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Perfluoroalkyl  acids  (PFAAs)  have  attracted  attention  in  recent  years  for their  environmental  ubiquity,
as  well  as  their  toxicity.  Several  PFAAs  are  found  in human  tissues  globally,  as humans  are  exposed  on
a daily  basis  through  intake  of  contaminated  food,  water,  and  air,  irrespective  of proximity  to  industry.
Perfluorooctanoic  acid  (PFOA)  is a PFAA  shown  to  be  developmentally  toxic  in mice,  with  broad  and
varied  health  consequences  that  may  include  long-lasting  effects  in reproductive  tissues  and  metabolic
reprogramming.  To  date,  the  only  demonstrated  mode  of  action  by which  the  health  effects  of PFOA
are  mediated  is  via  the  activation  of  the  peroxisome  proliferator-activated  receptor  alpha  (PPAR�).  The
endogenous  roles  for  this  receptor,  as well  as  the  adverse  outcomes  of  activation  by  exogenous  agents
xposure
evelopmental effects

during development,  are  currently  under  investigation.  Recent  studies  suggest  that  PFOA  may  alter  steroid
hormone  production  or  act  indirectly,  via  ovarian  effects,  as  a  novel  means  of  endocrine  disruption.  Here
we review  the  existing  literature  on  the  known  health  effects  of PFOA  in  animal  models,  focusing  on
sensitive  developmental  periods.  To  complement  this,  we  also  present  epidemiologic  health  data,  with
the caveat  that  these  studies  largely  address  only  associations  between  adult  exposures  and  outcomes,

rine-s
 areas
rarely  focusing  on  endoc
Further  research  in  these

. Background

In recent years perfluoroalkyl acids (PFAAs) – a sub-class of flu-
rochemicals with fully fluorinated carbon chains – have gained
ncreasing attention as an emerging category of pollutants. As such,
hey have become the target for risk evaluation and reduced pro-
uction [1].  These synthetic fluorinated organic chemicals have
xtensive industrial applications, including as surfactants and
mulsifiers often in the production of other fluorinated chemicals,

s well as grease and stain-repellents, friction reducers (wiring,
omputers), water-proofing and insulating agents, and in fire
xtinguishing foam [2].  Perfluorooctanoic acid (PFOA; sometimes
eferred to as its ammonia salt, ammonium perfluorooctanoate,
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pecific  endpoints,  susceptible  subpopulations,  or  windows  of  sensitivity.
 is  needed.

Published by Elsevier Ltd.

APFO, PFO or C8) is a well-studied and environmentally ubiquitous
PFAA. PFOA is a persistent, non-lipophilic, protein-binding PFAA,
with a serum half-life in mice of 16–22 days [3] and of 2–4 years
in humans [4–6]. In addition to its frequent presence in the ambi-
ent environment, PFOA is consistently detectable in the serum of
wildlife animals and humans, and has been shown to be develop-
mentally toxic at both high and low doses in rodents. Some animal
studies of exposure to PFOA have suggested the potential for the
compound to disrupt endocrine signaling [7,8].

The precise mode of action responsible for the health effects of
PFOA is unclear, particularly under low-dose conditions. However,
the target tissues and health outcomes of PFOA exposure discussed
below are frequently endocrine-regulated, further suggesting a
potential endocrine-disrupting capacity of PFOA. Furthermore, the
primary identifiable mode of action for PFOA-induced toxicity is
agonism of the peroxisome proliferator-activated receptor alpha
(PPAR-�), which is a nuclear hormone receptor, although activa-
tion of the nuclear receptors, constitutive androstane receptor and
pregnane X receptor, also occurs [9,10].  The goal of this article is
to review the reproductive and other potentially endocrine-related
health effects of PFAAs, specifically PFOA.
2. PFOA exposure in human populations

PFOA has been measured worldwide in human blood, with
median serum levels in the adult US population of about 4 ng/ml

dx.doi.org/10.1016/j.jsbmb.2011.03.011
http://www.sciencedirect.com/science/journal/09600760
http://www.elsevier.com/locate/jsbmb
mailto:fentonse@niehs.nih.gov
dx.doi.org/10.1016/j.jsbmb.2011.03.011


emistr

(
p
d
D
i
i
c
s
t
o
e
s
h
t
H
s
t
t
w
2
t
o

P
a
w
s
p
a
c
a
t
m
t
n
N
i
a
p
o
d
S
q
c
a
c
c

o
o
t
i
T
p
H
P
s
w
m
[

q
b
a
l
i

S.S. White et al. / Journal of Steroid Bioch

measured in 2003–2004) [11], and slightly higher levels in sam-
les from children (6.1–7.6 ng/ml; 2001–2002) [12]. After the
iscovery that industrial releases of PFOA to the environment at
uPont’s Washington Works fluorochemical-manufacturing plant

n Parkersburg, WV,  resulted in elevated exposures of surround-
ng residents to PFOA, a court-mandated settlement included the
reation of the C8 Science Panel, a collaborative scientific effort to
tudy health effects in the exposed population [13]. Since that time,
he C8 health project has measured serum PFOA concentrations in
ver 69,000 residents in six water districts exposed to PFOA lev-
ls of ≥0.05 �g/l (or 50 ng/l) in drinking water from public water
upplies or private wells, which subsequently resulted in higher
uman exposure to the fluorochemical in this geographical area
han in other areas of the US [10,13]. Of these districts, the Little
ocking, OH, drinking water supply possessed the highest mea-

ured PFOA levels (above 3 ng/ml) and that community exhibited
he highest average serum levels. The mean serum PFOA concentra-
ion was 424 ng/ml in adults living in the affected water districts
ho drank tap water, with a range of 0.25–22,412 ng/ml (during

005–2006) [4,14,15], compared to a mean serum PFOA concentra-
ion of 83 ng/ml in the entire study population, including residents
f more distant regions of the Mid-Ohio Valley.

Although pathways for human exposure to PFOA and other
FAAs have not been well characterized, it is currently thought that
dult humans receive their primary PFOA exposure via the food and
ater supply, and children may  have varied exposure routes [16]. A

tudy employing the Danish National Birth Cohort data addressed
otential dietary sources of PFOA to pregnant women, and found,
s with other PFAAs, a positive correlation between serum PFOA
oncentrations and intake of red meat and packed snack foods,
s compared to an inverse correlation with vegetable and poul-
ry intake [17]. Other dietary studies have found shellfish [18],

eat, and eggs [19] to be associated with PFAA exposure. Currently
here is no federal drinking water standard (Maximum Contami-
ant Level, MCL) set for PFOA. Some US states, including Minnesota,
ew Jersey, and others, have moved forward with establishing and

mplementing their own guidelines for safety limits, in order to
ddress local situations of drinking water contamination. Another
otential source of exposure is indoor dust, which may  be ingested
rally or by inhalation. Indeed, PFOA has been detected in indoor
ust from all countries tested to date, including Canada, Japan,
weden, the United Kingdom, and the United States, and is fre-
uently found in concentrations at or exceeding 100 ng/g [20]. The
onfirmed presence of PFOA in treated sewage sludge applied to
gricultural land may  also contribute to human exposure if the
ompound is taken up by plant tissues to be sold as food for human
onsumption, or ingested by grazing livestock [21,22].

Another possible source of PFAA exposure is breast milk. Numer-
us studies have been published reporting various concentrations
f PFOA in breast milk ranging from below the limit of detection
o concentrations near 1–3 ng/ml [23,24]. The details of these stud-
es reporting PFOA in milk and maternal/cord blood are shown in
able 1. A Massachusetts study reported PFOA levels in milk sam-
les from volunteers and by comparing these data to the National
ealth and Nutrition Evaluation Survey (NHANES) values for serum
FOA, this group determined that there is an estimated 1% milk to
erum partition ratio for PFOA in the US population [25]; others
ere unable to measure such a partition factor for PFOA because the
ajority of their PFOA milk data were below the limit of detection

26,27].
It is possible that variation between labs in limits of detection or
uantitation may  contribute to some reported differences in milk-
orne PFOA concentrations. Also, analytical method differences or
rtifactual measurements of PFOA from accidental introduction by
aboratory equipment, storage containers, or chemicals contain-
ng PFOA may  contribute to inaccurate measurements. Until more
y & Molecular Biology 127 (2011) 16– 26 17

inter-lab analytical comparisons on a single milk sample are com-
pleted (e.g., Keller et al.’s work using a standard reference material)
[28], milk PFOA concentration measurements will remain challeng-
ing to compare between labs. It is possible that the differences seen
between studies may  also lie in the lactational stage or the mother’s
parity at sample collection. These variables should be carefully con-
sidered when comparing study results. In fact, another recent study
indicated that serum PFOA concentration is inversely related to
duration of breastfeeding only in multiparous women [29], sug-
gesting that milk is an excretory route for PFOA. Among those
multiparous women [29], the proportion who stopped breastfeed-
ing before the child reached 6 months of age increased with each
10 ng/ml increase in serum PFOS concentrations (OR 1.20, 95% CI
1.06–1.37), and 1 ng/ml increase in serum PFOA concentrations (OR
1.23, 95% CI 1.13–1.33).

A comparison of serum PFOA concentrations in mothers and
cord blood at birth, and in corresponding infant blood at 6 and
19 months has been recently conducted [30]. The majority of the
infants in this study were exclusively breast-fed (74%). Although
the authors could not detect PFOA in most breast milk samples due
to assay sensitivity, longitudinal serum PFOA data in mother:infant
pairs at birth, 6 months, and 19 months strongly suggest that infant
serum PFOA levels are significantly increased by exposure through
breast feeding. By 6 months of age, infant serum PFOA levels were
elevated to a median of 6.9 ng/ml (range 0.96–26.9 ng/ml). How-
ever, at 19 months of age, infant serum PFOA levels declined to
a median of 4.6 ng/ml, and individual levels decreased for most
infants tested at both time points. The authors suggested that the
statistically increased PFOA exposures at 6 months of age was due
to exposure through breast milk, and the decrease between 6 and
19 months was  triggered by decreased breast feeding and weaning
in infants over 6 months of age [30]. As a toddler’s intake is decreas-
ing, we suggest that the fairly rapid increase in the body size of the
child (and increased blood volume) could also lead to a decrease
in serum PFOA concentrations over time. In rodent studies where
PFOA was  administered orally and measured in serum and milk,
partition ratios were substantially higher than those reported for
humans (∼1% [25]) and varied by stage of lactation (15–50%) [8],
with the beginning and weaning stages of lactation (lower milk
volumes) demonstrating highest milk:serum ratios. Further stud-
ies measuring PFOA in the milk and blood of the same individual at
multiple stages of lactation are necessary to accurately assess the
milk:serum relationship in women.

3. PFOA exposures and developmental outcomes

Considerations in determining the effects of environmental
exposures include not only the accumulation, but also the timing of
exposure. Developmental windows of exposure to environmental
chemicals are increasingly being recognized as important contrib-
utors to long-term adult health. Pregnancy, lactation, and other
periods in early life (i.e., puberty) often represent windows of sen-
sitivity for environmental exposures in developing organisms [31].
PFAAs represent one class of environmental chemicals that has
been shown to act during these developmental windows.

A number of epidemiologic studies have tried to character-
ize human developmental exposures to PFAAs, and determine
potential correlations between maternal internal doses and devel-
opmental outcomes in their children. PFAAs in human cord blood
from Baltimore mothers were assessed [32], and PFOA was detected

in 100% of the samples. This was  the first study to demonstrate
that PFOA is capable of traversing the human placental barrier,
thus exposing the fetus in utero. At approximately the same time,
a pilot study was  undertaken in Germany with a cohort of 11 preg-
nant women  supporting the findings of the previously described
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Table  1
PFOA concentrations in milk and other tissues from global studies of lactating women and neonates.

Location, sampling date Population (n) Matrix PFOA concentration Author

Japan, 2003 - Pregnant women, Sapporo hospital
convenience sample: 3rd trimester
maternal plasma (15), cord blood at
delivery (15)

Plasma, cord blood Maternal plasma (range): <LOQ–2.3 ng/ml;
Cord blood: <LOQ
LOQ = 0.5 ng/ml

[94]

Atlanta, GA, USA, 2003 - Lactating women, Atlanta convenience
sample (20)

Milk Milk: <LOQ
LOQ = 0.2 mg/ml

[95]

Shenyang, China (date
unknown)

- Pregnant women, China: cord blood at
delivery

Cord blood Cord blood geometric mean 0.264 �g/l [96]

Zhousan, China, 2004 - Lactating women, Zhoushan hospital
convenience sample (19)

Milk PFOA range: 47–210 ng/l
LOQ = 21–27 ng/l

[97]

Baltimore, MD,  USA,
2004–2005

- Baltimore THREE Study: cord blood at
delivery (299)

Cord blood Median: 1.6 ng/ml
Range: 0.3–7.1 ng/ml
LOD = 0.1–0.2 ng/ml

[32]

Denmark, 1996–2004 - Danish National Birth Cohort, pregnant
women: 1st trimester maternal plasma
(1400), 2nd trimester plasma (200), cord
blood at delivery (50)

Plasma, cord blood Mean ± SEM ng/ml:
1st trimester: 5.6 ± 2.5,
2nd trimester 4.5 ± 1.9,
Cord blood: 3.7 ± 3.4
(LOQ = 1 ng/ml)

[34]

Sweden, 2004; Sweden
(pooled composite milk
samples), 1996–2004

- Primiparous lactating women, Sweden, 3
weeks postpartum (12);
- Annual composite, Swedish
(25–90 women/yr)

Milk, serum (matched) Milk (range): <0.209–0.492 ng/ml,
Serum (mean ± SD): 3.8 ± 1.0 ng/ml;
Pooled milk: <0.209;
(LOD = 0.01, blank level = 0.209)

[26]

Germany, 2003 - Pregnant women, Germany hospital
convenience sample: maternal plasma
during labor (11), matched cord blood at
delivery (11)

Plasma, cord blood Plasma median (range): 2.6 �g/l
(1.5–4.0) �g/l,
Cord blood median (range): 3.4 �g/l
(1.5–4.6) �g/l
LOD = 0.5 �g/l

[33]

Massachusetts, USA, 2004 - Lactating women, Massachusetts hospital
convenience sample (42)

Milk Mean ± SD: 43.8(33.1) pg/ml,
Median: 36.1 pg/ml,
Range: (<LOD–161 pg/ml)
(LOQ = 30.1 pg/ml)

[25]

Leipzig/Munich Germany,
2006; Hungary,
1996–1997

- Lactating women, Munich hospital
convenience sample (19);
-  Leipzig Milk bank (38);
- Lactating women, Hungary with preterm
infants 3–7 weeks postpartum (13)

Milk Median for locations combined: <LOQ;
Range: <LOQ–460 ng/l
(LOQ = 200 ng/l)

[98]

Chapel Hill, NC, USA,
2004–2005

- US EPA MAMA  study, lactating women:
serum and milk at two  collections (34 –
serum, 18 – milk, visit 1; 30 – serum, 20 –
milk, visit 2)

Milk, serum Serum – visit 1 median, IQR: 3.5 ng/ml,
2.4 ng/ml,
Serum – visit 2 median, IQR: 2.9 ng/ml,
1.3 ng/ml;
Milk: all <LOQ
Serum LOD = 0.1 ng/ml
Milk LOQ = 0.3 ng/ml

[27]

Denmark, 1996–2004 - Danish National Birth Cohort, pregnant
women: maternal serum collected during
week 4–14 of pregnancy (1400).

Serum Maternal serum: <LOQ–6.97 ng/ml
LOQ = 1 ng/ml

[29]

Germany, 2007–2008 - Pregnant women, Munich birthing class
participants: maternal serum 2× during
pregnancy (40, 38), 6 months postpartum
(47), monthly breast milk, cord blood (33)

Milk, serum, cord blood Milk: <0.15–0.25 �g/l
Maternal serum median (range): 1.9
(0.7–8.7) �g/l
Cord blood median (range): 1.4
(0.5–4.2) �g/l

[30]

Catalonia, Spain. 2007-8 - Lactating primiparous women (10),
Tarragona county, 41–60 d postpartum

Milk All samples <LOD
LOD = 0.5 ng/ml

[99]

USA Standard Reference
Material (SRM), serum
2004, milk 2006

- Human (non-maternal) serum and milk
collected from several US states and
multiple milk banks, used to generate
standard reference material (2 SRM/tissue)

Milk, serum Milk range across 4 labs: <LOD–0.149 ng/g
SRM 1953
Serum, range across 6 labs:
(4.43–5.86 ng/g) SRM 1957
Milk LOD ≈ 0.8–0.9 ng/g SRM 1953

[28]

12  Chinese Provinces, 2007 - Lactating women, China, across diverse
geographies (24, pooled milk samples,
either rural or urban for each province;
1237 individuals).

Milk Geographic mean, median: 46 pg/ml,
34.5 pg/ml;
Mean, rural Shanghai samples: 814 pg/ml;
Mean, urban Shanghai samples: 616 pg/ml
LOD = 14.15 pg/ml

[100]

Barcelona, Spain, 2008 - Lactating women, Barcelona hospital
convenience sample: milk 40 d
postpartum (20)

Milk Range: <LOQ–907 ng/l
LOQ = 15.2 ng/l

[23]

Belgium, cord blood
2002–2005, milk 2006

- Fourth WHO-coordinated survey of milk
pollutants, Belgium: lactating women from
all 11 provinces (22 pooled samples);
- Cord blood at delivery (not paired),
Belgian hospital convenience sample, 8
regions of Belgium (735)

Milk, cord blood Milk median, range: 0.3 (<0.3–3.5 ng/ml)
Cord blood median (range): 0.6 ng/ml (ND
– 9.5 ng/ml); LOD = 0.3 ng/ml

[24]

LOD, limit of detection; LOQ, limit of quantitation; IQR, inter-quartile range.
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tudy as well as determining that levels of the chemical in umbili-
al cord plasma mirrored the PFOA concentration from the paired
aternal serum [33]. A study of the Danish National Birth Cohort on

regnant women and their subsequent offspring also found a signif-
cant inverse association of maternal PFOA concentrations and birth

eight, birth length, and abdominal circumference [34,35],  indicat-
ng that higher serum PFOA levels were associated with decreased
nfant indices. More recently, a Canadian study of a smaller cohort
f pregnant women assessing birth outcomes, found no association
etween maternal serum PFOA and either birth weight or length
f gestation [36]. A similar study in a Japanese cohort also found
o correlation between maternal PFOA and birth weight, but did
nd birth weight to be inversely associated with maternal perfluo-
ooctane sulfonate, another eight carbon perfluorinated compound
PFOS) [37]. Nolan et al. [38] found no association between PFOA-
ontaminated water services (PFOA measured in the water supply)
nd birth weight in the highly exposed Ohio River valley popula-
ion. The aforementioned studies showing decreased birth weight
id not produce clinically significant birth weight reductions (e.g.,
hat would lead to small for gestational age indication) [32,34].

One study of the C8 population reported significantly increased
dds ratios of adverse pregnancy related outcomes associated
ith water-borne PFOA exposure including maternal anemia and
ysfunctional labor, but the authors point to the small number
f reported cases as possibly making these data artifactual [39].
lthough a significant association between PFOA concentrations
urpassing the 90th percentile and birth defects has been reported
n the highly exposed C8 Science Panel cohort [40], no such associ-
tion with birth defects was seen in another study on women  from
he same geographical area [39]. Developmental milestone delays
n children <2 years of age were not associated with higher PFOA
erum concentrations [41]. The differences in reported correlations
n these studies may  be related to the range of potential expo-
ures in the various countries or regions, including typical length of
reastfeeding practices, and the fact that water proxies of exposure
re utilized instead of serum PFOA levels in some studies. Nonethe-
ess, regional variances in human serum concentrations of PFOA
o exist. This was detailed in Hines et al. [42], where women with

onger duration of residence in North Carolina (the home to another
anufacturing site) had significantly increased levels of PFAAs.
Some of the earliest studies of the developmental toxicity of

FOA were performed in the rat. Rats are not an ideal species
n which to study PFOA-induced developmental effects, given the
nique characteristic of the female rat to rapidly eliminate PFOA,
esulting in a half-life of several hours [10]. This is a consequence of
igh renal expression of certain organic anion transporters (OAT).
urther, the dosing regimen, in the case of standard developmen-
al toxicology screens, entails daily oral gavage administration of

 compound. Because of the rapid elimination in the rat, steady
tate is not reached with daily dosing, resulting in episodic expo-
ure of the fetus, rather than continuous exposure. However, the
igh expression of this OAT involved in urinary elimination is spe-
ific to the rat, and neither the mouse nor the human exhibit similar
ex-specific differences [10]. Studies of developmental toxicity in
ats and rabbits found little significant effect of the compound,
hough one study in rats observed diminished postnatal weight
ain and post-weaning survival among those in the highest dose
roup, as well as pubertal delays in both male and female offspring
30 mg  PFOA/kg body weight/d; mg/kg/d); [43]. Later rodent stud-
es were performed in the mouse, which, as described above, is

ore representative of female human toxicokinetics. These stud-

es found the mouse to be more sensitive than the rat. While no
ross malformations were observed, full litter resorptions were
otable at doses of 5 mg/kg/d and above. Postnatal survival of off-
pring was profoundly diminished among the highest dose groups
f 10–40 mg/kg/d, and slightly diminished at the intermediate dose
y & Molecular Biology 127 (2011) 16– 26 19

of 5 mg/kg/d (no effect at 3 mg/kg/d for reduced survival) [7].  Fur-
thermore, growth deficits were also observed in a dose-dependent
manner (no effect level of 1 mg/kg/d), and this finding was  the
first suggestion that lactation in dams might be compromised at
≥5 mg/kg/d gestational exposures, contributing to the postnatal
growth deficits and increased mortality observed in offspring. Eye
opening was  significantly delayed at ≥5 mg/kg/d. Interestingly,
puberty was slightly delayed in female offspring at ≥20 mg/kg/d,
while the onset of puberty was accelerated in male offspring, even
in the lowest dose tested (1 mg/kg/d). Other studies confirmed the
findings of developmental deficits through further assessment of
endpoints of interest (full litter resorptions, delayed eye open-
ing, mammary growth deficits, etc.), and isolated their origins to
transplacental and milk-borne exposures [44,45].

The relationship between developmental health effects and
PFOA exposure in rodents vs humans is still unclear, but simi-
larities may  exist. Some epidemiological studies reported reduced
birth weight and other developmental effects associated with PFOA
exposure similar to those reported in mice [32,34,35].  In a British
cohort, prenatal exposure to PFAAs was  not associated with age
at menarche [46]. However, the most recent report from the C8
Science Panel [47] suggests that delayed puberty (measured as
either serum estradiol >20 pg/ml or self-reported menarche) in
girls in their study was  associated with the highest levels of serum
PFOA. However, these two  studies addressing pubertal outcomes
should not be directly compared, because the former evaluated
PFOA exposure of mothers during pregnancy, while the latter mea-
sured exposure of children ages 8–18. These two studies also had
vastly different PFOA exposure ranges, with the former having
much lower average exposure levels than did the latter.

4. Developmental PFOA exposure and adult disease onset

The Barker hypothesis [48–50] suggests that developmental
exposures or nutritional conditions have adverse adult outcomes
most notably when there is a mismatch between the in utero
and adult metabolic environments. Barker’s classic epidemiology
study [48,51] reported that children born during the Dutch famine
became adults who were overweight and had an increased inci-
dence of cardiovascular disease, non-insulin dependent diabetes,
and kidney disease vs those born before or after the famine [50].
Early life exposures with associated changes in adult health out-
comes have become known as the ‘developmental origins of adult
disease’. There are numerous diseases that are now recognized as
having a potential developmental origin.

While endocrine disruption is usually equated with adverse
outcomes in reproductive tissue development or function, though
not necessarily mediated directly through hormone receptors, it
is important to recall that the endocrine system plays a broader
role in regulating homeostasis. As novel endocrine disruptors
are identified and explored, non-reproductive endpoints, such as
metabolic effects, may  be revealed as primary targets of environ-
mental endocrine disruptors. Developmental exposure to certain
environmental chemicals has been associated with adverse adult
metabolic outcomes including overweight and obesity, pointing to
programmatic changes in early life metabolic set-points [52]. The
possibility that metabolic programming of offspring may  be per-
manently affected by early, developmental exposure to PFOA is
explored here.
4.1. PFOA and metabolic end points

Epidemiological data relating diabetes and PFOA exposure were
collected at two  time periods from highly exposed individuals
living or working near a known point source for PFOA exposure
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Table 2
Serum cholesterol, triglycerides, and total lipids in lactating women  from the MAMA
study.

Total cholesterol* Triglycerides Total lipids# Sample size (n) Visit

206.0 ± 5.9 112.4 ± 9.5 642.3 ± 19.7 34 1
188.5 ± 7.0 103.0 ± 11.2 593.1 ± 22.8 30 2

Values expressed as means ± standard (mg/dl). Significant between visit differences
0 S.S. White et al. / Journal of Steroid Bioche

53,54]. Earlier cohort studies reported an increased mortality risk
or workers with diabetes mellitus at this manufacturing plant [53].

ore recent cross-sectional studies from residents in six water dis-
ricts participating in the C8 Health Study surrounding this plant,
ound no significant associations between serum PFOA and fast-
ng serum glucose or self-reported type II diabetes [15]. However,

 more specific nested case–control analysis [15] of this popula-
ion (1) restricting enrollees to 20 years of continuous residence
n the high PFOA contaminated water district and (2) restrict-
ng data collection to medical records with diabetes verification
n the 10 years before 2005, found there was a negative associa-
ion between diabetes and serum PFOA, by PFOA decile. However,
undin et al. [55] found significantly increased diabetes mortal-
ty in occupationally exposed groups vs non-exposed workers. Yet
nother study, evaluating a cross-sectional US population, found no
ssociation of serum PFOA levels with self-reported diabetes [56].

 publication using NHANES data from the US population found
hat serum PFOA concentration in adults was significantly asso-
iated with beta cell function as measured with the homeostasis
odel of insulin resistance (HOMA2), which allows for input of

alues for plasma glucose, insulin, specific insulin and C-peptide.
n this study, other PFAAs which are often part of a person’s PFAA

ixture exposure, also had aberrant HOMA or insulin related asso-
iations [57]. Data from studies related to fluorochemical exposure
nd diabetes have inconsistent outcomes in both the human and
nimal toxicology literature, and further study is needed to discern
he role of exposure level and timing of exposure in these disparate
utcomes.

In studies of the offspring of CD-1 mice orally exposed to
FOA throughout pregnancy (0.01–5 mg/kg/d) and to residual PFOA
hrough nursing [58], the dose-related effects of PFOA exposure
n metabolic end points manifested with split or dichotomous
utcomes. Low dose exposures (0.01–0.3 mg/kg/d) induced ele-
ated leptin, insulin and body weight beginning after 10 weeks of
ge, while higher (≥1 mg/kg) PFOA exposures resulted in mixed
ffects including significantly decreased body weight and spleen
eight, and significantly increased brown adipose weight in adult-
ood. Ovary removal in animals before puberty halted the body
eight related effects of low dose PFOA exposure, indicating the

varian axis as an important contributor to the PFOA-dependent
etabolic change. Also, an age-matched adult-only exposure to a

eparate group of animals, for an identical amount of time, pro-
uced no effect on body weight, indicating early life as a critical
indow of exposure for these low dose PFOA effects in female
ice.
Body weight can be regulated through pathways including the

hyroid, the hypothalamic pituitary adrenal axis, and the PPARs,
ith all of these pathways converging on leptin as a common
ediator. Leptin is a hormone produced by white adipose tissue

hat regulates food intake, metabolism, and puberty progression
59]. Aberrant leptin concentrations or leptin resistance have been
eported to induce adult overweight or obesity in multiple animals
odels of developmental exposure to environmental chemicals

ncluding PFOA, diethylstilbestrol, tributyltin, lead, monosodium
lutamate, bisphenol A and polychlorinated biphenyls [52,58,60].
he aforementioned chemicals have also been reported to act
s endocrine disruptors in animal toxicology models. Multiple
ndocrine disrupting chemicals have been termed ‘obesogens’ [60]
ecause of their effect on adult body weight following early life
xposures. Often, these effects appear to be sex-specific, manifest-
ng in either exclusively male or female offspring. These effects

re often seen at low, environmentally relevant doses with higher
oses producing distinct, dichotomous effects, as was  the case for
FOA [58].

Alterations in lipid metabolism are another area of interest in
FAA research because of laboratory animal and epidemiological
as  measured with Wilcoxon signed ranks test for cholesterol.
* p = 0.0055.
# Lipids p = 0.0363.

data reporting cholesterol changes correlated with serum PFAA
concentrations [10,61]. Interestingly, in the epidemiological data,
serum PFAA levels are correlated with serum cholesterol. NHANES
data demonstrated a positive association of PFOS, PFOA, and per-
fluorononanoic acid (PFNA) concentrations with total and non-high
density lipoprotein (HDL) cholesterol [62]. Linear regression anal-
ysis of serum lipids and cholesterol in children (age 1–17.9 yrs)
with high PFOA exposure, living in the aforementioned Wash-
ington Works communities, revealed that PFOA was positively
associated with total cholesterol and low density lipoprotein (LDL)-
cholesterol, and that PFOS was  positively associated with total,
LDL-, and HDL-cholesterols [63]. The difference in mean cholesterol
values between the first and fifth quintiles for PFOA was  4.6 mg/dl
(total cholesterol) and 3.8 mg/dl (LDL); the difference between
these quintiles in PFOS was  8.5 mg/dl (total cholesterol) and
5.8 mg/dl (LDL). Animal toxicology studies, which often monitor
serum cholesterol alterations after acute high dose PFOA exposures,
have found serum PFOA concentration and serum cholesterol con-
centration in laboratory rodents to be inversely correlated, which
does not corroborate the human data. It is possible that PFOA works
by varying mechanisms to affect lipid metabolism in humans and
rodents (likely also affected by the exposure levels); as fibrates
lower cholesterol levels in both rodents and humans, it is possible
that PFOA is acting in a manner similar to the fibrates in rodents,
but not humans. It is not clear that the animal studies in which
the cholesterol data are reported have recapitulated human expo-
sure scenarios (i.e., chronic low dose), therefore early life, low dose
rodent data are still needed.

One population that is often overlooked in risk assessment and
developmental toxicology is lactating women. A convenience sam-
pling of 34 lactating North Carolina women  in the US EPA Methods
Advancement in Milk Analysis (MAMA) study [27] found serum
PFOA concentrations were not significantly associated with serum
cholesterol; regression analysis also yielded no significant associa-
tions between PFAA concentration and cholesterol or lipids. In the
MAMA  study, serum, saliva, urine and milk samples were collected
from healthy lactating women between 4–7 weeks (visit 1) and
3–4 months (visit 2) postpartum. Previously reported data on PFAAs
from the MAMA  study were further analyzed looking for differences
between serum lipids or cholesterol and serum PFAA concentration
comparing the 1st and 4th quartile of PFAAs. No significant statis-
tical differences were found at either visit. Total serum cholesterol
(p = 0.006) and lipids (p = 0.04) significantly decreased between
visits in the lactating women of the MAMA  study (see Table 2);
serum triglycerides were not significantly different between vis-
its (109 ± 10 visit 1 vs 101 ± 11 visit 2). This differs from the data
reported above in non-lactating adults, where PFOA concentrations
have been reported to be positively associated with cholesterol
concentration. The difference between lactating women and the
general population with regard to cholesterol and PFOA may  be

related to altered partitioning of PFOA during lactation, to the small
sample size in the MAMA  study [42], metabolic differences between
lactating and non-lactating individuals, or exposure levels between
studies.
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Fig. 1. MG development of female offspring in a late-life effects cross-foster study. (A) Whole mount preparations of mammary tissue from female offspring are shown
at  PND 22 (25×; a lymph node appears as a large darkly staining object), PND 42 (50×), and PND 63 (50×). Glands pictured are representative of mean respective scores
(N  = 10–13 adult females per treatment group at PND 22, N = 9–18 per group at PND 42, N = 9–17 per group at PND 63). *Significant treatment effect by ANOVA, compared to
control;  p < 0.05. (B) On the left, whole mounts from representative adult female offspring at 18 months of age (16×). Large arrows indicate unusual, darkly staining foci; one
s erved 
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mall  arrow in 5U indicates peripheral, localized increases in epithelial density obs
rom  contralateral glands in the same animal show ductal areas that account for da
his  figure was  reproduced with permission from Elsevier, Inc., and is excerpted fro

.2. Reproductive tissue outcomes following PFOA exposures

In addition to its metabolic effects, developmental exposure
o PFOA seems to target reproductive tissues, in animal studies.
otably, our own laboratory has worked extensively, documenting

he consequences in the mammary gland following developmen-
al PFOA exposures in CD-1 mice. At exposure levels sufficient to
iminish growth in offspring (5 mg/kg/d, maternal dose), develop-
ent of mammary epithelium is significantly stunted in female

ffspring, independent of body weight effects [44]. Furthermore,
he tissue remains permanently stunted into maturity, at 63 days
f age, even among offspring exposed at lower doses (3 mg/kg/d)
nd those exposed only via lactational transfer [64]. At 18 months
f age, gestationally-exposed offspring exhibit distinct histopatho-
ogic differences from controls, which may  arise as a consequence of
he delayed timing of certain mammary maturation events (Fig. 1).
or example, while longitudinal growth of the epithelium is delayed
n treated animals, it does eventually grow to the length of the
land, as compared to branching morphogenesis, the reduction in
hich was not overcome. On the other hand, the appearance of
ecreased branching may  provide clues to the mode of action by
hich PFOA exerts its effects on the tissue. As judged by whole
ount morphological evaluation, developmentally PFOA-exposed

nimals exhibited a higher density of darkly-staining foci in the
ammary epithelium in late-life, which may  represent inflamma-

ion, increased stromal density, or potentially hyperplastic regions

f ductal epithelium [64]. In this same study, a cross-foster com-
onent of the experiments demonstrated that neonatal exposures,
ia only milk (lactational transfer from dams) was sufficient at both
he 5 mg/kg and the 3 mg/kg maternal doses for lasting mammary
in some PFOA-exposed animals at 18 months. On the right, histopathologic images
aining foci observed on whole mounts (400×; N = 5–12 females per group).
].

effects in female offspring. These effects were evident in PND1
pups after only 12–14 h of nursing, suggesting a large amount of
PFOA is sequestered into milk during late pregnancy. This finding
demonstrated that early postnatal exposures to PFOA also have the
potential to permanently alter mammary gland development.

Because chronic drinking water exposures are reported to rep-
resent a primary route of human exposure, we  recently performed
a multi-generational study addressing the consequences of both
developmental (during gestation) and chronic (drinking water)
exposures on the lactational function of the mammary gland in the
F1 offspring, specifically evaluating the development of their F2
offspring (White et al., submitted, Environ Health Perspect). While
lactational morphology in P0 and F1 females was compromised at
P0 administered doses of 1 and 5 mg/kg/d, and following chronic
drinking water exposure at 5 ppb (serum PFOA concentrations
ranged from 60 to 90 ng/ml for most animals), no change in milk
volume was  detected in the F1 dams. Although the F2 offspring in
all PFOA-treatment groups grew at the same rate as controls, they
exhibited histological delays in the development of the mammary
gland, between 22 and 63 days postnatally, especially at the highest
doses. These data suggest that significant morphological effects on
the mammary gland can occur at serum concentrations within the
reported range for human exposures [62].

Our work has continued in an effort to identify the lowest-
and no-observed adverse effect levels (LOAEL and NOAEL, respec-
tively) for the developmental effects of PFOA on the mammary

gland. To this end, we followed a similar dosing and experimental
paradigm as in our prior work, employing maternal doses ranging
from 0.01 to 3.0 mg/kg/d for all or half of gestation, with the low-
est dose being two orders of magnitude smaller than our lowest
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Table 3
Associations of PFAA exposures with endogenous hormone end points in lactating
women  from the MAMA  study.

Hormonemedia visit PFCmedia visit Rho (p-value)

EstradiolM1 PFOSAS1 0.44 (0.011)
EstradiolM2 MePFOSAS2 0.37 (0.060)
EstradiolM2 PFNAS2 −0.34 (0.045)
ProlactinM2 MePFOSAS2 −0.38 (0.050)
EstradiolS2 PFOSAS1 0.53 (0.0026)
EstradiolS2 MePFOSAS2 0.31 (0.093)

Spearman correlations between serum PFAA concentrations and data on serum or
milk immunoglobulins (S is serum; M is milk). Visit number (1 or 2) is shown as a sub-
2 S.S. White et al. / Journal of Steroid Bioche

eported dose prior to this study (Macon et al., submitted, Toxicol
ci). Surprisingly, all treatment groups displayed some compromise
n histologic mammary gland development, including the lowest
ose groups. With respect to mammary gland effects, gestational
xposure to the maternal dose of 0.01 mg/kg/d is the reported
OAEL, and a NOAEL for these effects has not been identified. These
ndings are noteworthy, given that offspring hepatomegaly – his-
orically one of the most sensitive endpoints in developmental
nd other toxicity studies of PFOA – did not occur at the lowest
oses employed in this study (transient effects at 0.3 mg/kg/d in full
estation and 1.0 mg/kg/d in half gestation exposure paradigms),
ndicating that mammary gland stunting is a more sensitive end-
oint than increased liver weight. Importantly, the internal dose
f the mice exhibiting low dose mammary gland abnormalities
approximately 50–60 ng/ml) was below the median serum level in
ittle Hocking, Ohio [65], the most highly exposed of the six water
istricts in the C8 Health Study.

Studies were also undertaken to address the impact of peripu-
ertal exposures to PFOA on the mammary gland, another sensitive
indow of susceptibility. Chemical exposures during this develop-
ental window have been shown to alter cancer risk or functional

utcomes [31]. Yang et al. [66] assessed the effects of peripu-
ertal PFOA exposure on the mammary gland development of
wo inbred mouse strains, BALB/c and C57BL/6. Immediately post-
eaning, these animals received 5 daily treatments/week, for 4
eeks, without indication of overt toxicity. The findings of these

tudies highlight the substantial role played by genetic variabil-
ty and exposure timing in the response to, and outcome of, a
FOA exposure. While BALB/c mice exhibited a similar inhibitory
esponse to that of gestationally-exposed CD-1 mice, at doses of 5
nd 10 mg/kg/d PFOA, C57BL/6 mice instead exhibited an increased
umber of terminal end buds and terminal duct diameter only at
he mid-range dose of 5 mg/kg/d. At the higher dose of 10 mg/kg/d,
owever, C57BL/6 mice displayed inhibition of growth in a manner
imilar to the other two strains studied. The mechanisms for the
elayed or stunted growth is not clear, but the increase in stim-
lated terminal duct development seen in C57BL6 was associated
ith a 3-fold increase in serum progesterone and was also evi-
ent in PPAR-� knock out animals, suggesting that PPAR-�  was not
he underlying mechanism for increased TEB number and stimu-
ated terminal ducts [67]. This physiological change was not evident
n ovariectomized animals, indicating that the ovary may  have an
ndirect role.

Human reproductive tissue and functional outcomes have been
valuated in the PFAA literature. In men, sperm quality is affected,
ith higher exposures to the combination of both PFOA and PFOS

eing associated with the greatest effects [68]. Couple subfecun-
ity and increased time to pregnancy associated with serum PFOA
oncentration has also been reported [69], along with an increased
isk of irregular menstrual cycles in the 3 higher quartiles of PFOA
xposure vs the lowest quartile. Stein et al. [40] studied pregnancy,
ncluding self-reported pre-eclampsia and miscarriage in the highly
xposed WV/Ohio population and found no association between
erum PFOA and miscarriage, but a small, yet significant association
etween PFOA and PFOS and pre-eclampsia.

Estrogenic activity or possibly estradiol (E2) levels may  be part
f the mode of action for PFOA. In male rats (known to have a
FOA half-life of 4–6 days) provided 13.6 mg/kg/d PFOA in their
iet, elevated serum E2 levels were noted from 1 to 12 months
f exposure [9].  PFOA does not bind to or activate the E2 recep-
or, but elevated serum E2 has been reported in Japanese men

ccupationally exposed to the PFAAs [70]. As discussed earlier
58], the removal of the ovary ablated the effects of PFOA-induced
eight gain in CD-1 mice, suggesting an important role of this

ndocrine organ. Also, ovarian hormones (including progesterone)
ere aberrant following peri-pubertal PFOA exposure in C57BL/6
script for the matrix analyzed (milk or serum). Bolded associations were significant
based on p < 0.05.

mice [67]. In the MAMA  study, serum levels of PFOSA and MePFOSA
were positively correlated with human serum and milk E2 levels
(Table 3), while PFNA (a 9-carbon PFAA) was negatively associated
with milk E2. When tested in the immature mouse uterotrophic
assay (Dixon et al., submitted Reprod Toxicol), low doses of PFOA
(0.01 mg/kg/d) increased the uterine wet weight, but minimal
estrogenic effects were noted at the cellular level. Finally, PFOA has
been reported to alter pubertal timing in female and male offspring
of rats and multiple strains of mice [7,66],  and has recently been
reported to delay pubertal timing in girls, but not boys [47]. These
data, along with the animal toxicology studies, indicate reproduc-
tive and developmental endpoints, under the control of ovarian
steroids, as sensitive to PFOA exposure and deserve further research
attention.

4.3. Thyroid as a target tissue for effects of PFOA and other PFAAs

The thyroid has functions that may  potentially affect metabolic
set points; namely, individuals with diagnosed thyroid disease are
likely to have body weight changes related to the disease. Thyroid
disease in the US is on the rise and there is a sex-specific difference
in the percentage of individuals affected (i.e., 16% of adult women
and 3% of adult men  have thyroid disease) [56]. A recent publica-
tion using NHANES data (collected in 1999–2000, 2003–2004 and
2005–2006) found associations with self-reported diagnosed thy-
roid disease and PFAA serum concentrations [56]. Adult women  in
the highest quartile of PFOA exposure had a statistically increased
odds ratio (OR) of having thyroid disease vs women in quartile
one or two; non-significant, but similar trends were also seen in
adult males who are statistically less affected by thyroid disease
than women. With PFOS exposure in adult males, the highest quar-
tile PFOS exposure was  associated with statistically increased OR
of thyroid disease vs quartile one and two  PFOS exposure. PFOS
had no significant effect on OR for thyroid disease in women [56].
The NHANES data showing an association between serum PFOA
and women  with thyroid disease are robust and reverse causation
is unlikely because this association is still seen in the medicated
population of those with the disease. Another recent study exam-
ining thyroid tissue from surgical resection reported that PFOA
does not concentrate in the thyroid. The serum concentration of
PFOA was  significantly higher than the thyroid tissue concentra-
tion. Also, PFOA concentration was not associated with underlying
thyroid disease (n = 28, 8 males and 20 females) when compared
to control thyroid tissues from autopsy [71]; this study has limited
power and repeating it with a larger cohort and including thyroid
hormone data may  give more clarity to the clinical significance

of PFOA concentration or body burden on the thyroid function.
Other epidemiological studies show no associations between PFOA
and thyroid status including thyroid stimulating hormone (TSH)
in highly exposed Ohio/West Virginia residents [65], TSH and free
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Table 4
Associations of PFAA exposures with immune end points in lactating women from
the  MAMA  study.

Immunoglobulinmedia visit PFAAmedia visit Rho (p-value)

IgES1 PFHxSS1 −0.29 (0.0954)
IgES1 PFOSS1 −0.33 (0.0543)
IgES1 Total PFCS1 −0.31 (0.0777)
IgES2 PFHxSS2 −0.40 (0.0266)
IgES2 PFOSS2 −0.48 (0.0072)
IgES2 Total PFCS2 −0.46 (0.0098)
Secretory IgAM1 PFHxSS1 −0.47 (0.0059)
Secretory IgAM2 PFNAS2 −0.388 (0.045)
IgMS2 PFOSAS2 −0.36(0.050)

Spearman correlations between serum PFAA concentrations and data on serum or
milk PFAA concentrations and data on serum or milk immunoglobulins (S is serum;
S.S. White et al. / Journal of Steroid Bioch

hyroxine in New York state fisherman (n = 31, 27 men) [72], and
hyroid hormone status in repeated measurements of occupation-
lly exposed workers [73]. However, other studies in the animal
oxicology literature are inconclusive. In separate studies, serum
hyroid hormone concentrations were depressed in rodents [10]
r monkeys [74] exposed to PFOA, but a lack of TSH elevation and
nalytical problems may  contribute to these data being considered
rtifactual [10,75].  Thus, the epidemiological data indicate that the
hyroid may  be one axis significantly affected by PFAA exposure
hile the animal toxicology literature is less certain due to techni-

al issues.
In another epidemiological study [69], PFAA serum concentra-

ion was related to increased time to pregnancy in women within
he Danish National Birth Cohort study. Fertility issues can be
elated to inadequate thyroid function via hypothyroidism (sub-
ecundity) or hyperthyroidism (i.e., Graves disease and increased

iscarriage rate; [76]); unfortunately, this theory was not explored
n the large cohort study. Also, it is not clear that this theory could
e properly tested on multiparous women. Clinically, maternal
ypothyroidism (or subclinical hypothyroidism) is a concern dur-

ng pregnancy because of its affect on fetal brain development,
.e., potential contribution to decreased IQ and altered behavior of
he offspring. The relationship between parentally-reported atten-
ion deficit hyperactivity disorder (ADHD) among 12–15 years old
hildren and serum PFAAs in NHANES data has recently been eval-
ated [77]. In examining the 48 cases among 571 participants,
he calculated OR for PFOA was 1.12 (95% CI 1.01–1.23). However,
FOA was weakly correlated with blood lead and data on maternal
lcohol consumption (other risk factors for ADHD) during preg-
ancy were not collected. A recent study [78] showed low level
evelopmental exposures to PFOA produced behavioral effects

n mice that extended into adulthood. These behavioral changes
ere supported by a recent report [79] that prenatal exposure to

.3 mg/kg/day affected activity levels in mice independent of brain
eight changes. Neither of these studies evaluated the thyroid hor-
one levels of the mice, so further work is needed to examine

he relationship between endocrine disruption and behavioral or
earning effects.

.4. PFOA as an immunomodulator

In addition to thyroid axis perturbation, immune modulation
s also a known effect of PFAA exposure. Immunosuppression has
een reported in adult animal models of PFOA exposure man-

festing with B and T cell depletions, thymus atrophy, splenic
trophy, suppression of inflammatory responses, and decreased de
ovo antibody production, albeit at relatively high doses of PFOA
xposure [80–84].  The lowest dose at which immune effects were
eported was a drinking water study in male ICR mice, with a
OAEL for changes in mature splenic lymphocyte populations of
.49 mg/kg/day, and no NOAEL was identified [85]. Sensitivity of the

mmune system to PFAAs appears to differ based on mouse strain.
n the human literature, a cross sectional study comparing adult
esidents living in a contaminated water district to non-exposed
olunteers found no association between serum PFOA and lym-
hocytes, neutrophils, eoisionophils or basophils, but there was

 significant association between PFOA and absolute monocyte
ounts [65]. In another small adult study (n = 34), elevated serum
gA was reported in PFOA production workers with non-significant
ffects on serum IgG or IgM [86]. Within participants of the Dan-
sh National Birth Cohort Study, prenatal PFOA or PFOS exposure
as not associated with any increased risk of hospitalization for
nfectious disease in early childhood [87]. Because the human stud-
es are few and often lack power or consistency, and indicators in
he animal toxicology literature point to immunomodulation, more
esearch on the effect of PFAAs on immune function is warranted.
M  is milk). Visit number (1 or 2) is shown as a subscript for the matrix analyzed
(milk or serum). Bolded associations were significant based on p < 0.05.

However, it is not yet clear from the animal studies if developmen-
tal exposure is required for immunological effects.

Lactation is an important time for evaluation of the immune
system, as maternal influences significantly contribute to the
immature infant immune system. Little information is known and
few studies have been conducted in lactating women detailing
PFAA exposures. Data from the MAMA  study on lactating North
Carolina women (Table 4) report a significant negative correlation
between serum IgE and serum PFOS at two  distinct times during
lactation; the majority of the IgE data were within normal physi-
ological ranges [42]. Another 6-carbon polyfluorinated compound,
perfluorohexanesulfonate (PFHxS) was  also negatively associated
with maternal IgE, albeit at only one of two visits, and it was also
negatively correlated with secretory IgA in milk (Table 4). Another
study interested in the associations between PFAAs (PFOA specif-
ically) and immune markers is the C8 Science Panel project. A
preliminary status report listed on the C8 Science Panel project
website highlights immune related indicators that will soon be
reported in peer reviewed literature; “For IgA the pattern of associ-
ation indicated a significant decreasing trend with increasing PFOA;
this was also apparent for IgE but only in females” [88]. They also
reported a downward relationship between C reactive protein and
increasing PFOA in men  and women. The authors indicate that
these changes were small in magnitude and that most of the serum
immune parameters remained within the physiologically normal
range, but the changes were apparent at the lowest deciles. In ear-
lier studies of production workers (n = 31), significant elevations in
serum IgA were associated with increasing PFOA exposure; these
earlier data, while lacking power, are incongruent with the current
findings of the C8 panel and those in the MAMA  study for other
PFAA (Table 4), possibly due to the high exposure in occupational
settings. The C8 panel mentions that its future studies will speak
to the associations or lack thereof of PFAAs with known diseases
of the immune system. Influenza immunization titers and PFOA
serum concentrations are an area that is proposed to be followed in
their upcoming studies. Thus, PFOA exposure and immune function
appear to be inversely associated in multiple human and animal
models, albeit with mild changes in immune values.

4.5. PFOA effects in the liver

One of the most well documented, though not necessarily
endocrine-mediated effects of PFOA observed in animal models

is hepatomegaly. This and other liver effects may contribute to
the hepatocarcinogenicity of PFOA in rodents. The molecular tar-
get of PFOA for liver effects was  originally defined as PPAR-�  [45].
Expressed at high levels in the rodent liver, this nuclear recep-
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or is involved primarily in metabolism, but also in growth and
evelopment, cell regulation, and carcinogenesis. In its hepatic role

n metabolism, PPAR-� contributes to the regulation of fatty acid
xidation, as well as ketogenesis, lipid transport, and gluconeoge-
esis [89]. It has more recently been established that the effects
f PFOA on the liver are mainly PPAR�-mediated, but PPAR�-
ndependent mechanisms also exist. PFOA increased liver weight
n PPAR�-knockout mice (KO), as well as their wild type (WT)
ounterparts, but the archetypal PPAR� activator (Wyeth 14643)
levated liver weight only in WT  mice [83,90,91].  However, histo-
ogical differences between the livers of WT  and KO mice treated

ith PFOA were evident [91]. Increased peroxisomes were com-
on  in the treated WT  mice, while KO mice had few peroxisomes

nd increased vacuoles.
Hepatomegaly appears to be a transient effect in developmen-

ally PFOA-exposed mice. Interestingly, the liver weight increases
eported in studies of developmentally PFOA-exposed animals had
issipated by 18 months, when the Hines et al. [58] study was  ter-
inated and serum PFOA concentrations had returned to control,

ackground levels. In more recent studies (Macon et al., submit-
ed, Toxicol Sci),  it appeared that liver hypertrophy induced by full
estational exposure to PFOA was ameliorated 4 weeks after expo-
ure ceased, even though serum PFOA levels remain elevated for
p to 12 weeks. This reversibility of effect has also been reported

n adult-dosed rats and mice.
The basic endogenous functions of PPARs are still being assessed.

 number of dietary fatty acids are believed to bind and activate
PAR-�, which is consistent with the role the receptor is thought to
lay in metabolism of dietary fats and the regulation of blood lipids.
PAR-�  has also been the intentional target of pharmaceutical
gents, in the case of fibrate drugs for the treatment of hyper-
ipidemia, a class of drugs which raise HDL cholesterol and lower
riglycerides and VLDL cholesterol. PFOA is structurally homolo-
ous to dietary fatty acids to which PPAR-� is known to respond.
ased on information to date, PFOA seems to affect cholesterol and
riglycerides in humans differently than in rodents, as opposed to
brates and Wyeth 14643, which affect lipids similarly in humans
nd rodents. The reason for this difference may  be that fibrates and
yeth 14643 are pure PPAR-� activators, while PFOA also acti-

ates other nuclear receptors. Furthermore, activation of PPAR-�
nd other nuclear receptors by PFOA may  prove to be a novel means
f endocrine disruption, especially as it pertains to metabolism.

In rodents, hepatic expression of PPAR-� is thought to be much
igher than in humans. This historically held thought was based
n a small number of expression studies, primarily reporting RNA
s opposed to protein. More recent studies have tried to carefully
ssess inter-species differences in expression of PPAR-� across tis-
ues [92,93]. Rodent studies of PFOA toxicity have primarily utilized
igh dose adult exposures, known effects of which include hepa-
otoxicity in the form of hepatomegaly and liver tumors, effects
hought to be mediated by high PPAR-� and thus not considered a
ignificant health concern for humans (specifically for tumor out-
omes) [2].  Hepatomegaly also occurs in PFOA-exposed neonates
hough, and fetal murine PPAR-� expression first appears at, and
ersists from, approximately GD 11 [93]. Though incompletely
haracterized over life-stages and populations, human PPAR-� is
xpressed in fetal hepatic tissue, and at increasing levels with
ge [93]. The identification of human hepatic effects is limited
o evaluation of liver enzymes, as it is otherwise difficult due to
he invasiveness of procedures to identify effects, such as liver
iopsy. Also, the potential differential dose response in human

s model organisms may  be related not only to hepatic or other
issue expression, but also differential receptor sensitivity. The
otential differences in human sensitivity should contribute to
oncern over fluorochemical-mediated effects, including endocrine
isruption.
y & Molecular Biology 127 (2011) 16– 26

5. Conclusions

PFOA is a known developmental toxicant. Exposure during
pregnancy has induced both early and later life adverse health
outcomes in rodents and associations between PFOA exposures
(occupational/environmental) and human health effects have been
reported. The dose-responsivity and magnitude of endocrine dis-
rupting effects is not identical across species in all cases, in fact for
some outcomes, such as correlations of cholesterol compared to
PFOA internal dose, the effects are opposing. However, this fluori-
nated compound has a short investigative history and in the coming
years, there should be enough data to definitively say whether or
not developmental exposure to PFOA could contribute to adverse
human health outcomes.

The mechanism(s) by which PFOA affects various tissues or
organ systems is the subject of on-going research. The use of PPAR-
� KO mice has helped to identify which effects are reliant on this
mechanistic pathway. We now know that PPAR-� is  not the only
mechanism involved in transmission of some of the PFOA-induced
liver, immune, and developmental effects in mice [58,67,91,92].
Further studies are needed to identify the novel pathways regu-
lating the endocrine-disrupting effects of PFOA and the doses at
which they are active and relevant. Defining these pathways could
lead to safer development of polyfluorinated applications in the
future, as tests could be designed to avoid activation of the signaling
mechanisms known to trigger certain systems such as branching
and growth of the mammary epithelium. Currently, shorter chain
compounds (ex., C6) are being substituted for PFOA. These are antic-
ipated to be less toxic than PFOA, but there are limited toxicity
data thus far, and concerns remain about widespread use without
adequate testing.
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