PERFLUOROOCTANOIC ACID

1.

1.1

I.1.

Exposure Data

Identification of the agent

1 Nomenclature

Chem. Abstr. Serv. Reg. No.: 335-67-1

Chem. Abstr. Serv. Name: Perfluorooctanoic
acid

IUPAC Name: 2,2,3,3,4,4,5,5,6,6,7,7,8,8,8-
pentadecafluorooctanoic acid

Synonyms: PFOA; pentadecafluoro-1-octan-
oic acid; pentadecafluoro-n-octanoic acid;
pentadecaflurooctanoic  acid;  perfluoro-
caprylic acid; perfluoroctanoic  acid;
perfluoroheptanecarboxylic acid; APFO;
ammonium perfluorooctanoate

Isomers and Salts: There are 39 possible struc-
tural isomers of pentadecafluorooctanoic
acid (1 with chain length 8, 5 with chain
length 7, 13 with chainlength 6, 16 with chain
length 5, and 4 with chain length 4). These
isomers can also exist as the ammonium,
sodium, or potassium salt (Nielsen, 2012).
Fig. 1.1 presents the few isomers and salts
that have Chemical Abstracts Service (CAS)
references.

1.1.2 Structural and molecular formulae, and

relative molecular mass: straight-chain
isomer
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Molecular formula: C;HF O,
Relative molecular mass: 414

1.1.3 Chemical and physical properties of the

pure substance: straight-chain isomer

From HSDB unless otherwise

indicated

(2014),

Description: White to off-white powder
Boiling point: 192.4 °C

Melting point: 54.3 °C

Density: 1.792 g/cm3 at 20 °C
Solubility: 9.5 g/L in water at 25 °C

Vapour pressure: 0.0023 kPa at 20 °C (extrap-
olated); 0.127 kPa at 59.25 °C (measured)
(ATSDR, 2009); 0.070 kPa at 25 °C

Stability: When heated to decomposition it
emits toxic vapours of hydrogen fluoride
Conversion  factor: ~ Assuming normal

temperature (25 °C) and pressure (101 kPa),
1 mg/m? = 16.9 ppm.
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Fig. 1.1 Structures of isomers and salts of perfluorooctanoic acid (PFOA)

a. PFOA isomers

Carbon chain length and structure

CAS registry number

b. Ammonium salts of PFOA isomers

Carbon chain length and structure ~ CAS registry number

COOH
s /NN 335-67-1
7 \/\/\(COOH 207678-51-1
! \/\)\/COOH 705240-04-6
7 \/\(\/COOH 1144512-18-4
7 \)\/\/COOH 909009-42-3
7 COOH
\(\/\/ 15166-06-0
6 )\)\/COOH 1144512-35-5
6 /—~_\/COOH 1192593-79-5
6
)\(\/COO“ 1144512-36-6
6 COOH
1144512-34-4
COOH

5

35605-76-6

- +
s AN 3895061

COO'NH,"
7 \/\/\( 207678-62-4
COO'NH,"
7 \(\/\/ 19742-57-5
COO'NH,"
6 13058-06-5

¢. Sodium salts of PFOA isomers

Carbon chain length and structure ~ CAS registry number

COO'Na"
A VA VAV 335-95-5

COO'Na”™
; \/\/\( 207678-72-6
7 \/\)\/COOM+ 646-84-4
COO'Na"
7 \(\/\/ 18017-22-6
COONa*
6 1195164-59-0

d. Potassium salts of PFOA isomers

Carbon chain length and structure ~ CAS registry number

ot
8 AN K 2395-00-8

-t

7 \/\/\(COOK 207678-65-7
COOK"

7 \(\/\/ 29457-73-6

Adapted from Nielsen (2012
CAS, Chemical Abstracts Service
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Table 1.1 Selected methods for the analysis of perfluorooctanoic acid (PFOA)

Sample matrix Sample preparation Assay procedure  Limit of Reference
detection
Drinking-water ~ Adsorb on polystyrene HPLC-MS/MS 1.7 ng/L EPA (2009a) Method
divinylbenzene; elute methanol; 537-1
reconstitute in water/methanol with
BC-PFOA internal standard
Indoor and Collect particle-bound PFOA on HPLC-TOF/MS 1 pg/m? Barber et al. (2007
outdoor air glass fibre filters; elute methanol
Human serum Precipitate proteins with formic acid; HPLC-MS/MS 0.1 ng/mL Kuklenyik et al. (2005)
solid phase extraction clean-up
Human milk Precipitate proteins with formic acid; HPLC-MS/MS 0.2 ng/mL Kuklenyik et al. (2004)
solid phase extraction clean-up
Animal tissue Add homogenized tissue to HPLC-TOF/MS 1.25 ng/g ww Berger & Haukas (2005)

buffered tetra-n-butylammonium
hydrogensulfate solution; Extract
with tert-butyl methyl ether

Soil Rehydrate soil to ~50% moisture; HPLC-MS/MS 180 fg on column ~ Washington et al. (2008)
extract with acetonitrile/water;
sonicate and centrifuge; decant
supernatant
Foods and food =~ Methanol extraction HPLC-MS/MS 0.5 ng/g ww Tittlemeier et al. (2007)
packaging

HPLC-MS/MS, high-performance liquid chromatography-mass spectrometry/mass spectrometry; MS, mass spectrometry; TOF, time-of-flight

mass spectrometry; ww, wet weight

1.1.4 Technical products and impurities

See Fig. 1.1
Perfluorooctanoic acid (PFOA) produced by

the electrochemical fluorination (ECF) method,
before 2002, was reported to have a consistent
isomer composition of 78% linear isomer
(standard deviation, 1.2%) and 22% branched-
chain isomer (standard deviation, 1.2%) in 18
production lots over a 20-year period, as deter-
mined by F nuclear magnetic resonance. PFOA
produced by the telomerization method (major
use from 2002 to present) is typically an isomer-
ically pure, linear product (Benskin et al., 2010).

PFOA produced by ECF was reported to
contain the following impurities: perfluorohex-
anoate, 0.73%; perfluoroheptanoate, 3.7%;
perfluorononanoate, 0.2%; perfluorodecanoate,
0.0005%; perfluoroundecanoate, 0.0008%; and
perfluorododecanoate, 0.0008% (Benskin et al.,
2010).

1.1.5 Analysis

Selected methods for the analysis of PFOA in
various matrices are listed in Table 1.1. Methods
for the trace analysis of PFOA in human serum
and milk, in food and consumer products, as well
as in environmental samples such as wildlife,
water, solid matrices, and air have been reviewed
(ATSDR, 2009; Jahnke & Berger, 2009).

1.2 Production and use

1.2.1 Production process

Perfluoroalkyls have been manufactured
industrially by two methods: electrochemical
fluorination (ECF) and telomerization. The two
techniques can be distinguished based on the
isomeric profile of their products. ECF (major
use from the 1950s to 2002) results in a product
containing both linear and branched isomers,
while telomerization (major use from 2002 to
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Table 1.2 Production volumes for perfluorooctanoic acid (PFOA) in the USA, 1986-2002

Substance produced

Production volume range (pounds)

1986 1990

1994 1998 2002

Perfluorooctanoic acid
Ammonium 10 000-500 000

perfluorooctanoate

10 000-500 000 Not reported
10 000-500 000

10 000-500 000
10 000-500 000

10 000-500 000
10 000-500 000

10 000-500 000
500 000-1 000 000

From ATSDR (2009); reported under the United States Environmental Protection Agency Inventory Update Rule
Note: 10 000-500 000 pounds corresponds to approx. 4.5-227 tonnes; and 500 000-1 000 000 pounds corresponds to approx. 227-454 tonnes

present) typically yields an isomerically pure,
linear product (ATSDR, 2009).

During the ECF process, an organic acyl
backbone structure is dissolved in a solution
of aqueous hydrogen fluoride. A direct elec-
trical current is then passed through the solu-
tion, which replaces all of the hydrogens on the
molecule with fluorines. Perfluoroacyl fluorides
produced by ECF are hydrolysed to form the
perfluorocarboxylic acid, which is then sepa-
rated via distillation (ATSDR, 2009).

From 1947 until 2002, ECF was used world-
wide to manufacture most (80-90% in 2000)
PFOA, as the ammonium salt. The largest prod-
uction sites were in the USA and Belgium, the next
largest were in Italy, and small-scale producers
were located in Japan. From about 1975 to the
present, the remaining 10-20% of ammonium
perfluorooctanoate was manufactured by direct
oxidation of perfluorooctyl iodide at one site in
Germany, and at least one site in Japan. In 1999,
the global annual production of ammonium
perfluorooctanoate was approximately 260
tonnes. By 2002, the principal worldwide manu-
facturer of ammonium perfluorooctanoate using
ECF had discontinued external sales and ceased
production, leaving only a few relatively small
producers in Europe and in Asia (Prevedouros
et al., 2006). Production volumes of PFOA, as
both the acid and the ammonium salt, in the
USA from 1986 to 2002 are shown in Table 1.2.

The telomerization process begins with the
preparation of pentafluoroiodoethane from
tetrafluoroethane. Tetrafluoroethane is then
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added to the product at a molar ratio that gives
a product of desired chain length, and the final
product is oxidized to form the carboxylic acid.
The telomerization process produces linear
perfluorocarboxylic acids with even numbers of
carbon atoms (ATSDR, 2009).

New production capacity for ammonium
perfluorooctanoate based on perfluorooctyl
iodide commenced in the USA in late 2002. In
2006, the eight major manufacturers of PFOA in
the USA joined the 2010/2015 PFOA Stewardship
Program, a voluntary programme run by the
United States Environmental Protection Agency
(EPA) with the aim of reducing facility emis-
sions and product content of PFOA, its precur-
sors, and higher homologues by 95% by 2010,
compared with the year 2000 (EPA, 2014). These
manufacturers also agreed to the goal of totally
eliminating these substances from emissions and
product contents by 2015. Six of the eight manu-
facturers reported at least 95% reduction in emis-
sions of PFOA by the end of 2010 in the USA.
Substantial reductions in product content were
also reported by these manufacturers for 2010
relative to 2000, both in the USA and in global
operations. In a few cases, data were withheld by
the manufacturers to protect business interests
— particularly for non-USA operations and for
precursors (EPA, 2014). Ammonium perfluoro-
octanoate is currently manufactured in Japan via
oxidation of a mixture of linear fluorotelomer
olefins (Prevedouros et al., 2006).
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1.2.2 Uses

PFOA and it salts have been used as emul-
sifiers to solubilize fluoromonomers and to
facilitate their aqueous polymerization in the
production of fluoropolymers such as polytetra-
fluoroethylene and fluoroelastomers, used as
non-stick coatings on cookware, membranes for
clothing that are both waterproof and breathable,
electrical-wire casing, fire- and chemical-re-
sistant tubing, and plumber’s thread-seal tape
(ATSDR, 2009). Fluoropolymer manufacture is
the single largest direct use of the ammonium
salts of PFOA (Prevedouros et al., 2006).

PFOA has also been used in cosmetics,
greases and lubricants, paints, polishes, adhe-
sives, and fluorinated surfactants (HSDB, 2014).
Widespread use of perfluorocarboxylates,
including PFOA, and derivatives as additives
in industrial and consumer products in 1966
included metal cleaners, electrolytic-plating
baths, self-shine floor polishes, cement, fire-
fighting formulations, varnishes, emulsion
polymerization, lubricants, gasoline, and paper,
leather, and textile treatments (Prevedouros
et al., 2006). PFOA has found use as a grease
and water-repellent coating in food packaging
(Fromme et al., 2009).

Perfluorocarboxylates, including PFOA, were
used as a component in aqueous fire-fighting
foam from about 1965 to 1975. These formula-
tions were used by the military (e.g. at aircraft
bases and aboard ship) and in oil and gas prod-
uction, refining industries, and airports world-
wide (Prevedouros et al., 2006).

1.3 Occurrence and exposure

1.3.1 Environmental occurrence

The sources of emissions of PFOA to the
environment are: (a) their manufacture, use
and disposal; (b) their presence as impurities in
substances that are emitted to the environment;

and (c) precursor substances that degrade abioti-
cally or biotically in the environment (Buck et al.

2011). One reference defined all chemicals with a
C,F ; or C,F,, perfluorinated alkyl moiety and a
direct bond to any chemical moiety other than
a fluorine, chlorine, or bromine atom, as poten-
tial precursors of PFOA (Environment Canada,
2012). For example, 8:2 polyfluoroalkyl phos-
phates have been measured in human serum and
can be metabolized to 8:2 fluorotelomer alcohol
(8:2 FTOH) and/or PFOA in animal models
(Lee & Mabury, 2011; Environment Canada,
2012). However, the extent to which the various
precursors are metabolized in humans, and their
relative contribution to serum concentrations of
PFOA, are not well understood.

Under normal environmental conditions,
PFOA ishighly persistent, with photodegradation
and hydrolysis half-lives of months to years, and
insignificant biotic degradation (Environment
Canada, 2012). It has low to moderate potential
to accumulate in aquatic species, but does appear
to accumulate in some terrestrial and marine
mammals (Environment Canada, 2012).

(a) Natural occurrence

PFOA is not known to occur naturally.

(b) Air

Although PFOA is not routinely monitored in
air, sporadic measurements have been reported.
Fromme et al. (2009) reviewed the literature and
reported site mean concentrations of PFOA in air
ranging from 1.4 to 552 pg/m? from 11 rural and
urban outdoor sampling sites in Japan, Canada,
the United Kingdom, Norway, Ireland, and
the USA; the highest measurements were from
urban locations or adjacent to busy roads. PFOA
and 8:2 FTOH have been found in remote Arctic
areas far from known sources, suggesting long-
range aerial transport. Concentrations of PFOA
ranging from 0.012 to 0.147 ng/L were reported
in polar ice caps in the High Arctic in 2006
(Environment Canada, 2012).

41



IARC MONOGRAPHS - 110

(c) Water

Samples from potable water supplies without
known point sources of perfluorooctanoate
contamination typically contain perfluorooctan-
oate at < 1 ng/L, or at levels below the detection
limit (Fromme et al., 2009). However, higher
concentrations in drinking-water have been
reported for some locations. For example, Kim
et al. (2011b) reported average concentration of
perfluorooctanoate of 5.4 ng/L, and a maximum
concentration of 33 ng/L, for 15 tap-water
samples collected in 8 cities in the Republic of
Korea. Surface water from Boulder basin of Lake
Mead, the Hoover dam, and the lower Colorado
River in the USA had average concentrations of
perfluorooctanoate that were below the method
reporting limit of 5 ng/L; however, samples
affected by run-oft from municipal wastewater
treatment facilities had average concentrations of
perfluorooctanoate ranging from 26 to 120 ng/L
(Quifiones & Snyder, 2009).

Concentrations of perfluorooctanoate in
water were measured in six public-water districts
and for selected private wells in West Virginia,
USA; these concentrations differed substan-
tially by water district, varying by about three
orders of magnitude (Fig. 1.2; Shin et al., 2011a).
Perfluorooctanoate has also been measured at
concentrations exceeding 1 ng/L in many of
more than 8000 samples of surface water and
groundwater collected in the region surrounding
alarge fluoropolymer-production facility in West
Virginia, USA, probably due to direct emissions
to the Ohio River, the air, and long-term trans-
port through the vadose zone (DuPont, 2010).
The highest off-site environmental concentra-
tions of PFOA were predicted to occur about 1
mile [1.6 km] away from the production facility,
and average concentrations in drinking-water
ranged from < 0.05 to 10.1 pg/L in 2002-2004
(Paustenbach et al., 2007).
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(d) Food

PFOA may be found in food due to contami-
nation of plants and animals, and/or via transfer
from food-packaging materials. Trudel et al.
(2008) summarized several studies reporting
measurements of PFOA in food in North
America and Europe. Among the food catego-
ries, snacks and potatoes were reported to have
the highest concentrations of PFOA (up to 3 ng/g
wet weight), followed by packaged cereal prod-
ucts, meat, and North American fish/shellfish
(up to 0.5, 1.0, and 2.0 ng/g, respectively). A list
of measurements of PFOA concentrations in
various foods is provided in Table 1.3.

(e) Dust

Trudel et al. (2008) and Fromme et al. (2009)
reviewed the literature and estimated the concen-
trations of PFOA in dust in typical indoor envi-
ronments as 100 ng/g and 19.72 ng/g, respectively.

Several studies suggested that the potential
contribution of dust ingestion to exposure was
higher than previously estimated. For example,
one study in the USA reported a median concen-
tration of PFOA in dust of 142 ng/g, and a 95th
percentile of 1200 ng/g in dust collected at 102
homes and 10 day-care centres in Ohio and
North Carolina, USA, in 2000-2001 (Strynar
& Lindstrom, 2008). A study of 102 homes in
Vancouver, Canada, reported median concen-
trations of 30 ng/g for PFOA in dust, 63 ng/g for
8:2 FTOH, and 1362 ng/g for the sum of poly-
fluoroalkyl phosphoric acid diesters containing
at least one 8:2 polyfluoroalkyl group, suggesting
that these potential precursors may contribute
substantially to the body burden of PFOA if effi-
ciently metabolized in the human body (De Silva
et al., 2012).

1.3.2 Occupational exposure

In occupational settings, the primary routes
of exposure are thought to be dermal and by
inhalation (IFA, 2014). Studies of occupational
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Fig. 1.2 Measured and modelled concentrations of perfluorooctanoic acid (PFOA) in water for the
six public water districts in the C8 Health Project/C8 Science Panel studies, USA
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(2011) American Chemical Society (

exposure have typically described exposures to
ammonium perfluorooctanoate, a salt of PFOA
that is often produced in industry (Lundin et al.
2009; Woskie et al., 2012).

Woskie et al. (2012) summarized measure-
ments of ammonium perfluorooctanoate in
2125 blood samples collected from workers in
a fluoropolymer-production facility in West
Virginia, USA, in 1972-2004; there was a peak
in median serum concentrations in 2000 that
exceeded 1000 pg/L in most highly exposed
groups when PFOA was at the point of highest

use. In 2000-2004, median serum concentration
of perfluorooctanoate among these workers was
240 pg/L. Measured serum concentrations were
paired with work histories to construct a model
predicting serum concentration by job-expo-
sure group from 1950 to 2004; in most years,
the highest exposures were predicted for oper-
ators exposed to the fine powder or granular
polytetrafluoroethylene chemical, for whom the
predicted serum perfluorooctanoate concentra-
tion peaked in 1980, exceeding 6000 ug/L, and
declined to about 2000 pg/L in 2004. Predicted
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Table 1.3 Concentrations of perfluorooctanoic acid (PFOA) in food and drinking-water

Food category Concentration Year of Country or region Reference

(ng/g wet weight) sampling
Meat products <0.4-2.6 2004 Canada Tittlemeier et al. (2007)
Meat products (n = 8) <0.071 2006 Catalonia, Spain Ericson et al. (2008)
Fish, marine <0.5 2004 Canada Tittlemeier et al. (2007)
Fish, freshwater <0.5 2004 Canada Tittlemeier et al. (2007)
Fish, freshwater <2 1998 Canada Tittlemeier et al. (2007)
Trout (n = 47) <2-24 2006 Sauerland, Germany Wilhelm et al. (2008)
Trout (n = 39) <2-5 2007 Sauerland, Germany Wilhelm et al. (2008)
Other fish (n = 33) <2-8 2006 Sauerland, Germany Wilhelm et al. (2008)
Other fish (n = 73) <2 2007 Sauerland, Germany Wilhelm et al. (2008)
White fish (n = 2) <0.065 2006 Catalonia, Spain Ericson et al. (2008)
Seafood (n = 2) <0.029 2006 Catalonia, Spain Ericson et al. (2008)
Fish (muscle tissue) <0.2-5 2005 Germany Gruber et al. (2007)
Fish (liver) <0.2-9 2005 Germany Gruber et al. (2007)
Pizza 0.74 1998 Canada Tittlemeier et al. (2007)
Microwave popcorn 3.6 1999 Canada Tittlemeier et al. (2007)
Cereal products (n = 72) ND-0.5 1999-2007 Europe and North America ~ Trudel et al. (2008)
Cereals (n = 6) ND 1999-2007 Europe and North America Trudel et al. (2008)
Cereals (n =2) <0.080 2006 Catalonia, Spain Ericson et al. (2008)
Dairy products (n = 6) ND 1999-2007 Europe and North America Trudel et al. (2008)
Dairy products (n = 2) <0.040 2006 Catalonia, Spain Ericson et al. (2008)
Eggs (n = 86) ND 1999-2007 Europe and North America ~ Trudel et al. (2008)
Eggs (n=2) <0.055 2006 Catalonia, Spain Ericson et al. (2008)
Fats and oils (n = 2) ND 1999-2007 Europe and North America Trudel et al. (2008)
Margarine <0.115 2006 Catalonia, Spain Ericson et al. (2008)
QOil <0.247 2006 Catalonia, Spain Ericson et al. (2008)
Fish and shellfish (n = 155) ND-2 1999-2007 Europe and North America Trudel et al. (2008)
Tinned fish <0.126 2006 Catalan, Spain Ericson et al. (2008)
Blue fish <0.132 2006 Catalonia, Spain Ericson et al. (2008)
Fruits (n = 76) ND-0.3 1999-2007 Europe and North America Trudel et al. (2008)
Fruits (n = 2) <0.036 2006 Catalonia, Spain Ericson et al. (2008)
Meat (n = 262) ND-1 1999-2007 Europe and North America Trudel et al. (2008)
Milk (n = 82) ND 1999-2007 Europe and North America Trudel et al. (2008)
Whole milk (n = 2) 0.056 2006 Catalonia, Spain Ericson et al. (2008)
Semi-skimmed milk <0.028 2006 Catalonia, Spain Ericson et al. (2008)
Potatoes (n = 26) 0.4-2 1999-2007 Europe and North America Trudel et al. (2008)
Potatoes <0.2-3 2006 Germany Gruber et al. (2007)
Poultry (n = 78) ND 1999-2007 Europe and North America ~ Trudel et al. (2008)
Snacks (n = 4) 0.9-3 1999-2007 Europe and North America Trudel et al. (2008)
Sweets (n = 2) ND 1999-2007 Europe and North America Trudel et al. (2008)
Tap water (n = 102) 0.009-0.02 1999-2007 North America Trudel et al. (2008)
Tap water (n = 28) ND-0.2 1999-2007 Europe Trudel et al. (2008)
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Table 1.3 (continued)

Food category Concentration Year of Country or region Reference

(ng/g wet weight) sampling
Vegetables (n = 77) ND-0.3 1999-2007 Europe and North America Trudel et al. (2008)
Vegetables (n = 2) <0.027 2006 Catalonia, Spain Ericson et al. (2008)
Pulses (n = 2) < 0.045 2006 Catalonia, Spain Ericson et al. (2008)
Water-based drinks (n = 2) ND 1999-2007 Europe and North America Trudel et al. (2008)

ND, not detected

serum concentrations in operators exposed to
fluorinated ethylene propylene/perfluoroalkoxy
were < 1000 pg/L before 1975, increasing to about
2000 pg/L by 2004. Predicted serum concen-
trations for operators using the fine powder/
granular polytetrafluoroethylene finish declined
from about 1500-2000 pg/L in 1950-1980 to
about 500-1000 pg/L in 1990-2004. Predicted
serum concentrations for job-exposure groups
with intermittent direct or plant background
exposures were < 1600 pg/L in all years.
Another study of 506 fluoropolymer-prod-
uction workers in Belgium, Minnesota, and
Alabama, USA, reported a median serum
concentration of perfluorooctanoate of 1100 pg/L
in 2000 (Olsen & Zobel, 2007). Median serum
concentrations of perfluorooctanoate were
650, 950, and 1510 pg/L among workers at the
facilities in Belgium, Minnesota, and Alabama,

respectively.
In both studies described above, serum
perfluorooctanoate measurements exceeded

10 000 pg/L for some workers (Olsen & Zobel,
2007; Woskie et al., 2012). No measurements
of PFOA, ammonium perfluorooctanoate, or
precursors in workplace air, work surfaces, or
skin were reported in these studies of occupa-
tional exposure. In a separate study, Kaiser
et al. (2010) reported eight-hour time-weighted
average (TWA) concentrations of PFOA in air
ranging from 0.004-0.065 mg/m? near process
sumps in an unidentified facility producing
ammonium perfluorooctanoate and PFOA.

In China, 48 workers involved in the
manufacture of footware had mean serum
concentrations of PFOA of 6.93 pg/L (range,
0.17-117.7 pg/L) (Zhang et al., 2011).

As part of an international epidemiolog-
ical study of workers in six plants manufac-
turing polytetrafluoroethylene in Germany,
the Netherlands, Italy, the United Kingdom,
New Jersey, and West Virginia, Sleeuwenhoek
& Cherrie (2012) estimated exposure to
ammonium perfluorooctanoate by inhalation
and dermal routes using modelling. The expo-
sure reconstructions were made using descriptive
information about the workplace environment
and work processes, including changes over time
in local ventilation, use of respiratory protective
equipment, working in a confined space, outdoor
work, cleanliness and the level of involvement of
the workers in the process (for example, oper-
ator or supervisor). There were very few measure-
ments of exposure available from the plants (all
unpublished) and so the exposure estimates were
expressed on an arbitrary dimensionless scale.
In each plant, the highest estimated exposures
to ammonium perfluorooctanoate were consid-
ered to have occurred in the polymerization area,
with an annual decline in exposure varying from
2.2% to 5.5%. At any point in time, the differ-
ences between plants in the average estimated
exposure level for polymerization workers were
up to about fivefold. Among workers in the six
plants whose jobs involved exposure to both
tetrafluoroethylene and ammonium perfluoro-
octanoate, the correlation between the two
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exposure estimates was 0.72 (Sleeuwenhoek &
Cherrie, 2012). There were some workers with
no exposure to ammonium perfluorooctanoate
and low-to-moderate exposure to tetrafluoro-
ethylene, but no workers who were exposed
to ammonium perfluorooctanoate without
tetrafluoroethylene exposure (Sleeuwenhoek &
Cherrie, 2012; Consonni et al., 2013).

1.3.3 Exposure in the general population

(a)  Serum concentrations

Human exposure to PFOA has often been
assessed using measured or predicted concen-
trations of perfluorooctanoate in serum or
plasma (Eriksen et al., 2009; Fromme et al.
2009; Bonefeld-Jorgensen et al., 2011; Barry et al.,
2013; Vieira et al., 2013a; Hardell et al., 2014).
The pharmacokinetics of PFOA differ widely
between species, with short half-lives and
strong sex differences in rats, but a half-life of
2.3-3.5 years and no observed sex differences in
humans (Olsen et al., 2007; Bartell et al., 2010).
The Canadian Health Measures Survey reported
that the median and geometric mean plasma
concentrations of perfluorooctanoate among
Canadians aged 20-79 years in 2007-2009
were both 2.5 ug/L, and the 95th percentile was
5.5 ug/L (Environment Canada, 2012).

The California Environmental Contaminant
Biomonitoring Program reported median serum
measurements of perfluorooctanoate of 2.49 ug/L
for 1337 teachers and school administrators
in 2011-2014, and 0.474 pg/L for 77 pregnant
women in 2010-2011 (California Department
of Public Health, 2014). Yeung et al. (2013)
reported a median serum PFOA concentration
of 2.34 ug/L among 25 Australian liver donors
in 2007-2009, noting a substantial decline in
serum PFOA compared with previous reports
of pooled Australian samples in 2002-2003
[7.6 pg/L] (Karrman et al., 2006) and 2006-2007
(6.4 pg/L] (Toms et al., 2009). In a study of 413
pregnant and nursing women in Sweden, serum
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PFOA concentrations declined by an average of
3.1% per year (95% CI, 1.8-4.4%) from 1996-2010
(Glynn et al., 2012).

Geometric mean serum concentrations of
perfluorooctanoate in the USA population based
on serum measurements from the National
Health and Nutrition Examination Survey
were 5.2 ug/L, 3.9 ug/L, 3.9 ug/L, and 4.1 ug/L
in 1999-2000, 2003-2004, 2005-2006, and
2007-2008, respectively, with similar concen-
trations in different age groups, but slightly
higher concentrations in males than females
(Calafat et al., 2007a; Kato et al., 2011). The 95th
percentile of serum perfluorooctanoate concen-
trations did not exceed 12 ug/L in any of those
years (Kato et al., 2011). Pooled samples from
3802 Australian residents in 2002-2003 yielded
a mean perfluorooctanoate serum concentra-
tion of 7.6 pg/L (Kdrrman et al., 2006) - a value
roughly consistent with the geometric mean in
the USA, considering that these measurements
were positively skewed. Smaller studies of general
populations in Europe, Asia, and the USA for
samples collected in 1989-2006 have produced
similar findings, with reported average concen-
trations ranging from 1.6 to 11.6 pg/L (Fromme
et al., 2009).

Several studies of serum measurements
of perfluorooctanoate are available for stored
samples collected before the 1990s. Olsen et al.
(2005) reported a median serum concentration
of perfluorooctanoate of 2.3 pg/L for 178 blood
samples collected in Maryland, USA, in 1974,
and Harada et al. (2004) reported a geometric
mean serum concentration of perfluorooctan-
oate of 0.2 ug/L for 39 blood samples collected
from females in Miyagi, Japan, in 1977. Haug
et al. (2009) reported serum concentrations of
perfluorooctanoate in samples from a biobank
of hospital patients in Norway, pooling samples
by year (n > 19 for most years) for the period
1977-2006. Perfluorooctanoate serum concen-
trations in this study rose from 0.58 pg/L in 1977
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Table 1.4 Concentrations of perfluorooctanoic acid (PFOA) in human breast milk

Country or region Reference

Food category Concentration (ng/L)  Year of sampling
Breast milk (n = 19) 47-210 [100%)] 2004

Breast milk (n = 70) <200-460 [16%)] 2006

Breast milk (n = 203) 80-610 [55%] 2007

Breast milk (n = 51) < LOD-340 [44%] 2007

Breast milk (n = 31) 50-300 1999-2007
Breast milk (n = 12) <209-492 2004

China
Bavaria, Germany
North Rhine-Westphalia,

So et al. (2006)
Volkel et al. (2008

Bernsmann & Fiirst

Germany 2008
Japan Nakata et al. (2007)

Trudel et al. (2008
Kéarrman et al. (2007)

Europe and North America
Sweden

LOD, limit of detection

to 1.3 ug/Lin 1980, 3.3 ug/L in 1990, and 4.5 pg/L
in 2000, falling to 2.7 pg/L in 2006.

Mean concentrations of perfluorooctan-
oate were measured in 258 samples of blood,
serum, or plasma collected from men between
2000 and 2004 in the USA (Michigan) (5.7 pug/L;
<3-14.7ug/L),Colombia (6.2 pg/L;3.9-12.2 ug/L),
Brazil (<20 pug/L), Belgium (5.0 pug/L; 1.1-13 pg/L),
Italy (< 3 pg/L), Poland (20.5 ug/L; 11-40 pg/L),
India (3.5 pg/L; <3-3.5ug/L), Malaysia (< 10 ug/L),
suggesting the presence of specific sources of
PFOA in this country (Kannan et al., 2004).
Relatively higher concentrations of PFOA were
reported in the Republic of Korea (35.5 pg/L;
< 15-71.4 ug/L) (Kannan et al., 2004).

Overall, the published data suggested that
serum PFOA concentrations in the general
population increased over time until about 2000,
and have remained constant or decreased since
that time.

Higher serum concentrations of perfluoro-
octanoate have been reported in general popul-
ations near production facilities and other known
exposure sources. For example, the geometric
mean serum concentration of perfluorooctan-
oate in 2005-2006 among 69030 residents living
near a production facility in West Virginia, USA,
was 32.9 ug/L (standard deviation, 241 ug/L).
Exposures in that community varied substan-
tially across six water districts; the mean serum
concentration of PFOA was about 16 pg/L in
the two water districts with the lowest water

concentrations of PFOA, and 228 ug/L in the
water district with the highest concentrations
(Erisbee et al., 2009). A study of 641 residents
of Arnsberg, Germany, in 2006 reported mean
serum concentrations of perfluorooctanoate of
24.6, 26.7, and 28.5 pg/L in children, mothers,
and men, respectively, due to surface water
contamination from upstream agricultural use
of soil conditioner mingled with industrial waste
(Holzer et al., 2008).

(b)  Breast milk

PFOA has been measured in breast milk;
these data are presented in Table 1.4.

In North Rhine-Westphalia, Germany, more
than half of the samples analysed in 2007 (1 =203)
contained PFOA; concentrations up to 610 ng/L
have been reported (Bernsmann & Fiirst, 2008).
In China, PFOA was measured in 100% of the
breast milk samples analysed (n = 19) in 2004
(So et al., 2006).

(c) Exposure sources

As PFOA and its precursors are not routinely
or systematically monitored in air, water, dust,
food, or drinking-water, the relative contrib-
utions of exposure sources in the general popul-
ation are not well understood. Published studies
of exposure have relied on synthesis of environ-
mental measurements collected at varying times
and places, often in different countries. These
studies comprise the best available data, but are
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typically based on convenience samples in one or
few locations, and may not be representative of
regional, national, or global exposures.

One such study has estimated that diet
(including transfer of PFOA from food pack-
aging) contributes 99% of total exposure to PFOA
for adults in the general population in “western”
countries, with negligible contributions from
inhalation and ingestion of house dust and
drinking-water (Fromme et al., 2009). Estimated
adult mean PFOA intakes via indoor air, outdoor
air, house dust, diet, and drinking-water were
0.053, 0.076, 0.986, 169, and 1.3 ng/day, respect-
ively. The estimated dietary contribution was
based on PFOA measurements in a 7-day dupli-
cate-diet study of 31 participants aged 16-45
years in Germany (Fromme et al., 2007); estim-
ated inhalation contributions were based on
PFOA measurements at one indoor and four
outdoor sites in Europe (Barber et al., 2007; the
estimated house-dust ingestion contribution was
based on measurements of PFOA from 67 homes
in Ottawa, Canada, in the winter (Kubwabo
et al., 2005), and the estimated contribution of
drinking-water ingestion was based on river-
water samples from the Rhine and its tributaries
in Germany (Skutlarek et al., 2006). The contrib-
ution of house dust to PFOA exposure was based
on a conservative estimate of 5% conversion of
8:2 FTOH to PFOA. Other precursor concentra-
tions may actually exceed those of PFOA and 8:2
FTOH in house dust, but the extent of precursor
metabolism in humans is unclear (De Silva et al.
2012).

Trudel etal. (2008) estimated that ingestion of
food and house dust contributed > 90% of expo-
sure to PFOA in adults, noting that PFOA-treated
carpets and ingestion of dust may account for a
larger proportion of exposure among children
than adults. Typical uptake doses of PFOA for
infants, toddlers, children, and teenagers/adults
were estimated at 9.8, 7.6, 5.0, and 2.5-3.1 ng/kg
body weight (bw) per day in North America
and 6.0, 7.6, 6.7, and 2.8-4.1 ng/kg bw per day
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in Europe, respectively, based primarily on food
concentrations of PFOA from data extracted
from four previous studies covering 17 food
categories with 1-131 samples each (for most
food categories, measurements from Europe
and North America were combined due to small
sample sizes) and house-dust concentrations
of PFOA from data from three small studies in
Canada, Japan, and the USA (Moriwaki et al.,
2003; Costner et al., 2005; Kubwabo et al., 2005).
Infants may be exposed primarily through
mother’s milk (So et al., 2006; Kdrrman et al.,
2010; Kim et al., 2011a), for which the estimated
perfluorooctanoate concentration was reported
as 0.1 ng/g (Trudel et al., 2008).

However, drinking-water may have a larger
contribution to exposure to PFOA in some popul-
ations. For example, Kim et al. (2011b) estim-
ated that drinking-water ingestion contributes
30% of total exposure to PFOA in the Republic
of Korea, where urban water supplies are often
contaminated.

Drinking-water is thought to have been the
predominant source of intake of PFOA for a
highly exposed population near a production
facility in West Virginia, USA, studied by the
C8 Science Panel (Barry et al., 2013; Vieira et al.,
2013a; Steenland et al., 2014), where both surface
water and groundwater were contaminated by
water and air emissions from the facility (Shin
et al., 2011a).

Although residual amounts of PFOA
(4-75 ng/g) and 8:2 FTOH are contained in
non-stick cookware and can be released to the
gas phase in small quantities when heated to
normal cooking temperature, their contribution
to exposure tends to decline with repeated use
and is believed to be negligible compared with
other exposure sources (Fromme et al., 2009).
One study of four non-stick cookware items
(with three samples each) reported emission
rates of 19-287 and 42-625 pg/cm?, for PFOA
and 8:2 FTOH respectively, upon first heating
after purchase; concentrations of gas-phase
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PFOA were shown to decrease after repeated use
(four times) for some cookware brands, but not
for others. PFOA may be off-gassed at different
rates from non-stick coatings, depending on how
the non-stick coating was prepared and applied
(Sinclair et al., 2007).

1.4 Regulations and guidelines

The EPA has a Provisional Health Advisory
value of 0.4 ug/L for PFOA in drinking-water
(EPA, 2009b).

The European Food Safety Authority (EFSA)
recommended a tolerable daily intake (TDI) for
PFOA of 1.5 pg/kg bw per day (EESA, 2008).

The Environmental Agency of Norway has
announced the following limits on PFOA in
consumer products, which became effective
as from 1 July 2014: 10 ppm in substances and
mixtures; 1 mg/m? in textiles, carpeting, and
other coated consumer products; and 1000 ppm
in other consumer products. Food packaging,
food contact materials, and medical devices are
exempt from these limits in Norway (UL, 2014).

Germany has established an air quality
control limit for PFOA of 0.15 g/hour and
0.05 mg/m* of dusts (including ammonium
perfluorooctanoate) in exhaust gas (IFA, 2014).

PFOA and ammonium pentadecafluoro-
octanoate have been identified by the European
Chemicals Agency as a Substance of Very High
Concern under Article 57 (c) of the REACH
(Registration, Evaluation, Authorisation and
Restriction of Chemicals) regulations as toxic
for reproduction 1B and under Article 57 (d) as a
substance that is persistent, bioaccumulative, and
toxic, in accordance with the criteria and provi-
sions set out in Annex XIII of the Regulations
(ECHA, 2013).

2. Cancerin Humans

See Table 2.1, Table 2.2 and Table 2.3

Data on the occurrence of cancer in humans
exposed to PFOA are available from epidemio-
logical studies in three different types of popul-
ations: workers in chemical plants producing
or using PFOA, communities surrounding
a plant with environmental release of PFOA
and contamination of public and private water
supplies, and studies in the general population
with background exposures. These studies have
focused on cancers of the kidney, bladder, liver,
pancreas, testes, prostate, thyroid, and breast
because of initial findings from the epidemiolog-
ical studies, or because of congruence with sites
of toxicity identified in experimental studies in
animals. Cancer incidence, rather than mortality,
provides a stronger basis for inferring causation
for these diseases because, except for cancers of
the liver and pancreas, survival is relatively high
(i.e. 5-year survival, > 70%) for these cancer types
(SEER, 2014). Studies of incident cases of cancer
of the prostate may also present challenges with
respect to consideration of the influence of use
of screening tests (e.g. prostate-specific antigen
testing), and variation in use of these tests,
among study participants.

2.1 Occupational exposure

See Table 2.1

Studies of occupational cohorts were
conducted in plants in West Virginia (Leonard
et al., 2008; Steenland & Woskie, 2012) and
Minnesota (Gilliland & Mandel, 1993; Lundin
et al., 2009; Raleigh et al., 2014), USA; results
from the most recent general follow-up are
summarized in Table 2.1. A study of workers
producing tetrafluoroethylene (Consonni et al.
(2013) also provides some potentially relevant
information, but was not included in the tables
because the study population overlapped with
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other studies, and the assessment of exposure
to PFOA was limited. This study is reviewed in
detail in the Monograph on tetrafluoroethylene,
in the present volume. Two other studies exam-
ined workers at a plant producing perfluoro-
octanesulfonyl fluoride in a plant in Alabama,
USA (Alexander et al., 2003; Alexander & Olsen,
2007). The manufacturing process produced
PFOA as a by-product, and PFOA was also used
in some other production processes and was
manufactured at the plant beginning in 1998.
The focus of the studies in this plant has been
on perfluorooctanesulfonate (PFOS) exposure
measures, which are higher than, but correlated
with PFOA exposures (Olsen et al., 2003a); these
studies are not discussed further here.

For each of these cohorts, plant operations
began around 1950; the study in West Virginia
included individuals who had worked at least
1 day (Steenland & Woskie, 2012), while the
Minnesota cohort required at least 365 work days
for inclusion (Raleigh et al., 2014). The propor-
tion of women was approximately 20%, and
each was a relatively young cohort. The studies
included a cumulative-exposure indicator based
on a job-exposure matrix developed using serum
PFOA concentrations in workers or air-moni-
toring data, but differed in terms of the extent
of available samples and modelling of exposure,
with consideration of changes in exposure over
time. Standardized mortality ratios (SMR) for
all causes, all cancers, and heart disease ranged
from 0.7 to 1.0.

Steenland & Woskie (2012) examined
mortality risk in 5791 workers (1084 deaths)
in a fluoropolymer-production plant in West
Virginia, USA, with a mean follow-up of 30 years.
Exposure assessment was based on 2125 blood
samples collected from 1979 to 2004. These data
were used to define eight job group-categories
based on similarity of exposure (Woskie et al.
2012). The categories included three with direct
exposure, four with intermittent direct exposure,
and plant background. Restricted cubic spline

regression was used to model serum levels within
each job category over time. This analysis was
used to develop cumulative exposure estimates
for each worker, based on their job-history data.
Trends of increasing risk of cancer of the kidney
and mesothelioma with increasing exposure to
PFOA (P = 0.02) were observed, with standard-
ized mortality ratios of 2.66 (95% CI, 1.15-5.24;
8 cases) and 6.27 (95% CI, 2.04-14.63; 5 cases),
respectively, in the highest quartile of PFOA
exposure. There was no indication of increased
risk for cancers of the bladder, liver, pancreas,
breast, or prostate (Table 2.1). [A strength of this
study was the detailed exposure analysis, while a
limitation was the small numbers. The Working
Group interpreted the association between PFOA
exposure and risk of mesothelioma to be an indi-
cation of exposure to asbestos in these workers.]

Raleigh et al. (2014) examined mortality
risk in 4668 workers (1125 deaths) in a plant
manufacturing ammonium perfluorooctanoate
in Minnesota, USA, with a mean follow-up of
34 years. Exposure assessment was based on
205 personal air samples and 659 area samples
collected from production areas in 1977-2000;
exposures before 1977 were estimated based on
variation in annual production levels; procedures
and tasks had not changed over this period. The
exposure data were combined with job-history
data (department, job title, work area, equipment,
task and year) to estimate time-weighted average
exposures, which were then used to estimate
cumulative exposure estimates for individual
workers. Mortality was analysed for the period
1960-2008. Incidence data, based on Minnesota
and Wisconsin state cancer registries were also
included, but were limited to cases occurring
since 1988, when both of these registries were
in operation. Workers at another plant in the
area, manufacturing tape and abrasive products,
were used as the referent group (n = 4359) for
internal analyses of mortality and incidence. For
mortality from cancer of the bladder, the rela-
tive risk estimate for the combined upper two
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quartiles of exposure (compared with unexposed
referents) was 1.96 (95% CI, 0.63-6.15; 5 cases); in
the analysis of incidence of cancer of the bladder
(40 exposed cases), the pattern across the four
quartiles of cumulative exposure was 0.81, 0.78,
1.50, and 1.66, respectively (Table 2.1). Cancer of
the kidney was not associated with exposure to
PFOA in analyses of mortality (6 exposed cases)
or incidence (16 exposed cases). Examination of
incidence and mortality data in relation to cumu-
lative exposure revealed little or no evidence of
increased risk of cancer of the liver, pancreas,
prostate, or breast. Risks were not analysed for
cancers of the thyroid or testes. [The Working
Group noted the reasonable quality of the expo-
sure data. Another strength of this study was the
use of incidence data, but this analysis covered
only a 20-year period, which limited the number
of observed cases for some cancers.]

[In summary, these studies conducted in
two different occupational cohorts included
some evidence of an association between PFOA
exposure and cancer of the kidney (Steenland &
Woskie, 2012) or bladder (Raleigh et al., 2014),
with elevated risks seen at higher exposures in
one (but not both) of the studies. Elevated risk
of cancer of the liver, pancreas, or breast in rela-
tion to higher exposure was not seen in either
study, and the initial report of an increased risk
of cancer of the prostate (Lundin et al., 2009)
was not substantiated in subsequent analyses
(Steenland & Woskie, 2012; Raleigh et al., 2014).
These studies did not provide a basis for exam-
ining cancer of the testes or thyroid, since an
analysis of incidence data was not available for
these cancers.]

2.2 Community studies of high
exposure

See Table 2.2
An area along the Ohio River in West
Virginia and Ohio, USA, surrounding one of the

54

fluoropolymer production plants described in
the previous section has been the site of a series of
community health studies. Emissions from this
plant resulted in contamination of public water
systems and private wells with PFOA. Three
studies examined cancer risk for multiple cancer
types (Barry et al., 2013; Vieira et al., 2013b) or
specifically for cancer of the colon (Innes et al.

2014). [The Working Group noted that Barryetal.
(2013) and Vieira et al. (2013b) were overlapping,
rather than independent studies, in that the same
geographical areas and some of the same cases
are included in both analyses.]

Using a case-control design, Vieira et al.
(2013b) examined incident cancers occurring in
1996-2005, using West Virginia and Ohio state
cancer registries. Cases living in 13 counties
around the fluoropolymer production plant were
identified; analyses were limited to 18 cancer
types that were of a-priori interest, or that had at
least 100 cases in each state. The controls for each
analysis were all other cancer types, excluding
cancers of the kidney, liver, pancreas, and testes.
In one set of analyses, residence at time of diag-
nosis was used to assign study participants to
specific water districts in Ohio and West Virginia
(Vieira et al., 2010, 2013a). A more robust expo-
sure assessment was used in the second set of
case—control analyses, restricted to the Ohio
data, where exposure was estimated based on
street-level data. This information was combined
with emission data, environmental character-
istics, and pharmacokinetic data to estimate
annual exposure from 1951 to date of diagnosis,
assuming that residence at time of diagnosis
was the residence for the previous 10 years (Shin
et al., 2011a, b). Residence in a contaminated
water district was not associated with a notable
increase in the risk of any cancer. In analyses of
cancer incidence in relation to estimated serum
PFOA concentrations, elevated risks of cancer
of the kidney (2.0; 95% CI, 1.0-3.9; 9 cases) and
testes (2.8; 95% CI, 0.8-9.2; 6 cases), and more
modestlyincreased risks for cancer of the prostate
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(1.5; 95% CI, 0.9-2.5; 31 cases), and breast (1.4;
95% CI, 0.9-2.3; 29 cases) were observed in the
upper 10% of the exposure distribution. There
was no indication of an increased risk of cancers
of the bladder, liver, pancreas, or thyroid (Table
2.2). [A strength of this study was its use of inci-
dence data. A limitation was that for the part of
the sample residing in West Virginia, it was not
possible to conduct the more detailed exposure
assessment based on street addresses, reducing
the sample size for these analyses. Another limit-
ation was that the residential data were limited to
only one residence (i.e. residence at time of diag-
nosis), rather than a more complete residential
history.]

Barry et al. (2013) examined incident cancers
occurring in 1992-2011 based on self-reported
cancer diagnoses from questionnaires admin-
istered in 2005-2006 and 2008-2011 in a cohort
identified as a result of a lawsuit brought by
residents of the area surrounding the fluoro-
polymer production plant in West Virginia (the
C8 Health Project cohort; Frisbee et al., 2009).
Cancer diagnoses were verified through the state
cancer registries or medical record review (Barry
et al., 2013). The total sample size was 32 254, of
whom 3713 (11.5%) had worked at some time in
the production plant. Individual-level data on
residential history, drinking-water source, and
tap-water consumption were obtained from the
questionnaires. Annual exposure from 1952 to
date of diagnosis was estimated using models
incorporating this questionnaire data, emission
data, environmental characteristics, and pharm-
acokinetic (Shin et al., 2011a, b). For workers,
workplace exposure based on serum samples
and job-history data was also estimated. Barry
et al. (2013) included exposure-response anal-
yses based on cumulative exposure measures
for cancers of the kidney, testes, and thyroid.
In analyses with no exposure lag, the relative
risks for cancer of the kidney (n = 105 cases)
were 1.23, 1.48, and 1.58 in quartiles 2, 3, and 4,
respectively, compared with the lowest quartile

of exposure (P for trend, based on continuous
variable measure, 0.10). For cancer of the testes
(n = 17 cases), relative risks of 1.04, 1.91, and 3.17
across quartiles of exposure were observed (P for
trend, 0.05). The trend P using another test (i.e.
using median values of quartiles) was 0.04, and
the two P values for trend in the 10-year lagged
analysis were 0.02 and 0.10, respectively, for
quartile and continuous analysis. For cancer of
the thyroid, the relative risks by quartile were
1.54, 1.48, and 1.73 (P for trend, 0.20). Similar
results were obtained with a 10-year exposure
lag. There was no indication of increased risk
for the other cancer sites (liver, pancreas, pros-
tate, and breast) (Table 2.2). [The strengths of
this study included its use of incidence data and
individual-level exposure modelling using life-
time residential history, and the validation of the
exposure modelling.]

Innes et al. (2014) conducted a case-control
study of prevalent cases of cancer of the
colorectum among 47 359 participants in the
C8 Health Project (see Barry et al., 2013), using
medical history and blood samples collected
in the 2005-2006 survey. Self-reported cases
of cancer of the colorectum, verified by chart
review (n = 208) were compared to the 47 151
participants who did not report a history of any
type of cancer. An inverse association was seen
between serum PFOA concentrations and risk of
cancer of the colorectum, including in analyses
restricted to cases diagnosed within the past
6 years who had lived in the same residence for
the previous 10 or 15 years (Table 2.2). [A limit-
ation of this study was that the PFOA measure-
ments were taken after diagnosis, and so may not
have reflected the etiologically relevant exposure
to PFOA.]
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2.3 Studies in the general
population

See Table 2.3

Three population-based case-control studies
were available that examined PFOA serum
concentrations in relation to various types of
cancer (Eriksen et al., 2009; Bonefeld-Jorgensen
etal.,2011; Hardell etal., 2014). Exposure levels in
these studies were considerably lower than those
seen in the community studies of high exposure
or occupational studies described previously.

Eriksen et al. (2009) was a nested case-
control study of cancers of the bladder (n = 332
cases), liver (n = 67 cases), pancreas (n = 128
cases), and prostate (n = 713 cases) among
57 053 people in Denmark aged 50-65 years at
baseline; 772 controls selected from the cohort
were frequency-matched to the sex distribu-
tion of the cases. Blood samples were taken at
enrolment and stored for later analysis, with a
median time between enrolment and diagnosis
of 7 years. Median PFOA concentration among
controls was 6.6 ng/mL. There was no associa-
tion between variation in PFOA exposure in this
population and risk of cancers of the bladder
or liver (Table 2.3). For cancer of the pancreas,
the rate ratio in the highest quartile was 1.55
(95% CI, 0.85-2.80), and for cancer of the pros-
tate the corresponding rate ratio was 1.18 (95%
CI, 0.84-1.65). PFOS was also measured in the
blood samples; the correlation between PFOA
and PFOS was r = 0.70. PFOS was not associated
with cancers of the bladder, liver, or pancreas.
For cancer of the prostate, however, the rate
ratio for the highest quartile of PFOS exposure
was 1.38 (95% CI, 0.99-1.93) [A strength of this
study was that the PFOA measurements were
based on samples collected before diagnosis, and
thus are likely to reflect an etiologically relevant
time-window of exposure; however, the number
of cases of cancer of the liver was relatively small.
Another limitation was the relatively high correl-
ation between PFOA and PFOS, which hampered
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interpretation of the association with cancer of
the prostate seen with each of these exposures.]

Hardell et al. (2014) examined risk of cancer
of the prostate in relation to serum concentra-
tions of PFOA in a case-control study in Sweden
in 2007-2011 (n = 201 cases, 186 controls).
PFOA concentration was measured in whole
blood samples collected after enrolment (i.e.
after diagnosis for cases); among controls, the
median PFOA concentration was 1.9 ng/mL
(range, 0.35-8.4 ng/mL). There was no associa-
tion between PFOA concentration and cancer of
the prostate in the analysis of the full sample, but
a relative risk of 2.6 (95% CI, 1.2-6.0) was seen
among individuals who reported a first-degree
relative with cancer of the prostate, and who had
a serum PFOA concentration that was above the
median for controls (compared with individuals
with no family history of cancer of the prostate
and serum PFOA concentration that was greater
than the median for controls) (Table 2.3). [A
limitation of this study was that the PFOA meas-
urements were taken after diagnosis, and so may
not reflect a relevant time-window of exposure.]

Bonefeld-Jorgensen et al. (2011) examined
risk of cancer of the breast in relation to PFOA
exposure (and other environmental exposures,
including polychlorinated biphenyls, organo-
chlorine pesticides, and metals) in a small
case—control study (31 cases and 115 controls)
of incident cases of cancer of the breast in
Greenland in 2002-2003. Serum PFOA concen-
trations were measured in samples taken at the
time of diagnosis for cases, and at enrolment
for controls; among controls, the median PFOA
concentration was 1.6 ng/L (95% CI, 2.11-2.90).
Only 7 cases and 69 controls were included in
analyses adjusting for covariates (age, body
mass index, pregnancy, cotinine, breastfeeding,
and menopausal status) because of missing data
(Table 2.3). [The Working Group considered this
study to be uninformative because of the small
sample size resulting from the high proportion
of missing covariate data.]
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Perfluorooctanoic acid

3. Cancer in Experimental Animals

PFOA was tested for carcinogenicity by
the oral route of exposure (in the feed) in two
studies in rats. There were also four initiation-
promotion studies: two studies in rats and two
studies in rainbow trout. No studies of carcino-
genicity in mice exposed to PFOA were available
to the Working Group.

3.1 Rat

See Table 3.1

3.1.1 Oral administration

Two 2-year studies of carcinogenicity had
been conducted with PFOA (specifically, ammon-
ium perfluorooctanoate, or C8) in Sprague-Dawley
rats.

The first study was conducted by a pharma-
ceutical company in the USA. Original reports
of this study were submitted as regulatory docu-
ments to the EPA in 1983, and were not publicly
available until Butenhoff et al. (2012a) published
a report of this study. In this study, male and
female Sprague-Dawley rats [Crl:COBS@
CD(SD)BR] (age, 39-41 days) were given diets
containing PFOA at a concentration of 0, 30,
or 300 ppm, corresponding to an average daily
dose of approximately 0, 1.3, and 14.2 mg/kg
bw in males, and 0, 1.6, and 16.1 mg/kg bw in
females. At 2 years, there was a significant treat-
ment-related increase in the incidence of testic-
ular Leydig cell adenoma in males at 300 ppm
compared with concurrent controls, but not at
30 ppm. There was an increase in the incidence of
fibroadenoma of the mammary gland in females
at 30 and 300 ppm, but only the increase in the
group at 300 ppm was significant compared with
concurrent controls. There was an increase in the
incidence of hepatocellular hypertrophy in males
and females at the highest dose, and an increase
in the incidence of liver cystic degeneration and

portal mononuclear cell infiltrate in males at the
highest dose (Butenhoff et al., 2012a). In 2005, a
pathology working group was convened to review
the original slides of the mammary glands and to
provide a consensus diagnosis for the neoplasms
of the mammary gland using current diagnostic
criteria. The pathology working group concluded
that several lesions originally diagnosed as
lobular hyperplasia had features consistent with
fibroadenoma of the mammary gland (mainly in
slides from the control group), and that, conse-
quently, PFOA did not induce neoplasms of the
mammary gland (Hardisty et al., 2010). In a
review of the pancreatic lesions from the male
rats, using the same diagnostic criteria as those
applied in the study by Biegel et al. (2001) (see
below), a significant increase in the incidence of
pancreatic acinar cell hyperplasia was identified
atthehighestdose (3/46,1/46,10/47) (Caverly-Rae
et al., 2014). These hyperplastic lesions were
considered to be proliferative lesions similar to
the pancreatic acinar adenomas seen in the study
by Biegel et al. (2001), and this supported the
conclusion that the pancreas is a target of PFOA
in male rats.

In the second study, designed to compare the
carcinogenic effects of Wyeth-14643 with those
of PFOA (specifically, ammonium perfluoro-
octanoate) (Biegel et al., 2001), there was a treat-
ment group in which male Sprague-Dawley rats
[Crl:CD BR (CD)] (age, 6 weeks) were given diet
containing PFOA at a concentration of 300 ppm
for 2 years. There was also a control group that was
fed ad libitum, and a control group that received
the same amount of food as the PFOA-treated
group (pair-fed control group). The average daily
doses of PFOA were 0, 0, and 13.6 mg/kg bw in the
control group fed ad libitum, the pair-fed control
group, and the treated group, respectively. There
were initially 156 animals per group, but rats
were killed at various interim time-points for
measurements of cell proliferation, peroxisome
proliferation, and hormone levels. [It was unclear
how many rats were designated for pathological
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evaluation at the 2-year time-point. Survival data
were provided in graphic form only (the actual
numbers were not reported); the Working Group
estimated survival percentages from the graph
presented.] At 2 years, exposure to PFOA signif-
icantly increased the incidence of hepatocellular
adenoma, testicular Leydig celladenoma, pancre-
atic acinar cell adenoma, and pancreatic acinar
cell adenoma or carcinoma (combined). In the
testis, there was also an increase in the incidence
of Leydig cell hyperplasia in the treated group
compared with concurrent controls (Biegel et al.,
2001).

3.1.2 Initiation—promotion

In an initiation-promotion study, male
Wistar rats were given N-nitrosodiethylamine
(NDEA) at a dose of 200 mg/kg bw as a single
intraperitoneal injection (initiation), followed
2 weeks later by diet containing 0.05% pheno-
barbital, 0.015% PFOA [analytical grade, purity
not reported], or 0.02% PFOA, for 46 weeks
(Abdellatif et al., 1991). A control group was
initiated with NDEA and was fed untreated
diet. There were 10 rats per group. The average
daily doses of phenobarbital and PFOA were not
reported. Survival in the initiated group was
7/10, 7/10, 7/10, and 9/10 in the control group,
the phenobarbital-treated group, and the groups
treated with 0.015% PFOA, and 0.02% PFOA,
respectively. No tumours were identified in rats
that died at an early stage of the experiment,
all within the first 8 months of the study, with
the cause of death reported to be pneumonia
in all cases. At 12 months, there was a signifi-
cant increase in the incidence of NDEA-induced
hepatocellular carcinoma in the rats receiving
0.02% PFOA compared with the control group.
No organs other than the liver were evaluated
in this study. [The Working Group noted the
small number of animals and the absence of liver
tumours in the control group.]
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In an initiation-selection-promotion study,
male Wistar rats were initiated with NDEA at a
dose of 200 mg/kg bw as a single intraperitoneal
injection (Abdellatif et al., 1990, 1991). After 2
weeks, they were given diet containing 0.03%
2-acetylaminofluorene (2-AAF) for 2 weeks.
After 1 week of treatment with 2-AAF, the rats
received a single necrogenic dose of carbon tetra-
chloride (2 mL/kg bw) by gavage. One week after
the cessation of treatment with 2-AAF, the rats
were given diet containing 0.05% phenobarbital
or 0.015% PFOA for 23 weeks. A control group
were initiated with NDEA then received 2-AAF
plus carbon tetrachloride, but was fed untreated
diet. The average daily doses of 2-AAF, pheno-
barbital, or PFOA were not reported. There were
7 rats in the control group, 8 rats in the pheno-
barbital-treated group, and 12 rats in the PFOA-
treated group. Survival was 100% in all groups.
The incidences of hepatic cancers were 0/7, 6/8,
and 4/12 in the control, phenobarbital-treated,
and PFOA-treated groups, respectively. The inci-
dences in the phenobarbital-treated and PFOA-
treated groups were significantly increased
compared with controls. The cancers reported
were hepatocellular carcinomas in all cases,
except for one in the PFOA-treated group, that
was reported as “other histologic type” and not
further classified. [The Working Group noted
the small number of animals, the absence of
liver tumours in the control group, and the large
amount of 2-A AF and chloroform administered.]

3.2 Rainbow trout
See Table 3.2

Initiation—promotion

Rainbow trout have been used as a model of
hepatic carcinogenesis for many years and are
sensitive to several suspected human carcino-
gens, including the hepatic carcinogens aflatoxin
B, (AFB,) and polycyclic aromatic hydrocarbons
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(Williams et al., 2003, Williams, 2012). The
background incidence of hepatic neoplasms is
reported to be approximately 0.1% at age 9-12
months (Williams et al., 2003).

In an initiation-promotion study in rainbow
trout (Mount Shasta strain), one cohort of four
groups (with approximately 250 fish per group)
was exposed to either 0.01% ethanol (non-
initiated sham control) or 10 ppb AFB, for 30
minutes by aqueous exposure at 10 weeks post-
spawn. Another cohort of three groups (with
approximately 167 trout per group) was exposed
to either 0.01% dimethylsulfoxide (non-init-
iated sham control) or N-methyl-N"-nitro-N-
nitrosoguanidine (MNNG) at 35 ppm for 30
minutes by aqueous exposure at 10 weeks post-
spawn. For the subsequent 4 weeks, the trout were
fed untreated feed (Oregon Test Diet, or OTD, a
semipurified, casein-based diet). Beginning at 14
weeks post-spawn (4 weeks after initiation), the
trout were given feed containing PFOA at 2000
ppm for six months after which the trout were
held for 3 months before necropsy. Control trout
were fed untreated OTD. The average daily dose
of PFOA was not reported.

In the first cohort, there were four groups:
non-initiated sham control/untreated feed
control, AFB /untreated feed control, non-init-
iated sham control/PFOA, and AFB /PFOA.
Neither non-initiated group developed hepatic
neoplasms. The group initiated with AFB, had an
incidence of hepatic neoplasms of 13%, while the
group initiated with AFB, and promoted with
PFOA had an incidence of hepatic neoplasms of
62%, which was significant compared with the
AFB,/control group. In the second cohort, there
were three treatment groups as follows: non-
initiated sham control/untreated feed control,
MNNG/untreated feed control, and MNNG/
PFOA. While the control/control group did
not develop hepatic neoplasms, both MNNG-
initiated groups developed hepatic neoplasms.
There was, however, a significant increase in the
incidence of hepatic neoplasms in the MNNG/
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PFOA group (86%) compared with the MNNG/
control group (51%) (Benninghoff et al., 2012).

4, Mechanistic and Other
Relevant Data

4.1 Toxicokinetic data

An extensive database was available on the
toxicokinetics of PFOA in humans, non-human
primates, rodents and other species of experi-
mental animal. Toxicokinetic studies have been
conducted in adult animals, and also in preg-
nant or lactating dams, neonates and fetuses
at various stages of development. In addition,
several physiologically based pharmacokinetic
models have been developed for humans and
animals (primates and rodents), and for different
life stages.

4.1.1 Absorption

PFOA is essentially completely absorbed after
oral exposure, and is also absorbed dermally and
by inhalation of dust.

(a) Humans

The only experimental data in humans were
from a phase I clinical trial that used a purified
straight-chain isomer of the ammonium salt
of PFOA (compound CXR1002, United States
patent application publication 2013/0029928)
(Elcombe et al., 2013). A total of 43 subjects (all
with tumours of varying tissue origin) were given
an oral dose of 50-1200 mg of CXR1002 each
week, for up to 6 weeks. Rapid absorption was
observed and peak plasma concentrations were
noted at ~1.5 hours. After repeated weekly doses,
plasma levels increased in stepped increments
in all subjects, indicating continued absorption
and accumulation with repeated exposure. The
study group comprised an approximately equal
number of males and females, ranging in age
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from age 39 to 78 years; no age or sex differences
in the internal dose were found.

Percutaneous absorption of the ammonium
salt of PFOA through human skin was shown
in an in-vitro study, which reported the perme-
ability coefficient to be 9.49 + 2.86 x 107 cm/h
(Fasano et al., 2005).

(b)  Experimental systems

(i)  Non-human primates

The pharmacokinetics of PFOA have been
investigated in one set of experiments in
non-human primates. Specifically, groups of
four to six male cynomolgus monkeys were
given daily (7 days per week) oral doses (0, 3, 10
or 20 mg/kg bw) of the ammonium salt of PFOA
for 6 months, and pharmacokinetic data were
collected (Butenhoff et al., 2002, 2004). While
blood samples were collected only at approxi-
mately 2-week intervals, and considerable vari-
ability occurred, serum levels of PFOA reached
steady state within 4-6 weeks after initiation
of treatment. Mean serum PFOA values per
group during treatment increased with, but were
not linearly proportional to, dose. Incomplete
absorption was suggested by lower observed
steady-state serum PFOA concentrations from
oral exposures than predicted from a single
intravenous exposure (Butenhoff et al., 2004).

(i) Rats

Oral bioavailability of the ammonium salt
of PFOA in rats (males and females) is approx-
imately 100% (Kennedy et al., 2004). For
example, after a single oral dose of “C-labelled
PFOA ammonium salt in male CD rats, 93% of
the administered dose was absorbed within 24
hours (Gibson & Johnson, 1979). After PFOA
administration by oral (up to 25 mg/kg bw) or
intravenous (1 mg/kg bw) routes in male and
female Sprague-Dawley rats, similar concen-
tration-time profiles were observed in plasma,
indicating 100% oral bioavailability (Kemper &
Jepson, 2003). This study also reported that peak

plasma concentrations were observed at 1.25 and
10.5 hours for females and males, respectively,
after oral administration. However, it is likely
that these different concentrations were due to
sex differences in excretion (discussed below),
rather than differences in absorption. A study
by Cui et al. (2010) demonstrated that more
than 92% of the dose was absorbed when male
Sprague-Dawley rats were exposed to PFOA (0,
5, and 20 mg/kg bw per day once daily by gavage
for 28 days).

In a study of inhalation exposure of PFOA
(0, 1, 8, or 84 mg/m?, 6 hours per day, 5 days per
week for 2 weeks) in Crl:CD rats, absorption was
found to be dose-dependent (Kennedy et al.,
1986). Similar to the results from oral and intra-
venous exposures, peak blood levels of PFOA
were observed at less than 1 hour and 8 hours
for females and males, respectively (Kennedy
et al., 2004). PFOA absorption after inhalation
exposures to aerosols (0, 1, 10, or 25 mg/m?) was
studied in male and female Sprague-Dawley rats
(Hinderliter, 2003). Effective absorption was
shown in both sexes; however, the male C_
values were approximately 2-3 times higher
than the female C_ . [The Working Group
noted that this could be due to sex differences in
elimination.]

As demonstrated by detection of PFOA in
blood, the ammonium salt of PFOA (0, 20, 200, or
2000 mg/kg bw, 6 hours per day, 5 days per week
for 2 weeks) in male Crl:CD rats was effectively
absorbed after dermal administration; however,
therateofabsorptionwasnotestimated (Kennedy,
1985). Percutaneous absorption of ammonium
salt of PFOA through rat skin was shown in an
in-vitro study that reported the permeability
coefficient to be 3.25 + 1.51 x 10~ cm/h (Fasano
et al., 2005).

(i) Mice
Rapid absorption of PFOA, as judged by

the time of maximum observed concentration
(4-8 hours), was observed in male and female
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CD1 mice given single oral doses of PFOA at 1
and 10 mg/kg (Lou et al., 2009). The concentra-
tions of PFOA in the liver and kidney followed
a kinetic profile similar to that in blood. PFOA
concentrationsin theliver were found tobe higher
than those in sera, while both were substantially
higher than in the kidney.

(iv)

Other species

Indirect evidence of dermal absorption was
provided by the demonstration of PFOA lethality
inastudy of male and female New Zealand White
rabbits exposed dermally to PFOA at a dose of
100, 1000, or 2000 mg/kg bw per day for 14 days
(O’Malley & Ebbins, 1981). No quantitative data
were obtained on serum or tissue concentra-
tions of PFOA; all animals died in the group at
the highest dose, some died in the group at the
intermediate dose, and none died in the group at
the lowest dose.

4.1.2 Distribution

(a)  Humans

The high solubility of PFOA in water
suggests wide distribution in the body. Systemic
availability of PFOA is expected, as it has been
measured in human blood after environmental,
occupational, and experimental clinical expo-
sures (Calafat et al., 2007b; Olsen et al., 2007;
Bartell et al., 2010; Elcombe et al., 2013). Some,
but not all, human donor livers also contained
quantifiable levels of PFOS, presumably due to
environmental exposures (Olsen et al., 2003b).
In a recent study of perfluorinated chemicals in
five autopsy tissues from 20 individuals in Spain
(Pérez et al., 2013), the largest amounts of PFOA
(per g wet weight of tissue) were found in bone,
followed by the lung, liver, and kidney. PFOA
was not detected in the brain. PFOA was found
in the kidney, albeit in smaller amounts, in 95%
of subjects, while detectable levels in liver, bone
and lung were observed in 42-55% of subjects.
The median ratio of PFOA concentrations in
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cerebrospinal fluid versus blood was reported as
17.6 ( x 10-?), suggesting that PFOA cannot pass
freely through the blood-brain barrier (Harada
et al., 2007). Yeung et al. (2013) reported detect-
able levels of PFOA in all matched samples of
serum (range, 0.44-45.5 ng/mL) and liver (range,
0.10-2.3 ug/mL) from 66 subjects who under-
went liver transplantation.

PFOA has been found in human breast milk
(Kérrman et al., 2007; Tao et al., 2008; Volkel
et al., 2008; von Ehrenstein et al., 2009; Llorca
et al., 2010; Thomsen et al., 2010) and in umbil-
ical cord blood (Apelbergetal.,2007a, b; Midasch
etal., 2007; Monroy et al., 2008; Chen et al., 2012;
Arbuckle et al., 2013), indicating that it can cross
the placenta and partition into milk, exposing
the fetus and neonate.

Multiple studies have demonstrated that
PFOA can bind substantially to plasma proteins,
potentially limiting distribution to tissues. In
a study of human plasma protein fractions,
albumin, B-lipoproteins, and a-globulin bound
effectively to PFOA, with albumin being most
efficient (> 96% binding); other human plasma
proteins exhibited binding of < 10% (Kerstner-
Wood et al., 2003). Analysis of PFOA distribu-
tion into serum lipoprotein fractions in humans
found that 40% of the administered dose of
PFOA can bind to B-lipoproteins in physiological
saline. In human donor plasma lipoprotein frac-
tions, however, most PFOA was found in lipopro-
tein-depleted plasma. Plasma density gradient
fractionation suggested that only 1% or less of
PFOA is distributed to lipoprotein-containing
fractions (Butenhoff et al., 2012b). Overall, it has
been estimated that more than 90% of PFOA
would be bound to serum albumin in human
blood (Han et al., 2003). Consistent with this esti-
mate, another study with various concentrations
of PFOA (1-500 ppm) observed > 99% protein
binding in human plasma (Kerstner-Wood et al.,
2003).

PFOA also has affinity for liver fatty acid-
binding protein (L-FABP), but far less than that
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ofanaturalligand oleicacid (Luebker etal., 2002).
Weiss et al. (2009) used a radioligand-binding
assay to measure binding of PFOA and other
perfluorinated compounds to serum human
thyroid hormone transport protein, transthyr-
etin; PFOA was found to have a high binding
affinity for transthyretin and caused inhibition
of binding of the natural ligand, thyroxine (T4).

(b)  Experimental systems

(i)  Non-human primates

Systemic availability of PFOA has also been
demonstrated in non-human primates. A single
intravenous dose of PFOA potassium salt of
10 mg/kg bw was administered to three male
and three female cynomolgus monkeys that
were aged approximately 3—4 years at the start of
the study (Butenhoff et al., 2004). The monkeys
were observed, and urine, faeces, and blood
were collected for up to 123 days after the injec-
tion. The volume of distribution at steady-state
was 181 + 12 and 198 + 69 mL/kg for males and
females, respectively, which suggests distribu-
tion primarily in extracellular space (Butenhoff
et al., 2004).

Data on tissue distribution in non-human
primates were limited to the liver. In a study
in male cynomolgus monkeys given the
ammonium salt of PFOA by oral gavage (for up
to 6 months), PFOA concentrations in the liver
were less than those in either serum or urine,
and did not increase in linear proportion to dose
(Butenhoff et al., 2002, 2004). [The Working
Group noted that the steady-state serum PFOA
concentrations were lower than would have been
predicted from the study of intravenous admin-
istration (Butenhoff et al., 2004) and suggested
the existence of enterohepatic recirculation of
PFOA.]

Plasma protein binding has also been
observed in non-human primates. Greater than
99% protein binding was observed in monkey

plasma at various concentrations of PFOA (1-500
ppm) (Kerstner-Wood et al., 2003).

(i) Rats

Several studies on the tissue distribution
of PFOA in rats suggested that most of the
delivered dose is found in the blood, liver, and
kidney (Johnson et al., 1984; Ylinen et al., 1990;
Kemper & Jepson, 2003; Kennedy et al., 2004). In
male rats given “C-labelled PFOA ammonium
salt as a single gavage dose at 10 mg/kg bw,
small amounts (5-10% of the administered
dose) were found in the lungs, heart and skin,
and trace amounts (0.5-3%) were found in the
testes, muscle, fat, and brain 5 days after dosing
(Kennedy et al., 2004). Female CD rats given
14C-labelled PFOA ammonium salt as a single
oral dose at 10 mg/kg bw had negligible amounts
of the radioactive compound in organs and
tissues collected 5 days after dosing (Hundley
et al., 2006). The volume of distribution values in
male and female rats were similar to those found
in cynomolgus monkeys (Ohmori et al., 2003;
Butenhoff et al., 2004).

In plasma from male and female rats, most
PFOA (> 90%) was found to be in protein-bound
form, and the primary PFOA-binding protein
in rat plasma was serum albumin (Ylinen et al.
1990; Han et al., 2003; Ohmori et al., 2003). At
various concentrations of PFOA (1-500 ppm),
> 97% protein binding was observed with rat
plasma (Kerstner-Wood et al., 2003). There was
little evidence that PFOA binds to glutathione or
other thiols such as coenzyme A (Kuslikis et al.
1992; Vanden Heuvel et al., 1992a).

PFOA is known to enter enterohepatic circu-
lation in the rat, but this process is not a major
elimination route (Johnson et al., 1984).

Transplacental transfer of PFOA was reported
to occur in the rat. In a study in 19-day pregnant
dams given “C-labelled PFOA as a single oral
gavage dose at 10 mg/kg bw, PFOA was detected
in fetuses with maternal blood:fetal ratio of
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22:4.5 between 2 and 8 hours, respectively, after
dosing (Kennedy et al., 2004).

The placental and lactational transport
pharmacokinetics of PFOA in rats were studied
by Hinderliter et al. (2005). In this study, time-
mated female rats were given PFOA by oral
gavage once daily at concentrations of 3, 10, or
30 mg/kg bw per day, starting on day 4 of gest-
ation and continuing until termination. Steady-
state concentrations of PFOA in breast milk were
found to be 10 times less than those in maternal
plasma. The concentration of PFOA in fetal
plasma on day 21 of gestation was approximately
half the steady-state concentration in maternal
plasma. The concentrations in milk appeared
to be generally similar to the concentrations in
pup plasma. PFOA was also detected in placenta
(days 15 and 21 of gestation), amniotic fluid (days
15 and 21 of gestation), embryo (days 10 and 15 of
gestation), and fetus (day 21 of gestation).

(iii)  Mice

Theavailable data on distribution in mice were
consistent with studies in humans, non-human
primates, and rats. In male and female CD-1
mice given “C-labelled PFOA ammonium salt
as single and repeated doses at 10 mg/kg bw,

the largest amounts of radiolabelled compound
were found in the blood and liver (Kennedy

of dose, indicating exposure through milk. The
distribution of PFOA in milk compared with
serum was found to be in excess of 0.20. In a
repeat-dosing study with PFOA administered
on days 1-17 or 10-17 of gestation, high PFOA
concentrations were found in the liver and serum
of the offspring for up to 6 weeks after birth;
brain concentrations were low, and became
undetectable 4 weeks after birth (Macon et al.
2011). Although maternal exposures in this study
ceased on day 17 of gestation, the body burden
of PFOA in the pups continued to increase until
day 14 after birth, which was indicative of breast
milk-derived PFOA exposure in the newborns.

(iv)  Other species

In male and female rabbits (New Zealand
White) and male hamsters (BIO-15.16) given
a single oral gavage dose of “C-labelled PFOA
ammonium salt at 10 mg/kg bw, organs and
tissues contained negligible amounts of radio-
label by 168 or 120 hours, respectively, after
dosing (Hundley et al., 2006). Female hamsters
in the same study had the highest concentra-
tions of radiolabel (7-9%) in the blood, liver, and
kidneys, followed by the lungs, heart, and skin
(all 3-4%). Negligible amounts (< 2%) were found
in the fat, muscle, and brain (Kennedy et al.,
2004; Hundley et al., 2006).

et al., 2004). Trace amounts (0.2-3% of the
administered dose) were found in other tissues,
including the kidneys, skin, lungs, heart, testes,
muscle, fat, and brain. No sex difference in tissue
distribution was observed.

Several studies in mice addressed expo-
sure to PFOA in utero and in breast milk. In a
single-dose study, maternal and pup fluids and
tissues were collected over time after exposure
to different doses of PFOA (0, 0.1, 1, or 5 mg/kg
bw) administered on day 17 of gestation (Fenton
et al., 2009). Serum PFOA concentrations were
significantly higher in pups than their respective
dams, and their body burden of PFOA increased
after birth until atleast postnatal day 8, regardless
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4.1.3 Metabolism

Evidence from studies in humans and experi-
mental animals (i.e. rats) shows that PFOA is not
metabolized. D’eon & Mabury (2011) failed to
detect any biotransformation products of PFOA
in the faeces of rats exposed to polyfluoroalkyl
phosphate esters. Moreover, no conjugation of
PFOA to lipids or polar metabolites of PFOA
in the urine or bile of male or female rats was
detected (Vanden Heuvel et al., 1991). Despite
PFOA being an organic acid and belonging to
a diverse group of peroxisome proliferators that
have been hypothesized to require activation by
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Table 4.1 Species- and sex-specific differences in the elimination half-life of perfluorooctanoic

acid (PFOA)

Species Sex Elimination half-life Reference

Human Mostly males 3.8yr Olsen et al. (2007)
Males and females 2.3yr Bartell et al. (2010)

21 + 12.5 days (i.v.)

Noker (2003), Butenhoff et al. (2004)

19.5-20.8 days (p.o.)

Monkey, cynomolgus Male
Female
Rat Male 7-12 days
Female <1 day
Mouse Male 19-21 days
Female 15-17 days
Dog Male 20-23 days
Female 8-13 days
Rabbit Males and females <1day
Cattle Male <1 day

32.5 + 8.0 days (i.v.)

Kemper & Jepson (2003)

Kudo & Kawashima (2003), Lou et al. (2009)

Hanhijarvi et al. (1988)

Kudo & Kawashima (2003
Lupton et al. (2012)

iv., intravenous; p.o., oral; yr, year

formation of a coenzyme A (CoA) thioester, no
CoA derivative has been found (Kuslikis et al.,
1992). Based on PFOA having a free carboxyl
group, another potential metabolic pathway
is glucuronidation. However, in-vitro studies
in liver microsome preparations from rat and
human liver, kidney, and intestines also failed to
detect formation of PFOA-glucuronide (Kemper
& Nabb, 2005). Fluorine-19 nuclear magnetic
resonance (NMR) spectroscopy of various body
fluids and livers of male Fischer 344 rats exposed
to PFOA detected only the parent compound,
and showed no evidence for any fluorine-cont-
aining metabolites (Goecke et al., 1992). The
absence of metabolism seems to be accounted
for by the extremely strong fluorocarbon bonds
in the PFOA molecule (Ophaug & Singer, 1980;
Vanden Heuvel et al., 1991).

4.1.4 Excretion

PFOA is eliminated primarily in the urine,
with lesser amounts eliminated in the faeces
(including as a result of biliary excretion) and
expired air. Available data on elimination half-
lives of PFOA by species and sex are summa-
rized in Table 4.1. Renal clearance is the major

determinant of the elimination rate, and is
inversely correlated (r2 = 0.91) with serum half-
life across species (Han et al., 2012). Sex-specific
differences in the elimination of PFOA have also
been observed in some, but not all, species. For
instance, male hamsters excrete PFOA more
rapidly than female hamsters. In dogs, the half-
life of PFOA is longer in males. In cynomolgus
monkeys, the half-life of PFOA is somewhat
longer in females. In contrast, sex-specific differ-
ences are not observed in mice or rabbits, or in
humans. Renal transport processes have also
been hypothesized to be determinants of overall
renal clearance. The available data for different
species are described below.

(a)

Human

Two studies in humans were informative
with regard to providing numerical estimates of
the serum half-life of PFOA. In a study of 26 (24
male, 2 female) retired fluorochemical-produc-
tion workers (at the time of initial blood collec-
tion, subjects had been retired for an average of
2.6 years), followed up for 5 years, the arithmetic
mean serum half-life of PFOA was 3.8 years
(Olsen et al., 2007). In a study of 200 people
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(equal male/female participation) exposed via
public water supplies and followed for 1 year after
installation of filtration for the water supplies,
the mean half-life was 2.3 years (Bartell et al.
2010). A clinical trial with CXR1002, a purified
straight-chain isomer of the ammonium salt
of PFOA, could not determine the elimination
half-life due to the relatively short duration of the
study (less than 6 weeks), other than to deter-
mine that it was greater than 6 weeks (Elcombe
et al., 2013).

Biliary excretion of PFOA was significantly
higher than serum clearance via the urine, but
does not substantially contribute to overall elim-
ination, due to high biliary reabsorption (Harada
et al., 2007).

Of all species studied, humans have the
highest estimated percentage of renal tubular
reabsorption of PFOA - 99.94% - an observation
that has been attributed to the high affinity of
PFOA for human uptake transport proteins (Han

from the renal cell across the apical brush-border
membrane (BBM) and into the tubular lumen.
Besides secretion, PFOA that undergoes
glomerular filtration can also be reabsorbed by
transport from the tubular lumen across the
BBM and into the proximal tubular cell. Two
human renal BBM carriers, the organic anion
transporter 4 (OAT4; SLC22AI11) and urate
transporter 1 (URAT1; SLC22A12) have been
identified as mediating the initial step in the
reabsorption of PFOA (Nakagawa et al., 2009;
Yang et al., 2010). OAT4, which is only expressed
in human kidney, is thought to act primarily
in the facilitated uptake of organic anions, and
URAT]I similarly mediates the facilitated uptake
of various organic anions including urate. While
OAT4 exhibited a lower affinity for PFOA (172-
310 uM) than the basolateral membrane carriers,
the affinity of URAT1 for PFOA (64.1 puM)
was similar to that of OATI1 and OAT3 (Yang
et al., 2010). In addition to the various SLC22A

et al., 2012). Two transporters on the basolateral
membrane of human proximal tubular cells have
been identified as contributing to renal secretion
(i.e. uptake from blood into the cell) of PFOA,
namely the organic anion transporter 1 (OAT1;
solute carrier family 22 member 6 SLC22A6) and
organic anion transporter 3 (OAT3; SLC22A8)
(Nakagawa etal., 2008). This has been established
by the use of human embryonic kidney HEK 293
cells expressing the specific transporter cDNAs.
Both transporters are secondary active carriers
that mediate the uptake of a broad range of
organic anions in an electroneutral exchange for
2-oxoglutarate. Both carriers exhibited a reason-
ably high affinity for PFOA, with K values for
OAT1 and OAT3 being 48 pM and 49.1 pM,
respectively (Nakagawa et al., 2008). Human
organic anion transporter 2 (OAT2; SLC22A7)
does not participate in PFOA uptake across the
basolateral membrane (Han et al., 2012). No
transporters in human renal proximal tubular
cells have been identified as being responsible for
the efflux step, which involves transport of PFOA
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family proteins on the BBM, human kidney also
expresses carriers from the solute carrier organic
anion (SLCO) family of organic anion-trans-
porting polypeptides (OATPs). The major SLCO
carrier in the BBM of human proximal tubular
cells is OATP1A2 (SLCOIA2). Despite its broad
specificity for catalysing uptake of organic anions
and even some organic cations, OATP1A2 is not
capable of transporting PFOA (Yang et al., 2010;
Han et al., 2012).

Like the process of secretion, which ends
with efflux across the BBM (i.e. cell to lumen),
reabsorption ends with efflux across the basolat-
eral membrane (i.e. cell to blood). Also similar
to the process of secretion for PFOA, no specific
carrier involved in the efflux step at the baso-
lateral membrane has been identified in human
proximal tubules. Thus while efflux clearly occurs
and is carrier-mediated, no evidence is available
for a role for any of the major eftlux carriers (e.g.
multidrug resistance-associated proteins) in PFOA
transport.
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(b)  Experimental systems

(i)  Non-human primates

In cynomolgus monkeys (three males and
three females) given a single intravenous dose of
PFOA potassium salt at 10 mg/kg bw, the range
of serum PFOA elimination half-lives was 14-42
days, with a mean of 21 + 12.5 days in males and
32.5 + 8 days in females. The difference in elim-
ination between the sexes was not statistically
significant (Noker, 2003).

In male cynomolgus monkeys treated with
repeated oral doses of the ammonium salt of
PFOA, the serum PFOA elimination half-life
was 19.5 days and 20.8 days for groups that
received PFOA at 10 mg/kg bw or 20 mg/kg bw,
respectively (Butenhoff et al., 2002, 2004). First-
order elimination kinetics were reported for
both doses. Elimination through the urine and
faeces (via bile and enterohepatic recirculation)
was reported with a much greater (at least three-
fold) concentration of PFOA in the urine than
in faeces at all doses tested, indicating that the
amount of PFOA eliminated in the faeces was at
least 25-fold lower than in the urine (per mg of
PFOA excreted calculated using estimated faecal
and urine quantities).

It was estimated that in Japanese macaque,
the process of reabsorption of PFOA predom-
inates over clearance, with 81% and 91% reab-
sorption in females and males, respectively (Han
et al., 2012). However, it is not clear which renal
transporters may be responsible for clearanceand
reabsorption of PFOA in non-human primates.

(i) Rats

In a study in rats given “C-labelled PFOA
intravenously, females excreted essentially 100%
of the administered dose within the first 24 hours
after dosing. In contrast, the males excreted only
about 20% of the administered dose within 24
hours; by 36 days after dosing, male rats had
excreted 83% via the urine and 5.4% via the
faeces, and retained 2.8% and 1.1% of the total

radiolabel administered in the liver and plasma,
respectively, with detectable levels in other
tissues (Johnson & Ober, 1980). Similar obser-
vations were made after oral administration.
For example, in a study of CD rats given a single
oral dose (10 mg/kg bw) of “C-labelled PFOA
ammonium salt, substantial sex differences in
excretion were observed (Hundley et al., 2006).
Female rats excreted > 99% of the radiolabel
within 120 hours after dosing, while the male rat
excreted only 39% in the same time period.

In studies of oral and intravenous adminis-
tration of PFOA, approximately 25% of the radio-
label in females and 10% in males was found in
the faeces, representing either unabsorbed PFOA
(in oral studies) or PFOA from biliary excretion.
For example, in male Charles River CD rats, a
single intravenous dose of “C-labelled PFOA
ammonium salt (13.3 mg/kg bw) was eliminated
in the urine and faeces, although elimination in
the urine was about twofold higher than in the
faeces after a 14-day observation period (Johnson
et al., 1984).

Biliary excretion and faecal elimination of
PFOA was reported to be a minor pathway in
male and female rats (Kudo et al., 2001). Biliary
excretion is slower in male than female rats
(Kudo et al., 2001).

In a study that compared the rate of urinary
excretion of PFOA (2 mg/kg bw, by oral gavage)
in male and female Holtzman rats, female rats
were found to excrete 76% of the administered
dose in 24 hours, while male rats excreted only
9% (Hanhijarvi et al., 1982). This suggested that,
in female rats, PFOA may be eliminated by an
active secretion mechanism, because of the high
PFOA:inulin clearance ratio, and the fact that
PFOA clearance was inhibited by probenecid, an
inhibitor of active renal secretion system, by over
sevenfold in female rats; in males, the inhibition
was less than twofold.

Sex-specific differences in the renal clear-
ance of PFOA in the rat have been attributed
to sex-hormone dependence. Testosterone was
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shown to inhibit renal excretion of PFOA in
male rats, but not females (Vanden Heuvel et al.,
1992b). Conversely, estradiol increased urinary
excretion of PFOA in castrated and intact male
rats (Ylinen et al., 1989). Sex-specific differences
in serum concentration, but not renal clearance,
of PFOA were also reported in weanling rats,
suggesting that the difference in renal clearance
in adult rats may be a result of sexual maturation
(Kojo et al., 1986). Indeed, the sex-specific differ-
ence in PFOA elimination is developmentally
regulated and the ability of female rats to rapidly
excrete PFOA develops at between age 3 and 5
weeks (Hinderliter et al., 2006).

It has been hypothesized that a saturable
renal transport process (reabsorption) in the
proximal tubule of the kidney is responsible for
the long plasma half-lives of PFOA in male rats.
In female rats, net secretion of PFOA predomin-
ates over net reabsorption, while in male rats the
opposite is true, with the estimated percentage
of reabsorption at 94% (Han et al., 2012). No
evidence is available for the function of a specific
rat basolateral membrane efflux carrier in PFOA
reabsorption.

Transporter activity has been studied in rats,
and several organic anion transporters have been
found to mediate PFOA transport, including
Oatl, Oat3, Uratl, and Oatplal (Yang et al.,
2009a; Weaver et al., 2010). K values that are
similar to those of the human orthologues, in the
range of 50-80 uM, have been reported for rat
Oatl and Oat3 (Nakagawa et al., 2008; Weaver
et al., 2010). In models of heterologous expres-
sion, rat Oat3 exhibited a 1.5-fold higher V__for
PFOA than rat Oatl, suggesting that the former
may play the larger role in PFOA uptake from the
blood and in renal secretion (Weaver et al., 2010).

The transporters on the BBM of the prox-
imal tubular cells that are involved in PFOA
transport are very different in rats and humans.
While OAT4 (only expressed in humans) and
URATT1 are the carriers identified from the BBM
of human proximal tubules, only the rat organic
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anion transporting polypeptide lal (Oatplal;
Slcolal) has been confirmed to transport PFOA
from the tubular lumen into the proximal tubular
cell (Yang et al., 2009a). Neither Uratl and Oat2
function in PFOA uptake across the rat renal
BBM. Regarding efflux across the BBM, which
is the critical last step in the renal secretion
process, no specific carriers have been identified,
but Mrp2 does not function in PFOA efflux (Han
et al., 2012).

The sex-specific difference in rat elimina-
tion half-life for PFOA has been suggested to
be due to differential expression of renal trans-
porter proteins, in particular Oatplal (Kudo
et al., 2002; Weaver et al., 2010). It is not clear,
however, whether sex differences in expression of
other transporters may play a role in clearance
of PFOA, as no differences between males and
females were observed in studies with PFOA and
probenecid, an inhibitor of both Oatl and Oat3
(Kudo et al., 2002).

(iii)  Mice

In a study of male and female CD-1 mice
treated with “C-labelled PFOA ammonium
salt as a single oral dose (10 mg/kg bw), both
male and female mice excreted only 21% of
the administered radiolabel by 120 hours after
dosing (Hundley et al., 2006). The estimates of
percentage of PFOA renal reabsorption in mice
are > 95% in both males and females (Han et al.
2012).No information on the role of specific baso-
lateral membrane carriers from mouse proximal
tubule in PFOA uptake or efflux was available.

(iv)  Other species

In a study of male and female hamsters
and rabbits treated with a single oral dose of
14C-labelled PFOA ammonium salt (10 mg/kg
bw), the male hamster excreted > 99% of the
radiolabel by 120 hours after dosing; conversely,
the female hamster excreted only 60% of the
radiolabel by 120 hours after dosing (Hundley
etal.,2006). The male and female rabbits excreted
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the radiolabel rapidly and completely within 168
hours after dosing. Indeed, renal tubular secre-
tion of PFOA predominates over reabsorption
(Han et al., 2012).

In a study of male and female Beagle dogs
given PFOA (30 mg/kg bw) intravenously, no
sex-specific differences in renal clearance were
found, although some difference in the plasma
half-life of PFOA was observed (Hanhijirvietal.,
1988). In male dogs, plasma half-life was about 21
days, while in female dogs it was approximately
11 days. Administration of probenecid had a
significant effect in both sexes, indicating that
elimination of PFOA occurs through an active
renal secretion mechanism.

In a study of Angus cattle, “C-labelled PFOA
administered as a single oral dose (1 mg/kg bw)
was completely excreted in the urine within
9 days of dosing (Lupton et al., 2012).

4.2 Genotoxicity and related effects

No data on in-vivo genotoxicity in humans
exposed to PFOA were available to the Working
Group.

Table 4.2 summarizes the studies available
investigating the genotoxic potential of PFOA in
human cell lines in vitro, in mammalian systems
in vitro and in vivo, in non-mammalian eukary-
otic system in vitro, and in bacterial and other
systems.

4.2.1 Human cell lines

In vitro, PFOA increased the levels of
8-hydroxydeoxyguanosine (8-OH-dG) and of
reactive oxygen species (ROS) in cultured human
hepatoma HepG2 cellsin the absence of metabolic
activation, and induced DNA strand breaks, as
assessed by the comet assay (Yao & Zhong, 2005).
[The Working Group noted that the genotoxic
effects observed in HepG2 cells were probably
due to oxidative DNA damage induced by intra-
cellular ROS ]

In a study by Eriksen et al. (2010) in human
HepG2 cells, PFOA did not induce strand breaks
or formamidopyrimidine-DNA glycosylase-sens-
itive sites in the comet assay. Florentin etal. (2011)
confirmed that PFOA induced neither DNA
damage in the comet assay nor micronucleus
formation in the micronucleus assay in human
HepG2 cells. The study also showed a decrease
in ROS generation.

PFOA did not cause chromosomal aberra-
tions in human lymphocytes with or without
metabolic activation (Murli, 1996a; NOTOX,
2000). Induction of micronuclei in human
HepG2 cells was observed in the absence of
metabolic activation (Yao & Zhong, 2005). In
human-hamster hybrid (AL) cells (containing
a standard set of CHO-K1 chromosomes and a
single copy of human chromosome 11), PFOA
(16 days at 200 uM) induced mutagenic effects
(Zhao et al., 2011). No significant increase in the
frequency of mutation was observed after shorter
treatments of 1, 4, or 8 days. Intracellular ROS,
superoxide anions (O,"), and nitric oxide (NO)
levels were increased after 1 day of treatment
with PFOA at 100 uM (41.5 pg/mL) (no further
increase was observed at > 100 pM or with longer
exposure time). On the other hand, no mutagenic
effects and no increase in ROS or O, generation
was observed in mitochondrial-DNA deficient
human-hamster hybrid (p°AL) cells treated with
PFOA for up to 16 days. ROS inhibitor decreased
the PFOA-induced mutagenic effect observed
in AL cells. Caspase activities in AL cells were
increased by PFOA exposure, and suppressed by
inhibitors of ROS or nitrogen species.

4.2.2 Other experimental systems

(@ Mammalian systems

(i) Gene mutation
Sadhu (2002) showed that PFOA did not

induce gene mutation in hypoxanthine-guanine
phosphoribosyl transferase Hprt locus when
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tested with or without metabolic activation in
the K-1 line of Chinese hamster ovary (CHO-K1)
cells in culture.

(i)  Chromosomal aberration

PFOA was tested twice for its ability to induce
chromosomal aberrations in CHO cells (Murli,
1996b, ¢). In the first assay, PFOA induced
chromosomal aberrations and polyploidy in
the presence and absence of metabolic activa-
tion (Murli, 1996¢), while in the second assay
it induced chromosomal aberrations and poly-
ploidy only in the presence of metabolic activa-
tion (Murli, 1996b). These effects were observed
only at toxic concentrations, which caused up
to 70% decrease in cell monolayer confluence,
but acceptable decrease in mitotic index (Murli,
1996b, ¢).

(iii)  Micronucleus formation

PFOA did not induce a significant increase
in micronucleus formation when tested twice in
an in-vivo micronucleus assay in bone marrow
in mice at a single oral dose of 5000 mg/kg bw
(Murli, 1995, 1996d).

(iv)  DNA binding and other DNA damage

In-vivo administration of PFOA as a single
intraperitoneal injection at 100 mg/kg bw in
male Fischer 344 rats induced an increase in
the levels of 8-OH-dG in liver DNA, but not in
kidney DNA (Takagi et al., 1991). In male Fischer
344 rats, feeding with diets containing PFOA at
concentrations of 0.02% for 2 weeks induced
hepatomegaly and also increased the levels of
8-OH-dG in liver DNA, but not in kidney DNA
(Takagi et al., 1991).

(v)  Cell transformation

PFOA did not induce cell transformation in
C3H10T%: mouse embryo fibroblasts (EPA, 1981).
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(b)  Non-mammalian eukaryotic system: DNA
damage

Kawamoto et al. (2010) showed that PFOA
induced DNA damage in the comet assay in
paramecia Paramecium caudatum at pH 13, but
not at pH 12.1, which suggested that the damage
may be due to alkali-labile sites. The study also
demonstrated an increase in ROS generation,
while the level of 8-OHdG remained unchanged.
Moreover, addition of glutathione inhibited the
PFOA-induced ROS, but did not abolish the
DNA damage observed.

(c)  Bacterial and other systems: gene mutation

PFOA did not induce mutation in either
Salmonella typhimurium or Escherichia coli
when tested either with or without metabolic
activation (Griffith & Long, 1980; Lawlor, 1995,
1996). PFOA was not mutagenic with or without
metabolic activation in S. typhimurium strains
TA98, TA100, TA102, and TA104 (Fernindez
Freire et al., 2008). PFOA was not mutagenic in
S. typhimurium TA1535/pSK1002 (hisG46, rfa,
uvrB) with or without metabolic activation, using
the umu test (Oda et al., 2007). PFOA did not
induce mutation in S. cerevisiae with or without
metabolic activation (Griffith & Long, 1980).

4.3 Other mechanistic data relevant
to carcinogenesis

4.3.1 Mammary gland

(a) Humans

No data were available to the Working Group.

(b)  Experimental animals

Zhao et al. (2010b) exposed C57BL/6 wild-
type and C57BL/6 PPARa null mice to deion-
ized water (control) or to PFOA (5 mg/kg bw)
by oral gavage once daily for 5 days per week,
for 4 weeks, starting at age 21 days. Both wild-
type and null mice had elevated levels of several
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growth factors in the mammary gland, including
epidermal growth factor, estrogen, and prolifer-
ating cell nuclear antigen. [The Working Group
noted that these data illustrate that PFOA affects
the mammary gland in a manner independent
of peroxisome proliferator-activated receptor a
(PPARq) involvement.]

4.3.2 Kidney

(a)  Humans

No data were available to the Working Group.

(b)  Experimental animals

Palmitoyl CoA oxidation and carnitine acetyl
transferase activity, enzyme markers of peroxi-
some proliferation, were elevated in the kidney
of male Wistar rats given PFOA as a single intra-
peritoneal injection at 75 mg/kg bw (Diaz et al.
1994). The same study also reported an increase
in the activity, mRNA, and protein expression of
the cytochrome CYP4A subfamily, which is an
effect that is typical of peroxisome proliferating
compounds in the kidney.

In the monkey kidney-derived Vero cell line,
Fernandez Freire et al. (2008) showed that high
concentrations of PFOA (500 pM) cause oxida-
tive stress, which was closely linked to cell cycle
arrest and induction of apoptosis.

4.3.3 Liver

Numerous studies have suggested several
mechanisms for the observed PFOA-induced
toxicity in the liver in human cells, and in exper-
imental animal models and cells, including
PPARa activation (as measured by changes in
PPARa-related gene expression), peroxisome
proliferation (as represented by increases in
enzymes associated with p-peroxisomal oxida-
tion), and oxidative stress. The following section
is arranged by these putative mechanisms.

(a)  PPARa activation

(i) Humans

In-vitro studies in primary human hepato-
cytes or celllines transfected with human PPARa
have demonstrated that PFOA canactivatehuman
PPARa, as measured by changes in PPARa-
related gene expression, but at doses higher
than those required to activate rodent PPARa.
Cultured human hepatocytes were exposed to
various concentrations of PFOA (0-200 puM),
and induction of several PPARa-related genes
was observed (Bjork & Wallace, 2009; Bjork
et al., 2011). Additionally, a study by Bjork et al.
(2011) demonstrated that a relatively low dose
(25 uM) was sufficient to induce PPARa-related
genes. Of note was that these responses were not
as pronounced as those observed in primary rat
hepatocytes. Takacs & Abbott (2007) demon-
strated that PFOA activated human PPARa, but
at a concentration ~200% greater than the lowest
effective concentration required to activate
mouse PPARa. Wolfetal. (2012) reported similar
results in a luciferase reporter assay with mouse
and human PPARa. [The Working Group noted
that these studies demonstrated that human
PPARa may be activated by PFOA exposure,
but at much higher concentrations than those
required to activate rodent PPARa.] Additional
data on various human PPAR transactivation
assays are presented in Section 4.3.3(b).

(i) Experimental animals

Rats

Ren etal. (2009) performed a meta-analysis of
transcript profiles from published studies of rats
exposed to PFOA and confirmed that exposure
to PFOA activates PPARa in the rat liver. Bjork
& Wallace (2009) and Bjork et al. (2011) exposed
cultured rat hepatocytes to various concentra-
tions of PFOA (up to 200 puM), and observed
induction of PPARa-related genes. Additionally,
a study by Bjork et al. (2011) demonstrated that
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a relatively low dose of PFOA (25 pM) was suffi-
cient to induce PPARa-related genes.
Mice

Leeetal. (1995) developed a transgenic mouse
(Sv/129 x C57BL/6N) model with a disruption
in the ligand-binding domain of PPARa. Male
mice with this mutation fed diets containing
peroxisome-proliferating chemicals (clofibrate, a
pharmaceutical agent,and Wy-14 643) for 2 weeks
had peroxisomes, but failed to display peroxi-
some proliferation. Rosen et al. (2008a) demon-
strated that in wild-type and PPARa-null mice
exposed to PFOA (1 or 3 mg/kg for 7 days), most
genes whose transcripts were altered in the livers
of wild-type mice were done so through PPARa
activation; changes in livers of PPARa-null mice
were likely to be attributable to other receptors,
including other isoforms of PPAR. However, no
clear data on an association between carcinogen-
esis and PPARa target genes were provided.

Nakamura et al. (2009) exposed 129/Sv wild-
type, PPARa-null, and mice with a human-
ized PPARa to ammonium perfluorooctanoate
at a oral dose of 0.1 or 0.3 mg/kg for 2 weeks.
Expression of PPARa target genes or proteins
in the livers of mice with a humanized PPARa
was not altered by exposure. However, Nakagawa
et al. (2012) reported that PFOA at a dose of 1
or 5 mg/kg was sufficient to activate PPARa in
mice with a humanized PPARa, although the
activation was less than that observed for mouse
PPARa.

(b)  Peroxisome proliferation

() Humans
No data were available to the Working Group.

(i) Experimental animals

Non-human primates

Male cynomolgus monkeys were given daily
oral doses of ammonium perfluorooctanoate at
0, 3, 10, or 20 mg/kg bw per day of for 26 weeks
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(Butenhoff et al., 2002). Livers from monkeys in
the group at the highest dose had statistically
significant increases in palmitoyl CoA oxidation.

Rats

Long-term exposure to PFOA in rats has been
associated with increases in peroxisome prolif-
erating enzymes. In a 2-year study designed to
evaluate mechanisms associated with PFOA-
induced tumour production, Biegel et al. (2001)
fed male CD rats with PFOA at 300 ppm or Wy
14 643 (a known PPARa agonist) at 50 ppm.
Hepatic -oxidation was increased by exposure
to Wy 14 643 and PFOA.

Short-term exposures to PFOA in rats also
have been associated with increases in peroxi-
some proliferating enzymes. Male and female
Wistar rats given diet containing PFOA at
~15 mg/kg for 2 or 26 weeks had elevated levels
of peroxisomal  oxidation at both time-points
(Kawashima et al., 1994). Elevation of peroxi-
somal enzymes in males was ~375% greater than
in controls after 2 weeks of exposure; female levels
were only ~50% greater than in controls. After 26
weeks of exposure, peroxisomal-enzyme levels
in males were ~200% greater and in females were
~60% greater relative to controls. Males also had
elevated microsomal content of cytochrome
P450 (Kawashima et al., 1994). Male Wistar rats
given diet containing PFOA at ~15 mg/kg for 2 or
26 weeks had a marked increase in peroxisomal
p-oxidation at all administered doses (Uy-Yu
et al., 1990). Females exposed to the same dose
and duration had mild, but statistically signifi-
cant, increases in peroxisomal -oxidation only
at the two higher doses administered (Uy-Yu
et al., 1990).

Short-term exposures to PFOA in rats also
have been associated with increases in peroxi-
some proliferating enzymes. Elcombe etal. (2010)
gave male Sprague-Dawley rats diet containing
ammonium perfluorooctanoate at 300 ppm
(15 mg/kg) for 1, 7, or 28 days. Palmitoyl CoA
oxidase activity was increased by approximately
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8- and 10-fold after 7 or 28 days of exposure,
respectively. Additionally, exposure at all dura-
tions led to increases in CYP4A1 protein levels
(Elcombe et al., 2010). Peroxisomal enzymes in
male Wistar rats fed diet containing PFOA at
3.75-60 mg/kg for 1 week increased in a dose-de-
pendent manner (Kawashima et al., 1995).
Induction of peroxisomal B-oxidation occurred
in male Fischer 344 rats after a single dose of
PFOA at 150 mg/kg bw by gavage; induction
occurred rapidly after exposure and remained
elevated up to 5 days after exposure in rats of
various ages (Badr & Birnbaum, 2004). A study
by Thottassery et al. (1992) demonstrated that a
single oral dose of PFOA (150 mg/kg bw) admin-
istered to male Sprague-Dawley rats resulted in
induction of peroxisome proliferation in centri-
lobular regions of the liver lobule; increases in
cell proliferation were mostly periportal. Male
Wister rats given a single intraperitoneal injec-
tion of PFOA at 75 mg/kg bw and killed three
days after exposure had elevated palmitoyl CoA
oxidation, elevated cartinine acetyl transferase
activity, and increases in activity, mRNA, and
protein expression of the cytochrome CYP4A
subfamily (Diaz et al., 1994).

Additional long-term studies using initia-
tion—selection—promotion protocols also demon-
strated increases in peroxisome proliferating
enzymes. In a pair of studies with initiation—
selection—-promotion protocols for induction of
tumours of the liver, adult male Wistar rats given
diet containing PFOA at 0.015% for 7 months
showed increased levels of peroxisomal enzymes
and peroxisomal B-oxidation (Abdellatif et al.
1990, 1991). Nilsson et al. (1991) used an identical
initiation-selection-promotion protocol in male
Wister rats, followed by diet containing 0.015%
PFOA for 7 months and, in agreement with the
studies by Abdellatif et al. (1990, 1991), reported
that PFOA acted as a promoter of tumours of the
liver, and that promotion was associated with
increases in peroxisomal-enzyme activity. In a
follow-up study, Abdellatif et al. (2003) evaluated

the tumour-promoting activity of PFOA with a
biphasic protocol (initiation followed by dietary
PFOA at 0.005% or 0.02%, for 14 and 25 weeks)
or a triphasic protocol (initiation, selection—
promotion followed by dietary PFOA at 0.015%,
for 25 weeks). PFOA exposure induced fatty acyl
CoA oxidase, a peroxisomal-enzyme marker for
PPARa activation.

Finally, a study in Rat Morris hepatoma
7800C1 cells (a rat liver cell line) exposed to
culture medium containing PFOA at 500 pM for
7 days demonstrated induction of peroxisomal
enzymes and CYP4A (Sohlenius et al., 1994).
Mice

Sohlenius etal. (1992a, b) evaluated the effects
of dietary administration of PFOA (0.02-0.05%)
in male and female C57BL/6 mice exposed for 5
or up to 10 days. Increases (> 1000% over control
levels) in peroxisomal enzymes were observed
for all groups of exposed mice; differences
between responses in male and female mice were
not observed. Five days of exposure to PFOA at
0.05% led to an increase in peroxisomal enzyme
activity that persisted for up to 20 days after
exposure.

Leeetal. (1995) developed a transgenic mouse
(Sv/129 x C57BL/6N) model with a disruption to
the ligand-binding domain of PPARa. Male mice
with this mutation fed diets containing peroxi-
some proliferating chemicals for 2 weeks failed
to display transcriptional activation of PPARa
target genes.

(c)  Activation of other nuclear receptors

(i) Humans

Cultured human hepatocytes exposed to
PFOA at various concentrations (0-200 pM)
showed an induction of the liver X receptor
a (LXRa) (Bjork & Wallace, 2009; Bjork et al.,
2011). This response was not as pronounced as
that observed in primary rat hepatocytes. Of
note was that similarly exposed rat hepatocytes
showed induction of constitutive androstane
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receptor (CAR) and pregnane X receptor (PXR),
in addition to LXRa.

(i) Experimental animals

Rats

Several studies have explored the involve-
ment of additional nuclear receptors and/or tran-
scription factors in carcinogenicity associated
with exposure to PFOA. Elcombe et al. (2010)
gave male Sprague-Dawley rats diets containing
ammonium perfluorooctanoate at a concentra-
tion of 300 ppm (15 mg/kg) or Wy 14 643 at 50
ppm for 1, 7, or 28 days. Ammonium perfluoro-
octanoate caused increased expression of genetic
markers of activation for CAR and CAR/PXR.

Bjork et al. (2011) exposed cultured rat
hepatocytes to PFOA at various concentrations
up to 200 uM, and observed robust induction of
not only PPARa-related genes, but genes associ-
ated with the nuclear receptors CAR, PXR, and
LXRa. These receptors, like PPARa, play a role in
fatty acid metabolism.

Mice

Rosen et al. (2008a, b) compared transcript
profiles of livers from mice exposed by gavage
for 7 days to PFOA (1 or 3 mg/kg) or Wy 14 643
(50 mg/kg), including livers from PPARa-null
mice. In wild-type mice, it appeared that expres-
sion of most genes was altered by PFOA through
PPARa; however, in PPARa-null mice, a subset

of genes appeared to be altered in expression by
PFOA through CAR and possibly PPARY.
Fish

Several long-term and short-term dietary
studies with PFOA in trout (Oncorhynchus
mykiss), a species that generally does not expe-
rience liver peroxisome proliferation, demon-
strated concomitant induction of estrogen
receptor-responsive genes and proteins in the
liver, and tumours of the liver (Tilton et al., 2008;

and tilapia) have demonstrated that short-term
dietary exposure to PFOA induces estrogen
receptor-responsive genes and proteins in the
liver (Liu et al., 2007a; Wei et al., 2007, 2008).

(d)  Oxidative stress

(i) Humans

Several studies in human cell lines or cells
transfected with human receptors also have
evaluated the ability of PFOA to induce oxidative
stress. Panaretakis et al. (2001) exposed human
HepG2 cells to PFOA at 200 or 400 uM (1.5-24
hours) and reported increased formation of ROS,
with a peak at 3 hours. However, Eriksen et al.
(2010) exposed human HepG2 cells to PFOA
at varying concentrations (0.4-2000 uM) and
reported a statistically significant, but relatively
modest increase in ROS. Additionally, Florentin
etal. (2011) exposed human HepG2 cells to PFOA
at several concentrations (5-800 pM) and did not
observe significant changes in ROS generation.
A study with a human-hamster hybrid cell line
reported induction of ROS after 16 days of expo-
sure to PFOA at 200 uM (Zhao et al., 2011).

(i) Experimental animals

Increased production of ROS

Several studies in rats and mice exam-
ined markers of increased production of ROS
after exposure to PFOA. Male Wistar rats fed
diets containing PFOA at a concentration of
~15 mg/kg (0.01%) for 26 weeks had an imbal-
ance of metabolism of hydrogen and lipid perox-
ides (Kawashima et al., 1994). In male F344 rats
given diet containing PFOA at a concentration
of ~30 mg/kg (0.02%) for 2 weeks, 8-OH-dG
levels were increased in liver DNA (Takagi et al.,
1991). Similarly, 8-OH-dG levels in liver DNA
were increased 1, 3, 5, or 8 days after a single
intraperitoneal dose of PFOA of 100 mg/kg bw
(Takagi et al., 1991). Male C57BL/6 mice given

Benninghoff et al., 2011, 2012). Studies with
other species of freshwater fish (rare minnow
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~30 mg/kg (0.02%) for 2 weeks had increased
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lipid peroxidation in liver microsomes, as
measured by ADP-Fe**-NADPH-dependent
consumption of oxygen (Cai et al., 1995).

Liu et al. (2007a) observed induction of
oxidative stress in primary cultured liver cells
from freshwater tilapia (Oreochromis niloticus)
exposed 24 hours to 15 or 30 mg/L of PFOA.

Decreased antioxidant capacity

Badr & Birnbaum (2004) found that the
effects of PFOA on oxidative stress in the liver
in male F344 rats were modulated with age; after
a single oral dose of 150 mg/kg bw of PFOA, the
ratio of hepatic peroxisomal B-oxidation to liver
catalase activity increased as animals aged.

In male Japanese medaka fish (Oryzias
latipes), exposure to PFOA at a concentration of
50 or 100 mg/L caused decreases in the antiox-
idant activity of catalase in the liver, suggesting
that PFOA may cause oxidative stress in the liver

(Yang, 2010).
Mitochondrial dysfunction

Mitochondrial  dysfunction also may
contribute to oxidative stress associated with
exposure to PFOA. In male Sprague-Dawley
rats treated with PFOA at a dose of 30 mg/kg bw
by gavage for 28 days, PFOA stimulated mito-
chondrial biogenesis or inhibited mitochondrial
metabolism in the liver, which may contribute to
metabolic imbalance (Walters & Wallace, 2010).

Male zebrafish (Danio rerio) exposed to PFOA
at a concentration of 1 mg/L for 14 days had
decreased liver mitochondrial electron-trans-
port activity (Hagenaars et al., 2013).

4.3.4 Pancreas

No studies in humans and a single study in
experimental animals have addressed biochem-
ical and cellular effects in relation to pancreatic
carcinogenicity associated with exposure to
PFOA.

In a 2-year study in which male CD rats
were fed ammonium perfluorooctanoate at 300

ppm or Wy 14 643 (a known PPARa agonist) at
50 ppm, pancreatic acinar cell proliferation was
increased by ammonium perfluorooctanoate but
not by Wy 14 643, although both compounds
produced increases in acinar cell hyperplasia
(Biegel et al., 2001).

4.3.5 Testes (Leydig cells)

Interference with steroidogenic enzymes is a
putative mechanism that may result in testicular
carcinogenesis.

(a) Humans

No studies examining interference with
steroidogenic enzymes in humans exposed to
PFOA were available to the Working Group.

(b)  Experimental animals

(i)  Non-human primates

Male cynomolgus monkeys were given
ammonium perfluorooctanoate at daily oral
doses of 0, 3, 10, or 20 mg/kg bw per day for 26
weeks (Butenhoff et al., 2002). Testicular cell
proliferation, as measured by a proliferating cell
nuclear antigen assay, was not affected by treat-
ment with PFOA.

(i)  Rats

In a 2-year study in which male CD rats
were fed diets containing ammonium perfluoro-
octanoate at a concentration of 300 ppm or Wy
14 643 (a known PPARa agonist) at 50 ppm,
levels of serum estradiol and Leydig cell hyper-
plasia were increased by Wy 14 643 and PFOA
(Biegel et al., 2001). Similarly, in a 14-day study,
levels of serum estradiol in male CD rats given
PFOA at a dose of 10, 25, or 50 mg/kg bw by
gavage were elevated relative to levels in controls
(Cook et al., 1992). In an additional group of rats
exposed to ammonium perfluorooctanoate at a
dose of 50 mg/kg bw for 14 days and challenged
with human chorionic gonadotropin 1 hour
before killing (to maximize increases in serum
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testosterone), Cook et al. (1992) reported a 50%
reduction in serum testosterone levels relative
to those in controls. In a follow-up study, serum
estradiol, transforming growth factor a (TGFa),
and estradiol in testicular interstitial fluid were
found to be elevated in rats given ammonium
perfluorooctanoate at a dose of 25 mg/kg bw by
gavage for 14 days, relative to pair-fed controls
(Biegel et al., 1995). Additionally, liver aromatase
activity was 4.5-fold that of pair-fed controls.
Biegel et al. (1995) also examined the effects
of ammonium perfluorooctanoate on Leydig
cells isolated from CD rats. Leydig cells were
treated in vitro with PFOA at a concentration of
100-1000 puM for 2 hours. Leydig cells were also
isolated from rats treated in vivo with PFOA at
25 mg/kg by gavage. Both sets of cells were stim-
ulated with human chorionic gonadotropin; cells
treated in vitro showed a dose-related decrease in
testosterone production, while cell isolated from
animals treated in vivo showed an increase in
testosterone production. In another study, Zhao
etal. (2010a) cultured Leydig cells from Sprague-
Dawley rats for 24 hours with PFOA at 10 or 100
1M, and exposed testicular microsomes from
Sprague-Dawley rats to PFOA at concentra-
tions of up to 100 uM. Both exhibited inhibi-
tion of 3-beta-hydroxysteroid dehydrogenase
and 17-beta-hydroxysteroid dehydrogenase 3,
enzymes that are involved in testosterone biosyn-
thesis. Additionally, Leydig cells that had been
exposed to PFOA failed to produce increases in
testosterone relative to stimulated control cells
when stimulated with luteinizing hormone.

4.3.6 Other target organs

Although the bladder and prostate gland were
identified as tumour sites targeted by exposure
to PFOA, no studies on potential biochemical
or cellular effects were available to the Working
Group.

A limited number of epidemiological studies
in humans have evaluated thyroid hormone
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concentrations, thyroid gland function, and
thyroid disease associated with exposure to
PFOA (discussed in Section 4.4.5). No studies
in humans or experimental animals addressing
biochemical and cellular effects in the thyroid
gland were available to the Working Group.

4.3.7 Modulation of inflammatory pathways

It has been suggested that modulation of
inflammatory pathways is a mechanism under-
lying PFOA-induced carcinogenesis. In one
study, Qazi et al. (2009) reported increases
in serum levels of interleukin-6 (IL-6) and
tumour necrosis factor a (TNFa) - cytokines
that induce inflammation- in mice fed diets
containing PFOA (0.02%) for 10 days after stim-
ulation of inflammation with lipopolysaccharide
(100 ng/mL). However, in a series of in-vitro
assays, Corsini et al. (2011, 2012) reported that
PFOA (0.1-10 pg/mL) was the least potent of
a suite of perfluoroalkyl substances to alter
lipopolysaccharide-stimulated release of IL-6and
TNFa. PFOA binds to PPARa and a significant
number of PPARa agonists have been shown to
reduce inflammation (Griesbacher et al., 2008).
[As markers of inflammatory processes, it would
be expected that TNFa and IL-6 would decrease
after exposure to PFOA. However differences
in dose, rodent strain, cell type, and receptor
affinity make it difficult to predict whether expo-
sure to PFOA would lead to chronic inflamma-
tion and contribute to carcinogenicity risk via
this pathway.]

4.3.8 Nuclear receptors

PFOA anditsammoniumsalthave been tested
in a large number of high-throughput screening
assays in the Toxicity Forecaster (ToxCast) and
Toxicity Testing in the 21st Century (Tox21)
research programmes of the government of
the USA (Kavlock et al., 2012; Tice et al., 2013).
The data from these programmes are publicly
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available through the iCSS dashboard (ToxCast
2014) Specifically, data on 821 assays and 1858
chemicals were publicly available through the
iCSS Dashboard v0.5 as of 1 June 2014. [The
Working Group used this information to
examine the molecular targets affected by PFOA
and its ammonium salt, and to compare the
molecular signatures with those of several proto-
typical nuclear receptor activators: rifampicin
(CAS No. 13292-46-1; PXR), phenobarbital (CAS
No. 57-30-7; CAR), and di(2-ethylhexyl)phthalate
(CAS No. 117-81-7; peroxisome proliferator re-
sponse elements) and mono(2-ethylhexyl)phtha-
late (MEHP) (CAS No. 4376-20-9; PPARs). Data
on all assays for these six compounds were down-
loaded. Assays in which all of the six compounds
were inactive (as indicated by an altering concen-
tration [AC]50 value of 1000), or in which any of
the compounds were not tested, were removed
and the results of the remaining 37 assays (about
4.5% of the total) were analysed. These included
cell-free enzymatic and ligand-binding high-
throughput screening assays (labelled “NVS”)
(Sipes et al., 2013), cell-based nuclear recep-
tors and transcription-factor response element
assays (labelled “ATG”) (Martin et al., 2010), and
Tox21 robotic platform high-throughput assays
(labelled “Tox21”) (Attene-Ramos et al., 2013).
Most of these assays were designed for human
enzymes and transcription factors.

AC50 values downloaded from the database
were derived from quantitative concentration-
response modelling using Hill function based
on 7-10 concentrations spanning several orders
of magnitude, ranging from low nanomolar to
~200 uM. Each chemical and assay had one AC50
value (ranging from 1000 indicating “inactive”,
to 2.6 nM indicating the most potent response)
that was used to create plots displayed in Fig. 4.1,
Panels A-F. The data on 37 assays were subdiv-
ided into 6 groups by the molecular targets as
follows: estrogen receptor assays (panel A), PPAR
assays (panel B), PXR assays (panel C), aromatase

assays (panel D), enzyme assays (panel E), and
other (panel F).

[The Working Group interpreted the outcome
of this analysis to indicate that great similarity
exists across the assays in responses elicited by
PFOA and its ammonium salt. At the same time,
it was apparent that the responses of these two
compounds are distinct from those of other
prototypical activators of nuclear receptors CAR,
PXR, and PPARs. This outcome is consistent with
observations that multiple nuclear receptors are
activated by PFOA in vivo in rodents (Rosen
et al., 2008b; Elcombe et al., 2010). Additionally,
the Working Group noted that, unlike the
selected comparison compounds, PFOA and
its ammonium salt appeared to be consistently
active in estrogen receptor assays, in keeping with
observations on effects on reproductive hormones
and tissues (Cook et al., 1992; Biegel et al., 1995;
Yang et al., 2009b; Zhao et al., 20104, b).]

Additional studies have evaluated the ability
of PFOA to activate estrogen receptors (including
ERa and ERP) in a variety of in-vitro assays.
In a yeast two-hybrid assay with human ERa
and ERP, Ishibashi et al. (2007) reported that
exposing these cells to PFOA did not increase
transcriptional activity of ERs. However, inasepa-
rate study of PFOA-exposed human embryonic
kidney (HEK-293T) cells, Benninghoff et al. (2011)
reported induction of ERa gene reporter activity.
Two studies with MCF-7 human breast cancer
cells (Maras et al., 2006; Henry & Fair, 2013)
demonstrated that PFOA was estrogenic via an
E-SCREEN assay, an assay designed to use the
estrogen sensitivity of MCF-7 to determine effects
of exogenous agents on cell proliferation (Henry
& Fair, 2013). Maras et al. (2006) also reported
that PFOA induced a small upregulation in the
expression of estrogen-responsive genes (Maras
et al., 2006).
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Fig. 4.1 Comparison of in-vitro screening results for perfluorooctanoic acid (PFOA) with those of
several prototypical nuclear receptor-activating compounds
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Specifically, each panel shows AC50s (micromolar concentrations) from in-vitro assays reported on the United States Environmental Protection
Agency CSS Dashboard (http://actor.epa.gov/dashboard/) for PFOA or its ammonium salt and several prototypical nuclear receptor activators:
rifampicin (pregnane X receptor, PXR), phenobarbital (constitutive androstane receptor, CAR), and di(2-ethylhexyl)phthalate (peroxisome
proliferator-activated receptor response elements) and mono(2-ethylhexyl)phthalate (peroxisome proliferator-activated receptors, PPARs).

All assays in which positive results were obtained for at least one of the six compounds are shown. Results were subdivided into six groups by
the molecular targets as follows: estrogen receptor assays (panel A), PPAR assays (panel B), PXR assays (panel C), aromatase assays (panel D),
enzyme assays (panel E), and other (panel F)

Compiled by the Working Group
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4.4 Organ toxicity
4.4.1 Mammary gland

(a)  Humans

No studies of toxicological effects relevant to
carcinogenicity in the breast/mammary gland
after exposure to PFOA in humans were available
to the Working Group.

(b)  Experimental animals

Two studies in experimental animals reported
effects on the mammary gland after exposure to
PFOA. Pre-pubertal C57BL/6 or BALB/c mice
(age, 21 days) were exposed to PFOA at a dose
of 1, 5, or 10 mg/kg bw by gavage once daily, 5
days per week, for 4 weeks (Yang et al., 2009b).
PFOA inhibited mammary-gland development
in BALB/c mice. In C57BL/6 mice, PFOA inhib-
ited mammary-gland development at 10 mg/kg
bw, and stimulated mammary-gland develop-
ment at 5 mg/kg bw. PFOA increased numbers
of terminal end buds and stimulated/enlarged
terminal ducts, which is indicative of mammary
epithelial-cell proliferation. In another study,
female CD-1 mice given PFOA at a dose of 0,
0.01, 0.1, or 1 mg/kg bw for 3 days starting on
postnatal day 18, showed an increased weight of
the uterus at the lowest dose of PFOA, suggesting
an estrogenic effect (Dixon et al., 2012).

4.4.2 Nephrotoxicity

(a)  Humans

Several studies in humans have reported
mixed results regarding serum concentra-
tions of PFOA and serum markers of kidney
damage. In a cross-sectional study of adults
from a community in which the drinking-water
was contaminated with PFOA from a chemical
plant, higher serum concentrations of PFOA
were associated with higher serum concentra-
tions of uric acid, but the limits of the study
prohibited conclusions of causality (Steenland
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et al., 2010). Two studies included in a review
by Steenland et al. (2010) reported no signifi-
cant association between exposure to PFOA and
either urea nitrogen or creatinine in occupation-
ally exposed subjects (Emmett et al., 2006; Costa
etal., 2009). Using data from the National Health
and Nutrition Examination Survey (NHANES),
Shankar et al. (2011a, b) reported that elevated
levels of serum uric acid and incidence of chronic
kidney disease, defined as low glomerular filtra-
tion rate, were associated with increases in
serum PFOA. Additional evaluations of data
concerning associations between PFOA and
the glomerular filtration rate in adolescents and
children suggested that increases in serum PFOA
may result from decreases in glomerular filtra-
tion rate rather than the opposite (Watkins et al.
2013).

(b)  Experimental animals

One study in experimental animals reported
kidney toxicity after exposure to PFOA. Male
Sprague-Dawley rats given PFOA at a dose of 5
or 20 mg/kg bw by gavage for 28 days had signs
of turbidity and tumefaction in the epithelia of
the proximal convoluted tubule, including mild
symptoms of congestion in the renal cortex and
medulla, and enhanced cytoplasmic acidophilia
(Cui et al., 2009).

4.4.3 Hepatotoxicity

(a) Humans

Several studies in humans have reported
associations between serum concentrations
of PFOA and serum markers of liver enzyme
concentrations, which can be indicative of
hepatocellular damage. Several such studies were
included in a review by Steenland et al. (2010),
and while they have reported some associations
of changes to liver enzymes with serum PFOA
concentrations (Emmett et al., 2006; Olsen &
Zobel, 2007; Sakr et al., 2007; Costa et al., 2009;
Lin et al., 2010), the changes in liver enzymes
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were small, and the clinical significance of the
reported changes was uncertain (Steenland
et al., 2010). A more recent cross-sectional study
of adults from a community in which drink-
ing-water was contaminated with PFOA from a
chemical plant also reported mild increases in
serum PFOA and one liver enzyme (Gallo et al.
2012).

(b)  Experimental animals

(i)  Non-human primates

Male cynomolgus monkeys were given daily
oral doses of ammonium perfluorooctanoate at
0, 3, 10, or 20 mg/kg bw per day for 26 weeks
(Butenhoff et al, 2002). Histopathological
evidence of liver injury was not observed in
animals at 3 or 10 mg/kg bw; one moribund
animal from the group at 20 mg/kg bw was
killed on day 29,and was found to have mid-zonal
and centrilobular hepatocellular degeneration
and necrosis, diffuse hepatocellular vacuolation,
and hepatocyte basophilia.

(i) Rats

Several studies reported histopathology
in the livers of rats exposed to PFOA either in
the long-term, short-tem, or as a single dose.
In a long-term dietary study, male and female
Sprague-Dawley rats were fed diets containing
ammonium perfluorooctanoate at 1.5 or
15 mg/kg for 2 years (Butenhoff et al., 2012b).
After 1 year of exposure, histopathology was
confined to the liver; male rats at 15 mg/kg had
focal hepatocellular necrosis, portal mononu-
clear cell infiltration, and increased cytoplasmic
volume in parenchymal cells. The cytoplasm had
a finely granular appearance. Male and female
rats at unscheduled or terminal necropsy also
showed signs of non-neoplastic effects in the
liver, including cystoid degeneration, portal
mononuclear cell infiltration, and hepatocellular
necrosis.

Similarly, the livers of male Sprague-Dawley
rats given PFOA at a dose of 5 or 20 mg/kg bw by

gavage for 28 days exhibited cytoplasmic vacuol-
ation, focal or flakelike necrosis, fatty degener-
ation, angiectasis and congestion in the hepatic
sinusoid or central vein, and acidophil lesion
(Cui et al., 2009). Changes observed in livers of
male Sprague-Dawley rats fed diet containing
ammonium perfluorooctanoate at 15 mg/kg for
1, 7, or 28 days included hepatocellular hyper-
plasia, glycogen loss, and fatty vacuolation
(Elcombe et al., 2010).
(i) Mice

In male ICR mice exposed to drinking-water
containing PFOA at a concentration of 0, 2, 10,
50, or 250 mg/L for 21 days, hepatic acidophilic
cytoplasm was reported in the group with the
highest exposure (Son et al., 2008). Both wild-
type (129S4/Svlm]) and PPARa null mice given
PFOA at a dose of 0, 12.5, 25, or 50 umol/kg per
day by gavage for 4 weeks had numerous histo-
logical changes in the liver, including reduction
in glycogen granules, degranulation and disrup-
tion of the rough endoplasmic reticulum, and

increased numbers of mitochondria (Minata
et al., 2010).

(c)  Other experimental systems

Human hepatoblastoma HepG2 cells incub-
ated with PFOA at 0-550 pM for 24 hours exhib-
ited a dose-dependent increase in the frequency
of apoptosis, starting at 200 uM. With PFOA at
higher doses (400 and 500 uM), cells underwent
primary and secondary necrosis (Shabalina et al.,
1999). [The Working Group noted that these data
were indicative of an antiproliferative response.]
Additionally, a study with an ammonium salt of
PFOA known as CXR1002 demonstrated that
in various cell lines, CXR1002 could inhibit a
protein kinase (PIM) that is anti-apoptotic when
activated (Barnett et al., 2010). The antiprolifer-
ative effects of PFOA are the subject of a patent
application for CSR1002 as an antineoplastic
drug (Elcombe et al., 2013).
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4.4.4 Male reproductive organs

(a)  Humans

No studies of toxicological effects relevant to
testicular/Leydig cell carcinogenicity after expo-
sure to PFOA in humans were available to the
Working Group.

(b)  Experimental animals

Two studies in experimental animals
reported toxicological effects on male reproduc-
tive organs after exposure to PFOA. In a 2-year
study in which male CD rats were fed diets
containing PFOA at 0 or 300 ppm, or Wy 14 643
(a known PPARa agonist) at 50 ppm, ad libitum,
absolute testis weight was increased by expo-
sure to PFOA or to Wy 14 643 at 24 months. No
consistent changes were observed in the weights
of epididymides or accessory sex organs (Biegel

concentrations (Lopez-Espinosa et al., 2012).
In an evaluation of adults from this mid-Ohio
Valley population, increases in serum PFOA
concentrations were associated with increases
in serum T4 and a reduction in triiodotyro-
nine (T3) uptake (Knox et al., 2011). Winquist
& Steenland (2014) examined the association
between PFOA and thyroid disease among
community members and workers of a chem-
ical plant in mid-Ohio River valley. Associations
were observed for hyperthyroidism and hypo-
thyroidism among women. Some subanalyses
also suggested increased hypothyroidism among
men (Winquist & Steenland, 2014). Finally, in
evaluations of data from NHANES, Melzer et al.
(2010) reported that self-reported incidence of
current thyroid disease (not specified) increased
with serum PFOA concentrations, and Wen et al.
(2013) reported increases in serum T4 and T3

etal., 2001). Cook et al. (1992) reported that unit
weight of accessory sex organs (combined ventral
and dorsal lateral prostate, seminal vesicles, and
coagulating glands) was decreased in CD rats
exposed to ammonium perfluorooctanoate at
25 or 50 mg/kg bw by gavage for 14 days. Two
separate studies in CD rats given ammonium
perfluorooctanoate orally for 14 days or up to 2
years reported no changes in weight of the pros-
tate gland (Cook et al., 1992; Biegel et al., 2001).

4.4.5 Thyroid gland

(a)  Humans

A limited number of epidemiological studies
in humans have evaluated thyroid hormone
concentrations, thyroid gland function, and
thyroid disease associated with exposure to
PFOA. A large-scale study of children aged 1-17
years from a highly exposed population in the
mid-Ohio Valley, USA, reported that increases
in serum PFOA concentrations were correlated
with increases in hypothyroidism, but that
neither serum total T4, nor thyroid-stimulating
hormone were associated with serum PFOA
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levels with increases in serum PFOA.

(b)  Experimental animals

(i)  Non-human primates

Male cynomolgus monkeys were given
daily oral doses of ammonium perfluorooctan-
oate at 0, 3, 10, or 20 mg/kg bw per day for 26
weeks (Butenhoff et al., 2002). At the end of the
dosing period, decreases in levels of free and
total T3 and T4 were noted in monkeys in the
group receiving the highest dose. Additionally,
monkeys from the groups at 3 and 10 mg/kg bw
had increases in levels of thyroid-stimulating
hormone, and decreases in total T4.

(i) Rats

Male Sprague-Dawley rats given PFOA at a
dose of 30 mg/kg bw by gavage for 28 days showed
reductions in levels of serum thyroid-stimulating
hormone, total T4, and free T4 (Butenhoff et al.,
2012¢). Similarly exposed female Sprague-Dawley
rats had normal levels of serum thyroid-stimu-
lating hormone, but reductions in serum total
and free T4. After a 3-week recovery period, all
levels returned to those of the controls, except
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for levels of serum total and free T4 in males
(Butenhoff et al., 2012¢).

4.4.6 Development

Abbott et al. (2007) found that PPARa was
required, in part, for certain developmental
effects induced by PFOA in the mouse. Postnatal
lethality and delays in development occurred in
similarly exposed 129S1/Svim] wild-type mice,
but not in PPARa null mice exposed to PFOA
from day 1 of gestation until day 17. In CD-1
mice exposed to PFOA day 1 of gestation until
day 17, patterns of PPARa expression from gest-
ation until age 28 days were tissue-specific and,
in the liver, correlated with nutritional changes
as the offspring matured (Abbott et al., 2012). As
early as day 14 of gestation, exposure to PFOA
affected PPARa and related genes associated
with fatty acid biosynthesis, B-oxidation, and
glucose metabolism, suggesting a role for these
genes in poor postnatal survival and growth. An
additional study by Albrecht et al. (2013), using
the same exposure protocol, but in wild-type,
PPARa-null, and human PPARa-transgenic
mice, demonstrated that while human PPARa-
transgenic mice had increases in hepatic markers
of PPARa activation at day 18 of gestation, no
effect was seen at postnatal day 20. Unlike wild-
type mice, postnatal survival in human PPARa-
transgenic mice was unaffected by exposure to
PFOA, suggesting reduced sensitivity in mice
expressing human PPARa.

4.4.7 Other target organs

No studies on the toxicological effects of
exposure to PFOA in the bladder and pancreas
were available to the Working Group. Several
studies examined the effects of PFOA on the
immune system.

Intraperitoneal administration of PFOA in
male Sprague-Dawley rats inhibited induced
oedema and thermal hypersensitivity in a

dose-dependent manner (Taylor et al., 2002).
Subsequentstudiesindicated thattheanti-inflam-
matory properties of PFOA were not mediated
through the release of endogenous glucocortic-
oids (Taylor et al., 2005), but possibly involved
binding to the retinoid X receptor (RXR) a (Wan
& Badr, 2006). Microarray analyses of liver from
Sprague-Dawley rats treated with PFOA indi-
cated anti-inflammatory properties of PFOA at
the mRNA level, with the observation of reduced
expression of genes regulating inflammatory
mediators (Guruge et al., 2006). [The Working
Group noted that studies evaluating cytokine
responses after exposure to PFOA (Section 4.3.7)
indicated that PFOA can be proinflammatory.]

4.5 Susceptible populations
4.5.1 Polymorphisms

PFOA is not metabolized in humans or other
mammalian organisms (Lau, 2012; Post et al.,
2012); thus it is unlikely that known genetic poly-
morphisms in xenobiotic metabolism genes that
have been associated with genetic susceptibility
to other toxicants would have relevance to PFOA
as a human health hazard. It is clear, however,
that species- and sex-specific differences in renal
clearance of PFOA are largely attributable to
the function of renal transporters. Depending
on species and sex, excretion and reabsorption
transporters were implicated as major determi-
nants of the rate of elimination of PFOA (Han
et al., 2012). Specifically, OAT4 and URATI1
were identified as transporters that are most
likely to be responsible for efficient renal tubular
reabsorption of perfluorinated compounds,
including PFOA, due to their localization in the
apical membrane of the proximal tubular cells in
human kidney (Han et al., 2012).

No study has examined the role of transporter
polymorphisms in PFOA-dependent effects
in humans. However, several studies exam-
ined polymorphisms in OAT4 and URATI.
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Non-synonymous single nucleotide polymor-
phisms were reported that result in amino acid
differences in OAT4 (Xu et al., 2005).

Functional URAT1 polymorphisms and
transcription factor-dependent differences in
expression have been reported. Loss-of-function
mutations of URAT1 are the cause of familial
idiopathic renal hypouricaemia (Enomoto
& Endou 2005). Additional polymorphisms
were detected in patients with renal hypouric-
aemia that were either silent or led to reduced
urate transport (Burckhardt, 2012). HNF-la
and HNF-1p increase the promoter expression
of human and mouse URAT1, and HNF-la-
deficient mice showed diminished expression
of Uratl in the kidney (Kikuchi et al., 2007).
In addition, promoter methylation status is
important for tissue-specific URAT1 expression
(Kikuchi et al., 2007).

In a study of immortalized human lympho-
blast cell lines from the Centre d’Etude du
Polymorphisme Humain (CEPH) trios assem-
bled by the HapMap Consortium, exposure to
PFOA was shown to elicit the greatest degree
of interindividual variability in cytotoxicity
and induction of apoptosis (O’Shea et al., 2011).
Notably, responses to PFOA and phenobarbital
were highly correlated across the population
of cell lines tested in the cytotoxicity assay.
The genome-wide analysis showed suggestive
evidence (P < 10-¢) for the loci on chromosomes
4 and 14. Within loci spanning 500 kb and
flanking single nucleotide polymorphisms with
highest association, there were several potential
candidate genes associated with susceptibility
to PFOA (O’Shea et al., 2011). On chromosome
4, FAT tumour suppressor homologue 1 (FAT1)
is a human gene whose rat homologue has been
shown to be responsive to PFOA treatment (in
the liver) (Guruge et al., 2006; O’Shea et al., 2011).
On chromosome 14, three genes were located
in the candidate quantitative trait locus: solute
carrier family 24 member 4 (SLC24A4); cleavage
and polyadenylation specific factor 2 (CPSF2);
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and Ras and Rab interactor 3 (RIN3). SLC24A4
is a sodium/potassium/calcium exchange protein
that is highly expressed in the kidneys. Although
CPSF2 and RIN3 have not been shown in
previous studies to be responsive to treatment
with PFOA, they are tightly linked through a
gene network to genes that have been observed as
responsive to PFOA treatment in other species.
Networks for CPSF2 and RIN3 showed the inter-
actions with immunoglobulin heavy constant
mu and RAB5A/B, member of RAS oncogene
family (RAB5A and RAB5B), respectively, which
are responsive to PFOA in rat and chicken liver
(Guruge et al., 2006; Yeung et al., 2007).

4.5.2 Lifestage

As discussed in Section 4.4.6, several studies
examined the effects of exposure to PFOA in early
life. However, none of these studies evaluated the
effects of these exposures on tumour production
or carcinogenesis in adult animals, or compared
different exposure periods to determine whether
susceptibility to toxic events in later life was
increased when exposure occurs early in life.

4,6 Mechanistic considerations

The toxicokinetics of PFOA are well estab-
lished in animals and humans. PFOA is not
metabolized in humans or experimental animals
(D’eon & Mabury, 2011). Sex-specific differences
in plasma half-life have been observed in rats
(Kemper &Jepson, 2003). Itisalso evident that the
plasma half-life in humans is much longer than
in any experimental animal studied (Butenhoff
et al., 2002, 2004; Noker, 2003; Hundley et al.,
2006; Olsen et al., 2007; Bartell et al., 2010). These
differences in half-lives were attributed to differ-
ences in renal reabsorption of PFOA (Han et al.
2012). While there are no direct data on genetic
susceptibility, renal transporters thatare involved
in reabsorption of PFOA are polymorphic in
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human populations, suggesting the potential for
genetic susceptibility.

It is widely accepted that PFOA is not directly
genotoxic. Associations between PFOA-induced
oxidative stress and DNA damage or mutation
have been reported in some studies (Yao &

In studies in humans, PFOA increased levels
of serum thyroid hormones (Knox et al., 2011;
Lopez-Espinosa et al., 2012; Wen et al., 2013).
In human cells in vitro, and in fish in vivo and
in vitro, PFOA activated estrogen receptors
(ToxCast research programme, see Section 4.3.8)
(Maras et al., 2006; Liu et al., 2007b; Wei et al.,

Zhong, 2005; Fernandez Freire et al., 2008; Zhao
et al., 2011), but not in others (Florentin et al.,

2007, 2008; Tilton et al., 2008; Benninghoff et al.,

2011). Overall, the role of PFOA-related oxidative
stress in carcinogenicity remains unclear.

A wide array of experimental studies in
animals and in vitro have been conducted with
PFOA and show adverse health effects. Several
potential mechanistic events have been identified
as possible drivers of PFOA toxicity in multiple
tissues. These include, but are not limited to,
nuclear receptor activation, cytotoxicity, oxida-
tive stress, alteration of inflammatory pathways,
and alterations in hormone levels.

The liver is the most prominent target
tissue of PFOA, with rats and mice being the
most responsive species to liver-specific effects.
Limited data are available indicating liver
toxicity in non-human primates (Butenhoff
et al., 2002). Additionally, serum levels of PFOA
have been positively associated with serum
markers of liver injury in humans (Sakr et al.
2007; Lin et al., 2010; Gallo et al., 2012). Liver
toxicity observed in rodents has been associated
with both PPARa-dependent and -independent
mechanisms. The analysis by the Working Group
of data from humans in vitro is consistent with
multiple molecular pathways being in operation.
Cytotoxicity, cell proliferation, and liver hyper-
trophy have also been observed in studies with
PFOA in rodents, indicating that other mechan-
isms may also contribute.

PFOA modulates inflammatory pathways,
such as those involving the production of
cytokines. Additionally, PFOA alters hormone
levels and activates hormone receptors. Changes
in levels of thyroid hormones have been observed
in rodents (Butenhoff et al., 2012b) and in
non-human primates (Butenhoft et al., 2002).

2011,2012; Henry & Fair, 2013). In rodents, PFOA
altered female reproductive hormones and tissues
(Yang et al., 2009b; Zhao et al., 2010c¢), disrupted
the estradiol/testosterone balance, and induced
aromatase activity (Cook et al., 1992; Biegel et al.,
1995, 2001). Prenatal and early-life exposures to
PFOA also affect mammary-gland development
in rodents. However, the importance of PFOA-
induced modulation of the immune system or
hormone levels in carcinogenesis is uncertain.

5. Summary of Data Reported

5.1 Exposure data

Perfluorooctanoic acid (PFOA) is a synthetic
fluorinated carboxylic acid. There are two prod-
uction methods: the electrochemical fluorin-
ation process results in a mixture of branched
and straight-chain isomers of the ammonium
salt, while the telomerization process, a method
in use since the early 2000s, results in an isomer-
ically pure, straight-chain product. PFOA and its
salts have been mainly used as emulsifiers in the
production of fluoropolymers such as polytetra-
fluoroethylene. PFOA has been used in metal
cleaners, electrolytic-plating baths, self-shine
floor polishes, cement, fire-fighting formulations,
varnishes, emulsion polymerization, lubricants,
gasoline, leather, and textile treatments and as
non-stick coatings on cookware and in paper
coatings such as food packaging. PFOA is persis-
tent in the environment and has been detected in
air, water, dust, and food. For most of the general
population, the predominant sources of exposure
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are food (including transfer of PFOA from food
packaging) and dust. Serum concentrations of
perfluorooctanoate of less than about 10 ug/L
have been measured in the general population
worldwide; serum concentrations increased
over time until about 2000, and have since
remained constant or decreased. In people living
near industrial sources of perfluorooctanoate,
mean serum concentrations have ranged from
near-background concentrations to > 200 pg/L.
In these groups, the predominant route of expo-
sure was drinking-water. Occupational exposure,
through inhalation and dermal contact, occurs
during fluoropolymer production using PFOA,
and mean serum concentrations in groups of
workers with the highest exposure were meas-
ured as > 1000 ug/L.

5.2 Human carcinogenicity data

The literature on the epidemiology of cancer
inrelation to PFOA isrelatively smalland includes
studies in three different types of populations:
workers exposed in chemical plants producing
or using PFOA, high-exposure communities
(i.e. areas surrounding a plant with documented
release of PFOA and contamination of public and
private water supplies), and studies in the general
population with background exposures.

5.2.1 Cancer of the testis

The only informative results on risk of cancer
of the testis were from two studies of cancer inci-
dence in a high-exposure community setting in
West Virginia and Ohio, USA; there was some
overlap in the cases examined in these studies.
Both publications, using different study designs
(i.e. a cohort study of incidence and a popula-
tion-registry case—control study), observed an
increased risk of incidence of cancer of the testis.
Inthehighest quartile of exposureinboth studies,
the observed increase in risk was approximately
threefold, with a significant trend in increasing
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risk with increasing exposure in the cohort study
(no trend test was reported in the case—control
study). The evidence for cancer of the testis was
considered credible and unlikely to be explained
by bias and confounding, however, the estimate
was based on small numbers.

5.2.2 Cancer of the kidney

There were several publications that have
examined PFOA and risk of cancer of the kidney.
Three of these were conducted in West Virginia,
USA, and included occupational and community
exposure, and the fourth was conducted in a
different occupational setting. In the exposure-
response analysis of workers in West Virginia,
8 of the 12 deaths from cancer of the kidney
were seen in the highest quartile of exposure,
with an elevated standardized mortality ratio
and a significant trend in increasing risk with
increasing exposure. The other occupational
cohort study reported no evidence for increased
incidence. A modestly increased risk of inci-
dence of cancer of the kidney was seen in a
community population with high exposure. A
study in a somewhat overlapping population
also found elevated relative risks in the groups
with high and very high exposure compared
with the group with low exposure. The evidence
for cancer of the kidney was considered credible;
however, chance, bias, and confounding could
not be ruled out with reasonable confidence.

5.2.3 Other cancer sites

The evidence regarding other cancer sites,
including the urinary bladder, thyroid, prostate,
liver, and pancreas was also evaluated. Some
positive associations were observed for cancers of
the bladder, thyroid, and prostate, but the results
were inconsistent among studies and based on
small numbers. The evidence for carcinogenicity
for all of these sites was judged to be inadequate.
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5.3 Animal carcinogenicity data

PFOA was administered in the feed in one
study of carcinogenicity in male and female
rats, and in another study in male rats. PFOA
increased the incidence of testicular Leydig cell
adenoma in males in both studies, and increased
the incidences of hepatocellular adenoma and
pancreatic acinar cell adenoma in the study in
male rats only.

PFOA was also shown to promote hepatocar-
cinogenesis in two feeding studies in male rats
and two feeding studies in rainbow trout.

5.4 Mechanistic and other relevant
data

PFOA does not undergo metabolism in the
experimental systems studied or in humans.
It is readily absorbed via all routes of expo-
sure and is excreted into the urine. Among the
species studied, humans are unique in that the
reabsorption of PFOA in the kidneys is highly
efficient, leading to much longer retention in the
body when compared with all other animals.
Therefore, the body burden of PFOA experienced
by humans is much greater than in experimental
animals.

PFOA is not DNA-reactive, and gives nega-
tive results in an overwhelming number of
assays for direct genotoxicity. Therefore, there
is strong evidence that direct genotoxicity is not
a mechanism of PFOA carcinogenesis. Some
studies with PFOA indicate that indirect DNA
damage may result from induction of oxidative
stress, therefore there is moderate evidence that
genotoxicity overall is not a mechanism of PFOA
carcinogenesis.

Several studies in humans have examined
the relationship between exposure to PFOA
and toxicity, and suggest that PFOA may cause
liver injury. In experimental animals, the liver
is a well-established target for toxicity. Potential
mechanisms for PFOA-induced toxicity and

carcinogenicity in the liver include PPARa acti-
vation, involvement of other molecular pathways
(i.e. constitutive androstane receptor, pregnane
X receptor, estrogen receptor), and cytotoxicity.
There is moderate evidence for these mechan-
isms, largely from studies in rats and mice. Based
on the available evidence, human relevance of
the liver findings in rodents cannot be excluded.

The effects of PFOA in other organs are not
so well established, but modulation of inflam-
matory pathways and hormone levels has been
reported. Studies in human cells, rodents, and
fish, have documented perturbation of molecular
pathways involving reproductive hormones and
hormone receptors, such as activation of estrogen
receptor, interference with testosterone/estradiol
balance, and induction of aromatase, and effects
on reproductive organs consistent with estro-
genicity. Although there is moderate evidence
that PFOA affects reproductive-hormone path-
ways, there is weak evidence for their relevance
to PFOA-associated carcinogenesis.

Overall, there is moderate evidence for
mechanisms of PFOA-associated carcinogenesis,
including some evidence for these mechanisms
being operative in humans.

6. Evaluation

6.1 Cancer in humans

There is limited evidence in humans for
the carcinogenicity of perfluorooctanoic acid
(PFOA). A positive association was observed for
cancers of the testis and kidney.

6.2 Cancer in experimental animals

There is limited evidence in experimental
animals for the carcinogenicity of perfluoro-
octanoic acid (PFOA).
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6.3 Overall evaluation

Perfluorooctanoic acid (PFOA) is possibly
carcinogenic to humans (Group 2B).
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