be small compared to the steady state
concentration, and using reported serum concentrations would add the least uncertainty to the
dose-response analysis. Female and male mice at lower PFOA dose (1 mg/kg) demonstrate
fairly long half-lives of 15-20 days (Table 4.1.1), and a similar argument applies, i.e., using
reported serum concentrations would add the least uncertainty. While male rats demonstrate
shorter PFOA T, estimates of 1.5-15 days (Table 4.1.1), fluctuations in serum concentrations
and the resulting difference of the modeled average and reported serum concentration are
expected to be small relative to other uncertainties in this risk assessment. In this case, using
the reported serum concentration would provide a slightly more conservative dose metric of
adverse effect, assuming levels were measured prior to daily dosing in a repeated dose
experiment.

Due to the long half-lives of PFOA and PFOS in humans, a simple one-compartment model with
first order elimination appears to be most effective in predicting serum concentration in humans
(US EPA, 2016b; US EPA, 2016d). The use of this model ultimately requires determination of
the clearance rate (CL), and three methods for CL calculation are considered in the following
sections of this document. The first method for CL determination, previously employed by US
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EPA for PFOS (US EPA, 2016d), involves independent estimates for T and Vg4, which are then
used to calculate CL. The second method analyzes epidemiologic data in specific exposure
situations, which allows direct CL calculation. This method was effectively used by US EPA for
PFOA CL determination (US EPA, 2016b). The third method considers enterohepatic
circulation of PFOA and PFOS as the limiting CL factor, and provides upper-bound CL
estimates based on limited experimental data. The following sections of this document provide
detailed review of published parameter estimates (T2 and Vq4) and application of these three
methods to CL calculation.

4.7. Half-life (T1) Estimate for PFOA and PFOS in Humans

Humans demonstrated longer half-lives than animals, on the order of years versus days or
weeks. The available data are summarized in Table 4.7.1 for PFOA and in Table 4.7.2 for
PFOS. For the calculation of the CLs, US EPA used T1, estimates of 2.3 years for PFOA
(Bartell et al., 2010) and 5.4 years for PFOS (Olsen et al., 2007). The Bartell et al. (2010)
PFOA study was based on tracing the drop in serum concentrations in a subset of the C8 Panel
following discontinued exposure from drinking water. Importantly, it was established that C8
Panel exposures were likely long enough to reach steady-state levels in exposed subjects (an
important assumption in TK modeling). In this exposure scenario, very high initial exposures
resulted in high initial serum concentrations and the ongoing exposures from other sources,
such as diet, would have little effect on the time-dependent decrease of plasma concentrations.
In a reanalysis of the C8 Panel data, with more subjects and longer follow-up time, the Li et al.
(2017e) study produced a slightly higher T1» value of 2.7 years, which appears to be the best
available estimate for PFOA Ti» to date. The same robust analytical method applied to PFOA
TK data from Ronneby in Sweden, also produced a PFOA Ti, estimate of 2.7 years (Li et al.,
2017e; Li et al., 2018c). Thus, the estimated PFOA T, of 2.7 years reported by Li et al.
(2017e) and Li et al. (2018c) is deemed the most appropriate value for use by OEHHA.

Other comparable studies of drinking water exposure to PFOA, such as for the Arnsberg and
Decatur sites (Brede et al., 2010; Worley et al., 2017b), produced PFOA Ty, estimates of 2.3-
3.9 years, which are close to 2.7 years. Brede et al. (2010) investigated paired plasma
concentrations following detection of elevated PFOA levels in drinking water in Ansberg,
Germany. This study had shorter follow-up (2 years), mixed composition of subjects, including
childen (who demonstrated TK properties distinct from adult participants), unclear exposure
history and importantly, significantly lower water consumption in exposed individuals compared
to controls. These factors would increase the uncertainty of the final estimated T1» compared to
those derived from the Li et al. (2017e, 2018c) studies.

Worley et al. (2017b) analyzed decreased PFOA levels in environmentally exposed subjects in
Decatur, Alabama. While the follow-up was 6 years, the study involved relatively few
participants (45, vs. 455 in the reanalysis of C8 Panel data by Li et al. (2017e)), exposure
history was not clear, and most importantly, PFOA T, was estimated using a one-comaprtment
TK model that required an assumption of a specific PFOA Vg value. As described in the
following section, identifying a correct PFOA V4 value may pose its own problems, and
therefore, this indirect T+, estimation method would introduce additional levels of uncertainty.

While most studies estimate PFOA T, within 2.4-4.8 years, the encompassed values are
mostly derived in situations of relatively high PFOA exposure, such as those occurring in Little
Hocking, Ohio, in the C8 Panel studies. However, high starting PFOA exposures may not
correctly predict kinetic behavior at lower environmental concentrations, and specifically with the
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overall approximation of a first-order elimination model, high and low exposure scenarios may
provide different Ty, estimates. Consistent with this hypothesis, Seals et al. (2011) found a
longer Ty value (8.5-10.1 years) in the C8 Panel participants with lower PFOA exposure.

Other types of PFOA Ty, studies, such as occupational studies or analysis of disappearance
trend in the general population (Table 4.7.1) produce somewhat higher estimates, likely due to
underestimating or ignoring ongoing exposures. Studies that include considerations of urinary
clearance (Zhang et al., 2013b; Fu et al., 2016) are based on the premise of the predominance
of renal elimination, and moreover, depend on a chosen Vg value. Similarly, the Ty
determination based on dynamic population modeling by Gomis et al. (2017) relied on an a
priori chosen Vg value. As discussed in Section 4.8, estimation and subsequent use of a Vg4
value could bring an additional level of uncertainty to toxicokinetic analysis. Finally, Dourson et
al. (2019), based on previously available kinetic data from controlled dosing of human cancer
patients at relatively high levels, assumed that the steady state for PFOA exposure would be
achieved by approximately 36 weeks and estimated plasma concentration at that point. Then,
using the steady state assumptions, they determined the resulting T1». In addition to a number
of other issues, this evaluation assumed and did not experimentally determine the time to
steady state. While the underlying kinetic data could be useful for further analysis, OEHHA
does not consider the PFOA Ty, reported in the Dourson et al. (2019) study to be of sufficient
guality or representative of environmental exposure.

Table 4.7.1. Human half-life estimates for PFOA

Reference Population N Tuz Method
(years)
Burris (2002) as cited
in Harada et al. Occupational 9 4.4 3M study, unpublished
(2005a)
Olsen et al. (2007) Occupational 26 | 3.5%M Retired workers followed for 5 years
Spliethoff et al. (2008) g;gig 2,640 4.1 Disappearance T12 due to declining levels
Costa et al. (2009) Occupational 16 4.8 Former workers followed for 2-29 years
Brede et al. (2010) Arnsberg, 2y 138 3.3 Drinking water pollution, decline
Bartell et al. (2010) C8 Panel, 1y 200 2.3 Drinking water pollution, decline
2.9 Cross-sectional study, higher exposure
Seals etal. (2011) C8 Panel 1,573 8.5-10.1 | Cross-sectional study, lower exposure
Zhang et al. (2013b) General 66 2.8 Calculated from urinary clearance
Gomis et al. (2016) Occupational 4 2.4 Accounted for ongoing exposure
Fu et al. (2016) Occupational 207 | 11.7°M | Calculated from urinary clearance
Gomis et al. (2017) General 120 | 1.8-2.4 | Population-based cross-sectional model
Ronneby; Drinking water pollution, decline
Li et al. (2017e) C8 Panel, 4y | 455 | 2.7 9 P ’
Worley et al. (2017b) Decatur 45 39 Drlnklng_water decllne,_one-compartment
model with V4 assumption
Li et al. (2018c) Ronneby 106 27 Drinking water pollution, decline
Dourson et al. (2019) | Clinical trial NA <0.7 Assumed steady state at given dose
Xu et al. (2020a) Occupational 17 | 1.5-1.8 | Airport workers followed for 5 months
GM geometric mean; NA, not applicable.
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The PFOS T2 of 5.4 years used by US EPA was determined based on elimination kinetics in
retired workers (Olsen et al., 2007). Several disappearance studies in the general population,
which analyzed declining levels of PFOS in industrialized countries, produced lower values of
3.3-4.8 years (Yeung et al., 2013b; Gomis et al., 2017). Using rigorous analysis and high and
discontinued environmental exposure data, Li et al. (2018c) estimated PFOS Ty, at 3.4 years.
This value is consistent with most recent reports (Table 4.7.2), and is chosen by OEHHA as the
best estimate based on available evidence.

Table 4.7.2. Human half-life estimates for PFOS

Reference Population N Tuz Method
(years)

Burris (2002) as cited | Occupational 3M study, unpublished
in Harada et al. 9 8.7
(2005a)
Olsen et al. (2007) Occupational 26 5.4 Retired workers followed up for 5 years
Spliethoff et al. (2008) | General Disappearance T12 due to declining levels

- 2,640 4.4

(infants)
D'Eon and Mabury Review of Disappearance T12 due to declining levels

. NA 5.4

(2011b) studies
Glynn et al. (2012) General 413 8.1 Disappearance Ti2 due to declining levels
Olsen et al. (2012) General 600 4.3 Cross-sectional, population based
Yeung et al. (2013b) General 420 | 4.3-4.8 | Disappearance Ti2 due to declining levels
Zhang et al. (2013b) General 66 226M Calculated from urinary clearance
Fu et al. (2016) Occupational 207 | 4.18M Calculated from urinary clearance
Gomis et al. (2017) General 120 3.3-5 Population-based cross-sectional model
Li et al. (2017e) C8 Panel, 4y 455 3.7 Drinking water pollution, decline
Worley et al. (2017b) Decatur 45 3.3 Probabilistic model of C8 Panel data
Li et al. (2018c) Ronneby 106 3.4 Drinking water pollution, decline
Xu et al. (2020a) Occupational 17 | 1.7-2.9 | Airport workers followed for 5 months

GM geometric mean; NA, not applicable.

Data are available on PFOA and PFOS plasma levels in California residents in several
Biomonitoring California studies, with samples collected as early as 2011-2012 and as recent as
2018 (https://biomonitoring.ca.gov; these data have been reported in several publications
(Hurley et al., 2016; Hurley et al., 2018; Kim et al., 2020). These studies demonstrated
decreases in serum PFOA and PFOS levels in California residents over the 2009-2016 period.
Kim et al. (2020) reported that in California mothers of young children (N=450), average PFOA
serum concentration decreased from 1.65 ng/ml in 2009 to 0.7 ng/ml in 2016 and for PFOS,
from 4.8 ng/ml in 2009 to 2 ng/ml in 2016. Assuming no additional input (disappearance
method), these rates of decrease would correspond to Ti, estimates of about 6 years for either
compound, higher than the chosen Ti, values derived by Li et al. (2017¢e) and Li et al. (2018c).
Similar to the conclusion of the Seals et al. (2011) study, higher values could be due to lower
exposure levels and/or continuous background exposures.

4.8. PFOA and PFOS Volume of Distribution (V4) and Clearance Rate (CL)

Published estimates for PFOA and PFOS V4 values are presented in Table 4.8.1. These mainly
comprise two types of studies, the first being studies with original TK experimental data and
assessments, and the second being applied studies, such as those modeling human exposure,
which derived novel V4 values based on previously published data and suited to the specific
assumptions of the study.
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Table 4.8.1. Estimates of V4 of PFOA and PFOS

Reference | Data Source | PFAS Species Vg (Ml/kQ) Method
Harada et al. | Seacatetal. | PFOS | monkey 300 Subchronic oral study, 1-
(2003) (2002) (cynomolgus) | (corrected to | compartment, ss assumption,
26 weeks 541 by although calculation appears
OEHHA)? to be incorrect?
Kemper et al. | same study PFOA | rat 211 - 264 Single i.v. or oral dose, non-
(2003) compartmental; reported in
unpublished Vestergren and Cousins
(2009)
Ohmori et al. | same study PFOA | rat (m) 196 Single i.v. dose, serum
(2003) concentrations fitted to 2-
rat (f) 201 compartment model
Butenhoff et | same study PFOA | monkey (m) 181 Single i.v. dose, non-
al. (2004a) compartmental analysis;
monkey (f) 198 _ Dose x AUMC
17 Auc?

Washburn et | Noker PFOA | monkey (m) 1,810-5,210 | Subchronic oral study, 1-
al. (2005) (unpublished) monkey (f) 2,460-6,340 | compartment, steady state®;
Butenhoff et monkey (m) 1,260-3,730 | |, _ Dose
al. (2002) 7k, X Cgq

Butenhoff et rat (m) 270
al. (2004b) rat (f) 430
Palazzolo rat (m) 100-550
(1993),
unpublished
Vestergren Griffith and PFOA | monkey 1,480-4,470 | Subchronic oral studies;
and Cousins | Long (1980) (rhesus) steady state with 1-
(2009) 90 days compartment elimination
Butenhoff et PFOA | monkey 1,300-4,470 | (T12=25 days);
al. (2004a) (cynomolgus) - Dose
6 months 7k, X Cyg
Niisoe et al. Harada et al. | PFOA | human 300 Mass balance for excretion
(2010) (2007b) through bile, assuming 0.88
efficiency for reabsorption
and 3.5-year Ti2
Vestergren PFOA | human 464-780 95% confidence of the
and Cousins regression line for human
(2009) intake-serum concentration;
steady state assumption
Thompson et | Emmett et al. | PFOA | human 170 Steady state with 1-
al. (2010) (2006), compartment elimination
Dupont (T12=2.3 years);
Dose
Tk, X Cyg
Chang et al. | same study PFOS | rat (m) 649-765 Oral or i.v. single dose in
(2012) rat (f) 521-586 jugular-cannulated rat
rat (m) 666-1,228 Single oral dose with long
rat (f) 468-484 follow-up; data fit to non-
mouse (m) 263-290 compartmental model;
mouse (f) 258-261
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Reference | Data Source | PFAS Species Vg (Ml/kQ) Method
monkey (m) 202 - Dose x AUMC
(cynomologus) a— AUC?
monkey (f) 274
(cynomologus)
Fuijii et al. same study PFOA | mouse (m) 180 Single i.v. dose, fitted to 2-
(2015) compartment model;
mouse (f) 150 V, = Dose/C(0)
Kim et al. same study PFOA | rat (m) 112 Single i.v. dose;
(2016b) rat (f) 171 V. = Dose x AUMC
PFOS | rat (m) 383 - AUC?
rat (f) 351
PFOA | rat (m) 106 Single oral dose;
rat (f) 154 - Dose X AUMC
PFOS | rat (m) 280 a7 Auc?
rat (f) 289
Iwabuchi et same study PFOA | rat (m) 150 Single oral dose, V4
al. (2017) calculated as ratio of dose to
PFOS | rat (m) 960 AUC and ke; ke from first
order elimination model
Huang et al. | same study PFOS | rat (m) 681° Single i.v. dose, serum
(2019a) rat (f) 421° concentrations fitted to 2-
compartment model
rat (m) 78.5-524¢ Single oral dose, serum
rat (f 55 4.315° concentrations fit to 2-
compartment model
rat (m) 299¢ 5-day gavage study, serum
concentrations fit to 2-
rat (f) 222° compartment model
Dzierlenga et | same study PFOA | rat(m) 153¢ Single i.v. dose, serum
al. (2020) concentrations fit to 2-
rat(f) 207° compartment model
rat(m) 154-202 Single oral dose, serum
concentrations fit to 1-
compartment model
rat(f) 79.2-342¢ Single oral dose, serum
concentrations fit to 2-
compartment model

AUC, area under the curve; AUMC, area under the first moment curve; Ke,

steady state.

elimination constant; ss,

@ The calculation is based on two Css points (Seacat et al., 2002): at 0.03 mg/kg-day, Css=16 mg/L (ppm)
and at 0.15 mg/kg-day, Css = 80 mg/L (ppm). At steady state, intake = elimination, i.e.,
Dose = V4 X C4s X k.. Assuming that k, = In2/T, ;,, the equation can be rewritten as V; = Dose X

Ty/»/(Css X In2). With Ty of 200 days, at 0.03 mg/kg-day: V, = 0.03 x ——— = 541 ml/kg, and at 0.15

16X0.693
200

mg/kg-day: V,; = 0.15 % Py 541 ml/kg as well, different from the reported 300 ml/kg. Furthermore,

the assumption of steady state may not be quite correct in this case, since T1 is estimated as 200 days,
about equal to the duration of the study. In a 1-compartment model described as C,; = a X (1 — e~kext),
serum concentration would equal %z of the Cs; at t = Ty ,. Therefore, V,; could be further increased two-
fold.

b For use in the human 1-compartment model (Washburn et al., 2005), Vqvalues derived from subchronic
studies were much higher than 0.2 L/kg, based on a single dose rat study; however, “Discussion with Dr.
Joseph Rodricks and Dr. John Butenhoff, the corresponding author of the cynomolgus monkey
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toxicokinetic paper (Butenhoff et al., 2004a), confirmed that the fractional volumes of distribution based
on the subchronic monkey study may be preferable.”
¢ Sum of the central and peripheral compounds in a 2-compartment model.

A third type of study analyzed the fit of kinetic models to animal data and identified Vg4 or a
comparable property through an optimization algorithm (Andersen et al., 2006; Wambaugh et
al., 2013). These computational models describe the body as a single compartment or a series
of compartments, and optimize the model parameters, which describe PFAS distribution and
excretion, to fit TK datasets, such as plasma concentration profiles. Andersen et al. (2006)
developed a simplified model for PFOA and PFOS in the monkey using kinetic data from a
single i.v. dose study and from 6-month oral studies (Butenhoff et al., 2002; Seacat et al., 2002;
Butenhoff et al., 2004a). In this model, PFAS was distributed between the central and
peripheral compartments, and was excreted through a separate renal compartment with a renal
reabsorption loop. The central compartment was described by its volume of distribution (Vqc).
The peripheral (tissue) compartment was described in terms of compartmental transfer rate
from central to tissues (ki2) and compartmental transfer rate from tissue back to central (k21).
Although the V4 for the tissue compartment was not formally defined, it can be calculated using
the following formula (Wambaugh et al., 2013):

ki X Vg

dat —
k21

The overall V4 can then be estimated as the sum of Vg and V4. Table 4.8.2 presents parameter
values estimated for chronic oral exposure in monkeys, and the resulting V4 and Vg values.

Table 4.8.2. OEHHA-derived estimates of Vqfrom the computational model of Andersen
et al. (2006)

Var (MIkg),
PEAS | Vae (MIkkg)* | ko (h)* | Kor (1/h)* Vac (mi/ka) Va (ml/kg), calculated
PFOA 140 33 01 4,620 4,800
PFOS 220 3.3 0.1 7,260 7,500

*Values reported in Andersen et al. (2006)

The resulting Vg4 values are much higher than the estimates for the central compartment due to
the high predicted distribution of PFOA and PFOS to tissues. Similar to other V4 estimates
obtained as optimized parameters in kinetic models of PFAS, these Vqyvalues are subject to
many uncertainties, and are less reliable than Vyvalues directly estimated from experimental
data.

Previously used PFOA and PFOS CL and V4 estimates
To calculate PFOA and PFOS clearance rates (CL), US EPA utilized a two-step method:

1) identify V4 and Ty from animal or human studies;
2) calculate CL using the formula CL = V; X (Tln—z), based on steady state assumption.
1/2

The calculated values for PFOA and PFOS CLs were 1.4x10* L/kg-day and 8.1x10° L/kg-day,
respectively (US EPA, 2016b; US EPA, 2016d). Half-lives of 2.3 and 5.4 years were used,
respectively, as described above. However, selection of V4 values poses new questions in light
of the recently available data.
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US EPA estimated a human PFOA Vg4 value of 170 ml/kg. It was derived from an epidemiologic
study (C8 cohort) assuming steady state and T, of 2.3 years (Thompson et al., 2010). US EPA
noted that this value is similar to estimates of V4 in monkey, obtained from a single dose
experiment (Butenhoff et al., 2004a). A V4 of this magnitude would indicate primarily
extracellular distribution of PFOA, and it has been criticized as likely too low when compared to
higher V4 values obtained from subchronic monkey experiments with repeated dosing
(Washburn et al., 2005; Vestergren and Cousins, 2009). It has been suggested that V4
estimates based on subchronic monkey studies would be preferable for chronic exposures in
humans (Washburn et al., 2005).

Citing the lack of credible studies for a PFOS V4, US EPA adopted the following strategy.
Starting with the PFOA V4 of 170 ml/kg, a factor of 1.35 was applied based on the observation in
the modeling paper of Andersen et al. (2006) that the optimized V. value for PFOS was 20-50%
higher than the PFOA value. Thus, US EPA estimated a human PFOS Vg value of 230 ml/kg.
Relying on a modeling study would not be optimal since compartment volumes are only some of
the optimized parameters and the accuracy of their values can be compromised in order to
obtain the best data fit. Moreover, as explained in the previous section, Vg values determined
in this study were not representative of the Vg, but rather of volume of the central compartment,
which would have a much smaller contribution to the overall Vg in this model Finally, multiple
published PFOS V4 studies are now available, obviating the need for indirect considerations.

Consideration of subchronic monkey studies for Vg estimates

Several subchronic monkey studies reported measurements of PFOA and PFOS steady state
levels (Butenhoff et al., 2002; Seacat et al., 2002; Butenhoff et al., 2004a) that may be more
appropriate for estimating Vq values than those obtained from single dose animal experiments
(Table 4.8.1).

For example, in the Butenhoff et al. (2004a) study, daily oral doses of 3, 10 and 20 mg/kg
administered to 4-6 monkeys/group over 6 months resulted in steady state serum
concentrations of 81140, 99+50 and 156+103 pg/ml, respectively. Based on these values and
the steady state assumption, Vestergren and Cousins (2009) estimated V4 as 1,300-4,470
ml/kg, which is substantially higher than 181-198 ml/kg reported in the original study derived
from a single-dose experiment (10 mg/kg) in male and female monkeys (Butenhoff et al.,
2004a). Although serum concentration results for subchronic experiments were reported, the
authors did not calculate the corresponding steady state V4. However, they noted that the
plasma levels at steady state were lower than expected, which would drive the corresponding Vg
values higher. The authors suggested that this could be due to incomplete absorption (due to
the fact that fecal PFOA dropped dramatically when the dietary exposure stopped), and
secondly, due to the possibility that some PFOA retained in the body could be trapped in the
enterohepatic loop and therefore be absent from the plasma pool. Both of these reasons
appear plausible and none of the available subchronic monkey studies included controls to
account for less than complete absorption and enterohepatic circulation. The uncertainty in the
outcome of this approach also sheds light on the limitations of the steady state assumption.
Similar to the monkey, enterohepatic circulation plays an important role in PFOA and PFOS PK
in humans, necessitating an alternative enterohepatic circulation-based approach to estimating
Vg4 and clearance rate.
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Updated PFOA V4 estimate

Exposure to PFOA from the PFAS manufacturing plant at the border of Ohio and West Virginia
(C8 Panel site) appears to have occurred at a constant level during 1985-2005 (Shin et al.,
2011), after which the main source of exposure ceased and plasma levels started declining.
Assuming PFOA Ti, at 2.3-2.7 years, the exposure duration was sufficient to reach steady state
(about eight half-lives). Therefore, at the end of this period, V4 can be calculated using the
following formula, where Css is plasma concentration at steady state:

V4 = Dose X Ty /5 + (Cg5 X In2).

Thompson et al. (2010) used this approach and calculated the applied dose, as daily amount of
PFOA in consumed drinking water, averaged at two locations in the C8 region: in Lubeck, where
PFOA in drinking water was 500 ng/L (500 ppt), and in Little Hocking, where PFOA in drinking
water was 3,550 ng/L (3,500 ppt). These values are consistent with an independent report from
the C8 Panel studies (Shin et al., 2011). However, predating the majority of C8 Panel studies,
Emmett et al. (2006) was used as the source of serum concentration value for Little Hocking:
specifically, 448 ng/ml in subjects using ‘Little Hocking system water only’ as their drinking water
source (N=291). Besides this specified category, Emmett et al. (2006) reported mean serum
concentrations for Little Hocking in general (N=478) and Belpre (N=14), another nearby
location, as 478 and 321 ng/ml, respectively. For Lubeck, the average plasma concentration
for non-occupationally exposed individuals (N=12) was 68 ng/ml (Emmett et al., 2006).

Reported serum values from the C8 Science Panel studies, which were exposure and health
studies conducted in the same area one year later and on a large scale, are different from those
reported by Emmett et al. (2006). Frisbee et al. (2009) reported 227.58, 42.96 and 92.36 ng/m|
for Little Hocking, Belpre and Lubeck, respectively, with 82-87% population coverage (percent
that participated in the study). While the Frisbee et al. (2009) C8 Panel samples were taken a
year later than Emmett et al. (2006), such a large difference in values is unexpected given the
long T1» of PFOA. The more likely cause is the difference in sample selection, which in the
Emmett et al. (2006) study included preliminary selection of households based on a certain
expected level of air and water exposure supplemented with some number of volunteered
samples. This selection may have introduced unaccounted for bias toward higher than average
levels in plasma. In contrast, the C8 Panel studies, including Frisbee et al. (2009) aimed for full
population coverage and randomization, and as such, have reported better average values for
the population.

Applying the Thompson et al. (2010) approach to the calculation of Vg, using serum
concentrations reported in Frisbee et al. (2009), and assuming a T, of 2.3 years, a reported
average water consumption 1.4 L, absorption efficiency (fa) 0.91 and a reported average body
weight (BW) 71.8 kg, the resulting Vg, averaged between Little Hocking and Lubeck, equals 225
ml/kg, as follows:

Cy XLAL/A X fo X Ty,
7 Coppum X In2 X BW
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Little Hocking:

~3,550x1.4x0.91x839.5

Vo= sextmzx7ig o3> mi/kg

Lubeck:

L _500x14x091x8395
4= Tor36xinzx7ig _ L16mi/kg

Average: 225 ml/kg or 0.225 L/Kkg.

Similar to the original analysis, the calculation assumes 0.91 absorption efficiency. The
resulting value for Vg is not much higher than the previously used 170 ml/kg (US EPA, 2016b)
and appears much lower than the values derived from the subchronic monkey studies. The
reasons for this discrepancy remain unclear, although one possible reason could be the choice
of the PFOA T2 value.

Updated PFOS Vg4 and CL estimates

Most published animal studies (Table 4.8.1) produced higher directly measured Vq4 estimates for
PFOS than the value of 220 ml/kg derived by EPA using a kinetic model-based approximation.
The only analysis relying on subchronic data (Harada et al., 2003) produced a Vg4 of 541 ml/kg
when the calculation was corrected, as described in the footnote in Table 4.8.1. This calculation
was performed with the assumption of steady state, even though the duration of exposure was
only about one Ty2. In a one-compartment model, plasma concentration at one Ty would only
reach 50% of the steady state level. Applying this adjustment results in a V4 estimate of 1,080
ml/kg. Substituting this V4 value and the PFOS Ty, value of 3.4 years into the clearance
formula, the updated CL estimate is obtained:

CL =V, x (T”ll—/zz) = 6.0x10 L/kg/day.

Li et al. (2018c) described a PFOS exposure case from drinking water that was somewhat
similar to the PFOA C8 Panel exposure scenario (Little Hocking and Lubeck). In 2013, the
PFOS concentration in outgoing water from the two water works in Ronneby, Sweden was
8,000 ng/L, while median serum concentration in Ronneby residents exposed for at least 10
years was 372 ng/ml (Li et al., 2018c; Silva et al., 2020). While exposure was occurring from
the mid-1980s, exact time-dependent levels are unknown. However, assuming that steady
state was reached in 2013, V4 can be calculated as follows:

V., = CwXx1.4 L/AXfqXTq /3 _ 8,000x1.4x0.9x1,241
A7 CoprumXIM2XBW  372xIn2x70

= 693 ml/kg.

In this calculation, daily water consumption was 1.4 L/day, absorption efficiency 0.9, T1» was 3.4
years, and the default average body weight of 70 kg was applied.

The PFOS V4 estimate derived from human epidemiologic data produced a higher value (693
ml/kg) than that of PFOA (225 ml/kg). This can be due to experimental uncertainty or true
chemical differences.
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4.9. Alternative Approaches and Calculation of Clearance (CL)

Given the wide range for PFOA V4 estimates, additional approaches to data analysis should be
considered. Moreover, direct determination of clearance may help to decrease uncertainty due
to separate determinations of T, and V.

PFOA CL and V4 estimates based on biliary clearance

This approach has been previously described (Fujii et al., 2015). It is assumed that the PFOA
overall CL (which can be expressed as the function of T, and V), is the sum of renal (CLg) and
fecal (CLg) clearances. While CLr cannot be measured directly due to experimental limitations,
it can be expressed as PFOA biliary clearance adjusted for biliary reabsorption (f,). Biliary
reabsorption for PFOA would likely be similar to the overall absorption efficiency, which based
on animal studies, is f,=0.9, as described in Section 4.2. The resulting formulas for the plasma
clearance (CL) and Vq are:

C.:
CL=CLp+ (1—f) x -2

X Bile_flux

S

Vd =

Chile ;

Bile flux was estimated as 5 ml/kg-day (Davies and Morris, 1993). In two available studies with
human patients, the ratio of bile to serum concentrations (%) for PFOA was 0.21 and 0.25,

with an average 0.23 (Harada et al., 2007b; Fujii et al., 2015). As described Section 4.5, the
geometric mean of human CLr for 6 studies was 0.060 ml/kg-day. Inputting these values in the
formulas results in CL £1.75x10™ L/kg-day, and V4 <248 ml/kg. Similar to other approaches,
this method predicts a somewhat lower Vg4 for PFOA. The main limitations include the reliability
of human CLr and biliary clearance studies.

PFOA CL determination from exposure studies

As an extension of the steady state-based approach used to estimate V4 based on Little
Hocking and Lubeck data, as described above, other exposure studies that reported matching
serum concentrations can be added to the dataset, and all data points can be fitted to a linear
regression. In addition to the studies of exposure through polluted drinking water (Little
Hocking, Lubeck, Arnsberg), several studies approximated exposure through all routes and
some dietary studies reported diet as the primary exposure route. All these exposure
assessments are assumed to occur at steady state levels. Details of the studies included in the
dataset are provided in Table 4.9.1. The serum data for the Thompson et al. (2010) entry was
updated as described in Section 4.8.
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Table 4.9.1. PFOA Exposure studies that accounted for primary route(s) of exposure and
reported plasma or serum concentrations

Reference Population Exposure | Intake (ng/kg-day) | Serum (ng/ml)
Fromme et al. (2007) Bavaria, 2005 Diet 3.3 (females) 4.6
4.4 (males) 7.4
Trudel et al. (2008) North America, All routes | 2.5 (North America) 8.1
Europe, 1999-2007 2.9 (Europe) 5.3
Brede et al. (2010) Arnsberg, Germany | Drinking 11.4 328
(men) water
Thompson et al. (2010), C8, Lubeck Drinking 9 92.4
Frisbee et al. (2009) C8, Little Hocking water 69 228
Haug et al. (2011a) Norway, 2008 All routes 0.27 2
Lorber and Egeghy (2011) | USA, 2003-2004 All routes 1.6 4.1
Vestergren et al. (2012) Sweden, 1999 Diet 0.35 5

The result of the linear regression for this data set is presented in Figure 4.9.1. The slope of the
regression line in this graph is in fact clearance, which equals 0.28 mi/kg-day or 2.8x10* L/kg-

day.

Figure 4.9.1. Regression of PFOA exposure studies

PFOS CL determination based on the exposure through drinking water in Ronneby, Sweden

For PFOS, OEHHA considered a similar regression approach to that described in the previous
section for PFOA, using all exposure studies. However, other than the scenario of increased
intake from drinking water in Ronneby, Sweden (Li et al., 2018c), the rest of the available
exposure assessments were at the lower range, rendering the regression approach non-
informative. Therefore, analysis of the Ronneby data sets was more straightforward.

Three studies have been published that characterized exposure of Ronneby residents to PFOS
in drinking water (Li et al., 2018c; Andersson et al., 2019; Silva et al., 2020). During
approximately 1985-2013, about one third of households in Ronneby, Sweden received drinking
water contaminated with PFAS from a nearby military airport. While the exact levels of
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exposure throughout this period are not known, PFOS concentration in drinking water was
8,000 ng/L at the end of the exposure period (Li et al., 2018c). Extensive biomonitoring started
approximately 6 months after the end of the exposure, and during the 2014-2016 time frame,
3,418 residents of Ronneby participated. The categorization of PFOS exposure within this
population is presented in Table 4.9.2. Overall, this group comprised 7% of the Ronneby
population in 2013, with a slightly higher percentage of females, 55% of study participants vs.
47% in the overall population of Ronneby (Andersson et al., 2019).

Table 4.9.2. Exposure” to PFOS in residents of Ronneby, Sweden

o Descriptive Cserum
Reference N Exposure characterization statistic ng/ml
Li et al. 3,418 | Original group: general population of Ronneby | meanzst.dev. | 245+234
(2018c) median 176
Andersson et | 2,347 | Exposed for at least one year during 1985- median? 222
al. (2019) 2013
2,003 | Exposed for at least one year during 2005- median? 261
2013
Silva et al. 1,845 | Exposed for at least one year ending in 2013, median® 279
(2020) <2 year olds excluded
1,176 | Exposed for at least 10 years ending in 2013 median® 372
506 Exposed for at least 29 years ending in 2013 median® 485

st.dev., standard deviation.

# Exposure is defined as residence at an address serviced by the affected water system.

a Separate values reported for men and women, averaged values presented here were calculated based
on the reported numbers for each category.

b Separate values reported for men and women, averaged values presented here were calculated based
on the reported percentages for each category.

According to the data presented in Table 4.9.2, the PFOS median serum concentrations
increased with longer presumed exposure, which was determined as residence at an address
serviced by the affected water system. The exposed individuals are more likely to attain the
steady state (assumption for CL calculation) when exposed for longer periods of time, in this
case for 210 years. This subgroup still contains a large number of subjects (N=1,176),
increasing confidence in the choice of median as a reporting metric. In age composition, 64.6%
of this group were 19-65 years, which is the population subgroup likely to be described by the
steady state model. However, 24.3% were 66-94 years (Silva et al., 2020), the population
subgroup with further increasing PFOS serum levels (Li et al., 2017e) that cannot be described
by the steady state model. Such increases in older subjects have been described in other
population studies of PFAS, and could be possibly attributed to declining kidney function with
age, and as a result, decreased PFAS elimination. The fraction of these subjects in the 210
years' group is relatively low, and the resulting effect on serum concentration would be low.

In contrast, the fraction of 66-94 years comprises 45.7% of the ‘= 29 years’ exposure group
(Silva et al., 2020), and would violate the steady state assumption, were this group selected for
analysis. Although longer confirmed exposure would be generally considered better for this
type of analysis, the high fraction of the older age group and the overall lower number of
participants (N=506) were among the reasons not to consider this subpopulation for analysis.
Using these data (66 t094-year-olds) for clearance estimate would require a different kinetic
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model and better understanding of the age-dependent changes in PFOA and PFOS excretion
that currently exists.

The PFOS serum level reported for residents exposed for at least 10 years (ending in 2013)
was 372 ng/ml (median, N=1,176). The method was the same as described in Section 4.8,
except CL and not V4 was estimated, obviating the need for a T, estimate:

_ CyX14L/dXf, 8,000x1.4X0.9
CserumXBW — 372X70

CL

= 0.39 ml/kg-day = 3.9x10™L/kg-day.

In this calculation, daily water consumption was 1.4 L/day, absorption efficiency 0.9, and
average body weight 70 kg; Cw is the concentration of 8,000 ng/L in water.

PFOS CL and V4 estimates based on biliary clearance

Formulas for CL and Vg4 based on bile clearance developed above for PFOA in this document
can also be applied to PFOS:

Cs:
CL=CLg+ (1-f,) x ’g’e

N

X Bile_flux

v, = Tl;_/; (CLg + (1—f,) X C”C—l X Bile_flux).

Bile flux was estimated as 5 ml/kg-day (Davies and Morris, 1993). The bile to serum ratio was
0.6 based on a study with 4 patients (Harada et al., 2007b). As described Section 4.5, the
geometric mean of human CLr for 6 studies was 0.016 ml/kg-day. Inputting these values in the
formulas results in CL < 3.16x10* L/kg-day, or V4<616 ml/kg. In conclusion, similar to other
approaches, this method predicts a somewhat lower V4 for PFOS. The main limitations include
the reliability of human CLr and biliary clearance studies.

CL conclusions

Table 4.9.3 presents the summary of CL considerations developed in this document, labeled as
possible options for this assessment. The corresponding V4 values are also included for
comparison purposes. The CLs developed by US EPA (options A-1 and S-1 for PFOA and
PFOS, respectively) were calculated using separately defined V4 and T1» values. For PFOA,
US EPA used the exposure data at the site of drinking water contamination in Ohio and West
Virginia (C8 Panel) to calculate both V4 and T1. While OEHHA concurs that these exposure
conditions provided the best available system for estimating human Vq at the time, an updated
calculation using a better quality report on serum concentrations (Frisbee et al., 2009) resulted
in a higher PFOA Vg value (225 ml/kg, option A-2).

An alternative quantitation based on directly measured human CLr and with consideration of
PFOA biliary clearance suggested that PFOA V¢<250 ml/kg (option A-4). In contrast, PFOA V4
estimates from chronic monkey studies (3,300 ml/kg) are much higher and may not be
accurately applied to humans because of experimental limitations or species differences, such
as decreased absorption efficiency in chronic gavage experiments in monkeys and inability to
account for effects of biliary secretion/enterohepatic circulation of PFOA and extrapolate across
species. Utilizing V4 from animal studies would introduce additional uncertainty in the
assessment by relying on animal-to-human extrapolation of PK parameters. In this case,
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OEHHA believes that using human data would be preferable and result in the least uncertainty;
in addition, use of human data allows direct calculation of clearance, bypassing the separate
steps of Vq and T1» determination. In order to increase coverage of available human
epidemiologic data, OEHHA performed a regression on human PFOA exposure data from
multiple sites and exposure scenarios. The result of this analysis was a PFOA clearance rate of
2.8x10™ L/kg-day (option A-3), which will be applied to conversion of serum levels to applied
dose, as detailed elsewhere in this document. The alternative method considering biliary
clearance of PFOA (option A-4) resulted in clearance rate of <1.75x10™ L/kg-day, which is fairly
consistent with the preferred option A-3, given the underlying uncertainties of the method.

For PFOS, the previously used clearance rate value (option S-1) relied on several assumptions,
and this approach should be updated given multiple newly available studies. This document
outlines three distinct approaches to the updated PFOS clearance rate. Exposure to high PFOS
levels in drinking water that occurred in Ronneby, Sweden, appears to be the best available
data set for human exposures, and analysis of this data produced a reported T1» of 3.4 years
and clearance rate of 3.9x10* L/kg-day (option S-2). Using this Ty together with the Vg4 from a
chronic monkey study (1,080 ml/kg) would result in a CL of 6.0x10* L/kg-day. The alternative
method considering biliary clearance of PFOS (option S-3) resulted in a CL <3.2x10* L/kg-day,
which is fairly consistent with option S-2. In summary, OEHHA considers option S-2 as the best
available estimate for PFOS CL in humans, and will apply the PFOS CL of 3.9x10™ L/kg-day to
conversion of serum levels to applied dose, as detailed elsewhere in this document.

Table 4.9.3. Summary of V4 and CL considerations for PFOA and PFOS

. T V cL
Option Method v2 d (10 L/kg- References
(years) | (ml/kg) d
ay)

PFOA

A-1 Used by US EPA (2016a), Emmett et al. (2006);
based on human 23 170 14 Bartell et al. (2010);
epidemiologic data; steady ' ' Thompson et al. (2010)
state

A-2 Updated Option A-1; human Frisbee et al. (2009);
epidemiologic data; different 2.3 225 1.9 Bartell et al. (2010);
reference for serum levels Thompson et al. (2010)

A-3 Regression on exposure- Fromme et al. (2007);
serum data set; human Trudel et al. (2008);
epidemiologic data; steady Frisbee et al. (2009);
state Brede et al. (2010);

- - 2.8 Thompson et al. (2010);
Haug et al. (2011a);
Lorber and Egeghy
(2011); Vestergren et al.
(2012)

A-4 Upper-limit estimate based on Harada et al. (2007b); Fuijii
human renal clearance and 2.7 <250 <1.75 et al. (2015); Li et al.
biliary clearance/reabsorption (2017e)

PFOS

S-1 Used by US EPA (2016b); Andersen et al. (2006);
steady state assumption; Vg 54 230 0.81 Olsen et al. (2007);
derived as 1.35x V" OA; ' ' Thompson et al. (2010)
human Ti2
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T V cL
Option Method v2 d (10 L/kg- References
(years) | (ml/kg) day)
S-2 Human epidemiologic data Li et al. (2018c); Silva et
(exposure-serum); steady 3.42 1,160 3.9 al. (2020)
state assumption
S-3 Upper-limit estimate based on Harada et al. (2007b); (Li
human renal clearance and 3.42 <620 <3.2 et al., 2018c)
biliary clearance/reabsorption
aUsed for V4 calculation only
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5. EVIDENCE OF TOXICOLOGICAL EFFECTS
5.1. Immunotoxicity

NTP has previously reviewed the scientific literature on PFOS and PFOA and their relation to
immunotoxicity (NTP, 2016). The NTP review included scientific information published up to
May 18", 2016. Based on this evidence, NTP reached the following conclusions for PFOA:

“The NTP concludes that PFOA is presumed to be an immune hazard to humans based on
a high level of evidence that PFOA suppressed the antibody response from animal studies
and a moderate level of evidence from studies in humans. Although the strongest evidence
for an effect of PFOA on the immune system is for suppression of the antibody response,
there is additional, although weaker, evidence that is primarily from epidemiological studies
that PFOA reduced infectious disease resistance, increased hypersensitivity-related
outcomes, and increased autoimmune disease incidence. The evidence indicating that
PFOA affects multiple aspects of the immune system supports the overall conclusion that
PFOA alters immune function in humans.”

With regards to PFOS, NTP reached the following conclusions (NTP, 2016):

“The NTP concludes that PFOS is presumed to be an immune hazard to humans based on
a high level of evidence that PFOS suppressed the antibody response from animal studies
and a moderate level of evidence from studies in humans. Although the strongest evidence
for an effect of PFOS on the immune system is for suppression of the antibody response,
there is additional, although weaker, evidence that is primarily from studies in experimental
animals that PFOS suppresses disease resistance and natural killer (NK) cell activity. The
evidence indicating that PFOS suppresses multiple aspects of the immune system supports
the overall conclusion that PFOS alters immune function in humans.”

NTP’s findings are consistent with assessments by US EPA (2016b), New Jersey DWQI (2017)
and ATSDR (2018a), which evaluated much of the same immunotoxicity database and
described the immunotoxic effects of PFOA and PFOS in animal studies and in humans. These
assessments reported effects on the spleen and thymus of rodents (including changes in organ
weight and lymphocyte populations), as well as a decreased ability of the immune system to
respond to a challenge.

5.1.1. Recent Human Evidence

OEHHA's search strategy and study summary tables for the immunotoxicity of PFOA and PFOS
in humans are in Appendix 7. All but two of the immunotoxicity studies OEHHA identified
provided results for both PFOA and PFOS. Two studies reported information only for PFOS.
This included the study by Xu et al. (2020b), which involved a community where the local water
supply was contaminated with PFOS, and the study by Ammitzboll et al. (2019), which
appeared to have measured both PFOA and PFOS but only presented immune results for
PFOS. Six results were available for antibody responses, with the most common being
response to tetanus and diphtheria vaccine. Thirty-five results were available for
hypersensitivity-related outcomes including eleven for asthma, nine for eczema, seven for
rhinitis, three for immmunoglobulin E (IgE) levels, and five for allergy. Thirteen results were
available for an infectious disease outcome or related symptom such as gastroenteritis or fever.
Three studies provided results for C-reactive protein (CRP) or cytokine levels. Twelve studies
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were prospective cohort studies, five were cross-sectional only, and six presented both
prospective and cross-sectional results. One study was based on a case-control design but
with a cross-sectional assessment of exposure and outcome. Studies were done in a variety of
locations including the US, Faroe Islands, Norway, China, and Japan.

Antibody response: Most studies of PFOA and PFOS and antibody response, including those
identified by OEHHA and those reviewed by (NTP, 2016), investigated anti-diphtheria and anti-
tetanus immunoglobulin G (IgG) levels. The large majority of results on these outcomes are
based on two cohorts of pregnant women and their offspring from the Faroe Islands. One of
these cohorts involved children born in 1997-2000 (the “1997-2000 birth cohort”) and the other
involved children born in 2007-2009 (the “2007-2009 birth cohort”). In both studies,
concentrations of PFOA and PFOS were measured in maternal serum during pregnancy and in
the serum of offspring at various ages after birth. Children from the 1997-2000 birth cohort have
been followed up to 13 years of age, and the children from the 2007-2009 cohort have been
followed up to 5 years of age. The study by Kielsen et al. (2016) (reviewed in US EPA (2016b))
is the only other study besides the Faroe Islands cohorts to investigate associations between
PFOA or PFOS and antibody response to diphtheria or tetanus vaccine. This study was done in
twelve adults from Copenhagen, Denmark.

A summary of the results from all studies of PFOA or PFOS and antibody response to tetanus
or diphtheria vaccine, either before or after the (NTP, 2016) review, are shown in Table 5.1.1.
Most of these results are from various follow-up periods for the 1997-2000 Faroe Islands cohort.
All studies presented results in terms of the percentage decrease in antibody levels associated
with a two-fold increase in serum PFOA or PFOS levels. As seen in Table 5.1.1, the results
vary greatly depending on the timing of the exposure and outcome assessment. However, the
large majority of results are consistent with a decline in antibody levels with increasing PFOA or
PFOS levels (i.e., the percent change in antibody levels with increasing PFOA or PFOS levels
was negative). Many of these results, although not all, show a greater than 10-20% decrease in
antibody levels for each two-fold increase in PFOA or PFOS, and several of these results are
statistically significant. Overall, 69-85% of all studies’ results show at least some decrease in
antibody levels with increasing PFOA or PFOS exposure (Table 5.1.2), and in 10-45% of these,
the decreases are statistically significant. These associations were seen in both cross-sectional
and prospective analyses. The most consistent findings are for diphtheria vaccine response
and PFOA, where 85% of results show a decrease in antibody levels with increasing PFOA
levels and 45% of these results are statistically significant. In all three cohorts that evaluated
diphtheria vaccine response (the Faroe Islands 1997-2000 cohort, the Faroe Islands 2007-09
cohort, and Kielsen et al. (2016)) at least some evidence of an inverse relationship between
PFOA and PFOS and antibody response was seen (Table 5.1.1).

NTP (2016) identified several studies that evaluated associations between PFOA and PFOS
and antibody response to vaccines other than those for diphtheria and tetanus, including
mumps, measles, rubella (MMR), and influenza. Most of these studies found some evidence
that IgG levels decreased with increasing PFOA or PFOS serum concentrations, although not
all results were statistically significant and non-linear dose-response patterns were seen in
some studies (Table 5.1.3). In the two studies published since the NTP (2016) review, the
results were mixed. Using data from the US National Health and Nutrition Examination Survey
(NHANES), Pilkerton et al. (2018) identified statistically significant inverse associations between
both PFOA and PFOS and rubella 1gG titers in adults but not in older children (Table 5.1.3). In
contrast, in a study of 75 US adults, odds for influenza HLN1 seroconversion were higher in
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those with higher PFOA or PFOS serum concentrations, although findings were borderline or
not statistically significant (Stein et al., 2016a).

Table 5.1.1. Results of epidemiologic studies of PFOA or PFOS and anti-tetanus or anti-
diphtheria vaccine response at different ages. Values are the percent change in IgG
levels for each 2-fold increase in PFOA or PFOS concentration (please read the footnotes
of this table, they are important for its understanding and interpretation).

Outcome
PFOA Diphtheria Tetanus
5years 7 13 Adult 5years | 5years 7 13 Adult
post years | years pre post years | years
-6.2 -22.8 -10.5 14.5 7.4
-22.2%

1.5 years -16.3*
5 years

2.9%

13 years

PEOS 5years | 5years 7 13 Adult 5years | 5years 7 13 Adult
pre post years | years pre post years | years
0 -38.6 -20.6 -10.0 -10.1 -2.3 35.3
-14.02 -10.82
1.5 years 175 -7.0

7 years

13 years

* Studies published since the NTP (2016) review
“Pre” and “post” refer to pre- and post-vaccination antibody levels

All results are from the 1997-2000 Faroe Islands cohort except as noted below:

82007-09 Faroe Islands cohort

bKielsen et al. (2016)

Bolded numbers in the column and row headings are the ages when the PFOA or PFOS (left most column) or IgG levels (third row)
were measured. “0” represents maternal serum PFOA or PFOS levels measured during gestation; “pre” and “post” are pre- and
post-immunization values at age 5.

Bolded results are statistically significant.

Red boxes represent cross-sectional evaluations; all others are prospective.

Example: in the box marked in blue, the upper value of -16.2 is the percent change in pre-vaccination diphtheria IG levels at 5 years
of age for each 2-fold increase in PFOA at birth seen in the 1997-2000 Faroe Islands cohort. The lower value is the corresponding
results from the 2007-09 Faroe Islands cohort (hence it is marked with an “®”). This lower number is statistically significant so it is
bolded.

This table does not include the results of Abraham et al. (2020) (reviewed below).
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Table 5.1.2. The numbers and percentages of studies of PFOA or PFOS and tetanus or
diphtheria antibody levels showing inverse and/or statistically significant associations

. Statistically significant Statistically significant
Total results Inverse association . o - S
inverse association positive association
Exposure Outcome N/% Total Cross Pros Total Cross Pros Total Cross Pros Total Cross Pros
PFOA Diphtheria N 13 6 7 11 5 6 5 2 3 0 0 0
02 45% 40% 50% 0% 0% 0%
00 85% 83%  86% 38% 33% 43% 0% 0% 0%
Tetanus N 13 6 7 9 5 4 4 1 3 0 0 0
02 44% 20% 75% 0% 0% 0%
00 69% 83% 57% 31% 17% 43% 0% 0% 0%
PFOS Diphtheria N 13 6 7 11 5 6 4 2 2 0 0 0
02 36% 40% 33% 0% 0% 0%
00 85% 83%  86% 31% 33% 29% 0% 0% 0%
Tetanus N 13 6 7 10 5 5 1 1 0 1 0 1
02 10% 20% 0% 10% 0% 20%
00 77% 83% 71% 8% 17% 0% 8% 0% 14%

“Inverse association” refers to results showing decreasing IgG levels with increasing PFOA or PFOS concentrations; “Positive association” refers to increasing IgG levels
with increasing PFOA or PFOS concentrations

Abbreviations: Cross, cross-sectional study; N, number of studies; Pros, prospective study

a Percentage of all results indicating an inverse association

b Percentage of all results

This table does not include the results of Abraham et al., 2020 (reviewed below)

Table 5.1.3. Epidemiologic studies on associations between PFOA or PFOS and antibody
response to other vaccines

Change in Change in Possible sources of
Vaccine Exposure timing antibodies with antibodies with ; Reference
PEOAL PEOS! heterogeneity
Rubella Maternal 0-3 day post -0.4 (:0.64 to 0.17) -0.08 (-0.14 0 -0.02) » developmental exposure Granum et al.
delivery metric (2013)
; . e childhood exposure metric Stein et al.
Children: current -8.9 (-14.6 to -2.9) -13.3(-19.9 to -6.2) booster vaccination (2016b)

e outcome in all adults Pilkerton et al.
3 2
Adults combined o (2018)
only F values for decline in
1gG reported
Children 12-18 years » childhood exposure metric Pllkertcz)n etal
0 only F values for decline in (2018)
old: current
IgG reported
Mumps ildren: « childhood exposure metric Stein et al.
Children: current -6.6 (-11.7 to -1.5) -5.9 (-9.9to -1.6) booster vaccination (2016b)
Measles Maternal 0-3 day post -0.13 (-0.35 t0 0.09) -0.05 (-0.1t0 0.01) » developmental exposure Granum et al.
delivery metric (2013)
; . e childhood exposure metric Stein et al.
Children: current -3.4 (-16.7 to 11.9) -2.9 (-17.3t0 13.9) booster vaccination (2016b)
Influenza | Adult at vaccination Antibody titer ratio Antibody titer ratio e influenza H3N2 Looker et al.
2".0.10 (-0.3t0 0.1) 2" -0.06 (-0.26 to 0.14) outcome is antibody rise or (2014)
3-0.07 (-0.28 to 0.14) 3-0.02 (-0.18 to 0.23) ratio by quartile of PFOA or
4" .0.22 (-0.43t0 -0.01) | 4™-0.03 (-0.24 to 0.19) PFOS compared to the first
quartile; negative values
Antibody titer rise Antibody titer rise indicate a decrease in
2" .0.28 (-0.51 to -0.06) | 2" 0.03 (-0.19 to 0.26) antibody levels
39.0.37 (-0.60 to -0.13) | 3 0.18 (-0.00 to 0.41) outcome in adults
4™M-0.12 (-0.36 t0 0.13) 4™-0.04 (-0.28 to 0.21)
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Change in Change in Possible sources of
Vaccine Exposure timing antibodies with antibodies with heterogeneit Reference
PFOAL PFOS! geneity

Adult at vaccination OR = 6.8 (1.0-48.1) OR =1.3(0.2-7.3) e influenza HIN1 Stein et al.
p-trend = 0.07 p-trend = 0.81 ORs for seroconversion (20164a)
(hemagglutinin (hemagglutinin response to FluMist fourth
inhibition) inhibition) vs. first quartile of PFOA or

PFOS
OR =1.8 (0.7-4.3) OR = 2.4 (0.9-6.6) outcome in adults
p-trend = 0.27 p-trend = 0.12
(immunohistochemistry)  (immunohistochemistry)

Abbreviations: OR, odds ratio

Results in parentheses are 95% confidence intervals. Bolded results are statistically significant

Results published since the NTP (2016) review are highlighted in red

Data are presented in the format used by the NTP NTP (2016)

1 Percent change in antibody concentration per 2-fold increase in PFOA or PFOS unless otherwise noted
2 For Pilkerton et al. (2018), only F values are given

This table does not include the results of Abraham et al. (2020) (reviewed below)

Budtz-Jorgensen and Grandjean (2018) have published a benchmark dose (BMD) analysis of
PFOA and PFOS and altered antibody response to tetanus and diphtheria vaccine using data
from the 1997-2000 and 2007-2009 Faroe Islands cohorts. Individual data from these cohorts
are not publically available. In one set of analyses, prenatal serum PFAS concentrations and
IgG levels at age 5 years were assessed using combined data from the 1997-2000 and 2007-
2009 cohorts. In another set of analyses, serum PFAS concentrations at age 5 years and IgG
levels at age 7 years were assessed. Since data at age 7 years were not available from the
2007-2009 cohort, this later set of analyses only involved data from the 1997-2000 cohort.
Analyses were done for each PFOA and PFOS separately, both adjusted and unadjusted for
each other. A benchmark response of 5% was used. The benchmark doses were thus the
PFOA or PFOS serum concentrations associated with a 5% decrease in anti-tetanus or anti-
diphtheria IgG levels after vaccination, and the BMDLs were the lower one-sided 95%
confidence intervals of these BMDs. Several dose-response models were evaluated, with the
lowest BMD values and the best model fit occurring with the piece-wise linear model. The major
characteristic of this model compared to a linear model is that the dose-response slope is
allowed to change at the median exposure. Other variables in the models were age, sex, cohort
(1997-2000 or 2007-2009), and booster type at age 5 (for analyses of IgG at age 7).

The results of the Budtz-Jorgensen and Grandjean (2018) BMD analyses are shown in Table
5.1.4. The lowest BMDs are for the analyses of PFOA at age 5 years and IgG levels at age 7
years. Adjustment of the PFOA BMD calculations for PFOS led to somewhat higher BMDs in
most but not all cases. However, these adjustments overall had only small impacts on BMDLSs,
likely due to the increased variance that occurred from having two correlated variables (PFOA
and PFOS) in the same model. Some of the BMDLs are lower in the analyses involving age 7
IgG levels than in the analyses of age 5 IgG levels. This may be partially due to the fact that the
latter involves only the 1997-2000 cohort and therefore a smaller sample size. Overall, the
lowest BMDLs were 0.10 and 0.12 ng/ml, which were seen in the unadjusted and adjusted
analyses, respectively, of prenatal PFOA exposure and anti-diphtheria IgG levels at age 5
years. Importantly, these BMDLs appear to be well outside the range of PFOA and PFOS
values measured in this cohort. That is, although the actual values for the measured PFOA and
PFOS concentrations at age 5 were not specified numerically, they were displayed graphically
and the lowest measured values appear to be about 6-7 ng/ml for PFOS and 1.2-1.3 ng/ml for
PFOA (Grandjean et al., 2012). As such, these BMDLs are approximately 6- to 13-fold lower
than the lowest measured value.
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Table 5.1.4. Benchmark dose (BMD) modeling results using the piece-wise linear model
from the Faroe Islands cohorts (Budtz-Jorgensen and Grandjean, 2018)

Prena;rz;lldPaFAesselx;();osure Age 5 PFAS exposure and age 7 1gG
(1997-2000 and 5007-2000 cohorts) (1997-2000 cohort only)
oneauses | | AT | unauses | | Aot
Tetanus BMD | BMDL BMD | BMDL BMD BMDL BMD BMDL
PFOS 2.59 1.05 1.64 1.45 0.56 3.57 0.72
PFOA 0.25 0.13 0.25 0.13 0.52 0.16 0.67 0.17
Diphtheria
PFOS 1.62 0.83 251 0.95 0.98 0.49 1.21 0.54
PFOA 0.15 0.10 0.21 0.12 0.48 0.17 1.06 0.20

All numbers are in ng/ml serum
Some BMDs were not calculated or not provided by the authors. Explanation not provided.

Infectious diseases: In its review, NTP concluded that there was “low confidence” that PFOA
was associated with infectious disease outcomes (NTP, 2016). This rating was based on the
small number of studies on any specific outcome and the overall inconsistency of the findings
that were available at the time. For most outcomes, OEHHA identified similar weaknesses in
the literature published since the NTP review (NTP, 2016). For example, while a statistically
significant association between increasing PFOA serum concentrations and increasing risk for
fever has been reported (Dalsager et al., 2016), this outcome has not been examined in any
other study (either before or after the NTP review). For other outcomes such as colds or
gastroenteritis, studies published since the NTP review did not identify clear associations
(Appendix 7, Table A7.3). Statistically significant increases with increasing PFOA were seen in
three of the four studies of lower respiratory tract infections in children published since the NTP
review (Impinen et al., 2018; Impinen et al., 2019; Kvalem et al., 2020), although clear increases
were not seen in the large prospective Spanish study by Manzano-Salgado et al. (2019).

NTP also concluded that there was “low confidence” that PFOS was associated with infectious
disease outcomes (NTP, 2016). Most of the studies NTP reviewed found no association with
outcomes such as gastroenteritis, colds, or flu. One study found an association between PFOS
and hospitalizations for any infectious disease, but only in females (Fei et al., 2010). Studies
published since the NTP (2016) review on PFOS and gastroenteritis, colds, and cough have not
identified clear associations (Table A7.3). However, statistically significant associations have
been seen in studies in children for “any infection” (not necessarily hospitalizations) (Goudarzi et
al., 2017), fever (Dalsager et al., 2016), gastroenteritis (Impinen et al., 2018), and lower
respiratory tract infections (Impinen et al., 2018; Impinen et al., 2019; Kvalem et al., 2020)
(Table A7.3). Links between PFOS and fever or lower respiratory tract infections were not
examined in any of the studies reviewed by NTP (NTP, 2016).

Hypersensitivity: In their review, NTP (2016) found that that increasing serum concentrations
of PFOA in children were consistently associated with asthma, increased total IgE, and several
other indicators of immune hypersensitivity. However, NTP rated this evidence as “low
confidence” primarily due to the cross-sectional nature of these studies.

Since the NTP (2016) review, at least three more cross-sectional studies in children have found
associations between PFOA and asthma (Qin et al., 2017; Timmermann et al., 2017; Averina et
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al., 2019). An association was also recently reported between serum PFOA concentrations at
age 5 years and whether a child had ever had asthma up to age 13 years but only in children
who had not received an MMR vaccination before age 5 (Timmermann et al., 2017). Three of
the six studies evaluating possible associations between maternal or cord blood PFOA levels
and childhood asthma reported elevated ORs in those with higher PFOA levels although these
findings were not statistically significant (Goudarzi et al., 2016; Impinen et al., 2018; Beck et al.,
2019) (Table A7.3). The three others reported mixed or negative results.

Most studies on PFOA and eczema published since the NTP (2016) review have not found clear
or consistent associations. In a study of cord blood PFOA levels and childhood eczema up to
age 24 months, an association was seen in females (OR = 2.52; 95% ClI, 1.12-5.68) but not in
males (OR not provided) (Chen et al., 2018b). Wen et al. (2019b) reported an elevated OR for
eczema (OR =1.89; 95% ClI, 1.10-3.16), with the highest risks in those with the GST-T1null
phenotype. None of the other studies on PFOA and eczema published since the NTP review
found similar associations. Several of the recent studies assessing rhinitis found ORs greater
than 1.2, but none were statistically significant. Recent studies on PFOA and IgE levels or
allergy outcomes did not find clear or consistent associations.

For PFOS, NTP concluded that there was low confidence that exposure during childhood is
associated with increased hypersensitivity responses based on the human studies they
reviewed (NTP, 2016). While noting that several studies did identify associations between
PFOS and asthma or serum IgE levels, the cross-sectional nature of these findings led to NTP’s
rating of low confidence. Most of the studies of PFOS and asthma published since the NTP
review have not found clear associations. This includes two prospective studies of maternal
serum or cord blood PFOS levels and asthma in young children (Goudarzi et al., 2016; Impinen
et al., 2018). Three of the four studies of PFOS and lower respiratory tract infections published
since the NTP review reported statistically significant associations between increasing PFOS
exposures and this outcome in children (Impinen et al., 2018; Impinen et al., 2019; Kvalem et
al., 2020). All of these were prospective studies. Clear or consistent associations were not
seen in any of the more recent studies OEHHA reviewed of PFOS and eczema, IgE, or rhinitis.

Other outcomes: With regards to autoimmunity outcomes, NTP (2016) identified two studies
that reported associations between PFOA exposures and ulcerative colitis. However, NTP
rated this body of evidence as “low confidence” since both studies involved participants from the
same study area. In the only study to examine a similar outcome since the NTP review, a clear
association was not seen between PFOA and inflammatory bowel disease (Hammer et al.,
2019), although the sample size was small (N=37 cases). NTP only identified one study of
PFOS and an autoimmunity outcome. This study reported that prenatal concentrations of PFOS
were associated with decreases in anti-actin IgG in a test for antibodies to several neural or
non-neural antigens in 7-year-old children from the Faroe Islands (Osuna et al., 2014). This
finding has not been replicated in another population. Two studies of PFOS and inflammatory
bowel disease published since the NTP review have reported mixed results (Hammer et al.,
2019; Xu et al., 2020b)(Hammer et al., 2019; Xu et al., 2020).

Abraham et al., 2020: This study was published after OEHHA’s main literature search so is not
included in the summary tables in Appendix 7. It is reviewed here because it provided
information on diminished vaccine response, one of the outcomes OEHHA considered a
potential critical effect. Briefly, this study used a cross-sectional design to investigate
associations between diminished vaccine response and serum levels of PFOA and PFOS in
one-year-old children living near Berlin, Germany. It included 101 children (51 boys and 50
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girls) whose parents were recruited using announcements in newspapers and through
pediatricians. Serum samples were collected in 1997-98 and stored frozen at -80 °C. The
study was originally designed to investigate the effects of dioxins, PCBs, pesticides, heavy
metals, and other environmental contaminants on the immune system and other biological
parameters. Although not clearly described, it appeared that the researchers attempted to
recruit children from industrial areas near Berlin, where exposure to these agents was likely to
be high. Infact, levels of lead and several of the other agents were elevated, and serum levels
of some of these (specifically PCBs and dioxins) were highly correlated with serum levels of
PFOA and PFOS. The researchers reported statistically significant associations between
increasing levels of PFOA and decreasing concentrations of diphtheria, influenza, and tetanus
antibody. Results were adjusted for time since vaccination and the number of vaccinations.
Similar associations were not seen for PFOS. A multivariate analysis using the function

‘stepAlC’ in the statistical program R with inclusion of dibenzo-p-dioxins (PCDDs),

dibenzofurans (PCDFs), ndI-PCBs in addition to PFOA and PFOS revealed a highly significant
influence of PFOA only. This study is discussed further in Chapter 6.

Other significant studies identified between January 2, 2020 (i.e., the end date of OEHHAs initial
full literature review) and December 31, 2020 are listed in Appendix 7, Table A7.29.

5.1.2. Recent Animal Evidence

In addition to NTP (2016), US EPA (2016b) and New Jersey DWQI (2017) also evaluated the
immunotoxicity of PFOA and PFOS. OEHHA evaluated animal studies from 2016 onward, and
identified many toxicity endpoints related to immunotoxicity. Observed toxicity included
changes in spleen and thymus weights, changes in lymphocyte populations, changes in
cytokine levels, and immunosuppression. Studies for PFOA are summarized in Table 5.1.5.

Table 5.1.5. Summary of recent animal toxicity studies of PFOA reporting immune

toxicity
Sex/Species Exposure Endpoints NOAEL/LOAEL Reference
WT: | relative .
Female 0,7.50r30 spleen and relative LOAEL:
C57BL/6N . . ) 7.5 mg/kg-day for .
PPARa KO mg/kg-day in thymus weights; relative thymus DeWitt et al.
. drinking water for | WT and KO: | relative thy (2016)
and WT mice 15 d SRBC ific [aM weight in WT
(6/dose/group) ays {SRBG-specific Ig mice
antibody responses
0, 0.94, 1.88, | dinitrophenyl-ficoll )
Female o NOAEL:
C57BL/6N 3.75,0r 7.5 (DNP)-specific IgM | 5 94" o/kg-day | Dewitt et al.
) mg/kg-day in antibody response; .
mice drinki ¢ lati | d for | antibody (2016)
(8/dose) rinking water for | | relative spleen an response
15 days thymus weight
Female 0,3.750r7.5 chanaes in splenic
C57BL/6N mg/kg-day in o ﬁoc A P LOAEL: DeWitt et al.
mice drinking water for gubpo u)llz:ltions 3.75 mg/kg-day (2016)
(4/dose/group) | 10, 13 or 15 days bop
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weeks

Sex/Species Exposure Endpoints NOAEL/LOAEL Reference
Treated mice
were sensitized
with OVA to
induce active
systemic
anaphylaxis on . | LOAEL:
: days O and 7 | rectal temperellture, 100 mg/kg for
Male ICR mice OVA + 100 o'r 1 serum histamine, + TNF- « and IgE Lee et al.
(5/dose) 150 mg/kg 3 TNF-q, IgG1 and levels in (2017)
times on days 9, IgE levels sensitized mice
11, and 13
orally®. Control
mice had 150
mg/kg PFOA only
or OVA only.
0, 150, or 300 | absolute and LOAEL:
Male Sprague | ppm in feed (O, relative spleen 14.7 mg/kg-day
Dawley rats 14.7, 0r 29.5 I . for | absolute and | NTP (2020)
(10/dose) mg/kg-day) for 16 we!ght, lymphoid relative spleen
weeks follicle atrophy weight
0, 300, or 1,000
gemale ppm in feed (0, LOAEL:
Dprague 27.7,0r92.7 pigment in spleen : NTP (2020)
awley rats mg/kg-day) for 16 27.7 mg/kg-day
(10/dose)

2L OAEL/NOAEL not applicable for single dose studies.

®The specific manner of oral administration was not stated in study.

Abbreviations: GD, gestation day; IgE, immunoglobulin E; IgM, immunoglobulin M; IL-22, interleukin-22;
KO, knockout; LOAEL, lowest-observed-adverse-effect level;, NOAEL, no-observed-adverse-effect level;
OVA, ovalbumin; PPAR«, peroxisome proliferator-activated receptor alpha; SRBC, sheep red blood cells;
TNF-«a, tumor necrosis factor alpha; WT, wild-type

Immunotoxicity studies for PFOS published from 2016 onward are summarized in Table 5.1.6.
Similar immunotoxic effects to PFOA were observed in these recent studies, including changes
in spleen and thymus weight, changes in lymphocyte populations, and changes in cytokine

levels.
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Table 5.1.6. Summary of recent animal toxicity studies of PFOS reporting immune

toxicity
Sex/Species Exposure Endpoints NOAEL/LOAEL | Reference
Male pups: | absolute
spleen and thymus
weight; | thymic
cellularity; changes in
thymic lymphocyte
population;
0,0.1, 1, or_5 Pups of bo.th sexgs. | NOAEL:
Preanant mg/kg-day via T absolyte liver vyelght, 0.1 ma/ka-da
g . g/kg-aay
C57BL/6 mice | 92vage from l splenlc.cellularl_ty, for reduction of Zhong et
GD 1 -17; pups changes in splenic ) al. (2016)
(12/dose) . splenic NK cell
examined at 4 and | lymphocyte o
T . activity in males
8 weeks of age populations; | splenic
lymphocyte
proliferation; | splenic
NK cell activity;
| splenic plaque
forming cells; changes
in IL-2 and IL-4 levels
0,2.5,5,0r10
m%g C57BL/6 mg/kg-day via ! a_bsolute spleen NOAEL: Xing et al.
(10/dose) gavage for 30 weight 5 mg/kg-day (2016)
days
0 or 2 mg/kg via | in pathogen
C57BL/6 mice | gavage for 25 clearance at late stage
(sex not days; mice were infection; induction of NA2 Suo et al.
specified) infected with IL-22 from ILC3 and (2017)
(4/dose) Citrobacter Th17 cells;
atday 7 | mucin
IE)/I:\II(;IeSyprr;gsue 8’,01;’\/?; égvrgg/ek?or 1 serum TNF-a and LOAEL: Han et al.
(6/dose) 4 weeks IL-6 levels 1 mg/kg-day (2018b)
Treated mice
were sensitized
with OVA to
induce active
systemic
anaphylaxis on | rectal temperature; LOAEL:
Male ICR mice | days 0 and?7. 1 histamine, TNF-q, 50 mg/kg for Lee et al.
(5/dose) OVA + 50,100 or | IgG and IgE levels in 1TNF-a and IgE | (2018)
150 mg/kg, 3 sensitized mice levels
times on days 9,
11 and 13 orally.?
Control mice had
150 mg/kg PFOS
only or OVA only.
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Sex/Species Exposure Endpoints NOAEL/LOAEL | Reference

Males: |white blood
cells; |neutrophils;
Male and | eosinophils; |

female 0,0.312, 0.625, relative thymus weight NOAEL:

1.25,2.5,0r5 . ; 2.5 mg/kg-day NTP
Sprague mg/kg-day for 28 Females: | relative for all endpoints | (2019b)
Dawley rats days via gavage thymus weight at 1.25 in males
(10/sex/dose) mg/kg-day (not

statistically significant
at higher doses)

aThe specific manner of oral administration was not stated in study.
Abbreviations: GD, gestation day; IgE, immunoglobulin E; IgG, immunoglobulin G; IL-2, interleukin-2; IL-
4, interleukin-4; IL-6, interleukin-6; LOAEL, lowest-observed-adverse-effect level; NK cell, natural killer
cell; NOAEL, no-observed-adverse-effect level; OVA, ovalbumin; TNF-«, tumor necrosis factor alpha

5.1.3. Recent Mechanistic Evidence

OEHHA's recent literature search identified only one mechanistic study of PFOA
immunotoxicity. Results from an in vitro study investigating the effects of PFOA on allergic
inflammation showed that PFOA enhanced histamine release and changes in pro-inflammatory
cytokines in RBL-2H3 rat cells through the NF-kB pathway (Lee et al., 2017).

For PFOS, OEHHA identified only a few studies that investigated the mechanisms for
immunotoxicity in human cell lines. Yang et al. (2016) reported that PFOS inhibited 113-
hydroxysteroid dehydrogenase 1, an enzyme responsible for converting cortisone to cortisol, in
human decidual stromal cells. Furthermore, exposure to PFOS attenuated the cortisone-
induced reduction of the pro-inflammatory cytokines, IL-6 and IL-13 (Yang et al., 2016). In
human lymphocytes, PFOS caused cytotoxicity by inducing oxidative stress, as evidenced by
increased ROS formation, lipid peroxidation, glutathione depletion and activation of caspase-3
(Zarei et al., 2018).

Two recent mechanistic immunotoxicity studies of PFOS in animal cells or tissues were
identified. In rat RBL-2H3 cells sensitized with anti-dinitrophenol (DNP), PFOS increased
histamine and pro-inflammatory cytokine levels, and activated the NF-kB pathway (Lee et al.,
2018). Additionally, a study in dolphins showed that PFOS caused an increase in CD4+ and
CD8+ T cell proliferation and induced pro-inflammatory interferon-gamma (IFN-y) in T cells
(Soloff et al., 2017).

5.1.4. Conclusions

OEHHA found mostly consistent evidence that PFOA and PFOS are associated with
suppressed antibody response in humans, in particular, suppressed response to diphtheria,
tetanus, and rubella vaccines. OEHHA also identified evidence that PFOA or PFOS can affect
other immune outcomes such as asthma or certain infectious diseases or related symptoms,
although this effect was not seen in all studies.

OEHHA evaluated the possibility that some of the results reported in the epidemiologic studies
reviewed here may have been caused by confounding, outcome or exposure misclassification,
selection bias, or some other error. Most of the epidemiologic studies reviewed here provided
only a limited assessment of confounding. However, there was no convincing evidence
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indicating that the associations reported for PFOA or PFOS and diminished antibody responses
were caused by confounding. For example, age is a potential confounder since there is good
evidence that it is associated with both PFAS levels and a number of different aspects of
immune function. Importantly though, almost all of the studies OEHHA reviewed either limited
their participants to a narrow range of ages or they adjusted for age in their statistical analyses.
Other factors like body mass index (BMI), socioeconomic indicators, smoking, and breast-
feeding may also be related to both PFAS exposure and immune function but most of the
evidence OEHHA reviewed suggests these associations are not strong enough to cause many
of the PFAS-immunotoxicity associations that were reported. For example, based on data from
US NHANES, Calafat et al. (2007b) reported geometric mean serum PFOA concentrations of
5.0 (95% ClI, 4.5-5.5), 5.4 (95% ClI, 4.9-5.9), and 5.6 (95% CI, 5.1-6.1) ng/ml for people with less
than a high school education, a high school education, and greater than a high school education
(an indicator of socioeconomic status), respectively. They also reported PFOA levels in non-
smokers, passive smokers, and smokers of 4.9 (95% Cl, 4.5-5.4), 5.5 (95% ClI, 4.9-6.1), and 5.4
(95% ClI, 4.9-5.9) ng/ml, respectively. Overall, the small differences in PFOA levels across
these different categories of education or smoking do not appear great enough to cause the 10-
20% decreases in antibody response reported in the studies OEHHA reviewed (Axelson, 1978).
For breast-feeding, while this factor was associated with higher PFAS exposures in the Faroe
Islands cohorts, it was not strongly associated with antibody concentrations (Mogensen et al.,
2015b; Budtz-Jorgensen and Grandjean, 2018) and thus unlikely to have caused major
confounding. Finally, with regards to BMI, the Faroe Islands researchers wrote that statistical
adjustment for this factor had “virtually no impact on the results” (Mogensen et al., 2015a).

Chemical exposures that are highly correlated with PFOA or PFOS and have significant immune
effects could also cause confounding. In the 1997-2000 Faroe Islands cohort, correlations
between serum levels of PFOA and PFOS with polychlorinated biphenyls (PCBs) in 5-year-old
children were 0.00 and 0.08, respectively, which are likely too low to cause significant
confounding (Grandjean et al., 2012). In fact, statistical adjustments for PCB levels had little
effect on PFOA or PFOS results (Grandjean et al., 2017a; Grandjean et al., 2017b).
Methylmercury may have some effects on the immune system, however the authors of the
Faroe Islands studies wrote, “...exposures to methylmercury and polychlorinated biphenyls
were only weakly correlated with serum concentrations of the PFAS, and confounding by these
other exposures could therefore be ignored” (Budtz-Jorgensen and Grandjean, 2018).
Correlations between PFOS and PFOA with most other organochlorine chemicals also
appeared to be fairly low (data presented only in figure form) (Oulhote et al., 2017).

Many of the individual PFAS are correlated with each other, and these correlations can
potentially make it difficult to determine the individual effects of any single compound. In some
studies, these correlations are fairly strong. For example, in 1,562 children and adults ages 12
years and older in the 1999-2000 NHANES, Calafat et al. (2007b) reported a Pearson
correlation coefficient of 0.64 (p <0.01) between PFOA and PFOS serum concentrations. In
652 Danish men, the Spearman correlation coefficient between PFOA and PFOS serum
concentrations was 0.71 (p <0.0001) (Eriksen et al., 2011). Despite these high correlations,
several pieces of evidence suggest the effects of PFOA and PFOS on antibody levels may be
independent of each other. First, the correlations between PFOA and PFOS reported in the
Faroe Islands cohorts are less strong than those reported in the Calafat et al. (2007b) and
Eriksen et al. (2011) studies. For example, Pearson correlation coefficients between PFOA and
PFOS serum concentrations measured at age 7 years in the 1997-2000 Faroe Islands cohort
ranged from 0.29 to 0.50 (Table 5.1.7). Second, adjustment of PFOA- or PFOS-antibody
response associations for other PFAS in the 1997-2000 Faroe Islands cohort generally resulted
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in only small changes in effect sizes (Table 5.1.4) (Mogensen et al., 2015a; Budtz-Jorgensen
and Grandjean, 2018). Third, animal studies provide clear evidence of an association between
exposure to PFOA and PFOS and suppression of antibody response (NTP, 2016).

Table 5.1.7. Pearson correlation coefficients between
PFOA, PFOS, and PFHxS at ages 5 and 7 years in the
1997-2000 Faroe Islands cohort (Mogensen et al., 2015a)

Levels at age 7 years

PFOS PFOA PFHxS

Age 5 years

PFOS 0.77 0.06 0.43

PFOA 0.34 0.61 0.39

PFHXS 0.40 0.27 0.85
Age 7 years

PFOS --

PFOA 0.29 --

PFHxS 0.50 0.34

OEHHA evaluated several other potential biases but did not find clear evidence that these were
likely to be responsible for the PFAS-antibody response associations identified. For example,
selection bias is a possibility, and a number of studies did not report accurate or thorough data
on refusal or participation rates. Although not explicitly stated, most studies appear to have
involved convenience samples. In some instances, the use of convenience sampling might lead
to concerns about selection bias. However, in the studies OEHHA reviewed, participants did
not appear to have been selected in a manner that would have been associated with both their
PFAS levels and their immune function. As such, there is no obvious reason why convenience
sampling would have introduced major bias.

Inaccuracies in the methods used to assess exposure and outcome can also introduce bias.
Almost all of the studies OEHHA reviewed assessed exposure using serum levels of PFOA or
PFOS, which is generally a valid and widely accepted method for assessing PFAS exposures
(NTP, 2016). Very few of the studies mentioned whether or not research personnel were
blinded when assessing exposure or outcome. However, although not explicitly stated, there is
some indication that the laboratory personnel measuring the PFAS levels in the Faroe Islands
studies were blinded to the outcome status of the participants (e.g., mention is made of “coded”
laboratory samples, and PFAS and antibody levels were measured in different labs) (Grandjean
et al., 2012; Grandjean et al., 2017b). In general, all of the studies OEHHA reviewed appeared
to have assessed immune outcomes using the same methods in all participants, regardless of
their PFAS exposure levels. This suggests that most bias that may have resulted from
inaccuracies in outcome assessment was likely non-differential and therefore likely to have
biased results towards the null, not towards the associations seen.

A number of the studies OEHHA reviewed used cross-sectional designs. Evidence for reverse
causality has been seen in studies of PFOA or PFOS and outcomes such as renal function or
age of menopause (Dhingra et al., 2017). Reverse causality might also be a source of error in
cross-sectional studies of immune responses if the presence of an adverse immune outcome
may lead people to use certain products or have other lifestyle changes that increase their
PFAS exposure. While this may be possible, OEHHA was unable to find evidence to support it,
at least to an extent that it would have caused major bias. Importantly, associations between
PFOA or PFOS and decreased vaccine response have also been seen in several prospective
analyses (Table 5.1.1), which are likely to be less susceptible to this bias.
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Many of the results OEHHA reviewed involved only a single serum measurement of PFOA or
PFOS. This could potentially lead to bias from exposure misclassification if the latency between
exposure and the outcome is long or if the serum levels of these agents fluctuate significantly
over time. However, the half-lives of PFOS and PFOA in humans appears to be long. Ina
study in retired fluorochemical production workers followed for up to 5 years, the half-lives of
serum PFOA and PFOS were 3.5 and 4.8 years, respectively (Olsen et al., 2007). In addition,
although serum PFOA and PFOS concentrations appear to be declining over time in most
people, relative levels seem to remain fairly stable. For example, in the 1997-2000 Faroe
Islands cohort, correlation coefficients between levels measured at age 5 and levels measured
at age 7 were 0.61 and 0.77 for PFOA and PFOS, respectively (Table 5.1.7). Overall, the long
half-lives of PFOA and PFOS and the fact that relative levels seem to remain stable over time
suggests that a single measurement of PFOA or PFOS can be a good long-term marker of
exposure in many people.

In addition to the human evidence, OEHHA also found consistent evidence that PFOA and
PFOS are associated with suppressed antibody response in experimental animals. NTP (2016)
identified six animal studies (including the DeWitt et al. (2016) study described in Table 5.1.5)
reporting immunosuppression in mice following exposure to PFOA, determined by decreases in
antigen-specific IgM and/or IgG antibody production in response to a challenge with T-cell
specific antigens. Similarly, NTP identified seven studies in mice reporting suppressed antibody
responses following exposure to PFOS. In OEHHA's review of animal immunotoxicity studies
published from 2016 onward, one study reported decreased sheep red blood cell (SRBC)-
specific and dinitrophenyl-ficoll (DNP)-specific IgM antibody responses in mice exposed to
PFOA (DeWitt et al., 2016). OEHHA did not identify any experimental animal studies of PFOS
and effects on antibody responses published from 2016 onward. Additionally, OEHHA identified
one mouse study of PFOA and one mouse study of PFOS, which reported increases in IgE
levels following multiple exposures to 150 mg/kg of the respective chemical (Lee et al., 2017;
Lee et al., 2018). In these studies, IgE levels were increased in animals sensitized with
ovalbumin, and in non-sensitized animals compared to their respective controls.

NTP (2016) noted that there was evidence from experimental animal studies indicating PFOA
and PFOS affect multiple aspects of the immune system in addition to the suppression of
antibody response. The recent animal immunotoxicity studies of PFOA identified by OEHHA
primarily reported changes in spleen and thymus weight. NTP (2020) also reported lymphoid
follicle atrophy in male rats, and pigment in the spleen in female rats. Similar to PFOA, the
recent animal immunotoxicity studies of PFOS reported changes in spleen and thymus weight,
in addition to changes in thymus lymphocyte populations and cytokine levels. NTP (2016)
considered these endpoints as secondary outcomes, because these endpoints are “less
indicative of overall immunotoxicity.” Nonetheless, NTP (2016) reported that reductions in
murine spleen and/or thymus weight at moderate to high doses (>10 mg/kg-day), and
reductions in murine thymus cellularity at high doses (>20 mg/kg-day) were consistently
observed across multiple studies for both PFOA and PFOS. For changes in cytokine levels,
NTP noted the inherent difficulty in determining whether clear and consistent patterns exist, due
to differences in study design and cells/tissues examined. Additionally, Zhong et al. (2016)
reported that gestational exposure to PFOS induced decreased NK cell activity in pups,
supporting previous findings reported in NTP (2016).

In summary, based on this review of the recent literature and the past evidence reviewed by
NTP (2016), OEHHA identified consistent evidence in the human epidemiologic literature and
from experimental animal studies that PFOA and PFOS are associated with decreased antibody
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responses (Table 5.1.8). OEHHA's evaluations suggest that the associations observed in the
human epidemiologic studies are not due to confounding, exposure or outcome
misclassification, selection bias, or reverse causation. Positive findings were also seen in a
number of studies involving other immune outcomes such as asthma, rhinitis, or lower
respiratory tract infections, especially for PFOA, and these, along with the experimental animal
data, provide further support that PFOA and PFOS are immunotoxic. Importantly, several of
these associations have involved exposure levels that are close to those seen in the general US
population.

Table 5.1.8. Summary of OEHHA'’s conclusions regarding the human and experimental

animal data on PFOA and PFOS and immunotoxicity

Outcome

PFOA

PFOS

Vaccine response in
humans

Mostly consistent evidence for
decreased vaccine response

Mostly consistent evidence for
decreased vaccine response

Other immune-related
outcomes in humans

-Some evidence for increased
asthma and related outcomes
but based mostly on cross-
sectional data and not consistent
across all studies

-Some evidence for increases in
respiratory infections in
children but not consistent across
all studies

-Weak, mostly inconsistent, or no
evidence for links to other
outcomes

-Some evidence for increased
asthma and related outcomes
but based mostly on cross-
sectional data and not
consistent across all studies
-Some evidence for increases in
respiratory infections in
children but not consistent
across all studies

-No associations or only weak
evidence identified for other
outcomes

Immunosuppression in
animals

Consistent evidence for
decreased antibody response

Consistent evidence for
decreased antibody response

Effects on the spleen
and/or thymus in animals

Consistent evidence for
decreased spleen and/or thymus
weight in mice

Consistent evidence for
decreased spleen and/or
thymus weight in mice

Other immune-related
effects in animals

-Consistent evidence for
decreased thymic cellularity
-Few studies, consistent
evidence for changes in NK cell
activity

-Consistent evidence for
decreased thymic cellularity
-Few studies, consistent
evidence for changes in NK cell
activity

5.2. Liver Toxicity

US EPA has reviewed the human epidemiologic literature, published up to December 2015, on
PFOA or PFOS and liver toxicity (US EPA, 2016b; US EPA, 2016d). In their reviews, US EPA
identified a number of epidemiologic studies that investigated associations between PFOA and
serum levels of liver enzymes such as alanine transaminase (ALT), aspartate aminotransferase
(AST), and gamma-glutamyl transpeptidase (GGT). All of these studies were primarily in adults.
Although findings were not consistent across all studies, several reported statistically significant
associations between increasing serum levels of PFOA and increasing blood levels of these
enzymes. These findings were seen in both high exposure settings (e.g., occupational cohorts)
and general population studies, and were seen both in studies using cross-sectional and
prospective designs. Several of these studies controlled for factors that could potentially
confound results, including BMI, alcohol intake, smoking, medication use, socioeconomic status,
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and medical history. In addition, several studies involved scenarios where PFOA was the
predominant PFAS to which participants were exposed (US EPA, 2016b; US EPA, 2016d).
Based on this evidence, US EPA concluded, “Overall, an association of serum PFOA
concentration with elevations in serum levels of ALT and GGT has been consistently observed
in occupational, highly exposed residential communities, and the U.S. general population. The
associations are not large in magnitude, but indicate the potential to affect liver function” (US
EPA, 2016b).

US EPA (2016b) identified one epidemiologic study of PFOA and liver disease (e.qg., hepatitis,
cirrhosis, fatty liver disease). In this study, an OR of 2.02 (95% CI, 0.50-8.10) was reported for
non-hepatitis liver disease among the most highly exposed workers at a chemical plant that
used PFOA, although the number of cases was small (35 total cases) (Steenland et al., 2015).
Findings for hepatitis were not reported.

For animal toxicity, a thorough examination of the literature of PFOA was previously conducted
by other agencies (US EPA, 2016a; US EPA, 2016b; New Jersey DWQI, 2017; ATSDR, 2018a).
US EPA (2016b) identified several hepatotoxic endpoints in animal studies that were commonly
reported in the scientific literature, namely increases in serum levels of liver enzymes (e.g., ALT
and/or AST), increased relative liver weight, hepatocellular hypertrophy, and hepatocellular
necrosis.

For PFOS, US EPA identified two epidemiologic studies that investigated associations with liver
toxicity. The first was a cross-sectional study of serum PFOS and liver enzymes in 2,216 adults
over age 20 from the 1999-2000 and 2003-2004 US NHANES (Lin et al., 2010). In linear
regression models adjusted for age, gender, race/ethnicity, smoking, drinking status, education,
BMI, metabolic syndrome, iron saturation status, and insulin resistance, a borderline statistically
significant positive association was found between serum PFOS concentrations and serum ALT
(linear regression coefficient (B) = 1.01; p=0.066). Clear associations with GGT and total
bilirubin were not seen. The second study was a cross-sectional analysis of serum PFOS and
liver enzymes from the C8 Health Study. This study involved 47,092 residents of the Mid-Ohio
Valley, West Virginia, who lived near a chemical plant known to have emitted PFOA into the
surrounding environment (Gallo et al., 2012). In linear regression models adjusted for age,
physical activity, BMI, average household income, education, race, alcohol consumption, and
smoking, increasing serum concentrations of PFOS were associated with increasing serum
levels of ALT (regression coefficient between lognormal (In) PFOS and In ALT = 0.020 (95% ClI,
0.014-0.026). A positive association was also seen with direct bilirubin (f = 0.029 (95% ClI,
0.024-0.034)). Clear associations with GGT were not seen. US EPA did not identify any
studies of PFOS and liver diseases like fatty liver disease, cirrhosis or hepatitis. Overall, US
EPA concluded that, “The epidemiological data supporting liver damage based on serum ALT
and GGT as reported by Gallo et al. (2012) are not strong enough to support an association of
serum PFOS alone with liver damage in humans, because in most of the epidemiology studies
the serum contains a mixture of PFAS and possibly other exogenous chemicals” (US EPA,
2016d).

PFOS exposure has been consistently shown to induce liver toxicity in experimental animals. A
thorough examination of this literature was previously conducted by other agencies (US EPA,
2016¢; US EPA, 2016d; New Jersey DWQI, 2018). In general, increases in absolute and/or
relative liver weight, increased liver histopathological effects (e.g., hypertrophy, necrosis, etc.),
and increased biomarkers of liver damage were reported.
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5.2.1. Recent Human Evidence

OEHHA identified nine studies of PFOA or PFOS and liver toxicity published since December
2015 or that were otherwise not included in the most recent US EPA (2016b) and US EPA
(2016d) reviews (summarized in Appendix 7, Tables A7.5 and A7.6). In general, for PFOA, the
more recent studies OEHHA identified support the conclusions of US EPA (2016b) and US EPA
(2016d). All of the studies that examined PFOA and liver enzymes in adults published since the
US EPA review reported statistically significant associations between increasing serum PFOA
concentrations and increasing blood levels of ALT, AST, and/or GGT. This includes two
prospective studies (Darrow et al., 2016; Salihovic et al., 2018). Both of these studies adjusted
or otherwise controlled for a number of potential confounding factors including cholesterol
levels, BMI, medication use, socioeconomic status, alcohol, or smoking.

Three of the more recent studies OEHHA identified were done in children, with only one
reporting statistically significant associations between PFOA and increased liver enzymes. The
positive study (Attanasio, 2019) differed from the two others in that it involved somewhat older
children (ages 12-19 versus ages 6-11 (Mora et al., 2018) and ages 8-12 (Khalil et al., 2018)).
In this study, associations were seen between increasing serum PFOA concentrations and ALT,
AST, and GGT in girls but not in boys, and fairly large unexplained changes in results were
seen after statistical adjustments. Overall, the reason why fairly consistent findings have been
seen in adults while results in children are mixed is not known.

With regards to PFOS, the prospective cohort study by Salihovic et al. (2018) in 1,002 elderly
adults in Sweden reported an association between increasing serum levels of PFOS and
increasing ALT (p <0.001). The other three recent studies OEHHA identified that examined
PFOS and liver toxicity presented mixed results (Gleason et al., 2015; Jain and Ducatman,
2018b; Nian et al., 2019). Overall, two of the three negative studies were done in children. The
other was based on 3,573 adults in the 2011-14 NHANES (Jain and Ducatman, 2018b).
OEHHA could not identify major differences in study quality that might explain these
inconsistent results.

5.2.2. Recent Animal Evidence

OEHHA's review of recent animal studies, published from 2016 onward, is summarized in Table
5.2.1. PFOA exposure has consistently been shown to induce liver toxicity in experimental
animals. In general, increases in absolute and/or relative liver weight, increased liver
histopathology, and increased biomarkers of liver damage were observed.
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Table 5.2.1. Summary of recent animal toxicity studies of PFOA reporting effects on the

liver

Sex/Species/

Serum/Plasma

R Exposure Concentrations Endpoints NOAEL/LOAEL
eference
(ug/ml)
Male
CD-1 mice 0 or 3 mg/kg-
(3-5/dose) day via NA 1 relative liver weight NA?
gavage for 7
Beggs et al. days
(2016)
1 serum ALT, AST, ALP,
and LDH; vacuolar
Male Qegeneration; Necrosis;
Kunming mice | 0 or 10 inflammatory cell
(4/dose) mg/kg-day via infiltration; 1 oxidative
NA stress (1 TNF-a and IL- NA?
gavage for 14 6
'('Z'L(‘)fé)a" days 1 MDA and H;05, |
SOD and CAT activity);
1 caspase-3 activity
(apoptosis)
Oor35
mg/kg of feed
Male and (fat- and
female cholesterol- Males:
C57BL/6 mice | containing 0.002 or 26.9 Both sexes: 1 relative
(6/sex/dose) diet) (~0.55 Females: liver weight ' NA?
mg/kg BW- 0.028 or 44.3
Rebholz et al. | day, at six weeks
(2016) according to
authors) for
six weeks
Oor35
mg/kg of feed
Male and (fat- and
female cholesterol- Males:
BALB/c mice | containing 0.005 or 28.2 . ,
(6/sexidose) | diet) (~0.55 | Females: sotn V\fefgﬁts 1 relative NA®
mg/kg BW- 0.086 or 35.6
Rebholz et al. | day, at six weeks
(2016) according to
authors) for
six weeks
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Sex/Species/

Serum/Plasma

Exposure Concentrations Endpoints NOAEL/LOAEL
Reference
(ug/ml)
Dietary
exposure to 0,
Pregnant 0.003, 0.01,
C57BL/6J 0.03,0.1, 0.3,
X 1,and 3
mice (mated ma/ka-da
with FVB (te‘f’r gte dy
male mice) to 9 Both sexes: nuclear
produce gisi)s:ure dysmorphology (p=0.06) LOAEL:
hybrid P Male pups: 1 absolute '
. started 2 NA Lo -~ 10.003
offspring and relative liver weight;
weeks before . T . mg/kg-day
(6 for dams, mating and 1 eosinophilic liver foci
6-10/sex/dose N9 d (p=0.07)
for pups) continued
during mating
van Esterik et élegzgg)n’ 3
al. (2016) weeks), and
lactation (3
weeks)
Male
BALB/c mice | 0,0.5,0r2.5 1 absolute and relative NOAEL:
(5/dose) mg/kg-day via | 0.011, 29.34, or | liver weight; '
y > o 0.5 mg/kg-day
oral infusion” | 114.3 at 28 days | altered glucose for 1 liver weight
Yu et al. for 28 days metabolism 1 9
(2016)
Male Single dose of
Sprague 0 or 150
Dawley rats mg/kg
(5/dose) intragastricall NA 1 relative liver weight NA?
y, sacrifice
Cavallini et al. | after 48 or 96
(2017) hours
Male
SV129 WT
and PPARa Oor10 WT and KO: 1 absolute
KO mice mg/kg-day via NA and relative liver weight; NA
(4/dose) gavage for 7 hepatocellular
days hypertrophy; decreased
Das et al. DNA content
(2017)
Male . — )
. 0,1,o0r5 1 absolute liver weight; LOAEL:
BALB/c mice )
. mg/kg-day hepatocyte cytoplasmic | 1 mg/kg-day for
(minimum of o NA AN
orally® for 7 vacuolization; 1 serum 1 serum ALT
8/dose)
days ALT levels
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Sex/Species/

Serum/Plasma

Reference Exposure Concentrations Endpoints NOAEL/LOAEL
(ug/ml)
Hui et al.
(2017)
Male Single oral
Wistar rats dose of 0 or 33.3 at 9 days
(5-12/dose) 50 mg/kg via | after exposure. 1 absolute and relative NA
gavage, Control level not | liver weight
Kawabata et | sacrifice after | determined
al. (2017) 9 days
1 absolute liver weight; LOAEL:
Male and Males: hepatocellular 0.05 mg/I_<g-d_ay
female 0,0.05,05, |0,1.2 59o0r hypertrophyand | for hepatic mito-
BALB/C mice o,r o5 r’ng/ki:j- 1’3_4 ' apoptosis; mitochondrial | chondrial
(30/sex/dose) | day via Females: morpholo_gy changes; memb_rane
changes in potential
gavage for 28 | 0, 0.97, 2.7 or . .
Li et al. days 95 mitochondrial _ changes:,
(2017b) at 28 days membrane potential; apoptosis,
oxidative DNA damage | oxidative DNA
(ROS generation) damage
Male
E]Ltmggnrgltce Single oral 1 hgpatic cytoplasmic
specified) dose of 0 or 5 NA vesicles; 1 inflammatory NA2
mg/kg via cells around the hepatic
Wu et al. gavage portal area
(2017)
Male
BALB/c mice 0,0.08,0.31,
(3/dose) 1.25,5, or 20 . .
mg/kg-day via NA hepatocyte swelling Not provided®
van et al. gavage for 28
(2017) ays
Male
BZAOI/‘E/C mice | 0 o/rkl.ZdS 0.04 or 55.5 1 relative liver weight;
(20/dose) mgikg-aay 08 O 99, altered glucose NA2
orally® (for 28 | at 28 days metabolism
Zheng et al. days
(2017)
EL?}%Q;? mice 0 or 5 mg/kg- 1T ALT and AST in F1
(8/dose) day pup serum on PND 21
intragastricall NA (although the changes NA?
Qin et al y throqghout were not statistically
(2018) ' gestation significant)
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Sex/Species/

Serum/Plasma

Exposure Concentrations Endpoints NOAEL/LOAEL
Reference
(ug/ml)
Male
Kunming mice | 0, 1,0r5 1 absolute and relative NOAEL:
(8/dose) mg/kg-day NA liver weight; 1 serum 1 ma/k --da for
intragastricall ALT and AST,; 1 hepatic 1 Iivgr gnz Brzwes
Wau et al. y for 21 days vacuoles y
(2018)
0,0.55,55
C57BL/6 mice 9 0.0014, 3.094, ytoplasmi ) 1 mg/kg-day for
water for 5 vacuolization; ) )
(6-8/dose) 23.971, or | liver histo-
weeks hepatocyte hypertrophy;
.| 83.703 at 28 . . pathology,
: (correspondin irregular architecture of
Crebelli et al. days . L 1 ALT and AST,
(2019) gto0,0.1,1, parenchyma; necrosis; and necrosis
and 5 mg/kg- 1 serum ALT and AST
day)
Male
MIR-34A -/- WT and KO: 1 relative
KO and WT . o
0 or 5 mg/kg- liver weight; 1 serum
C57BL/6J :
. day via ALT, AST, and a
mice NA ; . NA
gavage for 28 cholinesterase; | total
(15-18/dose) . "
days bile acid; swollen
Cui et al. hepatocytes
(2019)
1 absolute and relative LOAEL:
Male liver weight; 1 serum 04m /k -da
BALB/C mice | 0,0.4, 2, or ALT and AST; oo o) Y
(12/dose) 10 mg/kg-day | 0.02, 13, 64, or hepatocellular liver weiaht
via gavage for | 88 hypertrophy; karyolysis; :]e atocell% Ia,r
Guo et al. 28 days 1 albumin; 1 serum h P
. ypertrophy,
(2019) ammonia; .
| serum BUN and karyolysis
Pups: 1 absolute and
Pregnant relative liver weight;
Kunming mice swollen hepatocytes;
(10/dose), 0,1, 25,5, or vacuolar degeneration; LOAEL:
female pups 10 mg/kg-day NA dissolved nuclei; blurred | 1 mg/kg-day for
- ose via gavage iver architecture; serum
(5-10/dose) ia gavag li hitect 1 1 ALT
from GD 1-17 serum ALT and AST; 1t and AST
Li et al. CAT, SOD, and 8-
(2019¢) OHdG;
| histone acetylation
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Sex/Species/ Serum/Plasma
P Exposure Concentrations Endpoints NOAEL/LOAEL
Reference
(ug/ml)

0 or 1 mg/kg-

day (in :
Male distilled water, ﬁve(‘etr)sx(lel}'t?]? nd relative
C57BL/6 mice | presumably he atocgllu,lar
(5/diet/treat- gavage) for 2, hygertrophy and
moei:]]tt)/tlme \?v’eoerkiG Half NA hyperplasia; hepatic NA?2
P of the énimals lobular inflammation;
Li et al were on low L in ALT, fibrosis
(2019d) fat diet, other :;]igtjced by the high-fat

half on high

fat diet

0, 0.625,

1.25, 25,5, Males: LOAEL:
Male and or 10 mg/kg- | BD, 0.378, hepatocyte hypertrophy; 0.625 '
female day (for 0.503, 1.297, hepatocyte cytoplasmic m Ika-dav for
Sprague males) and 0, | 3.34, or 10.9 alteration; 1 absolute heg a?oc é
Dawley rats 6.25, 12.5, Females: and relative liver weight; c th)) Ias¥nic
(10/sex/dose) | 25, 50, or 100 | BD, 0.129, 1 serum ALT and ALP a?’tergﬁon d

mg/g-day (for | 0.292, 0.475, Males only: 1 serum . L

, A 1 liver weight in

NTP (2019a) | females) via 1.67,0r6.71 AST and bilirubin males

gavage for 28 | at 28 days

days
Male
APOE*3- )
Leiden.CETP | 0, 0.01, ISI(Z)QlEL.
:;?Qj?e”'c %S?klgggj?nz gggioorgii 1 absolute and relative mg/kg-day for
(8/dose) diet for 6 at 6 weeks liver weight; 1 ALT ;rlll(\j/er weight

weeks
Pouwer et al. TALT
(2019)
Male
APOE*3- NOAEL:
Leiden.CETP | 0, 0.01, absolute and relative 0.298
transgenic 0.298, or 29.5 | 0, 0.051, 1.395, Ever weight: 1 serum mg/kg-day for
mice mg/kg-day in | or 93.713 at 4 ALT he gati,c 1 liver weight,
(8/dose) diet for 4 weeks h értrop h T ALT,

weeks yp phy hypertrophy and
Pouwer et al. steatosis
(2019)
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Sex/Species/

Serum/Plasma

Reference Exposure Concentrations Endpoints NOAEL/LOAEL
(ug/ml)
Pregnant . ua i
Kunming mice | 0 or 20 Damrs]._T relatlvedllver
(10/dose) mg/kg-day via welg t Increase
gavage from NA oxidative stress NA?
Songetal. | GD 1-7 gs'\ﬂ%;()l SOD and
(2019)
Male
C.57BL/6NC” 0,1,0r3 1 absolute liver weight; .
mice mg/kg-day via 1 carboxylesterase LOAEL:
(4-6/dose) NA . 1 mg/kg-day for
gavage for 7 protein levels and i iqht
| days activity T liver weig
Wen et al.
(2019¢)
Male
C57BL/6NTac WT and KO: 1 absolute
WT and 0 or 3 ma/ka- liver weight (effect more
PPARa KO dav via 9’kg pronounced in WT
mice aza e for 7 NA animals); NA?2
(4-6/dose) gavag 1 carboxylesterase
days )
protein levels and
Wen et al. activity
(2019¢)
Dams: 1 absolute and
relative liver weight;
hepatic effects
ED115: (cytoplasmic alteration,
(Ptr[()a-%nriri](t:e 0,1,0r5 BD, 25.4 or Typ;e(r:t(;oggyéosmo hilic
(113 mglkg-day via | 117.3 grgzula% " y’toplasmp 1 | LOAEL:
dams/dose) gavage from hepatic mitosis ’ 1 mg/kg-day for
ED15t0ED | EDLZ.5: nepatc mitosis 1 t liver weight
11.50r ED 0.211, 18.7 or pop ’ ! and liver effects
Blake et al. 175 95 1 abnormal ultrastructure,
(2020) ' ' | rough ER); | albumin
and total protein levels;
1 serum AST and SDH
Pups: no reported liver
effects
0, 300, or
Female 1,000 ppm in 1 absolute and relative NOAEL:
Sprague feed liver weight; hepatocyte | 300 ppm
Dawley rats BD, 20.4, or 72.3 ght; hepatocyt PP
(10/dose) (0, 29.6, or at 16 weeks cytoplasmic alteration; (29.6 mg/kg-
98.6 mg/kg- hepatocyte hypertrophy; | day) for all liver
NTP (2020) day) for 16 1 serum ALT and ALP endpoints
weeks
Male 0, 150, or 300 | BD, 193, or 243 | 1 relative liver weight; LOAEL:
Sprague ppm in feed at 16 weeks liver necrosis; liver 150 ppm
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Sex/Species/ Serum/Plasma
P Exposure Concentrations Endpoints NOAEL/LOAEL
Reference
(ug/ml)
Dawley rats (0, 15.6, or pigment; hepatocyte (15.6 mg/kg-
(10/dose) 31.7 mg/kg- hypertrophy; hepatocyte | day) for all liver
day) for 16 cytoplasmic alteration; endpoints
NTP (2020) weeks hepatocyte single cell
death; 1 serum ALT and
ALP; 1 bile salts
0. 20, 40, or T absoIL_Jte e_m_d relative
Male . liver weight; liver .
Sprague 80 ppm in necrosis; liver pigment; LOAEL:
Dawley rats feed BD, 81.4,130.8, he atoc’te cyto Iasmi(’: 20 ppm
y (0, 1.9, 4.0, or | or 159.6 at 16 patocyt P (1.9 mg/kg-day)
(10/dose) alteration; hepatocyte . .
7.9 mg/kg- weeks ) for multiple liver
day) for 16 h_ypertrophy, hepatocyte endpoints
NTP (2020) weeks single cell death; 1
serum ALT and ALP
liver necrosis; liver LOAEL:
Female 0, 300, or pigment; bile duct 300 ppm
Sprague 1,000 ppm in hyperplasia; hepatocyte | (18 mg/kg-day)
Dawley rats feed BD, 20.4, or 72.3 | cytoplasmic alteration; for hepatocyte
(50/dose) (O, 18, or 63 at 16 weeks hepatocyte hypertrophy; | cytoplasmic
mg/kg-day) hepatocyte single cell alteration and
NTP (2020) for 107 weeks death; hepatocyte hepatocyte
1 mitoses hypertrophy
liver cystic LOAEL:
degeneration; liver 20 ppm
Male gbzpop;nﬁ'oihor eosinophilic and mixed (1 mg/kg-day)
Sprague feed BD, 81.4, 130.8, pell focus;_ Ilvgr_focal for Ilver
Dawley rats inflammation; liver necrosis,
0,1, 2.2, 0r or 159.6 at 16 I . ]
(50/dose) necrosis; liver pigment; | hepatocyte
4.5 mg/kg- weeks h h hv | h h
day) for 107 epatocyte hypertrophy; | hypertrophy,
NTP (2020) hepatocyte cytoplasmic | hepatocyte
weeks 0 ;
alteration; hepatocyte cytoplasmic
single cell death alteration

2L OAEL/NOAEL not applicable for single dose studies.
®The specific manner of oral administration was not stated in study.
¢ Histology data are presented in the supplementary materials, but specific doses at which hepatocyte
swelling and lipid deposits become significant are not provided.
4 miR-34A -/- KO mice do not produce the microRNA miR-34A. miR-34A functions as a tumor suppressor.
¢ APOE*3-Leiden.CETP transgenic mice are reported to have human-like lipoprotein metabolism.
Abbreviations: ALP, alkaline phosphatase; ALT, alanine aminotransferase; AST, aspartate
aminotransferase; BD, below limit of detection; BUN, blood urea nitrogen; CAT, catalase; ED, embryonic
day; ER, endoplasmic reticulum; GD, gestation day; GSH-Px, glutathione peroxidase; HDL, high density
lipoprotein; H202, hydrogen peroxide; IL-6, interleukin 6; KO, knockout; LDH, lactate dehydrogenase;
LDL, low density lipoprotein; LOAEL, lowest-observed-adverse-effect level; MDA, malondialdehyde;
NOAEL, no-observed-adverse-effect level; 8-OHdAG, 8-hydroxy-2’-deoxyguanosine; PND, postnatal day;
PPARa, peroxisome proliferator-activated receptor alpha; SDH, sorbitol dehydrogenase; SOD, superoxide
dismutase; TNF-a, tumor necrosis factor alpha; WT, wild-type

Proposed Public Health Goals for
PFOA and PFOS in Drinking Water

85

OEHHA
July 2021




Electronic Filing: Received, Clerk's Office 3/07/2022
FIRST PUBLIC REVIEW DRAFT

Well-conducted studies demonstrating the lowest NOAELS/LOAELSs are described here.
Recently, NTP released toxicity data from subacute and chronic bioassays conducted in male
and female Sprague Dawley rats. An additional cohort of animals was exposed to PFOA during
gestation and lactation (perinatal exposure; 150 or 300 ppm PFOA in feed given to dams). An
initial chronic study in male rats with concentrations of 0, 150, or 300 ppm in feed (0, 14.7, or
29.5 mg/kg-day) was ended at 21 weeks due to overt toxicity; however, it appears a subset of
animals receiving these doses were examined at 16 weeks. The study was subsequently
repeated with lower doses. Liver toxicity was observed in all of the studies, regardless of sex or
duration. Common liver effects included increased relative liver weight, increased serum ALT
and alkaline phosphatase (ALP), necrosis, increased liver pigment, hepatocyte cytoplasmic
alteration and hypertrophy, and hepatocyte single cell death (NTP, 2019a; NTP, 2020). OEHHA
identified lowest-observed-adverse-effect levels (LOAELS) of 0.625 mg/kg-day and 1 mg/kg-day
for the 28-day and 107-week studies in male rats, respectively, for liver toxicity. This
corresponds to plasma concentrations of 0.0507 and 0.0814 milligrams per milliliter (mg/ml),
respectively (NTP, 2020). Plasma/serum concentration is the most appropriate dose metric for
extrapolating toxicity data from rodent studies to humans because of the large difference in the
chemical’s biological half-life between rodents (1-3 weeks) and humans (2-3 years). This
accounts for the accumulation of PFOA in humans due to the chemical’'s long half-life. Plasma
concentration in the chronic male rat study was determined at 16 weeks, but because the
plasma/serum half-life of PFOA is estimated to be 4-6 days in male rats (Lau et al., 2006; New
Jersey DWQI, 2017), it is anticipated that by 16 weeks, a steady-state concentration would have
been reached. Thus, the plasma concentration would remain relatively stable over the 107-
week period of continuous dosing.

Li et al. (2017b) reported decreased body weight, increased absolute and relative liver weight,
hepatocellular hypertrophy and apoptosis, lipid accumulation in hepatocyte cytoplasm, and
other biomarkers of hepatotoxicity. Quantitative data for several endpoints and PFOA serum
concentrations were presented as graphs. These graphical data were quantified using GetData
Graph Digitizer software (version 2.26), and are presented in Table 5.2.2. Female mice were
more sensitive to apoptosis than male mice. The administered dose of 0.05 mg/kg-day
corresponds to a serum concentration of 0.97 microgram per milliliter (ug/ml) for females and
1.2 pg/ml for males, which was measured at the end of the exposure period. OEHHA identified
a LOAEL of 0.05 mg/kg-day (serum concentration of 0.97 ug/ml) for changes in mitochondrial
membrane potential (indicative of mitochondrial dysfunction), increases in biomarkers of
apoptosis (caspase-9 and p53), and increased oxidative DNA damage (Li et al., 2017b).

Table 5.2.2. Dose metrics and endpoints in female BALB/c mice from Li et al. (2017hb)

Reported Cells with
Administered serum mitochondrial Caspasg-Q 053 levels® 8-OHdG?
dose concentration membrane levels (iU/g) (ng/g)
(mg/kg-day) (Lg/ml ) potential (iU/g) 9 9’9
HY changes? (%)
0 0 1.2+£05 71.3+4.2 289+35 229+73
0.05 0.97 12.3+£1.2%* | 130.2+£9.0** | 46.8 £5.1** | 68.6 + 6.2**
0.5 2.7 176 £1.1** | 157.9+3.5* | 568.3 £4.5** | 87.9 + 9.3*
25 9.5 39.3+14.6* | 220.9+£1.1** | 69.0 + 3.2** | 96.8 £ 2.6**
a@Mean + standard deviation
8-OHdG, 8-hydroxydeoxyguanosine; iU/g, international units/gram
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**p <0.01, statistical analysis (t-test) by OEHHA

van Esterik et al. (2016) reported non-statistically significant increases in liver histopathology
(eosinophilic liver foci, nuclear dysmorphology, and lipid accumulation) in C57BL/6JxFVB mice
exposed in utero and during lactation to PFOA. The authors also reported an increase in
absolute liver weight in male F1 mice at 26 weeks of age. OEHHA obtained the individual
animal liver weight data from the authors, and evaluated the absolute and relative liver weights
for statistical and biological significance.

A thorough statistical analysis showed a significant increase in absolute and relative liver weight
in male F1 mice at 26 weeks of age at all doses relative to control. Relative liver weights were
obtained for F1 mice (sex unspecified), comprising 8 dose groups with approximately 10
animals from 2-5 litters in each group. Anova type Il test with unbalanced design demonstrated
statistical differences among groups (p=0.03) and lack of effect from specific litters. Levene’s
test for homogeneity of variance was not significant. However, normality of residuals was
violated, as visually demonstrated by the lack of linearity in the normal Q-Q plot and significance
in the Shapiro-Wilk normality test (p=0.0057). Thereafter, OEHHA applied a Kruskal-Wallis test
(non-parametric analogue of Anova), which was significant (p=0.0047), indicating difference(s)
among dose groups. Parametric and non-parametric t-tests demonstrated significant increases
in all dose groups relative to the control group. Finally, rank-based trend tests (Spearman’s
rank correlation, Kendall's rank correlation) either for the full dataset or with exclusion of the
control group were significant, indicating a positive trend in the dose-response data either in the
presence (p=2x10" for both the Spearman’s and Kendall's tests) or absence (p=0.007 and
p=0.008, respectively) of the control group. Overall, the statistical analysis supports a dose-
dependent increase for the relative liver weights in this experiment.

The relative liver weight values in the control group appear to be low in comparison to historical
controls from the same research group and other sources, which may explain the observed
increases in all treatment groups. OEHHA calculated a mean relative liver weight of 3.04% for
control F1 animals, whereas mean relative liver weights following treatment ranged from 3.23-
3.49% at 26 weeks (van Esterik et al., 2016). In a separate study from the same laboratory (van
Esterik et al., 2014), the mean relative liver weight from control male mice was approximately
4.69% at 23 weeks. Additionally, reports from Jackson Laboratories state that the relative liver
weight of the parent strain (male C57BL/6J mice) at 26 weeks is 4.30 + 0.47%. This suggests
that the control animals in (van Esterik et al., 2016) had unusually low liver weights that are not
comparable to available historical values. However, Spearman’s rank correlation and Kendall's
rank correlation tests without the control group still showed a statistically significant trend (p
<0.01 for both tests), indicating that the low control values were not solely responsible for the
observed statistical significance.

Increased F1 liver weight appears to be a significant effect of PFOA exposure. However, there
are several concerns that lower the overall confidence in this study. First, no details about the
liver weight data are included in the publication. Second, the control liver weight values are
below historical controls. Third, the authors reported that animals were fasted for 18 hours prior
to sacrifice, which can lead to reductions in liver weight (Jensen et al., 2013).

Much like for PFOA, several animal studies published from 2016 onward reported various
hepatotoxic endpoints following oral exposure to PFOS. Study details are summarized in Table
5.2.3.
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Table 5.2.3. Summary of recent animal toxicity studies of PFOS reporting liver effects

Serum/Plasma
Sex/Species Exposure Concentration Endpoints NOAEL/LOAEL
(ug/ml)
Male
g?é}domsig()a 0 or 10 mg/kg-
day via gavage NA 1 relative liver weight NA?
for 7 days
Beggs et al.
(2016)
Pregnant mice
(stral_n_ not 0,1, 10,0r20 doses that
specified) mg/kg-day fetal liver caused effect
(3-5/dose) o NA
orally® from enlargement were not
Mehri et al. GD 1-14 specified
(2016)
1 absolute and
relative liver weight;
Male hepatocellular
Sprague hypertrophy;
Dawley rats 2] 1/i(0_r dlao cytoplasmic LOAEL:
(7/dose) orgll % fory4 NA vacuolization; 1 mg/kg-day for
weezs 1 serum ALT and 1 serum ALT
Wan et al. AST; inflammatory
(2016) cellular infiltration;
1 biomarkers of
apoptosis
1 relative liver weight;
1 serum ALT, AST, LOAEL:
Male ﬁle_Pétirc]:dtSGT; 2.5 mg/kg-day
C57BL/6 mice | 0,2.5,5,0r10 |0.02,70.2, vaguolizgtion and for 1 relative
(10/dose) mg/kg-day via | 130.6, and o liver weight and
necrosis; hepatocyte .
gavage for 30 201.2 at 30 h ! liver enzymes,
, ypertrophy; e
Xing et al. days days S oxidative
(2016) 1 oxidative stress stress. and
(l SOD, CAT, and 200 t(;sis
GSH-PX); hop
1 apoptosis
0, 30, 60, or
Male 120 mg/kg of Lo :
. 1 relative liver weight; .
C57BL/6 mice | feed 0,946 176, | 1 ALT and bile acids; | SOAEL:
(5-6/dose) (equivalent to 3.48 mg/kg-day
and 392 at 21 hepatocyte .
0, 3.48, 6.96, or davs vacuolization and for 1 liver
Zhang et al. 13.92 mg/kg y necrosis: * MDA weight
(2016c) BW-day)¢ for 21 1
or 23 days
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Serum/Plasma

Sex/Species Exposure Concentration Endpoints NOAEL/LOAEL
(ug/ml)
Pregnant
C57BL/6 mice Pups: 1 absolute liver .
(12/dose) O.’ 0.1,1,0r5 weight at 4 weeks NOAEL:
via gavage NA o 1 mg/kg-day for
from GD 1-17 (but not significant at 1 liver weight
Zhong et al. 8 weeks)
(2016)
Domestic cats Sianificant
(72 in clinics Range: BD to gnitica ,
association with
and shelters) | Case control 0.121 : a
, PFOS and liver NA
study Geometric disease in the highest
Bost et al. mean: 0.0089 uartile 9
(2016) q
0 or 14 mg/kg
via gavage on
Male and three separate
female occasions over
Cynomolgus 422 days;
m){)nke sg maximum no toxicologically NOAEL:
(6/sex /)éose) PFOS serum NA significant effects 165 pg/ml
concentrations reported serum PFOS
Chang et al of 165 pg/ml for
(2017) ' females and
160.8 pg/ml for
males on day
365
Male and . Both sexes:
female ]E)eg(rjloo ppmin 1 absolute and
e s | Caaent 06
y mg/kg-day for NA ’ NA?
(12/sex/dose) hepatocellular
males and 6.6 hypertrophy
Bagley et al. ?;%g?e'sd)"’l y for Males: cytoplasmic
(2017) vacuolization
Male WT: hepatocyte
WT and ERB degeneration and
KO mice 0 or 5 mg/kg- vacuolization;
(8/dose/group) | day via gavage NA | bile acids NA?
for 28 days KO: effects reported
Xu et al. in WT animals not
(2017) observed
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Serum/Plasma

Sex/Species Exposure Concentration Endpoints NOAEL/LOAEL
(ug/ml)
Male hepatocellular LOAEL:
Sprague 0.1 or 10 hypertrophy; 1 mg/kg-day for
Dawley rats m /i( _dav via cytoplasmic 1 liver
ose vacuolization; enzymes,
6/d a?vage fo{ 4 NA lizat y
e 1 serum ALT, AST; | oxidative
Han et al. 1 oxidative stress and | stress, and
(2018a) apoptosis apoptosis
Male .
Sprague ) a.bsolute liver
Dawley rats 0,1,0r10 . weight; hepatocyte NOAEL:
(6/dose) mg/kg-day via NA degenerat!on, 1 mg/kg-day for
gavage for 4 cytoplasmic .
ks vacuolization; 1 liver enzymes
Han et al wee ’
(2018b) ) 1 serum ALT, AST
normal diet: O
Male
C57BL/6 mice 8;3'089 ma/kg-
(5/dose) high fat diet: 0 NA o et NAS
or 0.087 mg/kg- 1 relative liver weig
Huck et al. day.
(2018) for 28 days
Female
CD-1 mice 0,0.3,0r3 1 absolute and .
(=4/dose) mg/kg-day via gh%Zibggéi{t 7 relative liver weight; glgf\nEbk da
gavage for 7 ' yellowish liver; altered | ;™. gikg-cay
. weeks . for liver effects
Lai et al. weeks glucose metabolism
(2018)
Pregnant 0,0.50r5 R,aevaeIT f]?so'“te NOAEL:
Kunming mice | mg/kg-day VIO Ias?nié 0.5 mg/kg-day
(5/dose) intragastrically ytopiasm ) for 1 liver
NA vacuolization; .
throughout . weight and
: . inflammatory cell .
Liang et al. gestation Co histopathology
(2019) (20.5 days) infiltration and cellular in dams
' y deformation
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Sex/Species

Exposure

Serum/Plasma
Concentration

(ug/ml)

Endpoints

NOAEL/LOAEL

Male mice
(strain not
specified)
(4/dose)

Lv et al.
(2018)

0 or 10 mg/kg-
day via gavage
for 3 weeks

NA

1 relative liver weight;
1 ALT, AST and LDH,;
inflammatory cell
infiltration; edema;
cytoplasmic
vacuolization;
necrosis; architectural
disorganization;

1 oxidative stress

(T MDA and HzOz,

| GSH);

1 biomarkers of
apoptosis

NA?

Male and
female
Sprague
Dawley rats
(10/sex/dose)

NTP (2019b)

0, 0.312, 0.625,
1.25,2.5,0r5
mg/kg-day via
gavage for 28
days

Males:

BD, 23.73,
51.56, 94.26,
173.7, or 318.2
Females:
0.0543, 30.53,
66.97, 135.1,
237.5, or 413.6
at 28 days

Both sexes:
hepatocyte
hypertrophy;

1 absolute and
relative liver weight;

1 ALT, ALP, bile
salt/acid, albumin,
and direct bilirubin;
Males: 1 AST;

| globulin; hepatocyte
cytoplasmic
vacuolization;
Females: hepatocyte
cytoplasmic
alteration;

1 total bilirubin

LOAEL:
0.312 mg/kg-
day for
1 relative liver
weight in males
and females

Male
ICR mice
(10/dose)

Su et al.
(2019)

0 or 10 mg/kg-
day for 21
days;
administration
method not
explicitly stated,
but presumably
via gavage

NA

1 absolute liver
weight; disordered
liver lobule;
hepatocyte
vacuolization;
hydropic
degeneration of
hepatocytes;
inflammatory cell
infiltration; 1 serum
ALT and AST;

1 hepatic TNF-a and
IL-6

NA?

2L OAEL/NOAEL not applicable for single dose studies.
®The specific manner of oral administration was not stated in study.
¢ Calculated by OEHHA using a BW of 0.267 kg and a consumption rate of 0.023 kg/day (from US EPA,

1988).
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Abbreviations: ALP, alkaline phosphatase; ALT, alanine aminotransferase; AST, aspartate
aminotransferase; BD, below limit of detection; BW, body weight; CAT, catalase; ERp, estrogen receptor
beta; GD, gestation day; GGT, gamma glutamyl transferase; GSH, glutathione; GSH-Px, glutathione
peroxidase; HDL, high density lipoprotein; H202, hydrogen peroxide; IL-6, interleukin-6; KO, knockout;
LDH, lactate dehydrogenase; LDL, low density lipoprotein; LOAEL, lowest-observed-adverse-effect level;
MDA, malondialdehyde; NOAEL, no-observed-adverse-effect level; SOD, superoxide dismutase; TNF-a ,
tumor necrosis factor alpha; WT, wild-type

Zhang et al. (2016c) administered PFOS in the diet of male C57BL/6 mice. Where data were
presented as graphs, values were determined using GetData Graph Digitizer, version 2.26. The
authors reported increases in relative liver weight, increased ALT, liver histopathology
(vacuolization and necrosis), and oxidative stress. In a parallel study, PFOS-induced
hepatotoxicity was exacerbated in animals receiving a marginal methionine/choline deficient diet
compared to animals on a control diet (Zhang et al., 2016c). OEHHA identified a LOAEL of 3.48
mg/kg-day (serum concentration of 94.6 pg/ml) for increased liver weight.

5.2.3. Recent Mechanistic Evidence

For PFOA, results from mechanistic studies are consistent with effects observed in the liver in
animal studies, such as oxidative stress and liver injury. Increased reactive oxygen species
(ROS) production resulting in cytotoxicity has been observed in mouse hepatocytes exposed to
PFOA (Sun et al., 2019b; Xu et al., 2019b). Binding studies have shown that PFOA binds to the
antioxidant enzymes, superoxide dismutase (SOD) and catalase (CAT) (Xu et al., 2018; Xu et
al., 2019b). These studies also reported PFOA increased SOD activity; however, it had no
effect on CAT activity. The PFOA-induced increase in SOD activity resulted in increased
apoptosis in hepatocytes.

A study by Zhang et al. (2016a) showed evidence of cell proliferation of human hepatocytes at
low concentrations (50-200 uM) and cytotoxicity at high concentrations (>400 uM) of PFOA.
Orbach et al. (2018) reported that apoptotic cell death occurred in multi-cellular hepatic
organotypic culture models (OCMs) of either primary human or rat cells exposed to PFOA.
Decreased glutathione (GSH), interleukin-10 (IL-10), and mitochondrial activity were observed
in both cell types. Increased apoptosis was also observed in mouse liver AML12 cells (Wu et
al., 2017). Furthermore, PFOA induced autophagosome formation in HepG2 cells (Yan et al.,
2017).

Gene expression studies with PFOA (both in vivo and in vitro) have found changes associated
with a myriad of physiological functions, including liver necrosis, carcinogenesis, peroxisome
proliferator-activated receptor (PPAR) signaling, fatty acid metabolism, regulation of cell
proliferation, apoptosis regulation and immune response (Beggs et al., 2016; Liu et al., 2016;
Rebholz et al., 2016; Song et al., 2016; Das et al., 2017; Hui et al., 2017; Li et al., 2017b; Zheng
etal., 2017; Cui et al., 2019; Li et al., 2019c; Li et al., 2019d; Song et al., 2019; Wen et al.,
2019c). Metabolomic analyses also revealed that PFOA affects multiple metabolic pathways,
including amino acid, carbohydrate, and lipid metabolism (Yu et al., 2016).

PFOA can bind to nuclear receptors found in the liver, such as PPARs (a, y and /6) (Dong et
al., 2016a; Rose et al., 2016; Rosenmai et al., 2018; Li et al., 2019a). In HepG2 cells, PFOA
can activate human pregnane X receptor (hPXR), a nuclear receptor involved in xenobiotic
metabolism in the liver and intestine (Zhang et al., 2017). Furthermore, Dong et al. (2016a)
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reported PPARa, constitutive androstane receptor (CAR), and PXR effects in the liver of rats
exposed to PFOA orally for 28 days.

Guo et al. (2019) reported that PFOA causes changes in urea cycle protein levels in mice,
which caused an increase in serum ammonia levels, leading to liver effects such as hypertrophy
and karyolysis.

For PFOS, oxidative stress has been implicated in liver injury. Increases in ROS production and
lipid oxidation have been measured in hepatocytes exposed to PFOS (Wan et al., 2016;
Khansari et al., 2017; Selano et al., 2019). PFOS can bind to SOD and CAT, and alter their
activities (Han et al., 2018a; Xu et al., 2018; Xu et al., 2019b). Rats exposed to PFOS showed
increases in ROS and nitric oxide (NO), and Kupffer cell activation induced hepatocyte
proliferation via the nuclear factor- kB/tumor necrosis factor-a (NF-kB/TNF-a) pathway (Han et
al., 2018a; Han et al., 2018b). Choline supplementation reduced PFOS-induced hepatic
oxidative stress and changes in lipid metabolism in male C57BL/6 mice (Zhang et al., 2016c),
but had no impact on steatosis in Sprague Dawley rats (Bagley et al., 2017).

Liver gene expression studies with PFOS (both in vivo and in vitro) have found changes
associated with a myriad of physiological functions, including liver necrosis, carcinogenesis,
PPAR signaling, fatty acid metabolism, regulation of cell proliferation, apoptosis, and immune
response (Beggs et al., 2016; Dong et al., 2016a; Song et al., 2016; Bagley et al., 2017; Xu et
al., 2017; Han et al., 2018a; Han et al., 2018b; Huck et al., 2018; Lv et al., 2018; Liang et al.,
2019). A study by Yao et al. (2016) demonstrated that PFOS induces apoptosis in HepG2 cells
via mitophagy (removal of damaged mitochondria via autophagy), leading to hepatotoxicity.

PFOS has been linked to increases in blood glucose and insulin resistance in animal studies. A
study by Qiu et al. (2016b) aimed to investigate the mechanism leading to insulin resistance.
They found that in HepG2 cells, PFOS interfered with the phosphatidylinositol 3-kinase-
serine/threonine protein kinase, specifically protein kinase B (PKB, also known as AKT),
signaling pathway and increased the expression of genes related to gluconeogenesis, such as
phosphoenolpyruvate carboxykinase (PEPCK). The authors concluded that the inactivation of
AKT by PFOS increased gluconeogenesis and insulin resistance in the liver.

PFOS can bind to transporters such as fatty acid binding protein and the T4 serum carrier
protein, transthyretin (TTR) (Cheng and Ng, 2018; Sheng et al., 2018; Selano et al., 2019),
displacing endogenous ligands and disrupting essential processes in the liver. PFOS can also
induce ERP in mice (Xu et al., 2017). ERP knockout mice did not display signs of hepatotoxicity
observed in wild-type animals exposed to PFOS, such as hepatocyte degeneration and
decreases in hepatic cholesterol and bile acids, indicating that ERB may be a possible
molecular target of PFOS induced liver toxicity.

PFOS can activate hPXR, a nuclear receptor involved in xenobiotic metabolism in the liver and
intestine (Zhang et al., 2017). Activation of PXR has been associated with altered lipid
metabolism, endocrine disruption and carcinogenesis. The authors postulate that the activation
of hPXR may be one mechanism leading to toxicity observed in animals and humans exposed
to PFOS, and provide a PPARa independent mechanism for liver toxicity. PPARs «, y and /8
are other nuclear receptors that PFOS can bind to in the liver (Rosenmai et al., 2018; Li et al.,
2019a). Binding of PFOS to these receptors has been associated with effects seen in the liver,
such as cell proliferation and differentiation and lipid metabolism.
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Adding to the information about possible mechanisms, Xu et al. (2017) demonstrated that, ERf
(estrogen receptor beta) knockout mice did not show the hepatotoxic effects (hydropic
degeneration and vacuolization of hepatocytes, decreased hepatic cholesterol and bile acid
levels) that were present in wild-type (WT) mice (Xu et al., 2017).

5.2.4. Conclusions

Overall, the recent epidemiologic evidence OEHHA identified supports the conclusions reached
by US EPA: the majority of studies available to date support an association between PFOA and
increases in liver enzymes in adults. While similar evidence has been seen in some studies of
PFQOS, this evidence overall is not as clear or consistent. Associations between PFOA and
increased liver enzymes were reported in a number of different study populations, across
several different exposure scenarios (occupational, high environmental, and general population
exposures), in studies using both cross-sectional and prospective designs, and in studies that
adjusted for the common causes of liver disease such as alcohol use, BMI, and medication use.
In several studies that provided both adjusted and unadjusted results, findings changed very
little after adjusting for the major determinants of liver toxicity (Gallo et al., 2012; Salihovic et al.,
2018). Almost all of these studies used commonly accepted methods for assessing both
exposure (serum PFOA) and outcome (blood levels of liver enzymes). Although blinding of
researchers was not mentioned in most publications, descriptions of the methods that were
provided suggest that participants’ exposure and outcome were evaluated independently in
most, if not all, of these studies.

Most of the studies OEHHA reviewed assessed liver enzyme levels using only a single serum
measurement. Reliance on a single measurement like this could lead to some misclassification
since liver enzyme levels may fluctuate over time in some people. However, since exposure
and outcome seem to have been evaluated independently of each other in these studies, this
misclassification would most likely bias results to the null, not towards the positive associations
reported in most studies.

None of the recent studies of PFOA and liver toxicity identified by OEHHA controlled for other
PFAS. However, several of the studies identified by US EPA (2016b) that reported associations
between PFOA and liver toxicity involved occupational cohorts where PFOA exposures seemed
to have far outweighed those of PFOS and other PFAS. This, combined with the fact that the
results of human studies of PFOS and liver toxicity have been less consistent than those of
PFOA, suggests that the associations identified for PFOA were actually related to PFOA and
not entirely due to correlations between PFOA and PFOS. Further information on the potential
of PFOS and other PFAS to have confounded the relationships seen between PFOA and liver
toxicity, specifically increases in ALT, is presented in Section 6.1.1.

As noted by US EPA, the magnitude of the associations between PFOA and increased liver
enzymes appears to be fairly small. For example, in the analysis of PFOA and ALT by Gallo et
al. (2012), the partial coefficient of determination (R?) value for PFOA was only 0.2%. Relatively
small effect sizes were also seen in the more recent studies OEHHA identified in this search.
For example in Jain and Ducatman (2018b), a 10% increase in PFOA was associated with only
a 0.68% increase in ALT, a 0.71% increase in GGT, and a 0.49% increase in AST. Based on a
linear extrapolation, this represents about a 6.8% increase in ALT and a 4.9% increase in AST
for a doubling of PFOA levels. These fairly small effect sizes raise concerns that they may be
due to relatively small amounts of residual confounding or bias. Importantly though, the fact that
associations were seen across a number of different study populations and the fact that results
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changed only slightly after adjustments for potential confounders in several studies are evidence
that this is not the case.

The relatively small effect sizes reported in most of the studies of PFOA and liver enzymes
might also raise concerns about their clinical relevance. These effect sizes are generally lower
than what might be seen with overt hepatitis or other severe liver disease. Regardless, as
shown for lead and other prevalent exposures, small effect sizes like this, which might have only
minor or unnoticeable effects in an otherwise healthy individual, can have very important
impacts on a population basis (Miller et al., 2009), especially for very common exposures like
PFOA.

In summary, the current epidemiologic literature provides consistent evidence that PFOA can
cause hepatotoxicity in humans, and in particular, increases in liver enzyme levels (Table 5.2.4).
Consistent evidence for overt liver diseases has not been seen. However most of these studies
involve relatively small sample sizes or small numbers of cases, and as such may not have
sufficient statistical power or sensitivity to detect these types of effects. Findings for PFOS and
liver toxicity in human studies are overall less consistent than those seen for PFOA but a
number of human studies do suggest that PFOS could be hepatotoxic in humans.

In addition to the human evidence, exposure to PFOA and PFOS has consistently been shown
to induce liver toxicity in experimental animals. Toxicity responses in the liver of rats and mice
exposed to PFOA were remarkably consistent across studies (Table 5.2.1). Increased absolute
and/or relative liver weight were observed in nearly all of the toxicity studies that included an
assessment of the liver. Increased serum alanine aminotransferase (ALT) and aspartate
aminotransferase (AST), biomarkers of liver damage, were reported in several studies.
Additionally, histopathological observations of the liver, including hypertrophy, cytoplasmic
vacuolization, and oxidative stress were reported in multiple studies. Much like with PFOA, rats
and mice exposed to PFOS have consistently displayed liver toxicities across studies, including
increased absolute and/or relative liver weight, increased serum ALT and AST levels,
histopathology including hypertrophy and vacuolization. Furthermore, the liver toxicity observed
in rodent studies of PFOS is remarkably similar to toxicity observed in rodent studies of PFOA,
suggesting that both chemicals are similar in their biological activities. The hepatotoxicity
endpoints reported in recent animal studies (from 2016 onward) were quite consistent with data
from earlier studies (prior to 2016).

Table 5.2.4. Summary of OEHHA’s conclusions regarding the human and experimental
animal data on PFOA and PFOS and liver toxicity
Outcome PFOA
ALT in humans Mostly consistent evidence for
increases in ALT
Some evidence for increases in

PFOS

A few findings of increases in
ALT
A few findings of increases in

Other liver enzymes and

related biomarkers in
humans

AST, GGT and bilirubin

AST, GGT, and bilirubin but
findings are mixed

Liver disease in humans

A few positive associations but

small sample sizes

No data

Increased liver weight in
animals

Consistent evidence

Consistent evidence

Liver histopathology in
animals (hypertrophy,
vacuolization, etc.)

Consistent evidence

Consistent evidence
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Outcome PFOA PFOS

Biomarkers of liver toxicity | Consistent evidence Consistent evidence
in animals (ALT, AST, etc.)

In general, perturbations of lipid homeostasis induced by PFOA and PFOS in animals differ
considerably from responses in humans. This may be due to activation of PPARq, which is
known to impact lipid metabolic processes more prominently in rodents than in humans. An in-
depth evaluation of lipid homeostasis perturbation by PFOA and PFOS in humans and
laboratory animals is presented below.

5.3. Perturbation of Lipid Homeostasis

US EPA (2016b) concluded that the human epidemiology studies on PFOA and serum lipid
levels “have generally found positive associations between serum PFOA concentration and total
cholesterol (TC) in the PFOA-exposed workers and the high-exposure community (i.e.,
increasing lipid level with increasing PFOA); similar patterns are seen with low-density
lipoproteins (LDLs) but not with high-density lipoproteins (HDLS).”

In its review, US EPA identified a number of studies showing associations between PFOA and
increasing total cholesterol levels (US EPA, 2016b). This included seven studies performed in
three separate occupational cohorts (3M, DuPont-Washington Works, and Italy) and five studies
performed in the highly exposed community near the DuPont facility in West Virginia (e.g., the
C8 Health Project studies). Evidence of a positive association between serum PFOA
concentrations and increasing serum levels of total cholesterol were reported in both cross-
sectional and longitudinal analyses and in analyses that adjusted or controlled for factors such
as age, gender, BMI, alcohol, smoking, time of hire and the use of lipid lowering medications.
Steenland et al. (2015) did not find an association between high occupational PFOA exposures
and self-reported use of prescription medications for high cholesterol, but did identify
associations between increasing serum concentrations of PFOA and increasing total
cholesterol, LDL cholesterol, and triglyceride levels. No association was seen with HDL.
Associations were also seen between serum PFOA and total cholesterol in two of the three
large population based cross-sectional studies identified by US EPA. US EPA also identified a
number of studies that reported associations between PFOA and LDL, HDL, and triglyceride
levels, although these associations were much less consistent than those seen for total
cholesterol.

The ATSDR (ATSDR, 2018a) identified several additional studies published prior to 2016 that
were not included in the 2016 US EPA review. This included two population based studies in
either pregnant women (N=854) (Skuladottir et al., 2015) or children (N=225) (Zeng et al., 2015)
that reported associations between PFOA and total cholesterol. It also included a cross-
sectional study of highly exposed workers (N=55) and nearby community residents (N=132) in
China, which found an inverse association between PFOA and HDL cholesterol (Wang et al.,
2012), and a lower exposure community study in the UK which reported an association between
prenatal PFOA levels and increased total cholesterol and LDL in the offspring at ages 7 and 15
years, but only in analyses confined to the lowest tertile of PFOA exposure (Maisonet et al.,
2015). Clear associations were not seen in the upper two tertiles.

In its 2016 review of PFOS, US EPA (2016d) concluded that, “Multiple epidemiologic studies
have evaluated serum lipid status in association with PFOS concentration. These studies
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provide support for an association between PFOS and small increases in total cholesterol.”
They also noted that, “Evidence for associations between other serum lipids and PFOS is
mixed, with some studies showing an association with measurements of concurrent HDL and/or
LDL and others failing to measure the serum lipoprotein complexes.” In its review, US EPA
identified only two higher exposure studies, both done in the 3M occupational cohort. In the
first, a cross-sectional study involving approximately 500 workers, associations were identified
between increasing serum PFOS concentrations and increasing cholesterol and triglycerides
(Olsen et al., 2003a). In the second (published in the same paper), a longitudinal analysis
involving 175 workers in the same facilities, clear associations were not seen (Olsen et al.,
2003a). Serum levels of both PFOS and PFOA were high in these workers (geometric means
of 0.44-0.91 pg/ml for PFOS and 0.33-1.13 pg/ml for PFOA). No community studies with high
PFOS exposures were identified. US EPA noted a number of population-based studies that
examined associations between PFOS and lipid levels, with the large majority finding at least
some evidence of an association with increased total cholesterol, some finding associations with
increased LDL, and mostly mixed or null results for HDL and triglycerides.

US EPA (2016b) also identified multiple studies in animals that report decreases in serum
cholesterol and triglyceride levels in rodents following exposure to PFOA. However, US EPA
noted that “decreases in triglycerides, cholesterol, and lipoprotein complexes are an expected
conseguence of PPARa activation in rodents,” thus these changes would be expected
considering that PFOA is a known PPAR«a activator.

US EPA (2016d) identified several studies reporting decreased cholesterol levels following
PFOS administration in experimental animals (rats, mice, and monkeys). Additionally, PFOS
induced differential gene expression in genes involved with lipid and cholesterol metabolism and
transport.

5.3.1. Recent Human Evidence

OEHHA identified 28 human epidemiologic studies of PFOA and PFOS and lipid levels
published since (or otherwise not included in) the 2016 US EPA reviews. These studies are
summarized in Appendix 7, Tables A7.8 and A7.9. Overall, the findings from the studies
OEHHA reviewed are mostly consistent with US EPA’s 2016 review and conclusions. That is, a
number of studies reported associations between increasing levels of PFOA and increasing total
cholesterol and increasing LDL in adults. This included several studies with overall high quality
ratings. Most of this evidence involved cross-sectional assessments, although positive
associations between PFOA and total cholesterol, LDL, and triglycerides were also seen in the
cohort study by (Lin et al., 2019). Positive associations were seen in several studies that
OEHHA rated as having high quality. Several studies also identified associations between
increasing PFOA and increasing triglyceride concentrations, but this was not as consistent as
seen for total cholesterol or LDL. The findings for HDL in adults and findings in children appear
to be less consistent than seen for total cholesterol and LDL in adults.

Findings for PFOS were mostly similar to those of PFOA. That is, several studies identified
associations with PFOS and increasing total cholesterol and LDL, including several with
reasonably high quality score ratings. Some studies did not identify these associations,
although no study reported a clear association between increasing PFOS and decreases in total
cholesterol or LDL concentrations.
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OEHHA's review of recent PFOA animal studies examining changes in lipid homeostasis,

published from 2016 onward, is presented in Table 5.3.1.

Table 5.3.1. Summary of recent animal toxicity studies of PFOA reporting effects on lipid

homeostasis

: Serum/Plasma
Sex/Species/ Exposure Concentrations Endpoints NOAEL/LOAEL
Reference
(ug/ml)
0 or 3.5 mg/kg of
Male and
female ii%?e(;?gr;?d Males:
C57BL/6 mice containing diet) 0.002 or _26'9 Both sexes: a
(6/sex/dose) Females: NA
(~0.55 mg/kg BW- 0.028 or 44 3 1 plasma
Rebholz et al. day, accordm_g to at six weeks cholesterol
authors) for six
(2016)
weeks
0 or 3.5 mg/kg of
f'\g?rll(;:nd feed (fat- and Males:
BALBY/c mice ggglt(;isr?ianrotjiet) 0.005 or 28.2 ?ﬁg‘ Sexes:
(6/sex/dose) 9 Females: P NA?
(~0.55 mg/kg BW- cholesterol
) 0.086 or 35.6 _
day, according to . Males: 1 plasma
Rebholz et al. . at six weeks
authors) for six cholesterol
(2016)
weeks
Male
BALB/c mice | 0,0.5,0r2.5 changes in lipid
(5/dose) mg/kg-day via 0.011, 29.34, or | metabolism; LOAEL:
“oral infusion” for 114.3 at 28 days | changes in fatty 0.5 mg/kg-day
Yu et al. 28 days acid biosynthesis
(2016)
Male
SV129 WT
and P.PAR(X 0 or 10 mg/kg-day WT: increased
KO mice . : : : a
(4/dose) via gavage for 7 NA Ilvgr trlglycerl.des NA
days (mild steatosis)
Das et al.
(2017)
Male .
BALB/c mice : LOAEL:
L | free fatty acids 1 mg/kg-day for
(minimum of 0, 1, or 5 mg/kg-
b and serum | serum
8/dose) day orally® for 7 NA ial des: 1 i ial id
days triglycerides; 1 liver | triglycerides
: triglycerides and 1 liver
Hui et al. triglycerides
(2017) gy
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Sex/Species/

Serum/Plasma

Exposure Concentrations Endpoints NOAEL/LOAEL
Reference
(ug/ml)
Male and Males:
female 0,1.2,590r
BALB/c mice Om %(05-;12.5\,/& 2:5 134 lipid accumulation NOAEL:
sex/dose emales: in cytoplasm o
30/sex/d a?vage fo{ 28 F | ! : f 0.05m -/k -da
ga sg 0,0.97, 2.7 or hepatocytes ) gikg-day
Li et al. y 95
(2017b) at 28 days
Male
Kunming mice :
(number not Single oral dose of (T:hhoelgg';[(lacrcl_lpl_
specified) 0 or 5 mg/kg via NA | hepatic H’DL NA?
gavage cholesterol
Wu et al.
(2017)
Male
BALB/c mice |0, 0.08, 0.31, 1.25,
(3/dose) 5, or 20 mg/kg-day NA lipid deposits Not provided®
via gavage for 28
Yan et al. days
(2017)
1 triglycerides, and
Pregn_ant : cholesterol in F1
Kunming mice | 0 or 5 mg/kg-day
(8/dose) intragastrically pup serum on PND
throuahout NA 21 (although the NA?
: 9 changes were not
Qin et al. gestation e
(2018) statistically
significant
g
Male | serum
Kunming mice | 0, 1, or 5 triglycerides NOAEL:
(8/dose) mg/kg-day NA and HDL,; 1 mg/kg-day for
intragastrically for 1 triglycerides in 1 liver
Wu et al. 21 days liver; triglycerides
2018 LDL in serum
T
Male
miR-34A -/-
KO and WT
C57BL/6J 0 or 5 mg/kg-day _
mice® via gavage for 28 NA \l/\ll;l\'/:rnd KO: NA?
(15-18/dose) | days triglycerides
Cui et al.
(2019)
Proposed Public Health Goals for OEHHA
PFOA and PFOS in Drinking Water July 2021

99




Electronic Filing: Received, Clerk's Office 3/07/2022
FIRST PUBLIC REVIEW DRAFT

Sex/Species/ Serum/Plasma
RefeFr)ence Exposure Concentrations Endpoints NOAEL/LOAEL
(ug/ml)
Male
BALB/c mice | 0,0.4, 2, 0or 10
12/dose mg/kg-day via 0.02, 13, 64, or . NOAEL:
steatosis
gavage for 28 88 2 mg/kg-day
Guo et al. days
(2019)
0 or 1 mg/kg-day
e 6 mice | (in distilled water,
(S/diettreat- | Presumably
ment/time gavage) for 2, 8, I
oint) or 16 weeks. Half NA | steatosis induced NA?
P of the animals by the high-fat diet
Li et al were on low fat
(2019d.) diet, other half on
high fat diet
Males:
Male and g gr612(§)m1?k5ia5 BD, 0.378, LOAEL:
female y gikg-cay 0.503, 1.297, | in cholesterol 0.625 mg/kg-
(for males) and 0, . .
Sprague 3.34,0r 10.9 and triglyceride day for
6.25, 12.5, 25, 50, ) .
Dawley rats or 100 ma/a-da Females: levels in males, but | | cholesterol
(10/sex/dose) (for femalgeg) vig BD, 0.129, 1 in females and
avage for 28 0.292, 0.475, triglycerides in
NTP (2019a) | 32"°9 1.67, or 6.71 males
Y at 28 days
Male
APOE*3- | plasma .
Leiden.CETP triglycerides, total ISI(Z)QlEL.
transgenic 0, 0.01, 0.291, or 0.005, 0.065, cholesterol, and m Ika-dav for
mice? 30.2 mg/kg-day in | 1.524 or 144 non-HDL chganges |>rl1
(8/dose) diet for 6 weeks at 6 weeks cholesterol; ges Ir
plasma lipid
1 plasma HDL
contents
Pouwer et al. cholesterol
(2019)
Male . :
APOE*3- mlcrove_s!cular
Leiden.CETP Ttef:g;': NOAEL:
transgenic 0, 0.01, 0.298, or 0, 0.051, 1.395, _p ) )
" . triglycerides and 0.298
mice 29.5 mg/kg-day in | or 93.713 at4
. non-HDL mg/kg-day for
(8/dose) diet for 4 weeks weeks ) :
cholesterol; steatosis
Pouwer et al 1 plasma HDL
(2019) ' cholesterol
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Sex/Species/ Serum/Plasma
P Exposure Concentrations Endpoints NOAEL/LOAEL
Reference (Lg/mi)
ED11.5:
Pregnant BD. 25 4 or
CD-1 mice .
(11-13 0,1, Qr 5 mg/kg- 117.3
dams/dose) day via gavage Dams: | serum LOAEL:
from ED1.5 to ED17.5: triglycerides 1 mg/kg-day
ED11.50r ED17.5 | 0.211, 18.7 or
Blake et al. 95 1
(2020) '

2L OAEL/NOAEL not applicable for single dose studies.

b Histology data are presented in the supplementary materials, but specific doses at which hepatocyte
swelling and lipid deposits become significant are not provided.

¢ miR-34A -/- KO mice do not produce the microRNA miR-34A. miR-34A functions as a tumor suppressor.
¢ APOE*3-Leiden.CETP transgenic mice are reported to have human-like lipoprotein metabolism.
Abbreviations: BD, below limit of detection; BW, body weight; ED, embryonic day; HDL, high density
lipoprotein; KO, knockout; LDL, low density lipoprotein; LOAEL, lowest-observed-adverse-effect level,
NOAEL, no-observed-adverse-effect level; PND, postnatal day; PPARq, peroxisome proliferator-activated
receptor alpha; WT, wild-type

Pouwer et al. (2019) examined the hepatic effects of PFOA using a transgenic mouse model that
possesses human-like lipid metabolism. In addition to microvesicular steatosis and
hepatotoxicity, PFOA induced changes in plasma lipids, including decreased plasma
triglycerides, decreased plasma non-HDL cholesterol, and increased HDL cholesterol. The
authors suggested that this mouse model presents a suitable representation of lipid metabolism
in humans, as these data supported a phase | clinical trial of PFOA in humans that showed an
association between higher PFOA levels and lowered cholesterol. OEHHA identified a NOAEL
of 0.29 mg/kg-day for steatosis and changes in plasma lipid contents.

Much like for PFOA, several animal studies published from 2016 onward reported changes in
lipid homeostasis following oral exposure to PFOS. Study details are summarized in Table 5.3.2.
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Table 5.3.2. Summary of recent animal toxicity studies of PFOS reporting lipid effects

Serum/Plasma
Sex/Species Exposure Concentration Endpoints NOAEL/LOAEL
(ug/ml)
0, 30, 60, or
Male 120 mg/kg of
C57BL/6 mice | feed 0.94.6. 176 1 hepatic triglycerides
(5-6/dose) (equivalent to a,n d 392 at 2’1 and lipid content; LOAEL:
0, 3.48, 6.96, or davs altered lipid 3.48 mg/kg-day
Zhang et al. 13.92 mg/kg y metabolism
(2016c¢) BW-day)? for
21 or 23 days
Male and . Males: | serum
female 0 or 100 ppm in cholesterol and
feed . i ]
Sprague . triglyceride levels;
(equivalent to 6 . :
Dawley rats 1 liver free fatty acids b
mg/kg-day for NA . ; NA
(12/sex/dose) males and 6.6 and triglycerides
X Females: | liver free
mg/kg-day for .
Bagley et al. females) fatty acids and
(2017) triglycerides
Male
WT and ERB WT: | hepatic
KO mice 0 or 5 mg/kg- cholesterol
(8/dose/group) | day via gavage NA KO: effect reported in NAP
for 28 days WT animals not
Xu et al. observed
(2017)
normal diet:
Male . 0 or 0.089 Normal diet:
C57BL/6 mice o I
(5/dose) mg/kg-day 1 relative liver weight;
high fat diet: NA steatosis NAP
0 or 0.087 High fat diet:
Huck et al. .
(2018) mg/kg-day | steatosis
for 28 days
Female
CD-1 mice 0,0.3,0r3 0.024. 33.8 LOAEL:
(=4/dose) mg/kg-day via a.nd 169 6 e{t 7 1 liver triglycerides; 0.3 mg/kg-day
gavage for 7 ' | serum triglycerides | for 1 liver
; weeks : .
Lai et al. weeks triglycerides
(2018)
NOAEL:
Pregnant 0,0.50r5 D.ams: T I|ve'r . Dams: 0.5
. . triglycerides; 1 liver mg/kg-day for
Kunming mice | mg/kg-day LS ) ;
) : lipid droplets; 1 liver
(5/dose) intragastrically U : :
NA Pups: 1 liver triglycerides
throughout . , s
Li . triglycerides, total Pups: 0.5
lang et al. gestation cholesterol, and LDL; | mg/kg-day for
(2019) (20.5 days) | HDL changes in liver
lipid contents

Proposed Public Health Goals for

PFOA and PFOS in Drinking Water

102

OEHHA
July 2021



Electronic Filing: Received, Clerk's Office 3/07/2022
FIRST PUBLIC REVIEW DRAFT

Serum/Plasma
Sex/Species Exposure Concentration Endpoints NOAEL/LOAEL
(ug/ml)
Males:
Male and BD, 23.73,
female 0, 0.312, 0.625, | 51.56, 94.26, i LOAEL:
Both sexes:
Sprague 1.25,25,0r5 173.7, or 318.2 0.312 mg/kg-
: . | cholesterol and
Dawley rats mg/kg-day via | Females: trialveerides day for
(10/sex/dose) | gavage for 28 0.0543, 30.53, gy | cholesterol in
days 66.97, 135.1, males
NTP (2019b) 237.5, or 413.6
at 28 days
0 or 10 mg/kg-
Male day for 21
ICR mice days;
(10/dose) administration 1 triglycerides and b
NA NA
method not total cholesterol
Suetal. explicitly stated,
(2019) but presumably
via gavage

@ Calculated by OEHHA using a BW of 0.267 kg and a consumption rate of 0.023 kg/day (from US EPA,
1988).

® | OAEL/NOAEL not applicable for single dose studies.

Abbreviations: BD, below limit of detection; BW, body weight; HDL, high density lipoprotein; KO,
knockout; LDL, low density lipoprotein; LOAEL, lowest-observed-adverse-effect level; NOAEL, no-
observed-adverse-effect level; WT, wild-type

5.3.3. Recent Mechanistic Evidence

PFOA has been shown to disrupt lipid metabolism in the liver. One way PFOA does this is by
changing the expression and activity of enzymes involved in fatty acid metabolism. Changes in
fatty acid metabolism have been linked to liver disease. PFOA increases acyl-CoA oxidase
activity in rat liver (Cavallini et al., 2017), and carboxylesterase mMRNA and protein levels in male
mice (Wen et al., 2019c). Carboxylesterases play a role in lipid metabolism and homeostasis
(Lian et al., 2018). A proteomic study by Shao et al. (2018) showed that PFOA can bind to
acetyl-CoA carboxylase a and b (Acaca and Acacb), enzymes involved in fatty acid metabolism.
PFOA has also been shown to bind to human liver fatty acid-binding protein, which would
displace uptake of fatty acids and thus potentially disrupt lipid regulation (Sheng et al., 2016;
Sheng et al., 2018; Cheng et al., 2019). PFOA is also associated with changes in hepatic and
serum cholesterol levels (Rebholz et al., 2016). Pouwer et al. (2019) showed that PFOA altered
levels of cholesterol ester transfer protein, which subsequently changed cholesterol metabolism
and homeostasis in male APOE*3 Leiden transgenic mice, which were made to have human-
like lipoprotein metabolism.

For PFOS, liver gene expression studies (both in vivo and in vitro) have found changes
associated with fatty acid metabolism (Beggs et al., 2016; Dong et al., 2016a; Song et al., 2016;
Bagley et al., 2017; Xu et al., 2017; Han et al., 2018a; Han et al., 2018b; Huck et al., 2018; Lv et
al., 2018; Liang et al., 2019).
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Inflammation and endoplasmic reticulum stress have been associated with hepatic steatosis in
mice exposed to PFOS (Su et al., 2019). Levels of TNF-q, a cell signaling protein associated
with inflammatory stress, and endoplasmic reticulum stress proteins (activating transcription
factor 6 [ATF6], Eukaryotic translation initiation factor 2 subunit 1 [elF2a], 78kDa glucose-
regulated protein [GRP78], X-box binding protein 1 [XBP1]) were increased in the liver in mice
exposed to PFOS. ER stress pathways have been linked to hepatic steatosis (Zhang et al.,
2014), thus perturbation to the normal processes may lead to liver toxicity.

5.3.4. Conclusions

As shown in Table A7.11 (Appendix 7), nine of the 16 studies in adults that reported on
PFOA and total cholesterol (TC) or LDL identified some evidence of a positive association
(marked as “+” or “(+)” in the table), two found no association (marked as “0”), one reported
a negative association (increasing PFOA associated with a decrease in TC; marked as “-*
or “(-)” in the table), and the others presented results that were difficult to interpret (marked
as “U"). Of the seven studies of PFOA and TC or LDL that did not find positive
associations, three reported positive associations with triglyceride levels. The average
guality score in the studies that did and did not find some evidence of a positive association
are 8.0 and 5.1, respectively. Only two of the nine of the studies of PFOA and TC or LDL in
children reported some evidence of a positive association.

Eight of the 15 studies in adults that reported on PFOS and total cholesterol (TC) or LDL
identified some evidence of a positive association, four found no association including the
most recent NHANES study by (Liu et al., 2018b), one reported a negative association, and
the others presented results that were difficult to interpret (marked as “U”) (Appendix 7,
Table A7.12). Only one of the PFOS studies that did not find evidence for a positive
association with either TC or LDL reported an association for triglyceride levels. This was
the relatively small cross-sectional study by (Yang et al., 2018) (N=145) and the major
findings were not statistically significant. The average quality scores in the studies that did
and did not report evidence of an association between PFOS and TC or LDL were 7.4 and
5.4, respectively. As with PFOA, the majority of results for PFOS in the recent studies in
children were negative.

Several sources of possible bias in the studies reviewed were evaluated. First, OEHHA
examined the possibility that confounding by diet or diet-related factors might have caused
the associations between PFOA or PFOS and lipid levels reported in many of these
studies. For example, if an increased consumption of certain foods (or greater exposure to
food packaging) is associated with both increased PFOA exposure and with higher lipid
levels, this could potentially confound any relationships between PFOA or PFOS and lipid
levels. Since PFOA and PFOS have been found in a number of different foods (Appendix
7, Table A7.1), it is possible that increased dietary consumption overall (i.e., overall calorie
intake) could be an important confounder. However, many of the studies OEHHA reviewed
adjusted for BMI, waist circumference, or total calorie intake. Other studies adjusted for
specific foods or dietary patterns (e.g., fat intake, Mediterranean diet) that might be related
to total cholesterol levels. In a cross-sectional study of 965 Danish pregnant women, both
mid-gestational serum PFOS and PFOA concentrations were found to be associated with
increased meat or meat product intake and decreased vegetable intake (Skuladottir et al.,
2015). However, the associations reported between PFOS and PFOA and total cholesterol
changed very little with adjustments for fat, total calorie, or meat and vegetable intake
(Table 5.3.3).
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Table 5.3.3. Differences in mean total cholesterol levels (mmol/dl) between the fifth and
first quintiles of serum PFOA or PFOS concentrations and p-trends across quintiles in
Danish pregnant women (Skuladottir et al., 2015).

Adjustment PFOA PFOS

Age, parity, education, smoking and BMI 0.40 (p=0.008) 0.41 (p=0.007)
Plus fat intake and total calorie intake! 0.39 (p=0.01) 0.39 (p=0.01)
Plus meat, vegetable, and total calorie intake?! 0.45 (p=0.003) 0.44 (p=0.004)

1 Adjusted for these factors in addition to age, parity, education, smoking and BMI

Another factor suggesting that diet is not a major confounder in all of the studies reporting
PFOA- or PFOS-lipid associations is that some of these associations have been seen in
several high exposure studies. In occupational studies and community studies done in
areas with known high drinking water contamination, most PFOA or PFOS intake is likely
related to the environmental contamination or occupational exposure, and less is likely
related to the dietary sources usually seen in the general population. As such, some of the
usual diet-related sources of PFOA or PFOS are less likely to confound PFOS- or PFOA-
lipid associations in these studies. For example, associations between PFOA and total
cholesterol have been reported in several high exposure occupational studies where serum
PFOA concentrations in the higher and lower PFOA exposure groups differ by 1,000 ng/ml
or more (US EPA, 2016b). In contrast, most dietary studies suggest that dietary factors are
usually only responsible for differences in serum PFOA of about 1-2 ng/ml or less (Jain,
2014; Skuladottir et al., 2015; Harris et al., 2017). While this might not apply to locally
grown or produced foods, it would apply to other foods or food related items. Overall, the
small contribution of many of the usual diet or diet-related sources to the overall exposure
levels in the high exposure occupational or community studies suggest that confounding by
these typical diet-related exposure sources is unlikely to be the cause of the associations
identified in these studies.

Many of the studies identifying associations between PFOS or PFOA and lipid levels are
cross-sectional studies. As mentioned above, studies of this design are frequently
criticized based on their potential for reverse causation, or for the fact that they cannot
assure that the most appropriate exposure window has been assessed (e.g., latency
effects). With regards to the latter, the serum half-lives of both PFOA and PFOS are
several years (Olsen et al., 2007), and studies have shown that serum concentrations
measured in the same people over several years are generally very well correlated (Liu et
al., 2018a). For example, Ngst et al. (2014), reported correlation coefficients between 0.60
and 0.84 for PFOA and PFOS in 53 Norwegian men in samples collected 6-8 years apart
(Table 5.3.4). Overall, a single cross-sectional measurement of PFOA and PFOS
concentrations in serum is likely to provide a fairly accurate picture of a person’s exposure
over a period of several years. Since OEHHA could not find convincing evidence that the
latency between PFOA or PFOS exposure and adverse effects on lipid levels is longer than
this, it seems that widespread major errors due to missing or inadequate exposure data is
unlikely to have caused the associations reported in many of the studies reviewed.
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Table 5.3.4. Spearman correlation coefficients for serum PFOA and PFOS concentrations
measured in the same individuals over time (Ngst et al., 2014) (all p-values <0.05)

Beginning and ending year of measurement
Compound 1979-1986 1986-1994 1994-2001 2001-2007
PFOA 0.65 0.66 0.60 0.75
PFOS 0.84 0.65 0.62 0.81

Reverse casualty might be possible in some cross-sectional studies if having altered lipid
levels or being diagnosed with a lipid related disease could lead to the use of certain
medications or lead to changes in certain lifestyle factors that might affect one’s PFOA or
PFOS exposure. Again, this would seem less likely in the high exposure occupational or
community studies, where these factors might not be the major determinants of exposure.
In addition, several studies reported associations after excluding people taking lipid-
lowering medications or after adjusting for use of these medications (Sakr et al., 2007,
Steenland et al., 2009; Liu et al., 2018b; Jain and Ducatman, 2019; Lin et al., 2019). In
addition, PFOA-lipid associations have been seen in a number of prospective studies
(Olsen et al., 2003a; Sakr et al., 2007; Fitz-Simon et al., 2013), which might be less
susceptible to reverse causality than some cross-sectional analyses.

Finally, few of the studies provided detailed information on participant selection or
response/participation/refusal rates, and most appeared to involve convenience samples.
Importantly though, none of the studies OEHHA reviewed appeared to have selected
participants based on both PFOA and lipid levels, and thus widespread and important
selection bias seems unlikely.

The evidence for PFOS also supports an association with increased total cholesterol and
LDL levels in adults. Evidence based on high exposure scenarios appears to be limited to
studies from a single occupational facility, where results have been mixed (Olsen et al.,
2003a). Despite this, a number of large population based studies in adults with seemingly
high quality have reported associations between PFOS and increases in total cholesterol
(US EPA, 2016b; He et al., 2018; Dong et al., 2019). In most, if not all, of these studies
serum PFOS levels are highly correlated with serum levels of PFOA or other PFAS. This
raises the concern that some of the associations reported in these studies might be due to
other PFAS. Because of these high correlations, appropriately adjusting for these other
PFAS can be difficult in epidemiologic studies due to issues related to co-variance, and
none of the PFOS-lipid studies OEHHA reviewed that identified positive associations with
total cholesterol and LDL reported results with these adjustments. Some animal studies
have identified PFOS related changes in lipid homeostasis in the liver, and this provides
some biologic plausibility that PFOS can affect lipid metabolism in humans.

Using data from the 2003-14 NHANES on 8,948 adults, Dong et al. (2019) calculated
benchmark doses (BMDs) using a hybrid approach. In Dong et al. (2019) this involved
setting a cut-off point for elevated TC based on the distribution of TC values in the
unexposed or lower exposed reference group. Here, this cut-off point was the upper 5
percentile of TC values in the lowest PFOA exposure group. The benchmark response
was then defined as a 10% increase in values above this level. Reference doses (RfD)
were then calculated using the following equation, where Vd is the volume of distribution
(0.17 L/kg for PFOA and 0.23 L/kg for PFOS); Tz is the half-life in serum (5.4 years for
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PFOS and 2.3 years for PFOA); and BMDL is the lower 95% confidence interval of the
BMD:

RfD = BMDL x Vd x Ln(2) x 1,000/T1.

The results of these calculations are shown in Table 5.3.5. Based on data from the 2013-
14 NHANES, the authors estimated that approximately 3.8% and 3.4% of the US
population had PFOA or PFOS serum concentrations, respectively, above the BMDLs.

Table 5.3.5. Benchmark and reference doses for a 10% increase in serum
total cholesterol based on 8,948 adults in NHANES 2003-14 (Dong et al., 2019)

Chemical BMD (ng/ml) BMDL (ng/ml) RfD (ng/kg/day)
PFOA 10.5 5.6 0.8
PFOS 44.2 24.1 2.0

Abbreviations: BMD, benchmark dose; BMDL, lower 95% confidence interval of the BMD; NHANES,
US National Health and Nutrition Examination Survey; RfD, reference dose

Although the hybrid approach has a number of advantages (see Crump (1995)), few details
were provided in this paper on several important aspects of this approach or on other key
issues, including the definition of the unexposed reference group, the distribution of PFOA or TC
values in this group, model fit (e.g., the fit of linear versus non-linear models), the impact of
potential confounders, or the role of reverse causality

For effects on lipid homeostasis in animals, several recent studies reported that PFOA
decreased serum triglycerides and cholesterol in mice (Hui et al., 2017; Wu et al., 2018; Pouwer
et al., 2019), which support the conclusions reached in other assessments. A study using
APOE*3-Leiden.CETP transgenic mice, which are reported to have human-like lipoprotein
metabolism, reported decreased plasma triglycerides and total cholesterol (Pouwer et al., 2019),
which the authors suggest is predictive of human physiological responses to PFOA exposure.
Conversely, one study reported that PFOA administered with a high-fat diet increased plasma
cholesterol in mice (Rebholz et al., 2016). In rats, PFOA induced differential changes in
triglyceride and cholesterol levels based on sex, where decreased levels were observed in
males, and increased levels were observed in females (NTP, 2019a). Interestingly, several
studies reported that levels of HDL and LDL cholesterol were differently impacted by PFOA
exposure, although the results were inconsistent between studies (Wu et al., 2018; Pouwer et
al., 2019).

Accumulation of triglycerides in the liver (steatosis) was also reported in several rodent studies
(Das et al., 2017; Hui et al., 2017; Li et al., 2017b; Wu et al., 2018; Guo et al., 2019; Pouwer et
al., 2019). Interestingly, this effect was not observed in PPARa knockout mice (Das et al.,
2017), indicating that PPARa activation significantly contributes to the induction of hepatic
steatosis. However, a few studies observed contradictory results in mice, where PFOA reduced
liver triglycerides (Cui et al., 2019), and even reversed steatosis induced by a high-fat diet (Li et
al., 2019d).

For PFOS, two recent studies in rats reported decreased serum cholesterol and triglycerides
(Bagley et al., 2017; NTP, 2019b), although statistical significance was not reached for females
in one study (Bagley et al., 2017). Conversely, one recent study in mice reported increased
serum triglycerides and cholesterol (Su et al., 2019).
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Much like PFOA, several studies reported increases in liver triglycerides in mice exposed to
PFOS (Zhang et al., 2016c¢; Bagley et al., 2017; Lai et al., 2018; Liang et al., 2019), including in
pups exposed gestationally (Liang et al., 2019). Gestational exposure also increased hepatic
LDL levels, and decreased HDL levels (Liang et al., 2019). Huck et al. (2018) reported that
PFOS induced steatosis in mice fed on a regular diet, but decreased steatosis in animals on a
high-fat diet. In rats, levels of liver free fatty acids and triglycerides differed based on sex
(increased in males, decreased in females) (Bagley et al., 2017). One study reported
decreases in hepatic cholesterol in mice following PFOS exposure, but these effects were not
observed in ERB knockout animals (Xu et al., 2017).

In summary, the current epidemiologic literature provides evidence that PFOA and PFOS can
cause increased total cholesterol in humans (Table 5.3.6). In contrast, some animal studies
have shown decreased cholesterol with PFOA and PFOS exposure (Table 5.3.6). Different
results in animals and humans may be explained by the stronger activity of PPARa in animals,
which is involved in the metabolism of cholesterol and fatty acids.

Table 5.3.6. Summary of OEHHA'’s conclusions regarding the human and experimental
animal data on PFOA and PFOS and lipids

Outcome PFOA PFOS
Total cholesterol in -Mostly consistent associations -Mostly consistent associations
humans with increased total cholesterol in | with increased total cholesterol in
adults adults
-Findings are less consistent in -Findings are less consistent in
children children

Other lipids in humans Some associations identified for Data on LDL, TGs, and HDL are
increased LDL and TGs, and for inconclusive
decreased HDL but fewer studies

Lipid effects in animals Evidence of decreased serum Inconsistent evidence for

(TGs and cholesterol, TGs and cholesterol in several decreased serum and hepatic

steatosis) studies, and mixed results for cholesterol and TGs, and
increased steatosis steatosis

HDL, high density lipoprotein; LDL, low density lipoprotein; TGs, triglycerides
5.4. Thyroid Toxicity

The US EPA has reviewed the scientific literature on PFOA and PFOS and thyroid toxicity (US
EPA, 2016b; US EPA, 2016d). This review included literature published up to December 2015.
In their reviews, US EPA identified a number of epidemiologic studies that investigated
associations between PFOA or PFOS and thyroid hormone levels or more overt thyroid
diseases.

For PFOA, US EPA (2016b) identified three epidemiologic studies linking this agent to thyroid
disease, primarily hypothyroidism. The first was a cross-sectional study involving US NHANES
adult participants (Melzer et al., 2010). Here, the adjusted ORs for self-reported current thyroid
disease were 2.24 (95% CI, 1.38-3.65) in women and 2.12 (95% CI, 0.93—4.82) in men,
comparing those in the upper quartile to those in the lower two quartiles of serum PFOA. The
second study investigated parent-reported thyroid disease in 10,725 children 1-17 years of age
living near a Teflon™ manufacturing facility in the Mid-Ohio Valley (USA) (Lopez-Espinosa et
al., 2012). In analyses adjusted for age and sex, the OR for hypothyroidism for an interquartile
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contrast of 13 to 68 ng/ml in serum PFOA was 1.54 (95% CI, 1.00-2.37). Clear associations
with thyroxine (T4) or thyroid stimulating hormone (TSH) were not seen. The third study was a
large investigation that included adults in the same community (Winquist and Steenland, 2014).
Here, an environmental fate and transport model was used to estimate yearly air and drinking
water PFOA concentrations. These were then combined with information on residential history,
drinking water consumption rates, and water sources to estimate each participant’s yearly
PFOA intake rate. These intake rates were then used in an absorption/distribution/metabolism/
excretion model to generate yearly estimates of serum PFOA concentrations for each
participant. For participants who worked in the local chemical plant, where PFOA exposures
were especially high, an occupational exposure model using work history and modeled job- and
department-specific serum concentrations was used to generate yearly serum PFOA
concentration estimates for years when the participant worked at the plant. Information on
thyroid disease was initially based on self-reports then, confirmed using medical records.
Hazard ratios (HRs) controlling for sex, race, education, smoking, and alcohol use for all thyroid
diseases combined across cumulative PFOA exposure quintiles were 1.00, 1.24, 1.27, 1.36,
and 1.37 in women (p-trend = 0.03) and 1.00, 1.12, 0.83, 1.01, and 1.05 among men (p-trend =
0.85).

With regards to PFOA and thyroid hormone levels, US EPA concluded, “Association between
PFOA and TSH also was seen in pregnant females with anti-TPO antibodies (Webster et al.,
2014). In contrast, generally null associations were found between PFOA and TSH or thyroid
hormones (triiodothyronine (T3) or T4) in people who have not been diagnosed with thyroid
disease” (Table 5.4.1).

For PFOS, US EPA (2016d) concluded that the epidemiologic studies they reviewed provided
“limited support” for an association between PFOS and thyroid disease. This conclusion was
primarily based on two large cross-sectional studies using participants of the US NHANES. The
first involved data from NHANES 1999-2000, 2003-2004, and 2005-2006 and included 1,900
males and 2,066 females ages 20 and older (Melzer et al., 2010). In men, the OR adjusted for
age, ethnicity, education, BMI, smoking status, and alcohol consumption for self-reported
currently treated thyroid disease in those with serum PFOS concentrations 236.8 ng/ml (fourth
quartile) compared to those with serum PFOS <25.5 ng/ml (first and second quartiles) was 2.68
(95% CI, 1.03-6.98). In women, this OR was 1.27 (95% CI, 0.82—-1.97). The second study
included 1,181 subjects >20 years of age from the 2007-2008 and 2009-2010 NHANES (Wen et
al., 2013). In analyses adjusted for age, race, drinking, smoking, and urinary iodine levels, a 1-
unit increase in In-PFOS serum concentration was associated with subclinical hypothyroidism in
both men (OR = 1.98; 95% CI, 1.19-3.28) and women (OR = 3.03; 95% CI, 1.14-8.07).

US EPA (2016d) also identified a number of epidemiologic studies that investigated
associations between PFOS and levels of thyroid hormones, including T4, free thyroxine (fT4),
T3, and TSH. Based on these studies, US EPA concluded that in most groups, including
children, the evidence linking PFOS to these hormones was inconsistent. An exception was
seen for pregnant women where the three studies in this group all identified associations
between increasing serum concentrations of PFOS and increasing serum concentrations of
TSH (Wang et al., 2013; Webster et al., 2014; Berg et al., 2015). In one of these, the
association was only seen in women with elevated levels of anti-thyroid peroxidase (anti-TPO)
antibodies (Webster et al., 2014).
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Table 5.4.1. Summary of US EPA’s conclusions on epidemiologic studies of PFOA or
PFOS and thyroid toxicity (US EPA, 2016b; US EPA, 2016d)

Outcome PFOA PFOS

Thyroid No clear associations overall Inconsistent overall
hormone levels | 1TSH in anti-TPO positive (one study) 1TSH in pregnancy (three studies)

Thyroid Two positive, one negative study “Limited evidence” overall (two
disease NHANES studies)

US EPA (2016b) identified two studies examining thyroid effects in experimental animals
exposed to PFOA (Butenhoff et al., 2002; Martin et al., 2007, as cited by US EPA (2016b))
These studies reported decreases in total T3 and free T3 in monkeys, and decreases in total T4
and free T4 in male rats, both without significant changes in TSH. No thyroid hormone changes
were observed in female rats, presumably due to the higher clearance rate of PFOA compared
to male rats and other species.

Compared to PFOA, the thyroid toxicity database for PFOS in animals is more extensive. US
EPA (2016d) identified several studies reporting thyroid effects in animals exposed to PFOS
(Seacat et al., 2002; Lau et al., 2003; Thibodeaux et al., 2003; Luebker et al., 2005; Chang et
al., 2007; Martin et al., 2007; Chang et al., 2008; Yu et al., 2011, as reported in US EPA
(2016d)). In general, a reduction in fT4 and total T4 (tT4) levels, without significant changes in
TSH, was consistently observed in rats exposed to PFOS. The evaluated studies included
studies in pregnant rats, where PFOS reduced T4 and T3 levels in dams (Thibodeaux et al,
2003, as reported in US EPA (2016d)), and T4 in pups (Lau et al., 2003, as reported in US EPA
(2016d)). In monkeys, PFOS induced a significant decrease in total T3 and tT4 levels in
females only, with no changes in TSH (Seacat et al., 2002, as reported in US EPA (2016d)).

5.4.1. Recent Human Evidence

Overall, OEHHA found 25 publications, published since the 2016 US EPA review, that
examined associations between PFOA or PFOS and thyroid hormone levels in humans
(Appendix 7, Table A7.7).

PFOA and thyroid hormone levels: In non-pregnant adults, the findings for TSH overall are
mixed although the majority of results suggest a positive association (10 of 19 results), with
three studies reporting statistically significant positive associations and none reporting
statistically significant negative associations (Table A7.7). Two of the three studies reporting
statistically significant positive associations were in females (Heffernan et al., 2018; Zhang et
al., 2018) while the other involved females and males combined (Blake et al., 2018). The
results were mixed in the other four studies in non-pregnant females. Two studies in non-
pregnant adults reported statistically significant inverse associations between PFOA and fT4
(Olsen et al., 2007; Zhang et al., 2018), although results from the other 13 studies on fT4, and
the results for T4, were mixed. OEHHA did not identify clear differences in study quality
between those studies that did and did not identify statistically significant associations.

In pregnant females, the majority of results (7 of 11) also showed positive associations between
PFOA and TSH although none were statistically significant. A statistically significant inverse
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association with fT4 was reported in one study (Preston et al., 2018), but clear trends between
PFOA and fT4 or T4 in pregnant women were not seen across the different studies.

In newborns (samples typically collected in cord blood), consistent associations were not seen
between PFOA and TSH, T4, or fT4. Serum PFOA levels can vary by age, with higher levels in
children under 10 months of age (Mogensen et al., 2015a). A statistically significant positive
association was seen between maternal PFOA concentrations and cord blood TSH in one study
(Kim et al., 2011b), and statistically significant positive associations were seen between cord
blood PFOA and infant T4 or fT4 in two others (de Cock et al., 2014; Aimuzi et al., 2019).
However, two of these studies involved small sample sizes (N=29 and N=31 in Kim et al., 2011b
and De Cock et al., 2014, respectively), these findings were not consistent with those reported
in the other studies in newborns, and none of these studies appeared to be of markedly higher
guality than the other newborn studies. Major differences in results were not seen between
males and females amongst newborns.

In the 17 results OEHHA identified in children older than newborns, two cross-sectional studies
reported statistically significant inverse associations between PFOA and TSH in female
participants (Lopez-Espinosa et al., 2012; Lewis et al., 2015), and one reported a statistically
significant positive association between modeled maternal PFOA during pregnancy and blood
T4 concentrations in offspring 1-5 years of age (males and females combined) (Lopez-Espinosa
et al., 2012). Findings from the other studies were mixed. Clear differences in study quality
were not seen between those studies reporting statistically significant associations and those
that did not. Overall, consistent trends were not seen in subgroups of either male or female
children.

PFOS and thyroid hormone levels: In studies in adults, clear trends across the different
studies were not seen between PFOS and TSH or T4. For fT4, the majority of results (10 of 18)
were consistent with a positive association between PFOS and this hormone. However, among
the studies reporting results that were statistically significant, four were consistent with a
positive association and two were consistent with an inverse association. Among the latter two,
one did not adjust for any potential confounders (Li et al., 2017d) and the other involved
participants in a case-control study of premature ovarian insufficiency (Zhang et al., 2018). No
other major differences in study quality were identified between those studies reporting positive
and inverse associations.

In their review, US EPA (2016b) identified three studies in pregnant women that reported
positive associations between PFOS and TSH (Wang et al., 2013; Webster et al., 2014; Berg et
al., 2015). Another study published before 2016 that was not included in the US EPA review
reported an inverse association between PFOS and TSH in preghant women, although the
result was not statistically significant (Wang et al., 2014). Since the 2016 US EPA review, six
cross-sectional studies and one prospective study have been published and most have reported
inverse associations between PFOS and TSH in pregnant women, with two of the results being
statistically significant. Clear differences in study quality between those studies reporting
positive associations and those reporting inverse associations were not seen. Overall, findings
on TSH and PFOS to date are inconsistent.

In male newborns, two of the eight studies reported statistically significant inverse associations
between PFOS concentrations and TSH in either cord blood (Tsai et al., 2017) or maternal
blood during pregnancy (Preston et al., 2018). In contrast, two of the studies in newborn
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females showed the opposite effect. Results in the other groups of children, and for T4 and
FT4, have also been mixed.

Thyroid diseases: OEHHA identified four studies of PFOA or PFOS and thyroid disease
published since the 2016 US EPA reviews (US EPA, 2016b; US EPA, 2016d). In the first, in
analyses adjusted for age, BMI, and alcohol intake, ORs for an association between serum
concentrations of PFOA and PFOS and self-reported thyroid disease were 1.60 (95% CI, 0.96-
2.82) and 0.94 (95% CI, 0.84-1.01), respectively, in 154 adult fishermen (women were not
included) from Wisconsin (Christensen et al., 2016). The thyroid outcomes in this study
included benign thyroid tumors, Hashimoto's disease, Grave’s disease, hypothyroidism,
hyperthyroidism, goiter/enlarged thyroid gland, and “other thyroid or endocrine problem”. The
median serum concentration of PFOA in the men in this study was 2.5 ng/ml (IQR, 1.8-3.3
ng/ml).

In the second study, a case-control study of congenital hypothyroidism in South Korean infants,
unadjusted mean serum PFOA concentrations were lower in controls (N=13) than cases (N=27)
(means of 2.12 and 5.40 ng/ml, respectively; p <0.01) (Kim et al., 2016a). Major differences
between cases and controls were not seen for PFOS. Few details were provided on subject
selection procedures or on the methods used to control for or evaluate potential confounding.

In the third study, Dufour et al. (2018) examined associations between PFOA and PFOS
concentrations in cord blood from 221 mother-infant pairs and maternal hypothyroidism.
Mothers were considered to be hypothyroid if levothyroxine use was recorded in their medical
records. Mean PFOA and PFOS concentrations were 0.88 ng/ml (standard deviation (SD),
0.79) and 0.80 ng/ml (SD, 0.52), respectively. Odds ratios for the first through the fourth
guartiles of PFOA concentrations were 1.00 (reference), 4.42 (95% Cl, 1.23-21.14), 3.22 (95%
Cl, 0.88-15.38), and 5.62 (95% ClI, 1.64-26.11). Odds ratios for the first through the fourth
guartiles of PFOS concentrations were 1.00 (reference), 1.76 (95% Cl, 1.23-21.14), 3.22 (95%
Cl, 1.08-10.92), and 2.95 (95% CI, 0.98-10.07). Odds ratios were adjusted for maternal age
and tobacco use. There were 37 cases of hypothyroidism overall but the numbers in each
guartile of PFOA or PFOS were not provided.

The fourth study involved an area in Ronneby, Sweden in which the local water supply was
contaminated with PFAS from firefighting foams used at a nearby military air field practice site
(Andersson et al., 2019). Serum levels of 257, 280 and 15 ng/ml were reported for PFHXS,
PFOS and PFOA, respectively, in a biomonitoring study of local residents. Hyper- and
hypothyroidism in the population was assessed by linking population registry information to
registries on deaths, hospitalizations, clinic visits, and prescription medications. Overall, living
at an address supplied by municipal water from the contaminated waterworks was not
associated with clear effects on either outcome, in either men or women.

5.4.2. Recent Animal Evidence

Thyroid effects have been reported in animals environmentally exposed to PFAS. Levels of T3
were negatively associated with PFAS in polar bears and hooded seals (Bourgeon et al., 2017,
Grgnnestad et al., 2018) and PFOA was associated with hyperthyroidism in domestic cats (Bost
et al., 2016).

NTP recently released subacute (28 days) and chronic (16 or 107 weeks) bioassays for PFOA
conducted in male and female Sprague Dawley rats. Animals were given PFOA in feed (doses
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are provided in Table 5.4.2). For the chronic studies, an additional group of animals was
exposed to PFOA during gestation and lactation (perinatal exposure). Although the initial
chronic study in male rats with concentrations of 0, 150, or 300 ppm (0, 14.7, or 29.5 mg/kg-
day) in feed was ended at 21 weeks due to overt toxicity, it appears a subset of animals
receiving those doses were examined at 16 weeks, and the study was repeated with lower
doses. Results are summarized in Table 5.4.2. Thyroid follicular cell hypertrophy was observed
in male and female rats in the 28-day studies, and in female rats in the 107-week studies.
Thyroid toxicity was not observed in female rats in the 16-week studies and male rats in the
107-week studies (NTP, 2020). It should be noted, however, that male rats exposed perinatally
in the 107-week studies had higher incidences of thyroid follicular cell hypertrophy, although
statistical significance was not reached (p=0.087, Fisher’s exact test, performed by NTP).
OEHHA identified a LOAEL of 0.625 mg/kg-day for males and 6.25 mg/kg-day for females
(corresponding to a plasma concentrations of 50.7 and 0.49 pg/ml, respectively) for changes in
thyroid hormone levels in the 28-day studies, and a NOAEL of 14.7 mg/kg-day (plasma
concentration of 193 pg/ml) for thyroid follicular cell hypertrophy and changes in thyroid weight
in male rats in the chronic studies.

Table 5.4.2. Thyroid toxicity from subacute and chronic studies of PFOA in Sprague
Dawley rats (NTP, 2019a; NTP, 2020)

Sex Exposure Endpoints NOAEL/LOAEL
Thyroid follicular cell LOAEL:
Male 0,0.625, 1.25, 2.5, 5, or 10 hypertrophy (trend); 0.625 mg/kg-day
mg/kg-day via gavage . . _— :
(10/dose) for 28 davs 1 relative thyroid weight; for changes in
y | TSH, T3, fT4 and tT4 thyroid hormones
Female 0, 6.25, 12.5, 25, 50, or 100 Thyroid follicular cell LOAEL:
(10/dose) mg/kg-day via gavage hypertrophy; 1 TSH; | fT4 6.25 mg/kg-day
for 28 days and tT4 for increased TSH
: . NOAEL:
Male 0, 150, or 300 ppm in feed l reIapve gmd 1 absqlute 14.7 mg/kg-day
(0, 14.7, or 29.5 mg/kg-day) thyroid weight; thyroid X .
(10/dose) . for all thyroid
for 16 weeks follicular cell hypertrophy ;
endpoints
Male 0, 20, 40, or 80 ppm in feed l absqlut_e_ thyroid welg_ht NOAEL:
(10/dose) (0, 1.8, 3.7, or 7.5 mg/kg-day) (not significant at the highest 1.8 mg/kg-day for
for 16 weeks dose) '
Female 0,300, or 1,000 ppm in feed Thyroid follicular cell NOAEL:
(50/dose) (0, 18, or 63 mg/kg-day) hypertrophy 18 mg/kg-day
for 107 weeks

LOAEL, lowest-observed-adverse-effect level; NOAEL, no-observed-adverse-effect level, TSH, thyroid
stimulating hormone; T3, triiodothyronine; fT4, free thyroxine; tT4, total thyroxine

For PFOS, NTP (2019b) conducted subacute studies in male and female Sprague Dawley rats.
Animals were given 0, 0.312, 0.625, 1.25, 2.5, or 5 mg/kg-day PFOS via oral gavage for 28
days. Decreases in T3, fT4, and tT4 were observed in both sexes, while decreased absolute
thyroid weight was reported in males only (NTP, 2019b). OEHHA identified a LOAEL of 0.312
mg/kg-day (corresponding to plasma concentrations of 23.7 and 30.5 pg/ml for males and
females, respectively) based on decreases in fT4 and tT4 in both sexes.
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A study in male and female cynomolgus monkeys given 14 mg/kg PFOS via oral gavage on
three separate occasions over an observation period of 422 days showed a slight reduction in
serum tT4 in both sexes (Chang et al., 2017). There were no significant changes in TSH or fT4.
The authors did not consider the reduction in tT4 to be toxicologically relevant because a
sufficient reservoir of inactive (bound to protein) T4 remained available to maintain thyroid
hormone homeostasis.

5.4.3. Recent Mechanistic Evidence

Proper thyroid function is critical for appropriate metabolism and development. Evidence
suggests that PFOA can impact thyroid gland function and perturb thyroid hormone
homeostasis. Several recent mechanistic studies showed that PFOA can bind to TTR, a
transport protein that carries T4 (Ren et al., 2016; Zhang et al., 2016b; Kar et al., 2017). PFOA
effectively displaced T4 binding to TTR, which led to an increased amount of free T4 and an
increased T4 uptake rate into rat hepatocytes (Selano et al., 2019). However, PFOA did not
bind to thyroxine-binding globulin (TBG), another thyroid hormone transport protein (Ren et al.,
2016).

PFOA did not inhibit cyclic adenosine monophosphate (cCAMP) production induced by TSH in rat
thyroid FRTL-5 cells (Croce et al., 2019), suggesting that PFOA did not interfere with TSH
endocrine signaling. Furthermore, (Buckalew et al., 2020) report that PFOA inhibits iodide
uptake in rat thyroid cells (FRTL-5), and in hNIS-HEK293T-EPA cells that express the human
sodium-iodide symporter (hNIS) . NIS-mediated transport of iodide into the thyroid gland is
critical for thyroid hormone synthesis, and disruption of this pathway can lead to thyroid
dysfunction. In contrast, Wang et al. (2019a) did not observe any iodide uptake inhibition by
PFOA in hNIS-HEK293T-EPA cells.

Like PFOA, PFOS can bind to TTR (Ren et al., 2016; Zhang et al., 2016b; Kar et al., 2017; Xin
et al., 2018a), but not to TBG (Ren et al., 2016). However, PFOS inhibited iodide uptake more
potently than PFOA in rat thyroid FRTL-5 cells and in hNIS-HEK293T-EPA cells (Wang et al.,
2019a; Buckalew et al., 2020). PFOS also interacts with thyroid hormone receptors, and can
stimulate cell proliferation in rat pituitary cancer (GH3) cells, a process which is regulated by
thyroid hormone receptors (Xin et al., 2018a).

Similar to PFOA, PFOS did not inhibit cAMP production induced by TSH in rat thyroid FRTL-5
cells (Croce et al., 2019).

Dong et al. (2016a) reported expression changes in genes related to thyroid hormone
homeostasis, including genes affected by constitutive androstane receptor/pregnane X receptor
(CAR/PXR) activation.

5.4.4. Conclusions

Overall, for PFOA and thyroid hormone levels in humans, OEHHA did not find clear and
consistent trends across the different epidemiologic studies reviewed. The majority of findings
identified suggested that PFOA in adults (pregnant or not pregnant) might be associated with an
increase in TSH. However, a number of studies reported the opposite effect and no obvious
study design factor or other reason was found that explained this variability in results. OEHHA
also did not see consistent associations between PFOS and thyroid hormone levels in humans.
US EPA (2016d) identified three epidemiologic studies that reported positive associations
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between PFOS and TSH in pregnant women. However, the four studies published since US
EPA'’s review (US EPA, 2016b) (or otherwise not included in that review) reported essentially
opposite findings.

The large majority of epidemiologic studies OEHHA reviewed on PFOA or PFOS and thyroid
hormone levels were cross-sectional studies, where the temporal relationship between the
exposure and the outcome can sometimes be difficult to discern. It is possible that people with
altered thyroid hormone status may use certain products, change their diets, or otherwise have
certain lifestyle changes that lead to increased PFOA or PFOS exposure (“reverse causation”).
However, OEHHA found no evidence in the current literature to suggest that this is likely to be
the case. In addition, the very large majority of people in the studies OEHHA reviewed had
thyroid hormone levels that were within normal reference ranges, despite their PFOS or PFOA
exposure. This suggests that the differences in thyroid hormone levels that were seen in people
with different PFOA or PFOS levels in some studies were likely to have been too small to have
caused major changes in lifestyle, diet, or product use that markedly affected their PFOA or
PFOS intake. Overall, OEHHA found little evidence and little reason to believe the associations
identified in some studies, or that the inconsistency overall, were a result of reverse causation.

Participation rates appeared to vary across studies although not all studies provided sufficient
information to fully assess these rates or to assess any impacts of possible selection bias.
However, OEHHA found little indication that selection bias was a major concern in these studies
since most selected their participants prior to measuring PFAS or thyroid hormone levels. As
such, participants’ selection was most likely independent of their exposure or outcome status
and therefore unlikely to have introduced major bias in most studies.

As seen in Table A7.7 (Appendix 7), the studies OEHHA reviewed on thyroid hormone levels
were adjusted for a number of the more prevalent determinants of thyroid hormone levels or risk
factors for thyroid disease including age, sex, smoking, race/ethnicity, and BMI. No major
differences were found in the results from those studies that did or did not adjust for these
factors. Only a few studies adjusted for other PFAS or for other chemical exposures (besides
smoking) that might influence thyroid hormone levels (Shrestha et al., 2015; Byrne et al., 2018).
Shrestha et al. (2015) assessed correlations between PFAS and PCBs and polybrominated
diphenyl ethers (PBDES), and between thyroid hormone levels and PCBs and polybrominated
diphenyl ethers (PBDES). Their results are shown in Table 5.4.3 and overall the correlations
between PFOA or PFOS and these other chemical agents appear too low to have caused major
confounding. Overall, OEHHA did not find clear evidence that confounding caused the
inconsistency in the findings reviewed here.

Table 5.4.3 Pearson correlation coefficients between serum PCBs, PBDEs, PFOA, PFOS,
and thyroid hormones (Shrestha et al., 2015)
PFOS PFOA TSH T4 T4

0.30 (0.01) 0.16 (0.15) 0.04 (0.71) 0.08 (0.46) | 0.09 (0.40)

Serum Y PCBs

(ng/g serum total lipids)
Serum Y PBDEs

(nglg serum total lipids) 0.02 (0.86) 0.04 (0.68) -0.02 (0.85) -0.13 (0.23) -0.10 (0.35)
The numbers in parentheses are p-values

Abbreviations: fT4, free thyroxine; ZPBDEs, total polybrominated diphenyl ethers; ZPCBs, total polychlorinated biphenyls;
T4, total thyroxine; TSH, thyroid stimulating hormone

OEHHA identified only three epidemiologic studies of more overt thyroid conditions and PFOA
or PFOS published since the 2016 US EPA reviews. Although these studies presented some
suggestive evidence of an association between PFOS or PFOA and certain thyroid conditions,
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small sample sizes, unusual dose-response patterns, lack of information on subject selection or
potential confounders, or lack of replication limited the ability to make firm conclusions regarding
these studies (Table 5.4.4).

The recent NTP studies in rats demonstrated that PFOA can adversely impact the thyroid.
Decreases in T3 and T4 were observed in both male and female rats in the 28-day studies.
This is somewhat consistent with previous results in rats, where T4 was significantly reduced,
but only in male rats. The NTP studies also reported thyroid follicular cell atrophy in both male
and female rats, regardless of duration (28 days to 107 weeks). These data suggest that PFOA
can affect thyroid tissue directly, but more research is needed to determine the full impact of
PFOA on thyroid function (Table 5.4.4).

The most recent PFOS studies from (NTP, 2019b) support previous reports in the literature that
PFOS reduces T3 and T4 levels in rats. The overall body of evidence from the animal literature
suggests that PFOS negatively impacts thyroid hormone levels (Table 5.4.4). Recent
mechanistic studies suggest that PFOS may interact with thyroid hormone transporters and
receptors in animals, which is similar to results reported in mechanistic studies with human
thyroid hormone transporters and receptors (US EPA, 2016d).

Table 5.4.4. Summary of OEHHA'’s conclusions regarding the human and experimental
animal data on PFOA and PFOS and thyroid toxicity

Outcome PFOA PFOS
Thyroid hormone levels in | Many studies but highly Many studies but highly
humans inconsistent results inconsistent results
Thyroid disease in humans | Limited number of studies, no Limited number of studies, no
convincing evidence convincing evidence
Thyroid hormone levels in | Limited number of studies, but Positive evidence
animals positive trends were reported

5.5. Developmental and Reproductive Toxicity

In its finalized Toxicological Profile for Perfluoroalkyls, ATSDR noted there is some
epidemiologic evidence that PFOA and PFOS are associated with impaired fertility (longer time
to pregnancy and infertility) but the results are not consistent across studies and some studies
have found associations between maternal PFOA or PFOS exposure and decreased birth
weight, which was attenuated by about 50% after accounting for maternal glomerular filtration
rates (ATSDR, 2021). ATSDR also noted inconsistent findings related to several other
reproductive outcomes associated with exposure to PFOA and PFOS. NTP has not published
reviews of the epidemiologic literature on developmental and reproductive toxicity (DART) of
PFOA or PFOS.

In the Health Effects Support Documents for PFOA and PFOS, US EPA's review of the
epidemiologic literature on DART effects of each of these chemicals included literature
published from 2009 through 2015 (US EPA, 2016b; US EPA, 2016d). US EPA's review
focused on the outcomes of pregnancy-related hypertension, preeclampsia, measures of fetal
growth, and pubertal development. Related to these outcomes, US EPA reviewed
epidemiologic studies examining gestational age, measures of fetal growth, miscarriage,
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preterm birth, birth defects, postnatal growth and maturation (including neurodevelopment and
pubertal development), risk of adult obesity following prenatal exposure, pregnancy-related
hypertension, preeclampsia, fecundity, sperm count, and semen quality (US EPA, 2016b).

For PFOA, US EPA found that the data on DART were suggestive of an association with risk of
pregnancy-induced hypertension or preeclampsia and the possibility of an effect of reduced
birth weight. US EPA also noted there was conflicting evidence from two studies for altered
puberty onset in females and there were limited data suggesting reduced fertility and fecundity
in females, and an association with attention deficit hyperactivity disorder in children in studies
of both a highly exposed community and the general population.

For PFOS, US EPA reviewed epidemiologic studies examining measures of developmental
outcomes such as fetal growth restriction, puberty, as well as pregnancy-related hypertension,
preeclampsia, gestational diabetes, and fertility (US EPA 2016d). In summarizing, US EPA
noted that despite study limitations, including uncertainty concerning the possible effect of low
glomerular filtration rate (GFR), “...the association between PFOS exposure and birth weight for
the general population cannot be ruled out.”

GFR is the flow rate of blood being filtered by the kidneys. It increases in the first half of
pregnancy and declines slightly in the second half of pregnancy. Women whose GFR fails to
increase sufficiently in pregnancy have been shown to have smaller babies (Verner et al.,
2016). GFR may also influence urinary excretion of PFAS; people with lower GFR have higher
blood levels of PFAS (Verner et al., 2016). Thus, GFR may confound the association between
PFAS and some DART outcomes, such as lower birth weight, because changes in both may be
due in some part to effects of low GFR (Savitz, 2014; Verner et al., 2016). In addition, maternal
plasma volume expands in early pregnhancy, diluting PFAS concentrations. Lower plasma
volume expansion is also associated with reduced fetal growth and possibly also reduced GFR
(Vesterinen et al., 2015) and may confound any association between PFAS exposure and fetal
growth. However, the potential for confounding by GFR and plasma volume expansion appears
greater when PFAS exposure is based on measurements in blood obtained in late pregnancy.
Pregnancy hemodynamics appear less likely to substantially confound studies of effects of
PFAS on fetal growth when serum or plasma is sampled early in pregnancy (Verner et al., 2016;
Sagiv et al., 2018; Steenland et al., 2018).

US EPA also noted that a small set of studies reported associations with gestational diabetes,
preeclampsia, and preghancy-induced hypertension in populations with serum PFOS
concentrations of 12-17 ng/ml (US EPA, 2016d).

Furthermore, US EPA found that the overall data suggest a consistent association between
PFOS exposure and fertility and fecundity measures, despite concern over GFR and reverse
causation. Studies examining semen quality were largely null (US EPA, 2016d).

Given US EPA'’s findings regarding reproductive and developmental effects of PFOA and
PFOS, OEHHA evaluated the most recent literature, published since US EPA’s reviews, for the
following outcomes: preghancy-related hypertension and preeclampsia, measures of fetal
growth, pubertal development, and fertility and fecundity.

Developmental and reproductive effects of PFOA in animals were described in assessments by
US EPA (2016b), New Jersey DWQI (2017) and ATSDR (2021). US EPA (2016b) reported
numerous reproductive effects in animals, including reduced fertility in male mice, decreased
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litter size, increased resorptions and stillbirths, and increased time to parturition. US EPA
(2016b) also reported multiple developmental effects in rodents, including reduced postnatal
growth, delays in developmental landmarks, reduced ossification, and delayed mammary gland
development. Based on this evidence, PFOA was listed under Proposition 65 as a chemical
known to the state of California to cause reproductive toxicity in 2017.

Developmental and reproductive effects of PFOS in animals were also described in
assessments by US EPA (2016d), New Jersey DWQI (2018) and ATSDR (2021). US EPA
(2016d) identified no studies reporting reduced fertility, but reported histopathological lesions in
male rat testes, and increased pup mortality. It was hypothesized that neonatal mortality is
caused by the interaction of PFOS with lung surfactant components, which alters lung
morphology and pulmonary surfactant function in developing rodents. Adverse developmental
effects include reduced pup body weight, developmental delays, and altered hormone and
glucose regulation. As such, PFOS was listed under Proposition 65 as a chemical known to the
state of California to cause reproductive toxicity in 2017.

5.5.1. Recent Human Evidence

Pregnancy-related hypertension and preeclampsia: OEHHA identified two studies of the
association between PFOA or PFOS exposure and preeclampsia published since January 2016
(Huang et al., 2019b; Wikstrém et al., 2019), one of which also examined pregnancy-induced
hypertension (Huang et al., 2019b). Two additional studies re-examined previously published
data to determine whether uncertainties in exposure or geocoding of reconstructed PFOA
exposures biased the epidemiologic findings regarding associations between PFOA and
preeclampsia. The authors found that these sources of uncertainty did not have significant
impacts on those findings (Avanasi et al., 2016a; Avanasi et al., 2016b); these studies will not
be discussed further.

The preeclampsia studies are summarized in Appendix 7, Tables A7.13 and A7.14.
Preeclampsia is a condition in which the pregnant woman is hypertensive because of reduced
renal excretion associated with a decrease in GFR (US EPA, 2016b). Wikstrém et al. (2019)
conducted a prospective cohort study in Sweden using early pregnancy (median 10 weeks)
serum PFAS measurements and preeclampsia in the same pregnancy. The median serum
PFOA concentration was 1.61 ng/ml and the median PFOS concentration was 5.39 ng/ml. A
doubling in early pregnancy serum PFOS was associated with increased risk of preeclampsia
for all women (OR = 1.53; 95% CI, 1.07-2.20) and nulliparous women OR = 2.02; 95% ClI, 1.26-
3.29). When the comparison was highest vs. lowest quatrtile of serum PFOS, the increase in
risk was greater: OR = 2.68; 95% Cl, 1.17-6.12). ORs were adjusted for parity (except when
stratified by parity), age, weight, and smoking (based on serum cotinine). PFOA was also
associated with increased risk of preeclampsia, but the ORs were somewhat smaller and not
statistically significant. Wikstréom et al. (2019) did not adjust for the presence of other PFAS. A
strength of this study is the use of early pregnancy PFAS measurements, which would avoid
potential confounding by GFR. The correlations among some PFAS were relatively high: for
PFOA and PFOS, r = 0.60; for PFOA and PFNA, r = 0.66; and for PFOS and PFNA, r = 0.55.
PFNA was also associated with preeclampsia, with ORs that were somewhat higher than those
for PFOA and statistically significant.

In the Huang et al. (2019b) cross-sectional study, cord blood samples were collected from 686
women shortly after birth and tested for PFAS. The median serum PFOA concentration was
6.98 ng/ml and the median PFOS concentration was 2.38 ng/ml. Risk of gestational
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hypertension was 3.3% and risk of preeclampsia was 2.8%, and 91.5% of the women were
nulliparous. PFOA was associated with non-statistically significant increases in risk of
preeclampsia, while PFOS was associated with non-statistically significant reductions in risk.
Although the authors note that PFOS levels in cord blood are highly correlated with PFOS in
maternal blood, they also acknowledge that previous studies have reported that PFOA and
PFOS decreased across pregnancy due to increased GFR and subsequent increased rate of
elimination in urine. It is therefore possible that the measured PFAS levels do not represent
levels at other points in the pregnancy that may have been more relevant to risks of
hypertensive disorders of pregnancy (Huang et al., 2019b).

Huang et al. (2019b) also examined gestational hypertension. While ORs for the second tertile
of cord serum PFOA and PFOS, compared to the first tertile, suggested protective effects, the
associations were not statistically significant. The ORs for continuous exposure also suggested
no associations (Huang et al., 2019b).

Measures of fetal growth — birth weight: The large number of studies examining PFOA and
birth weight are summarized in Appendix 7, Table A7.15. Two recent cross-sectional studies
reported statistically significant lower birth weight among children with higher PFOA
concentrations in maternal or cord serum around the time of birth. Kwon et al. (2016) reported a
change of =77.93 g (95% CI, -153.56 - —-2.30) per unit change in log PFOA, and Li et al.
(2017c) reported that each In-unit change in total PFOA (i.e., linear and branched) was
associated with a change of —112.7 g (95% ClI, —171.9 - —-53.5) and each In-unit change in
linear PFOA (n-PFOA) was associated with a change of —85.0 g (95% CI, —133.6 - —36.5) in
birth weight. The findings from both of these studies are not adjusted for GFR or plasma
volume expansion, which could confound the associations with samples in late pregnancy or
around the time of birth (Verner et al., 2016; Govarts et al., 2018; Sagiv et al., 2018).

Six prospective cohort studies and a case-cohort study also reported statistically significant
lower birth weight in association with serum or plasma PFOA concentrations during pregnancy.
Two of these studies included samples with relatively high risk for lower birth weight. The
largest change in birth weight was reported by Lauritzen et al. (2018) for the Swedish sub-
sample (N=159, median 2" trimester maternal serum PFOA concentration = 2.33 ng/ml): for
male infants, B = -526 g (95% CI, —828 - —222) per In-unit increase in PFOA. This case-cohort
study included SGA cases, from Sweden and Norway, selected predominantly (82%) from
parous participants who were considered high-risk for SGA; however, results for the Norwegian
sub-sample were null (Lauritzen et al., 2018). Hjermitslev et al. (2020) studied PFOA exposure
in Greenlandic Inuit women with high smoking rates and possibly high exposure to persistent
organic pollutants through traditional diet, although the serum PFOA concentrations (sampled
between 7 and 40 weeks gestation for one group and before the end of gestation week 13 for
another group) were not high: median (range) = 1.06 (0.10-7.26) ng/ml. A 1 ng/ml increase in
maternal serum PFOA was associated with a change in birth weight of =119 g (95% CI, —202 -
—36.6) (adjusted for GA and other potential confounders) (Hjermitslev et al., 2020).

Meng et al. (2018) reported a more modest change in birth weight of —35.6 g (95% CI, —66.3 -
—5.0) per doubling of PFOA measured in maternal plasma in the first two trimesters (92% in first
trimester). Wikstrom et al. (2019) reported a In-unit increase in maternal serum PFOA sampled
at 10 weeks (median) was associated with a change in birth weight of —-68 g (95% CI, —112 -
—24) for all children, with a slightly stronger association in girls of —-86 g (95% ClI, —145 - —26).
For both of these studies, the serum samples were generally taken before changes associated
with GFR and increased blood volume would be expected to become important confounders.
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For the remaining cohort studies that reported associations with lower birth weight, coefficients
were 3 =-51.4 g (95% CI, -97.2 - -5.7) per In-unit PFOA increase (Starling et al., 2019), B =
—63.77 g (-122.83 - —4.71) per 2-SD increase in In PFOA (Lenters et al., 2016), and 3 =-197 g
(95% CI, =391 - —3) per log-unit PFOA increase (Minatoya et al., 2017). Blood samples were
taken at various times or in late pregnancy in these studies, and no consideration of potential
confounding by GFR was reported. Starling et al. (2019) adjusted for gestational weight gain
and both Starling et al. (2019) and Minatoya et al. (2017) adjusted for gestational age at blood
draw.

Twenty-three of the recent studies, including 11 prospective cohort, one retrospective cohort,
and 11 cross-sectional studies, reported no statistically significant associations between
prenatal PFOA and birth weight or birth weight z-score. Four large cohort studies with sample
sizes ranging from N=1,202 to N=1,705 assessed PFOA exposure mainly in the first trimester of
pregnancy, thereby minimizing concerns over confounding or reverse causation associated with
GFR or weight gain, and reported no statistically significant associations between prenatal
PFOA exposure and birth weight or birth weight z-score (Bach et al., 2016; Ashley-Martin et al.,
2017; Manzano-Salgado et al., 2017; Sagiv et al., 2018). The median PFOA concentrations in
these studies were between 1.7 ng/ml and 5.8 ng/ml in maternal plasma (Ashley-Martin et al.,
2017; Manzano-Salgado et al., 2017; Sagiv et al., 2018) and 2.0 ng/ml in maternal serum (Bach
et al., 2016).

Some investigators examined possible sex differences in effects of prenatal PFOA exposure on
birth weight. Of the six studies that reported possible stronger associations between PFOA and
lower birth weight in girls, two reported statistically significant associations in girls but not boys:
Hjermitslev et al. (2020) reported B = -161 g (95% ClI, —283 - —40.1) for female infants, and 8 =
—81.2 g (95% ClI, —194 - 31.2) for male infants. Wikstrom et al. (2019) reported = -86 g (95%
Cl, =145 - —26) for girls and B = —49 g (=113 - 15) for boys. Of four studies reporting a possible
stronger association with lower birth weight in boys, Lauritzen et al. (2017) reported a
statistically significant association, p = 526 g (95% CI, —828 - —222) in boys and 3 = -156 g
(95% CI, —=541 - 228) in girls.

Studies examining PFOS and birth weight are summarized in Appendix 7, Table A7.16. Three
recent studies reported large, statistically significant associations between prenatal PFOS
exposure and lower birth weight in small to modest samples: one cross-sectional study (N=98)
reported that each log-unit increase in umbilical cord serum PFOS was associated with a
change in birth weight of —417.3 g (95% ClI, —742.1 - -92.4). The mean PFOS concentration
was 4.07 ng/ml (Xu et al., 2019a). Another cross-sectional study (N=317) with a median cord
serum PFOS concentration of 3.0 ng/ml reported that each In-unit increase in PFOS was
associated with a change in birth weight of —150.6 g (95% ClI, —225.4 - —75.7) in male infants
and —26.6 g (95% CI, —125.1 - 71.8) in females (Li et al., 2017c). Although the authors of these
studies adjusted for some important potential confounders, the possibility of confounding or
reverse causation associated with GFR due to exposure assessment at time of birth is of some
concern, as are the substantial changes with adjustment for confounding. Lauritzen et al.
(2017) conducted a case-cohort study with SGA cases selected predominantly from parous
participants who were at high-risk for SGA in Sweden and Norway. In the Swedish sub-sample
(N=159, median 2" trimester maternal serum PFOS concentration = 16.4 ng/ml), the change in
mean birth weight was —292 g (95% CI,—500 - —84) per In-unit increase in PFOS. Results for
the Norwegian sub-sample (N=265), with a median serum PFOS concentration of 9.74 ng/ml,
were null (Lauritzen et al., 2017).
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Three large prospective cohort studies, each of which included more than 1,500 participants,
assessed PFOS exposure in early pregnancy and reported statistically significant associations
with lower birth weight. Bach et al. (2016), with a median maternal serum PFOS concentration
of 8.3 ng/ml, observed associations only for 2" quartile compared to 1% quartile exposure, B =
—86 g (95% ClI, —159 - —13) for all births and 3 = —93 g (95% CI, —157 - —29) for term births. The
association per IQR (4.8 ng/ml) of PFOS was null for all births, with contrasting but non-
statistically significant associations in girls (B =—-32 g (95% CI, —71 - 7)) and boys (3 =26 g
(95% CI, —13 - 65)) (Bach et al., 2016). Wikstrom et al. (2019), with a median maternal serum
PFOS concentration of 5.38 ng/ml, reported a change in birth weight of —46 g (95% CI, —88 - -3)
per In-unit increase in PFOS for all children, —85 g (95% ClI, —145 - —25) for girls, and —13 g
(95% CI, —73 - 47) for boys (Wikstrom et al., 2019). Meng et al. (2018) reported a change in
birth weight of —45.2 g (95% CI, —76.8 - —13.6) per doubling of PFOS exposure in a population
with a median maternal plasma PFOS concentration of 30.1 ng/ml (Meng et al., 2018). By
assessing PFOS exposure early in pregnancy, these prospective studies reduce concerns
about confounding and reverse causation associated with GFR and increased blood volume.

Two further prospective cohort studies with later pregnancy exposure assessment reported
associations with reduced birth weight. In the study by Marks et al. (2019), each unit increase in
PFOS concentration (median 13.8 ng/ml) was associated with a change in birth weight of —8.50
g (95% ClI, -15.93 - -=1.07). In a sensitivity analysis including only 1% trimester samples
(N=115), associations were consistent with the entire study sample. Valvi et al. (2017) reported
a change in birth weight of approximately =150 g (p <0.05; presented graphically) for boys of the
Faroe Islands with median maternal serum PFOS of 27.2 ng/ml.

One study (N=62) reported that prenatal PFOS exposure was associated with an increase in
birth weight of 596 g (95% ClI, 89 - 1,103) in girls. The median umbilical cord plasma PFOS
concentration was 1.600 ng/ml and there was no association in boys (de Cock et al., 2016). No
other studies reported statistically significant increases in birth weight associated with PFOS.

Twenty-two studies, including eight cross-sectional, one retrospective cohort, and 14
prospective cohort studies, reported no statistically significant associations between prenatal
PFOS exposure and birth weight, term birth weight, birth weight z-score, or birth weight for GA
z-score. Some of these studies included large samples, and PFOS concentrations ranged from
less than 1 ng/ml in cord serum to more than 25 ng/ml in maternal plasma or maternal serum.
For example, in a prospective cohort study (N=1,202), Manzano-Salgado et al. (2017) assessed
PFOS in maternal plasma (median 6.05 ng/ml) in the first half of pregnancy and reported no
association with birth weight. Sagiv et al. (2018) also assessed PFOS in early pregnancy and
evaluated many potential confounders, including GFR and plasma albumin, and reported that
maternal plasma PFOS (median 25.7 ng/ml) was not statistically significantly associated with
term birth weight (B = -17.9 g (95% CI, -40.9 - 5.1)) in this cohort of 1,645 mother-infant pairs.

Measures of fetal growth —small for gestational age: Six studies, summarized in Appendix
7, Table A7.15, examined associations between exposure to PFOA and risk of SGA infants
(Wang et al., 2016; Lauritzen et al., 2017; Manzano-Salgado et al., 2017; Govarts et al., 2018;
Wikstrom et al., 2019; Xu et al., 2019a). Two of the smaller studies, one of which was a cross-
sectional study in Hangzhou, China and had low exposure concentrations (median umbilical
cord serum concentration=1.05 ng/ml) (Xu et al., 2019a), and one of which was a prospective
cohort study in Taiwan with median 3" trimester maternal serum PFOA concentrations of 2.34
ng/ml and 2.37 ng/ml for female and male infants, respectively (Wang et al., 2016), reported no
associations with SGA.
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The remaining four studies were conducted in Europe and had conflicting results within and
between studies. The case-cohort study by Lauritzen et al. (2017) included parous participants
from Sweden and Norway and sampled for women at high risk of SGA. In the sample of women
from Norway (N=265), whose median PFOA concentration in second trimester maternal serum
was 1.62 ng/ml, PFOA was associated, though not statistically significantly, with lower odds of
SGA, OR = 0.66 (95% CI, 0.33-1.33). In Swedish women (N=159), with a median second
trimester maternal serum PFOA concentration of 2.33 ng/ml, prenatal PFOA exposure was
associated with a large and statistically significant increase in risk of SGA for all children (OR =
5.25; 95% ClI, 1.68-16.4), and for boys (OR = 6.55; 95% ClI, 1.14-37.5); but the increase was not
statistically significant for girls (OR = 4.73; 95% CIl, 0.79-28.3) (Lauritzen et al., 2017).

Govarts et al. (2018) analyzed pooled cross-sectional data for cohorts from Belgium, Norway,
The Netherlands, and Slovakia (N=693), and reported evidence of an increase in risk for SGA
overall, OR = 1.64 (95% ClI, 0.97-2.76) per IQR cord serum PFOA. The association was
statistically significant among mothers who smoked during pregnancy, OR = 2.18 (95% Cl,
1.02-4.64), but not among nonsmokers, OR = 1.51 (0.87-2.63). Some cord serum PFOA levels
were measured, but for two cohorts and part of a third cohort, cord serum PFOA levels were
estimated using PFOA measured in breast milk. The median (IQR) cord serum PFOA
concentration was 0.550 (0.299-1.200) ng/ml but varied by cohort. The magnitude, but not the
direction, of the effect varied by cohort (data not reported). The authors did not address
potential confounding by GFR (Govarts et al., 2018).

In a prospective cohort study with 1,202 participants in Spain, Manzano-Salgado et al. (2017)
reported that first trimester maternal PFOA (median concentration 2.35 ng/ml) was associated
with increased risk of SGA in male infants, OR = 1.18 (95% CI, 0.82-1.69) and decreased risk
(protective effect) in female infants, OR = 0.72 (95% CI, 0.50-1.04), though neither was
statistically significant. In another large prospective cohort study in Sweden (N=1,533),
Wikstréom et al. (2019) reported increased risk of SGA birth associated with first trimester PFOA
exposure (median serum concentration 1.61 ng/ml) for all children, OR = 1.43 (95% ClI, 1.03-
1.99), driven mainly by increased risk among girls, OR = 1.96 (95% CI, 1.18-3.28). The
association was weaker and not statistically significant for boys, OR = 1.16 (95% CI, 0.75-1.78)
(Wikstrom et al., 2019).

Five recent epidemiologic studies, summarized in Appendix 7, Table A7.16, examined the
association between maternal PFOS exposure and SGA birth. Xu et al. (2019a) conducted a
small (N=98) cross-sectional study using cord serum PFOS (median concentration of 4.07
ng/ml). The analysis was adjusted for important confounders and tap water consumption, but
not GFR. (Xu et al., 2019a) reported a large association, with adjusted OR = 4.138 (95% ClI,
1.07-15.98) per log-unit increase in PFOS; the unadjusted OR = 1.64. There was a large
change in the OR after adjustment (Xu et al., 2019a).

Govarts et al. (2018) analyzed pooled cross-sectional data from four cohorts (N=693), and
reported cord serum PFOS was associated with increased risk of SGA among mothers who
smoked during pregnancy, OR = 1.63 (95% ClI, 1.02-2.59). Among nonsmokers, PFOS was
associated with decreased risk of SGA, OR = 0.66 (95% ClI, 0.61-0.72). The median (IQR) cord
serum PFOS concentration was 1.98 ng/ml but varied by cohort. Cord serum PFOS levels were
either measured directly, or for most participants, PFOS levels were estimated based on breast
milk PFOS levels. The magnitude, but not the direction, of the effect varied by cohort (data not
reported). The authors did not address potential confounding by GFR (Govarts et al., 2018).
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The case-cohort study by Lauritzen et al. (2017) included parous participants from Sweden and
Norway and sampled for women at high risk of SGA. In the sample of women from Norway
(N=265), with median second trimester PFOS concentration of 9.74 ng/ml, maternal PFOS
exposure was not associated with SGA. In the Swedish cohort (N=159, median PFOS
concentration = 16.4 ng/ml), a In-unit increase in maternal PFOS was associated, though not
statistically significantly, with SGA, OR = 2.51 (95% CI, 0.93-6.77) (Lauritzen et al., 2017).

In a prospective cohort study with 1,202 participants, Manzano-Salgado et al. (2017) reported
that first trimester maternal PFOS (median concentration 6.05 ng/ml) was not associated with
increased risk of SGA. In another large prospective cohort study (N=1,533), (Wikstrém et al.,
2019) reported some non-statistically significant associations with first trimester PFOS exposure
(median serum concentration 5.38 ng/ml). For all children, OR = 1.19 (95% ClI, 0.87-1.64); qirls,
OR =1.40 (95% ClI, 0.83-2.35); and boys, OR = 1.08 (95% CI, 0.72-1.63) per In-unit increase in
prenatal serum PFOS (Wikstrom et al., 2019).

Pubertal development: OEHHA identified two recent retrospective cohort studies of PFOA
and pubertal development (Appendix 7, Table A7.17), one of which also investigated the
relationship between PFOS and pubertal development. Ernst et al. (2019) collected multiple
puberty-related indicators at multiple times from most of their study participants beginning at
age 11 years, and had PFOA measurements from the first trimester of the children’s gestation.
Plasma PFOA medians were reported separately for boys and girls in the two groups (samples)
of study participants identified from within the cohort as a whole, and ranged between 4.1 and
5.1 ng/ml. No consistent patterns of associations between PFOA and pubertal indicators were
evident in this cohort (Ernst et al., 2019).

Di Nisio et al. (2020), in contrast, assessed onset of menarche when participants were
approximately 18 years old, and used lifelong residence in the area as a proxy for exposure. In
a subset of participants with actual PFOA measurements, the median was 28.7 ng/ml in serum
of exposed participants, and 2.6 ng/ml in “control” participants. The mean age at menarche was
164 days (p <0.001) later in those who lived in the high PFOA area. PFOS concentrations were
similar in the two groups (3.25 and 3.15 ng/ml) (Di Nisio et al., 2020).

Ernst et al. (2019) also examined PFOS in association with pubertal development and reported
that in girls, early gestation PFOS exposure in the middle tertile (28.1-38.4 ng/ml and 23.3-31.5
ng/ml in the two study participant ‘samples’) was associated with earlier indicators of pubertal
development compared to the lowest tertile (Appendix 7, Table A7.18). The highest exposure
tertile was not consistently associated with pubertal development in girls. In boys, PFOS
exposure above the lowest tertile appeared to be associated with earlier genital development
and voice break, although most comparisons were not statistically significant. PFOS was not
associated with other indicators of puberty in boys (Ernst et al., 2019).

Fertility and fecundity: Four recent studies examined possible associations between a
woman'’s exposure to PFOA and fertility or fecundity (Appendix 7, Table A7.19). A cross-
sectional study of 1,251 pregnant women examined early pregnancy plasma PFOA levels
(median 5.03 ng/ml in nulliparous women and 3.43 ng/ml in parous women) and reported no
association with time to pregnancy (TTP; an indicator of fecundability, which is defined as the
probability of pregnancy per cycle) in nulliparous women. Although a statistically significant
association with reduced fecundability in parous women was observed, the authors
hypothesized that “the association in parous women was due to residual confounding” (Bach et
al., 2018). A small (N=99) prospective cohort study also found no association between pre-
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conception serum PFOA (geometric mean 2.79 ng/ml) and fecundability or ovarian reserve in
women who had no history of fertility or fertility-related conditions (Crawford et al., 2017).

A very small prospective cohort study in a fertility clinic examined 34 women with a mean
plasma PFOA concentration of 2.44 ng/g before in vitro fertilization (IVF). There were no
statistically significant correlations between PFOA and blastocyst conversion, fertilization,
ovarian function, or response to gonadotropin stimulation (McCoy et al., 2017). Another fertility
clinic study was a case-control study with 157 cases of endometriosis-related infertility and 178
controls who had no reproductive endocrine disorders but were seeking infertility treatment for
male reproductive dysfunction. Plasma PFOA (median 14.67 ng/ml among cases and 12.09
ng/ml among controls) was not associated with endometriosis-related infertility (Wang et al.,
2017a).

The four studies that examined the relationship between PFOA and fertility or fecundity also
examined PFOS (Appendix 7, Table A7.20). In a cross-sectional study of 1,251 pregnhant
women, Bach et al. (2018) found no association between early pregnancy plasma PFOS
(median concentration 30.2 ng/ml in nulliparous women and 26.0 ng/ml in parous women) and
TTP in nulliparous women, but reduced fecundability in parous women. However, the authors
attributed the association in parous women to confounding (Bach et al., 2018). A small (N=99)
prospective cohort study of women who had no history of infertility or fertility-related conditions
and were attempting to conceive found no association between pre-conception serum PFOS
(geometric mean 9.29 ng/ml) and fecundability or ovarian reserve (Crawford et al., 2017).

McCoy et al. (2017) examined associations between plasma PFOS before IVF treatment (mean
concentration 6.52 ng/g) and ovarian function, ovarian response, and fertilization among women
undergoing IVF (N=34). Higher plasma PFOS levels were associated with lower plasma
estradiol, r = —0.47 pg/ml (p <0.05), but no other outcomes (McCoy et al., 2017).

A case-control study in a fertility clinic compared 157 cases of endometriosis-related infertility
with 178 controls who had no reproductive endocrine disorders but were seeking infertility
treatment for their male partners’ reproductive dysfunction. The median plasma PFOS
concentration was 6.40 ng/ml among cases and 6.60 hg/ml among controls. Women in the
highest PFOS exposure tertile were less likely to have endometriosis-related infertility than
women in the lowest tertile, OR = 0.66 (95% CI, 0.36 - 1.21), though the association was not
statistically significant. The association was similar in an analysis that was restricted to women
who had never been pregnant. In a sensitivity analysis, plasma PFOS was statistically
significantly associated with lower odds of endometriosis-related infertility, OR = 0.47 (95% Cl,
0.22 - 0.99), when restricted to women who had no other gynecologic pathology. This study
also reported inverse or null associations between endometriosis-related infertility and other
PFAS, with the exception of PFBS, which was associated with increased risk of endometriosis-
related infertility (Wang et al., 2017a).

5.5.2. Recent Animal Evidence

Studies of PFOA exposure reporting developmental and reproductive toxicity effects published
from 2016 onward are summarized in Tables 5.5.1, 5.5.2, and 5.5.3.
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Table 5.5.1. Summary of recent animal toxicity studies of PFOA reporting developmental
toxicity

125

Sex/Species Exposure Endpoints NOAEL/LOAEL | Reference
Pups: 1 body weight;
(P:;e?géﬁ%t/Bkl 8;“ |(r)13<;|rentg:‘/r légr]n changes in femur and NA Koskela et
mice Gg1-21 tibia bone morphometric al. (2016)
properties; | bone tissue
(6/dose) . :
mineral density
Dietary exposure
to 0, 0.003, 0.01, Dams:
0.03,0.1,0.3,1, | Dams: | litter size at two | NOAEL:
or 3 mg/kg-day highest doses 0.3 mg/kg-day
Pregnant (targeted dose to for | litter size
C57BL/6J dams); exposure | Pups (both sexes): van Esterik
mice started 2 weeks | | body weight at PND 4; | Pups: ot al
(6/dose for before mating nuclear dysmorphology NOAEL: (2016)
dams; and continued (p=0.06) 0.003 mg/kg-
6-10/dose for | during mating (1 day for | body
pups) week), gestation | Male pups: 1 liver weight in
(3 weeks), and weight; 1 eosinophilic females on
lactation liver foci (p=0.07) PND 4
(3 weeks)
Pregnant CD-
1 mice, male
pups qsed for 0,0.1,0.3,0r1 Pups: 1 ambulatory NOAEL:
behavioral . L X 0.3 mg/kg-day .
mg/kg-day via activity on PND 18; Goulding et
tests, 1 per TR . based on
i gavage from | activity in animals al. (2017)
itter per test. i . 1 ambulatory
(4-17/dose GD 1-17 injected with activit
. ' methamphetamine y
varied by
behavioral
test)
Pregnant Pup.s:. ! ”“mber of
Kunming mice surviving mice at
weaning; changes in LOAEL:
(10/dose), 0,1,25,0r5 : g
. . absolute testis weight; 1 mg/kg-day for
male offspring | mg/kg-day via Song et al.
| serum testosterone | serum
(7-10/dose) gavage from . (2018)
evaluated for | GD 1.17 levels (except in low testosterone
dose animals on PND
effects on 70); | Leydig cells;
PND 21 and ; L Leydig cells,
vacuolization of Sertoli
PND 70 )
cells; | spermatozoa
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Sex/Species Exposure Endpoints NOAEL/LOAEL | Reference
Pups: | body weight;
| survival; 1 absolute and
relative liver weight;
Pregnant 0,1,25,5,0r10 ﬁ\‘:‘;or"fé‘”r:;pcitgl‘;fes; LOAEL:
Kunming mice | mg/kg-day via degeneration and 1 mg/kg-day for | Lietal.
(10/dose), gavage from dissolved nuclei: blurred 1 serum ALT (2019c¢)
female pups GD 1-17 liver architecturé' and AST
(5-10/dose) 1 serum ALT and AST;
1 CAT, SOD, and 8-
OHdG,; | histone
acetylation

2L OAEL/NOAEL not applicable for single dose studies.
Abbreviations: ALT, alanine aminotransferase; AST, aspartate aminotransferase; CAT, catalase; GD,

gestation day; LOAEL, lowest-observed-adverse-effect level; NOAEL, no-observed-adverse-effect level;
PND, postnatal day; SOD, superoxide dismutase; 8-OHdG, 8-hydroxydeoxyguanosine

van Esterik et al. (2016) evaluated the developmental toxicity of PFOA in C57BL/6J mice.
Toxicity in the F1 generation was monitored in 6-10 pups from 2-5 litters in each dose group.

Decreased litter sizes were reported at the two highest doses. Additionally, several
developmental effects were reported in pups, including the following: increased liver weight, and
eosinophilic liver foci (p=0.07) in males; decreased femur length and femur weight, decreased
guadriceps femoris muscle weight, decreased adipocyte cell size, and decreased serum
triglycerides and cholesterol in females; and decreased body weight at PND 4, decreased tibia
length, and hepatocellular anisokaryosis and karyomegaly in pups of both sexes (p=0.06). The
decrease in body weight persisted until adulthood on a standard diet, but reverted to control
levels once animals were placed on a high fat diet. Body weight data on PND 4 were digitized
using GetData Graph Digitizer software (version 2.26), and evaluated for statistical significance
(p <0.001; student’s T-test determined by OEHHA). OEHHA determined a NOAEL of 0.003
mg/kg-day based on decreased body weight in female pups on PND 4.

Table 5.5.2. Summary of recent animal toxicity studies of PFOA reporting reproductive
toxicity in male animals

Sex/Species Exposure Endpoints NOAEL/LOAEL | Reference
| fertility; | litter weight LOAEL:
Male BALB/c 0,125, 5, or 20 after mating; disruption of | 1.25 mg/kg-day
. mg/kg-day via . o . . Lu et al.
mice avage for 28 blood-testis barrier; for disruption of (2016a)
(20/dose) g 1 testicular IgG; 1 TNF-a | blood-testis
ays . . .
in testis barrier
Epididymis:
. . LOAEL:
Male BALB/c 0, 1.25, 5, or 20 || tnglycend_es and 1.25 mg/kg-day
. mg/kg-day via cholesterol; . . Lu et al.
mice for 28 lati iaht: for | in relative 2016b
(11/dose) gavage for | relative weight; epididymis ( )
days 1 MDA levels; | GSH-Px .
weight
levels
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Sex/Species Exposure Endpoints NOAEL/LOAEL | Reference
0, 1.25, 5, 0r 20 | changes in levels of
m%g BALB/C mg/kg-day via proteins involved with NOAEL: Lu et al.
(6/dose) gavage for 28 endocytosis and blood- 1.25 mg/kg-day | (2017)
days testis barrier
atrophy of seminiferous
tubules; disorganization
of seminiferous
Male 0 or 10 epithelium; absence of
: : i spermatozoa; depletion
Kunming mice | mg/kg-day of spermatoqonial cells: NA2 Yuan et al.
(number not intragastrically det:fchment%f germ ' (2017)
specified) for 21 days cells; | absolute testis
weight; | epidydimal
sperm count; 1T MDA,
| SOD and CAT activity
changes in CBG protein LOAEL:
0, 1.25,5,0r 20 | levelsintestes; 1 CBG )
Male BALB/c i . . 1.25 mg/kg-day
mice mg/kg-day via and corticosterone levels for 1 CBG Sun et al.
gavage for 28 in serum; : . (2018b)
(15/dose) . . levels in testis
days | adrenocorticotropic and serum
hormone levels in serum
0, 0.55, 5.5, or
28 mg/L in no observed DNA
m%g C57BL/6 drinking water damage in testis; no NOAEL: Crebelli et
(6-8/dose) for 5 weeks (O, change in testicular 5 mg/kg-day al. (2019)
0.1,1,and 5 weight
mg/kg-day)
0, 25, or 50
mg/kg-day via LOAEL:
gavage for .
Male Sprague | 9 days; PFOA slowed recovery of f205r gg\/,\lfg dday Lu et al
Dawley rats administration serum testosterone; recovery of (2019) )
(12/dose) started 7 days | | PCNA+ cells Y
serum
after EDS testosterone
treatment to kill
Leydig cells
. . NOAEL:
Males: 1 relative testis
Male and 0,0.625,1.25, | weight: | absolute 25 mg/kg-day
2.5,5,0r10 epididymis weight; T . NTP
Sprague Ika-dav for 28 d ididvmi testis weight 2019
Dawley rats mgrkg-aay for | cauda epididymis and | cauda ( 3)
(10/sex/dose) | d3YS Viagavage | weight, | cauda epididymis
epididymis sperm count .
weight
0, 150, or 300
Male Sprague | ppm in feed .
Dawley rats (0,14.7,0r 29.5 | | absolute testis weight Télo'?a‘il"/k -da (I\IZ-(I-)ZO)
(10/dose) mg/kg-day) for -f Mg/kg-day
16 weeks
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2L OAEL/NOAEL not applicable for single dose studies.
Abbreviations: CAT, catalase; CBG, corticosteroid binding globulin; EDS, ethane dimethyl sulfonate;
GSH-Px, glutathione peroxidase; IgG, immunoglobulin G; LOAEL, lowest-observed-adverse-effect level;
MDA, malondialdehyde; NOAEL, no-observed-adverse-effect level; PCNA, proliferating cell nuclear
antigen; PFOA, perfluorooctanoic acid; SOD, superoxide dismutase; TNF-a, tumor necrosis factor alpha

Table 5.5.3. Summary of recent animal toxicity studies of PFOA reporting reproductive
toxicity in female animals

Sex/Species Exposure Endpoints NOAEL/LOAEL | Reference
Male and ?egaszforgg/kg of 1 cholesterol in the ovary
female ma/k -dé (p=0.069) and mammary NA2 Rebholz et
C57BL/6 mice aciofdmgyt’o glands al. (2016)
(6/sex/dose) authors) (p <0.05)
Dams: 1 number of
resorbed embryos; LOAEL:
1 serum estradiol; 25 X
) .5 mg/kg-day
| serum progesterone;
Pregnant %gzli(%-g’el;rvil: | number of corpora fTotr)xidative
Kunming mice | aavaae from lutea; | ratio of corpora stress, 1 Chen et al.
(12/ dosg) %D 19_]7 or lutea to ovarian areas; 200 tésis (2017b)
oD 113 1 CAT and SOD activity, m‘;rﬁers > nd
H.0O,, and MDA levelsin | in number of
ovary; 1 apoptosis
protein markers (p53 and corpora lutea
Bax) in ovary
Dams: | absolute and
Pregn_ant . O or 2.0 mg/kg- relative uterus weight; a Song et al.
Kunming mice | day via gavage 1 markers of uterine NA (2019)
(10/dose) from GD 1-7 .
apoptosis
Female gprgnoﬁl 1?e re}j,OOO
Sprague . NOAEL: NTP
Dawley rats (0, 27.7, 0r 92.7 | ovarian cysts 27.7 mglkg-day | (2020)
mg/kg-day) for
(10/dose)
16 weeks
0, 300, or 1,000
Female m in feed
Sprague bp squamous metaplasiain | LOAEL: NTP
(O, 18, or 63
Dawley rats ] the endometrium 18 mg/kg-day (2020)
(50/dose) mg/kg-day) for
107 weeks
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weight

Sex/Species Exposure Endpoints NOAEL/LOAEL | Reference
Dams: 1 relative

0, 1, or 5 mg/kg- | gestational weight gain; Dams:

day via gavage 1 absolute, but | relative | NOAEL:
Pregnant CD- | from embryonic | placenta weight; 1 mg/kg-day for
1 mice day 1.5to placental lesions placenta effects | Blake et al.
(11-13 embryonic day (labyrinth congestion, (2020)
dams/dose) 11.50r atrophy, fibrin clots, Embryos:

embryonic day necrosis, and nodules) NOAEL:

17.5 Embryos: | viable 1 mg/kg-day

2L OAEL/NOAEL not applicable for single dose studies.
Abbreviations: CAT, catalase; GD, gestation day; H202, hydrogen peroxide; LOAEL, lowest-observed-
adverse-effect level; MDA, malondialdehyde; NOAEL, no-observed-adverse-effect level; SOD,

superoxide dismutase

For PFOS, studies reporting developmental and reproductive toxicity effects published from

2016 onward are summarized in Tables 5.5.4, 5.5.5, and 5.5.6.

Table 5.5.4. Summary of recent animal toxicity studies of PFOS reporting developmental

toxicity
Sex/Species Exposure Endpoints NOAEL/LOAEL | Reference
Pregnant Dams: | body weight; LOAEL:
Sprague 0., 5, or 20 mg/kg | | placenta weight; 5 mg/kg-day Lietal
Dawley rats via gavage from Pups: ! fetal body for T serum (2016a)
(10/dose) GD 12-18 weight in males; 1 serum | corticosterone
corticosterone in pups
Pregnant 0,1,10,0r20 | FOIUS: T DOAY WEIGht | Noag
mice (strain mg/kg-day E) . P_ gtn, 1 mg/kg-day for | Mehri et al.
o - rain necrosis; umbilical
not specified, | orally® from hernia; liver enlargement; 1 crown-rump (2016)
3-5/dose) GD 1-14 brain einomaly " | length
g 0,011,005 NOAEL:
(10-12/dose) mg/kg-day via Male pups: | serum . 0.1 mg/kg-day | Zhong et al.
UDS ' | gavage from testosterone; 1 estradiol | for | serum (2016)
bup GD 1-17 testosterone®
(12/dose)
0 or 0.3 mg/kg-
(P:r[;einra:]?ée day via gavage No api_cal toxicity NAC Lai et al.
(6/dose) from endpoints observed (2017a)
GD 1-18.5
Male pups: | serum NOAEL:
(P:r[;einra:]?ée Omg?k:;g;j via testosterone; 0.3 mg/kg-day .
(6-8/dose) gavage | epididymal sperm for | serum Lai et al.
male pups’ throughout count; changes in testosterone (2017b)
(4/dose) gestation polyunsaturated fatty and epididymal
acid levels sperm count
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Sex/Species Exposure Endpoints NOAEL/LOAEL | Reference
0 or 0.3 mg/kg-
Pregnant day via gavage
C57BL/6 mice | throughout Lai et al
(6/dose), gestation; 1 ALT and AST in pups NA° (2017b).
pups animals injected
(12/dose) with 5 mg/kg
DEN on PND 15
| fetal weight; | crown-
rump length; | placental
0.0.5. 2.5 or weight and diameter; LOAEL:
Pregnant 12.5 mg/kg-day placental histopathology | 0.5 mg/kg-day Chen et al.
CD-1 mice . (reduced blood vessel for reduced
via gavage from . . (2018a)
(8/dose) branching, vascular placental weight
GD 1-17 :
collapse, atresia, on GD 18
basement membrane
breakage)
Pregnant %t?éségtrriscall Pups: 1 liver
gn: : 9 y triglycerides, total NOAEL: Liang et al.
Kunming mice | throughout cholesterol, and LDL; | 0.5 mg/kg-day | (2019)
(5/dose) gestation | HDL ' ' - Mgikg-day
(20.5 days)
Pregnant
Sprague 0 or 1 mg/kg-day | Dams: no observed
Dawley rats . lati d ” Reard
(4-5/dose for in gelatin to adverse effects NAC eardon et
dams. 8 pups dams from GD 1 | Pups: 1 activity in open- al. (2019)
5 9 PUPS |40 pND 21 field behavioral tests
per litter
tested)

& The specific manner of oral administration was not stated in study.

b Statistically significant effect at the mid-dose, but not at the high dose.

¢ LOAEL/NOAEL not applicable for single dose studies.
Abbreviations: DEN, diethylnitrosamine; GD, gestational day; HDL, high density lipoprotein; LDL, low
density lipoprotein; LOAEL, lowest-observed-adverse-effect level; NOAEL, no-observed-adverse-effect

level; PND, postnatal day
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Table 5.5.5. Summary of recent animal toxicity studies of PFOS reporting reproductive
toxicity in male animals

Sex/Species Exposure Endpoints NOAEL/LOAEL | Reference
0,0.5,5,0r10
m%g ICR mg/kg-day via | sperm count; | blood- NOAEL: Qiu et al.
gavage for 4 testis barrier integrity 0.5 mg/kg-day (2016a)
(10/dose)
weeks
| absolute and relative
testis weight, sperm
count, serum
testosterone levels; LOAEL:
vacuolization in 0.5 mg/kg-day
0, 0.5, 0r 10 . ;
Mgle C57 mg/kg-day via spermatogonia, for.l testis Qu etal,
mice spermatocytes and weight, 1
gavage for 5 : ) : ; (2016)
(12/dose) weeks Leydig cells; 1 apoptotic | testicular
cells in testes, apoptosis | lesions, and
related proteins; 1 ERa 1 apoptosis
and ERp protein
expression; | PCNA+
cells
0.5 or 10 | absolute testis and LOAEL:
Male Sprague | ' = , seminal vesicle weight; 5 mg/kg-day for |, .
mg/kg-day via . Li et al.
Dawley rats | serum testosterone; | sperm count
gavage for 21 . . (2018b)
(5/dose) davs | sperm count; delayed and | seminal
Y Leydig cell differentiation | vesicle weight

Abbreviations: ERa, (3, estrogen receptor alpha, beta; LOAEL, lowest-observed-adverse-effect level;
NOAEL, no-observed-adverse-effect level; PCNA, proliferating cell nuclear antigen

Table 5.5.6. Summary of recent animal toxicity studies of PFOS reporting reproductive

toxicity in female animals
Sex/Species Exposure Endpoints NOAEL/LOAEL | Reference
Prolongation of duration
of diestrus; | number of
corpora lutea; | serum
Female ICR 0 or 10 mg/kg- levels of P4, LH and Wang et al
mice day orally for 30 | GnRH on day 7; | serum NA? (2018) '
(20/dose) days levels of GnRH, E2, T4
and T3 on day 14;
1 serum levels of CORT
onday 14
?Qfﬂ‘;:”d 0,0.312, 0.625, NOAEL:
Sprague 1.25, 2.5, or’5 Females: 1 testosterone 0.625 mg/kg- NTP
mg/kg-day for 28 ' day for (2019b)
Dawley Rats days via gavage testosterone
(10/sex/dose) Y gavag ! ostero

2L OAEL/NOAEL not applicable for single dose studies.
Abbreviations: CORT, corticosterone; E2, estradiol; GnRH, gonadotropin-releasing hormone; LH,

luteinizing hormone; LOAEL, lowest-observed-adverse-effect level; NOAEL, no-observed-adverse-effect
level; P4, progesterone; T3, triiodothyronine; T4, thyroxine
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5.5.3. Recent Mechanistic Evidence
Developmental toxicity

Animal studies have reported altered organ differentiation in offspring exposed to PFOA during
gestation. To investigate mechanisms by which PFOA could affect organ development, a
number of in vitro studies have looked at expression of key genes during the developmental
stage. In a study comparing the effects of endocrine disrupting chemicals on rhesus monkey
embryonic stem cells, PFOA was found to alter the expression of genes related to cellular
infiltration by leukocytes, lung injury, liver necrosis, hypertrophy, and stress response (Midic et
al., 2016). PFOA altered mRNA and protein expression in the testicular DIk1-Dio3 imprinted
gene cluster (important for the control of growth and development) in F1 rats exposed in utero
(Song et al., 2018). Zhou et al. (2017) reported that PFOA induced changes in myocardial
differentiation (measured by expression of the myosin heavy chain 6 (myh6)) gene in mouse
embryonic R1 stem cells.

Stress response from PFOA exposure can alter organ development. PFOA induced an
increase in ROS in human mesenchymal stem cells, and also altered expression of genes that
encode surface marker proteins involved in cell-cell interactions, potentially affecting the cells’
ability to both differentiate and self-renew (Liu et al., 2019a).

Changes in adiposity have been seen in animals and in humans from prenatal exposure to
PFOA. These changes have been linked to activation of PPARYy. Liu et al. (2019a) observed
upregulation of adipogenic markers, including PPARYy and fatty acid synthase, in mesenchymal
stem cells. Gestational exposure to PFOA decreased expression of acetyl-histone H3, acetyl-
histone H4 and increased expression of acyl-CoA thioesterase 1, long-chain acyl-CoA
synthetase and palmitoyl-CoA oxidase 1 in the liver of F1 female mouse pups (Li et al., 2019b).
Changes in expression of these genes can alter lipid metabolism and can lead to liver damage.

Similar to PFOA, PFOS can alter expression of genes involved in development. (Chen et al.,
2018a) reported expression changes in genes related to angiogenesis in mouse placenta
following exposure to PFOS. In J1 mouse embryonic stem cells, PFOS induced changes in
expression of neural markers during global differentiation, suggesting the potential for
developmental neurotoxicity (Yin et al., 2018). PFOS also inhibited placental 11-3
hydroxysteroid dehydrogenase 2 in isolated rat microsomes, and altered expression of placental
genes (Li et al., 2016b).

Changes in adiposity have been seen in animals and in humans because of prenatal exposure
to PFOS. These changes have been linked to activation of PPARy. Upregulation of adipogenic
markers, which include PPARY and fatty acid synthase, as well as promotion of adipogenic
differentiation in mesenchymal stem cells were observed (Liu et al., 2019a; Liu et al., 2019b).

Cardiovascular effects from PFOS exposure have been seen in animals. To investigate the
effect of PFOS on cardiac development, Zhang et al. (2016f) exposed D3 embryonic stem cells
to PFOS and reported a significant decrease in embryoid body diameter, and a decrease in
MRNA and protein levels of cardiac-specific transcription factors and mesodermal markers. As
with PFOA, Zhou et al. (2017) reported that PFOS induced changes in myocardial differentiation
in the mouse R1 embryonic stem cell line.
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Changes in behavior were observed in pups exposed to PFOS from gestation through lactation,
as noted in Table 5.5.4 (Reardon et al., 2019). The authors postulate that the changes in
behavior are the result of altered metabolite profiles in the brain of F1 pups from PFOS
exposure.

Reproductive toxicity

Effects on the male reproductive system have been observed in animal toxicity studies.
Molecular studies show that PFOA can alter cell structure in male reproductive organs. In
BALB/c mice, PFOA altered epididymal gene expression related to lipid metabolism, altered
epididymal fatty acid composition, activated the protein kinase B/adenosine monophosphate
protein kinase (AKT/AMPK) signaling pathway, and increased oxidative stress in sperm (Lu et
al., 2016b). PFOA disrupted junctions between isolated mouse Sertoli cells, and altered the
levels of proteins associated with endocytosis and the blood-testis barrier (Lu et al., 2016a; Lu
et al., 2017).

PFOA has been shown to affect male hormone production. PFOA reduced testosterone levels
in animals that were treated with ethane dimethyl sulfonate (EDS) to eliminate Leydig cells, and
in isolated seminiferous tubules from EDS-injected animals (Lu et al., 2019). PFOA also altered
gene and protein expression related to steroidogenesis in testis and seminiferous tubules in rats
(Lu et al., 2019), and affected genes related to apoptosis in mouse testis (Yuan et al., 2017). In
mouse Leydig tumor cells, PFOA reduced mitochondrial membrane potential, resulting in
inhibition of steroidogenesis and reduced progesterone concentration in cells (Zhao et al.,
2017). However, in another study, corticosteroid binding globulin (CBG) expression was
increased and in turn, increased progesterone levels and steroidogenesis (Sun et al., 2018b).

Tian et al. (2019) reported that mouse Leydig tumor cells exposed to PFOA showed a reduction
in androgen receptor (AR) gene expression and upregulation of preghane X receptor (PXR).
PFOA also decreased protein levels of Nrf2, and reduced antioxidant capacity in mouse testis
(Yuan et al., 2017). In an in vitro model of human spermatogenesis using male human
embryonic stems cells, PFOA decreased markers for primary spermatocytes and
spermatogonia (Steves et al., 2018). However, in an in vitro study in human sperm cells, PFOA
did not cause genotoxicity (Emerce and Cetin, 2018).

Female reproductive effects have also been observed in animal studies. Decreased oocyte
viability and increases in ROS production in mouse ovaries were observed following exposure
to PFOA (Lopez-Arellano et al., 2019). Studies have shown that disruption of gap junction
intercellular communication because of PFOA exposure may result in a decrease in oocyte
viability (Lopez-Arellano et al., 2019). Additionally, exposure to PFOA during gestation induced
increased biomarkers of apoptosis in the uterus of pregnant mice (Song et al., 2019). Long-
term exposure of trophoblast stem cells to PFOA affected genes related to cysteine metabolism
and interleukin signaling, indicating suppression of viral response (Midic et al., 2016), thus
potentially leaving the placenta and embryo more susceptible to viral infection.

PFOS administered to pregnant CD-1 mice altered testicular gene expression in F1 males (Lai
et al., 2017a). PFOS also altered gene expression in the fetal liver of CD-1 mice, and activated
the liver X receptor/ retinoid X receptor (LXR/RXR) pathway (Lai et al., 2017b). PFOS inhibited
androgen production, increased apoptosis, and altered gene expression in rat Leydig cells (Li et
al., 2018b). Qiu et al. (2016a) reported that PFOS altered expression of proteins related to the
blood-testis barrier in mice in vivo and in isolated Sertoli cells.

Proposed Public Health Goals for OEHHA
PFOA and PFOS in Drinking Water July 2021
133



Electronic Filing: Received, Clerk's Office 3/07/2022
FIRST PUBLIC REVIEW DRAFT

Additionally, Qu et al. (2016) reported that PFOS altered expression levels of proteins related to
apoptosis, and changed expression levels of estrogen receptors in the testis.

PFOS can interfere with actin microfilaments in Sertoli cells and can cause disruption in human
Sertoli cell tight junction permeability (Li et al., 2016a; Chen et al., 2017a; Gao et al., 2017).
Expression of HILI (piwi-like RNA-mediated gene silencing 2) in primary spermatocytes was
decreased (Steves et al., 2018). Changes in expression of this gene can result in mutations in
spermatids. In an in vitro study in human sperm cells, PFOA did not cause DNA damage
(Emerce and Cetin, 2018).

5.5.4. Conclusions

Overall, the evidence for an association between prenatal PFOA exposure and lower birth
weight remains mixed. A large association was seen in births to a relatively small group of
women in Sweden, but not for the Norwegian group in the study with cases selected primarily
from a high-risk population. Other associations reported from cross-sectional and other
prospective cohort studies were more modest. The majority of studies reported no statistically
significant associations with birth weight, despite some large samples and some PFOA
concentrations >5 ng/ml (although most were much lower). A clear relationship between PFOA
concentration and risk of decreased birth weight is not apparent.

Although a few studies reported large decreases in birth weight associated with prenatal PFOS
exposure, larger prospective studies reported more modest associations, and the majority of
recent studies, including large prospective studies with a range of PFOS concentrations,
reported no statistically significant associations between prenatal exposure to PFOS and birth
weight. The relationship between prenatal PFOS exposure and decreased birth weight remains
unclear.

While half of the studies of SGA reported that prenatal PFOA exposure was statistically
significantly associated with increased risk of SGA in one part of the sample, the results were
inconsistent within and across studies. For women who were at elevated risk of delivering SGA
infants, including those who smoked during pregnancy, PFOA exposure was associated with
increased risk except among a Norwegian cohort (Lauritzen et al., 2017; Govarts et al., 2018).
Other studies reported conflicting data on differences by sex, with one reporting a stronger
association in female infants than in males (Wikstrom et al., 2019), while another reported a
possible protective effect in females (Manzano-Salgado et al., 2017).

PFOS was associated with a statistically significant increased risk of SGA in two cross-sectional
studies, with one study reporting increased risk among women who smoked during pregnancy,
and decreased risk of SGA among non-smokers. The case-cohort and prospective cohort
studies reported no associations and non-statistically significant associations between prenatal
exposure to PFOS and risk of SGA birth.

OEHHA's review of the literature published since 2016 identified little new epidemiologic
evidence supporting an association between higher PFOA levels in women and decreases in
fertility or fecundity.

The few epidemiologic studies of PFOS exposure and fertility and fecundity published since
2016 provide little new epidemiologic evidence supporting an association between PFOS and
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reduced fertility or fecundity, although a recent case-control study suggests a possible
association between PFOS exposure and reduced risk of endometriosis-related infertility.

For PFOA, a number of studies in mice reported reproductive toxicity following exposure to
PFOA for 1-4 weeks. In male mice, studies reported decreased testis and epididymis weights
and sperm count, and effects on the blood-testis barrier. NTP (2019a) reported decreased
absolute cauda epididymis weight and sperm count, and increased relative testis weight in male
rats after 28 days of exposure via oral gavage. In a 16-week oral gavage study, decreased
absolute testis weight was also observed in male rats (NTP, 2020). In female mice, studies
reported decreases in litter size, changes in hormone levels, and effects on the ovary.
Generally, these data support earlier findings reported by US EPA and others that PFOA is a
developmental and reproductive toxicant (Table 5.5.7).

For PFOS, recent studies identified multiple adverse effects on reproductive health, such as
decreases in testis and/or epididymis weights, decreases in sperm count, increases in apoptosis
and apoptosis markers in the ovary or testis, changes in hormone levels, and changes in
estrous cycle. Several studies also reported adverse effects in offspring exposed to PFOS
during gestation, including reduced growth, changes in lipid and hormone homeostasis, and
behavioral alterations. OEHHA did not identify any recent studies examining effects of PFOS
on fetal lungs. Nonetheless, the recent data support earlier findings that PFOS adversely
affects reproduction and development in animals (Table 5.5.7).

Table 5.5.7. Summary of OEHHA'’s conclusions regarding the human and experimental
animal data on PFOA and PFOS and developmental and reproductive toxicity
Outcome PFOA PFOS
Pregnancy-related Data are suggestive of an Data are suggestive of an
hypertension and association with risk of association with risk of

preeclampsia in humans preeclampsia and pregnancy- preeclampsia and pregnancy-
related hypertension related hypertension

Measures of fetal growth
in humans

Inconsistent evidence for
decreased birth weight and risk
of SGA

Inconsistent evidence for
decreased birth weight and risk
of SGA

Pubertal development

-Sparse, inconsistent evidence
for changes in onset of puberty in
prenatally exposed girls and boys
-Sparse evidence for delayed
puberty in girls and boys
associated with postnatal
exposure to high concentrations

-Sparse, inconsistent evidence
for earlier puberty in prenatally
exposed girls and boys

-Sparse evidence for delayed
puberty in girls and boys
associated with postnatal
exposure to high concentrations

Fertility and Fecundity in
humans

Inconsistent evidence for
reduced fertility or fecundity in
women

Inconsistent evidence for
reduced fertility or fecundity in
women

Testicular/epididymal
effects in animals

Positive evidence for decreased
testicular and epididymal weight,
decreased sperm count, and
disruption of the blood-testis
barrier

Positive evidence for decreased
testicular and epididymal
weight, and decreased sperm
count
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Outcome PFOA PFOS
Fertility/litter size effects in | Positive evidence for decreased -No evidence for effects on
animals litter sizes and pup survival fertility

-Positive evidence of increased
neonatal mortality

Adverse effects in animal Positive evidence for reduced Positive evidence for decreased

offspring fetal/birth weight, and increased body weight and changes in
liver effects in pups exposed hormone homeostasis in pups
during gestation exposed during gestation

5.6. Neurotoxicity

In their review, US EPA (2016b) did not identify clear or consistent evidence from human
epidemiologic studies linking PFOA or PFOS to neurotoxicity outcomes.

US EPA (2016b) identified two studies that reported behavioral effects in mice following
exposure to PFOA. In one study, a single exposure to PFOA on postnatal day 10 induced
changes in habituation and activity patterns months later, alongside protein expression changes
of neuroactive proteins in the brain (Johansson et al., 2009, as reported by US EPA (2016b)).
Additionally, gestational exposure induced sex-specific changes in exploratory behavior in pups
(Onishchenko et al., 2011, as reported by US EPA (2016b)).

US EPA’s literature review of the neurotoxic effects of PFOS in laboratory animals found
inconsistent results for PFOS-induced learning and memory impairment, as determined by
water maze testing (Luebker et al., 2005; Butenhoff et al., 2009; Long et al., 2013; Wang et al.,
2015, as reported by US EPA (2016d)). Mechanistic studies revealed potential neurotoxic
effects of PFOS, including effects on excitatory amino acids (Yang et al., 2009, as reported by
US EPA (2016d)), changes in gene expression of neuroactive compounds and inflammatory
markers (Wang et al., 2010; Zeng et al., 2011, as reported by US EPA (2016d)), and decreased
neurite growth in cultured hippocampal cells (Liao et al., 2009, as reported by US EPA (2016d)).

5.6.1. Recent Animal Evidence

Guo et al. (2019) exposed male BALB/c mice (12/dose) to 0, 0.4, 2 or 10 mg/kg-day PFOA via
oral gavage for 28 days and observed decreased glutamic acid content and increased
glutamate synthetase in the mouse brain at the high dose. Additionally, in utero exposure to 5
mg/kg-day PFOA induced an increase, compared to controls, in cortical nerve cells and
effectors of cell proliferation (including nerve growth factor) in Kunming mouse pups (Qin et al.,
2018). However, an acute exposure in male rats (single oral dose of 50 mg/kg) had no effect on
memory function (Kawabata et al., 2017).

Several studies reported neurotoxic effects following oral PFOS exposure. Changes in
dopamine levels and dopaminergic gene expression in the hippocampus and cortex of rodents
have been observed. Following a single PFOS exposure of 11.3 mg/kg on PND 10, (Hallgren
and Viberg, 2016) observed changes in gene expression involved in dopaminergic signaling in
mice at 2 months of age. In adult male rats, an exposure of 0.5 mg/kg-day was associated with
an increase in dopamine receptor subtype 2 (D2) gene expression in the prefrontal cortex; other
dopaminergic system changes were noted at doses of 1 mg/kg-day and higher (Salgado et al.,
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2016). No deficits in tyrosine hydroxylase or dopamine aminotransferase were observed in
mice (Patel et al., 2016).

Increased hallmarks of Alzheimer’s disease were observed in adult rats exposed both pre- and
perinatally to PFOS (Zhang et al., 2016e). Increased Tau mRNA and elevated protein levels,
increased phosphorylation of Tau, and elevated (3-amyloid aggregation were observed in the
hippocampus of 90-day-old rats exposed pre- or postnatally to PFOS in drinking water (1.7-15
mg/L). A reduction in nuclei in the dentate gyrus of the hippocampus, an abnormality which the
authors argue is consistent with memory dysfunction, was reported in mice exposed during
gestation (20 mg/kg-day, administered to dams) (Mehri et al., 2016). PFOS exposure of Wistar
dams from GD 11-20 at 1 or 2 mg/kg-day resulted in a reduction in glutamate receptor 2
(GIluR2) expression to 82% of control at 1 mg/kg-d and 44% of control (p <0.01) at 2 mg/kg-day
in the cortex of the pups measured on PND 4 (Ishida et al., 2017). An increase in kainic acid-
induced excitotoxicity was also observed in the rat pups exposed during gestation, likely due to
the decrease in cortical GIuR2 expression (Ishida et al., 2017). Excitotoxicity due to excess
calcium influx results in neuronal cell damage and death, and is implicated in neurodegenerative
disease (Dong et al., 2016b). Recently, Zhang et al. (2019a) reported changes in synaptic
plasticity (decreased long-term potentiation, lower input/output and paired pulse facilitation
curves, and decreased facilitated excitatory post-synaptic potentials in the hippocampus) in rats
exposed both pre- and postnatally to PFOS. These results are similar to observed results from
an earlier study that reported repression of long term potentiation in the hippocampus of
Sprague Dawley rats exposed to PFOS via intracerebroventricular injection (Zhang et al.,
2016d). Reardon et al. (2019) reported that rat pups exposed to 1 mg/kg-day PFOS from GD 1
to PND 21 (given to dams during gestation and lactation) had increased activity in open-field
behavior tests, suggesting neurobehavioral changes due to chemical exposure.

5.6.2. Recent Mechanistic Evidence

PFOA increased nerve growth factor (NGF) in mouse neurons ex vivo (Qin et al., 2018), and
altered neurotransmitter levels in mouse brain (Yu et al., 2016).

Much like in the animal toxicity literature, several in vitro studies have reported neurotoxic
effects of PFOS exposure. (Dong et al., 2016b) exposed C17.2 neural stem cells to PFOS, and
observed impaired cell cycle proliferation, and changes in protein and mRNA expression of
components in the Wnt signaling pathway.

PFOS altered expression of dopaminergic genes in the cortex and hippocampus of male mouse
pups (Hallgren and Viberg, 2016), and dopamine receptors in the amygdala, prefrontal cortex,
and hippocampus of male rats (Salgado et al., 2016). PFOS reduced the number of
dopaminergic neurons in a culture of primary mesencephalic neurons, and inhibited vesicular
uptake of dopamine in HEK293 cells expressing the human vesicular monoamine transporter 2
(Patel et al., 2016).

Guo et al. (2017) exposed SK-N-SH neuroblastoma cells to PFOS, and observed changes in
cellular morphology (shrunken and round cells), inhibition of cell growth, and changes in protein
and mRNA levels of brain-derived neurotrophic factor (BDNF). The authors also reported
increased methylation of the BDNF promoter, and changes in expression of genes for DNA
methyltransferases, suggesting an epigenetic basis for the inhibition of cell growth. In a
different human neuroblastoma cell line (SK-SY5Y), PFOS induced ROS, increased apoptotic
markers, and changes in cellular morphology (smaller unattached cells, retraction of
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pseudopods) (Sun et al., 2018a). A similar study in SK-SY5Y neuroblastoma cells reported
increased oxidative stress, and markers of apoptosis, possibly mediated by the JNK signaling
pathway (Sun et al., 2019a). Additionally, increased ROS and markers of apoptosis were
observed in HAPI rat microglia following exposure to PFOS (Ge et al., 2016). PFOS induced
cytotoxicity in SK-SY5Y cells, as indicated by lactose dehydrogenase release (Patel et al.,
2016).

Oh et al. (2017) reported that PFOS causes endoplasmic reticulum stress in rat embryo primary
cortical neurons. In neonatal rat primary hippocampal neurons and astrocytes, PFOS induced
oxidative stress, changes in cellular morphology (shrinkage, rounding, detachment), autophagy,
increased apoptosis, changes in glutamate/glutamine levels, and stunted neurite outgrowth (Li
et al., 2017f). Additionally, when primary hippocampal neurons were exposed to the cellular
medium used during PFOS experiments in astrocytes (termed astrocyte conditional media),
increases in apoptosis and n-methyl d-aspartate (NMDA) receptor gene and protein expression
were observed (Wang et al., 2019b). The authors proposed that increases in D-serine levels in
the extracellular medium (released by astrocytes in response to PFOS exposure), led to
neuronal toxicity mediated by NMDA receptor activation.

In neuronal differentiated PC12 (pheochromocytoma) cells, PFOS altered cell morphology
(shrunken cells), increased ROS production, increased caspase-3 activity (marker of apoptosis),
and induced autophagy (Li et al., 2017a).

PFOS altered expression of Tau mRNA and protein in the brain of F1 rats exposed pre- and
postnatally. PFOS also induced accumulation of 3-amyloid in the hippocampus, and changed
expression levels of amyloidogenesis related genes (Zhang et al., 2016e).

Berntsen et al. (2018) reported that PFOS-induced cytotoxicity in cerebellar granular neurons in
vitro can be modulated by the presence of NMDA receptor antagonists and calcium chelators.
The authors suggest that PFOS induces excitotoxicity, and subsequent cell death, through
activation of glutamate receptors and subsequent influx of extracellular calcium. PFOS
exposure reduced glutamate receptor GIuR2 expression (AMPA, a-amino-3-hydroxy-5-methyl-
4-isoxazolepropionic acid, receptor subunit) and increased excitotoxicity in primary cerebral
cultures from rat fetuses on GD 18 (Ishida et al., 2017). Additionally, PFOS altered expression
of AMPA-related genes in primary rat hippocampal neurons, and changed glutamate receptor
levels in rats exposed both pre- and postnatally (Zhang et al., 2019a).

Taken together, there is a substantial body of in vivo and in vitro evidence that suggests that
PFOS has neurotoxic potential. These in vitro studies support findings in animal toxicity studies
(discussed above) that PFOS can have adverse effects on various parts of the central nervous
system.

5.6.3. Conclusions

The evidence of PFOA-induced neurotoxicity in animals is very limited (Table 5.6.1). Changes
in behavior, in addition to alterations in glutamatergic homeostasis and nerve cell proliferation
suggest that PFOA may induce neurotoxic effects in animals, but more study is needed to draw
any firm conclusions.

Recent animal and mechanistic studies of PFOS-induced neurotoxicity highlight effects that
were not identified previously, including effects on dopaminergic signaling, excitotoxicity and
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changes in glutamate signaling, and changes in synaptic plasticity. Additionally, hallmarks of
Alzheimer’s disease were observed in one study, which could potentially be associated with
memory deficits observed in previous studies. In vitro studies in various cell lines also reported
oxidative stress in response to PFOS exposure. As such, the evidence of PFOS-induced
neurotoxicity is increasing, and the current body of evidence suggests PFOS can induce
neurotoxicity via multiple modes of action (Table 5.6.1).

Table 5.6.1. Summary of OEHHA'’s conclusions regarding the experimental animal data
on PFOA and PFOS and neurotoxicity

Outcome PFOA PFOS
Changes in glutamatergic | Positive evidence Positive in vivo and in vitro
signaling in animals mechanistic evidence
Behavioral alterations in Positive evidence Positive evidence
animals
Learning and memory No evidence Inconsistent evidence, based on
impairment in animals water maze results
Changes in dopaminergic | No evidence Positive in vivo and in vitro
signaling in animals mechanistic evidence

5.7. Cancer

US EPA reviewed the literature for PFOA and cancer published up to December 2015 and
concluded that there was “suggestive evidence of carcinogenic potential” for PFOA and
that, “Epidemiology studies demonstrate an association of serum PFOA with kidney and
testicular tumors among highly exposed members of the general population” (US EPA,
2016b). In 2017 the International Agency for Research on Cancer (IARC) classified PFOA
as possibly carcinogenic to humans (Group 2B) based on limited evidence in humans and
in experimental animals (IARC, 2017a). With regards to the human evidence, IARC
concluded that, “A positive association was observed for cancers of the testis and kidney.”

With regards to PFOS and cancer, US EPA (2016b) concluded that, “A small number of
epidemiology studies of PFOS exposure and cancer risk are available. While these studies do
report elevated risk of bladder and prostate cancers, limitations in design and analysis preclude
the ability to make definitive conclusions.” In particular, US EPA noted the small numbers of
cases in many of these studies and the fact that the results in several of the studies linking
PFOS to increased risks of bladder or prostate cancer were not statistically significant. In
addition, US EPA noted that, “...some [human epidemiologic studies of PFOS and cancer] are
confounded by failure to adjust for smoking” but did not present clear evidence to support this
assertion. 1ARC has not reviewed PFOS.

In addition to reviewing the results of previous reviews by the US EPA (US EPA, 2016b; US
EPA, 2016d), ATSDR (2018a), and others, OEHHA reviewed the epidemiologic literature on
PFOA and PFOS and cancer, with a focus on cancer of the kidney, testis, bladder, breast,
prostate, and pancreas. Detailed summaries of PFOA and cancer are shown in Appendix 7,
Tables A7.21-27.

For animal studies, OEHHA reviewed all the available animal carcinogenicity data, including the
recent NTP (2020) two-year bioassay of PFOA in male and female Sprague Dawley rats.
Tumor incidence data and descriptions of rare tumor types are presented below.
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5.7.1. Human Evidence
PFOA

Bladder cancer: For bladder cancer, epidemiologic studies have not found clear associations.
The high exposure occupational study by Raleigh et al. (2014) identified an elevated relative risk
in the most highly exposed workers (hazard ratio (HR) = 1.66; 95% CI, 0.86-3.18) but this was
based on a relatively small number of cancer cases and involved limited or no information on
potential confounders like smoking. In the other occupational cohort (Steenland and Woskie,
2012; Steenland et al., 2015), relative risk estimates were below 1.0 in the most highly exposed
workers. Studies in highly exposed communities were also negative (Barry et al., 2013; Vieira
et al., 2013; Mastrontonio et al., 2017).

Breast cancer: Some intriguing results have been reported for breast cancer, but because of
the somewhat limited evidence and various weaknesses in these studies, firm conclusions
cannot be made based solely on these studies. For example, Mastrontonio et al. (2017) found a
statistically significant increase in breast cancer mortality in an area with relatively high drinking
water contamination (relative risk (RR) = 1.11; 95% ClI, 1.02-1.20), although the increase was
small and this study was based on an ecologic design with very limited information on potential
confounders. Bonefeld-Jorgensen et al. (2014) reported elevated RRs in women over 40 years
old, but with an unusual dose-response pattern (highest RRs in the 2" and 4™ quintiles, all other
RRs near 1.0). In a population based study, Mancini et al. (2020) identified elevated PFOA-
related risks for estrogen receptor negative (OR = 7.73; 95% CI, 1.46—-41.08) and progesterone
receptor negative cases (OR = 3.44; 95% ClI, 1.30-9.10) in women in the 2" vs. 1% quartiles of
serum PFOA, but ORs were lower and not statistically significant for the higher quartiles. The
guartile cutoff points in these analyses appear to be based on all breast cancer cases,
regardless of estrogen or progesterone receptor status. The total numbers of cases in the
estrogen receptor negative and progesterone receptor negative analyses were 26 and 57,
respectively. There were 194 controls. The numbers of cases and controls in each PFOA
exposure category for these analyses were not provided.

Most of the studies OEHHA identified had only limited information on known breast cancer risk
factors, and several studies assessed exposure using only a single or a small number of blood
samples. The serum elimination half-life of PFOA appears to be fairly long (approximately 3-4
years) (Olsen et al., 2007). However, the latency period between PFOA exposure and breast
cancer (if an association exists) is unknown, and assessing exposure based on a single serum
sample or samples collected only during a single short window of time could miss or
underestimate the impacts of exposure fluctuations or relevant exposure periods. These issues
would most likely bias study results towards an underestimate of the true cancer risks.

Kidney cancer: OEHHA identified seven human studies of PFOA and kidney cancer (Table
A7.23). Two of these studies are not informative, either because of the ecologic nature of the
exposure data (Mastrontonio et al., 2017), or because of the very small number of cases
(Girardi and Merler, 2019). Four of the remaining five studies reported statistically significant
associations between PFOA and kidney cancer or renal cell carcinoma (RCC) incidence (Barry
et al., 2013; Vieira et al., 2013; Shearer et al., 2021) or mortality (Steenland and Woskie, 2012).
Evaluations of bias, confounding, and all other major aspects of causal inference for these
studies all suggest that the results of these positive studies represent real effects. These
evaluations are discussed in Chapter 6. One study, the occupational study by (Raleigh et al.,
2014), did not find an association between PFOA and kidney cancer. A detailed analysis of the
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potential reasons the results of this study differ from most of the other human studies of PFOA
and kidney cancer is presented in Chapter 6. Overall, the findings from the human
epidemiologic studies, combined with data from animal and mechanistic research, provide
strong evidence that PFOA is a cause of kidney cancer.

Liver cancer: Liver cancer is relatively rare and the small numbers of liver cancer cases
included in the studies OEHHA reviewed limited the ability of most of these studies to
adequately investigate the relationship between PFOA and this cancer type. In the study that
appears to have involved the highest PFOA exposure levels, Girardi and Merler (2019) reported
SMRs of 1.02 (95% ClI, 0.12-7.21; N=1 case), 2.72 (95% CI, 0.69-11.0; N=2 cases), and 3.07
(95% CI, 1.15-8.18; N=4 cases) for liver cancer by tertiles of estimated cumulative PFOA
exposure, respectively, compared to regional rates. Compared to railroad workers, mortality
rate ratios were even higher. Information on alcohol consumption or other potential
confounders was not available, although it seems somewhat unlikely that confounding would
cause relative risks this high. The liver cancer SMR was also elevated in workers who
reportedly did not work directly with PFOA (SMR = 2.71; 95% CI, 1.02-7.22), although serum
sampling results in a subset of these workers showed that they also had significant PFOA
exposure (mean = 977 ng/ml). In another high exposure occupational study, Steenland and
Woskie (2012) reported SMRs for liver cancer above 2.0 in PFOA exposed workers in the 1%
and 3" quartiles of cumulative PFOA exposure compared to workers at a nearby facility who
were not exposed to PFOA. The number of cases was small (N=10 exposed cases overall) and
SMRs in the other quartiles were near or below 1.0. In a study of tetrafluoroethylene (TFE)
workers co-exposed to PFOA, Consonni et al. (2013) reported an SMR of 2.00 (95% CI, 0.54-
5.12) for those in the highest PFOA category of cumulative exposure (not shown in Tables).
However, every worker was also exposed to TFE, which has been linked to liver cancer in
rodents (IARC, 2017b). In the 3M occupational cohort, SMRs for PFOA exposed workers were
mostly near or below 1.0, although the number of cases was small (N=8 cases in all quartiles).
Overall, the results of several high exposure occupational studies provide some evidence that
PFOA is associated with liver cancer, although the small sample sizes of these studies limit the
usefulness of these studies for dose-response analyses.

The lower exposure non-occupational studies all reported relative risks near 1.0, although the
numbers of cases were small (e.g., the C8 studies), exposure ranges were limited (i.e., the
population based study by Eriksen et al., 2009), or exposure assessment was ecological (i.e.,
Mastrontonio et al. (2017)). Because of these issues, these studies by themselves also cannot
be used to make definitive conclusions regarding PFOA and liver cancer or to adequately
assess dose-response relationships.

Pancreatic cancer: Pancreatic cancer is relatively rare. Because of this, cohort studies need
very large sample sizes in order to have enough cases and sufficient statistical power to detect
true associations in a convincing manner. Most of the studies OEHHA reviewed, including the
high exposure occupational cohort studies, had relatively small sample sizes overall and
therefore small numbers of pancreatic cancer cases, and clear associations have not been seen
in these studies. By far the largest non-ecologic study OEHHA identified was the nested case-
control study by Eriksen et al. (2009), which was based on a cohort of 57,053 people and had
128 cases of pancreatic cancer. In this population based study involving low exposure levels,
relative risk estimates adjusted for smoking and diet generally seemed to increase with
increasing quartiles of serum PFOA: 1.00 (reference), 0.88 (95% CI, 0.49-1.57), 1.33 (95% ClI,
0.74-2.38), 1.55 (95% CI, 0.85-2.80), although the trend was not statistically significant (RR =
1.03 (95% ClI, 0.98-1.10) for each 1 ng/ml increase in PFOA). Overall, while some limited
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supporting evidence is present, firm conclusions regarding pancreatic cancer cannot be made
based solely on the human epidemiologic literature published to date.

Prostate cancer: Several studies of prostate cancer, including the two high exposure
occupational studies, have reported relative risk estimates above 1.0. Relative risk estimates in
the most recent reports from these occupational studies range from 1.32 to 1.88 although none
are statistically significant. Mortality HRs of 3.0 (95% CI, 0.9-9.7, N=10 cases) and 6.6 (95%
Cl, 1.1-37.7, N=2 cases) were reported for the two highest exposure groups in an earlier report
from the 3M occupational cohort (Lundin et al., 2009). However, in a later report with six
additional years of follow-up, relative risk estimates were much lower (HR = 1.32; 95% CI, 0.61-
2.84) (Raleigh et al., 2014). The authors of the later report, which included additional “non-
exposed” workers from a nearby 3M facility and more complex exposure assessment
methologies, wrote that the earlier analyses “were limited by the qualitative nature of the
exposure assessment and that the lowest exposed members of the population were more likely
to be research and development professionals with lower overall baseline risks.” A rationale for
why research and development professionals would have 3-6 times lower risks than the other
workers in the earlier study was not given. And, it would generally be expected that the
potentially less accurate exposure assessment in the earlier study would bias results to the null,
not towards the large SMRs that were reported. Given the fairly wide confidence intervals
reported in each study, it is possible the inconsistency between the earlier and later reports from
the 3M cohort is due to chance. Currently however, the reasons for these inconsistent results
are unknown.

One factor to consider when looking at the data on prostate cancer as a whole is that none of
the prostate cancer studies adjusted for prostate cancer screening. This could have potentially
confounded some of the results of these studies, although OEHHA could not find any evidence
that PFOA exposure is strongly related to cancer screening. Overall, the human evidence
linking PFOA to prostate cancer has a number of limitations that prevent firm conclusions being
made regarding PFOA and prostate cancer based on this evidence alone.

Testicular cancer: Testicular cancer is fairly rare, and too few cases of this cancer were
identified in the occupational cohorts for the findings from these studies to be informative by
themselves. However, elevated risks of testicular cancer were seen in two studies involving
people living in areas with high drinking water contamination. In the retrospective cohort study
of residents living near the DuPont facility in West Virginia, HRs of 1.00, 1.04, 1.91, and 3.17
were reported by quartile of exposure (p-trend = 0.04) (Barry et al., 2013). And, mostly similar
findings were seen in the study by Vieira et al. (2013), which involved the same study area but
used different methods for assessing exposure, different methods for ascertaining cancer
cases, and different control groups. These findings are further supported by the elevated
mortality relative risk of 1.86 (95% CI, 0.81-4.27) reported for residents of a highly contaminated
area in Italy (Mastrontonio et al., 2017). The former is an ecologic study, but there is no reason
to suspect that ecologic fallacy or exposure misclassification caused this elevation, and no
major confounders are obvious. Research has also shown that risks of testicuilar cancer are
elevated in firefighters, an occupation where PFOA exposures can be high (Soteriades et al.,
2019). Overall, the epidemiologic literature to date suggests that PFOA is associated with
testicular cancer.
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PFOS

Fewer human epidemiologic data are available for PFOS and cancer so these studies are
reviewed narratively here and summary tables are not provided.

Bladder cancer: Studies of highly exposed occupational cohorts are limited to a single facility,
a chemical manufacturing plant in Decatur, Alabama, with geometric mean PFOS serum levels
of about 1-2 ppm (or pg/ml) in the most highly exposed workers. PFOA was also present, with a
mean serum level of 0.899 ppm reported (Olsen et al., 2003d). In a study of all workers for the
period 1961 to 1997, bladder cancer mortality was elevated in the most highly exposed workers
compared to Alabama state rates (SMR = 12.77; 95% CI, 2.63-37.35) although this involved
only three exposed cases (Alexander et al., 2003). All of the bladder cancer deaths in this
cohort were in the most highly exposed group. Information on potential confounders such as
smoking were not available. In a follow-up study, current and past employees were sent a
guestionnaire in an attempt to identify incident cases of bladder cancer (Alexander and Olsen,
2007). The response rate was 74 percent, and 11 cases of bladder cancer were identified. The
standardized incidence ratio (SIR) for the cohort overall compared to the US population was
1.28 (95% Cl, 0.64-2.29) for men and women combined. The SIR was elevated in women (SIR
= 6.42; 95% CI, 0.78-23.18; N=2 cases) but neither of these two cases worked in jobs with
obvious high PFOS exposure.

Breast cancer: Two deaths from breast cancer were reported in the only high exposure
occupational cohort study (SMR = 1.57; 95% CI, 0.19-5.66) (Alexander et al., 2003). No
information on common breast cancer risk factors was available other than age, and findings for
breast cancer incidence were not reported. Mastrontonio et al. (2017) found a slight increase in
breast cancer mortality for a community with PFOS and PFOA drinking water contamination
(SMR = 1.11; 95% ClI, 1.02-1.20) although this study used an ecologic design and there was no
individual information on exposure or most relevant confounders. All other studies of PFOS and
breast cancer have involved relatively lower general population exposures. In the Danish
National Cohort, clear associations with breast cancer incidence were not found overall
(Bonefeld-Jorgensen et al., 2014), although some indication of an interaction between PFOS
and the aromatase (CYP19) CC genotype was seen (p-interaction = 0.055, 36 cases in the CC
genotype-higher PFOS exposure category) (Ghisari et al., 2017). In a case-control study
nested in a large cohort of French women, breast cancer ORs adjusted for smoking, exercise,
diet, and several reproductive and development factors were above 1.0 and statistically
significant but without clear dose-response trends overall (Mancini et al., 2020). Dose-response
trends were more consistent for estrogen receptor positive (p-trend = 0.04, 132 cases overall)
and progesterone receptor positive tumors (p-trend = 0.02, 98 cases overall) but these findings
have yet to be replicated in another study population. Replication (i.e., the Hill criterion of
“consistency”) is an important element in evaluating causality (Bradford Hill, 1965). However,
the lack of replication does not mean that this finding is not real, and replication is not a required
element of causal inference. Another general population study did not find evidence of
increased breast cancer incidence with increasing perinatal serum levels of PFOS but did not
examine breast cancer subtypes or genetic variants (Cohn et al., 2020). Several studies in
which PFOS levels were measured after or near the time of cancer diagnosis have reported
associations between PFOS and breast cancer (e.g., Tsai et al., 2020). Given the long half-life
of PFOS in human blood, the exposure levels measured in these studies could represent
exposures that occurred prior to cancer development. However, this is currently difficult to
evaluate since data on the latency of PFOS-related cancer is not available. Overall, while a
number of intriguing findings for PFOS and breast cancer have been reported, small sample
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sizes, narrow exposure ranges, lack of data on potential confounders, latency issues, and lack
of replication in particular subgroups have all limited the ability to make firm conclusions based
on these results.

Liver cancer: The only high exposure occupational cohort study of liver cancer was too small
to provide useful information regarding this cancer (only two liver cancer deaths total and only
one in a high exposure job) (Alexander et al., 2003). A population based study involving mostly
low exposures found no clear association between a single PFOS serum measurement and
liver cancer (Eriksen et al., 2009). Overall, because of small sample sizes or limited exposure
ranges the human epidemiologic literature on its own cannot be used to make conclusions
regarding PFOS and liver cancer.

Prostate cancer: The results of the two studies that reported on PFOS exposure and prostate
cancer were inconsistent. No significant associations were observed between prostate cancer
and PFOS-exposed jobs within a PFOS manufacturing facility in Decatur, Alabama. The OR for
those with high PFOS exposure for more than 1 year was 1.08 (95%CI, 0.44—2.69); the OR for
the combined category of those with low or high PFOS exposure for 1 year or more was 1.36
(95%Cl, 0.61-3.02) (Grice et al., 2007). In a case-cohort analysis within the Danish general
population, an increase in prostate cancer was observed for the three upper quartiles of PFOS
serum levels compared with the lowest quartile. For the lowest vs. the highest quartile, the
incidence rate ratio (IRR) was 1.38 (95% CI, 0.99-1.93) (Eriksen et al., 2009). When PFOS was
analyzed as a continuous variable, the IRR was 1.05 (95% CI, 0.97-1.14).

The inconsistent results may be partially explained by the differences in the method of exposure
assessment between the two studies. In the occupational cohort, cumulative PFOS exposure
was estimated based on a job-exposure matrix up to the year of the diagnosis. In the Danish
cohort, serum samples were collected prospectively at the time of enrollment.

Other cancer types: Associations between PFOS and other cancer types have been
examined, but to date clear and consistent associations with these other types have not been
identified (Alexander et al., 2003; Olsen et al., 2004; Grice et al., 2007; Eriksen et al., 2009;
Mastrontonio et al., 2017)

5.7.2. Animal Evidence
PFOA

Cancer bioassays in laboratory animals published prior to 2016 have been thoroughly described
previously (US EPA, 2016b; New Jersey DWQI, 2017; IARC, 2017a). The studies published
prior to 2016 are briefly described below, and significant tumor findings observed in these
studies are presented in Table 5.7.1.
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Table 5.7.1. Significant tumor incidences and cases of hyperplasia following exposure to
PFOA (studies published prior to 2016)

. Dose . a
Sex/Species | Exposure Tumor type (mg/kg-day) Incidence Reference
Butenhoff
et al.
: 0/33, 2/36, | (2012a),
Male Leydig cell adenoma 2/44* data from
Sprague 0,1.3, or (Sibinsky,
Dawley rats _ 14.2 1987)
(50/dose) Dietary for Caverl
106 weeks Pancreatic acinar 3/46, 1/46, Rae etyal
cell hyperplasia 10/47 (2014)
Female
Sprague Ovarian tubular 0, 1.6, or 0/48, 7/50, Stuglenhoff
Dawley rats hyperplasia 16.1 15/47 (201éa)
(50/dose)
Hepatocellular b 1/79,
adenoma 0"or13.6 10/76*
Male . :
Sprague Dietary for Pancreatic acinar b . | Biegel et
Dawley rats | 104 weeks gglrlc?r?:rggma or 0"orl13.6 1779, 8/76 al. (2001)
(76-79/dose)
Leydig cell adenoma | 0 or 13.6 2/78, 8/76*
Pregnant I
9 . Drinking Hepatocellular 0,0.01, 0.1, 0729, 1/29,
CD-1 mice f 1/37, 4/26,*
(6-14 water from | adenoma 0.3,1,0r5 0/31 1/21 _
dams/dose GD 1-17, ’ Filgo et al.
pups ¢ (2015)
or 21-37 followed for | Hepatic hemangio- | 0, 0.01, 0.1, 0/29°, 0/29
female 18 th sarcoma 03 1 or5 0/37, 1/26
pups/dose) months B 0/31, 2/21

ancidence is number of animals with tumors/effective number of animals (animals that died prior to the
first appearance of the tumor were excluded)

® Pair-fed control, fed same amount of food as treated group

¢ Significant trend (p <0.01, determined by Filgo et al. (2015))

*p <0.05, pairwise comparison with Fisher’s exact test, statistical analysis by OEHHA

GD, gestation day

Sibinsky (1987), as reported by Butenhoff et al. (2012a), administered 0, 30, or 300 ppm PFOA
to Sprague Dawley rats (0, 1.3, or 14.2 mg/kg-day for males; 0, 1.6 or 16.1 mg/kg-day for
females) in the diet for 105-106 weeks. In male animals, a significant increase in Leydig cell
adenomas was observed in the high dose group, and a positive trend with increasing dose was
identified (p=0.005). An increase in pancreatic acinar cell hyperplasia was also observed in the
high dose males following a re-evaluation of the Butenhoff et al. (2012a) data by Caverly Rae et
al. (2014). In females, a significant increase in ovarian tubular hyperplasia was observed at the
mid and high dose. However, a re-evaluation performed by Mann and Frame (2004) for E. I. du
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Pont de Nemours and Company reclassified the ovarian tubular hyperplasia as gonadal stromal
hyperplasia and found no significant increases in ovarian hyperplasia. Furthermore, an
increase in mammary gland fibroadenoma in the high-dose group was initially reported in
females, but a follow-up examination by a Pathology Working Group that included participants
from former PFOA manufacturers (DuPont and 3M Company) found no significant increase over
controls (Table 5.7.2 (Hardisty et al., 2010)).

Table 5.7.2. Mammary gland fibroadenoma data (single and multiple tumors) in female
Sprague Dawley rats from Butenhoff et al. (2012a) and (Hardisty et al., 2010)

Tumor Type 0 ppm 30 ppm 300 ppm

Fibroadenomas 10/46 19/45 21/44*

Fibroadenomas
re-evaluated by PWG 18/50 22/50 23/50

PWG, Pathology Working Group (Hardisty et al., 2010)
*p <0.05, reported by (Butenhoff et al., 2012a)

Biegel et al. (2001) administered 0 or 300 ppm (0 or 13.6 mg/kg-day) to male Sprague Dawley
rats in the diet for 24 months. Statistically significant increases in tumors were reported at
multiple sites; specifically liver (hepatocellular adenomas), pancreas (acinar cell adenomas or
carcinomas), and testis (Leydig cell adenomas). Significant increases in pancreatic acinar cell
hyperplasia and Leydig cell hyperplasia were also observed.

Filgo et al. (2015) exposed three different strains of pregnant mice (CD-1, 129/SV WT, and 129-
SV PPARa KO) to doses of PFOA in drinking water ranging from 0 to 5 mg/kg-day from GD 1-
17. Female offspring were observed for 18 months. A significant increase in hepatocellular
adenomas, and a significant trend for hepatic hemangiosarcomas, were observed in the CD-1
F1 generation. Liver tumors were not observed in 129/SV WT mice. In the 129/SV PPARa KO
mice, hepatocellular adenomas were observed at incidences of 0/6, 1/10, 1/10, 1/9, and 2/9 in
the control, 0.1, 0.3, 1, and 3 mg/kg-day groups, respectively. It should be noted that the liver
was the only organ evaluated in these studies and that exposures occurred only during the
prenatal life stage.

Recently, NTP published the technical report on chronic cancer bioassays of PFOA
administered in feed to male and female Sprague Dawley rats (NTP, 2020) (see Section 5.2.2).
In these studies, in addition to groups exposed post-weaning via the diet for 107 weeks, NTP
included groups that had perinatal (gestational and lactational) exposures plus post-weaning
dietary exposures to PFOA.

In the male rat study, significant increases in hepatocellular adenomas and pancreatic acinar
cell adenomas/adenocarcinomas were observed (Table 5.7.3). The incidence of hepatocellular
adenoma was significantly increased at both 40 and 80 ppm by pairwise comparison with
controls, with a significant dose-related trend (p <0.001). In addition, four hepatocellular
carcinomas were observed in the 300/80 ppm (perinatal/postweaning) group, but not in any
other groups (Table 5.7.4). Although this increase was not statistically significant,
hepatocellular carcinoma is a rare tumor in male rats with a historical control incidence of 0/340.
The incidence of pancreatic acinar cell adenoma or adenocarcinoma combined (Table 5.7.3)
was significantly increased in all three PFOA-treated groups by pairwise comparison with
control, with a significant dose-related trend (p <0.001). Pancreatic acinar cell adenocarcinoma
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is a rare tumor type in male rats (historical control incidence of adenocarcinoma is 2/340), and
was observed in all post-weaning treated groups with and without perinatal exposure, but not in
controls (0/0 ppm) or the perinatal only exposure group (300/0 ppm) (Tables 5.7.3 and 5.7.4).

Table 5.7.3. Hepatocellular and pancreatic tumor incidences in male Sprague Dawley
rats exposed to PFOA in the diet for 107 weeks (NTP, 2020)

Concen- . Pancreatic
) Dose Plasma Pancreatic .
tration (mg/kg- | concentration Hepatocellular acinar cell acinar cell
in feed 9/kg adenoma . adenoma or
day) (mg/L) adenocarcinoma .
(ppm) adenocarcinoma
0 0 BD 0/36%** 0/36 3/43%*+
20 1.0 814 0/42 3/42 29/49***
40 2.3 130.8 7/35%* 1/36 26/41%**
80 4.8 159.6 11/37%** 3/38 32/40%**

BD: below the limit of detection; values were considered zero for dose-response analysis.

Tumor incidence is expressed as the number of tumor-bearing animals over the number of animals alive
at the time of first occurrence of the tumor.

Treatment group tumor incidences with asterisks indicate significant results from Fisher pairwise
comparison with controls (conducted by OEHHA): **, p <0.01; *** p <0.001.

Control group tumor incidences with asterisks indicate significant results from exact trend test (conducted
by OEHHA): *** p <0.001.

Table 5.7.4. Hepatocellular and pancreatic tumor incidences in male Sprague Dawley
rats exposed to PFOA perinatally and in the diet for 107 weeks (NTP, 2020)

Perinatal/post-
weaning Hepatocellular Pancreatic Pancreatic acinar
. Hepatocellular .
concentration X adenoma or acinar cell cell adenoma or
, carcinoma ) ; X
in feed carcinoma adenocarcinoma | adenocarcinoma
(Ppm)
0/0 0/36 0/36 0/36 3/38
300/0 0/35 0/35 0/35 7/39
300/20 0/38 1/38 2/38 20/42%**
300/40 0/38 5/38* 1/38 30/43***
300/80 4/39 12/39*** 3/39 30/41***

Tumor incidence is expressed as the number of tumor-bearing animals over the number of animals alive
at the time of first occurrence of the tumor.

Treatment group tumor incidences with asterisks indicate significant results from Fisher pairwise
comparison with controls (conducted by OEHHA): *, p <0.05; *** p <0.001.

In the female rat study, pancreatic acinar cell adenoma/adenocarcinoma and uterine
adenoma/adenocarcinoma were observed (Tables 5.7.5 and 5.7.6). Pancreatic acinar cell
adenomas and adenocarcinomas are both rare in female rats (historical control incidence of
0/340 for adenoma and 0/340 for adenocarcinoma) and were observed in the PFOA-treated
female rats. Specifically, there was one acinar cell adenoma and one adenocarcinoma in the
1,000 ppm group (Table 5.7.5), three acinar cell adenomas, one adenocarcinoma, and one
ductal adenocarcinoma in the 300/1,000 ppm group (Table 5.7.6), and none in controls or any
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other treated groups. NTP concluded that, “[T]here was some evidence of carcinogenic activity
in female rats based on the increased incidence of pancreatic acinar cell adenoma or
adenocarcinoma combined.” There was a statistically significant increase of uterine
adenocarcinoma at 1,000 ppm with a dose-related trend (p <0.05). Besides uterine tumors, two
types of rare tumors were observed and noted by NTP. Hepatocellular carcinomas were
observed in the 1,000 ppm group (three carcinomas) as well as the 300/1,000 ppm group (four
carcinomas), compared to one carcinoma in controls and none in any other treated groups
(Table 5.7.6). NTP (2020) noted that hepatocellular carcinoma is a rare tumor in female rats
(historical control incidence, 1/340) and the observed increase may be treatment-related.

Table 5.7.5. Pancreatic acinar cell and uterine tumor incidences in female Sprague
Dawley rats exposed to PFOA in the diet for 107 weeks (NTP, 2020)

Concen- Pancreatic . Uterine
tration Dose Plasma acinar cell Uterine adenoma
in feed (mg/kg- | concentration adenoma or adeno- or
day) (mg/L) ) carcinoma .
(ppm) adenocarcinoma adenocarcinoma
0 0 BD2 0/24° 1/32* 2/32
300 18 20.4 0/30 5/39 5/39
1,000 63 72.3 2127 8/35* 8/35

BD: below the limit of detection; values were considered zero for dose-response analysis.
Tumor incidence is expressed as the number of tumor-bearing animals over the number of animals alive

at the time of first occurrence of the tumor.
Treatment group tumor incidences with asterisks indicate significant results from Fisher pairwise
comparison with controls (conducted by OEHHA): *, p <0.05.
Control group tumor incidences with asterisks indicate significant results from exact trend test (conducted
by OEHHA): *, p <0.05.

Table 5.7.6. Tumor incidences in female Sprague Dawley rats exposed to PFOA
erinatally and in the diet for 107 weeks (NTP, 2020)

Perinatal/
posf[- Papcreatlc Pancreatic | Pancreatic . Uterine
weaning | acinar cell . Hepato- Uterine
acinar cell ductal adenoma
concen- adenoma cellular adeno-
L adeno- adeno- . ) or adeno-
tration in | or adeno- ) ) carcinoma | carcinoma :
) carcinoma| carcinoma carcinoma
feed carcinoma
(ppm)
0/0 0/302 0/24 0/40 1/23 1/40 2/40
150/300 0/38 0/36 0/42 0/32 3/43 3/43
300/1,000 4/33 1/24 1/41 4/23 5/41 5/41

Tumor incidence is expressed as the number of tumor-bearing animals over the number of animals alive
at the time of first occurrence of the tumor.
aThis denominator is different than that from Table 5.7.5 because it was calculated using the day of first
occurrence from the 300/1,000 ppm group (day 673).

NTP (2020) noted that, “The additional effect of perinatal exposure in combination with postnatal
exposure was uncertain and limited to the observation of hepatocellular carcinomas” for the
male rat study, and, “The combined perinatal and postweaning exposure was not observed to
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change the neoplastic or nonneoplastic response compared to the postweaning exposure
alone” for the female rat study.

PFOS

Summaries of the sole report of carcinogenicity bioassays (Butenhoff et al., 2012b) for PFOS
have been previously published (US EPA, 2016d; New Jersey DWQI, 2018). The study design
and significant results are briefly described below.

Butenhoff et al. (2012b) published a report of carcinogenicity studies from 2002 by 3M
(Thomford, 2002), a former PFOS manufacturer. In these studies, male and female Sprague
Dawley rats were administered 0, 0.5, 2, 5, or 20 ppm potassium PFOS (K*PFOS; 0, 0.024,
0.098, 0.242, or 0.984 mg/kg-day for males; 0, 0.029, 0.120, 0.299, or 1.251 mg/kg-day for
females) in the diet for two years. Due to mortality issues, female rats in the 2 ppm group were
administered K*PFOS in the diet for 103 weeks, instead of 105 weeks. An additional group,
referred to as the “recovery group” here, was administered 20 ppm PFOS for one year, and then
control diet for the next year (data not shown).

A statistically significant increase in hepatocellular adenoma incidence was observed in both
male and female animals at the highest dose. Positive trends for hepatocellular adenomas
were reported in both sexes. Hepatocellular carcinoma is a rare tumor in female Sprague
Dawley rats, with a historical control incidence of 0/765 (Baldrick, 2005) and 3/1,314 (Charles
River, 2004)°. One hepatocellular carcinoma was observed in female rats; thus combined
hepatocellular adenoma/carcinoma incidence was also increased in female rats. An increase in
pancreatic islet cell carcinoma (by trend) was also observed in male rats. Tumor incidence data
for male and female rats are summarized in Tables 5.7.7 and 5.7.8 respectively. Additionally, in
female rats, increases in rare thyroid follicular cell adenoma and carcinoma combined were
observed (although not statistically significant) and increased incidence of mammary
fiboroadenoma was observed in the low-dose female rat group (Table 5.7.9). It should be noted
that the relatively low effective number of female rats was not due to high levels of premature
mortality (mortality in treated groups was comparable to controls), but due to the fact that the
first incidence of some tumors appeared quite late in the bioassay (day 653 for hepatocellular
carcinoma, day 666 for hepatocellular adenoma, day 671 for thyroid follicular cell adenoma, and
day 731 for thyroid follicular cell carcinoma).

While no increase of thyroid follicular cell adenoma was observed in the groups of male rats fed
PFOS in the diet for two years, a statistically significantly increased incidence of thyroid follicular
cell adenoma was observed in the group of male rats fed 20 ppm PFOS in the diet for one year
followed by control diet for another year, in comparison to the control group (control, 3/31; 20
ppm in diet for one year, 9/29; p <0.05). In female rats, one rare thyroid follicular cell adenoma
was observed in the group fed 20 ppm PFOS in the diet for one year followed by control diet for
another year, and none was seen in the controls. No increases of other tumors were observed

9 Charles River (2004) includes studies that were initiated or published between 1989 and 2002. In
general, the more relevant historical control data are provided by studies conducted within 2-3 years of
the Thomford (2002) study. The Thomford (2002) study started in 1998 and last two years. Therefore, a
subset of studies from Charles River (2004), initiated or published between 1995 and 2002, were used in
OEHHA's analysis.
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in these groups of male or female rats fed PFOS in the diet for one year followed by control diet
for another year.

Table 5.7.7. Hepatocellular and pancreatic tumor incidences in male Sprague Dawley
rats exposed to K'PFOS in the diet for 2 years (Thomford, 2002; Butenhoff et al., 2012b)

Concen' Dose Serum Hepato- Pancreatic Pancreatic P.ancreanc
tration in . . islet cell
(mg/kg- | conc. cellular islet cell islet cell
feed a b c ; 4 | adenoma or
day) (mg/L) adenoma adenoma carcinoma : c
(ppm) carcinoma
0 0 0.014 0/41** 4/44 1/38* 5/44
0.5 0.024 2.64 3/42 3/44 2/41 5/44
2 0.098 12.1 3/47 4/48 2/44 6/48
5 0.242 32.3 1/44 4/46 5/44 8/46
20 0.984 121 7143** 4/44 5/40 9/44

aCalculated by OEHHA

® First occurrence at day 512

¢ First occurrence at day 465

4 First occurrence at day 542

Tumor incidence is expressed as the number of tumor-bearing animals over the number of animals alive
at the time of first occurrence of the tumor.

Treatment group tumor incidences with asterisks indicate significant results from Fisher pairwise
comparison with controls (calculated by OEHHA): **, p <0.01.

Control group tumor incidences with asterisks indicate significant results from exact trend test (conducted
by OEHHA): *, p <0.05; **, p <0.01.

Table 5.7.8. Hepatocellular tumor incidences in female Sprague Dawley rats exposed to
K'PFOS in the diet for 2 years (Thomford, 2002; Butenhoff et al., 2012b)

Concen- Dose Serum Hepatocellular
tration in Hepatocellular Hepatocellular
(mg/kg- conc. b . c adenoma or
feed a adenoma carcinoma : c
day) (mg/L) carcinoma
(PPpm)
0 0 0.841 0/28** 0/28 0/28**
0.5 0.029 5.49 1/26 0/29 1/29
2 0.120 23.0 1/15 0/16 1/16
5 0.299 66.4 1/28 0/31 1/31
20 1.251 215 5/31* 1/32 6/32*

aCalculated by OEHHA

® First occurrence at day 666

¢ First occurrence at day 653

Tumor incidence is expressed as the number of tumor-bearing animals over the number of animals alive
at the time of first occurrence of the tumor.

Treatment group tumor incidences with asterisks indicate significant results from Fisher pairwise
comparison with controls (reported by study authors): *, p <0.05.
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Control group tumor incidences with asterisks indicate significant results from exact trend test (conducted
by OEHHA): **, p <0.01.

Table 5.7.9. Thyroid and mammary gland tumor incidences in female Sprague Dawley
rats exposed to PFOS in the diet for 2 years (Thomford, 2002; Butenhoff et al., 2012b)

Concen- | o0 | gerym | Jhyrod Thyroid Thyroid Mammary
tration in follicular . follicular cell
(mg/kg- | conc. follicular cell gland
feed day) (mg/L)* cell carcinoma?® adenoma or fiboroadenoma®
(bpm) y 9 adenoma®’ carcinoma®”
0 0 0.841 0/26 0/24 0/26 20/60
0.5 0.029 5.49 0/25 0/15 0/25 27/50*
2 0.120 23.0 0/14 0/9 0/14 20/48
5 0.299 66.4 2126 1/15 3/26 24/49
20 1.251 215 1/30 0/25 1/30 11/60

# Calculated by OEHHA

aThyroid follicular cell adenomas and carcinomas are both rare in female Crl:CD (SD) BR rats (adenoma:
0.55% and carcinoma: 0 (Baldrick, 2005); adenoma: 0.86%, carcinoma: 0.50%, based on studies initiated
or published between 1995-2002 in Crl:CD (SD) BR rats and reported by Charles River (2004)). There
was only one thyroid follicular cell carcinoma that was observed during terminal sacrifice on day 731. The
authors conducted terminal sacrifices on a series of dates, as early as day 719. All terminally sacrificed
animals with thyroid gland examined were included in the denominators for thyroid follicular cell
carcinoma.

® First occurrence at day 671

¢ The first occurrence of mammary gland fibroadenoma happened within the first year on day 229,
therefore, incidence of mammary gland fibroadenoma for the control and 20 ppm groups includes 10
animals each from the one-year interim sacrifice group. For the 0.5, 2, and 5 ppm groups, there were no
interim sacrifice groups at one year.

Tumor incidence is expressed as the number of tumor-bearing animals over the number of animals alive
at the time of first occurrence of the tumor. Treatment group tumor incidences with asterisks indicate
significant results from Fisher pairwise comparison with controls (reported by study authors): *, p <0.05.

5.7.3. Mode of Action and Mechanistic Considerations
PPAR«x

PFOA and PFOS are known activators of PPARa, as several studies have reported activation of
rodent and human PPARa in controlled in vitro systems (Takacs and Abbott, 2007; Wolf et al.,
2008a; Wolf et al., 2012). PPARa is a nuclear receptor that regulates genes that modulate the
transport and metabolism of many biomolecules, including lipids, lipoproteins, glucose/glycerol,
cholesterol, bile acid, and amino acids (Rakhshandehroo et al., 2010). Activation of PPAR«
leads to an increase in peroxisome number and size, and changes in peroxisomal and
microsomal fatty acid g-oxidation levels.

Previous assessments have examined the role of PPARa in PFOA-induced toxicity (US EPA,
2016b; US EPA, 2016d; New Jersey DWQI, 2017; IARC, 2017a; New Jersey DWQI, 2018).
These reviews included analyses of PPARa-related endpoints in rodents, effects of PFOA on
PPARa knockout mice, and in vitro studies with rodent and human PPAR« in various cell
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systems. US EPA (2016b) indicated that mechanistic data for PFOA supports the PPARa MOA
for liver tumors in rats (Butenhoff et al., 2012a), and may play indirect roles in testicular tumor
induction. Conversely, (US EPA, 2016d) indicated that the available evidence does not
adequately support a PPARa MOA for PFOS. IARC (2017a) reported that there is moderate
evidence for many potential mechanisms for PFOA-induced toxicity (including PPAR®).
OEHHA reviewed the recent literature exploring the role of PPARa in PFOA toxicity.

Many studies have demonstrated that PFOA can induce liver toxicity independent of PPARa
activation. Filgo et al. (2015) administered 0, 0.1, 0.3, 1, or 3 mg/kg-day PFOA to pregnant
129/Sv WT and PPARa KO 129/Sv mice via oral gavage from GD 1-17, and followed the female
offspring for 18 months. PPARa KO F1 females had a significant increase in non-neoplastic
liver lesions, including hepatocyte hypertrophy, bile duct hyperplasia, and hematopoetic cell
proliferation, and an increase in hepatocellular adenomas was seen although it did not reach
statistical significance (see Section 5.7.2).

Wen et al. (2019c) administered 0 or 3 mg/kg-day PFOA to C57BL/6NTac WT and PPARa KO
mice via oral gavage for 7 days. Both WT and KO animals had increased liver weights,
although the effect was more pronounced in WT animals. Additionally, PFOA induced changes
in carboxylesterase protein expression in WT versus KO animals. Estrogen receptor alpha
(ERa) mRNA expression was increased in KO animals, and there was also suggestive evidence
that KO animals had greater CAR and PXR activation than WT animals.

Das et al. (2017) administered 0 or 10 mg/kg-day PFOA to male SV129 WT and PPARa KO
mice via oral gavage for seven days. Both WT and KO animals showed liver toxicity, including
increased relative liver weight, hepatocellular hypertrophy, decreased hepatic DNA content, and
increased hepatic triglycerides (significant in WT animals only). Wild-type animals also
displayed mild steatosis that was absent in KO animals. A gene expression analysis indicated
that PFOA altered expression of genes related to lipid catabolism, fatty acid synthesis, and
triglyceride synthesis in both WT and KO mice, although the effect was more pronounced in WT
animals.

Wolf et al. (2008b) administered 0, 1, 3, or 10 mg/kg-day PFOA via oral gavage to 129S1/SvimJ
WT and PPARa KO mice for 7 days. Both WT and KO mice showed liver toxicity, including
increased relative and absolute liver weight, hepatocyte hypertrophy, and increased labeling
index (only at the high dose in KO mice). However, PPARa KO mice had an increase in
vacuole accumulation. Hepatic ultrastructural changes in treated PPARa KO mice (compared to
PPARa KO control mice) included decreased cytoplasmic glycogen granules, less rough
endoplasmic reticulum, and cytoplasmic rarefaction.

Gene expression studies in the liver of WT and PPARa KO mice revealed PPARa-independent
alterations in response to administration of PFOA and PFOS. PFOA (0, 1, or 3 mg/kg-day orally
for 7 days) administered to PPARa-KO mice induced changes in the expression genes related
to fatty acid metabolism, inflammation, xenobiotic metabolism, and cell cycle control (Rosen et
al., 2008b). PFOS (0, 3 or 10 mg/kg-day orally for 7 days) administered to PPARa-KO mice
induced changes in the expression of genes related to cholesterol biosynthesis, oxidative
phosphorylation, ribosome biogenesis, and bile acid/cholesterol homeostasis (Rosen et al.,
2010). These results suggest that PFOA and PFOS can induce biological activity in a PPARa-
independent manner, and that all physiological effects of PFOA and PFOS should not be
attributed to activation of PPAR.
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Rebholz et al. (2016) reported that 3.5 mg/kg-day PFOA in the diet for five weeks activated
PPARa in male BALB/c mice, but not in female BALB/c mice or C57BL/6 mice of both sexes.
Nonetheless, C57BL/6 mice exposed to PFOA showed increased relative liver weight and
changes in plasma and hepatic cholesterol levels. Furthermore, the authors reported that
BALB/c mice have more PPARa than C57BL/6 mice, and that treatment with PFOA increased
PPARa mRNA expression in male BALB/c mice, but not in C57BL/6 mice of either sex.
Increased PPARa mRNA is an indicator of PPAR« receptor activation (Yaacob et al., 2001;
Blanquart et al., 2004; Rebholz et al., 2016), suggesting that PPAR« is more readily activated in
BALB/c mice compared to C57BL/6 mice. Lietal. (2017b) observed that PFOA (0.05 mg/kg-
day via oral gavage for 28 days) induced liver toxicity (changes in mitochondrial membrane
potential, apoptosis, and oxidative DNA damage) in female BALB/c mice without PPAR«
activation.

In summary, many studies have shown that PFOA and PFOS can induce biological activity and
hepatotoxicity that is independent of PPARa activation. This indicates that the toxicity observed
in rodent studies may not act entirely through the PPARa activation pathway. As such, OEHHA
cannot conclude that all hepatotoxic endpoints of PFOA and PFOS in rodents are the result of
PPAR« activation. Many chemicals that increase peroxisome proliferation in rodents also induce
liver tumors. However, there is substantial debate about whether hepatic effects of PPARa-
activating compounds in rodents are relevant to humans due to interspecies differences in
activation characteristics.

Klaunig et al. (2003) presents a list of key events in the hypothesized pathway leading from
PPAR« activator treatment to liver tumor development. The key events identified in the
proposed tumor progression pathway are 1) activation of PPARa, 2) perturbation of cell
proliferation and apoptosis, and 3) selective clonal expansion. Klaunig et al. (2003) noted that
rats and mice are more responsive than humans to some effects of PPARa activators in the
liver: peroxisome proliferation, induction of fatty acid B-oxidation metabolic pathways, minimum
ligand concentration for receptor activation, maximum receptor activation. They suggested that
the liver tumor induction observed from exposure to some PPARa activators in rats and mice is
not relevant to human cancer risk assessment.

The PPAR« rat/mouse liver tumor mode of action (MOA) hypothesis proposed by Klaunig et al.
(2003) depended in part on studies by Peters et al. (1997) and Ward et al. (1998) using PPAR«
KO mice derived from WT SV129 mice. Peters et al. (1997) found that 11 months of treatment
with the PPAR«a agonist Wy-14,643 did not induce liver tumors in nine PPARa KO mice but did
induce multiple hepatocellular tumors in the corresponding WT mice. Diethyl hexyl phthalate
(DEHP) also did not induce peroxisome proliferation in PPARa KO mice after 24 weeks of
exposure (Ward et al., 1998). Klaunig et al. (2003) suggested that a long-term DEHP cancer
bioassay in PPARa KO mice would also be negative.

A number of PPARa activator studies in rats and mice, which have generated data relevant to
the proposed PPARa tumor MOA, have been performed since the publication of that MOA
hypothesis. Much of those data have been reviewed by Guyton et al. (2009) and Rusyn and
Corton (2012).

Recently, Corton et al. (2018) reviewed the evidence for a PPARa MOA for hepatic
tumorigenesis in rodents. Similar to Klaunig et al. (2003), the authors identified key events
associated with PPAR«a activators, including PPAR«a receptor activation, cell growth pathway
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alteration, perturbations in hepatocyte growth and survival, and the selective clonal expansion of
preneoplastic foci cells, and hypothesized additional MOAs for tumorigenesis when PPAR« is
not involved. For example, Ito et al. (2007) found that exposure of SV129-derived PPARa KO
mice to 100 or 500 ppm DEHP in the diet for up to 22 months resulted in the induction of liver
tumors in those mice, with a significant trend for dose-response. These data indicate that
PPAR« activators may induce liver tumors by a mechanism independent of PPARa activation.
However, Corton et al. (2018) argue that the absence of significant increases in liver tumors in
WT mice (of the same strain) at the same doses complicate the interpretation of these results.
Furthermore, they proposed alternate MOASs for tumor induction in PPARa-null mice, including
activation of CAR, and the involvement of steatosis and inflammation, none of which preclude
PPARa activation in WT animals.

Yang et al. (2007) developed transgenic mice (from a WT SV129 mouse) that constitutively
expressed activated PPARa in hepatocytes in a targeted manner. The authors then used these
mice to study whether the activation of PPARa in hepatocytes only is sufficient to induce liver
tumors. These transgenic mice demonstrated peroxisome proliferation (including increased
PCoA activity) and hepatocyte proliferation at 8 to 10 weeks of age. However, no liver tumors
were noted in more than 20 mice at 11 months of age. In contrast, WT mice fed 0.1% WYy-
14,643 in the diet for 11 months developed hepatocellular carcinomas (exact number of tumor-
bearing animals not provided by authors). These data indicate that PPARa activation by itself is
not sufficient to induce hepatocarcinogenesis. However, Corton et al. (2018) argue that the
VP16PPAR« fusion protein does not function in the precise manner that endogenous PPARa
does. The authors claim that differences in downstream protein-protein interactions and
differences in global transcription profiles induced by VP16PPARa (compared to endogenous
PPAR«) explain why these transgenic mice do not develop liver tumors.

Recently, Filgo et al. (2015) reported liver tumors were observed in female offspring (at 18
months of age) of PPARa KO mice, but not WT mice following gestational PFOA exposure.
This result supports the observations in the Ito et al. (2007) study, that a PPARa activator can
induce tumors in PPARa KO animals, but not in WT animals. It is unclear why PPARa KO
animals developed tumors, whereas their WT counterparts did not. However, if the PPAR«
carcinogenesis MOA proposed by Klaunig et al. (2003) and Corton et al. (2018) is correct, then
one would expect the opposite result.

The development of tumors in PPARa KO mice indicates that there are additional MOAs that
contribute to DEHP- and PFOA-induced tumorigenesis. Corton and colleagues suggested
activation of CAR, or increased steatosis and inflammation as alternate MOAs for liver
carcinogenesis in rodents. Recent studies have reported that PFOA interacts with CAR in
PPARa KO mice (Wen et al., 2019c), and altered gene expression of transcriptional targets
associated with CAR in wild type and PPARa KO mice (Rosen et al., 2008a; Rosen et al.,
2008b; Rosen et al., 2017). Similarly, PFOS altered levels of CAR-related transcripts in rats
(Dong et al., 2016a) and in mice (Rosen et al., 2017).Furthermore, oral administration of PFOA
or PFOS in rats induced significant increases in Cyp2b1 and Cyp2b2 expression, a marker of
increased CAR activity, compared to controls (Elcombe et al., 2010; Elcombe et al., 2012a;
NTP, 2019a; NTP, 2019b), CAR activation by PFOA is greater in PPARa KO mice compared to
WT mice (Wen et al., 2019c). Conversely, in vitro nuclear receptor assays with PFOS showed
no activity for rat CAR (Bagley et al., 2017). Interaction with CAR may be one of many
additional MOAs for PFOA and PFOS, and one should not exclude other mechanisms simply
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because one MOA has been identified. Additional evidence is needed before CAR activation is
accepted as an additional MOA for PFOA-induced carcinogenesis.

Alterations in lipid metabolism and hepatic inflammation are commonly observed following
exposure to PFOA and PFOS. However, it is unclear if these effects directly contribute to
carcinogenesis, as the majority of rodent studies evaluating lipid metabolism and liver
inflammation are of acute or subacute durations, which are not suitable for determining
carcinogenic potential. Additional data are needed to determine whether increased liver lipid
content and inflammation are sufficient to induce carcinogenicity in rodents.

Corton et al. (2018) argue that the microenvironment following PPARa activation in transgenic
mice with constitutive PPAR« activity is different enough from WT mice to prevent the formation
of liver tumors, despite major biomarkers of PPARa activation (peroxisome proliferation,
hepatomegaly, and decreases in serum triglycerides and free fatty acids) being present in both
WT (given a PPARa activator) and transgenic animals. This explanation suggests that the
typical physiological responses following PPARa activation are inconsequential for hepatic
tumorigenesis in rodents, and seems to undermine the importance of the hypothesized
sequelae of events with regards to tumorigenesis.

In summary, these lines of evidence suggest that PFOA-induced hepatotoxicity, including
carcinogenesis, in rodents is not solely the result of PPARa activation. Liver toxicity was
observed in PPARa KO mice, and in studies where PPARa was not activated (Filgo et al., 2015;
Rebholz et al., 2016; Das et al., 2017; Li et al., 2017b; Wen et al., 2019c). Furthermore, rodent
carcinogenicity studies with other PPARa activators have demonstrated that PPARa activation
is not required for liver tumor induction, and that constitutive activation of PPARa does not lead
to tumorigenesis. Therefore, OEHHA considers rodent liver toxicity studies, including
carcinogenicity studies, to be relevant to human health. This is consistent with the position
outlined in (IARC, 2017a) for PFOA, where human relevance could not be excluded based on
the available evidence.

Klaunig et al. (2003) proposed that Leydig cell tumors and pancreatic acinar cell tumors are also
induced by activation of PPAR« in rodents, and along with liver tumors comprise a PPAR«
mediated “tumor triad.” The proposed MOA for pancreatic acinar cell tumors in rats is that
PPAR« activation leads to altered bile acid composition, which causes an increase in
cholecystokinin (CCK) levels, which is a growth factor for acinar cells. Binding to CCK1
receptors leads to acinar cell proliferation, and subsequently neoplasia (Caverly Rae et al.,
2014). This MOA was proposed predominantly based on studies of the PPARa agonist Wy-
14,643. The authors argue that since human acinar cells do not have functional CCK receptors,
this MOA is of minimal relevance to humans, and chemicals that cause pancreatic acinar cell
tumors in rats are unlikely to induce tumors in humans. The authors also posit that human
pancreatic tumors are predominantly ductal, and typically do not originate from acinar cells,
unlike rodents, where ductal tumors are rare and acinar cell tumors more common.

However, there is little experimental support for the PPARa MOA for these tumor types (Peraza
et al., 2006). Biegel et al. (2001) reported that 300 ppm (13.6 mg/kg-day) PFOA in the diet for
two years induced pancreatic acinar proliferation in male Sprague Dawley rats, but the PPAR«
model agonist Wy-14,643 did not, suggesting that PPAR« is not involved in pancreatic tumor
formation, and that a different MOA is responsible for tumor induction. Additionally, NTP (2020)
reported a large increase in pancreatic acinar cell tumors in male rats, a modest increase in liver
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tumors, and no significant increase in Leydig cell tumors. If the proposed PPARa MOA is
dominant, then one would expect liver tumors to be the most prevalent tumor type.

Furthermore, Murphy et al. (2008) reported that CCK activates calcium signaling and enzyme
secretion in human pancreatic acinar cells, indicating that this pathway does have direct human
relevance. Additionally, site concordance is not necessary when determining human
relevance of animal tumors, so the difference in pancreatic tumor types between humans and
rodents is not considered. Without additional experimental evidence linking pancreatic and
testicular tumors in rodents solely to PPARa activation, OEHHA concludes that there is no
scientific basis to exclude these tumor types for evaluation of human cancer risk.

It is likely that carcinogenesis occurs through multiple modes of action. In the Key
Characteristics of Carcinogens section below, possible carcinogenic mechanisms are organized
by key characteristics and discussed in greater detail.

Key Characteristics of Carcinogens

A comprehensive review of the more than 100 agents known to cause cancer in humans
identified 10 key characteristics (KCs) of carcinogens (Smith et al., 2016; IARC, 2020). As the
name implies, KCs are characteristics of agents that cause cancer, in contrast to the hallmarks
of cancer (Hanahan and Weinberg, 2000; Hanahan and Weinberg, 2011), which are properties
of cancer cells and neoplasms, and also in contrast to modes of action, which are sequences of
key events that transform normal cells into malignant tumors. Mode of action analysis depends
on prior knowledge sufficient to hypothesize how an agent might cause cancer, knowledge that
too often is incomplete. The KCs can encompass many types of mechanistic endpoints and are
not constrained to previously formulated hypotheses, allowing a broader consideration of
multiple mechanistic pathways and hypotheses. OEHHA uses this approach to systematically
identify, organize, and summarize information on mechanisms of carcinogenesis.

For this assessment of PFOA and PFOS, OEHHA reviewed the evidence identified through
literature searches on five of the KCs (Table 5.7.10).

Table 5.7.10. Evidence relevant to the key characteristics of carcinogens for PFOA and
PFOS!

Relevant Relevant
Key Characteristic Example of Relevant Evidence g;\'gg\‘/gi EZ{/‘?E&ZZ
for PFOA | for PFOS
1. 1s electrophilic or Parent compound or metabolite with an
cén be metapbolicall electrophilic structure (e.g., epoxide, NR NR
activated y guinone), formation of DNA and protein
adducts
DNA damage (DNA strand breaks, DNA—
. protein cross-links, UDS), intercalation,
2. Is genotoxic gene mutations, cytogenetic changes v v
(e.g., CAs, MN)
3. Alters DNA repair | Alterations of DNA replication or repair
or causes genomic (e.g., topoisomerase I, base-excision or NR NR
instability double-strand break repair)
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Relevant Relevant
Key Characteristic Example of Relevant Evidence Ewdence Ewdence
Reviewed | Reviewed
for PFOA | for PFOS
4. Induces epigenetic | DNA methylation, histone modification, NR NR

alterations microRNA expression

Oxygen radicals, oxidative stress,
oxidative damage to macromolecules v v
(e.g., DNA, lipids)

Elevated white blood cells,
myeloperoxidase activity, altered cytokine NR NR

5. Induces oxidative
stress

6. Induces chronic

inflammation and/or chemokine production

7. 1s Decreased immunosurveillance, immune v v
immunosuppressive | system dysfunction

8. Modulates Receptor inactivation/activation (e.g., ER,

receptor-mediated PPAR, AhR) or modulation of v v
effects endogenous ligands (including hormones)

9. Causes Inhibition of senescence, cell

. NR NR
transformation

Increased proliferation, decreased
apoptosis, changes in growth factors,
death, or nutrient energetics anq signaling pathways related v v
supply to cc_allular rgpllcatlon or cell cycle control,
angiogenesis
! This review was conducted based on information identified through a focused literature search
conducted in March 2020. A checkmark (v') means that evidence for that particular KC was reviewed,
and NR stands for “not reviewed.” Source of the KCs and examples: Smith et al. (2016); IARC (2019).
Any of the 10 characteristics in this table could interact with any other (e.g., oxidative stress, DNA
damage, and chronic inflammation), which when combined provides stronger evidence for a cancer
mechanism than would one KC alone.
Abbreviations: AhR, aryl hydrocarbon receptor; CA, chromosomal aberration; ER, estrogen receptor;
MN, micronuclei; PPAR, peroxisome proliferator-activated receptor; UDS, unscheduled DNA synthesis.

immortalization

10. Alters cell
proliferation, cell

The evidence relevant to these five KCs for PFOA and PFOS is briefly summarized below.
More detailed discussions of the findings from studies of PFOA and PFOS relevant to these five
KCs are provided in Appendix 8.

Overall, the evidence relevant to the KCs of carcinogens reviewed for PFOA is summarized as
follows:

o KC2: PFOA has been tested in many genotoxicity test systems that have assessed
numerous endpoints indicative of either mutagenicity, chromosomal effects, or DNA
damage. Several studies provide evidence that PFOA causes DNA damage --
measured as increases in DNA strand breaks (in human cell lines and in non-
mammalian species), y-H2AX (in a human cell line), and 8-hydroxydeoxyguanosine (8-
OHdG, a marker of oxidative DNA damage, in human cell lines and in rodent liver).
Some studies provide evidence that PFOA may have chromosomal effects, while others
do not, and several studies provide evidence that PFOA is not mutagenic.
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Overall,

follows:

KC5: A number of studies indicate that PFOA may cause oxidative stress. Two studies
in rodents and two studies in human cells have shown that PFOA led to increased 8-
OHdG, while one study in human cells reported mixed results and two studies (one in
exposed humans and one in a unicellular organism) found no effect. Several studies,
including one in mice, four in human HepG2 cells, and one in a mouse cell line, have
shown that PFOA increased intracellular production of reactive oxygen species (ROS),
while a study in human-hamster hybrid cells showed increased intracellular production
of both ROS and reactive nitrogen species (RNS). Increased lipid peroxidation was
observed in mice, in human erythrocytes exposed in vitro, and in a rat cell line. PFOA
also has been shown to alter total antioxidant capacity (TAC), antioxidant enzyme
content or activity, and glutathione levels in mice, fish, and in in vitro studies of human
erythrocytes and human HepG2 cells.

KC7: Several animal studies have shown that PFOA suppresses IgM production as
either a T cell dependent antibody response (TDAR) or T cell independent antibody
response (TIAR), reduces cellularity and proliferation of T cells and B cells, and reduces
the number of neutrophils. The preponderance of evidence shows that PFOA can
suppress the immune system in ways that would allow neoplastic cells to escape
immune surveillance, survive, and replicate to form tumors.

KC8: Several animal studies have shown that PFOA alters gene expression in the liver,
and that these effects are mediated through ERa, PPARa, PPARy, PXR, and CAR.
Evidence that PFOA can bind to or activate ERa, PPAR«, and possibly PPARB/6
comes from in silico modeling studies (human ERa), studies in human cells or cell lines
(ERa, PPARQ), and studies in animal tissue preparations or cell lines (ERa, PPARP/S).
There is also evidence from studies in animals that PFOA can modulate levels of
endogenous hormones, including estradiol, progesterone, testosterone and thyroid
hormones, and possibly levels of growth factors in the testis and mammary gland.

KC10: Several animal studies provide evidence that PFOA increases cell proliferation,
based on respiratory tissue hyperplasia observed in rats, and stimulated mammary
gland development in mice. In addition, PFOA increased levels of regulatory cell cycle
proteins in a human breast epithelial cell line, and increased cell proliferation in multiple
studies of human breast and ovarian cell lines.

the evidence relevant to the KCs of carcinogens reviewed for PFOS is summarized as

KC2: PFOS has been tested in many genotoxicity test systems that have assessed
numerous endpoints indicative of either mutagenicity, chromosomal effects, or DNA
damage. Some studies provide evidence that PFOS is mutagenic (in transgenic mice
and fish and in transgenic mouse cells in vitro), several studies provide evidence of
chromosomal effects (e.g., induction of micronuclei (MN) in rodents and zebrafish), and
several studies provide evidence of DNA damage (e.g., induction of DNA strand breaks
in rats, zebrafish, and other non-mammalian species).

KC5: A number of studies indicate that PFOS may cause oxidative stress. Several
studies, including one in rats, three in human HepG2 cells, two in rodent cells or cell
lines, and one in C. elegans, have shown that PFOS increased intracellular production
of ROS. Increased lipid peroxidation was observed in one study in rats and two studies
in rat cells or cell lines. PFOS has also been shown to alter antioxidant enzyme activity
and glutathione levels in one study in rats and two studies in human HepG2 cells.
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e KC7: Several animal studies have shown that PFOS suppresses TDAR/TIAR IgM
production and reduces cellularity of T cells and B cells. PFOS also suppresses NK cell
activity, as shown in one study in cultured human blood cells and three studies in mice,
although one other mouse study reported an increase in NK cell activity. The
preponderance of evidence shows that PFOA and PFOS can suppress the immune
system in ways that would allow neoplastic cells to escape immune surveillance,
survive, and replicate to form tumors.

e KC8: Several animal studies have shown that PFOS alters the expression of genes that
are regulated by ERa, PPARa, PPARY, PXR, and CAR, and one reporter gene study
shows PFOS activates murine PPARf/$ in vitro. The evidence for the estrogenic effect
of PFOS also comes from increased ER reporter activity in human cells in vitro,
increased proliferation of estrogen-responsive human breast cancer cell lines in several
studies, weak binding to ER in fish, and similar gene expression patterns between
PFOS and E2 in fish. One reporter gene study indicates PFOS inhibited androgen
receptor (AR) activation by dihydrotestosterone (DHT). There is also evidence from
animal studies that PFOS can decrease thyroid hormone levels and increase estradiol
levels.

o KC10: Two studies in rats provide evidence that PFOS increases cell proliferation and
inhibits apoptosis in the liver, with the latter effect being long-lived. In multiple studies of
human fetal liver, breast and ovarian cell lines, PFOS increased cell proliferation. In
addition, PFOS altered the expression of proteins linked to cell proliferation, including
increasing levels of regulatory cell cycle proteins and growth factors in a human fetal
liver cell line, and increased cell proliferation in multiple studies of human breast,
ovarian, and fetal liver cell lines.

5.7.4. Conclusions

Based on the evidence of cancer in human and animal studies (Table 5.7.11), OEHHA
determined that PFOA and PFOS should be evaluated as carcinogens.

The association of PFOA and kidney cancer in humans provides strong evidence of
carcinogenicity. Additionally, hepatic and pancreatic acinar tumors have been reported in
animal carcinogenicity studies of PFOA, while hepatic and pancreatic islet tumors have been
reported in animal carcinogenicity studies of PFOS. OEHHA determined that the cancer data
derived from animal studies are relevant to human health, and support the positive cancer
findings in the human epidemiology data. PFOA appears to act through multiple MOAs, and the
PPARa MOA does not adequately explain the incidences of pancreatic and testicular tumors
reported. Furthermore, there is considerable uncertainty whether hepatic tumors in rodents are
solely induced by activation of PPARq, so the liver tumors in rodents induced by PFOA and
PFOS should not be dismissed due to the assumption that it lacks human relevance.

Mechanistic studies of PFOA and PFOS have shown that these chemicals possess several of
the key characteristics of carcinogens, including the ability to induce oxidative stress,
inflammation, and modulate receptor-mediated effects. Additionally, there is suggestive
evidence that PFOA and PFOS are genotoxic, thus a genotoxic MOA for cancer remains
plausible. These data support the human and animal evidence that PFOA and PFOS present a
carcinogenic hazard.
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Table 5.7.11. Summary of OEHHA'’s conclusions regarding the human and experimental

animal data on PFOA and PFOS and cancer

Outcome

PFOA

PFOS

Bladder cancer in humans

Mostly no association

Few studies, no clear or
consistent associations

Breast cancer in humans

High relative risks in some
subgroups but yet to be
confirmed

High relative risks in some
subgroups but yet to be
confirmed

Kidney cancer in humans

Strong evidence, including a
large multicentric study, mostly
positive findings

Few studies, no clear or
consistent associations

Liver cancer in humans

Some positive associations from
occupational studies but small
sample sizes

Few studies, small sample sizes

Pancreatic cancer in
humans

Weak evidence, most studies
with small sample sizes

Few studies, no clear or
consistent associations

Prostate cancer in humans

Mostly no association

Few studies, no clear or
consistent associations

Testicular cancer in
humans

Some positive associations but
small sample sizes

No studies

Liver tumors in animals

Positive evidence in both sexes
of rats, identified by multiple
laboratories, with one study
showing evidence of
transplacental carcinogenicity in
mice

Positive evidence in both sexes
of rats

Pancreatic tumors in
animals

Positive evidence in male rats
(multiple laboratories) and female
rats

Positive evidence in male rats

Testicular tumors in
animals

Positive evidence in multiple
studies

Not reported

Uterine tumors in animals

Positive evidence in one study

Not reported

5.8. Other Toxic Effects

Effects of PFOA and PFOS on the immune system, liver, thyroid, reproduction and

development, and the nervous system have been described in their respective sections above.

Additional noncancer toxicities are reported in this section.

US EPA (2016b) reported that reduction in body weight was commonly observed in animal

studies of PFOA. Additional toxicity endpoints in animal studies included increased absolute
and/or relative kidney weight in rats (Butenhoff et al., 2004; Cui et al., 2009, as reported in US
EPA, 2016b), effects on the lung, including pulmonary congestion, in rats (Cui et al., 2009, as
reported in US EPA 2016b), effects on the adrenal cortex in male rats (Butenhoff et al., 2004, as
reported in US EPA, 2016b), and increased serum leptin and insulin levels in mice (Hines et al.,
2009, as reported in US EPA, 2016b).
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Like PFOA, US EPA (2016d) reported that PFOS reduced body weight in rats and monkeys. In
monkeys, oral administration of PFOS induced gastrointestinal toxicity (anorexia, emesis, black
stool), lipid depletion in the adrenals, atrophy of pancreatic exocrine and serous alveolar cells,
and pulmonary necrosis and inflammation (Goldenthal et al., 1978; Goldenthal et al., 1979;
Seacat et al., 2002, as reported in US EPA, 2016d). Acute inhalation exposure in rats induced
breathing disturbances and discoloration of the lung (Rusch et al., 1979, as reported in US EPA,
2016d).

5.8.1. Recent Animal Evidence

Animal studies of PFOA and PFOS, published from 2016 onward, reporting toxicity outcomes
outside of the broad categories discussed in previous sections are described below.

Decreases in body weight gain were reported in a number of short-term studies of PFOA in
rodents (Hui et al., 2017; Suo et al., 2017; Du et al., 2018; Crebelli et al., 2019; Cui et al., 2019;
Song et al., 2019). However, one study did report an increase in body weight (Koskela et al.,
2016).

Several PFOA studies reported adverse effects in adipose tissue in mice, including decreased
adipose tissue mass (Li et al., 2019d; Pouwer et al., 2019) and increased adipocyte cell size
(van Esterik et al., 2016). Du et al. (2018) reported adipose tissue histopathology (including
atrophy, nucleolus deformation, cytoskeletal impairment, vacuolization, and reduced
organelles), increased adipose cell death, and reduced leptin and adiponectin levels in the
blood of mice. PFOA can activate uncoupling protein 1 (UCP1) in brown adipose tissue, which
is normally activated by fatty acids (Shabalina et al., 2016). The result of activation of this
protein leads to heat production and energy consumption in animals.

PFOA has been associated with adverse effects on bone health. Koskela et al. (2016) reported
changes in bone density and morphometric properties in mice exposed to PFOA in utero.
Additionally, in utero exposure to PFOA reduced tibia and femur length (along with a decrease
in quadriceps femoris muscle weight) in mice (van Esterik et al., 2016).

Increased blood glucose levels (Zheng et al., 2017; Du et al., 2018) and increased insulin levels
(Wu et al., 2017; Du et al., 2018; Wu et al., 2018) were reported in several mouse studies of
PFOA. Furthermore, PFOA induced changes in pancreatic cytoarchitecture and serum
trypsinase levels (Wu et al., 2017), and changes in glucose metabolism/homeostasis pathways
(Wu et al., 2017; Zheng et al., 2017) in male mice.

Much like PFOA, PFOS has been reported to cause decreases in body weight gain in rodents
(Li et al., 2016b; Qu et al., 2016; Wan et al., 2016; Xing et al., 2016; Bagley et al., 2017; Wang
et al., 2018; Su et al., 2019). Other effects in rodents include decreased absolute kidney weight
(Xing et al., 2016), sensitivity to light (Bagley et al., 2017), increased serum corticotropic
releasing factor (CRF), adrenocorticotropic hormone (ACTH) and corticosterone (Salgado-
Freiria et al., 2018), and changes in gut metabolism and gut bacteria (Xu et al., 2017; Lai et al.,
2018; Salgado-Freiria et al., 2018). Acute exposure to PFOS increased mortality, rough hair,
constipation, anorexia, asthenia, syncope, and reduced food consumption in mice (Xing et al.,
2016).
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PFOS has been associated with an early reduction in blood glucose following glucose or insulin
administration in female mice (Lai et al., 2018), and increased insulin levels in the serum of
male mice (Su et al., 2019).

5.8.2. Recent Mechanistic Evidence

Mechanistic studies of PFOA and PFOS, published from 2016 onward, that fall outside the
broad toxicity categories above are described below.

In a metabolomics study using rat kidney mesangial cells, a model of diabetic kidney disease,
PFOA altered amino acid biosynthesis and metabolism (Gong et al., 2019). Fibrosis and
inflammation were also observed in PFOA exposed cells. In frog kidney cells, PFOA caused
alterations in DNA/RNA (genotoxicity), secondary protein structure, lipids, and fatty acids in cells
that formed monolayers and in cells differentiating into dome structures (Gorrochategui et al.,
2016). Low doses of PFOA had a greater effect on cells forming monolayers while high doses
had a greater effect on dome forming structures.

Animal studies show that PFOA can impact bone development, and this is supported by several
in vitro studies. (Koskela et al., 2017) reported that PFOA induced an increase in osteoclasts
derived from human peripheral blood, and an increase in osteoclast resorption area. In MC3T3-
E1 osteoblast cells, PFOA increased levels of oxidative stress (increased ROS and
mitochondrial superoxide), adversely impacted mitochrondrial function (increased membrane
potential collapse, decreased adenosine triphosphate (ATP) production, increased cardiolipin
peroxidation, and increased cytochrome c release), and osteoblast differentiation (decreased
collagen synthesis, decreased alkaline phosphatase (ALP) activity, and decreased
mineralization) (Choi et al., 2017). PFOA also altered mRNA and protein levels of transcription
factors and the expression of other genes related to osteogenic differentiation in human
mesenchymal stem cells (Liu et al., 2019a; Pan et al., 2019). In mouse osteoblast cells
(MC3T3-E1), PFOA altered levels of osteoblast differentiation markers, increased the number of
multinucleated osteoclasts, and altered bone resorption levels (Koskela et al., 2016).

Berntsen et al. (2017) exposed primary cerebellar granular neurons from rat pups to PFOA, and
reported that PFOA accumulated diffusely in cell membranes. The authors also reported that
vitamin E protected against cytotoxicity, suggesting that oxidative stress may be involved in
PFOA-induced cytotoxicity, but there was no observed increase in ROS or lipid peroxidation.

PFOA induced markers of oxidative stress in human erythrocytes (Pan et al., 2018). PFOA also
increased ROS levels and autophagy in the mitochondria and endoplasmic reticulum of A549
lung cancer cells via activation of the MAPK pathway and inhibition of the PI3BK/AKT pathway
(Xin et al., 2018b). Inhibition of autophagy increased PFOA toxicity, suggesting that autophagy
has a protective function.

Studies have shown that PFOA can bind to steroid hormone receptors (Kang et al., 2016; Behr
et al., 2018; Chaparro-Ortega et al., 2018; Qu et al., 2018; Cao et al., 2019; McComb et al.,
2019; Xin et al., 2019). Interaction with steroid hormone receptors can alter normal hormone
secretion. PFOA decreased adrenocorticotropic hormone, and increased corticosteroid binding
globulin (CBG) and cortisone in mice (Sun et al., 2018b). Additionally, PFOA can bind to
transporters such as fatty acid binding protein and T4 serum carrier-protein transthyretin (TTR)
(Selano et al., 2019), displacing endogenous ligands and disrupting essential processes in the
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liver. PFOA has also been shown to bind to pepsin, an enzyme in the stomach that breaks
proteins down into polypeptides (Yue et al., 2016).

Associations between PFOA and changes in lipid metabolism and homeostasis have been
reported in human epidemiology studies and animal toxicity studies, and these endpoints are
supported by in vitro mechanistic studies. Adipocyte differentiation and lipid accumulation were
observed in human and mouse adipocytes exposed to PFOA (Ma et al., 2018; Li et al., 2019b).
In T3-L1 preadipocytes, PFOA caused a dose-dependent increase in adipocyte proliferation and
increase in accumulation of lipids and triglycerides (Ma et al., 2018).

In a study comparing gene expression analyses of endocrine disrupting chemicals, PFOA
altered genes related to cellular infiltration, necrosis and hypertrophy, and NRF2-mediated
oxidative stress in rhesus monkey embryonic cells (Midic et al., 2016). In rhesus monkey
trophoblast stem cells, PFOA induced gene expression changes in many different pathways,
including cysteine metabolism, interleukin signaling, and PPAR, among others (Midic et al.,
2018).

Recent in vitro studies indicate that PFOA can impact pancreatic cells. Liu et al. (2018d)
showed that PFOA impaired specification of pancreatic progenitor cells from human embryonic
cells. Additionally, PFOA decreased cell viability, increased apoptosis and oxidative stress and
caused mitochondrial membrane potential collapse in rat pancreatic B-cell-derived RIN-m5F
cells (Suh et al., 2017).

PFOA can activate the kallikrein-kinin system (KKS) in mice and in human retina endothelial
cells. KKS is involved in regulating inflammation, blood pressure and vascular permeability (Liu
et al., 2017a; Liu et al., 2018c).

PFOA induced decreased cell viability, cell morphology changes and increased intracellular

calcium in chicken primary embryo cardiomyocytes (Lv et al., 2019). The observed toxicity was
due to changes in protein expression of Wnt5a/Frizzled2, which regulates calcium homeostasis.
Further, interaction of PFOA with PPARa was shown to play a role in regulating these proteins.

PFOA can partition into bacterial and model phospholipid bilayers, and affect lateral
phospholipid interactions within the bilayer (Fitzgerald et al., 2018). While the significance of
these findings to human health is unclear, alteration of the cellular membrane lipid bilayer could
theoretically impair the function of many proteins embedded in the lipid bilayer.

In a metabolomics study of a diabetic kidney disease model of rat kidney mesangial cells, PFOS
increased oxidative stress and changed amino acid biosynthesis and metabolism, which
subsequently lead to increased fibrosis and inflammation (Gong et al., 2019). PFOS caused
epithelial-mesenchymal transition (EMT)-associated renal fibrosis in rat tubular epithelial cells
(Chou et al., 2017). Renal fibrosis was shown to be through Sirtl-mediated PPARY
deacetylation. PFOS induced apoptosis of rat renal tubular cells was also shown to be
associated with Sirtl and a PPARy-dependent mechanism (Wen et al., 2016). Like PFOA,
PFOS caused alteration in DNA/RNA, secondary protein structure, lipids, and fatty acids in frog
kidney cells (Gorrochategui et al., 2016). The authors suggest that the nucleic acid alterations
are indicative of genotoxicity.

PFOS suppressed osteogenic differentiation in human bone marrow derived mesenchymal stem
cells via inhibition of calcium deposition and changes in mRNA levels of osteogenic markers
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and transcription factors (Liu et al., 2019b). Liu et al. (2019b) also report changes in markers of
bone turnover. Similarly, (Pan et al., 2019) reported changes in mRNA and protein levels of
genes involved in osteogenic differentiation in human mesenchymal stem cells.

PFOS can activate UCP1 in brown adipose tissue, which is normally activated by fatty acids
(Shabalina et al., 2016). Activation of this protein leads to heat production and energy
consumption in animals. The authors suggest this may pose a risk of altered energy
metabolism to newborns and infants, who normally have brown adipose tissue and can be
exposed to PFOS through breastmilk.

Several in vitro and in silico studies demonstrate that PFOS affects adipogenesis and may be
an environmental risk factor for obesity. PFOS induced adipogenesis in vitro in murine-derived
3T3-L1 preadipocytes and in vivo in mice through activation of Nrf2 signaling (Xu et al., 2016).
In mice, PFOS also induced PPARy and CCAAT-enhancer binding protein a expression, a
transcription factor involved in adipogenesis and adipocyte differentiation. Molecular docking
analyses show that PFOS can bind to PPARYy (as well as PPAR « and ), which are important
regulatory pathways for adipogenesis (Li et al., 2018a). PFOS also increased lipid content in
3T3-L1 cells in a dose-dependent manner and enhanced expression of adipogenic related
genes. However, PFOS decreased lipid accumulation in human differentiating adipocytes and
affected DNA methylation of adipogenic genes, although gene expression was not affected,
suggesting minimal impacts on adipogenic pathways (van den Dungen et al., 2017).

A binding study by Kumar et al. (2018) showed that PFOS binds to the alpha4-helical domain in
proteins involved in cholesterol biotransformation and transport in mitochondria.

Chen et al. (2018c) and Chen et al. (2018d) reported increased markers of inflammation (glial
fibrillary acidic protein and proliferating cell nuclear antigen (PCNA)), changes in cytokine
expression (IL-18, TNF-a), and modulation of signal transduction pathways (NF-kB,
JAK2/STAT3) in C6 glioma cells (astrocytes) exposed to PFOS. Similarly, PFOS activated the
JAK2/STAT3 pathway in astrocytes from newborn rat pups (Chen et al., 2018d). The authors
propose that PFOS activates NF-kB and JAK2/STATS3 signaling, which subsequently activates
astrocytes and leads to the secretion of pro-inflammatory cytokines. Chen et al. (2018d) also
exposed SH-SY5Y human neuroblastoma cells to the cellular media used in the experiments
with the C6 glioma cell line (containing cytokines secreted from astrocytes following exposure to
PFOS). The neuroblastoma cells displayed elevated biomarkers of apoptosis (increased
activation of caspase 3 and cleavage of poly (ADP-ribose) polymerase (PARP)), and the
authors claim that TNF-a secreted from astrocytes in response to PFOS exposure is
responsible.

PFOS altered gene and protein expression of neuroendocrine hormones (such as gonadotropin
releasing hormone, luteinizing hormone, and follicle stimulating hormone) in the hypothalamic-
pituitary-thyroid axis of rats (Lépez-Doval et al., 2016). Additionally, PFOS induced changes in
corticotropic releasing factor and glucocorticoid receptors in the brain of male rats (Salgado-
Freiria et al., 2018), and reduced kisspeptin expression (which regulates gonadotropin releasing
hormone in the hypothalamus) in female mice (Wang et al., 2018). PFOS can interact with
steroid hormone receptors, which can result in subsequent changes to hormone secretion
(Kang et al., 2016; Behr et al., 2018; Chaparro-Ortega et al., 2018; Qu et al., 2018; Cao et al.,
2019; McComb et al., 2019). In mouse Leydig tumor cells, PFOS disrupted membrane
potential, increased ROS production and disrupted progesterone production (Zhao et al., 2017).
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Liu et al. (2018d) showed the PFOS impaired specification of pancreatic progenitor cells from
human embryonic cells. Disrupted development of the pancreas can lead to metabolic diseases
such as diabetes, which have been linked to PFOS exposure in people.

PFOS can activate the KKS in mice and in human retina endothelial cells. KKS is involved in
regulating inflammation, blood pressure and vascular permeability (Liu et al., 2017a; Liu et al.,
2018c).

A mechanism for bioaccumulative properties of PFOS may be through binding to phospholipids
in lung cells and adipocytes (Sanchez Garcia et al., 2018). In a docking study, PFOS was
shown to bind to human serum albumin (HSA) through electrostatic forces and hydrogen bonds
(Liu et al., 2017b). This binding resulted in decreased esterase activity of HSA.

ToxCast High-Throughput Toxicity Screening

ToxCast™ (US EPA Toxicity Forecaster) is a chemical prioritization research program
developed by the US EPA (Dix et al., 2007; Judson et al., 2010; Kavlock et al., 2012). ToxCast
includes data generated by the Tox21 (Toxicity Testing in the 21st Century) program, which is a
multi-agency collaboration between the National Institute of Environmental Health
Sciences/National Toxicology Program, the National Center for Advancing Translational
Sciences, the US Food and Drug Administration, and US EPA’s National Center for
Computational Toxicology. ToxCast utilizes various in vitro and zebrafish systems to identify
chemical activity in a battery of high-throughput screening (HTS) assays. OEHHA explored
ToxCast data on PFOA and PFOS using information that is publicly available on the
Computational Toxicology (CompTox) Chemicals Dashboard.°

The ToxCast database on the CompTox Chemicals Dashboard reported that PFOA was active
in 81 of the 1,073 assays in which it was tested, PFOA ammonium salt was active in 58 of the
860 assays in which it was tested, PFOS was active in 260 of the 1,165 assays in which it was
tested, PFOS potassium salt was active in 179 of the 895 assays in which it was tested, and
PFOS lithium salt was active in 26 of the 238 assays in which it was tested. ToxCast assays in
which PFOA, PFOA ammonium salt, PFOS, PFOS potassium salt, and PFOS lithium salt were
active are shown in Appendix 9, Tables A9.1-A9.5, respectively. Although there were several
curve-fitting flags (flag details are not included in Appendix 9) associated with some ToxCast
assays in which PFOA, PFOS, and their salts were active, OEHHA did not apply these flags as
a cutoff for excluding assays, for the following reasons. First, these curve-fitting flags are
subject to change as the ToxCast data analysis pipeline evolves (Thomas et al., 2019).
Second, completely filtering out all active assay calls that have curve-fitting flags is not
recommended because potential biological signals could be omitted (Judson et al., 2016).

There are several limitations that exist in the PFOA and PFOS ToxCast datasets. First, the
purity grades of PFOA, PFOA ammonium salt, PFOS, PFOS potassium salt, and PFOS lithium
used in the ToxCast assays were not reported, while the purity grades of the test substances
used in the Tox21 assays are reported as “unknown/inconclusive,” based on the Tox21 quality
control analyses.!! Also, PFOA and PFOS and their salts are surfactants, and the disposition of
these chemicals in ToxCast in vitro assay systems (other than the zebra fish assays) remain
uncertain. It has been acknowledged that chemical disposition and partitioning can greatly

10 https://comptox.epa.gov/dashboard, accessed on May 3, 2021
11 https://tripod.nih.gov/tox21/samples, accessed on May 3, 2021
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affect the accuracy of predictions from in vitro test systems.'? Additionally, the surfactant
properties of PFOA and PFOS may cause cell lysis and cytotoxicity at high concentrations in
cell-based assays, e.g., in human bronchial epithelial cells (Sorli et al., 2020). Due to these
limitations, the ToxCast data on PFOA and PFOS and their salts are not considered to
contribute much to the overall body of mechanistic evidence for these chemicals.

5.8.3. Conclusions

PFOA induces multiple toxicity endpoints in experimental animals, including reduction in body
weight, adverse effects on adipose tissue, negative impacts on bone health, and perturbations
of glucose homeostasis. In vitro mechanistic studies of PFOA on adipose tissue and
osteoclasts/osteoblasts support the in vivo evidence. Other mechanistic studies reveal
additional potential MOAs of PFOA, including inducing oxidative stress, interaction with steroid
hormone receptors, perturbation of metabolism, disruption of normal macromolecule structure,
and inducing fibrosis and inflammation in rat kidney cells.

Much like PFOA, PFOS commonly induces reductions in body weight in animals. Other
endpoints have been reported in the literature, but consistent observations across studies are
not observed. Mechanistically, PFOS behaves similarly to PFOA in many of the evaluated
studies, including effects on bone and adipose tissue, generation of ROS, interactions with
steroid hormone receptors, and induction of fibrosis and inflammation in rat kidney cells.

12 Tox21 Cross-Partner Projects. 4. In vitro Chemical Disposition. Available: https://tox21.gov/projects/.
Crizer D, Sipes N, Waidyananthaet S et al (2020): In Vitro Disposition of Tox21 Chemicals: Initial Results
and Next Steps. Available: https://www.epa.gov/sites/production/files/2020-

10/documents/7_david_crizer epa nams_conference 2020_508c.pdf
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6. DOSE-RESPONSE ASSESSMENT

6.1. Noncancer Dose-Response Analyses and Acceptable Daily Dose
Derivation

6.1.1. Perfluorooctanoic Acid
Human Studies

Based on its review of the currently available human studies, OEHHA has determined that the
most sensitive noncancer endpoints for PFOA are immunotoxicity, liver toxicity, and alterations
in lipid metabolism or production. A number of studies have also linked PFOA to adverse
effects related to the thyroid gland and alterations of thyroid hormone levels; however, these
findings were too inconsistent for OEHHA to make firm conclusions regarding these outcomes.
Associations with several reproductive and developmental outcomes have also been reported.
While the positive associations reported in some of these studies are cause for concern, overall,
the findings from study to study were also somewhat inconsistent, and OEHHA was unable to
identify studies that could be used to accurately evaluate the dose-response patterns for these
outcomes.

In the following sections, OEHHA presents the human studies it considered as candidate
studies for its POD determinations.

Immunotoxicity

A number of animal and human studies have provided evidence that PFOA can increase the
risks of immune-related diseases or otherwise adversely affect the immune system. With
regards to human studies, increased serum levels of PFOA have been linked to diminished
antibody levels in response to vaccinations for diphtheria, tetanus, rubella, mumps, and
influenza (Hib) (Granum et al., 2013; Looker et al., 2014; Stein et al., 2016b; Grandjean et al.,
2017a; Grandjean et al., 2017b; Pilkerton et al., 2018; Abraham et al., 2020). These findings
have been seen in both adults and children, although the greatest effect sizes have been
reported in children. For example, decreases in tetanus and diphtheria antibody concentrations
of 25% or more have been reported for each doubling of PFOA serum concentration in children
from the Faroe Islands (Grandjean et al., 2017a) (Table 5.1.1). A number of other studies have
identified associations between PFOA and immune-related diseases such as asthma or
respiratory tract infections (Qin et al., 2017; Timmermann et al., 2017; Impinen et al., 2018;
Averina et al., 2019; Kvalem et al., 2020), although the evidence on these outcomes is less
consistent than that seen for diminished vaccine response.

The most sensitive endpoints for vaccine response appear to be response to childhood
influenza, tetanus, and diphtheria vaccinations. The human studies that considered these
endpoints include research from two Faroe Islands cohorts and the study in healthy one-year
old children in Germany by Abraham et al. (2020). These studies, and the PODs that OEHHA
derived from them, are discussed below.
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Abraham et al. (2020):

NOAEC/LOAEC method: Details of the Abraham et al. (2020) study are provided in Chapter 5.
The results from this study for influenza (Hib), tetanus, and diphtheria antibody levels are shown
in Table 6.1.1. The NOAECSs are highlighted in green in this table. These are the mean PFOA
serum concentrations in the highest quintile of PFOA that did not show a statistically significant
difference in antibody levels, which in all three cases is the 4™ quintile, compared to the
reference category (the lowest quintile of PFOA). The p-values in this table were calculated by
the study authors using linear regression models adjusted for the number of vaccinations the
child had received and for the time since the last vaccination. As shown, the NOAECs ranged
from 18.9 to 19.4 ng/ml. The authors also presented data by PFOA deciles, which involved
smaller sample sizes and less statistical power but showed similar NOAECs (20.5 to 22.4
ng/ml).

Table 6.1.1. Mean serum antibody concentrations by quintiles of
serum PFOA (ng/ml) from Abraham et al. (2020). The NOAECs
are highlighted in green.

Anti-Hib (mg/dl)

Quintile PFOA! N Mean? SD p-value
1 34 20 1.84 0.68 Ref
2 8.5 20 1.84 0.71 0.98
3 14.8 20 1.84 0.84 0.98
5 25.7 18 1.19 0.6 0.003

Anti-tetanus (mg/L)

Quintile PFOA! N Mean? SD p-value
1 34 20 1.07 0.31 Ref
2 8.5 20 1.04 0.44 0.77
3 14.5 20 1.02 0.39 0.67
5 25.3 20 0.74 0.36 0.003

Anti-diphtheria (1U/ml)

Quintile PFOA! N Mean? SD p-value
1 34 20 0.50 0.41 Ref
2 8.5 20 0.57 0.29 0.56
3 14.5 20 0.64 0.36 0.26
4 18.9 20 0.40 0.45 0.49
5 25.3 20 0.13 0.53 0.02

Abbreviations: Ref, reference category; SD, standard deviation
! Mean PFOA serum concentrations (ng/ml) in each quintile
2 Logio values of the adjusted antibody levels
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Knee function method: The authors of Abraham et al. (2020) also estimated NOAECs using the
knee function method. Here, they used the breakpoint in a piecewise linear regression model
with two segments to estimate the ‘knee’ function, the point at which the association between
increasing PFOA and decreasing antibody levels begins to occur. An informative visual display
of these results can be seen in Figure 3 of the Abraham et al. (2020) publication. Based on this
method, the study authors reported NOAECs of 12.2, 16.9, and 16.2 ng/ml for Hib, tetanus, and
diphtheria, respectively.

BMD method: The means of the log10 transformed adjusted antibody concentrations at each
PFOA quintile are shown in Table 6.1..1. OEHHA performed BMD modeling using a 10%
decrease in vaccine response as the BMR. A BMR of 10% is within the lower range of the
response levels seen in this study, which ranged from 0 to 86%. A one SD change from the
control mean (quantile 1) was not used because it was generally outside of the observed range
of responses. BMD modeling based on clinical reference levels for long- or short-term immunity
were also not performed because mean antibody levels in all PFOA quintiles appeared to fall
above clinical reference levels (Plotkin, 2010).

Because a 10% decrease in the mean of the log10 values is not the same as a 10% decrease
on the absolute (non-logged) scale, the BMR was estimated after back-transforming the log10
values shown in Table 6.1.1 out of the log10 scale (see model run outputs in Appendix 10).
This should be considered a somewhat conservative estimate (i.e., slightly less than 10%) since
the mean of the log10 transformed antibody levels is typically lower than the log10 of the mean
of the absolute (non-logged) levels. Using this BMR, the Hill model gave a BMD3, of 16.8 ng/ml
and a BMDL3o of 2.8 ng/ml (p-value for model fit=0.99) for Hib. This BMD:BMDL ratio is fairly
large (e.g., >5) highlighting the uncertainty in this particular dataset. The corresponding BMD1o
and BMDL o values for tetanus antibody levels were 20.0 and 6.5 ng/ml (p-value for model
fit=0.68). For diphtheria antibody levels, the corresponding values were 17.0 and 11.4 ng/ml (p-
value for model fit=0.35). Overall, the effect of a 10% decrease in antibody response is likely to
be minor in most children. However, the impacts of these small decreases could be much more
important in children who already have compromised or borderline-compromised immune
systems for other reasons. As such, these small effects could have important implications for
the population as a whole, especially given the very widespread nature of PFOA exposure.

Faroe Islands studies:

NOAEC/LOAEC method: Associations between serum PFOA concentrations and serum
antibody levels in response to diphtheria and tetanus vaccinations in children were assessed in
two Faroe Islands cohorts (Grandjean et al., 2017a). Details of these studies are provided in
Appendix 7, Table A7.3. Categorical data, which can be used to develop NOAECS, were not
available from the peer-reviewed publications but results for diphtheria have been published in a
preliminary report from the Europen Food Safety Authority (EFSA, 2020). These are shown in
Table 6.1.2. As seen, the NOAEC is a serum level of 4.75 ng/ml. Categorical data for tetanus
were not available.
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Table 6.1.2. Mean serum diphtheria antibody concentrations at age 7
by quintiles of serum PFOA (ng/ml) at age 5 from the Faroe Islands
cohort (EFSA, 2020). The NOAEC is highlighted in green.

Quintile  PFOA? N Mean? SD p-value
1 2.75 86 0.15 1.60 Ref
2 3.45 86 -0.23 1.97 0.22
3 4.05 86 -0.28 1.89 0.11
4 4.75 86 0.13 2.09 0.94
5 6.10 86 -0.60 1.90 0.007

Abbreviations: Ref, reference category; SD, standard deviation
! Mean PFOA serum concentrations (ng/ml) in each quintile
2 Log2 values of mean serum antibody concentrations

BMD method: As reviewed in Chapter 5 and shown in Table 5.1.4, BMD calculations have been
performed by two of the Faroe Islands study investigators (Budtz-Jorgensen and Grandjean,
2018). Using a piecewise model with a 5% decrease in antibody levels as the BMR, the authors
reported a BMDos and BMDLs of 0.67 and 0.17 ng/ml, respectively, for tetanus antibody, and a
BMDos and BMDLgs of 1.06 and 0.20 ng/ml, respectively, for diphtheria antibody. Both of these
BMDLs are well below the lowest PFOA serum concentration observed in this study. OEHHA
performed its own BMD modeling and obtained mostly similar results, with large BMD:BMDL
ratios (e.g., >5) and BMDLs that were also well below the range of observed values. The most
likely reason the BMD:BMDL ratios were so large was the high degree of variability (i.e., the
very large standard deviations) in antibody levels seen in each PFOA exposure category.

Liver Toxicity

As reviewed above, animal and human studies have shown that PFOA can cause liver toxicity.
The most consistent liver toxicity-related endpoint seen in the human epidemiologic data are
increases in the liver enzyme, ALT. By far the two largest studies of PFOA and ALT in humans
are those of Gallo et al. (2012) and Darrow et al. (2016), both performed in the C8 study area
(mid-Ohio River Valley, West Virginia and Ohio). Both of these studies were cross-sectional
and both involved over 30,000 adults. Details on the Darrow et al. (2016) study can be found in
Appendix 7, Table A7.5. The Gallo et al. (2012) study was reviewed by US EPA (2016b). The
Gallo et al. (2012) and Darrow et al. (2016) studies were similar in all major aspects of study
design except that while Gallo et al. (2012) based PFOA exposure on measured PFOA serum
concentrations, the Darrow et al. (2016) study based PFOA exposure on modeled PFOA serum
levels. These modeled levels were developed using the participant’s residences, PFOA
drinking water concentrations, emissions data, environmental fate and transport models, and
other factors. Further details on this exposure model can be found in Shin et al. (2011).

Both the Darrow et al. (2016) and Gallo et al. (2012) studies evaluated the relationship between
PFOA and ALT using two general types of analyses. In the first, subjects were divided into
guantiles of PFOA exposure (quintiles in Darrow et al. (2016) and deciles in Gallo et al. (2012)),
and linear regression models were used to compare mean ALT levels in each non-reference
guantile to the mean ALT level in the lowest (reference) quantile. In the second type of
analysis, a cut-off point was used to define high or elevated ALT, and ORs for having an ALT
level above this cutoff point were calculated for each non-reference quantile compared to the
lowest (reference) quantile. The cutoff values used to define elevated ALT levels in both studies
were 45 |U/L for men and 34 IU/L for women. These are clinically based reference levels used
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by the International Federation of Clinical Chemistry and Laboratory Medicine (Schumann et al.,
2002), and were approximately the 90" percentile of all ALT values in these studies.

ALT means:

NOAEC/LOAEC method: OEHHA selected the Darrow et al. (2016) study involving modeled
PFOA exposure levels for its dose-response analysis of mean ALT concentrations. Gallo et al.
(2012) presented similar data for measured serum PFOA concentrations in figure form and
these also showed a dose-response relationship between increasing PFOA and increasing ALT.
A validation study has shown a good correlation between measured and modeled PFOA serum
levels in the C8 cohort (Shin et al., 2011). The results from Darrow et al. (2016) are shown in
Table 6.1.3. Sample sizes in each PFOA quintile were not provided, so they were estimated by
dividing the total sample size by five. The mean PFOA concentrations in each quintile were
also not provided, so OEHHA used the category midpoints. An exception to this was quintile 5.
Here a value of 507 ng/ml was used since another publication involving a subsample of the C8
cohort (Vieira et al., 2013) showed that this was likely to be the most common exposure level, or
close to the most common exposure level, in participants with modeled exposures above 81
ng/ml, the lower cut-off point of the 5" quintile in Darrow et al. (2016). This value had no impact
on the LOAEC or NOAEC derived from this study, and the effect of selecting this value on BMD
calculations was evaluated in sensitivity analyses. The Darrow et al. (2016) study authors used
a linear regression analysis to calculate the difference in adjusted mean ALT levels between
PFOA quintiles 2-5 and quintile 1. Because ALT levels were lognormal transformed for these
analyses, the regression coefficients (b) can be used to calculate the percent differences in ALT
values between these quintiles (on an absolute, non-logged scale) using the equation: percent
difference = [exp(b) — 1] X 100%. As seen in Table 6.1.3, the NOAEC is 8.6 ng/ml.

Table 6.1.3. Regression coefficients for the mean
differences in serum ALT by quintile of modeled
serum PFOA (ng/ml) from Darrow et al. (2016).
The NOAEC is highlighted in green.

Quintile N PFOA! b 95% ClI
1 6,145 4.2 0 Ref
-0.016-0.018
3 6,145 19.0 0.023 0.007-0.040
4 6,145 54.1 0.036 0.019-0.053
5 6,145 507 0.048 0.031-0.066

Abbreviations: b, regression coefficient; Cl, confidence
interval; Ref, reference category

! Category midpoints for PFOA serum concentrations
(ng/ml) except highest quintile based on data
presented in Vieira et al. (2013)

BMD method: OEHHA performed a BMD analysis of the Darrow et al. (2016) data shown in
Table 6.1.3, but when data from all five quintiles were used, these calculations resulted in either
non-convergence, wide BMD:BMDL ratios (e.g., >5), or BMDLSs that were far below the range of
observed PFOA values. As such, these results were not used to derive a POD. Similar results
were obtained when other estimates of the mean or median PFOA concentration in quintile 5
were used (e.g., the estimated quintile 5 mean of 235 ng/ml based on Gallo et al. (2012)).
When the highest PFOA quintile was excluded, the Hill model for a BMRo: (a 1% increase in
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mean ALT from the reference category) gave a BMDo1 and BMDL,; of 14.1 and 8.0 respectively.
The regression coefficient in quintile 5 corresponds to a difference of 4.9%, so a BMRs was
outside the range of observed responses. A BMR involving a one standard deviation change in
ALT was also above the range of observed responses (i.e., >4.9% increase in mean ALT from
the reference category).

ORs for high ALT:

NOAEC/LOAEC method: OEHHA selected the Gallo et al. (2012) study for its analyses of ORs
for high ALT in the C8 cohort because the results of this study showed a more consistent and
clear dose-response pattern than seen in Darrow et al. (2016). The ORs from the Gallo et al.
(2012) study are shown in Table 6.1.4. Mean PFOA concentrations in each decile were not
provided with the OR results, so they were based on digitized data from Figure 1 of the Gallo et
al. (2012) publication. As seen in Table 6.1.4, the NOAEC is 9.8 ng/ml. The OR at the LOAEC
(decile 3; OR =1.19) represents about a 1.5% increase in the prevalence of having a high ALT
compared to the prevalence in lowest decile (i.e., estimated prevalences of 10.4% vs. 8.9% in
deciles 3 and 1, respectively).

BMD method: OEHHA used two general analytic approaches to calculate a BMD for the Gallo
et al. (2012) ORs: the Generalized Least Squares for Trend Estimation (glst) method
(Greenland and Longnecker, 1992) performed in Stata version 15, and analyses using the US
EPA BMDS. Because a BMR of 5% was above the range of observed effect sizes in this study,
a BMR of 1% (that is, a 1% increase in the prevalence of having elevated ALT compared to the
lowest decile) was selected. This BMR is consistent with the guidance provided by US EPA
(US EPA, 2012) in that it is in the lower range of the observed effect sizes, and it likely
represents an important adverse effect (discussed in further detail below). BMD analyses using
all ten deciles resulted in relatively poor model fit and BMDs that were not well correlated with
the observed data. BMD analyses using only deciles 1-5 resulted in much improved model fit
and, on visual inspection, resulted in BMDs that correlated well with the observed data. Using
deciles 1-5, the BMDo: and BMDL,: based on the glst method (p-value for model fit=0.96) were
12.4 and 10.6 ng/ml, respectively. The corresponding values using BMDS (Hill model; p-value
for model fit=0.96) were 11.8 and 10.6 ng/ml, respectively.

Table 6.1.4. Odds ratios for elevated ALT by deciles of
measured PFOA serum concentrations (ng/ml) from
Gallo et al. (2012). The NOAEC is highlighted in green.

Decile PFOA! N OR 95% ClI

1 5.8 4,645 1.00 Ref

2 0.94-1.26

3 13.5 4,645 1.19 1.03-1.37

4 18.0 4,645 1.26 1.09-1.45

5 24.2 4,645 1.40 1.22-1.62

6 32.7 4,645 1.39 1.21-1.60

7 47.1 4,645 1.31 1.14-1.52

8 70.9 4,645 1.42 1.23-1.64

9 117.9 4,645 1.40 1.21-1.62

10 353.1 4,645 1.54 1.33-1.78
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Abbreviations: Cl, confidence interval; OR, odds ratio;
Ref, reference category

! Mean PFOA concentrations (ng/ml) in each decile based
on digitized data from Figure 1 in Gallo et al. (2012)

Serum Lipid Concentrations

A number of human studies have identified associations between increasing serum
concentrations of PFOA and increasing serum concentrations of total cholesterol (TC). OEHHA
considered three epidemiologic studies for dose-response analyses of PFOA and TC: Dong et
al. (2019), Lin et al. (2019), and Steenland et al. (2009). Associations between PFOA and TC
were more consistent in studies of adults than in studies of children, and these three studies
were the largest studies in adults that identified associations between PFOA and TC. In
addition, each of these three studies presented results that were adjusted for several potentially
important confounders (e.g., age, gender, and BMI); each used established methods to assess
PFOA exposure and lipid levels; and each presented data in a format that could be used for
dose-response analyses (e.g., mean differences or ORS).

Lin et al. (2019):

The Lin et al. (2019) study included subjects who were participants of a clinical trial of the effect
of lifestyle modifications on pre-diabetes. This study included 888 pre-diabetic adults who were
recruited from 27 medical centers in the US during the years 1996-1999. The study involved
both cross-sectional and prospective components, with the results of both components
providing evidence of an association between PFOA and increased TC. For its POD
calculations, OEHHA used the results from the cross-sectional component because they were
presented in a format that was more amendable to dose-response analysis and there was no
convincing evidence that reverse causality was responsible for the effects identified (reverse
causality is discussed in greater detail in the summary of PFOS PODs below).

NOAEC/LOAEC method: The results of Lin et al. (2019) are shown in Table 6.1.5. As shown,
the NOAEC for TC was 4.2 ng/ml. Results for LDL and TG are shown for comparison purposes,
and are similar to those for TC. The mean TC concentration in each PFOA quartile was not
provided by the study authors; only mean differences were given. However, the authors did
report that the mean TC level in all subjects combined was 204 (SD, £35.4) mg/dl. Using this
value, and the sample sizes and mean differences, the mean TC level in the lowest quartile can
be estimated to be about 195 mg/dl. Given this, the mean difference of 10.13 mg/d| at the
LOAEC represents about a 5% increase in TC compared to the lowest PFOA exposure group.

Table 6.1.5. Mean differences in serum TC, TG, and LDL by quartiles of serum PFOA
(ng/ml) from Lin et al. (2019). The NOAEC is highlighted in green.

Quartile N PFOA! TC? TG? LDL?2
1 221 2.6 (2.0-3.0) Ref Ref Ref
2 7y 7NN 0 BN RN 15.92 (-2.15-34.00)  -0.30 (-6.38-5.77)

w

227 5.6(5.3-6.2) 10.13(3.56-16.70) 14.03 (-3.83-31.89)  7.88 (1.87-13.88)
4 228 8.4 (7.4-10.3) 13.36 (6.63-20.10)  36.80 (18.49-55.10)  6.70 (0.55-12.86)

Abbreviations: LDL, low-density lipoprotein; Ref, reference category; TC, total cholesterol; TG,
triglycerides
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! Median PFOA (IQR) in each quartile
2 Mean differences in lipid levels compared to quartile 1; data in parentheses are 95% confidence
intervals

BMD method: OEHHA performed a BMD analysis of the Lin et al. (2019) data for TC shown in
Table 7.5 using the Hill model and a BMR of 5%. Standard deviations for the mean differences
(SDmean difierences) Were derived from the confidence intervals using the following equations:

Standard error (SE) = (upper 95% confidence interval — lower 95% confidence interval) -
3.92

SDmean differences = SE + \/([1 +Nref] + [1+Nex]), where Nyer is the sample size in quartile 1 and
Nexp iS the sample size in quartiles 2-4 (Cochrane Collaboration, 2011). The SD in the
reference group (quartile 1) was estimated by using the average of the SDs in quartiles 2-4.

The BMDos and BMDLos were 5.5 and 4.6 ng/ml, respectively. The BMDS was unable to
calculate model fit parameters but the visual display showed an excellent model fit.

Dong et al. (2019):

Using data from US NHANES for the years 2003-2014 on 8,948 adults, Dong et al. (2019)
calculated a BMD for PFOA and TC using a hybrid approach (Crump, 1995). Here, the cut-
off point for elevated TC was set at the upper 5" percentile of TC values in the lowest
PFOA exposure group (the actual TC value at this cutoff point was not provided), and the
BMR was defined as a 10% increase in the number of people with TC values above this
level. Further details on this analysis are provided in Section 5.3.4. Using this method,
Dong et al. (2019) reported a BMD1p and BMDL o of 10.5 and 5.6 ng/ml, respectively (Table
5.3.5). Key variables or other key results such as the cut-off point used to define elevated
TC or model fit parameters were not provided.

Steenland et al. (2009):

Steenland et al. (2009) performed a cross-sectional investigation of the relationship between
serum PFOA levels and serum lipid levels in 46,294 adults from the C8 cohort. Serum samples
and data on potentially important confounders were collected in the years 2005-2006. In their
statistical analyses, the authors analyzed serum TC levels as both a continuous and a
categorical variable. In the latter, ORs for having an elevated TC concentration were calculated
using a value of 2240 mg/d| to define elevated TC. This value has been a commonly used
guideline for defining high TC (US DHHS, 2005). Fifteen percent of the study population had
TC concentrations above this level. Subjects taking cholesterol-lowering medications were
excluded, and results were adjusted for age, gender, BMI, education, smoking, exercise, and
current alcohol consumption. Results were similar in people who fasted prior to serum
collection compared to those who did not. Associations with TC were also seen for PFOS but
the correlation between PFOA and PFOS was only moderate (R=0.32), the mean serum
concentrations of PFOA were markedly higher than those of PFOS (80.3 vs. 22.4 ng/ml,
respectively), and adjustment of the PFOA results for PFOS had only relatively small effects.

TC means

NOAEC/LOAEC method: Regression coefficients for the mean differences in TC concentrations
between deciles 2-10 and decile 1 are shown in Table 6.1.6. These coefficients were
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developed by the study authors using TC values that were lognormal transformed. As such, the
regression coefficients can be used to calculate the percent difference in TC values in deciles 2-
10 compared to decile 1 using the equation: percent difference = [exp(b) — 1] X 100%. The
SEs and p-values for the regression coefficients in Table 7.6 were provided by the study authors
and were based on their linear regression analyses. The mean PFOA concentrations in each
PFOA decile were not provided so they were estimated using deciles from another C8 study
(Gallo et al., 2012). The sample sizes in each decile were also not provided so they were
estimated using the total sample size divided by 10. SDs were estimated from the SEs using
the equations provided above for mean differences. As shown in Table 6.1.6, the increase in
TC in decile 2 compared to decile 1 was statistically significant. Thus, no NOAEC can be
derived from these data, and the LOAEC is 9.8 ng/ml.

Table 6.1.6. Regression coefficients for the mean differences in serum TC and related
results by deciles of serum PFOA (ng/ml) from Steenland et al. (2009). The LOAEC is
highlighted in blue.

Regression results for InTC Estimated percent

Decile PFOA N changein TC

b SE p Cl. Cly SD Change! CIp Cly
1 58 4,629 0 Ref 0.192 Ref
2

3 135 4,629 0.02 0.004 <0.0001 0.012 0.028 0.192 2.02%  1.22% 2.82%
4 18.0 4,629 0.03 0.004 <0.0001 0.022 0.038 0.192 3.05% 2.24% 3.86%
5 242 4,629 0.04 0.004 <0.0001 0.032 0.048 0.192 4.08% 3.27% 4.90%
6 32.7 4,629 0.03 0.004 <0.0001 0.022 0.038 0.192 3.05% 2.24% 3.86%
7 471 4,629 0.04 0.004 <0.0001 0.032 0.048 0.192 4.08%  3.27% 4.90%
8 70.9 4,629 0.04 0.004 <0.0001 0.032 0.048 0.192 4.08% 3.27% 4.90%
9 117.9 4,629 0.04 0.004 <0.0001 0.032 0.048 0.192 4.08% 3.27% 4.90%
10 353.1 4,629 0.05 0.004 <0.0001 0.042 0.058 0.192 5.13% 4.31% 5.95%

Abbreviations: b, regression coefficient; Cl., lower 95% confidence interval; Clu, upper 95% confidence interval;
In, lognormal; Ref, reference; SD, standard deviation; SE, standard error; TC, total cholesterol
! The percent increase in TC values compared to decile 1

BMD method: Using data on all PFOA deciles and a BMRo: gave a poor model fit for all models
using BMDS. Removing the highest dose group gives a BMDo: and BMDL,; of 9.9 and 8.6
ng/ml, respectively (p-value for model fit=0.06). Removing the next three highest exposure
groups did not improve model fit. However, if the highest five dose groups are removed, model
fit improves substantially but the BMDo: and BMDLo; change only slightly (9.8 and 8.5 ng/ml,
respectively; p-value for model fit=0.97).

ORs for elevated TC

NOAEC/LOAEC method: The ORs from Steenland et al. (2009) for having an elevated TC level
are shown in Table 6.1.7. Samples sizes in each quartile were not provided so they were
estimated using the total sample size divided by four. The mean PFOA concentrations in each
guartile were also not provided, so OEHHA used the category midpoints. An exception to this
was quartile 4. Here a value of 507 ng/ml was used since another publication involving a
subsample of the C8 cohort (Vieira et al., 2013) showed that this was likely to be the most
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common exposure level, or close to the most common exposure level, in participants with
modeled exposures above 67 ng/ml, the lower cut-off point of the 4th quartile in Steenland et al.
(2009). This estimate had no effect on the selection of the NOAEC or LOAEC or on BMD
calculations (see below). As seen in Table 6.1.7, the OR in the second quartile is statistically
significant, and the LOAEC is 19.9 ng/ml (rounded from 19.85 ng/ml).

BMD method: BMD calculations were not performed using these data because both the glst
and US EPA BMDS require information on the prevalence of the outcome in each exposure
group, data that were not provided. In some instances, ORs can be used to estimate disease
prevalence. In this study however, the prevalence of the outcome was fairly high (15%) and it is
unclear whether, and by how much, ORs might lead to an overestimation of risk or prevalence.

Table 6.1.7. Odds ratios for elevated serum TC by
guartiles of serum PFOA (ng/ml) from Steenland et al. (2009).
The LOAEC is highlighted in blue.

Quartile  PFOA! N OR 95% ClI
1 6.55 11,574 1.00 Ref
2 19.85 11,574 121 1.12-1.31
3 46.75 11,574 1.33 1.23-1.43
4 507 11,574 1.38 1.28-1.50

Abbreviations: Cl, 95% confidence interval, OR, odds ratio;

Ref, reference

! Category midpoints for PFOA serum concentrations (ng/ml)

except highest quartile based on data presented in Vieira et al. (2013)

Summary: PFOA PODs

A summary of the PODs for PFOA derived from the candidate studies identified by OEHHA are
shown in Table 6.1.8. These PODs ranged from 2.8 to 19.9 ng/ml (mean = 10.9 ng/ml). The
lowest value of 2.8 ng/ml was the BMDL 3, for a decrease in antibody levels in response to
influenza vaccine from the study by Abraham et al. (2020). Although this value was within the
range of the PFOA levels observed in this study, it was associated with a large BMD:BMDL ratio
(e.g., >5). The highest value was the LOAEC for ORs for elevated serum TC from the C8
cohort (Steenland et al., 2009). Aside from the Steenland et al. (2009) LOAEC for elevated TC,
the highest PODs were for some of the NOAECSs for vaccine response from Abraham et al.
(2020). This is not surprising given this study’s small sample size and low statistical power.
After excluding the two LOAECs in Table 6.1.8, the PODs ranged from 2.8 to 19.4 ng/ml, with a
mean of 10.4 ng/ml.

Table 6.1.8. Summary of potential PODs for PFOA

Cand@ate Effect Method POD/notes
studies
Immunotoxicity
Abraham et al. Diphtheria antibody NOAEC/LOAEC NOAEC = 18.9 ng/ml
(2020) levels
Hib antibody levels NOAEC/LOAEC NOAEC = 19.4 ng/ml
Tetanus antibody levels | NOAEC/LOAEC NOAEC = 18.9 ng/ml
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Candidate
studies

Effect

Method

POD/notes

Diphtheria antibody
levels

Knee function

NOAEC = 16.2 ng/ml

Hib antibody levels

Knee function

NOAEC = 12.2 ng/ml

Tetanus antibody levels

Knee function

NOAEC = 16.9 ng/ml

Diphtheria antibody
levels

BMDS: Hill model

BMDa1o = 17.0 ng/ml
BMDLio = 11.4 ng/ml

Hib antibody levels

BMDS: Hill model

BMDao = 16.8 ng/ml
BMDLio = 2.8 ng/ml

Tetanus antibody levels

BMDS: Hill model

BMDao = 20.0 ng/ml
BMDLi1o = 6.5 ng/ml

Faroe Islands
(Grandjean et al.,
2017a; Budtz-
Jorgensen and
Grandjean, 2018)

Diphtheria antibody NOAEC/LOAEC NOAEC = 4.75 ng/ml
levels

Tetanus antibody levels | NOAEC/LOAEC Data not available
Diphtheria antibody BMDS: Hill and BMDLos outside observed

levels

Piecewise models

range; large BMD:BMDL ratio

Tetanus antibody levels

BMDS: Hill and
Piecewise models

BMDLos outside observed
range; large BMD:BMDL ratio

Liver Toxicity

Darrow et al.
(2016)

Mean ALT levels NOAEC/LOAEC NOAEC = 8.6 ng/ml
Mean ALT levels BMDS: multiple Large BMD:BMDL ratios;
models, all exposure non-convergence
levels

Mean ALT levels

BMDS: Hill model,
quintile 5 excluded

BMDo1 = 14.1 ng/ml
BMDLo1 = 8.0 ng/ml

Elevated ALT ORs

NOAEC/LOAEC

Inconsistent dose-response
curve — used Gallo et al.
(2012)

Elevated ALT ORs

glst

Inconsistent dose-response
curve — used Gallo et al.
(2012)

Elevated ALT ORs

BMDS

Inconsistent dose-response
curve — used Gallo et al.
(2012)

Gallo et al. (2012)

Mean ALT levels

NOAEC/LOAEC

Data in figure form — used
Darrow et al. (2016)

Mean ALT levels

BMDS

Data in figure form — used
Darrow et al. (2016)
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Cand@ate Effect Method POD/notes
studies
Elevated ALT ORs NOAEC/LOAEC NOAEC = 9.8 ng/ml
Elevated ALT ORs glst BMDo1 = 12.4 ng/ml
BMDLo1 = 10.6 ng/ml
Elevated ALT ORs BMDS: Hill model BMDo1 = 11.8 ng/ml

BMDLo1 = 10.6 ng/ml

Lipid Concentrations

Lin et al. (2019)

Mean TC levels

NOAEC/LOAEC

NOAEC = 4.2 ng/ml

Mean TC levels

BMDS: Hill model

BMDos = 5.5 ng/ml
BMDLos = 4.6 ng/ml

(2009)

Dong et al. (2019) | Mean TC levels NOAEC/LOAEC Information not provided
Mean TC levels BMDS Information not provided
Mean TC levels Hybrid model BMDa1o = 10.5 ng/ml
BMDLi1o = 5.6 ng/ml
Steenland et al. Mean TC levels NOAEC/LOAEC No NOAEC

LOAEC = 9.8 ng/ml

Mean TC levels

BMDS: Hill model,

BMDo1 = 9.8 ng/ml

deciles 1-5 BMDLo1 = 8.5 ng/ml
Elevated TC ORs NOAEC/LOAEC No NOAEC
LOAEC = 19.9 ng/ml
Elevated TC ORs BMDS/glst Prevalence data not provided

OEHHA selected the NOAEC of 9.8 ng/ml for elevated ALT from the Gallo et al. (2012) study as
the POD for its PFOA ADD calculations. While this study does not provide the lowest POD, it
does offer the following advantages for dose-response and risk assessment calculations.

Very large sample size (N=46,452). This is by far the largest of the candidate studies OEHHA
reviewed for its POD calculations. The very large sample size helps reduce the probability that
findings are due to chance, allows for the detection of relatively subtle effect sizes, and helps to
increase the likelihood that study findings are broadly generalizable. In addition, because of the
large sample size, effect estimates could be examined in a relatively large number of exposure
categories (i.e., deciles in this case) with good statistical power. This allowed for a more precise
determination of the NOAEC compared to some of the smaller studies OEHHA considered for
its POD calculations.

Valid method for assessing exposure. Exposure was assessed using a single measured
serum concentration of PFOA in each participant. Serum measurements are a commonly used
and widely accepted method for assessing PFOA exposure. The long half-life of PFOA in
serum suggests that a single serum measurement is likely to provide an accurate and precise
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indication of a person’s true long-term exposure. Based on the methodologic details provided in
the study publication there is no indication that the serum samples were collected, or PFOA
concentrations were measured, in a way that would have differed between those with higher or
lower ALT levels. Because of this, the major effect of misclassification of PFOA exposure would
most likely be non-differential and most likely bias results towards the null (i.e., in the direction
of finding no effect) (Jurek et al., 2005). Non-differential misclassification of exposure could
have biased some of the ORs in the middle exposure categories (i.e., in deciles 2-9) away from
1.0. However, OEHHA could find no evidence that this bias was substantial, and a number of
other, lower-exposure studies (Gleason et al., 2015; Jain and Ducatman, 2018b; Salihovic et al.,
2018; Attanasio, 2019; Nian et al., 2019) identified statistically significant PFOA-ALT
associations at PFOA concentrations similar to the LOAEC in Gallo et al. (2012).

Clinically relevant outcome. The cutoff points used to define elevated ALT in Gallo et al.
(2012) were based on clinical reference levels published by the International Federation of
Clinical Chemistry and Laboratory Medicine (Schumann et al., 2002). ALT concentrations
above these reference levels have been associated with increases in both liver-related mortality
and all-cause mortality (Kwo et al., 2017). For example, based on participants from US
NHANES 1999-2008, Ruhl and Everhart (2012) found that ALT levels >30 IU/L in men or >19
IU/L in women were associated with a >8-fold increase in mortality from liver disease (hazard
ratio = 8.2; 95% Cl, 2.1-31.9). In addition, a study by Lee et al. (2008) involving 47,182
residents of Olmsted County, MN, found ALT concentrations >45 IU/L for men and >29 IU/L for
women were associated with a 34% increase in mortality from all causes (SMR = 1.34; 95% Cl,
1.05-1.71). These findings do not necessarily mean that people with PFOA exposures above a
certain level will have an 8.2-fold higher risk of death from liver disease or a 34% higher risk of
death overall. However, elevated ALT is an indicator of liver toxicity. As such, these findings
highlight the potential clinical importance of having high ALT and the importance of the
pathological processes that cause these elevated ALT levels. The clinical relevance of these
ALT levels is also highlighted by the fact that the American College of Gastroenterology
recommends that people with ALT levels >33 IU/L in men and >25 IU/L in women undergo a
clinical evaluation, including a physical exam, screening for alcohol and hepatotoxic medication
use, testing for viral hepatitis, assessment for nonalcoholic fatty liver disease and alcoholic liver
disease, and screening for hereditary liver diseases (Kwo et al., 2017).

Consistency of findings. The Gallo et al. (2012) findings linking PFOA to elevated levels of
ALT are not only consistent with research done in other study areas and other study populations
(see Appendix 7, Table A7.5), these findings are also internally consistent. In this and the
Darrow et al. (2016) study (which used mostly the same study participants), PFOA-ALT
associations were examined using a variety of different approaches and analyses, and all
provided evidence that PFOA was associated with increased ALT. These approaches and
analyses included using both modeled and measured PFOA exposures; evaluating PFOA and
ALT as both continuous and categorical variables; assessing PFOA exposure as both
cumulative lifetime and yearly annual average exposure; examining other biomarkers of liver
toxicity such as GGT and bilirubin; and performing subgroup analyses based on age, sex, and
occupational exposure. Overall, the internal and external consistency of the Gallo et al. (2012)
findings provides very strong evidence that the associations identified in this study are real
(Bradford Hill, 1965).

No major confounding identified. The findings in Gallo et al. (2012) were adjusted or
otherwise controlled for a number of factors that could potentially affect ALT levels, including
age, sex, alcohol intake, socioeconomic status, fasting, race, smoking, BMI, exercise, and
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insulin resistance. These include some of the most prevalent and strongest risk factors for liver
disease. A number of other factors can affect ALT levels including use of certain medications,
viruses, other chemical exposures, or genetic disorders. However, OEHHA could not find
convincing evidence that these are prevalent enough, or related strongly enough to both ALT
and PFOA, to cause the elevated ORs seen in Gallo et al. (2012) (Axelson, 1978;
Schlesselman, 1978).

Effects are unlikely to be solely due to PFOS. A particular concern for studies of PFOA is
the potential for confounding by other PFAS. This is especially true for confounding by PFOS
since in many populations, PFOA and PFOS exposures are highly correlated and PFOS is the
predominant PFAS exposure. OEHHA evaluated the possibility that PFOS, and not PFOA, was
responsible for the associations identified in Gallo et al. (2012) and found this to be unlikely for a
number of reasons.

First and perhaps most importantly, animal data have shown that PFOA can cause liver toxicity
independent of exposure to other PFAS, including PFOS. Second, the C8 studies involved an
area that had high levels of PFOA contamination, and mean serum concentrations of PFOA
were higher than those of PFOS (mean serum levels of 83.0 and 23.3 ng/ml, respectively). By
itself, the fact that PFOA was the predominant PFAS exposure here does not ensure that it
caused the effects reported in Gallo et al. (2012). However, the fact that PFOA is known to
cause liver toxicity in laboratory animals, combined with the fact that PFOA exposures in this
area were very high, is highly suggestive that PFOA was the causative agent.

The third piece of evidence that the PFOA findings of Gallo et al. (2012) were due to PFOA and
not PFOS was that the correlation between these two agents in the C8 study area was only
moderate, well below the correlations seen in other studies. For example, correlation
coefficients for PFOA and PFOS as high as 0.64 have been reported in US NHANES (Calafat et
al., 2007b). In the C8 cohort, the serum PFOA-PFOS correlation coefficient was 0.32
(Steenland et al., 2009). Another important finding is that the magnitude of the association
between PFOS and ALT was not markedly higher than that seen with PFOA. In fact, it was a
little lower (i.e., regression coefficients of 0.020 for INPFOS (ng/ml) and InALT (IU/L), and 0.022
for INPFOA (ng/ml) and InALT (IU/L)). These findings are important because the likelihood that
a factor will cause major confounding is not simply related to whether or not that factor is
associated with both the exposure and the outcome of interest, but more importantly, its related
to the relative magnitude of these associations (Axelson, 1978). Overall, the fact that the
association between PFOS and ALT was not markedly stronger than that between PFOA and
ALT, combined with the fact that PFOA and PFOS were only moderately correlated, make it
highly unlikely that PFOS was an important cause of the effects attributed to PFOA in this study.

One method to evaluate whether the associations between the potential confounding factor and
the exposure and outcome of interest are strong enough to cause major confounding is to
compare the main study results before and after statistically adjusting for that factor. Although
the authors of the Gallo et al. (2012) paper did not present PFOA-ALT results adjusted for
PFOS, an illustration of the likely impact that this adjustment would have had can be seen in
another C8 study. In the C8 study examining PFAS and serum TC (Steenland et al., 2009), the
effect size for PFOS was much larger than that seen for PFOA (e.g., regression coefficients of
0.01112 for INnPFOA (ng/ml) and 0.02660 for PFOS (ng/ml), respectively, with serum InTC
(mg/dl)). Here, because the magnitude of the association with TC is much stronger for PFOS
than for PFOA, one might not be surprised if confounding by PFOS could have caused the
association reported for PFOA. However, when the authors of this study adjusted the PFOA-TC
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results for PFOS, the PFOA-TC effect size was only reduced by 20-30%, and the overall trend
of increasing TC with increasing PFOA remained (more detailed results were not provided in the
publication). The most likely reason the PFOA-TC effect did not decrease even further (e.g., to
zero) after this adjustment is that the PFOA-PFOS correlation was only moderate, and not
strong enough to cause major confounding. For ALT, because the effect of PFOS was not
larger than that for PFOA, the impact of confounding by PFOS is likely to be even less than the
20-30% seen in the analysis of TC.

The results of Lin et al. (2010) provide another example of the likely impact of confounding by
PFOS or other PFAS on the relationship between PFOA and ALT. This study involved a cross-
sectional evaluation of several PFAS and serum liver enzymes in 2,216 adults (18 years of age
or older) in the 1999-2000 and 2003-2004 US NHANES. An NOAEC, LOAEC, or BMD was not
developed from this study because the main categorical results were not adjusted for potentially
important confounders. However, the authors did report regression coefficients for associations
between ALT and PFOA and PFOS in analyses that were adjusted for age, gender,
race/ethnicity, smoking, alcohol drinking, education, BMI, insulin resistance, metabolic
syndrome, and iron saturation status. Results were presented both in analyses where PFOA
and PFOS were entered into the linear regression models on their own, and in analyses where
these agents were entered together (as well as with PFHxS and PFNA). The results of these
analyses are shown in Table 6.1.9. As seen, while the regression coefficient for PFOA
increased after adjustment for PFOS, the regression coefficient for PFOS decreased after
adjustment for PFOA. As a whole, these results provide further evidence that PFOA can affect
ALT levels, and that this effect is not strongly confounded by PFOS.

Table 6.1.9. Linear regression coefficients () for association between serum log-PFOA
or log-PFOS (ng/ml) and serum ALT (IU/L) in Lin et al. (2010)

Analysis Log-PFOA Log-PFOS
Each PFAS entered into the =1.86 B=1.01
model on its own p=0.005 p=0.066
Each PFAS entered into the B=2.19 B=-0.19
model with other PFAS p=0.009 p=0.769

No obvious selection bias. The C8 study has been estimated to include >80% of all residents
of the affected areas. This high participation rate suggests that major errors due to selection
bias are highly unlikely. In other studies, participation rates were much lower or were unclear or
not reported (e.g., Lin et al. (2019)).

NOAEC is available. In some of the studies and outcome metrics that OEHHA considered for
POD calculations, LOAECs were available but NOAECs were not. While this is not a fatal flaw,
using a LOEAC rather than an NOAEC would add additional uncertainty to the ADD
calculations.

Appropriate study design. The Gallo et al. (2012) analyses were cross-sectional, and a
common criticism of cross-sectional studies is the possibility of reverse causation. However,
OEHHA could not find any convincing evidence or plausible reason to believe that the
alterations in serum ALT levels, or the liver diseases that typically cause them, would cause
widespread and major increases in serum PFOA concentrations. This is particularly clear when
looking at the Gallo et al. (2012) analyses of mean ALT concentrations by increasing categories
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of PFOA exposure. Here, while the ALT levels increased by approximately 11% from the first to
the tenth decile of PFOA, the mean PFOA levels across these deciles increased by over
5,000%. OEHHA was not able to identify any evidence or any plausible mechanism by which
such a relatively small increase in serum ALT (or the underlying factors that might cause these
relatively small increases) could cause such a huge increase in serum PFOA.

Another criticism of cross-sectional studies is that because they measure exposure and
outcome at the same time, the most relevant exposure period might be missed. This is
especially important in scenarios where the latency period between the exposure and outcome
is long. However, as discussed above, the half-life of PFOA in human serum is several years.
As such, a measurement of PFOA at a single point in time likely represents PFOA exposure
over a fairly extended period of time. In addition, the half-life of ALT in plasma is short: about 47
hours (Kim et al., 2008). ALT levels typically rise rapidly (within a few hours or days) after a
toxic exposure begins (Kim et al., 2008), and fall rapidly after exposure cessation (Curtis and
Sivilotti, 2015; McGovern et al., 2015). Overall, the long half-life of serum PFOA, combined with
the acute nature of ALT as a marker of hepatic injury, suggest that the cross-sectional approach
used in Gallo et al. (2012) is a valid method for assessing PFOA-ALT associations.

Acceptable Daily Dose Calculation

To calculate the acceptable daily dose (ADD), which is an estimated maximum daily dose of a
chemical that can be consumed by humans for an entire lifetime without toxic effects, the POD
is divided by the composite uncertainty factor (UF). The ADD for PFOA was calculated using
the NOAEC of 9.8 ng/ml for elevated ALT from the Gallo et al. (2012) study and the clearance
factor of 0.28 ml/kg-day discussed in Chapter 4, with a UF of V10 for intraspecies variation. The
clearance factor was used to convert the POD, which was expressed as a serum concentration
of PFOA (in units of ng/ml), into a daily intake rate in units of nanograms per kilogram of body
weight per day (ng/kg-day). OEHHA typically applies an intraspecies UF of 30 when deriving an
ADD from an animal study, and this can be reduced to 1 when using human data. Here, the
intraspecies UF is reduced to V10 rather than 1 for the following reasons. The Gallo et al.
(2012) study involved a very large population of adults and the participation rate was about
80%. This large sample size and high participation rate suggests the study participants were a
good representation of the population of the study area as a whole, and likely included a diverse
group of people in terms of ages, health status, smoking and other chemical exposures,
nutrition, socioeconomic status, and other factors. The study did not include children. While a
few studies have identified associations between PFOA and ALT concentrations in children, the
most consistent evidence linking PFOA to ALT has been in adults, and OEHHA could not find
other convincing evidence that the hepatotoxic effects of PFOA are likely to be substantially
greater in children than adults. In addition, since PFOA is not metabolized readily, there are not
likely large kinetic differences between children and adults. A UF of V10 for intraspecies
variation rather than 1 was applied because the C8 study population was not diverse in terms of
race or ethnicity. In addition, it did not examine other potential susceptibility factors such as
obesity or genetics. Some data suggest that obesity or certain genetic polymorphisms might
increase susceptibility to PFAS (Ghisari et al., 2017; Jain and Ducatman, 2018b; Jain and
Ducatman, 2019; Wen et al., 2019a). However, these data were limited (for a variety of
reasons) and OEHHA was unable to identify consistent or convincing evidence that this
susceptibility might be greater than a factor of ¥10. Finally, there is strong evidence for
immunotoxicity of PFOA. The NOAECs from the immunotoxicity studies ranged from 4.75 to
19.4 ng/ml for response to vaccination in children. In the Faroe Islands study, depressed
response to childhood vaccinations was seen at mean serum levels of 6.1 ng/ml, lower than the
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mean serum concentration identified as the NOAEC for elevated ALT in Gallo et al. (2012).
OEHHA chose not to use PODs from these studies because of the limited sample sizes and

associated uncertainty in the data. However, these studies point to the potential for

immunotoxicity to occur below the NOAEC for elevated ALT in adults. This is another reason a
UF for intraspecies variation larger than 1 is warranted.

ADD = (POD x CF) =+ UF = (9.8 ng/ml x 0.28 ml/kg-day) <+ V10 = 0.87 ng/kg-day.

Animal Studies

Liver, immune system, thyroid, and developmental/reproductive toxicities are the major
noncancer effects for PFOA in experimental animals. Of these effects, liver toxicity appears to
be the most sensitive endpoint. OEHHA identified PODs from the animal studies for
comparison with those derived using human studies. Among the animal studies that exhibited a
dose-response, Table 6.1.10 lists candidate critical studies for PFOA that report serum/plasma
levels of PFOA and that OEHHA considers are of sufficient quality. However, because there
are sufficient human data available to calculate an ADD and further develop a health-protective
concentration without the uncertainty of extrapolating from animals to humans, OEHHA did not
derive ADDs from these animal studies.

Table 6.1.10. Candidate critical studies for noncancer effects of PFOA in animals

Reference | Sex/Species Dose/Route of Endpoint NOAEL/LOAEL [NOAEL/LOAEL/
P Exposure/Duration P (mg/kg-day) | BMDL (mg/L)
Liver Toxicity
Male
0,0.5,0r25 L NOAEL: 29.3
Z(ZL:)ig)a ! r'?]'ia(‘:léB/ ¢ mg/kg-day via oral L;?Iittlve liver NOAEL: 0.5
(5/dvse) infusion for 28 days 9 BMDLisp: 22.6
hepatic
Male and mitochondrial
Li et al EELEII?I,?C 0,0.05,0.5, or2.5 ?Oetrennt;ir;ne HOARL 07
! . mg/kg-day via LOAEL: 0.05 )
(2017b) mice gavage for 28 days changes:, BMDL;sp: 0.11
(30/sex/ apoptosis, (1 p-53 levels)
dose) oxidative DNA
damage
Male 1 relative liver
Guo et BALB/C 0,0.4, 2,0r10 weight, LOAEL: 13
al. (2019) | mice mg/kg-day via hepatocellular LOAEL: 0.4
' (12/dose) gavage for 28 days | hypertrophy, and BMDL;sp: 1.71
karyolysis
Pregnant 0, 1, or 5 mg/kg- liver effects )
Blake et | CD-1 mice day via gavage (1 cell death) in LOAEL: 1 LOAEL: 254
al. (2020) | (11-13 from ED1.5 to dams, ED11.5 ' BMDLee: 3.0
dams/dose) | ED11.5 or ED17.5 05 =
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BMD modeling (BMDS, version 2.7) was performed on the candidate critical study datasets in
Table 6.1.10, using plasma/serum concentration as the dose metric, and the results are
summarized in Table 6.1.11.

Table 6.1.11. BMD modeling of noncancer endpoints from candidate PFOA animal studies

Goodness
Study Endpoint Model of fit '?r':]"D/f)D B('\rle'/-SD
p-value 9 9
Yu et al. L , . a
(2016) 1 relative liver weight Linear 0.901 321 22.6
Lietal. .
(2017b) 1 p-53 levels Hill 0.8453 0.15 0.11
Li et al 1 mitochondrial
; membrane potential | Poor model fit
(2017b)
changes
Lietal. .
(2017b) 1 caspase-9 levels | Poor model fit
Lietal. .
(2017h) 1 8-OHdG Poor model fit
Guoetal. | . o jative liver weight | Exponentiald | 0.413 2.55 1.71
(2019)
Blake et al. | 1 relative liver weight . a
(2020) (ED11.5) Linear 0.204 16.4 12.9
Blake et al. | 1 relative liver weight .
(2020) (ED17.5) Linear 0.708 7.0 5.1
Blake et al. 1 liver cell death a b b
(2020) (ED11.5) Gamma 0.995 6.4 3.0

a Additional models produced the exact same results

b This dataset was modeled with a benchmark response of 5% above background, therefore the values
represent BMDos and BMDLos

8-OHdG, 8-hydroxy-2-deoxyguanosine; ED, embryonic day

The LOAEL of 0.05 mg/kg-day from Li et al. (2017b) for hepatic mitochondrial membrane
potential changes and increased apoptosis and oxidative DNA damage corresponds to a serum
concentration of 0.97 mg/L. These endpoints were also frequently observed in in vitro studies
(Wu et al., 2017; Orbach et al., 2018; Sun et al., 2019b; Xu et al., 2019b). While these
endpoints are not frank effects, they may be considered upstream effects in the continuum of
changes resulting in liver toxicity, which includes hepatocyte hypertrophy and increased liver
weight as reported in the Li et al. (2017b) study. BMD modeling of increased p-53 levels, a
biomarker of apoptosis, from the Li et al. (2017b) resulted in a BMDL1sp of 0.11 mg/L.

A NOAEL of 0.003 mg/kg-day was identified from the van Esterik et al. (2016) study (Table
5.5.1), based on reduced female pup body weight on PND 4 in animals exposed to PFOA
during gestation and lactation. However, serum concentrations were not reported in this study,
and due to the complexity of the dosing scheme (PFOA was administered to dams during
pregnancy and lactation, making it difficult to determine whether the effect was due to in utero
exposure, lactational exposure, or both), and lack of a reliable kinetic model, serum
concentrations could not be determined. Therefore, this study is not considered as a candidate
critical study.
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6.1.2. Perfluorooctane Sulfonic Acid
Human Studies

Based on its review of the available human studies, OEHHA has determined that the sensitive
noncancer endpoints for PFOS are immunotoxicity and alterations in lipid metabolism or
production. Several studies have also linked PFOS to adverse effects related to the thyroid
gland; however, these findings are too inconsistent from study to study to make firm conclusions
regarding these outcomes. Research in laboratory animals has shown that PFOS can cause
hepatoxicity. However, the human epidemiologic evidence linking PFOS to increases in liver
enzyme levels or other hepatotoxic effects is not as robust or consistent as that seen for PFOA.
Associations with several reproductive and developmental outcomes have also been reported.
While the positive associations reported in some of these studies are cause for concern, overall,
the findings from study to study were also somewhat inconsistent, and OEHHA was unable to
identify studies that could be used to accurately evaluate the dose-response patterns for these
outcomes.

In the following sections, OEHHA presents the human studies that were considered as
candidate studies for POD determination.

Immunotoxicity

A number of animal and human studies have provided evidence that PFOS can increase the
risks of immune-related diseases or otherwise adversely affect the immune system. With
regards to human studies, increased serum levels of PFOS have been linked to diminished
antibody levels in response to vaccinations for diphtheria, tetanus, rubella, and mumps (Granum
et al., 2013; Stein et al., 2016b; Grandjean et al., 2017a; Grandjean et al., 2017b; Pilkerton et
al., 2018). These findings have been seen in both adults and children, although the greatest
effect sizes and most consistent results have been reported in children. For example,
decreases in tetanus and diphtheria antibody concentrations of >30% have been reported for
each doubling of PFOS serum concentration in children from the Faroe Islands (Grandjean et
al., 2017a) (Table 5.1.1). A few studies have identified associations between PFOS and
immune-related diseases such as asthma, eczema, and lower respiratory tract infections
(Dalsager et al., 2016; Goudarzi et al., 2017; Qin et al., 2017; Averina et al., 2019; Manzano-
Salgado et al., 2019; Kvalem et al., 2020) although the evidence for these outcomes is less
consistent than that seen for diminished vaccine response.

For immunotoxicity, OEHHA selected the studies of PFOS and diminished response to
diphtheria and tetanus vaccinations performed in the Faroe Islands cohorts as candidate critical
studies. Clear associations between PFOS and diminished antibody response to diphtheria,
influenza, and tetanus vaccines were not seen in the recently published study in one-year old
children by Abraham et al. (2020). The exact reasons for the inconsistency between the Faroe
Islands studies and the Abraham et al. (2020) study for PFOS are unknown although the latter
involved a much more limited age range (Abraham et al. (2020) only included one-year-old
children, while the Faroe Islands studies followed children from birth up to age 17 years old). In
addition, Abraham et al. (2020) involved only cross-sectional analyses, while the Faroe Islands
studies included both cross-sectional and prospective analyses. Finally, Abraham et al. (2020)
had far fewer children than the Faroe Islands cohorts. The Faroe Islands studies, and the
PODs that can be derived from them, are discussed below.
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Faroe Islands studies:

NOAEC/LOAEC method: Associations between serum PFOS concentrations and antibody
levels in response to diphtheria and tetanus vaccinations in children were assessed in two
Faroe Islands cohorts (Grandjean et al., 2017a). Details of these studies are provided in
Appendix 7, Table A7.4. Categorical data, which can be used to develop NOAECS, were not
available from the peer-reviewed publications but results for diphtheria have been obtained from
a draft report by the European Food Safety Authority (EFSA, 2020). These are shown in Table
6.1.12. As seen in this table, the LOAEC and NOAEC are 26.0 and 20.6 ng/ml, respectively.
The LOAEC and NOAEC developed based on PFOS deciles were similar. Although the
decrease in antibody response in quintile 3 was statistically significant, the analyses by
exposure deciles showed a large degree of variability in responses around the quintile 3
exposure levels (e.g., for PFOS levels between 14 and 20 ng/ml). As such, OEHHA selected
quintile 5 rather than quintile 3 as the LOAEC, and quintile 4 rather than quintile 2 as the
NOAEC. Categorical data for tetanus were not available.

Table 6.1.12. Mean serum diphtheria antibody concentrations at
age 7 by quintiles of serum PFOS (ng/ml) at age 5 from the Faroe
Islands cohorts (EFSA, 2020). The NOAEC is highlighted in green.

Quintile  PFOS! N Mean? SD p-value
1 11.5 86 0.25 1.81 Ref
2 14.9 86 -0.07 1.91 0.32
3 17.4 86 -0.48 1.89 0.01

5 26.0 86 -0.39 1.94 0.03

Abbreviations: Ref, reference category; SD, standard deviation
! Mean PFOS serum concentrations (ng/ml) in each quintile
2 Log2 values of mean serum antibody concentrations

BMD method: As reviewed in Chapter 5 and shown in Table 5.1.4, BMD calculations have been
performed by the Faroe Islands study investigators (Budtz-Jorgensen and Grandjean, 2018).
Using a piecewise model with a 5% decrease in antibody levels as the BMR, the authors
reported a BMDos and BMDLs of 3.57 and 0.72 ng/ml, respectively, for tetanus antibody, and a
BMDos and BMDLgs of 1.21 and 0.54 ng/ml, respectively, for diphtheria antibody. Both of these
BMDLs are well below the lowest PFOS serum concentration observed in this study. OEHHA
performed its own BMD modeling and obtained results with large BMD:BMDL ratios (e.g., >5)
and BMDLs that were also well below the range of observed values. The most likely reason the
BMD:BMDL ratios were so large was the high degree of variability (as indicated by the large
SDs) in antibody levels seen in each PFOS exposure category.

Serum Lipid Concentrations

A number of human studies have identified associations between increasing serum
concentrations of PFOS and increasing serum concentrations of total cholesterol (TC). OEHHA
considered the following studies for dose-response analyses of PFOS and TC.

e Dong etal. (2019)
e Steenland et al. (2009)
o Frisbee et al. (2009)
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e Starling et al. (2014)

These studies were selected because each provided some evidence of a statistically significant
association between PFOS and TC; each involved a relatively large sample size (i.e., had
sufficient statistical power); each adjusted or otherwise accounted for the strongest and most
prevalent risk factors for elevated TC levels (e.g., age, gender, BMI, and socioeconomic status);
each used validated and well accepted methods for assessing both exposure and outcome (i.e.,
serum concentrations of PFOS and TC); none showed evidence of selection bias; and each
presented results in a format that could potentially be used for dose-response assessment (e.g.,
ORs or mean TC levels by categories of serum PFOS).

Dong et al. (2019):

Using data from US NHANES for the years 2003-2014 on 8,948 adults, Dong et al. (2019)
calculated a BMD and BMDL for PFOS and TC using a hybrid approach (Crump, 1995).
Here, the cut-off point for elevated TC was set at the upper 5" percentile of TC values in
the lowest PFOS exposure group (the actual TC value at this cutoff point was not
provided), and the BMR was defined as a 10% increase in the number of people with TC
values above this level. Further details on this analysis are provided in Section 5.3.4.
Using this method, Dong et al. (2019) reported a BMD1o and BMDLo of 44.2 and 24.1
ng/ml, respectively (Table 5.3.5). Key variables or other key results such as the cut-off
point used to define elevated TC or the model fit parameters were not provided.

Steenland et al. (2009) and Frisbee et al. (2009):

Steenland et al. (2009) performed a cross-sectional investigation on the relationship between
serum PFOS and serum lipid concentrations in 46,294 adults from the C8 cohort. Details of this
study are provided in the PFOA dose-response assessment above. Results were presented for
analyses using both PFOS and TC as categorical and continuous variables. Increases in mean
serum TC levels were seen in increasing deciles of serum PFOS. The regression coefficients
representing the difference in lognormal TC values between deciles 2-10 and decile 1 were
0.01, 0.01, 0.03, 0.03, 0.04, 0.04, 0.05, 0.06, and 0.06, respectively (these results are reported
in the footnotes of Table 3 in Steenland et al. (2009)). Overall, these coefficients indicate a
pattern of increasing TC levels with increasing PFOS exposure although standard errors or p-
values were not provided. Adjusted mean TC concentrations by deciles of PFOS with 95%
confidence intervals were presented in figure form, and this also shows a clear pattern of
increasing TC concentrations with increasing PFOS exposure.

The authors also calculated ORs for having an elevated TC concentration for PFOS quartiles 2-
4 compared to quartile 1. Here, a TC value of 2240 mg/dl was used to define elevated TC. This
value has historically been used for defining high TC (US DHHS, 2005), and 15% of the study
population were above this level. The results of these analyses are shown in Table 6.1.13.
Samples sizes in each quartile were not provided, so they were estimated using the total
sample size divided by four. Here, the OR in quartile 2 is statistically significant, and the
LOAEC is 16.4 ng/ml. BMD calculations were not performed using these data because both the
glst and US EPA BMDS require an estimate of the disease prevalence in each exposure group,
data that were not provided. In some instances, ORs can be used to estimate disease
prevalence. In this study however, the prevalence of the outcome was fairly high (e.g., >10%)
and it is unclear whether, and by how much, the ORs here might lead to an overestimation of
risk or prevalence.
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Table 6.1.13. Odds ratios for an elevated serum TC level by quartiles
of serum PFOS concentrations (ng/ml) from Steenland et al. (2009).
The LOAEC is highlighted in blue.

Quartile PFOS! N OR 95% ClI
1 6.6 11,574 1.00 Ref
1.05-1.23
3 23.8 11,574 1.28 1.19-1.39
4 34.0 11,574 1.51 1.40-1.64

Abbreviations: Cl, 95% confidence interval; OR, odds ratio;
Ref, reference

! Category midpoints for PFOS serum concentrations (ng/ml)
except for the highest quartile which is the midpoint based on
digitized data from Figure 3 of Steenland et al. (2009)

While the Steenland et al. (2009) study only included adults, another study in the C8 area
performed the same analyses in children. Frisbee et al. (2009) was a cross-sectional study in
the C8 area that measured serum PFOS and serum lipid concentrations in 12,476 children and
adolescents ages 1-18 years old. Both studies enrolled participants and collected serum
samples in the same years (2005-2006). Mean (£SD) serum PFOA and PFOS concentrations
were 69.2 (+111.9) ng/ml and 22.7 (£12.6) ng/ml, respectively, which were similar to those
reported in the C8 study of adults discussed above (Steenland et al., 2009). In linear regression
models with adjustments for age, sex, BMI, fasting, and exercise, increasing PFOS serum
concentrations were associated with increases in TC and LDL. The actual regression
coefficients were not provided but the authors reported that the mean differences in TC and LDL
levels in the 5th compared to the 1st quintile of PFOS were 8.5 mg/dl and 5.8 mg/dl,
respectively. For PFOA, the corresponding values were lower: 4.6 mg/dl and 3.8 mg/dl,
respectively. Figures showing clear increases in mean TC and LDL levels with increasing
guintiles of PFOS were provided. Somewhat similar patterns were seen for PFOA, although the
magnitude of these associations appear less strong than for PFOS. Mean HDL concentrations
also seemed to generally increase with increasing quintiles of PFOS, although the dose-
response pattern was more variable (i.e., the increases were not monotonic across all exposure
levels).

ORs for having elevated TC by quintiles of PFOS were presented, and are shown in Table
6.1.14. Here, the cut-off for elevated TC was based on the American Heart Association
guideline for children of >170 mg/dl (Benjamin et al., 2017). ORs were presented for PFOS
guintiles 2-5, with quintile 1 as the reference group. Quintile cut-off points or medians were not
provided, but the medians could be estimated based on digitization of the article’s Figure 3. As
seen, the LOAEC was 16 ng/ml, which is very close to the LOAEC of 16.4 ng/ml seen in the C8
adults.
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Table 6.1.14. Odds ratios for elevated serum TC by
guintiles of serum PFOS (ng/ml) from Frisbee et al. (2009).
The LOAEC is highlighted in blue.

Quintile PFOS! N OR 95% ClI
1 11 2,495 1.0 Ref
2 16 2,495 1.3 1.1-1.4
3 20 2,495 1.3 1.2-1.5
4 26 2,495 1.3 1.2-1.6
5 38 2,495 1.6 1.4-1.9

Abbreviations: Cl, 95% confidence interval; OR,
odds ratio; Ref, reference

! Category medians for PFOS serum
concentrations (ng/ml) based on digitized

data from the paper’s Figure 3

In order to help explore whether children might be more susceptible to the lipid-altering effects
of PFOS than adults, OEHHA compared the PFOS-TC ORs reported in Steenland et al. (2009)
to those in Frisbee et al. (2009). The ORs from both studies are shown in Figure 6.1.1.
Unweighted linear regression slopes are also shown and fit both sets of data well (R?s >0.80).
As seen, the dose-response slopes for adults and children are very similar, suggesting that
based on PFOS serum levels, children are not more susceptible to the effects of PFOS on TC
than adults.

Figure 6.1.1. Odds ratios for elevated serum TC by quantiles of serum PFOS (ng/ml) in
adults Steenland et al. (2009) and children Frisbee et al. (2009) from the C8 study area
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Starling et al. (2014):

This was a cross-sectional analysis of 891 pregnant women enrolled in the Norwegian Mother
and Child (MoBa) Cohort Study in 2003—2004. Non-fasting plasma samples were obtained at
mid-pregnancy and analyzed for 19 different PFAS including PFOA and PFOS. Plasma
concentrations of TC, LDL, HDL, and TGs were also measured. Median (IQR) PFOA and
PFOS concentrations were 2.25 (1.66-3.03) ng/ml and 13.03 (10.31-16.60) ng/ml, respectively.
The authors reported that each lognormal increase in PFOS was associated with an increase in
TC of 8.96 mg/dl (95% CI, 1.70-16.22). These results were adjusted for age, pre-pregnancy
BMI, nulliparous or inter-pregnancy interval, duration of breastfeeding, parity, education,
smoking at mid-pregnancy, gestational weeks at blood draw, and oily fish consumption. The
association between PFOA and TC was not statistically significant (each lognormal increase
was associated with a 2.58 mg/dl (95% Cl, -4.32-9.47) increase in TC.

The mean differences in TC for PFOS quartiles 2-5 compared to quartile 1 are shown in Table
6.1.15. As seen, none of these mean differences was statistically significant. As such, no
NOAEC or LOAEC could be identified.

OEHHA entered the data in Table 6.1.15 into the US EPA BMDS, using various dose-response
models. The SDs of the mean differences were estimated using the confidence intervals
provided in the publication and the equations above. The absolute mean TC concentration (in
mg/dl) in PFOS quartile 1 was provided in the publication. Using this, the absolute mean TC
concentrations in the other PFOS quartiles could be estimated by adding the mean differences
in TC reported for these other quartiles to the absolute mean TC concentration in quartile 1.

The mean difference in TC in PFOS quatrtile 4 compared to PFOS quartile 1 of 7.59 mg/dl
represents about a 3.7% increase in mean TC across these quartiles. Because of this, OEHHA
selected a 1% increase in TC, rather than a 5% or 10% increase, as the BMR. Using this BMR,
the Hill model gave a BMDo; and BMDLo: of 14.5 and 12.3 ng/ml, respectively (p-value for
model fit=0.37). Fit was not improved with the other models.

A potential weakness of the Starling et al. (2014) study for dose-response assessment is that a
statistically significant association was seen between PFOS and increasing concentrations of
HDL (the “good cholesterol”). For example, the increases in TC, LDL, and HDL for each
lognormal increase in PFOS were 8.96 mg/dl (95% Cl, 1.70-16.22), 6.48 (95% ClI, —0.07-13.03)
and 4.39 (95% Cl, 2.37-6.42), respectively. Since HDL is a component of TC, these results
suggest that a fairly substantial portion of the effect seen for TC is due to HDL and therefore
may not necessarily be adverse. Another potential weakness is that PFOS was highly
correlated with several other PFAS (several Spearman correlation coefficients >0.60). In
addition, the authors noted that the PFOS-TC association was attenuated after adjustment for
these other PFAS. Further details of this particular analysis were not provided, making it difficult
to evaluate the overall importance of this effect.

Proposed Public Health Goals for OEHHA
PFOA and PFOS in Drinking Water July 2021
190



Electronic Filing: Received, Clerk's Office 3/07/2022
FIRST PUBLIC REVIEW DRAFT

Table 6.1.15. Mean difference and absolute mean serum TC concentrations by quartiles
of serum PFOS concentrations (ng/ml) from Starling et al. (2014)

Mean differences (mg/dl) Absolute means (mg/dl)
Quartile PFOS! N dif';"e‘?gﬂce Cl, Cly SD Mean  ClI Cly
1 5.2 223 0 Ref 41.26 207.59 Ref
2 11.7 223 -3.35 -10.34 3.64 37.64 204.24 197.25 211.23
3 14.8 223 3.06 -4.93 11.05 43.02 210.65 202.66 218.64
4 20.5 223 7.59 -0.42 15.60 43.13 215.18 207.17 223.19

Abbreviations: Cl., lower 95% confidence interval; Clu, upper 95% confidence interval; Ref, reference; SD,
standard deviation

! The midpoint of each PFOS category for quartiles 1-3. For quartile 4, the upper border was not provided
so the midpoint between the 75" and 95" percentile was used.

Summary: PFOS PODs

A summary of the PODs derived from the candidate studies identified by OEHHA are shown in
Table 6.1.16. These PODs ranged from 12.3 to 24.1 ng/ml in serum (mean = 17.9 ng/ml). After
removing the two LOAECs (both from C8 studies), the range remained the same but the
average changed slightly (19.0 ng/ml). The lowest POD was the BMDL,; of 12.3 ng/ml
calculated using the data in Norwegian pregnant women from Starling et al. (2014). The highest
was the BMDL o of 24.1 ng/ml generated by Dong et al. (2019) from the data in adults in US
NHANES using the hybrid approach.

Table 6.1.16. Summary of potential PODs for PFOS

Cand@ate Effect Method POD/notes
studies
Immunotoxicity
Faroe Islands Diphtheria antibody NOAEC NOAEC = 20.6 ng/ml
(Grandjean et al., | levels
2017a; Budtz-
Jorgensen and Tetanus antibody levels | NOAEC Data not available
Grandjean, 2018) ] ] ] ] ]
Diphtheria antibody BMDS: Hill and BMDLos outside observed
levels Piecewise models range; large BMD:BMDL
ratios
Tetanus antibody levels | BMDS: Hill and BMDLos outside observed
Piecewise models range; large BMD:BMDL
ratios

Lipid Concentrations

Dong et al. (2019) | Mean TC levels NOAEC/LOAEC Information not provided
Mean TC levels BMDS Information not provided
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Cand@ate Effect Method POD/notes
studies
Mean TC levels Hybrid model BMDa1o = 44.2 ng/ml
BMDLio = 24.1 ng/ml
Steenland et al. Elevated TC ORs NOAEC/LOAEC No NOAEC
(2009) LOAEC = 16.4 ng/ml
Elevated TC ORs BMDS/glst Prevalence data not provided
Frisbee et al. Elevated TC ORs NOAEC/LOAEC No NOAEC
(2009) LOAEC = 16 ng/ml
Elevated TC ORs BMDS/glst Prevalence data not provided
Starling et al. Mean TC levels NOAEC/LOAEC Categorical results not
(2014) statistically significant
Mean TC levels BMDS: Hill model BMDo1 = 14.5 ng/ml
BMDLo1 = 12.3 ng/ml

OEHHA selected the LOAEC of 16.4 ng/ml from the Steenland et al. (2009) study of PFOS and
elevated TC in adults from the C8 study area as the basis of its ADD calculations. This study
offers the following advantages for dose-response and risk assessment calculations.

Very large sample size (N=46,294). This is by far the largest of the candidate studies OEHHA
reviewed for its PFOS POD calculations. The very large sample size helps reduce the
probability that findings are due to chance, allows for the detection of relatively subtle effect
sizes, and helps to increase the likelihood that study findings are mostly generalizable. In this
study, associations were evaluated in PFOS quartiles that included over 10,000 people each.
This large size allowed for the calculations of ORs that were much more precise than in any
other study.

Valid method for assessing exposure. This study assessed PFOS exposure using a well-
accepted and validated method: serum PFOS concentrations. The long half-life of PFOS in
serum suggests that a single serum measurement is likely to provide an accurate and precise
indication of a person’s true long-term exposure. In addition, there was no indication in this
study that the serum samples were collected, or that PFOS concentrations were measured, in a
way that would likely lead to differential bias and false positive effects. As mentioned for PFOA,
non-differential misclassification of exposure can potentially bias ORs in the middle exposure
categories (i.e., quartiles 2-3) away from 1.0. However, given the very large sample size of this
study and the highly precise ORs that were reported, it is unlikely that this particular bias was
large enough to have had a major impact on the statistical significance of the OR at the LOAEC.

Clinically relevant outcome. The cutoff point used to define elevated TC in Steenland et al.
(2009) was based on a clinical reference level published by the American Heart Association
(Benjamin et al., 2017). A TC level 2240 mg/dl is a well-known risk factor for heart disease and
stroke (Benjamin et al., 2017). The OR at the LOEAC was 1.14 (95% ClI, 1.05-1.23). Although
ORs can overestimate prevalence ratios when outcomes are common, this OR still likely
represents a greater than 10% increase in the number of people with high TC at this exposure
level. This is important because exposure levels near the LOAEC (16.4 ng/ml) are common in
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the US general population (Dong et al., 2019). As such, this >10% increase likely represents
large numbers of people. Overall, while the relatively small changes in mean TC levels seen
with increasing PFOS exposure levels may not affect many people on an individual basis, the
population effects of these small changes, given that TC is a major risk factor for cardiovascular
disease, are likely to be widespread and large.

The two major components of TC are LDL (the “bad” cholesterol) and HDL (the “good”
cholesterol). OEHHA selected TC rather than LDL for its critical effect because more studies
evaluated TC than LDL, and a somewhat more robust, detailed, and consistent body of
evidence was seen for this outcome. Given this, it should be noted that a number of studies
have identified associations between PFOS and LDL (Table A7.9; US EPA (2016d)), and these
support OEHHA's conclusion that the effects of PFOS on TC are adverse. In Steenland et al.
(2009), the most informative results for PFOS and LDL and HDL were presented in the
publication’s Figures 4 and 5. It can be clearly seen in these figures that PFOS was strongly
associated with LDL but not with HDL. This is strong evidence that the effects seen for TC are
primarily due to LDL (i.e., its “bad” component) and should therefore be considered adverse.

Consistency of findings. Associations between PFOS and TC were seen both in the C8 study
of adults (Steenland et al., 2009) and in the C8 study of children (Frisbee et al., 2009). The
results of these two studies, and the PODs derived from them, were almost identical. In
addition, the authors of these two studies used multiple different methods to evaluate
associations (e.g., linear regression analyses, ORs), and the results of all of these methods
were consistent with a statistically significant association between PFOS and TC. The results of
these two studies are also consistent with a large number of other studies that have identified
associations between PFOS and TC, or related outcomes like LDL, which are reviewed in
Section 5.3. A number of studies in non-pregnant adults published after OEHHA's initial
literature search (up to January 2, 2020) have also identified evidence of associations between
PFOS and increasing TC and LDL (see Appendix 7, Table A7.29). These include three large
high quality studies (Canova et al., 2020; Fan et al., 2020; Li et al., 2020). Full references
provided in Table A7.29). These studies involved mostly general population-based samples,
used serum levels to assess both PFOS and lipid levels, included adjustments for multiple
relevant confounders, and involved excellent statistical power. Overall, these studies provide
strong additional support that PFOS alters serum lipid levels.

No major confounding identified. The findings in Steenland et al. (2009) were adjusted for a
number of factors that could potentially affect TC levels, including age, gender, BMI,
socioeconomic status, exercise, smoking, and alcohol consumption. People who were taking
cholesterol-lowering medications were excluded from the study. The authors also reported that
findings were similar in people who did and did not fast before serum collection. A number of
other factors can affect TC levels (e.g., certain genetic disorders, diabetes), but OEHHA found
no indication that these were prevalent enough, or related strongly enough to both TC and
PFOS, to cause important confounding. Consumption of a high fat diet or high total caloric
intake could potentially be related to both elevated TC and higher PFOS exposure, but these
could also be in the causal pathway. In addition, they are strongly related to the factors that
were controlled for (BMI, smoking, and exercise) and therefore unlikely to have been fully
responsible for the PFOS-TC associations reported in this study.

LOAEC unlikely to be affected by PFOA. Potential confounding by PFOA is a concern in this
particular study because of the substantial environmental contamination of PFOA that occurred
in the study area. While average PFOS serum levels in the study participants were similar to
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those seen in NHANES (a mostly general population sample), serum levels of PFOA were
markedly higher than general population levels. For example, while the mean (£SD) serum
concentrations of PFOA and PFOS in the Steenland et al. (2009) study were 80.3 (£236.1)
ng/ml and 22.4 (£14.8) ng/ml, respectively, the corresponding values in US NHANES during
approximately the same years were 4.6 and 25.3 ng/ml, respectively (Nelson et al., 2010).
Importantly, the correlation between PFOS and PFOA was only modest (R=0.32) in the C8
study area. As noted above, this is markedly lower than the correlations seen in other studies.
In addition, the magnitude of the association between PFOS and TC appeared to be generally
greater than that for PFOA and TC. For example, the regression coefficients for each lognormal
increase in exposure was 0.02660 (SD=0.00140; p <0.05) for PFOS, but >2-times lower for
PFOA ($=0.01112; SD=0.00076; p <0.05). Similarly, the OR for elevated TC in 4" versus the
1%t quartile of exposure was lower for PFOA than for PFOS (ORs of 1.38 (95% Cl, 1.28-1.50)
and 1.51 (95% ClI, 1.40-1.64), respectively). Overall, the fact that the associations between
PFOA and both the exposure of interest here (PFOS) and outcome of interest here (TC) were
only modest suggests that PFOA is unlikely to be the sole cause of the elevated ORs seen
between PFOS and TC. In fact, the authors did note that, “When both PFOA and PFOS were
considered together in the same model for total cholesterol, the effect of each was attenuated
(209%—30%), but both continued to show the same monotonic, or nearly monotonic, trend of
increasing cholesterol with increasing fluorocarbon.” Further details of this particular analysis
were not provided. However, given the very large sample size of this study (N=46,294), it is
unlikely that a 20-30% reduction in the effect sizes would have had an important change in the
statistical significance of the OR reported at the LOAEC.

No obvious selection bias. The C8 study has been estimated to include >80% of all residents
of the affected areas. This high participation rate suggests that major errors due to selection
bias are highly unlikely. In other studies, participation rates were much lower or participation
rates were unclear or not reported, making it more difficult to evaluate the potential impact of
selection bias in those studies.

Reverse causality unlikely. The Steenland et al. (2009) analyses were cross-sectional, and a
common criticism of cross-sectional studies is the possibility of reverse causation. However,
most of the convincing evidence regarding PFAS and reverse causation has involved other
health outcomes (e.g., kidney function, time to pregnancy, birth weight, and early menopause)
(Fei et al., 2012; Dhingra et al., 2017). With regards to serum lipids, one hypothesis is that
higher serum cholesterol levels could lead to higher serum PFAS concentrations through the
displacement of protein-bound PFAS from B-lipoprotein or albumin (Kerger et al., 2011).
However, while PFAS can bind to human albumin (Han et al., 2003; Chen and Guo, 2009;
Kerger et al., 2011), the major transport proteins for cholesterol in blood are lipoproteins, not
albumin (Feingold and Grunfeld, 2018). And, while cholesterol binding to B-lipoprotein is
significant (e.g., to form LDL), PFAS binding to lipoproteins is fairly minimal (Butenhoff et al.,
2012c).

Another hypothesis is that serum lipid and serum PFOS concentrations are related because
both bile acids (an important elimination route for cholesterol) and PFOS undergo significant
enterohepatic circulation and share the same transport proteins involved in this process (Zhao
et al., 2015a). In fact, studies in humans have shown that blocking the enterohepatic circulation
of bile acids using cholestyramine, which can increase the fecal elimination of cholesterol, can
also increase the fecal elimination of PFOS (Genuis et al., 2010; Genuis et al., 2013).
Importantly though, whether this effect can lead to large changes in PFOS serum
concentrations or large changes in the body burden of PFOS is unknown. This is important
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because the associations seen in Steenland et al. (2009) involved large differences in the serum
concentrations of PFOS but only small differences in the serum concentrations of TC. For
example, as seen in the publication’s Figure 3, an approximately 1,000% increase in serum
PFOS was associated with only about a 5% increase in serum TC. This suggests that if
enterohepatic circulation was responsible for the Steenland et al. (2009) findings, this
mechanism would have to have an extremely large impact on serum PFOS, something that
OEHHA was unable to find quantitative evidence to support.

OEHHA identified additional evidence that the associations between PFAS and serum
cholesterol levels identified by Steenland et al. (2009) and others are not due to reverse
causality. Some of this evidence involves PFOA rather than PFOS. However, the associations
between TC and PFOS reported by Steenland et al. (2009) were very similar to those they
reported for TC and PFOA. Because of this, and because OEHHA could not find any rational
explanation why a true causal association would exist for one of these chemicals but reverse
causality would be important for the other, evidence relating to either PFOS or PFOA are
presented here.

The evidence that PFAS-TC associations are not due to reverse causality include the following:

¢ In Everds and Kennedy (2015), PFOA was administered orally to two groups of hamsters,
one fed a normal diet and one fed a high fat diet, and serum PFOA concentrations were
then compared between these two groups. PFOA was administered in the form of
ammonium perfluorooctanoate, at doses of 0.1, 1.0, and 10 mg/kg, for 30 days. The
researchers reported that while serum cholesterol levels were about 40-100% higher in the
hamsters fed a high fat diet, the differences in serum PFOA concentrations between the
hamsters on high fat and normal diets at each PFOA intake level was small (generally
<10%). Overall, this finding argues against the hypothesis that increases in serum lipids can
cause major increases in serum PFOA.

e Associations between PFOA and TC in the C8 study area have not only been seen in
analyses based on actual measured serum PFOA levels, but also in analyses based on
modeled PFOA exposures. In Winquist and Steenland (2014), estimates of PFOA
concentrations in local air, surface water, and groundwater were generated using an
environmental fate and transport model. These were combined with the study participant’s
residential history, drinking water sources, water consumption rates, and occupational
exposures, and entered into a toxicokinetic model to generate yearly PFOA serum
concentration estimates for each participant (N=32,254). Participants were defined as
having high cholesterol if they reported taking cholesterol-lowering medications, and the
year this condition started was defined as the year the participant reported that they were
first told by a medical care provider they had high cholesterol. Analyses were adjusted for
age, sex, education, race, smoking, and BMI. The researchers found that increasing
quintiles of modeled cumulative PFOA exposure were associated with hazard ratios for high
cholesterol of 1.00 (reference), 1.24 (95% CI, 1.15-1.33), 1.17 (95% CI, 1.09-1.26), 1.19
(95% CI, 1.11-1.27), 1.19 (95% ClI, 1.11-1.28) (p-test for trend=0.005). Overall, because
these analyses were based on external metrics of PFOA exposure and not on serum PFOA
concentrations, the associations reported here would not be due to any direct effect that
serum lipids would have on serum PFOA and therefore would not be due to reverse
causality.
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e With regards to PFOS, the Steenland et al. (2009) researchers evaluated reverse causality
by comparing PFOS serum concentrations in people taking cholesterol-lowering
medications to PFOS serum concentrations in people not taking these medications. These
analyses were adjusted for gender, age, BMI, race, and other factors. The rationale behind
this analysis was that most people who were taking cholesterol-lowering medications would
be doing so for reasons unrelated to their PFOS exposure (e.g., elevated cholesterol levels
due to diet, lack of exercise, or genetics). Because of this, if higher serum lipid levels did
indeed cause higher serum PFOS levels, the use of these medications (and the decreased
cholesterol levels that would be associated with this use) would be expected to lead to a
major decrease in serum PFOS. However, the authors reported that serum PFOS
concentrations were not lower in those taking cholesterol-lowering medications, providing
evidence that higher serum lipid levels were not causing higher serum PFOS.

o Finally, perhaps the strongest evidence that reverse causation was not responsible for the
effects seen in Steenland et al. (2009), is that an association between PFOS and higher TC
levels has also been reported in a prospective study done in the C8 study area. In Fitz-
Simon et al. (2013), 560 of the adult participants in the C8 study who provided serum for
PFOS and TC measurements in 2005-2006, also provided serum for PFOS and lipid
measurements in 2010. Over this time, the geometric mean serum concentration of PFOS
in these participants fell from 18.5 ng/ml in 2005-2006 to 8.2 ng/ml in 2010. The authors
found that a 50% decrease in serum PFOS over the study period was associated with a
3.2% (95% ClI, 1.6-4.8) decrease in serum TC and a 5.0% (95% Cl, 2.5-7.4) decrease in
serum LDL. A statistically significant change in HDL was not seen. These findings provide
strong evidence that reverse causality is not responsible for the PFOS-TC associations seen
in the C8 area because there is a well-known reason why the PFOS exposures decreased
in this study, and this reason is unrelated to any changes in serum lipids. In fact, serum TC
and LDL levels in subjects in the lowest PFOS exposure group actually increased. Rather,
the cause of the decreased PFOS levels was the major reductions in the production, use,
and exposure to PFOS that took place throughout the US just before and during the years of
the study (Dong et al., 2019; ATSDR, 2021). Given these well-known reasons for the
declining PFOS exposure, the idea that the decreases in serum PFOS seen in this study
were caused by declining TC or LDL levels is implausible.

Overall, based on the findings of Fitz-Simon et al. (2013) and the other data presented above,
OEHHA has concluded that it is highly unlikely that reverse causality was responsible for the
PFOS-TC associations reported by Steenland et al. (2009) and others.

Appropriate study design. Another criticism of cross-sectional studies is that because they
measure exposure and outcome at the same time, the most relevant exposure period might be
missed. However, as discussed above for PFOA, the half-life of PFOS is several years. As
such, a single serum measurement of PFOS is likely to represent exposure over the long-term.
In addition, the half-life of LDL cholesterol in plasma is fairly short, about three days (Daniels et
al., 2009), and TC and LDL levels typically fall within days or weeks after beginning cholesterol-
lowering medications. Overall, the long half-life of serum PFOS, combined with the short half-
life of serum cholesterol suggest that the cross-sectional approach used in Steenland et al.
(2009) is a valid method for assessing the dose-response relationship between PFOS and TC.
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Acceptable Daily Dose Calculation

The ADD was calculated using the LOAEC of 16.4 ng/ml from the Steenland et al. (2009) study
of PFOS and elevated TC in adults from the C8 study area, and applying the clearance factor of
3.9 x 10 L/kg-day (or 0.39 ml/kg-day) discussed in Chapter 4. An uncertainty factor (UF) of
10 for intraspecies variation was also applied in these calculations. The Steenland et al.
(2009) study involved a very large population of adults and the participation rate was >80%.
This large sample size and high participation rate suggests the study participants were a good
representation of the study area as a whole, and likely included a diverse group of people in
terms of ages, health status, smoking and other chemical exposures, nutrition, socioeconomic
status, and other factors. As discussed above, a separate study in this area examined the
relationship between PFOS and TC in children (Frisbee et al., 2010), and OEHHA'’s evaluation
found that based on serum levels, the PFOS-TC relationship was essentially the same in
children as in adults. A UF of V10 rather than 1 for intraspecies variation was applied because
the C8 study population was not diverse in terms of race or ethnicity. In addition, it did not
examine other potential susceptibility factors such as obesity or genetics. Some data suggest
that obesity or certain genetic polymorphisms might increase susceptibility to PFAS (Ghisari et
al., 2017; Jain and Ducatman, 2018b; Jain and Ducatman, 2019; Wen et al., 2019a). However,
these data were limited (for a variety of reasons) and OEHHA was unable to identify consistent
or convincing evidence that this susceptibility might be greater than a factor of V10.

OEHHA also applied the LOAEC to NOAEC UF of V10 because the Steenland et al. (2009) ORs
involved an LOAEC rather than an NOAEC. A full LOAEC to NOAEC UF of 10 was not used for
this ADD calculation because the very large sample size and the very precise nature of the ORs
allowed the study to detect relatively small effect sizes with excellent statistical power. As such,
an LOAEC could be detected at a fairly low PFOS exposure level. In fact, the LOAEC occurred
in the second highest PFOS exposure quartile, which had a range of 13.3 to 19.5 ng/ml. These
levels are very close to those commonly seen in the general US population (Dong et al., 2019).
Overall, given the very high precision of the Steenland et al. (2009) results, it seems highly
unlikely that a future study (at least one done in the near future) will identify an NOAEC with
good precision that is 10-times lower than the Steenland et al. (2009) LOAEC.

The ADD for PFOS was calculated as:
ADD = (POD x CF) + UF = (16.4 ng/ml x 0.39 ml/kg-day) + 10 = 0.64 ng/kg-day.
Animal Studies

Similar to PFOA, the major noncancer effects of PFOS in experimental animals are liver,
immune system, thyroid, and developmental/reproductive toxicities. Liver, thyroid, and immune
system toxicity appear to be the most sensitive endpoints. OEHHA derived ADDs from animal
studies for comparison with those derived from human studies. Among the animal studies that
exhibited a dose-response, Table 6.1.17 lists candidate critical studies for PFOS that report
serum/plasma levels of PFOS and that OEHHA considers are of sufficient quality. BMD
modeling was performed on the candidate critical study datasets in Table 6.1.17, using
plasma/serum concentration as the dose metric, and the results are presented in Table 6.1.18.
As with PFOA, ADDs are not calculated for PFOS due to the availability of human data for
derivation of a health-protective concentration.
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Table 6.1.17. Candidate critical studies for noncancer effects of PFOS in animals

Reference | Sex/Species Dose/Route of Endpoint NOAEL/LOAEL [NOAEL/LOAEL/
Exposure/Duration (mg/kg-day) | BMDL (mg/L)
Liver Toxicity
Male 0,2.5,5,0r10 .
Xing et C57BL/6 mg/kg-day via 1 relative liver . LOAEL:70.2
) . LOAEL: 2.5
al. (2016) | mice gavage for 30 weight BMDLi<o: 8.9
(10/dose) days 18- ©-
Lai et al Female. 0, 0.3., or 3 mg/kg- 1t liver LOAEL: 33.8
(2018) " | CD-1 mice day via gavage for triglycerides LOAEL: 0.3
(=4/dose) 7 weeks BMDLigp: 11.2
Males
LOAEL: 23.7
Male and 0, 0.312, 0.625,
female 1.25,2.5,0r5 L BMDL1sp: 4.7
NTP Sprague mg/kg-day via ! rglatlve liver LOAEL: 0.312
(2019Db) D weight
awley rats | gavage for 28 Females
(10/dose) days LOAEL: 30.5
BMDLlSDZ 44.1
Immunotoxicity
Pregnant 0,0.1,1,0r5 | splenic natural
Zhong et | C57BL/6 mg/kg-day via killer cell activity ) )
al. (2016) | mice gavage from in male pups at 8 NOAEL: 0.1 NOAEL: 3.79
(12/dose) GD 1-17 weeks of age
0, 0.008, 0.083, NOAEL: 0.674
Dong et 2A5a7I?BL6 0.417, 0.833, or | plaque forming | NOAEL:
al. (2009) | mice 2.08 mg/kg-day cell response 0.008 BMDLso: 5.1
(10/dose) via gavage for 60 _
days BMDL1o: 0.75
Thyroid Toxicity
Males
LOAEL: 23.7
BMDLlSDZ
Male and 0, 0.312, 0.625, 4.8 (free T4)
a
NTP fseé?;‘i‘éie rlné/Sk’gz_aSéyo\r/ig | freeand total | LOAEL: 0.312 | >-2 (101! T4)
(2019b) Dawley rats | gavage for 28 T4 (both sexes) Females
(10/dose) days LOAEL: 30.5
BMDLlSDZ
12.1 (free T4)?
8.2 (total T4)

GD, gestation day; T4, thyroxine
a@Highest dose group excluded in BMD modeling
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While the NOAEL for immunotoxicty from Zhong et al. (2016) was lower than the BMDLSs from
the modeled datasets in Table 6.1.17, the reported serum values in pups (measured at 4 weeks
and 8 weeks of age) would not be representative of the serum concentrations during the dosing
period (GD1-17). Pups at 4 and 8 weeks of age would be expected to have lower serum
concentrations than during the period of active dosing.

Table 6.1.18. BMD modeling of noncancer endpoints from candidate PFOS animal

studies
Study Endpoint Model GOS?R’?SS BMDisp | BMDLisp
p-value (mg/L) (mg/L)
Xi&%ig)al. 1 relative liver weight Linear 0.483 12.8 8.9
Léioelt;l. 1 liver triglycerides Linear 0.053 15.5 11.2
(2’3};},) f relat(i;'een:g'lirs‘)”eight Exponential2 | 0.374 55.1 44.1
(z'ﬁ,lg’b) f relati\('r?]gl\;esr)weight Exponentiald |  0.679 6.9 47
(Z%IQPb) | free T4 (males) Exponential4 0.224 7.5 4.8
(Z%IQPb) | total T4 (males)? Exponential4 0.829 7.9 5.2
(Z%IQPb) | free T4 (females)? Exponential4 0.330 20.8 12.1
(Z%IQPb) | total T4 (females) Exponential4 0.763 12.5 8.2
a'ﬁ"(;‘%;;) ! p'aigggg;g‘g;g cell | Exponentials | 0.742 10.0 5.1
a?o(rzlg;s;) l p'a‘iiipfﬁﬁl"éﬂg oo Hill 0.776 156° | 0.750"

a@Highest dose group excluded

b Data modeled with a BMR of 10%, therefore these values correspond to BMD1o and BMDL1o

OEHHA identified Dong et al. (2009) as the critical toxicity study for deriving a notification level
(NL) recommendation for the noncancer effects of PFOS (OEHHA, 2019). At the time, BMD
modeling of the data for plaque forming cell response from (Dong et al., 2009) did not provide
any adequate models. Therefore, the NOAEL of 0.008 mg/kg-day, corresponding to a serum
concentration of 0.674 mg/L, was selected as the POD. The data are summarized in Table
6.1.19. Here, an additional analysis of this dataset indicates an acceptable model fit can be
obtained with BMD modeling when the highest dose is excluded. Excluding the highest dose is
appropriate for this dataset since there is a 260-fold difference between the lowest and the
highest dose, and inclusion of the highest dose data appeared to compromise the data fit in the

low dose range.
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Table 6.1.19. Plague forming cell response in male C57BL/6 mice exposed to PFOS via
oral gavage for 60 days (Dong et al., 2009)

Dose Serum Concentration Plaque Form;ng
(mg/kg-day) (mglL) Response
(PFC/10° spleen cells)
0 0.048 + 0.014° 597 + 64° (202)
0.008 0.674 + 0.166 538 + 52 (164)
0.083 7.132 +1.039 416 + 43* (136)
0.417 21.638 +4.410 309 + 27* (85)
0.833 65.426 +11.726 253 + 21* (66)
2.08 120.670 + 21.759 137 £ 16* (51)

aData taken from New Jersey DWQI (2018). Authors state they received numerical data via personal
communication with GH Dong.

b Mean + SEM (N=10/dose); SD in parentheses

* p <0.05, reported by study authors

OEHHA typically uses a BMR of one standard deviation (1 SD) for continuous data when it is
uncertain what level of response is biologically significant (US EPA, 2012). This results in a
BMDLisp of 5.1 mg/L (Table 6.1.18). However, when the SDs are relatively large, as for the
Dong et al. (2009) dataset (Table 6.1.19), a BMR of 1 SD may represent a much larger change
than 10%, which was historically a level to which a 1 SD change was comparable (Davis et al.,
2011). Thus, OEHHA also modeled the data using a BMR of 10%, which resulted in a BMDL1g
of 0.75 mg/L.

6.2. Cancer Dose-Response Analyses and Cancer Potency Derivation
6.2.1. Perfluorooctanoic Acid

Because several high quality human studies were available, dose-response analyses were
performed using human rather than animal data. As discussed above, the strongest and most
consistent human evidence linking PFOA to cancer involves studies of kidney cancer. Based
on evaluations of statistical power, generalizability, potential bias and confounding, and other
factors, OEHHA selected the human studies by Shearer et al. (2021) and Vieira et al. (2013) for
cancer dose-response analyses. Descriptions of these two studies, and evaluations of their
potential strengths and weaknesses are provided in the following sections. Two other
epidemiologic studies identified associations between PFOA and kidney cancer (Steenland and
Woskie, 2012; Barry et al., 2013). The high exposure occupational study by Steenland and
Woskie (2012) was not used for dose-response analysis because information on a range of
exposures more relevant to the general population were available from the Shearer et al. (2021)
and Vieira et al. (2013). The study by Barry et al. (2013) was not used for dose-response
analysis because it was performed in the same study area as the Vieira et al. (2013) study and
these two studies likely involved a number of the same participants. Vieira et al. (2013) was
selected over the Barry et al. (2013) because it presented dose-response data using a more
appropriate exposure metric (discussed in further detail below).
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Shearer et al. (2021):

Study design: The study by Shearer et al. (2021) is a case-control study nested within the
National Cancer Institute’s (NCI) Prostate, Lung, Colorectal, and Ovarian Screening Trial
(PLCO). The PLCO is a randomized clinical trial of the use of serum biomarkers for cancer
screening. Participants were recruited via convenience sampling from 10 medical centers at
various locations throughout the US (Table 6.1.17). The PLCO trial included approximately
150,000 people, with half of all participants randomized to the screening arm, and half
randomized to the control arm. Participants in the screening arm had serum samples collected
once at baseline during the years 1993-2002. These samples were processed and frozen
within two hours of collection and stored at -70°C. A questionnaire was administered at
baseline and was used to collect information on demographic variables and other cancer risk
factors including smoking, BMI, medical history, and occupations. Participants were followed
annually for an average of 8.9 years (range, 2-18 years). Incident cases of RCC (International
Classification of Diseases-Oncology (ICD-0)-2 C64.9) were ascertained during the years 1996-
2014 by medical record review of suspected cancers reported in the annual questionnaires, or
from physicians or relatives, the National Death Index (NDI), or local cancer registries (Liao et
al., 2017). The cases in the Shearer et al. (2021) study included all of the participants of the
screening arm of the PLCO trial who were newly diagnosed with RCC during the follow-up
period (N=326). All cases were histopathologically confirmed. Controls were selected from
among participants of the PLCO trial screening arm who had never had RCC. These controls
were individually matched to the RCC cases by age at enroliment, sex, race/ethnicity, study
center, and year of blood draw. Concentrations of PFOA, PFOS, and other PFAS were
measured in the baseline serum samples by the Centers for Disease Control and Prevention in
the year 2018 using on-line solid phase extraction liquid chromatography isotope dilution
tandem mass spectrometry. Laboratory personnel were blinded to the case-control status of the
participants. Two case-control pairs were excluded due to missing PFAS concentrations.
Results were presented for total PFOA and total PFOS, which were the sum of the
concentrations of their respective isomers (i.e., n-PFOA and sum of the branched PFOA
isomers for total PFOA, and n-PFOS and sum of perfluoromethylheptane sulfonic acid isomers
for total PFOS). The study was funded by the National Cancer Institute (NCI), the US
Department of Defense, and the National Institutes of Health (NIH).

Renal cell carcinoma (RCC): Kidney cancer is among the top ten cancers diagnosed in the US
each year (ACS, 2020a). The American Cancer Society (ACS) has estimated that 73,820 new
cases of kidney cancer were diagnosed in 2019, and that 14,770 deaths from kidney cancer
occurred that year. The 5-year survival rate for kidney cancer is about 75%. RCC is the most
common type of kidney cancer, and approximately 90% of all kidney cancers are RCCs. The
major risk factors for kidney cancer are excess body weight and smoking, and the ACS has
estimated that about half of all kidney cancers could be prevented by eliminating these two risk
factors. Other risk factors include high blood pressure, chronic renal failure, and occupational
exposure to certain chemicals such as trichloroethylene (TCE).

The incidence rate of kidney cancer in the US increased approximately 1-2% per year from
1992 to 2008. Since 2008, this rate has leveled off (Figure 6.2.1). The same general pattern
has been seen for RCC, but with an average annual increase of more than 3% in the 12 years
before 2008 (Saad et al., 2019). The exact reasons for the increases prior to 2008 are unknown
but may be related to earlier detection through the increased use of abdominal CT scans,
increasing obesity, or increases in certain occupational exposures, hypertension, or other risk
factors (Saad et al., 2019). The reason for the leveling off after 2008 is also unknown. It is
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unlikely that this leveling off is entirely due to changes in smoking or obesity since declines in
smoking (and subsequent declines in lung cancer) began decades before 2008, and rates of
obesity in the US have continued to increase well beyond 2008. Interestingly, US production
and serum levels of PFOA declined sharply 5-10 years prior to the leveling off of RCC rates.
Although it is unknown if and how much this leveling off may be due to decreases in PFOA
exposure in the US, similar latency patterns following exposure cessation have been seen for
other carcinogens, including smoking (Tindle et al., 2018).

Figure 6.2.1. Yearly incidence and death rates from kidney cancer in the US (SEER, 2020)
18
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Demographics of the participants in Shearer et al. (2021): The RCC cases in the Shearer et al.
study were unevenly distributed among the various recruitment centers, although no single site
contributed more than 26% of all cases (Table 6.2.1). Compared to controls, cases were more
likely to be obese (35.5% vs. 23.5%) and more likely to have hypertension (43.5% vs. 33.3%).
Similar proportions of cases and controls were never, former or current smokers, and roughly
90% of both cases and controls were either former or never smokers.

Table 6.2.1. Number and percentage of cases and controls in Shearer et al. (2021)
and in the PLCO trial by study center

Shearer et al. (2021) PLCO trial*
Controls Cases All participants
Center N (%) N (%) P N (%;)
Georgetown (Washington, DC) 15 (4.6) 15 (4.6) 8,108 (5.2)
Colorado 20 (6.2) 20 (6.2) 13,165 (8.5)
Hawaii 9(2.8) 9(2.8) 10,847 (7.0)
Henry Ford (Michigan) 37 (11.4) 37 (11.4) 24,665 (15.9)
Minnesota 84 (25.9) 84 (25.9) 28,862 (18.6)
Washington University (Missouri) 33 (10.2) 33 (10.2) 15,042 (9.7)
University of Pittsburgh (Pennsylvania) 40 (12.4) 40 (12.4) 16,930 (10.9)
University of Utah 27 (8.3) 27 (8.3) 14,387 (9.3)
Marshfield (Wisconsin) 46 (14.2) 46 (14.2) 16,740 (10.8)
University of Alabama 13 (4.0) 13 (4.0) 6,188 (4.0)
1. Data from Gren et al. (2009)
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Exposure levels: The Shearer et al. (2021) serum samples were collected from 1993 to 2002.
Geometric mean PFOA levels were somewhat higher in the later years of sample collection
(geometric mean PFOA concentrations in the controls were 4.0, 4.3, and 4.6 ng/ml for the years
1993-95, 1996-97, and 1998-2002, respectively). The geometric mean in the 1998-2002 period
is very close to the median PFOA level reported for participants age 60 and over in the 1999-
2000 NHANES (4.8 ng/ml; 95% CI, 4.3-5.1 ng/ml), the first time PFOA was measured in a US
nationwide survey. The similarity of these levels suggest that the Shearer et al. (2021) controls
are a good representation of the general US population in terms of PFOA exposure.

Statistical analyses: Associations between PFOA and RCC were analyzed using baseline
serum PFOA concentration as either a continuous or a categorical variable. In the categorical
analyses, categories of PFOA were based on the quartiles of serum PFOA in the controls, and
ORs for RCC were calculated using the lowest PFOA category as the reference group. ORs
were adjusted for age, sex, race/ethnicity, study center, year of blood draw, estimated
glomerular filtration rate (eGFR), BMI, smoking status, hypertension, prior freeze-thaw cycles of
samples, and calendar year of blood draw. Wald tests were used to test for linear trends across
the adjusted ORs, and were performed by modeling the within-category median of each PFOA
guartile as a continuous variable.

In the analysis of serum PFOA as a continuous variable, PFOA was log2 transformed, and a
linear regression analysis was used to calculate the RCC OR for each doubling of serum PFOA.
Nonlinear trends were assessed by modeling logOR and the log2-transformed PFOA
concentrations using a natural spline with three degrees of freedom.

Results: The ORs for the association between serum PFOA and RCC in the categorical
analyses are shown in Table 6.2.2. A statistically significant increase in the odds of RCC was
seen when comparing the highest to the lowest exposure category (OR = 2.63; 95% CI, 1.33-
5.20). Although the ORs in the 2" and 3" highest exposure categories were not statistically
significant, they were >1.0 and the p-test for trend across the ORs was statistically significant (p
=0.007).

Table 6.2.2. ORs for the association between PFOA serum concentrations
and RCC in Shearer et al. (2021)
Exposure
Exposure category
category  midpoint

(ng/ml) (ng/ml) OR,! Cl Cly Case Control OR, SE
<4.0 2.0 1.00 Ref 47 81 1.00

24-5.5 4.7 1.47 0.77 2.80 83 79 1.81 0.33
>5.5-7.3 6.4 1.24 0.64 241 69 83 1.43 0.34
>7.3-27.2 17.3 2.63 1.33 5.20 125 81 2.66 0.35

Abbreviations: Cl., lower 95% confidence interval of ORa; Clu, upper 95% confidence interval of ORa; ORa,
adjusted odds ratio; ORy, unadjusted odds ratio; Ref, reference category; SE, standard error of the logOR
! p-trend = 0.007

In the analysis of PFOA as a continuous variable, a statistically significant association was seen
between log2 PFOA and the odds of RCC, such that a doubling of PFOA was associated with
an RCC OR of 1.71 (95% Cl, 1.23-2.37). Analyses of log2-transformed PFOA using natural
splines found no evidence of a significant non-linear relationship between PFOA and RCC risk.
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The following sections discuss OEHHA'’s evaluations of the likelihood the Shearer et al. (2021)
findings could have been due to bias (exposure misclassification, outcome misclassification, or
selection bias) or confounding.

Exposure misclassification: Exposure was based on a single serum PFOA measurement in
each participant. Significant bias could occur if people’s serum PFOA concentrations change
dramatically in a few days or months. As mentioned previously, serum measurements are a
commonly used and widely accepted method for assessing PFOA exposure (NTP, 2016), and
the half-life for PFOA in serum is in the order of years (Olsen et al., 2007; Mogensen et al.,
2015b). This long half-life suggests that a single serum measurement is likely to provide an
accurate and precise indication of a person’s long-term PFOA exposure. Another important
aspect of the Shearer et al. (2021) study is that the serum samples were collected years before
cancer diagnoses. This prospective collection of exposure data helps alleviate concerns about
reverse causation. In addition, the laboratory personnel measuring the PFOA serum
concentrations were blinded to the case or control status of the study participants, which helps
reduce concerns about researcher bias. Overall, there is no indication that the serum samples
were collected, or that PFOA concentrations were measured, in a way that would have differed
between the RCC cases and the controls. Because of this, potential misclassification of PFOA
exposure, particularly in the highest exposure category, would most likely be non-differential,
and therefore most likely bias results towards the null (i.e., in the direction of finding no
association) (Jurek et al., 2005). Non-differential misclassification of exposure could have
biased the ORs in the second and third PFOA quartiles away from 1.0. However, there is no
indication that this bias would have a major impact on the dose-response slopes.

Outcome misclassification: Under or over-diagnosis of RCC is also possible, but major bias
from this is unlikely. Although the Shearer et al. (2021) publication provided little information
about case ascertainment, many of the details of this process can be found in other publications
on the PLCO trial (Hayes et al., 2000; Prorok et al., 2000; Liao et al., 2017). Over-diagnosis of
RCC is unlikely since all of the cases were histologically confirmed. Under-diagnosis (i.e.,
missed cases) is possible. However, because the serum samples used to measure PFOA were
collected before cancer diagnosis, bias from missed cases is most likely non-differential and
thus most likely towards the null. In addition, as discussed below in more detail, a comparison
of the number of RCC cases in the Shearer et al. (2021) study to the number of cases expected
based on US national rates suggests that under-diagnosis of RCC was not a major problem in
this study.

Selection bias: The Shearer et al. (2021) study involved a convenience sample of mostly white
non-Hispanic participants, and information on household income, education, or other
socioeconomic indicators were not presented. While it is possible that the risks of RCC caused
by PFOA vary by race, ethnicity, or socioeconomic status, OEHHA was unable to find any
evidence showing that this is the case.

Follow-up rates were also not provided in the Shearer et al. (2021) publication. However, one
way to evaluate the adequacy of follow-up is to compare the number of RCC cases ascertained
in this study to the number of cases expected based on US national rates. Because Shearer et
al. (2021) is essentially a population-based study, the PFOA levels in this study should be close
to those in the general US population, and the number of cases should be similar to what would
be expected based on US national rates.
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The RCC rate in the US for the age groups included in the Shearer et al. (2021) study is about
50 cases per 100,000 person-years (Saad et al., 2019; SEER, 2020). Given an underlying
cohort of approximately 74,000 people used for the Shearer et al. (2021) study, and an average
follow-up period of 8.9 years, the number of cases expected based on US rates is:

74,000 people x 8.9 years x 50 cases per 100,000 person-years = 329 cases.

Although this number is only an estimate, its similarity to the actual number of cases in the
Shearer et al. (2021) study (N=326) suggests that under-reporting, under-ascertainment, or
poor follow-up were not major problems in this study.

Confounding: The ORs developed by Shearer et al. (2021) were adjusted for all of the
important known risk factors for RCC including age, sex, BMI, smoking, and hypertension
(IARC, 2019; ACS, 2020b)(. They were also adjusted for eGFR (high vs. low), which is a
marker of non-malignant renal disease. The authors also presented a number of subgroup
analyses that can be used to evaluate potential confounding or other forms of bias. Here,
PFOA-RCC ORs were similar across subgroups of age, gender, BMI, hypertension (yes vs. no),
eGFR (high vs. low), time from blood draw to cancer diagnosis (2-8 years vs. 28 years), and
previous freeze-thaw cycle (none vs. 21). The similarity of the ORs within each of these
subgroups is evidence that none of these factors caused major confounding. The PFOA-RCC
OR was higher in current and former smokers than in never smokers. However, the confidence
intervals for these ORs were wide and the difference between them was not statistically
significant (p = 0.24).

Other known or possible risk factors for kidney cancer include certain chemical or occupational
exposures such as arsenic (Ferreccio et al., 2013), TCE (IARC, 2014), asbestos (Smith et al.,
1989), and cadmium (IARC, 2012b); medications such as acetaminophen or non-steroidal anti-
inflammatory drugs (Karami et al., 2016); or genetic disorders such as von Hippel-Lindau
disease or Birt-Hogg-Dube syndrome. Most of these known genetic disorders are too rare to
cause important confounding. Arsenic is unlikely to cause confounding since, although it is
strongly related to renal pelvis cancer, it is not strongly related to RCC (Ferreccio et al., 2013).

With regards to cadmium and asbestos, several studies have reported associations between
these agents and kidney cancer. However, these findings are not consistent across all studies,
and IARC has not established cadmium and asbestos as a sufficient cause of kidney cancer
(IARC, 2012a; IARC, 2012b). TCE is an established cause of kidney cancer (IARC, 2014).
Several studies, have reported an association between acetaminophen use and kidney cancer
(Karami et al., 2016). Because there is little to no evidence that PFOA exposure is strongly
related to asbestos, cadmium, or TCE exposure or to acetaminophen use, it is very unlikely that
these agents could have caused the elevated ORs reported by Shearer et al. (2021). Even if
there was some relationship between PFOA and these agents, the magnitude of these
relationships would have to be very high, to the point of being implausible, to cause the PFOA-
RCC OR of 2.63 reported for the highest PFOA exposure category in Shearer et al. (2021). The
reason for this is that most studies linking asbestos, cadmium, TCE, and acetaminophen to
kidney cancer report relative risks near 2.