Chapter 11
Effects of PFOA on Endocrine-Related

Systems
Casey E. Reed and Suzanne E. Fenton

Abstract Perfluorooctanoic acid (PFOA) is an 8-carbon fully fluorinated chemical
that has reported effects on endocrine-related systems in rodents, humans, and other
species. Numerous endocrine organs may be targets for PFOA, including the brain,
thyroid, pancreas, adipose tissue, ovary, uterus, testes, and breast. Developmental
exposure effects have been reported on behavior, serum thyroid and gonadal steroid
profiles, breast epithelial growth, and metabolic end points, such as serum insulin,
leptin, and triglyceride levels and weight gain. Many of these PFOA-induced effects
have been reported in two or more species. The mechanisms for these numerous
effects are poorly understood and deserve further investigation to define the
pathways that should be avoided as PFOA-replacement products enter the market.
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11.1 Introduction

Perfluoroalkyl acids (PFAAs) are chemicals with carbon chains that are completely
fluorinated. There are a wide variety of PFAAs in the environment that could have
potential endocrine effects, but there has been minimal research on most PFAAs;
this chapter will focus on the endocrine-related effects of perfluorooctanoic acid
(PFOA). PFOA is persistent, lipophobic, can bind proteins, and is highly detectable
in wildlife and human serum (White et al. 2011a). This chapter will focus on
developmental exposures and their long-term effects. There has not been enough
research on the other PFAAs to include for this focus. The exact mechanism(s) of
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action for endocrine-related effects of PFOA has not been discovered; however it has
been shown that a variety of target tissues and health outcomes from PFOA expo-
sure are endocrine-related such as mammary gland, thyroid, and adipose tissue (Lau
et al. 2003; Macon et al. 2011; White et al. 2007; Hines et al. 2009) (see Fig. 11.1).

There are key times in development where exposure to chemicals can have a long
term effect. Developing infants from the fetal period to the prepubertal period are
sensitive to environmental toxins because of the high growth rate (cell proliferation
and differentiation) that takes place during this period (Birnbaum and Fenton 2003).
Each time a cell proliferates or divides it offers an opportunity for mistakes in
genomic repair, methylation, or programming to occur which may translate to
growth of abnormal cells; thus the result may be cancer (Birnbaum and Fenton
2003). The placenta protects against the transmission of some compounds from the
mother’s circulation into fetal circulation, however PFOA can bypass this protective
mechanism (Fei et al. 2007; Gutzkow et al. 2012; Inoue et al. 2004). Early-life
exposures may predispose individuals to more chronic adverse effects than later life
exposures when rapid cell division no longer occurs (Landrigan et al. 2002).
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Fig. 11.1 Perfluorooctanoic acid (PFOA) is known to have effects on numerous endocrine targets.
Effects of the chemical have been associated with brain, pancreas, thyroid, breast, adipose, ovarian
and uterine effects in female rodent research models and in women for some of the listed out-
comes. Endocrine effects have also been reported in males, but there is less data available
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Therefore, exposure to PFOA that occurs during gestation and through the time of
puberty is concerning in that it may reprogram endocrine-related signaling and
result in long-term adverse health effects.

PFOA has been the target of much animal and human epidemiological research.
Animal research primarily utilized mice because the elimination kinetics of PFOA
in mice is more similar than rats to that of humans. Rats have a shorter PFOA elimi-
nation half-life than mice, and demonstrate a rapid elimination in reproductive-aged
females, resulting in differences in excretion between males and females that do not
lend well to developmental toxicity studies (Fenton et al. 2009; Lau et al. 2007).
There are numerous studies that have evaluated human PFOA exposures because it
is found in more than 99 % of the general U.S. population through contamination of
food, water, house dust, and air (Winquist et al. 2013). One particular study, the C8
Health Project (C8HP), focuses on highly-exposed residents of the Mid-Ohio Valley
(Winquist et al. 2013). The C8HP includes two cohorts: one made up of community
members 20 years and older and a separate group comprised of occupationally-
exposed individuals (Winquist et al. 2013). These cohorts, and others like them
around the world, provide vital insight into the human effects correlated with
varying levels of PFOA exposure.

11.2 Gestational Exposure and Pregnancy Outcome

Adult PFOA exposure primarily occurs through intake of contaminated food and
water while transplacental transfer and breast milk are important routes of exposure
for fetuses and infants (Mondal et al. 2012; Haug et al. 2011; Fromme et al. 2010).
PFOA has the highest placental passing ratio of all the PFAAs (0.89:1), indicating
that it can pass easily through the placental barrier and into the fetal environment,
and may result in fetal exposures that are equivalent to years of exposure by the
mother (Liu et al. 2011). The transfer ratio of PFOA was two times higher than that
of perfluorooctane sulfonate (PFOS), another highly studied PFAA (PFOS ratio was
0.54:1) (Liu et al. 2011).

One way to measure human gestational PFOA exposure is to analyze its concen-
tration in umbilical cord blood and to compare that to maternal serum levels.
Declining serum levels of PFOA can be detected in the first trimester of pregnancy
in women (Javins et al. 2013), indicating an early life transfer of serum PFOA to the
developing fetus. Maternal sera and cord blood measurements for PFOA are
reported to be strongly correlated (R>0.5; p<0.01) (Kim et al. 2011), and one study
found higher PFOA concentrations in cord blood than in maternal serum with a cord
blood:maternal PFOA ratio of 1.3 (Midasch et al. 2007). Most studies, however,
report higher PFOA levels in maternal serum than in umbilical cord blood with
ratios ranging from 0.67 to 0.87 for paired samples (umbilical serum:maternal
serum) (Fei et al. 2007; Hanssen et al. 2010; Inoue et al. 2004; Kim et al. 2011;
Monroy et al. 2008; Needham et al. 2011). World-wide, PFOA has been detected in
cord blood from the general population in the U.S., Canada, Germany, Norway,
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Australia, South Africa, Korea, and Taiwan in concentrations ranging from 1.1 to
4.4 ng/ml (Post et al. 2012). These data provide strong evidence for transplacental
transfer of PFOA between maternal and fetal circulation.

Developmental toxicology studies have found that PFOA has the potential to
affect fetal growth and development. In studies designed to understand the transfer
of PFOA from dam to fetus/neonate, CD-1 mice were given a single exposure to
PFOA late in gestation (gestational day [GD] 17). This exposure did not affect the
number of live fetuses, implantation sites, or weight of live-born pups on GD18 or
post natal day (PND) 1 (Fenton et al. 2009). Interestingly, although dam serum con-
centrations were significantly greater than amniotic fluid levels collected the morn-
ing before birth, pups that were just a few hours old exhibited a significantly higher
serum PFOA concentration than that of their dam due to the degree of placental
transfer, and possibly from a short suckling period (Fenton et al. 2009). The levels
of PFOA in mouse milk were 20—40 % that of maternal serum in early and late
lactation when milk and blood volumes are low, relative to peak lactation, when
milk PFOA levels were 10-20 % that in the maternal serum. Milk transfer of PFOA
in rats (Hinderliter et al. 2005) and humans (Karrman et al. 2007) is reportedly less
efficient than the mouse, with PFOA milk:maternal serum distribution ratios of 0.1
and 0.01, respectively.

There are a range of adverse developmental outcomes associated with PFOA in
rodent models including decreased fetal weight and increased neonatal mortality
(Lau et al. 2007; Olsen et al. 2009). PFOA effects in mice often occur in a dose-
dependent manner. One study exposed pregnant mice to PFOA (doses from 1 to
40 mg/kg) from GD 1 through GD 17 (Lau et al. 2006). The exposures did not
impact the number of implantations but there were significant increases in the
number of full-litter resorptions starting at 5 mg/kg (Lau et al. 2006). There were no
significant differences in live pup weights at doses at or equal to 10 mg/kg and
significant prenatal losses were observed at the 20 mg/kg dose (Lau et al. 2000).
Although most pups were born alive, there were increases in the incidences of still-
birth and neonatal mortality at doses of 5 mg/kg and higher (p<0.05) (Lau et al.
2006). At lower doses (1 and 3 mg/kg), there were significant changes in postnatal
growth and development, particularly in the form of growth retardation and
delayed eye opening (Lau et al. 2006). These doses are much higher than ordinary
human exposures.

As stated previously, PFOA transfer to the developing fetus can be detected in
the first trimester of pregnancy for humans (Javins et al. 2013). The first trimester
marks a period of time where there is abundant fetal development where the nervous,
cardiovascular, digestive, respiratory, renal, and endocrine systems are forming,
which makes perturbations during this time period potentially catastrophic (Javins
et al. 2013). Although there has yet to be a thorough investigation of the endocrine-
disrupting effects of perfluorinated compounds, there are numerous endocrine-
related outcomes that are correlated with PFOA serum levels during pregnancy and
birth. Pregnancy is a time of particular interest not only because of potential devel-
opmental insults to the fetus, but also because it can result in adverse pregnancy
outcomes. Preterm birth (before 37 weeks gestation), pregnancy-induced hyperten-
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sion (PIH), and low birth weight (less than 2,500 g) are often described as adverse
pregnancy outcomes, all of which are linked to endocrine system dysregulation.
There was little evidence of an association between PFOA and preterm birth or
low birth weight among the C8HP cohort (Darrow et al. 2013), but two studies
found modest inverse associations between birth weight and maternal PFOA con-
centration (Apelberg et al. 2007; Fei et al. 2007). These results have not been
repeated in other studies (Savitz et al. 2012; Monroy et al. 2008; Washino et al.
2009; Nolan et al. 2009). However, a recent meta-analysis was performed on all of
the available data from animal and human studies related to birth weight and PFOA
exposures. The in-depth analyses indicated a significant —0.023 g reduction in birth
weight of offspring of non-human mammalian species for each unit (mg/kg birth
weight/day) increase in PFOA dose (Lam et al. 2014). The human data analysis,
with numerous studies analyzed together, resulted in ‘sufficient’ evidence of PFOA
negatively affecting fetal growth (Lam et al. 2014). Prior to this meta-analysis, there
was no summary of human data to support an association between PFOA exposure
and clinically significant endpoints of growth restriction.

To date there is no evidence to link PFOA exposures with preterm delivery in
women (Savitz et al. 2012; Fei et al. 2007; Hamm et al. 2010; Darrow et al. 2013);
however one of the endocrine-related health outcomes that may lead to preterm
delivery, PIH, has been associated with PFOA exposures. An association between
increased maternal PFOA levels and PIH in the C8HP cohort was reported based
upon log-transformed and categorical analyses (27 % increased odds with 95 % CI)
(Darrow et al. 2013). Modest associations between serum PFOA and self-reported
preeclampsia have been reported (Stein et al. 2009), but this finding associating
PFOA and PIH was not evident in a study involving birth records (Savitz et al. 2012)
or in a Norwegian cohort with background PFAA levels (Starling et al. 2014a).
Savitz and colleagues (2012) have suggested that the maternal physiology is a more
important determinant of pregnancy outcomes than the degree of PFOA exposure.
Therefore maternal age, parity, and BMI all impact the absorption and elimination
and can determine the amount of exposure the fetus receives from any chemical
which makes causal associations difficult to verify (Savitz et al. 2012).

11.3 Lactation

Lactation is a physiological state that is regulated and maintained by the endocrine
system and endocrine disruptors or chemicals that interact with the endocrine
system can alter mammals’ ability to lactate. Data indicate an association between
the length of time a woman has lived near a source of PFAA contamination and the
level of PFOA in her breast milk (von Ehrenstein et al. 2009). There is evidence that
not only will PFOA be eliminated in milk to potentially affect the offspring, but it
may also affect breast function. Animal models indicate that there are changes in
maternal mammary gland structure after developmental PFOA exposure and that



254 C.E. Reed and S.E. Fenton

PFOA exposure inhibits production of normal milk proteins, leading to increased
pup mortality (White et al. 2011a, b; Lau et al. 2006). These data are further
described in Chap. 8 in this book.

Many chemicals can pass through the maternal system and be transferred to the
infant through breast milk. As previously mentioned, human studies have found that
there is not only placental transfer of PFOA but that lactational transfer occurs and
may provide the majority of infant PFOA exposure (Inoue et al. 2004; Apelberg
et al. 2007; Monroy et al. 2008; Tao et al. 2008; Mondal et al. 2012; Fei et al. 2007;
Fromme et al. 2010; Kim et al. 2011; Needham et al. 2011). Epidemiological studies
focusing on the C8HP cohort found a higher child:maternal serum PFOA ratio in
children (12 months old) whose mothers breast fed exclusively versus those who
were breast and/or bottle fed (1.83 for breast feeding only and 1.14 for breast/bottle
fed) (Mondal et al. 2012). Another study estimated that breast milk contributes over
83 % of infant PFOA exposure even though the concentration of PFOA measured in
breast milk was low (Haug et al. 2011). A small survey of Italian mothers found that
the highest levels of PFOA in milk came from primiparous women (Barbarossa
et al. 2013). None of the findings were statistically significant because of the low
number of participants, however it appears to indicate that PFOA concentrations in
breast milk decrease after the first lactation and, therefore, first born infants may
have higher exposures of PFOA (Barbarossa et al. 2013; Tao et al. 2008).

Exposure to PFOA via transplacental transfer and milk leads to an elevated body
burden in humans and rodents. One study estimated that infant PFOA exposure
through milk is 2,173 ng, which is much higher than the 183 ng PFOA received
through gestational exposure (Liu et al. 2011). Higher exposure results in elevated
PFOA body burden for infants, from birth through 6 months of age, compared to
adults (Fromme et al. 2010). Mouse studies found a similar increased body burden
from GD18 through PNDS8 and decreased between PNDS8 and 18 when milk intake
decreased (Fenton et al. 2009). One study in particular has generated a great deal of
useful data concerning elimination of PFOA into breast milk and the burden in the
infant over time. Breastfeeding mothers in the CS8HP were found to have a lower
geometric mean PFOA concentration than non-breastfeeding mothers in the same
cohort (Mondal et al. 2014). Consequently, the breastfed infants in the cohort had a
higher PFOA concentration (geometric mean of 49 ng/ml) than non-breast fed
infants (geometric mean of 22 ng/ml) (Mondal et al. 2014). Overall the serum PFOA
concentration of breastfeeding mothers decreased 3 % per month of breastfeeding
to culminate in an estimated 34 % decrease in maternal serum PFOA concentration
after breastfeeding for 12 months (Mondal et al. 2014). The infants who were
breastfed for 12 months had PFOA concentrations that were 141 % higher than their
formula-fed counterparts (Mondal et al. 2014). Concerns regarding the comparison
of findings between labs because of differences in limits of detection and accidental
PFOA contamination by lab equipment (Mondal et al. 2012) may be minimal as a
second recent study evaluating PFOA burden in adolescent girls in the San Francisco
Bay and Greater Cincinnati areas also reported highly significant increases in serum
PFOA and other PFAAs correlated with the duration that the child was breastfed
(Pinney et al. 2014).
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11.4 Puberty

Puberty is another vulnerable life stage where environmental influences have been
linked with health problems. Severe pubertal delays may be a risk factor for infertil-
ity while moderate delays may predispose females to endometriosis, osteoporosis,
and psychosocial issues (Lopez-Espinosa et al. 2011). Human epidemiological
studies are inconsistent in regards to associations between PFOA exposures and
pubertal timing. One study found that PFOA was associated with earlier puberty
(Pinney et al. 2009); other studies find PFOA concentration to be associated with
later time to first menstruation (Lopez-Espinosa et al. 2011; Kristensen et al. 2013);
and yet another study found no relationship between pubertal timing and PFOA
concentration (Christensen et al. 2011). It should be noted that there are specific
differences in how pubertal timing is measured. Some studies measure pubertal
attainment by breast development (Pinney et al. 2009), sex steroid hormone levels
(Lopez-Espinosa et al. 2011), and self-reported age at menarche (Lopez-Espinosa
et al. 2011; Christensen et al. 2011). Kristensen et al. (2013) studied a group of
women who had in utero PFOA exposure. These women reached menarche
5.9 months later than a reference group with a lower PFOA exposure and found a
statistically significant delay in menarche in relation to prenatal PFOA exposure
(p=0.01). There was no association between PFOA exposure and menstrual cycle
length, reproductive hormone levels, or number of ovarian follicles among this
cohort (Kristensen et al. 2013).

Mouse studies have found associations between PFOA concentration and altered
ovarian function (altered hormone/steroid receptor levels), delayed vaginal opening
at high doses, delayed mammary gland development (at the lowest doses tested),
and histopathological changes in the reproductive tract that would indicate delays in
pubertal timing (Yang et al. 2009; White et al. 2011a, b; Dixon et al. 2012;
Zhao et al. 2012; Macon et al. 2011; Tucker et al. in press). These effects appear
to be dependent on PFOA exposure level, timing of exposure, and there
may be some effects that are dependent on strain sensitivity (Macon et al. 2011;
Tucker et al. in press).

11.5 Subfecundity/Subfertility

Subfecundity, or prolonged time to conceive, is often a measure used to determine
the fertility of females. Similar to other endocrine-related endpoints discussed
earlier in this chapter, the epidemiological data related to PFOA and subfecundity
are mixed. Two studies found an association between increased time to pregnancy
and PFOA serum concentration (Whitworth et al. 2012; Fei et al. 2009), while
another found no association (Vestergaard et al. 2012). The study by Whitworth
et al. (2012) specified that the odds ratio for subfecundity was elevated only in par-
ous women (OR for the highest quartile=2.1), while no effect was seen in the
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nulliparous women (OR for the highest quartile=0.5). The proportion of women
diagnosed with infertility (longer than 12 months without conceiving) in the Danish
National Birth Cohort study was higher in the three higher quartiles of PFOA expo-
sure versus the lowest quartile, indicating that PFOA may permanently alter an
endocrine-related mechanism required for conception (Fei et al. 2009).

The mechanism of action by which PFOA alters female fertility is unknown,
however it has been hypothesized that it may be an interaction with the hypothalamic-
pituitary-ovarian axis, which in turn could trigger irregular menstruation, altered
time of ovulation, or early spontaneous abortions (Fei et al. 2009). There is potential
for the mode of action for increased time to pregnancy associated with high PFOA
levels to include PFOA-induced irregular menstrual cycles (Fei et al. 2009). A
report of longer menstrual cycles associated with the highest tertile of PFOA
exposure was recently published using pooled estimates of over 1,600 women from
Poland, Greenland, and Ukraine (Lyngso et al. 2014).

11.6 Thyroid

The thyroid gland is an integral part of the hormone regulatory system. It is needed
for normal metabolic function. Thyroperoxidase catalyzes the transfer of iodine
during thyroid hormone synthesis and PFOA decreases the activity of this enzyme
in a cell-based system (Song et al. 2012). PFOA can also interfere with thyroid
hormone levels and the sensitive feedback mechanisms they are associated with.
Monkeys treated with PFOA were found to have decreased thyroid hormones
thyroxine (T4) and triiodothyronine (T3), without the expected increase in thyroid
stimulating hormone (TSH) (Calafat et al. 2007). This suggests that PFOA may
block thyroid hormones from their binding proteins. Studies focused on individuals
occupationally exposed to PFOA have had variable findings. PFOA exposure has
ranged from no association with thyroid function (Olsen et al. 1998), to weakly
positive changes in T3 (Olsen and Zobel 2007), to significant associations with
elevated T4 and reduced T3 uptake (Huang et al. 2011). The C8HP recently pub-
lished strong evidence for validated thyroid disease in relation to PFOA exposure
estimates in combined cohorts of residents and workers in the Mid-Ohio Valley
(n>32,000 participants and n>4,000 with reported disease) (Winquist and Steenland
2014). The trend for PFOA-related disease was more pronounced among women
and absent in men, with hypothyroidism being the predominate disease. PFOA has
also been linked to hypothyroidism in children (Lopez-Espinosa et al. 2012). A
small and subclinical association between elevated serum free T4 and PFOA, with-
out a concomitant decrease in TSH, was found in a cohort of Chinese adolescents
and young adults (Lin et al. 2013). The group hypothesizes that PFAA exposure
caused a syndrome of reduced thyroid responsiveness to thyroid hormone or that
there may be TSH hypersecretion from the pituitary (Lin et al. 2013). The mecha-
nism of interference between PFOA and the hypothalamic-pituitary-thyroid axis is
still unclear.
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There is a significant increase in serum T4 and reduction in T3 uptake in adults
with 1 or more years of PFOA exposure (Knox et al. 2011). Using National Health
and Nutrition Exposure Survey (NHANES data), TSH levels were found to increase
with PFOA concentration, indicating that PFOA is associated with subclinical
hypothyroidism in adults (Jain 2013). There was also a slight decrease in total T4
levels and no increase in total T3 in relation to PFOA concentration among this
group (Jain 2013). In a separate analysis, NHANES data also indicated that there
was an association between PFOA serum concentrations and self-reported thyroid
disease (Melzer et al. 2010). Women in the highest PFOA exposure quartile (>5.7 ng/
mL) were more than twice as likely to exhibit thyroid disease as women in the lower
quartiles (<4 ng/mL) (Melzer et al. 2010). The significant effect in women was not
recapitulated in men, although the trend was similar (Melzer et al. 2010). Because
PFOA predominantly has thyroid effects on women, it has implications for pregnant
mothers where thyroid hormone dysregulation can alter gene expression and devel-
opment of the fetal brain (Javins et al. 2013). In utero thyroid levels are also involved
in programming future body weight and therefore PFOA dysregulation of thyroid
hormones may have implications for obesity later in life (Grun and Blumberg 2009).

11.7 Obesity/Fat Tissue/Lipid Metabolism

Obesity is a global problem that affects people of all ages and ethnicities. Over
10 years ago, researchers began suggesting that the rise in obesity is correlated with
the marked increase in the number of industrial chemicals on the market (Baillie-
Hamilton 2002) and that over-eating and less physical activity are not valid explana-
tions for the epidemic. There are approximately 85,000 chemicals on the U.S.
market. Of these, approximately 2 % have been tested and several have proved to be
endocrine disrupting compounds. It is widely accepted that adipose tissue is an
endocrine organ that produces hormones that act on other tissues in the body. The
main hormones produced within adipose tissue are leptin, adiponectin, steroids, and
resistin (Guerre-Millo 2002; Harwood 2012). Leptin is produced by white adipose
tissue to regulate food intake, metabolism, and puberty progression (Gueorguiev
et al. 2001). Low leptin levels or leptin resistance is related to adult overweight and
obesity in a variety of animal models after developmental exposures to chemicals
including PFOA (Newbold 2010).

A toxicology study in CD-1 mice investigated the metabolic effects of gesta-
tional and lactational PFOA exposure. They exposed mice to low doses of PFOA
(0.01-5 mg/kg/day) during pregnancy and found that the doses of 0.01 mg/kg/day
to 0.1 mg/kg/day induced elevated leptin, insulin, and body weight while the
1 mg/kg/day and 5 mg/kg/day doses caused decreased body weight after female
offspring reached 10 weeks of age (Hines et al. 2009). Further, removing the ovaries
prior to puberty prevented the body weight-related effects of the PFOA exposure
indicating that the ovarian axis plays an important role in the PFOA-related
metabolic effects (Hines et al. 2009). This study also dosed adult mice and found no
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effect on body weight related to PFOA exposure which indicates that gestation and
early life is a vital window for these PFOA effects (Hines et al. 2009).

A human study by Halldorsson and coworkers (2012) found maternal PFOA
concentration to be positively associated with body mass index (BMI) and waist
circumference among 20-year old female offspring of women who had PFOA expo-
sure during their pregnancy (p<0.05; n=345). The women whose mothers were in
the highest quartile of PFOA exposure had a BMI that was 1.6 kg/m? higher and a
waist circumference that was 4.3 cm bigger than those females whose moms were
in the lowest quartile (Halldorsson et al. 2012). There was no statistical difference
between the males. Further, similar to the Hines study (2009), increased maternal
PFOA levels were associated with increased insulin, leptin, and leptin-adiponectin
ratio and inversely associated with adiponectin (Halldorsson et al. 2012).

One potential mechanism of action for these findings includes in utero PFOA
exposure possibly interfering with ovary development or function which can lead to
impaired estrogen synthesis (Hines et al. 2009). Another hypothesis is that PFOA
interacts with peroxisome proliferator activated receptors (PPAR) alpha or gamma,
signal transducers which are important in lipid metabolism in fat cells (Hines et al.
2009). Recent data utilizing prepubertal mammary tissue (mostly fat) suggests that
PPAR gamma may indeed be an important modulator of effect following PFOA
exposure (Macon et al. in press).

There are other important metabolic factors that are not directly weight-related,
including cholesterol/triglyceride levels. Numerous studies have reported a positive
association between PFOA levels and total cholesterol or LDL levels in humans
(Nelson et al. 2010; Frisbee et al. 2010). A highly exposed occupational group not
only had increased cholesterol in relation to PFOA exposure but they also exhibited
increased triglycerides and lower HDL (the good cholesterol) (Olsen et al. 1998).
The Norwegian Mother and Child Cohort Study, demonstrating low level expo-
sures, found no evidence of an association between elevated triglycerides and PFAA
concentrations in pregnant women (Starling et al. 2014b), suggesting that this may
be an exposure-related effect.

In mice, however, serum cholesterol and PFOA are inversely correlated which
indicates that there are different mechanisms of action for PFOA effects on choles-
terol between mice and humans (White et al. 2011a; Quist et al. in press). Obesity
and cholesterol-related heart disease are major contributors to adult morbidity so
any modifying factors, such as preventing or limiting chemical exposures, could be
potentially important in long term health and healthcare delivery systems.

11.8 Men

Much of the epidemiology and toxicology studies have focused primarily on female-
related endpoints. Although fetal exposure to PFOA is inevitable there seems to be
less focus on male outcomes. However, male mice who were developmentally
exposed to >1 mg/kg/day PFOA may exhibit early onset puberty (Lau et al. 2006).
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A longitudinal study of sons of women who were recruited during pregnancy
was conducted by Vested et al. (2013) to determine if in utero PFOA exposure is
related to semen quality and reproductive male hormone levels. The study found no
relationship between the gestational PFOA exposure and abnormal spermatozoa
morphology. This finding may be related to the fact that morphology and motility of
spermatozoa are determined in adolescence and adulthood during sperm produc-
tion. Two other studies focusing on PFOA and PFOS in combination found that the
chemicals were negatively associated with the percentage of morphologically nor-
mal spermatozoa (Joensen et al. 2009; Toft et al. 2012). Statistically significant
associations between PFOA and sperm count, sperm concentration, and LH were
obtained after transforming data to obtain a normal distribution and correcting for
confounders (Vested et al. 2013). There was a positive association between gesta-
tional PFOA exposure and LH and FSH in adulthood related to the idea that high
gonadotropin concentrations are associated with low sperm concentration and
sperm count (Vested et al. 2013; Appasamy et al. 2007; Gordetsky et al. 2012).
Further studies need to be done to determine the male-specific effects of PFOA
exposure, as the work by Vested et al. (2013) suggests that the fetal male reproduc-
tive system may be impacted by maternal PFOA exposures.

11.9 Conclusions

Although there has been little focus on PFOA as an endocrine disruptor, per se,
there are numerous significant correlations between PFOA exposures and endocrine-
related disease states (Fig. 11.1). Future studies should focus on modes of action in
animal and human studies to identify the similar effect pathways. This will enable
industry to design replacement chemicals that do not perturb those pathways and
may in turn be a safer product.

Additional attention should be given to the timing of PFAA exposure and the
disease end point, as the exposure that had the most impact on the end point may
have been months, years or decades earlier, during a critical period of development
for the endocrine-related tissue of interest. PFAA measurements made during mean-
ingful life stages should be compared to latent disease end points. Further research
is needed to determine the role of PFOA on many health outcomes, but the effects
on the thyroid and adipose tissue are developing a weight of evidence to solidify a
space for PFOA on the growing list of endocrine disrupting chemicals.
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