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Introduction
Perfluorinated chemicals have been widely used in commerce for the last few decades. Until
recently little was known about their environmental fate and even less was known about their
potential environmental effects. Since Giesy and co-workers first demonstrated the widespread
occurrence of perfluorooctane sulfonic acid (PFOS) and perfluorooctanoic acid (PFOA) in wildlife
there has been interest in determining the biological and possible ecological effects of these
compounds. The assessment of possible effects of these chemicals has been hampered by a
limited understanding of their mode of action. While certain of the chemicals are known to be
peroxisome proliferators, the most abundant compound PFOS is not a classic or complete
peroxisome proliferator. Here we summarize recent toxicological and mode of action studies
available for perfluorinated compounds (PFCs) and use this information and environmental
concentration data to determine the degree of environmental risk these compounds pose.
Previous Studies
Early studies on the biological effects of perfluorinated fatty acids focused on the carboxylic acids
particularly PFOA. These studies demonstrated a variety of biochemical and physiological
endpoints. In particular, interest was focused on the ability of PFCs to cause peroxisome
proliferations through the peroxisome proliferators-activated receptor (PPAR) 1. One well
characterized cellular response to perfluorinated fatty acids is hypolipidemia however, the exact
cause of this response was unclear 1. A summary of all verifiable and available information on
PFOS has recently been prepared by OECD (www.oecd.org/pdf/M00036000/M00036809.pdf).
Recent Mode of action studies
Recent studies on the mode of action have focused on PFOS since it has been found to accumulate
in wildlife at measurable concentrations. The amphiphilic nature of these compounds suggests
that they will be surface and membrane active. The ability of PFOS to non-specifically modulate
membrane properties was assessed using cell culture bioassay procedures2. PFOS was able to
alter physical membrane properties such as membrane permeability and fluidity. PFOS was also
shown to inhibit gap junctional intercellular communication (GJIC) in vitro and in vivo 2.
The accumulation of PFOS in serum raised the prospect of this compound interfering with the
binding of steroid hormones to their specific serum carrier proteins. Studies of the competitive
binding of PFOS for steroid hormones indicated that in general threshold concentrations for these
effects were greater than 100 mg/L 3. The reason for the relatively great threshold for effects was
determined to be the results of the binding of PFOS to serum albumin. The high affinity binding
to albumin means that until all binding to albumin is saturated, PFOS is unable to bind to other
active sites. The high affinity for albumin also explains the accumulation of this compound in
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blood. Different analytical approaches were used to determine the binding capacity of albumin for
PFOS. The binding of PFOS to albumin was determined by quadrapole time of flight mass
spectrometry, a direct aqueous phase binding assay and equilibrium dialysis. All methods
indicated binding of between one and two molecules of PFOS to each albumin molecule. Studies
have also investigated the binding of PFOS to other proteins. These studies have demonstrated
relatively weak binding of PFOS to proteins involved in fatty acid transport and metabolism 4.
Given the relatively wide range of observed effects PFOS appears to have on cellular lipid
metabolism it still remains unclear which is the primary toxic effect of this compound. To
elucidate the breadth of changes caused by PFOS we investigated alterations in gene expression
caused by exposure of rat cell lines and rats in vivo to PFOS5. These studies revealed alterations
in the expression of many genes. Genes involved in peroxisomal fatty acid oxidation were upregulated while no changes were observed for the same metabolic pathway in mitochondria.
PFOS also failed to induce all the genes associated with the ‘normal’ PPAR response. This
observation is supported by work in monkeys suggesting that PFOS is not a peroxisome
proliferator 6. In contrast PFOA which appears to be a potent and archetypal peroxisome
proliferator 7.
Recent Toxicological Studies
The most recent toxicological studies of PFCs investigated effects of PFOS on rats 8 and
cynomolgous monkeys 6;9. PFOS orally administered to monkeys at 0.75 mg/kg/day for 182 d
resulted in mortality, decreased body weight and alterations in lipid and hormone concentrations 6.
Serum PFOS concentrations associated with no adverse effects were 82.6 mg/L in males and 66.8
mg/L in females. In the recovery phase of the experiment a clearance half-life of approximately
200 d was determined. In a similar experiment PFOA was administered up to 20 mg/kg/d. No
adverse effects were observed at 3 and 10 mg/kg/day after 182 d. Liver concentrations associated
with no adverse effects were approximately 15 mg/kg. PFOA appears to be more rapidly cleared
than PFOS as a mean concentration of 14 mg/kg in the 10 mg/kg/d dose group had dropped to
0.12 mg/kg after a 90 d recovery period (half life of approximately 13 d). One key finding of
these studies was that for effects thresholds total accumulated dose was a more robust measure of
exposure than exposure concentration. Also, a very steep dose response curve was observed
above the threshold dose. We suggest these dose response characteristics indicate binding of
PFOS to albumin and once the albumin pool is saturated PFOS ‘overflows’ to targets.
Mammalian Risk Assessment
TRV Calculation
Since there are few studies that have examined the effects of PFOS on wildlife, TRVs were
developed based on the results for standard laboratory species. TRVs were developed from these
laboratory studies by applying uncertainty factors to toxicity data a derived by the method of
Henningsen and Hoff (1997)10. This approach results in very conservative estimates of the
threshold effect level and encourages the collection of additional information, especially for sitespecific ERAs. If results were available from a definitive study with the species of concern, the
TRV would likely be greater (less conservative) because safety factors would not be applied.
Several studies have characterized the acute and chronic toxicity of PFOS to mammals (OECD,
2002). Of these studies, a two-generation combined oral (gavage) fertility, developmental and
prenatal/postnatal reproduction study of PFOS in rats provides the best data for characterizing
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effects on terrestrial mammals (Table 1). No effects on mating, fertility, or estrous cycle occurred
at any dose in the study in either F0 or F1 maternal or paternal animals. The F0 NOEL for
reproductive parameters was greater than 3.2 mg/kg/d, the greatest dose level in the study. The F1
maternal and paternal animals also experienced no effects on mating or fertility at the greatest
dose tested, 0.4 mg/kg/d. At concentrations of 1.6 mg PFOS/kg/d and greater, pre-implantation
loss increased and litter size, pup viability, growth, and survival were less. The NOEL for F1 and
F2 generation growth/survival was 0.4 mg/kg/d. No effects on pup survival/growth occurred at 0.4
mg/kg/d. 0.4 mg/kg/d is considered to be a more ecologically relevant NOEL than 0.1 mg/kg/d
because the endpoints for the 0.4 mg/kg/d are more ecologically relevant.
Table 1. Treatment groups in the rat reproduction study1
Group2
Observed Effect
Control Fetus
None
Control Dam
None
0.1 mg/kg/d Dam PM
NOEL
0.1 mg/kg/d Fetus EG
NOEL
0.1 mg/kg/d Dam EG
NOEL
O.4 mg/kg/d Dam PM
NOEL
0.4 mg/kg/d Fetus EG
NOEL
0.4 mg/kg/d Dam EG
NOEL
1.6 mg/kg/d Dam PM
Slight body weight
1.6 mg/kg/d Fetus EG
Survival body weight
1.6 mg/kg/d Dam EG
Slight body weight
3.2 mg/kg/d Dam PM
Body weight
3.2 mg/kg/d Fetus BG
Stillbirth, survival
3.2 mg/kg/d Dam EG
Body weight
1
Dosing for 6 weeks prior to mating and 21 days of gestation.
2
PM=pre-mating, 42 d dosing; EG=end of gestation, 21 d gestation
Table 2 Hazard quotients (HQ) and Margins of Safety (MOS) for PFCs in mustellids. Analytical
data from Kannan et al 200211. TRV=12-72.5 mg/kg, ww, depending on uncertainty factors.
Species
Location
PFOS
PFOA
HQ
MOS
(State, USA)
(mg/kg, ww)
(mg/kg, ww)
(PFOS)
(PFOS)
Mink
Illinois
1.4
0.02
0.02-0.12
8.3-50
Massachusetts
0.2
0.008
0.003-0.02
50-333
Sth. Carolina
1.7
<0.02
0.024-0.14
7-41
Louisiana
0.14
<0.02
0.002-0.012
83-500
Otter
Washington
0.025-0.42
<0.008-0.019
0.003-0.02
63-333
Oregon
0.034-1.0
<0.008-0.019
0.003-0.02
50-333
Depending on the relative sensitivity of mink to PFOS, the NOAEL could range from 12 to 72.5
mg PFOS/kg liver (ww). The dietary NOAEL could range from 0.4 to 0.038 mg PFOS/kg bw/d.
To calculate HQs, the more conservative values (12mg PFOS/ kg liver, and 0.038 mg PFOS/kg/d)
were used. Note that this is a very conservative approach, without a definitive study PFOS effects
of PFOS on mink, this approach would be used in a screening-level risk assessment.
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Summary
Clearly not all PFCs are created equal, even compounds which are closely related structurally (e.g.
PFOS and PFOA) elicit different responses both in vitro and in vivo2. These differences are
related to the different structures of the compounds and in particular the nature of the functional
group. These differences result in both different potencies for the same mode of action and
differences in actual modes of action for the compounds. It therefore seems unlikely that a TEF
approach similar to that used for compounds such as dioxins will be applicable to PFCs. A
potency equivalency model may be applicable to these compounds but any such model will have
to take into account the different modes of action for the different PFC classes. While the ability
of some PFCs to elicit PPAR responses is clear it remains uncertain whether these responses are
relevant environmentally as species differ greatly in their sensitivity to PPAR active compounds 12
13
, for example humans appear to be very insensitive to PPAR related responses 12.
In general current concentrations of PFOS in mustellids do not seem to pose a significant threat.
However, HQ values in some cases exceed 0.1 indicating that current exposure concentrations are
within the same order of magnitude as adverse effect concentrations. Additional studies to better
define the sensitivity of these species to PFCs would reduce the uncertainties in this assessment.
Acknowledments
Portions of this research were funded by the 3M Corp. St. Paul, MN. 3M staff and Dr Anders
Lund, Micromass, were invaluable in performing MS analysis of protein/PFOS binding.
References
1. Vanden Heuvel, JP (1996) Gen.Pharmacol. 27, 1123-1129.
2. Hu, W, Jones, PD; De Coen,W; King,L; Fraker,P; Newsted, JL; Giesy, JP (2003) Comp.
Biochem. Physiology, IN PRESS.
3. Jones, PD, Hu, W, De Coen, W, Newsted, JL, Giesy, JP (2003) Environ.Toxicol.Chem., IN
PRESS
4. Luebker, DJ, Hansen, KJ, Bass, NM, Butenhoff, JL, Seacat AM (2002) Toxicology 176, 175185.
5. Hu, W, Jones, PD, Celius, T,Giesy, JP (2003) Comp.Biochem.Physiology, IN PRESS.
6. Seacat, AM, Thomford, PJ; Hansen, KJ; Olsen, GW; Case, MT; Butenhoff, JL (2002)
Toxicol.Sci. 68, 249-264.
7. Sohlenius, A-K, Andersson, K, Bergstrand, A,Spydevold, JO, DePierre JW (1994) Biochimica
et Biophysica Acta 1213, 63-74.
8. Seacat, AM, Thomford, PJ; Hansen, KJ, Clemen, LA, Eldridge, SR, Elcombe, CR, Butenhoff,
JL (2003) Toxicology 183, 117-131 (2003).
9. Butenhoff, J, Costa, G; Elcombe, C, Farrar, D, Hansen, K, Iwai, H, Jung, R, Kennedy, G,
Lieder, P, Olsen, G, Thomford, P (2002) Toxicological Sciences 69, 244-257.
10.G. Henningsen, G & Hoff D (1997) "Uncertainty Factor Protocol for Ecological Risk
Assessment: Toxicological Extrapolations to Wildlife Receptors" Report No. RMA-IEA/0056.
11.Kannan, K, Newsted, JL, Halbrook, RS, Giesy, JP (2002) Environ.Sci. Techno. 36, 2566-2571.
12.Cattley, RC, DeLuca, J, Elcombe, C, Fenner-Crisp, P, Lake, BG, Marsman, DS, Pastoor, TA,
Popp, JA, Robinson, DE, Schwetz, B, Tugwood, J, Wahli, W (1998) Regul Toxicol Pharmacol.
27, 47-60.
13.Maloney, EK & Waxman, DJ (1999) Toxicol.Appl.Pharmacol. 161, 209-218.

Organohalogen Compounds, Volumes 60-65, Dioxin 2003 Boston, MA

