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In recent years, human and wildlife monitoring studies have

identified perfluoroalkyl acids (PFAA) worldwide. This has led to

efforts to better understand the hazards that may be inherent in

these compounds, as well as the global distribution of the PFAAs.

Much attention has focused on understanding the toxicology of

the two most widely known PFAAs, perfluorooctanoic acid, and

perfluorooctane sulfate. More recently, research was extended to

other PFAAs. There has been substantial progress in understand-

ing additional aspects of the toxicology of these compounds,

particularly related to the developmental toxicity, immunotoxicity,

hepatotoxicity, and the potential modes of action. This review

provides an overview of the recent advances in the toxicology and

mode of action for PFAAs, and of the monitoring data now

available for the environment, wildlife, and humans. Several

avenues of research are proposed that would further our

understanding of this class of compounds.

Key Words: Perfluoroalkyl acids; PFOS; biomonitoring.

The perfluoroalkyl acids (PFAA) are a family of perfluori-

nated chemicals that consist of a carbon backbone typically

4–14 in length and a charged functional moiety (primarily

carboxylate, sulfonate, or phosphonate). The two most widely

known PFAAs contain an eight-carbon backbone and include

perfluorooctanoic acid (PFOA) and perfluorooctane sulfate

(PFOS). It should be noted that PFAAs are different from

another class of perfluorocarbons, the perfluoroalkanes, which

are primarily used clinically for oxygenation and respiratory

ventilation. PFAAs are relatively contemporary chemicals,

being in use only in the past half century, and until recently,

have been considered biologically inactive.

In recent years there has been a great deal of research to

understand the toxicological effects, and distribution of this

class of compounds in the environment, wildlife, and humans.

Several reviews have been written on the general toxicology of

PFOA (Kennedy et al., 2004) and the developmental toxicity

of PFAAs (Lau et al., 2004). However, there has been

substantial progress in understanding additional aspects of the

toxicology of these compounds, particularly related to the

potential modes of action. The purpose of this review is to

provide an overview of the monitoring data available for the

environment, wildlife, and humans, as well as recent advances

in the toxicology and mode of action for this class of

compounds.

GENERAL BACKGROUND

Carbon-fluorine bonds are among the strongest in organic

chemistry. Fully fluorinated hydrocarbons are stable in air at

high temperatures (in excess of 150�C), nonflammable, not

readily degraded by strong acids, alkalis, or oxidizing agents,

and are not subject to photolysis; although recent evidence

indicated that PFAAs might be decomposed by zero-valent iron

in subcritical water (Hori et al., 2006), or by irradiation and use

of persulfate (Chen and Zhang, 2006). Nonetheless, the

stability of these chemicals renders them practically non-

biodegradable and persistent in the environment (Key et al.,
1997, 1998; Presher et al., 1985). The fluorine moiety of

PFAAs provides extremely low surface tension and contributes

to their unique hydrophobic and oleophobic nature.

Naturally occurring fluorinated organic compounds are rare.

PFOA, PFOS, and other PFAAs are man-made chemicals

(Lehmler, 2005) that are primarily produced by two methods.

The Simons Electrochemical Fluorination process is based

on the reaction between an organic feedstock, such as
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1-octanesulfonyl fluoride (C8H17SO2F) for PFOS or 1-

heptanecarbonyl fluoride for PFOA, and anhydrous hydrogen

fluoride. These reactions are fueled by an electrical current

causing all the hydrogen atoms on the carbon backbone to be

replaced by fluorine atoms. Resultant products, such as

perfluorooctane sulfonyl fluoride (POSF, C8F17SO2F), are

formed. During this process, fragmentation and rearrangement

of the carbon skeleton can occur producing fluorinated

molecules of various carbon chain lengths and a mixture of

linear, branched, and cyclic isomers. A lack of isomeric purity

is a signature of this production process. An alternative

production method involves telomerization of tetrafluoro-

ethylene units that always yields straight-chain alcohols

(F(CF2CF2)nCH2CH2OH) that can be converted into final

products for commercial application. Thus, PFAAs found in

the environment are composed of a family of target compounds

as well as by-products of various chain lengths and isomers.

The physical properties of PFAAs render these chemicals

ideal surfactants (Kissa, 2001). Although all PFAAs share

some surfactant properties, the eight-carbon chemicals are most

effective. POSF and telomer-related products are found in over

200 industrial and consumer applications, ranging from water-,

soil-, and stain-resistant coatings for clothing fabrics, leather,

upholstery, and carpets, to oil-resistant coatings for paper

products approved for food contact, electroplating, electronic

etching bath surfactants, photographic emulsifiers, aviation

hydraulic fluids, fire-fighting foams, paints, adhesives, waxes,

and polishes (Renner, 2001; Seacat et al., 2002). PFOA is used

as an emulsifier in the production of polytetrafluoroethylene as

well as other fluoropolymers and fluoroelastomers.

Historically, the production and use of PFOS (3500 metric

tons in 2000) dwarfed those of PFOA (estimated at 500 metric

tons). However, because the major manufacturer of PFOS, 3M,

phased out production in 2002, the global production of this

chemical dropped precipitously to 175 metric tons by 2003

(3M Company, 2003). In contrast, the global production of

PFOA escalated to 1200 metric tons per year by 2004 and has

presumably become the most common PFAA in commerce. In

2006, the U.S. Environmental Protection Agency initiated the

PFOA Stewardship Program in which the eight major

companies in the industry have committed to reduce facility

emissions and product contents of PFOA and related chemicals

on a global basis by 95% no later than 2010. A further goal of

this program is to work toward eliminating emissions and

product content of these chemicals by 2015 (U.S. EPA, 2006).

However, it is anticipated that other PFAA products will be

developed to fill the commercial void.

MONITORING STUDIES

Extensive amount of data have recently become available

describing concentrations of PFAAs in environmental media,

wildlife, and human tissues in many different geographic

locations throughout the world. In general, the sample sizes

reported have been small, but the number of reports is ever-

increasing. In addition, various laboratory techniques have

been used to analyze the PFAA samples. It is difficult to

compare or interpret PFAA concentrations in biological

matrices across the globe without internationally representative

samples and standardized analytical methods. In some cases,

wide ranges of values have been reported. It is impossible to

determine whether this variability is due to different analytical

techniques or truly marked exposure differences.

Since data quality improvement was needed in the analysis

of perfluorinated compounds, the first worldwide interlabora-

tory study was conducted (Martin et al., 2004a; Van Leeuwen

et al., 2006). The participants included 38 laboratories from 13

countries, and each laboratory analyzed 13 PFAAs in three

environmental and two human samples. There was approxi-

mately 65% concordance among laboratories for PFOS and

PFOA in both human blood and plasma; however, other

PFAAs did not fare as well. Most laboratories underestimated

PFAA concentrations in fish extracts due to matrix effects. The

results for the fish tissue and water were also poor. It was

concluded that additional work is needed to improve the

analytical techniques for all matrices. A second interlaboratory

study is currently underway.

PFAAs in the Environment

Although some uncertainty in the reliability of the reported

levels remains, PFOA, along with PFOS and other PFAAs,

have been detected in a variety of environmental matrices from

around the globe. These include surface waters, air, sludge,

soils, sediments, and ice caps. For example, PFOA and PFOS

have been detected in the Tennessee River downstream from

a fluorochemical manufacturing plant, in drinking water

sources near production plants in West Virginia and Germany,

in the Great Lakes, in rain water from an urban center in

Canada, in coastal waters in south China, Japan, and Korea,

and in river water samples collected from tributaries of the

Yangtze and Pearl Rivers in China (Boulanger et al., 2004;

Emmett et al., 2006a; Hansen et al., 2002; Loewen et al., 2005;

Saito et al., 2004; Skutlarek et al., 2006; So et al., 2004, in

press). PFOS, perfluorohexane sulfonate (PFHS), and perfluo-

robutane sulfonate (PFBS) have been detected in surface sea

water and fresh water samples from a number of cities in Japan

(Taniyasu et al., 2003). Typically, the levels of PFOA were in

the parts per trillion range, although concentrations found in

West Virginia tended to be higher, at about 3.5 parts per billion

(ppb) (Emmett et al., 2006a). Even higher levels of PFOS,

PFOA, and PFHS (ranging from ppb to parts per million

[ppm]) were reported after an accidental release of fire-fighting

foam that subsequently entered Etobicoke Creek, a tributary of

Lake Ontario (Moody et al., 2002).

In ambient air, particulates containing PFOA have been

detected, ranging from 0.07–0.9 ng/m3 among different Japanese
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cities (Harada et al., 2006b), to 0.12–0.9 lg/m3 in a sampling

area near a fluoropolymer manufacturing facility in the United

States (Barton et al., 2006). Two PFOS precursors, N-ethyl-

perfluorooctane-sulfonamido ethanol (N-EtFOSE) and

N-methyl-perfluorooctane-sulfonamido ethanol, have been

measured in the air in Canada (Martin et al., 2002). In addition,

PFOA, PFOS, and PFHS have been detected in indoor dust

samples from Canadian homes, averaging about 100, 450, and

400 ppb (ng/g), respectively (Shoeib et al., 2005).

In soils, sediment, waste water, and sludge, PFOS and PFOA

have been detected in various countries (3M Company, 2001,

2003; Boulanger et al., 2005; DuPont, 2003a, 2005; Higgins

et al., 2005; Schultz et al., 2006; So et al., 2004; Wang et al.,
2005a; Yamishita et al., 2004). Dry soil measurements near

a fluorochemical manufacturing plant in West Virginia revealed

PFOA at levels ranging from below the detection limit of 0.017–

700 ng/g. PFOA was also detected in soils at 2.87 ng/g 2 months

after fire-fighting foams were used to extinguish fires at major oil

storage facilities following an earthquake in southern Japan.

PFOA, PFOS, and many other PFAA intermediates have been

found in San Francisco Bay area sediments and sludge in the ng/g

range. Certain Nordic countries, the Netherlands, and the

United States have all reported measurements of PFOA in

sediment samples in the ng/g range. PFOA has also been

detected in sewage sludge and effluent near a manufacturing

plant in the United States, in sites far from manufacturing sites in

the Nordic countries, at a water disposal site in Japan, at an

urban-industrial wastewater treatment plant in Spain, and in

waste water from various manufacturing plants in Austria (3M

Company, 2001; Alzaga and Bayone, 2004). In remote regions

of the High Arctic ice caps, PFOA, and several other PFAA

intermediates have been detected in concentrations ranging from

the low- to mid-pg/l range (Young et al., 2007).

PFOS and PFOA are the final degradation products of a host

of precursor perfluorinated chemicals and several of the

precursors are considered volatile. Available evidence suggests

the transformation or biodegradation of precursor molecules

occurs by both abiotic and biotic biodegradation pathways

(Dinglasan et al., 2004; Ellis et al., 2001; Lange, 2002; Wang

et al., 2005a,b). Water is expected to be the primary

environmental compartment where PFOS and PFOA are

found. Adsorption to soils, sediments, and sludge is uncertain,

but expected to be limited based on their physical–chemical

properties. PFOS or PFOA found in these matrices is probably

associated with the water phase and/or weakly adsorbed by

electrostatic interactions (Gannon et al., 2006). Nonetheless,

Higgins et al. (2005) have recently provided a quantitative

assessment of PFAAs in sediments and domestic sludge in the

United States, and found them to be in the ng/g range.

Our understanding of the environmental fate of PFOS,

PFOA, and PFAA intermediates, including their sources,

potential for biotransformation, as well as transport and

distribution mechanisms is only in its infancy. Because of the

popular uses of PFOA and PFOS in consumer and industrial

products, it is not surprising to find these pollutants in urban

areas. On the other hand, the detection of these perfluorochem-

icals in remote regions of the world is quite unexpected.

Recently, two theories have emerged for the fate and transport

of these chemicals around the world (Prevedouros et al., 2006).

The first is long range transport by oceanic currents (Yamashita

et al., 2005) which is supported by the finding of parts per

quadrillion (pg/l) of PFAAs in the surface water of the Atlantic

and Pacific Oceans, South China Sea, Sulu Sea, and the

Labrador Sea, with PFOA being the major PFAA detected

followed by PFOS. In this study, concentrations of PFAA were

reported to decrease by two to four orders of magnitude from

coastal waters to offshore, with traces of PFOA and PFOS

detected in deep sea water. The second theory involves

atmospheric transport and transformation of precursor chem-

icals (D’Eon et al., 2006; Ellis et al., 2003, 2004; Martin et al.,
2006; Stock et al., 2004; Young et al., 2007). While the

volatility of PFOA and PFOS is nominal, that of their precursors

and derivatives is high at normal temperature and pressure.

According to one model, perfluorinated telomer alcohols (TA)

have been found in the North American troposphere (11–165

pg/m3), and their estimated atmospheric lifetime of 10–20

days is sufficient to account for the widespread hemispheric

distribution (Wallington et al., 2006). These precursors of

PFOA and PFOS can be oxidized by hydroxyl radicals in

the atmosphere, thereby providing an explanation for the

presence of these anthropogenic chemicals in remote locales

(3M Company, 2000; Ellis et al., 2004; Young et al., 2007).

Of the precursors that comprise the fluorotelomer-based

polymers, the 8–2 TA (F(CF2CF2)4CH2CH2OH) has been

the most studied (Dinglasan et al., 2004; Ellis et al., 2004;

Hurley et al., 2004; Lange, 2002; Martin et al., 2004b;

Wang et al., 2005a,b). Longer-term abiotic and biotic

degradation studies for fluorotelomer-based polymeric products

in soils, sediments, and sludge are currently being undertaken to

better understand the fate of these compounds in the

environment.

Transport of PFOA from a point source was recently

investigated at a fluoropolymer manufacturing site in the

West Virginia and Ohio border areas (Davis et al., 2007).

Environmental media including air, water, and soil were

monitored, and ground water flow and air dispersion models

were applied. Available data suggested that PFOA emitted in

air from the production site was transported by wind to the

nearby well fields, deposited onto the surface soils, and then

migrated downward with precipitation into the underlying

aquifer. Extension of such modeling and surveying efforts to

other PFAAs will be instrumental to our understanding of the

geographic distributions of these chemicals.

PFAAs in Wildlife

A summary of the concentrations of PFAAs in serum or

plasma of wildlife is presented in Table 1. As mentioned above,
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there are uncertainties associated with these levels due to

variations in analytical techniques. In addition, multiple

uncertainties exist since most of the samples were collected

for other purposes and stored frozen for up to 30 years with

little standardization in analytical procedures, statistics, and

reporting.

Giesy and Kannan (2001) reported global distribution of

PFOS in frozen wildlife liver and blood samples. Since that

time, thousands of samples of biota have been analyzed for

PFOS, PFOA, and other PFAAs. Recent reviews include

Gannon et al. (2006), and Houde et al. (2006a, PFAAs

globally); Environment Canada (2006, PFOS and related

chemicals in Canada); and Kallenborn et al. (2004, PFAAs in

the Nordic environment). In general, the highest concentrations

of PFAAs have been found in the livers of fish-eating animals

living near more industrialized areas. In North America, surveys

found highest liver concentrations in mink, bottle-nosed

dolphins, polar bear, ringed seal, and Brandt’s cormorant

(Bossi et al., 2005a,b; De Silva and Mabury, 2004; Giesy and

Kannan, 2001; Kannan et al., 2001a,b, 2002a). In Europe,

highest liver concentrations were reported for ringed seal, eels,

and cod (Falandysz et al., 2006; Hoof et al., 2005b; Kannan

et al., 2002b). In Asia, highest liver concentrations were

reported for the common cormorant (Kannan et al., 2002c).

Extremely high liver concentrations of PFOS were reported for

a population of field mice living near a fluorochemical plant in

Belgium (Hoff et al., 2004). PFAAs have also been detected in

organisms from the remote areas of the Arctic (De Silva and

Mabury, 2004; Kannan et al., 2001b; Martin et al., 2004b,c;

Smithwick et al., 2005; Tomy et al., 2004) and Antarctic (Giesy

and Kannan, 2001; Tao et al., 2006).

The pattern of contamination in biota is complex and varies

among species and locations suggesting multiple emission

sources. When analyses of multiple PFAAs are performed,

PFOS is usually the highest concentration, except in some

urban or industrial areas where PFOA may have local sources

(Houde et al., 2005). There are some reports providing

evidence of bioaccumulation/biomagnification in top fish-

eating predators (Houde et al., 2006b; Tomy et al., 2004;

Verreault et al., 2005). Others reported a pattern of temporal

changes (both increases and decreases), mainly in liver

concentrations (Bossi et al., 2005b; Holmström et al., 2004;

Smithwick et al., 2006). However, there is no clear pattern of

increased PFAA tissue concentration with age of the organism

(Houde et al., 2005; Smithwick et al., 2005, Van de Vijver

et al., 2005).

PFAAs in Humans

Human biomonitoring of the general population for PFAAs

in various countries around the world began in 2000, while

occupational populations have been monitored for much longer

periods of time. In most cases, workers occupationally

exposed have serum levels of both PFOA and PFOS

approximately one order of magnitude higher than those

reported in the general population. Most peer-reviewed

literature contains reports of PFAAs detected in blood (whole

blood, plasma and serum), from individual samples, although,

some pooled samples were used. A limited number of papers

have also reported PFAAs detected in breast milk, liver,

seminal plasma, and umbilical cord blood (Apelberg et al.,
2007; Guruge et al., 2005; Inoue et al., 2004; Kärrman et al.,
2007; Kuklenyik et al., 2004; Midasch et al., 2007; Olsen

et al., 2003c; So et al., 2006). Samples have been collected in

countries worldwide including the United States, Japan,

Canada, Peru, Colombia, Brazil, Italy, Poland, Germany,

Belgium, Sweden, India, Malaysia, Korea, China, and

Australia. In most cases, the analytes most often detected in

human matrices, and usually in the highest concentrations,

were PFOS, PFOA, and PFHS. Tables 2 and 3 present the

concentrations of these chemicals in human populations in

North America and worldwide, respectively. These tables are

expanded from Butenhoff et al. (2006).

Other PFAAs detected in human tissue include perfluor-

ooctane sulfonamide (PFOSA), 2-(N-methyl-perfluorooctane

sulfonamido) acetic acid (Me-PFOSA-AcOH), 2-(N-ethyl-

perfluorooctane sulfonamido) acetic acid (Et-PFOSA-AcOH

or PFOSAA), perfluoroheptanoic acid, perfluorononanoate

(PFNA), perfluorodecanoic acid (PFDeA or PFDA), perfluo-

roundecanoic acid (PFUA), perfluorododecanoic acid, per-

fluoropentanoic acid, perfluorohexanoic acid, and PFBS.

Table 4 summarizes published concentrations of some of these

analytes.

Various researchers have reported their results for PFAAs in

whole blood, plasma, and serum. Most of these studies have

assumed a 1:1 ratio between serum and plasma concentrations

and have converted whole blood measurements to serum by

doubling whole blood concentrations (Kannan et al., 2004;

Kuklenyik et al., 2004). Two recent studies have compared the

blood ratios in the various matrices and reported different

results (Ehresman et al., 2007a; Karrman et al., 2006a).

Ehresman et al. (2007a) reported mean serum or plasma to

whole blood ratios that were 2.3–2.5 for PFHS, 2.2–2.4 for

PFOS, and 2.0–2.1 for PFOA, whereas, mean plasma to whole

blood ratios for PFOS, PFOA, PFHS, and PFNA in another

study were described as 1.2, 1.4, 1.2, and 1.1, respectively

(Karrman et al., 2006a). Resolution of this issue will thus

require additional work.

Based on the limited data currently available, it is clear that

there are a small number of individuals who have been exposed

at levels much higher than the majority of the population.

Recent data indicate that individuals living near a U.S. facility

that uses PFOA may have much higher PFOA serum

concentrations than those currently reported for the general

population (Calafat et al., 2007; Emmett et al., 2006a). Very

little data are available on trends of PFAAs in human

populations. Data from National Health and Nutrition Exam-

ination Survey of 1999–2000 have recently become available
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and will provide the baseline data from which future trends can

be measured in the United States (Calafat et al., 2007). These

data generally confirm the results reported from smaller studies

done in the United States (see Table 2). However, the results

also indicate that males have higher average concentrations of

PFOS, PFOA, and PFHS than females in the United States and

that Mexican Americans have lower mean serum concen-

trations for these three compounds than non-Hispanic whites

TABLE 1

PFOS, PFOA and PFHS Serum or Plasma Concentrations (ng/ml)—Ranges in Wildlife

Species PFOS range PFOA range PFHS range References

North America

Ringed Seals < 3–12 Giesy and Kannan, 2001

Gray Seals 11–49 Giesy and Kannan, 2001; Kannan et al., 2001b

Northern Fur Seal < 6–12 Kannan et al., 2001b

Stellar Sea Lion < 6 Kannan et al., 2001b

Polar Bear 26–52 Kannan et al., 2001b

Kemp’s Ridley Sea Turtle 13.8–60.2 2.77–4.25 0.12–0.38 Keller et al., 2005

Loggerhead Sea Turtle 1.4–96.8 0.5–8.14 < 0.05–1.08 Keller et al., 2005

Snapping Turtle < 1–170 < 2.5 < 1 Giesy and Kannan, 2001; Kannan et al.,. 2005a

Bald Eagles < 1–2570 Giesy and Kannan, 2001; Kannan et al.,. 2001a

Herring Gull 66–450 Giesy and Kannan, 2001; Kannan et al.,. 2001a

Double Crested Cormorant 1–430 Giesy and Kannan, 2001; Kannan et al.,. 2001a

Europe

Ringed Seals 5–242 Giesy and Kannan, 2001; Kannan et al., 2001b

Gray Seals 14–76 Giesy and Kannan, 2001; Kannan et al., 2001b

Eider Duck 12–38a 0.06–0.1a 0.4–2.9a Falandysz et al., 2006

Great Tit 24–1625a Dauwe et al., 2007

Cod 6.1–52a 0.05–0.7a 0.05–0.8a Falandysz et al., 2006

Asia and Pacific Ocean

Black-tailed Gull 2–12 Giesy and Kannan, 2001

Laysan and Black-footed Albatross 0.3–39 < 0.1–0.3 Giesy and Kannan, 2001; Kannan et al., 2001a;

Tao et al., 2006

Carrion Crow 11–150a < 1a Taniyasu et al., 2003

Mallard 130a 9a Taniyasu et al., 2003

Pintail Duck 84–167a 6–20a Taniyasu et al., 2003

Common Sea Bass 30–146a 3.6–4a Taniyasu et al., 2003

Conger Eel 489a 121a Taniyasu et al., 2003

Flatfish 74–194a 28–38a Taniyasu et al., 2003

Japanese Stingfish 2–488a < 2–4a Taniyasu et al., 2003

Rockfish 63–176a 2–5a Taniyasu et al., 2003

Black Seabream 29–31a < 3–< 5.5a Taniyasu et al., 2003

Japanese Scad 7–238a < 2.7–1a Taniyasu et al., 2003

White Croaker 33–50a < 2.8a Taniyasu et al., 2003

Black Scraper 31–35a < 5.5a Taniyasu et al., 2003

Filefish 33–66a < 5.5a Taniyasu et al., 2003

Gizzard Shad 23a < 5.5a Taniyasu et al., 2003

Redlip Mullet 23–47a 1a Taniyasu et al., 2003

Red Seabream 17–41a < 5.5a Taniyasu et al., 2003

Yellowfin Seabream 27a < 5.5a Taniyasu et al., 2003

Lefteye Flounder 7–50a < 0.7–11a Taniyasu et al., 2003

Giant Trevally 15–24a < 1.9a Taniyasu et al., 2003

Ornate Jobfish 4–21a Taniyasu et al., 2003

Perth Herring 1a < 4.4a Taniyasu et al., 2003

Yellowfin Tuna 1a < 2.2a Taniyasu et al., 2003

Blue Gill 455–834a < 4.3a Taniyasu et al., 2003

Largemouth Bass 317–322a < 4.3a Taniyasu et al., 2003

Carp 68–77a < 4.3a Taniyasu et al., 2003

Antarctica

Elephant Seal < 0.08–3.5a Tao et al., 2006

Adelie Penguin < 0.1a Tao et al., 2006

Polar Skua < 1–1.4 Giesy and Kannan, 2001; Tao et al., 2006

aWhole blood only. Taniyasu et al., 2003; Falandysz et al., 2006; Tao et al., 2006; Dauwe et al., 2007.
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TABLE 2

PFOS, PFOA and PFHS Concentrations (ng/ml) in North American Human Populations

Location Demographic Sample type

Year of

collection Number

PFOS

meana
PFOS

range

PFOA

meana
PFOA

range

PFHS

meana
PFHS

range References

Los Angeles, CA Adults Serum 2001 125 40.4 6.6–205.0 4.1 2.1–34.1 1.9 < 2.1–12.4 Olsen et al., 2003b

Boston, MA Adults Serum 2001 109 28 4.3–87.2 5.4 1.5–13.9 1.9 < 1.4–12.6 Olsen et al., 2003b

Mpls–St Paul, MN Adults Serum 2001 100 33.1 7.7–207.0 4.5 1.9–20.0 1.5 < 1.4–15.2 Olsen et al., 2003b

Charlotte, NC Adults Serum 2001 96 51.5 19.3–166.0 6.3 2.1–29.0 2.8 < 1.4–22.4 Olsen et al., 2003b

Portland, OR Adults Serum 2001 107 27 6.0–1656 3.6 2.1–16.7 1.6 < 2.1–16.7 Olsen et al., 2003b

Hagerstown, MD Adults Serum 2001 108 35.3 7.6–226.0 4.2 2.1–52.3 2.1 < 2.1–66.3 Olsen et al., 2003b

Seattle, WA Elderly adults Serum 2001 238 31 3.4–175.0 4.2 1.4–16.7 2.2 < 1.4–40.3 Olsen et al., 2004a

23 US States Children (2–12 years) Serum 1994–1995 598 37.5 6.7–515 4.9 1.9–56.1 4.5 < 1.4–711.7 Olsen et al., 2004b

Washington Co., MD Adults Serum 1974 178 30.1 NR 2.1 NR 1.5 NR Olsen et al., 2005b

Washington Co., MD Adults Plasma 1989 178 33.3 NR 5.5 NR 2.5 NR Olsen et al., 2005b

Kentucky Adult females Serum 2000 46 32.5* < 1.3–91.7 4.7* < 3–7.3 3.6 < 1.3–13.2 Kannan et al., 2004

Michigan Adult males Serum 2000 29 32.9* < 1.3–124 5.7* < 3–14.7 NR NR Kannan et al., 2004

Kentucky Adult females Whole blood 2002 11 66* 11–130 23* 15–39 NR NR Kannan et al., 2004

Kentucky Adult males Whole blood 2002 19 73.2* 19–164 41.6* 11.0–88 NR NR Kannan et al., 2004

New York City Adults Plasma 2002 70 42.8* 16–83 27.5* 14–56 NR NR Kannan et al., 2004

Atlanta, GA Adult females Serum 2003 10 54 3.6–164.0 4.2* 0.2–10.0 3.0* 0.4–5.6 Kuklenyik et al., 2004

Atlanta, GA Adult males Serum 2003 10 57.97* 20.4–94.0 5.56* 2.8–10.4 4.88* 1.1–11.2 Kuklenyik et al., 2004

Atlanta, GA Adult females Breast milk 2003 2 Kuklenyik et al., 2004

United States NHW Serum 1999–2000 529 32.0 NR 5.6 NR 2.3 NR Calafat et al., 2007

United States NHB Serum 1999–2000 309 33.0 NR 4.8 NR 2.2 NR Calafat et al., 2007

United States MA Serum 1999–2000 584 22.7 NR 3.9 NR 1.5 NR Calafat et al., 2007

United States NHWF Serum 2001–2002 13 pooled 24.0* NR 4.0* NR 4.3* NR Calafat et al., 2006a

United States NHBF Serum 2001–2002 6 pooled 17.9* NR 2.9* NR 2.4* NR Calafat et al., 2006a

United States MAF Serum 2001–2002 8 pooled 10 NR 2.1* NR 1.8* NR Calafat et al., 2006a

United States NHWM Serum 2001–2002 13 pooled 40.2* NR 7.0* NR 4.3* NR Calafat et al., 2006a

United States NHBM Serum 2001–2002 6 pooled 18.3* NR 3.6* NR 2.4* NR Calafat et al., 2006a

United States MAM Serum 2001–2002 7 pooled 13.7* NR 2.9* NR 1.8* NR Calafat et al., 2006a

United States Adults Serum 1990–2002 23 pooled 30 13.8–56.5 9.6 2.8–23.7 1.6 < 0.3–3.1 Calafat et al., 2006b

St Paul, MN Adult females Plasma 2005 20 13.3* 6.7–29.9 2.3* 0.7–4.7 NR NR Olsen et al., 2006, 2007

St Paul, MN Adult males Plasma 2005 20 19.2* 10.0–36.4 2.6* 0.7–4.2 NR NR Olsen et al., 2006, 2007

St Paul, MN Adult females Serum 2000 50 39.2* 7.7–207.0 5.1* 1.4–20.0 NR NR Olsen et al., 2006, 2007

Southeastern OH Adults and children Serum 2005 371 NR NR 354* NR NR NR Emmett et al., 2006a

Ottawa, Gatineau, Canada Adult females Serum 2002 21 29.7* 9.5–62.3 3.08* < 1.2–6.1 NR NR Kubwabo et al., 2004

Ottawa, Gatineau, Canada Adult males Serum 2002 35 28.3* 3.7–65.1 3.6* < 1.2–7.2 NR NR Kubwabo et al., 2004

Note. NHWF, non-Hispanic white females; NHWM, non-Hispanic white males; NHBF, non-Hispanic black females; NHBM, non-Hispanic black males MAF, Mexican American females; MAM,

Mexican American males; NHW, non-Hispanic whites; NHB, non-Hispanic blacks; MA, Mexican Americans.
aGeometric means presented—those with * are arithmetic means.
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and non-Hispanic blacks. In addition, concentrations of PFOS

and PFOA were higher in more highly educated cohort

members. A U.S. and a Japanese study have also reported on

the historical trends of PFAAs in small samples of the

population. In one study, blood samples collected in western

Maryland in 1974 and 1989 (n ¼ 178 for each time period)

indicate that median concentrations of PFOS, PFOA, PFHS,

and PFOSAA increased during this time period (Olsen et al.,
2005). However, additional samples from different study

participants (n ¼ 108) collected in the same region in 2001

did not indicate any significant difference between 1989 and

2001. Another U.S. pilot study suggests that blood levels of

PFOS and PFOA declined from 2000 to 2005. It is noteworthy

that these data are preliminary, cross-sectional, based on small

sample sizes (n ¼ 40 in 2005), and are derived from different

matrices (plasma vs. serum) (Olsen et al., 2006, 2007a).

A Japanese study, on the other hand, reported that both PFOS

and PFOA have increased steadily in Japanese residents from

1977 to 2003 (Harada et al., 2004). This study also reported

higher PFOS and PFOA serum levels in male participants than

females and geographical differences within the country.

Another study of 200 Japanese residents monitored from

1983 to 2004 showed a fourfold increase in PFOA serum levels

over this time period, while those of PFOS leveled off in the

late 1980s (Harada et al., 2006a). Additional biomonitoring

studies will better characterize the trends of human exposure to

these fluorochemicals. The routes of human exposure to

PFAAs are currently being investigated. Possible exposure

pathways that are being examined include drinking water, dust

in homes, and food or migration from food packaging and

cookware (Begley et al., 2005; D’eon and Mabury, in

press; Emmett et al., 2006a; Falandysz et al., 2006; Kubwabo

et al., 2005; Moriwaki et al., 2003; Powley et al., 2005; Shoeib

et al., 2005; Sinclair et al., in press; Tittlemier et al., 2006,

2007).

PHARMACOKINETICS

The pharmacokinetic properties of PFOS and PFOA have

been studied in some detail. Animal studies of both compounds

have shown that they are well absorbed orally, but poorly

eliminated; they are not metabolized, and undergo extensive

uptake from enterohepatic circulation (Johnson et al., 1984;

Kemper and Nabb, 2005; Kuslikis et al., 1992; Ophaug and

Singer, 1980; Vanden Heuvel et al., 1991). Both compounds

TABLE 3

Ranges of PFOS, PFOA, and PFHS Concentrations (ng/ml) in Adult Populations Worldwide

Location Sample type Year of collection Number PFOS range PFOA range PFHxS range References

Cartagena, Columbia Whole blood 2003 56 4.6–14 3.7–12.2 < 0.4–0.9 Kannan et al., 2004

Rio Grande, Brazil Whole blood 2003 27 4.3–35 < 20 < 0.6–15.3 Kannan et al., 2004

Siena, Italy Serum 2001 50 < 1–10.3 < 3 < 1–2.1 Kannan et al., 2004

Gdansk, Poland Whole blood 2003 25 16–116 9.7–40 0.5–2.6 Kannan et al., 2004

Flanders, Wallonia,

Belgium

Plasma 1998, 2000 20 4.5–27 < 1–13 < 1–1.4 Kannan et al., 2004

Coimbatore, India Serum 2000 45 < 1–3.1 < 3–3.5 < 1–2.9 Kannan et al., 2004

Kuala Lumpur, Malaysia Whole blood 2004 23 6.2–18.8 < 10 1.2–6.8 Kannan et al., 2004

Daegu, Korea Whole blood 2003 50 3.0–92 < 15–256 0.9–20 Kannan et al., 2004

Yokohama, Tsukuba,

Japan

Serum 2002 38 4.1–40.3 < 6.8–12.3 < 2.6–7.6 Kannan et al., 2004

Hokkaido, Japan Whole blooda 2003 15 4.9–17.6 0.5–2.3 NR Inoue et al., 2004

Various cities, Japan Serum 2003–2004 200 3.4–92.2 0.4–25.5 NR Harada et al., 2006a

Tokoyo Bay area, Japan Whole blood 2002 11 2.4–14 NR < 1–1 Taniyasu et al., 2003

Tokoyo Bay area, Japan Serum 2002 3 19–41 NR < 2.7 Taniyasu et al., 2003

Sweden Whole blood 1997–2000 66 1.7–37.0 0.5–12.4 0.4–28.4 Kärrman et al., 2006b

Australia Serum 2002–2003 3802b 12.7–29.5 5.0–9.9 2.7–19.0 Kärrman et al., 2006a

Shenyang, China Whole bloodc 2003 85 10.6–142 NR NR Yeung et al., 2006

Zhoushan, China Breast milk 2004 19 0.05–0.36 0.05–0.21 0.004–0.100 So et al., 2006

Uppsala, Sweden Breast milk 2004 12 0.06 –0.47 < 0.21–0.49d 0.03–0.17 Kärrman et al., 2007

Germany Plasma 2003–2004 105e 6.2–130.7 1.7–39.3 NR Midasch et al., 2006

Bavaria, Germany Plasma 2005 356 2.1–55.0 0.5–19.1 NR Fromme et al., in press

Catalonia, Spain Whole blood 2006 48 0.8–16.2 0.8–3.1 0.65–20.0 Ericson et al., 2007

Note. NR, not reported.
aPregnant women.
b40 pooled samples.
cWhole blood converted to serum measurements (multiplied by a factor of 2).
dOnly 1 sample above the detection limit (0.01 ng/ml)—blank was higher than 50% of other detected concentrations.
eSome children in sample.
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are distributed mainly to the serum, kidney, and liver, with

liver concentrations being several times higher than serum

concentrations (Hundley et al., 2006; Johnson et al., 1979a;

Seacat et al., 2002, 2003). The volume of distribution at steady

state of PFOS is approximately 200 ml/kg in the cynomolgus

monkey, suggesting that distribution is mainly extracellular

(Noker and Gorman, 2003). PFOS and PFOA have affinity for

binding to b-lipoproteins (Jones et al., 2003; Kerstner-Wood

et al., 2003) as well as albumin and liver fatty acid–binding

protein (L-FABP) (Luebker et al., 2002.). In humans, studies

have reported detectable levels of PFOS and PFOA, as well as

certain other PFAAs, in umbilical cord blood, indicating that

these chemicals cross the placenta (Apelberg et al., 2007; Inoue

et al., 2004).

The elimination half-lives of several PFAAs are summarized

in Table 5. In general, the rate of elimination is enhanced with

decreasing carbon chain length. Thus, the elimination half-

lives of PFBS and PFBA in the cynomolgus monkey are

shorter than those of PFOS and PFOA. This is also true in

humans, but interestingly, the elimination half-life of PFHS in

humans is longer than that of PFBS or PFOS (Table 5). The

most notable feature of PFAA pharmacokinetics is the

tremendous species differences in elimination. For PFOS, this

ranges from 100 days in rats (Johnson et al., 1979b) to 5.4

years in humans (Olsen et al., 2007b). A similar trend is seen

with PFOA, but there are also gender differences in the

elimination of PFOA. Thus, the elimination half-life of PFOA

in adult female rats is 2–4 h, but is 4–6 days in adult male rats

(Kemper, 2003). This gender difference in elimination is

developmentally regulated and the ability of female rats to

rapidly excrete PFOA develops between 3 and 5 weeks of age

(Hinderliter et al., 2006). Gender differences have also been

observed in other animal species, but the elimination is not

always faster in females. For instance, male hamsters excrete

PFOA more rapidly than female hamsters. In dogs, the half-

life of PFOA is 20–30 days in males and 8–13 days in females

(Hanhijarvi et al., 1988). In cynomolgus monkeys, the half-life

of PFOA is 30 days in females and 21 days in males

(Butenhoff et al., 2004c). In contrast, gender differences are

not observed in mice or rabbits (Hundley et al., 2006; Lau

et al., 2006) and none has been noted in humans, although

uncertainty exists in the human data due to sample size (Olsen

et al., 2007b).

The reason for species and gender differences in elimination

of PFOA is not well understood. In adult rats, the elimination

of PFOA is downregulated by testosterone in both female and

castrated male rats (Kudo et al., 2001, 2002; Vanden Heuvel

et al., 1992) and upregulated by estradiol in male rats (Ylinen

et al., 1989). These differences may be due to the actions of

organic anion transporters in the kidney since several trans-

porter proteins are expressed differentially in male and female

adult rats (Buist and Klaassen, 2004; Buist et al., 2002; Kudo

et al., 2002). Some of these differences develop during the

period of sexual maturation (Buist et al., 2002).

Owing to the gender and species differences in elimination

of PFAAs, comparisons of toxicological effects must utilize

some measure of body burden rather than administered dose.

Work in this area is in its infancy. To date, a one compartment

model has been used for PFOA (U.S. EPA, 2005) and

a pharmacokinetic model of PFOS has been explored in

monkeys (Anderson et al., 2006).

EPIDEMIOLOGY

Epidemiological and medical surveillance studies have been

conducted primarily in the United States on workers occupa-

tionally exposed to POSF-based fluorochemicals. These in-

clude mortality and cancer incidence (Alexander, 2001a, b,

2004; Alexander et al., 2003; DuPont, 2003b, 2006; Gilliland

and Mandel, 1993; Karns and Fayerweather, 1991; Walrath

and Burke, 1989), a study examining potential endocrine

effects (Olsen et al., 1998), an ‘‘episodes-of-care’’ study

evaluating worker insurance claims data (Olsen et al., 2004c),

and worker surveillance studies examining associations

between primarily PFOS and/or PFOA serum concentrations

and hematology, hormonal and clinical chemistry parameters

(Emmett et al., 2006b; Gilliland and Mandel, 1996; Olsen et al.,
1999, 2000, 2003a). These studies that are discussed in detail

elsewhere (U.S. EPA, 2005), specifically examined PFOS or

PFOA exposures and possible adverse outcomes. In general,

no consistent association between serum fluorochemical levels

and adverse health effects has been observed.

A cohort study of PFOS-exposed workers in a fluorochemical

manufacturing facility showed no statistically significant

effect on mortality for most types of cancer and for

nonmalignant causes (Alexander et al., 2003). However,

bladder cancer mortality was elevated among male workers

who had worked in high PFOS exposure jobs for a minimum of

one year. This finding was based on three cases. A follow-up

worker health survey on the bladder cancer mortality confirmed

an increased standardized mortality ratio (SMR) but analyses

by duration worked showed no definitive trend (Alexander,

2004). Other cancer types and pregnancy history in female

employees were ascertained via a self-administered question-

naire (Alexander and Grice, 2006). No significant associations

between PFOS exposure and certain cancers or birth outcomes

were observed.

Occupational studies on workers employed at various

manufacturing sites of PFOA in the United States were mostly

cross-sectional and focused primarily on males. One retro-

spective cohort study demonstrated a significant association

between prostate cancer mortality and employment duration in

the chemical facility of a plant that manufactures PFOA

(Gilliland and Mandel, 1993). However, in an update to this

study in which more specific exposure measures were used,

this association was no longer observed (Alexander, 2001a, b).

In a cancer incidence study undertaken at another plant,
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TABLE 4

Concentration (ng/ml) of Other PFC Analytes Measured in Human Populations Worldwide

Demographic

PFOSA

mean

PFOSA

range

Et-PFOSA-

AcOH mean

Et-PFOSA-

AcOH range

Me-PFOSA-

AcOH mean

Me-PFOSA-

AcOH range

PFNA

mean

PFNA

range

PFDeA

mean

PFDeA

range

PFUA

mean

PFUA

range References

Atlanta, GA 2003 serum samples

Adult females (n ¼ 10) 0.26 < LOD–0.7 0.72 < LOD–1.4 1.46 0.4–3.1 2.24 1.6–3.8 0.37 < LOD–1.1 0.54 < LOD–1.3 Kuklenyik et al., 2004

Adult males (n ¼ 10) 0.25 < LOD–0.6 0.89 0.4–1.4 1.86 0.8–5.2 2.89 1.3–4.4 0.64 < LOD–1.4 0.82 < LOD–1.4

Various locations in United States, 1999–2000 individual serum samples

NHW 0.4* 0.7* 1.0* 0.6* Calafat et al., 2007

NHB 0.4* 0.5* 1.1* 0.8*

MA 0.3* 0.6* 0.8* 0.3*

Various locations in United States, 2001–2002 pooled serum samples

NHWF 0.19* 0.43* 0.78* 0.51 Calafat et al., 2006a

NHBF 0.19* 0.24* 0.55* 0.63

MAF 0.19* 0.17* 0.35* 0.13

NHWM 0.19* 0.43* 0.78* 1.1

NHBM 0.19* 0.24* 0.55* 0.7

MAM 0.19* 0.17* 0.35* 0.3

Various locations in United States, 1990–2002, 23 pooled samples

Adults < 0.2–1.1 ND < 0.4–2.7 ND < 0.6–2.1 ND < 0.1–0.5 < 0.3–3.6 Calafat et al., 2006b

Sweden, 1997–2000, whole blood

Adult females (n ¼ 26) 2.6* 0.4–9.5 0.3* < 0.1–1.0 0.1 < 0.1–0.6 0.1 < 0.1–0.7 Karrman et al., 2006a

Adult males (n ¼ 40) 3.2* 0.8–22.9 0.2* < 0.1–1.9 0.1 < 0.1–0.5 0.1 < 0.1–0.6

Sweden, 2004, paired serum and breast milk samples

Adult females (n ¼ 12)

serum

0.24 < 0.10–0.49 0.80 0.4–2.5 0.53 0.27–1.8 0.40 0.20–1.5 Karrman et al., 2007

Adult females breast

milk

0.013a < 0.007–0.030 0.017b < 0.005–0.020

Australia, 2002–2003, serum, 40 pooled samples

Adult males and

females

0.81 0.36–2.4 1.1 0.4–2.0 Karrman et al., 2006b

Cartagena, Columbia, 2003, whole blood

Adult females (n ¼ 25) 1.4 < 0.4–3.8 Kannan et al., 2004

Adult males (n ¼ 31) 1.7 0.4–5.6

Rio Grande, Brazil, 2003, whole blood

Adult female 0.7 < 0.4–1 Kannan et al., 2004

Adult male 1.5 < 0.4–2.3

Siena, Italy, 2001, serum

Adult females (n ¼ 8) 1.7 < 1.3–1.7 Kannan et al., 2004

Adult males (n ¼ 42) 1.8 < 1.3–2.3

Gdansk, Poland, 2003, whole blood

Adult females (n ¼ 15) 2.3 0.4–7.7 Kannan et al., 2004

Adult males (n ¼ 10) 1.7 < 0.4–4.4

Flanders, Wallonia Belgium, 1998, 2000, plasma

Adult females (n ¼ 4) < 3 < 3 Kannan et al., 2004

Adult males (n ¼ 16) < 3 < 3

Coimbatore, India, 2000, serum

Adult females (n ¼ 11) < 3 < 3 Kannan et al., 2004

Adult males (n ¼ 34) < 3 < 3
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standardized incidence ratios were elevated and significant for

bladder and kidney cancer (DuPont, 2003b). Several SMRs

were elevated in a retrospective cohort mortality study of over

6000 PFOA-exposed employees, including those for kidney,

liver, and bladder cancer mortality in males, but only diabetes

mellitus mortality was statistically significant (DuPont, 2006).

Other mortality studies lacked adequate exposure data that

could be linked to health outcomes.

A study examining hormone levels in workers reported an

increase in serum estradiol levels among those individuals with

the highest PFOA serum levels; however, these results may

have been confounded by body mass index (Olsen et al., 1998).

In the same study, serum cholesterol and triglyceride levels

were positively associated with PFOA exposure, which is

inconsistent with hypolipidemic effects observed in rats (Olsen

et al., 2001a). A positive association was also reported between

PFOA and triiodothyronine levels in workers but not for other

thyroid hormones (Olsen et al., 2001b).

MAMMALIAN TOXICOLOGY

The toxicology of PFOS and PFOA has been extensively

reviewed (3M Company, 2003; Kennedy et al., 2004; Lau

et al., 2004; OECD, 2002; U.S. EPA, 2005). Repeat-dose

studies of PFOS in rodents and nonhuman primates have

shown reduced body weight, increased liver weight, reduced

cholesterol, and a steep dose–response curve for mortality

(Goldenthal et al., 1978a,b; Seacat et al., 2002). A 2-year

bioassay of PFOS in Sprague–Dawley rats showed an increase

in hepatocellular adenomas at a high dose of 20 ppm in the diet

(3M Company, 2002; Seacat et al., 2003). In addition, one

group was fed 20 ppm PFOS for one year and then monitored

for an additional year. The male rats in the ‘‘recovery’’ group

had an increase in thyroid follicular cell adenomas; the reason

for this is unclear. Interestingly, thyroid follicular cell

adenomas have also been noted in rats exposed to N-EtFOSE,

a major precursor of PFOS (Thomford, 2001). A similar profile

of effects has been described in repeat-dose studies of PFOA in

rodents (Christopher and Marias, 1977; Goldenthal, 1978a;

Metrick and Marias, 1977; Palazzolo, 1993) but studies in

nonhuman primates have not shown a reduction in serum

cholesterol (Butenhoff et al., 2002). PFOA has been shown to

induce hepatocellular adenomas, Leydig cell tumors, and

pancreatic acinar cell tumors in male Sprague–Dawley rats

(Biegel et al., 2001; Cook et al., 1992; Sibinski, 1987). Neither

compound has been shown to be mutagenic in a variety of

assays (3M Company, 2003; Kennedy et al., 2004; U.S. EPA,

2005).

In the past 5 years, new data have become available to

elucidate the mode of action for the liver toxicity in rodents, as

well as to characterize the developmental effects, hormonal

effects and immunotoxic potential of PFAAs. These recent

findings are summarized accordingly.K
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Hepatotoxicity

As noted above, PFOS and PFOA are associated with liver

enlargement in rodents and nonhuman primates in addition to

hepatocellular adenomas in rats. Agonism of the peroxisome

proliferator–activated receptor-alpha (PPAR-a) has been sug-

gested to be involved in tumor (primarily liver) induction by

a number of nongenotoxic carcinogens in the rodents.

Recently, the key events in the PPAR-a–agonist mode of

action for rodent liver toxicity and hepatocarcinogenesis have

been described, and include activation of PPAR-a followed by

altered expression of genes involved in peroxisome pro-

liferation, cell cycle control, and apoptosis (Klaunig et al.,
2003). A series of studies have been conducted to determine

whether the PPAR-a–agonistic mode of action is involved in

the hepatic toxicity and hepatocellular adenomas observed in

rat bioassays with PFOS and PFOA. In addition, several

studies have examined other PFAAs to determine the potential

impact of the carbon chain length on hepatic toxicity and this

specific mode of action.

A number of short-term studies in rats and mice have shown

that PFOS and PFOA are capable of inducing peroxisome

proliferation (3M Company, 2004; Berthiaume and Wallace,

2002; Ikeda et al., 1985, 1987; Pastoor et al., 1987; Sohlenius

et al., 1992, 1993). Accordingly, the first key event in this

mode of action is activation of PPAR-a. Recent studies

(Vanden Huevel et al., 2006) using 3T3-L1 cells transfected

with a luciferase reporter gene have demonstrated that mouse,

rat, and human PPAR-a are activated by PFOA and PFOS. In

comparison with naturally occurring fatty acids and the fibrate

class of drugs, PFOA and PFOS are relatively weak ligands for

PPAR-a. The human PPAR-a was most responsive to PFOA

and PFOS, and the rat PPAR-a was the least responsive.

Consistent with these findings, PFOS, as well as one of its

precursors, PFOSA, were shown to activate mouse and

human PPAR-a in a COS-1 cell-based luciferase reporter

transactivation assay and in a rat liver cell model where the

induction of endogenous PPAR-a target genes were monitored.

Half maximal activation (EC50) occurred at 13–15lM PFOS,

with no significant difference in the responsiveness of mouse

and human PPAR-a (Shipley et al., 2004). Similarly, Maloney

and Waxman (1999) demonstrated that PFOA activates

PPAR-a using COS-1 cells transfected with a luciferase

reporter gene. Maximal transcriptional activity with PFOA

was seen at 10lM in mouse PPAR-a and at 20lM in human

PPAR-a. N-EtFOSE did not activate mouse or human PPAR-a
because of its insolubility in the culture medium (Shipley et al.,
2004). Results from a recent study by Takacs and Abbott

(2007) using a different transfected cell system confirmed these

findings.

While several perfluorinated compounds can activate

PPAR-a, it should be noted that they may also induce peroxi-

some proliferation by perturbing lipid metabolism and trans-

port. An in vitro study (Luebker et al., 2002) has shown that

PFOS, N-EtFOSE, PFOSA, and PFOA interfere with the bind-

ing of fatty acids or other endogeneous ligands to rat L-FABP.

Since PPAR-a is activated by endogeneous cellular fatty acids

(Maloney and Waxman, 1999), it was suggested that dis-

placement of endogeneous ligands from L-FABP may be one

mechanism by which PFOS induces peroxisome proliferation.

Although PFOS can activate PPAR-a, the data for the

subsequent key events are not consistent with a PPAR-a–

agonistic mode of action for hepatic toxicity or hepatocellular

adenomas. Specifically, some inconsistencies exist in the dose–

response data for PPAR-a activation and liver carcinogenicity

of PFOS. Liver toxicity and carcinogenicity of PFOS are

evident at doses lower than those (200–500 ppm) that induce

peroxisome proliferation in short-term studies in rats. A cancer

bioassay in which rats were given PFOS in the diet at

concentrations of 0.5, 2, 5, or 20 ppm for 104 weeks, produced

only an equivocal (< twofold) increase in hepatic palmitoyl-

CoA activity at 4 weeks in the males at the high dose (20 ppm).

TABLE 5

Serum/Plasma Elimination T½ of Various PFAAs

PFHS PFBA PFOA

Species PFBS Females Males PFOS Females Males Females Males References

Rat 100 days 1.6–1.8 h 7–9 h 2–4 h 4–6 days Chang et al., 2007a; Johnson et al., 1979b;

Kemper and Jepson, 2003

Mouse 3 h 17 h 17 days 19 days Chang et al., 2007a; Lau et al., 2005

Rabbit 7 h 5.5 h Hundley et al., 2006

Dog 8–13 days 20–30 days Hanhijarvi et al., 1982

Monkey 3.5–4 days 87 days 141 days 150 days 1.7 days 30 days 21 days Butenhoff et al., 2004b;

Chang et al., 2007a; Lieder et al., 2006b;

Noker and Gorman, 2003;

Olsen et al., 2005b; Seacat et al., 2002

Human 1 month 8.5 years 5.4 years 3.8 years Olsen et al., 2005a, 2006
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Further, these observed mild increases in hepatic peroxisomal

enzyme activity were not sustained, as no effects on palmitoyl-

CoA oxidase activity and cell proliferation in the liver were

observed at week 14 of the study, despite evidence for

increased hepatocytic hypertrophy and vacuolation (Seacat

et al., 2003). The hepatic effects observed in PFOS-treated rats,

therefore, do not appear to be related to peroxisome prolif-

eration. It has been suggested that the induction of peroxisome

proliferation by PFOS in rats may exhibit a threshold dose

response in short-term assays that rapidly reach relatively high

tissue concentrations of the fluorochemical. The cumulative

doses after 4 or 14 weeks of dietary PFOS (20 ppm) may not

have been achieved rapidly enough to produce the increases in

peroxisome proliferation seen in the short-term studies. The

presence of high cumulative tissue concentrations of PFOS in

the cancer study without significant stimulation of peroxisome

proliferation suggests that a mechanism may exist in vivo for an

adaptive downregulation of the hepatic peroxisome prolifera-

tion response to PFOS treatment (Shipley et al., 2004).

Hepatic lesions were also reported in Cynomolgus monkeys

administered up to 0.75 mg/kg day PFOS for 6 months (Seacat

et al., 2002). As expected, there was no evidence of

peroxisome proliferation and no increase in palmitoyl-CoA

oxidase activity in the liver of the monkeys since monkeys

appear to be refractory to peroxisome proliferative responses.

The hepatic effects observed in the PFOS-treated monkeys,

therefore, also do not appear to be related to peroxisome

proliferation.

There is much stronger evidence to support PFOA-induced

liver toxicity and adenomas via a PPAR-a–agonistic mode of

action in the rodents. PFOA activates PPAR-a and the requisite

dose–response and/or temporal associations between the sub-

sequent key events have been characterized (Klaunig et al.,
2003). However, there is also some evidence that liver

enlargement may be associated with a PPAR-a–independent

mode of action; it is not known whether this alternate mode of

action could also lead to hepatocellular adenomas. The acti-

vation of PPAR-a by PFOA is consistent with the finding that

significant increases in liver weight were observed in wildtype

(WT) mice exposed to dietary PFOA or WY-14,643, a classical

peroxisome proliferator, at 0.02% and 0.125% (wt/wt), re-

spectively, for 7 days (Yang et al., 2002a,b). As expected, this

response was absent upon treatment of PPAR-a null mice with

WY-14,643 but surprisingly unaltered in null mice exposed to

PFOA. These findings suggest that hepatomegaly may be

induced by PFOA independently of PPAR-a in mice.

The hepatomegaly observed in PPAR-a null mice may be

due to the accumulation of lipid droplets or the accumulation of

PFOA in the liver. It is well known that PPAR-a is involved in

the control of lipid metabolism and transport. Activation of

PPAR-a has been shown to upregulate adipose differentiation-

related protein which is responsible for the formation of lipid

droplets in many cell types (Yang et al., 2006). Studies of gene

expression profiles in rat liver treated with PFOA show that the

largest categories of induced genes are those involved in

metabolism and transport of lipids, particularly fatty acids

(Guruge et al., 2006; Martin et al., 2007; Rosen et al.,
in press). Increased lipid droplets due to alteration in

lipoprotein metabolism have been observed in PPAR-a null

mice (Peters et al., 1997; Yang et al., 2006). The liver weight

increase observed in the PFOA-exposed PPAR-a null mice

may therefore be due to accumulation of lipid in the liver cells.

A recent study has evaluated the microscopic and ultrastruc-

tural alterations of hepatocytes in PPAR-a knockout (KO) or

WT mice given oral daily doses of PFOA at 1, 3, or 10 mg/kg

or of WY-14,643 at 50 mg/kg. Interestingly, while the results

showed increased hepatocyte hypertrophy in all mouse groups

treated with PFOA or WY-14,643, a dose-dependent increase

in hepatocyte vacuolation was only noted in KO mice treated at

the highest dose of PFOA. The pathological significance of the

vacuoles remains to be determined (Lau et al., 2007).

Preliminary results also suggest that PFOA exhibits the

prototypical properties of a peroxisome proliferator but, in

addition, possesses the properties of a mixed type enzyme-

inducing agent as marked inductions of CYP2B2, CYP3A4,

and CYP4A1 in liver microsomes have been observed. This

profile of CYP induction suggests that PFOA interacts with

multiple members of the nuclear hormone super family,

particularly PPAR-a, constitutive androstane receptor (CAR),

and pregnane X receptor (Elcombe et al., 2007).

The effects of PFAA carbon chain length on the liver

toxicity and peroxisome proliferation have been studied in rats

and mice. In male Sprague–Dawley rats given 5 consecutive

daily doses of PFBS, PFHS, or PFOS, liver weights and

hepatic acyl CoA oxidase (ACOX) activities were significantly

increased for all PFAAs tested. The doses in mmol/kg of PFBS

required to produce similar increases in ACOX activity were

about 50 times higher than those of PFOS or PFHS. However,

liver concentrations of all three compounds were similar

(Ehresman et al., 2007b). Kudo et al. (2000) studied the

induction of peroxisomal b-oxidation by PFHA, PFOA, PFNA,

or PFDA in rat liver by administration of these PFAAs at doses

ranging from 2.5 to 20 mg/kg/day for 5 days. In male rats, all

compounds except PFHA induced the activity of peroxisomal

b-oxidation. In female rats, however, only PFNA and PFDA

effectively induced the activity. The induction of enzyme

activity was dose dependent and there was a high correlation

between the induction of peroxisomal b-oxidation and hepatic

concentrations of PFAA. Hepatic concentrations of PFOA and

PFNA were also markedly higher in male rats compared to

females. Based on these results, it appeared that the difference

in accumulation of these compounds in the rat liver was

responsible for the different hepatic responses observed

between PFAAs with different carbon chain length and

between sexes.

Similar studies of PFAAs with six- to nine-carbon length

chains have been conducted in mice (Kudo et al., 2006). All

compounds tested induced hepatomegaly and peroxisomal
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b-oxidase activity. The potency was in the order of PFNA >
PFOA> perfluoroheptanoic acid >PFHA. The results indicated

that the longer the perfluoroalkyl chain of these PFAAs, the higher

accumulation of the compound in the mouse liver. In a study by

Permadi et al. (1993), male C57B1/6 mice were fed a diet

containing perfluoroacetic, -butyric, -octanoic, or -decanoic

acids at different doses for varying periods of time, and liver

weight, hepatic peroxisomal palmitoyl-CoA oxidase, and

lauroyl-CoA oxidase were monitored. The greatest effects were

observed with PFOA and PFDA, while the responses to PFBA

were marginal and perfluoroacetic acid was inactive. However,

the liver concentrations of these compounds were not examined.

Hepatomegaly has also been shown to be a prominent effect of

PFBS or PFBA in subchronic toxicity studies in rats. A 28-day

toxicity study in which rats were given PFBS at 100, 300, or 900

mg/kg resulted in significant increases in liver and kidney

weights but these effects were seen only in highest dose group

(3M Company, 2005). In a 28-day oral toxicity study, PFBA was

given to rats at doses of 6, 30, and 150 mg/kg. Results from this

study showed increased liver weight and decreased serum

cholesterol in the mid- and high-dose males. BMDL10 estimates

for liver weight increase or cholesterol decrease were 10.5 and

3.4 mg/kg day, respectively (Lieder et al., 2007).

Gap junctional intercellular communication (GJIC) is a pro-

cess by which cells exchange ions, second messages, and other

small molecules. In multicellular organisms, GJIC is important

in the maintenance of tissue homeostasis and is involved in

normal growth, development, and differentiation. It has been

hypothesized that loss of GJIC may play a role in carcinogen-

esis (Trosko and Rush., 1998). Indeed, PFOS has been shown

to inhibit GJIC in rats exposed orally (5 mg/kg) for either

3 days or 3 weeks, and, in a dose-dependent fashion in rat liver

or dolphin kidney epithelial cell lines (Hu et al., 2002).

A number of fluorinated compounds structurally related to

PFOS have also been demonstrated to inhibit GJIC in vitro and

this effect is dependent on the length of the fluorinated carbon

chains but not the nature of the functional group. PFAAs with

carbon chain lengths of 7–10 were found to completely inhibit

GJIC at concentrations of 50 lM while those with chain

lengths less than five and more than 16 did not inhibit GJIC.

The optimum chain length for the sulfonic acids was eight

while that for the carboxylic acid was 10 (Hu et al., 2002;

Upham et al., 1998). However, inhibition of GJIC is

a widespread phenomenon. In these studies, its effect was

neither species nor tissue specific and was generally reversible.

Hence, the pathophysiological significance of GJIC inhibition

in regard to the carcinogenic mode of action for PFOS and

PFOA is currently unclear.

Developmental Toxicity

The adverse reproductive outcomes from exposure to

PFAAs have been reviewed previously by Lau et al. (2004).

Hence, this section will only update the previous review and

primarily cover the research findings over the past five years.

The teratological findings of PFOS and N-EtFOSE in rat,

mouse, and rabbit are generally unremarkable when maternal

toxicity is taken into consideration (Case et al., 2001; Luebker

et al., 2005a,b; Thibodeaux et al., 2003). Fetal weight

reduction, cleft palate, delayed ossification of bone, and

cardiac abnormalities were seen primarily at the highest doses

where significant reductions of maternal weight gain were also

noted. In contrast, when rats exposed to PFOS throughout

pregnancy were allowed to give birth, dose-dependent

deleterious effects were seen in newborns. In a study reported

by Lau et al. (2003), all pups were born alive and active,

however, in the high-dose group (10 mg/kg), newborns became

pale, inactive, and moribund within 30–60 min. These pups

died soon afterward. At 5 mg/kg PFOS, the neonates became

moribund but survived for 8–12 h. However, over 95% of these

offspring did not survive the first day of postnatal life and only

a few pups reached puberty. Survival improved with lower

PFOS exposure. The first week of postnatal life was also

critical to the long-term survival of the neonates, as no

mortality was detected thereafter. A similar scenario of

neonatal mortality was observed by Luebker et al. (2005a),

despite a very different PFOS exposure dose and regimen (see

Table 6). Cross-fostering the PFOS-exposed rat pups with

control nursing dams immediately after birth failed to improve

survival of the neonates, thus ruling out a role for aberrant

maternal behaviors associated with PFOS treatment (Case

et al., 2001, Lau et al., 2003; Luebker et al., 2005a). The

morbidity and mortality of the newborn rats appeared to be

correlated to their body burden of the fluorochemical (serum

and liver). In fact, based on survival to postnatal day 8,

a benchmark dose (BMD5) was estimated at 1.07 mg/kg, with

the lower limit of the 95% confidence interval (BMDL5)

estimated at 0.58 mg/kg (Lau et al., 2003).

Because serum and liver levels of PFOS in the dams were

measured at term (Thibodeaux et al., 2003), one can

extrapolate these benchmark treatment doses to body burdens

by linear regression (Table 6). Thus, for the neonatal survival

endpoint, the BMD5, and BMDL5 values correspond to 25 and

16 ppm, respectively, for serum, and 58 and 44 ppm,

respectively, for liver. In the Luebker et al. (2005a,b) study,

based on survival to postnatal day 5, these investigators

provided BMD5 and BMDL5 estimates of 1.06 and 0.89 mg/kg,

respectively. Using the same approach for extrapolation, these

BMD values correspond to 67 and 59 ppm, respectively, for

maternal serum, and 234 and 202 ppm, respectively, for

maternal liver at term (Table 6). Estimates of BMD based on

PFOS body burden in the latter study are generally higher than

those reported by Thibodeaux et al. (2003) and Lau et al. (2003),

thereby providing a BMD5 range of 25–67 ppm for

neonatal mortality in rat. A similar approach can be used to

extrapolate BMDs for other developmental endpoints to body

burdens.
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An almost identical pattern of neonatal mortality was

observed in mice exposed to PFOS during pregnancy (Lau

et al., 2003), although the treatment dose required for the effect

was higher than that for the rat. Most offspring exposed to

15 or 20 mg/kg PFOS did not survive for 24 h after birth. The

maternal dose corresponding to the BMD5 and BMDL5 for

survival of mouse pups at postnatal day 6 was estimated at 7.02

and 3.88 mg/kg, respectively (about six to seven times higher

than those for rat). These benchmark treatment doses

correspond to 102 and 56 ppm, respectively, for maternal

serum at term and 413 and 249 ppm, respectively, for maternal

liver. Thus, while the benchmark treatment doses are six to

seven times higher for the mouse than the rat, these differences

can be narrowed considerably when based upon internal dose

metrics. Hence, the use of internal dose (body burden) of PFOS

will allow ready comparison of results from various studies that

are derived from diverse dose and treatment schemes, as well

as from different species. As more information about the

presence of PFAAs in human populations (such as maternal

and/or cord blood) becomes available (Inoue et al., 2004;

Midasch et al., 2007), findings from animal studies can readily

be extrapolated to evaluate the potential human health risks

based on the ‘‘margin-of-exposure’’ paradigm.

The potential adverse effects of PFOS on reproductive

outcome may not be limited to mammals. Molina et al. (2006)

recently reported a dose-dependent reduction in the hatchability

of white leghorn chicken eggs exposed to PFOS. Newsted et al.
(2007) noted a statistically significant reduction of survival

(72% vs. 87% in controls) in the 14-day-old Northern bobwhite

quails when hens were fed a diet that contained 10 ppm of PFOS

(corresponding to serum and liver PFOS levels of 8.7 and 4.9

ppm, respectively). In the same study, no adverse effects were

seen in mallard ducks, even at serum and liver PFOS levels of

16.6 and 10.8 ppm, respectively. Ankley et al. (2004) reported

that time to metamorphosis was delayed and growth was

retarded in the Northern leopard frog exposed to 3 mg/l of

PFOS. The same group demonstrated that exposure to PFOS led

to reduced cumulative fecundity of fathead minnows at 0.1 mg/l

or higher concentrations, although, no significant treatment-

related effects on fertility were noted (Ankley et al., 2005).

Postnatal growth of surviving rat pups has been shown to be

adversely affected by in utero exposure to PFOS. In both Lau

et al. (2003) and Luebker et al. (2005a), body weight gain of

PFOS-exposed pups lagged significantly behind controls in

a dose-dependent manner (10–20%) and this effect persisted

past weaning. Development of these pups was also hindered as

significant delays in eye opening, pinna unfolding, surface

righting, and air righting were noted, although the onset of

sexual maturation was not delayed. Reductions of total

thyroxine (T4) and T3 in circulation were also detected, but

the levels of free T4 (fT4) and thyroid stimulating hormone

(TSH) remained unaffected (Lau et al., 2003, Luebker et al.,
2005b). Because thyroid hormones are known to regulate brain

development, the ontogeny of neurochemical and neuro-

behavioral markers was evaluated in these studies. Prenatal

exposure to PFOS produced only marginal deficits in choline

acetyltransferase activity in the developing rat brain, an

enzyme marker sensitive to thyroid hormone status, and did

TABLE 6

Linear Regression Fits of Administered Doses and Mean Maternal Serum or Liver Levels at GD 21 (for rat) and

GD 18 (for mouse) from Two Separate Studies of PFOS

Thibodeaux et al. study (rat) Luebker et al. study (rat) Thibodeaux et al. study (mouse)

Treatment

doses (mg/kg)

Maternal

serum (ppm)

Maternal

liver (ppm)

Treatment

doses (mg/kg)

Maternal

serum (ppm)

Maternal

liver (ppm)

Treatment

doses (mg/kg)

Maternal

serum (ppm)

Maternal

liver (ppm)

1 20 ± 2 45 ± 7 0.1 5 ± 1 29 ± 11 1 9 37

2 45 ± 2 82 ± 7 0.4 26 ± 16 107 ± 23 5 50 343

3 72 ± 7 139 ± 11 1.6 136 ± 87 388 ± 167 10 179 560

5 81 ± 3 156 ± 9 3.2 155 ± 39 610 ± 142 15 241 976

10 190 ± 7 312 ± 32 20 261 979

R2 ¼ 0.975 R2 ¼ 0.976 R2 ¼ 0.862 R2 ¼ 0.981 R2 ¼ 0.940 R2 ¼ 0.941

Note. Thibodeaux et al. (2003) and Lau et al. (2003) treated the rats daily from GD 1 to GD 20, and the mice daily from GD 1 to GD 17; while Luebker et al.
(2005b) treated the female rats daily for 42 days prior to mating, a maximum of 14 days during mating, and 20 days during gestation. Data represent means ± SE of

9–14 rat dams and six mouse dams in the Thibodeaux et al. (2003) study or 4–16 dams in the Luebker et al. (2005b) study, and are excerpted from primary studies

that contained the experimental details. Goodness of fit for the linear regression is reflected by the R2 value for each parameter. Based on postnatal survival of the

rat offspring to day 8 (Lau et al., 2003), a BMD5 and a BMDL5 were estimated at 1.07 and 0.58 mg/kg of treatment doses, respectively, that are extrapolated to

maternal serum levels of 25 and 16 ppm, respectively, and maternal liver levels of 58 and 44 ppm, respectively. Based on postnatal survival of the rat offspring to

day 5 (Luebker et al., 2005b), a BMD5 and a BMDL5 were estimated at 1.06 and 0.89 mg/kg, respectively, that are extrapolated to maternal serum levels of 67 and

59 ppm, respectively, and maternal liver levels of 234 and 202 ppm, respectively. Based on postnatal survival of the mouse offspring to day 6 (Lau et al., 2003),

a BMD5 and a BMDL5 of 7.02 and 3.88 mg/kg, respectively, were reported, corresponding to maternal serum levels of 102 and 56 ppm, respectively, and maternal

liver levels of 413 and 249 ppm, respectively.
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not affect learning and memory behaviors determined by

T-maze delayed alternation, passive avoidance, or water maze.

The lack of notable central nervous system changes in these

studies is not consistent with the classical congenital

hypothyroidism models, such as those produced by thyroidec-

tomy or pharmacological manipulations. The physiological

sequelae related to significant reduction of serum total T3 and

T4 remain to be elucidated. Nonetheless, in a two-generation

reproductive toxicity study (Luebker et al., 2005a), the

neonatal toxicity seen in the F1 generation (mortality, growth,

and developmental impairment) was largely undetected in the

F2 generation.

To characterize more fully the pathophysiological under-

pinnings of PFOS-induced neonatal mortality, Grasty et al.
(2003) examined critical windows of exposure by treating rats

with a high dose of PFOS (25 mg/kg/day) for a 4-day period

during various stages of pregnancy. Neonatal mortality

occurred after each treatment scheme but the incidence of

neonatal death increased as the exposure period fell later during

gestation, reaching 100% in the group treated on gestation days

(GD) 17–20. One possible explanation for these findings could

be related to the body burden of PFOS because as maternal

weight increases during pregnancy, PFOS administered, based

on body weight, also increases. This possibility was strength-

ened by the fact that maternal serum concentration determined

on GD 21 was highest in rats receiving PFOS treatment during

late gestation. In another experiment, exposure to 50 mg/kg/

day of PFOS on GD 19 and 20 alone was sufficient to produce

almost 100% mortality. Hence, the neonatal mortality resulting

from PFOS administration to pregnant rats does not require

chemical exposure before day 19 of gestation, suggesting that

the critical period is late-gestational or perinatal. These results

suggested that organ systems developing late in gestation may

be targets for PFOS insult. This hypothesis is consistent with

the relatively unremarkable teratological findings. Considering

that PFOS-induced organ toxicity is incompatible with post-

natal survival, maturation of the lung and pulmonary function

is a plausible target of PFOS toxicity. Numerous chemicals

have previously been shown to interfere with fetal lung

development (Lau and Kavlock, 1994). Indeed, Grasty et al.
(2003, 2005) described significant histological and morpho-

metric differences between the control and PFOS-treated lungs

in the newborns, suggesting that PFOS might inhibit or delay

the perinatal lung development.

These findings prompted Grasty et al. (2005) to further

investigate the effects of PFOS on lung maturation. As an

indicator for pulmonary surfactant abnormalities and lung

maturity, they examined the concentration and molecular

speciation of phospholipids in the newborn rat lungs. They

also evaluated the profile of gene expression in these lungs by

microarray analysis. Furthermore, they attempted to ameliorate

the adverse effects of PFOS by coadministration of dexameth-

asone or retinyl palmitate, agents that are known to promote

lung maturation and pulmonary function. However, they found

that PFOS did not affect lung phospholipids or alter the

expression of marker genes for alveolar differentiation. The

rescuing agents also failed to mitigate the extent of PFOS-

induced neonatal mortality. These investigators surmised that

the labored breathing and subsequent mortality observed in the

PFOS-exposed newborns might not be related to immaturity of

the lung per se. This contention, in fact, is consistent with

recent findings reported by Lehmler et al. (2006). These

researchers examined the mixing behavior of dipalmitoylphos-

phatidylcholine (DPPC), a major component of pulmonary

surfactant, with PFOS by differential scanning calorimetry and

fluorescence anisotropy measurements. They noted that PFOS

had a high tendency to partition into lipid bilayers. Such

PFOS–DPPC physical interactions might interfere with the

normal physiological function of pulmonary surfactant. Similar

findings with PFOA and hydrocarbon surfactant (octanesul-

fonic acid, OS) provided further support for this hypothesis

(Xie et al., 2007). In this study, the rank order of effectiveness

for interacting with surfactant-DPPC was PFOS > PFOA �
OS. These results are in concert with those reported by Gordon

et al. (2007). These researchers evaluated the surfactant surface

tension using a captive bubble surfactometer and further

demonstrated that a number of PFAAs (PFOS, PFOA, PFHS,

PFBS) were capable of interfering directly with surfactant

properties in vitro even at relatively low concentrations. The

fact that PFOS has been detected in rat amniotic fluid (personal

communications with John Butenhoff, 3M, and John Rogers,

U.S. EPA) lends credence to this hypothesis. However,

whether the apparent respiratory insufficiency in newborns

results from interference with the function of pulmonary

surfactant must await confirmatory results from additional

in vivo experiments. Moreover, it must be noted that, even if

the chemically induced respiratory distress may lead to

neonatal mortality, this pathophysiological mechanism can

only account for the death that occurred within minutes to

hours postpartum. Additional biochemical/physiological mech-

anisms must be explored to explain the neonatal mortality that

took place over the ensuing days.

A two-generation reproductive study of N-EtFOSE was

conducted by Christian et al. (1999). Because N-EtFOSE is

known to be metabolized to PFOS, it is not surprising to find

the profile of N-EtFOSE developmental toxicity to resemble

that of PFOS (Luebker et al., 2005a). Accordingly, postnatal

survival in the generation was significantly reduced, charac-

terized by still birth and mortality within the first 3 days of life.

In addition, impaired postnatal growth and retarded develop-

ment were noted among the survivors. In contrast to PFOS,

N-EtFOSE exposure also resulted in a slight, but statistically

significant increase in still births and neonatal mortality in the

F2 generation.

A two-generation reproductive toxicity study was conducted

in which PFOA (1–30 mg/kg) was given to rats for 70 days

prior to mating, during mating, and during lactation (Butenhoff

et al., 2004b; Hinderliter et al., 2005). The F1-generation
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received similar treatment beginning at weaning, while the

F2-generation was monitored until weaning. The findings were

generally unremarkable. Parental (P) and F1-generation male

rats showed decreased body weight along with increased liver

and kidney weights at all doses. In contrast, female rats did not

show similar changes and no reproductive endpoints were

affected by PFOA treatment in either generation. A small body

weight deficit was noted in F1-generation pups in the highest

dose group (30 mg/kg) where a slight delay in pubertal onset

was also detected, although, these animals had normal

reproductive performance. The relative lack of body and organ

weight changes in females compared to males, and the normal

reproductive outcomes in female rats exposed to PFOA may be

related to the well documented gender difference in the

elimination of this chemical in rats (Table 5). These dramatic

variabilities thus complicate the extrapolation of findings from

the rat model to humans for health risk assessment (Butenhoff

et al., 2004a; U.S. EPA, 2005).

On the other hand, results from studies by Uy-yu et al.
(1990) and Sohlenius et al. (1992) provided insight that the

mouse may serve as an alternative model for the evaluation of

PFOA developmental toxicity. These investigators described

similar PFOA related liver effects in male and female mice.

Kudo et al. (2006) further added that no significant sex-related

difference was observed in the mouse with regard to PFAA-

induced hepatomegaly and the associated biochemical alter-

ations. Lau et al. (2006) compared the serum levels of PFOA in

rats and mice, and reported that profound sex-related differ-

ences were seen in rats but not in mice. Based on a 14C-tracer

analysis study, Hundley et al. (2006) provided confirmatory

evidence that mice lacked a gender difference in the excretion

of PFOA. Accordingly, Lau et al. (2006) carried out

a reproductive toxicity study with PFOA in CD-1 mice using

daily doses of 1–40 mg/kg throughout gestation. Full-litter

resorptions were noted at 40 mg/kg. At 20 mg/kg, the percent

of live fetuses and fetal weight were reduced and some

structural abnormalities were seen in the fetuses. However, no

significant increase in malformations was detected in the lower

PFOA dose groups. The lack of significant teratological

findings in mice was consistent with previous studies using

rats and rabbits (Gortner, 1981, 1982; Staples et al., 1984).

However, when neonatal survival was evaluated in this study,

a pattern of neonatal mortality mirroring that obtained with

PFOS (Lau et al., 2003) was observed. Postnatal survival was

severely compromised at 10 or 20 mg/kg and moderately

affected at 5 mg/kg. Postnatal growth impairment and

developmental delays were noted among the survivors in these

same dose groups. Interestingly, while the body weight deficits

of the offspring recovered by 6.5 weeks of age, the PFOA-

exposed mice continued to gain weight at a pace faster than the

controls. In fact, recent results suggest that obesity and

a number of organ specific abnormalities can be observed in

these animals by 18 months of age (Fenton et al., 2007). These

findings require confirmation but future in-depth evaluations of

the long-term effects of PFOA following developmental

exposure may be warranted. BMD estimates for various

parameters of PFOA developmental toxicity have been

provided by Lau et al. (2006). Based on neonatal survival to

weaning, a BMD5 and a BMDL5 were estimated at 2.84 and

1.09 mg/kg, respectively. These values are about 2.5 times

lower than those for PFOS in the mouse. It would be interesting

to see if such differences can be narrowed or eliminated when

the results are expressed in terms of an internal dose metric

such as serum PFOA.

Recently, Wolf et al. (2007) conducted studies to examine

the critical windows of PFOA exposure in mice as well as the

relevance of lactational PFOA exposure to neonatal viability.

In this study, exposure to a high dose of PFOA (20 mg/kg) for

2 days late in gestation (GD 15–17) was sufficient to produce

neonatal mortality and birth weight reduction, which are

reminiscent of the findings reported by Grasty et al. (2003)

using PFOS in the rat. At a lower dose (5 mg/kg), birth weight

reduction, growth deficits, and developmental delays were seen

only in mice exposed from GD 7–17 or GD 10–17 but not in

those treated for shorter durations (GD 13–17, or GD 15–17).

These findings likely reflect a critical body burden that the

dams and fetuses must reach before adverse developmental

effects are observed, although, differential sensitivity to PFOA

during various developmental stages cannot be ruled out

entirely. While maternal serum levels at parturition were not

available, the serum levels of mouse dams assessed at postnatal

day 22 may serve as surrogates, assuming that the rates of

PFOA transfer through milk and excretion among all treatment

groups are the same. Accordingly, the level of PFOA in the

20 mg/kg þ GD 15–17 group, where neonatal mortality was

seen, was twice of those found in the 5 mg/kg þ GD 7–17

or GD 10–17 groups, where growth impairments were noted

(54 ppm vs. 25–26 ppm). In the 5 mg/kg þ GD 15–17 group,

where no adverse developmental effects were found, maternal

PFOA levels were 16 ppm. In the same study, pregnant mice

were treated with 5 mg/kg of PFOA from GD 1–17 and

newborns were cross-fostered to control or treated dams. While

an increased incidence of neonatal mortality was seen in the

in utero þ lactational exposure group, in utero exposure to

PFOA alone was found to be sufficient to produce postnatal

growth deficits and developmental delays.

White et al. (2007) further investigated the effects and

critical windows of PFOA exposure on mammary gland

development in the nursing mouse dams and their offspring.

In this study, daily PFOA treatment with 5 mg/kg from GD

1–17 did not affect the number of live pups born, but did

impair postnatal growth similar to that described previously

(Lau et al., 2006; Wolf et al., 2007). A significant reduction in

mammary differentiation among dams exposed to PFOA from

GD 1–17 or from GD 8–17 was evident on postnatal day 10;

whereas delays in epithelial involution and alterations in milk

protein gene expression were observed on postnatal day 20.

These findings suggested that mammary gland abnormalities
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and lactational interferences may, in part, play a role in the

early growth deficits detected in the PFOA-exposed mouse

neonates. In addition, PFOA-exposed female pups displayed

stunted mammary gland epithelial branching and growth at

postnatal days 10 and 20, with no progression of duct epithelial

growth evident over this period.

Since PFOA is a PPAR-a agonist, several studies have

looked at the potential role of this pathway on mammary gland

development and function. PPAR-a is not critical for mammary

development in the neonate, as PPAR-a null mice exhibit

normal mammary gland development and function (Lee et al.,
1995). Therefore, any effects of gestational exposure to PFOA

on neonatal mammary tissue probably do not involve this

pathway. In contrast, overexpression of PPAR-a causes

impairment of normal differentiation of the mammary gland

during pregnancy and lactation without significantly affecting

milk production (Yang et al., 2006). White et al. (2007) also

noted little change in b-casein or a-lactalbumin following

exposure to PFOA. Further, Qi et al. (2004) and Jia et al.
(2005) suggested that the PPAR-binding protein (PBP) may be

involved since PBP-deficient mammary glands exhibit retarded

development during puberty (ductal branching, alveolar

density), as well as differentiation during pregnancy and

lactation. Further work is needed to fully understand the role of

the PPAR pathway on the mammary gland. In addition, it will

be imperative to ascertain the physiological significance of this

developmental insult in future studies; for instance, would the

findings reported by White et al. (2007) reflect a transgenera-

tional effect of PFOA, as in utero exposure may lead to

a disturbed lactation function in the F1-generation and

subsequent growth deficits in the F2-generation? Alternatively,

an extended period of mammary gland development may be

important in the later susceptibility to mammary tumors.

The biochemical or physiological events underlying the

PFOA-induced deficits in neonatal viability and development

are not well understood. Despite being less effective than

PFOS, the recent finding of a PFOA–DPPC interaction is

intriguing and may lend support to the respiratory distress

hypothesis (Xie et al., 2007), although, these results must await

confirmation with in vivo studies. Alternatively, results from

Abbott et al. (in press) indicate that the PPAR-a molecular

signaling pathway is a contributing factor. These investigators

used a PPAR-a–KO mouse to determine if this molecular

signal is required for PFOA-induced developmental toxicity.

Similar to previous findings with CD-1 mice, in utero exposure

of WT mice to PFOA led to neonatal mortality and deficits in

postnatal developmental. However, survival of mouse pups till

weaning was not affected by PFOA in the PPAR-a-null mouse.

Maternal factors such as genetic background did not contribute

to this difference in postnatal survival, as PFOA also caused

neonatal death in heterozygous pups born to KO or WT dams.

Taken together, these results suggest that PPAR-a signal is

required for PFOA-induced postnatal lethality and expression

of one copy of the gene is sufficient for this effect. Gene

expression profiles from fetal mouse lung and liver further

substantiated the involvement of PPAR-a signaling in PFOA

developmental toxicity (Rosen et al., unpublished data). In this

study, RNA samples from fetal tissues were collected at term

after pregnant dams were exposed to 0, 1, 3, 5, or 10 mg/kg/

day of PFOA throughout pregnancy and evaluated by micro-

array analysis. Expression of genes related to fatty acid

catabolism was altered in a robust and dose-dependent manner

in both fetal liver and lung. These included genes associated

with lipid transport, ketogenesis, glucose metabolism, lipopro-

tein metabolism, cholesterol biosynthesis, steroid metabolism,

bile acid biosynthesis, phospholipid metabolism, retinol

metabolism, proteosome activation, and inflammation. These

changes are consistent with transactivation of PPAR-a,

although, transactivation of other nuclear receptors such as

CAR and farnesoid X receptor were suggested as well. By and

large, the PFOA-induced changes in gene expression described

in this study mirrored those reported previously with liver from

adult male rats (Guruge et al., 2006; Martin et al., in press),

thereby lending support to the intraspecies extrapolation with

these biochemical endpoints.

The developmental toxicity of the 8–2 TA in the rat has been

evaluated by Mylchreest et al. (2005). This TA is known to be

metabolized (Fasano et al., 2006; Kudo et al., 2005) or

biodegraded (Dinglasan et al., 2004) to PFOA. Considering

that little to no adverse reproductive outcomes were detected

with PFOA in the rat (vide supra), it is not surprising to find

only transient ill effects with the 8–2 TA. The no-observed-

adverse-effect level (NOAEL) was estimated at 200 mg/kg/

day. In light of more recent evidence (Fenton et al., 2007; Lau

et al., 2006; White et al., 2007; Wolf et al., 2007), it would be

interesting to see if the 8–2 TA will produce positive findings

in the mouse model, in a fashion similar to N-EtFOSE.

However, in such studies one must be cautious to interpret the

reproductive toxicity data derived from the mouse. Fluoto-

telomer alcohols are known to be metabolized to a multitude of

poly- and perfluorinated acids (Dinglasan et al., 2004; Martin

et al., 2005). More recently, Henderson and Smith (2007)

reported the presence of both PFOA and PFNA in maternal,

fetal, and neonatal mouse serum following 8–2 TA treatment

on GD 8. Hence, the resultant developmental toxicity will

likely reflect the mixed or additive effects of PFOA and PFNA.

Information concerning the potential developmental effects

of other PFAAs is less abundant and largely preliminary.

A two-generation reproduction study with PFBS was con-

ducted in the rat by Butenhoff and Lieder (2006) using

a treatment scheme similar to that of PFOA (Butenhoff et al.,
2004b) and at doses ranging from 30 to 1000 mg/kg. PFBS

treatment did not affect fertility or reproduction among the P or

F1-generation rats. Postnatal survival, growth, and develop-

ment of pups in both F1- and F2-generations were not affected

with the exception of a slight delay in the onset of puberty and

weight gain for the F1-males in the highest dose group. These

findings are in concert with a general lack of overt toxicity of
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PFBS in the adult rats (Lieder and Butenhoff, 2006c) and may

be related to the efficient elimination of this chemical in rats

(Table 5). Another four-carbon chemical, PFBA has similar

short half-life estimates (Table 5). Das et al. (2007) reported on

the effects of PFBA exposure in mice during pregnancy. PFBA

elevated maternal liver weight following full gestational

exposures of 175 and 350 mg/kg in a manner similar to PFOS

(Thibodeaux et al., 2003) and PFOA (Lau et al., 2006).

However, in contrast to PFOS and PFOA, PFBA did not

produce adverse effects on neonatal survival or postnatal

growth. These findings are consistent with the relatively mild

systemic toxicity reported in the adult rats which consisted

chiefly of reduced body weight, increased liver weight, and

decreased serum cholesterol (Lieder et al., 2007).

Interestingly, among all the PFAAs evaluated thus far, the

six-carbon chemical PFHS has the longest estimated half-life in

humans and among the longest estimated in monkeys (Table

5). A reproductive and developmental toxicity study of PFHS

was conducted in rats by York (2003). No treatment-related

effect was reported on the fertility and reproductive outcomes

or on viability and growth of the offspring. A NOAEL of

10 mg/kg/day was therefore estimated for the developmental

effects of PFHS. The teratogenicity of the 10-carbon PFAA,

PFDA, was assessed in mice (Harris and Birnbaum, 1989).

Consistent with all other PFAA studies thus far, PFDA did not

produce malformations and the developmental toxicity ob-

served (increased fetal mortality and reduced body weight of

live fetuses) was seen only at doses that were maternally toxic.

Immunotoxicity

Yang et al. (2000, 2001, 2002a, 2002b) were first to report

the immunotoxic potential of PFOA in the mouse. PFOA given

in the diet to male C57Bl/6 mice for 7–10 days led to decreased

body weight, elevation of liver weight, and decreases in

thymus and spleen weight (both absolute and relative weights).

The time course of thymic and splenic atrophy was similar to

that of PFOA-induced hepatomegaly and peroxisome pro-

liferation. The numbers of thymocytes and splenocytes were

decreased > 90% and about 50%, respectively, by PFOA

treatment, and are likely related to an inhibition of cell

proliferation. Concomitant with the effects on thymus and

spleen, these investigators also observed a dramatic decrease in

adipose tissue after exposure to PFOA, which reflected a loss

of fat from the adipocytes (Xie et al., 2002). The effects of

PFOA were dose dependent. In addition to altering splenic cell

density, PFOA was shown to be immunosuppressive in both in
vivo and ex vivo systems (Yang et al., 2002a). The primary

humoral response to horse red blood cell immunization was

prevented by PFOA pretreatment while ex vivo spleen cell

proliferation in response to both T- and B-cell activation was

attenuated by the fluorochemical. A subsequent study by

DeWitt et al. (2007) largely confirmed these findings and were

consistent with toxicogenomic studies and others that indicated

suppression of inflammatory response by PFOA (Guruge et al.,

2006; Martin et al., in press; Rosen et al., unpublished data;

Taylor et al., 2002, 2005). In addition, Fairley et al. (in press)

examined the effects of PFOA dermal exposure on the

hypersensitivity response to ovalbumin (OVA) in mice and

demonstrated increased IgE when PFOA and OVA were

coadministered. OVA-specific airway hyperreactivity was

increased significantly in these animals with an increased

pleiotropic cell response characterized by eosinophilia and

mucin production. These results thus suggested that PFOA is

immunotoxic and its exposure may augment the IgE response

to environmental allergens. The immunomodulating action of

PFOA appeared to be mediated by the PPAR-a signaling

pathway, as the reductions in thymus and spleen weight and the

number of thymocytes and splenocytes caused by PFOA in the

WT mice was not observed in the PPAR-a-null KO mice

(Yang et al., 2002b). Responses similar to those evoked by

PFOA in the WT and KO mice were also observed after

treatment with the classical PPAR-a agonist, WY-14,643,

providing further evidence for a role of PPAR-a signaling

pathway in the PFOA effects. As described in the previous

section on liver toxicity, it is noteworthy that, unlike the effect

of WY-14,643, PFOA-induced hepatomegaly was not abol-

ished in the PPAR-a null mice. This finding raises the

possibility of other (non-PPAR-a) biochemical signals that

may mediate the hepatotoxic effects of PFOA. Indeed, results

from a recent study by Wan and Badr (2006) have suggested

that hepatocyte-specific retinoid X receptor-alpha plays a role

in the anti-inflammatory response to PFOA.

Following withdrawal of PFOA from the diet, spleen and

thymus weights return to normal within 5 and 10 days,

respectively, in contrast to the more persistent effect on liver

weight and hepatic peroxisome proliferation. The relatively

prompt recovery of the spleen and thymus from PFOA

treatment is rather surprising, considering that the half-life of

this chemical in the mouse (CD-1) was estimated at 15–20 days

(Lau et al., 2005). In fact, the recovery in liver was more in line

with the compound half-life. However, adipose tissue atrophy

resulting from PFOA treatment, recovers at an even faster pace,

beginning 2–5 days after chemical withdrawal (Xie et al.,
2003). Hence, additional studies to correlate the immunotoxic

responses of PFOA with body burden of the chemical and to

account for the uncoordinated processes responsible for the

immunotoxic, hypolipidemic, and hepatotoxic effects of PFOA

are warranted.

Hormonal Effects

Langley and Pilcher (1985) and Gutshall et al. (1988)

provided the earliest reports on the effects of PFAA on thyroid

hormones. They observed that a single dose of PFDA

significantly reduced T4 and T3, lowered body temperature,

and depressed heart rate in rats but T4 replacement failed to

reverse the hypothermia produced by PFDA. Additional

mechanistic studies revealed that PFDA decreased serum levels
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of thyroid hormones by reducing the responsiveness of the

hypothalamic-pituitary-thyroid (HPT) axis and by displacing

circulating hormone from their plasma protein binding sites

(Gutshall et al., 1989). Despite hormonal deficits in circulation,

activity of the thyroid hormone-sensitive liver enzymes,

glycerophosphate dehydrogenase and malic enzyme, were

elevated by PFDA, leading the investigators to conclude that

PFDA-treated rats were not functionally hypothyroid at the

tissue level.

More recently, several studies (Lau et al., 2003; Luebker

et al., 2005b, Seacat et al., 2003; Thibodeaux et al., 2003) have

shown a depression of serum T4 and T3 in PFOS-exposed rats

(adults, adults during pregnancy, and neonates), although

a corresponding elevation of TSH through feedback stimula-

tion of the HPT axis was absent. When measurement of free

T4 (fT4) was carried out using an equilibrium dialysis step

prior to the standard radioimmunoassay (ED-RIA), fT4 levels

in PFOS-treated rats were found to be comparable to those of

controls (Luebker et al., 2005b). In a subsequent study, Chang

et al. (in press) further elaborated on the merits of using ED-

RIA to eliminate the negative bias of fT4 determination

introduced by analog methods, primarily due to the high

affinity for protein binding by PFOS. Moreover, in an acute

exposure study, this group observed a decrease in total T4

(tT4), a transient increase in fT4, a transient decrease in TSH in

circulation, and an increase in urinary excretion of labeled

tracer from 125I-T4 over the course of 24 h following a single

dose of PFOS. These findings are consistent with the

hypothesis advanced by Gutshall et al. (1989), suggesting

that, similar to PFDA, PFOS may act by displacing thyroid

hormones from their binding proteins in circulation. Based on

a lack of response in serum fT4, TSH, and liver malic enzyme,

Chang et al. (2007) surmised that short-term exposure (3 days

to 3 weeks) to PFOS did not suppress the functional thyroid

status in rats. However, these investigators also cautioned

about the physiological significance of depressed tT4 and T3

produced by PFOS, particularly the long-term sequelae from

chronic exposure to the chemical. On-going research to address

these issues should provide a more definitive resolution in the

near future.

While thyroid hormone imbalance has been reported in

animal studies, corresponding findings have not been reported

in humans in limited studies using PFOA (Emmett et al.,
2006b; Olsen et al., 2003b) or PFOS (Inoue et al., 2004).

Continuing medical surveillance studies with repeated meas-

ures of thyroid hormone levels and additional biomonitoring

studies in the future are needed.

In addition to thyroid hormone disruption, changes in sex

steroid hormone biosynthesis by PFAA have been reported.

Results from several studies (Biegel et al., 1995; Bookstaff

et al., 1990; Cook et al., 1992; Liu et al., 1996) showed that

administration of PFOA to adult male rats for 14 days led to

a decrease in serum and testicular testosterone and an increase

in serum estradiol levels. The latter was likely associated with

increased hormone synthesis in the liver through induction of

hepatic aromatase. Furthermore, these hormonal alterations

have been implicated in the induction of Leydig cell adenomas

seen in rats chronically exposed to PFOA (Biegel et al., 2001).

In a MCF-7 breast cancer cell system, Maras et al. (2006)

recently described the estrogen-like properties of 6–2 and 8–2

TAs, but these potential ‘‘xenoestrogens’’ appeared to act

through a mechanism different from that of 17b-estradiol, the

classic reference for estrogenic action. The implication of these

findings must await confirmation from in vivo studies in the

future. Benninghoff et al. (2007) have described an estrogenic

mechanism of PFOA to promote hepatocellular carcinoma in

rainbow trout. In addition, PFNA, PFDA, and PFUA were

shown to be estrogenic in vivo, based on a vitellogenin

induction bioassay. Preliminary results thus indicated that these

PFAAs might be weak xenoestrogens in the environment.

Similar to thyroid hormones, no significant changes in

reproductive hormones have been associated with serum levels

of PFOA in humans (Olsen et al., 1998).

Underlying Biochemical Effects

The causative biochemical events that lead to the adverse

health outcomes after exposure to PFAA are largely undefined.

Recent advances in genomics and bioinformatics have pro-

vided toxicologists with a powerful research tool to address

these unknowns. Indeed, several papers have been published to

examine the gene expression profiles in tissues (mostly liver) of

rats and mice exposed to PFOS and PFOA (Guruge et al.,
2006; Hu et al., 2005a,b; Martin et al., in press; Rosen et al.,
unpublished data). By and large, the findings from these

diverse studies reached reasonable concordance. For instance,

several categories of genes have been commonly altered by

both PFAAs. These include peroxisome proliferation, fatty acid

metabolism, lipid transport, cholesterol synthesis, proteosome

activation and proteolysis, cell communication, and inflamma-

tion. Some of these alterations confirm previous findings. The

agonistic properties of PFAAs on PPAR-a are well supported

(Haughom and Ikeda et al., 1985, 1987; Haughom and

Spydevold, 1992; Intrasuksri et al., 1998; Kudo et al., 2000,

2005; Maloney and Waxman, 1999; Pastoor et al., 1987;

Sohlenius et al., 1992; Van Raferghem et al., 1988). As men-

tioned previously, a number of investigators have further com-

pared the differential activation of PPAR isoforms (including

human, mouse, and rat PPAR-a, PPAR-b, and PPAR-c) by

various perfluorinated chemicals with transient transfection cell

assays (Shipley et al., 2004; Takacs and Abbott, 2007; Vanden

Huevel et al., 2006). Thus far, results show that PPAR-a is the

most likely target of PFOA and PFOS, with the former having

more transactivity than the latter in both human and mouse

isoforms. The transactivation of PPAR-c or PPAR-b/d was at

a much lower extent. On-going research to provide a complete

set of toxicological comparisons among all the relevant PFAAs

will enhance the risk assessment capability for these chemicals
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and support the search for potential replacements of eight-

carbon PFAAs in commerce.

The alteration of genes related to fatty acid metabolism by

PFOA and PFOS correlates well with results from previous

in vivo studies (Kudo et al., 1999; Singer et al., 1990; Sohlenius

et al., 1993; Van Raferghem et al., 1988). Similarly, changes in

genes responsible for mitochondrial metabolism by these

fluorochemicals are supported by previous reports (Berthiaume

and Wallace, 2002; Cai et al., 1996; O’Brien and Wallace, 2004;

Starkov and Wallace, 2002). In addition, results from studies that

implicate interference with cell membrane function (Hu et al.,
2002, 2003), in part by inhibition of gap junction communication

(Upham et al., 1998), are also consistent with changes in gene

expression in the liver induced by PFOS and PFOA.

FUTURE DIRECTIONS

There has been a great deal of progress in the last few years

in understanding the toxicology and distribution of PFAAs in

the environment, wildlife, and humans. However, there remain

many questions. While monitoring studies have clearly shown

the presence of PFAAs worldwide, the sources and pathways

of exposure are unknown. In addition, more standardized

analytical methods are needed in order to understand historical

and future trends in exposure.

It is clear that there are vast species differences in the

toxicokinetics of PFAAs. As summarized in Table 5, progress

has been made in defining the elimination half-life for a variety

of PFAAs in common laboratory animal models, as well as

humans. However, there is a paucity of information for many

PFAAs that have wide environmental distributions (i.e., PFNA

and PFDA), as well as for most PFAAs in wildlife species.

Further research is also needed in understanding the biological

basis for the species differences in elimination. The putative

involvement of multiple families of organic anion transporters

is promising but much work is needed to confirm this. It is clear

that an understanding of body burden is crucial for the

interspecies extrapolation of toxicological effects. While some

progress has been made in the development of pharmacokinetic

models (e.g., Anderson et al., 2006; U.S. EPA, 2005),

additional investigation on this subject will be most warranted.

There have also been significant advances in descriptive

toxicology for a variety of PFAAs as well as studies of the

potential mode of action for some of the toxicological

responses. Additional descriptive studies are needed to further

characterize potential target organs, to elucidate the long-term

consequences of prenatal exposures, and to elaborate on the

role of chain length and functional group (perhaps by

structure–activity relationship) in the toxicology of this class

of compounds. In addition, further research is needed to

understand the potential long-term consequences of the effects

on thyroid hormone levels. Finally, it is critical to explore the

possible modes of action of these compounds (beyond the

apparent PPAR transactivation) and to determine whether

any of these may be species-specific, thereby providing

a sound basis for health risk assessment of these chemicals

as a class.

REFERENCES

3M Company. (2000). Sulfonated perfluorochemicals in the environment:

Sources, dispersion, fate and effects. US EPA Administrative Record,

AR-226-0620.

3M Company. (2001). Material Safety Data Sheet FC-26 FLUORAD Brand

Fluorochemical Acid, ID Number/U.P.C.:ZF-0002-0376-8. Available at:

http://www.3M.com/US/safety/index.jhtml. Accessed February 1, 2007.

3M Company. (2002). 104-Week dietary chronic toxicity and carcinogenicity

study with perfluorooctane sulfonic acid potassium salt (PFOS; T-6295) in

rats. Final Report. 3M Company, St. Paul, MN. January 2, 2002. US EPA

Administrative Record, AR-226-0956.

3M Company. (2003). Environmental and health assessment of perfluoroocta-

nesulfonate and its salts. US EPA Administrative Record. AR-226-1486.

3M Company. (2004). Comparative molecular biology of perfluorooctanesul-

fonate (PFOS, T-6295), N-Ethyl perfluorooctanesulfonamido ethanol

(N-EtFOSE, T-6316), N-ethyl- perfluorooctanesulfonamide (N-EtFOSA,

T-6868), perfluorooctanesulfonamido acetate (FOSAA, T-7071), and/or

perfluorooctanesulfonamide (FOSA, T-7132) in rats and guinea pigs

following oral dosing. Final Report, July 16, 2004. US EPA Administrative

Record, AR-226-1813.

3M Company. (2005). A 28-day oral (gavage) toxicity study of T-7485 in

Sprague-Dawley rats. Study no. 132-007, 3M Corporate Toxicology, St Paul,

MN. P-00-1085.

Abbott, B. D., Wolf, C. J., Schmid, J. E., Das, K. P., Zehr, R. D., Helfant, L.,

Nakayama, S., Lindstrom, A. B., Strynar, M. J., and Lau, C. Perfluor-

ooctanoic acid (PFOA)-induced developmental toxicity in the mouse is

dependent on expression of peroxisome proliferator-activated receptor-alpha

(PPARa). Toxicol. Sci. 99(2), 366–394.

Alexander, B. H. (2001a). Mortality study of workers employed at the 3M

Cottage Grove facility. Final Report. April 26, 2001. Division of

Environmental and Occupational Health, School of Public Health,

University of Minnesota. US EPA Administrative Record, AR-226-

1030a018.

Alexander, B. H. (2001b). Mortality study of workers employed at the 3M

Decatur facility. Final Report. April 26, 2001. Division of Environmental

and Occupational Health, School of Public Health, University of Minnesota.

US EPA Administrative Record, AR-226-1030a019.

Alexander, B. H. (2004). Bladder cancer in perfluorooctanesulfonyl fluoride:

Manufacturing workers. University of Minnesota, Minneapolis, MN. US

EPA Administrative Record, AR-226-1908.

Alexander, B. H., and Grice, M. (2006). Self-Reported medical conditions in

perfluorooctanesulfonyl fluoride manufacturing workers. Final Report. US

EPA Administrative Record, AR-226-3677.

Alexander, B. H., Olsen, G. W., Burris, J. M., Mandel, J. H., and Mandel, J. S.

(2003). Mortality of employees of a perfluorooctanesulfonyl fluoride

manufacturing facility. Occup. Environ. Med. 60, 722–729.

Alzaga, R., and Bayone, J. M. (2004). Determination of perfluorocarboxylic

acids in aqueous matrices by ion-pair solid-phase microextraction-in-port

derivatization-gas chromatography-negative ion chemical ionization mass

spectrometry. J. Chromatogr. A 1042, 155–162.

Anderson, M. E., Clewell, H. J., III, Tan, Y-M., Butenhoff, J. L., and

Olsen, G. W. (2006). Pharmacokinetic modeling of saturable, renal

resorption of perfluoroalkylacids in monkeys—Probing the determinants of

long plasma half-lives. Toxicology 227, 156–164.

PERFLUOROALKYL ACIDS 385

D
ow

nloaded from
 https://academ

ic.oup.com
/toxsci/article/99/2/366/1679065 by N

ational Academ
ies R

esearch C
enter user on 24 N

ovem
ber 2020

http://www.3M.com/US/safety/index.jhtml


Ankley, G. T., Kuehl, D. W., Kahl, M. D., Jensen, K. M., Butterworth, B. C.,

and Nichols, J. W. (2004). Partial life-cycle toxicity and bioconcentration

modeling of perfluorooctanesulfonate in the Northern leopard frog (Rana

pipiens). Environ. Toxicol. Chem. 23, 2745–2755.

Ankley, G. T., Kuehl, D. W., Kahl, M. D., Jensen, K. M., Linnum, A.,

Leino, R. L., and Villeneuve, D. A. (2005). Reproductive and developmental

toxicity and bioconcentration of perfluorooctanesulfonate in a partial life-

cycle test with the fathead minnow (Pimephales promelas). Environ. Toxicol.

Chem. 24, 2316–2324.

Apelberg, B., Goldman, L., Calafat, A., Herbstman, J., Kuklenyik, Z.,

Heidler, J., Needham, L., Halden, R., and Witter, F. (2007). Determinants

of fetal exposure to polyfluoroalkyl compounds in Baltimore, Maryland.

Environ. Sci. Technol. doi: 10.1021/es0700911.

Barton, C. A., Butler, L. E., Zarzecki, C. J., Flaherty, J., and Kaiser, M. (2006).

Characterizing perfluorooctanoate in ambient air near the fence line of

a manufacturing facility: Comparing modeled and monitored values. J. Air

Waste Manag. Assoc. 56, 48–55.

Begley, T. H., White, K., Honigfort, P., Twaroski, M. L., Neches, R., and

Walker, R. A. (2005). Perfluorochemicals: Potential sources of and migration

from food packaging. Food Addit. Contam. 22, 1023–1031.

Benninghoff, A. D., Field, J. A., and Williams, D. E. (2007). Assessment of the

estrogen activity of perfluorooctanoic acid (PFOA), perfluorooctane

sulfonate (PFOS) and other structurally diverse perfluorinated chemicals in

rainbow trout. Toxicologist CD 96, 110 (Abstract).

Berthiaume, J., and Wallace, K. B. (2002). Perfluorooctanoate, perfluoroocta-

nesulfonate, and N-ethyl perfluorooctanesulfonamido ethanol: Peroxisome

proliferation and mitochondrial biogenesis. Toxicol. Lett. 129, 23–32.

Biegel, L. B., Hurtt, M. E., Frame, S. R., O’Connor, J. C., and Cook, J. C.

(2001). Mechanisms of extrahepatic tumor induction by peroxisome

proliferators in male CD rats. Toxicol. Sci. 60, 44–55.

Biegel, L. B., Liu, R. C. M., Hurtt, M. E., and Cook, J. C. (1995). Effects of

ammonium perfluorooctanoate on Leydig cell function: In vitro, in vivo, and

ex vivo studies. Toxicol. Appl. Pharmacol. 134, 18–25.

Bookstaff, R. C., Moore, R. W., Ingall, G. B., and Peterson, R. E. (1990).

Androgenic deficiency in male rats treated with perfluorodecanoic acid.

Toxicol. Appl. Pharmacol. 104, 322–333.

Bossi, R., Riget, F. F., and Dietz, R. (2005b). Temporal and spatial trends of

perfluorinated compounds in ringed seal (Phoca hispida) from Greenland.

Environ. Sci. Technol. 39, 7416–7422.

Bossi, R., Riget, F. F., Dietz, R., Sonne, C., Fauser, P., Dam, M., and

Vorkamp, K. (2005a). Preliminary screening of perfluorooctane sulfonate

(PFOS) and other fluorochemicals in fish, birds and marine mammals from

Greenland and the Faroe Islands. Environ. Pollut. 136, 323–329.

Boulanger, B., Vargo, J. D., Schnoor, J. L., and Hornbuckle, K. C. (2004).

Detection of perfluorooctane surfactants in Great Lakes water. Environ. Sci.

Technol. 38, 4064–4070.

Boulanger, B., Vargo, J. D., Schnoor, J. L., and Hornbuckle, K. C. (2005).

Evaluation of perfluorooctane surfactants in a wastewater treatment system

and in a commercial surface protection product. Environ. Sci. Technol. 39,

5524–5530.

Buist, S. C. N., Cherrington, N. J., Choudhuri, S., Hartley, D. P., and

Klaassen, C. D. (2002). Gender-specific and developmental influences on the

expression of rat organic anion transporters. J. Pharmacol. Exp. Ther. 301,

145–151.

Buist, S. C. N., and Klaassen, C. D. (2004). Rat and mouse differences in

gender-predominant expression of organic anion transporter (OAT1-3;

SLC22A6-8) mRNA levels. Drug Metab. Dispos. 32, 620–625.

Butenhoff, J., Costa, G., Elcombe, C., Farrar, D., Hansen, K., lwai, H.,

Jung, R., Kennedy, G., Lieder, P., Olsen, G., et al. (2002). Toxicity of

ammonium perfluorooctanoate in male cynomolgus monkeys after oral

dosing for 6 months. Toxicol. Sci. 69, 244–257.

Butenhoff, J., and Lieder, P. (2006). A two-generation reproduction study with

perfluorobutanesulfonate. Toxicologist 90, 252.

Butenhoff, J. L., Gaylor, D. W., Moore, J. A., Olsen, G. W., Rodricks, J.,

Mandel, J. H., and Zobel, L. R. (2004a). Characterization of risk for general

population exposure to perfluorooctanoate. Regul. Toxicol. Pharmacol. 39,

363–380.

Butenhoff, J. L., Kennedy, G. L., Frame, S. R., O’Connor, J. C., and

York, R. G. (2004b). The reproductive toxicology of ammonium

perfluorooctanoate (APFO) in the rat. Toxicology 196, 95–116.

Butenhoff, J. L., Kennedy, G. L., Hindliter, P. M., Lieder, P. H., Hansen, K. J.,

Gorman, G. S., Noker, P. E., and Thomford, P. J. (2004c). Pharmaco-

kinetics of perfluorooctanoate in Cynomolgus monkeys. Toxicol. Sci. 82,

394–406.

Butenhoff, J. L., Olsen, G. W., and Pfahles-Hutchens, A. (2006). The

applicability of biomonitoring data for perfluorooctanesulfonate (PFOS) to

the environmental public health continuum. Environ. Health Perspect. 114,

1776–1782.

Cai, Y., Nelson, B. D., Li, R., Luciakova, K., and DePierre, J. W. (1996).

Thyromimetic action of the peroxisome proliferators clofibrate, perfluor-

ooctanoic acid, and acetylsalicylic acid includes changes in mRNA levels for

certain genes involved in mitochondrial biogenesis. Arch. Biochem. Biophys.

325, 107–112.

Calafat, A. M., Kuklenyik, Z., Caudill, S. P., Reidy, J. A., and Needham, L. L.

(2006a). Perfluorochemicals in pooled serum samples from the United

States residents in 2001 and 2002. Environ. Sci. Technol. 40, 2128–

2134.

Calafat, A. M., Kuklenyik, Z., Caudill, S. P., Tully, J. S., and Needham, L. L.

(2007). Serum Concentrations of 11 polyfluoroalkyl compounds in the

U.S. population: Data from the National Health and Nutrition

Examination Survey (NHANES) 1999–2000. Environ. Sci. Technol. 41,

2237–2242.

Calafat, A. M., Needham, L. L., Kuklenyik, Z., Reidy, J. A., Tully, J. S.,

Aguilar-Villalobos, M., and Naeher, L. P. (2006b). Perfluorinated

chemicals in selected residents of the American continent. Chemosphere

63, 490–496.

Case, M. T., York, R. G., and Christian, M. S. (2001). Rat and rabbit oral

developmental toxicology studies with two perfluorinated compounds. Int. J.

Toxicol. 20, 101–109.

Chang, S., Hart, J., Ehresman, D., Das, K., Lau, C., Noker, P., Gorman, G.,

Tan, Y., and Butenhoff, J. (2007). The pharmacokinetics of perfluorobutyrate

(PFBA) in rats, mice, and monkeys. Toxicologist 96, 194.

Chang, S. C., Thibodeaux, J. R., Eastvold, M. L., Ehresman, D. J., Bjork, J.,

Froehlich, J. W., Lau, C., Singh, R. J., Wallace, K. B., and Butenhoff, J. L.

(2007). Negative bias from analog methods used in the analysis of free

thyroid hormones in rat serum containing perfluorooctanesulfonate (PFOS).

Toxicology 234, 21–33.

Chen, J., and Zhang, P. (2006). Photodegradation of perfluorooctanoic acid in

water under irradiation of 254 nm and 185 nm light by use of persulfate.

Water Sci. Technol. 5, 317–325.

Christian, M. S., Hoberman, A. M., and York, R. G. (1999). Combined oral

(gavage) fertility, developmental and perinatal/postnatal reproduction

toxicity study of N-EtFOSE in rats. Argus Research Laboratories, Inc.,

Horsham, PA. US EPA Administrative Record, AR-226-0552.

Christopher, B., and Marias, A. J. (1977). 28-Day oral toxicity study with

FC-143 in albino mice, Final Report, Industrial Bio-Test Laboratories, Inc.,

Study No. 8532-10655, 3M Reference No. T-1742CoC, Lot 269. US EPA

Administrative Record, AR-226-0444.

Cook, J. C., Murray, S. M., Frame, S. R., and Hurtt, M. E. (1992). Induction

of Leydig cell adenomas by ammonium perfluorooctanoate:

A possible endocrine-related mechanism. Toxicol. Appl. Pharmacol. 113,

209–217.

386 LAU ET AL.

D
ow

nloaded from
 https://academ

ic.oup.com
/toxsci/article/99/2/366/1679065 by N

ational Academ
ies R

esearch C
enter user on 24 N

ovem
ber 2020



Das, K. P., Grey, B., Butenhoff, J., Tanaka, S., Ehresman, D., and Lau, C.

(2007). Effects of perfluorobutyrate exposure in mice during pregnancy.

Toxicologist 96, 313 (Abstract).

Dauwe, T., Van de Vijver, K., De Coen, W., and Eens, M. (2007). PFOS levels

in the blood and liver of a small insectivorous songbird near a fluorochemical

plant. Environ. Int. 33, 357–361.

Davis, K. L., Aucoin, M. D., Larsen, B. S., Kaiser, M. A., and Hartten, A. S.

(2007). Transport of ammonium perfluorooctanoate in environmental

media near a fluoropolymer manufacturing facility. Chemosphere 67,

2011–2019.

D’Eon, J. C., Hurley, M. D., Wallington, T. J., and Mabury, S. A. (2006).

Atmospheric chemistry of N-methyl perfluorobutane sulfonamidoethanol,

C4F9SO2N(CH3)CH2CH2OH: Kinetics and mechanism of reaction with OH.

Environ. Sci. Technol. 40, 1862–1868.

D’eon, J. C., and Mabury, S. A. Production of perfluorinated carboxylic acids

(PFCAs) from the biotransformation of polyfluoroalkyl phosphate surfac-

tants (PAPS): Exploring routes of human contamination. [Published ahead of

print May 23, 2007]. Environ. Sci. Technol. doi:10.1093/toxsci/kfm110.

De Silva, A. O., and Mabury, S. A. (2004). Isolating isomers of

perfluorocarboxylates in polar bears (Ursus maritimus) from two geo-

graphical locations. Environ. Sci. Technol. 38, 6538–6545.

DeWitt, J. C., Copeland, C. B., and Luebke, R. W. (2007). Dose-response of

perfluorooctanoic acid-induced immunomodulation in adult C57BL/6 mice.

Toxicologist 96, 13 (Abstract).

Dinglasan, M. J., Ye, Y., Edwards, E. A., and Mabury, S. A. (2004).

Fluorotelomer alcohol biodegradation yields poly- and perfluorinated acids.

Environ. Sci. Technol. 38, 2857–2864.

DuPont. (2003a). Sampling investigation results little hocking water association

well field Washington County, Ohio. US EPA Administrative Record,

AR-226-1509

DuPont. (2003b). Epidemiology surveillance report: Cancer incidence for

Washington Works site 1959–2001. US EPA Administrative Record, AR-

226-1307-6.

DuPont. (2005). DuPont global PFOA strategy. US EPA Administrative

Record, AR-226-1914.

DuPont. (2006). Ammonium perfluorooctanoate: Phase II. Retrospective cohort

mortality analyses related to a serum biomarker of exposure in a polymer

production plant. US EPA Administrative Record, 8EHQ-0381-0394.

Ehresman, D. J., Chang, S., Bjork, J. A., Hart, J. A., Lieder, P. H., Wallace, K. B.,

and Butenhoff, J. L. (2007b). Increased acyl CoA oxidase activity in rats after

five consecutive daily doses of perfluorobutanesulfonate, perfluorohexanesul-

fonate, and perfluorooctanesulfonate. Toxicologist 96, 179 (Abstract).

Ehresman, D. J., Froehlich, J. W., Olsen, G. W., Chang, S., and Butenhoff, J. L.

(2007a). Comparison of human whole blood, plasma, and serum matrices for

the determination of perfluorooctanesulfonate (PFOS), perfluorooctanoate

(PFOA), and other fluorochemicals. Environ. Res. 103, 176–184.

Elcombe, C. R., Elcombe, B. M., Foster, J. R., and Farrar, J. R. (2007).

Characterization of the hepatomegaly induced by ammonium perfluoroocta-

noic acid (APFO) in rats. Toxicologist 96, 179 (Abstract).

Ellis, D. A., Mabury, S. A., Martin, J. W., and Muir, D. C. G. (2001).

Thermolysis of fluoropolymers as a potential source of halogenated organic

acids in the environment. Nature 412, 321–324.

Ellis, D. A., Martin, J. W., De Silva, A. O., Mabury, S. A., Hurley, M. D.,

Sulbaek Anderson, M. P., and Wallington, T. J. (2004). Degradation of

fluorotelomer alcohols: A likely atmospheric source of perfluorinated

carboxylic acids. Environ. Sci. Technol. 38, 3316–3321.

Ellis, D. A., Martin, J. W., Mabury, S. A., Hurley, M. D., Sulbaek-

Andersen, M. P., and Wallington, T. J. (2003). Atmospheric lifetime of

fluorotelomer alcohols. Environ. Sci. Technol. 37, 3816–3820.

Emmett, E. A., Shofer, F. S., Zhang, H., Freeman, D., Desai, C., and

Shaw, L. M. (2006a). Community exposure to perfluorooctanoate: Relation-

ships between serum concentrations and exposure sources. J. Occup.

Environ. Med. 48, 759–770.

Emmett, E. A., Zhang, H., Shofer, F. S., Freeman, D., Rodway, N. V.,

Desai, C., and Shaw, L. M. (2006b). Community exposure to perfluor-

ooctanoate: Relationships between serum levels and certain health

parameters. J. Occup. Environ. Med. 48, 771–779.

Environment Canada. (2006). Ecological screening assessment report on

perfluorooctane sulfonate, its salts and its precursors that contain the

C8F17So2 or C8F17So3 or C8F17SO2N moiety. Available at: http://www.ec.

gc.ca/CEPARegistry/documents/subs_list/PFOS_SAR/PFOS_TOC.cfm.

Accessed February 1, 2007.

Ericson, I., Gomez, M., Nadal, M., van Bavel, B., Lindstrom, G., and

Domingo, J. L. (2007). Perfluorinated chemicals in blood of residents in

Catalonia (Spain) in relation to age and gender: A pilot study. Environ. Int.

doi:10.1016/j.envint.2007.01.003.

Fairley, K. J., Purdy, R., Kearns, S., Anderson, S. E., and Meade, B. J. (2007).

Exposure to the immunosuppressant, perfluorooctanoic acid, enhances the

murine IgE and airway hypersensitivity response to ovalbumin. Toxicol. Sci.

97, 375–383.

Falandysz, J., Taniyasu, S., Gulkowska, A., Yamashita, N., and Schulte-

Oehlmann, U. (2006). Is fish a major source of fluorinated surfactants and

repellents in humans living on the Baltic Coast? Environ. Sci. Technol. 40,

748–751.

Fasano, W. J., Carpenter, S. C., Gannon, S. A., Snow, T. A., Stadler, J. C.,

Kennedy, G. L., Buck, R. C., Korzeniowski, S. H., Hinderliter, P. M., and

Kemper, R. A. (2006). Absorption, distribution, metabolism, and elimination

of 8-2 fluorotelomer alcohol in the rat. Toxicol. Sci. 91, 341–355.

Fenton, S. E., Lau, C., Hines, E. P., Thibodeaux, J. R., and White, S. S. (2007).

Long-term health effects of PFOA after prenatal and lactational exposure in

mice. Toxicologist 96, 12.

Fromme, H., Midasch, O., Twardella, D., Angerer, J., Boehmer, S., and Liebl, B.

(2007). Occurrence of perfluorinated substances in an adult German population

in southern Bavaria. Int. Arch. Occup. Environ. Health 80, 313–319.

Gannon, J. T., Hoke, R. A., Kaiser, M. A., and Mueller, T. (2006). Review II:

Perfluorooctanoic acid (PFOA) in the environment. White paper by DuPont

Wilmington, DE. Report Number: DuPont–19567. May 23, 2006. US EPA

Administrative Record, AR-226-3679.

Gibson, S. J., and Johnson, J. D. (1983). Extent and route of excretion of total

carbon-14 in pregnant rats after a single oral dose of ammonium
14C-perfluorooctanoate. Riker Laboratory, Inc., Subsidiary of 3M, St Paul,

MN. US EPA Administrative Record, AR-226-0458.

Giesy, J. P., and Kannan, K. (2001). Global distribution of perfluorooctane

sulfonate in wildlife. Environ. Sci. Technol. 35, 1339–1342.

Gilliland, F. D., and Mandel, J. S. (1993). Mortality among employees of

a perfluorooctanoic acid production plant. J. Occup. Med. 35, 950–954.

Gilliland, F. D., and Mandel, J. S. (1996). Serum perfluorooctanoic acid and

hepatic enzymes, lipoproteins, and cholesterol: A study of occupationally

exposed men. Am. J. Ind. Med. 29, 560–568.

Goldenthal, E. I. (1978a). Final report, ninety day subacute rat toxicity study on

Fluorad� Fluorochemical FC-143, International Research and Development

Corporation, Study No. 137-089, 3M Reference No. T-3141, November 6,

1978. US EPA Administrative Record, AR226-0441.

Goldenthal, E. I. (1978b). Final report, ninety day subacute rhesus monkey toxicity

study, International Research and Development Corporation, Study No. 137-

090, November 10, 1978. US EPA Administrative Record, AR226-0447.

Gordon, S. C., Schurch, S., Amrein, M., and Schoel, M. (2007). Effects of

perrfluorinated acids on pulmonary surfactant properties in vitro. Toxicol-

ogist 96, 91.

Gortner, E. G. (1981). Oral teratology study of T-2998CoC in rats. Experiment

Number 0681TR0110, Safety Evaluation Laboratory and Riker Laboratories,

Inc., St Paul, MN. US EPA Administrative Record, AR-226 226-0463.

PERFLUOROALKYL ACIDS 387

D
ow

nloaded from
 https://academ

ic.oup.com
/toxsci/article/99/2/366/1679065 by N

ational Academ
ies R

esearch C
enter user on 24 N

ovem
ber 2020

http://www.ec.gc.ca/CEPARegistry/documents/subs_list/PFOS_SAR/PFOS_TOC.cfm
http://www.ec.gc.ca/CEPARegistry/documents/subs_list/PFOS_SAR/PFOS_TOC.cfm


Gortner, E. G. (1982). Oral teratology study of T-3141CoC in rabbits.

Experiment Number 0681TB0398, Safety Evaluation Laboratory and Riker

Laboratories, Inc., St Paul, MN. US EPA Administrative Record, AR-226

226-0465.

Grasty, R. C., Bjork, J. A., Wallace, K. B., Wolf, D. C., Lau, C. S., and

Rogers, R. J. (2005). Effects of prenatal perfluorooctane sulfonate (PFOS)

exposure on lung maturation in the perinatal rat. Birth Defects Res. Part B

74, 405–416.

Grasty, R. C., Wolf, D. C., Grey, B. E., Lau, C. S., and Rogers, J. M. (2003).

Prenatal window of susceptibility to perfluorooctane sulfonate-induced

neonatal mortality in the Sprague Dawley rat. Birth Defects Res. Part B 68,

465–471.

Guruge, K. S., Taniyasu, S., Yamashita, N., Wijeratna, S., Mohotti, K. M.,

Senevriatne, H. R., Kannan, K., Yamanaka, N., and Miyazaki, S. (2005).

Perfluorinated organic compounds in human blood serum and seminal

plasma: A study of urban and rural worker populations in Sri Lanka.

J. Environ. Monit. 7, 371–377.

Guruge, K. S., Yeung, L. W. Y., Yamanaka, N., Miyazaki, S., Lam, P. K. S.,

Giesy, J. P., Jones, P. D., and Yamashita, N. (2006). Gene expression

profiles in rat liver treated with perfluorooctaonic acid (PFOA). Toxicol. Sci.

89, 93–107.

Gutshall, D. M., Pilcher, G. D., and Langley, A. E. (1988). Effect of thyroxine

supplementation on the response to perfluoro-n-decanoic acid (PFDA) in

rats. J. Toxicol. Environ. Health 24, 491–498.

Gutshall, D. M., Pilcher, G. D., and Langley, A. E. (1989). Mechanism of the

serum thyroid hormone lowering effect of perfluoro-n-decanoic acid (PFDA)

in rats. J. Toxicol. Environ. Health 28, 53–65.

Hanhijarvi, H., Ophaug, R. H., and Singer, L. (1982). The sex-related

difference in perfluorooctanoate excretion in the rat. Proc. Soc. Exp. Biol.

Med. 171, 50–55.

Hanhijarvi, H., Ylinen, M., Haaranen, T., and Nevalainen, T. (1988).

A proposed species difference in the renal excretion of perfluorooctanoic

acid in the beagle dog and rat. In New Development in Biosciences: Their

Implications for Laboratory Animal Sciences (A. C. Beynen and

H. A. Solleveld, Eds.), pp. 409–412. Martinus Nijhoff Publishers, Dodrecht,

The Netherlands.

Hansen, K. J., Johnson, H. O., Eldridge, J. S., Butenhoff, J. L., and Dick, L. A.

(2002). Quantitative characterization of trace-levels of PFOS and PFOA in

the Tennessee River. Environ. Sci. Technol. 36, 1681–1685.

Harada, K., Inoue, K., Morikawa, A., Yoshinaga, T., Saito, N., and

Koizumi, A. (2005). Renal clearance of perfluorooctane sulfonate and

perfluorooctanoate in humans and their species-specific excretion. Environ.

Res. 99, 253–261.

Harada, K., Koizumi, A., Saito, N., Inoue, K., Yoshinaga, T., Date, C., Fujii, S.,

Hachiya, N., Hirosawa, I., Koda, S., et al. (2006a). Historical and

geographical aspects of the increasing perfluorooctanoate and perfluorooc-

tane sulfonate contamination in human serum in Japan. Chemosphere 66,

293–301.

Harada, K., Nakasanishi, S., Sasaki, K., Furuyama, K., Nakayama, S.,

Saito, N., Yamakawa, K., and Koizumi, A. (2006b). Particle size distribution

and respiratory deposition estimates of airborne perfluorooctanoate and

perfluooctanesulfonate in Kyoto area, Japan. Bull. Environ. Contam. Toxicol.

76, 306–310.

Harada, K., Saito, N., Inoue, K., Yoshinaga, T., Watanabe, T., Sasaki, S.,

Kamiyama, S., and Koizumi, A. (2004). The influence of time, sex

and geographic factors on levels of perfluorooctanesulfonate and perfluor-

ooctanoate in human serum over the last 25 years. J. Occup. Health 46,

141–147.

Harris, M. W., and Birnbaum, L. S. (1989). Developmental toxicity of

perfluorodecanoic acid in C57BL/6N mice. Fundam. Appl. Toxicol. 12,

442–448.

Haughom, B., and Spydevold, Ø. (1992). The mechanism underlying the

hypolipemic effect of perfluorooctanoic acid (PFOA), perfluorooctane

sulphonic acid (PFOSA) and clofibric acid. Biochim. Biophys. Acta 1128,

65–72.

Henderson, W. M., and Smith, M. (2007). Perfluorooctanoic acid and

perfluorononanoic acid in fetal and neonatal mice following in utero

exposure to 8-2 fluorotelomer alcohol. Toxicol. Sci. 95, 452–461.

Higgins, C. P., Field, J. A., Criddle, C. S., and Luthy, R. G. (2005).

Quantitative determination of perfluorochemicals in sediments and domestic

sludge. Environ. Sci. Technol. 39, 3946–3956.

Hinderliter, P. M., Han, X., Kennedy, G. L., and Butenhoff, J. L. (2006). Age

effect on perfluorooctanoate (PFOA) plasma concentration in post-weaning

rats following oral gavage with ammonium perfluorooctanoate (APFO).

Toxicology 225, 195–203.

Hinderliter, P. M., Mylchreest, E., Gannon, S. A., Butenhoff, J. L., and

Kennedy, G. L. (2005). Perfluorooctanoate: Placental and lactational

transport pharmacokinetics in rats. Toxicology 211, 139–148.

Hoff, P. T., Scheirs, J., Van de Vijver, K., Van Dongen, W., Esmans, E. L.,

Blust, R., and de Coen, W. (2004). Biochemical effect evaluation of

perfluorooctane sulfonic acid-contaminated wood mice (Apodemus sylvati-

cus). Environ. Health Perspect. 112, 681–686.

Hoff, P. T., Van Campenhout, K., Van de Vijver, K., Covaci, A., Bervoets, L.,

Moens, L., Huyskens, G., Goemans, G., Belpaire, C., Blust, R., et al.

(2005a). Perfluorooctane sulfonic acid and organohalogen pollutants in liver

of three freshwater fish species in Flanders (Belgium): Relationships with

biochemical and organismal effects. Environ. Pollut. 137, 324–333.

Hoff, P. T., Van de Vijver, K., Dauwe, T., Covaci, A., Maervoet, J., Eens, M.,

Blust, R., and de Coen, W. (2005b). Evaluation of biochemical effects

related to perfluorooctane sulfonic acid exposure in organohalogen-

contaminated great tit (Parsus major) and blue tit (Parsus caeruleus)

nestlings. Chemosphere 61, 1558–1569.

Holmström, K. E., Järnberg, U., and Bignert, A. (2004). Temporal trends of

PFOS and PFOA in guillemot eggs from the Baltic Sea, 1968–2003,

Environ. Sci. Technol. 39, 80–84.

Hori, H., Nagaoka, Y., Yamamoto, A., Sano, T., Yamashita, N., Taniyasu, S.,

and Kutsuna, S. (2006). Efficient decomposition of environmentally

persistent perfluorooctanesulfonate and related fluorochemicals using

zerovalent iron in subcritical water. Environ. Sci. Technol. 40, 1049–1054.

Houde, M., Martin, J. W., Letcher, R. J., Solomon, K. R., and Muir, D. C. G.

(2006a). Biological monitoring of polyfluoroalky substances: A review.

Environ. Sci. Technol. 40, 3463–3473.

Houde, M., Wells, R. S., Fair, P. A., Bossart, G. D., Hohn, A. A.,

Rowles, T. K., Sweeney, J. C., Solomon, K. R., and Muir, D. C. G.

(2005). Polyfluoroalkyl compounds in free-ranging bottlenose dolphins

(Tursiops truncatus) from the Gulf of Mexico and the Atlantic Ocean.

Environ. Sci. Technol. 39, 6591–6598.

Houde, M., Bujas, T. A. D., Small, J., Wells, R. S., Fair, P. A., Bossart, G. D.,

Solomon, K. R., and Muir, D. C. G. (2006b). Biomagnification of

perfluoroalkyl compounds in bottlenose dolphins (Tursiops truncatus) food

web. Environ. Sci. Technol. 40, 4138–4144.

Hu, W., Jones, P. D., Celius, T., and Giesy, J. P. (2005a). Identification of

genes responsive to PFOS using gene expression profiling. Environ. Toxicol.

Pharmacol. 19, 50–57.

Hu, W., Jones, P. D., DeCoen, W., and Giesy, J. P. (2005b). Comparison of

gene expression methods to identify genes responsive to perfluorinated

sulfonic acid. Environ. Toxicol. Pharmacol. 19, 153–160.

Hu, W., Jones, P. D., Upham, B. L., Trosko, J. E., Lau, C., and Giesy, J. P.

(2002). Inhibition of gap junctional intercellular communication by

perfluorinated compounds in rat liver and dolphin kidney epithelial

cell lines in vitro and Sprague-Dawley rats in vivo. Toxicol. Sci. 68,

429–436.

388 LAU ET AL.

D
ow

nloaded from
 https://academ

ic.oup.com
/toxsci/article/99/2/366/1679065 by N

ational Academ
ies R

esearch C
enter user on 24 N

ovem
ber 2020



Hu, W. Y., Jones, P. D., de Coen, W., King, L., Fraker, P., Newsted, J., and

Giesy, J. P. (2003). Alterations in cell membrane properties caused by

perfluorinated compounds. Comp. Biochem. Physiol. Part C 135, 77–88.

Hundley, S. G., Sarrif, A. M., and Kennedy, G. L. (2006). Absorption,

distribution, and excretion of ammonium perfluorooctanoate (APFO) after

oral administration to various species. Drug Chem. Toxicol. 29, 137–145.

Hurley, M. D., Wallington, T. J., Sulbaek Anderson, M. P., Ellis, D. A.,

Martin, J. W., and Mabury, S. A. (2004). Atmospheric chemistry of

fluorinated alcohols: Reaction with Cl atoms and OH radicals and

atmospheric lifetimes. J. Phys. Chem. A. 108, 1973–1079.

Ikeda, T., Aiba, K., Fukuda, K., and Tanaka, M. (1985). The induction of

peroxisome proliferation in rat liver by perfluorinated fatty acids,

metabolically inert derivatives of fatty acids. J. Biochem. 98, 475–482.

Ikeda, T., Fukuda, K., Mori, I., Enomoto, M., Komai, T., and Suga, T. (1987).

Induction of cytochrome P-450 and peroxisome proliferation in rat liver by

perfluorinated octanesulfonic acid. In Peroxisomes in Biology and Medicine

(H. D. Fahimi and H. Sies, Eds.), pp. 304–308. Springer Verlag, New York.

Inoue, K., Okada, F., Ito, R., Kato, S., Sasaki, S., Nakajima, S., Uno, A.,

Saijo, Y., Sata, F., Yoshimura, Y., et al. (2004). Perfluorooctane sulfonate

(PFOS) and related perfluorinated compounds in human maternal and cord

blood samples: Assessment of PFOS exposure in a susceptible population

during pregnancy. Environ. Health Perspect. 112, 1204–1207.

Intrasuksri, U., Rangwala, S. M., O’Brien, M., Noonan, D. J., and Feller, D. R.

(1998). Mechanisms of peroxisome proliferation by perfluorooctanoic acid

and endogenous fatty acids. Gen. Pharmacol. 31, 187–197.

Jia, Y., Qi, C., Zhang, Z., Zhu, Y. T., Rao, S. M., and Zhu, Y. J. (2005).

Peroxisome proliferator-activated receptor-binding protein null mutation

results in defective mammary gland development. J. Biol. Chem. 280,

10766–10773.

Johnson, J. D., Gibson, S. J., and Ober, R. E. (1979a). Absorption of FC-95-14C

in rats after a single oral dose. Riker Laboratories, Inc., St Paul, MN, US

EPA Administrative Record, AR-226-0007.

Johnson, J. D., Gibson, S. J., and Ober, R. E. (1979b). Extent and route of

excretion and tissue distribution of total cabon-14 in rats after a single i.v.

dose of FC-95-14C. Riker Laboratories, Inc., St Paul, MN, US EPA

Administrative Record, 8EHQ-1180-00374.

Johnson, J. D., Gibson, S. J., and Ober, R. E. (1984). Cholestyramine-enhanced

fecal elimination of carbon-14 in rats after administration of ammonium

[14C]perfluorooctanoate or potassium [14C]perfluorooctanesulfonate. Fun-

dam. Appl. Toxicol. 4, 972–976.

Jones, P. D., Hu, W., De Coen, W., Newsted, J. L., and Giesy, J. P. (2003).

Binding of perfluorinated fatty acids to serum proteins. Environ. Toxicol.

Chem. 22, 2639–2649.

Kallenborn, R., Berger, U., and Järnberg, U. (2004). Perfluorinated alkylated

substances (PFAS) in the Nordic environment. TemaNord 2004:552. Nordic

Council of Ministers. Available at www.sft.no/nyheter/dokumenter/

pfas_nmr2004.pdf. Accessed February 1, 2007.

Kannan, K., Choi, J. W., Iseki, N., Senthilkumar, K., Kim, D. H.,

Masunaga, S., and Giesy, J. P. (2002a). Concentrations of perfluorinated

acids in livers of birds from Japan and Korea. Chemosphere 49, 225–231.

Kannan, K., Corsolini, S., Falandysz, J., Fillmann, G., Kumar, K. S.,

Loganathan, B. G., Mohd, M. A., Olivero, J., Van Wouwe, N., Yang, J. H.,

et al. (2004). Perfluorooctanesulfonate and related fluorochemicals in human

blood from several countries. Environ. Sci. Technol. 38, 4489–4495.

Kannan, K., Corsolini, S., Falandysz, J., Oehme, G., Focardi, S., and

Giesy, J. P. (2002b). Perfluorooctanesulfonate and related fluorinated

hydrocarbons in marine mammals, fishes, and birds from coasts of the

Baltic and the Mediterranean Seas. Environ. Sci. Technol. 36, 3210–3216.

Kannan, K., Franson, J. C., Bowerman, W. W., Hansen, K. J., Jones, J. D., and

Giesy, J. P. (2001a). Perfluorooctane sulfonate in fish-eating water birds

including bald eagles and albatrosses. Environ. Sci. Technol. 35, 3065–3070.

Kannan, K., Koistinen, J., Beckmen, K., Evans, T., Gorzelany, J. F.,

Hansen, K. J., Jones, P. D., Helle, E., Nyman, M., and Giesy, J. P.

(2001b). Accumulation of perfluooctane sulfonate in marine mammals.

Environ. Sci. Technol. 35, 1593–1598.

Kannan, K., Newsted, J., Halbrook, R. S., and Giesy, J. P. (2002c).

Perfluorooctanesulfonate and related fluorinated hydrocarbons in mink

and river otters from the United States. Environ. Sci. Technol. 36,

2566–2571.

Kannan, K., Perotta, E., and Thomas, N. J. (2006). Association between

perfluorinated compounds and pathological conditions in southern sea otters.

Environ. Sci. Technol. 40, 4943–4948.

Kannan, K., Tao, L., Sinclair, E., Pastva, S. D., Jude, D. J., and Giesy, J. P.

(2005a). Perfluorinated compounds in aquatic organisms at various trophic

levels in a Great Lakes food chain. Arch. Environ. Contam. Toxicol. 48,

559–566.

Kannan, K., Yun, S. H., and Evans, T. J. (2005b). Chlorinated, brominated and

perfluorinated contaminants in livers of polar bears from Alaska. Environ.

Sci. Technol. 39, 9057–9063.

Karns, M. E., and Fayerweather, W. E. (1991). A case-control study of

leukemia at the Washington Works site. Final Report. Dupont Company.

December 31, 1991. US EPA Administrative Record, AR-226-1308-2.

Kärrman, A., Ericson, I., van Bavel, B., Darnerud, P., Aune, M., Glynn, A.,

Lignell, S., and Lindstrom, G. (2007). Exposure of perfluorinated chemicals

through lactation—Levels of matched human milk and serum and a temporal

trend, 1996-2004, in Sweden. Environ. Health Perspect. 115, 226–230.

Kärrman, A., Mueller, J., van Bavel, B., Harden, F., Toms, L. L., and

Lindstrom, G. (2006a). Levels of 12 perfluorinated chemicals in pooled

Australian serum, collected 2002-2003, in relation to age, gender, and

region. Environ. Sci. Technol. 40, 3742–3748.

Kärrman, A., van Bavel, B., Järnberg, U., Hardell, L., and Lindström, G.

(2006b). Perfluorinated chemicals in relation to other persistent organic

pollutants in human blood. Chemosphere 64, 1582–1591.

Keller, J. M., Kannan, K., Taniyasu, S., Yamashita, N., Day, R. D.,

Arendt, M. D., Segars, A. L., and Kucklick, J. R. (2005). Perfluorinated

compounds in the plasma of loggerhead and Kemp’s Ridley sea turtles from

the southeastern coast of the United States. Environ. Sci. Technol. 39,

9101–9108.

Kemper, R. A. (2003). Perfluorooctanoic acid: Toxicokinetics in the rat.

DuPont Haskell Laboratories, Project No. DuPont–7473. US EPA

Administrative Record, AR-226-1499.

Kemper, R. A., and Jepson, G. W. (2003). Pharmacokinetics of perfluor-

ooctanoic acid in male and female rats. Toxicologist 72(1-S), 148.

Kemper, R. A., and Nabb, D. L. (2005). In vitro studies in microsomes from rat

and human liver, kidney, and intestine suggest that perfluorooctanoic acid is

not a substrate for microsomal UDP-glucuronosyltransferases. Drug Chem.

Toxicol. 28, 281–287.

Kennedy, G. L., Butenhoff, J. L., Olsen, G. W., O’Connor, J. C., Seacat, A. M.,

Perkins, R. G., Biegel, L. B., Murphy, S. R., and Farrar, D. G. (2004). The

toxicology of perfluorooctanoate. Crit. Rev. Toxicol. 34, 351–384.

Kerstner-Wood, C., Coward, L., and Gorman, G. (2003). Protein binding of

perfluorobutane sulfonate, perfluorohexane sulfonate, perfluorooctane sulfo-

nate and perfluorooctanoate to plasma (human, rat, and monkey), and various

human-derived plasma protein fractions. Southern Research Institute,

Birmingham, AL. US EPA Administrative Record, AR-226-1354.

Key, B. D., Howell, R. D., and Criddle, C. S. (1997). Fluorinated organic in the

biosphere. Environ. Sci. Technol. 31, 2445–2454.

Key, B. D., Howell, R. D., and Criddle, C. S. (1998). Defluorination of

organofluorine sulfur compounds by Pseudomonas sp. Strain D2. Environ.

Sci. Technol. 32, 2283–2287.

Kissa, E. (2001). Fluorinated Surfactants and Repellants, 2nd ed. Marcel

Decker, New York.

PERFLUOROALKYL ACIDS 389

D
ow

nloaded from
 https://academ

ic.oup.com
/toxsci/article/99/2/366/1679065 by N

ational Academ
ies R

esearch C
enter user on 24 N

ovem
ber 2020

http://www.sft.no/nyheter/dokumenter/pfas_nmr2004.pdf
http://www.sft.no/nyheter/dokumenter/pfas_nmr2004.pdf


Klaunig, J. E., Babich, M. A., Baetcke, K. P., Cook, J. C., Corton, J. C.,

David, R. M., DeLuca, J. G., Lai, D. Y., McKee, R. H., Peters, J. M., et al.

(2003). PPARa agonist-induced rodent tumors: Modes of action and human

relevance. Crit. Rev. Toxicol. 33, 655–780.

Kojo, A., Hanhijarvi, H., Ylinen, M., and Kosma, V. M. (1986). Toxicity and

kinetics of perfluorooctanoic acid in the Wistar rat. Arch. Toxicol. (Suppl)9,

465–468.

Kubwabo, C., Stewart, B., Zhu, J., and Marro, L. (2005). Occurrence of

perfluorosulfonates and other perfluorochemicals in dust from selected

homes in the city of Ottawa, Canada. J. Environ. Monit. 7, 1074–1078.

Kubwabo, C., Vais, N., and Benoit, F. M. (2004). A pilot study on the

determination of perfluorooctanesulfonate and other perfluorinated com-

pounds in blood of Canadians. J. Environ. Monit. 6, 540–545.

Kudo, N., Bandi, N., Suzuki, E., Katakura, M., and Kawashima, Y. (2000).

Induction by perfluorinated fatty acids with different carbon chain length of

peroxisomal b-oxidation in the liver of rats. Chem. Biol. Interact. 124,

119–132.

Kudo, N., Iwase, Y., Okayachi, H., Yamakawa, Y., and Kawashima, Y. (2005).

Induction of hepatic peroxisome proliferation by 8-2 telomer alcohol feeding

in mice: Formation of perfluorooctanoic acid in the liver. Toxicol. Sci. 86,

231–238.

Kudo, N., Katakuva, M., Sato, Y., and Kawashima, Y. (2002). Sex hormone-

regulated renal transport of perfluorooctanoic acid. Chem. Biol. Interact. 139,

301–316.

Kudo, N., and Kawashima, Y. (2003). Toxicity and toxicokinetics of

perfluorooctanoic acid in humans and animals. Toxicol. Sci. 28, 49–57.

Kudo, N., Mizuguchi, H., Yamamoto, A., and Kawashima, Y. (1999).

Alterations by perfluorooctanoic acid of glycerolipid metabolism in rat

liver. Chem. Biol. Interact. 118, 69–83.

Kudo, N., Suzuki, E., Katakuva, M., Ohmori, K., Noshiro, R., and Kawashima, Y.

(2001). Comparison of elimination between perfluorinated fatty acids with

different chain length in rats. Chem. Biol. Interact. 134, 203–216.

Kudo, N., Suzuki-Nakajima, E., Mitsumoto, A., and Kawashima, Y. (2006).

Responses of the liver to perfluorinated fatty acids with different carbon

chain length in male and female mice: In relation to induction of

hepatomegaly, peroxisomal b-oxidation and microsomal 1-acylglycerophos-

phocholine acyltransferase. Biol. Pharm. Bull. 29, 1952–1957.

Kuklenyik, Z., Reich, J. A., Tully, J. S., Needham, L. L., and Calafat, A. M.

(2004). Automated solid-phase extraction and measurement of perfluorinated

organic acids and amides in human serum and milk. Environ. Sci. Technol.

38, 3698–3704.

Kuslikis, B. I., Vanden Heuvel, J. P., and Peterson, R. E. (1992). Lack of

evidence for perfluorodecanoyl- or perfluorooctanoyl-coenzyme A formation

in male and female rats. Biochem. Toxicol. 7, 25–29.

Lange, C. C. (2002). Biodegradation screen study for telomere-type alcohols.

3M Project ID No. E01-0684. US EPA Administrative Record, AR-226-0555.

Langley, A. E., and Pilcher, G. D. (1985). Thyroid, bradycardic and

hypothermic effects of perfluoro-n-decanoic acid in rats. J. Toxiciol.

Environ. Health 15, 485–491.

Lau, C., and Kavlock, R. J. (1994). Functional toxicity in the developing heart,

lung, and kidney. Developmental Toxicology 2nd ed. (C. A. Kimmel and J.

Buelke-Sam, Eds.), pp. 119–188. Raven Press, New York.

Lau, C., Abbott, B. D., and Wolf, D. C. (2007). Perfluorooctanoic acid and Wy

14,643 treatment induced peroxisome proliferation in livers of wild-type but

not PPARa-null mice. Toxicologist 96, 179 (Abstract).

Lau, C., Butenhoff, J. L., and Rogers, J. M. (2004). The developmental toxicity

of perfluoroalkyl acids and their derivatives. Toxicol. Appl. Pharmacol. 198,

231–241.

Lau, C., Strynar, M. J., Lindstrom, A. B., Hanson, R. G., Thibodeaux, J. R., and

Barton, H. A. (2005). Pharmacokinetic evaluation of perfluorooctanoic acid

in the mouse. Toxicologist 84, 252 (Abstract).

Lau, C., Thibodeaux, J. R., Hanson, R. G., Narotsky, M. G., Rogers, J. M.,

Lindstrom, A. B., and Strynar, M. J. (2006). Effects of perfluorooctanoic acid

exposure during pregnancy in the mouse. Toxicol. Sci. 90, 510–518.

Lau, C., Thibodeaux, J. R., Hanson, R. G., Rogers, J. M., Grey, B. E.,

Stanton, M. E., Butenhoff, J. L., and Stevenson, L. A. (2003). Exposure to

perfluorooctane sulfonate during pregnancy in rat and mouse. II. Postnatal

evaluation. Toxicol. Sci. 74, 382–392.

Lee, S. S., Pineau, T., Drago, J., Lee, E. J., Owens, J. W., Kroetz, D. L.,

Fernandez-Salguero, P. M., Westphal, H., and Gonzalez, F. J. (1995).

Targeted disruption of the alpha isoform of the peroxisome proliferator-

activated receptor gene in mice results in abolishment of the pleiotropic

effects of peroxisome proliferators. Mol. Cell. Biol. 15, 3012–22.

Lehmler, H.-J. (2005). Synthesis of environmentally relevant fluorinated

surfactants – a review. Chemosphere 58, 1471–1496.

Lehmler, H. J., Xie, W., Bothun, G. D., Bummer, P. M., and Knutson, B. L.

(2006). Mixing of perfluorooctanesulfonic acid (PFOS) potassium salt with

dipalmitoyl phosphatidylcholine (DPPC). Colloids Surf. B Biointerfaces 51,

25–29.

Lieder, P., and Butenhoff, J. (2006a). Ninety-day oral gavage toxicity study

of perfluorobutanesulfonate (PFBS) in rats. Toxicologist 90, 476

(Abstract).

Lieder, P. H., Chang, S., Ehresman, D. J., Roy, R. R., Otterdijk, F., and

Butenhoff, J. L. (2007). Twenty-eight-day oral toxicity study of perfluor-

obutyrate in rats. Toxicologist 96, 193 (Abstract).

Lieder, P. H., Noker, P. E., Gorman, G. S., Tanaka, S. C., and Butenhoff, J. L.

(2006b). Elimination pharmacokinetics of a series of perfluorinated alkyl

carboxylates and sulfonates (C4, C6 and C8) in male and female

Cynomolgus monkeys. Eur. Soc. Environ. Toxicol. Chem. (abstract 297).

Liu, R. C. M., Hurtt, M. E., Cook, J. L., and Biegel, L. B. (1996). Effect of the

peroxisome proliferators, ammonium perfluorooctanoate (C8), on hepatic

aromatase activity in adult male Crl:CD BR (CD) rats. Fundam. Appl.

Toxicol. 30, 220–228.

Loewen, M., Halldorson, T., Wang, F., and Tomy, G. (2005). Fluorotelomer

carboxylic acids and PFOS in rainwater from the urban center in Canada.

Environ. Sci. Technol. 39, 2944–2951.

Luebker, D. J., Case, M. T., York, R. G., Moore, J. A., Hansen, K. J., and

Butenhoff, J. L. (2005a). Two-generation reproduction and cross-foster

studies of perfluorooctanesulfonate (PFOS) in rats. Toxicology 215,

126–148.

Luebker, D. J., Hansen, K. J., Bass, N. M., and Butenhoff, J. L. (2002).

Interactions of fluorochemicals with rat liver fatty acid-binding protein.

Toxicology 176, 175–185.

Luebker, D. J., York, R. G., Hansen, K. J., Moore, J. A., and Butenhoff, J. L.

(2005b). Neonatal mortality from in utero exposure to perfluorooctanesul-

fonate (PFOS) in Sprague-Dawley rats: Dose-response, and biochemical and

pharmacokinetic parameters. Toxicology 215, 149–169.

Maloney, E. K., and Waxman, D. J. (1999). Trans-activation of PPARa and

PPARc by structurally diverse environmental chemicals. Toxicol. Appl.

Pharmacol. 161, 209–218.

Maras, M., Vanparys, C., Muylle, F., Robbens, J., Berger, U., Barber, J. L.,

Blust, R., and De Coen, W. (2006). Estrogen-like properties of fluorotelomer

alcohols as revealed by MCF-7 breast cancer cell proliferation. Environ.

Health Perspect. 114, 100–105.

Martin, J. W., Ellis, D. A., and Mabury, S. A. (2006). Atmospheric chemistry

of perfluoroalkanesulfonamides: Kinetic and product studies of the OH

radical and Cl atom initiated oxidation of N-ethyl perfluorobutanesulfona-

mide. Environ. Sci. Technol. 40, 864–872.

Martin, J. W., Kannan, K., De Voogt, P., Field, J., Franklin, J., Giesy, J. P.,

Harner, T., Muir, D. C. G., Kaiser, M., Jarnberg, U., et al. (2004a).

Analytical challenges hamper perfluoroalkyl research. Environ. Sci. Technol.

38, 248A–255A.

390 LAU ET AL.

D
ow

nloaded from
 https://academ

ic.oup.com
/toxsci/article/99/2/366/1679065 by N

ational Academ
ies R

esearch C
enter user on 24 N

ovem
ber 2020



Martin, J. W., Mabury, S. A., and O’Brien, P. J. (2005). Metabolic products

and pathways of fluorotelomer alcohols in isolated rat hepatocytes. Chem.

Biol. Interact. 155, 165–180.

Martin, J. W., Muir, D. C. G., Moody, C. A., Ellis, D., Kwan, W. C.,

Solomon, K. R., and Mabury, S. A. (2002). Collection of airborne fluorinated

organics and analysis by gas chromatography/chemical ionization mass

spectrometry. Anal. Chem. 74, 584–590.

Martin, J. W., Smithwick, M. M., Braune, B. M., Hoekstra, P. F.,

Muir, D. C. G., and Mabury, S. A. (2004b). Identification of long-chain

perfluorinated acids in biota from the Canadian Arctic. Environ. Sci.

Technol. 38, 373–380.

Martin, J. W., Whittle, D. M., Muir, D. C., and Mabury, S. A. (2004c).

Perfluoroalkyl contaminants in a food web from Lake Ontario. Environ. Sci.

Technol. 38, 5379–5385.

Martin, M. T., Brennan, R., Hu, W., Ayanoglu, E., Lau, C., Ren, H., Wood, C. R.,

Corton, C., Kavlock, R. J., and Dix, D. J. (2007). Toxicogenomic study of

triazole fungicides and perfluoroalkyl acids in rat livers predicts toxicity and

categorizes chemicals based on mechanisms of toxicity. Toxicol. Sci. 97,

595–613.

Metrick, M., and Marias, A. J. (1977). 28-day oral toxicity study with FC-143

in albino rats, Final Report, Industrial Bio-Test Laboratories, Inc. Study No.

8532-10654, 3M Reference No. T-1742CoC, Lot 269. US EPA Adminis-

trative Record, AR-226-0445.

Midasch, O., Drexler, H., Hart, N., Beckmann, M. W., and Angerer, J. (2007).

Transplacental exposure of neonates to perfluorooctanesulfonate and

perfluorooctanoate: A pilot study. Int. Arch. Occup. Environ. Health. 80,

693–698.

Midasch, O., Schettgen, T., and Angerer, J. (2006). Pilot study on the

perfluorooctanesulfonate and perfluorooctanoate exposure of the German

general population. Int. J. Hyg. Environ. Health 209, 489–496.

Molina, E. D., Balander, R., Fitzgerald, S. D., Giesy, J. P., Kannan, K.,

Mitchell, R., and Bursian, S. J. (2006). Effects of air cell injection of

perfluorooctane sulfonate before incubation on development of the white

Leghorn chicken (Gallus domesticus) embryo. Environ. Toxicol. Chem. 25,

227–232.

Moody, C. A., Martin, J. W., Kwan, W. C., Muir, D. C., and Mabury, S. A.

(2002). Monitoring perfluorinated surfactants in biota and surface water

samples following an accidental release of fire-fighting foam into Etobicoke

Creek. Environ. Sci. Technol. 36, 545–551.

Moriwaki, H., Takata, Y., and Arakawa, R. (2003). Concentrations of

perfluorooctane sulfonate (PFOS) and perfluorooctanoic acid (PFOA) in

vacuum cleaner dust collected in Japanese homes. J. Environ. Monit. 5,

753–757.

Mylchreest, E., Munley, S. M., and Kennedy, G. L. (2005). Evaluation of the

developmental toxicity of 8-2 telomer B alcohol. Drug Chem. Toxicol. 28,

315–328.

Nakata, H., Kannan, K., Nasu, T., Cho, H., Sinclair, E., and Takemura, A.

(2006). Perfluorinated contaminants in sediments and aquatic organisms

collected from shallow water and tidal flat areas of the Ariake Sea, Japan:

Environmental fate of perfluorooctane sulfonate in aquatic ecosystems.

Environ. Sci. Technol. 40, 4916–4921.

Newsted, J. L., Coady, K. K., Beach, S. A., Butenhoff, J. L., Gallagher, S., and

Giesy, J. P. (2007). Effects of perfluorooctane sulfonate on mallard and

northern bobwhite quail exposed chronically via the diet. Environ. Toxicol.

Pharmacol. 23, 1–9.

Noker, P. E., and Gorman, G. S. (2003). A pharmacokinetic study of potassium

perfluorooctanesulfonate in the cynomolgus monkey. Southern Research

Institute, Birmingham, AL. US EPA Administrative Record, AR-226-1356.

O’Brien, T. M., and Wallace, K. B. (2004). Mitochondrial permeability

transition as the critical target of N-acetyl perfluorooctane sulfonamide

toxicity in vitro. Toxicol. Sci. 82, 333–340.

Olivero-Verbel, J., Tao, L., Johson-Restrepo, B., Guette-Fernandez, J.,

Baldiris-Avila, R., O’byrne-Hoyos, I., and Kannan, K. (2006). Perfluroocta-

nesulfonate and related fluorochemicals in biological samples from the north

coast of Colombia. Environ. Pollut. 142, 367–372.

Olsen, G., Ehresman, D., Froehlich, J., Burris, J., and Butenhoff, J. (2005a).

Evaluation of the half-life (t 1/2) of elimination of perfluorooctanesulfonate

(PFOS), perfluorohexanesulfonate (PFHS) and perfluorooctanoate (PFOA)

from human serum. Abstract TOXC017. In FLUOROS 2005, 18–20

August 2005, Toronto, BC, Canada. University of Toronto, Toronto, CN.

Available at: http://www.chem.utoronto.ca/symposium/fluoros/abstract-

bookhtm. Accessed November 11, 2006.

Olsen, G. W., Burris, J. M., Burlew, M. M., and Mandel, J. H. (2000). Plasma

cholecystokinin and hepatic enzymes, cholesterol and lipoproteins in

ammonium perfluorooctanoate production workers. Drug Chem. Toxicol.

23, 603–620.

Olsen, G. W., Burris, J. M., Ehresman, D. J., Froehlich, J. W., Seacat, A. M.,

Butenhoff, J. L., and Zobel, L. R. (2007b). Half-life of serum elimination of

perfluorooctanesulfonate, perfluorohexanesulfonate, and perfluorooctanoate

in retired fluorochemical production workers.. Environ. Health Perspect.

doi:10.1289/ehp10009.

Olsen, G. W., Burris, J. M., Mandel, J. H., and Zobel, L. R. (1999). Serum

perfluorooctane sulfonate and hepatic and lipid clinical chemistry tests in

fluorochemical production employees. J. Occup. Environ. Med. 41,

799–806.

Olsen, G. W., Burlew, M. M., Burris, J. M., and Mandel, J. H. (2001a). A

longitudinal analysis of serum perfluorooctanesulfonate (PFOS) and

perfluorooctanoate (PFOA) levels in relation to lipid and hepatic

clinical chemistry test results from male employee participants of the

1994/95, 1997, and 2000 fluorochemical medical surveillance program. 3M

Company. Final Report. October 11, 2001. US EPA Administrative Record,

AR-226-1088.

Olsen, G. W., Burlew, M. M., Burris, J. M., and Mandel, J. H. (2001b). A

cross-sectional analysis of serum perfluorooctanesulfonate (PFOS) and

perfluorooctanoate (PFOA) in relation to clinical chemistry, thyroid

hormone, hematology and urinalysis results from male and female employee

participants of the 2000 Antwerp and Decatur fluorochemical medical

surveillance program. 3M Company. Final Report. October 11, 2001. US

EPA Administrative Record, AR-226-1087.

Olsen, G. W., Burris, J. M., Burlew, M. M., and Mandel, J. H. (2003a). Serum

perfluorooctane sulfonate (PFOS) and perfluorooctanoate (PFOA) concen-

trations and medical surveillance examinations. J. Occup. Environ. Med. 45,

260–270.

Olsen, G. W., Burlew, M. M., Marshall, J. C., Burris, J. M., and Mandel, J. H.

(2004c). Analysis of episodes of care in a perfluorooctanesulfonyl fluoride

production facility. J. Occup. Environ. Med. 46, 837–846.

Olsen, G. W., Church, T. R., Hansen, K. J., Burris, J. M., Butenhoff, J. L.,

Mandel, J. H., and Zobal, L. (2004b). Quantitative evaluation of

perfluorooctanesulfonate (PFOS) and other fluorochemicals in the serum of

children. J. Child Health 2, 53–76.

Olsen, G. W., Church, T. R., Larson, E. B., van Belle, G., Lundberg, J. K.,

Burris, J. M., Mandel, J. H., and Zobal, L. (2004a). Serum concentrations of

perfluorooctanesulfonate (PFOS) and other fluorochemicals in an elderly

population from Seattle, Washington. Chemosphere 54, 1599–1611.

Olsen, G. W., Church, T. R., Miller, J. P., Burris, J. M., Hansen, K. J.,

Lundberg, J. K., Armitage, J. B., Herron, R. H., Medhdizadehkashi, Z.,

Nobiletti, J. B., et al. (2003b). Perfluorooctanesulfonate (PFOS) and other

fluorochemicals in the serum of American Red Cross adult blood donors.

Environ. Health Perspect. 111, 1892–1901.

Olsen, G. W., Gilliland, F. D., Burlew, M. M., Burris, J. M., Mandel, J. S., and

Mandel, J. H. (1998). An epidemiologic investigation of reproductive

hormones in men with occupational exposure to perfluorooctanoic acid.

J. Occup. Environ. Med. 40, 614–622.

PERFLUOROALKYL ACIDS 391

D
ow

nloaded from
 https://academ

ic.oup.com
/toxsci/article/99/2/366/1679065 by N

ational Academ
ies R

esearch C
enter user on 24 N

ovem
ber 2020

http://www.chem.utoronto.ca/symposium/fluoros/abstract-bookhtm
http://www.chem.utoronto.ca/symposium/fluoros/abstract-bookhtm


Olsen, G. W., Hansen, K. J., Stevenson, L. A., Burris, J. M., and Mandel, J. H.

(2003c). Human donor liver and serum concentrations of perfluorooctane-

sulfonate and other perfluorochemicals. Environ. Sci. Technol. 37, 888–891.

Olsen, G. W., Huang, H., Helzlsouer, K. J., Hansen, K. J., Butenhoff, J. L., and

Mandel, J. H. (2005). Historical comparison of perfluorooctanesulfonate,

perfluorooctanoate and other fluorochemicals in human blood. Environ.

Health Perspect. 113, 539–545.

Olsen, G. W., Mair, D., Reagen, W., Ellefson, M. E., Ehresman, D. J.,

Butenhoff, J. L., and Zobel, L. (2006). Pilot study to assess serum

fluorochemical concentrations in American Red Cross blood donors, 2005.

Final Report, 3M Medical Department, January 9, 2006. US EPA

Administrative Record, AR-226-3666.

Olsen, G. W., Mair, D. C., Reagen, W. K., Ellefson, M. E., Ehresman, D. J.,

Butenhoff, J. L., and Zobel, L. R. (2007a). Preliminary evidence of a decline

in perfluorooctanesulfonate (PFOS) and perfluorooctanoate (PFOA) con-

centrations in American Red Cross blood donors. Chemosphere 68,

105–111.

Ophaug, R. H., and Singer, L. (1980). Metabolic handling of perfluorooctanoic

acid in rats. Proc. Soc. Exp. Biol. Med. 163, 19–23.

Palazzolo, M. J. (1993). Thirteen-week dietary toxicity study with T–5180,

ammonium perfluorooctanoate (CAS No. 3825-26-1) in male rats. Final

Report. Laboratory Project Identification HWI 6329–100. Hazleton

Wisconsin, Inc. US EPA Administrative Record, AR 226-0449.

Pastoor, T. P., Lee, K. P., Perri, M. A., and Gillies, P. J. (1987). Biochemical

and morphological studies of ammonium perfluorooctanoate-induced

hepatomegaly and peroxisome proliferation. Exp. Mol. Pathol. 47,

98–109.

Permadi, H., Lundgren, B., Andesson, K., Sundberg, C., and DePierre, J. W.

(1993). Effects of perfluoro fatty acids on peroxisome proliferation on

mitochondrial size in mouse liver: Dose and time factors and effect of chain

length. Xenobiotic 23, 761–770.

Peters, J. M., Hennuyer, N., Staels, B., Fruchart, J. C., Fievet, C., and

Gonzalez, F. J. (1997). Alterations in lipoprotein metabolism in peroxisome

proliferators-activated receptor alpha-deficient mice. J. Biol. Chem. 272,

27307–27312.

Powley, C., Michalczyk, M., Kaiser, M., and Buxton, W. (2005). De-

termination of perfluorooctanoic acid (PFOA) extractable from the surface of

commercial cookware under simulated cooking conditions by LC/MS/MS.

The Analyst 130, 1299–1302.

Prescher, D., Gross, U., Wotzka, J., Txcheu-Schlueter, M., and Starke, W.

(1985). Environmental behavior of fluoro surfactants: Part 2: Study on

biochemical degradability. Acta Hydrochim. Hydrobiol. 13, 17–24.

Prevedouros, K., Cousinsm, I. T., Buckm, R. C., and Korzeniowski, S. H.

(2006). Sources, fate and transport of perfluorocarboxylates. Environ. Sci.

Technol. 40, 32–44.

Qi, C., Kashireddy, P., Zhu, Y. T., Rao, S. M., and Zhu, Y. J. (2004). Null

mutation of peroxisome proliferators-activated receptor-interacting protein in

mammary glands causes defective mammopoiesis. J. Biol. Chem. 279,

33696–33701.

Renner, R. (2001). Growing concern over perfluorinated chemicals. Environ.

Sci. Technol. 35, 154A–160A.

Rosen, M. B., Thibodeaux, J. R., Wood, C. R., Zehr, R. D., Schmid, J. E., and

Lau, C. (2007). Gene expression profiling in the lung and liver of PFOA-

exposed mouse fetuses. Toxicology doi:10.1016/j.fox.2007.06.095.

Saito, N., Harada, K., Inoue, K., Sasaki, K., Yoshinaga, T., and Koizumi, A.

(2004). Perfluorooctanoate and perfluorooctane sulfonate concentrations in

surface water in Japan. J. Occup. Health 46, 49–59.

Schultz, M. M., Barofsky, D. F., and Field, J. A. (2006). Quantitative

determination of fluorinated alkyl substances by large-volume-injection

liquid chromatography tandem mass spectrometry—Characterization of

municipal wastewater. Environ. Sci. Technol. 40, 289–295.

Seacat, A. M., Thomford, P. J., Hansen, K. J., Clemen, L. A., Eldridge, S. R.,

Elcombe, C. R., and Butenhoff, J. L. (2003). Sub-chronic dietary toxicity of

potassium perfluorooctanesulfonate in rats. Toxicology 183, 117–131.

Seacat, A. M., Thomford, P. J., Hansen, K. J., Olsen, G. W., Case, M. T., and

Butenhoff, J. L. (2002). Subchronic toxicity studies on perfluorooctanesul-

fonate potassium salt in cynomolgus monkeys. Toxicol. Sci. 68, 249–264.

Shipley, J. M., Hurst, C. H., Tanaka, S. S., DeRoos, F. L., Butenhoff, J. L.,

Seacat, A. M., and Waxman, D. J. (2004). Trans-activation of PPARa and

induction of PPARa target genes by perfluorooctane-based chemicals.

Toxicol. Sci. 80, 151–160.

Shoeib, M., Harner, T., Wilford, B. H., Jones, K. C., and Zhu, J. (2005).

Perfluorinated sulfonamides in indoor and outdoor air and indoor dust:

Occurrence, partitioning, and human exposure. Environ. Sci. Technol. 39,

6599–6606.

Sibinski, L. J. (1987). Two year oral (diet) toxicity/carcinogenicity study of

fluorochemical FC-143 in rats. Experiment No. 0281CR0012. 3M Company/

Riker Laboratories, Inc., St Paul, MN. US EPA Administrative Record,

8EHQ-1087-0394.

Sinclair, E., Kim, S. K., Akinleye, H. B., and Kannan, K. (2007). Quantitation

of gas-phase perfluoroalkyl surfactants and fluorotelomer alcohols released

from nonstick cookware and microwave popcorn bags. Toxicol. Sci. 41,

1180–1185.

Sinclair, E., Mayack, D. T., Roblee, K., Yamashita, N., and Kannan, K. (2006).

Occurrence of perfluoroalkyl surfactants in water, fish and birds from New

York State. Arch. Environ. Contam. Toxicol. 50, 398–410.

Singer, S. S., Andersen, M. E., and George, M. E. (1990). Perfluoro-n-

decanoic acid effects on enzymes of fatty acid metabolism. Toxicol. Lett. 54,

39–46.

Skutlarek, D., Exner, M., and Farber, H. (2006). Perfluorinated surfactants in

surface and drinking waters. Environ. Sci. Pollut. Res. Int. 13, 299–307.

Smithwick, M., Mabury, S. A., Solomon, K. R., Sonne, C., Martin, J. W.,

Born, E. W., Dietz, R., Derocher, A. E., Letcher, R. J., Evans, T. J., et al.

(2005). Circumpolar study of perfluoroalkyl contaminants in polar bears

(Ursus maritimus). Environ. Sci. Technol. 39, 5517–5523.

Smithwick, M., Norstrom, R. J., Mabury, S. A., Solomon, K. R., Evans, T. J.,

Stirling, I., Taylor, M. K., and Muir, D. C. G. (2006). Temporal trends of

perfluoroalkyl contaminants in polar bears (Ursus maritimus) from two

locations in the North American Arctic. Environ. Sci. Technol. 40,

1139–1143.

So, M. K., Miyake, Y., Yeung, W. Y., Ho, Y. M., Taniyasu, S., Rostkowski, P.,

Yamashita, N., Zhou, B. S., Shi, X. J., Wang, J. X., et al. (2007).

Perfluorinated compounds in the Pearl river and Yangtze river of China.

Chemosphere. Published online March 16, 2007. doi:17368725.

So, M. K., Taniyasu, S., Yamashita, N., Giesy, J. P., Zheng, J., Fang, Z.,

Im, S. H., and Lam, P. K. S. (2004). Perfluorinated compounds in coastal

waters of Hong Kong, South China. Korea. Environ. Sci. Technol. 38,

4056–4063.

So, M. K., Yamashita, N., Taniyasu, S., Jiang, Q., Giesy, J. P., Chen, K., and

Lam, P. K. (2006). Health risks in infants associated with exposure to

perfluorinated compounds in human breast milk from Zhoushan, China.

Environ. Sci. Technol. 40, 2924–2929.

Sohlenius, A. K., Andersson, K., and DePierre, J. W. (1992). The effects of

perfluoro-octanoic acid on hepatic peroxisome proliferation and related

parameters show no sex-related differences in mice. Biochem. J. 285,

779–783.

Sohlenius, A. K., Eriksson, A. M., Hogstrom, C., Kimland, M., and

DePierre, J. W. (1993). Perfluorooctane sulfonic acid is a potent inducer

of peroxisomal fatty acid b-oxidation and other activities known to be

affected by peroxisome proliferators in mouse liver. Pharmacol. Toxicol. 72,

90–93.

392 LAU ET AL.

D
ow

nloaded from
 https://academ

ic.oup.com
/toxsci/article/99/2/366/1679065 by N

ational Academ
ies R

esearch C
enter user on 24 N

ovem
ber 2020



Staples, R. E., Burgess, B. A., and Kerns, W. D. (1984). The embryo-fetal

toxicity and teratogenic potential of ammonium perfluorooctanoate (APFO)

in the rat. Fundam. Appl. Toxicol. 4, 429–440.

Starkov, A. A., and Wallace, K. B. (2002). Structural determinants of

fluorochemical-induced mitochondrial dysfunction. Toxicol. Sci. 66,

244–252.

Stock, N. L., Lau, F. K., Ellis, D. A., Martin, J. W., Muir, D. C., and

Mabury, S. A. (2004). Polyfluorinated telomere alcohols and sulfonamides in

the North American troposphere. Environ. Sci. Technol. 38, 991–996.

Takacs, M. L., and Abbott, B. D. (2007). Activation of mouse and human

peroxisome proliferator-activated receptor (a,b/d,c) by perfluorooctanoic

acid and perfluorooctane sulfonate. Toxicol. Sci. 95, 108–117.

Taniyasu, S., Kannan, K., Horii, Y., Hanari, N., and Yamashita, N. (2003).

A survey of perfluorooctane sulfonate and related perfluorinated organic

compounds in water, fish, birds, and humans from Japan. Environ. Sci.

Technol. 37, 2634–2639.

Tao, L., Kannan, K., Kajiwara, N., Costa, M., Fillman, G., Takahashi, S., and

Tanabe, S. (2006). Perfluorooctanesulfonate and related flurochemicals in

albatrosses, elephant seals, penguins, and polar skuas from the Southern

Ocean. Environ. Sci. Technol. 40, 7642– 7648 2006. First published on

October 31, 2006. 10.1021/es061513u S0013-936X(06)01513–6.

Taylor, B. K., Dadia, N., Yang, C. B., Krishnan, S., and Badr, M. (2002).

Peroxisome proliferator-activated receptor agonists inhibit inflammatory

edema and hyperalgesia. Inflammation 26, 121–127.

Taylor, B. K., Kriedt, C., Nagalingam, S., Dadia, N., and Badr, M. (2005).

Central administration of perfluorooctanoic acid inhibits cutaneous in-

flammation. Inflamm. Res. 54, 235–242.

Thibodeaux, J. R., Hanson, R. G., Rogers, J. M., Grey, B. E., Barbee, B. D.,

Richards, J. H., Butenhoff, J. L., Stevenson, L. A., and Lau, C. (2003).

Exposure to perfluorooctane sulfonate during pregnancy in rat and mouse.

I. Maternal and prenatal evaluations. Toxicol. Sci. 74, 369–381.

Thomford, P. J. (2001). 104-week dietary carcinogenicity with narrow range

(98.1%) N-Ethyl perfluorooctanesulfonamido ethanol in rats. Final Report.

Prepared for 3M Company by Covance Laboratories, Inc. Covance Study Id:

6329–212. 3M Study ID: 3M T–6316.1. Dec. 13, 2001. US EPA

Administrative Record, AR-226-1051a.

Tittlemier, S., Pepper, K., and Edwards, L. (2006). Concentrations of

perfluorooctanesulfonamides in Canadian Total Diet Study composite food

samples collected between 1992 and 2004. J. Agric. Food Chem. 54,

8385–8389.

Tittlemier, S., Pepper, K., Seymour, C., Moisey, J., Bronson, R., Cao, X., and

Dabeka, W. (2007). Dietary exposure of Canadians to perfluorinated

carboxylates and perfluorooctane sulfonate via consumption of meat, fish,

fast foods, and food items prepared in their packaging. J. Agric. Food Chem.

55, 3203–3210.

Tomy, G. T., Budakowski, W., Halldorson, T., Helm, P. A., Stern, G. A.,

Friesen, K., Pepper, K., Tittlemier, S. A., and Fisk, A. T. (2004). Fluorinated

organic compounds in an eastern arctic marine food web. Environ. Sci.

Technol. 38, 6475–6481.

Trosko, J. E., and Rush, R. J. (1998). Cell-cell communication in

carcinogenesis. Front. Biosci. 3, D208–D236.

Upham, B. L., Deocampo, N. D., Wurl, B., and Trosco, J. E. (1998). Inhibition

of gap junctional intercellular communication by perfluorinated fatty acids is

dependent on the chain length of the fluorinated tail. Int. J. Cancer 78,

491–495.

U.S. Environmental Protection Agency (U.S. EPA). (2005). Draft risk

assessment of the potential human health effects associated with exposure

to perfluorooctanoic acid and its salts. Available at: http://www.epa.gov/

opptintr/pfoa/pubs/pfoarisk.htm. Accessed February 1, 2007.

U.S. Environmental Protection Agency (U.S. EPA). (2006). Announcement

of Stewardship Program by Administrator Stephen L. Johnson. Available

at: http://www.epa.gov/opptintr/pfoa/pubs/pfoastewardship.htm. Accessed

February 1, 2007.

Uy-Yu, N., Kawashima, Y., and Kozuka, H. (1990). Comparative studies on

sex-related difference in biochemical responses of livers to perfluorooctanoic

acid between rats and mice. Biochem. Pharmacol. 39, 1492–1495.

Vanden Heuvel, J. P., Davis, J. W., Sommers, R., and Peterson, R. E. (1992).

Renal excretion of perfluorooctanoic acid in male rats: Inhibitory effect of

testosterone. Biochem. Toxicol. 7, 31–36.

Vanden Heuvel, J. P., Kuslikis, B. I., Van Ragelghem, M. L., and Peterson, R. E.

(1991). Tissue distribution, metabolism, and elimination of perfluorooctanoic

acid in male and female rats. J. Biochem. Toxicol. 6, 83–92.

Vanden Huevel, J. P., Thompson, J. T., Frame, S. R., and Gillies, P. J. (2006).

Differential activation of nuclear receptors by perfluorinated fatty acid

analogs and natural fatty acid: A comparison of human, mouse, and rat

peroxisome proliferator-activated receptor-a, -b, and -c, liver X receptor-b,

and retinoid X receptor-a. Toxicol. Sci. 92, 476–489.

Van de Vijver, K. I., Hoff, P., Das, K., Brasseur, S., Van Dongen, W.,

Esmans, E., Reijnders, P., Blust, R., and de Coen, W. (2005). Tissue

distribution of perfluorinated chemicals in harbor seals (Phoca vitulina) from

the Dutch Wadden Sea. Environ. Sci. Technol. 39, 6978–6984.

Van de Vijver, K. I., Hoff, P. T., Van Dongen, W., Esmans, E. L., Blust, R.,

and de Coen, W. (2003). Exposure patterns of perfluorooctane sulfonate in

aquatic invertebrates from the Western Scheldt estuary and the Southern

North Sea. Environ. Toxicol. Chem. 22, 2037–2041.

Van Leeuwen, S., Kärrman, A., Van Bavel, B., De Boer, J., and Lindstrom, G.

(2006). Struggle for quality in determination of perfluorinated contaminants

in environmental and human samples. Environ. Sci. Technol. 40, 7854–7860.

Van Raferghem, M. J., Vanden Heuvel, J. P., Menahan, L. A., and

Peterson, R. E. (1988). Perfluorodecanoic acid and lipid metabolism in the

rat. Lipids 23, 671–678.

Verreault, J., Houde, M., Gabrielsen, G. W., Berger, U., Haukas, M.,

Letcher, R. J., and Muir, D. C. G. (2005). Perfluorinated alkyl substances

in plasma, liver, brain and eggs of glaucus gull (Larus hyperboreus) from the

Norwegian Arctic. Environ. Sci. Technol. 39, 7439–7445.

Wallington, T. J., Hurley, M. D., Xia, J., Wuebbles, D. J., Sillman, S., Ito, A.,

Penner, J. E., Ellis, D. A., Martin, J., Mabury, S. A., et al. (2006). Formation

of C7F15COOH (PFOA) and other perfluorocarboxylic acids during the

atmospheric oxidation of 8:2 fluorotelomer alcohol. Environ. Sci. Technol.

40(3), 924–930.

Walrath, J., and Burke, C. (1989). An investigation into the occurrence of

leukemia at Washington Works. E.I. Dupont De Nemours and Company,

April 1989. US EPA Administrative Record, AR-226-1308-1.

Wan, Y. J. Y., and Badr, M. Z. (2006). Inhibition of carrageenan-induced

cutaneous inflammation by PPAR agonists is dependent on hepatocyte-

specific retinoid X receptor alpha. PPAR Res. 2006, 1–6.

Wang, N., Szostek, B., Buck, R. C., Folsom, P. W., Sulkecki, L. M., Capka, V.,

Berti, W. R., and Gannon, J. T. (2005b). Fluorotelomer alcohol

biodegradation—Direct evidence that perfluorinated carbon chains break-

down. Environ. Sci. Technol. 39, 7516–7528.

Wang, N., Szoster, B., Folsom, P. W., Sulecki, L. M., Capka, V., Buck, R. C.,

Beerti, W. R., and Gannon, J. T. (2005a). Aerobic biotransformation of
14C-labeled 8-2 telomer B alcohol by activated sludge from a domestic

sewage treatment plant. Environ. Sci. Technol. 39, 531–538.

White, S. S., Calafat, A. M., Kuklenyik, Z., Villanueva, L., Zehr, R. D.,

Helfant, L., Strynar, M. J., Lindstrom, A. B., Thibodeaux, J. R., Wood, C.,

et al. (2007). Gestational PFOA exposure of mice is associated with altered

mammary gland development in dams and female offspring. Toxicol. Sci. 96,

133–144.

Wolf, C. J., Fenton, S. E., Schmid, J. E., Calafat, A. M., Kuklenyik, Z.,

Bryant, X. A., Thibodeaux, J. R., Das, K. P., White, S. S., Lau, C. S., and

Abbott, B. D. (2007). Developmental toxicity of perfluorooctanoic acid in

PERFLUOROALKYL ACIDS 393

D
ow

nloaded from
 https://academ

ic.oup.com
/toxsci/article/99/2/366/1679065 by N

ational Academ
ies R

esearch C
enter user on 24 N

ovem
ber 2020

http://www.epa.gov/opptintr/pfoa/pubs/pfoastewardship.htm
http://www.epa.gov/opptintr/pfoa/pubs/pfoarisk.htm
http://www.epa.gov/opptintr/pfoa/pubs/pfoarisk.htm


the CD-1 mouse after cross-foster and restricted gestational exposure.

Toxicol. Sci. 95, 462–473.

Xie, W., Kania-Korwel, I., Bummer, P. M., and Lehmler, H. J. Effect of

potassium perfluorooctanesulfonate, perfluorooctanoate and octanesulfonate

on the phase transition of dipalmitoylphosphatidylcholine (DPPC) bilayers.

Biochim. Biophys. Acta Biomembr 1768, 1299–1308.

Xie, Y., Yang, Q., Nelson, B. D., and DePierre, J. W. (2002). Characterization

of the adipose tissue atrophy induced by peroxisome proliferation in mice.

Lipids 37, 139–146.

Xie, Y., Yang, Q., Nelson, B. D., and DePierre, J. W. (2003). The relationship

between liver peroxisome proliferation and adipose tissue atrophy induced

by peroxisome proliferator exposure and withdrawal in mice. Biochem.

Pharmacol. 66, 749–756.

Yamashita, N., Kannan, K., Taniyasu, S., Horii, Y., Petrick, G., and Gamo, T.

(2005). A global survey of perfluorinated acids in oceans. Mar. Pollut. Bull.
51, 658–668.

Yamishita, N., Kannan, K., Taniyasum, S., Horim, T., Hanari, N., Okazawa, T.,

and Petrick, G. (2004). Environmental contamination by perfluorinated

carboxylates and sulfonates following the use of fire-fighting foam in

Tomakomai, Japan. Organohalogen Compd. 66, 4063–4068.

Yang, Q., Abedi-Valugerdi, M., Xie, Y., Zhao, X. Y., Moller, G.,

Nelson, B. D., and DePierre, J. W. (2002a). Potent suppression of the

adaptive immune response in mice upon dietary exposure to the potent

peroxisome proliferator, perfluorooctanoic acid. Int. Immunopharmacol. 2,

389–397.

Yang, Q., Kurotani, R., Yamada, A., Kimura, S., and Gonzalez, F. L. (2006).

PPARa activation during pregnancy severely impairs mammary lobuloal-

veolar development in mice. Endocrinology 147, 4772–4780.

Yang, Q., Xie, Y., Alexson, S. E. H., Nelson, B. D., and DePierre, J. W.

(2002b). Involvement of the peroxisome proliferator-activated receptor alpha

in the immunomodulation caused by peroxisome proliferators in mice.

Biochem. Pharmacol. 63, 1839–1900.

Yang, Q., Xie, Y., and DePierre, J. W. (2000). Effects of peroxisome

proliferators on the thymus and spleen of mice. Clin. Exp. Immunol. 122,

219–226.

Yang, Q., Xie, Y., Eriksson, A. M., Nelson, B. D., and DePierre, J. W. (2001).

Further evidence for the involvement of inhibition of cell proliferation and

development in thymic and splenic atrophy induced by the peroxisome

proliferator perfluorooctanoic acid in mice. Biochem. Pharmcol. 62,

1133–1140.

Yang, Q., Xie, Y., Alexson, S. E. H., Nelson, B. D., and DePierre, J. W.

(2002a). Involvement of the peroxisome proliferator-activated receptor alpha

in the immunomodilation caused by peroxisome proliferators in mice.

Biochem. Pharmacol 63, 1893–1900.

Yang, Q., Abedi-Valugerdi, M., Xie, Y., Zhao, X., Moller, G., Nelson, B. D.,

and DePierre, J. W. (2002b). Potent suppression of the adaptive immune

response in mice upon dietary exposure to the potent peroxisome

proliferator, perfluorooctanoic acid. Int. Immunopharmacol. 2, 289–397.

Yeung, L. W. Y., So, M. K., Guiban, J., Taniyasu, S., Yamashita, N., Song, M.,

Wu, Y., Li, J., Giesy, J. P., Guruge, K. S., et al. (2006). Perfluorooctanesul-

fonate and related fluorochemicals in human blood samples from China.

Environ. Sci. Technol. 40, 715–720.

Ylinen, M., Hanhijarvi, H., Jaakonaho, J., and Peura, P. (1989). Stimulation by

oestradiol of the urinary excretion of perfluorooctanoic acid in the male rat.

Pharmacol. Toxicol. 65, 274–277.

Ylinen, M., Kojo, A., Hanhijarvi, H., and Peura, P. (1990). Disposition of

perfluorooctanoic acid in the rat after single and subchronic administration.

Bull. Environ. Contam. Toxicol. 44, 46–53.

York, R. G. (2003). Oral (gavage) combined repeated dose toxicity study of

T–7706 with the reproduction/developmental toxicity screening test. 3M Sponsor

Study Number T–7706.1. US EPA Administrative Record, AR-226-1523.

Young, C. J., Furdui, V. I., Franklin, J., Koerner, R. M., Muir, D. C. G., and

Mabury, S. A. (2007). Perfluorinated acids in arctic snow: New evidence for

atmospheric formation. Environ. Sci. Technol. doi: 10.1021/es0626234.

394 LAU ET AL.

D
ow

nloaded from
 https://academ

ic.oup.com
/toxsci/article/99/2/366/1679065 by N

ational Academ
ies R

esearch C
enter user on 24 N

ovem
ber 2020


