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2. RELEVANCE TO PUBLIC HEALTH

2.1 BACKGROUND AND ENVIRONMENTAL EXPOSURES TO PERFLUOROALKYLS IN
THE UNITED STATES

Perfluoroalkyls constitute a class of compounds that have been used extensively in surface coating and
protectant formulations due to their unique surfactant properties. Major applications have included
protectants for paper and cardboard packaging products, carpets, leather products, and textiles that
enhance water, grease, and soil repellency. Perfluoroalkyls have also been used as processing aids in the

manufacture of fluoropolymers such as nonstick coatings on cookware.

Perfluoroalkyls are human-made substances that do not occur naturally in the environment. The
perfluoroalkyls substances discussed in this profile, especially perfluorooctane sulfonic acid (PFOS) and
perfluorooctanoic acid (PFOA), have been detected in air, water, and soil in and around fluorochemical
facilities; however, these industrial releases have been declining since companies began phasing out the
production and use of several perfluoroalkyls in the early 2000s. Information regarding current releases
of shorter-chain perfluoroalkyls that are not included under phase-out regulations, such as
perfluorobutyric acid (PFBA) and perfluorobutane sulfonic acid (PFBuS) have not been located.
Production of PFBA in the United States appears to have ceased, although some is reportedly imported
for commercial use. In the environment, some of the perfluoroalkyls discussed in this profile can also be
formed from environmental degradation of precursor compounds that had been released during the use of

consumer products containing perfluoroalkyls.

Due to their chemical structure, perfluoroalkyls are very stable in the environment and are resistant to
biodegradation, photoxidation, direct photolysis, and hydrolysis. The perfluoroalkyl carboxylic acids and
sulfonic acids have very low volatility due to their ionic nature. As a group, perfluoroalkyls are persistent
in soil and water. Perfluoroalkyls are mobile in soil and leach into groundwater. Volatile fluorotelomer
alcohols may be broken down into substances like PFOA, and atmospheric deposition can lead to
contamination of soils and leaching into groundwater away from point sources. Perfluoroalkyls have
been detected in environmental media and biota in many parts of the world, including oceans and the

Aurctic, indicating that long-range transport is possible.
PFOA and PFOS have been measured in outdoor urban air samples at concentrations up to 46 and

919 pg/m?®, respectively. Concentrations of other perfluoroalkyls measured in outdoor air are generally

<1 pg/m®. Reported concentrations of perfluoroalkyls measured in four indoor air samples were
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<5 pg/m®. PFOA, PFOS, and perfluorohexane sulfonic acid (PFHxS) have been detected in indoor dust
samples at concentrations of <2.29-3,700, <4.56-5,065, and <4.56—4,305 ng/g, respectively. Reported
concentrations of perfluoroalkyls measured in surface water samples are generally <50 ng/L.
Concentrations of perfluoroalkyls in groundwater, drinking water, soil, and sediment can vary
substantially by location, especially if there is a local point source of these substances nearby.
Perfluoroalkyls have been detected in different types of foods at reported concentrations ranging from
0.05 to 10,000 ng/g fresh weight. Perfluoroalkyls have also been detected in consumer products such as
treated carpeting, treated apparel, and paper food packaging. Elevated concentrations of perfluoroalkyls
have been measured in air, water, soil, and sediment near industrial facilities that used or manufactured

fluorochemicals.

The highest concentrations of perfluoroalkyls in animals are measured in apex predators, such as polar
bears, which indicates that these substances biomagnify in food webs. The bioaccumulation potential of
perfluoroalkyls is reported to increase with increasing chain length. As the chain length increases from
four to eight carbons, the bioaccumulation potential increases, and then declines with further increases in
chain length. In living organisms, perfluoroalkyls bind to protein albumin in blood, liver, and eggs, but
do not accumulate in fat tissue. Studies in mammals demonstrate substantial differences in elimination
half-times across chemical species and animal species. The elimination half-times increase with chain
length, and the sulfonate compounds have longer half-times than carboxylic acid compounds with the

same chain length.

Mean PFOA, PFOS, and PFHXS serum concentrations reported in various studies of the general
population in the United States are 2.1-9.6, 14.7-55.8, and 1.5-3.9 ng/mL (ppb), respectively. Mean
concentrations of perfluoroheptanoic acid (PFHpA), perfluorononanoic acid (PFNA), perfluorodecanoic
acid (PFDeA), perfluoroundecanoic acid (PFUA), perfluorododecanoic acid (PFDoA), PFBuUS, PFBA,
perfluorooctane sulfonamide (PFOSA), 2 (N-methyl-perfluorooctane sulfonamide) acetic acid
(Me-PFOSA-ACcOH), and 2-(N ethyl-perfluorooctane sulfonamide) acetic acid (Et-PFOSA-AcOH) were

generally <1 ng/mL in these studies.

Based on environmental measurements and theoretical models, one study has proposed that the major
exposure pathways for PFOS for the general population in Europe and North America are food and water
ingestion, dust ingestion, and hand-to-mouth transfer from mill-treated carpets. For PFOA, major
exposure pathways were proposed to be oral exposure resulting from migration from paper packaging and

wrapping into food, general food and water ingestion, inhalation from impregnated clothes, and dust
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ingestion. This includes exposure to 8:2 fluorotelomer alcohol in food packaging and air, which can be
broken down into PFOA. PFOS and PFOA exposure pathways are proposed to be similar for children
except that exposure from hand-to-mouth transfer from treated carpets is expected to be much greater in
children. Based on these exposure pathways, adult uptake doses estimated for high-exposure scenarios
were approximately 30 and 47 ng/kg/day for PFOS and PFOA, respectively. PFOS and PFOA doses
estimated for children under the age of 12 under high exposure scenarios were 101-219 and 65.2-

128 ng/kg/day, respectively. A study evaluated potential exposure to perfluorocarboxylate homologues
for different populations and also concluded that dietary intake was the primary background exposure
pathway for the general population, while inhalation of indoor air was the main exposure pathway for
occupationally exposed individuals with estimated intakes of >150 ng/kg/day. Ingestion of contaminated
drinking water has been shown to be the major route of exposure for humans in communities located

close to industrial facilities where PFOA is used.

Perfluoroalkyls have been detected in human breast milk and umbilical cord blood. The reported
maximum concentrations of PFOS and PFOA measured in human breast milk samples were 0.360—

0.639 and 0.210-0.490 ng/mL, respectively. Maximum concentrations of other perfluoroalky!l
compounds were <0.18 ng/mL. In most umbilical cord samples, the concentrations of PFOS and PFOA
were 4,9-11.0 and 1.6-3.7 ng/mL, respectively. Other perfluoroalkyls have been detected less frequently,

with maximum concentrations <2.6 ng/mL.

2.2 SUMMARY OF HEALTH EFFECTS

Effects in Humans. Perfluoroalkyls are ubiquitous chemicals in the environment; they are readily
absorbed following inhalation or oral exposure and are not metabolized in the body. Elimination half-
times in humans of 3.8 years, 5.4 years, 8.5 years, 665 hours, and 72 hours have been estimated for
PFOA, PFOS, PFHXxS, PFBuUS, and PFBA, respectively. Perfluoroalkyl compounds have been detected in
the serum of workers, residents living near perfluoroalkyl facilities, and the general population. A large
number of studies have evaluated the toxicity of perfluoroalkyls in humans by examining possible
associations between serum perfluoroalkyl levels and adverse health effects. Most of the studies have
focused on PFOA and/or PFOS. The human studies fall into three broad categories: occupational
exposure primarily to airborne PFOA and PFOS, exposure to PFOA contaminated drinking water by
residents living near a PFOA production facility, and exposure of the general population to background
levels in the environment. Most of the occupational exposure studies were conducted in workers at four

facilities in Minnesota, Alabama, West Virginia, and the Netherlands. Studies of the highly exposed
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residents primarily come from several large scale studies (C8 Health Project, C8 Health Study) conducted
in Mid-Ohio Valley residents living near the Washington Works facility in West Virginia with high levels
of PFOA in the drinking water. One limitation of the C8 Health Studies is that they used blood samples
collected in 2006; the facility started using PFOA in the 1950s and peak usage was in the 1990s. By
2003, there was an 87% decline in PFOA emissions, as compared to 1999 levels. General population
studies primarily utilized data collected in the National Health and Nutrition Examination Surveys
(NHANES) in the United States and several large-scale health studies conducted in Europe. Most of the
epidemiology studies lack exposure monitoring data and there is a potential for multiple sources of
exposure (inhalation and oral); however, most of the studies have used serum perfluoroalkyl levels as a
biomarker of exposure. Of the three categories of subjects, workers have the highest potential exposure to
perfluoroalkyls, followed by the highly-exposed residents in the Mid-Ohio Valley, and then the general
population. In one study of workers at the Washington Works facility in West Virginia, the average
serum PFOA level in 2001-2004 was 1,000 ng/mL; the mean PFOA level in highly-exposed residents
(without occupational exposure) near this facility was 423 ng/mL in 2004-2005. By comparison, the
geometric mean concentration of PFOA in the U.S. population was 3.92 ng/mL in 2005-2006. Although
a large number of epidemiology studies have examined the potential of perfluoroalkyl compounds to
induce adverse health effects, most of the studies were cross-sectional in design and did not establish
causality. ATSDR used a weight-of-evidence approach to evaluate whether the available data supported a
link between perfluoroalkyl exposure and a particular health effect. This weight-of-evidence approach
takes into consideration the consistency of the findings across studies, the quality of the studies, dose-
response, and plausibility. It should be noted that although the data may provide strong evidence for an
association, it does not imply that the observed is biologically relevant because the magnitude of the
change is within the normal limits or not indicative of an adverse health outcome. Plausibility depends
primarily on experimental toxicology studies that establish a plausible biological mechanism for the

observed effects.

Epidemiology studies have found statistically significant associations between serum perfluoroalkyl
levels (particularly PFOA and PFOS) and a wide range of health effects. When the subjects were
categorized by serum perfluoroalkyl levels, dose-response relationships were found for most of the
effects. However, findings were not always consistent across studies. However, consistent findings were
found for association of serum PFOA and PFOS with increases in serum lipid levels, decreases in birth
weight, increases in uric acid levels, and alterations in biomarkers of liver damage. There was also
equivocal evidence of carcinogenicity. Although other effects have been reported, they have not been

consistently found in similar types of studies, have only been examined in a single study, or were only
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found in general population studies. For a more detailed discussion of all of the effects observed in the

epidemiology studies, the reader is referred to Section 3.2 of the toxicological profile.

Studies of workers, highly exposed individuals, and the general population have reported significant
associations between serum perfluoroalkyl levels and serum lipid levels. However, because a number of
factors can influence serum lipid levels, many of the studies adjusted for some of these potential
confounders such as age, body mass index (BMI), and the use of cholesterol-lowering medication. The
most consistently found alteration in serum lipid levels was increased serum total cholesterol levels.
Statistically significant associations between serum PFOA levels and total cholesterol levels have been
found in workers, residents of communities with high levels of PFOA in the drinking water, and the
general population. Serum PFOS levels were also significantly associated with serum total cholesterol
levels in workers, residents exposed to high levels of PFOA, and the general population. However, some
studies of workers, highly-exposed residents, or the general population have not found associations
between perfluoroalkyl exposure and total cholesterol levels. Studies in which the subjects were
distributed into groups based on serum perfluoroalkyl levels typically found that subjects with the highest
serum PFOA or PFOS levels had significantly higher total cholesterol levels than subjects with lowest
serum PFOA or PFOS levels. A study of children and adolescents living in an area with high PFOA
contamination also found an increased risk of high cholesterol levels (>170 mg/dL). Similarly, an
increased odds of high cholesterol (=240 mg/dL) was observed in highly exposed adults with high serum
PFOA and PFOS levels. Evidence of associations between serum perfluoroalkyl levels and other serum
lipids is not as strong. Although increases in serum low-density lipoprotein (LDL)-cholesterol and
triglyceride levels have been found in studies of workers and highly exposed individuals, a number of
other studies have not found significant alterations. The relationship between perfluoroalkyl exposure
and increases in serum lipid levels from longitudinal studies conducted in workers and highly exposed
residents provide some evidence of an association. Serum PFOA levels were found to be a significant
predictor of serum cholesterol levels in workers examined at least twice in a >5-year period. Similarly, a
study of highly-exposed residents examined twice with approximately 4 years between examinations
found that there were 3.6 and 1.7% decreases in serum LDL-cholesterol and total cholesterol levels,
respectively, in subjects whose serum PFOS levels decreased by 50% between examinations. A 50%
decrease in serum PFOS levels resulted in 5.0 and 3.2% decreases in LDL-cholesterol and total
cholesterol. In addition, a greater change in cholesterol level per unit change in serum PFOA level was
found at lower ranges of PFOA. A suggested explanation for this finding is a steep dose-response curve
at low PFOA levels and a flattening out of the curve at higher PFOA levels. The mechanisms for the

increased serum cholesterol in individuals with high serum PFOA and/or PFOS levels have not been
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identified. Animal studies, particularly in rodents, have found alterations in serum lipid levels following
oral exposure to PFOA or PFOS. However, these animal studies have found decreases in serum
cholesterol levels, which is the opposite effect observed in humans. The difference may be related to
differences in exposure levels; the animals were likely exposed to much higher doses of PFOA and PFOS.
The differences may also be the result of different mechanisms of toxicity, or species differences in
response to PFOA and PFOS.

A number of human studies have used serum liver enzymes as biomarkers of possible liver effects. In
occupational exposure studies, no associations between serum liver enzymes (primarily, alanine
aminotransferase [ALT], aspartate aminotransferase [AST], and y-glutamyl transpeptidase [GGT]) and
serum PFOA or PFOS levels were consistently found. A study of residents highly exposed to PFOA
found significant associations between serum PFOA and serum PFOS levels and ALT and bilirubin
levels. The study also found increased risk of high ALT levels in subjects with higher PFOA and PFOS
levels. Although associations were found, the magnitude of the increased serum enzymes were not great,
and were probably not biologically significant. Occupational exposure studies have not found increases
in deaths from liver cirrhosis or increases in the occurrence of liver disorders or cirrhosis. Studies in rats,
mice, and monkeys have identified the liver as one of the most sensitive targets of toxicity; the data in
humans are not as convincing. However, serum PFOA and PFOS levels were much lower than those

associated with effects in animals.

Five studies have examined the possible association between serum PFOA and/or PFOS levels and uric
acid levels. Based on epidemiology data, an elevated uric acid level appears to be a risk factor for
hypertension and possibly renal disease. Significant associations between serum PFOA and uric acid
levels were found in PFOA workers, residents highly exposed to PFOA, and adults and adolescents
exposed to background levels. Increased risks of hyperuricemia were also associated with higher serum
PFOA and PFOS levels in the highly exposed residents and the general population. A study of highly
exposed residents found an increased prevalence of high blood pressure when subjects were categorized
by age and sex. A general population study also found a significant association between serum PFOA
levels and systolic blood pressure. Additionally, a study of highly exposed residents found significant
associations between serum PFOA and PFOS levels and the odds of pregnancy-induced hypertension.
However, another study that used predicted serum PFOA levels did not find a significant association.
Two studies of highly exposed residents also found an increased risk of pre-eclampsia among women
with higher serum PFOA levels. Animal studies have not examined the potential of perfluoroalkyl

compounds to induce hypertension.

**DRAFT FOR PUBLIC COMMENT***



PERFLUOROALKYLS 15

2. RELEVANCE TO PUBLIC HEALTH

There is evidence to suggest that high serum PFOA or PFOS levels are associated with lower birth
weights. The significant associations have come from general population studies and a study of highly
exposed residents. Studies of populations with lower serum PFOA or PFOS levels have not found
significant associations for birth weight. Although significant associations were found, decreases in birth
weight were small and may not be biologically relevant. No studies found an increased risk of low birth

weight in infants (<2,500 g) in highly exposed residents.

A number of studies have examined the carcinogenicity of PFOA and PFOS in humans. Occupational
exposure studies have found significant increase in deaths from several cancer types, including prostate
cancer at one facility and kidney cancer at a second facility. An increase in the risk of kidney cancer was
also found in residents living near the second facility. An increased risk of testicular cancer was also
found in the highly exposed residents living near the second facility. Other occupational exposure studies
have not found significant increases in cancer risks. Although several studies have found significant
increases in cancer risk, the results should be interpreted cautiously since most studies did not control for
potential confounding variables (particularly smoking), the number of cancer cases was low, and a causal
relationship between perfluoroalkyls and cancer cannot be established from these studies. Additionally,

the lack of consistency across facilities may be suggestive of a causative agent other than PFOA or PFOS.

Effects in Laboratory Animals. Most of the information regarding the effects of perfluoroalkyl
compounds in animals is derived from oral studies; considerably less information is available from
inhalation and dermal exposure studies. PFOA and PFOS are the most studied perfluoroalkyl
compounds, with considerably less data for the other compounds. The primary effects observed in
laboratory animals exposed to perfluoroalkyl compounds are liver toxicity, developmental toxicity, and
immune toxicity; not all of these effects have been observed or examined for all perfluoroalky!l
compounds. Based on limited data, the toxicity of perfluoroalkyl compounds does not appear to be
specific to the route of administration. It should be noted that, for the most part, adverse health effects in
studies in animals have been associated with exposure concentrations or doses that resulted in blood
levels of perfluoroalkyl compounds that were significantly higher than those reported in perfluoroalky!l
workers or in the general population. It is important to note that there are profound differences in the
toxicokinetics of perfluoroalkyls between humans and experimental animals. The elimination half-time
of PFOA and PFOS is approximately 4 years in humans compared with days or hours in rodents. These

factors, plus issues related to the mode of action of perfluoroalkyls (see below), make it somewhat
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difficult at this time to determine the true relevance of some effects reported in animal studies to human
health.

Many of the adverse health effects observed in laboratory animals result from the ability of these
compounds (with some structural restrictions) to activate the peroxisome proliferator-activated receptor-a
(PPARa), which can mediate a broad range of biological responses. Species differences in the response
to PPARa agonists have been found; rats and mice are the most sensitive species and guinea pigs,
nonhuman primates, and humans are less responsive. Although humans are less responsive to PPARa
agonists, they do have a functional PPARa. Several explanations for these species differences have been
suggested, e.g., differences in the ability of PPARa to be induced after exposure to a peroxisome
proliferator, and differences in the pattern and level of tissue-specific expression of PPARa. Activation
of this receptor in rodents initiates a characteristic sequence of morphological and biochemical events,
principally, but not exclusively, in the liver. These events include marked hepatocellular hypertrophy due
to an increase in number and size of peroxisomes, a large increase in peroxisomal fatty acid B-oxidation,
an increased CYP450-mediated w-hydroxylation of lauric acid, and alterations in lipid metabolism. There
is also evidence that some developmental effects such as decreased pup survival and immune effects also
result from peroxisome proliferation. Studies in PPARa-null mice provide evidence that
PPARa-independent mechanisms are also involved in PFOA and PFOS toxicity, including liver toxicity.

A more complete discussion of the mechanisms of PFOA and PFOS toxicity is presented in Section 3.5.2.

Inhalation Exposure

There are very limited data on the toxicity of inhaled perfluoroalkyl compounds, which consist of a few
studies with PFOA dusts and one study with PFNA dusts. The available data suggest that the liver is the
most sensitive target for perfluoroalkyl compounds. In male rats, absolute and relative liver weight
increased and microscopic examination showed hepatocellular hypertrophy and necrosis following
intermittent head-only exposure to 7.6 mg/m® PFOA dusts for 2 weeks. In the study with PFNA, nose-
only exposure of male rats to 67 mg/m? (the lowest concentration tested) PFNA dusts for 4 hours induced
a significant increase in liver weight; no histological evaluation was performed. Liver histopathology was
also reported in rats following intermittent dermal application of 20 mg/kg PFOA to male rats for

2 weeks. In mice, application of 6.2 mg/kg, but not 2.5 mg/kg, PFOA to the skin once a day for 4 days

also induced hepatomegaly.
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Oral Exposure

Liver Effects. Many studies have described morphological and biochemical alterations in the liver from
rodents following acute and longer-term oral exposure to PFOA. Some of the effects observed in rats
include increases in liver weight, hepatocellular hypertrophy, and decreases in serum cholesterol and
triglyceride levels. The observed hepatomegaly and hypertrophy is likely due to proliferation of the
smooth endoplasmic reticulum and proliferation of peroxisomes, as confirmed by increased activity of
biochemical markers and light and electron microscopy. It is important to note also that there appears to
be different sensitivities for different end points. For example, in male rats dosed with PFOA for 14 days,
absolute liver weight and fatty acid B-oxidation activity were significantly increased at 2 mg/kg/day,
whereas hepatic microsomal concentration of total cytochrome P-450 was significantly increased at

20 mg/kg/day. In general, longer-term studies with PFOA have shown that the hepatic effects are
reversible once dosing ceases and that recovery tends to parallel the decline in blood levels of PFOA.
Studies in mice have provided similar results. However, studies in PPARa-null mice suggest that
hepatomegaly may also be due to a PPARa-independent process in mice, since PFOA induced
hepatomegaly to the same extent in wild-type mice and PPARa-null mice, but failed to increase acyl-CoA
oxidase activity in PPARa-null mice. PFOA exposure also resulted in increases in absolute liver weight
in monkeys treated with >3 mg/kg/day for 26 weeks, an effect that was partly associated with significant

mitochondrial proliferation, but not peroxisome proliferation.

Similar to PFOA, PFOS exposure results in increases in liver weight, hepatocellular hypertrophy, and
decreases in serum cholesterol and triglyceride levels in rodents. PFOS induced an increase in absolute
liver weight, decreased serum cholesterol, and hepatocellular hypertrophy and lipid vacuolation in
monkeys in a 26-week study. Not unexpectedly, there was no evidence of peroxisome proliferation and
no increase in hepatic palmitoyl-CoA oxidase, consistent with the fact that monkeys (and humans) seem

to be refractory to peroxisome proliferative responses.

Studies with other perfluoroalkyl compounds have shown that, in general, liver weight and parameters of
fatty acid p-oxidation are more severely affected as the carbon length increases up to about a 10-carbon
chain length. Significant peroxisome activity seems to require a carbon length >7, but increases over
control levels have been reported with a four-carbon chain length. Studies have shown that the
differential activity is not directly related to the carbon length per se, but to differential accumulation in
the liver. Hydrophobicity, which increases as carbon length increases, seems to favor biliary

enterohepatic recirculation, resulting in a more protracted toxicity. While perfluoroalkyl compounds
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share many effects on lipid metabolism, treatment of rats with PFDeA does not result in the characteristic
hypolipidemia associated with peroxisome proliferation, but instead results in the accumulation of lipids
in the liver, apparently by diverting fatty acids from oxidation toward esterification in the liver. In
addition, in an acute dietary study comparing the hepatic effects of PFOA and PFDeA, PFDeA was
considerably more toxic to hepatocytes than PFOA, as reflected by the production of lipid droplets

containing amorphous material, a sign of acute metabolic disorders.

Developmental Effects. PFOA and PFOS have induced developmental effects in rodents. Most studies
with PFOA have been conducted in mice, probably because of the relatively short half-life for PFOA in
female rats, which would prevent accumulation of PFOA during the dosing period. Specific effects
reported include prenatal loss, reduced neonate weight and viability, neurodevelopment toxicity, and
delays in mammary gland differentiation, eye opening, vaginal opening, and first estrus. These effects
occurred generally in the absence of overt maternal toxicity. Some of these effects, such as reduced pup
survival from birth to weaning, have been observed in mice treated with as low as 0.6 mg/kg/day PFOA
on gestation days (GDs) 1-17. This dose level resulted in mean serum PFOA concentrations of 5,200 and
3,800 ng/mL in dams and pups, respectively, on postnatal day (PND) 22. A cross-fostering study in mice
showed that in utero, lactation only, and in utero and lactation exposure resulted in significant decreases
in postnatal growth. Alterations in spontaneous behavior were reported in 2- or 4-month-old male mice
that were administered a single gavage dose of PFOA at the age of 10 days. Increases in motor activity
were also observed following in utero exposure to PFOA. A cross-fostering study showed that the delays
in mammary gland development were observed following in utero exposure and following lactation-only
exposure; however, the results of a 2-generation study showed that the delayed development did not
appear to affect lactational support. No fetal toxicity or teratogenicity was reported in offspring of rabbits
exposed to up to 50 mg/kg/day PFOA on GDs 6-18, suggesting that rabbits are less susceptible than mice
to the developmental effects of PFOA, although comparing administered doses is probably not very
informative. There were significant increases in body weight gain in mice aged 10-40 weeks that were
exposed to low levels of PFOA (0.01-0.3 mg/kg/day) on GDs 1-17. Increases in serum insulin and leptin
levels were also observed, but there was no change in serum glucose or the response to a glucose
challenge. A comparison of the effects of in utero exposure (GDs 1-17) to adult exposure (17 days at age
8 weeks) demonstrated that in utero exposure resulted in higher body weights, white fat weight, and

brown fat weight at age 18 months.

Studies conducted with wild-type and PPARa knockout mice showed that PPARa was required for

PFOA-induced postnatal lethality and that the expression of one copy of the gene was sufficient to
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mediate this effect. There was no effect of strain or PPARa expression on serum PFOA levels. The
mechanism of reduced postnatal viability has not been elucidated. Alterations in gene expression in both
fetal liver and lung have been reported following exposure of mice to PFOA during pregnancy. In the
liver, PFOA altered the expression of genes linked to fatty acid catabolism, lipid transport, ketogenesis,
glucose metabolism, lipoprotein metabolism, cholesterol biosynthesis, steroid metabolism, bile acid
biosynthesis, phospholipid metabolism, retinol metabolism, proteosome activation, and inflammation. In
the lung, transcriptional-related changes were predominantly associated with fatty acid catabolism.
Although decreased pup survival appears to be linked to PPARa expression, there are insufficient data to

determine whether other developmental effects observed in rats and mice are PPARa-independent.

PFOS significantly decreased birth weight and survival in neonatal rats exposed in utero, and
cross-fostering exposed pups with unexposed dams failed to improve survival rates. PFOS serum levels
of pups at birth associated with significant decreased survival were approximately >70,000 ng/mL.
Dosing rats late during gestation (GDs 17-20) caused significantly more lethality than dosing early
(GDs 2-5). Since pups had difficulty breathing within minutes of birth and their lungs showed evidence
of delayed lung maturation and other histological alterations, the possibility that this caused the early
death has been suggested. Other effects include decreases in birth weight or pup body weight, delays in
eye opening, cleft palate, and neurodevelopmental alterations. Alterations in spontaneous motor activity
were observed in mice. A decrease in activity was observed when mice were placed in a novel
environment; another study found a decrease in motor activity followed by increased activity. Evaluation
of immunological parameters in 8-week-old pups from mice exposed to PFOS during gestation showed
reduced natural Killer (NK) cell activity, suppressed IgM response to immunization, and alterations in

splenic and thymic lymphocyte subpopulations.

Similar to PFOA and PFOS, increases in fetal mortality were observed in mice exposed to PFDeA on
GDs 6-15. In contrast, gestational exposure to PFBA or PFHXS did not result in alterations in pup
survival or pup body weight. Decreases in spontaneous activity followed by an increase in activity were
observed in mice exposed to PFHxS on PND 10; no alterations were observed in mice similarly exposed
to PFDeA.

Immunological Effects. A number of studies have examined the immunotoxicity of perfluoroalkyls in
rats and mice; these data suggest that mice are considerably more sensitive than rats. PFOA- and
PFOS-induced immunological alterations in adult mice are characterized by thymus and spleen atrophy,

alterations in thymocyte and splenocyte phenotypes, and impaired response to T-dependent antigens. The
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lowest lowest-observed-adverse-effect level (LOAEL) for immune effects in mice exposed to PFOA was
3.75 mg/kg/day administered for 15 days; this dosing level resulted in a mean PFOA serum level of
75,000 ng/mL. For PFOS, several studies identified LOAELSs of 0.02-0.8 mg/kg/day and one study
identified a LOAEL of 0.00166 mg/kg/day for suppressed response to a T-dependent antigen. PFOA
applied to the skin of mice increased serum IgE levels following a challenge with ovalbumin relative to
mice treated with ovalbumin alone, which led the investigators to suggest that PFOA may increase the

IgE response to environmental allergens.

Reproductive Effects. Neither PFOA nor PFOS affected fertility parameters in 2-generation reproductive
studies in rats, and neither did PFHXS in a reproductive study in rats. However, PFOA delayed mammary
gland differentiation in mice dosed during gestation. In general, acute- and intermediate-duration studies
did not find morphological alterations in the sex organs from rats or monkeys. However, PFOA
significantly increased the incidences of Leydig cell hyperplasia, vascular mineralization in the testes, and
tubular hyperplasia in the ovaries in rats in 2-year dietary studies. PFOA increased serum estradiol levels
in male rats by increasing the activity of aromatase (the enzyme that coverts testosterone into estradiol) in
the liver. The increase in serum estradiol was thought to be responsible for a decrease in the weight of the
accessory sex organ unit, a decrease in serum testosterone, and Leydig cell hyperplasia and adenoma.

Serum estradiol was also found elevated in male rats treated acutely with PFDoA.

Cancer Effects. PFOA, as many other PPARa agonists, induced hepatocellular adenomas, Leydig cell
adenomas, and pancreatic acinar cell adenomas in rats. However, it is uncertain whether or not this mode
of action is relevant for risk assessment in humans. An extensive review of the literature concluded that
although humans possess PPARa at sufficient levels to mediate the human hypolipidemic response to
therapeutic fibrate drugs, there are enough qualitatively and quantitative differences between the response
of the human liver to PPARa agonists and that of rats (due to differences in gene promoters, receptors
activities, and receptor levels) that make the mode of action for liver tumors in animals unlikely to be
operative in humans. An expert panel convened by EPA’s Science Advisory Board to review this and
other issues related to the toxicity of PFOA agreed that, collectively, the weight of evidence supports the
hypothesis that induction of liver tumors in rats by PFOA is mediated by a PPARa agonism mode of
action. A majority of the panel members also expressed the view that it is possible that PPARa agonism
may not be the only mode of action for PFOA, that not all steps in the pathway of PPARa-mediated liver
tumors have been demonstrated, that other hepatoproliferative lesions require clarification, and that
extrapolation of the PPARa-mediated mode of action across humans of all ages is not supported. As

mentioned above, increased serum estradiol due to induction of hepatic aromatase activity by PFOA was
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proposed as a mode of action for PFOA-induced Leydig cell tumors in rats. A second mode of action
involves inhibition of testosterone biosynthesis with consequent increases in circulating luteinizing
hormone (LH), which promotes Leydig cell proliferation. A review of the data concluded that there is
inadequate evidence to link PPARa and induction of Leydig cell tumors. Regarding the relevance of the
second mode of action to humans, it is noted that: humans are less sensitive than rats to LH stimulation;
the number of LH receptor/Leydig cells is 13-fold higher in rats than humans; an intermediate-duration
study in Cynomolgus monkeys did not find treatment-related alterations in serum estradiol, estrone,
estriol, or testosterone; and occupational exposure studies have not consistently reported alterations in
estradiol or testosterone levels. The mechanism of PFOA-induced pancreatic acinar cell tumors has not
been elucidated. The available evidence suggests that the mode of action involves stimulation of PPARa
leading to reduced bile flow and/or changes in bile acid composition with subsequent increase in
cholecystokinin (CCK), which stimulates pancreatic cell proliferation and tumor formation. However, a
number of factors, including differences in the expression of PPARa and CCK 4 receptors, in exocrine
secretion regulation, and in types of pancreatic cancers between humans and rodents, suggest that PFOA
probably does not represent a significant pancreatic cancer hazard for humans. EPA’s expert panel
agreed that the available evidence is inadequate to support a PPARa-mediated mode of action for the
induction of Leydig cell tumors and pancreatic acinar cell tumors, and that at the time the review was
conducted, there were insufficient data to characterize the mode of action of PFOA-induced testicular and
pancreatic tumors. Under EPA’s Cancer Guidelines, in the absence of sufficient data to establish a mode

of action, animal tumor responses are presumed to be relevant to humans.

PFOS did not induce malignant tumors in a bioassay conducted in rats, but it increased the incidence of
liver hepatocellular adenoma in rats exposed to PFOS for 2 years, and it increased the incidence of
thyroid follicular cell adenoma in rats exposed for 1 year and allowed to recovery for an additional year.
Liver adenomas were not observed in the rats allowed to recovery for 1 year, and thyroid tumors were not

observed in the rats exposed for 2 years, consistent with a PPARa mechanism.

2.3 MINIMAL RISK LEVELS (MRLS)

Estimates of exposure levels posing minimal risk to humans (MRLS) have been made for perfluoroalkyls.
An MRL is defined as an estimate of daily human exposure to a substance that is likely to be without an
appreciable risk of adverse effects (noncarcinogenic) over a specified duration of exposure. MRLs are
derived when reliable and sufficient data exist to identify the target organ(s) of effect or the most sensitive
health effect(s) for a specific duration within a given route of exposure. MRLs are based on
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noncancerous health effects only and do not consider carcinogenic effects. MRLs can be derived for
acute, intermediate, and chronic duration exposures for inhalation and oral routes. Appropriate

methodology does not exist to develop MRLs for dermal exposure.

Although methods have been established to derive these levels (Barnes and Dourson 1988; EPA 1990),
uncertainties are associated with these techniques. Furthermore, ATSDR acknowledges additional
uncertainties inherent in the application of the procedures to derive less than lifetime MRLs. As an
example, acute inhalation MRLs may not be protective for health effects that are delayed in development
or are acquired following repeated acute insults, such as hypersensitivity reactions, asthma, or chronic
bronchitis. As these kinds of health effects data become available and methods to assess levels of
significant human exposure improve, these MRLs will be revised.

The toxicity of perfluoroalkyl compounds, particularly PFOA and PFQOS, has been extensively evaluated
in humans and laboratory animals, and a number of issues need to be considered when deriving MRL
values for these compounds. The issues include inconsistent findings in epidemiology studies; lack of
clearly identified no-observed-adverse-effect levels (NOAELS) and LOAELS in the human studies;
toxicokinetic differences between species, including a wide-range of half-times; species differences in the
mechanisms of toxicity, particularly peroxisome proliferation; and lack of consistency between effects
observed in humans and those observed in laboratory animals. There is relatively little animal or human

data on the health effects of other perfluoroalkyl compounds.

Human Data. No studies are available regarding controlled exposures of volunteers to perfluoroalkyl
compounds. As summarized in Section 2.2, health evaluations have been conducted of workers exposed
to perfluoroalkyls, residents living near a PFOA manufacturing facility with high levels of PFOA in the
drinking water, and members of the general population presumably exposed to background levels of
PFOA. The epidemiology studies lack environmental monitoring data; however, most studies used serum
perfluoroalkyl levels as a biomarker of exposure. A wide range of effects have been statistically
associated with serum perfluoroalkyl levels; however, there is a lack of consistency of the findings across
studies and across types of studies. Based on the weight of evidence, there is support for identifying
several health effects in humans that appear to be related to perfluoroalkyl exposure: increases in serum
lipid levels; increases in uric acid, a possible biomarker for hypertension; small decreases in birth weight;
and possible changes in biomarkers of liver damage. The magnitude of the changes in birth weight and

serum liver enzymes observed in the human studies are small and not likely biologically relevant.

**DRAFT FOR PUBLIC COMMENT***



PERFLUOROALKYLS 23

2. RELEVANCE TO PUBLIC HEALTH

Serum PFOA levels (Costa 2004; Costa et al. 2009; Eriksen et al. 2013; Frisbee et al. 2010; Olsen et al.
2003a; Sakr et al. 2007a, 2007b; Steenland et al. 2009b) and PFOS (Chéateau-Degat et al. 2010; Eriksen et
al. 2013; Frisbee et al. 2010; Nelson et al. 2010; Olsen et al. 1999, 2003a; Steenland et al. 2009b) were
statistically associated with serum cholesterol levels in studies of workers, residents of communities with
high levels of PFOA in the drinking water, and the general population. Additionally, increases in the risk
of high cholesterol were observed in adults (Steenland et al. 2009b) and children and adolescents (Frisbee
et al. 2010) living in an area with high serum PFOA in the drinking water. The increased risk of high
cholesterol levels (>240 mg/dL) was observed in adults with serum PFOA levels of 13.2-26.5 ng/mL and
higher or serum PFOS levels of 13.3-19.5 ng/mL and higher (Steenland et al. 2009b). These data should
be interpreted cautiously since associations between serum PFOA or PFOS are attenuated at higher serum
perfluoroalkyl levels and a 20-30% attenuation was found when serum PFOA and PFOS levels were
considered together in the same model for serum cholesterol levels (Steenland et al. 2009b).

The association between serum perfluoroalkyl levels and serum uric acid levels has not been as well
investigated as serum lipids. However, the five studies examining this end point have all reported
statistically significant findings. Significant associations of serum uric acid levels with serum PFOA
levels were found in workers (Costa et al. 2009; Sakr et al. 2007b) and with serum PFOA and PFOS in
highly exposed residents (Steenland et al. 2010b) and the general population (Geiger et al. 2013; Shankar
et al. 2011b). The study of highly exposed residents also found significant increases in the risk of
hyperuricemia (>6.0 mg/dL for women and >6.8 mg/dL for men) in subjects with serum PFOA levels of
11.5-20.6 ng/mL and higher or serum PFOS levels of 17.5-23.2 ng/mL and higher (Steenland et al.
2010Db). In the general population study, which utilized the NHANES data set, an increased risk of
hyperuricemia was observed at serum PFOA levels of 3.5-5.1 ng/mL and higher or serum PFOS levels of
11.2-17.8 ng/mL and higher (Shankar et al. 2011b). It should be noted that serum PFOA or PFOS levels

accounted for <1% of the variance in serum uric acid levels (Steenland et al. 2010b).

It could be proposed that serum perfluoroalky! levels associated with increased risks of high serum
cholesterol levels or hyperuricemia be used as the basis for developing an MRL. Of the two end points,
the increased risk of high cholesterol is the stronger given the well-established association between serum
cholesterol levels and the risk of heart disease. However, there are a number of factors that should be
considered. Although 11 studies found significant associations between serum perfluoroalky! levels and
serum cholesterol levels, several studies of workers (Olsen and Zobel 2007; Olsen et al. 2000), highly
exposed residents (Emmett et al. 2006a; Wang et al. 2012), and the general population (Fisher et al. 2013)

have not found statistically significant associations. The epidemiology database lacks studies in which
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actual exposure concentration or doses were measured; however, most studies provided serum
perfluoroalkyl levels, which is a biomarker of exposure. Exposures likely occurred via multiple routes of
exposure. It is assumed that workers were primarily exposed via inhalation; however, oral exposure may
have also contributed to the total perfluoroalkyl body burden. Similarly, it has been determined that
drinking water was the primary source of perfluoroalkyls in residents living near a PFOA facility; it is
likely that they were also exposed to airborne perfluoroalkyls. However, a study of residents living near
industrial facilities where PFOA is used found little difference in serum PFOA levels between residents
with minimal expected exposure to airborne PFOA (mean serum PFOA level of 418 ng/mL) and those
with higher than expected exposure to airborne PFOA (mean serum PFOA level of 418 ng/mL) (Emmett
et al. 2006a). It should also be noted that most, if not all, subjects were exposed to a number of
perfluoroalkyl compounds. Studies of highly exposed residents and the general population have often
reported significant associations for both PFOA and PFOS, and the possible interaction of the various
perfluoroalkyl compounds with the health end point of concern is not known. Lastly, the mechanisms of
toxicity of the observed health effects have not been established and these effects have not been reported
in laboratory animals. Serum cholesterol and other lipid levels are also affected by PFOA and PFOS
exposure in rats and mice; however, in rodents, exposure to perfluoroalkyls resulted in significant
decreases in serum lipid levels. These uncertainties preclude the use of currently available epidemiology
studies as the basis for developing an MRL for PFOA or PFOS.

Animal Data. Inspection of the animal database would suggest that there are studies, particularly by
the oral route, of PFOS and PFOA in animals that established dose-response relationships that could be
used for MRL derivation. However, there are uncertainties associated with derivation of MRLs for PFOA
or PFOS based on animal studies, in part, because of large interspecies differences in the toxicokinetics of
perfluoroalkyls for which mechanisms are not completely understood. Available information on the
toxicokinetics of perfluoroalkyls in humans, nonhuman primates, and various rodent species indicate that
elimination rates (and very likely elimination mechanisms and hormonal regulation of these mechanisms)
vary substantially across chemical species (i.e., carbon chain length) and animal species (i.e., slower in
humans compared to nonhuman primates and rodents), and show pronounced sex differences within
certain species (e.g., faster elimination in female rats). As a result, extrapolation of external dose-
response relationships from animals to humans would be highly uncertain. Although progress has been
made in modeling toxicokinetics of PFOA and PFOS in rats and nonhuman primates (i.e., Cynomolgus
monkeys), no models for humans have been developed to simulate the substantial differences in
toxicokinetics of these compounds between humans and nonhuman primates or between humans and rats

(Andersen et al. 2006; Tan et al. 2008). An additional uncertainty is species differences in the
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mechanisms of toxicity. In rats and mice, liver and developmental toxicity are two of the more sensitive
effects of oral exposure to perfluoroalkyl compounds. Available data provide strong evidence that these
effects in rodents involve the activation of PPARa, and humans and nonhuman primates are less
responsive to PPARa agonists than rats and mice. Studies in PPARa-null mice suggest that PPARa-
independent mechanisms also play a role in the liver and developmental toxicity. A brief summary of

LOAELSs identified in animal studies for the most sensitive end points are summarized below.

PFOA—Inhalation Exposure. Only two relatively low-exposure inhalation studies were available for
PFOA. In one study, male CD rats were exposed head-only 6 hours/day, 5 days/week for 2 weeks to
ammonium perfluorooctanoate (APFO) dusts (Kennedy et al. 1986), whereas in the other study, a
developmental study, pregnant Sprague-Dawley rats were exposed whole-body to APFO dusts

6 hours/day on GDs 6-15 (Staples et al. 1984). The lowest LOAEL was 7.6 mg/m? for exposure
concentration-related increases in absolute and relative liver weight and histological alterations in the
liver; no significant effects were reported at 1 mg/m® (Kennedy et al. 1986). Serum PFOA levels were
not monitored in this study, but a toxicokinetics study in male rats exposed nose-only 6 hours/day,

5 days/week for 3 weeks reported that PFOA serum levels in a group exposed to 10 mg/m® had achieved a
steady-state concentration of approximately 20,000 ng/mL by day 14 of the study (Hinderliter et al.
2006a). Kennedy et al. (1986) also examined several organs and tissues microscopically and reported that
no significant alterations were observed. In the developmental study, an exposure concentration of

25 mg/m® induced a 10% decrease in newborn body weight on PND 1; this exposure concentration
decreased weight gain in the dams by 37% on GDs 6-15 (Staples et al. 1984). Serum PFOA levels were

not monitored in this study.

PFOA—Oral Exposure. Acute-duration oral studies are available in rats and mice and provide
information on systemic, immunological, reproductive, and developmental effects. The systemic effects
described were mostly alterations in liver and body weight as well as alterations in lipid metabolism. The
lowest LOAEL identified for systemic effects was 1 mg/kg/day for a 35% increase in absolute liver
weight in mice dosed with PFOA in the diet for 10 days (Yahia et al. 2010; Yang et al. 2001). This was
accompanied by a significant increase in peroxisome proliferation, as measured by increases in acyl-CoA
oxidase activity. A LOAEL of 2 mg/kg/day and a NOAEL of 0.2 mg/kg/day were identified for a
significant increase in absolute and relative liver weight and increases in hepatic f-oxidation activity and
serum estradiol levels in rats in a 14-day dietary study (Liu et al. 1996). The increase in serum estradiol
was attributed, at least in part, to induction of hepatic aromatase activity by PFOA. Serum PFOA values
were not available in the Liu et al. (1996) study. A LOAEL of 0.5 mg/kg/day was identified for reduced
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postnatal litter weight in the offspring of mice exposed to PFOA on GDs 6-17 (Hu et al. 2010); a
NOAEL was not identified in this study. A LOAEL of 0.58 mg/kg/day for neurodevelopmental effects
was also identified in a study in which mice were administered a single gavage dose of PFOA at the age
of 10 days and were tested for spontaneous behavior at the age of 2 and 4 months (Johansson et al. 2008);
no NOAEL was defined in this study. Information regarding blood levels of PFOA in the treated mice

was not available.

Intermediate-duration oral studies of PFOA in animals also indicate that the liver is one of the primary
targets. The lowest LOAEL for liver effects was 0.5 mg/kg/day for significant increases in absolute and
relative liver weight in mice in two 21-day dietary studies (Kennedy 1987; Son et al. 2008). In the
Kennedy (1987) study, the NOAEL was 0.2 mg/kg/day; no NOAEL was defined in the Son et al. (2008)
study. Neither one of these studies had information on concentrations of PFOA in serum. The lowest
LOAEL for hepatic effects was 0.29 mg/kg/day in rats administered PFOA for 28 days (Loveless et al.
2008); decreases in serum cholesterol levels and hepatocellular hypertrophy were also observed at this
dose level. The lowest LOAELSs for immunological effects were 0.49 mg/kg/day for alterations in splenic
lymphocyte phenotypes (Son et al. 2009) and 3.75 mg/kg/day for an impaired response to T-dependent
antigens (Dewitt et al. 2008). A very low LOAEL of 0.001 mg/kg/day for developmental toxicity was
reported by White et al. (2011b); at this dose level, delayed mammary gland development was observed
on PNDs 22-63. However, the mammary gland effect did not result in an adverse effect on lactational
support, based on normal growth and survival in F2 pups (White et al. 2011b). Other developmental
effects that occurred at low concentrations include increased postnatal body weight in mice at

0.01 mg/kg/day (Hines et al. 2009), increased locomotor activity in mice at 0.3 mg/kg/day (Onishchenko
et al. 2011) and reduced mouse pup survival from birth to weaning at 0.6 mg/kg/day (Abbott et al. 2007).
In the Abbott et al. (2007) study, the mean serum PFOA level in the dams at weaning was 5,200 ng/mL in
the 0.6 mg/kg/day group, the corresponding serum level of PFOA in the pups was 3,800 ng/mL. Ina
26-week study with Cynomolgus monkeys, a LOAEL of 3 mg/kg/day (the lowest dose tested) was
identified for a 36% increase in absolute liver weight, which may have been due to significant
mitochondrial proliferation (Butenhoff et al. 2002). No significant hepatic peroxisomal proliferation was
detected. Serum PFOA levels in the 3 mg/kg/day dose group was approximately 77,000 ng/mL.

The chronic oral animal database for PFOA is limited to dietary exposure studies in male or male and
female rats (3M 1983; Biegel et al. 2001). Significant increases in relative liver weight were observed in
males exposed to 13.6 mg/kg/day for 1-21 months, but were not observed after 24 months of exposure

(Biegel et al. 2001); there were no increases in cell proliferation in the liver after 24 months of exposure.
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The second study (3M 1983) found increases in the incidence of megalocytosis, cystoid degeneration, and
portal mononuclear cell infiltration in male and female rats exposed to 15 mg/kg/day (not all effects were
observed in males and females). This study also found significant increases in serum transaminase levels
in male rats exposed to >1.5 mg/kg/day. Other non-neoplastic effects reported in these studies included
pancreatic acinar cell proliferation in male rats exposed to 13.6 mg/kg/day for 15— 21 months (Biegel et
al. 2001) and inflammation of the salivary glands in male rats exposed to >1.5 mg/kg/day (3M 1983).
Treatment of male rats with 13.6 mg/kg/day PFOA increased the incidence of hepatocellular adenomas
(no hepatocellular carcinomas were found) and increased the incidence of Leydig cell adenomas and the
incidence of pancreatic acinar cell adenomas (Biegel et al. 2001). Dietary exposure to 15 mg/kg/day
PFOA increased the incidence of fibroadenoma of the female mammary gland and of Leydig cell
adenomas (3M 1983); a re-evaluation of the mammary gland pathology studies by a Pathology Working
Group (Hardisty et al. 2010) did not find a significant increase in the incidence of fibroadenoma or other

mammary gland benign or malignant neoplasms.

Several studies reported serum PFOA levels which were associated with adverse effects, particularly
liver, immunological, and developmental effects. The serum levels and associated effects are presented in
Table 2-1.

PFOS. No inhalation data were available for PFOS. Acute-duration oral studies with PFOS have
described effects on body weight, liver weight, serum and liver lipid profiles, and immunological and
developmental effects in rodents. Liver effects, including increases in liver weight, increases in serum
enzymes (ALT and AST), and decreases in serum cholesterol levels have been observed following acute
exposure; the lowest LOAEL was 1.72 mg/kg/day in rats exposed to PFOS for 7 days (Elcombe et al.
2012b). Impaired responses to T-cell mitogens and T-dependent antigens were observed in mice exposed
to 5 mg/kg/day PFOS for 7 days (Zheng et al. 2009). The lowest LOAEL for developmental toxicity was
0.75 mg/kg for alterations in motor activity in 2- and 4-month-old male mice that were treated with a
single gavage dose of PFOS at 10 days of age (Johansson et al. 2008). A sensitive effect was also a
significant reduction in body weight gain in pregnant rabbits administered 1 mg/kg/day PFOS by gavage
on GDs 6-20; food consumption was not affected during this period (Case et al. 2001). A lower dose of
0.1 mg/kg/day caused a 13% reduction in body weight gain, but the difference with controls did not

achieve statistical significance.

Similar effects have been observed in rats and mice orally exposed to PFOS for an intermediate duration.

Liver effects consisting of hepatocellular hypertrophy, increases in absolute and relative liver weight, and
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Table 2-1. Serum PFOA Concentrations Associated With Adverse Effects In

Laboratory Animals

Serum
Exposure Dose concentration
Species duration  Effect (mg/kg/day) (ng/mL) Reference
Hepatic effects
Rat 8 days Increased liver weight, 18 234,000 Elcombe et al.
decreased serum 2010
cholesterol and triglyceride
levels, histological
alterations
Rat 13 weeks NOAEL 0.06 7,100 Perkins et al.
Histopathological alterations 0.64 41,000 2004
Mouse GDs 1-17 Increased liver weight, 3 =~42,000 Albrecht et al.
histopathological alterations 2013
in dams
Mouse GDs1-17 Increased liver weight in 1 =~25,000 Lau et al. 2006
dams
Mouse 15 days Increased liver weight in 3.75 74,913 Dewitt et al.
dams 2008
Monkey 6 months  Increased liver weight 3 77,000 Butenhoff et al.
2002
Immunological effects
Mouse 15 days Immunological alterations  3.75 74,913 Dewitt et al.
2008
Reproductive effects
Mouse GDs1-17 Mammary gland alterations 1 74.8 White et al.
in dams 2011b
Developmental effects
Mouse GDs 1-17 + Decreased pup weight gain 3 29,470 i |
lactation  and develop delays \2/\8%7Et al.
Decreased pup survival 5 36,900

GD = gestation day; NOAEL= no-observed-adverse-effect level; PFOA = perfluorooctanoic acid
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decreases in serum lipid levels have been observed in rats exposed to 1.33 mg/kg/day for 14 weeks
(Seacat et al. 2003) or 1.54 mg/kg/day for 28 days (Elcombe et al. 2012a). The mean serum PFOS level
corresponding to this LOAEL in males was 148,000 ng/mL (Seacat et al. 2003). The lowest LOAEL for
liver effects was 0.14 mg/kg/day for increased relative liver weight in rats exposed for 28 days (Curran et
al. 2008; Lefebvre et al. 2008). The most sensitive immune effects in mice were decreased host resistance
to a single influenza virus strain at 0.025 mg/kg/day (Guruge et al. 2009) and impaired response to
T-dependent antigens at 0.00166 and 0.083 mg/kg/day (Dong et al. 2009, 2011; Peden-Adams et al.
2008). Developmental studies in rats and mice have reported decreases in postnatal survival of the pups;
the lowest LOAEL was 1.6 mg/kg/day in rats (Luebker et al. 2005a, 2005b). Decreases in pup survival
were observed following in utero and lactation exposure and in utero only exposure (Luebker et al.
2005a). The lowest LOAEL for any developmental effect was 0.4 mg/kg/day for decreased pup body
weight (Luebker et al. 2005a). Monkeys dosed with 0.75 mg/kg/day, the highest dose tested, showed
increased liver weight, decreased serum cholesterol, and hepatocellular hypertrophy and lipid
vacuolation; the NOAEL was 0.15 mg/kg/day (Seacat et al. 2002). At termination of dosing, the mean
PFOS serum level corresponding to the LOAEL was 171,000 ng/mL in females and 173,000 ng/mL in

males.

A 2-year bioassay for PFOS also identified the liver as a main target (Butenhoff et al. 2012b; Thomford
2002b). In that study, rats were fed a diet that provided approximately 0, 0.025, 0.10, 0.25, or

1.04 mg/kg/day PFOS. A significant increase in the incidence of cystic hepatocellular degeneration was
reported in males dosed with >0.10 mg/kg/day PFOS, and this dose level constitutes the study LOAEL,;
the NOAEL was 0.025 mg/kg/day. At higher dose levels, hepatotoxicity was characterized by
centrilobular hypertrophy, centrilobular eosinophilic hepatocytic granules, and centrilobular hepatocytic
vacuolation. No significant alterations were reported in other tissues and organs or in clinical chemistry

and hematology test results.

Several studies examining the toxicity of PFOS on the liver and immune system measured serum PFOS

concentrations; these data are summarized Table 2-2.

PFBA. Relatively few toxicity studies have been conducted in animals exposed to PFBA by a relevant
route of exposure. lkeda et al. (1985) reported that administration of approximately 20 mg/kg/day PFBA
in the diet to male Sprague-Dawley rats for 2 weeks did not significantly affect relative liver weight, but
increased catalase activity in liver homogenates by 42% and induced peroxisome proliferation, as

assessed by electron microscopy. In a similar study, dietary administration of approximately
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Table 2-2. Serum PFOS Concentrations Associated With Adverse Effects In
Laboratory Animals

Serum
Exposure Dose concentration
Species duration  Effect (mg/kg/day) (ng/mL) Reference
Hepatic effects
Rat 7 days NOAEL 1.72 34,860
Elcombe et
Decreased serum cholesterol 8.17 156,600 al. 2012a
and triglyceride levels '

Rat 7 days Increased liver weight, 1.79 39,490 Elcombe et
decreased serum cholesterol, al. 2012b
histopathological alterations

Rat 28 days Increased liver weight 0.14 1,500 Curran et al.

2008

Rat 28 days Decreased serum cholesterol 1.54 94,290 Elcombe et
levels, histopathological al. 2012a
alterations

Rat 14 weeks  NOAEL 0.34 4,040

. . Seacat et al.
Increased liver weight, 1.33 17,100 2003
histopathological alterations

Monkey 6 months  NOAEL 0.150 36,400 Seacat et al.
Increased liver weight 0.750 131,000 2002

Immunological effects

Mouse 7 days Suppressed response to 5 110,460 Zheng et al.
mitogens and sRBC 2009

Mouse 60 days NOAEL 0.0083 674 Dong et al.
Suppressed response to SRBC  0.083 7,132 2009

Mouse 60 days NOAEL 0.0167 2,360 Dong et al.
Suppressed response to SRBC ~ 0.0833 10,750 2011

Mouse 28 days NOAEL 0.000166 17.8 Peden-
Suppressed response to SRBC  0.00166 91.5 égggns etal.

Mouse 21 days NOAEL 0.005 189 Guruge et al.
Decreased host resistance 0.025 670 2009

NOAEL = no-observed-adverse-effect level; PFOS = perfluorooctane sulfonic acid; SRBC = sheep red blood cells
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78 mg/kg/day PFBA to male C57BL/6 mice for 10 days induced a 63% increase in absolute liver weight
(Permadi et al. 1992). The increase in liver weight was accompanied by changes in enzymes involved in
drug metabolism and/or in deactivation of reactive oxygen species; however, PFBA did not have a
significant effect on parameters of peroxisomal fatty acid 3-oxidation (Permadi et al. 1993). Since only
one dietary level was used in these studies, dose-response relationships could not be constructed. A much
more recent acute-duration (5-day) gavage study in rats is also available (3M 2007a). In that study, three
dose levels were tested and the highest dose used (184 mg/kg/day) had no significant effect on a wide
range of end points including body and organ weights, hematology and clinical chemistry, and
histopathology, and thus, constituted the study NOAEL. Data regarding serum levels of PFBA were not
available in any of these studies.

The intermediate-duration oral database for PFBA consists of a developmental study in mice (Das et al.
2008), and 28- and 90-day gavage studies in rats (Butenhoff et al. 2012a; van Otterdijk 2007a, 2007b). In
the developmental study, PFBA administered to pregnant mice on GDs 1-17 did not affect newborn
weight gain or viability, as usually seen with PFOA and PFOS (Das et al. 2008). The most sensitive
response was a delay in eye opening in the pups at maternal doses of PFBA of 35 mg/kg/day. Both the
28- and 90-day studies identified LOAELSs of 30 mg/kg/day for liver hypertrophy and alterations in the
follicular epithelium of the thyroid in male rats (Butenhoff et al. 2012a; van Otterdijk 2007a, 2007b). In
addition, the 90-day study reported hematological alterations, also in male rats dosed with 30 mg/kg/day
PFBA. The NOAEL for these effects was 6 mg/kg/day.

PFHxS. A limited number of studies are available for PFHXS. Administration of PFHXS from premating
until PND 21 (females) resulted in increased prothrombin time at 0.3 mg/kg/day, increased liver weights
and hepatocellular hypertrophy at 3 mg/kg/day, and thyroid follicular cell hyperplasia at 3 mg/kg/day
(Butenhoff et al. 2009a; Hoberman and York 2003); the study did not report any reproductive or
developmental effects. In another study, altered spontaneous activity and habituation were observed in
adult mice administered 9.2 mg/kg/day on PND 10 (Viberg et al. 2013).

PFBuS. Limited data available on the toxicity of PFBuUS in animals have identified the liver, kidneys,
stomach, and hematological systems as targets of toxicity. Decreases in hemoglobin and hematocrit
levels were observed in male rats administered 200 mg/kg/day PFBuS for 90 days (Lieder et al. 2009a);
decreases in erythrocyte levels were observed at 600 mg/kg/day. Administration of 600 mg/kg/day for
90 days also resulted in tubular and ductal papillary epithelial hyperplasia in the kidneys and necrosis and

hyperplasia/hyperkerosis in the forestomach (Lieder et al. 2009a). Increases in absolute and relative liver
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weight were reported in male rats administered 900 mg/kg/day for 28 days (3M 2001). At

1,000 mg/kg/day, hepatocellular hypertrophy was observed in a 2-generation study (Lieder et al. 2009b).
In general, no biologically relevant alterations in performance on functional observation battery tests or
motor activity tests were observed in rats administered 900 mg/kg/day PFBuS for 28 days (3M 2001) or
600 mg/kg/day for 90 days (Lieder et al. 2009a).

PFDeA. Studies potentially useful for MRL derivation were limited to acute-duration oral studies. Most
of these studies provided information on liver effects and were, in general, of limited scope. The lowest
LOAEL was 2.4 mg/kg/day in rats for increased absolute liver weight, and doses of 9.5 mg/kg/day
increased the number of lipid droplets containing amorphous material, indicating marked toxicity to
hepatocytes; the NOAEL was 1.2 mg/kg/day (Kawashima et al. 1995). The 9.5 mg/kg/day dose also
induced significant weight loss associated with significantly reduced food consumption. Reduced weight
gain was also reported in pregnant mice dosed with 6.4 mg/kg/day on GDs 6-18 (Harris et al. 1989); the
NOAEL was 3 mg/kg/day. The reduced maternal weight gain may have been responsible, in part, for a
significant decrease in fetal weight. Other repeated dose studies tested much higher doses of PFDeA
(Ikeda et al. 1985; Permadi et al. 1992, 1993). No alterations in spontaneous activity were observed in
adult rats administered 10.8 mg/kg/day PFDeA on PND 10 (Johansson et al. 2008).

PFNA. Administration of 1 mg/kg/day PFNA for 14 days resulted in increases in serum glucose levels
and decreases in high-density lipoprotein (HDL)-cholesterol levels in rats (Fang et al. 2012a);
hepatocellular vacuolation was observed at 5 mg/kg/day (Fang et al. 2012b). An immunotoxicity study
found decreases in thymus and spleen weights at 3 mg/kg/day and alterations in splenic lymphocyte

phenotypes at 1 mg/kg/day, but no alteration in the response to a T-cell mitogen (Fang et al. 2008).

Derivation of MRLs. The only perfluoroalkyl compounds with sufficient data for derivation of MRLs
are PFOA and PFOS. For both compounds, hepatic effects, immunological effects, and developmental
effects appear to be the most sensitive end points, and rats and mice were the most sensitive species. As
noted previously, perixosome proliferation via activation of PPARa is a major contributing factor to the
liver effects and some of the developmental effects; the mechanisms of the immune effects are not
known. Humans are less responsive to PPARa agonists than rodents; thus, derivation of MRLs based on
rodent data may result in overly conservative values. Like humans, nonhuman primates are less
responsive to PPARa agonists and may be a suitable model for human exposure to PFOA and PFOS.
Intermediate-duration monkey studies are available for PFOA (Butenhoff et al. 2002) and PFOS (Seacat

et al. 2002) and data from these studies were used to derive intermediate-duration oral MRLs. The effects
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observed in monkeys exposed to PFOA or PFOS are consistent with the findings observed in more
sensitive species (rats and mice). Rodent studies have also identified developmental toxicity and immune
toxicity as sensitive end points; neither has been examined in monkey studies. The LOAELSs for the liver
and developmental effects are similar; thus, derivation of an MRL based on liver toxicity is likely to be
protective of developmental effects. Immune effects have been observed at lower concentrations;

however, the biological relevance of these effects is not known.

Deriving MRLs based on the PFOA or PFOS dose levels used in the monkey studies is problematic due
to species differences in the toxicokinetics of the two compounds, particularly the difference in half-
times. An alternative approach is to base the MRL on an internal dosimetric and assume that a serum
concentration that would result in an effect in monkeys would also result in an effect in humans. This
serum concentration could then be converted to an equivalent dose in humans, which is defined as the
continuous ingestion dose (mg/kg/day) that would result in steady-state serum concentrations of PFOA or

PFOS equal to the serum concentration (ug/mL) selected as the point of departure (POD).

The relationship between PFOA or PFOS external dosage (mg/kg/day) and steady-state serum
concentration in humans can be estimated assuming a single-compartment first-order model in which
elimination Kinetics are adequately represented by observed serum elimination half-times for PFOA
(=1,400 days) and PFOS (~2,000 days) in retired workers (e.g., Olsen et al. 2007a) and an assumed
apparent volume of distribution (e.g., 0.2 L/kg, Butenhof et al. 2004c; Chang et al. 2012; Harada et al.
2005a) and gastrointestinal absorption fraction (e.g., 1.0; based on studies in rodents and nhonhuman

primates):

‘e 'Vd
= Eq. (2-1)

where Dgs is the daily external dosage (mg/kg/day), Css is the steady-state serum concentration (mg/L),
ke is the elimination rate constant (d™), V4 is the apparent volume of distribution (L/kg), and AF is the
gastrointestinal absorption fraction. A more detailed description of the approach used to predict doses in

humans using the serum concentrations is presented in Appendix A.

PFOA. In the Butenhoff et al. (2002) study of PFOA, groups of male Cynomolgus monkeys were
administered 0, 3, 10, or 30 mg/kg/day APFO by daily capsules for 26 weeks; each group had six
monkeys with the exception of the 3 mg/kg/day group, which had four monkeys. The serum levels of
PFOA measured at or after week 6 are summarized in Table 2-3. During the first week of exposure,
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Table 2-3. Liver Weights of Male Cynomolgus Monkeys Exposed to PFOA for

34

6 Months
Dose Serum PFOA level® Number of Absolute liver Relative liver
(mg/kg/day)  (pg/mL) animals weight (g) weight (%)
0 0.203+0.154° 4 60.2+6.9 1.5+0.1
3 77+39 (10-154)° 3 81.8+2.8* 1.8+0.1
10 86+33 (10-180) 4 83.2+9.7* 1.9+0.1
30/20 158+100 (20-467) 2 90.4+4.2* 2.4+0.5*

@Average serum PFOA levels measured every 2 weeks beginning at study week 6.
®Mean + standard deviation.

‘Range of values.

*Statistically significant when compared to controls, p<0.01.

PFOA = perfluorooctanoic acid

Source: Butenhoff et al. 2002
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decreases in food consumption and weight loss were exhibited by all monkeys in the 30 mg/kg/day group
and dosing was suspended on day 12. On day 22, treatment was resumed at a lower dose (20 mg/kg/day).
One monkey in the 30/20 mg/kg/day group was sacrificed moribund on day 29; a weight loss of 12.5%
and hypoactivity were observed and were considered to be treatment-related. Dosing of three of the five
remaining animals was ceased on days 43, 66, or 81 due to continued weight loss and low food
consumption. One monkey in the 3 mg/kg/day group was sacrificed moribund due to weight loss, hind-
limb paralysis, ataxia, and the lack of response to pain stimuli; the neurological symptoms were not
consistent with effects observed in the 30/20 mg/kg/day monkeys and the cause of the effects could not be
determined. Dose-related increases in absolute liver weight were observed at all dose levels; relative liver
weights were significantly increased in the 30/20 mg/kg/day group. The absolute and relative liver
weights are presented in Table 2-3. No other alterations in organ weights were observed. No histological
alterations were observed in the liver with the exception of hepatocellular degeneration, vacuolation, and
basophilia observed in the monkey in the 30/20 mg/kg/day group sacrificed on day 29. No significant
alterations in serum reproductive hormone levels were observed. Free and total thyroxine (T4) levels
were significantly decreased in the 10 mg/kg/day group, but there were no changes in free or total

triiodothyronine (T3) levels or thyroid stimulating hormone (TSH) levels.

Using serum PFOA level as the internal dosimetric, the absolute and relative liver weight data were fit to
all available continuous models in EPA’s Benchmark Dose Software (BMDS, version 2.4.0). Three
benchmark responses (BMRs) were considered: 1 standard deviation (SD) change from the control; 2 SD
change from the control; and 10% increase in liver weight. Although a 1 SD change is the typical BMR
used for continuous variable models without a biological basis to establish a cut-point for biological
significance, a 2 SD BMR was also used due to the small number of animals tested. See Appendix A for

a detailed discussion of the benchmark dose (BMD) modeling.

Human equivalent doses (HEDs) were calculated for each POD for alterations in absolute and relative
liver weights. The HEDs were calculated using Equation 2-1, with the parameter Css (steady-state serum
concentration) represented by the monkey POD, and are presented in Table 2-4. The increased absolute
liver weight was selected as the critical effects because it was the more sensitive end point and was
significantly increased at all three dose levels. The BMDL (lower confidence limit on the BMD)
predicted with the 10% relative deviation (RD) in absolute liver weight was selected as the POD. An
intermediate-duration oral MRL for PFOA was derived by dividing the HED of 1.54x10°° mg/kg/day by
an uncertainty factor of 90 (3 for animal to human extrapolation with a dosimetric adjustment, 10 for

human variability, and 3 for uncertainties in the database, particularly the lack of developmental and
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Table 2-4. Human Equivalent Doses for PFOA
POD (pg/mL) HED (mg/kg/day)
Absolute liver weight, BMDLsp; linear model 15.87 1.57x10°
Absolute liver weight, BMDL,sp; linear model 31.73 3.14x10°
Absolute liver weight, BMDLgp10%; linear model 15.53 1.54x10°
Relative liver weight, BMDLsp; polynomial model 33.45 3.31x10™
Relative liver weight, BMDL,sp; polynomial model 47.31 4.68x10°
Relative liver weight, BMDLRp10%; polynomial model 46.31 4.59x10°

BMDL = lower confidence limit on the benchmark dose; HED = human equivalent dose; PFOA = perfluorooctanoic
acid; POD = point of departure; RD= relative deviation; SD = standard deviation
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immunological data in monkeys). Intermediate-duration studies in rats and mice have demonstrated that
the developing organism and the immune system are also sensitive targets of PFOA toxicity. The lowest
LOAEL for developmental effects in mice (0.01 mg/kg/day; Hines et al. 2009) was lower than lowest
LOAEL for liver effects in 21-day mouse studies (0.5 mg/kg/day; Kennedy 1987; Son et al. 2008). The
lowest LOAEL for immune effects (0.49 mg/kg/day; Son et al. 2009) was similar to the lowest LOAEL
for liver effects. A database uncertainty factor was used to account for the lack of studies examining the
possible developmental and immune toxicity of PFOA in monkeys and to allow for a more thorough
evaluation of the most sensitive target of PFOA toxicity in humans. The resulting intermediate-duration
oral MRL for PFOA is 2x10™° mg/kg/day.

PFOS. In the PFOS monkey study (Seacat et al. 2002), groups of male and female Cynomolgus monkeys
were administered via capsule 0, 0.03, 0.15, or 0.75 mg/kg/day potassium PFOS for 26 weeks; there were
four monkeys/sex in the 0.03 mg/kg/day group and six monkeys/sex/group in the other groups. The
serum levels of PFOS measured at the end of the study are summarized in Table 2-5. Two monkeys/sex
in the 0, 0.15, and 0.75 mg/kg/day were allowed to recover for 1 year. In the 0.75 mg/kg/day group, two
male monkeys died or were sacrificed moribund; pulmonary necrosis was observed in one monkey and
symptoms possibly related to hyperkalemia were observed in the other animal; neither effect was
observed in surviving animals and it is not clear whether these were related to PFOS exposure. Decreases
in body weight gain were observed in males in the 0.15 (11%) and 0.75 (13.5%) mg/kg/day groups.
Significant increases in relative liver weight were observed in the male and females exposed to

0.75 mg/kg/day and absolute liver weight was significantly increased in females at 0.75 mg/kg/day; the
absolute and relative liver weights are summarized in Table 2-5. Centrilobular vacuolation, hypertrophy,
and mild bile stasis was observed in some monkeys in the 0.75 mg/kg/day (incidence not reported).
Lipid-droplet accumulation in two of four males and two of four females and increased glycogen content
was noted in the electron microscopic examination of the liver. No histological alterations were observed
in the other major tissues and organs. Clinical chemistry alterations consisted of decreases in total
cholesterol in the second half of the study in the 0.75 mg/kg/day group, decreases in HDL-cholesterol
levels during the last month of the study in males exposed to 0.03 or 0.75 mg/kg/day and females exposed
to 0.15 or 0.75 mg/kg/day, and decreases in serum bilirubin levels in 0.75 mg/kg/day males during the last
half of the study. The total cholesterol levels in the 0.75 mg/kg/day group were also significantly lower
than pre-treatment levels; however, HDL-cholesterol levels were only measured during the last month of
the study and it is not known if the alterations reflected a treatment-related effect. Decreases in TSH

levels were observed at 0.75 mg/kg/day and decreases in total T3 levels were observed in males at
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Table 2-5. Liver Weights of Male and Female Cynomolgus Monkeys Exposed to
PFOS for 6 Months

Nominal dose?® Serum PFOS level® Number of Absolute liver Relative liver
(mg/kg/day) (ng/mL) animals weight (Q) weight (%)
Males

0 0.05 3 54.948.1 1.6+£0.2
0.03 8.6 4 62.1+5.3 1.7+£0.3
0.150 43.5 4 57.3x5.5 1.8+0.1
0.75 140 2 85.3+38.4 2.7+0.3*
Females

0 0.05 4 51.1+94 1.8+0.2
0.03 7.8 4 56.8+12.6 1.9+0.0
0.150 36.4 4 57.0+£3.1 2.1+0.2
0.75 131 4 75.3+£13.3* 2.9+0.3*

®KPFOS (86.9%) purity was administered; capsules for the 0.75 mg/kg/day group contained 72+35% of target dose
for 0.75 mg/kg/day group and 103+25% for the 0.150 and 0.75 mg/kg/day groups).

bTime-weighted average of mean serum concentrations for the 6-month period; data taken from Figure 1 of the
Seacat et al. (2002) paper.

*Statistically significant when compared to controls, p<0.01.

PFOS = perfluorooctane sulfonic acid

Source: Seacat et al. 2002
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>0.03 mg/kg/day and in females at 0.75 mg/kg/day; however, it was noted that these TSH and T3 levels

were within the normal range for Rhesus monkeys.

Using serum PFOS level as the internal dosimetric, the absolute and relative liver weight data were fit to
all available continuous models in EPA’s BMDS (version 2.4.0). Three BMRs were considered: 1 SD
change from the control; 2 SD change from the control; and 10% increase in liver weight. Although a

1 SD change is the typical BMR used for continuous variable models without a biological basis to
establish a cut-point for biological significance, a 2 SD BMR was also used due to the small number of
animals tested. See Appendix A for a detailed discussion of the BMD modeling.

HEDs were calculated for each potential POD for both absolute and relative liver weights. The HEDs
were calculated using Equation 2-1, with the parameter Cgs (Steady-state serum concentration)
represented by the monkey POD, and are presented in Table 2-6. Because decreases in body weight were
observed, increased absolute liver weight was selected as the critical effect. The HEDs calculated for the
increased absolute liver weight ranged from 1.61x10° to 3.09x10° mg/kg/day; the lowest HED of
1.61x10°® was estimated from the BMDL using a benchmark response of 10% relative deviation in
absolute liver weight in the male monkeys; however, this value is lower than the empirical NOAEL
identified in male monkeys (9.07x10® mg/kg/day estimated from a serum concentration of 140 pg/mL)
and in female monkeys (2.52x10" mg/kg/day estimated from a serum concentration of 36.4 pug/mL) and
was not selected as the POD for the MRL. Rather, the NOAEL identified in female monkeys was
selected as the POD for the MRL. The intermediate-duration oral MRL for PFOS was derived by
dividing the HED of 2.52x10® mg/kg/day by an uncertainty factor of 90 (3 for animal to human
extrapolation with a dosimetric adjustment, 10 for human variability, and 3 for uncertainties in the
database, particularly the lack of developmental and immunological data in monkeys). Intermediate-
duration studies in rats and mice have demonstrated that the developing organism and the immune system
are also sensitive targets of PFOS toxicity. Impaired host resistance to a virus was observed in mice
exposed to 0.025 mg/kg/day (Guruge et al. 2009); this is lower than the lowest LOAEL for liver effects
observed in 28-day rat studies (0.14 mg/kg/day; Curran et al. 2008; Lefebvre et al. 2008). The lowest
LOAEL for developmental effects in mice (0.4 mg/kg/day; Luebker et al. 2005a) was slightly higher than
the lowest LOAEL for liver effects. A database uncertainty factor was used to account for the lack of
studies examining the possible developmental and immune toxicity of PFOS in monkeys which would
allow for a more thorough evaluation of the most sensitive target of PFOS toxicity in humans. The

resulting intermediate-duration oral MRL for PFOS is 3x10"° mg/kg/day.
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POD (pg/mL)

HED (mg/kg/day)

Absolute liver weight in males, BMDLsp; exponential model 2

with nonconstant variance

Absolute liver weight in males, BMDL,sp; exponential model 2

with nonconstant variance

Absolute liver weight in males, BMDLgrp10%; €xponential model 2

with nonconstant variance

Absolute liver weight in females, NOAEL
Relative liver weight in males, BMDLsp; exponential model 2

with constant variance

Relative liver weight in males, BMDL,sp; exponential model 2

with constant variance

Relative liver weight in males, BMDLgp10%; €Xponential model 2

with constant variance

Relative liver weight in females, NOAEL

23.21

44.60

23.28

36.4
23.11

44.26

20.87

36.4

1.61x10°
3.09x10°
1.61x10°

2.52x10°
1.30x10°

2.60x10°
1.06x10°

2.52x10°

BMDL = lower confidence limit on the benchmark dose; HED = human equivalent dose; NOAEL = no-observed-
adverse-effect level; PFOS = perfluorooctane sulfonic acid; POD = point of departure; RD= relative deviation;

SD = standard deviation
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