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Executive summary

Background
This report has been prepared by Food Standards Australia New Zealand (FSANZ) in response to a request from the 
Department of Health to provide advice on appropriate health-based guidance values (HBGV) for perfluorooctane 
sulfonate (PFOS) and perfluorooctanoic acid (PFOA), and to consider whether either a separate or group HBGV can 
be established for perfluorohexane sulfonate (PFHxS). These chemicals belong to a group of compounds collectively 
referred to as per- and poly-fluoroalkylated (PFAS) substances.

The mammalian toxicology of PFOS and PFOA has been considered by a number of international agencies or 
bodies including the United Kingdom Committee on Toxicity (UKCOT), the European Food Safety Authority (EFSA), 
the Swedish Environmental Protection Agency (Swedish EPA)1, the Danish Environmental Protection Agency 
(Danish EPA), the Agency for Toxic Substances and Disease Registry (ATSDR) and most recently, the United States 
Environmental Protection Agency (US EPA). The HBGVs derived by these agencies range from 20 – 300 ng/kg bw/
day for PFOS and 20 – 1,500 ng/kg bw/day for PFOA (noting that the Swedish EPA established a value based on 
serum concentration).

FSANZ has used information in these comprehensive international assessments for the purpose of determining 
HBGVs for PFOS and PFOA, and in the consideration of whether there are sufficient data to establish a HBGV 
for PFHxS. This approach was considered justified on the basis that these evaluations have, to a large extent, 
considered the same extensive toxicological databases, and pivotal, or supporting studies for PFOS and PFOA 
relevant to the establishment of HBGVs. A number of these assessments have also summarised, to the extent 
possible, the limited available toxicological information on PFHxS.

FSANZ has also had regard to the June 2016 enHealth Statement: Interim national guidance on human health 
reference values for per- and poly-fluoroalkyl substances for use in site investigations in Australia2, and the August 
2016 independent Procedural Review of Health Reference Values Established by enHealth for PFAS3. The latter report 
identified that the main reasons for the differences in HBGVs internationally is related to the use of physiologically 
based pharmacokinetic (PBPK) modelling by the US EPA and ATSDR, and differences in selection of uncertainty 
factors by the agencies involved. In addition, the report provided recommendations for FSANZ to consider relating 
to the interpretation of epidemiological findings related to birth weight and serum cholesterol, and the recent United 
States National Toxicology Program (US NTP) report on immunotoxicity.

Human studies
Associations between PFOS exposure and several health effects have been reported in epidemiological studies, 
although a number of findings are inconsistent between studies and the biological significance of a number of the 
observed effects is questionable. EFSA (2008) and ATSDR (2015) concluded that it is not possible to identify any 
causal associations based on limitations in study design and/or inconsistencies in study results.

The US EPA (2016) concluded that associations that appear to be reasonably consistent and repeatable are those 
with increased serum cholesterol and decreased body weights at birth. FSANZ has reviewed the available human 
epidemiological information and concluded that while there is evidence of these associations, it is not possible 
to determine whether PFOS or PFOA cause the changes, or whether other factors are involved. As these are 
observational studies, FSANZ considers that the meaning and clinical significance of the associations for PFOS and 
PFOA for decreased birth weight and increased cholesterol in humans are uncertain and should be interpreted with 
caution.

A recent draft systematic review of immunotoxicity associated with exposure to PFOA or PFOS by the US NTP 
concluded that both PFOS and PFOA are presumed to be an immune hazards to humans. A literature review 
commissioned by FSANZ concluded that there are both positive and negative studies showing associations for 

1 Report was not the result of a formal assessment procedure by the Swedish EPA but contractual work performed by the main authors in contact 
with the Swedish EPA

2 Available at: http://www.health.gov.au/internet/main/publishing.nsf/content/health-pubhlth-publicat-environ.htm
3 Available at: http://www.health.gov.au/internet/ministers/publishing.nsf/Content/health-mediarel-yr2016-ley045.htm

http://www.health.gov.au/internet/main/publishing.nsf/content/health-pubhlth-publicat-environ.htm
http://www.health.gov.au/internet/ministers/publishing.nsf/Content/health-mediarel-yr2016-ley045.htm
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increasing PFOS and PFOA concentrations to compromise antibody production in humans. However, to date there is 
no convincing evidence for increased incidence of infective disease associated with PFOS or PFOA effects on human 
immune function.

Epidemiological studies have not provided convincing evidence of a correlation between PFOS and PFHxS and any 
cancer type in human beings. Although associations between PFOA and some human cancers have been suggested 
from some epidemiological studies, results have often been contradictory, and a causal relationship cannot be 
established with reasonable confidence.

Animal toxicity studies
PFOS and PFOA were rapidly absorbed from the gastrointestinal tract of laboratory animals. Both compounds 
were highly bound to serum albumin and other plasma proteins in the circulation, with the highest concentrations 
generally reported in liver, serum, lung and kidney. There was no evidence that either PFOS or PFOA are metabolised 
in vivo. Elimination of PFOS and PFOA occurred primarily in the urine with lower amounts recovered in the faeces. 
Marked differences in the elimination half-life of PFOS, PFOA and PFHxS were observed between laboratory animals 
and humans. Half-life values were usually measured in days for laboratory animals and years for humans.

PFOS and PFOA were of moderate acute toxicity following oral ingestion. In repeat dose studies, the primary target 
organ was the liver. Toxicological findings in the liver included increased liver weight associated with hepatocellular 
hypertrophy, and occasionally vacuolation and increased enzyme markers of liver toxicity in serum. A notable finding 
in animal experiments, particularly in monkeys, was steep dose-response curves which had a narrow dose range 
between the no observed adverse effect level (NOAEL) and treatment-related mortality.

PFOS induced liver tumours in rats at doses above those observed for other non-neoplastic effects in the liver. 
The increased incidence of liver cell tumours appears to be due to peroxisome proliferator activated receptor (PPAR) 
agonism, a mechanism that is not relevant to human beings. PFOA induced Leydig cell tumours in rats, possibly also 
through a PPAR mediated mechanism. The weight of evidence from a range of genotoxicity studies suggests that 
PFOS and PFOA are not genotoxic. 

Fetal and neonatal toxicity were observed in reproductive and developmental studies with PFOS and PFOA at doses 
which were similar to, or below those producing maternal toxicity. Adverse effects included early embryonic loss, 
reduced ossification, increased incidence of microcardia, decreased postnatal body weight gain, liver hypertrophy 
and reduced fecundity of prenatally exposed females. One research team published a number of studies describing 
microscopic effects of PFOA on mammogenesis, but these did not appear to affect lactation.

A literature search identified only one toxicity study conducted with PFHxS that was considered useful for 
regulatory purposes. There was no evidence of reproductive or developmental toxicity in rats at doses of up to 
10 mg/kg bw/day.

Derivation of a tolerable daily intake
The available human epidemiology data are not suitable to support the derivation of a tolerable daily intake (TDI) for 
PFOS or PFOA.

Therefore, the recommended TDIs are based on the findings of toxicological studies in laboratory animals. Given 
the marked variation in the half-life of both PFOS and PFOA in the various species, a pharmacokinetic modelling 
approach (that recognises and adjusts for half-life and other pharmacokinetic variation in and between species) 
is preferred to an approach based on the use of the NOAEL, and the application of a default uncertainty factor to 
account for pharmacokinetic differences.

For PFOS, FSANZ has recommended a TDI of 20 ng/kg bw/day on the basis of decreased parental and offspring 
body weight gains in a multigeneration reproductive toxicity study in rats. The TDI was derived by applying 
pharmacokinetic modelling to the serum PFOS concentrations measured in experimental animals at the NOAELs in 
these and other critical studies, to calculate human equivalent doses (HED). An uncertainty factor of 30 was applied 
to the HEDs, which comprised a default factor of 3 to account for interspecies differences in toxicodynamics and a 
default factor of 10 for intraspecies differences in the human population.
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For PFOA, FSANZ has recommended a TDI of 160 ng/kg bw/day on the basis of a NOAEL for fetal toxicity in a 
developmental and reproductive study in mice. Pharmacokinetic modelling was applied to the serum concentrations 
at the NOAEL and above to calculate the HED. An uncertainty factor of 30 was applied to the HED, which comprised 
a default factor of 3 to account for interspecies differences in toxicodynamics and a default factor of 10 for 
intraspecies differences in the human population.

There was insufficient toxicological and epidemiological information to justify establishing a TDI for PFHxS. In the 
absence of a TDI, it is reasonable to conclude that the enHealth 2016 approach of using the TDI for PFOS is likely to 
be conservative and protective of public health as an interim measure. Effectively, this means that PFHxS and PFOS 
should be summed for the purposes of a dietary exposure assessment and risk characterisation.
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Abbreviations

List of abbreviations for PFOA, PFOS and PFHxS Assessments
2D-DIGE two-dimensional fluorescence difference in gel electrophoresis
8-dG 8-hydroxyguanosine
ACoA acyl CoA
ADHD attention deficit/hyperactivity disorder
AF assessment factor
AFPO ammonium perfluorooctanoate
AIC Akaike Information Criterion
ALP alkaline phosphatase
ALT alanine aminotransferase
APTT activated partial thromboplastin time
ASG accessory sex glands
AST aspartate aminotransferase
ATSDR Agency for Toxic Substances and Disease Registry
AUC area under the curve
BMD benchmark dose
BMDL benchmark dose – lower ninety-fifth percentile confidence bound
BMDS benchmark dose software
BSA bovine serum albumin
BUN blood urea nitrogen
bw body weight
CAR constitutive androstane receptor
ChAT choline acetyltransferase
CHO Chinese Hamster Ovary
CL clearance
CL/CD control litter/control dam
CL/TD control litter/treated dam
Cmax maximum serum or plasma concentration
COPD chronic obstructive pulmonary disease
Css steady-state concentration
DNEL Derived No Effect Level
DOPAC 3,4-dihydrophenylacetic acid
Dss external steady-state dose
DTH delayed-type hypersensitivity
EFSA European Food Safety Authority
EPA Environmental Protection Agency
F0 parental generation
F1 first filial generation, resulting from a cross of the parental generation
F2 second filial generation, resulting from a cross of members of F1
FABP fatty acid binding protein
FSANZ Food Standards Australia New Zealand
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FSH follicle-stimulating hormone
gAF Gastrointestinal absorption fraction
GD gestation day
GFR glomerular filtration rate
HBGV health-based guidance value
HDL high density lipoprotein
HED human equivalent dose
HMG-CoA 3-hydroxy-3-methylglutaryl coenzyme A
HVA homovanillic acid
GABA gamma-aminobutyric acid
GGT γ-glutamyl transpeptidase
IgG immunoglobulin G
IgM immunoglobulin M
iv intravenous
kg kilogram
Kp partition coefficient
Kow octanol-water partition coefficient
LD50 lethal dose for 50% of test animals
LDL low density lipoprotein
LH luteinising hormone
LLOQ lower limit of quantification
LOAEL lowest observed adverse effect level
LPS lipopolysaccharide
mg milligram 
mL millilitre
MOA mode of action
MRL minimal risk level
ng nanogram 
NK natural killer
NOAEL no observed adverse effect level
OAT organic anion transporter
PBPK physiologically based pharmacokinetic
PCNA proliferating cell nuclear antigen
PCoAO palmitoyl CoA oxidase
PFAA perfluoroalkyl acids
PFAS per- and poly-fluoroalkyl substances, overall term including PFOS, PFOA
PFC plaque forming cell
PFHxS perfluorohexanesulfonic acid
PFOA perfluorooctanoic acid
PFOS perfluorooctane sulfonate
PFOSA perfluorooctanesulfonamide
PK pharmacokinetic
pKa acid dissociation constant
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PND postnatal day
POD point of departure
POSF perfluorooctanesulfonyl fluoride
PPAR peroxisome proliferator activated receptor
ppb parts per billion
ppm parts per million
PT prothrombin time
PXR pregnane X receptor
RfD reference dose
SRBC sheep red blood cells
t1/2  chemical half-life
T3 triiodothyronine
T4 thyroxine
TDI tolerable daily intake
TL/CD treated litter/control dam
TL/TD treated litter/control dam
Tmax time to reach Cmax
TNP trinitrophenyl
TSH thyroid stimulating hormone
TTR thyroid hormone transport protein, transthyretin
UF uncertainty factor
µg microgram
UKCOC  United Kingdom Committee on Carcinogenicity of Chemicals in Food,  

Consumer Products and the Environment
UKCOM  United Kingdom Committee on Mutagenicity of Chemicals in Food,  

Consumer Products and the Environment
UKCOT  United Kingdom Committee on Toxicity of Chemicals in Food,  

Consumer Products and the Environment
UN urea nitrogen
US EPA United States Environmental Protection Agency
US NTP United States National Toxicology Programme
Vd volume of distribution
Vdss volume of distribution at steady-state
VLDL very low density lipoprotein

List of Abbreviations for Appendices 1 and 2
C8  refers to a group of studies conducted in water districts in Ohio and West Virginia, US,  

around the DuPont Washington Works facility
EFSA European Food Safety Authority
EPA US Environmental Protection Agency
FSANZ Food Standards Australia New Zealand
HDL-C high density lipoprotein cholesterol (in the blood)
HR hazard ratio
IQR interquartile range, the range between the twenty-fifth and seventy-fifth centiles
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LBW low birthweight
LDL-C low density lipoprotein cholesterol (in the blood) 
ln natural logarithm
NHANES US National Health and Nutrition Examination Survey
OR odds ratio
PECO  population, exposure, comparator, outcome – the predefined essential features of studies which will 

be included to answer a question; other paramenters (such as study design) can also be specified
PFAS per- and poly-fluoroalkyl substances, overall term including PFOS, PFOA
PFOA perfluorooctanoic acid
PFOS perfluorooctane sulfonate
Total-C total cholesterol (in the blood)
SD standard deviation
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95% CI 95% confidence interval
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1 Introduction

1.1 Background
This report has been prepared by FSANZ in response to a request from the Department of Health to provide advice 
on appropriate health-based guidance values (HBGV) for perfluorooctane sulfonate (PFOS) and perfluorooctanoic 
acid (PFOA), and to consider whether either a group or separate HBGV can be established for perfluorohexane 
sulfonate (PFHxS). These chemicals belong to a group of compounds collectively referred to as per- and 
poly-fluoroalkylated (PFAS) substances.

In March 2016, the Australian Health Protection Principal Committee endorsed the Standing Committee on 
Environmental Health (enHealth) Guidance Statements on Perfluorinated Chemicals to support jurisdictional 
responses to incidents of environmental contamination with PFAS compounds. Guidance Statement 3 concerned the 
development of human health reference values for PFOS and PFOA for consistent use in the undertaking of human 
health risk assessments in Australia.

In April 2016, enHealth convened a national workshop to review overseas standards and draft Australian human 
health toxicity reference values for PFOS and PFOA. The workshop was attended by toxicologists, enHealth 
members, representatives of the Cooperative Research Centre for Contamination Assessment and Remediation 
of the Environment (CRC CARE), FSANZ, and the Australian Government Department of Health and Australian 
Government Department of the Environment.

The workshop considered various international approaches and concluded that the 2008 European Food Safety 
Authority (EFSA) derivation of tolerable daily intake (TDI) values for PFOS and PFOA were appropriate as interim 
national guidance for use in site investigations in Australia. For PFHxS, enHealth agreed that the EFSA TDI for PFOS 
should also be applied to PFHxS exposures. In practice this means PFOS and PFHxS exposures should be summed 
and the total compared with the TDI for PFOS. The enHealth June 2016 statement further recommended that FSANZ 
should undertake an assessment of the available toxicity data for PFOS, PFOA and PFHxS, and noted that the values 
published by FSANZ will immediately replace the interim toxicity values published by enHealth.

In August 2016 an independent review of the enHealth decision considered the adoption of the EFSA health TDI 
values to be appropriate as an interim measure. The review noted that international assessments have considered the 
same pivotal toxicological studies and that the key sources of variation in the EFSA and United States Environment 
Protection Agency (US EPA) and the Agency for Toxic Substances and Disease Registry (ATSDR) reports related to 
the use of physiologically based pharmacokinetic (PBPK) modelling by the US EPA and ATSDR, and differences in 
selection of uncertainty factors. The review also contained a number of recommendations for FSANZ to consider as a 
part of its assessment, including that the FSANZ review should consider the strengths, weaknesses and validity of the 
PBPK approach to establishing the human equivalent dose (HED).

1.2 Scope of the assessment
The mammalian toxicology of PFOS and PFOA has been considered by the UK Committee on Toxicity of Chemicals 
in Food, Consumer Products and the Envrionment (UKCOT), EFSA, the Swedish Environmental Protection Agency 
(Swedish EPA)4, the Danish Environmental Protection Agency (Danish EPA), ATSDR and most recently, the US EPA.

FSANZ has used information from these comprehensive international assessments for the purpose of determining 
HBGVs for PFOS and PFOA, and in the consideration of whether there are sufficient data to establish a HBGV 
for PFHxS. This approach was considered justified on the basis that these evaluations have, to a large extent, 
considered the same extensive toxicological databases, and pivotal, or supporting studies for PFOS and PFOA 
relevant to the establishment of HBGVs. A number of these assessments have also summarised, to the extent 
possible, the limited available toxicological information on PFHxS.

HBGVs for PFOS, typically expressed on a daily basis, range from 20 ng/kg bw/day established by the US EPA 
in 2016 to 300 ng/kg bw/day set by the UKCOT in 2006. The difference between the EFSA value established 

4  Report was not the result of a formal assessment procedure by the Swedish EPA but contractual work performed by the main authors in contact 
with the Swedish EPA. Reference is Borg and Hakansson, 2012. 
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in 2008 and the US EPA HBGV is 7.5-fold (20 ng/kg bw/day compared with 150 ng/kg bw/day). Notably the 
Swedish EPA assessment established serum PFOS levels defined as a Derived No Effect Level (DNEL), rather than 
a TDI. For PFOA, established HBGVs range from 20 ng/kg bw/day established by US EPA and ATSDR, 
to 1,500 ng/kg bw/day set by EFSA in 2008, a 75-fold difference.

Sources of variation in the HBGVs between different agencies arise as a result of the use (or not) of modelling 
techniques such as Benchmark Dose (BMD) modelling and pharmacokinetic modelling to establish the HED. 
Each HBGV also involves a range of uncertainties and a number of assumptions to account for extrapolation between 
laboratory animals and humans, intraspecies differences, uncertainty factors to extrapolate between short term and 
long term studies, and may also include a consideration of the adequacy of the database.

No agency has established an oral HBGV for PFHxS.

Internationally established HBGVs for PFOS and PFOA are shown in Table 1 and summarised in Sections 2.2 and 
3.2. Considerations of hazard assessments by other agencies for PFHxS are summarised in Section 4.2.

Table 1: HBGVs for PFOS and PFOA

HBGVs for PFOS and PFOA

Agency, year HBGV PoD UF Value of HBGV

PFOS

UKCOT, 2006 Tolerable daily intake1 
(provisional)

0.03 mg/kg bw/day 100 300 ng/kg bw/day

EFSA, 2008 Tolerable daily intake1 0.03 mg/kg bw/day 200 150 ng/kg bw/day

Swedish EPA 2012 Derived no effect level2 
(immunotoxicty)a

17.8 ng/mL serum 150 0.12 ng/mL serum

Danish EPA 2015 Tolerable daily intake1 0.033 mg/kg bw/day 1230 30 ng/kg bw/day

ATSDR, 2015 Minimal risk level3 2.52 x 10-3 mg/kg bw/dayb 90 30 ng/kg bw/day

US EPA, 2016 Reference dose4 0.00051 mg/kg bw/dayb 30 20 ng/kg bw/day

PFOA

UKCOT, 2006 Tolerable Daily Intake1 
(provisional)

0.3 mg/kg bw/day 200 1.5 μg/kg bw/day

EFSA, 2008 Tolerable Daily Intake1 0.3 mg/kg bw/day 200 1.5 µg/kg bw/day

Swedish EPA, 2012 Derived No Effect Level2 150 ng per mL serum 75 2.0 ng/mL serum

Danish EPA, 2015 Tolerable Daily Intake1 0.003 mg/kg bw/day 30 100 ng/kg/day

ATSDR, 2015 Minimal Risk Level3 1.54 x 10-3 mg/kg bw/dayb 90 20 ng/kg/day

US EPA, 2016 Reference Dose4 0.0053 mg/kg bw/dayb 300 20 ng/kg/day

HBGV = health-based guidance value; PoD = Point of Departure; UF = Uncertainty Factor 
a Higher Derived-No-Effect-Levels were also calculated by the Swedish EPA for hepatotoxicity and reproductive toxicity 
bHuman Equivalent Dose (HED) using PBPK modelling
1 A Tolerable Daily Intake is an estimate of the amount of a chemical in food or drinking water, expressed on a body weight basis, that can be ingested 
daily over a lifetime without appreciable health risk to the consumer (FAO/WHO, 2009).

2 A Derived No Effect Level is the level of exposure to the substance above which humans should not be exposed (ECHA, 2009)
3 A Minimal Risk Level is an estimate of the daily human exposure to a hazardous substance that is likely to be without appreciable risk of adverse 
noncancer health effects over a specified duration of exposure (ATSDR 2015).

4 A Reference Dose is an estimate, with uncertainty spanning perhaps an order of magnitude, of a daily oral exposure to the human population 
(including sensitive subgroups) that is likely to be without an appreciable risk of deleterious effects during a lifetime (US EPA, 2002).
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2 Hazard assessment PFOS

2.1 Introduction

2.1.1 Overview Perfluorooctane sulfonate
PFOS, CAS number 1763-23-1, is a completely fluorinated compound containing eight carbon atoms and a 
sulfonate group. PFOS and its salts are part of the PFAS group of substances that are or have been used in surface 
coating and protectant formulations due to their surfactant properties. Major applications of PFAS have included 
surface treatment of paper and cardboard packaging products, carpets, leather products and textiles to repel water, 
grease and soil. PFAS have also been used as processing aids in the manufacture of non-stick coatings on cookware 
as well as in firefighting foams (ATSDR 2015; US EPA 2016). PFOS may occur in food as a result of contamination of 
plants and animals, and/or via transfer from food-packaging materials.

PFOS is produced commercially from perfluorooctanesulfonyl fluoride (POSF), which is mainly used as an 
intermediate to produce other fluorochemicals. PFOS can be manufactured through a process known as Simons 
Electro-Chemical Fluorination, which yields a mixture of linear and branched chain isomers, with an isomer ratio of 
about 70% linear and 30% branched chain. PFOS can also be produced by telomerisation, which produces linear 
chains. PFOS is a major impurity in other POSF-derived fluorochemicals, and can also be formed in the environment 
by the degradation of POSF-based products (EFSA 2008; US EPA 2016).

Because of its strong carbon-fluorine bonds, PFOS is stable to metabolic and environmental degradation. PFOS is 
considered to have a low acid dissociation constant (pKa) and exists as a highly dissociated anion.

The IUPAC name for PFOS is 1,1,2,2,3,3,4,4,5,5,6,6,7,7,8,8,8-Heptadecafluoro-1-octanesulfonic acid. Synonyms for 
PFOS include perfluorooctanesulfonic acid. A number of toxicological studies of PFOS that have been conducted in 
experimental animals used the potassium salt of PFOS, which has the CAS number 2795-39-3.

2.1.1.1 Chemical structure

PFOS has the empirical formula C8HF17O3S, and a molecular mass of 500.13 g/mol. The structure of the PFOS anion 
is illustrated below:

SO3
F

F
F F F

F F

F F

F F

F F

F F

F F

2.1.1.2 Physicochemical properties

Appearance: White powder (potassium salt) 
Melting point: > 400 °C (potassium salt)
Boiling point: 258 – 260 °C
Density: ~ 0.6 (potassium salt)
Water solubility: 519 mg/L at 20 °C; 680 mg/L at 24 – 25 °C
Organic solvent solubility: 56 mg/L
Log Kow: Not measurable
pKa: -3.3 (estimated)
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2.2 Summary of International hazard reviews of PFOS

UKCOT, 2006
In 2006, the UKCOT recommended a provisional TDI for PFOS of 300 ng/kg bw/day (UKCOT 2006). This was 
derived from the lowest NOAEL from the subchronic, chronic, developmental and reproductive toxicity studies with 
PFOS. This NOAEL was 0.03 mg/kg bw/day for decreased serum triiodothyronine (T3) levels in a 26-week study 
in cynomolgus monkeys (Seacat et al. 2002). An uncertainty factor of 100 was applied to the NOAEL to allow for 
inter- and intraspecies variability.

The Committee considered whether there was a need to apply an additional uncertainty factor to allow for incomplete 
attainment of steady-state PFOS levels in the pivotal study. However, this was considered unnecessary, taking into 
account that the study was conducted in primates and the effects were mild.

The UKCOT’s sister committees, the Committee on Mutagenicity (UKCOM) and Committee on Carcinogenicity 
(UKCOC), also evaluated PFOS and provided advice to the UKCOT. The UKCOM concluded that PFOS should be 
regarded as not mutagenic, while the UKCOC concluded that there was equivocal evidence for carcinogenicity, 
limited to hepatocellular adenoma in the animal studies.

In 2009, as part of a reconsideration of the provisional TDI for PFOA following publication of the EFSA opinion on 
PFOS, PFOA and their salts, the UKCOT confirmed its TDI of 300 ng/kg bw/day for PFOS (UKCOT 2009).

EFSA, 2008
The current EFSA TDI for PFOS was established in 2008. The TDI was based on the lowest NOAEL identified from 
the available toxicity studies with PFOS, 0.03 mg/kg bw/day in the 26-week study with cynomolgus monkeys based 
on changes in serum lipids and thyroid hormones at the next highest dose (Seacat et al. 2002).

An overall uncertainty factor of 200 was applied to the NOAEL. A factor of 100 was used for inter- and intraspecies 
differences, with an additional uncertainty factor of 2 applied to compensate for uncertainties in relation to the 
relatively short duration of the key study and the internal dose kinetics. The TDI was 150 ng/kg bw/day.

EFSA concluded that epidemiology studies in workers exposed to PFOS have not shown convincing evidence of 
increased cancer risk. Liver tumours observed in rats were considered to be due to a non-genotoxic mode of action.

Swedish EPA, 2012
The Swedish EPA assessed the human and environmental risks of a number of PFASs.

The human hazard assessment was principally based on existing assessments, although additional relevant data were 
also considered. Two toxicological endpoints, hepatotoxicity and reproductive toxicity, were selected, because these are 
common to a number of PFASs. Other endpoints showing lower effect levels were also considered.

The existing assessments of PFOS considered in the Swedish EPA report included:

• 2004 Swedish Chemicals Agency risk assessment
• 2008 EFSA risk assessment
• 2008 Minnesota Department of Health risk assessment
• 2009 ATSDR draft toxicological profile
• 2009 US EPA risk assessment
• 2010 National Institute for Public Health and the Environment (RIVM) in the Netherlands report on 

environmental risk limits for PFOS
• a draft screening assessment published by Health Canada in 2010
• in addition, the Swedish EPA considered an immunotoxicity study conducted in mice by Peden-Adams 

et al (2008)
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The Swedish EPA noted that epidemiological studies of PFASs showed inconsistent results.

The points of departure (PODs) selected by the Swedish EPA were as follows:

• Hepatotoxicity (rat, chronic exposure, NOAEL, hepatocellular hypertrophy): 0.025 mg/kg bw/day; 
4.04 µg/mL serum; 19.2 µg/g liver (Thomford 2002/Butenhoff et al. 2012)

• reproductive toxicity (rat, decreased F2 viability, NOAEL): 0.1 mg/kg bw/day; 4.9 µg/mL serum; 9.2 µg/g liver 
(Luebker et al. 2005b)

• other endpoint: Immunotoxicity (mouse, subacute exposure, NOAEL): 0.166 µg/kg bw/day; 
17.8 ng/mL serum (Peden-Adams et al. 2008).

The Swedish EPA used these PODs to establish DNELs according to REACH guidelines, by dividing the PODs with 
the following assessment factors (AFs), as applicable:

• Extrapolation for exposure duration. The default factor for subchronic to chronic exposure is 2, and the 
default factor for subacute to chronic exposure is 6.

• Species differences. Because internal (serum) doses are compared between animals and humans, 
no assessment factor was used for differences in toxicokinetics, but an assessment factor of 2.5 was 
applied for differences in toxicodynamics.

• Intraspecies differences within human populations, that is sensitive subpopulations. An assessment factor of 
10 was used for the general population and 5 for workers.

The resulting DNEL for hepatotoxicity of PFOS to the general population was as follows:

DNEL = POD / (interspecies AF x intraspecies AF)
 = 4040 ng/mL serum / (2.5 x 10)
 = 4040 ng/mL serum / 25
 = 162 ng/mL serum

The DNEL for reproductive toxicity of PFOS to the general population was:

DNEL = POD / (interspecies AF x intraspecies AF)
 = 4900 ng/mL serum / (2.5 x 10)
 = 4900 ng/mL serum / 25
 = 196 ng/mL serum

The DNEL for other effects, specifically immunotoxicity, of PFOS to the general population was:

DNEL = POD / (exposure duration AF x interspecies AF x intraspecies AF)
 = 17.8 ng/mL serum / (6 x 2.5 x 10)
 = 17.8 ng/mL serum / 150
 = 0.12 ng/mL serum

Danish EPA, 2015
The Danish EPA evaluated the human health hazards of PFOS and two related perfluoroalkylated substances, 
PFOA and perfluorooctanesulfonamide (PFOSA), TDIs were established for PFOS and PFOA, and health-based 
quality criteria in drinking water, ground water and soil were also proposed.

To establish a TDI for PFOS, the Danish EPA used a BMDL10
5 value of 0.033 mg/kg bw/day calculated by the US EPA 

(2014) for hepatotoxicity in a chronic toxicity/carcinogenicity study in rats (Thomford 2002/Butenhoff et al. 2012).

5  Benchmark dose - lower 95th percentile confidence bound for a 10% additional risk
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An uncertainty factor (UF) of 10 was applied to the BMDL10 to account for intraspecies differences. For interspecies 
differences, the UF consisted of a factor of 3 for possible differences in pharmacodynamics, plus a factor of 41 for 
pharmacokinetic differences. The pharmacokinetic uncertainty factor was calculated based on the ratio between the 
clearance rate (CL) of PFOS in the rat and the human, using the following equation:

CL = Vd x (ln 2 / t1/2)

Where:

 Vd (volume of distribution) = 0.23 L/kg
 Ln 2 = 0.693
 t1/2 (half-life) = 48 days for rats and 1971 days for humans

CLrat = 0.23 L/kg x (0.693 / 48 days)
 = 0.23 L/kg x (0.0144)
 = 0.0033 L/kg/day

CLhuman = 0.23 L/kg x (0.693 / 1971 days)
 = 0.23 L/kg x (0.00035)
 = 0.000081 L/kg/day

The ratio between clearance in the rat and the human is therefore 41 (0.0033 L/kg/day / 0.000081 L/kg/day).

The TDI for PFOS was calculated as follows:

TDI = POD / (UF intraspecies toxicokinetics x UF intraspecies pharmacodynamics x UF intraspecies differences)
 = 0.033 mg/kg bw/day / (41 x 3 x 10)
 = 0.033 mg/kg bw/day / 1230
 = 0.00003 mg/kg bw/day, or 30 ng/kg bw/day

ATSDR, 2015
The ATSDR published a draft toxicological profile for perfluoroalkyls in 2015. A Minimal Risk Level6 (MRL) was 
calculated for PFOS, based on findings of increased liver weight in the 26-week study in cynomolgus monkeys 
(Seacat et al. 2002). The ATSDR considered that peroxisome proliferation via activation of nuclear peroxisome 
proliferator activated receptor (PPAR) α is a major contributing factor to the effects of PFOS on the liver as well as 
some of the developmental effects. As nonhuman primates are less responsive to PPARα agonists (as with humans) 
than rodents, the ATSDR concluded that monkeys may be a more suitable model for human exposure to PFOS.

Due to the species differences in toxicokinetics of PFOS, serum concentrations were used as an internal dosimetric, based 
on the assumption that a serum concentration that produces an effect in monkeys would have a similar effect in humans.

Absolute and relative liver weight data were fitted to all available continuous models in the US EPA’s BMDS7 
(version 2.4.0). Because body weights were also decreased, increased absolute liver weight was selected as the 
critical effect. Three benchmark responses (BMRs) were considered: 1 standard deviation from controls, 2 standard 
deviations from controls and a 10% increase in liver weight. HEDs were calculated for each POD from the absolute 
and relative liver weights, assuming parameter values for humans of:

t½ = 2,000 days
Serum elimination rate constant (ke) = 3.47 x 10-4 day-1

Gastrointestinal absorption fraction (gAF) = 1
Apparent volume of distribution (Vd) = 0.2 L/kg

according to the equation

DSS = (CSS.ke.Vd)/AF

in which Dss is the external steady-state dosage and Css is the steady-state serum concentration.

6 A Minimal Risk Level (MRL) is an estimate of the daily human exposure to a hazardous substance that is likely to be without appreciable risk of 
adverse noncancer health effects over a specified duration of exposure.

7 BMDS = Benchmark Dose Software. This is available at https://www.epa.gov/bmds

https://www.epa.gov/bmds
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The lowest HED was estimated from the BMDL (benchmark dose – lower ninety-fifth percentile confidence 
bound), for a 10% change in absolute liver weight in male monkeys compared with controls. The HED was 
1.61 x 10-3 mg/kg bw/day. However, this value was lower than the HEDs calculated from the empirical NOAELs 
for increases in absolute liver weight in male and female monkeys (HEDs of 9.07 x 10-3 mg/kg bw/day and 
2.52 x 10-3 mg/kg bw/day for males and females, respectively). Therefore, the HED calculated from the NOAEL in 
female monkeys for increased absolute liver weight (2.52 x 10-3 mg/kg bw/day) was used as the POD to derive the 
MRL for PFOS.

An overall uncertainty factor of 90 was applied to the HED, comprising of 3 for extrapolation from animals to humans, 
10 for human variability, and 3 for deficiencies in the database. The database deficiencies related to a lack of 
developmental and immune toxicity studies in monkeys.

The resulting MRL was 30 ng/kg bw/day.

US EPA, 2016
The US EPA calculated a reference dose (RfD) for noncancer effects of PFOS.

RfD for noncancer effects

Because of the complex pharmacokinetic differences between animals and humans and across animal species, 
average serum PFOS concentrations based on pharmacokinetic modelling were considered more appropriate for RfD 
derivation than external doses.

Modelling was performed on a range of subchronic, developmental/neurodevelopmental and reproductive toxicity 
studies for which measured serum PFOS concentrations were available. The predicted area under the curve (AUC) 
and final serum concentration were calculated for all doses in these studies. The AUC for the lowest observed 
adverse effect level (LOAEL) and/or NOAEL for each study was then used to determine the average serum 
concentration at these exposure levels. Use of average serum concentrations was considered necessary to normalise 
the data because of the variability in exposure duration in the various studies (17 – 182 days).

The average serum PFOS concentrations at the LOAELs for developmental and liver toxicity in the various studies 
differed by less than an order of magnitude (19.9 – 157 µg/mL). Average serum concentrations associated with no 
adverse effects were also similar with overlapping ranges (6.26 – 19.9 µg/mL for developmental/neurodevelopmental 
endpoints and 16.5 – 38 µg/mL for liver effects). In contrast, the AUC values differed by an order of magnitude. Given 
that the average serum concentrations at the NOAELs are consistent across gender, species and treatment, the 
US EPA concluded that it is reasonable to expect that similar serum concentrations would cause similar effects in 
humans. This is based on an assumption that mode of action (MOA) and susceptibility to toxicity do not vary between 
species and that pharmacokinetic differences alone result in variability.

Steady-state concentrations (Css) resulting from a constant infusion dose rate at the LOAEL were then calculated, 
and the Css was compared to the predicted average serum concentration. It was found that none of the studies 
represented Css, with the average serum concentrations ranging from 9 – 69% of Css. As the average serum 
concentrations were lower than the steady-state values, use of the average values was considered likely to be more 
protective than using steady-state concentrations.

The average serum values were then used to calculate HEDs at the NOAEL and/or LOAEL by taking clearance into 
account. CL was calculated based on the rate of elimination and Vd in humans. A reliable measure of the t1/2 of 
PFOS in humans is available from a retired worker population, and has been calculated as 5.4 years (1971 days). 
The volume of distribution has been calculated as 0.23 L/kg. These values were used to calculate the CL for PFOA, 
assuming first order kinetics:

CL = Vd x (ln 2 ÷ t½)
 = 0.23 L/kg bw x (0.693 ÷ 1971 days)
 = 0.000081 L/kg bw/d

The HED was then calculated using the following equation:

HED = average serum concentration (µg/mL) x CL
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The scaling assumed linear first order human kinetics. Linear first order kinetics are observed in animals at the doses 
at which NOAELs and LOAELs occur, although nonlinear kinetics are observed at higher doses.

UF were then applied to the HEDs to derive several candidate RfD values. One study for which pharmacokinetic 
modelling had been performed was excluded from RfD derivation. This was the 26-week study in monkeys (Seacat et 
al. 2002), which was not used because two of the six male monkeys died at the LOAEL identified by the US EPA.

An uncertainty factor of 10 was applied in all cases to account for intraspecies variability in the human population 
(UFH), as was an uncertainty factor of 3 for interspecies differences (UFA) in toxicodynamics. An uncertainty factor for 
LOAEL to NOAEL extrapolation (UFL) of 1 was applied to all but one of the PODs as NOAELs were identified in these 
studies. A UFL of 3 was applied to the HED at the LOAEL (0.4 mg/kg bw/day) for effects on pup body weight in a 
one-generation reproductive toxicity study in rats (Luebker et al. 2005a); this value was considered appropriate given 
that the NOAEL for pup body weight effects was identified as 0.1 mg/kg bw/day in a two-generation study (Luebker 
et al. 2005b).

An uncertainty factor of 1 was applied for extrapolation from a subchronic to a chronic exposure duration (UFS) 
because the PODs are based on average serum concentrations. The US EPA noted that although some of the 
animals in the 14 week toxicity study in rats (Seacat et al. 2003) continued to be dosed for a total of 105 weeks, 
the effects observed at the LOAEL did not increase in magnitude, plus serum and liver PFOS concentrations were 
higher at 14 weeks than they were at 105 weeks. Therefore it was not considered necessary to apply an additional 
UFS to the POD for this study.

An uncertainty factor for database deficiencies (UFD) of 1 was applied in all cases, based on the availability of 
comprehensive oral short term, subchronic and chronic studies in three species as well as several neurotoxicity, 
developmental, reproductive and immune toxicity studies.

The Candidate RfDs are shown in Table 2.

Table 2: Candidate RfDs for PFOS based on HEDs

Candidate RfDs based on HEDs

Study; endpoint PK-HED 
mg/kg/day

UFH UFA UFL UFS UFD UFtotal RfD (mg/kg 
bw/day)

Seacat et al. 2003; NOAEL for ↑ ALT, ↑ BUN in 
rats (14 week study)

0.0013 10 3 1 1 1 30 0.00004

Lau et al. 2003; NOAEL for ↓ pup survival in rats 
(developmental study)

0.0014 10 3 1 1 1 30 0.00005

Butenhoff et al. 2009; NOAEL for ↑ motor 
activity, ↓ habituation in rats (developmental 
neurotoxicity study)

0.00084 10 3 1 1 1 30 0.00003

Luebker et al. 2005b; NOAEL for ↓ pup body 
weight in rats (two-generation study)

0.00051 10 3 1 1 1 30 0.00002

Luebker et al. 2005a; LOAEL for ↓ pup body 
weight in rats (one-generation study)

0.0016 10 3 3 1 1 100* 0.00002

Luebker et al. 2005a; NOAEL for ↓ pup survival 
in rats (one-generation study)

0.0016 10 3 1 1 1 30 0.00005

* Although multiplication of the uncertainty factors for this study provides a value of 90, the US EPA rounded this to 100 in their evaluation. 
NOAEL – No observed adverse effect level; LOAEL – Lowest observed adverse effect level; RfD – Reference Dose 
ALT – Alanine aminotransferase; BUN – Blood urea nitrogen; PK – Pharmacokinetic; HED – Human equivalent dose
Developmental toxicity was considered by the US EPA to be the critical effect. The lowest RfD of 0.00002 mg/kg bw/day, derived from the NOAEL for 
reduced pup body weight in the two-generation reproductive toxicity study in rats (Luebker et al. 2005b), was selected as the RfD for PFOS. This value 
was supported by the same value being derived from the LOAEL for the same effect in the one-generation study (Luebker et al. 2005a).
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The final RfD for noncancer effects may be more conveniently expressed as 20 ng/kg bw/day.

RfD for Cancer effects

The US EPA concluded that the small number of epidemiology studies that are available do not suggest that there is 
an association between PFOS exposure and cancer, although the breadth and scope of the studies are not sufficient 
to make definitive conclusions.

The US EPA noted that in the single chronic cancer bioassay available for PFOS, liver adenomas were significantly 
increased at the highest doses in male and female rats. However, although a positive trend was found a 
dose response pattern was not observed. The incidence of thyroid follicular tumours was elevated in males only in the 
high dose recovery group exposed for 52 weeks, where the incidence was three times higher than that in rats given 
the same dose for 104 weeks. Again, a clear dose-response relationship was not observed. The available data were 
considered inadequate to support a PPARα-linked MOA for the liver and thyroid adenomas observed in this study.

Under the US EPA’s 2005 guidelines for cancer risk assessment, there is ‘suggestive’ evidence for carcinogenicity 
based on findings in rats of a statistically significant increase at one dose only, but no significant response at other 
doses and no overall trend. However, the existing evidence was not considered to support a strong correlation 
between tumour incidence and dose that would justify a quantitative assessment. Therefore a RfD for cancer effects 
was not established.

2.3 Summary of the toxicity of PFOS

2.3.1 Mechanisms of toxicity
The mode of action of PFAS substances is not fully defined, but can be partly attributed to their structure.

PFOS has been found to activate both mouse and human PPARα in a number of in vitro studies (reviewed by EFSA 
2008 and US EPA 2016). Activation of mouse and human PPARα and PPARβ by PFOS has been shown to be 
less than the level of activation by PFOA, while neither substance significantly activated mouse or human PPARγ 
(EFSA 2008).

Activation of PPARα leads to proliferation of peroxisomes, and catabolism of fatty acids and cholesterol. 
Peroxisome proliferation leads to hepatocellular hypertrophy and increased liver weight, which is observed in rodents 
treated with PFOS. Peroxisome proliferation is associated with hepatocellular carcinogenesis in rodents, but this 
effect is not relevant to human health risk assessment (Borg and Håkansson 2012).

Peroxisome proliferation is likely to contribute to the liver toxicity observed in laboratory animal studies. 
However, results of a 28-day dietary rat investigative study in rats with PFOS (50 ppm) provided evidence that PFOS 
exposure also results in activation of the nuclear receptors CAR and PXR (constitutive androstane receptor and 
pregnane X receptor, respectively) (Dong et al. 2016). Hepatic expression of 28 genes downstream of CAR/PXR were 
significantly altered by PFOS treatment. The classic CAR target genes Aldh1a7 and Cyp2b exhibited approximate 
10-fold increases in expression, while the PXR target gene Cyp3a was roughly 3-fold increased by PFOS treatment. 
Expression of PPARα target genes was also affected by PFOS, including Acox1 and other genes involved in 
lipid metabolism.

Effects not considered to be mediated by PPARα may be relevant to human health risk assessment (Borg and 
Håkansson 2012). However, it should also be noted that recent advances over the last decade have also 
revealed that a number of the effects related to the activation of the nuclear hormone receptors CAR and PXR are 
rodent-specific (Hall et al. 2012).

PFOS is associated with neonatal mortality in mice and rats. The pups appear normal at birth, the lungs were 
shown to be mature and normal, but die within a few days. It has been suggested that PFOS may interact with 
the components of the pulmonary surfactant needed to inflate the lungs, based on findings in in vitro studies 
(Xie et al. 2010).
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2.3.2 Toxicokinetics
A detailed review of the toxicokinetics of PFOS is included in the review of pharmacokinetic modelling for PFOS and 
PFOA commissioned by FSANZ (Roberts et al. 2016). Key information is summarised below. 

Absorption

PFOS is readily absorbed by the oral route. Bioavailability of > 95% within 24 hours has been demonstrated following 
oral administration to rodents (reviewed by Borg and Håkansson 2012). The maximum concentration in the serum 
(Cmax) after oral gavage is reached within 12 hours in rats, with no clear differences between the sexes (Kim 2016).

Distribution

PFOS is highly bound to albumin in circulation. It has been shown to be 99.7% bound to human albumin and 97.3% 
bound to albumin of rats and monkeys. The dissociation constant for albumin-bound PFOS in human serum is 
approximately 0.08 mM (Beesoon and Martin 2015). The high binding affinity of human serum albumin for PFOS 
may at least partly explain its long biological half-life in humans (approximately 5.4 years, ATSDR 2015). Ng and 
Hungerbϋhler (2014) reported that the number of albumin sites bound with perfluoroalkyl acids (PFAAs) appears to 
vary with concentration; at low concentrations of PFAA binding occurs to a small numer of primary high affinity sites, 
while at higher concentrations, as the primary sites become saturated, PFAAs start to bind to a larger number of low 
affinity sites. Early studies investigating PFOS binding found approximately 10 albumin binding sites.

As with other PFAS, PFOS binds to fatty acid binding protein (FABP) in the liver, and has a higher binding affinity than 
PFOA. FABP can carry longer chain fatty acids into cell nuclei (Roberts et al. 2016).

PFOS also has a high binding affinity for human serum thyroid hormone transport protein, transthyretin (TTR) and a 
moderate affinity for low density lipoproteins and α-globulins (Weiss 2009).

After subchronic oral dosing, PFOS is found mainly in blood, liver, lung and kidney of rats. Nearly 95% of a 4.2 mg/kg 
radiolabelled oral dose administered to rats was recovered from the carcass, urine, faeces, plasma and red blood 
cells (Chang et al. 2012). The concentration of PFOS in the liver was approximately 10 times that in the plasma; 
concentrations in other tissues were lower than the plasma, in the order kidneys, lung and spleen. Very little PFOS 
was located in the brain or fatty tissue. In human postmortem studies, the highest levels of PFOS were found in 
lungs, kidneys, liver and blood.

Binding of PFOS to FABP in the liver could explain the much higher levels found in the liver compared with other 
organs (Roberts et al. 2016).

Limited data are available on the uptake of PFOS by transporters, but based on information for PFOA, transporters 
likely to be involved in absorption, distribution and excretion include organic anion transporters (OATs), organic 
anion transporting peptides, multidrug resistance –associated proteins, and urate transporters (Roberts et al. 2016). 
Cui et al. (2009) found that a 4-fold increase in PFOS dose in male rats resulted in only a 2-fold increase in liver 
and kidney PFOS concentrations and a 10-fold increase in the brain. These data suggest that there are saturable 
uptake processes occurring in the liver and kidney, and also saturation of the OAT efflux transporter from the brain 
(Roberts et al. 2016).

In both humans and laboratory animals, PFASs cross the placenta and are also found in milk (reviews by EFSA 2008; 
Borg and Håkansson 2012; US EPA 2016). A human study found that mean breast milk PFOS was approximately 
1% that of maternal serum (Borg and Håkansson, 2012). Research into PFAA concentrations between breast milk, 
fetus and amniotic fluid in humans concluded in general that transfer efficiency from maternal to cord blood was high, 
while from maternal blood to amniotic fluid and milk are low. The efficiency values for PFOS were lower than those for 
PFOA (US EPA 2016).

Metabolism

No evidence has been found that PFOS undergoes any metabolism in studies conducted in rodents or nonhuman 
primates (reviews by ATSDR 2015, EFSA 2008; Borg and Håkansson 2012; US EPA 2016).
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Excretion

PFOS is principally excreted by the renal route. Glomerular filtration is limited by extensive binding to serum albumin 
and other high molecular weight proteins. Based on studies with PFOA, renal OATs have been shown to be involved 
with active reabsorption of PFASs (reviewed by Borg and Håkansson 2012). No published studies were located 
which investigated whether a similar process applies to excretion of PFOS.

While one single dose study in rats found a longer half-life of PFOS in females than males, other single and 
repeated dose studies have found no significant gender differences in half-life (reviewed by US EPA 2016 and 
Roberts et al. 2016).

The elimination half-life of PFOS in humans is 5.4 years (range 4.1-8.67 years), whereas the half-lives in monkeys, 
rats and mice are much shorter, 121, 48 and 37 days respectively (US EPA 2016).

2.3.3 Animal toxicity studies
Various international regulatory agencies or bodies have reviewed the toxicity of PFOS. The database includes acute 
and short term toxicity studies in mice, rats and monkeys, subchronic studies in rats and monkeys, chronic studies in 
rats, and developmental and reproduction studies in mice, rats and rabbits. As a part of this assessment, FSANZ has 
evaluated the pivotal toxicological studies relevant to establishing an Australian TDI as well as other information on 
mechanism of action, toxicokinetics, genotoxicity and immunotoxicity.

A summary of the NOAELs and LOAELs derived from the pivotal toxicological studies assessed as a part of this 
evaluation is set out in Table 3.
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Acute and short term toxicity studies
The oral LD50 of PFOS in CD rats was 233 mg/kg bw in males and 271 mg/kg bw in females, with a combined 
value of 251 mg/kg bw (Dean et al. 1978, reviewed by UKCOT 2006, EFSA 2008 and US EPA 2016). Clinical signs 
included hypoactivity, decreased limb tone and ataxia. Findings at necropsy included stomach distension, lung 
congestion and irritation of the glandular mucosa.

Mice

Male ICR mice were administered PFOS as a single oral dose of 0, 125, 250 and 500 mg/kg bw/day (Sato et al. 
2009, reviewed by US EPA 2016). One mouse in each of the treatment groups died. No clinical signs indicative of 
neurotoxicity were observed. Decreased body weight or delayed body weight gain were seen in mice given 250 or 
500 mg/kg bw/day in the 14 days following treatment.

Male BALB/c mice were administered PFOS at 0, 5 or 20 mg/kg bw/day for 14 days while on either a regular fat or 
high fat diet. A significant increase in liver fat content was observed in treated mice on the regular fat diet (Wang et al. 
2014, reviewed by US EPA 2016). A slight, non-significant increase in liver fat content was seen in mice on the high 
fat diet. Serum levels of glucose, cholesterol, high density lipoprotein (HDL) and low density lipoprotein (LDL) declined 
in a dose-related manner. PPARα expression was increased in mice on the regular fat diet, but decreased in those 
on the high fat diet at the end of the 14 day exposure period.

Male CD-1 mice were administered PFOS by oral gavage at doses of 0, 1, 5 or 10 mg/kg bw/day for up to 21 days. 
Microvesicular hepatic steatosis was observed in the high dose group on day 14 and macrovesicular steatosis was 
seen on day 21 (Wan et al. 2012, reviewed by US EPA 2016). Increased liver weights, yellowish colouration of the 
tissues and increased liver triglycerides were observed at 5 and 10 mg/kg bw/day. The authors concluded that the 
hepatic changes were similar to those associated with non-alcoholic fatty liver disease in humans and not totally 
related to PPARα activation.

Significant decreases in triglycerides, total cholesterol, HDL, non-HDL and very low density lipoprotein (VLDL) were 
found in APOE*3-Leiden.CETP mice given PFOS at 3 mg/kg bw/day in the diet for 4 weeks (Bijland et al. 2011, 
reviewed by US EPA 2016). This strain of mice exhibits human-like lipoprotein metabolism. PFOS decreased hepatic 
VLDL production leading to increased retention of triglycerides (steatosis) and hepatomegaly. Microarray analysis 
of liver samples found increased mRNA expression of genes involved with fatty acid uptake and transport and 
catabolism, triglyceride synthesis, cholesterol storage and VLDL synthesis. Genes involved with HDL synthesis, 
maturation, clearance and bile acid formation and secretion were downregulated. PFOS increased PXR expression, 
accompanied by an increase in Cyp3a11 expression and decrease in Cyp7a1 expression, both typical for PXR 
activation. The authors considered that the effects of PFOS on lipid metabolism are suggestive of the activation of 
nuclear receptors that include PPARα and PXR.

Rats

Male Wistar rats were given PFOS as a single oral dose of 0, 125, 250 or 500 mg/kg bw (Sato et al. 2009, 
reviewed by US EPA 2016). One of three rats in the 250 mg/kg bw group and both rats administered 500 mg/kg 
bw died. Rats did not show any clinical signs that suggested a neurological effect of PFOS. Decreased body 
weight or delayed body weight gain was seen in rats given 250 mg/kg bw in the 14 days following treatment. 
No histopathological changes were observed in the neuronal or glial cells of the cerebrum and cerebellum of 
rats killed 24 hours after exposure. No differences in levels of catecholamines or amino acids were seen in rats 
administered 250 mg/kg bw compared with controls 24 and 48 hours following treatment.

Sprague Dawley rats (15/sex/dose) were administered 0, 2, 20, 50 or 100 mg/kg PFOS/kg diet for 28 days 
(Curran et al. 2008, reviewed by US EPA 2016). This was equivalent to 0, 0.14, 1.33, 3.21 or 6.34 mg/kg bw/day 
respectively in males and 0, 0.15, 1.43, 3.73 or 7.58 mg/kg bw/day respectively in females. Increased absolute 
liver weights were observed in females at doses ≥ 1.43 mg/kg bw/day and in males at doses ≥ 3.21 mg/kg bw/
day. Relative liver weights were increased in females at all doses and in males at doses ≥ 1.33 mg/kg bw/day. 
Increases in hepatocyte hypertrophy in the centrilobular region were observed in male rats at 3.21 and 6.34 mg/
kg bw/day, while an increase in cytoplasmic homogeneity in centrilobular hepatocytes was seen at doses ≥ 3.21 or 
3.73 mg/kg bw/day in males and females, respectively. There was a significant trend for increased serum alanine 
aminotransferase (ALT) in males, but not in females, with a significant increase at the high dose compared with 
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controls. Serum cholesterol was significantly decreased in both sexes at these doses. Serum levels of total and 
conjugated bilirubin were significantly increased at the highest dose in males and females (6.34 and 7.58 mg/kg bw/
day respectively), with conjugated bilirubin also increased in females at 3.21 mg/kg bw/day. Serum thyroxine (T4) and 
T3 levels were decreased in both sexes, with a significant reduction in T4 occurring at doses ≥ 1.33/1.43 mg/kg bw/
day.

Male Sprague Dawley rats were administered PFOS at 0, 5 or 20 mg/kg bw/day by oral gavage for 28 days. All rats 
in the high dose group died by study day 26 (Cui et al. 2009, reviewed by US EPA 2016). Rats had bleeding around 
the eye socket and nose and yellow staining in the urogenital region at necropsy. Before death, the rats displayed 
significant weight loss and decreased food consumption compared with controls. Rats administered 5 mg/kg bw/day 
PFOS also had decreased body weights. Swelling and discolouration of the liver were seen in rats administered 
20 mg/kg bw/day, and histopathological examination found hepatocyte hypertrophy and cytoplasmic vacuolation. 
Congestion and thickened walls were seen in the lungs of rats given 20 mg/kg bw/day, with pulmonary congestion 
also seen at 5 mg/kg bw/day.

Nonhuman primates

All Rhesus monkeys (2/sex/dose) administered 0, 10, 30, 100 or 300 mg/kg bw/day PFOS by oral gavage died 
within 20 days (Goldenthal et al. 1979, reviewed by EFSA 2008, UKCOT 2006 and US EPA 2016). Clinical signs 
observed in all dose groups included decreased activity, emesis with some diarrhoea, body stiffening, general body 
trembling, twitching, weakness and convulsions. Yellowish-brown discolouration of the liver was seen at necropsy 
in the 100 and 300 mg/kg bw/day groups, although no microscopic lesions were found on histological examination. 
Congestion, haemorrhage and lipid depletion of the adrenal cortex were observed in all treatment groups.

Subchronic toxicity studies
Subchronic toxicity studies with PFOS are available in rats and monkeys, but not in mice. Increased liver weights 
and ALT levels, as well as reduced serum cholesterol levels, were observed in rats administered PFOS at doses of 
approximately 1.5 mg/kg bw/day. Increased liver weights, decreased total serum cholesterol and HDL cholesterol 
levels and alterations in thyroid hormone levels were observed in monkeys from doses of 0.15 mg/kg bw/day. Two of 
six monkeys died or were sacrificed in a moribund condition at the highest dose of 0.75 mg/kg bw/day.

A summary of relevant subchronic toxicity studies considered by overseas regulatory agencies and advisory bodies 
for establishing a HBGV for PFOS are summarised below.

Rats

Seacat et al. 2003
A subacute and subchronic toxicity study in rats was performed as part of a chronic toxicity/carcinogenicity study 
with PFOS (Seacat et al. 2003).

Sprague Dawley (Crl:CD (SD)IGS BR) rats were administered PFOS potassium salt at concentrations of 0, 0.5, 2, 
5 and 20 ppm in the feed for 4 or 14 weeks (5/sex/dose/interim sacrifice). Rats were housed individually and in-life 
observations included mortality, clinical observations, body weights and food consumption, with clinical pathology 
samples (haematology, clinical chemistry and urinalysis) taken during weeks 4 and 14. During the 4- and 14-week 
necropsies liver samples were collected for analysis of palmitoyl CoA oxidase (PCoAO) activity, cell proliferation 
index (PI) and PFOS concentrations. A range of tissues from the control and high dose groups were examined 
microscopically.

In rats dosed for 4 weeks, the mean daily exposure to PFOS in the 0, 0.5, 2, 5 and 20 ppm groups was calculated to 
be 0, 0.05, 0.18, 0.37 and 1.51 mg/kg bw/day respectively in males and 0, 0.05, 0.22, 0.47 and 1.77 mg/kg bw/day, 
respectively, in females.

After 4 weeks, relative liver weights were significantly increased in males administered 20 ppm PFOS. No 
toxicologically significant changes were found in haematology or urinalysis data. The only significant changes in 
clinical chemistry were a decrease in serum glucose in 20 ppm males and increased aspartate aminotransferase 
(AST) in 20 ppm females. Analysis of PCoAO activity in the liver, measured as an indicator of peroxisome proliferation, 
did not show a significant increase. This finding was confirmed when PCoAO activity was retested in a second 
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laboratory: a statistically significant increase was seen in high dose males compared with controls, but the magnitude 
was less than twofold and not considered relevant for liver tumour formation. No significant effects on hepatocellular 
PI were observed, and there were no remarkable histopathological findings in the livers of treated animals.

In rats treated for 14 weeks, the mean daily intake of PFOS in the 0, 0.5, 2, 5 and 20 ppm groups was calculated to 
be 0, 0.03, 0.13, 0.34 and 1.33 mg/kg bw/day respectively in males and 0, 0.04, 0.15, 0.40 and 1.56 mg/kg bw/day, 
respectively, in females.

After 14 weeks of PFOS administration, no significant effects on body weight were observed. Absolute and relative 
liver weights were significantly increased in males administered 20 ppm, and relative liver weights were significantly 
increased in females fed 20 ppm. An increase in the non-segmented neutrophil absolute count was observed in 
20 ppm males.

A significant decrease in serum cholesterol was seen in 20 ppm males compared with controls (37 ± 13 versus 
63 ± 13 mg/dl). Serum ALT was increased in 20 ppm males (65 ± 53 versus 36 ± 7 IU/l) and urea nitrogen (UN) was 
significantly increased in 20 ppm males and females (16 ± 2 and 17.2 ± 2 mg/dl respectively) compared with controls 
(13 ± 2 and 12 ± 2 mg/dl respectively). Females in the 5 ppm group had significantly reduced serum glucose levels, 
but there was no dose-response for this effect and therefore was not considered clearly related to treatment.

No significant induction of peroxisomal proliferation, as assessed by hepatic PCoAO activity, was observed, and 
there were no effects on hepatocellular PI. Histopathological changes were restricted to the liver, where hepatic 
hypertrophy and midzonal to centrilobular vacuolation were observed in males fed 5 or 20 ppm and females fed 
20 ppm. The hepatocellular hypertrophy and vacuolation in the 5 ppm group males was graded as marginal and 
was not accompanied by an increase in liver weight or clinical chemistry changes, and therefore was not considered 
toxicologically significant.

The NOAEL in this study was 5 ppm, equivalent to 0.34 mg/kg bw in males and 0.40 mg/kg bw/day in females 
based on increased liver weight, histopathology and clinical chemistry findings at the high dose. The mean PFOS 
concentrations in the serum at this dose after 14 weeks were 43.9 µg/mL in males and 64.4 µg/mL in females. 
Mean PFOS concentrations in the liver at this dose were 358 µg/g and 370 µg/g in males and females, respectively. 
At the LOAEL of 20 ppm (equivalent to 1.33 and 1.56 mg/kg bw/day in males and females), mean serum PFOS 
concentrations were 148 µg/mL and 223 µg/mL in males and females, respectively. Mean liver concentrations at the 
LOAEL were 568 and 635 µg/g, respectively.

PFOS concentrations obtained in this study are tabulated in the summary of the chronic toxicity/carcinogenicity study 
later in this document (Thomford 2002/Butenhoff et al. 2012).

Nonhuman primates

Seacat et al. 2002
Cynomolgus monkeys (6/sex/group; 4/sex at the low dose) received the potassium salt of PFOS orally in a 
capsule by intragastric intubation at doses of 0, 0.03, 0.15, or 0.75 mg/kg bw/day for 26 weeks (Seacat et al. 
2002). Two monkeys/sex/group in the control, mid and high dose groups were monitored for one year after the 
end of the dosing period for delayed or reversible effects. Monkeys were housed individually and were observed 
twice daily for mortality, morbidity, clinical signs and qualitative food consumption. Ophthalmic observations were 
performed on each animal before the start of treatment and prior to terminal sacrifice. Body weights were recorded 
predosing and weekly thereafter. Blood samples were collected for haematology and serum chemistry on days -50, 
-40 and -27 before treatment and on days 37, 62, 91, 153 and 182 of treatment. PFOS levels were assessed in 
serum at regular intervals and in liver tissues samples collected at necropsy. Liver samples were also obtained for 
determination of hepatic peroxisomal proliferation and cell proliferation.

There were no clinical signs of toxicity at the low and mid dose. At the high dose, one male died (on day 155; 
possible cause of death was severe pulmonary inflammation) and another male was sacrificed on day 179 due to its 
moribund condition, possibly due to hyperkalaemia. Reduced body weight gain was observed in males and females 
at the high dose only. No specific observations were reported with respect to food consumption.

Serum PFOS concentrations showed a linear increase over time in the low and mid dose groups while a nonlinear 
increase was seen in the high dose group, which seemed to plateau over time. The average liver-to-serum PFOS 
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concentration ratios ranged from 0.9:1 to 2.7:1, without a dose-response relationship. The average per cent of the 
cumulative PFOS dose found in the liver ranged from 4.4 ± 1.6% to 8.7 ± 1.0% without any apparent correlation to 
dose group or gender.

At the high dose, liver-to-body weight ratios were increased in males and females, and absolute liver weights and liver-
to-brain weight ratios were increased in females. Left adrenal-to-body weight ratios were increased in high dose males. 
At the low and mid dose, there were no treatment-related effects on absolute or relative organ weights (organ to body 
or organ to brain weight ratios). There were no treatment-related effects on weights of the other organs examined at any 
dose level (brain, epididymis, kidneys, ovaries, pancreas, testes, and thyroid/parathyroid glands).

A statistically significant reduction in haemoglobin was observed in high dose males at termination of the study. 
However, haemoglobin values for all high dose males were within the normal range and no stools were found to 
be discoloured/black. The reduction in haemoglobin is therefore not considered to be toxicologically significant. 
There were no other treatment-related changes in haematological parameters for males, and no changes in 
haematological parameters were observed for females at any dose.

In high dose males and females there were marked reductions in total cholesterol and HDL cholesterol (Table 4). 
In the males, lower cholesterol occurred by day 91 at serum PFOS concentrations of approximately 150 µg/mL. 
In the females, decreased cholesterol occurred by day 62 at serum PFOS concentrations of approximately 110 µg/
mL. A decrease in HDL (measured only on days 153 and 182) was observed in high dose males and mid and 
high dose females. In females, the apparent effect on HDL cholesterol at the mid dose was not accompanied by 
a significant decrease in total cholesterol concentration, and the group mean HDL value was within the reference 
range of 30 to 150 mg/dl for cynomolgus monkeys. In low dose males, a statistically significant decrease in HDL and 
total cholesterol was observed, however, the HDL values at this dose were within the reference range, and HDL and 
cholesterol levels in mid dose males were greater than those in low dose males, and not significantly different from 
controls. During the recovery period, serum cholesterol and HDL levels returned to pretreatment levels (within 36 and 
61 days of cessation of treatment, respectively).

Total bilirubin in high dose males was lower than controls on days 91, 153, and 182. Elevated serum bile acid 
concentrations were observed in high dose males on day 182 only. This was partially the result of a value of 58 mM 
for the male sacrificed in a moribund condition on day 179. No treatment-related effects on bilirubin or bile acids were 
observed in females at any dose. Excluding the two high dose males that were either killed moribund or died before 
the end of the dosing period, no treatment-related findings were observed for any of the other clinical chemistry 
parameters investigated (albumin, alkaline phosphatase, ALT, AST, blood urea nitrogen (BUN), calcium, chloride, 
creatinine, creatine kinase, globulin, glucose, inorganic phosphate, potassium, sorbitol dehydrogenase, sodium, 
triglycerides, total protein and VLDL). The high dose male that died on day 155 had elevated creatine kinase from a 
sample taken on day 153. The high dose male that was killed in a moribund condition had elevated creatine kinase, 
creatinine, BUN, sorbitol dehydrogenase, serum bile acids and potassium.

Serum levels of the following were measured prior to and during treatment: cortisol, testosterone, estradiol, 
oestrone, oestriol, total T3, total T4 and thyroid stimulating hormone (TSH). Free T3 and free T4 were measured from 
samples taken at terminal sacrifice. In high dose males and females, TSH was increased and total and free T3 were 
decreased. At the mid dose, increased levels of TSH were seen in males and reduced total T3 levels were seen in 
males and females at the end of the study. However, thyroid hormone levels of some of the terminal samples were 
subsequently reanalysed in an independent laboratory, and the changes seen in the mid dose animals were not found 
to be statistically significantly different from controls. No treatment-related changes in total or free T4 were observed. 
Mean estradiol in treated females was not significantly different from controls, although 2 of the 6 females in the high 
dose group had lowered estradiol levels at the end of treatment. Male estradiol levels in the high dose group were 
significantly lower than controls at the end of treatment, and were significantly lower than pretreatment levels from day 
62. There were no treatment-related effects on the other hormones investigated (cortisol, testosterone, oestrone and 
oestriol). All hormones showing treatment-related changes returned to normal during the recovery period (between 
33 and 61 days after cessation of treatment).

There were no significant changes in urinalyses considered to be treatment-related.
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Table 4: Serum cholesterol and HDL levels in cynomolgus monkeys receiving PFOS by oral gavage

Serum cholesterol and HDL levels in Cynomolgus monkeys receiving PFOS by oral gavage

Dose group  
(mg/kg bw/day)

Day 27 Day 37 Day 62 Day 91 Day 153 Day 182

Males

Cholesterol (mg/dL)

0 138 ± 34 140 ± 22 153 ± 23 154 ± 25 154 ± 30 152 ± 28

0.03 110 ± 20 118 ± 28 114 ± 25** 126 ± 15 120 ± 16 110 ± 17**

0.15 151 ± 26 146 ± 22 144 ± 20 150 ± 19 149 ± 23 147 ± 24

0.75 138 ± 29 130 ± 18 125 ± 21 112 ± 27*, ** 65 ± 20*, ** 48 ± 19*, **

HDL (mg/dL)

0 ND ND ND ND 69 ± 11 63 ± 11

0.03 ND ND ND ND 46 ± 5** 42 ± 4**

0.15 ND ND ND ND 55 ± 13 48 ± 14

0.75 ND ND ND ND 19 ± 7** 13 ± 5**

Females

Cholesterol (mg/dL)

0 149 ± 37 147 ± 27 155 ± 46 166 ± 42* 163 ± 49 160 ± 47

0.03 130 ± 12 124 ± 11* 127 ± 11 134 ± 16 110 ± 22** 122 ± 22

0.15 144 ± 14 133 ± 22 137 ± 20 140 ± 13 130 ± 23 129 ± 22

0.75 154 ± 10 130 ± 26 127 ± 19* 111 ± 27*, ** 91 ± 23*, ** 82 ± 15*, **

HDL (mg/dL)

0 ND ND ND ND 59 ± 17 56 ± 16

0.03 ND ND ND ND 47 ± 10 42 ± 9

0.15 ND ND ND ND 41 ± 9** 36 ± 12**

0.75 ND ND ND ND 23 ± 4** 21 ± 7**

Values are given as the mean ± standard deviation.
*Significantly different (p < 0.05) from pretreatment (day –27) value.
**Significantly different (p < 0.05) from control value.
ND: not determined. Data complied from Seacat et al. 2002.

There were no treatment-related gross pathology findings at the low and mid dose. At the high dose, adverse 
findings were limited to the lungs of the male that died on day 155 (pulmonary necrosis and severe acute 
pulmonary inflammation).

Hepatic peroxisome proliferation, as measured by palmitoyl CoA oxidase activity, was increased in high dose 
females however, the size of the increase (< 2-fold) was not considered to be biologically significant. There were no 
treatment-related effects on cell proliferation in the liver, pancreas, or testes as determined by immunohistochemistry.

Treatment-related effects were only observed in the liver in high dose males and females (histopathology findings in 
the lung were not reported for the high dose male that died prematurely, with severe pulmonary inflammation as a 
possible cause of death). By light microscopy, centrilobular vacuolation, hypertrophy, and mild bile stasis were noted 
in some high dose livers. By electron microscopy, lipid-droplet accumulation was evident in high dose livers but was 
not observed in recovery animals. During the recovery period, complete reversal of histopathological changes was 
observed in high dose livers.

There were no treatment-related effects on the other tissues examined in high dose monkeys (aorta, cecum, 
cervix, duodenum, oesophagus, eyes, femur, gall bladder, heart, ileum, jejunum, mammary gland, mesenteric lymph 
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node, pituitary, prostate, rectum, mandibular salivary gland, sciatic nerve, seminal vesicles, skeletal muscle (thigh), 
skin, spinal cord, spleen, sternum with bone marrow, stomach, thymus, trachea, urinary bladder, uterus, and vagina). 
At the low and mid-dose, no treatment-related effects were observed in the tissues examined (liver, thymus, 
and spinal cord).

The NOAEL is the mid-dose, of 0.15 mg/kg bw/day, on the basis of mortality, reduced body weight gain, 
increased absolute and relative liver weight and histopathological findings in the liver, and decreased serum 
cholesterol evident at the high dose of 0.75 mg/kg bw/day.

The mean serum PFOS concentrations achieved following 6 months of dosing at the NOAEL of 0.15 mg/kg bw/day 
were 82.6 µg/mL and 66.8 µg/mL for males and females, respectively. Mean liver PFOS concentrations were 
58.8 µg/g and 69.5 µg/g in males and females, respectively. At the LOAEL of 0.75 mg/kg bw/day, the mean serum 
PFOS concentrations were 173 µg/mL and 171 µg/mL for males and females, respectively, and mean respective liver 
PFOS concentrations were 395 and 273 µg/g.

Serum PFOS concentrations from the study are presented in Table 5.

Table 5: Serum levels of PFOS (µg/mL) in cynomolgus monkeys after oral gavage administration for 183 days 
measured by Seacat et al. (2002)

Serum Levels of PFOS (µg/mL) in Cynomolgus Monkeys after  
Oral Gavage Administration for 183 days

Oral K+ PFOS concentration (mg/kg bw/day)

Dose 0 0.03 0.15 0.75

Male 0.05 ± 0.01 (6) 15.8 ± 1.4 (4) 82.6 ± 25.2 (6) 173 ± 37 (4)

Female 0.05 ± 0.02 (6) 13.2 ± 1.4 (4) 66.8 ± 10.8 (6) 171 ± 22 (6)

Data compiled from Seacat 2002
Data presented as mean ± standard deviation (sample size)

Chronic studies of toxicity and carcinogenicity
One chronic toxicity/carcinogenicity study is available for PFOS, conducted in rats.

Thomford 2002/Butenhoff et al. 2012
The full report of this study (Thomford 2002) was reviewed by the UK COT and EFSA in their reviews of PFOS. 
Following these reviews a further paper was prepared to make the key findings more accessible (Butenhoff et al. 
2012). Both references are cited in the 2016 US EPA review.

Sprague Dawley (Crl:CD (SD)IGS BR) rats (60 – 70 per sex per dose group) were administered PFOS potassium 
salt at dietary concentrations of 0, 0.5, 2, 5 and 20 ppm in the feed for up to 104 weeks. An additional recovery 
group (40/sex/group) was fed 20 ppm for the first 52 weeks after which the animals were fed control diet until study 
termination. Five rats/sex/group were sacrificed at weeks 4 and 14, and 10 rats/sex/group in the control and high 
dose groups were killed after 52 weeks of dietary exposure. Remaining animals were scheduled to be terminated 
after 104 weeks of treatment, however, due to reduced numbers (as a result of mortality) in the females fed 2 ppm, 
this group was necropsied after 103 weeks.

Rats were housed individually and in-life observations included mortality, clinical observations, body weights and food 
consumption, with clinical pathology samples (haematology, clinical chemistry and urinalysis) taken from 10 rats/sex/
group (except for the 20 ppm recovery group) during weeks 27 and 53. Blood was also taken from surviving rats at 
the terminal sacrifice for cholesterol, triglyceride and PFOS analysis.

The findings in animals killed at 4 and 14 weeks are detailed in a report by Seacat et al. (2003) and summarised in the 
section on subchronic toxicity above.

Mean daily intakes of PFOS in the 0.5, 2, 5, 20 ppm and 20 ppm recovery groups were reported by Butenhoff et 
al. as 0.024, 0.098, 0.242, 0.984 and 1.144 mg/kg bw/day respectively in males, and 0.029, 0.120, 0.299, 1.252 
and 1.385 mg/kg bw/day respectively in females. These values were based on gravimetric data for individual food 
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consumption. However, the EFSA and UKCOT reviews of this study, which were based on the report by Thomford 
(2002), reported slightly different achieved doses. EFSA reported that the achieved doses for the 0.5, 2, 5 and 
20 ppm groups were respectively 0.04, 0.14, 0.36 and 1.42 mg/kg bw/day in males and 0.035, 0.14, 0.37 and 
1.49 mg/kg bw/day in females. The reason for this difference appears to be that EFSA calculated the mean daily 
exposure values as the average of the range of calculated exposures cited in the report by Thomford, while Butenhoff 
et al. calculated the overall mean of weekly determined mean PFOS consumption values for each group.

Serum and liver PFOS concentrations increased in approximate proportion to dose at all time points assessed in 
both sexes. Concentrations also increased with dosing duration between weeks 4 and 14. Week 53 concentrations 
in the high dose group were similar to those measured on week 14, which suggests steady-state may have been 
approached after 14 weeks dietary exposure at 20 ppm. In males, serum levels of PFOS at study termination 
(week 105) were 33-51% of those measured on week 14, and liver concentrations were 19-36% of week 14 values. 
In females, serum levels of PFOS remained relatively constant between 14 and 105 weeks, while liver concentrations 
were 35-80% lower at week 105 compared with week 14. The decline in PFOS concentrations was considered 
likely to be due to chronic progressive nephritis (a spontaneous age-related disease) leading to increased urinary 
elimination of PFOS. Individual serum PFOS concentrations correlated significantly with the incidence and severity of 
chronic progressive nephritis in almost all male groups and in the 2 ppm females.

Mortality was decreased in males fed 5 and 20 ppm, resulting in a statistically significant trend for increased survival in 
males. No significant trend was identified for survival in females, although there was a statistically significant decrease 
in survival in females fed 2 ppm, compared with the controls. There were no clinical observations attributed to PFOS 
exposure, and there was no effect on the incidence of palpable masses.

Males in the 20 ppm and 20 ppm recovery groups had significantly lower mean body weights compared to controls 
during weeks 9 to 37. Females in the 20 ppm group had significantly lower body weights than controls during weeks 
3 to 101. In the female 20 ppm recovery group, body weights were significantly lower than controls during weeks 3 to 
61. At the end of the study, there were no significant differences in mean body weights between PFOS treated rats 
and controls in all groups (main study and recovery animals), although females in the 20 ppm group had lower body 
weights than controls (447 ± 101 g versus 516 ± 106 g).

At the week 53 interim sacrifice, absolute and relative (to body weight and brain weight) liver weights were increased 
in the 20 ppm males compared with controls. Absolute and relative spleen weights were also decreased in 20 ppm 
males. Significantly decreased left thyroid/parathyroid weights in males were not considered related to treatment by 
the study authors based on the absence of a contralateral effect and a lack of difference in organ to body weight 
ratios between controls and treated male rats. In female rats administered 20 ppm PFOS, significant increases 
in organ to body weight ratios for brain, kidney, liver and spleen were considered unlikely to be of toxicological 
importance given the significantly decreased body weight in these females at this timepoint (week 53). Decreases in 
adrenal weights were also considered likely to be secondary to the body weight loss.

Statistically significant increases in serum ALT were observed in 20 ppm males on weeks 14 and 53 compared with 
controls. ALT was also increased in 20 ppm males at week 27 but this did not reach statistical significance. The same 
effect was not seen in females. The increased ALT levels in males were accompanied by a large increase in relative 
standard deviations, driven by one and two individual increases in ALT at weeks 14 and 53 respectively. Exclusion of 
these high individual values yielded mean values similar to those of the controls. The study authors noted that this 
finding, together with a lack of effect on AST, raises some questions regarding the toxicological significance of the 
increased ALT levels.

Mean serum total cholesterol was significantly reduced in 20 ppm males on weeks 14, 27 and 53 compared with 
controls. Cholesterol was also reduced in males fed 20 ppm at study termination, although this did not reach 
statistical significance. In females, statistically significant reductions in serum cholesterol were seen in the 2, 5 and 
20 ppm groups at week 27. Cholesterol was also lower than controls in 20 ppm females at week 53 and study 
termination, although this was not statistically significant.

Serum UN was significantly increased in 20 ppm males and females on weeks 14, 27 and 53. Males and females fed 
5 ppm and males given 2 ppm also had significantly elevated UN on week 53. There were no correlative microscopic 
renal findings and serum creatinine was generally unchanged relative to controls. The study authors therefore 
concluded that the increased UN levels were likely to be associated with mild dehydration as a result of non-renal-
related morbidity.
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No significant urinalysis or haematological changes were observed.

Non-neoplastic lesions attributed to treatment were only seen in the liver (significant findings summarised in Table 6). 
In rats sacrificed at the end of the study, hepatotoxicity was characterised by centrilobular hypertrophy, centrilobular 
eosinophilic hepatocytic granules, centrilobular pigment or centrilobular hepatocytic vacuolation in males and female 
given 5 or 20 ppm PFOS. A significant increase in individual hepatocyte necrosis was seen in both sexes given 
20 ppm. Electron microscopy examination of a subset of livers from the control and 20 ppm groups identified smooth 
endoplasmic reticulum hyperplasia and hepatocellular hypertrophy as the prominent changes. A clear increase 
in peroxisomal bodies was not seen. A statistically significant increase in hepatocellular centrilobular hypertrophy 
was also observed in males fed 2 ppm. However, this was not accompanied by any other histopathological signs 
of toxicity or relevant clinical chemistry changes, and the incidence of hypertrophy at this dose was relatively low. 
Therefore this effect was not considered to be adverse.

Hepatocellular lesions were not evident in the 20 ppm recovery animals at the end of the study.

With respect to neoplastic lesions, a significantly increased incidence of hepatocellular adenomas was seen in 
20 ppm males compared with controls (7/60 at 20 ppm, 0/60 in controls). No hepatocellular ademonas were seen 
in the 20 ppm recovery males. A statistically significant increase in the incidence of thyroid follicular cell ademonas 
was seen in the 20 ppm recovery males (9/39) compared to the controls (3/60) or the 20 ppm group (4/59). The 
significance of this finding is unclear since there was no significant trend in thyroid tumours across treatment groups, 
and there was no other microscopic evidence of thyroid abnormality.

Table 6: Incidence of non-neoplastic liver lesions in male and female rats

Incidence of non-neoplastic liver lesions in male and female rats

Dietary PFOS concentration (ppm)

Lesion 0 0.5 2.0 5.0 20

Males

Centrilobular hypertrophy 0/65 2/55 4/55* 22/55** 42/65**

Eosinophilic cytoplasm granules 
(centrilobular)

0/65 0/55 0/55 0/55 14/65**

Centrilobular hepatocellular pigment 0/65 0/55 0/55 0/55 6/65*

Midzonal/centrilobular vacuolation 3/65 3/55 6/55 13/55** 19/65**

Individual hepatocyte necrosis 5/65 4/55 6/55 5/55 14/65*

Females

Centrilobular hypertrophy 2/65 1/55 4/55 16/55** 52/65**

Eosinophilic cytoplasm granules 
(centrilobular)

0/65 0/55 0/55 7/55 36/65**

Centrilobular hepatocellular pigment 0/65 0/55 0/55 1/55 36/65**

Individual hepatocyte necrosis 7/65 6/55 6/55 6/55 15/65**

* significantly increased over control: p < 0.05
** significantly increased over control: p < 0.01

In females, statistically significant increased incidences of hepatocellular adenoma (5/60) and combined 
hepatocellular adenoma/carcinoma (6/60) were seen at the high dose compared with controls (0/60). A significant 
increase in combined thyroid follicular cell adenoma and carcinoma was observed in the 5 ppm group (3/50) 
compared to controls and the 20 ppm group (0/60 and 1/60 respectively). Thyroid C cell adenoma and thyroid C 
cell adenoma/carcinoma showed statistically significant decreased incidences in 20 ppm females compared with 
controls. The 0.5 ppm females had significantly increased incidences of mammary fibroadenoma and mammary 
fibroadenoma/adenoma compared with controls. However, there was a lack of dose-response and females in the 
high dose group had a significantly lower incidence than the controls, resulting in statistically significant decreased 
trends for the incidences of mammary fibroadenoma and mammary fibroadenoma/adenoma overall.
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The NOAEL in this study was 2 ppm (equivalent to 0.098 mg/kg bw/day in male rats and 0.120 mg/kg bw/day in 
female rats), based on the findings of hepatotoxicity at 5 ppm (equivalent to 0.242 mg/kg bw/day and 0.299 mg/kg 
bw/day in males and females, respectively). The mean serum PFOS concentrations after 14 weeks of dosing at the 
NOAEL were 17.10 µg/mL in males and 27.3 µg/mL in females. Mean serum PFOS concentrations after 14 weeks of 
dosing at the LOAEL were 43.9 µg/mL in males and 64.4 µg/mL in females.

Serum PFOS concentrations for this study, as well as values relevant to the 14 week study summarised earlier in this 
document, are presented in Table 7. 

Table 7: Serum PFOS concentrations measured by Seacat et al. (2003) and Butenhoff et al. (2012)

Serum levels of PFOS (µg/mL) in Crl:CD (SD) IGS BR by dietary administration for up to 106 weeks 

Week Dietary K+ PFOS Concentration (Ppm)

0 0.5 2 5 20 20 Recovery

Males

mg/kg bw/day 0 0.05 0.18 0.37 1.51

4 <LOQ 0.91 ± 0.06 4.33 ± 1.16 7.57 ± 2.17 41.80 ± 7.92 -

mg/kg bw/day 0 0.03 0.13 0.34 1.33

14 <LOQ 4.04 ± 0.80 17.10 ± 1.22 43.90 ± 4.90 148.0 ± 13.80 -

mg/kg bw/day1 0 0.024 0.098 0.242 0.984

53 0.025 ± 0.018 - - - 146.0 ± 33.5 (4) -

105 0.012 ± 0.010 
(11)

1.31 ± 1.30 (10) 7.60 ± 8.60 22.50 ± 23.50 
(25)

69.3 ± 57.9 (22) -

106 - - - - - 2.41 ± 5.09 (10)

Females

mg/kg bw/day 0 0.05 0.22 0.47 1.77

4 0.026 ± 0.007 1.61 ± 0.21 6.62 ± 0.50 12.60 ± 1.73 54.00 ± 7.34 -

mg/kg bw/day 0 0.04 0.15 0.40 1.56

14 2.67 ± 4.58 6.96 ± 0.99 (4) 27.30 ± 2.34 64.40 ± 5.48 223.0 ± 22.40 -

mg/kg bw/day1 0 0.029 0.120 0.299 1.251

53 0.395 ± 0.777 - - - - -

102 - - 20.20 ± 13.30 
(9)

- - -

105 0.084 ± 0.134 
(24)

4.35 ± 2.78 (15) - 75.00 ± 45.70 
(15)

233.0 ± 124.0 
(25)

-

106 - - - - - 9.51 ± 8.70 (17)
1 Grand mean taken from Butenhoff et al. 2012 (Table 2)
Data compiled from Butenhoff et al. 2012 and Seacat et al. 2003
Sample size 5, unless noted in ()
Data presented as mean ± standard deviation
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Genotoxicity
EFSA (2008) and the US EPA (2016) concluded that PFOS is not genotoxic based on negative findings in in vitro and 
in vivo tests.

PFOS was negative in the Salmonella typhimurium reversion gene mutation assay and the mitotic recombination 
test in Saccharomyces cerevisiae (D4 strain) with and without metabolic action. It was also negative in a 
Salmonella‑Escherichia coli reverse mutation assay with and without metabolic activation. In mammalian cells, 
PFOS did not induce chromosomal aberrations in cultured human lymphocytes with and without metabolic activation, 
and was negative in an unscheduled DNA synthesis assay in rat liver primary cell cultures.

PFOS was also shown not to induce micronuclei in an in vivo mouse micronucleus assay.

The US EPA (2016) notes that a 50% w/w solution of the diethanolammonium salt of PFOS in water (T-2247 CoC) 
was negative with and without metabolic activation in a bacterial reverse mutation assay. EFSA (2008) reported 
that several PFOS precursors (N-ethyl perfluorooctane sulfonamidoethanol [N-EtFOSE], N-ethyl perfluorooctane 
sulfonamide [N-EtFOSA], N-methylperfluorooctane sulfonamidoethanol [N-MeFOSE], N-methyl perfluorooctane 
sulfonamide [N-MeFOSA] and potassium-N-ethyl-N ((hepatodecafluorooctyl)-sulfonyl)-glycinate [PFOSAA]) were 
negative in in vitro and in vivo tests.

Reproductive and developmental toxicity

Reproductive effects

Rats

Luebker et al. 2005b
A two-generation reproductive toxicity study was conducted in Crl:CD(SD)IGS BR VAF rats. Groups of 35 rats/sex/
group were administered PFOS potassium salt by oral gavage at 0.0, 0.1, 0.4, 1.6 and 3.2 mg/kg bw/day for 42 days 
prior to mating and during the mating period. Parental male animals were sacrificed at the end of the cohabitation 
period, while females continued to be treated through the gestation, parturition and lactation periods.

Serum and liver PFOS concentrations measured in parental generation rats and first filial generation pups (F0 and F1 
respectively), increased with increasing dose.

F0 Generation

All F0 rats were observed twice daily for viability and clinical signs, and body weights and feed consumption were 
recorded at regular intervals which varied depending on the phase of the study. Ten females in each group were 
assigned to caesarean sectioning on gestation day (GD) 10 and numbers of corpora lutea, implantations and viable 
and non-viable embryos were recorded. The remaining females were allowed to deliver naturally and were killed on 
postnatal day (PND) 21. A range of reproductive outcomes were assessed. Liver and blood samples from F0 females 
in the 0.0, 0.4 and 1.6 mg/kg bw/day dose groups were collected for PFOS analysis.

No deaths or clinical signs were observed in F0 males. Statistically significant reductions in body weight were seen 
in males administered 1.6 and 3.2 mg/kg bw/day, and a significant reduction in overall body weight gain was seen 
in males treated with 0.4 mg/kg bw/day and higher. Significant reductions in absolute feed consumption were 
seen in males given ≥ 1.6 mg/kg bw/day over the premating period, while significant reductions in absolute feed 
consumption were seen in males at ≥ 0.4 mg/kg bw/day during the cohabitation period. The US EPA and UKCOT 
reviews of this study noted that a significant reduction in absolute weights of the seminal vesicles and prostate was 
observed in males administered 3.2 mg/kg bw/day.

In the F0 females, no deaths were observed. Increased incidences of localised alopecia were observed at 
0.4 mg/kg bw/day and higher. Statistically significant reductions in body weight were seen in F0 females administered 
3.2 mg/kg bw/day throughout the precohabitation, gestation and lactation phases of the study and in females given 
1.6 mg/kg bw/day during the gestation and lactation periods. Overall body weight gains were significantly reduced at 
1.6 and 3.2 mg/kg bw/day during the premating period and at 3.2 mg/kg bw/day during gestation. Mean absolute 
feed consumption was significantly reduced in F0 females given 3.2 mg/kg bw/day during premating and gestation, 
and in the 1.6 mg/kg bw/day group during lactation (feed consumption was not calculated during lactation for the 
3.2 mg/kg bw/day group as all pups died at this dose).
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Mating and fertility parameters such as estrous cycle, number of pregnancies per number of matings, number of 
days to inseminate and number of matings in the first week of cohabitation were unaffected by PFOS treatment 
at all doses. High dose females had significant reductions in the numbers of implantation sites per delivered litter, 
decreased gestational length, increased numbers of stillborn pups and increased numbers of dams with all pups 
dying on PNDs 1 – 4. Two dams in the 1.6 mg/kg bw/day group (10%) also had litters in which all pups died on 
PNDs 1 – 4. The control value was 0% and the contract laboratory reported a historical control incidence of 0%, 
suggesting that this effect is related to treatment.

F1 generation

A statistically significant reduction in the mean number of live-born pups was seen at 3.2 mg/kg bw/day (7.8 ± 4.0) 
compared with controls (13.6 ± 2.3), as well as a significant increase in the mean number of stillborn pups per litter 
compared with controls (2.2 ± 2.3 versus 0.3 ± 0.7 respectively). At 3.2 mg/kg bw/day, there was 45.5% mortality of 
neonates on PND 1 and 100% of pups had died within the first two postnatal days. In the 1.6 mg/kg bw/day group 
neonatal mortality was 10.6% on the first day and 33.9% by PND 4. The viability index was 0% and 66% at 3.2 and 
1.6 mg/kg bw/day, respectively. Necropsy of the pups found dead or moribund did not reveal a cause of death. 
Observations of pups after birth did not find signs of respiratory distress.

The high dose group was precluded from further evaluation because there were no surviving pups by PND 2. 
Statistically significant reductions in pup weight per litter and pup weight gain per litter were seen at 1.6 mg/kg bw/
day compared with controls. Significant delays compared with controls were seen in the mean number of days for 
50% of pups achieving the developmental landmarks of pinna unfolding (1.6 days), eye-opening (1.4 days), surface 
righting (2.2 days) and air righting (2.0 days). A slight delay in eye-opening compared with controls (0.6 days) was 
also observed in the 0.4 mg/kg bw/day pups however, this effect was not considered to be clearly treatment-related.

The 1.6 mg/kg bw/day F1 pups were not continued in the study past weaning because of their poor condition, so 
only pups from the 0.0, 0.1 and 0.4 mg/kg bw/day groups were involved in the remainder of the study. No treatment-
related deaths or clinical signs were observed in the 0.1 and 0.4 mg/kg bw/day rats after direct dosing was initiated 
at weaning. Body weights, body weight gains and absolute and relative feed consumption were similar to controls 
at these doses. Sexual maturation was not affected in males or females at 0.1 and 0.4 mg/kg bw/day. Passive 
avoidance and water maze tests did not find any effects on learning or memory.

There was no significant effect of PFOS treatment on the reproductive performance or delivery parameters of F1 
parents at 0.1 and 0.4 mg/kg bw/day.

F2 generation

No effects on pup mortality were observed in F2 litters at any time during the lactation period. All F2 generation pups 
were sacrificed on PND 21. A transient reduction in body weight and body weight gain was seen at 0.4 mg/kg bw/
day, but mean pup weight per litter on PND 21 and body weight gain between PNDs 14 – 21 were not significantly 
different from controls. At PND 21 mean pup weights remained approximately 9% lower than controls but the results 
were not statistically significant. It is noted that in a follow-up study by the same laboratory a significant reduction in 
birth weight and weight on PND 5 was observed in F1 pups born to mothers treated with PFOS at 0.4 mg/kg bw/day 
(Luebker et al. 2005a). Pup weight findings for the F2 generation are summarised in Table 8.

Table 8: Pup weight and weight change per litter for F2 pups during lactation

Pup weight and weight change per litter for F2 pups during lactation

Day of study Dose group (mg/kg bw/day PFOS)

0.0 0.1 0.4

Pup weight/litter (g)

1 6.3 ± 0.8 6.1 ± 0.5 6.2 ± 0.5

4 (preculling) 8.7 ± 1.6 8.2 ± 1.0 8.0 ± 1.3

4 (postculling) 8.8 ± 1.6 8.3 ± 1.0 8.0 ± 1.3

7 14.7 ± 2.4 13.9 ± 2.2 12.8 ± 2.6*
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Pup weight and weight change per litter for F2 pups during lactation

Day of study Dose group (mg/kg bw/day PFOS)

0.0 0.1 0.4

14 32.0 ± 3.5 31.8 ± 3.1 28.9 ± 4.7**

21 50.1 ± 5.1 49.2 ± 5.0 46.5 ± 6.3

Pup weight change/litter (g)

1 – 4 (preculling) 2.4 ± 1.0 2.0 ± 0.9 1.8 ± 1.0

4 (postculling) – 7 5.9 ± 1.0 5.7 ± 1.3 4.8 ± 1.4**

7 – 14 17.4 ± 1.4 17.8 ± 1.5 16.2 ± 2.5*

14 – 21 18.1 ± 2.5 17.4 ± 2.4 17.6 ± 2.2

* significantly different from control: p < 0.05 
** significantly different from control: p < 0.01

The NOAEL for parental toxicity was 0.1 mg/kg bw/day based on decreased body weight gain and food 
consumption in the F0 generation. The NOAEL for reproductive toxicity was 0.4 mg/kg bw/day based on increased 
numbers of dams with all pups dying on PNDs 1–4. The NOAEL for offspring toxicity was 0.1 mg/kg bw/day based 
on significant decreases in pup weight and weight gain during lactation.

Serum levels of PFOS measured in this study are presented in Table 9.

Table 9: Maternal serum PFOS concentrations measured by Luebker et al. (2005b)

Serum levels of PFOS (µg/mL) in pregnant female Crl:CD®(SD)IGS VAF/Plus® rats dosed by oral gavage from  
42-days prior to mating up to day of sampling

Day Oral K+PFOS concentration (mg/kg bw/day)

0 0.1 0.4 1.6 3.2

Dams

GD 1 ND 8.90 ± 1.10 (16) 40.7 ± 4.46(16) 160 ± 12.5(16) 318 ± 21.1 (16)

GD 7 ND 7.83 ± 1.11 (15) 40.9 ± 5.89 (14) 154 ± 14.0 (12) 306 ± 32.1 (14)

GD 15 ND 8.81 ± 1.47 (15) 41.4 ± 4.80 (14) 156 ± 25.9 (12) 275 ± 26.7 (14)

GD 21 ND 4.52 ± 1.15 (7) 26.2 ± 16.1 (6) 136 ± 86.5 (4) 155 ± 39.3 (6)

Data presented as mean ±standard deviation (sample size)
GD Gestational day
Limit of quantification = 0.004 µg/mL
Values compiled from Luebker et al. 2005b

Given the significant mortality seen at the two highest doses, a cross-fostering study was conducted to investigate 
the potential roles of in utero versus lactational exposure to PFOS, as well as altered maternal care. Female rats were 
administered 0.0 or 1.6 mg/kg bw/day PFOS, starting 42 days prior to mating with untreated males and continuing 
through gestation until PND 21.Twenty-five dams and litters per dose group were assigned to cross-fostering. 
Upon delivery, F1 litters were not allowed to be nursed by their natural dams but were immediately cross-fostered 
to other dams. On PND 4, cross-fostered litters were culled to 5/sex/litter where possible. The remaining pups were 
killed on PND 21 and the dams were killed on PND 22. Additional females not assigned to cross-fostering were used 
for biological sample collection (milk, serum and liver) and were sacrificed on PND 14. Liver and lung samples were 
collected from the first 10 control pups and first 10 treated pups not used for cross-fostering. Livers were examined 
for numbers of peroxisomes in hepatocytes and lungs were assessed for potential effects on lamellar bodies within 
type II cells and lung surfactant lining the alveoli.



2 HAZARD ASSESSMENT PFOS

HAZARD ASSESSMENT REPORT – PERFLUOROOCTANE SULFONATE (PFOS), PERFLUOROOCTANOIC ACID 
(PFOA), PERFLUOROHEXANE SULFONATE (PFHxS)

26

The following cross-fostered subgroups were created:

• control litters fostered by control dams (CL/CD; negative control)
• control litters fostered by treated dams (CL/TD; postnatal exposure only)
• treated litters fostered by control dams (TL/CD; in utero exposure only)
• treated litters fostered by treated dams (TL/TD; in utero and postnatal exposure)

No mortality or adverse clinical signs were seen in dams treated with 1.6 mg/kg bw/day. Maternal body weights 
were significantly reduced in treated dams during the end of the precohabitation period and during gestation. 
Reduced body weights were also observed for treated dams during lactation but not at the end of the lactation 
period (PND 22). Significant reductions in gestation length, implantation sites per litter, total litter size and live litter 
size were observed for treated dams. Statistically significant reductions in these parameters were not observed at the 
1.6 mg/kg bw/day dose group in the two-generation study, although they were seen at 3.2 mg/kg bw/day.

Pup mortality was highest in the treated litters fostered by treated dams (group TL/TD) and 19.2% of pups died 
during the first four days of lactation. An apparent increase in pup mortality was also seen in treated pups fostered 
by control dams (TL/CD; 9.0%) compared with the CL/CD group (1.6%), although this did not reach statistical 
significance. No increase in pup mortality was seen in untreated pups fostered by treated dams (CL/TD; 1.1%).

Significant reductions in mean pup body weight relative to the control group (CL/CD) were seen from PND 1 in all 
pups born to treated dams regardless of lactational exposure to PFOS and these reductions persisted throughout 
the study. Reduced body weight compared with controls was also seen in the lactation-only exposure group (CL/TD) 
from PND 7 onwards. Mean litter weight gains were significantly reduced compared to controls in the CL/TD, TL/CD 
and TL/TD groups at all time periods during lactation, with the exception of PNDs 7 – 14. The greatest reduction in 
body weight and body weight gain was seen in the group exposed during both gestation and lactation (TL/TD).

Electron microscopy of liver samples showed an approximately 2-fold, statistically significant increase in the mean 
number of peroxisomes in the hepatocytes of treated pups compared with controls. Subjective evaluation indicated 
that glycogen stores might have been increased in livers of treated pups compared with controls. No significant 
differences in pup lung histopathology were observed between control and treated pups.

The cross-fostering study results indicate that neonatal toxicity is primarily caused by in utero exposure to PFOS, 
while postnatal exposure via maternal milk together with in utero exposure also appears to contribute. Postnatal 
exposure alone had no impact on pup survival, but did result in reductions in body weight and body weight gain.

Luebker et al. 2005a
As a follow-up to the two-generation study discussed above, the dose-response curve for neonatal mortality in rat 
pups born to PFOS exposed dams was investigated in a companion study (Luebker et al. 2005a). Biochemical and 
pharmacokinetic parameters potentially related to the aetiology of the effects seen in neonatal pups were also assessed.

Female Crl:CD (SD)IGS VAF Plus rats were treated with 0.0, 0.4, 0.8, 1.0, 1.2, 1.6 and 2.0 mg/kg bw/day PFOS 
potassium salt by oral gavage. Females were dosed for 42 days prior to mating with untreated males of the same 
strain. Dosing continued through the mating interval (maximum 14 days) until GD 20 for dams assigned to caesarean 
section (eight in each of the control, 1.6 and 2.0 mg/kg bw/day groups). Dams assigned to natural delivery 
(nominally 20 per dose group) were exposed until PND 4. Dams in the caesarean section groups were sacrificed on 
GD 21, while dams and pups in the natural delivery groups were sacrificed on PND 5.

Dams in the caesarean section group were examined for pregnancy, implantation sites, live/dead fetuses and early/
late resorptions. Pooled fetal body weights were also assessed. Reproductive and fetal parameters were assessed 
in the groups assigned to natural delivery. Biochemical parameters investigated in dams and litters included serum 
lipids, glucose, melavonic acid lactone and thyroid hormones, milk cholesterol and liver lipids and glycogen. 
Mevalonic acid lactone was assessed as it is a marker of 3-hydroxy-3-methylglutaryl coenzyme A (HMG-CoA) 
reductase activity. HMG-CoA reductase converts HMG-CoA to mevalonic acid, which is the rate limiting step in 
cholesterol synthesis. Some inhibitors of this enzyme are known to cause developmental effect in rats. Effects on 
blood glucose and liver glycogen levels were assessed based on a previous observation of a possible increase in liver 
glycogen stores in rat pups born to rats treated with PFOS at 1.6 mg/kg bw/day (Luebker et al. 2005b). Liver malic 
enzyme activity, a marker for thyroid hormone response, was also assessed.
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No mortality occurred in PFOS treated dams and no effects on mating or fertility were observed. In the dams that 
underwent caesarean sections, no effects on reproductive parameters (corpora lutea, implantations, live/dead 
fetuses, resorptions, pooled fetal body weights and sex ratio) were observed. Overall, maternal body weights 
were slightly but statistically significantly reduced compared with controls in the 1.6 and 2.0 mg/kg bw/day dose 
groups during gestation (5% and 7% of controls respectively) and in the 2.0 mg/kg bw/day group during lactation 
(approximately 89% of control on PND 5). Mean body weight gains were significantly reduced at 2.0 mg/kg bw/day 
during the premating phase and at doses of 0.8 mg/kg bw/day and higher during lactation. The effect on body 
weight gain during lactation was dose-dependent with an overall negative body weight gain (i.e. loss of weight) at 
the highest dose. No apparent weight gain effects were observed during gestation. There was a general trend for 
decreased feed consumption with increasing dose during premating, gestation and lactation. In natural delivery 
dose group dams, relative liver weights (to body weight) at terminal sacrifice were significantly increased (10%, 
17% and 12% in the 0.8, 1.2 and 2.0 mg/kg bw/day dose groups, respectively). These changes were considered 
to be reflective of the slight decreases in terminal body weights and/or slight increases in liver weight, and are not 
considered to be toxicologically significant.

Among the dams allowed to deliver, the average number of implantation sites, gestation index and number of live 
births were similar in control and treatment groups. Gestation length was significantly decreased in a dose-dependent 
manner at doses of 0.8 mg/kg bw/day and higher (data shown graphically). The viability index compared with 
controls began to decrease at 0.8 mg/kg bw/day (93.1% compared with 97.3% in controls) and was statistically 
significant at 1.6 and 2.0 mg/kg bw/day (49.3% and 17.1% respectively). The number of dams with all pups dying 
was increased at 1.6 and 2.0 mg/kg bw/day (4 and 14 respectively) with statistical significance reached at 2.0 mg/kg 
bw/day. The control incidence of this parameter, as well as the historical control incidence provided by the performing 
laboratory, was 0.

Mean pup birth weights per litter were significantly decreased in all PFOS treated groups compared with controls, 
as were mean pup weights per litter on PND 5 and mean pup weight gains per litter to PND 5.

The mean per cent of pups per litter surviving to PND 5 was reduced in a dose-dependent manner with statistical 
significance attained in the 1.6 and 2.0 mg/kg bw/day maternal dose groups.

Data from the pharmacokinetic analysis indicated a linear proportionality of mean serum PFOS concentrations 
to maternal dose prior to mating and through the first part of gestation. However, at GD 21, mean serum PFOS 
concentrations were notably reduced from values measured earlier in gestation. Transfer of PFOS from dams to 
fetuses in utero was confirmed.

In the animals sacrificed on GD 20, decreased cholesterol was seen in the liver of dams exposed to 1.6 or 2.0 mg/kg 
bw/day compared with controls, while increased serum cholesterol and low density lipoproteins were seen in fetuses. 
There was no clear dose-response however. Among the animals maintained until PND 5, maternal serum cholesterol 
levels were significantly reduced in all treatment groups, but again without a clear dose-response. No other effects on 
serum, liver or milk cholesterol or serum lipoproteins were observed in dams or pups on PND 5. Plasma mevalonic 
acid lactone, measured as a marker of HMG-CoA reductase activity, was not significantly affected by treatment at GD 
21 or PND 5.

No effects on serum glucose and triglyceride levels, or liver triglyceride levels, were seen in dams or fetuses 
sacrificed on GD 21. On PND 5, maternal serum triglycerides were decreased and serum glucose increased in a 
dose dependent manner, with statistical significance at 1.6 and 2.0 mg/kg bw/day for triglycerides and at 2.0 mg/kg 
bw/day for glucose. Dam liver triglycerides were dose dependently increased, with statistical significance at the two 
highest doses. In pups, serum glucose and triglycerides were unchanged while liver triglycerides were significantly 
decreased at doses ≥ 1.0 mg/kg bw/day. No significant differences in glycogen levels were seen in pup livers 
collected from the 0.0, 0.4, 1.6 and 2.0 mg/kg bw/day groups on PND 5. Overall, these findings do not suggest that 
glycogen utilisation was impaired in PFOS treated pups.

Statistically significant reductions in total T3 (at ≥ 1.2 mg/kg bw/day) and total T4 (at ≥ 0.4 mg/kg bw/day) were seen 
in PFOS treated dams. In pups from treated dams, significant reductions in total T4 down to levels below the limit of 
detection were observed in all treated groups, with no change in total T3. However, a negative bias was suspected in 
the measurement of free T3 and free T4 by the radioimmunoassay methods used due to disturbances in equilibration 
of free and bound hormone. Therefore follow-up analyses of free T3 and free T4 were made using reference methods 
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in selected groups, as well as use of an alternative chemiluminometric method for total T3 and total T4. TSH levels 
were also assessed.

Follow-up analysis of maternal serum found no effect of PFOS on free T4 levels and TSH levels were also unchanged. 
In pups, analysis using the chemiluminometric method found a statistically significant reduction in total T3 in the 
1.0 mg/kg bw/day group, the highest dose group that was retested. No effect on free T3 was observed at this 
dose using the reference method, and no effect on free T4 was observed based on analysis of a limited number of 
samples from the control and 0.4 mg/kg bw/day groups. TSH levels were generally unchanged: TSH was slightly 
elevated serum from pups in the 1.6 mg/kg maternal dose group with statistical significance in the reanalysis, 
but the magnitude of the increase (1.45 ± 0.34 ng/mL versus 1.02 ± 0.17 ng/mL in controls) did not suggest a 
hypothyroid state.

Liver malic enzyme activity, a marker for thyroid hormone response, did not show significant differences between 
control and PFOS treated samples obtained from dams and pups in the 0.0, 0.4, 1.6 and 2.0 mg/kg bw/day dose 
groups on PND 5. No microscopic changes were observed in hearts and thyroids collected from one male and one 
female pup in the 2.0 mg/kg bw/day maternal dose group as compared to controls. Overall, the results of this study 
do not suggest that PFOS exposure in utero and via lactation induces a hypothyroid state in pups.

The NOAEL for maternal toxicity was 0.4 mg/kg bw/day based on decreased body weight gain at 0.8 mg/kg bw/
day. The NOAEL for reproductive toxicity was 0.4 mg/kg bw/day based on reduced gestation length at higher doses. 
The LOAEL for offspring toxicity was 0.4 mg/kg bw/day (based on decreased body weight and body weight gain). 
A NOAEL for offspring toxicity was not identified.

Developmental effects

Mice

Thibodeaux et al. 2003 and Lau et al. 2003
Pregnant CD-1 mice (20 – 29 per group) were administered PFOS potassium salt by oral gavage from GD 1 to GD 
17, at doses of 0, 1, 5, 10, 15 and 20 mg/kg bw/day (Thibodeaux et al. 2003). Maternal weight gain and food and 
water consumption were monitored throughout gestation. Some mice (number not specified) were sacrificed on GDs 
6 and 12 with the remaining dams sacrificed on GD 18. Blood samples were collected at sacrifice for serum PFOS, 
serum chemistry and thyroid hormone analysis. At sacrifice, the gravid uterus was removed and individual live fetuses 
were weighed and prepared for teratological evaluation.

Maternal serum and liver PFOS concentrations increased with dose with saturation appearing to occur at the two 
highest doses (data were presented graphically).

Maternal body weight gain was significantly decreased at 20 mg/kg bw/day compared with controls. Food and water 
consumption were not significantly affected by treatment. Maternal liver weights (absolute and relative to body weight) 
were significantly increased compared with controls at doses ≥ 5 mg/kg bw/day. Maternal serum triglycerides were 
significantly reduced at doses ≥ 5 mg/kg bw/day. Serum cholesterol was significantly decreased at the highest dose 
only. Serum T4 levels were decreased in a dose-dependent manner on GD 6 with statistical significance achieved at 
the highest dose, but T4 levels were no longer significantly different from controls during the last week of pregnancy. 
Levels of T3 and TSH were not affected by treatment.

A significant increase in postimplantation loss was seen at 20 mg/kg bw/day compared with controls (89.1 ± 5.5 % 
live fetuses versus 97.9 ± 1.0 % respectively). Significantly reduced pup body weights were seen in 10 mg/kg bw and 
15 mg/kg bw pups, but pup body weights were not affected at 20 mg/kg bw/day. The incidence of sternal defects 
was significantly increased compared with controls at doses ≥ 5 mg/kg bw/day, an increased incidence of enlarged 
right atrium and ventricular septal defects was seen at ≥ 10 mg/kg bw/day, and an increased incidence of cleft palate 
was seen at ≥ 15 mg/kg bw/day. The sternal defects were considered to be indications of delayed development.

The maternal NOAEL in this study was 1 mg/kg bw/day, based on the increased liver weight and reduced serum 
triglyceride levels seen at 5 mg/kg bw/day. The maternal serum PFOS concentration at the NOAEL, measured on GD 
18, was 9 µg/mL. The NOAEL for embryo and fetal toxicity was 1 mg/kg bw/day based on an increase in fetal sternal 
effects at 5 mg/kg bw/day.
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Lau et al. (2003) conducted a companion study to the Thibodeaux et al. (2003) study, to assess the postnatal effects 
of in utero PFOS exposure. PFOS potassium salt was administered by oral gavage to pregnant CD-1 mice at doses 
of 0, 1, 5, 10, 15 and 20 mg/kg bw/day from GDs 1 to 17. Time of parturition for each animal, number of live pups 
and the condition of the newborn pups was assessed. The following day was designated PND 1. Age at eye-opening 
was tracked from PND 12 and all pups were weaned on PND 21. In a separate study pregnant mice were given 
PFOS as described above. Pups of both genders were sacrificed within 2-4 hours of birth and on PNDs 3, 7, 14, 21, 
28 and 35, and liver and blood samples were taken for weight and thyroid hormone analysis, respectively.

Prenatal PFOS exposure reduced the postnatal survival of mice in a dose-dependent manner. Most offspring from 
dams administered 15 or 20 mg/kg bw/day did not survive for 24 hours after birth, while 50% mortality was seen 
at 10 mg/kg bw/day. Survival of pups from the 1 and 5 mg/kg bw/day dams was similar to controls. Relative liver 
weights were significantly increased compared to controls in a dose-dependent manner at doses ≥ 5 mg/kg bw/
day. No significant effects of PFOS treatment on serum T4 levels were found. A significant delay in eye-opening was 
detected in PFOS exposed offspring (PND 14.8 ± 0.1 in controls versus 15.1 ± 0.1, 15.5 ± 0.1 and 15.6 ± 0.1 at 1, 
5 and 10 mg/kg bw/day respectively). Lau et al. do not specify at which doses the delay was statistically significant, 
but the US EPA (2016) reported that the delay was significant at ≥ 5 mg/kg bw/day.

The NOAEL for offspring toxicity is 1 mg/kg bw/day, based on increased liver weights and delays in eye-opening at 
5 mg/kg bw/day. The maternal serum PFOS concentration at this dose, measured on GD 18, was 9 µg/mL.

Serum PFOS concentrations in the mouse dams were only presented in graphical form in the published study paper. 
However, numerical values were reported in Lau et al. (2007) and are presented in Table 10.

Table 10: Maternal serum PFOS concentrations measured by Lau et al. 2003 and Thibodeaux et al. (2003)

Serum levels of PFOS (µg/mL) in pregnant CD-1 mouse Dams after oral gavage administration  
from GD 1 to GD 17 

Day

Oral K+PFOS concentration (mg/kg bw/day)

1 5 10 15 20

GD 18 – Termination

Dams1 9 50 179 241 261

GD Gestation Day; Sample size and standard deviation data not available; No control values provided
1 Taken from Lau et al. 2007

Rats

Thibodeaux et al. 2003 and Lau et al. 2003
PFOS potassium salt was administered by oral gavage to groups of 9-16 pregnant Sprague Dawley rats on GD 2 to 
20 (Thibodeaux et al. 2003). The doses were 0, 1, 2, 3, 5 and 10 mg/kg bw/day. Maternal body weights and food 
consumption were monitored, and blood samples were obtained on GDs 7 and 14 as well as at termination for PFOS 
and serum chemistry analysis. Rats were euthanised on GD 21, the gravid uterus was removed and individual live 
fetuses weighed and prepared for teratological evaluation. PFOS levels were determined in the maternal and fetal 
livers. An additional group of adult female non-pregnant rats (6-8 per group) were given PFOS at 0, 3 or 5 mg/kg bw/
day for 20 days. Blood samples were taken at 3, 7 and 14 days after the start of PFOS exposure, and at termination.

PFOS significantly reduced maternal body weight gain at doses of 2 mg/kg bw/day and higher. Both the size and the 
time of onset of this effect was dose-dependent, with a significant weight deficit first seen on GDs 12, 7, 5 and 3 with 
doses of 2, 3, 5 and 10 mg/kg bw/day, respectively. Significant reductions in daily food and water consumption were 
observed in rats administered 5 and 10 mg/kg bw/day.

Serum PFOS concentrations increased in proportion to dose, but the level in all groups fell towards the end of 
pregnancy. Maternal liver concentrations were approximately 4 times higher than serum levels at each dose, and fetal 
livers contained approximately half as much PFOS as their maternal counterparts. PFOS concentration data were 
only presented graphically, however, measured serum concentrations (timepoint not specified) were provided by the 
study authors to the US EPA.
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Maternal liver weights were not affected in the treated rats: a significant increase in relative liver weight was seen 
in the high dose group, but this was most likely due to the marked body weight reduction in these animals. 
Significant reductions in serum cholesterol (77.5 ± 4.0 mg/dl versus 90.6 ± 5.2 mg/dl) and triglycerides (337 ± 44 
versus 510 ± 44) were seen in the high dose group compared with controls. Significant reductions in serum total and 
free T4, and to a lesser extent T3, were seen in all treated rats compared with controls. However, no feedback effect 
on TSH was observed. In non-pregnant female rats, serum T4 and T3 levels were reduced by treatment with 3 and 
5 mg/kg bw/day. TSH responses in non-pregnant rats were variable. At 3 mg/kg bw/day, TSH levels were increased 
after 7 days of PFOS treatment. This increase was maintained for a further week although it was no longer statistically 
different from controls, and no effect was seen after 20 days of treatment. In contrast, serum TSH levels were slightly 
reduced in the 5 mg/kg bw/day group after 3 and 7 days of treatment, but these changes were also absent after 
20 days of treatment. Thyroid weights or histopathology were not assessed in this study.

The number of live fetuses and postimplantation loss were not adversely affected by PFOS treatment. A significant 
reduction in fetal weight was observed at 10 mg/kg bw/day. Significant increases in cleft palate, defective sternebrae, 
anasarca, enlargement of the right atrium, ventricular septal defects were observed. These effects were primarily seen 
at 10 mg/kg bw/day, although increased incidences of enlarged right atrium and ventricular septal defects were seen 
at 5 and 10 mg/kg bw/day, while an increased incidence of anasarca was seen at ≥ 3 mg/kg bw/day.

The maternal NOAEL for this study is 1 mg/kg bw/day based on findings of reduced maternal body weight gain at 
2 mg/kg bw/day. Measured maternal serum concentrations provided to the US EPA by the study authors for these 
doses (timepoint not specified) are 19.69 µg/mL at the NOAEL and 44.33 µg/mL at the LOAEL. The NOAEL for 
embryo and fetal toxicity was 1 mg/kg bw/day based on an increased incidence of body weight effects, anasarca 
and cleft palate at higher doses.

A companion study to the Thibodeaux et al. (2003) study was conducted in order to assess the postnatal effects 
of in utero exposure to PFOS (Lau et al. 2003). Sprague Dawley rats were administered PFOS potassium salt by 
oral gavage at doses of 0, 1, 2, 3, 5 or 10 mg/kg bw/day on GDs 2 to 21. On GD 22, rats were monitored and 
time of parturition, number of live offspring and condition of the newborns were recorded. The following day was 
designated as PND 1. All pups were weaned on PND 21 and separated by gender, and developmental landmarks 
were monitored.

Additional groups of pregnant rats were treated with PFOS at 0, 1, 2, 3 or 5 mg/kg bw/day as described above. 
Four pups from each litter were sacrificed within 2 – 4 hours after birth and blood and liver samples were taken for 
PFOS and thyroid hormone analysis. The remaining pups were maintained in the study and one from each litter was 
sacrificed on PNDs 2, 5, 9, 15, 21, 28 and 35 and serum were collected for PFOS and thyroid hormone analysis, 
while brain tissue samples were prepared for assessment of choline acetyltransferase (ChAT) activity. At weaning, 
one pup of each sex was taken from eight control litters and eight litters in the 3 mg/kg bw groups for a T-maze 
delayed alternation test.

At parturition all animals were born alive and pink in colour, and appeared to be active. However, neonates in the 
10 mg/kg bw/day dose group became pale, inactive and moribund within 30 – 60 minutes and all died soon after. 
In the 5 mg/kg bw/day group, neonates also became moribund and over 95% of these animals did not survive the 
first day of neonatal life. Fetal mortality was around 50% at 3 mg/kg bw/day, and a significant increase in mortality 
was also observed at 2 mg/kg bw/day. A significant difference in mortality was not seen in pups from dams 
administered 1 mg/kg bw/day compared with controls.

Serum PFOS concentrations at birth increased with dose, but the relationship was not linear, especially at the highest 
dose (data were presented graphically). At PND 5, the serum PFOS level of all surviving treatment groups was lower 
than the level at birth. PFOS was also found in the liver of newborn rats, however, in contrast to the findings with the 
dams (Thibodeaux et al. 2003), liver PFOS levels were similar to those found in serum.

Pup body weights at birth were significantly lower than control at 2 mg/kg bw/day and above, and the effect 
persisted in surviving animals over several days (past weaning at 5 mg/kg bw/day). No difference in neonate liver 
weights were seen. A significant delay in eye-opening was seen at 2 mg/kg bw/day and higher, but no significant 
delays in onset of puberty were observed. Total T4 and free T4 serum concentrations were significantly decreased 
compared with controls at doses of 2 mg/kg bw/day and above. Total T4 levels appeared to have recovered by 
weaning but free T4 levels remained lower than controls. No significant changes in serum T3 or TSH were observed. 



2 HAZARD ASSESSMENT PFOS

HAZARD ASSESSMENT REPORT – PERFLUOROOCTANE SULFONATE (PFOS), PERFLUOROOCTANOIC ACID 
(PFOA), PERFLUOROHEXANE SULFONATE (PFHxS)

31

ChAT activity, an enzyme sensitive to thyroid status, was reduced in the prefrontal cortex of neonatal rats in the 
3 mg/kg bw/day dose group (the only group tested) compared with controls. ChAT activity in the hippocampus was 
not affected by treatment. T-maze testing of controls and the 3 mg/kg bw/day group pups did not find any difference 
in learning and memory.

Because of the high number of fetal deaths, a follow-up cross-fostering study was conducted using newborns from 
the 5 mg/kg bw/day PFOS dose group. Ten control and 10 PFOS exposed litters were subdivided evenly into four 
groups: (1) control pups remaining with their dams; (2) PFOS exposed pups remaining with their dams; (3) PFOS 
exposed pups transferred to control dams; and (4) control pups transferred to PFOS treated dams. Survival was 
monitored for three days. Cross-fostering of PFOS exposed pups to control nursing dams did not improve survival of 
the neonates. All control pups fostered by PFOS treated dams survived for the duration of the study.

Taking together the findings in the two studies, the NOAEL based on embryo and fetal toxicity is 1 mg/kg bw/day, 
with reduced pup survival, decreased body weight and a significant delay in eye-opening seen at 2 mg/kg bw/day.

Serum PFOS concentrations in the rat dams were only presented in graphical form in the published study paper. 
However, values were provided to the US EPA by the study authors and are presented in Table 11.

Table 11: Maternal serum PFOS concentrations measured by Lau et al. 2003 and Thibodeaux et al. (2003)

Serum levels of PFOS (µg/mL) in pregnant Sprague Dawley rat dams after oral gavage administration  
from GD 2 to GD 21

Day

Ora K+ PFOS concentration (mg/kg bw/day)

1 2 3 5 10

GD 22 – Termination

Dams1 19.69 44.33 70.62 79.39 189.4

GD Gestation Day; Sample size and standard deviation data not available; No control values provided
Graphical data for GD 7 and 14 presented in Thibodeaux but no numerical values; therefore no values presented here – values for all treated groups 
increased from GD 7 to 21, indicating the earliest point of steady-state would be GD 21 (can’t be confirmed as GD 21 was a terminal sample)
1 Taken from US EPA PFOS Human Health Effects Support Document (US EPA 2016)

Rabbits

Case et al. 2001
Mated New Zealand White female rabbits (22/dose group) were administered PFOS by oral gavage at doses of 0, 
0.1, 1.0, 2.5 and 3.75 mg/kg bw/day on GDs 7 – 20. These levels were selected based on the results of a preliminary 
dose range finding study. Clinical signs, body weight and feed consumption were monitored daily. On GD 29 the 
maternal animals were killed and gross necropsy was performed. The uteri of apparently non-pregnant females were 
examined for evidence of implantation sites. The number of corpora lutea in each ovary was recorded, as well as the 
number of live and dead fetuses and early and late resorptions. Fetuses were weighed and examined.

There were no treatment-related maternal deaths. Maternal body weight gains on GDs 7 – 21 were significantly 
lower than controls at doses ≥ 1.0 mg/kg bw/day. Reduced feed consumption was seen in the maternal animals 
administered 2.5 and 3.75 mg/kg bw/day.

Abortions occured in one doe administered PFOS at 2.5 mg/kg bw/day (GD 25) and 10 does administered 
3.75 mg/kg bw/day between GDs 22 and 28. Significantly reduced fetal weights were seen at 2.5 and 3.75 mg/kg 
bw/day, as well as some reversible delays in ossification of the sternebrae, hyoid, metacarpal and pubic bones. 
These delays are considered to be a consequence of the reduced fetal body weights at these doses and are not 
considered to be teratogenic changes. No other compound related fetal alterations were found.

The maternal NOAEL in this study was 0.1 mg/kg bw/day based on reduced body weight gain at the LOAEL of 
1.0 mg/kg bw/day. The NOAEL for embryo and fetal toxicity was 1 mg/kg bw/day based on reduced fetal body 
weights and abortions seen at the LOAEL of 2.5 mg/kg bw/day.
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Special reproductive and developmental toxicity studies

Developmental neurotoxicity

Butenhoff et al. 2009/Chang et al. 2009
Mated female Sprague Dawley (Crl:CD (SD)) rats (25 per group) were administered PFOS potassium salt at 0, 0.1, 
0.3 and 1.0 mg/kg bw/day by oral gavage. An additional 10 mated females per group were assigned as satellites 
used to collect blood and tissue samples for evaluation of pharmacokinetic, thyroid hormone and morphology and 
hepatic gene expression endpoints on GD 20. Animals in the main study phase were dosed from GD 0 to PND 20, 
while rats used in the satellite study were dosed from GD 0 to GD 19. All satellite dams and their fetuses, and main 
study phase dams, were euthanised on GD 20 and PND 21, respectively.

All maternal rats were monitored twice daily for moribundity and mortality and main study rats were monitored daily 
for signs of toxicity approximately 1 hour after dosing. Each litter was observed daily for survival and changes in 
appearance or behaviour, including nursing habit, until termination on PND 72. Pups were randomly selected and 
assigned to one of two subsets. Subset A consisted of 20 pups/sex/group (1 rat/sex/litter from 20 litters/group) and 
these animals underwent a functional observation battery (FOB), acoustic startle response, locomotor activity and 
learning and memory. Subset B consisted of 15 pups/sex/group (1 rat/sex/litter from 15 litters/group); these animals 
were used for brain weight evaluations on PND 21. Rats not included in either subset were necropsied on PND 21.

Maternal rats administered 1.0 mg/kg bw/day had statistically significant lower body weights than controls on PND 
21 (365 ± 23 g in controls versus 351 ± 17 g at 100 mg/kg bw/day). However, the effect was slight and there were 
no significant effects on maternal body weight gain from GD 0 – 20 or from PND 1 to PND 21. Dams in the high 
dose group also had transiently lower food consumption during GD 6 – 12 resulting in a significantly lower absolute 
food consumption value at this dose for the entire gestation period compared with controls (25 ± 2 g/rat/day in 
controls versus 23 ± 1 g/rat/day at 1.0 mg/kg bw/day). Again the effect was marginal and both these findings are not 
considered to be adverse.

No treatment-related effects were observed on pregnancy rates, implantation sites, number of pups born, 
birth weight, sex ratio and postnatal survival. Mean ages at vaginal patency and balanopreputial separation were also 
unaffected by treatment with PFOS.

No PFOS-related effects were observed for male or female rats during FOB assessments on PND 4, 11, 21, 35, 
45 and 60. Although a significant decrease in hindlimb grip strength was noted in the 1.0 mg/kg bw/day maternal 
dose group males (66.7 g) when compared to the control group (79.8 g) on PND 21, the mean value in the 
1.0 mg/kg bw/day group was within the mean value for the laboratory’s historical control data, which was 70 ± 26 g. 
Therefore this finding was not attributed to maternal PFOS exposure.

Assessments of locomotor activity generally found no effect of PFOS exposure, however, males in the 1.0 mg/kg 
bw/day dose group had a statistically significant increased locomotor activity accompanied by slightly increased 
ambulatory activity on PND 17, but not on PNDs 13, 21 and 61. The increased locomotor activity in males in this 
dose group was accompanied by a lack of habituation to the test environment and was therefore considered by the 
study authors to be treatment-related. A statistically significant increase in total and accumulative activity was also 
noted in males in the 0.3 mg/kg bw/day dose group on PND 17 and in females in the 1.0 mg/kg bw/day group on 
PND 21. The increased activity in these groups was not accompanied by an effect on habituation and these findings 
were not considered to be treatment-related.

No effects on auditory startle responsiveness or performance in Biel maze swimming learning and memory trials 
were observed. Mean absolute and relative brain weights, brain length and width were similar in control and treated 
animals. No gross findings related to treatment were observed in the brain or spinal cord.

The NOAEL for maternal toxicity and developmental neurotoxicity was 1.0 mg/kg bw/day, the highest dose tested. 
Although increased motor activity and failure to habituate was seen in male rats at 1.0 mg/kg bw/day on PND 17, 
this finding was not observed in this group at three other time points before and after PND 17 and therefore is 
not considered to be clearly treatment-related. Mean serum PFOS concentrations on GD 20 at the NOAEL were 
26.6 and 31.5 µg/mL in dams and fetuses, respectively.

In a companion study, concentrations of PFOS in samples of serum, liver and brain taken during the developmental 
neurotoxicity study were assessed (Chang et al. 2009). Assessments of thyroid hormone status and hepatic 
expression of genes associated with liver hypertrophic modes of action, thyroid hormone and cholesterol metabolism 
and liver cell proliferation were also conducted.
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PFOS concentrations in maternal rat serum, liver and brain from GD 20 through to PND 21 correlated well with 
the administered doses. Maternal liver-to-serum PFOS concentration ratios ranged from 1.8 to 4.9, while the 
corresponding maternal brain-to-serum ratios ranged from 0.04 to 0.09. PFOS concentrations in fetal and pup 
serum, liver and brain from GD 20 to PND 72 also correlated well with the daily litter matched maternal doses. 
Mean fetal serum PFOS concentrations were higher than those of dams on GD 20. As with maternal rats, liver PFOS 
concentrations were higher than the respective serum PFOS concentrations, and brain PFOS concentrations were 
lower than time-matched serum concentrations. No sex difference in serum, liver or brain PFOS concentrations was 
apparent in offspring up to PND 21. On PND 72, however, female offspring had higher serum PFOS concentrations 
than males in the same treatment groups. Liver PFOS concentrations remained comparable between male and 
female offspring on PND 72. Serum PFOS concentrations are shown in Table 12.

Mean serum TSH levels of PFOS treated maternal rats and offspring were not significantly different from controls. 
Histopathological evaluation of thyroids taken from the high dose group on GD 20 and PNDs 4 and 21 found no 
treatment-related changes, including no effect on the number of follicles present and the distribution of follicle sizes. 
Morphometric assessment of mean thyroid follicular colloid area found no treatment-related alterations in the high dose 
group on PND 4 and PND 21. Follicular epithelial cell height was similar in all groups on PND 4. Mean thyroid follicular 
epithelial cell height from high dose males on PND 21 was significantly higher than controls, but this was suspected 
to be unrelated to treatment due to an unusually low value in the male control group compared to female controls and 
the laboratory’s historical control values (historical data not provided in the study report). No significant differences in 
thyroid follicular epithelial cell proliferation were seen between controls and high dose males in thyroids taken on GD 20. 
The mean number of proliferating thyroid follicular cells from female fetal thyroids from the high dose group was 2.1-fold 
higher than the control group and was statistically significant. However, the toxicological significance of this finding is 
unclear as the range of values in female control thyroids was quite wide compared to the high dose females, and the 
highest individual counts were similar in both groups (4 – 113 in controls, 64 – 116 in high dose females).

Table 12: Serum PFOS concentrations measured in dams, fetuses and pups from the study by Butenhoff et al. (2009)

Serum levels of PFOS (µg/mL) for pregnant Sprague Dawley rat dams/fetuses/pups after oral gavage  
administration during the period GD 0 to PND 20 

Oral K+PFOS concentrations (mg/kg bw/day)

0 0.1 0.3 1.0

Dams

GD 201 <LOQ 1.722± 0.068 6.245 ± 0.901 26.630 ± 3.943

PND 4 0.008± 0.000 3.307 ± 0.080 10.449 ± 0.234 34.320 ± 31.154

PND 21 0.007± 0.000 3.159 ± 0.081 8.981 ± 0.275 30.480 ± 1.294

Fetuses

GD 202 0.009± 0.001 3.906 ± 0.096 10.446 ± 0.291 31.463 ± 1.032

Pups

PND 42 <LOQ 2.236 ± 0.070 6.960 ± 0.163 22.440 ± 0.723

M pup F pup M pup F pup M pup F pup M pup F pup

PND 21 <LOQ <LOQ 1.729 ± 0.079 1.771 ± 0.076 5.048 ± 0.108 5.246 ± 0.138 18.611 ± 1.011 18.010 ± 0.744

PND 72 <LOQ <LOQ 0.042 ± 0.004 0.207± 0.042 0.120 ± 0.009 0.556± 0.062 0.560 ± 0.105 1.993 ± 0.293

Blood sampling method not provided
GD Gestation Day
PND Postnatal Day
M male
F Female
1 Dosed from GD0 to PND19 and sampled (terminal) at GD 20
2 Samples pooled by litter
Data presented as mean ± standard deviation
Sample size not provided in original paper table.
Values taken from Chang et al. 2009 (companion paper to Butenhoff et al. 2009)
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Compared with controls, hepatic Cyp2b2 mRNA levels were increased (2.8-fold) in the dams administered 1 mg/kg 
bw/day on GD 20 and in their male pups on PND 21 (1.8-fold). Increased expression of Cyp4a1 and acyl CoA (ACoA) 
(2.1-fold and 1.5-fold respectively) and decreased Cyp7a1 (3.5-fold) was also seen in male pups in the high dose 
group on PND 21.These findings were taken to suggest induction of hepatic CAR as well as PPARα. Transcripts with 
a potential relationship to thyroid status were unaffected in dams and offspring following maternal treatment 
with PFOS.

Special toxicity studies

Immunotoxicity

The US EPA considered a number of immunotoxicity studies with PFOS when considering the appropriate endpoints 
to be used in establishing a RfD. It was noted that three of four studies in experimental animals found immune effects 
at the same dose that caused increased liver weights. Effects at a very low dose were found in a 28 day study in 
mice (Peden-Adams et al. 2008) but these findings are not supported by a higher LOAEL and NOAEL in another 
study in which mice were exposed to PFOS for 60 days (Dong et al. 2009). The US EPA concluded that the lack of 
low dose confirmation of effects in animals for the short duration study precludes the use of these immunotoxicity 
data in setting the RfD. The Swedish EPA established a DNEL for immunotoxicity based on the NOAEL from the 
study by Peden-Adams et al. 2008. The studies by Peden-Adams et al. and Dong et al. are summarised below, 
and a more extensive review of the literature regarding potential immunomodulating effects of PFOS can be found in 
Drew and Hagan (2016). This review also concluded that there are marked differences between studies with respect 
to the exposures necessary to cause such effects, and the quantitative aspects of pivotal studies have not been 
confirmed in independent investigations. As such, it was considered inappropriate for potential modulation of the 
immune system by PFOS to be quantitatively incorporated into human health risk assessments for PFOS exposure at 
this time.

Peden-Adams et al. 2008
Adult B6C3F1 mice (5/sex/group) were administered PFOS by oral gavage doses of 0.0, 0.000166, 0.00166, 0.0033, 
0.0166, 0.033 and 0.166 mg/kg bw/day daily for 28 days (Peden-Adams et al. 2008). Five days prior to euthanasia, 
mice were immunised with a 25% Sheep Red Blood Cell (SRBC) suspension via intraperitoneal injection. Serum 
samples were collected at the end of the study for analysis of lysozyme activity and PFOS concentrations. Spleen, 
thymus, liver, kidney, uterus and testis were collected and weighed following euthanasia, and spleen and thymus 
samples were processed into single cell suspensions for T cell immunophenotype determinations and assessment of 
functional immune endpoints.

No mortality or clinical signs of toxicity were observed in any of the test animals. Body weight, as well as spleen, 
thymus, liver, kidney, uterus and testis weights were not affected by treatment. Cellularity and cell viability of the 
spleen and thymus were also not altered by PFOS treatment compared with controls.

No differences in lymphocyte proliferation responses to T- and B-lymphocyte mitogens were seen in treated animals 
compared with controls. Natural Killer (NK) cell activity was not affected in females, but was increased 2- to 2.5-fold 
in males at 0.0166, 0.033 and 0.166 mg/kg bw/day compared with controls. Plasma lysozyme activity was not 
affected by PFOS exposure in male mice. In females, activity was increased over controls at 0.0033 and 0.166 mg/kg 
bw/day with statistical significance, but a dose-response was not observed. Thymic T cell immunophenotypes were 
not affected by PFOS exposure in males, while in females minimal but statistically significant increases in numbers of 
thymic CD4+/CD8- cells were observed at 0.033 and 0.166 mg/kg bw/day. Splenic T cell immunophenotypes were 
significantly modulated in males at doses of ≥ 0.033 mg/kg bw/day, while in females slight alterations were observed 
at some doses, but without a clear dose-response.

SRBC-specific immunoglobulin M (IgM) production, measured by antibody plaque forming cell (PFC) assay rather 
than direct IgM measurement, was suppressed in a dose-dependent manner in both sexes following PFOS exposure, 
with males being more sensitive than females. A significant suppression of the SRBC PFC response was seen at 
doses ≥ 0.00166 mg/kg bw/day in males and at doses ≥ 0.0166 mg/kg bw/day in females. In males the response 
was decreased by 52 – 78% compared with controls, and in females by 50 – 74%. Because suppression of IgM 
production by a T cell antigen such as SRBC can be mediated by effects on T- or B-cells, a further study involving 
challenge with a T-independent antigen, trinitrophenyl (TNP) lipopolysaccharide (LPS) conjugate was conducted in 
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female mice exposed to 0.0 or 0.334 mg/kg bw/day for 21 days. TNP-LPS was administered via intravenous injection 
seven days prior to euthanasia. Serum levels of TNP-specific IgM were significantly lower (62% decrease) in PFOS 
exposed mice than controls. These findings suggest that the humoral immune effects of PFOS may be attributed to 
B-cells rather than T-cells.

The NOAEL in this study was 0.000166 mg/kg bw/day in males, based on suppression of SRBC-specific PFC 
response at the LOAEL of 0.00166 mg/kg bw/day. In females, the NOAEL was 0.0033 mg/kg bw/day based on 
reduced PFC response at the LOAEL of 0.0166 mg/kg bw/day. Serum PFOS concentrations at the NOAEL and 
LOAEL in males were 17.8 ± 4.24 and 91.5 ± 22.2 ng/g, respectively. In females, serum PFOS concentrations at the 
NOAEL and LOAEL were 123 ± 18.7 and 666 ± 108 ng/g, respectively.

Serum PFOS concentrations measured in this study are shown in Table 13.

Table 13: Serum PFOS concentrations measured by Peden-Adams et al. (2008)

Serum levels of PFOS (ng/mL) in B6C3F1 mice after oral gavage for 28 days 

Oral PFOS ion concentration (mg/kg bw/day)1

0 0.000166 0.00166 0.00331 0.0166 0.0331 0.166

Oral PFOS ion concentration (mg/kg TAD2)

0 0.00464 0.0464 0.0927 0.464 0.927 4.64

Day 29 – Termination

Male 12.1±4.64 (5) 17.8±4.24 (5) 91.5±22.1 (4) 131±15.2 (5) ND ND NR

Female 16.8±4.31 (5) ND 88.1±10.5 (5) 123±18.7 (5) 666±108 (5) ND NR

Data compiled from Peden-Adams et al. 2008
Data presented as mean ± standard deviation (sample size)
1 (Actual total administered dose (TAD) using mass of PFOS ion only/28 days) x1000
2  Targeted TAD over 28 days. Dose concentrations were made by weighing the potassium salt of PFOS and therefore include the salt mass. Target 

dose is based on the PFOS ion after taking into account the mass of the potassium salt (molecular weight of PFOS ion = 499.12 g/mL); when 
rounded to a single significant digit the potassium salt or PFOS ion are identical e.g. 0.00464 PFOS ion (mg/kg TAD) = 0.005 PFOS salt (mg/kg TAD).

If the potassium salt molecular weight is not removed the PFOS concentration is overestimated by 7% (according to the paper).
ND not determined
NR not reported (over calibration curve)

Dong et al. 2009
Adult male C57BL mice (10 per group) were administered PFOS potassium salt with 2% Tween 80 in deionised water 
by oral gavage for 60 days. The doses were 0, 0.008, 0.083, 0.417, 0.833 and 2.083 mg/kg bw/day. Food intake 
and body weight were measured daily. Four days prior to the end of the study, mice were immunised with a 25% 
suspension of SRBC administered by intraperitoneal injection. Blood was taken from mice on the sixty-first day 
(24 hours after the last treatment) and analysed for PFOS and corticosterone levels. The mice were subsequently 
sacrificed and spleen, thymus, liver and kidneys were collected and weighed. The spleen and thymus were 
processed into cell suspensions for use in assessments of functional immune endpoints and T cell immunophenotype 
determinations.

At the end of the study, mice treated with ≥ 0.417 mg/kg bw/day had significantly lower body weights compared 
with controls, as well as significantly decreased spleen, thymus and kidney weights relative to body weight. Reduced 
cellularity in the spleen and thymus was also observed at these doses. Relative liver weights were significantly 
increased at doses ≥ 0.083 mg/kg bw/day. Serum cortisone levels were significantly increased compared with 
controls at 0.833 and 2.083 mg/kg bw/day. Flow cytometry analysis of splenic and thymic lymphocytes indicated 
that the numbers of T cell CD4/CD8 subpopulations were significantly decreased at doses of 0.417 mg/kg bw/
day and higher, and the number of splenic B-cells were decreased at ≥ 0.833 mg/kg bw/day. NK cell function was 
significantly increased compared with controls at 0.083 mg/kg bw/day but unchanged at 0.417 mg/kg bw/day and 
significantly decreased at 0.833 and 2.083 mg/kg bw/day. Splenic lymphocyte production in response to the T cell 
mitogen concavalin A was significantly reduced at the high dose, while lymphocyte production in response to the 
B cell mitogen lipopolysaccharide was significantly reduced at the two highest doses. The SRBC-specific IgM PFC 
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response was significantly decreased in a dose-dependent manner at 0.083 mg/kg bw/day and higher.

The NOAEL in this study was 0.008 mg/kg bw/day based on the reduced SRBC-specific PFC response at 0.083 
mg/kg bw/day. Serum PFOS concentrations at the NOAEL and the LOAEL were 0.674 mg/l and 7.132 mg/l, 
respectively. It is notable that the NOAEL and LOAEL for SRBC PFC response in this study are substantially higher 
than the NOAEL and LOAEL reported for the same effects in male mice in the 28-day study by Peden-Adams et al. 
(2008) discussed above.

Serum PFOS concentrations in this study are presented in Table 14.

Table 14: Serum PFOS concentrations measured by Dong et al. (2009)

Serum levels of PFOS (µg/mL) in male C57BL/6 mice after oral gavage administration for 60 days

Oral K+ PFOS concentration (mg/kg bw/day)

0 0.008 0.083 0.417 0.833 2.083

Oral K+PFOS concentration (mg/kg TAD)

0 0.5 5 25 50 125

Day 60 – Termination

Male 48±14 (10) 674±166 (10) 7132±1039 (10) 21,638±4410 (10) 65426±11,726 (10) 120,670±21759 (10)

Blood samples were taken via the orbital sinus route.
Data presented as mean ±standard deviation (sample size)
Data compiled from Dong et al. 2009
TAD Targeted total administered dose

Neurotoxicity

Long et al. 2013
In a study to assess the neurotoxicity of PFOS, adult C57BL6 mice (8 weeks old; 15 per group; number of 
each sex not stated) were administered doses of 0, 0.43, 2.15 and 10.75 mg/kg bw/day by gavage for three 
months (Long et al. 2013). Spatial learning and memory were assessed in the Morris water maze. Apoptosis 
was assessed in hippocampal cells as well as levels of glutamate, gamma-aminobutyric acid (GABA), dopamine, 
3,4-dihydrophenylacetic acid (DOPAC), and homovanillic acid (HVA). Differential expression of proteins in the 
hippocampus was also assessed using two-dimensional fluorescence difference in gel electrophoresis (2D-DIGE) and 
western blotting analysis. Serum levels of PFOS were not measured in this study.

In the water maze trial, animals administered 2.15 and 10.75 mg/kg bw/day had a significantly decreased escape 
latency compared with controls, and spent a significantly reduced period of time in the target quadrant. A significant 
increase in the percentage of apoptotic cells in the hippocampus was found in the mid and high dose animals 
compared with controls (7.45 ± 2.0 % in controls, 9.2 ± 2.51% at 0.43 mg/kg bw, 20.70 ± 3.56% at 2.15 mg/kg 
bw and 33.49 ± 5.77 at 10.75 mg/kg bw). A significant increase in the expression of caspase 3 protein was seen 
at 2.15 and 10.75 mg/kg bw/day compared with controls, along with reduced expressions of Bcl-2 and survivin. 
Levels of the neurotransmitters dopamine and DOPAC were significantly reduced in the caudate putamen of animals 
administered 10.75 mg/kg bw/day, and glutamate levels were significantly increased in the hippocampus at this dose. 
GABA and HVA levels were not affected by treatment with PFOS. A number of hippocampal proteins were found to 
be differentially expressed in the high dose group compared with controls, but the significance of these findings in 
relation to the effects on learning and memory are not clear. The NOAEL in this study was 0.43 mg/kg bw/day.
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2.3.4 Human data
Epidemiological studies on PFAS have included occupational cohorts mainly exposed at the source of the 
contamination, communities exposed to high levels of PFAS through environmental media (air, soil or water) and 
general populations exposed to background levels of PFAS. Study populations have included occupationally exposed 
workers at 3M manufacturing facilities in Decatur, Alabama and Antwerp, Belgium; communities with high exposure 
due to contamination of drinking water by leakages from a production plant in the US; and general populations in a 
range of geographical locations including North America, the UK and Scandinavian countries.

Blood levels of PFASs of occupationally exposed workers are 2 to 3 orders of magnitude (100 – 1000 fold) higher 
than those of the general population, with levels in highly exposed subpopulations intermediate between the two. 
Mean serum PFOS concentrations in the general population of the US are 0.015 – 0.056 µg/mL (ATSDR 2015).

The available studies have been considered in assessments conducted by a number of regulatory agencies or bodies 
including EFSA, US EPA and ATSDR, however, no agency has considered the available data in humans suitable as a 
basis to establish a HBGV for PFOS. The major conclusions from the EFSA (2008), US EPA (2016) and ATSDR (2015) 
assessments are briefly summarised below. A detailed consideration of individual epidemiological studies is beyond 
the scope of this review. 

Serum lipids

Associations between PFOS exposure and altered serum lipid levels have been identified in some studies with 
workers, highly exposed residents and the general population.

The most consistently found change in exposed human populations was increased total cholesterol levels 
(reviewed by ATSDR 2015 and US EPA 2016). Two studies found an association between high cholesterol levels 
(defined as cholesterol > 240 mg/dL) and PFOS exposure (US EPA 2016), while a study of highly exposed residents 
in which measurements were made twice with an interval of around 4 years found decreases in serum LDL 
cholesterol and total cholesterol over time, that were associated with decreases in serum PFOS levels.

EFSA (2008) and ATSDR (2015) observed that the changes in cholesterol seen in epidemiological studies are in the 
opposite direction to those observed in animal studies, and that mechanisms by which PFOS may increase serum 
cholesterol have not been identified. It should also be noted that the exposures in animal studies are likely to have 
been much higher than those in epidemiological studies.

The US EPA and ATSDR noted that the evidence for associations between PFOS and serum lipids other than total 
cholesterol is not as strong.

FSANZ reviewed the available epidemiological data relating to PFOS and PFOA exposure and serum cholesterol 
(Appendix 2). A number of studies that were not referred to in the EFSA and US EPA reviews were identified and 
included in the analysis. The FSANZ review noted that overall the cross-sectional studies show a fairly consistent 
finding of a positive association between total and LDL cholesterol and low serum concentrations of PFOS, with the 
association plateauing at higher PFOS levels. At around 40 ng/mL serum PFOS concentration, total cholesterol was 
around 0.3 mmol/L higher than the lowest PFOS exposure groups. The lack of association in some occupational 
groups might be explained because there were not enough low concentrations in the study group to detect the effect 
at low PFOS concentrations.

The FSANZ review observed that a number of studies note a correlation between concentrations of PFOS and PFOA 
but do not adjust the results for each other. Similarly, populations with high exposure to PFAS may also be exposed 
to other contaminants but these have not been considered in most studies. Another limitation is that most studies 
do not adjust for diet. In addition, kidney function does not seem to have been examined together with cholesterol 
concentrations. This may be important as PFAS concentrations increase as glomerular filtration rate (GFR) decreases, 
and it is also known that there is an inverse correlation between serum LDL cholesterol and GFR (Morita et al. 2010).
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Liver

The liver is a target organ in studies in rodents and monkeys with changes including increased liver weight, 
hypertrophy, changes in enzyme activity and on occasion changes in serum levels of liver enzymes.

Associations between PFOS exposure and serum liver enzymes (mainly ALT, AST and γ-glutamyl transpeptidase 
[GGT]) were not consistently found in occupational exposure studies (reviewed by ATSDR 2015).

In a study of workers at the Decatur and Antwerp manufacturing plants, mean values of total bilirubin and ALT were 
significantly higher in male employees with PFOS levels in the highest quartile (reviewed by EFSA 2008). A study 
of highly exposed residents, and another of the US general population, found slight positive associations between 
serum PFOS levels and increased serum ALT values (reviewed by US EPA 2016). Overall levels of GGT and bilirubin 
did not appear to be affected in epidemiological studies (reviewed by US EPA 2016).

The ATSDR concluded that although some associations were found, the magnitude of the increases in serum 
enzymes were not great and probably not biologically significant.

Kidney

Kidney function, assessed by levels of BUN and serum creatinine, was not associated with exposure to PFOS and/
or PFOA in occupational exposure studies (reviewed by ATSDR 2015). A study in the general population of the USA 
found a positive association between increasing PFOS (and PFOA) levels and chronic kidney disease, defined as a 
GFR of <60 mL/minute/1.73 m2. A study of highly exposed residents also found a significant negative association 
between serum PFOS (and other PFAS) and GFR (reviewed by ATSDR 2015 and US EPA 2016). Associations 
between serum PFOS and increased uric acid levels have also been observed in highly exposed individuals and the 
general population.

The US EPA concluded that these studies suggest an association between PFOS and chronic kidney disease, 
as defined by estimated GFR. However, it was also noted that reverse causality could not be excluded: a low GFR 
would reduce the removal of PFOS from the serum for excretion by the kidney, leading to increased serum PFOS levels.

The ATSDR noted that increased uric acid levels can also be a risk factor for hypertension, and that a study of highly 
exposed residents found associations between serum PFOS and PFOA levels and the odds of pregnancy induced 
hypertension.

Fertility, pregnancy and birth outcomes

EFSA (2008) noted contradictory findings regarding associations between PFOS exposure and birth weight and 
gestational age, and concluded that the limited data available did not indicate a risk of reduced birth weight or 
gestational age.

Although three studies were null, birth weight deficits ranging from 29 – 149 grams were detected in five studies 
(reviewed by US EPA 2016). The significant associations were found in studies of the general population as well as 
highly exposed residents. Although significant associations have been found, the decreases in birth weight were small 
and may not be biologically relevant (reviewed by ATSDR 2015).

FSANZ has reviewed the available epidemiological information regarding PFOS and PFOA and birthweight 
(Appendix 1). FSANZ notes that the blood concentrations in the human studies is about 1000-fold lower than 
that found in animal studies showing an effect on birthweight. Overall the studies with numerical data report an 
association, but missing quantitative data from studies reporting no effect raises the possibility of selective reporting 
or publication bias affecting the body of evidence. It is not possible to determine whether the association reflects a 
causal relationship or is the result of a third factor that alters both PFAS concentration and birthweight. For example, 
changes in GFR that occur during pregnancy would be expected to affect both birthweight and the rate of excretion 
of PFAS. This may require further investigation. It is also not possible to determine whether the association between 
PFAS and birthweight may have been overstated due to selective reporting or publication.

A small set of studies reported associations with gestational diabetes, pre-eclampsia and pregnancy induced 
hypertension. These outcomes were also associated with increased serum PFOA levels (reviewed by US EPA 2016).

A small number of studies found associations between PFOS exposure and semen quality parameters, however, 
most studies were null (reviewed by US EPA 2016).
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Some studies have observed increased odds for infertility or reduced fecundity in women with higher levels of PFOS, 
while another study found no association between time to pregnancy and serum PFOS levels (reviewed by US EPA 
2016 and ATSDR 2015).

Thyroid

Increased levels of T3 have been observed in PFOS exposed workers, which is the opposite direction to findings in 
rodents and monkeys (reviewed by EFSA 2008).

The US EPA noted that the epidemiological studies provide limited support for an association between PFOS 
exposure and thyroid disease, but not thyroid hormone status. However, associations between PFOS exposure and 
TSH (increased) and T4 (reduced) levels have been found in people at risk for thyroid insufficiency (i.e. people with low 
iodide status and positive antithyroperoxidase antibodies; reviewed by US EPA 2016).

The ATSDR (2015) concluded that based on the results of studies of adolescents, adults, and pregnant women, 
exposure to serum PFASs does not appear to result in thyroid toxicity.

Immune function

Limited information is available on the immunotoxicity of perfluoroalkyl compounds in humans (reviewed by 
ATSDR 2015).

Two studies have reported decreased responses to vaccines in children associated with increasing prenatal serum 
PFOS levels or levels at 5 years of age. Decreased rubella and mumps antibody concentrations in relation to serum 
PFOS levels have been found in a study of 12 – 19 year olds in the US general population. In contrast, a study 
in adults found no association between PFOS levels and antibody response to the influenza vaccine. In the three 
studies with children, the findings were also correlated with other PFAS, limiting the ability to make conclusions 
specific to PFOS (reviewed by US EPA 2016).

Higher odds ratios for asthma with increasing serum PFOS concentrations were seen in a study of children in Taiwan, 
while a study in the USA found no association between serum PFOS and risk of ever having had asthma (reviewed by 
US EPA 2016).

The US NTP recently published a draft systematic review of immunotoxicity associated with exposure to PFOS or 
PFOA (NTP 2016). This review concluded that exposure to PFOS should be presumed to be an immune hazard to 
humans based on a high level of evidence that PFOS suppressed the antibody response from animal studies, and a 
moderate level of evidence from studies in humans.

FSANZ commissioned a review of the potential of PFASs to modulate the immune system (Drew and Hagen 2016). 
The review noted that that there are both positive and negative epidemiology studies on associations between 
serum PFOS concentrations and compromised antibody production. The report concluded that while PFOS may 
present an immune hazard to humans, the epidemiology data available do not provide compelling evidence for 
increased incidence of disease associated with PFOS effects on immune function. A number of limitations with the 
available data were noted. These included comparisons of ‘low’ and ‘high’ exposure groups where the differences 
are over a very low and narrow serum concentration range (0.002 – 0.05 mg/L), and potential co-exposures to 
other environmental chemicals that are known to have immunomodulating effects. It was noted that many of the 
associations are weak and the effects are small and of questionable clinical significance.

Carcinogencity

None of the agencies considered that epidemiological studies provided convincing evidence of a correlation between 
PFOS and any cancer type.

The US EPA (2016) noted that human epidemiology studies did not find a correlation between PFOS exposure and 
cancer incidence in occupational populations, and general population studies found no statistically significant trends 
for any cancer type.
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2.4 Discussion and conclusions PFOS
Epidemiology studies on PFAS have included occupational cohorts mainly exposed at the source of the 
contamination, communities exposed to high levels of PFAS through environmental media (air, soil or water) and 
general populations exposed to background levels of PFAS. Associations between PFOS exposure and several health 
effects have been reported in a number of epidemiological studies, although a number of findings are inconsistent 
between studies and the biological significance of some of the observed effects is questionable. EFSA and ATSDR 
concluded that it is not possible to identify any causal associations based on limitations in study design and/or 
inconsistencies in study results. However, the US EPA concluded that associations that appear to be reasonably 
consistent and repeatable are those with increased serum cholesterol and decreased body weights in offspring.

FSANZ has reviewed the available epidemiological information regarding PFOS and PFOA and birthweight. It is 
noted that the blood concentrations in the human studies is orders of magnitude lower than that found in animal 
studies showing an effect on birthweight. Overall the studies with numerical data report an association, but missing 
quantitative data from studies reporting no effect raises the possibility of selective reporting or publication bias 
affecting the body of evidence. FSANZ has concluded that it is currently not possible to determine whether the 
association reflects a causal relationship or is the result of a third factor that alters both PFAS concentration and 
birthweight. For example, changes in GFR that occur during pregnancy would be expected to affect both birthweight 
and the rate of excretion of PFAS. This may require further investigation.

FSANZ reviewed the available epidemiological data relating to PFOS and PFOA exposure and serum cholesterol. 
A number of studies that were not referred to in the EFSA and US EPA reviews were identified and included in the 
analysis. The FSANZ review noted that overall the cross-sectional studies show a fairly consistent finding of a positive 
association between total and LDL cholesterol at low serum concentrations of PFOS, with the association plateauing 
at higher PFOS levels. However, a number limitions were observed including that some studies note a correlation 
between concentrations of PFOS and PFOA but do not adjust the results for each other. Similarly, populations with 
high exposure to PFAS may also be exposed to other contaminants but these have not been considered in the 
studies, and most studies do not adjust for diet or consider the impact of GFR.

A recent draft systematic review of immunotoxicity associated with exposure to PFOA or PFOS by the US NTP 
2016) concluded that PFOS is presumed to be an immune hazard to humans. This conclusion was based on a ‘high 
level of evidence’ that PFOS suppressed antibody responses in animal studies and a ‘moderate level of evidence’ 
from epidemiology studies that higher serum PFOS levels are associated with suppression of antibody response. 
The NTP report is focused on hazard identification and does not identify a level of exposure at which immune 
function in humans is likely to be compromised. A literature review commissioned by FSANZ concluded that the 
weight of evidence from the available animal studies indicates that PFOS can adversely modulate immune system 
responsiveness (Drew and Hagan 2016). However, there are significant uncertainties regarding species sensitivity, 
strain sensitivity and the influence of route of administration on immune system modulation by PFOS that have yet 
to be resolved. As a result, it is not possible to determine a reliable NOAEL or LOAEL for adverse effects on immune 
function for use in a quantitative risk assessment of PFOS at this time. Drew and Hagan (2016) concluded that the 
epidemiology data available do not provide compelling evidence for increased incidence of disease associated with 
PFOS effects on immune function.

Epidemiological studies have not provided convincing evidence of a correlation between PFOS and any cancer type.

In animal studies, PFOS is rapidly and virtually completely absorbed in laboratory animals. PFOS is highly bound 
to albumin in the circulation and the highest concentrations were generally found in liver, serum, lung and kidney of 
laboratory animals. There are no reports that PFOS is metabolised in vivo. PFOS was excreted primarily in the urine 
with lower amounts recovered in the faeces. Elimination half-life in rats is approximately 38 days in males and 62 
days females. Elimination half-life is in the range of 110-132 days in cynomolgus monkeys and is estimated to be 
approximately 5.4 years in human beings.

Mechanisms of toxicity have not been fully elucidated but are likely to at least partly involve activation of PPARα. 
Activation of other nuclear receptors such as CAR and PXR has also been observed and PFOS administration 
has been found to induce the expression of a range of genes involved in lipid metabolism, fatty acid uptake and 
xenobiotic metabolism. The strong protein binding affinity of PFOS, for example to FABP in the liver, may also 
contribute to its toxicological profile.
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PFOS was of moderate acute toxicity following oral ingestion. In repeat dose studies the primary target organ was the 
liver. Toxicological findings in the liver included increased liver weight associated with hepatocytic hypertrophy, and 
occasionally vacuolation and increased enzyme markers of liver toxicity in serum. In the absence of histopathological 
correlates, increased liver weight and hepatocytic hypertrophy are not considered adverse (Hall et al. 2012; WHO, 
2015). Notably, a steep dose-response curve was observed in monkeys with no adverse effects observed in a 
6-month study at 0.15 mg/kg bw/day and then mortality occurring at the next highest dose of 0.75 mg/kg bw/
day. In contrast, no treatment-related effect on survival of adult rats was seen in subchronic and chronic toxicity 
studies. PFOS induced liver tumours in rats at high doses above which non-neoplastic effects were observed in 
liver. The weight of evidence from a range of genotoxicity studies suggests that this occurs through a non-genotoxic 
mechanism.

Fetal and neonatal toxicity was observed in reproductive and developmental studies at doses which were similar to 
or below those producing maternal toxicity. Developmental effects ranged from reduced pup body weights and body 
weight gains at low doses to mortality at higher doses. Developmental delays such as delayed eye-opening were 
also observed in rats, and increased incidences of sternal defects were seen at high doses in mice. There was a 
steep dose-response in multigeneration studies in rats, with pup body weights being reduced at 0.4 mg/kg bw/day, 
reduced gestation length and indications of decreased pup viability at 0.8 mg/kg bw/day and significantly decreased 
viability at 1.6 mg/kg bw/day.

Regulatory agencies have calculated HBGVs using different approaches. Consequently, although the same animal 
studies were generally assessed by different agencies, the HBGVs vary substantially. The main reasons related 
to the use of PBPK modelling by the US EPA and ATSDR and the selection of uncertainty factors. FSANZ has 
commissioned a review of the validity and limitations of PBPK modelling for PFOS and PFOA, and has concluded that 
given the considerable interspecies differences in pharmacokinetics it is appropriate to correct for those using PBPK 
modelling (Roberts et al. 2016). The HBGV is therefore based on serum concentration as an index of internal dose.

2.5 Derivation of the TDI for PFOS
At present, the available epidemiology data are not suitable to support the derivation of a HBGV for PFOS. 
Therefore the TDI is based on the findings in toxicological studies in laboratory animals. Derivation of a HBGV for 
PFOS from the available toxicological studies is complicated by significant differences in toxicokinetics of PFOS 
between species. The half-life of PFOS in the mouse, rat and monkey is 37, 48 and 121 days respectively, whereas in 
humans the half-life is estimated to be between 4.1 and 8.67 years.

Given the significant differences in toxicokinetics an approach based on serum PFOS concentrations is considered to 
be the most appropriate means of establishing a HBGV. 

PBPK modelling was applied to the pivotal toxicity studies for PFOS for which serum PFOS concentrations are 
available according to the supporting document A Critical Review of Pharmacokinetic Modelling of PFOS and PFOA 
to Assist in Establishing HGBVs for these Chemicals by Roberts et al 2016. The studies included in the PBPK 
modelling are listed below:

• subchronic toxicity study in nonhuman primates (Seacat et al. 2002)
• chronic toxicity and carcinogenicity study in rats (Butenhoff et al. 2012/Thomford 2002)
• developmental toxicity in the rat (Thibodeaux et al. 2003/Lau et al. 2003)
• two-generation reproductive toxicity in the rat (Luebker et al. 2005b).

HEDs were based on average serum concentration prediction, derived from predicted AUC over the duration 
of dosing using the US EPA PK model and parameters (Wambaugh et al 2013). The average serum PFOS 
concentrations were converted to HEDs using the following equation, which was also used by the US EPA:

HED = average serum concentration (µg/mL) x CL

Where

CL = Vd x (ln 2 ÷ t½)
  = 0.23 L/kg bw x (0.693 ÷ 1971 days)
 = 0.000081 L/kg bw/day
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The model diagram is shown in Figure 1. The model assumes that PFOA or PFOS is absorbed from a gut 
compartment through a first order process with rate constant ka into central compartment. After that, the free fraction 
of PFOA or PFOS in the central compartment (given by free*C1) distribute to second compartment based on inter-
compartmental rate constants (i.e. k12 and k21) and is cleared to a filtrate compartment where it is either excreted or 
resorbed via a saturable process with a Michaelis-Menten form.

Figure 1: US EPA PBPK Model

The primary and secondary parameters of the model are summarised in Tables 15 and 16 below:

Table 15: Primary parameters

Parameters Definition Unit

BW Body weight Kg

Vcc Volume of distribution (central compartment) L/kg

QCc Cardiac output per kg L/h/kg

Qfilc Renal plasma filtration rate, fraction of cardiac output -

Tmc Transport maximum constant mg/h/kg 

Kt Transporter affinity constant mg/L

Free Fraction of free compound in blood -

Vfilc Volume of renal filtration L/kg

k12 Transfer rate constant from central to tissue compartment h-1

Rv2:V1 Transfer rate constant from tissue to central compartment

input Daily dose mg/kg/day

ka Absorption rate constant h-1
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Table 16: Secondary parameters:

Parameters Definition Unit

Qfil Qfil= Qfilc× QCc×BW0.74 filtration rate for individual animal L/h

Vc Vc = Vcc × BW volume of distribution (central compartment) L

Vfil Vfil = Vfilc× BW volume of renal filtration L

Tm Tm = Tmc × BW transport maximum mg/h

The differential equations for mass balance are described below:

(Gut compartment)

(Central compartment)

(Second compartment)

(Filtrate compartment)

The calculated HEDs are shown in Table 17.

Table 17: HEDs derived from modelled animal average PFOS serum concentrations

HEDs derived from modelled animal average PFOS serum concentrations

Study Dosing 
duration 

(days)

NOAEL (mg/
kg bw/day)

NOAEL (Average 
serum concentration 

[µg/mL])

HED (mg/kg 
bw/day)

Seacat et al. 2002; monkey 182 0.15 38.1 0.0031

Butenhoff et al. 2012/Thomford 2002; male rat 728 0.098 8.65 0.0007

Butenhoff et al. 2012/Thomford 2002; Female rat 728 0.120 46 0.0037

Thibodeaux et al. 2003/Lau et al. 2003; female rat 19 1.0 15.6 0.0013

Luebker et al. 2005b; female rat 84 0.1 7.14 0.0006

To further consider the uncertainties in the modelling based on the US EPA PK model and parameters, HEDs 
were also calculated using species specific PK parameters to predict average serum concentration using Berkeley 
Madonna™ software (described in detail in Roberts et al 2016). Using those parameter estimates and the commercial 
simulation software package, the EPA estimates for the HED of a range of studies could be replicated with an error 
of less than 80%. In the context of the uncertainty factors of 30 fold applied to derive the TDI to take into account 
pharmacodynamic and intra-species differences this uncertainty of 1.5 to 1.8 fold is a very small component of 
the total uncertainty. On that basis, candidate TDIs were calculated by applying uncertainty factors to the HEDs 
estimated using the US EPA model.

For all studies a default uncertainty factor of 10 has been applied to account for human variability. For interspecies 
variability, a default uncertainty factor of 3 has been applied to account for potential differences in toxicodynamics 
between animals and humans. An uncertainty factor to account for interspecies differences in toxicokinetics is not 
required due to the use of PBPK modelling to derive HEDs. No additional uncertainty factors were considered to be 
required, and therefore a total uncertainty factor of 30 was applied to all modelled HEDs. The candidate TDIs are 
shown in Table 18. 
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Table 18: Candidate HBGVs for PFOS

Candidate HBGVs for PFOS

Point of departure HED  
(mg/kg bw/day)

UFH UFA UFtotal Candidate TDI  
(mg/kg bw/day)

HEDNOAEL Seacat monkey 0.0031 10 3 30 0.0001

HEDNOAEL ButenhoffThomford male rat 0.0007 10 3 30 0.00002

HEDNOAEL Butenhoff/Thomford female rat 0.0037 10 3 30 0.0001

HEDNOAEL Thibodeaux/Lau female rat 0.0013 10 3 30 0.00004

HEDNOAEL Luebker female rat 0.0006 10 3 30 0.00002

UFH: Intraindividual uncertainty factor
UFA: Interspecies uncertainty factor

The overall TDI is 20 ng/kg bw/day, based on the HED for the NOAEL from the Luebker et al (2005b) study in rats. 
All of the modelled TDI values were within an order of magnitude ranging from 20 to 100 ng/kg bw/day.
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3 Hazard assessment PFOA

3.1 Introduction

3.1.1 Overview Perfluorooctanoic acid
Perfluorooctanoic acid, CAS number 335-67-1, is a completely fluorinated organic acid with a seven-carbon 
backbone and a carboxyl functional group. PFOA and its salts have been used for a range of purposes including as 
a component in aqueous firefighting foam, non-stick coatings on cookware, membranes for clothing that are both 
waterproof and breathable, electrical-wire casing, fire- and chemical-resistant tubing, and plumber’s thread-seal tape 
(IARC, 2016). PFOA may occur in food as a result of contamination of plants and animals, and/or via transfer from 
food-packaging materials.

The IUPAC name for PFOA is 2,2,3,3,4,4,5,5,6,6,7,7,8,8,8-pentadecafluorooctanoic acid. Synonyms 
for PFOA include perfluoroheptanecarboxylic acid, perfluoro n octanoic acid, perfluorocaprylic acid and 
2,2,3,3,4,4,5,5,6,6,7,7,8,8,8-pentadecafluorooctanoic acid. It should also be noted that a number of 
toxicological studies of PFOA that have been conducted in experimental animals used the ammonium salt, 
ammonium perfluorooctanoate or AFPO. The CAS number of AFPO is 95328-99-7.

3.1.1.1 Chemical structure

PFOA has the empirical formula C8HF15O2, and molecular mass of 414.07 g/mol. Its structure is illustrated as:

F CO2

F F

F F

F F

F F

F F

F F

F F

3.1.1.2  Physicochemical properties

Appearance: White to off-white powder 
Melting point: 54.3ºC
Boiling point: 192.4ºC
Density 1.792 g/mL at 20ºC
Water solubility: Soluble, 9.5 g/L at 25ºC
Organic solvent solubility: Soluble in polar organic solvents
Log Kow: 6.30 (estimated) in octanol-water mixture
pKa: Debated; values of 2.80 and 3.80 have been reported, and 0.5 has been estimated.

3.2 Summary of International hazard reviews of PFOA

UKCOT, 2006
In 2006, UKCOT recommended a TDI for PFOA of 3 μg/kg bw/day, based on hepatic effects in a number of studies 
in rats and mice. The TDI was derived using a dose of 0.3 mg/kg bw/day as the point of departure, and an overall 
uncertainty factor of 100 for inter- and intraspecies differences (UKCOT 2006).

The TDI was reviewed in 2009 after the EFSA derived a TDI for PFOA of 1.5 μg/kg bw/day in 2008. UKCOT noted 
that the difference in the assessments was a result of the uncertainty factors applied. EFSA applied an additional 
uncertainty factor of 2 to compensate for uncertainties relating to the internal dose kinetics and therefore an overall 
uncertainty factor of 200.

UKCOT concluded that the additional uncertainty factor to account for interspecies differences in toxicokinetics 
was appropriate and amended the TDI to 1.5 μg/kg bw/day. However, it noted that the TDI remained provisional, 
recognising that it will be reviewed as new information becomes available (UKCOT 2009).
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EFSA, 2008
The current EFSA TDI for PFOA was established in 2008 based on the 95% lower confidence limit of the benchmark 
dose for a 10% increase in effects on the liver (BMDL10) from studies of mice and male rats. The BMDL10 values were 
in the range 0.3 to 0.7 mg/kg bw/day.

The lowest BMDL10, 0.3 mg/kg bw/day from the studies of Palazzolo 1993 and Perkins et al. 2004, was selected as 
the point of departure for deriving the TDI. An overall uncertainty factor of 200 was applied, comprising an uncertainty 
factor of 100 for inter- and intraspecies differences and an uncertainty factor of 2 to reflect uncertainties related to 
kinetics. The TDI was 1.5 µg/kg bw/day.

EFSA concluded that epidemiological studies of PFOA-exposed workers do not indicate an increased risk of cancer, 
and that carcinogenic effects in rats, which mainly affect the liver, appear to be due to non-genotoxic modes of 
action.

Swedish EPA, 2012
The Swedish EPA assessed the human and environmental risks of a number of PFASs.

The human hazard assessment was principally based on existing assessments, although additional relevant data 
were also considered. Two toxicological endpoints, hepatotoxicity and reproductive toxicity, were selected, because 
these are common to a number of PFASs. Other endpoints showing lower effect levels were also considered.

The existing assessments considered in the Swedish EPA report included:

• 2005 draft US EPA assessment
• 2007 OECD hazard assessment report
• 2008 EFSA risk assessment
• 2008 Minnesota Department of Health risk assessment
• 2009 Chemical Safety Report by German authorities and industry
• 2009 ATSDR draft toxicological profile
• 2009 US EPA risk assessment
• 2010 risk assessment initiated by the European Commission
• a draft screening assessment published by Health Canada in 2010
• in addition, the Swedish EPA considered developmental studies conducted in mice by Hines et al. (2009) 

and Macon et al. (2011)

The Swedish EPA noted that epidemiological studies of PFASs showed inconsistent results.

PODs selected by the Swedish EPA were as follows:

• Hepatotoxicity (subchronic rat study, NOAEL, hepatocellular hypertrophy): 0.06 mg/kg bw/day, 7.1 µg/mL 
serum. (Perkins et al. 2004). A liver:serum ratio of 2:1 was assumed.

• Reproductive toxicity (mouse, reduced F1 body weight, BMDL): 0.86 mg/kg bw/day, 15.7 µg/mL serum. 
(Lau et al. 2006). A liver:serum ratio of 2:1 was assumed.

• Other endpoints (mouse, mammary gland development, increased body weight, LOAEL): 0.01 mg/kg bw/
day, 15 µg/mL serum. (White et al. 2007, 2009, 2011).

The Swedish EPA used the PODs to establish DNELs according to REACH guidelines, by dividing the PODs with the 
following AF, as applicable:

• Extrapolation for exposure duration. The default factor for subchronic to chronic exposure is 2, and the 
default factor for subacute to chronic exposure is 6.

• Extrapolation from LOAEL to NOAEL in studies in which a NOAEL was not identified. A factor of 3 was used.
• Species differences. Because internal (serum) doses are compared between animals and humans, no 

assessment factor was used for differences in toxicokinetics, but an assessment factor of 2.5 was applied 
for differences in toxicodynamics.
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• Intraspecies differences within human populations, that is sensitive subpopulations. An assessment factor of
10 was used for the general population and 5 for workers.

• Quality of the database. For those PFASs for which read-across was necessary, a factor of 3 was used
if the read-across was from a shorter and more rapidly excreted congener to a longer congener, but this
assessment factor was not required for PFOA.

The resulting DNEL for hepatoxicity of PFOA to the general population was as follows:

DNEL = POD / (exposure duration AF x interspecies AF x intraspecies AF)
= 7100 ng per mL serum / (2 x 2.5 x 10)
= 7100 ng per mL serum / 50
= 142 ng/mL serum

The DNEL for reproductive toxicity of PFOA to the general population was:

DNEL = POD / (interspecies AF x intraspecies AF)
= 15,700 ng per mL serum / (2.5 x 10)
= 15,700 ng per mL serum / 25
= 628 ng/mL serum

The DNEL for other effects, specifically on mammary gland development and growth, of PFOA to the general 
population was:

DNEL = POD / (LOAEL to NOAEL AF x Interspecies AF x intraspecies AF)
= 150 ng per mL serum / (3 x 2.5 x 10)
= 150 ng per mL serum / 75
= 2.0 ng/mL serum

Danish EPA, 2015
The Danish EPA evaluated the health hazards of PFOA and two related perfluoroalkylated substances, PFOS and 
PFOSA. TDIs were established for PFOA and PFOS, and health-based quality criteria in drinking water, ground water 
and soil were also proposed.

To establish a TDI for PFOA, they used the BMDL10 value (0.456 mg/kg bw/day) based on liver effects derived by the 
US EPA from 90 days exposure of the dietary study in rats by Palazzolo (1993).

The BMDL10 level was transformed to a HED level by dividing the BMDL10 by the LOAEL/HED-LOAEL ratio, as 
follows:

HED-BMDL10 = BMDL10Palazzolo, rat, 90d/ (LOAEL Palazzolo, rat, 90d/HED-LOAEL Palazzolo, rat, 90d)
= 0.467 mg/kg bw/day / (0.64 mg/kg bw/day / 0.0045 mg/kg bw/day)
= 0.003 mg/kg bw/day

From this HED-BMDL10, the TDI was derived by applying UFs, that is:

TDI= HED-BMDL10/UFI x UFII…UFn

The UFs applied by the Danish EPA were the default intraspecies UF of 10 to allow for variability in the human 
population, and an interspecies UF of 3 to allow for possible differences in toxicodynamics between species. Thus:

TDI = 0.003 mg/kg bw/day / 10 x 3 = 0.1 µg/kg bw/day, or 100 ng/kg bw/day

ATSDR 2015
The ATSDR published a draft toxicological profile for perfluoroalkyls in 2015.

A MRL was calculated for PFOA, based on the cynomolgus monkey study of Butenhoff et al. (2002). Due to the 
species differences in the toxicokinetics of PFOA, serum concentration was used as an internal dosimetric. This was 
based on the assumption that a serum concentration that had a given effect in monkeys would have the same effect 
in human beings.
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Absolute and relative liver weight data were fit to all available continuous models in the US EPA’s BMDS8 (version 
2.4.0). Data from the high dose group were excluded from the modelling due to observations of toxicity in that group. 
For absolute liver weight, linear, polynomial and power models yielded identical BMDs (lower than those obtained 
using exponential models) and virtually the same Akaike Information Criterion9 (AIC) values. The linear model was 
selected as the simplest. For the relative liver weight, the polynomial model was selected as the model yielding the 
lowest AIC.

HEDs were calculated for each POD from the absolute and relative liver weights, assuming parameter values for 
humans of

t½ = 1,400 days
Serum elimination rate constant (ke) = 4.95 x 10-4 day-1
Gastrointestinal absorption fraction (gAF) = 1
Apparent volume of distribution (Vd) = 0.2 L/kg

according to the equation

DSS = (CSS.ke.Vd)/AF

in which Dss is external steady-state dosage and Css is steady-state serum concentration.

HEDs were calculated for BMDL1SD, BMDL2SD and BMDLRD10% for the absolute liver weight using the linear model and 
for the relative liver weight using the polynomial model. The BMDLRD10% for absolute liver weight was selected as the 
POD giving the lowest HED, which was 1.54 x 10-3 mg/kg bw/day.

Uncertainty Factors applied to the HED to derive the MRL were 3 for extrapolation from animals to man (UFA),10 for 
variability in the human population (UFH), and 3 for database deficiencies (UFD). The factor for database deficiencies 
was based on a lack of studies on developmental and immunological effects in monkeys. Such studies are not 
usually required for chemical risk assessment.

The final MRL was 20 ng/kg/day.

US EPA 2016
The US EPA calculated RfDs for both noncancer and cancer effects.

RfD for noncancer effects

A PBPK model was applied because of the complexity of the toxicokinetics of PFOA, the lack of a NOAEL in 
a number of the animal studies, the lack of reactivity of PFOA, and differences in pharmacokinetics between 
experimental subjects related to species, strain, sex and life stage.

Human data were not considered directly useful for the derivation of a RfD because exposures were often to multiple 
PFAS, and because the actual exposure level was uncertain.

PFOA is known to cause peroxisome proliferation, leading to hepatocellular hypertrophy and increased liver weight, 
particularly in rodents. Increases in liver weights in animal studies following administration of peroxisome proliferators 
are not considered to be predictive of adverse effects in human beings unless accompanied by histopathological 
lesions such as necrosis, inflammation, fibrosis and/or macrovesicular steatosis. Although some liver pathology 
was seen in some animal studies of PFOA, and there is some evidence of effects of PFOA on the liver that are not 
mediated by PPARα receptors, the US EPA noted that it is difficult to separate the effects of PPARα activation from 
direct effects of PFOA on the liver.

Criteria for selecting animal studies for derivation of an RfD were the determination of a NOAEL and/or LOAEL, 
inclusion of a control group, use of two or more doses, and available serum data for the species, strain and sex for 
the purpose of PBPK modelling. The selected studies were a 90-day study in monkeys by Goldenthal (1978), a 26-
week study in monkeys by Butenhoff et al. (2002), a 13-week study in rats by Perkins et al. (2004), a two-generation 
rat study by Butenhoff et al. (2004a), and a 2-year study in rats by Butenhoff et al. (2012). In addition, a number of 

8 BMDS = Benchmark Dose Software. This is available at https://www.epa.gov/bmds
9 The AIC is a measure of the relative quality of statistical models for a given set of data. Given a collection of models for the data, AIC estimates 

the quality of each model, relative to each of the other models. Hence, AIC provides a means for model selection.

https://www.epa.gov/bmds
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short term studies were also considered including developmental studies in mice reported by Lau et al. (2006), Wolf 
et al. (2007), White et al. (2009), Macon et al. 2011, and an immunotoxicity study reported by De Witt et al. (2008).

It was noted that the Butenhoff et al. (2002) monkey study was only included in for the purpose of comparison of 
serum levels, due to the small number of test subjects and the lack of histological correlates to the increased liver 
weight found.

The very long half-life of PFOA was considered problematic, but a saturable renal resorption model was used to 
predict average serum values at termination and the duration required to reach steady-state. PK data were obtained 
from a cynomolgus monkey study by Butenhoff et al. (2004b), a Sprague Dawley rat study of Kemper (2003) and two 
strains of mouse; CD1 mice (Lau et al. 2009) and C57BL6/N mice (De Witt et al. 2008). Male and female data were 
fitted separately for rats, because of marked sex differences, while only female mouse data were used. Data from 
both sexes were combined for monkeys.

For each study with a toxicological endpoint and a LOAEL, the AUC and final serum concentrations were determined 
for the exposure duration of that study. A final serum concentration was estimated for each treatment and compared 
to the actual measured serum concentration. It was found that the predicted serum concentration could differ from 
the actual serum concentration by a factor of two when data from the same strain were used for the prediction, and 
by a factor of four if a different strain was used. Thus, there is some uncertainty about the exposure estimates.

The average serum concentration was determined through numeric simulation. The serum concentrations associated 
with LOAELs differed by less than an order of magnitude (13.1 to 96.2 mg/L) between studies, while the AUC values 
differed by over two orders of magnitude (5360-380,000 mg/L*h). Serum concentrations associated with the LOAEL 
were 38 mg/L for developmental effects in the Lau et al. (2006) mouse developmental study, 45.9 mg/L for effects 
in organ weights of males in the Butenhoff et al. (2004a) two-generation rat study, and 61.9 mg/L for the De Witt et 
al. (2008) mouse immunotoxicity study. It was noted that the LOAELs are roughly consistent (within the same order 
of magnitude) across sex, species and treatment with respect to average serum concentrations. The US EPA then 
concluded that it may be expected that similar concentrations would cause similar effects in humans, based on the 
assumption that PK alone explains variation, and that MOA and susceptibility to toxicity do not vary between species.

The Css in µmol/h resulting from a constant infusion was then calculated and the fraction of Css compared to the 
average serum concentration predicted. It was found that none of the studies represented Css, although four studies 
(Perkins et al. 2004; Butenhoff et al. 2004a; Wolf et al. 2007 GDs 7-17 and Wolf et al. 2007, GDs 1-17) resulted in 
serum values greater than 80% of Css. Thus, there is also uncertainty inherent in calculating a RfD for chronic lifetime 
exposure from a projection that does not represent Css.

Measurements of the t½ in humans vary, but the US EPA chose to use a value of 2.3 years, obtained from a study 
of members of the general population exposed to PFOA in contaminated drinking water. The Vd for PFOA in human 
beings has also been determined from people exposed via drinking water. These values were used to calculate the 
CL for PFOA, assuming first order kinetics:

CL = Vd x (ln 2 ÷ t½)
 = 0.17L/kg bw x (0.693 ÷ 839.5 days)
 = 0.00014 L/kg bw/d

The derived average serum concentrations for the NOAELs and LOAELs of the studies of De Witt et al. 2008, Lau et 
al. 2006, Perkins et al. 2004, Wolf et al. 2007, Butenhoff et al. 2004a and Macon et al. 2011 were scaled to derive 
the predicted oral HED in mg/kg bw/day for each corresponding serum measurement, according to the formula

HED = average serum concentration x CL

The scaling assumed linear first order human kinetics. Linear first order kinetics are observed in animals at the doses 
at which NOAELs and LOAELs occur.
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The final HEDs ranged from 0.0044 to 0.0123 mg/kg bw/day. A UFH of 10 for intraspecies variability within the human 
population was applied in all cases, as was a UFA of 3 for interspecies variability between animals and humans. A 
UFL

10 was applied for HEDs from all studies that did not identify a NOAEL, the exceptions being the studies of Perkins 
et al. (2004) and De Witt et al. (2008). A UFS was applied to the DeWitt et al. (2008) HED because the serum value 
was less than 80% of Css. For most of the six HEDs used, the UFTOTAL was 300. The exception was the HED derived 
from the Perkins et al. (2004) study. For that HED, the UFTOTAL was 30. The final candidate RfDs ranged from 0.00002 
to 0.00015:

Table 19: Candidate RfDs for PFOA based on HEDs

Candidate RfDs based on HEDs

Study; endpoint PK-HED 
mg/kg bw/day UFH UFA UFL UFS UFtotal

RfD  
(mg/kg bw/day)

Perkins et al. 2004; NOAEL for ↑liver 
weight in rats 0.0044 10 3 - - 30 0.00015

Wolf et al. 2007; GD 1-17 LOAEL↓pup bw 
in mice 0.0109 10 3 10 - 300 0.00004

Wolf et al. 2007; GD 7-17 LOAEL↓pup bw 
in mice 0.0123 10 3 10 - 300 0.00004

DeWitt et al. 2008; NOAEL ↓IgM response 
to SRBC in mice 0.0053 10 3 - 10 300 0.00002

Lau et al. 2006; LOAEL ↓ossification and ↓ 
time to ♂ puberty in mouse pups. 0.0053 10 3 10 - 300 0.00002

Butenhoff et al. 2004a; LOAEL
↓F0 bw and ↑ absolute and relative kidney 
weight

0.0064 10 3 10 - 300 0.00002

Of the candidate RfDs, the final RfD for noncancer effects selected, 0.00002 mg/kg bw/day, was that derived from 
the mouse developmental study of Lau et al. (2006). That study found reduced ossification of the proximal phalanges 
and accelerated puberty in male pups. Candidate RfDs of 0.00002 mg/kg bw/day were also derived from the mouse 
immunotoxicity study of DeWitt et al. (2008), and the two-generation rat study of Butenhoff et al. (2004a).

The final RfD for noncancer effects of 0.00002 mg/kg bw/day may be more conveniently expressed as  
20 ng/kg bw/day.

Cancer effects
The US EPA considered that there is equivocal evidence that PFOA is associated with increased risk of cancer in 
either human beings or experimental animals.

Two chronic studies in rats suggest that PFOA may be a weak carcinogen in rats. Increased incidence of liver 
tumours, Leydig cell tumours and pancreatic acinar cell tumours were reported. The increased incidence of liver 
cell tumours appears to be due to PPARα agonism, a mechanism that is not relevant to human beings. PPARα 
agonism may also be indirectly responsible for the increase in Leydig cell tumours. It is possible that PFOA decreases 
testosterone as a result of increased activity of aromatase. Decreased testosterone synthesis leads to increased 
gonadotropin-releasing hormone and luteinising hormone (LH), leading to chronic stimulation of Leydig cells. There 
is a lack of information on whether PFOA could influence the theorised mode of action for pancreatic acinar cell 
tumours.

Under the US EPA’s 2005 cancer guidelines, the evidence for carcinogenicity of PFOA is considered to be suggestive 
because only one species has been evaluated for lifetime exposure and the responses occurred primarily in one sex 
(males). However, the data on liver tumours from the study, that of Butenhoff et al. (2012), was modelled using the US 
EPA’s Benchmark Dose Software (Version 2.3.1). It was concluded that the RfD for cancer effects is higher than the 
RfD for noncancer effects and therefore the RfD for noncancer effects is also protective against any carcinogenicity.

10  A UFL is used to extrapolate from a LOAEL when a NOAEL has not been identified.
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3.3 Summary of the toxicity of PFOA

3.3.1 Mechanisms of toxicity
The mode of action of PFAS substances is not fully defined, but can be partly attributed to their structure.

PFAS compounds exhibit structural similarities to endogenous fatty acids. They are transported bound to albumin in 
the circulation, and bind intracellularly to fatty acid binding proteins. Like endogenous fatty acids, PFASs are ligands 
to the peroxisome proliferator activated receptor PPARα. PFOA has been shown to activate PPARα using COS1 cells 
transfected with a luciferase reporter gene (EFSA 2008).

Activation of this receptor leads to proliferation of peroxisomes, and catabolism of fatty acids and cholesterol. 
Peroxisome proliferation leads to hepatocellular hypertrophy and increased liver weight, which is observed in rodents 
and monkeys treated with PFOA. Peroxisome proliferation is associated with hepatocellular carcinogenesis in 
rodents, but this effect is not relevant to human health risk assessment (Borg and Håkansson, 2012).

The hepatic changes observed in rodents treated with PFOA cannot be entirely attributed to binding with PPARα, 
because hepatotoxicity has been observed in PPARα-knockout mice treated with PFOA.

PFOA also induces CYP2B2, CYP3A4 and CYP4A1 in liver, which suggests that PFOA may also interact with other 
members of the nuclear hormone receptor superfamily including CAR and PXR (EFSA 2008). It is difficult to separate 
the effects of PPARα activation from these other effects of PFOA on the liver (US EPA 2016).

Effects not considered to be mediated by PPARα may be relevant to human health risk assessment (Borg and 
Håkansson 2012). However, it should also be noted that recent advances over the last decade have also revealed 
that a number of the effects related to the activation of the nuclear hormone receptors CAR and PXR are rodent-
specific (Hall et al. 2012).

3.3.2 Toxicokinetics
A detailed review of the toxicokinetics of PFOA is included in the review of pharmacokinetic modelling for PFOS and 
PFOA commissioned by FSANZ (Roberts et al 2016). Key information is summarised below. 

Absorption

PFOA is readily absorbed by the oral route. Bioavailability of > 93% within 24 hours has been demonstrated following 
oral administration to rodents (reviewed by Borg and Håkansson 2012). Cmax is reached within four hours in male 
mice and eight hours in female mice (reported by Bull et al. 2014 from their review of Lou et al. 2009), and in one to 
two hours in rats (reviewed by EFSA 2008).

Distribution

PFOA is highly bound to plasma proteins in circulation. It has been shown to be 99.7% bound to human plasma 
proteins and 97.3% bound to plasma protein of rats and monkeys (ATSDR 2015). Over 90% of the protein 
binding is to albumin (Roberts et al. 2016). The dissociation constant for albumin-bound PFOA in human serum is 
approximately 0.4 mM and involves 6–9 binding sites (ATSDR 2015). It also has binding affinity to FABP in the liver, 
although not as high a binding affinity as PFOS (Roberts et al. 2016). There is no sex related difference in serum 
protein binding of PFOA between male and female rats. PFOA also has a high binding affinity for human serum 
thyroid hormone transport protein, TTR and a moderate affinity for low density lipoproteins and α-globulins (ATSDR 
2015).

After subchronic oral dosing, PFOA is found mainly in blood, liver, testis, spleen, lung, kidney and brain of rats. The 
highest levels of PFOA in mice are found in the blood and the highest extravascular concentrations are found in the 
liver. In human postmortem studies, the highest levels of PFOA were found in lungs, kidneys, liver blood, and bone. 
In both humans and laboratory animals, PFASs cross the placenta and are also found in milk (reviews by EFSA 2008; 
Borg and Håkansson 2012; US EPA 2016). A human study found that mean cord blood PFOA was approximately 
47% that of maternal blood (reviewed by US EPA 2016). Cerebrospinal fluid does not appear to be a relevant 
partitioning site for PFOA (Roberts et al. 2016).
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Transporters involved in absorption, distribution and excretion of PFOA include organic anion transporters, organic 
anion transporting peptides, multidrug resistance –associated proteins, and urate transporters (Roberts et al. 2016).

The volume of distribution of PFOA is similar across species at approximately 0.17 L/kg bw, and suggests 
extracellular distribution (Roberts et al. 2016).

Metabolism

No evidence has been found that PFOA undergoes any metabolism in studies conducted in rodents or nonhuman 
primates (reviews by ATSDR 2015, EFSA 2008; Borg and Håkansson, 2012; US EPA 2016).

Excretion

PFOA is principally excreted by the renal route in rats. Glomerular filtration is limited by extensive binding to serum 
albumin and other high molecular weight proteins. Renal organic anion transporters actively reabsorb PFASs 
(reviewed by Borg and Håkansson 2012). The capacity of these transporters is saturated at high doses of PFOA, 
resulting in proportionally increased PFOA excretion in urine (reviewed by US EPA 2016). At low doses, PFOA has first 
order kinetics (Roberts et al. 2016).

A marked sex difference is observed in rats with males showing slower elimination which may be attributed to sex 
related differences in expression of organic anion transporters, in particular Oatp1a1 in the kidney (ATSDR 2015). 
Significant sex related differences in systemic clearance have not been found in nonhuman primates or in human 
monitoring studies, though the latter may reflect limitations in study design (ATSDR 2015).

PFOA is also excreted in the bile and may be subject to extensive enterohepatic recirculation. Biliary excretion may 
be more important than urinary excretion of PFASs in humans. Biliary excretion with enterohepatic cycling may be the 
basis for the prolonged elimination half-life of PFASs in humans. Fluctuations in log-linear serum concentration vs time 
profiles, consistent with enterohepatic cycling, have been reported for monkeys. (Roberts et al. 2016).

Lactation is a route of excretion in women and in mice. Menstruation is considered to be an excretory pathway for 
PFOS, and this pathway should also apply to PFOA (Roberts et al. 2016).

Half-life of PFOA in humans is estimated to be in the range 2.3 to 3.8 years, much longer than the half-lives of PFOA 
in monkey, rats and mice which are 20.8 days, 11.5 days, and 15.6 days, respectively (Roberts et al. 2016).

3.3.3 Animal toxicity studies
Various international regulatory agencies or bodies have reviewed the toxicity of PFOA, including acute and short 
term toxicity studies in mice, rats and monkeys, subchronic studies in monkeys, chronic studies in mice, rats and 
monkeys, and developmental and reproduction studies in mice and rats. As a part of this assessment, FSANZ has 
evaluated the pivotal toxicological studies relevant to establishing an Australian TDI as well as other information on 
mechanism of action, toxicokinetics, genotoxicity and immunotoxicity.

The predominant effect of PFOA in laboratory rodents is peroxisome proliferation-mediated hepatomegaly. Rodents 
are susceptible to this response whereas humans and other primates are considered to be refractory to it (Parkinson 
2001). Other findings in rodent toxicity studies of PFOA include reduced body weight gain, decreased spleen and 
thymus weights, reduced response to a foreign antigen (SRBC), vacuolation of the zona glomerulosa of the adrenals, 
increased full-litter resorptions, developmental skeletal defects, reduced birthweight, decreased postnatal growth 
rate, delayed postnatal eye-opening and hair growth, delayed puberty, decreased postweaning survival, and adverse 
effects on mammogenesis.

Effects of PFOA in nonhuman primates include weight loss, increased clotting times, decreased heart and brain 
weights, hypoglycaemia, hypoproteinaemia, bone marrow hypocellularity, lymphoid follicle depletion and lipid 
depletion in the adrenal glands. Clinical signs in monkeys that were terminated moribund during a subchronic oral 
gavage study included anorexia, emesis, decreased activity, facial swelling, black stools, prostration and tremor 
(Goldenthal 1978).

A summary of the NOAELs and LOAELs derived from the pivotal toxicological studies assessed as a part of this 
evaluation is set out in Table 20.
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Acute and subacute toxicity studies
Acute and subacute studies have been conducted with PFOA or AFPO in mice, rats and monkeys. Toxicological 
findings included lethality, clinical signs (e.g. anorexia, emesis, black stools, pallor of the face and gums, swollen 
faces and eyes, hypoactivity and prostration) and increased liver weight. A brief summary of acute and short term 
toxicity studies reviewed in previous international evaluations of PFOA is provided below, by species.

Mice

In a 28-day dietary study of AFPO, all mice of both sexes consuming ≥180 mg/kg bw/day died within 14 days, and 
almost all mice of both sexes consuming 54-58 mg/kg bw/day died before scheduled termination (Griffith and Long 
1980; reviewed by ATSDR 2015).

A significant increase in liver weight, correlating microscopically to hepatocellular hypertrophy, was evident after 7 to 
10 days in mice, at a LOAEL of 1 mg/kg bw/day PFOA (ATSDR 2015).

Rats

Acute oral LD50 values for AFPO of 680 mg/kg bw for male rats and 430 mg/kg bw for female rats have been 
reported, and in a 28-day dietary study, all rats of both sexes consuming ≥1,000 mg/kg bw/day died within 7 days 
(Griffith and Long 1980; reviewed by ATSDR 2015).

Nonhuman primates

Daily gavage with 100 mg AFPO /kg bw was fatal within 14 days to an unspecified number of Rhesus monkeys 
assigned to a 90-day study. Clinical signs prior to death included anorexia, emesis, black stools, pallor of the face 
and gums, swollen faces and eyes, hypoactivity and prostration. Postmortem findings included marked diffuse lipid 
depletion of the adrenals, slight to moderate hypocellularity of the bone marrow, and moderate atrophy of lymphoid 
follicles of the spleen and lymph nodes (Griffith and Long 1980; reviewed by ATSDR 2015).

Subchronic toxicity studies
Subchronic toxicity studies are available for PFOA for rats and monkeys, but not mice. Toxicological findings in rats 
were primarily related to decreased body weight gain (6.5 mg/kg bw/day AFPO) and increased liver weight (≥ 0.64 
mg/kg bw/day AFPO) correlated to centrilobular hepatocellular hypertrophy. However, there was no associated 
cellular degeneration or necrosis, and the hepatocellular hypertrophy was reversible during the recovery phase.

Two studies in monkeys were available, a 90-day oral gavage study in Rhesus monkeys and a 26-week oral capsule 
study in cynomolgus monkeys. Dose levels ≥ 30 mg/kg bw/day caused significant toxicity and some unscheduled 
deaths in both species. In the Rhesus females dosed with PFOA at 10 mg/kg bw/day, the heart and brain weights 
were decreased, without histopathological correlates. In cynomolgus monkeys, dose-dependent increases in liver 
weight associated with mitochondrial proliferation were observed in all treatment groups.

Rats

Palazzolo 1993 and Perkins et al. 2004 13-week dietary study in male rats
Only male rats were used in this study because of the slower elimination of PFOA in male rats compared to females, 
and pre-existing evidence of a lower toxic threshold for PFOA in male rats than in females. Crl:CD®BR rats, 
approximately 41 days old at the start of treatment, were fed dietary levels of 0, 1, 10, 30, and 100 ppm AFPO, 
equivalent to 0, 0.06, 0.64, 1.94, and 6.5 mg/kg bw/day AFPO respectively. Cohorts were terminated after 4, 7, 
and 13 weeks of feeding, and after 8 weeks of recovery. Rats were individually housed under standard laboratory 
conditions. Food and water were provided ad libitum. In-life parameters were food consumption, clinical observations 
and body weights. Body weights were measured at study start and at the end of weeks 1, 4, 7, 10 and 13, and in 
weeks 17 and 21 during the recovery phase. Blood was collected at termination for determination of measurement 
of serum PFOA, estradiol, testosterone and LH. At scheduled termination, gross necropsy was followed by 
determination of weights of brain, liver, lungs, testes, and accessory sex organs (seminal vesicle, prostate, 
coagulating gland, urethra), fixation of the same organ list for histopathology, and collection of liver samples for assay 
of palmitoyl CoA oxidase activity.
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Dose analysis confirmed appropriate concentrations, homogeneity and stability of the test article in the diet. With the 
exception of one rat in the 100 ppm group that was euthanised due to dermal lesions, all rats survived to scheduled 
termination, and there were no treatment-related clinical signs. The mean body weight of the 100 ppm group was 
significantly lower than that of the control group from week 1 to 13. Group mean terminal body weight of the 100 
ppm group was 494 ± 64 g, 91% the group mean of 541 ± 41g of controls, and group mean body weight gain from 
weeks 1 to 13 was 290 ± 57 g for 100 ppm rats, 86% the 338 ± 34 g group mean of controls. The difference in body 
weight was not statistically significant in weeks 17 or 21 in the recovery phase. Group mean food consumption of the 
100 ppm group was slightly lower than that of the control group throughout the study, although this difference only 
reached statistical significance in week 1. Consumption of ≥ 10 ppm dietary AFPO caused a dose-related statistically 
significant increase in liver palmitoyl CoA oxidase activity. There were no statistically significant differences in levels of 
estradiol, testosterone or LH. No treatment-related gross lesions were found on necropsy.

Consumption of ≥ 10 ppm AFPO caused dose-related statistically significant increases in group mean liver weights, 
absolute and relative to body weight and to brain weight, after 4, 7 and 13 weeks of treatment. These increases 
correlated to centrilobular hepatocellular hypertrophy. There was no associated cellular degeneration or necrosis, 
the hepatocellular hypertrophy was reversible during the recovery phase, and absolute and relative liver weights of 
treated rats in the recovery phase were not significantly different to those of controls. Because the hypertrophy was 
not associated with necrosis, reversible, and an expected effect of a peroxisome proliferator in a rodent, the hepatic 
changes were not considered adverse. The NOAEL is 1.94 mg/kg bw/day AFPO based on decreased mean body 
weight compared to controls at 6.5 mg/kg bw/day.

Measured PFOA concentrations in serum of male rats are shown below in Table 21. 

Table 21: Serum levels of PFOA (µg/mL) in male Crl:CD® BR1 rats after dietary administration for up to 
13 weeks (90 days) with recovery

Serum levels of PFOA (µg/mL) in male Crl:CD® BR1 rats after dietary 
administration for up to 13 weeks (90 days) with recovery

Dose level (ppm) Dose (mg/kg bw/day)2 Males

Week of treatment: 4

0 - -

0Pf - -

1 0.07 6.5± 1.0 (8)

10 0.71 55± 8.1 (9)

30 2.14 104± 14 (8)

100 7.39 159± 30 (10)

Week of treatment: 7

0 - -

0Pf - -

1 0.06 7.5± 1.3 (9)

10 0.60 46± 16 (10)

30 1.85 87± 28 (10)

100 6.21 149± 35 (10)

Week of treatment: 13

0 - -

0Pf - -

1 0.05 7.1± 1.2 (10)

10 0.47 41± 13 (10)
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Serum levels of PFOA (µg/mL) in male Crl:CD® BR1 rats after dietary 
administration for up to 13 weeks (90 days) with recovery

Dose level (ppm) Dose (mg/kg bw/day)2 Males

30 1.44 70± 16 (10)

100 4.97 138± 34 (10)

Week of treatment: 21 (recovery)

0 - -

0Pf - -

1 - 1.2± - (1)

10 - 1.1± 1.3 (3)

30 - 1.6± 0.9 (3)

100 - 2.5± 0.9(2)

Blood was collected from the vena cava at the time of sacrifice. Data are expressed as group mean ± standard deviation, with number of animals (n) 
in parentheses.
Pf Pair‑fed controls
Limit of detection 0.7 µg/mL
R Recovery
- not applicable
1 Sprague Dawley derived
2 values taken from Table 2, Perkins et al. 2004 (Animals fed APFO; dose levels in terms of APFO but serum levels in terms of PFOA)

Goldenthal (1978) 90-day oral gavage study in Rhesus monkeys – used for HBGV derivation by US EPA
In this 90-day study, Rhesus monkeys, 2/sex/group, administered 0, 3, 10, 30 or 100 mg/kg bw/day PFOA by oral 
gavage. Monkeys were individually housed under standard laboratory husbandry conditions. Clinical observations 
were recorded twice daily, and monkeys were weighed weekly. Blood and urine samples were collected prestudy 
and at 30 and 90 days for standard haematology, serum biochemistry and urinalysis. All surviving monkeys were 
terminated for necropsy at the end of the treatment period, and monkeys dying prior to the end of the study were 
also necropsied. Fresh weights of heart, liver, adrenals, spleen, pituitary, kidneys, gonads and brain, and fixed weights 
of thyroids with parathyroids, were recorded. A comprehensive list of tissues was collected for histopathology.

All monkeys dosed with 100 mg/kg bw/day PFOA died between weeks 2 and 5, and 3 of the monkeys (both 
females and one male) dosed with 30 mg/kg bw/day also died during the study. Clinical signs prior to death 
included anorexia, emesis, decreased activity, swollen face and eyes, black stools, prostration and trembling. 
All monkeys dosed with ≤ 10 mg/kg bw/day survived to scheduled termination, but one monkey had pallor and 
swollen face in week 7 and black stools in week 12. No clinical signs attributable to toxicity were observed in the 
3 mg/kg bw/day group.

There were no treatment-related effects on body weight or clinical pathology parameters at ≤ 10 mg/kg bw/
day. In contrast, monkeys dosed with ≥ 30 mg/kg bw/day showed decreased body weight after week 1, and the 
body weight of the one surviving male in the 30 mg/kg bw/day group was significantly lower than those of control 
males. In the first month of the study, the 30 mg/kg bw/day monkeys had significantly increased activated partial 
thromboplastin time (APTT) and prothrombin time (PT), and in the third month, the one surviving monkey in that 
group had even longer APTT and PT, and also had anaemia. The 30 mg/kg bw/day monkeys also had a significant 
decrease in serum alkaline phosphatase (ALP) in the first month of study, and this change was also evident in the 
third month in the one surviving monkey in the group, as well as significant decreases in blood sugar, total protein, 
and albumin, and a slight elevation in cholesterol. No treatment-related changes in urinalysis were discovered.

No treatment-related gross lesions were found on scheduled or unscheduled necropsies. At necropsy, females in the 
10 mg/kg bw/day group had significantly lower absolute and relative heart weights, and lower brain weights, than 
control females. Mean absolute heart weight of 10 mg/kg bw/day females was 11.77 g while that of control females 
was 15.05 g (i.e. group mean heart weight was 78.2% that of controls). Corresponding values for heart weight relative to 
body weight were 0.32% and 0.44% respectively. Group mean absolute brain weight of the 10 mg/kg bw/day females 
was 76.54 g, compared to 82.10 g for control females (i.e. 93.2 % of control group mean). Relative brain weights were 
also lower than those of control or 3 mg/kg bw/day females, but the difference did not reach statistical significance.
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No treatment-related microscopic changes were observed in organs of monkeys treated with ≤ 10 mg/kg bw/day. 
Consistent microscopic findings in the ≥ 30 mg/kg bw/day monkeys that died prior to scheduled termination included 
marked diffuse lipid depletion in the adrenal glands, slight to moderate hypocellularity of bone marrow, moderate 
atrophy of the lymphoid follicles of the spleen and lymph nodes. The one male in the 30 mg/kg bw/day group that 
survived to scheduled termination also had slight to moderate hypocellularity of the bone marrow and moderate 
lymphoid follicle atrophy in the spleen.

Butenhoff et al. 2002 26-week oral capsule study in cynomolgus monkeys
Male cynomolgus monkeys were assigned to four groups. The control, mid- and high dose groups comprised six 
monkeys/group while the low dose group comprised four monkeys. Gelatine capsules, empty for the control group 
and containing AFPO for treated groups, were administered daily by the oral route. The low and mid-dose groups 
were treated with 3 and 10 mg/kg bw/day respectively, for 26 weeks. The high dose group was initially treated with 
30 mg/kg bw/day but this was discontinued on day 12 due to toxicity issues and treatment of the high dose group 
was resumed on day 22 at 20 mg/kg bw/day. Treatment of three of the six high dose monkeys was discontinued 
on day 43 due to further toxicity issues. Two monkeys from the control group and the mid-dose (10 mg/kg bw/day) 
group were assigned to a 13 week recovery period.

Monkeys were housed under standard laboratory husbandry conditions. In-life parameters were daily clinical 
observations, weekly body weight determination, and ophthalmic examinations prestudy, in week 27 and, for 
recovery cohorts, at the end of the recovery period.

Blood and urine for clinical pathology were collected prestudy, on days 31, 63, 91, and 182 of treatment, and during 
the recovery phase on days 217, 245, and 275. Blood was collected for hormone analysis on days –18, –8, and –4, 
during treatment on days 35, 66, 94, and 183, and during the recovery phase on days 220, 248, and 276. Blood was 
collected every two weeks from week 2 and analysed for PFOA concentration

Necropsies were performed on all monkeys including those euthanised before scheduled termination. Weights of 
adrenals, brain, epididymis, kidneys, liver, pancreas, testes, and thyroids with parathyroids were recorded. Samples 
of the right lateral lobe of the livers, and a sample of bile were collected from all monkeys and flash-frozen in liquid 
nitrogen. Flash-frozen liver was analysed for PFOA content and palmitoyl CoA oxidase activity, and bile was analysed 
for specific bile acids. A comprehensive list of tissues was preserved, processed and stained with haematoxylin and 
eosin for light microscopy. In addition, samples of the left lateral lobe of the liver, left and right testes and the pancreas 
were collected from each, fixed, processed, and stained for proliferating cell nuclear antigen (PCNA).

One monkey in the 3 mg/kg bw/day group was euthanised for bacterial septicaemia, unrelated to treatment, on day 
15 and replaced on day 17. All monkeys in the 10 mg/kg bw/day group survived to scheduled termination. Signs 
of toxicity in the 30 mg/kg bw/day group that led to suspension of dosing and introduction of a lower dose (20 mg/
kg bw/day) were anorexia and weight loss. Dosing of three monkeys in this group was discontinued on days 43, 66, 
or 81 because of recurrence of the same clinical signs. A sixth monkey in this group was euthanised in moribund 
condition on day 29 with marked weight loss, and was found on necropsy to have suffered dosing injury. This 
monkey also had hepatocellular degeneration, necrosis and regeneration.

Clinical signs, food consumption, and body weights were unaffected by treatment in all monkeys receiving 3 and 10 
mg/kg bw/day. One monkey in the 3 mg/kg bw/day group was euthanised in moribund condition on day 137 but this 
was considered to be unrelated to treatment. Administration of PFOA had no effect on ophthalmologic findings.

The two 10 mg/kg bw/day monkeys that were assigned to the recovery phase gained less weight during recovery 
than the control monkeys assigned to the recovery period. However, this finding is considered to be unlikely to be 
treatment-related, because there were no significant differences between the body weights or body weight changes 
of the 10 mg/kg bw/day monkeys and the control monkeys during the dosing phase.

There were no treatment-related effects on haematology, clinical chemistry or urinalysis at dose levels ≤ 10 mg/kg 
bw/day. Small but significant increases in serum triglycerides were found on days 31, 63 and 91 in the 30/20 mg/
kg bw/day group. The two monkeys in the 30/20 mg/kg bw/day group that were still alive on days 91 and 182 also 
had mild to marked decreases in absolute neutrophil count, total protein concentration and albumin concentration. 
On day 63, the monkey for which treatment was stopped on day 66 had marked increases in AST, ALT, creatine 
kinase and sorbitol dehydrogenase, as well as an increase in bile acids. The same enzymes were significantly 
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increased in the monkey that was terminated in moribund condition on day 29, and that monkey also had a marked 
decrease in serum cholesterol.

There were no treatment-related effects on circulating levels of estradiol, testosterone, cholecystokinin, TSH, free 
thyroxine or total thyroxine.

In monkeys treated with 30/20 mg/kg bw/day, liver tissue collected and flash-frozen at necropsy had a group 
mean significantly decreased DNA concentration and succinate dehydrogenase activity, and significantly increased 
cyanide—insensitive palmitoyl CoA oxidation, which is a peroxisomal marker. Group mean hepatic DNA concentration 
of monkeys treated with ≤ 10 mg/kg bw/day was also lower than that of controls, but not to a statistically significant 
extent. There was no evidence of increased cell proliferation in liver, pancreas or testes, as measured by PCNA, 
in any group.

Steady-state values for serum PFOA appeared to be reached after 4 to 6 weeks of daily dosing. Liver PFOA levels 
were not elevated in the 10 mg/kg bw/day monkeys that were killed at the end of the recovery period.

Absolute liver weight was significantly elevated in all treated groups as compared to controls at the end of the 
treatment period, although liver weight relative to body weight was only significantly elevated in the 30/20 mg/kg 
bw/day monkeys that survived to scheduled necropsy. The increase in liver weight was reversible, in that it was not 
evident in the 10 mg/kg bw/day monkeys necropsied at the end of the recovery period. No gross or histological 
lesions were found in any monkeys that survived to scheduled necropsy.

The increase in absolute liver weight in the monkeys treated with ≤10 mg/kg bw/day was not associated with any 
detectable microscopic changes and was reversible, and therefore not considered to be an adverse effect. The 
NOAEL was 10 mg/kg bw/day based on clinical signs, decreased body weight and hepatic toxicity at the high dose.

Table 22: Mean serum levels (µg/mL) of PFOA in male cynomolgus monkeys dosed by oral capsule for 
180 days

Mean serum levels (µg/mL) of PFOA in male cynomolgus monkeys dosed by oral capsule for 180 days

Dose (mg/kg bw/day) Week of treatment Serum level

3 Mean 6-26 77± 39 ( 10-154)

10 Mean 6-26 86± 33 (10-180)

30/20 Mean 6-26 158± 100 (20-467)

Blood was collected from the femoral vein every two weeks from week 2 of treatment. Mean values presented above were calculated from samples 
taken over the 180 days dosing period, Butenhoff et al. 2002.
Data are expressed as group mean ± SD, with range in parentheses.
Limit of detection not provided.

The means and ranges of the serum levels may be illustrated graphically as follows, with dose level (mg/kg bw/day) 
on the x axis, and serum level (µg/mL) on the y axis:
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Figure 2: Dose level vs PFOA serum levels

The 10 mg/kg bw/day dose level is the NOAEL. The 30/20 mg/kg bw/day dose level was associated with significant 
and life-threatening morbidity. These results indicate a steep dose-response curve in cynomolgus monkeys.

Chronic studies of toxicity and carcinogenicity

Biegel et al. 2001 24-month toxicity/carcinogenicity study in male rats
This study was conducted in male rats only, because it was carried out specifically to investigate the role of 
peroxisome proliferators in induction of Leydig cell tumours.

Male CD rats, 156/group, were approximately 49 days old at study start. They were individually housed under 
standard laboratory husbandry conditions and provided with ad libitum access to diet containing either 0 or 300 ppm 
AFPO. Food consumption was measured daily for the first 3 weeks, then weekly to 3 months, and every two weeks 
thereafter. Rats were subject to daily cageside examinations and to detailed in-hand examinations when weighed. 
They were weighed weekly for the first 3 months of study and every second week for the rest of the study. Blood 
was collected for analysis of testosterone, estradiol, LH, follicle-stimulating hormone (FSH), and prolactin from 10 
randomly selected rats at 1, 3, 6, 9, 12, 15, 18 and 21 months. At the same timepoints, 6 rats/group were terminated 
for evaluation of cell proliferation and 6 rats/group were terminated for evaluation of peroxisome proliferation. At 
these terminations, organ weights were recorded for testes, epididymides, accessory sex glands (ASG), coagulating 
gland/seminal vesicle, prostate and liver. All rats surviving to 24 months were subject to termination, necropsy, 
and recording of weights of brain, heart, liver, spleen, kidneys, ASG, coagulating gland/seminal vesicle, prostate, 
epididymides, and testes. Sections of liver, testes, epididymides, pancreas and any gross lesions were processed to 
slides and stained with haematoxylin and eosin for histopathology.

Group mean body weight of the treated group was significantly lower than that of the control group from day 8 of 
study to the end of the study, although mean daily food consumption was very similar. Survival of the treated rats was 
greater than that of the control rats. Liver weight was significantly increased in treated rats, relative to controls, at all 
time points at which liver weight data were collected. Treatment was associated with a statistically significant increase 
in the incidence of hepatocellular adenomas, but not carcinomas. Absolute testis weight was increased in the treated 
group, relative to controls, at 24 months, and treatment was associated with increased incidence of Leydig cell 
hyperplasia and of Leydig cell adenomas. There was a treatment-related increase in pancreatic acinar cell proliferation 
at the 15-, 18- and 21-month timepoints, and significant increases in the incidence of acinar cell adenoma. Dietary 
exposure to AFPO was associated with significant elevation in serum estradiol concentrations at 1, 3, 6, 9 and 12 
months, but there were no consistent effects on serum testosterone. Effects on serum LH, FSH, and prolactin were 
also inconsistent.

The increases in neoplasias of the liver, Leydig cells and pancreatic acinar cells are consistent with the effects of other 
peroxisome proliferators in rats. 
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Butenhoff et al. 2012– 24-month chronic toxicity/carcinogenicity study in rats
This publication was written to make more accessible the results of the study of Sibinski (1987), and to include the 
findings of re-appraisals of the histopathology that had been published from 2003 onwards.

The study was performed in Sprague Dawley rats, 65/sex/group, using AFPO as the test article. AFPO was 
administered in the diet. Fresh diet mixtures were prepared weekly. Concentration, homogeneity and stability of the 
test article in the diet were confirmed prestudy, and concentration and homogeneity were also measured during the 
first month of study and at three-month intervals thereafter. Groups comprised a control group, a 30 ppm AFPO 
group and a 300 ppm AFPO group. The study was conducted for 24 months, but there was an interim termination 
and necropsy of 15 rats/sex from the control and 300 ppm groups at 12 months. Rats were housed under standard 
laboratory husbandry conditions. Males were housed individually and females were pair-housed. In-life endpoints 
were survival, clinical observations, body weight, feed consumption, ophthalmology (prestudy, at 12 months and at 
24 months), and clinical pathology (haematology, clinical chemistry and urinalysis, from 15 rats/sex/group/timepoint) 
at 3, 6, 12, 18 and 24 months. All surviving rats were terminated after 24 months on study. Necropsy procedures 
included weighing of adrenals, brain, testes, heart, kidneys, liver, spleen and uterus; and collection and preservation 
of a comprehensive list of tissues for histopathology.

Mean test article consumptions in the 30 and 300 ppm groups were 1.3 and 14.2 mg/kg bw/day respectively for 
males, and 1.6 and 16.1 mg/kg bw/day respectively for females.

AFPO had no adverse effects on survival; on the contrary, there were fewer unscheduled deaths and moribund 
terminations of rats of either sex in the 300 ppm group than in the control group. The greater survival rate of the 
males in the 300 ppm group, compared to males in the control group, was statistically significant and likely to reflect 
lower body weight over the course of the study, described below. Clinical signs were limited to a dose-related 
increase in the incidence of ataxia in females, near the termination of the study. However, this finding was considered 
to be unlikely to be related to treatment because there was no corresponding dose-relationship in ataxia in the males, 
and ataxia was less common in males, which is not consistent with other studies that show that clearance of AFPO 
is slower, and plasma levels higher, in males than in females. Other subchronic and chronic studies in rats have not 
identified ataxia as a clinical sign of AFPO or PFOA exposure. There was no treatment-related effect on the incidence 
of palpable masses in females. In males, palpable masses were more common in control rats than in treated rats. 
There were no treatment-related ophthalmological findings in either sex.

Group mean body weight gain was decreased in excess of 10% in male rats in the 300 ppm group, when compared 
to controls, from study week 2 to 98 inclusive. Body weight gains of male rats in the 30 ppm group, on the other 
hand, were not significantly different to those of controls. Food consumption was slightly depressed in 300 ppm 
males, but not 30 ppm males, in the first year of study. When expressed relative to body weight, food consumption 
of 300 ppm males was generally ≥13% higher than that of controls. Treatment had no effect on group mean 
body weights of female rats until the study had been in progress for 18 months. From 18 months, there was a 
gradual decrease in group mean body weight in the 300 ppm females, and there was a gradual decrease in food 
consumption from 18 months to study termination at both dose levels in females. Information on body weights is 
presented in graphical rather than tabular form, so the magnitudes of these changes are uncertain. However, the 
mean body weight of the 300 ppm females appears to be around 450 g in the last six months, compared to 500 g 
for control and 30 ppm females. Data on food consumption are not presented.

No treatment-related changes in urinalysis were found in either sex. No treatment- related haematological or clinical 
chemistry changes were found in female rats. In male rats in the 300 ppm group, there were consistent minimal 
decreases, which sometimes reached statistical significance, in red blood cells, haemoglobin and haematocrit between 
3 and 18 months. Elevations in group mean white blood cells, relative to those of controls, were sometimes present in 
treated males during the first year of study, but this finding was not consistent. Alterations in serum chemistry results 
were consistently found only in males. From 6 to 18 months of study, group mean ALT, AST and ALP were consistently 
elevated, relative to those of male controls, at both dose levels in males, and these elevations were frequently statistically 
significant. Elevations in these parameters were present at 24 months in the 300 ppm males but not the 30 ppm males. 
Group mean serum albumin was significantly elevated in 300 ppm males, relative to controls, throughout the study. 
Group mean albumin level tended to be higher than that of controls, in 30 ppm males during the first 12 months of 
study, although this only reached statistical significance at the 3 and 6 month time points.
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Only cohorts of rats from the control and 300 ppm groups were subject to interim termination at 12 months. There 
were no treatment-related gross findings. Group mean male liver and kidney weights, relative to body weights, were 
elevated in treated males but not treated females. Group mean pituitary weights of 300 ppm males were significantly 
lower, in absolute terms and relative to body weight and to brain weight, than those of male controls. Group mean 
adrenal weights of males were significantly lower than those of controls, in absolute terms and relative to brain 
weights, but not relative to body weights. There were no significant differences in organ weights between treated 
and control females. Treatment-related microscopic lesions found at the interim terminations were confined to the 
liver and were more pronounced in males than in females. Females showed a treatment-related increase in minimal 
to mild hepatocellular vacuolation, whereas males showed a treatment-related increase in diffuse hepatocellular 
hypertrophy with ‘ground glass’ cytoplasm. Focal hepatocellular necrosis and portal mononuclear cell infiltration were 
more frequent findings in treated males than control males.

In 300 ppm males subject to unscheduled necropsy or 24-month necropsy, there was a slight increase in incidence 
of gross hepatic lesions including masses, nodules, raised lesions, mottling or pale foci. There was also an increased 
incidence in testicular masses. There were no other gross findings in either sex that showed a relationship to 
treatment, at unscheduled necropsy or study termination, and there were no changes in organ weights that were 
clearly associated with treatment in either sex. At the interim terminations at 12 months, males in the 300 ppm group 
had increased incidence, relative to controls, of hepatocellular hypertrophy, focal hepatocellular necrosis, and portal 
mononuclear cell infiltration. Dose-related changes in the liver found in both sexes at unscheduled or 24-month 
necropsies included hepatocellular hypertrophy, cystoid degeneration and portal mononuclear cell infiltration; 
however, there was no dose-related increase in incidence of hepatocellular necrosis. The dose-related effects on the 
liver were more common in males than in females. The only neoplastic lesion that showed a relationship to dose of 
AFPO was a statistically significant increase in incidence of Leydig cell adenomas in the testes. There was no AFPO-
related increase in hepatocellular neoplasia.

The increased incidence of Leydig cell adenoma in this study is consistent with the study of Biegel et al. (2001). It has 
been suggested that the increased incidence of these tumours by AFPO and other peroxisome proliferators reflects 
hormonal changes secondary to induction of aromatase. In contrast to the findings of Biegel et al. (2001), no increase 
in pancreatic acinar cell tumours was found in this study. There was, however, some evidence of dose-related 
pancreatic acinar cell hyperplasia.

The LOAEL in male rats in this study is 30 ppm or 1.3 mg/kg bw/day, on the basis of increased relative liver weight, 
elevations in liver enzymes (ALT, AST, ALP) and cystoid degeneration in the liver. A NOAEL for male rats was not 
identified. The LOAEL in female rats is 300 ppm or 16.1 mg/kg bw/day, on the basis of weight loss in female rats 
from approximately 18 months of age. The NOAEL in female rats is 1.6 mg/kg bw/day.

Genotoxicity
EFSA (2008) concluded that the ammonium salt of PFOA (AFPO) does not have significant genotoxic activity, 
following review of a number of studies. AFPO did not induce mutations in the reverse mutation assay, with or 
without metabolic activation. Nor did it induce forward mutations in the Chinese Hamster Ovary (CHO) HGPRT assay 
or in cultured human lymphocytes, with or without metabolic activation. AFPO induced chromosomal aberrations 
and polyploidy in CHO cells only at toxic concentrations. PFOA is able to induce DNA strand breaks in the single 
cell gel electrophoresis assay, and micronuclei in human hepatoma HepG2 cells. These effects were accompanied 
by significant increases in levels of reactive oxygen species and 8-hydroxyguanosine (8-dG), consistent with the 
genotoxicity being an indirect effect of oxidative DNA damage. AFPO yielded a negative outcome in the mouse 
micronucleus assay and did not induce cell transformation in C3H10T mouse embryo fibroblasts.

IARC (2016) also reviewed a number of studies investigating the genotoxic potential of PFOA, including studies in 
human cell lines in vitro, in mammalian systems in vitro and in vivo, in non-mammalian eukaryotic system in vitro, 
and in bacterial and other systems. IARC concluded that there is strong evidence that direct genotoxicity is not a 
mechanism of PFOA carcinogenesis. However, a few assays indicated that indirect DNA damage may result from 
induction of oxidative stress, and therefore IARC concluded that there is moderate evidence that genotoxicity overall 
is not a mechanism of PFOA carcinogenesis.
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Reproductive and developmental toxicity

Mice

Lau et al. 2006 developmental and female reproductive study in mice
In this study, timed-pregnant CD-1 mice were administered AFPO equivalent to 0, 1, 3, 5, 10, 20 or 40 mg PFOA 
/kg bw by oral gavage, at a dose volume of 10 mL/kg, from GD 1 through 17 inclusive. The vehicle and control 
substance was water. Mice were individually housed under standard laboratory husbandry conditions. Some of 
each group were terminated on GD 18, 24 hours after their most recent treatment, for teratological evaluation, while 
others were dosed on GD 18 and allowed to proceed to spontaneous parturition. In the control group, 45 mice were 
terminated pregnant and 23 proceeded to spontaneous parturition, whereas for the treated groups the corresponding 
numbers were 17/8, 17/8, 27/19, 26/21, 42/7 and 40/0 respectively.

Endpoints measured included maternal survival; maternal weight gain; maternal liver weight on GD 18; number of 
fetuses live, dead or resorbed on GD 18; weight, sex and external appearance of fetuses on GD 18; anatomy and 
skeletal morphology of fetuses on GD 18; time of spontaneous parturition; number, viability and condition of pups at 
spontaneous parturition; body weights and body weight gains of surviving pups (with pups in litters with fewer than 
4 pups redistributed to other dams in the same dose group); day of eye-opening; day of puberty (vaginal opening or 
preputial separation) of pups; body weights of pups at puberty; and age at first oestrus of female pups. In addition, 
dams were terminated after weaning and implantation sites in their uteri were counted.

The effect of PFOA on maternal survival was not stated and cannot be calculated from the data because the original 
group numbers were not stated. PFOA treatment had a dose-related negative effect on maternal weight gain during 
pregnancy at dose levels of ≥ 20 mg/kg bw/day, and the maternal liver weights showed a dose-related increase at 
dose levels ≥ 1 mg/kg bw/day. Analysis of maternal serum confirmed a dose-related increase in PFOA concentration 
at term. The authors reported serum PFOA data only for the 20 mg/kg bw/d dose level.

Treatment with PFOA had no effect on the number of implantations, but there was a significant dose-related increase 
in the incidence of full-litter resorptions in the groups receiving ≥ 5 mg/kg bw/day PFOA. All pregnancies were lost 
in the 40 mg/kg bw/day group. Among litters with viable fetuses at term, significant prenatal loss was observed only 
in the 20 mg/kg bw/day group. Weights of live pups at term were decreased only in the 20 mg/kg bw/day group, 
in which there was a mean decrease of 20%. In fetuses assessed for morphology at GD 18, skeletal abnormalities 
were found with increased incidence in the 10 and 20 mg/kg bw/day groups, and included enlarged fontanels, and 
reduced ossification of sternebrae, caudal vertebrae, metacarpals, metatarsals, phalanges, calvaria, supraoccipital 
bones and hyoid bones. However, not all these defects showed a consistent dose-response relationship. Soft tissue 
defects found in the same dose groups were minor tail and limb defects, and microcardia.

PFOA slightly increased average time to spontaneous parturition, which was statistically significant at ≥10 mg/kg bw/
day, and the incidences of stillbirth and neonatal mortality were significantly increased at ≥ 5 mg/kg bw/day PFOA. 
Most neonates in the 10 and 20 mg/kg bw/day groups died within 24 hours of birth. However, postnatal viability was 
not affected at ≤ 3 mg/kg bw/day PFOA. Growth retardation from birth to weaning at PND 23 was found in the pups 
in the ≥ 3 mg/kg bw/day groups. Body weights of pups recovered after weaning. Female pups had body weights 
comparable to those of controls by 6.5 weeks of age while males had body weights comparable to those of controls 
by 13 weeks of age. Time to eye-opening was significantly delayed in pups in the ≥ 5 mg/kg bw/day dose groups. 
Time to puberty, as determined by vaginal opening and by time to first oestrus, was not significantly altered in female 
pups. The authors considered that time to preputial separation was decreased in male pups of treated dams, but the 
presented data do not support this conclusion, because group mean time to preputial separation increased, rather 
than decreased, with increasing dose.

The maternal NOAEL was 10 mg/kg bw/day, based on decreased body weight gain at ≥20 mg/kg bw/day.

The NOAEL for fetotoxicity was 1 mg/kg bw/day, based on decreased body weight gain at doses 
of ≥ 3 mg/kg bw/day.
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The US EPA obtained the following serum PFOA data from the authors of the study:

Table 23: Serum levels of PFOA in female CD-1 mice after receiving daily oral gavage from GD1-17 inclusive

Dose level (mg/kg bw/day) Group mean serum PFOA (µg/mL)

1 21.9

3 40.5

5 71.9

10 116

20 181

40 271

Blood was collected from the trunk 24 hours after the last treatment.

White et al. 2007 developmental and female reproductive study in mice 
Timed-pregnant CD-1 mice were randomly assigned to one of four groups. The control and GD 1-17 group 
comprised 14 mice/group while the cohorts dosed on GD 8-17 and GD 12-17 contained 16 mice/group. Mice were 
individually housed under standard laboratory husbandry conditions and dosed by oral gavage with water vehicle or 
5 mg PFOA/kg bw/day. The dose was selected on the grounds that it had previously been shown by Lau et al. (2006) 
to reduce neonatal body weight gain.

Dams were weighed daily through gestation. Weights and sexes of pups were recorded at birth. Pups were randomly 
redistributed among the dams within treatment groups, with standardised litter sizes. Dams that delivered fewer than 
4 pups were excluded from the rest of the study. Litters were weighed, and average pup body weights calculated, 
on PNDs 5, 10, and 20. Half of the dams and their litters in each group were randomly selected for termination and 
necropsy on PND 10. The remaining dams and their litters were terminated and necropsied on PND 20. At necropsy, 
the fourth and fifth inguinal mammary glands were collected from both dams and female pups. Total RNA was 
extracted from lactating mammary glands for assessment of gene expression for selected milk proteins. Uteri were 
collected from dams for counting of implantation sites.

In a separate study, timed-pregnant CD-1 mice, 5/group, were dosed with 0 or 5 mg PFOA/kg body weight/day 
through GD 1-17 and sacrificed on GD 18 to microscopically evaluate the maternal mammary gland.

PFOA had no effect on maternal body weight, mean number of implantation sites, number of live pups born, or 
embryonic/fetal loss. All PFOA treatment regimens resulted in decreased mean neonatal body weights, relative to 
controls. The decreases were 3% for the GD 12-17 group, 7% for the GD 8-17 group, and 12% for the GD 1-17 
group, compared to controls. Mean body weights of pups were depressed, relative to those of controls, throughout 
the lactational period, in a manner directly related to the duration of PFOA treatment. The lack of effect of PFOA on 
mean number of implantation sites, numbers of live pups born, per cent preimplantation loss or maternal weight gain 
supports the conclusion that the decreased pup body weights were not due to general maternal toxicity or to an 
effect on the number of pups born.

On PND 10, typically the peak of lactation in mice, dams treated during GD 8-7 and GD 1-17 exhibited significant 
delays in mammary epithelial differentiation and development scores, compared to controls. Altered differentiation was 
also apparent in mammary glands of GD 12-17 exposed dams, but the differences were not statistically significant 
when translated into a score. At PND 20 the mammary glands of control dams exhibited changes associated with 
involution, which is normal for this stage of lactation in mice, but in all PFOA-treated groups there was a lack of evidence 
of involution. Histologically, PFOA-exposed glands from dams treated through GD 1-17 and terminated on GD 18 
exhibited stunted alveolar development. This is consistent with the differences noted during lactation in the other study 
being a direct effect of PFOA rather than being secondary to differences in stimulation by pups.

PFOA exposure had no clear or consistent effect on the expression of genes for β-casein, epidermal growth factor, 
or α-lactalbumin. Lactoferrin was elevated in mammary glands of GD 1-17 dams at PND 10, suggesting that the 
peak for this protein was delayed, because it is usually highest early and late in lactation. At PND 20, when lactoferrin 
levels are normally high, all the PFOA-exposed dams had significantly lower lactoferrin expression than the control 
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dams. The lactoferrin expression of the treated dams at PND 20 was similar to that of the control dams at PND 10, 
consistent with a ten-day delay in mammary gland development.

Mammary gland epithelial branching and longitudinal growth were effectively arrested in all PFOA-exposed female 
pups on both PND 10 and 20, when compared to controls. Body weight was not a significant covariate for these 
mammary effects.

In comparison to the usual toxicokinetics of PFOA in mice, the blood PFOA level of treated dams remained 
unchanged between PND 10 and 20. The authors suggested that the maternal behaviour of grooming the pups, 
stimulating their micturition and consuming the urine caused continuing maternal exposure to PFOA excreted by the 
pups. Analysis of pup livers supports this, in that levels of PFOA in pups remained elevated between PND 1 and 10, 
the time during which pups require maternal stimulation for elimination.

The authors suggested that PPARα agonism may underlie the maternal lactational abnormalities, because 
overexpression of PPARα due to a keratin 5 promoter has been shown to cause lactation failure and consequent 
neonatal mortality in mice.

Serum PFOA concentration analysis results were semiquantitative and not useful for modelling purposes, so they are 
not reported here.

Wolf et al. 2007 and White et al. 2009 developmental, female reproductive and lactational study in mice 
Wolf et al. (2007) reported a cross-fostering study and restricted exposure study.

In the cross-fostering study, timed-pregnant CD-1 mice were dosed by oral gavage on GD 1 through 7 with 0, 3 or 5 
mg/kg bw/day PFOA. Mice were individually housed under standard laboratory husbandry conditions. There were 48 
mice in the vehicle control group, 28 mice in the 3 mg/kg bw/day group and 36 mice in the 5 mg/kg bw/day group. 
The mice were monitored closely at the time of parturition. The date and time of birth, number of live and dead pups, 
and number of pups of each sex were recorded, and litters were weighed by sex. As close to birth as possible, litters 
were cross-fostered to create the following groups:

• control pups to control dams
• control pups to 3 mg/kg bw/day dams
• control pups to 5 mg/kg bw/day dams
• pups of 3 mg/kg bw/day dams to control dams
• pups of 5 mg/kg bw/day dams to control dams
• pups of 3 mg/kg bw/day dams to other 3 mg/kg bw/day dams
• pups of 5 mg/kg bw/day dams to other 5 mg/kg bw/day dams

All pups were either cross-fostered or killed for collection of blood and liver; no pups remained with their birth mother. 
Foster litters comprised 10 pups, with 5 males and 5 females whenever possible.

In the restricted exposure study, 70 timed-pregnant CD-1 mice, housed as for the cross-fostering study, were 
assigned to treatment groups. The control group, n=12, was dosed by oral gavage with deionised water on GD 7-17. 
The treated groups were dosed by oral gavage with 5 mg PFOA/kg bw/day on GD 7-17 (n=14), GD 10-17 (n=14), 
GD 13-17 (n=12), GD 15-17 (n=12) or with 20 mg PFOA/kg bw/day on GD 15-17 (n=6). Mice were closely monitored 
at parturition, and the date and time of birth, number of live and dead pups, and number of pups of each sex were 
recorded, and litters were weighed by sex. Litters were culled to 10 pups with equal representation, where possible, 
of male and female pups.

In both studies, litters were observed daily and weighed on PNDs 1, 2, 3, 4, 7, 10, 14, 17, and 22. Eye-opening and 
hair growth were monitored. On PND 22, pups were weighed, weaned and separated by sex. After weaning, one 
male and one female pup from each litter was randomly selected, weighed, and killed for collection of blood serum 
and liver. Dams were also killed at weaning, with collection of blood serum and livers, and examination of uteri for 
implantation sites. For recording of postweaning body weights, one pup per sex per litter was randomly selected, and 
body weights were recorded weekly from PND 29 through to 35 weeks of age for the cross-fostering study and 27 
weeks of age for the restricted exposure study.
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Treatment with PFOA had no effect on maternal weight, the number of implantation sites or the number of live pups 
per litter in either study.

In the cross-fostering study, there was an increase in the incidence of prenatal whole litter loss in the maternal mice 
dosed with 5 mg PFOA/kg bw/d. The birthweights of both male and female pups of dams treated with 5 mg PFOA/
kg bw were lower than those of controls. Survival of pups to weaning was decreased only in pups both gestated by 
and cross-fostered to dams treated with 5 mg PFOA/kg bw. Eye-opening and hair growth were significantly delayed 
in pups gestated by and cross-fostered to dams treated with 3 mg PFOA/kg bw, pups gestated by dams treated with 
5 mg/kg bw but cross-fostered to control dams, and pups gestated by 5 mg/kg bw dams and also cross-fostered 
to 5 mg/kg bw dams. In general, the delay was progressively more severe with dose and with exposure type, with 
exposure in utero and through lactation more harmful that in utero exposure alone. PFOA exposure had adverse 
effects on body weights in the same groups of pups. Weight gain through PND 1-22 was significantly reduced in 
pups exposed to PFOA in utero and cross-fostered to control dams, and also pups of 5 mg/kg bw dams that were 
cross-fostered to 5 mg/kg bw dams. Male pups, with the exception of those of 5 mg/kg bw dams that were cross-
fostered to 5 mg/kg bw dams, recovered from the body weight deficits within a week of weaning. However, female 
pups gestated by 5 mg/kg bw/day dams, whether or not they were cross-fostered to other 5 mg/kg bw dams, 
continued to show body weight deficits as late as PND 85. After PND 85, male pups of females treated with 5 mg 
PFOA/kg bw showed increased body weights relative to controls, while females had similar body weights to controls.

Control dams that raised pups exposed to PFOA in utero had measurable PFOA in their serum at weaning of the 
pups, consistent with dams ingesting PFOA while assisting the excretion of wastes by their pups. Pups exposed to 
PFOA both in utero and through milk had the higher serum PFOA levels than those exposed only in utero or in milk. 
At weaning, levels in pups exposed only in utero to a given maternal dose were very similar to those in pups exposed 
only in milk to the same maternal dose.

In the restricted exposure study, pup weight at birth was significantly decreased for male pups, but not for females, 
in litters exposed from GD 7-17 and 10-17, and those pups exposed to 20 mg PFOA/kg bw on GD 15-17. Survival 
from birth to PND 22 was significantly decreased only for pups exposed to 20 mg PFOA/kg bw on GD 15-17. 
Relative liver weights were significantly increased in dams at weaning, with the exception of dams dosed to 5 mg/kg 
bw on GD 15-17. The increase in relative liver weight was positively associated with total administered dose. PFOA 
exposure also increased liver weights of pups of both sexes in all exposure groups.

As in the cross-fostering study, delays in eye-opening and hair growth were observed, affecting pups exposed to 5 
mg PFOA/kg bw on GD 7-17 and 10-17, and was more severe in the GD 7-17 pups. PFOA exposure significantly 
reduced body weights of male and female pups on PNDs 1 through to 22. After weaning, male body weights of pups 
exposed GD 7-17 did not recover to control weights until the pups were 10 weeks old, and male pups exposed GD 
10-17 did not recover until the pups were 11 weeks old.

Mean serum PFOA in pups increased with longer durations of prenatal exposure.

The cross-fostering study showed that lactational exposure to PFOA alone did not have detrimental effects on pup 
growth, development or survival, consistent with interference by PFOA on growth and development of the fetus. 
Furthermore, the lack of adverse effects in pups only exposed through lactation suggests that PFOA did not have any 
adverse effects on the maternal behaviour or milk production of the dams.

The study showed that PFOA exposure early in gestation is not required for the development of adverse effects. 
Serum PFOA data obtained from the study are presented in Tables 24 and 25.
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Table 24: Serum levels of PFOA in cross-foster dams and male pups at weaning (3 weeks) and in female pups 
at 3, 6 and 9 weeks of age

Serum levels of PFOA in cross-foster dams and male pups at weaning (3 weeks) and in female pups at  
3, 6 and 9 weeks of age

Group Dams at weaning Male pups 
3 weeks

Female pups 
3 weeksa

Female pups  
6 weeks

Female pups  
9 weeks

n PFOA ng/mL n PFOA ng/mL n PFOA ng/mL n PFOA ng/
mL

n PFOA ng/
mL

Control dam, 
control pups

13 24±3b 12 19±5b 13 7±2b 15 2±2b 15 0.6 ± 0.2b

Control dam,
3 mg pups (3U)

11 10 047 ±1169c 11 9562 ±1067 11 8143±1347 18 996±108 13 292±34

Control dam,
5 mg pups (5U)

13 13 797 ±1439d 12 11 548 
±1398e

13 8767±909 15 1136±151 15 339±56

3 mg/kg dam,
control pups (3L)

11 23 645 ±1979 11 8371 ±530 11 9098±1243 14 1195±130 15 317±41

3 mg/kg dam,
3 mg pups (3U+L)

12 29 470 ±2554 12 18 074 ±2614 12 14 788±1647 16 2063±244f 8 362±75

5 mg/kg dam, 
control pups(5L)

13 35 231 ±3756 13 10 388 ±1306 13 12 430±1494 15 1494±141g 15 324±58

5 mg/kg dam,
5 mg pups(5U+L)

12 36 900 ±4749 12 24 948 
±4291h

11 22114±3677i 9 4031±377j 4 971±123k

PFOA concentrations are mean ± standard error of the mean.
U – in utero exposure; L – lactational exposure
a For female pups, means of all treatments 3>6>9 weeks, p<0.001
b For all groups, control<all PFOA-exposed groups, p<0.001
c Dams: 3U<3L,5L,3U+L,5U+L, p<0.001
d Dams: 5U<5L, 3U+L, 5U+L, p<0.001; 5U<3L, p<0.05
e Male pups: 3U+L>3L, 5L, p<0.01; 3U+L>3U, p<0.05
f Female pups 6 weeks: 3U+L > 3L, p<0.01; 3U+L > 3U, 5U; p< 0.001

g Female pups 6 weeks: 5L>3U, p< 0.01; 5L> 5U, p <0.05
h Male pups: 5U+L > 3L, 5L, 3U, 5U, p<0.001; 5U+L > 3U+L, p<0.05
i Female pups 3 weeks: 5U+L > 3L, 3U, 5U, p < 0.01; 5U+L. 5L, p<0.05
j  Female pups, 6 weeks: 5 U+L > 3L, 5L, 3U, 5U, p<0.001; 5U+L 
> 3U+L, p<0.01

k  Female pups, 9 weeks: 5U+L > 3L, 5L, 5U, 3U+L, p<0.05; 5U+L  
> 3U, p<0.01

Table 25: Serum levels of PFOA in restricted exposure study dams and male pups at weaning (PND22) and 
female pups at PND22, 29, and 32

Serum levels of PFOA in restricted exposure study dams and male pups at weaning (PND22) and female pups at 
PND22, 29, and 32

PFOA dose and 
gestational period

Dams PND22 Male pups PND22 Female pupsa 
PND22

Female pupsa 
PND29

Female pupsa 
PND32

n PFOA ng/
mL

n PFOA ng/mL n PFOA ng/
mL

n PFOA ng/
mL

n PFOA ng/
mL

Control GD7-17 12 69b

±12
6 23b

±9
6 21b

±5
10 18b

±6
10 10b

±1

5 mg/kg GD7-17 14 24 843
±1840

10 8680c

±1091
12 21894d

±2553
16 6048

±500
18 6703

±698

5 mg/kg GD10-17 14 25 643
±1686

12 6495
±297

13 8782
±840

22 6188
±833

20 6719
±687

5 mg/kg GD13-17 11 20 259
±2627

10 5364
±673

10 5132
±280

9 6287
±761

14 4781
±321
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Serum levels of PFOA in restricted exposure study dams and male pups at weaning (PND22) and female pups at 
PND22, 29, and 32

PFOA dose and 
gestational period

Dams PND22 Male pups PND22 Female pupsa 
PND22

Female pupsa 
PND29

Female pupsa 
PND32

n PFOA ng/
mL

n PFOA ng/mL n PFOA ng/
mL

n PFOA ng/
mL

n PFOA ng/
mL

5 mg/kg GD15-17 12 16104e

±2312
10 4771

±762
9 2764f

±152
11 4448

±345
12 2484g

249±

20 mg/kg GD15-17 5 53460h

±11024
- - - - - - - -

PFOA concentrations are mean ± standard error of the mean.
a For female pups, means of all treatments within PND: 22>29 and 32, p<0.001
b Control < all PFOA-exposed groups p<0.001
c Male pups: 5 mg/kg GD7-17 > GD15-17, p<0.01
d PND22: GD7-17 > GD10-17, 13-17, 15-17, p<0.001
e Dams: 5 mg/kg GD15-17 <GD7-17, 10-17, p<0.05
f PND22: GD15-17 < GD 10-17, 13-17, p< 0.001 and p<0.05 respectively
g GD15-17 < GD7-17, 10-17, 13-17, p <0.001
h Dams: 20 mg/kg GD15-17 > all 5 mg/kg exposure groups, p<0.05

White et al. 2011 three-generation developmental and female reproductive study in miceA
The objective of this study was to investigate the effects of gestational and chronic exposure to PFOA on lactational 
function of the F1 generation of mice, and the subsequent development of F2 offspring. Timed-pregnant CD-1 
mice were housed individually under standard laboratory husbandry conditions, and randomly assigned into five 
treatment groups.

Three groups were administered 0, 1 or 5 mg/kg bw/day PFOA by oral gavage through GD 1-17. There were 10 mice 
in the control group, 12 mice in the 1 mg/kg bw/day group and 11 mice in the 5 mg/kg bw/day group. An additional 
two groups were similarly gavaged daily with 0 (n = 7) or 1 (n = 10) mg/kg bw/day PFOA, but also received 5 ppb 
PFOA in their drinking water from GD 7 and throughout the study. Their F1 and F2 offspring also received 5 ppb 
PFOA in their drinking water throughout the study, except during breeding and early gestation of the F1 females in 
order to avoid administering PFOA to the males. Water was changed weekly, with bottles weighed to determine water 
consumption. F0 dams were weighed daily throughout gestation. On PND1, pups were weighed and sexed, and 
redistributed between dams within the same dose group in order to ensure similar numbers and sex ratios between 
litters in the same dose group. There were between 5 and 7 litters per dose group. Pups were weighed again on PND 
10. On PND 22, the F1 pups were weaned, and dams and 1 or 2 female offspring per litter were weighed and then 
terminated for necropsy. Cohorts of F1 females, 6-8 per dose group, were maintained into adulthood for weighing 
and necropsy on PND 42 or PND 63. The remaining adult F1 females were bred to control F1 males at 7 to 8 weeks 
of age, for one night only, on the night of proestrus. Plug-positive females were housed individually and monitored 
during gestation. On PND 1, F2 pups were weighed, sexed and equalised to 10 pups/litter. F1 dams and 3 female 
pups from each F2 litter were terminated on either PND 10 or PND 22, while the remaining F2 females, 4 to 8 per 
dose group, were necropsied on either PND 42 or PND 63.

The lactational challenge experiment was performed with F1 dams and their F2 litters on PND 10. Dams were 
separated from their litters for 3 hours and then returned to them and allowed to nurse for 30 minutes. The time 
between returning the dam to the litter and initiating of nursing was recorded to the nearest second. In addition, 
the weight of the 10-pup litter was determined before nursing and after exactly 30 minutes of nursing, in order 
to estimate the total volume of milk consumed by the litter. Dams were terminated and necropsied immediately 
after nursing.

Blood was collected from all mice immediately prior to necropsy, for measurement of serum PFOA. Uteri of F0 and 
F1 dams were examined for implantation sites, in order to determine postimplantation loss. Mammary glands were 
collected at necropsies on PND 10 and PND 22, coinciding with peak lactation and weaning respectively. Mammary 
glands of pups were prepared as whole mounts for assessment of development, while lactating mammary glands of 
dams were processed to slides and stained with haematoxylin and eosin.
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PFOA had no significant effect on gestational weight gain or implantation site numbers in F0 dams. PFOA at 5 mg/kg, 
but not at 1 mg/kg bw, during gestation had significant adverse effects on number of live pups, prenatal survival, and 
postnatal survival and growth. Mammary involution at PND 22 was compromised in all F0 dams. Histologically their 
mammary glands resembled those of control dams at peak lactation. PFOA did not have a consistent effect on body 
weights, or body weights adjusted for liver weight, in F1 mice between PND 22 and PND 63. Liver:body weight ratios 
at PND 22 were elevated in F1 females born to dams dosed with 1 or 5 mg/kg PFOA. At PND 42, F1 females born 
to dams dosed with 5 mg/kg bw/day PFOA during gestation had significantly increased liver:body weight ratios and 
significantly lower body weights, with and without adjustment for liver weight, but these effects were not evident in F1 
females from the same group that were terminated on PND 63. Chronic exposure to 5 ppb PFOA in drinking water 
did not affect the liver:body weight ratio in F1 mice. Scores for mammary development were significantly reduced in 
F1 females from all treated groups until at least PND 63.

The number of uterine implants was significantly reduced in F1 dams that had been prenatally exposed to 5 mg/kg 
bw/day. However, postnatal survival of F2 pups was not affected by prenatal or chronic exposure to PFOA. In the 
lactational challenge on PND 10, no effect on milk volume or timed nursing behaviour of prenatal or chronic PFOA 
exposure of F1 dams was observed. Mammary glands of F1 dams from all treatment groups were significantly 
different, histologically, to those of controls on PND 10, showing reduced secretory alveoli and greater adiposity. On 
PND 22, involution appeared to be delayed in the 5 mg/kg bw/day group relative to controls. The authors noted that 
at the time the F1 dams became pregnant, their siblings in all PFOA-exposed groups still exhibited stunted mammary 
gland development relative to controls. However, the alterations in mammary gland histology were not sufficient to 
alter F2 body weights.

Developmental mammary gland scores in F2 females did not show any effects of PFOA exposure of their dams. 
However, by PND 42, in both of the groups chronically exposed to PFOA in drinking water, F2 females had 
significantly reduced mammary gland development relative to controls.

PFOA altered lactational morphology in dams and altered mammary gland development in their F1 offspring, although 
these histological changes did not affect growth or survival of F2 pups.

Serum PFOA data obtained from the study are presented in Table 26.

Table 26: Serum PFOA concentrations (ng/mL) over three generations

Serum PFOA concentrations (ng/mL) over three generations (mean ± SE)

Generation/age Control Control + 5 ppb 
PFOA in water

1 mg/kg bw 1 mg/kg bw + 5 ppb 
PFOA in water

5 mg/kg bw

F0 dams at weaning, 
PND 22

4.0 ± 0.3 74.8 ± 11.3 6658.0 ± 650.5 4772.0 ± 282.4 26 980.0 ± 1288.2

F1 pups

PND 22 0.6 ± 0.3 21.3 ± 2.1 2443.8 ± 256.4 2743.8 ± 129.4 10 045 ± 1125.6

PND 42 1.4 ± 0.4 48.98 ± 4.7 609.5 ± 72.2 558.0 ± 55.8 1581.0 ± 245.1

PND 63 3.1 ± 0.2 66.2 ± 4.1 210.7 ± 21.9 187.0 ± 24.1 760.3 ± 188.3

F1 dams at weaning, 
PND 22

2.0 ± 0.6 86.9 ± 14.5 9.30 ± 2.6 173.3 ± 36.4 18.7 ± 5.2

F2 pups

PND 22 0.4 ± 0.0 26.6 ± 2.4 4.6 ± 1.2 28.5 ± 3.7 7.8 ± 1.9

PND 42 0.7 ± 0.3 57.4 ± 2.9 0.4 ± 0.0 72.8 ± 5.8 0.4 ± 0.0

PND 63 1.1 ± 0.4 68.5 ± 9.4 1.1 ± 0.5 69.2 ± 4.3 1.2 ± 0.5
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Macon et al. 2011 developmental and female reproductive study in mice
This publication describes two studies: a full gestation exposure study and late gestation and early 
development study.

In the full gestation exposure study, 52 timed-pregnant CD-1 mice were divided into four treatment groups, 13 mice 
per group. They were individually housed under standard laboratory husbandry conditions. Each group was dosed 
daily by oral gavage from GD 1 through 17 with 0, 0.3, 1.0 or 3.0 mg PFOA/kg bw/day. At parturition, litters were 
equalised, as far as possible, to 10 pups/litter with equal representation of each sex. One or two pups per dam 
were weighed and then terminated for necropsy on each of PNDs 7, 14, 21, 28, 42, 63 and 84, with the exception 
that female pups of control dams were not included on PND 63, in order to ensure sufficient female pups from 
control dams for necropsy of female pups from control dams on PND 84. The pups were terminated by decapitation 
with collection of blood for serum PFOA analysis. The contralateral fourth and fifth inguinal mammary glands were 
removed from female pups and prepared as whole mounts. Dams were terminated on PND 24, and pups separated 
by sex.

PFOA did not affect the body weights, either absolute or corrected for liver weight, of pups of either sex. Prenatal 
exposure to PFOA resulted in a dose-related increase in absolute and relative liver weights of pups of both sexes. 
Notably, on PND 7, relative liver weights of pups of both sexes were significantly higher than those of controls at 
all doses of PFOA. This effect at 0.3 mg/kg establishes a lower threshold for this effect than previously reported. 
The effect on liver weights was reversible, and not evident by PND 14 for 0.3 mg/kg bw/day pups, PND 21 for 
1.0 mg/kg pups and PND 28 for 3.0 mg/kg pups. Absolute, but not relative, brain weights were significantly lower 
than those of controls in males prenatally exposed to ≥ 1.0 mg/kg bw/day maternal bw, but not females, at PND 
63 but not at other scheduled terminations. Mammary glands of pups prenatally exposed to all dose levels of PFOA 
showed developmental delays, relative to those of controls, at all doses, and this effect was still evident at PND 84.

Serum concentrations of PFOA were highest at PND 14 for pups in the 1.0 and 3.0 mg/kg bw/day groups, but 
highest on PND 7 in the 0.3 mg/kg group. The serum concentrations of PFOA were significantly elevated until PND 
42 for all treated pups, and to PND 84, the last timepoint at which they were measured, in females in the 1.0 and 
3.0 mg/kg groups. Liver was also a significant location of PFOA in prenatally exposed pups, but PFOA levels in brain 
were substantially lower than those in serum or liver, and data showed that PFOA is more readily eliminated from the 
brain.

The results of this study show that doses 10- to 30-fold lower than previously investigated are sufficient to impair 
mammary gland development in CD-1 mice.

The late gestation study was performed in two blocks, with 20 dams in the first block and 32 in the second block. 
Mice were received on GD 9, divided into four groups of equal size, and dosed by oral gavage, once daily from GD 
10 to 17, with 0, 0.01, 0.1 or 1.0 m/kg bw/day. At birth, litters were equalised within each group, as far as possible, 
to 7 to 9 pups/dam with 4 to 7 females in each litter. Female pups from at least three litters per treatment group were 
weighed and then terminated for necropsy on PNDs 1, 4, 7, 14 and 21. Serum was collected at decapitation. Liver 
was collected and weighed. The contralateral fourth and fifth inguinal mammary glands were prepared as whole 
mounts.

Prenatal exposure to PFOA had no effect on body weights of pups of either sex. Group mean absolute liver weights 
in the 1.0 mg/kg bw/day treatment group were significantly increased, relative to those of controls, on PND 4 
and PND 7, and relative liver weights in this group were increased for this group from PND 4 through to PND 14 
inclusive. Mammary glands of all PFOA-treated female pups exhibited developmental delays which were most 
evident on PND 21. The effects were dose-related. The highest serum concentrations of PFOA occurred on PND 1, 
and levels declined thereafter, but were still not reduced to the levels of controls at PND 21, even in the 0.01 mg/kg 
bw/day group. Serum and calculated blood PFOA burdens were comparable at PND 7 between the pups exposed 
throughout gestation and the pups exposed only from GD 10. On the other hand, the females exposed to 1.0 mg/
kg bw/day PFOA throughout gestation had almost double the serum and calculated blood PFOA burdens at PND 14 
and PND 21, when compared to the female pups exposed to the same dose only from GD 10.

Dosimetry data obtained in this study are presented in Tables 27, 28 and 29. 
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Table 29: PFOA dosimetry of female offspring from the late gestation exposure study

PFOA dosimetry of female offspring from the late gestation exposure study

PND 1a (n) PND 4 (n) PND 7 (n) PND 14 (n) PND 21b (n)

Serum (ng/mL)

Control 22.6 ± 5.5 (4) 8.6 ± 0.5 (2) 7.8 ± 2.1 (5) 7.8 ± 1.5 (8) 4.1 ± 0.6 (7)

0.01 mg/kg 284.5 ± 21.0* (3) 184.1 ± 12.1* (2) 150.7 ± 20.9* (7) 80.2 ± 13.9* (8) 16.5 ± 2.1* (10)

0.1 mg/kg 2303.5 ± 114.1* (2) - 1277.8 ± 122.6* (8) 645.4 ± 114.2* (7) 131.7 ± 24.5* (7)

1.0 mg/kg 16 305.5 ± 873.5* (7) - 11880.3 ± 1447.6* (11) 6083.7 ± 662.6* (11) 2025.1 ± 281.9* (11)

Calculated Blood Burden (ng)

Control 1.3 ± 0.38 (4) 0.9 ± 0.1 (2) 1.5 ± 0.4 (5) 2.7 ± 0.7 (8) 1.2 ± 0.6 (7)

0.01 mg/kg 15.2 ± 1.7* (3) 20.6 ± 0.1* (2) 27.3 ± 3.8* (7) 27.0 ± 4.6* (8) 7.9 ± 1.0* (10)

0.1 mg/kg 114.3 ± 5.4* (2) - 221.7 ± 24.9* (8) 218.5 ± 39.8* (7) 66.4 ± 12.8* (7)

1.0 mg/kg 926.0 ± 47.6* (7) - 1965.9 ± 256.7* (11) 2033.6 ± 293.5* (11) 984.9 ± 142.8* (11)

Note. PFOA dosimetry data for female offspring from late gestation study. Data presented are mean ± standard error. Dashes (-) signify time points 
where no measure was taken for a treatment group. Calculated blood burdens were determined by the equation (BW x (58.5/1000) x serum x 0.55).
Significant treatment effect compared to controls; * p<0.001.
a Mean serum concentration of each PFOA-treated group within PND: 1> 4, 7, 14, and 21, p<0.05
b Mean calculated blood burdens of each PFOA-treated group within PND: 21< 7 and 14, p<0.02

Rats

Butenhoff et al. 2004 two-generation developmental and reproductive study in rats
This two-generation study was conducted in Sprague Dawley rats, using AFPO as the test article. Adult rats were 
housed individually except during mating, and husbandry was according to standard laboratory conditions. The F0 
generation consisted of five dosage groups with 30 rats/sex/group. Two F1-generation pups/sex/litter/dosage group 
were selected at weaning for continued evaluation, making a total 300 F1 rats/sex/group. F0-generation rats were 
gavaged daily from 6 weeks of age, and for at least 70 days before mating, with 0, 1, 3, 10 or 30 mg/kg bw/day 
AFPO at a constant volume of 5 mL/kg. The doses were selected on the basis of earlier studies that showed that 
male rats did not tolerate > 30 mg/kg bw/day AFPO on a subchronic basis. F1 rats were administered the same daily 
dose as their parents from weaning at 22 days.

Measured endpoints in the F0 and F1 generations were survival, clinical observations, abortions or premature 
deliveries, and body weights. Feed consumption was also measured, except during cohabitation for mating and 
from PND 15 to weaning (PND 22) because pups began to eat food provided to the dams from PND 15. Day of 
vaginal opening or preputial separation was recorded for F1 rats. Following sexual maturation, 30 mating pairs of 
F1 rats were selected, on a generally random basis although avoiding sibling pairs, and the rest of the F1 rats were 
terminated and necropsied. For the F1 rats selected for mating, oestrus activity was evaluated by vaginal cytology 
for 21 days before cohabitation for mating. Reproductive parameters measured or calculated in the F0 and F1 
females were duration of gestation, fertility and gestation indices, number and sex of pups, number of implantation 
sites, condition of dam and litter, viability index, lactation index, per cent survival and sex ratio. F2 pup weights were 
recorded on PNDs 1, 5, 8, 15 and 22. F2 males were examined on PND 12 for retention of nipples, which would not 
usually be present on males of that age, and anogenital distance was measured in all pups on PNDs 1 and 22. F0 
generation male rats were terminated at 106 – 110 days of age and F1 males at 109-120 days of age. Concentration, 
mobility and morphology of sperm from the cauda epididymis was assessed at termination, and testicular spermatid 
concentration was also assessed. Female breeding rats were terminated on PND 22 and implantation sites were 
counted in uteri. Three randomly selected F1 pups from those culled on PND 22 were examined for gross lesions 
including assessment for hydrocephaly. Brain, spleen and thymus from these pups were weighed and retained for 
histological evaluation.
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F0 and F1 generation dams were terminated when pups were weaned. All F0 and F1 breeding rats were subject 
to blood collection for PFOA analysis, and full necropsy, and stage of oestrus was assessed by vaginal cytology on 
day of termination of breeding females. Organ weights recorded included brain, kidneys, spleen, gonads, thymus, 
liver, adrenal glands, pituitary, uterus, epididymides (separately), prostate and seminal vesicles. Organs fixed and 
processed for histopathology included pituitary, adrenal glands, vagina, uterus with oviducts, cervix, gonads, seminal 
vesicles, right epididymis and prostate.

F0 generation

Males in the 30 mg/kg bw/day group in the F0 generation exhibited slight increases in clinical signs of dehydration 
and lack of grooming. There were no treatment-related clinical observations in the F0 generation females.

Dosing with ≥ 3 mg/kg bw/day AFPO had a dose-related negative effect on body weight gain in F0 generation 
male rats. This effect reached statistical significance at the day 8 timepoint in 30 mg/kg bw/day males, the day 15 
timepoint for 10 mg/kg bw/day males, and the day 50 timepoint for 3 mg/kg bw/day males. Although group mean 
absolute feed consumption was significantly decreased in 30 mg/kg bw/day males in the F0 generation, group mean 
feed consumption relative to body weight was increased in males in all treated groups in the F0 generation, and this 
effect was statistically significant at ≥ 3 mg/kg bw/day. No treatment-related effects on body weight gain or feed 
consumption were observed in the F0 generation females.

There were no treatment-related gross findings in treated rats of either sex in the F0 generation. Two of ten males 
in the 10 mg/kg bw/day group, and seven of 10 males in the 30 mg/kg bw/day group, had hypertrophy and/
or vacuolation of the adrenal zona glomerulosa. There were no treatment-related microscopic findings in the F0 
generation females.

All groups of F0 generation males exhibited a dose-related increase in absolute and relative liver weight, but there 
was no corresponding effect in females. Other significant differences in group mean organ weights either exhibited no 
dose-response relationship, or were considered most likely to be a result of the decreased body weights.

There were no treatment-related effects on reproductive performance in the F0 generation rats. Male fertility and 
sperm parameters were normal. There were no effects on oestrus cycles, conception rate, pregnancy, parturition, 
number of F1 pups born or whether they were alive or stillborn. Pups of the F1 generation in the 30 mg/kg bw/
day group had moderately lower body weights throughout lactation (6-9% lower than those of controls, not 
statistically significant), and a slightly higher mortality rate in the first few days following weaning. This was seen 
almost exclusively in pups that were small at weaning and was attributed to a failure to thrive and adapt to being 
weaned. There were no treatment-related effects on sex ratio of pups, and no evidence of structural malformations 
or variations.

F1 generation

There was a statistically significant delay in sexual maturation in both male and female pups in the F1 generation 
in the 30 mg/kg bw/day group. Preputial separation was delayed 3.7 days on average, and vaginal patency was 
delayed an average of 1.7 days. These delays were considered to be treatment-related. However, when these effects 
were co-varied with body weight weaning, there was no statistically significant difference in days to milestone, which 
suggests that the delays were secondary to reduced body weight and body weight gain. Decreased body weight is 
a well-documented cause of delayed puberty in Sprague Dawley rats. The delays were a transient effect because 
fertility and reproduction of the affected pups were not affected when they were mature.

F1 male rats treated with ≥ 10 mg/kg bw/day AFPO had increased incidence of emaciation, urine-stained abdominal 
fur, and decreased motor activity, and F1 male rats in the 30 mg/kg bw/day group had increased incidence of 
abdominal distension. However, there were no treatment-related clinical observations in the F1 females at any APFO 
dose level.

Statistically significant decreases in body weight and body weight gain occurred in F1 males in the 30 mg/kg bw/
day group during both the juvenile (weaning to 35 days) and peripubertal (55-60 days of age), and a corresponding 
decrease in body weight gain in the 10 mg/kg bw/day males developed at the end of the peripubertal period. In the 
adult F1 males, all treated groups exhibited significantly decreased mean body weight by termination, although the 
decreases were < 10% in the ≤ 3 mg/kg bw/day groups. In female F1 rats, a dose-related lower group mean body 
weight, relative to that of controls, was evident only in the 30 mg/kg bw/day group, in which it was first noted at the 
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peripubertal timepoint (15 days postweaning; approximate age 35 days), and group mean body weight of this group 
remained significantly lower than that of controls throughout most of gestation and lactation, through to terminal body 
weight at weaning.

There were no treatment-related gross findings in the F1 females at necropsy, but the males in the ≥ 3 mg/kg bw/
day APFO groups had hepatic discolouration that correlated with hepatocellular hypertrophy and focal to multifocal 
hepatocellular necrosis. The incidence of these findings increased between 3 and 10 mg/kg bw/day (6/60 vs 10/60), 
but not between 10 and 30 mg/kg bw/day (10/60 vs 9/60). Grade of severity was not reported. There was a dose-
related increased in absolute and relative liver weight at all dose levels in F1 males in all treated groups, similar in 
magnitude to the same finding in F0 generation males, but no corresponding effect was found in F1 females. Other 
apparent changes in organ weights in the males were attributable to lower body weight. Hypertrophy and vacuolation 
of the adrenal zona glomerulosa was present in most (7/10) F1 males in the 30 mg/kg bw/day group, but no similar 
lesions were observed in the 10 mg/kg bw/day group, which was in contrast to the F0 generation. F1 females treated 
with ≥ 3 mg/kg bw/day AFPO had group mean pituitary weights that were statistically lower than those of controls, 
but this was not considered to be a treatment-related effect because differences were slight, individual values 
remained within normal range, there were no histological correlates, and there was no evidence of similar effects in 
males of any generation or in F0 generation females.

As in the F0 generation, there were no treatment-related effects on reproductive performance of either sex in the F1 
generation rats. Female rats in the 30 mg/kg bw/day group had a slight but statistically significant increase in the 
mean number of complete oestrus cycles per 21 days, but there was a lack of correlating evidence to suggest that 
this was other than incidental. As for the previous generation, pups in the 30 mg/kg bw/day group tended to have 
slightly to lower (6 to 9%) body weights than controls, but the differences were not statistically significant, and there 
was no increase in mortality during or after the lactation period in F2 pups.

In discussing the results, the authors noted that the sexually mature male rats were more sensitive to negative effects 
of AFPO on body weight than the sexually immature males in the same dose group, and that this is consistent with 
a testosterone-mediated reduction in renal clearance rate of AFPO that has been demonstrated in other studies. 
Other studies were cited that show that castration of male rats greatly increases the rate of urinary excretion of PFOA, 
and that PFOA clearance is decreased in castrated male rats, and in female rats, by treatment with testosterone. 
The current study supports the conclusion that sexually immature male rats have AFPO elimination kinetics closer 
to those of females than those of intact males. The authors further cited studies that have demonstrated that intact, 
sexually mature male rats have a much lower level of expression of the organic anion transporter protein OAT 2 than 
female rats.

The cellular hypertrophy and vacuolation noted in the zona glomerulosa of adrenal glands in male rats in the 30 mg/
kg bw/day group and, in the F0 generation, the 10 mg/kg bw/day group, was a novel finding not previously reported 
in rats treated with AFPO. The pathogenesis of this lesion is unknown. The authors noted that the same lesions have 
been observed in rats treated with the hypolipidaemic drug nafenopin, which is also a peroxisome proliferator.

A NOAEL for parental toxicity was not observed because all dose levels were associated with significantly decreased 
body weight in F1 males. The reproductive NOAEL was >30 mg/kg bw/day. The offspring NOAEL was 10 mg/kg bw/
day based on pup mortality and decreased body weight and delayed sexual maturation at higher doses.

Group mean serum PFOA concentrations are presented in Table 30.

Table 30: Group mean PFOA concentrations of F0 and F1 generation rats at termination, 24 h after last dose

Group Mean PFOA concentrations of F0 and F1 generation rats at termination,  
24 h after last dose

Dose level (mg/kg bw/day) Males Females

0 0.034 ± 0.015 mg/mL < 0.005 ppm

10 51.5 ± 9.3 mg/mL 0.37 ± 0.08 ppm

30 45.3 ± 12.6 mg/mL 1.02 ± 0.43 ppm
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Special toxicity studies

Immunotoxicity

DeWitt et al. 2008 immunotoxicity study in female mice
The studies reported in this paper were conducted on young adult female mice that were group-housed, 8/cage, 
under standard laboratory husbandry conditions. The authors state that there were 40 mice ‘per endpoint’ although it 
is not clear from the paper what is meant by endpoints.

The ‘recovery study’ was conducted using C57BL/6J mice and included three groups of mice. The control group was 
dosed daily by oral gavage for 15 days with the vehicle control, which was water. One treatment group was dosed 
with 30 mg/kg bw/day PFOA by oral gavage for 15 days, while the other treatment group was dosed with 30 mg/
kg bw/day PFOA by oral gavage for 10 days and then dosed with water for five days. On day 11 of dosing, 16 mice/ 
group were immunised by intravenous (iv) injection of 4.0 x 107 SRBC. Five days later, eight of the immunised mice 
were exsanguinated with collection of blood for measurement of SRBC-specific IgM and serum PFOA concentration. 
Two weeks after immunisation the remaining 8 mice/dose were given a booster immunisation of SRBC, and 
terminated 5 days later with blood collection for measurement of SRBC-specific immunoglobulin G (IgG) and serum 
PFOA concentration. Relative serum titres of SRBC-specific IgM and IgG antibodies were measured by ELISA. After 
termination of mice for collection of blood for measurement of IgM or IgG, spleen and thymus were removed from 
each mouse and weighed. A further 8 mice/ group were sensitised on day 11 of dosing by subcutaneous injection of 
bovine serum albumin (BSA) in Freund’s complete adjuvant, in order to measure delayed-type hypersensitivity (DTH) 
response. After a further 7 days mice were anaesthetised and challenged by injection of heat-aggregated BSA into 
the right rear footpad, while the left rear footpad was injected with the same volume of saline to serve as control. 
Footpad thickness was measured 24 hours later.

The dose-response studies were conducted using C57BL/6N mice, and both dose-response studies were performed 
in duplicate. For the first dose-response study, mice were provided drinking water for 15 days containing 0, 25, 
50, 100 or 200 mg PFOA/L, to provide doses of 0, 3.75, 7.5, 15 or 30 mg/kg bw/day, based on anticipated water 
consumption. Stability of the PFOA in drinking water was confirmed. Water consumption/week, based on changes 
in the weights of bottles, was determined on a per cage basis. The same interventions for determination of IgM 
response, IgG response, DTH response and changes in lymphoid tissue weights were conducted in this study 
as in the recovery study. The second dose-response study was the same as the first in all respects except the 
concentrations of the dosing solutions, which were 0, 6.25, 12.5, 25 and 50 mg/L drinking water, to provide an 
intended intake of 0, 0.94, 1.88, 3.75 or 7.5 mg/kg bw/day.

From day 8 to day 11 of gavage dosing, mice gavaged with 30 mg/kg bw/day had body weights that were on average 8% 
lower than those of controls, but mice in the recovery cohort (dosed with PFOA for 10 days followed by water for 5 days) 
had body weights comparable to those of control mice two days after PFOA dosing ended. In contrast, mice dosed with 
30 mg/kg PFOA for 15 days (the ‘constant group’) had a mean body weight 10.5% lower than that of controls on the last 
day of dosing. This difference disappeared 15 days after the end of dosing. Relative liver weights of mice gavaged with 
PFOA showed a mean increase of 64% over those of controls one day after exposure ended, and a 54% increase 15 days 
after dosing ended. Group mean spleen and thymus weights of the mice in the constant group were 48% and 79% lower, 
respectively, than those of controls, while those of mice in the recovery group were 24% and 36% lower, respectively. 
SRBC-specific IgM titres were significantly reduced by nearly 20% in both the constant and recovery groups, compared to 
controls, but in contrast, SRBC-specific IgG titres were not significantly different to those of controls.

The addition of PFOA to drinking water did not affect water consumption on a per cage basis in either of the dose-
response studies. Group mean body weight was decreased in groups drinking ≥ 15 mg/kg bw/day although recovery 
of this effect was rapid (<8 days) even at 30 mg/kg bw/day PFOA. Relative liver weights were elevated in all treated 
groups (≥ 3.75 mg/kg bw/day) in the first dose-response study and this difference was still present 15 days after the 
end of dosing. Absolute and relative spleen weights were significantly decreased in mice consuming ≥ 15 mg/kg 
bw/day, but these effects were reversible within 15 days. Absolute thymus weight 15 days after dosing ended was 
higher in the 15 mg/kg bw/day group than in controls. All doses in the first dose-response study (≥ 3.75 mg/kg bw/
day) reduced SRBC-specific IgM titres, but none of the doses was associated with a decrease in SRBC-specific IgG 
titre. On the contrary, mice in the 3.75 and 7.5 mg/kg bw/day groups had moderately (13%) higher IgG titres than 
controls. No effect on DTH response was observed in the first dose-response study.
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In the second dose-response study, in which lower doses (0.94 to 7.5 mg/kg bw/day) were used, there were no 
treatment-related effects on water consumption, body weight, SRBC-specific IgG response or DTH response. Group 
mean absolute and relative spleen weights were decreased at a PFOA dose ≥ 3.75 mg/kg bw/day, although this 
effect was reversed within 15 days of the end of dosing. Exposure to ≥ 3.75 mg/kg bw/day was also associated with 
reduced SRBC-specific IgM titres. Thus, the NOAEL for decreased spleen weight and decreased IgM response was 
1.88 mg/kg bw/day.

Drew and Hagen (2016), in a review of PFAS-induced immunotoxicity commissioned by FSANZ, concluded that 
it is inappropriate to use the NOAEL of 1.88 mg/kg/day identified in the DeWitt (2008) study for quantitative risk 
assessment as insufficient information is available to determine the serum concentrations in animals associated 
with this dose, and if they are at steady-state. Another limitation of the study is that the decrease in IgM response 
recorded at the LOAEL, 3.75 mg/kg bw/day, was only 7% lower than that of controls, and the same as that observed 
at double that dose, 7.5 mg/kg bw/day. Thus there was no dose-response relationship evident at ≤ 7.5 mg/kg 
bw/day and it is possible that the apparent 7% decrease in IgM response at 3.75 and 7.5 mg/kg bw/day was not 
treatment-related but reflected normal biological variation.

3.3.4 Human data
Although there are a number of epidemiological studies of human populations exposed to PFOA, evidence of 
significant risk is scant and frequently contradictory. Study populations have included occupationally exposed 
workers at 3M or DuPont, the major manufacturers of PFASs, communities with high exposure due to proximity to 
PFAS production plants, populations exposed to PFASs through contamination of drinking water by leakages from 
production plants, and general populations, for example through the US National Health and Nutrition Examination 
Survey (NHANES) database. Human epidemiological studies are frequently complicated by exposure to more than 
one PFAS.

Blood levels of PFAS of occupationally exposed workers are 2 to 3 orders of magnitude (100 – 1,000 fold) higher 
than those of the general population, with levels in highly exposed subpopulations intermediate between the two. 
Serum levels of PFOA in occupationally exposed workers are generally in the range of 1 to 2 µg/mL. Serum levels of 
PFOA in people consuming contaminated drinking water near a production plant in the USA in 2004-2005 averaged 
0.423 µg/mL. In contrast, in the same years the mean serum level in the US population was 0.00392 µg/mL.

Because of uncertainties around levels and durations of exposure, no international regulatory agency or body has 
found human toxicity data useful for the determination of a HBGV. A summary of the major findings and interpretation 
of human studies previously reviewed by ATSDR, EFSA and the US EPA is provided below. A detailed consideration 
of individual epidemiological studies is beyond the scope of this review.

Endocrine effects

Some studies have suggested a positive association between serum PFOA and elevated thyroxine levels, but others 
have found no association (based on Knox et al. 2011a, presented in Bull et al. 2014). Results of three large studies 
support an association between PFOA exposure and risk of thyroid disease in women or children, but not in men. 
Associations between PFOA and TSH have been reported in pregnant women with anti-TPO antibodies. However, no 
association has been found between PFOA and TSH in people without diagnosed thyroid disease (reviewed by US 
EPA 2016).

Evidence for increased risk of diabetes mellitus as a result of exposure to PFOA is equivocal (based on data from Lin 
et al. 2009 and MacNeil et al. 2009, presented in Bull et al. 2014).

There is some evidence of a dose-related increase in estradiol, but this is confounded by body mass index. Analysis of 
NHANES data suggested that PFOA exposure may be associated with an increased risk of hysterectomy, and advance 
the onset of menopause (based on data from Taylor et al. 2013 and Knox et al. 2011b presented in Bull et al. 2014).

Serum lipids

A positive association between PFOA and serum levels of cholesterol and triglycerides has been found in some 
studies but not in others (reviewed by EFSA 2008). The ATSDR (2015) concluded that the association between serum 
PFOA and increased serum lipid levels is a consistent finding. The US EPA (2016) concluded that evidence for a 
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positive association between serum PFOA and serum total cholesterol and LDL, but not HDL, are relatively consistent 
and robust, and they note that similar results have been found for PFOS.

FSANZ considered that studies in both adults and children suggest a positive association between total and LDL 
cholesterol and PFOA concentration at very low concentrations of PFOA but not at higher concentrations (Appendix 
2). At around 25 ng/mL, total cholesterol is about 0.2-0.3 mmol/ higher than the lowest groups in the studies and 
then the association plateaus. The quantitative results from pregnant women are more inconsistent, but this may be 
related to haemostatic changes during pregnancy. There appears to be little or no association with HDL cholesterol, 
and not all studies have adverse findings. The few longitudinal data that are available do not contradict the findings in 
the cross-sectional studies. However, the results in humans do contradict the findings in animals because increased 
PFAS concentrations in animals decrease total cholesterol.

Fertility, pregnancy and lactation

There is no consistent evidence of negative effects of PFOA on sperm quality, sperm DNA integrity or other factors 
of male fertility. Some studies have reported an association between maternal PFOA exposure and increased time to 
pregnancy, but other studies have not found this association, and one study found that primipara were not affected 
whereas multipara were affected (based on human data on reproductive outcomes presented in Bull et al. 2014).

A positive association with gestational diabetes was found in one study (reviewed by US EPA 2016).

A positive association with gestational hypertension/pre-eclampsia has been found in some studies (data from 
Darrow et al. 2013 presented in Bull et al. 2014, reviewed by US EPA 2016) and a number of studies have found an 
association between PFOA exposure and low birth weight, while others did not find a statistically significant effect. 
The apparent effect may be confounded by low GFR which is known to adversely affect birth weight and which would 
also lead to increased serum PFOA levels (reviewed by US EPA 2016). This could also be the basis for the apparent 
association with gestational hypertension/pre-eclampsia, in which GFR is reduced. The US EPA (2016) concluded 
that a direct effect of PFOA on birth weight for the general population could not be ruled out.

No association between PFOA exposure and risk of congenital abnormalities or with complications of labour has 
been found (data from by Nolan et al. 2010 reported Bull et al. 2014).

An association between PFOA exposure and significant reduction in the duration of breastfeeding was reported in 
one study (Fei et al. 2010b study reported in Bull et al. 2014).

FSANZ has reviewed the evidence for an association between PFOA or PFOS and birthweight. There were two 
systematic reviews of PFOA and FSANZ has updated these reviews by replicating one of the search strategies 
in PubMed to find more recently published studies (Appendix 1). A number of inconsistencies in the analysis and 
presentation of data were identified, for example, data were typically log transformed, using either base 10 or natural 
logarithms, suggesting that the association was not linear, but most authors did not describe examining regression 
diagnostics to determine if the transformation was appropriate. Some authors also presented results for linear or 
categorical analyses, but generally did not comment on which was the best fit for the data. It was noted that some 
papers stated that there was no association but did not provide usable data describing this. One systematic review 
conducted a quantitative meta-analysis that assumed that the relationship between PFOA and birthweight was 
linear, although this assumption was not justified or explained by the authors. FSANZ has identified and added 
additional studies to the above-mentioned meta-analysis. As a result of including these studies, the effect of PFOA 
on birthweight was reduced. Most of the studies included in the meta-analysis examined populations with PFOA 
concentrations <20 ng/mL. The other systematic review did not conduct a meta-analysis.

Neither of the systematic reviews considered how the results of studies that they excluded owing to data format 
problems, would have affected their conclusion. However, in the case of PFOA, FSANZ is of the opinion that these 
excluded studies reflect the range of results shown in the meta-analysis. Most studies examined associations for 
PFOA and PFOS separately and did not conduct a mutually-adjusted analysis despite often noting a substantial 
correlation between PFOA and PFOS. Overall the results show a steep decline in birthweight at low blood 
concentrations of PFAS, which levelled off to a plateau or near-plateau at higher concentrations. The mechanism by 
which PFASs could lead to such a dose-response curve is not clear.
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FSANZ notes that the concentration in blood in the human studies described above is approximately 1,000-fold lower 
than that found in animal studies showing an effect on birthweight. It is not certain whether the association observed 
reflects a causal relationship between PFAS and birthweight or is the result of a third factor. For example, Verner et al. 
(2015) suggest that both would be affected by the changes in GFR that occur during pregnancy.

In summary, FSANZ has found that overall the studies with numerical data report an association between blood 
PFAS concentration and decreased birth weight. Missing quantitative data from studies reporting no effect raises the 
possibility of selective reporting or publication bias affecting the body of evidence. The shape of the association is 
not clear. It is not possible to determine whether the association reflects a causal relationship or is the result of a third 
factor that alters both PFAS concentration and birthweight, or may have been overstated owing to selective reporting 
or publication.

Effects on offspring of PFOA-exposed parents

Two studies have assessed the possibility of an association between PFOA and decreased birth weight (reviewed by 
EFSA 2008, US EPA 2014).

Two studies reported that attention deficit hyperactivity disorder (ADHD) as reported by parents, was positively 
associated with prenatal exposure to PFOA (reviewed by US EPA 2016), but two other studies did not identify such 
an association (reviewed by EFSA 2008).

Assessment of anthropometry of offspring at 20 years revealed a positive association between in utero PFOA 
exposure and higher body mass index (BMI) and waist circumference in women but not in men. The women also had 
significant elevations in insulin, leptin and adiponectin (data from Halldorsson et al. 2012 reported in Bull et al. 2014).

Evidence that prenatal PFOA exposure affects age at menarche is equivocal (data from Christensen et al. (2011) and 
Lopez-Espinosa et al. 2011, reported in Bull et al. 2014, reviewed by US EPA 2016).

One study reported that prenatal PFOA exposure was associated with decreased semen quality, sperm count, and 
sperm morphology, as well as increases in LH and FSH, in male offspring (Data from Vested et al. 2013, reported in 
Bull et al. 2014).

Immune function

There is some evidence of an association between serum PFOA levels and failure of adequate antibody response in 
children to vaccinations against diphtheria and against tetanus (Grandjean et al. 2012 as reported in Bull et al. 2014, 
reviewed by US EPA 2016). However, the data are not sufficient to establish a causal relationship between PFOA 
exposure and clinical relevant impairment of vaccine response (Drew and Hagen 2016).

Cardiovascular disease

There is a lack of consistent evidence that PFOA is associated with increased risk of cardiovascular disease (reviewed 
by EFSA 2008)

Cancer

EFSA (2008) concluded that epidemiological studies in PFOA exposed workers do not indicate an increased cancer 
risk. 

A weak association between PFOA exposure and prostate cancer was reported in one retrospective cohort mortality 
study of occupationally exposed workers, but was not found in an update to the study. However, the exposure 
categories were changed between the original study and the update, making it difficult to compare the two. A study 
in Denmark found no association between PFOA exposure and prostate cancer (reviewed by EFSA 2008).

A study of residents living near a Teflon manufacturing plant reported a positive association between PFOA exposure 
and increased risk of kidney cancer and non-Hodgkin lymphoma (data from Vierira et al. 2013 presented in Bull et al. 
2014).

A Danish study found no association between PFOA exposure and pancreatic cancer (reviewed by EFSA 2008).
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An apparent association with risk of mesothelioma in one study of occupationally exposed workers probably reflected 
exposure to asbestos (data from Steenland and Woskie 2012 presented in Bull et al. 2014).

ATSDR (2015) considered that results of a number of studies reporting increases in cancer risk should be interpreted 
cautiously, because most studies did not control for confounding variables such as smoking. The ATSDR also noted 
the lack of consistency of results between epidemiological studies and considered that the actual number of cancer 
cases was low, and a causative relationship cannot be established. 

The US EPA (2016) concluded that there is ‘suggestive evidence of carcinogenic potential’ of PFOA. This was based 
on an association of serum PFOA with kidney and testicular tumours among highly exposed members of the general 
population. However, two occupational cohorts in Minnesota and West Virginia did not support an increased risk of 
kidney or testicular cancer. A number of studies of the general population have found no association between PFOA 
exposure and risk of colorectal, breast, prostate, bladder or liver cancer (reviewed by US EPA 2016).

IARC (2016) concluded that there is limited evidence in humans for the carcinogenicity of PFOA, based on positive 
associations observed for kidney and testicular cancers in a high-exposure community setting. It was noted that 
for testicular cancers the evidence was based on small numbers, and for cancer of the kidney, chance, bias and 
confounding could not be ruled out with reasonable confidence. 

Other effects

No consistent associations have been reported between serum PFOA levels and abnormal haematology findings, 
indicators of metabolic syndrome, memory loss or senility. Various epidemiological studies have found an association 
between PFOA and increased risk of hyperuricaemia, incidence of ulcerative colitis, risk of osteoarthritis, risk of 
childhood asthma, and risk of moderate/severe endometriosis. Findings on kidney disease are conflicting (based 
on data presented on human epidemiology data detailed in Bull et al. 2014) and might reflect reverse causation (i.e. 
declining kidney function may result in increased PFOA levels).

Bull et al. (2014) concluded that there was no consistent association between serum PFOA levels and impairment 
of liver function, but the US EPA (2016) concluded that PFOA has the potential to affect human liver function. The 
ATSDR (2015) concluded that there were consistent findings of an association between serum PFOA and alterations 
in biomarkers of liver damage. The ATSDR reached the same conclusion concerning increases in uric acid levels.

The US EPA (2016) noted that the C8 Science Panel concluded in 2012 that links between PFOA exposure and 
ulcerative colitis, high cholesterol, gestational hypertension and thyroid disease were ‘probable’ but that there was 
no probable link between PFOA exposure and birth defects, autoimmune diseases, type II diabetes, hypertension, 
coronary artery disease, infectious disease, liver disease, Parkinson’s disease, osteoarthritis, ADHD or other 
neurodevelopmental disorders in children, miscarriage, stillbirth, kidney disease, stroke, asthma, chronic obstructive 
pulmonary disease (COPD), preterm birth or low birth weight.

3.4 Discussion and conclusions PFOA
PFOA is highly persistent in human beings, with an elimination half-life measured in years. This persistence gives rise 
to some concern, although PFOA appears to have few adverse effects. Toxic mechanism(s) in humans are unclear, 
but epidemiological evidence suggests that PFOA may be positively associated with serum levels of cholesterol, 
LDL, and serum triglycerides. PFOA may also be positively associated with risk of gestational hypertension, and with 
a risk of decreased birth weight. Evidence of other effects, including associations with cancers, is inconsistent and 
equivocal. FSANZ has identified a number of deficiencies in the available epidemiological studies and meta-analysis. 
It is noted that gestational hypertension is a known risk factor for decreased birth weight, and also decreases GFR, 
which would lead to decreased renal excretion of PFOA.

The positive association of PFOA with elevated levels of cholesterol and triglycerides in the circulation in human 
beings are inconsistent with findings in experimental animals, and are also the reverse of those that would generally 
be expected of a PPARα agonist. Fibrates including gemfibrozil, bezafibrate and fenofibrate are PPARα agonists 
that are prescribed to lower cholesterol and decrease plasma triglycerides, and experimental evidence links these 
therapeutic effects with their PPARα agonism (Yu et al. 2015). It is noteworthy that there is an inverse correlation 
between serum LDL cholesterol and GFR, and that it has been suggested that LDL cholesterol reduces GFR by 
impairing the function of renal arterioles and capillaries (Morita et al. 2010).
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Modelling of the toxicity of PFOA in animal species is complicated by two major factors. The first of these is the 
interspecies variation in toxicokinetics. The elimination half-life of PFOA is estimated to be a matter of hours in female 
rats, and days in male rats and in monkeys, but years in human beings. The interspecies differences may be a result 
of differences in expression of renal organic anion transporters. There is also evidence that biliary excretion, with 
extensive enterohepatic cycling which would prolong the persistence of PFOA in the body, may be an important route 
in primates but not in rodents.

The second complicating factor is that PFOA is a PPARα agonist; that is, it induces peroxisome proliferation. PPARα 
agonists typically cause hepatocellular hypertrophy and markedly increased liver weight in rodents, although primates 
are refractory to this response. Increase liver weight in rodents in response to a PPARα agonist, in the absence of 
hepatocellular degeneration or necrosis, is usually regarded as an adaptive response and not predictive of human 
toxicity (Hall et al. 2012). FSANZ has not interpreted increase in absolute and/or relative liver weight in rodents, in the 
absence of hepatocellular degeneration or necrosis, as an adverse effect for the purpose of identifying a NOAEL or 
LOAEL.

Similarly, FSANZ has not interpreted increased absolute liver weight in a small number of monkeys (Butenhoff et 
al. 2002) as an adverse effect because there was no significant effect on relative liver weight, and no histological 
evidence of hepatocellular hypertrophy or liver lesions. Consequently the NOAELs and LOAELs identified by FSANZ 
for some studies differ from those of regulatory agencies that identify increased liver weight as an adverse effect.

Developmental and reproductive toxicology studies of PFOA in rats and mice are available. Overall, the studies 
support the conclusion that PFOA may exert adverse effects on prenatally exposed pups at dose levels that do not 
cause maternal toxicity. The two-generation study in rats of Butenhoff et al. (2004) did not identify reproductive or 
developmental effects distinct from the effects observed in general toxicity studies, that is effects on body weight and 
the liver, but prenatally exposed pups exhibited these effects at dose levels that did not affect their dams. The mouse 
studies of White et al. (2007, 2011) and Macon et al. (2011) shared a number of co-authors, and identified treatment-
related effects on whole litter loss, pup body weights and fecundity of prenatally exposed females, at dose levels that 
did not cause maternal toxicity. The most sensitive endpoints identified in these studies were changes in mammary 
gland maturation. However, the relevance of these findings, in the absence of any postlactational PFOA exposure or 
any apparent impairment of lactation, is uncertain, especially as it relates to humans. Mammary gland maturation is 
not a conventional endpoint in toxicology studies, and historical control data are therefore not available. For these 
reasons FSANZ has not considered this endpoint for the purpose of establishing a HBGV.

Most adverse effects on mouse pups in the Lau et al. (2006) study occurred at dose levels greater than the maternal 
NOAEL; that is, in the presence of maternal toxicity. However, an adverse effect on growth rate of pups prior to 
weaning occurred at doses lower than the maternal NOAEL, and some developmental effects on ossification 
and cardiac development occurred at the maternal NOAEL. FSANZ reached a different conclusion regarding the 
developmental NOAEL in mice than the authors of the Lau et al. (2006) study, due to the lack of a dose-response 
relationship in the purported accelerated preputial separation. FSANZ notes that preputial separation is not an 
endpoint usually determined in mice.

The NTP (2016) has concluded that PFOA and PFOS are presumed to be immune hazards in humans. Mouse 
studies indicate that PFOA may cause atrophy and changed cellularity in immune system organs of mice, and at 
lower doses may suppress humoral responses to antigens. Data from animal studies are not sufficiently robust for 
use in quantitative human risk assessment. Furthermore, currently available epidemiology data are insufficient to 
establish a cause and effect relationship between PFOA exposure and clinically relevant immunomodulatory effects in 
humans (Drew and Hagen 2016).

Various regulatory agencies have calculated HBGVs for PFOA using different approaches. Consequently, although 
the same animal studies were used by different agencies, the HBGVs vary by orders of magnitude. Because of the 
considerable interspecies differences in pharmacokinetics, FSANZ considers it appropriate to correct for these using 
PBPK modelling and basing a HBGV on serum concentration as an index of internal dose. The PBPK modelling 
approach for PFOA is the same as that employed for PFOS; see Section 2.5.
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3.5 Derivation of the TDI for PFOA
Studies identified as suitable for derivation of a HBGV were the cynomolgus monkey study of Butenhoff et al. (2002), 
the rat study of Perkins et al. (2004), and the mouse developmental study of Lau et al. (2006). All of these studies 
included serum PFOA data, so that pharmacokinetic modelling could be conducted to derive HEDs. The NOAEL for 
each study was identified by examination of the available data, disregarding effects considered to be adaptive (liver 
hypertrophy in the absence of hepatocellular degeneration or necrosis), and those for which there was no dose-
response effect evident (preputial opening in pups in the Lau et al. 2006 study).

HEDs were derived from the serum values (Table 31), according to the approach previously described for PFOS 
(see Section 2.5). The lowest candidate TDI, derived from the NOAEL for fetal toxicity of the Lau et al. (2006) mouse 
developmental and reproductive study, is 160 ng/kg bw/day.

Table 31: HEDs derived from the modelled animal average PFOA serum concentrations

HEDs (mg/kg bw/day) derived from the modelled animal average serum values

Study Dosing duration 
(days)

NOAEL (mg/kg bw/
day)

NOAEL (Average serum 
concentration [μg/mL])

HED (mg/kg bw/day) 

Butenhoff et al. 2002;
Monkey

182 10 101 0.014

Perkins et al. 2004;
Rat

91 1.94 93.9 0.013

Lau et al. 2006
(fetal toxicity);
Mouse

17 1 35.1 0.0049

Lau et al. 2006 
(maternal toxicity); 
Mouse

17 10 197 0.0276

The derived candidate TDI values are shown in Table 32.

Table 32: Candidate HBGVs for PFOA

Candidate HBGVs for PFOA

Point of departure Value  
(mg/kg/day) UFH UFA UFtotal

Candidate TDI  
(mg/kg/day)

HEDNOAEL Butenhoff

monkey
0.014 10 3 30 0.00047

HEDNOAEL Perkins

rat
0.013 10 3 30 0.00043

HEDNOAEL Lau

mouse, fetoxicity
0.0049 10 3 30 0.00016

HEDNOAEL Lau

mouse, maternal
0.0276 10 3 30 0.00092

UFH=uncertainty factor for intraspecies variability
UFA= uncertainty factor for interspecies variability
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4 Hazard assessment PFHxS

4.1 Introduction

4.1.1 Overview Perfluorohexane sulfonate
Perfluorohexane sulfonate, CAS number 355-46-4, is a completely fluorinated organic acid. PFHxS and its salts have 
the ability to repel both oil and water which has led to its use for a variety of purposes including as a component 
in aqueous firefighting foam and surface coatings for paper, cardboard and cookware (ATDSR, 2015). PFHxS may 
occur in food as a result of contamination of plants and animals and/or transfer from food-packaging materials or 
cookware.

The IUPAC name for PFHxS is 1,1,2,2,3,3,4,4,5,5,6,6,-tridecadecafluorosulphonic acid. Synonyms for PFOS include 
C6 sulfonate, Perfluorohexane-1-sulphonic acid, 1,1,2,2,3,3,4,4,5,5,6,6,-tridecadecafluorohexane-1-sulphonic acid. 
A number of toxicological studies on PFHxS have been conducted in experimental animals using the potassium salt, 
potassium perfluorohexane sulfonate or K+PFHxS. The CAS number of K+PFHxS is 3871-99-6.

4.1.1.1 Chemical structure

PFHxS has the empirical formula C6HF13O3S, and a molecular mass of 400.12 g/mol. Its structure is illustrated as:

SO3
F F

F F

F F

F F

F F

F F
F

4.1.1.2  Chemistry and physicochemical properties

Appearance: White crystalline powder
Melting point: No data
Boiling point: 114.7˚C
Density: 1.84 g/mL
Water solubility: “slightly soluble”
Organic solvent solubility: No data
Log Kow: Not measurable
pKa: 0.14

4.2 Summary of International hazard reviews of PFHxS
In contrast to PFOA and PFOS, HBGVs for PFHxS have not generally been established by international regulatory 
agencies. This is likely to be due to a lack of sufficient toxicological information to conduct an assessment. 
Nevertheless, PFHxS has, on occasion, been considered as a part of consideration of other PFASs. A summary of 
those considerations is provided below.

Swedish EPA, 2012
The Swedish EPA assessed the human and environmental risks of a number of PFASs. For PFHxS, this assessment 
principally relied on information contained within the 2009 ATSDR draft toxicological profile, although some additional 
information was also considered.

The PODs selected by the Swedish EPA for PFHxS were selected from a single reproductive/developmental toxicity 
study in male and female rats (Hoberman and York 2003 and Butenhoff et al. 2009):

• hepatotoxicity (rat, subacute exposure, NOAEL, hepatocellular hypertrophy/increased liver weight): 1 mg/kg 
bw/day, 89 µg/mL serum, 150 µg/g liver



4 HAZARD ASSESSMENT PFHXS

HAZARD ASSESSMENT REPORT – PERFLUOROOCTANE SULFONATE (PFOS), PERFLUOROOCTANOIC ACID 
(PFOA), PERFLUOROHEXANE SULFONATE (PFHxS)

84

• reproductive toxicity (rat, no effects): >10 mg/kg/bw/day, > 60 µg/mL serum, 17µg/g liver
• other endpoints (rat, subacute exposure, LOAEL, haematological effects): 0.3 mg/kg bw/day, 44 µg/mL 

serum, 44 µg/g liver

The Swedish EPA used the PODs to establish DNELs according to REACH guidelines, by dividing the PODs with the 
following AFs, as applicable:

• Extrapolation for exposure duration. The default factor for subchronic to chronic exposure is 2, and the 
default factor for subacute to chronic exposure is 6.

• Extrapolation from LOAEL to NOAEL in studies in which a NOAEL was not identified. A factor of 3 was used.
• Species differences. Because internal (serum) doses are compared between animals and humans, no AF 

was used for differences in toxicokinetics, but an assessment factor of 2.5 was applied for differences in 
toxicodynamics.

• Intraspecies differences within human populations, that is sensitive subpopulations. An assessment factor of 
10 was used for the general population.

The resulting DNEL for hepatotoxicity of PFHxS to the general population was as follows:

DNEL = POD / (exposure duration AF x interspecies AF x intraspecies AF)
 = 89,000 ng per mL serum / (2 x 2.5 x 10)
 = 89,000 ng per mL / 50
 = 1780 ng/mL serum

The DNEL for reproductive toxicity of PFHxS to the general population was:

DNEL = POD / (interspecies AF x intraspecies AF)
 = >60,000 ng per mL serum / 2.5 x 10)
 = >60,000 ng per mL serum / 25
 = >2400 ng/mL serum

The DNEL for other effects, specifically on haematological effects of PFHxS to the general population was:

DNEL = POD / (exposure duration AF x LOAEL to NOAEL AF x Interspecies AF x intraspecies AF)
 = 44 000 ng per mL serum / (6 x 3 x 2.5 x 10)
 = 44 000 ng per mL serum / 450
 = 98 ng/mL serum

Sweden, National Food Agency (Livsmedelsverket), 2014
Based on a precautionary approach, the limit value derived by Livsmedelsverket for PFOS in drinking water 
(0.09 µg/L) applies to the sum of seven PFAS substances including PFOS, one of which was PFHxS. In addition, 
Livsmedelsverket advised that if the PFAS content exceeds the limit value, action should be taken to reduce 
levels below it, but water could still be consumed if the levels did not exceed 0.9 µg/L (i.e. 10 fold higher than the 
established limit). If levels exceed 0.9 µg/L they advise that pregnant women, women trying to get pregnant and 
infants should not consume the water.

Danish EPA, 2015
As part of the Danish EPA evaluation of the health hazards of PFOA, PFOS and PFOSA, a preliminary screening of 
toxicity data for five other PFASs including PFHxS was undertaken. The objective of this screen was to assess the 
possibilities for further derivation of specific quality criteria for the particular substance.

The Danish report concluded that based on the Swedish EPA findings (2012) and Livsmedelsverket (2013)11 there is 
sufficient information to warrant consideration of deriving a specific quality criteria for PFHxS.

11 The Danish report indicates that Livsmedelsverket (National Food Agency Sweden) has set a provisional TDI of 5 µg/kg/day for PFHxS derived 
from a NOAEL of 1 mg/kg/day for liver effects (presumably in the rat) but no further details could be found in English on the Livsmedelsverket site 
(last accessed 16 November 2016).
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ATSDR, 2015
The ATSDR published a draft toxicological profile for perfluoroalkylated compounds in 2015.

Assessment of available data on PFHxS was included in this profile but due to insufficient toxicological information 
and/or uncertainty, no MRL was established.

US EPA 2016
The US EPA published a Health Effects Support Document for PFOA which included some information on 
PFHxS (human serum levels and protein binding affinities) however, no data relevant to deriving HBGVs for PFHxS 
were described.

4.3 Summary of the toxicity of PFHxS

4.3.1 Mechanisms of toxicity
Available information on the mechanism of action of PFAS has been described previously in Sections 2.3.1 and 3.3.1, 
relating to PFOS and PFOA, respectively. Additional information relevant to PFHxS is summarised briefly below.

PFHxS was shown to be a moderately potent activator of PPARα receptor in COS-1 cells transfected with mouse or 
human PPARα receptor-luciferase reporter plasmids (Wolf et al. 2008). The potency12 of the mouse PPARα activation 
response to PFHxS was similar to that of the human PPARα response. The relative response of PFHxS was similar 
to PFOS in the mouse PPARα transfected cells (76 versus 94 µM) and lower than human PPARα transfected cells 
(81 versus 262 µM).

PFHxS reduced plasma triglyceride and HDL levels, and increased liver weights and hepatic triglyceride content in 
APOE*3-Leiden CETP mice (transgenic mice which have human-like plasma lipoprotein profile and plasma lipid levels) 
(Bijland et al. 2011). Using hepatic gene expression profiling data, the authors concluded that the liver effects were a 
combined result of PPARα and PXR activation.

4.3.2 Toxicokinetics
Limited toxicokinetic studies have been conducted in laboratory animals with PFHxS administered either via the oral 
gavage or iv routes (Sundström et al. 2012, Kim et al. 2016; summarised in Appendix 3). These studies suggest 
that PFHxS is readily absorbed by the oral route. For the purposes of risk assessment it should be considered that 
bioavailability is close to 100% within 24 hours following oral administration to rats by gavage. Cmax in rats occurred 
within approximately 3 days for males and 1.5 hours for females.

Kerstner-Wood (2003) observed that over the range of 1-500 mg/L in plasma from monkeys and humans PFHxS was 
bound between 99.4-100%, while in rats the binding was 98.2-100%. There was also binding to ß-lipoproteins, α- 
and ɣ-globulins. Ren et al. (2016) reported evidence of binding to thyroxine-binding globulin. PFHxS displayed a weak 
binding affinity for human liver fatty acid binding protein at a 1:1 molar ratio (Sheng et al. 2016). The affinity was lower 
than for PFOA, while PFOS was not assessed.

Tissue distribution has not been well investigated, however, the highest concentrations of PFHxS have generally been 
reported in the liver and kidney. Serum elimination half-life in female rats is less than 24 hours, and in the male rat 
and mice of both sexes is around 30 days. Elimination half-life is in the range 87-141 days in cynomolgus monkeys. 
Excretion of PFHxS in laboratory animals occurred primarily in the urine with relatively small amounts eliminated in 
the faeces.

The half-life of PFHxS in humans was estimated from serial blood samples collected over five years from 26 retired 
fluorochemical production workers. Elimination appears to be linear on a semilogarithmic plot of concentration 
versus time, so a first order model of kinetics was used. The arithmetic and geometric half-life of serum elimination, 
respectively, were 8.5 years (95% confidence interval, 6.4 – 10.6) and 7.3 years (95% confidence interval, 5.8 – 9.2) 
(Olsen et al. 2007). The fluorochemical production workers also had body burdens of PFOS and PFOA. PFHxS has 
been shown to be present in breast milk at a concentration of less than 10% of that in maternal serum (Kim et al. 
2011). There is evidence that PFHxS can cross the placenta and enter the fetal circulation (ATSDR 2015).

12 Potency was assessed by the ranking the C20max (predicted concentration at which a compound elicits 20% of the overall maximal response) for 
each of the PFAS investigated.
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4.3.3 Animal toxicity studies
A literature search identified only one toxicity study conducted with PFHxS that was considered useful for regulatory 
purposes. The study evaluated reproductive and developmental toxicity in rats.

Butenhoff et al. 2009, Evaluation of potential reproductive and development toxicity of potassium 
perfluorohexanesulfonate in Sprague Dawley rats
In a modified OECD 422 guideline-based design, male and female rats (15/sex/group) were administered PFHxS 
(K(+)) at doses of 0 (control), 0.3, 1, 3, and 10 mg/kg bw/day by oral gavage. All animals were dosed for 14 
days prior to cohabitation, during cohabitation and until the day before sacrifice. The treatment period for males 
was a minimum of 42 days. Females that littered were terminated on day 21 of lactation (approximately 62 days 
of treatment), while non littering females (2 animals from groups receiving 1.0 or 3.0 mg/kg/day) were killed on 
presumed day 25 of gestation (approximately 40 days of treatment).

The following parameters were assessed in both F0 and F1 animals unless noted otherwise: survival; reproductive 
success (F0 only); clinical signs; body weight gain; food consumption (F0 only); oestrus cycling (female F0 only); 
neurobehavioural effects (F0 only); haematology and clinical chemistry (F0 only); gross and microscopic examination 
of selected organs; and sperm quality and quantity (male F0 only). Blood samples were taken on day 14, day 42 and 
GD 21. On GD 21, fetal blood and liver samples (pooled for each litter), were taken. At termination on PND 22 blood 
and liver samples were taken from 5 pups/sex/litter/treatment groups for analysis of PFHxS. Serum samples were 
pooled for each litter.

No deaths or treatment-related clinical signs occurred in F0 animals. Body weight gain was statistically significantly 
lower in males at 10 mg/kg bw/day compared with controls (Table 33). No treatment-related differences in body 
weight or body weight gain were observed in F0 females during the cohabitation and gestation phases of the 
study. Significantly lower mean body weights were observed in females administered 0.3, 3 and 10 mg/kg bw/day 
compared with controls on PND 8, but this finding was not seen at the 1.0 mg/kg bw/day level at this timepoint or 
other time points. No effects on feed consumption were observed.

A significant increase in absolute and relative liver weights was observed in males administered PFHxS at 3 and 
10 mg/kg bw/day, but not in females. No absolute liver weight group numerical data were presented in the report, 
and liver weights relative to body weight were only presented in graphical form.

No treatment-related macroscopic changes were observed at necropsy at any dose level. Treatment-related 
histopathological changes were restricted to findings in the liver and thyroid gland of males at 3 and 10 mg/kg bw/
day. In the liver centrilobular hypertrophy was seen with accompanying increased amounts of dense eosinophilic 
granular cytoplasm. The thyroid findings were confined to hypertrophy and hyperplasia of the follicular cells.

Significant differences from controls were seen in some haematological and clinical chemistry parameters in 
male rats (Table 33). Lower haematocrit and red blood cell counts were reported at 3 or 10 mg/kg bw/day and 
lower haemoglobin levels at 1, 3 or 10 mg/kg bw/day. These differences were slight and not considered to be of 
toxicological significance. Higher prothrombin time was found at 0.3, 3 or 10 mg/kg bw/day (but not at 1 mg/kg 
bw/day) but the differences were slight and did not show a dose-response trend. Significantly increased albumin, 
albumin/globulin ratios, BUN, alkaline phosphatase and calcium mean values were observed at 10 mg/kg bw/day, 
with lower cholesterol in all treated male groups and lower mean triglycerides at 10 mg/kg bw/day only.
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Table 33: Mean body weight, blood chemistry and haematology values for males treated for at least 42 days

Mean body weight, blood chemistry and haematology values for males treated for at least 42 days

Dosage (mg/kg bw/day)

Parameter Control 0.3 1 3 10

Mean Body weight gain (g) 
Day 1-44

129.8±25.5 114.8±27.5 121.2±37.7 122.7±30.0 98.2±13.9*

Blood chemistry

Albumin (g/dL) 4.3±0.2 4.1±0.2 4.3±0.2 4.2±0.2 4.5±0.2**

Albumin/globulin 2.1±0.2 2.1±0.2 2.2±0.3 2.2±0.2 2.5±0.2**

BUN (mg/dL) 16.0±1.5 16.0±0.8 16.0±1.8 17.0±1.6 21.0±2.4**

Cholesterol (mg/dL) 57±8 41±11** 46±12** 43±13** 33±7**

Triglyceride (mg/dL) 52±21 47±17 36±14 36±28 17±8**

Alkaline phosphatase (U/L) 105±14 111±37 100±12 115±25 144±38**

Haematology

Prothrombin time (s) 13.4±0.2 14.2 ±0.3** 13.6±0.2 13.8±0.4* 14.0 ±0.5**

Haemoglobin (g/dL) 16.5±1.2 15.9±0.4 15.7±0.6* 15.4±0.7** 15.6±0.8*

Red Blood Cells (106/mm3 ) 7.51±0.40 7.33±0.4 7.32±0.4 6.93±3.05* 6.99 ±0.44*

Haematocrit (%) 43.5±3.5 42.2±1.6 42.0±2.2 40.2±2.3** 40.7±1.8*

Values presented are mean ± standard deviation and taken from Butenhoff et al. 2009 
BUN
* Significantly different from the control group value (p≤0.05)
** Significantly different from the control group value (p≤0.01)

There were no effects of PFHxS treatment on mating or fertility parameters (estrus cycling, cohabitation length, 
mating and fertility indices). Similarly there were no effects on pregnancy status, gestation length or pregnancy 
outcomes. Histopathological examination of the reproductive organs revealed no effect of treatment on sperm 
motility, count, density and morphology values for F0 male rats, or on primordial follicle counts for F0 females. There 
were no effects of treatment on any FOB parameters (autonomic functions, sensorimotor functions, excitability, gait 
and sensorimotor coordination, forelimb and hindlimb grip strength) and motor activity. No treatment-related effects 
on litter outcomes were observed.

The NOAEL for reproductive toxicity was 10 mg/kg bw/day, the highest dose tested. The NOAEL for paternal toxicity 
was 3 mg/kg bw/day (males only) and the NOAEL for offspring toxicity was 10 mg/kg bw/day.

Serum and liver PFHxS concentrations measured in the study are summarised in Table 34.

Table 34: Mean serum/plasma and liver PFHxS concentration

Mean serum/plasma and liver PFHxS concentration

K+PFHxS dose (Mg/kg Bw/day)

Day Cohort 0 0.3 1.0 3.0 10.0

Serum PFHxS (µg/mL)

14 F0 male 0.14±0.05 18.18±2.42 80.97±30.83 143.05±82.09 182.67±8.25

14 F0 female 0.39a 2.78±0.81 9.85±3.91 20.67±3.91 42.04±6.47

42 F0 male 0.32±0.09 44.22±12.66 89.12±0.80 128.67±10.30 201.50±20.02

GD21 F0 female <LLOQb 3.32±0.71 10.65±6.41 32.75±7.83 59.80±11.54

GD21 F1, pooled <LLOQ 5.32±1.32 13.47±2.06 37.10±2.89 44.33±6.50
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Mean serum/plasma and liver PFHxS concentration

K+PFHxS dose (Mg/kg Bw/day)

Day Cohort 0 0.3 1.0 3.0 10.0

PND22 F1, pooled <LLOQ 8.57±2.41 34.34±10.86 32.35±8.20 93.55±55.79

Liver PFHxS (µg/g)

42 F0 male 0.35±0.23 43.80±8.07 149.50±26.06 338.67±128.42 593.50±81.41

GD21 F0 female <LLOQc 0.79±0.19 2.61±0.54 7.80±1.58 16.53±2.57

GD21 F1 fetus <LLOQ 1.37±0.53 3.29±1.17 7.19±1.39 18.87±4.28

PND22 F1 male <LLOQ 1.13±0.31 3.86±0.94 8.73±1.65 16.22±4.41

PND22 F0 female <LLOQ 1.04±0.24 3.91±1.05 9.96±2.69 18.39±2.32

Values presented are mean ± standard deviation and taken from Butenhoff et al. 2009
GD – Gestation Day; PND – Postnatal day; LLOQ - lower limit of quantification
a excludes data from 2 females which were below LLOQ of 0.1 µg/mL
b serum LLOQ = 0.1 µg/mL
c liver LLOQ = 0.1 µg/g

4.3.4 Human data
There are a number of epidemiological studies of human populations that have explored the association between 
PFHxS exposure and various health endpoints but evidence of significant risk is poor and at times contradictory. 
Study populations have included occupationally exposed workers at 3M, a major manufacturer of PFASs, 
communities with high exposure due to proximity to PFAS production plants, and general populations, for example 
through the NHANES database. These studies are frequently complicated by exposure to more than one PFAS, and 
are not considered useful for determining a HBGV for PFHxS.

Mean PFHxS serum concentrations reported in various studies of the general population in the United States are 
in the range 1.5–3.9 ng/mL (ppb). Levels of 0.29 to 1.85 µg/mL have been reported in occupationally exposed 
individuals (ATSDR 2015). There is some evidence levels in children may be higher than in adults and it has been 
suggested that this may be due to greater exposure through other routes of exposure, such as inhalation and hand to 
mouth transfer from carpets.

ATSDR (2015) considered a number of epidemiological studies that have reported an association between 
PFHxS exposure and health effects in human populations. These and some other more recent data, are briefly 
summarised below.

• One epidemiology study reported a significant association between serum PFHxS levels and physician-
diagnosed asthma in children aged 10-15 years but another epidemiology study, based on NHANES data, 
did not find this association. Results of epidemiology studies are likewise contradictory with regard to effects 
of PFHxS on total cholesterol, LDL cholesterol and non-HDL-cholesterol, sperm quality and effects on birth 
weight. Overall, ATSDR considered that the number of studies examining the relationship between serum 
PFHxS and cholesterol is insufficient for any conclusions to be drawn.

• A reported negative association between serum PFHxS and estimated GFR rate may be a consequence of 
‘reverse causation,’ that is individuals with low GFR are slower to excrete PFHxS. A small number of studies 
have examined possible associations between serum PFHxS level on the one hand and TSH, T3 and T4 on 
the other, but no associations have been found.

• Most studies have found no association between serum PFHxS and evidence of diabetes, although one 
study found a negative association between PFHxS levels and insulin resistance in adolescent females.

• Negative associations have been found between serum levels of PFASs, including PFHxS, and antibody 
responses to vaccinations against tetanus, diphtheria, and rubella in children. One study has found an 
association between serum PFHxS and ADHD and/or learning difficulties in children, as reported by parents 
or the children themselves.
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• Jørgensen et al. (2014) did not find consistent evidence that PFHxS had any effect on time to conception in 
women, whereas Vélez et al. (2015) concluded that PFHxS increased time to conception.

• Maison et al. (2015) found some evidence that prenatal exposure to PFHxS was associated with a slight 
increase in serum testosterone concentration in adolescent girls, but acknowledged that their study was 
small (n=72).

Overall, ATSDR did not consider the available human data useful for establishing a MRL.

4.4 Discussion and conclusions PFHxS
There are currently substantial deficiencies in the toxicological and epidemiological database that preclude 
establishing a TDI for PFHxS, or a group TDI for perfluoroalkyl compounds. Establishing a HBGV is usually a strong 
indicator of the confidence in the database around the toxicity of the chemical being assessed. When a HBGV 
is established, it is taken that the database is robust and comprehensive, such that all relevant endpoints can 
be covered.

In the case of PFHxS, the only toxicology study considered useful for regulatory purposes was a reproductive and 
developmental study in rats (Butenhoff et al. 2009). There was no evidence of reproductive or developmental toxicity. 
The NOAEL for reproductive toxicity was 10 mg/kg bw/day, the highest dose tested. The NOAEL for paternal toxicity 
was 3 mg/kg bw/day (males only), and the NOAEL for offspring toxicity was 10 mg/kg bw/day.

In the absence of a HBGV, it may be it may still be possible to derive a margin of exposure (MOE) to provide risk 
managers with information on the level of public health and safety risk. The MOE is defined as the ratio of the NOAEL 
or BMDL for the critical effect to the predicted or estimated exposure. In general, the interpretation of an MOE is 
based on considerations similar to those used in establishing a HBGV. When based on data from experimental 
animals, as a default, a MOE of at least 100 would be considered as an indication for low health concern for 
compounds such as perfluoralkylated compounds with an apparent threshold.

However, this is likely to be complicated by the toxicokinetics for PFHxS, which similar to PFOS and PFOA, exhibits 
significant differences between laboratory animals and humans, such that the default 100-fold uncertainty factor may 
not be sufficiently protective of human health. On that basis, it is reasonable to conclude that the enHealth approach 
of using the TDI for PFOS is likely to be conservative and protective of public health as an interim measure. The 
approach recognises that the structure of PFHxS and PFOS are similar, and that there is some evidence of similar 
potency of PFHxS and PFOS in activating PPARα, which at least partially, mediates the toxicity of perfluroalkylated 
compounds.

Effectively, this means that as a conservative approach, PFHxS and PFOS should be summed for the purposes of a 
dietary exposure assessment and risk characterisation.
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Appendix 1: Observational studies of PFAS and birthweight

Executive Summary
Two systematic reviews were identified which described the association between PFOA or PFOS and birthweight. A 
number of studies published since these reviews were completed were also identified.

The individual studies reported their results, usually multivariate, using a variety of analytical approaches and reported 
results in a range of formats. Typically, data were log transformed, using either base 10 or the natural logarithm. This 
suggested that the associations in these studies were not linear although most authors did not describe examining 
regression diagnostics to determine if the transformation was appropriate. Specifically, there was a steep decline 
in birthweight seen at low blood concentrations of PFAS, which levelled off to a plateau or near-plateau at higher 
concentrations. Some authors also presented results for linear or categorical analyses, but generally did not comment 
on which was the best fit for the data. It was noted that some papers stated that there was no association but did 
not provide any quantitative results.

One systematic review conducted a quantitative meta-analysis that assumed that the relationship between PFOA and 
birthweight was linear, although this assumption was not justified or explained by the authors. They included results of 
studies which had been reanalysed using the linear assumption. Their primary meta-analysis excluded retrospective 
analyses, including the data from the large C8 study from West Virginia, but included studies that they judged to have 
a high risk of bias (specifically, these studies were a univariate analysis in one instance and had possible conflict of 
interest in the second instance). They found an overall decline in birthweight of 18.9 g (95% CI: -29.8 to -7.9) per 
increment of 1 ng/mL PFOA (they combined maternal or infant concentrations, as were available, owing to their 
review that this was reasonable). FSANZ identified several additional studies (including a prospective analysis of the 
C8 data) that met the inclusion and exclusion criteria and which were not additional analyses of previously reported 
studies. Two of these described their results using a linear model, and notably, found no inverse association. Adding 
these to the existing meta-analysis model, reduced the association to -11.9 g (95% CI: -21.6 to -2.2) birthweight per 
increment of 1ng/mL PFOA concentration. Most studies in the meta-analysis had examined PFOA concentrations 
<20ng/mL and so the results relate to this range of PFOA concentrations.

The second systematic review did not do a quantitative meta-analysis but graphed the results of each study as reported 
by their respective authors. This presented the nonlinearity of the associations of birthweight with PFOA and PFOS from 
each study (i.e. a greater effect at low concentrations than higher concentrations). FSANZ added additional studies to 
these graphs and also tabulated results described in papers in formats which could not be graphed.

Neither of the systematic reviews considered how the results of studies they had needed to exclude, owing to data 
format problems, might have affected their conclusion. In the case of PFOA, FSANZ considers the excluded studies 
reflect the range of results shown in the meta-analysis and graph. However, in the case of PFOS, the excluded 
studies tended to be more likely to show no association, or a positive association compared to the graphed studies. 
This raises the possibility of selective reporting or publication bias in the body of literature leading to an over-
representation of studies reporting significant adverse effects. Furthermore most studies examined associations for 
PFOA and PFOS separately and did not conduct a mutually-adjusted analysis despite often noting a substantial 
correlation between PFOA and PFOS.

FSANZ notes that the concentration in blood in the human studies described above is about 1,000-fold lower than 
that found in animal studies showing an effect on birthweight. It is not certain whether the association observed 
reflects a causal relationship between PFOS, PFOA and birthweight or is the result of a third factor. For example, 
Verner et al. (2015) suggest that both would be affected by the changes in glomerular filtration rates that occur during 
pregnancy. This requires further investigation.

In summary, overall the studies with numerical data report an association between PFOA or PFOS and birthweight 
at low concentrations. However, missing quantitative data from studies reporting no effect raises the possibility of 
selective reporting or publication bias affecting the body of evidence. The shape of the association is not clear; that 
is whether it is linear or nonlinear. Consequently it is not clear that the result from the meta-analysis should be used 
to estimate possible impacts on birthweight, especially above 20 ng/mL. It is not possible to determine whether the 
association reflects a causal relationship or is the result of a third factor that alters both PFAS concentration and 
birthweight, or may have been overstated owing to selective reporting or publication.
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Background
The purpose of this report is to describe the epidemiological studies that have examined whether there is an 
association between PFOA or PFOS and birthweight.

Previous reviews have had divergent conclusions. EFSA (2008) concluded that it was unlikely that either PFOA or 
PFOS had adverse effects in the population but noted uncertainties with respect to infant development for PFOA. 
The US EPA (2014b) and Johnson et al. (2014) concluded that there was an inverse association between birthweight 
and PFOA. Bach et al. (2015) concluded that the studies were too inconsistent to allow a conclusion to be drawn. 
By contrast, Verner et al. (2015) propose that almost all of the observed association can be attributed to a third factor, 
namely changes in glomerular filtration rate during pregnancy.

FSANZ has attempted to answer the following question: 
 Is blood PFOA or PFOS concentration related to infant birthweight?

Table A1.1: PECO(s) criteria for the review of PFOA, PFOS and birthweight

Population Pregnant women and their newborn infants

Exposure PFOA and/or PFOS measured in maternal blood during pregnancy or at delivery or in cord blood at delivery

Comparison Different levels of PFOA and/or PFOS concentration

Outcome Infant birthweight – preferably expressed as kg; other expressions such as low/not low birthweight or weight 
as a z-score allowed; length-adjusted measures such as ponderal index excluded

Study types Longitudinal (cohort); cross-sectional

Table A1.1 shows the scoping for this review. Preliminary examination of other reports indicates that there are no 
trials, randomised or otherwise, in the literature.

Literature examined

Existing reviews identified
PFOS and PFOA often occur together and so reviews of either substance were considered as the starting point to 
collate original literature. The initial assessment examined the reports from EFSA concerning both PFOS and PFOA 
and the reports from the US EPA concerning PFOS (US EPA, 2014a) and PFOA (US EPA, 2014b). Two recent 
systematic reviews were also identified from these reports and by searching PubMed (https://www.ncbi.nlm.nih.gov/
pubmed). One examined the effect of PFOA on birthweight (Johnson et al. 2014) whereas the other examined the 
effect of PFOA and PFOS on birthweight (Bach et al. 2015). A third systematic review (Verner et al. 2015) was also 
examined but did not have additional studies compared to Johnson et al. (2014).

Table A1.2 shows the original papers referred to in the above reviews, together with some details, listed in order of 
year of publication. Most papers were published after the EFSA report was released. This table also shows FSANZ’s 
decision about whether to include the studies in its consideration. FSANZ was able to include some studies in a 
quantitative or graphical form, whereas other studies could only be included in a qualitative form (as showing a 
positive, inverse or no association between the PFAS and birthweight) owing to the manner in which their results were 
reported. The rationale for FSANZ’s decisions is given below.

Some of the authors of the systematic review by Johnson et al. (2014) list their affiliation as the US EPA. The US 
EPA reports (US EPA, 2014a; US EPA, 2014b) describe the results as reported by the authors of the various papers 
whereas Johnson et al. (2014) state that they asked the author of papers to reanalyse their data using multivariate 
linear regression. However, these revised analyses and the meta-analysis result reported by Johnson et al. (2014) do 
not seem to have been used in the US EPA reports.
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Additional studies identified by FSANZ
FSANZ examined several other sources and identified some additional, including recent, studies (Table A1.3). 
A recent book referred to one paper (So et al 2006) which was subsequently excluded because it did not measure 
PFAS in blood. A search of reference lists in the papers in Table A1.2 did not yield any additional papers. One of the 
searches given by Johnson et al (2014) was updated in PubMed (see Annex for search criteria and paper screening). 
Serveral studies were published between the initial search in November 2016 and the final search a month later. 

Table A1.3: Additional studies identified by FSANZ and FSANZ’s decision about their inclusion or exclusion 
from this review

First 
author

Year of 
publication

Location of 
study

Study Year of 
data 

collection

n subjects Reporting format FSANZ

So 2006 China - 2004 19 No signification correlation 
between breast milk PFAS 
concentration and infant weight 

e

Kishi 2015 Hokkaido, 
Japan

Sapporo Toho 2002-5 306 Per log 10 unit of PFAS e

Robeldo 2015 Michigan and 
Texas, US

LIFE 2005-9 230 Per 1 standard deviation of the 
natural log of PFAS

q

Bach 2016 Denmark Aarhus Birth 
Cohort

2008-13 1507 Per 0.1 ng/mL of PFAS 
quartiles 

√

de Cock 2016 Netherlands OBELIX 2011-3 91 Tertiles of PFAS (ng/L) √/q

Lauritzen 2016 Norway and 
Sweden

Scandanavian 
SGA Study

1986-8 424 Per natural log unit of PFAS q

Wang 2016 Taiwan Taiwan 
Maternal and 
Infant Cohort 
Study

2000-1 223 Per natural log unit of PFOA √

Shi 2016 Bejing, China - 2012 170 Per log 10 unit of PFAS q

Alkhalawi 2016 Germany Duisberg Birth 
Cohort

2000-2 148 Correlation not significant q

√ included in this review; e- excluded from this review; q- included for qualitative assessment but not quantitative assessment

Non-independence of some of the original studies
Large studies often have a specific name and authors publish multiple papers. In particular, in cohort studies, the 
same outcome might be examined several times, each time with a longer follow-up. Cross-sectional studies might 
examine the same hypothesis in greater detail in selected subsamples in addition to an overall analysis. If the same 
outcome is described in more than one paper, then the results are not independent and should not be treated as 
separate studies in a review, especially if a quantitative meta-analysis is undertaken. Neither Johnson et al. (2014) or 
Bach et al. (2015) discuss how to manage multiple papers from the same dataset.

As indicated in Tables A1.2 and A1.3, there are several examples of multiple papers reporting results from the same 
study in the compiled list. Some essential features of these papers are described in Table A1.4. From this, FSANZ 
selected papers that would not lead to multiple inclusions of the same results in its consideration. Darrow et al. 
(2013) was selected to include the results of the C8 study. The other C8 studies contain estimates of PFAS exposure 
calculated from job and residential histories and/or analyse births which occurred prior to collection of blood samples, 
often many years prior. Darrow et al. (2013) examine blood PFAS concentrations and birthweight for two sets of 
infants: those who were born before or after the blood sample was drawn and those who were estimated to have 
been conceived after the blood sample was drawn. FSANZ has used the latter results because the prospective 
analysis allows for greater certainty about the direction of the association.
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Washino et al. (2009) was selected from the Sapporo Toho Study as the remaining studies (Inoue et al. 2004; Kishi et 
al. 2015) appear to describe subsamples of this population. All three Danish studies were included as they seem to 
be studying different sets of infants.

Table A1.4: Studies with multiple papers describing results

Study Brief description of the study Papers from 
this study 

Specific features of this paper

C8 Health 
Project
And the
C8 
Community 
Follow-up 
Study

The DuPont Company’s Washington 
Works factory has used PFOA in the 
manufacture of fluoropolymers since 
1951, with use peaking in the 1990s. 
Community residents were exposed 
to high levels of PFOA through 
groundwater contamination (2005–
2006 serum median = 28 ng/mL) with 
residents in certain water distribution 
districts more highly exposed than 
others. PFOS levels were not elevated 
compared to background US levels.
The C8 Health Project is a survey of 
69,030 people exposed to PFOA-
contaminated drinking water in 
specific water districts in Ohio and 
West Virginia for at least 12 months 
between 1950 and 2004.
A subset of participants who were 
at least 20 years old at the time of 
enrolment in the C8 Health Project (n 
= 32,254) participated in one or two 
follow-up interviews between 2008 
and 2011.

Stein 2009 Pregnancies between 2000-5, i.e. which occurred in 
the 5 years preceding the collection of blood Reports 
analyses for PFOS and PFOA.

Nolan 2010 Singleton live births in Washington County, Ohio, 
between 2003-5. PFOA exposure estimated from 
concentrations in drinking water and postcode of 
residence listed on the birth records. Analysed data for 
PFOA only.

Savitz 2012a Pregnancies occurring between 1900-2006 with 
self-reported birth outcomes and estimated exposure 
based on residential and work history (including 
133 term low birthweight babies). Would include 
pregnancies analysed by Stein et al. 2009. PFOA 
exposure only. 

Savitz 2012b. Study 1: 4534 term births (including 918 term low 
birthweight babies) occurring 1990-2004, i.e. preceding 
collection of blood. Study 2: is based on birth records 
linked to the C8 project, includes additional geographic 
areas compared to Study 1 and has reconstructed 
residential history. PFOA exposure only.

Darrow, 2013 Singleton live births in white women between 2005-10 to 
Community Follow-up Study participants who enrolled in 
the Study between 2005-6, including births that occurred 
before enrolment. Analyses PFOS and PFOA.

Sapporo Toho 
Hospitals 
Study

One cohort was recruited at the Toho 
Hospital in Sapporo late in pregnancy.
The same research group is also 
conducting a large scale Hokkaido-
wide study which recruited pregnant 
women early in pregnancy (Kishi 
et al. 2011) but not reports of the 
association between PFAS and 
birthweight were found relating to the 
larger cohort study. 

Inoue, 2004 15 subjects recruited between February and July 
2003;only 3 women had detectable levels of PFOA; 
appears to be a subset of Washino et al. 2009.

Washino, 2009 Data from 428 subjects recruited between 2002-5.

Kishi, 2015 Describes the combined effects of PFAS and serum 
fatty acids on birthweight in subjects recruited 
between 2002-5; appears to be a subset of Washino 
et al. 2009
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Study Brief description of the study Papers from 
this study 

Specific features of this paper

Danish 
Studies

Fei et al. 2007 Danish National Birth Cohort which recruited women 
between March 1996 and November 2002 from 60% 
of GPs and had a response rate of Fei et al. 2002 
took a small random sample of those responding to all 
questionnaires and having both maternal and cord blood.

Halldorsson, 
2012

Refers to women recruited in 1988-9 at the Aarhus 
Hospital with blood analysed for PFOA. Not possible 
to determine whether there is any overlap with the 
women in Fei et al. although it seems unlikely that 
women would agree to be in two separate cohort 
studies involving questionnaires and blood sampling 
during the same pregnancy.

Bach, 2016 Random selection of women recruited 2008-13. 
Although this study states that it analyses data from 
the Danish National Birth Cohort Study, the timing of 
pregnancies that the subjects do not overlap with those 
of Fei et al. (2007) or Haldorssen et al. (2012). Results 
were presented for all births and for term births; the 
data for all subjects was used as Johnson et al. (2014) 
do not refer to restricting their analysis to term births.

Analytical variability across the studies
A notable feature of Tables A1.2 and A1.3 is the variety of ways that authors have described the association between 
PFAS and birthweight. Consequently, the results reported in the various papers cannot be combined to derive an 
overall average estimate. As described below, Johnson et al. (2014) contacted authors and asked them to reanalysis 
their PFOA data in a common analytical format. These results have been used in FSANZ’s update. Table A1.5 shows 
the consolidated list of studies that FSANZ will include in its assessment. Most studies report analyses for both PFOS 
and PFOA. Most studies had average PFOA concentrations less than 4 ng/mL and average PFOS concentrations 
less than 20 ng/mL (Figure A1.1). Although Figure A1.1 shows that there was no association across the studies 
between PFOA and PFOS, there was an association within the populations examined in the studies (see below). 
Some have data which can be compared to other studies in a quantitative or graphical form. Others only allow a 
qualitative assessment of whether they found a positive, inverse or no association between the PFAS and birthweight.

Figure A1.1: Plot of the average concentrations of PFOA and PFOS in studies measuring both compounds
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Table A1.5: List of studies FSANZ has chosen for inclusion (first author, year of publication)

Inclusion in meta-analysis and/or graphical presentation Qualitative inclusion only

Apelberg, 2007 Fromme, 2010 (PFOA data 
given in Johnson at al, 2014)

Alkhalawi, 2106 Lauritzen, 2016

Bach, 2016 Hamm, 2010 Arbuckle, 2012 Lee, 2013

Kim S, 2011 Haldorrsson, 2012 De Cock, 2016 (PFOS) Monroy, 2008

Chen, 2012 Maisonet, 2012 Grice, 2007 (PFOS data only) Robeldo, 2015

Darrow, 2013 Washino, 2009 Kim SK, 2011 Shi, 2016

de Cock, 2016 (PFOA) Wang, 2016 (PFOA data only)

Fei,2007 Whitworth, 2012

Wu, 2012 (PFOA data only)

The association between PFOA and birthweight
The reviews from EFSA (2008) and the US EPA (2014a, 2014b) did not describe their strategies for identifying the 
body of literature and provided narrative descriptions of the studies. Multiple papers from the same study were 
apparently regarded as independent studies. Their methods will not be considered further.

Overview of existing systematic reviews
Two systematic reviews are discussed here (Table A1.6) as the basis for considering the question around the effect of 
PFAS chemicals on birthweight.

The design of many studies cannot be unambiguously described as longitudinal or cross-sectional. Some studies 
collected maternal blood in late pregnancy or cord blood samples at delivery and so these are essentially estimates of 
exposure after fetal growth has largely occurred. A number of studies show that maternal blood collected at various 
times during pregnancy and cord blood are correlated and so it is reasonable to assume that blood collected at any 
time provides a guide to exposure in people who have not moved their residence. However, the actual concentration 
of PFAS in the blood changes during pregnancy (possibly partly related to haemodilution) and is different in maternal 
and cord blood.

Table A1.6: PECO and other information about two systematic reviews of PFOA and birthweight

Johnson et al. 2014 Bach et al. 2015

PECO(s) criteria

Population Humans during reproduction/development (i.e. before 
& during pregnancy for women, during pregnancy for 
the fetus)

Pregnant women

Exposure PFOA (CAS#335-67-1) or its salts before/during 
pregnancy – “measured or estimated during the 
reproductive/developmental time period” (any time 
before or during pregnancy for women, or directly in 
fetuses, including cord blood) 

PFOS or PFOA in biological material (blood, cord 
blood); excluded indirect estimates of exposure

Comparator Comparison across a range of exposures Range of exposure

Outcomes Birthweight; other measures of fetal or infant growth 
optional; BW did not have to be the focus of the study

Developmental growth - birthweight on a continuous 
scale; other measures also included

Study design No design specifications but study had to contain 
original data or observations

Original human cohort, cross-sectional and case-
control studies; 

Other items

Databases 
searched

PubMed, EMBASE, Web of Science and other 
databases

MEDLINE, EMBASE, citation search in Scopus
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Johnson et al. 2014 Bach et al. 2015

Final date of 
search

23 April, 2012 - 11 May, 2012 12 June, 2014

Language, 
publication date

No restrictions No restrictions

Quality 
assessment 
of individual 
studied

Johnson et al. developed criteria to assess the risk 
of bias for this set of longitudinal and cross-sectional 
studies (further described in the online supplement 
to their paper). They used this to assess the risk of 
bias of studies included in the systematic review, 
including those subsequently excluded from the 
meta-analysis.

“The study design, sampling procedure, inclusion 
and exclusion criteria, distribution of participant 
characteristics, numbers of participants and 
response rates, assessment of exposure, 
ascertainment of outcomes, statistical analysis and 
quantitative risk estimates with 95% confidence 
intervals were evaluated. Each of the 9 criteria were 
assigned a value of 1 if fulfilled and given equal 
weight. A sum of > 7 was considered sufficient for 
completeness of reporting (Bonzini et al. 2007). The 
risks of selection and information biases as well as 
confounding were assessed. Potential confounders, 
primarily covariates from multiple regression 
analyses of PFOA and PFOS exposure and birth 
weight variables, were extracted and evaluated”

N included 
studies

19 data sets from 18 papers reported results for one 
or more measures of infant size (one of these (Fei et 
al. 2008) did not describe birthweight). They wrote 
to authors to request reanalysis of data in a common 
format (linear regression of untransformed continuous 
birthweight) but only 9 sets of data were used in the 
primary meta-analysis for birthweight 

14 studies of PFOS, (13 studies of PFOA) published 
between August 2004 and December 2013 of 
which 10 reported on birthweight as a continuous 
variable

Review by Johnson et al. (2014)
The Johnson et al. (2014) review was part of a larger project testing a methodological approach to assessing 
evidence from animal and human data in the environmental science area. The possible association between 
developmental exposure to PFOA and various outcomes, including birthweight was used a case study to examine 
the approach. They assessed which studies were combinable in a meta-analysis based on whether the study had 
birthweight data as a continuous variable or a categorical variable (e.g. low birthweight or not low birthweight), 
exposure assessment and data analysis. They examined data to determine whether it was reasonable to combine 
PFOA concentrations which had been measured at different times in pregnancy or in cord blood and concluded that 
it was. They contacted study authors to request a reanalysis of data that had been log transformed or original data 
so that all studies could be reanalysed without logarithmic transformation. They also assessed the risk of bias of all 
studies, including those not included in the quantitative meta-analysis, using a set of criteria they had adapted from 
other work. They used well-known routines (metan in STATA version 12.1) to conduct a random effects model with 
DerSimonian-Laird confidence intervals using the adjusted results (for the most part) from the studies included.

The nine studies with data in the untransformed continuous form yielded an overall estimate that birthweight 
decreased by 18.9 g (95% CI: –29.8 to –7.9 g) for every increase of 1 ng/mL serum or plasma PFOA concentration. 
Heterogeneity was low (I2 = 38%) (see Figure A1.2). They also conducted some sensitivity analyses. First, a tenth 
study (Savitz et al. 2012, from the C8 study) which had been excluded because it was a retrospective analysis, was 
added. This study had a small effect of less than 0.2 g birthweight per ng/mL and so adding it to the meta-anlaysis 
reduced the overall estimate slightly –15.4 g (95% CI: –26.5 to –4.3 g) but the heterogeneity increased. Second, they 
remove two studies from which were assessed as having a high risk of bias, either singly or together, but this did not 
substantially alter the effect.
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Commentary on Johnson et al. (2014)
It is notable that the Johnson et al. (2014) meta-analysis assumed that the association between PFOA and 
birthweight was linear even though many of the studies had log transformed their data. It is certainly true that the 
authors of papers do not describe having conducted regression diagnostics to determine if the transformed data 
yielded a better fit to the data than non-transformed data. However, Johnson et al. (2014) do not provide any 
justification or comment on the decision that they made to analyse the body of data using a linear assumption.
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Figure A1.2: Risk of bias assessment for all studies and meta-analysis of 9 studies from Johnson et al. (2014) 
(Reproduced from Environmental Health Perspectives)
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The meta-analysis only contains studies that FSANZ would include (see above). As noted above, the authors did not 
consider whether papers contained multiple analyses from the same underlying study, although all the C8 studies 
(Nolan et al., 2009, Savitz et al., 2012a, Savitz, 2102b, Stein et al. 2009) were excluded from the meta-analysis by 
Johnson et al. (2014) for other reasons. 

Review by Bach et al. (2015)
The inclusion criterion for exposure measurement was different in the review of Bach et al. (2015) from that of 
Johnson et al. (2014) in requiring an assessment in biological material such as maternal blood. Consequently some of 
the C8 studies found by Johnson et al. (2014) which had estimated exposure from, for example occupational history, 
were not included in the review of Bach et al. (2015). Papers from the C8 study which analysed blood concentation 
(Stein et al., 2009; Darrow et al. 2013) were included by Bach et al. (2015).

Bach et al. (2015) tabulated 14 studies, of which one (Inoue at al. 2004) reported results measured PFOS only, 
leaving 13 studies of PFOA. Two of the remaining studies (Stein et al., 2009; Arbuckle et al., 2013) only describe 
results related to low birthweight; Lee et al. (2013) dichotomised birthweight at the median, and Whitworth et al. 
(2012) provided results with birthweight expressed as a z-score rather than in kg. This left eight 8 studies of PFOA 
reporting results for birthweight as a continuous variable which were graphed by Bach et al. (2015) (Figure A1.3).

Figure A1.3: Graph of studies from Bach et al. (Perfluoroalkyl and polyfluoroalkyl substances and human 
fetal growth: A systematic review (2015) Critical Reviews in Toxicolology, Taylor and Francis, reprinted by 
permission of the publisher (Taylor & Francis Ltd, http://www.tandfonline.com)). 

Bach et al. (2015) commented on the lack of internal consistency in some studies which assessed birthweight 
in several ways (such as continuous birthweight or proportion with low birthweight) and that some important 
confounding variables had not been considered in a number of the existing studies. They also note that other PFAS 
had not been properly examined and that both lower birthweight and increased PFAS concentrations could be the 
result of a third process, such as changes in glomerular filtration rate during pregnancy. They concluded that at 
present, the data are insufficient to confirm or reject the association between PFAS and birthweight.
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Commentary on Bach et al. (2015)
The timing of the literature search allowed Bach et al. (2015) to identify Wu et al. (2012), Darrow et al. (2013) and 
Lee et al. (2013) which were not captured by Johnson et al. (2014). They refer to Johnson et al. (2014) but do not 
comment on certain studies included by Johnson et al. that they did not include. Specficially, Johnson et al. (2014) 
give linear regression coefficients for Whitworth et al. (2012), Fromme et al. (2010) and Kim S et al. (2011) but none 
of these were graphed by Bach et al. (2015). Haldorssen et al. (2012) was also retrieved by Johnson et al. (2014) but 
not used because the data were given in quartiles not a linear regression coefficient; however this could have been 
graphed. Bach et al. (2015) do not comment on why these studies were not graphed even though it is common 
practice to include studies identified from reference lists of included studies or reviews.

Bach et al. (2015) conclude that

“higher PFOA levels were associated with lower average birth weight in eight studies of a total of 5046 
pregnancies, even though the magnitude and significance of associations differed. Data are insufficient to 
determine a safe lower PFOA exposure level, but statistically significant associations were only demonstrated 
when median serum or plasma levels during pregnancy were above approximately 3 ng/mL (Fei et al. 2007, 
Maisonet et al. 2012, Wu et al. 2012). However, one study with median levels above this level found no 
significant association (Darrow et al. 2013). The value of 3 ng/mL is similar to the present day average PFOA 
exposure in US women of fertile age (Jain 2013).”

However, whether or not any concentration is statistically significant depends on the range in the study, the variability 
and the numbers in the study. The authors were hampered by the inability to combine data with disparate 
reporting formats.

Update
FSANZ has approached updating the literature review in two ways because it is not clear whether the linear 
assumption made by Johnson et al. (2014) can be justified. First, the meta-analysis of Johnson et al. (2014) has 
been updated (see Annex) with two studies that meet the inclusion and reporting format criteria (a linear regression 
coefficient) described by Johnson et al. (2015). Secondly, additional studies have been added to the graph of Bach 
et al. (2015). New studies identified by FSANZ have been added when they reported birthweight results, as quantiles 
or regression coefficients, except those published in late 2016 that were identified in the final search (results of these 
studies are tabulated together with results of studies which can only be included qualitatively). The studies shown 
by Johnson et al. (2014) but not previously graphed by Bach et al. (2015) have also been added. FSANZ notes that 
Bach et al. (2015) plotted the combined retrospective and prospective results of Darrow et al. (2013) whereas FSANZ 
would choose the analysis that was restricted to the prospective births (see Annex). For the visual presentation, there 
is not much difference and FSANZ has not re-plotted the entire graph. However, for the update of the meta-analysis, 
the prospective results from Darrow et al. (2013) have been used.

Figure A1.4 shows the updated meta-analysis which contains two additional studies (Darrow et al. 2013; Bach et al. 
2016). The Annex shows a low overall risk of bias for each of these studies using the criteria of Johnson et al. (2014). 
It is notable that neither of the new studies found an inverse association between PFOA and birthweight. Both of 
these had larger sample sizes than the studies already included in the meta-analysis except for Fei et al. (2007) and 
Whitworth et al. (2012). Adding these studies has altered the overall estimate of effect to -11.9 g (95% CI: -21.6 to 
-2.2 g) birthweight per ng/mL but has increased the heterogeneity among the studies I2 = 70%).

Figure A1.5 shows the update of the graph from Bach et al. (2015). It should be noted that Fromme et al. (2010) 
and Haldorsson et al. (2012) show crude results that have not been adjusted for any confounders. The narrow range 
over which some of the results have been analysed in the various studies is immediately apparent. For example the 
interquartile range in Kim S et al (2010) was less than 1 ng/mL and so the large apparent effect on birthweight in the 
meta-analysis is based on a small variation in PFOA concentration. Figure A1.5 also shows the variation in results 
across studies. At about 15 ng/mL, the results range from an increase in birthweight of about 100g to a decrease of 
about 200g.
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Figure A1.4: FSANZ’s update of the meta-analysis of Johnson et al. (2014) including two additional studies 
reporting results in the format required by Johnson et al. (2014)

NOTE: Weights are from random effects analysis
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Figure A1.5: FSANZ’s update of the graph of Bach et al. (2015)
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Table A1.7: Results of studies included in the review which did not report their results in a way that allowed 
inclusion in either Figure A1.4 and/or Figure A1.5 (or were published in late 2016)

Study PFOA concentration (ng/mL) Results Direction of 
association

Arbuckle Minimum 0.3
Median 1.6
Maximum 5.2

Inverted multivariate analysis: non-low birthweight was a 
significant inverse predictor of serum PFOA

Unknown

Kim SK Mean 1.6
Min: 0.9
Max 3.2

Not correlated p>0.2 Unclear

Lee 25th centile 2.12
50th centile 2.62
75th centile 3.25

Adjusted analysis: odds of having higher birthweight (above 
the median of 3.19kg) decreased if PFOA concentration was 
greater than the median concentration (OR=0.54) 

Inverse

Monroy Mean 2.54 (range 1.46 – 3.14) Inverted regression (i.e. prediction of maternal PFOA from 
birthweight) 

Unknown

Robeldo Geometric mean: 3.16 Girls: -61.64g, boys: 4.78g per 1 standard deviation increase 
in the natural log of maternal PFOA concentration

Inverse for girls, 
positive for boys

Lauritzen
(Norway)

Median 1.62 (range 0.31 – 7.97) 37g per natural log unit Positive

Lauritzen 
(Sweden)

Median 2.33 (range 9.60 – 6.70) -359g per natural log unit Inverse

Alkhalawi 25th centile 1.99
50th centile 2.75
75th centile 3.52

“the correlation coefficient for birthweight was negative” Inverse

Shi 25th centile 0.82
50th centile 1.1
75th centile 1.4

163g per log 10 unit PFOA Positive

The linear analysis that underlies the meta-analysis in Figure A1.4 assumes that the incremental association is 
not related to PFOA concentration whereas the graphical presentation (Figure A1.5) challenges this assumption. 
Comparison of the studies in the updated meta-analysis (Figure A1.4) and the graph (Figure A1.5) shows that most 
studies in the meta-analysis examined blood PFOA concentrations of <20 ng/mL. Only three studies examined blood 
PFOA of 40 ng/mL and the meta-analysis results do not align well with the results of these three studies at around 
40 ng/L or higher. Extrapolation of the meta-analysis result of -11.9 g birthweight/ng/mL leads to a difference in 
birthweight -476 g at 40 ng/mL PFOA. By contrast, the three studies with data at 40 ng/mL have results ranging from 
zero (which is the largest study in the dataset) to -400 g birthweight (Figure A1.5). This discrepancy indicates that the 
results of the meta-analysis should not be used to extrapolate the association with birthweight above about 20 ng/mL 
PFOA.

A number of studies could not be included in either Figure A1.4 or A1.5 owing to their reporting format. Their results 
are summarised in Table A1.7. Like the other studies, most report an inverse association, but some report a positive 
association. Some of the studies have very narrow ranges of PFOA concentration.

The association between PFOS and birthweight
The PFOS analysis follows the same approach as that described above for PFOA, and the set of literature examined 
is almost identical with the exception that Wu et al. (2012) and Wang et al. (2016) only measured PFOA and Grice 
et al. (2007) only measured PFOS. There is no quantitative analysis of PFOS that parallels that provided by Johnson 
et al. (2014) for PFOA.
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Existing systematic review
Bach et al. (2015) was the only systematic review of the assocation between PFOS and birthweight. 
The characteristics of this review have already been described above. As was the case with PFOA, the results 
of studies were graphed where where the effect on birthweight was presented as continuous data (see Figure A1.6).

Update
FSANZ updated the graph from Bach et al. (2015) (Figure A1.7). However, fewer studies could be included in this 
update compared to PFOA because there was no review that had obtained additional information from authors as 
Johnson et al. (2014) had done. The study by de Cock et al. (2016) was not graphed but listed in the table because 
the underlying graph by Bach et al. (2016) centred the results of all studies on 7 ng/mL and the population studied 
by de Cock et al. (2016) had no concentrations of this magnitude. (By contrast, for PFOA the graph was centred on 
2 ng/mL which lay in the range of the population of de Cock et al.).

Most studies show that birthweight is lower when PFOS concentrations are higher, however, the extent of the decline 
varies greatly among the studies ranging from almost 0 to about 100 g lower. There is one study which found that 
birthweight increases as PFOS concentration increases.

The direction of association in studies which did not report results in a form that could be included on the graph was 
different (Table A1.8). These studies mostly reported no association, or in one case, a positive association (Robeldo et 
al. 2015). However, it is not possible to determine the real direction of association from studies in which the authors 
did not report the actual result but only stated that it was not statistically significant.

Figure A1.6: Graph of studies from Bach et al. (Perfluoroalkyl and polyfluoroalkyl substances and human 
fetal growth: A systematic review (2015) Critical Reviews in Toxicolology, Taylor and Francis, reprinted by 
permission of the publisher (Taylor & Francis Ltd, http://www.tandfonline.com)).
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Figure A1.7: FSANZ’s update of the graph of Bach et al. (2015)

Table A1.8: Results of studies included in the review which did not report their results in a way that allowed 
inclusion in Figure A1.7 (or were published in late 2016)

First 
author

PFOS concentration Results Direction of 
association

Arbuckle
Minimum < detection
Median 5.0
Maximum 21

Inverted multivariate analysis birthweight not a 
significant predictor of PFOS Unknown

Grice Unquantified description based on 
work history

Compared to never exposed pregnancies, ever 
low exposure was associated with -60g; ever high 
exposure with + 70g etc.

Inconsistent

Kim SK
Mean 5.6
Min 3.3
Max 9.4

Not correlated p>0.2 Unknown

Monroy Mean 18.31 (range 10.8 – 22.9) Inverted regression (i.e. prediction of maternal 
PFOS from birthweight) Unknown

Lee
25th centile 7.31
50th centile 9.37
75th centile 12.36

Adjusted analysis: odds of having higher 
birthweight (above the median of 3.19kg) not 
associated with PFOS concentration was greater 
than the median concentration (OR=0.98) 

Little or no association

Robeldo Geometric mean: 12.5
Girls: 14.16g, boys 37.5g per 1 standard deviation 
increase in the natural logarithm of maternal PFOA 
concentration

Positive

De Cock Lowest tertile of cord blood: 0.57 – 
1.2 ng/mL
Highest tertile: 1.9 – 3.2 ng/mL

438g higher birthweight in the highest tertile of cord 
blood than the lowest tertile

Positive

Lauritzen
(Norway)

Median 9.74 (range 0.95 – 59.6) 74g per natural log unit Positive

Lauritzen 
(Sweden)

Median 16.4 (range 2.28 – 55.2) -292g per natural log unit Inverse

Alkhalawi 25th centile 7.02
50th centile 9.33
75th centile 11.86

“the correlation coefficient for birthweight was 
negative” Inverse
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First 
author

PFOS concentration Results Direction of 
association

Shi 25th centile 0.63
50th centile 1.0
75th centile 1.58

160g per log 10 unit PFOS Positive

Commentary

Residual confounding
In addition to the usual considerations about residual confounding, such as whether smoking has been adequately 
measured and adjusted for, there are several specific gaps in the analyses examined.

One notable feature in the papers is that many authors describe the effect of PFOA and PFOS on birthweight after 
adjusting for various factors which might confound the relationships, such as gestational age, parity, maternal 
smoking of body habitus. These analyses are performed separately for PFOS and PFOA. Authors sometimes 
describe the correlation between PFOS and PFOA in their data sets (Table A1.9). However, there does not seem to 
have been any consideration of whether the analysis examining PFOA should be adjusted for PFOS concentrations 
and vice versa. For example, in the study of Chen et al. (2012) PFOS has a much larger coefficient than PFOA and so 
it is possible that the PFOA result might be confounded by PFOS.

An exception is the analysis of the C8 cohort by Darrow et al. (2013) who found that simultaneously including both 
PFOS and PFOA in the same model halved the small effect on birthweight observed for PFOA did not change the 
effect for PFOS importantly (Table A1.10). In other words, the effect seen for PFOA was partly due to PFOA acting 
as a surrogate for PFOS. The correlation between the two PFAS in this study was lower than any other shown in 
Table A1.9 and raises questions about whether there may be confounding of the PFOA result shown in the Johnson 
meta-analysis. This study is unusual among the available studies in that the median concentration of PFOS and PFOA 
was almost the same in their subjects and it has a larger sample size than any study included in the meta-analysis of 
Johnson et al. (2014).

Furthermore, some authors have measured other PFAS and sometimes other chemicals such as PCBs in the 
same blood sample and these may or may not have associations with birthweight. Only rarely do authors comment 
on whether any of these other contaminants confound the relationships of PFOS and PFOA with birthweight. 
For example, Lauritzen et al. (2016) state that only the odds ratio for the association between PFOA and being born 
small-for-gestational age remained statistically significant when PFOA, PFOS and five organo-cholorine chemicals 
were included in the same model.

Table A1.9: Correlations between PFOS and PFOA concentrations in the same blood sample reported by 
various authors

First author, year Type of correlation reported r

Apelberg, 2007 Spearman’s rank correlation 0.58

Bach, 2016 Pearson’s correlation 0.4

Chen, 2012 Not stated <0.45

Darrow, 2013 Not stated 0.30

Kim SK, 2011 Spearman’s rank 0.33

Hamm, 2010 Pearson’s correlation for the natural logarithm of the PFAS 0.51

Maisonet, 2012 Spearman’s rank correlation 0.72

Lauritzen, 2016 Not stated 0.56-0.73
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Table A1.10: Adjusted association for PFOS or PFOA, separately, and birthweight and a model which 
included PFOS and PFOA simultaneously (from Darrow et al. 2013, supplementary material)

Model variant N births Change in birthweight (grams) (95% CI) 
per 1 unit natural log increase in PFAS

PFOA PFOS

1. Primary model – PFOA 1470 -8 (-28, 12) -

2. Primary model – PFOS 1470 - -29 (-66, 7)

3. PFOA and PFOS in same model 1470 -4 (-25, 17) -27 (-65, 10)

adjusted for maternal age (cubic terms), educational level (<12 years,12,13-15,16+), smoking status (current, former, non), parity (0,1+), BMI 
(underweight, normal, overweight, obese), self-reported diabetes, time between conception and serum measurement (year strata)

Birthweight in Australia
A brief summary of the birthweight of Australian infants is provided to give a context for interpreting the results relating 
to the association with birthweight from the reviews.

There is a national agreement for a minimum set of information to be recorded for all births in Australia. The various 
States and Territories might collect additional information within their jurisdictional systems. These data are compiled 
and reported on periodically by the Australian Institute of Health and Welfare, by the State and Territory health 
departments and are also analysed and published by researchers. The reports focus on different information in 
different years and so Table A1.11 was compiled from several sources.

Table A1.11 shows that boys are about 200 g heavier than girls at any gestational age. Moreover, birthweight 
increases by nearly one kilogram across the range of gestational ages that are regarded as full term (greater than 36 
weeks and less than 42 weeks) and between the mean birthweight of singleton and twin babies. Consequently, small 
variations in proportion of boys and girls or gestational ages or the presence of twins in the groups being compared 
could potentially have lead to the small difference in birthweight found in some of the studies. The meta-analysis 
result of -11.9 g per ng/mL PFOA predicts -238 g birthweight for a concentration of 20 ng/mL PFOA compared to 
zero concentration. It is equivalent to a shift of more than half a standard deviation in the birthweight distribution. This 
is a similar order of magnitude as the difference in birthweight between boys and girls or between the babies born to 
Indigenous and non-Indigenous in the Northern Territory. As noted elsewhere, the data on which the the calculation is 
based do not necessarily allow a causal association to be drawn.

Table A1.11: Mean birthweight of live-born Australian babies

Year(s) that data 
refer to

Group Mean 
birthweight (g)

Reference

2012 All live births 3367 Hilder et al. 2014

Live births by plurality

Singletons 3397

Twins 2379

Other multiple births 1633

1998-2007 Live-born singletons by sex and gestation Dobbins et al. 2012

Male

36 completed weeks 2826 (SD: 428)

38 weeks 3344 (SD: 439)

40 weeks 3632 (SD: 434)

42 weeks 3832 (SD: 462)

Female
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Year(s) that data 
refer to

Group Mean 
birthweight (g)

Reference

36 completed weeks 2720 (SD: 420)

38 weeks 3215 (SD: 425)

40 weeks 3493 (SD: 416)

42 weeks 3665 (SD: 445)

2013 Northern Territory: live births by maternal 
Indigenous identification

Hall et al. 2015

Indigenous 3092

Not indigenous 3358

Summary
FSANZ’s update of an existing meta-analysis found that a 1ng/mL increment in PFOA was associated with a 
decrease of 11.9 g in birthweight. Most studies contributing to the analysis examined populations with PFOA 
concetrations <20 ng/mL and FSANZ does not believe the result should be extrapolated to higher PFOA 
concentrations on a per ng/mL basis. The graphical data indicate that the association of birthweight both PFOA 
and PFOS may attenuate at higher blood concentations. This analysis excludes a number of studies which did not 
report their results in a suitable format for inclusion. It also assumes that the relationship is linear whereas many of 
the authors of the underlying paper used a logarithmic transformation when analysing their data. It is possible that 
the body of evidence contains selective reporting or publication bias in the body of literature leading to an over-
representation of studies reporting significant adverse effects on birthweight. Furthermore most studies examined 
associations for PFOA and PFOS separately and did not conduct a mutually-adjusted analysis despite often noting a 
substantial correlation between PFOA and PFOS. Other explanations of the association are also possible, such as the 
presence of a physiological change leading to increases in blood PFAS and decreases in birthweight.
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Annex

Literature search
Several additional studies were noted from an informal search in PubMed. Then, one of the search strategies given 
by Johnson et al. (2014) was selected in run in PubMed. Annex Table 1 shows the search terms and retrieved results 
as at December 15, 2016. Although Johnson et al. (2014) had run this on 30th April 2012, FSANZ selected a start 
date of ‘5 years ago’ which started the search at the end of 2011 to allow for possible delays in cataloguing papers 
in PubMed. Given the wide-ranging search strategy used by Johnson et al. (2014), most of the papers were ruled out 
based on their titles. The search strategy identified four papers which were listed in Johnson et al. (2014) and four 
papers subsequently identified by Bach et al. (2015) in their later systematic review. Therefore it was decided not to 
replicate the search strategy of Bach et al. (2015). Since the search conducted by Bach et al. (2015), eight additional 
papers have been published (Annex Figure 1). The decision about whether these and other papers described in the 
two existing reviews should be included in the FSANZ review is given in the body of this report.

Annex Table 1: Search strategy in PubMed, with results retrieved for the final search on 15 December, 2016

Search Query Items found
#5 Search #4 Filters: published in the last 5 years 493
#4 Search (#1 AND #2 AND #3) 1437
#3 Search (epidemio* OR cohort OR participant* OR questionnaire) 2899423
#2 Search (developmental biology OR embryonic fetal development OR embryonic* OR fetal development 

OR growth and development OR development* OR embryology OR ecotoxicology OR ecolog* OR toxic* 
OR toxicol* OR toxicogenetic* OR growth OR environment and public health OR body weight OR body 
weights OR birth weight OR birth weights OR birthweight* OR infant, low birth weight OR embryo loss 
OR embryo losses OR gestational age OR gestational ages OR endocrine disruption OR endocrine 
disrupting OR reproduction)

11250338

#1 Search (perfluorooctanoic acid OR perfluoro n octanoic acid OR pentadecafluorooctanoic acid OR 
apfo OR perfluorinated octanoic acid OR perfluorooctanoate OR perfluorooctanoyl chloride OR 
pfoa OR fluorinated telomer alcohol OR fluorinated telomer alcohols OR fluorotelomer alcohol OR 
fluorotelomer alcohols OR fluorocarbon emulsion OR perfluorocarbon* OR fluorocarbon polymer OR 
fluorocarbon polymers OR fluorinated polymer OR fluorinated polymers OR polyfluoroalkyl* OR pfaa 
OR perfluoroalkyl chemical OR perfluoroalkyl chemicals OR c8 OR perfluorochemical* OR pfcs OR 
perfluoroalkyl carboxylate OR perfluorocarboxylates OR pfca OR perfluorinated carboxylic acid OR 
pentadecafluorooctanoate)

33342

Annex Figure 1: Screening outcome of the 493 items retrieved from the PubMed search

https://www.ncbi.nlm.nih.gov/pubmed/advanced
https://www.ncbi.nlm.nih.gov/pubmed/?cmd=HistorySearch&querykey=15
https://www.ncbi.nlm.nih.gov/pubmed/advanced
https://www.ncbi.nlm.nih.gov/pubmed/?cmd=HistorySearch&querykey=14
https://www.ncbi.nlm.nih.gov/pubmed/advanced
https://www.ncbi.nlm.nih.gov/pubmed/?cmd=HistorySearch&querykey=13
https://www.ncbi.nlm.nih.gov/pubmed/advanced
https://www.ncbi.nlm.nih.gov/pubmed/?cmd=HistorySearch&querykey=12
https://www.ncbi.nlm.nih.gov/pubmed/?cmd=HistorySearch&querykey=11
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Updated meta-analysis of PFOA and birthweight

1. Demonstration that identical results are obtained
FSANZ abstracted the effect sizes and 95% CI from Figure 5 of Johnson et al. (2014) (which is reproduced in Figure 
A1.2 of this report) and analysed these in STATA 13.1 (Intercooled, College Station, TX) using the command

metan meandiff lci uci, random label(namevar=authors)

where meandiff, lci and uci were the names of columns containing the data for the effect size, lower bound and 
upper bound of the confidence interval respectively. This command generates a random effects model using the 
DerSimonian-Laird method as was done by Johnson et al. (2014). The forest plot generated is shown below in 
Annex Figure 2. The overall effect is identical to that reported by Johnson et al. (2014) and the weight for each study 
is identical to that shown in Figure A1.2 except that Johnson et al. (2014) has rounded to 1 decimal. The overall 
effect and its confidence interval are also the same except that Johnson et al. (2014) show the lower bound of the 
confidence interval as 29.8 (Figure A1.2) whereas Annex Figure 2 shows the lower bound as -29.85.

Annex Figure 2: FSANZ’s replication of the forest plot from Figure 5 of Johnson et al. (2014) prior to adding 
new studies

NOTE: Weights are from random effects analysis

Overall  (I-squared = 38.2%, p = 0.113)

ID

Whitworth, 2012

Fei, 2007

Chen, 2012

Study

Kim S, 2011

Apelberg, 2007

Hamm, 2010

Fromme, 2010

Washino, 2009

Maisonet, 2012
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-11.20 (-26.00, 3.70)

154.00 (-83.50, 391.70)

-64.00 (-125.20, -2.70)

-12.40 (-32.80, 8.00)

-213.00 (-423.70, -2.20)

-22.60 (-60.80, 15.60)
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100.00
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%
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21.68

%
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0.27
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0-424 0 424

2. Updating the meta-analysis
As described, FSANZ added information for two studies (Darrow et al. 2013; Bach et al. 2016) which reported results 
from a linear regression model. Annex Tables 2 and 3 and Annex Figure 2 show the risk of bias for these two studies 
using the criteria described by Johnson et al. (2014) in the online supplementary material.

Darrow et al. (2013) presented results from a multivariate regression in which PFOA was entered as its natural 
logarithm and also from a multivariate linear regression in which PFOA was not transformed. The latter is consistent 
with the calculations used by Johnson et al. (2014) in the meta-analysis being updated. Darrow et al. (2013) 
expressed the linear result for the interquartile range in their population which was 22 ng/mL (This is an analysis from 
the C8 study and so the range of exposures are wider than might be seen in other studies). The effect per ng/mL, 
and its confidence interval was calculated by dividing by 22. Darrow et al. (2013) analysed their population in two 
ways. One analysis included all births occurring from 2005 onwards, even though many of these occurred before the 
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woman had her blood sampled, and included multiple pregnancies per woman if these had occurred. The second 
analysis was included only the first birth that was conceived after the blood sample was drawn. FSANZ has used the 
second result because it aligns with Johnson et al. (2014) who had excluded prior results from the C8 study from 
their main analysis on the grounds that the C8 results were based on retrospective assessment. As shown in Annex 
Table 2, this analysis achieves a ‘low risk of bias’ rating whereas the analysis of all births achieves a ‘probably low risk 
of bias’ rating.

Bach et al. (2016) analysed their data to consider the effect on all births and on the subset of term births. For both 
groups, they presented the results in two ways; both per 0.1 ng/mL PFOA and per interquartile range (IQR) in their 
population, which was 1.1 ng/mL PFOA from a multivariate linear regression. The change per 1 ng/mL, and its 
confidence interval was calculated for both modes of presentation. FSANZ based its primary analysis on all births 
because most studies included in Johnson et al. (2014) were based on all births, not term births and the calculated 
result based on the IQR as this was regarded as less influenced by rounding for reporting purposes.

The forest plot generated after adding these two studies is showin in Figure A1.4. It reduces the association between 
PFOA and birthweight to -11.9 g birthweight (95% CI: -21.6 to -2.2; p=0.001). The I2 increased from 38.2% to 70% 
indicating that there is substantial heterogeneity (Higgins et al 2003) among the studies in the updated analysis.

Annex Figure 3: Summary of the risk of bias assessment of studies added to the meta-analysis
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Annex Table 2: Risk of bias assessment of Darrow et al. (2013) using the criteria of Johnson et al. (2014)

Bias Rating Support for judgement 

Recruitment Low risk The strategy for recruiting participants was consistent across study groups. 

Blinding Probably low risk The authors did not discuss blinding but the study design prevents knowledge of 
exposure groups. 

Confounding Low risk 
Adjusted for maternal age; restricted the analysis of birth weight to term births 
but used indicator variables to adjust for week of gestation up to 41+ in the 
analysis.

Exposure 
assessment 

Low risk for ‘first 
prospective birth analysis’
(Probably low risk for ‘all 
births’ analysis)

Exposure was measured in blood, 26% before blood drawn, but quite close in time.
The exposure assessment methods were robust and included a detailed description 
of quality assurance/control.

Incomplete 
outcome data Probably Low risk 

17% could not be matched to birth records, tended to be better educated, other 
factors including median PFOA and PFOS same in matched and not matched 
groups 

Selective 
reporting 

Low risk The study is free of suggestion of selective outcome reporting. All of the study’s 
specified outcomes were adequately reported. 

Other bias Low risk No other potential biases are suspected. 

Conflict of 
interest 

Low risk The authors report no conflict of interest, and associated funds and persons 
appear to be from government and/or academia only. 

• Design: Mostly prospective cohort study.
• Participants: Singleton term pregnancies of white women between 2005-2010 in the Mid-Ohio Valley. 

Participants are part of the much larger C8 Health Project. In women having blood draw 2005-6 and 
pregnancy questionnaire 2008-11.

• Exposure: Serum PFOA measured 2005-6.
• Outcomes: Preterm, PIH, low birthweight; Birth weight (continuous) in term infants. All reported per ln unit 

increase, per IQR increase and quantiles.
• Notes: Although excluded from analysis of PFOA and term low birth weight, the relationship between PFOA 

and preterm birth was examined separately (findings: non-significant adjusted OR for both all births and 
when restricted to first prospective birth).
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Annex Table 3: Risk of bias assessment of Bach et al. (2016) using the criteria of Johnson et al. (2014)

Bias Rating Support for judgement 

Recruitment Low risk Random sampling of participants in a cohort study in each year of recruitment therefore 
strategy for recruiting participants was consistent across study groups. 

Blinding Low risk Knowledge of the exposure groups was adequately prevented during the study. 

Confounding Low risk The authors adjusted for both maternal age and gestational age in their analysis. 

Exposure 
assessment 

Probably low risk Not much detail but cross-references another study.

Incomplete 
outcome data Low risk The study did not have incomplete outcome data. 

Selective 
reporting 

Low risk The study is free of suggestion of selective outcome reporting. All of the study’s specified 
outcomes were adequately reported. 

Other bias Low risk No other potential biases are suspected. 

Conflict of 
interest 

Low risk The authors report no conflict of interest, and associated funds and persons appear to be 
from government and/or academia only. 

• Design: Cross-sectional study
• Participants: Live-born singleton deliveries to nulliparous women, Denmark
• Exposure: PFOA concentrations in maternal serum if collected between 9-20 weeks (continuous), apparently 

blood was frozen after collection n=1507
• Outcomes: Birth weight (continuous; z-score standardised by gestational age), head circumference, length, 

gestational age (preterm delivery)
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Appendix 2: Observational studies of PFAS and cholesterol 
concentrations

Executive Summary
In summary, the cross-sectional studies overall present a fairly consistent picture. Studies in both adults and children 
suggest a positive association between between total cholesterol (total-C) and low density lipoprotein cholesterol 
(LDL-C) and PFOA concentration at very low concentrations of PFOA but not at higher concentrations. At around 
25 ng/mL blood concentration, total-C is about 0.2 - 0.3 mmol/ higher than total-C in the lowest PFOA blood 
concentration groups in the studies, above this the association plateaus. The quantitative results from pregnant 
women are more inconsistent, but this may be related to changes in blood volume during pregnancy. There appears 
to be little or no association with high density lipoprotein cholesterol (HDL-C), and not all studies have adverse 
findings. Similar results were seen for PFOS with a plateau of 0.3 mmol/L total-C which is reached at around 40 ng/
mL blood concentration. The lack of association reported in some occupational groups might be due to the lack of 
sufficient subjects with low concentrations of PDAS to detect the effect. The few longitudinal data that are available 
do not contradict the findings in the cross-sectional studies. However, the results in humans do contradict the 
findings in animals because increased PFAS concentrations in animals decrease total-C.

This report has focused on describing the results from the available studies but has not considered either p-values or 
standard errors for several reasons. Firstly, p-values are not a measure of effect but describe probability in relation to 
the null hypothesis. If there is truly no effect or association, then this will not be statistically significant, by definition. 
It is not possible to determine whether the inconsistent information presented across the studies occurs because the 
samples were not tested for certain cholesterol fractions or whether the authors have failed to report non-significant 
results. Therefore the question of whether there is publication bias affecting this body of literature must be raised.

Studies have been included regardless of whether or not they have reported their results in a common format 
because failure to do this may have introduced a bias into the body of evidence. As far as it is possible to tell, 
the results of studies which could not be graphed do not contradict the results of studies which could be graphed in 
a qualitative sense although it is not possible to make a quantitative comparison.

Background
Animal studies suggest that there is an inverse association between PFOA and serum cholesterol concentrations, 
namely that as PFOA increases, serum cholesterol concentration decreases. The purpose of this report is to 
consider the epidemiological studies that have examined the association between PFOA or PFOS and serum 
cholesterol concentrations in humans. Total-C primarily consists of LDL-C and HDL-C subfractions. Increases in 
LDL-C are associated with increases in risk of coronary heart disease whereas increases in HDL-C are associated 
with decreases in risk of coronary heart disease. The concentration of LDL-C is about three times higher than 
the concentration of HDL-C and so changes in total-C generally reflect changes in LDL-C, although there can 
be exceptions. Total-C and HDL-C are measured and material for laboratory standardisation has been available 
for several decades. LDL-C can be measured directly although it is often calculated from HDL-C and triglyceride 
concentration using the Friedewald equation.

In early 2008, the EFSA concluded “Epidemiological studies in PFOA-exposed workers do not indicate increased 
cancer risk. Some have shown associations with elevated cholesterol and triglycerides, or with changes in thyroid 
hormones, but overall there is no consistent pattern of changes.” At that time, a limited number of papers were 
available and many of them contained analyses of the same or overlapping study populations.

In 2014, the C8 Science Panel “concluded there is a “probable link” between “exposure to PFOA and high 
cholesterol” among the population around DuPont’s Washington Works facility. The term “probable” is related to the 
context of the settlement agreement for the Class Action lawsuit “to mean that, given the available scientific evidence, 
it is more likely than not that among class members a connection exists between PFOA exposure and a particular 
human disease. The finding of a probable link does not mean causality has been established.” (http://ehp.niehs.nih.
gov/122-a338/). In other words, the term “probable” might be used by other authors with a different meaning. Others 
have commented that the prevalence of elevated cholesterol concentrations in the C8 population is unexpectedly low 
compared to the general US population and propose that this affected the results in the C8 study analysis.

http://ehp.niehs.nih.gov/122-a338/
http://ehp.niehs.nih.gov/122-a338/
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In 2016, the US EPA report stated “These epidemiology studies have generally found positive associations between 
serum PFOA concentration and total cholesterol (TC) in the PFOA-exposed workers and the high exposure 
community (i.e., increasing lipid level with increasing PFOA); similar patterns are seen with LDLs but not with HDLs. 
These associations were seen in most of the general population studies, but similar results also were seen with 
PFOS, and the studies did not always adjust for these correlations.” (US EPA, 2016b).

Because a number of studies had been published between the EFSA and US EPA reports, the US EPA was able to 
draw on a greater body of literature than EFSA. FSANZ has examined the literature cited by these two bodies and 
identified some additional studies.

FSANZ has attempted to answer the following question: 
 Is blood PFOA or PFOS concentration related to total-C, LDL-C or HDL-C concentration?

Table A2.1 shows the scoping for this review. Preliminary examination of other reports indicates that there are no 
randomised controlled trials in the literature.

Table A2.1: PECO criteria for the review of PFOA, PFOS and cholesterol concentration

Population Children or adults who do not have serious diseases - such as cancer, renal failure

Exposure

Direct measure of PFOA and/or PFOS in serum
Or
Estimates of longterm exposure based on environmental data such as occupation, concentrations in drinking 
water

Comparator Different levels of PFOA and/or PFOS concentration or exposure

Outcome
Total-C, LDL-C, HDL-C (continuous)
Incidence of elevated cholesterol concentrations or a marker of these, e.g. commencement of cholesterol 
lowering medication

Study design Clinical trials (including non-randomised); observational studies of individuals (Longitudinal (cohort); case-
control, cross-sectional); (ecological studies excluded)

Literature examined 
PFOS and PFOA often occur together and so reviews of either substance were considered to compile an initial list of 
existing original literature. The initial assessment examined the reports from EFSA concerning both PFOS and PFOA 
(EFSA, 2008) and the reports from the US EPA concerning PFOS (US EPA, 2014a) and PFOA (US EPA, 2014b). 
No information about how the literature reviewed was collated is given in these reports. No systematic literature 
reviews of this topic were identified in PubMed (https://www.ncbi.nlm.nih.gov/pubmed).

Existing reviews – overview
Table A2.2 shows the papers referred to in the reports. EFSA referred to five papers of PFOA which were published 
between 1980 and 2007 (EFSA 2008) whereas the US EPA report on PFOA refers to papers published between 
2003 and 2015 (US EPA, 2016b). Three papers published prior to 2000 cited by EFSA were not discussed in the US 
EPA report.

Table A2.2 also shows the range of styles in which each paper reported the association between PFAS and serum 
cholesterol concentration. Many used linear regression, with or without logarithmic transformation of the PFAS 
concentrations, some used the PFAS data as a continuous variable while others categorised it into between three 
and 10 quantiles. Some papers reported results from both continuous and categorical analyses. Most, but not all, 
papers treated PFAS as the dependent variable.

It is evident that most papers have been published after the EFSA report was released. The table also shows a 
number of study reports which FSANZ has not been able to access. However, descriptions of these reports indicate 
that their results were also published in the papers from the 3M study of the same period. Table A2.2 also shows 
FSANZ’s conclusion about whether to include each paper in its assessment. The rationale for FSANZ’s decision is 
given in the following sections.



APPENDIX 2: OBSERVATIONAL STUDIES OF PFAS AND CHOLESTEROL CONCENTRATIONS

HAZARD ASSESSMENT REPORT – PERFLUOROOCTANE SULFONATE (PFOS), PERFLUOROOCTANOIC ACID 
(PFOA), PERFLUOROHEXANE SULFONATE (PFHxS)

126

Table A2.2: Papers cited by EFSA (2008) and US EPA (2016a, 2016b) reports and FSANZ’s decision about 
whether to include or exclude these papers from the graphical presentation

First 
Author

Year of 
publication

Location 
of study

Study Year of 
data 

collection

N 
subjects

Reporting format used 
by authors to describe 
the association of 
cholesterol with PFAS EF

SA
 

20
08

U
S 

EP
A 

20
16

 a
, 

20
16

b

FS
AN

Z

Ubel 1980 3M - - Not yet accessed √ - e

Gilliland 1996 Cottage 
Grove, 
US

3M 1985-9 115 Correlation with total serum 
fluoride (said to reflect 
PFOA); linear regression for 
HDL-C in 5 uneven groups

√ - e

Olsen 1998 3M 1993, 
1995

191 Not yet accessed √ e

Olsen 2000 3M 1993, 
1995, 
1997

265 Not yet accessed √ √ e

Olsen 2001a Antwerp, 
Decatur

3M 2000 - Document not accessed - √ e

Olsen 2001b - 3M 1993, 
1995, 
1997

- Document not accessed - √ e

Olsen 2003a Antwerp, 
Decatur 

3M 2000 421 M, 
97 F

Unadjusted means by 
quartile of PFOS

- √

√(
PF

O
S)

Olsen 2003b Cottage 
Grove

3M 2000 - Document not accessed √ √ e

Emmet 2006 US (lies within 
C8 area)

2004 371 t-test comparing PFOA 
in those with abnormal 
and normal cholesterol 
concentrations; correlation 
coefficients from univariate 
regression

- √ e

Olsen 2007 Cottage 
Grove. 
Antwerp, 
Decatur

3M 2000 506 Adjusted mean cholesterol 
by PFOA decile, and OR for 
abnormal cholesterol

√ √

√(
PF

O
A)

Sakr 2007a US C8 2004 1019 Adjusted increase in 
cholesterol per 1ppm 
increase in serum PFOA

√ √ e

Sakr 2007b C3 1979-
2004

454 Mixed methods regression 
using multiple measures per 
person

√ √ e

Steenland 2009 US C8 2005-6 46,294 Adjusted mean difference in 
natural log of cholesterol in 
PFAS deciles, graphed after 
exponentiation

- √ √

Costa 2009 Italy - 2007 37 
exposed, 

107 
control

Adjusted mean difference 
from regression

- √ √

Frisbee 2010 US C8 2005-6 12,476 
children, 

Results from continuous 
multivariate regression 
presented in quintiles

- √ √
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First 
Author

Year of 
publication

Location 
of study

Study Year of 
data 

collection

N 
subjects

Reporting format used 
by authors to describe 
the association of 
cholesterol with PFAS EF

SA
 

20
08

U
S 

EP
A 

20
16

 a
, 

20
16

b

FS
AN

Z

Nelson 2010 US NHANES 2003-4 860 Adjusted means for 
quartiles of PFAS

- √ √ 

Chatearu-
Degat

2010 Canada 
(artic)

- 2004 723 Adjusted means for 
quartiles of PFOS

- √ √

Eriksen 2013 Denmark - 1993-7 753 Results from continuous 
multivariate regression 
presented in octiles

- √ √

Fisher 2013 Canada Health 
Measures 
Survey

2007-9 2345 
(1168 for 

LDL-C)

Results from log continuous 
multivariate regression; OR 
for elevated cholesterol

- √ q

Fitz-
Simon 

2013 US C8 2005-6 & 
2010 

521 Change in LDL-C in 
tertiles of change in PFAS 
(longitudinal analysis)

- √ e

Winquist 2013 US C8 2005-11 32,254 Hazard ratio for developing 
hypercholesterolemia 
(self-reported) based on 
cumulative estimated PFOA 
exposure over 20 years or 
blood data from 2005-6

- √ e

Starling 2014 Norway MoBA 2003-4 891 
pregnant 

women

Adjusted regression 
using quartiles of natural 
log PFAS, reported after 
back transformation

- √ √

Geiger 2014 US NHANES 1999-
2008

815
<19 

years

Adjusted regression by 
tertiles of PFAS

- √ √

Steenland 2015 US C8 longterm 
cumulative 

estimate

2845 Incidence of 
hypercholesterolaemia not 
assessed as self-report was 
not validated

- √ e

OR: odds ratio, √ included in this review,-: not referred to in the review; c: comment e- excluded q- included for qualitative assessment but not 
quantitative assessment
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Additional studies identified by FSANZ
The following search strategy was conducted in PubMed on 15 Nov, 2016

(PFOA[All Fields] AND PFOA[All Fields] OR PFOS[All Fields] AND (“cholesterol”[MeSH Terms] OR “cholesterol”[All 
Fields])) AND “humans”[MeSH Terms]

This retrieved 51 articles from which FSANZ identified 10 papers (Table A2.3) which had not been identified from 
earlier reviews and reports (Table A2.2). In particular, these additional studies extend the number of papers describing 
the association in children and pregnant women. There were also 17 papers which had been identified from the 
earlier reviews. Repeating the search in mid-December 2016 did not yield additional papers.

Table A2.3: Additional studies identified by FSANZ not referred to in EFSA (2008), US EPA (2016a), US EPA (2016b) 
and FSANZ’s decision about whether to include or exclude these papers from the graphical presentation

First 
author

Year of 
publication

Location of 
study

Study Year of 
data 

collection

N subjects Reporting format

FS
AN

Z

Lin 2009 US NHANES 1999 & 
2003-4

474 adol-
escents; 

969 adults

OR for abnormal HDL-C per unit 
increase in log PFAS

e

Lin 2013 Taipei,
Taiwan

Young 
Taiwanese 
Cohort 
Study

2006-8 664 aged 
12-30 years

Adjusted means of LDL-C for 4 
quantiles of PFAS; different quantile 
definitions for each PFAS. Data for 
total-C and HDL-C not presented, 
but apparently not significant (using 
alpha <0.0125 to account for 
multiple testing)

√

Jain 2013 US NHANES 2003-8 1078 
women 

Inverted analysis: identifying 
significant predictors of log 
transformed PFAS

e

Skuladottir 2015 Denmark - 1988-9 854 
pregnant 

women

Adjusted means for quartiles of 
PFAS

√

Fu 2014 Henan China - 2011 133 people 
0-80 yrs old

Adjusted mean natural log total-C, 
LDL-C or non-transformed HDL-C 
by quartile

√

Maisonet 2015 UK ALSPAC 1991-2 88 girls, 
aged 15

Piecewise regression; fasting blood 
samples at 15 years used for 
cholesterol; prenatal PFAS exposure 
measurement from maternal blood

√

Zeng 2015 Taipei,
Taiwan

Genetic and 
Biomarker 
Study for 
Childhood 
Asthma

2009-10 225 children 
aged 12-15

Adjusted mean natural log total-C, 
LDL-C or non-transformed HDL-C 
by quartile

√

Christensen 2016 Wisconsin, 
US

- 2012-3 154 men 
50+ yrs

Inverted continuous analysis 
(predictors of PFAS); OR for self-
reported high total-C

q

Wang 2012 China - 2010-11 132 
residents, 

55 workers

Adjusted linear regression of natural 
log cholesterol per unit natural log 
PFOA 

√

Olsen 2012 Decatur AL, 
Cottage 
Grove MN, 
US

M3 2008-10 Up to 179 
depending 
on analysis

Mean before-after results for 
subgroups

e

Inverted relationship refers to an analysis is which authors used PFAS as the dependent variable and cholesterol as the independent variable and so 
calculated the change in PFAS per unit change in cholesterol; OR: odds ratio;
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Non-independence of some papers
Large studies often have results reported in multiple papers and often have a specific name which allows them to be 
identified easily. In particular, in cohort studies, the same outcome might be examined several times, each time with 
a longer follow-up or in relation to different predictors. Cross-sectional studies might examine the same hypothesis 
in greater detail in selected subsamples of the population in addition to an overall analysis. Furthermore, data from 
national surveys is often available publicly and more than one researcher might independently analyse it to examine 
similar or identical questions. The results in papers describing the same study population are not independent 
because the association is being examined and tested statistically in the same people. They should not be treated 
as separate ‘studies’ in a review, especially if a quantitative meta-analysis is undertaken (unless statistical techniques 
to account for non-independence are used). Table A2.4 shows the linkage between papers identified in Tables A2.2 
and A2.3 above. It is evident that although there are many papers describing epidemiological analyses, the number of 
independent populations examined is much smaller.

Table A2.4: Summary of papers referring to unique study populations

Study Brief description of the study Papers from 
this study 

Specific features of this paper

C8 Health 
Project
And the
C8 
Community 
Follow-up 
Study

The DuPont Company’s Washington 
Works factory in West Virginia has 
used PFOA in the manufacture of 
fluoropolymers since 1951, with use 
peaking in the 1990s. Community 
residents were exposed to high 
levels of PFOA through groundwater 
contamination (2005–2006 serum 
median = 28 ng/mL) with residents 
in certain water distribution districts 
more highly exposed than others. 
PFOS levels were not elevated 
compared to background US levels.
The C8 Health Project is a survey of 
69,030 people exposed to PFOA-
contaminated drinking water in 
specific water districts in Ohio and 
West Virginia for at least 12 months 
between 1950 and 2004.
A subset of participants who were 
at least 20 years old at the time of 
enrolment in the C8 Health Project (n 
= 32,254) participated in one or two 
follow-up interviews between 2008 
and 2011
Serum concentrations of both PFOA 
and PFOS decreased between 2005-
6 and 2010.

Emmett, 2006

A random sample of residents of the Little Hocking water 
district plus a volunteer sample tested between July 
2004-February 2005. Although this study is not part of 
the C8 Health Project, Little Hocking is one of 6 water 
districts included in the C8 study area (Steenland et al. 
2009). Hence the overlap between participants in this 
study and the C8 study is unknown 

Fitz-Simon, 
2013

Adults from C8 not taking cholesterol lowering 
medication; PFOS and PFOA
Only LDL-C examined, only 10% were fasting at both 
blood draws; 47% of subjects were non-fasting at blood 
draw

Sakr, 2007a Cross-sectional study of workers at the facility; data 
collected 2004

Sakr, 2007b Longitudinal study of the worker cohort

Frisbee, 2010 Children aged 1-<18 years, baseline measurements; 
total-C, LDL-C and HDL-C examined

Steenland, 
2009

Adults 18 and older, baseline measurements; total-C, 
LDL-C and HDL-C examined

Winquist, 
2013

Adults only. PFOA only. Community and worker cohorts; 
retrospective and prospective analyses of incidence 
hypercholesterolaemia

Steenland, 
2015

Incidence of various health conditions in 2845 workers at 
the facility; cumulative exposure based on drinking water, 
emissions, occupational exposure etc.; no validation of 
self-report of incidence of hypercholesterolaemia
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Study Brief description of the study Papers from 
this study 

Specific features of this paper

3M Monitoring in the 3M facilities in 
Cottage Grove, MN, Decatur AL in 
the US and Antwerp in Belgium.
Surveys were done in 1995, 1997.
In 2000, workers were invited 
to participate in a voluntary 
fluorochemical medical surveillance 
program

Ubel, 1980 Not yet accessed

Gilliland, 1996 Data collection 1985-9

Olsen, 1998 Not yet accessed

Olsen, 2000 An additional round of data collection (1997) plus data 
from Olsen et al. 1998

Olsen, 2001a Document not accessed. US EPA (2016b) indicates that 
material covered in this report is described in Olsen et al. 
2003a

Olsen, 2001b Document not accessed. US EPA (2016b) indicates that 
material covered in this report is described in Olsen et al. 
2003a

Olsen, 2003a 2 locations, data collected in 2000

Olsen, 2003b Cannot access document. Olsen (2007) refers to this as 
reporting on the 2000 data worker survey from the third 
location, n=74

Olsen, 2007 3 locations: populations of Olsen et al. 2003a and 
2003c combined and men taking cholesterol lowering 
medications excluded. Analyses of PFOA only

Olsen, 2012 Longitudinal analysis using data from 3M workers and 
additional contractors

NHANES US national nutrition survey collecting 
biomedical data.

Lin, 2009 Analysed data from the 1999-2000 and 2003-4 rounds 
for persons 12 years and older who had complete data for 
metabolic syndrome parameters. No results for total-C or 
LDL-C, an odds ratio for abnormal HDL-C is given

Nelson, 2010 Analysed data from the 2003-4 NHANES. Although 
persons aged 12-80 were included in the analyses, 
the analyses related to those aged 20 years and older. 
Pregnant and breastfeeding women excluded

Geiger, 2014 Analysed data from the 1999-2000, 2003-4, 2005-6, 
2007-8 rounds for children <19 years; mean differences 
for total-C, LDL-C, HDL-C

Jain, 2013 180 pregnant women 17-39 years old and 898 non-
pregnant women analysed together from the 2003-8 
NHANES 

Five of the seven papers cited by EFSA (2008) describe the 3M study population. Some of these were not cited by 
the US EPA but their content appears to have been covered in the reports to the 3M company that were cited by the 
US EPA. Both agencies cite the Olsen et al. (2007) analyses of the 2000 round of data collection in the three facilities 
of that company. FSANZ has selected this paper as the best description of the association between PFOA and serum 
cholesterol concentration, because it contains data from all three 3M sites and excludes people who were taking 
cholesterol lowering medications. For PFOS, FSANZ has used the data from Olsen et al. 2003 because Olsen et al. 
(2007) do not given analyses related to this chemical.

FSANZ chose Frisbee et al. (2010) and Steenland et al. (2009) as the primary description of the association between 
PFAS and serum cholesterol concentrations in children and adults respectively from the C8 study. Other papers 
describing additional analyses will be discussed as relevant, in particular, the papers that combine several rounds of 
examination, or calculate longterm exposure in this population (Fitz-Simon et al. 2013; Winquist et al. 2013).

Four different authors have examined the unit record files from the NHANES surveys. Of these, Lin et al. (2009) 
was excluded because they examine a subset of the children included by Geiger et al. (2014). Jain (2013) was also 
excluded; most of the subjects were non-pregnant women who were contained in the analysis of Nelson et al. (2010) 
and there were no separate analyses of the pregnant women.
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Table A2.5 shows the primary papers that will be used to summarise the association between PFAS and serum 
cholesterol in the body of literature examined by FSANZ. Other papers from these studies will be referred to where 
they describe additional analyses that provide other insights into the association.

Table A2.5: Primary papers used by FSANZ to describe the association between PFAS and serum cholesterol 
concentrations

Inclusion in graphs Qualitative inclusion

Pregnant women Children Adults Adults

Skuladottir et al. 2015 Frisbee et al. 2010 Chateau-Degat et al. 2010 Christiansen et al. 2016

Starling et al. 2014 Geiger et al. 2014 Olsen et al. 2007 (PFOA)
Olsen et al. 2003 (PFOS)

Costa et al. 2009

Lin et al. 2013 Steenland et al. 2009 Fisher et al. 2013

Maisonet et al. 2015 Nelson et al. 2010 Fu et al. 2014

Zeng et al. 2015 Eriksen et al. 2013 Wang et al. 2012

Graphical presentation
The literature can be grouped in several different ways:

• cross-sectional versus multiple measurements over time
• by age and stage: children (including adolescents), pregnant women and non-pregnant adults
• degree of exposure: occupational studies, highly exposed populations, general populations.

Most papers describe cross-sectional associations. As not all occupations involving PFAS confer the same degree of 
exposure, FSANZ does not think it is useful to consider these as a group without examining the degree of exposure 
as has been done by some authors. Instead, FSANZ has chosen to group papers using age/stage and examine the 
association across all ranges of exposure.

The variable reporting format used by the authors of papers makes it hard to compare the study results. Even when 
results are reported for quartiles, these are not comparable because the range of serum PFAS concentrations varies 
across the study populations and so the quartiles in each study describe a different exposure. Therefore FSANZ has 
presented the results graphically to illustrate the range of exposure in each study and the effect on serum cholesterol 
concentrations. The most adjusted result was extracted, except in the case of Maisonet et al. (2015; see below). It is 
noted that several studies did not adjust their results for confounders or comment on why this was not done. When 
a study reported both a linear and a categorical analysis, the categorical result was chosen as this analysis contains 
fewer assumptions (i.e. the continuous analyses usually assumed a log-linear association). Results for each quantile 
was chosen in preference to the difference for an interquartile range, when both were reported, because the former 
would provide more detail.

Where papers report values for quantiles of PFAS (e.g. tertiles, quintiles), then the data are graphed as difference 
in mean cholesterol concentration compared to the lowest quantile value. Most papers presented their data in 
this form. Some papers provide the upper and lower bound of each quantile and the data were graphed as steps. 
In this case the lowest and highest ‘step’ is shown as a single point and the reader should understand that the 
plot extends to each side of what has been graphed, but for an unstated distance because many authors did not 
describe the maximum and minimum PFAS concenrations in their populations. Where the authors gave the median 
(or occasionally the mean) value in the quantile, the medians are plotted and joined with a line. If the line had been 
fitted then the line was extracted and is plotted without markers. In one instance (Maisonet et al. 2015) a piecewise 
regression was fitted and this was extracted. In these latter cases, the lowest point on the line has been used to start 
the line at the zero mark. The width of the line was scaled to increase with the sample size of the studies.

Furthermore, some studies did not report sufficient numerical information to allow their results to be plotted, 
usually because they were not statistically significant. A table of results from papers which could not be graphed is 
presented as part of each figure. Results have been plotted regardless of statistical significance because p-values 
are not a measure of effect but describe chance. If there is truly no association, then this can never be statistically 
significant and so ignoring non-significant results as being uninformative would automatically skew the body of 
evidence. Where necessary, data were extracted from graphs using WebPlot Digitiser Version 3.10 (http://arohatgi.
info/WebPlotDigitizer/). Cholesterol concentrations reported in mg/dL were converted to mmol/L by dividing by 38.6. 
PFAS concentrations reported as ppm were converted to ng/mL by assuming a density of 1 mL = 1 g.

http://arohatgi.info/WebPlotDigitizer/
http://arohatgi.info/WebPlotDigitizer/
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Association of PFOA with cholesterol concentrations

Non-pregnant adults
The results for studies reporting associations between PFOA and total-C are shown in Figure A2.1, for LDL-C in 
Figure A2.2 and HDL-C in Figure A2.3. All studies are cross-sectional. The graphs show the results for industrially 
exposed (Olsen et al. 2007; Steenland et al. 2009) and general populations, including the NHANES population 
(Nelson et al. 2012). By far the largest study is that from the C8 group (Steenland et al., 2009) with more than 46,000 
adults whereas the other three studies shown in the graphs have between 500 and 900 subjects. Several studies 
could not be graphed owing to the way that their data were expressed. It is difficult to know how to interpret the data 
in the tables because the size of a log unit depends on the base used for transformation and the scale of the variable.

The graph has been calculated to compare results for different PFAS concentrations to the lowest PFAS 
concentration group in the same study. However, the range of exposure varies across the studies as does the 
number of subjects. For example, the lowest point plotted for Steenland et al (2009) is the midpoint of their lowest 
decile. Thus, about 2,500 subjects in this study have concentrations less than that plotted (Figure A2.1B) and this is 
more that the total number of subjects in the other studies combined. 

The range of exposure in the combined set of studies is wide. Total-C is positively associated with PFOA at least 
when PFOA concentrations are greater than about 5-10 ng/mL and plateaus, or almost plateaus at a concentration 
of around 25 ng/mL, based on visual inspection of the graph. The studies in the tables that could not be graphed do 
not conflict with the graphed data in a qualitative sense, although a quantitative comparison is not possible.

Several studies examine serum PFOA concentration up to apprximately 10 ng/mL (Figure A2.1B). Those on the graph 
show a rise in total-C of 0.1-0.3 mmol/L across this range. The smaller studies show larger, but variable increases 
compared to the large study of Steenland et al. 2009 and suggest that the maximal point is reached at lower 
concentrations (around 5 ng/mL) compared to the much larger study of Steenland et al. (2009). The occurrence 
of an increase is also present in studies which could not be added to the graph (Fisher et al. 2013; Fu et al. 2014). 
The final study, Christensen et al. (2016) is also consistent in finding an increased odds ratio for self-reported elevated 
cholesterol in this exposure range.

Steenland et al. (2009) describe exposures up to approximately 400 ng/mL. They reported a small increase of about 
0.1 mmol/L in total-C across the range from about 25 ng/mL to 400 ng/mL; that is almost a plateau. The lowest 
group in Olsen et al. (2007) had a median concentration of 60 ng/mL and higher groups exhibited a small decline of 
0.1 mmol/L over the same range. The remaining study to cover this range was the nearby resident group (n=132) of 
Wang et al. (2012). This group had a median PFOA concentration of 284 ng/mL but there was no relationship with 
total-C (Figure A2.1C). Overall, the three studies indicate that there is a plateau, or no relationship with total-C in the 
mid-range of PFOA concentration.

Three papers described study groups with much higher average exposures than the C8 group reported by 
Steenland et al. (2009). Olsen et al. (2007) reports a variation around a zero change between 60 ng/mL and 4940 
ng/mL. In the worker group (n=55) of Wang et al. (2012) the median concentration was 1636 ng/mL and there was 
a positive association between the natural log of PFOA and the natural log of total-C (Figure A2.1C). Costa et al. 
(2009) compared 34 highly exposed workers (median concentration 5270 ng/mL) to 34 unexposed workers whose 
concentrations were not described. The authors refer to seven unexposed workers who had concentrations ranging 
from 50 to 181 ng/mL PFOA. Therefore it is difficult to interpret the difference of 0.8 mmol/L total-C in this group 
because it is not certain what range of PFOA exposure it relates to.

Overall, studies examining the lower ranges of exposure are consistent in reporting an increase in total-C with 
increasing blood PFOA concentrations which then plateaus at higher PFOA concentrations. The largest study reports 
that the association attenuates, which might reflect a plateau or an ongoing but much slower increase, from about 25 
ng/mL. Other studies either do not cover this range or do not have enough sample size to examine where the change 
in slope might occur.

Two of the studies reporting results for total-C did not report whether they had analysed their samples for LDL-C 
(Costa et al. 2009; Christiansen et al. 2016) although one of these did analyse for HDL-C (Costa et al. 2009). Most 
report a similar pattern but a smaller effect on LDL-C than total-C (Figure A2.2). For example, Steenland et al. (2009) 
report an increase of 0.1 mmol/L at a PFOA concentration of about 25 ng/dL. An exception is the worker group of 
Wang et al. (2012) in whom the effect on LDL-C was larger than the effect on total-C.
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Figure A2.1: Association between PFOA and serum total cholesterol concentrations in adults A: papers which 
provided enough information to graph their results B: magnified view of the low PFOA concentration range C: 
tabulation of results reported in paper which provided insufficient data for graphical presentation
A

B

C

Author Range of PFOA concentration in population Description of association

Costa et al. 
2009

In 2007 production workers had a median of 5.71 
µg/mL (i.e. 5270 ng/mL) vs seven clerical workers 
whose PFOA concentrations ranged from 0.05 to 
0.181µg/mL in 2006

Mean difference of 0.8 mmol/L higher in 34 exposed 
workers and 34 matched staff from other departments

Fisher et al. 
2013

25th centile: 1.85 ng/mL 
Median: 2.58 ng/mL
75th centile: 3.55 ng/mL

Adjusted difference: 0.03 log mmol/L total-C (mmol/L) 
per log ng/mL PFOA
Base used for log transformation not described

Fu et al. 2014 Lowest quartile: median 0.7ng/mL
Highest quartile: median 4.9 ng/mL

Irregular increase from lowest to highest quartile, of 
approximately 0.3 natural log mmol/L total-C

Christiansen et 
al. 2016

Median 2.50 ng/mL
25th centile 1.80 ng/mL
75th centile 3.30 ng/mL
95th centile 5.1 ng/mL

Adjusted OR for self-reported elevated total-C = 1.12. 
However, the units of PFOA that this relates to are not 
given; i.e. whether the OR describes increase in odds 
per ng/mL, per unit natural logarithm etc. 

Wang et al. 
2012

Nearby residents: median 284 ng/mL; minimum 10 
ng/mL; maximum 2437 ng/mL
Workers: median 1636 ng/mL; minimum 85 ng/mL; 
maximum 7737 ng/mL

Residents: -0.00 natural log mmol/L total-C (mmol/L) 
per natural log ng/mL PFOA
Workers: 0.02 natural log mmol/L total-C (mmol/L) per 
natural log ng/mL PFOA 
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Figure A2.2: Association between PFOA and serum LDL cholesterol concentrations in adults A: papers which 
provided enough information to graph their results B: magnified view of the low PFOA concentration range; 
C: tabulation of results reported in paper which provided insufficient data for graphical presentation
A

B

C

Author Range of PFOA concentration in population Description of association

Fisher et al. 
2013

25th centile: 1.85 ng/mL 
Median: 2.58 ng/mL
75th centile: 3.55 ng/mL

Adjusted difference: 0.03 log mmol/L total-C per log 
ng/mL PFOA
Base used for log transformation not described

Fu et al. 2014 Lowest quartile: median 0.7ng/mL
Highest quartile: median 4.9 ng/mL

Irregular increase, from lowest to highest quartile, of 
approximately 0.3 natural log mmol/L LDL-C

Wang et al. 
2012

Nearby residents: median 284 ng/mL; minimum 10 ng/
mL; maximum 2437 ng/mL
Workers: median 1636 ng/mL; minimum 85 ng/mL; 
maximum 7737 ng/mL

Residents: -0.00 natural log mmol/L LDL-C per 
natural log ng/mL PFOA
Workers: 0.03 natural log mmol/L LDL-C per natural 
log ng/mL PFOA
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Figure A2.3: Association between PFOA and serum HDL cholesterol concentrations in adults A: papers which 
provided enough information to graph their results B: magnified view of the low PFOA concentration range C: 
tabulation of results reported in paper which provided insufficient data for graphical presentation
A

C

Author Range of PFOA concentration in population Description of association

Costa et al. 
2009

In 2007 production workers had a median of 5.71 µg/mL 
(i.e. 5270 ng/mL) vs seven clerical workers whose PFOA 
concentrations ranged from 0.05 to 0.181 µg/mL in 2006

Mean difference of 0.3 mmol/L higher in 34 
exposed workers and 34 matched staff from 
other departments

Fisher et al. 
2013

25th centile: 1.85 ng/mL 
Median: 2.58 ng/mL
75th centile: 3.55 ng/mL

Adjusted difference: 0.0009 log mmol/L HDL-C 
per log ng/mL PFOA
Base used for log transformation not described

Fu et al. 2014 Lowest quartile: median 0.7ng/mL
Highest quartile: median 4.9 ng/mL

Little change across quartiles; highest quartile 
<0.05 natural log mmol/L HDL-C higher than 
lowest quartile

Wang et al. 
2012

Nearby residents: median 284 ng/mL; minimum 10 ng/mL; 
maximum 2437 ng/mL
Workers: median 1636 ng/mL; minimum 85 ng/mL; 
maximum 7737 ng/mL

Residents: 0.02 natural log mmol/L HDL-C per 
natural log ng/mL PFOA
Workers: -0.07 natural log mmol/L HDL-C 
(mmol/L) per natural log ng/mL PFOA
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The results across studies are much more variable for HDL-C (Figure A2.3). At low PFOA concentrations, both 
the graphical and tabulated results show little or no effect on HDL-C. At concentrations greater than 1000 ng/dL, 
Wang et al. (2012) reports an inverse effect whereas Costa et al. (2009) reports a positive effect. FSANZ concludes 
that there is no association between PFOA and HDL-C concentration.

Pregnant women
Figure A2.4 shows the results for two studies of PFOA and total-C, LDL-C and HDL-C concentrations in pregnant 
women. Both studies have more than 800 subjects. Blood was drawn at 30 weeks in the Danish group (Skuladottir 
et al. 2015). In the Norwegian study, 99% of women provided blood between 14-26 weeks of pregnancy (Starling et 
al. 2014) and so might have had an overall lower degree of haemodilution due to blood volume expansion than the 
Danish group. The studies had partially overlapping ranges of PFOA exposure but the total range of exposure was 
much smaller than that shown in non-pregnant adults (Figure A2.1).

One study described its results in quartiles of PFAS concentration (Starling et al. 2014) and the other in quintiles 
(Skuladottir et al. 2015). Hence 25% of the population lie below the bottom point and above the top point plotted 
for the first study and 20% for the second. Consequently, more than half of the population studied by Starling et al. 
(2014) had PFOA concentrations less than 80% of the population studied by Skuladottir et al. (2015).

Both studies found that total-C increased as PFOA increased, and this was larger than was seen in the non-pregnant 
group and occurred across a smaller increment in PFOA (Figure A2.1). Only one of these studies reported on 
cholesterol subfractions. The one study reporting the association for subfractions shows that LDL-C and HDL-C both 
increased by a small amount. The study reporting larger increases in total-C did not analyse their samples for LDL-C 
and HDL-C.

Children and young people
Figure A2.5 shows the results of studies which have examined children or young people. All except Maisonet et al. 
(2015) are cross-sectional studies. Unlike the studies in adults and pregnant women, two studies only described 
their results as regression coefficients and thus have been shown on the graph as lines without points. It is difficult 
to know how to represent this fairly compared to the studies which report results in PFOA quantiles. Frisbee et al. 
(2010) analysed 12,000 children which was a much larger sample than the other studies. It should be noted that this 
is the only age group in which papers did not report results as quantiles, and so it is difficult to know how to zero the 
presentation of the regression lines of Frisbee et al. (2010) and Maisonet et al. (2015) relative to the other studies.

Frisbee et al. (2010) describe the relationship between PFOA and cholesterol in 12,000 children from the C8 study 
and show the same effect that was seen in the adults of the same study in Figure A2.1 (Steenland et al. 2009). Geiger 
et al. analysed data from the NHANES as did Nelson et al. (Figure A2.1), albeit from a slightly different range of years. 
They found essentially the same pattern in children that was shown for adults (Figure A2.1). The smaller studies of 
Zeng et al. (2015) and Lin et al. (2013) from Taiwan examined low concentrations of PFOA in this age group and had 
opposite results for LDL-C.

Maisonet et al. (2015) examined 88 girls and used different methods from the other studies. Firstly, their study is 
longitudinal and compared PFOA concentrations from prenatal maternal blood to the girls’ cholesterol concentrations 
at age 7 and age 15 years. The plot shows the unadjusted data at age 15, but this was similar to the adjusted data at 
the same age and at 7 years old.
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Figure A2.4: Association between PFOA and serum cholesterol concentrations in pregnant women A: total 
cholesterol B: LDL cholesterol C: HDL cholesterol
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Figure A2.5: Association between PFOA and serum cholesterol concentrations in children and young people 
A: total cholesterol B: LDL cholesterol C: HDL cholesterol
A

B

C
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The pattern shown in the study of Maisonet et al. (2015) was very different from that of the other studies. 
The apparent size of effect may be related to the zeroing problem mentioned above when graphing the results from 
the various studies. It is difficult to explain how maternal PFOA concentrations during pregnancy would have an effect 
at only one concentration in children aged 15 years. As noted, this shows the unadjusted results which were not very 
different from the adjusted results. However, the only adjustment factors considered were maternal age at delivery, 
maternal education and previous live births. 25% of maternal blood samples were drawn after 28 weeks and so 
there could be differences in PFAS concentration due to haemodilution which occurs in the later weeks of pregnancy. 
No other factors related to cholesterol seem to have been considered, such as weight or diet, and there could be 
correlations between these and maternal PFAS owing to similarity in the familial environment. However, with only 88 
subjects, it is not appropriate to include a large number of covariates in a regression model. The authors comment 
that they are conducting a similar analysis on blood from boys who are members of the same cohort study but these 
data were not available.

Association of PFOS with cholesterol concentrations
Many papers reported results for both PFOA and PFOS. Some only reported results for PFOA (Costa et al., 2009). 
Wang et al. (2012) reported that the median concentration of PFOS was about 33 ng/mL in both their worker and 
resident populations. However, they did not present any results examining the association of PFOS with cholesterol 
concentrations despite doing this for PFOA. They state that they chose PFOA because it had a wider range of 
exposure but do not indicate whether associations with other PFAS were not significant (and therefore not reported) 
or were not analysed. Olsen et al. (2007) only presented results for PFOA from the 3M population, and so their earlier 
paper has been used in the assessment for PFOS (Olsen et al. 2003). Chateau-Degat et al. (2010) measured PFOS 
but not PFOA.

Non-pregnant adults
The results for studies reporting associations between PFOS and total-C are shown in Figure A2.6, for LDL-C in 
Figure A2.7 and HDL-C in Figure A2.8. All studies are cross-sectional. As was the case for PFOA, by far the largest 
is the study of Steenland et al. (2009) from the C8 group. The only study which examined the association at PFOS 
concentrations greater than 60 ng/mL was Olsen et al. (2003) which had a total sample size of less than 100 women 
and less than 500 men.

Four studies with low concentrations (Figure A2.6B) reported that total-C concentration was positively associated 
with PFOS concentration with a possible maximal increase of 0.3 mmol/L at a concentration of about 40 ng/
mL. Olsen et al. (2003) examined a population with much higher blood concentrations and reported that, in 
women, total-C declined and then returned to the starting point as PFOS concentration increased above 70 ng/
mL. In men, however, there was no association in the range of 270 ng/mL to 1190 ng/mL followed by an increase. 
These variations may reflect random variation around a null effect or plateau at higher concentrations.

Three of the four studies measuring total-C also reported LDL-C data. Two of these found that LDL-C increased in 
parallel and to much the same extent as total-C whereas Chateau-Degat et al. (2010) found a much lower increase 
in LDL-C (Figure A2.7B). Chateau-Degat et al. (2010) examined an Inuit population who had high consumption of 
fish; however, long-chain omega-3 fatty acids are generally thought to affect triglyceride concentration rather than 
cholesterol concentration (Nestel et al. 2015) and so this would not seem to explain the relatively small difference 
in LDL-C. Olsen et al. (2003) did not report measuring LDL-C. Studies examining HDL-C reported results varying 
around a null effect (Figure A2.8). The studies which could not be graphed are generally consistent with the graphed 
results in showing that total-C and LDL-C are positively associated with PFOS in the low concentration range and 
that HDL-C has little or no association.
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Figure A2.6: Association between PFOS and serum total cholesterol concentrations in adults A: papers which 
provided enough information to graph their results B: magnified view of the low PFOA concentration range; 
C: tabulation of results reported in paper which provided insufficient data for graphical presentation
A

B

C

Author Range of PFOS concentration in 
population 

Description of association

Fisher et al.
2013

25th centile: 5.42 ng/mL 
Median: 8.54 ng/mL
75th centile: 12.91 ng/mL

Adjusted difference: 0.014 log units of total-C (mmol/L) 
per log unit of PFOS (ng/mL)
Base used for log transformation not described

Fu et al. 2014 Lowest quartile: median 0.6 ng/mL
Highest quartile: median 2.6 ng/mL

Total-C ~0.2 natural log mmol/L total-C in highest vs 
lowest quartile

Christiansen et al. 
2016

Median 19.00 ng/dL
25th centile 9.80 ng/dL
75th centile 28.00 ng/dL
95th centile 54.00 ng/dL

OR for self-reported elevated total-C= 1.02 (95% CI: 
1.00-1.04) adjusted for age, BMI, work status, and alcohol 
consumption However, the units of PFOSA that this relates 
to are not given; i.e. whether the OR describes increase in 
odds per ng/mL, per unit natural logarithm etc. 
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Figure A2.7: Association between PFOS and serum LDL cholesterol concentrations in adults A: papers which 
provided enough information to graph their results (truncated at 60 ng/mL B: tabulation of results reported in 
paper which provided insufficient data for graphical presentation)
A

B

Author Range of PFOS concentration in population Description of association

Fisher et al. 2013 25th centile: 5.42 ng/mL 
Median: 8.54 ng/mL
75th centile: 12.91 ng/mL

Adjusted difference: 0.02 log units of LDL-C (mmol/L) 
per log unit of PFOS (ng/mL)
Base used for log transformation not described

Fu et al. 2014 Lowest quartile: median 0.6 ng/mL
Highest quartile: median 2.6 ng/mL

LDL-C ~0.4 natural log mmol/L higher than 
lowest quartile
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Figure A2.8: Association between PFOS and serum HDL cholesterol concentrations in adults A: papers which 
provided enough information to graph their results B: magnified view of the low PFOA concentration range; 
C: tabulation of results reported in paper which provided insufficient data for graphical presentation
A

B

C

Author Range of PFOS concentration in population Description of association

Fisher et al. 
2013

25th centile: 5.42 ng/mL 
Median: 8.54 ng/mL
75th centile: 12.91 ng/mL

Adjusted difference: -0.02 log units of HDL-C 
(mmol/L) per log unit of PFOS (ng/mL)
Base used for log transformation not described

Fu et al. 2014 Lowest quartile: median 0.6 ng/mL
Highest quartile: median 2.6 ng/mL

Inconsistent increase of <0.1 natural log units 
across quartiles
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Pregnant women
Two studies examined the association between total-C and PFOS concentration in the range of 10-30 ng/mL PFOS 
in pregnant women and found a positive association. The range of PFOS concentrations covered by the studies was 
more similar to the general population (See Figure A2.6B) than was the case for PFOA. The greatest increase was 
0.44 mmol/L for the quintile with PFOS concentration of 27.7 ng/mL or greater. This was paralleled by LDL-C and 
there was as an increase in HDL-C (good cholesterol) of the same magnitude (Figure A2.9).

Children and young people
The results in children are similar to the results in adults (Figure A2.10). As noted above, Maisonet et al. (2015) 
reported on a longitudinal study which compared the concentration of PFAS in maternal blood during pregnancy to 
the cholesterol concentration of daughters at age 15 and the apparent size of the effect relative to other studies may 
be related to a zeroing problem. The association between LDL-C and PFOS parallels that for total-C and is consistent 
in direction across the studies. By contrast, the studies have variable findings relating to HDL-C which suggests that 
there is no association overall.

Commentary
This report has focused on describing the results from the studies of PFAS chemicals and cholesterol concentrations 
but has not considered either p-values or standard errors for several reasons. Firstly, p-values are not a measure of 
effect; they describe the probability of obtaining the observed result, or a more extreme result, if the null hypothesis 
is true. It is customary to set some value, such as <0.05 to reject the null hypothsis and this is called ‘statistically 
significant’. If there is truly no effect or association (the null hypothesis seems to be correct), then this will not 
be statistically significant, by definition. It is not possible to determine whether the inconsistent presentation of 
information across the studies occurs because the samples were not tested for certain cholesterol fractions or 
whether the authors have failed to report non-significant associations. It is also notable that some papers do not 
report all results, possibly because they were not statistically significant. For example, Lin et al (2013) provide 
numerical data for their non-significant LDL-C analyses, but not for their total-C or HDL-C analyses. Gilliland et 
al (1996) found non-significant associations between all three cholesterol fractions and total serum fluorine (as a 
surrogate for PFAS), but then presented a significant reduction in HDL-C from a regression analysis in which a 
categorised HDL-C variable appears to have been analysed as a continuous variable. Therefore the question of 
whether there is publication bias affecting this body of literature must be raised.

Studies have been included in this review regardless of whether or not they have reported their results in a common 
format because failure to do this may have introduced a bias into the body of evidence. As far as it is possible to tell, 
the results of studies which could not be graphed do not contradict the results of studies which could be graphed in 
a qualitative sense although it is not possible to make a quantitative comparison.

In addition, some of the methods used to analyse data in some papers seem questionable and so their p-values and 
standard errors are also questionable. For example, in one paper it seems that the PFAS data have been grouped 
into quantiles and then the quantiles have been entered into the regression equation as a continuous variable instead 
of being treated as a set of dummy variables. No quantitative results can be derived from some studies because one 
or both of the PFAS and cholesterol variables have been logarithmically transformed but the authors do not state the 
base used in the transformation or provide any back-transformed results. In this case, it is only possible to state the 
direction of the association found in the study.
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Figure A2.9: Association between PFOS and serum cholesterol concentrations in pregnant women A: total 
cholesterol B: LDL cholesterol C: HDL cholesterol
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Figure A2.10: Association between PFOS and serum cholesterol concentrations in children and young people 
A: total cholesterol B: LDL cholesterol C: HDL cholesterol
A

B

C



APPENDIX 2: OBSERVATIONAL STUDIES OF PFAS AND CHOLESTEROL CONCENTRATIONS

HAZARD ASSESSMENT REPORT – PERFLUOROOCTANE SULFONATE (PFOS), PERFLUOROOCTANOIC ACID 
(PFOA), PERFLUOROHEXANE SULFONATE (PFHxS)

146

The extent of control for confounding across the studies is variable depends on the other characteristics that were 
included. A number of studies note the correlation between the concentrations of PFOA and PFOS but they do not 
adjust the results of each PFAS for the other. For example, Nelson et al. (2010) report a correlation of 0.65 between 
PFOS and PFOA in the NHANES dataset. Lin et al. (2013) is an exception as they measured four PFAS (PFOS, PFOA, 
perfluorononanoic acid and perfluorodecanoic acid) in adolescents and young adults and conducted a composite 
analysis of effects on carotid intima medial thickness, which was their focus, but not of other outcomes such as 
cholesterol concentrations. Similarly, populations with high exposure to PFAS due to occupation or environmental 
contamination might have exposure to other contaminants and these have not been considered in the studies.

Most studies do not adjust for diet. Skuladottir et al. (2015) is an exception; they used semiquantitative food 
frequency questionnaires and examined various associations. In their population of pregnant women, the highest 
quartile of saturated fat intake had total-C concentration that was 0.61 mmol/L higher than women in the lowest 
quartile. Intake of PFOS was positively associated with saturated fat intake but intake of PFOA was not. However, 
adding dietary factors to an adjusted model already containing age, parity, education, smoking and prepregnancy 
BMI did not alter the effect associated with either PFOS or PFOA. Hence, the non-inclusion of dietary measurement 
might be more or less important depending on what other factors have also been measured and controlled for.

The results shown in the graphs are cross-sectional studies with one exception (Maisonet et al. 2105). Fitz-Simon 
et al. (2013) examined the change in total-C, LDL-C and HDL-C that occurred between the two cross-sectional 
analyses in the C8 population that were conducted 4.4 years apart. People who were taking lipid lowering medication 
were excluded, as were people with elevated triglycerides (because LDL-C was calculated using the Friedewald 
equation) leaving 521 for the analyses involving LDL-C and 560 for the other analyses. The geometric mean for PFOA 
declined from 74.8 ng/mL to 30.8 ng/mL and for PFOS, from 18.5 ng/mL to 8.2 ng/mL. However, there was little 
difference in either total-C (+0.01 mmol/L) LDL-C (0.05 mmol/L) or HDL-C (-0.03 mmol/L). Moreover, the cross-
sectional data for PFOA from this study would not suggest that a large change would be anticipated. Figures A2.1, 
A2.2 and A2.3 show that both the baseline and follow-up mean concentrations described by Fitz-Simon et al. (2013) 
lie in the plateau section of the curve for PFOA from the C8 (Steenland et al. 2009). However, the same is not true for 
PFOS: both points lie on the increasing portion of the curve (Figures A2.6, A2.7 and A2.8) and so a difference would 
have been expected if the cross-sectional results reflect longitudinal effects. Further analysis compared the degree 
of change within individuals in both PFAS. For PFOA, the people with baseline PFOA concentrations <44.4 ng/mL 
had much larger reductions (0.8 mmol/L LDL-C) than those with baseline PFOA concentrations higher than this. 
Although not statistically significant, this is consistent with the shape of the cross-sectional association. There was no 
consistent effect by initial concentration of PFOS

A much smaller longitudinal study was conducted in 179 3M workers involved in demolishing the factory and 
who were not taking lipid lowering medication (Olsen et al. 2012). In long term workers, the PFOA concentrations 
decreased by 7.4 ng/mL whereas in contractors it increased by 6.8 ng/mL over duration of the project. Total-C, 
HDL-C and non-HDL-C all rose in both groups. An analysis was conducted in those with baseline PFOA 
concentration <15 ng/mL and PFOS < 50 ng/mL. Median PFOA increased by 5.3 ng/mL, PFOA by 0.7 ng/mL and 
total-C increased by 0.08 mmol/L. Although not significant, this is consistent with the pattern shown in Figure A2.1.

Although some studies have examined a range of other biochemical parameters, such as thyroid function, kidney 
function does not seem to have been examined together with cholesterol concentrations. This may be relevant 
because PFAS concentrations increase as glomerular filtration rate decreases. This is a possible factor that might also 
lead to changes in cholesterol metabolism.

No randomised controlled trials were found. One striking feature is that the observational studies in humans have 
the opposite finding to studies in animals. A conference abstract reporting on a Phase 1 study investigating an 
ammonium salt of PFOA as a cancer treatment was found but did not meet the inclusion criterion of being conducted 
in healthy people. This study used a dose-escalation strategy until a dose-limiting toxicity was found. Among 41 
middle-aged adults with advanced cancer who received a single dose of between 50 and 1200 mg of the ammonium 
PFOA salt for a median of 6.5 weeks, the authors reported “reductions in LDL-C consistent with a PD effect” 
(MacPherson et al. 2011). While there is no randomised control group, this is a longitudinal study with a clearly 
defined exposure. Patients had a range of cancers and so it is unlikely that they all had disturbed lipid metabolism. It 
adds to the debate concerning whether the increases in LDL-C observed in the human epidemiological studies are 
an adverse effect caused by PFAS exposure or reflect some concurrent biological process that is not yet understood.
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PFAS concentrations in Australia
There is no data regarding PFOA concentration in Australia from a nationally representative survey. Karrman et 
al. (2006) reported that pooled samples in stored serum available to a nationwide pathology company between 
November 2002 and April 2003 had median PFOA concentrations of 7.6 ng/mL (IQR: 6.6-8.6, minimum 5.0; 
maximum 9.9 ng/mL). Samples from the same pathology company for the south-eastern Queensland area were 
followed over time. Mean serum PFOA concentration declined from 9.7 ng/mL in 2002-3 to 4.3 in 2010-11 in people 
aged over 16 years (Toms et al. 2014). 

The same studies also examined data for PFOS. Karrman et al. (2006) reported a nationwide median PFOS 
concentration of 20.8 ng/mL (IQR: 18.5-25.0, minimum 12.7; maximum 29.5). Over time, in south-eastern 
Queensland, mean PFOS concentrations declined from 27.0 ng/mL to 12.0 between 2002-3 and 20010-11 (Toms et 
al. 2014). Children had lower concentrations.

From this, it could be concluded that the general Australian population has PFOA concentrations in the range shown 
for the NHANES surveys, but PFOS concentrations in the lower half of the range for the NHANES surveys (Nelson et 
al. 2010; Geiger et al. 2014) above. Data regarding concentrations in specific subgroups of the population were not 
found.

Summary
In summary, the cross-sectional studies overall present a fairly consistent picture. Studies in both adults and children 
suggest a positive association between total-C and LDL-C and PFOA concentration at very low concentrations of 
PFOA but not at higher concentrations. At around 25 ng/mL, total cholesterol is about 0.2-0.3 mmol/L higher than 
at the lowest concentrations measured; after this point the association plateaus. The peak may be reached at lower 
concetrations or be a little higher. The quantitative results from pregnant women are more inconsistent, but this may 
be related to haemodiluation changes during pregnancy. There appears to be little or no effect on HDL-C, and not all 
studies have adverse findings. Similar results were seen for PFOS with a maximum increment in total-C of 0.3 mmol/L 
which is reached at around 40 ng/mL. The lack of association reported in some occupational groups might be due to 
the lack of sufficient subjects with low concentrations of PFAS to detect the effect. The few longitudinal data that are 
available do not contradict the findings in the cross-sectional studies.
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Appendix 3: PFHxS Pharmacokinetic Studies

Sundström et al. 2012 - Comparative iv and oral gavage Pharmacokinetics of PFHxS in 
mice, rats and monkeys
A series of studies were conducted to establish PFHxS concentrations in serum, urine and faeces of mice, rats and 
monkeys.

Mice
Male and female CD-1 mice, at least 8-10 weeks old, were given a single oral gavage dose of either 1 or 20mg 
K+PFHxS/kg bw. At 2, 4, and 8 hours and days 1, 8, 15, 22, 36, 50, 64 and 162, four mice/sex/treatment level were 
euthanised and blood was collected via the abdominal aorta and serum prepared. In the 24 hours prior to termination 
urine and faeces samples were collected. Liver and kidneys were collected at study termination. All samples were 
frozen with liquid nitrogen and stored at -800˚C until analysis.

The highest PFHxS concentrations were seen in the serum, followed by the liver and then kidneys. By day 162 
PFHxS levels in these tissues were comparable to predose levels. Serum values for females at 20mg/kg bw were 
slightly higher than males at all sampling points up to and including day 64; for all other tissues male and female 
values were generally similar, within dose level.

Serum t1/2 values for both sexes and doses were similar (30.50 and 24.82 days at 1 mg/kg, and 27.97 and 26.81 
days at 20mg/kg bw, males and females respectively).

PFHxS was excreted mainly in the urine with lesser amounts (no more than 20% of the urine value) recovered in the 
faeces.

The Vd values indicate predominantly extracellular distribution.

Table A3.1:PFHxS Vd in male and female mice after administration of single oral doses of 1 or 20 mg/kg bw.

PFHxS Vd in male and female mice after administration of single oral doses  
of 1 or 20mg/kg bw

Parameter Sex 1 mg/kg bw 20 mg/kg bw

Vd (mL/kg) Male 129 195

Vd (mL/kg) Female 96 147

Data taken from Sundstr√m et al. (2012)

Rats
Male and female Sprague Dawley rats, at least 8-10 weeks old, were given a single oral gavage dose of either 
1, 10 or 100 mg K+PFHxS/kg bw (N=4/sex/group). Urine and faeces samples were collected for up to 96 hours. 
Approximately 96 hours postdose the rats were euthanised, blood was collected and serum prepared, and liver 
samples (region not specified) were harvested. All samples were frozen with liquid nitrogen and stored at -800˚C until 
analysis.

After approximately 96 hours, only 50% of the administered dose was recovered in the treated male groups. 
Recovery varied in females from approximately 34-40% without clear relation to dose. Serum concentrations ranged 
from 4.7 to 194.6 µg/mL for males and 1.9 to 26.2 µg/mL in females. Concentrations of PFHxS in the liver ranged 
from 5.6 to 118.1 µg/g for males and 0.45 to 5.70 µg/g for males. PFHxS was primarily excreted in the urine. 
Recovery in the carcass was not further assessed.
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Table A3.2: PFHxS concentrations in serum, liver, urine and faeces 96 h after administration of single oral 
doses of 1, 10 and 100 mg/kg bw.

Association between dose level and per cent dose in serum, liver, urine and faeces 
After a single administration 

Dose level (mg/kg bw)

1 10 100

Males

Serum per cent of dose 17.96 30.83 7.48

Serum (µg/mL) 4.68 81.79 194.63

Liver per cent of dose 30.96 13.38 8.17

Liver (µg/g) 5.58 25.71 118.13

Urine per cent dose 6.58 6.24 29.66

Faeces per cent dose 0.00 0.23 0.92

Total recovered % 55.51 50.58 46.23

Females 

Serum % of dose 7.04 4.37 0.95

Serum (µg/mL) 1.92 12.34 26.16

Liver % of dose 2.07 1.01 0.28

Liver (µg/g) 0.45 2.18 5.70

Urine % dose 34.86 27.91 40.58

Faeces % dose 0.00 0.35 0.13

Total recovered % 43.97 33.64 41.95

In a separate study, male and female Sprague Dawley rats (4/sex/group; at least 8-10 weeks old) were given a single 
iv dose of K+PFHxS at 10 mg/kg bw. Blood samples (from the tail vein), urine and faecal samples were then collected 
over a 10 week observation period. It appears (from graphical data) that samples were taken on three occasions 
in the first observation week and then approximately weekly thereafter. At study termination blood samples via the 
abdominal aorta were taken at sacrifice and liver samples collected (region not specified). Serum was prepared and 
all samples were frozen with liquid nitrogen and stored at -80°C until analysis.

Pharmacokinetic parameters are tabulated below. The data suggest marked sex differences in AUC and more rapid 
clearance via excretion in the urine in females.

Table A3.3: Pharmacokinetic values for Sprague Dawley rats After a single iv dose followed by a 10 week 
observation period

Pharmacokinetic Values for Sprague Dawley Rats After a Single iv Dose Followed by a 10 Week Observation Period

Parameter Male Female

Cmax (µg/mL) 61.87±1.90 79.10±8.58

Serum [PFHxS]last (µg/mL) 6.25±1.06 <LLOQa

Liver [PFHxS]last (µg/mL) 6.62±0.68 <LLOQb

% PFHxS dose in urine, 0-24h 0.70±0.07 13.28±2.88

Serum elimination initial phase (1/day) 0.7428±0.1362 0.4226±0.00190

Serum elimination terminal phase (1/day) 0.0238±0.0005 NA

t1/2 (day) 29.1±0.6c 1.64±0.08d

CL (mL/day/kg) 6.71±0.06 53.35±4.38
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Pharmacokinetic Values for Sprague Dawley Rats After a Single iv Dose Followed by a 10 Week Observation Period

Parameter Male Female

AUC (µg day/mL) 1490±12 187±15

VDss mL/kg) 275±5 126±14

Values presented are mean ± standard error and taken from Sundstr√m et al. 2012
a LLOQ Lower limit of quantification for serum = 10ng/mL
b LLOQ Lower Limit of quantification for liver = 50ng/g
c based on terminal phase data
d based on initial phase data

Monkeys
Male and female cynomolgus monkeys (3/sex/group) were given a single iv dose of K+PFHxS at 10 mg/kg bw. Blood 
was collected over a 171 day observation period. Urine was collected over 24 hour periods on days -3 (baseline), 1 
and 2 and weekly thereafter up to and including day 70. Serum was prepared from the blood and all samples were 
frozen at -200C until analysis. Serum concentration versus time data were analysed using a non-compartmental 
model, which was considered to be the best fit by the authors. No further explanation is given in the paper.

Table A3.4: Pharmacokinetic parameters for cynomolgus monkeys after a single iv dose followed by a 171 
day observation period

Pharmacokinetic Parameters for Cynomolgus monkeys after a single iv dose followed by  
a 171 day observation period 

Parameter Male Female

Cmax (µg/mL) 180±17 180±20

Serum [PFHxS]o.5h (µg/mL) 108±20 148±17

Serum [PFHxS]24h (µg/mL) 35.20±5.15 39.50±9.73

Serum [PFHxS]day 171 (µg/mL) 17.27±2.41 11.73±4.91

% PFHxS dose in urine, 0-24h 0.102±0.010 0.055±0.033

t1/2 (day) 141±30 87±27

CL (mL/day/kg) 1.33±0.12 1.93±0.41

AUC (µg day/mL) 7462±675 5794±1396

Vdss mL/kg) 287±52 213±28

Values presented are mean ± standard error and taken from Sundstr√m et al. 2012

There was no difference in mean Cmax values between males and females. The lower day 171 serum values for 
females, along with the shorter t1/2, higher mean clearance value and lower AUC indicated that female cynomolgus 
monkeys are likely to excrete PFHxS more rapidly than males.

The percentage of administered dose detected in the urine on each sampling occasion was low, reported to be in the 
order of 0.03% (no individual day of sampling numerical data presented in the paper). The overall mean % for males 
was approximately twice that for females (0.102 vs 0.055% respectively). Faeces were not sampled.

The Vdss values were considered by the authors to indicate predominantly extracellular distribution.
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Kim et al. 2016 – Gender differences in pharmacokinetic and tissue distribution of PFHxS in rats
The objective of this study with respect to PFHxS13 was to confirm and investigate further the gender differences in 
PK characteristics after a single iv or oral gavage administration in rats.

Male and female Sprague Dawley rats (5/sex/group; at least 8-12 weeks old) were given a single iv or oral gavage 
dose of K+PFHxS at 4 mg/kg bw. Males were observed for a period of 72 days, while females were observed for only 
14 days. During the observation periods, blood (processed to plasma), urine and faeces samples (24-hour sampling 
period) were collected. The timing of these observations are given in the table below. At study termination samples 
from the liver, kidneys, heart, lung and spleen from each animal were taken for analysis of PFHxS levels (region of 
tissue sampled was not detailed). All samples were frozen with liquid nitrogen and stored at -800C until analysis.

The authors used a two-compartment model to analyse the data.

Table A3.5: Summary of sampling times

Summary of sampling times

Route Dose 
(mg/kg) Blood sampling time Urine and faeces sampling days

Males iv/oral 4 1, 3, 9, 18, 24, 30, 36, 43, 51, 58, 65 and 72# days 1, 2, 3, 5, 7, 14  
and weekly thereafter to day 70

Females iv/oral 4 0.5, 1, 2, 4, 6, 12, 24 hours and 2, 3, 5, 7, 10 and 14* 1,2,3,5 and 14*

# males terminated Day 72; * females terminated Day 14

There were clear gender differences, irrespective of the dose route, for Tmax, AUC, t1/2, clearance and amount of 
PFHxS detected in the urine. PFHxS was mainly excreted in the urine with only small amounts recovered in the 
faeces. The reported high mean value for faecal excretion in iv females is considered to be unreliable because of the 
high SE value associated with it (SE is greater than the mean value). Individual animal data were not available.

Cmax and Vd were similar between routes and genders. The authors suggest that similarities in Cmax between the iv 
and oral route support approximately 100% oral bioavailability.

Investigations of the organs taken at termination for PFHxS levels showed some distribution to the liver, kidneys, 
lungs, heart and spleen. The highest levels were seen in the liver and then the kidney. Partition coefficient (Kp) values 
for PFHxS in the organs investigated were all < 0.2 indicating that the tissue distribution of PFHxS was low and there 
was negligible accumulation. Liver and kidney Kp values for females were slightly lower than those for males. Kp 
values for other organs were considered to be similar between the sexes.

13 PFOA and PFOS were also included in this study but those results are not included in this report. In addition this paper reported on validation of a 
revised method for quantification of PFAS in rat serum and tissues, the results of the validation have not been included in this report.



APPENDIX 3: PFHXS PHARMACOKINETIC STUDIES

HAZARD ASSESSMENT REPORT – PERFLUOROOCTANE SULFONATE (PFOS), PERFLUOROOCTANOIC ACID 
(PFOA), PERFLUOROHEXANE SULFONATE (PFHxS)

155

Table A3.6: Pharmacokinetic parameters in rats given either a single oral or iv dose at 10 mg/kg bw/day 
PFHxS

Summary of PK parameters

Males Females

Oral iv Oral iv

Cmax (µg/mL) 13.30±0.16 14.87±2.88 14.93±0.73 13.83±1.14

Tmax (day) 3.11±0.14* NA 0.06±0.01 NA

AUC (µg.day/mL) 559.35±4.39 444.16±2.23* 32.04±0.87 17.55±0.52

t1/2(day) 26.90±0.37 20.70±3.96* 1.72±0.11 0.88±0.07

Vd (mL/kg) 277.58±3.92 268.91±52.13 255.88±18.17 289.30±23.18

CL (mL/day/kg) 7.15±0.06 9.01±0.05* 124.83±3.40 227.93±6.73

CLR (mL/day/kg) NA 0.76±0.01* NA 63.87±1.96

Xu(t) (µg) 93.94±21.66 82.63±9.86* 485.70±74.08 280.22±34.41

Xf(t) (µg) 2.70±2.86 3.24±1.92 1.78±0.58 10.82±11.46

Data taken from Kim et al. 2016.
* P<0.05 between males and females; ** P<0.01 between males and females
CLR – renal clearance; Xu(t) – amount PFHxS excreted in urine; Xf(t) – amount of PFHxS excreted in faeces

Table A3.7: Summary of partition coefficients (Kp) in organs taken at termination

Summary of Partition coefficients (Kp) in organs taken at termination 

Compartment Male Female

Liver 0.17±0.04 0.11±0.03

Kidney 0.13±0.03 0.08±0.02

Heart 0.05±0.01 0.04±0.02

Lung 0.04±0.01 0.03±0.02

Spleen 0.02±0.01 0.02±0.01
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