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Administration of ammonium salts of perfluorooctanoate

(PFOA) to rats results in peroxisome proliferation and benign liver

tumors, events associated with activation of the nuclear receptor

(NR) peroxisome proliferator-activated receptor-a (PPARa). Due

to its fatty acid structure, PFOA may activate other NRs, such as

PPARb, PPARg, liver X receptor (LXR), or retinoid X receptor

(RXR). In this study, the activation of human, mouse, and rat

PPARa, PPARb, PPARg, LXRb, and RXRa by PFOA (including

its linear and branched isomers) and perfluorooctane sulfonate

(PFOS) was investigated and compared to several structural classes

of natural fatty acids and appropriate positive control ligands. An

NR ligand-binding domain/Gal4 DNA-binding domain chimeric

reporter system was used. Human, mouse, and rat PPARa were

activated by PFOA isomers and PFOS. PPARbwas less sensitive to

the agents tested, with only PFOA affecting the mouse receptor.

PFOA and PFOS also activated human, mouse, and rat PPARg,

although the maximum induction of PPARg was much less than

that seen with rosiglitazone, suggesting that PFOA and PFOS are

partial agonists of this receptor. Neither LXRb nor the common

heterodimerization partner RXRa was activated by PFOA in any

species examined. Taken together, these data show that of the NRs

studied, PPARa is the most likely target of PFOA and PFOS,

although PPARg is also activated to some extent. Compared to

naturally occurring long-chain fatty acids, e.g. linoleic and a-

linolenic acids, these perfluorinated fatty acid analogs were more

selective and less potent in their activation of the NRs.

Key Words: nuclear receptors; transactivation; dietary fatty

acids; fatty acid analogs.

Perfluorooctanoate (PFOA) is a member of a structurally

diverse class of chemicals that induce hepatomegaly in ro-

dents (Hess et al., 1965; Ikeda et al., 1985; Kennedy et al.,

2004; Moody and Reddy, 1978). This hepatomegaly is char-

acterized by the subcellular proliferation of organelles such

as smooth endoplasmic reticulum, mitochondria, but most

notably peroxisomes. The molecular biology underlying per-

oxisome proliferation has evolved considerably since the dis-

covery of the first peroxisome proliferator-activated receptor

(PPAR) (Issemann and Green, 1990). PPARs are now recog-

nized as members of a superfamily of nuclear receptors (NRs)

that form obligate heterodimers with the retinoid X receptor

(RXR) (for review, see Francis et al., 2003). PPARs exist in

three isoforms, namely, PPARa, PPARb (also called PPARd),

and PPARc. Upon ligand-mediated activation, the PPAR-RXR

heterodimer undergoes conformational changes, which re-

cruit various coactivators, e.g., Steroid receptor coactivator-1

and vitamin D(3) receptor-interacting protein, and interacts

with peroxisome proliferation-response elements located in the

promoter regions of target genes (Shearer and Hoekstra, 2003).

In this regard, interaction of a ligand with the ligand-binding

domain (LBD) of PPAR is just the first step in a complex series

of events that underlie the combinatorial control of gene trans-

cription. The phenomenon of ligand-specific conformational

change leading to selective peroxisome proliferator-activated

receptor modulation (SPPARM) has introduced yet another

level of complexity to PPAR biology (Camp et al., 2000; Duez

et al., 2005). Soon after the discovery of PPAR isoforms was

the identification of other members of the NR superfamily,

notably, liver X receptors (LXRs), farnesol X receptor, and

pregnane X receptor (also referred to as the steroid and xeno-

biotic receptor). PPARs and LXR are particularly important as

master regulators of lipid and lipoprotein metabolism (Li and

Glass, 2004), an area of biology that PFOA has been reported to

modify in some but not all rodent species (Haughom and

Spydevold, 1992; Kudo et al., 1999; Pastoor et al., 1987; Xie

et al., 2003).

Although initially the purview of the toxicology community

was based on the relationship between peroxisome prolifera-

tion and rodent tumors (for review, see Klaunig et al., 2003),

PPARs have now captured the attention of the medical
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community as therapeutic targets for the management of

dyslipidemia, insulin resistance, and obesity (Duval et al.,

2002; Francis et al., 2003; Fruchart and Duriez, 2002; Kersten

et al., 2000); more recently, the nutrition community has be-

come more interested in PPARs with respect to the health

benefits ascribed to polyunsaturated fatty acids (for review,

see Kersten et al., 2000). The current studies were conducted

because of the recognition that fatty acid analogs have the

potential to affect lipid metabolism via activation of these

receptors (Intrasuksri et al., 1998; Maloney and Waxman,

1999; Shipley et al., 2004) and the need to translate this biology

across species. The goal of these studies was to develop a

cross-species (humans, mice, and rats) understanding of

NR activation (PPARa, PPARb, PPARc, LXRb, and RXRa)

in response to perfluorinated fatty acid analogs (PFOA and

perfluorooctane sulfonate [PFOS]) and naturally occurring

fatty acids (octanoate [Oct], oleate (OA), linoleate [LA], and

a-linolenate [ALA]) on the basis of a common testing platform.

In addition, since mixtures of linear and branched isomers of

ammonium perfluorooctanoate (APFO) have been used in the

production of commercial products (Kennedy et al., 2004),

various isomers were included in the study.

Numerous transactivation assays, reporter systems, and

cell types have been used in the evaluation of NR ligands

(Bocos et al., 1995; Le Douarin et al., 1996), each with positive

and negative biological attributes and inherent sources of

variability. Not surprisingly, there is considerable variability

in the data reported in the literature even for identical and

commonly tested ligands (Klaunig et al., 2003). In order to

facilitate the cross-species understanding and to limit the

variability associated with complex signaling systems, a re-

ductionism approach was employed to meet the goals of the

study. To this end, a reporter assay system was used, whereby

the LBDs of the human, mouse, and rat fatty acid–responsive

NRs (PPARa, PPARb, PPARc, LXRb, and RXRa) were cloned

in frame with the Gal4 DNA-binding domain. When a ligand

binds to the LBD, a conformational change occurs allowing

transcription coactivators to be recruited, inducing the expres-

sion of a Gal4 luciferase reporter gene. The data developed

with this assay provide a molecular, although biologically

constrained, basis for evaluating the effects of perfluorinated

fatty acid analogs versus natural fatty acids on these fatty acid–

responsive NRs.

MATERIALS AND METHODS

Positive controls for NR assays. Ciprofibrate (Cipro), purchased from

Sigma Chemical Co. (St Louis, MO), was used as the positive control for

PPARa. Tetradecylthioacetic acid (TTA), purchased from Sigma Chemical

Co., was used as the positive control for PPARb. Rosiglitazone (Rosi),

purchased from Cayman Chemicals (Ann Arbor, MI), was used as the positive

control for PPARc. T0901317, purchased from Cayman Chemicals, was used

as the positive control for LXRb. Methoprene acid, purchased from Cayman

Chemicals, was used as the positive control for RXRa.

Natural fatty acids. Oct, OA, LA, and ALA were all purchased as the

free acid from Sigma Chemical Co. Conjugated linoleic acid (CLA) was a kind

gift from Pharmanutrients (Gurnee, IL).

Perfluorinated fatty acid analogs. The linear isomer of the ammonium

salt of PFOA was provided by DuPont (Wilmington, DE); this form is

designated throughout the text and in the figures as PFOA-linear. This molecule

is a white to slightly opaque liquid and was provided as a 20% solution in water

and stored at room temperature. A linear/branched form of the ammonium

salt of PFOA was provided by the 3M Company, Specialty Materials Manu-

facturing Division (St Paul, MN); this form is designated throughout the text

and in the figures as PFOA-linear/branched. This test material was 77.6%

linear; the mole percentages of its branched contents were 12.6% internal

monomethyl (non-alpha), 9% isopropyl, 0.2% tert-butyl, 0.1% gem-dimethyl,

and 0.1% alpha monomethyl. The certificate of analysis indicated 2.01% lesser-

homolog (C4–C7) impurities (Richard Payfer, 3M Company, 2 March 2000).

Homolog distribution was as follows: C4, 0.01%; C5, 0.03%; C6, 0.43%; C7,

0.57%; C8, 97.99%; and C9, 0.16%. The sample also included 0.09%

monohydro-APFO, 0.72% monounsaturated APFO, and 0.3% undefined mate-

rial that was possibly substituted perfluorocyclo species (0.2% cyclopentyl

and 0.1% cyclohexyl). This test material, a white solid, was 97.99% pure and

was stored at room temperature. A multibranched form of APFO was provided

by DuPont; this form is designated throughout the text and in the figures as

PFOA-branched. Branched APFO, a white solid, was prepared by combining

58.3% ammonium 2,2,3,4,4,5,5,6,6,7,7,7-pentadecafluoro-3-(trifluoromethyl)-

heptanoate (internal monomethyl non-alpha) with 41.7% ammonium 2,2,3,3,-

4,4,5,5,6,7,7,7-pentadecafluoro-6-(trifluoromethyl)heptanoate (isopropyl). The

multibranched APFO was a solid and was stored at room temperature.

Thermodynamically stable spatial models of the various natural and fatty acid

analogs used in these studies are presented in Figure 1; these structures show

a theoretical minimized energy configuration (minimum RMS gradient of

0.1; Chem3D, CambridgeSoft, Cambridge, MA). Given the increasing im-

portance of SPPARM effects in understanding the pharmacology of PPARs,

an appreciation of the spatial forms of these molecules is additive to under-

standing the binding/transactivation data generated in this study.

Plasmids. The LBD of human, mouse, or rat PPARa, PPARb, PPARc,

LXRb, or RXRa was fused to the DNA-binding domain of the yeast trans-

cription factor Gal4 under the control of the SV40 promoter. This plasmid was

cotransfected with pFR, a plasmid which encoded the UAS-firefly luciferase

reporter under the control of the Gal4 DNA response element. All plasmids

were verified by sequencing and through examination of positive controls.

Cell culture and transactivation assays. Mouse 3T3-L1 fibroblasts

(ATCC, Manassas, VA) were cultured in high-glucose Dulbecco’s minimal

essential medium (DMEM) supplemented with 10% fetal bovine serum

(FBS, Sigma Chemical Co.), 0.2 mg/ml streptomycin, and 200 U/ml penicillin

(GIBCO, Grand Island, NY). Cells were transfected with plasmid DNA using

Lipofectamine reagent (Invitrogen, Carlsbad, CA) and following the manu-

facturer’s recommended procedures, using 3T3-L1 cells at approximately

80% confluence in 10-cm culture dishes. After 6 h, the DNA-Lipofectamine

complex was removed, and the cells were maintained overnight in the culture

medium. Following overnight culture, the transfected 3T3-L1 cells containing

the chimeric receptor/reporter plasmids were split to multiwell cluster plates.

The media was replaced 4 h after replating with DMEM (10% FBS) containing

test compounds in dimethyl sulfoxide (DMSO, Sigma Chemical Co.) (0.1%

final concentration). Concentrations of the chemicals are given in the figure

captions. Twenty-four hours after treatment, the cells were lysed with passive

lysis buffer (Promega, Madison, WI) for 30 min; luciferase activity was mea-

sured using the luciferase reporter assay kit (Promega) and a Turner TD-20/20

Luminometer (Turner BioSystems, Sunnyvale, CA) or a Tecan GeniosPro

(Research Triangle Park, NC) according to the manufacturer’s recommended

procedures. The fold induction of normalized luciferase activity was calculated

relative to the vehicle (DMSO)-treated cells and is the mean of three inde-

pendent samples per treatment group.
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Study design and statistical analysis. Each chemical was examined con-

currently with a known positive control for each receptor. Due to the number of

samples to be examined, the perfluorinated fatty acid analogs and the natural

fatty acids were analyzed in separate experiments. It is important to note that

the parameters measured, such as EC50 and peak values, are not constants

and vary, often significantly, from experiment to experiment. Thus, only by

comparing the activity of the perfluorinated acids relative to similar compounds

assayed in the same experiment can meaningful judgments regarding potency

and efficacy be made.

Differences between treatments were determined using ANOVA followed

by Dunnett’s post hoc test (Minitab, State College PA), and the lowest statis-

tically significant dose (LSSD) was determined. The peak effect represents

the highest average induction observed and is not based on modeling. Nonlinear

regression and EC50 calculations were performed with Prism 4.0 (GraphPad

Software, Inc., San Diego, CA). For each receptor, a dose-response was in-

cluded, and EC50 and maximum induction were calculated by nonlinear

regression (see Supplemental Data). Hierarchical clustering was performed

using GeneSpring (Agilent Technologies, Palo Alto, CA), with both chemical

and receptor trees generated using standard correlation as a similarity measure.

RESULTS

The first set of experiments compared the relative ability

of perfluorinated fatty acid analogs and natural fatty acids to

bind and transactivate fatty acid–sensitive NRs from humans,

mice, and rats. The results are presented in Figures 2–6, and the

statistical analysis is shown in Table 1. Due to the day-to-day

variability in both the efficacy (peak effect and maxi-

mum induction) and potency (LSSD and EC50) observed in re-

porter assays, it is only appropriate to compare the fatty

acids to positive controls run concurrently within that species

FIG. 1. Spatial models of natural fatty acids and fatty acid analogs. These thermodynamically stable spatial models show the theoretical minimized energy

configuration (minimum RMS gradient of 0.1; Chem3D, CambridgeSoft) of the molecules tested.
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FIG. 2. Activation of PPARa by fatty acids. The human, mouse, or rat Gal4-PPARa expression plasmid was cotransfected with a luciferase reporter plasmid

into 3T3-L1 cells. Transfected cells were treated in triplicate with increasing concentrations of the indicated fatty acids for 24 h. Cipro was used as a positive

control for activation. Cell lysates were analyzed for luciferase activity. Fold induction of the normalized luciferase activity was calculated relative to DMSO

(vehicle)-treated cells. Nonlinear regression was performed using GraphPad Prism 4.0 (GraphPad Software, Inc.). The best-fit nonlinear regression curve for the

positive control is depicted with the dotted line. Concentrations examined are as follows: Cipro, 0.016, 0.08, 0.4, 2, 10, 50, 250lM; Fatty acids and PFOA-linear, 1,

5, 10, 50, 100, 200lM. DMSO, 0.1% vol/vol.
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(the results of the nonlinear regression including EC50 and peak

effects are given in the Supplemental Data).

Peroxisome Proliferator-Activated Receptor-a

As shown in Figure 2A, PFOA-linear significantly activated

human PPARa albeit with lower potency and efficacy relative

to that of Cipro. Cipro had a peak effect of 13-fold with

a significant increase seen at 0.4lM compared to 10-fold and

50lM for PFOA. The natural fatty acids (Fig. 2B) were similar

or slightly more potent and efficacious than the positive con-

trol, with the exception of octanoic acid, which activated only

slightly (threefold) and at higher concentrations (LSSD 50lM).

FIG. 3. Activation of PPARb by fatty acids. The human, mouse, or rat Gal4-PPARb expression plasmid was cotransfected with a luciferase reporter plasmid

into 3T3-L1 cells. Concentrations examined are as follows: TTA, 0.4, 2.5, 6.4, 16, 40, 100lM. All other conditions are shown in the caption of Figure 2.
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All the longer chained fatty acids activated human PPARa

with the induction ranging from 6- to 10-fold, with significant

activation observed at concentrations of 5–10lM. Similar

trends for PFOA and natural fatty acids were also observed

for the mouse (Figs. 2C and 2D), although relative to Cipro, the

natural fatty acids were slightly less potent and efficacious.

Rat PPARa showed a similar ability to be activated by the

positive control and by PFOA (Fig. 2E). However, in this in-

stance, Oct, CLA, and LA did not active rat PPARa. To com-

pare the human PPARa agonist activity of the fatty acids

and their analogs, the ratio of peak effect versus LSSD was

used for ranking (Table 2), although similar trends were noted

for the nonlinear regression values (Top/EC50). The relative

potency of human PPARa agonism was LA, ALA, CLA >OA,

Cipro > Oct, PFOA-linear.

Peroxisome Proliferator-Activated Receptor-b

As shown in Figure 3A, human PPARb was not significantly

affected by PFOA-linear, although this receptor was activated

by TTA, CLA, OA, LA, and ALA with peak effects ranging

from 61-fold in the case of CLA to 25-fold for OA and LA

(Fig. 3B). PFOA-linear significantly activated mouse PPARb,

although the level of activation was modest (two- to threefold,

Fig. 3C) and only seen at the highest concentration. The mouse

receptor was also activated by the long-chain normal fatty

acids, as was the case for the human homolog. The rat receptor

was not sensitive to PFOA-linear (Fig. 3E) and was less sen-

sitive to the natural fatty acids (Fig. 3F) compared to that

of mice and humans. The relative potency for human PPARb

agonism (Table 2) was CLA > TTA > ALA, LA, OA with

PFOA being a nonagonist.

Peroxisome Proliferator-Activated Receptor-c

Since the rat and mouse PPARc LBDs are identical, they

are described as mouse/rat PPARc. PFOA-linear slightly acti-

vated human PPARc (Fig. 4A), and potency and efficacy were

dramatically less than the antidiabetic drug Rosi (roughly

1/10th the efficacy and four orders of magnitude less potent).

Human PPARc was also activated by ALA but not affected

by the other natural fatty acids (Fig. 4B). Although we have

FIG. 4. Activation of PPARc by fatty acids. The human, mouse, or rat Gal4-PPARc expression plasmid was cotransfected with a luciferase reporter

plasmid into 3T3-L1 cells. Concentrations examined are as follows: Rosi, 0.0032, 0.016, 0.08, 0.4, 2, 10, 50lM. All other conditions are shown in the caption of

Figure 2.
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reported CLA to be a PPARc agonist (Belury and Vanden

Heuvel, 1999; Houseknecht et al., 1998), the present mixture

contains a high percentage of 9Z11E-CLA, which has lower

affinity for PPARc than either the 10E12Z- or 9Z11Z-CLA

isomers (DeGrazia et al., 2003). Similar trends were noted

for the rodent PPARc with PFOA-linear activating this re-

ceptor, although much less efficiently than Rosi (Fig. 4C). LA

and ALA activated the mouse/rat PPARc (Fig. 4D). The rank-

order agonism for human PPARc was Rosi � ALA > PFOA-

linear.

FIG. 5. Activation of LXRb by fatty acids. The human, mouse, or rat Gal4-LXRb expression plasmid was cotransfected with a luciferase reporter plasmid into

3T3-L1 cells. Concentrations examined are as follows: T0901317, 0.08, 0.4, 2, 10, 50lM. All other conditions are shown in the caption of Figure 2.
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Liver X Receptor-b

LXRb was not activated by any of the fatty acids or

perfluorinated analogs (Fig. 5). PFOA-linear did not affect

LXRb from humans, mice, or rats. In preliminary experiments,

there was a suggestion of an inhibition of LXR activity by

the PFOA-linear, similar to that observed for Oct in the mouse

(data not shown). To assess this possibility, these experiments

were repeated in the presence or absence of an EC50 of

T0901317 or 3-hydroxycholesterol (data not shown). In these

experiments, there was no significant effect of PFOA-linear

FIG. 6. Activation of RXRa by fatty acids. The human, mouse, or rat Gal4-RXRa expression plasmid was cotransfected with a luciferase reporter plasmid into

3T3-L1 cells. Concentrations examined are as follows: Methoprene, 0.016, 0.08, 0.4, 2, 10, 50, 250lM. All other conditions are shown in the caption of Figure 2.
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TABLE 1

Statistical Analysis of Dose-Response Curves

Cipro (1) PFOA-linear Oct CLA OA LA ALA Cipro (2)

PPARa Human Mouse Rat Human Mouse Rat Human Mouse Rat Human Mouse Rat Human Mouse Rat Human Mouse Rat Human Mouse Rat Human Mouse Rat

ANOVA

p value

<0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 0.061 <0.01 <0.01 0.341 <0.01 <0.01 <0.01 <0.01 <0.01 0.07 <0.01 <0.01 0.017 <0.01 <0.01 <0.01

LSSD 0.4 10 50 50 50 100 100 50 5 5 10 5 200 5 10 5 5 100 10 0.4 50

Peak

effect

13 17.8 11.8 10.2 9.3 8 3.8 7.3 6.9 28 6.9 36.3 2.6 9.8 23.7 9.6 30.4 4.1 6.6 34.7 8.5

TTA (1) PFOA-linear Oct CLA OA LA ALA TTA (2)

PPARb Human Mouse Rat Human Mouse Rat Human Mouse Rat Human Mouse Rat Human Mouse Rat Human Mouse Rat Human Mouse Rat Human Mouse Rat

ANOVA

p value

<0.01 <0.01 <0.01 0.962 <0.01 0.232 0.162 <0.01 0.143 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 0.015 <0.01 <0.01 0.023 <0.01 <0.01 <0.01

LSSD 40 40 40 N/A 0.4 10 50 50 50 50 10 50 50 50 50 100 N/A 10 50 0.016

Peak

effect

35 9.5 9.9 2.8 34.7 61.5 18.8 10.1 25.6 16.9 36.4 25.5 9.7 5.1 40.3 22.2 2.9 30.8 27.5 62.6

Rosi (1) PFOA-linear Oct CLA OA LA ALA Rosi (2)

PPARc Human Mouse Rat Human Mouse/Rat Human Mouse/Rat Human Mouse/Rat Human Mouse/Rat Human Mouse/Rat Human Mouse/Rat Human Mouse/Rat

ANOVA

p value

<0.01 <0.01 <0.01 <0.01 0.06 0.959 0.107 0.098 0.35 0.104 0.29 <0.01 0.04 <0.01 <0.01 <0.01

LSSD 0.003 0.016 100 200 50 100 100 0.08 0.08

Peak

effect

19.3 44.8 2.4 7.9 3.1 5.9 4.6 13 18.4

T0901317 (1) PFOA-linear Oct CLA OA LA ALA T0901317 (2)

LXRb Human Mouse Rat Human Mouse Rat Human Mouse Rat Human Mouse Rat Human Mouse Rat Human Mouse Rat Human Mouse Rat Human Mouse Rat

ANOVA

p value

<0.01 <0.01 <0.01 0.195 0.069 0.927 0.084 <0.01 0.327 0.56 0.07 0.164 0.982 0.267 0.823 0.119 0.561 0.534 0.868 0.01 0.401 <0.01 <0.01 <0.01

LSSD 0.08 0.08 0.016 0.08 5 0.08 0.4 0.4

Peak

effect

103 56 26.9 0.1 2.3 137 172 98

Methoprene (1) PFOA-linear Oct CLA OA LA ALA Methoprene (2)

RXRa Human Mouse Rat Human Mouse Rat Human Mouse Rat Human Mouse Rat Human Mouse Rat Human Mouse Rat Human Mouse Rat Human Mouse Rat

ANOVA

p value

<0.01 <0.01 <0.01 0.481 0.02 0.292 0.853 0.279 0.327 <0.01 <0.01 0.394 <0.01 0.086 0.823 <0.01 0.351 0.133 <0.01 <0.01 0.401 <0.01 <0.01 <0.01

LSSD 10 10 10 50 50 200 50 50 50 50 10 10 0.4

Peak

effect

46.2 20.5 20.4 0.25 23.1 4.4 16.2 21.6 24 6.7 60.6 22.7 98

Note. The positive controls used for comparison with PFOA-linear are depicted with a (1), while the (2) signifies positive control for the regular fatty acids. Gray shading indicates that the p value

was >0.05 and hence no LSSD nor peak effect is presented.
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under conditions designed to test for inhibition of LXRb

activation.

Retinoid X Receptor-a

In addition to being the common heterodimerization part-

ner for the other receptors in this study, RXRa is a fatty acid

receptor in its own right. PFOA-linear did not activate RXRa,

regardless of the species (Fig. 6). As was observed with LXR,

initially the PFOA-linear showed some indication of being

an inhibitor. However, PFOA-linear did not compete with

9-cis-retinoic acid or methoprene for activation of human, rat,

or mouse RXRa (data not shown), thus allowing us to conclude

that PFOA-linear was neither an agonist nor an antagonist

of RXRa. The x-3 fatty acids such as docasahexaenoic (DHA)

and a-linolenic acids are known RXR ligands; herein, we

confirmed that ALA is an RXR activator for both human

and mouse receptors. In addition, CLA, LA, and OAwere able

to significantly activate the human subtype. The rank-order

potency for agonism of human RXRa was methoprene > CLA

> ALA, LA, OA.

Structure-Activity Relationship: Perfluorinated Fatty

Acid Analogs

The data thus far indicated that PFOA-linear was an acti-

vator of both PPARa and, to a lesser extent, PPARc. How-

ever, the level of activation and the potency for PPARa, in

particular compared to the pharmaceutical positive control,

was much greater than that of PPARc. An additional dose-

response study was performed to compare PPARa activation

for PFOA-linear to the major isomeric forms of PFOA (Fig. 7).

The perfluorinated fatty acid analogs, with the exception of

PFOA-linear/branched, significantly activated human PPARa

with an efficacy similar to Cipro (Fig. 7). The rank-order

potency for human PPARa was Cipro > PFOA-branched,

PFOA-linear > PFOS (Table 3). The mouse PPARa was

significantly activated by all the fatty acid analogs and PFOS,

with the latter being the least efficacious. As was observed in

Figure 2, the rat PPARa was not as responsive as that of either

mice or humans.

Similarly, the activation of PPARc by various perfluorinated

acids was examined (Fig. 8). As was mentioned in Figure 4,

the peak effect of PFOA-linear for human PPARc was modest

compared to Rosi (2-fold vs. 20-fold); this was also true for

PFOS (four- to fivefold), PFOA-branched (five- to sixfold),

and PFOA-linear/branched (threefold). The mouse/rat PPARc

was slightly more responsive to the perfluorinated acids, re-

sulting in a peak effect of approximately eightfold with PFOA-

linear. The rank-order agonism for human PPARc was Rosi �

PFOS > PFOA-branched, -linear, -linear/branched.

Cluster Analysis of Receptor Activation Data

Based on the data presented in Figures 2–6, the perfluori-

nated fatty acid analogs are acting in a slightly more specific

manner than regular fatty acids. For example, linoleic acid is

capable of activating PPARa, PPARb, PPARc, and RXRa

while PFOA-linear affects only PPARa and PPARc. To for-

mally assess this possibility, the activation of the human NRs

by 100lM of each of the fatty acid analogs and normal fatty

acids was compared by cluster analysis (Fig. 9). Interestingly,

the profile of the NR activation was stratified by broad classifi-

cation of fatty acid structures. The x-3 polyunsaturated fatty

acids (ALA and DHA, data not shown in previous figures) and

the x-6 polyunsaturated fatty acids (LA and CLA) clustered

together and were closely related to the activation observed

for the monounsaturated fatty acid, OA. The eight-carbon

octanoate and the perfluorinated fatty acid analogs grouped

together with PFOA-branched and -linear sharing the most

in common, at least by this analysis. A similar pattern was

observed when cluster analysis was performed at 50 or 200lM

with the human receptors or 100lM with the mouse receptors

(data not shown). Taken together, these data indicate that the

perfluorinated acids are able to affect the activation of NRs, in

TABLE 2

Ranking of Agonist Activity for Human Receptors: Perfluorinated versus Natural Fatty Acids

PPARa PPARb PPARc LXRa RXRb

Chemical Peak/LSSDa Rank Peak/LSSD Rank Peak/LSSD Rank Peak/LSSD Rank Peak/LSSD Rank

Positive 1.00 5 1.00 2 1.00 1 1.00 1 1.00 1

PFOA-linear 0.01 7 0.000004 3

Oct 0.06 6

CLA 2.09 3 2.00 1 0.20 2

OA 1.05 4 0.17 4 0.05 5

LA 2.97 1 0.17 5 0.07 4

ALA 2.91 2 0.26 3 0.0004 2 0.08 3

aPeak/LSSD for the positive control was set to 1; values for fatty acids and perfluorinated fatty acid analogs are relative to the positive control examined

concurrently. If the compound did not significantly affect activity, it is denoted with gray shading and was not ranked.
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TABLE 3

Ranking of Agonist Activity for Human Receptors:

Structure-Activity of Perfluorinated Fatty Acids

PPARa PPARc

Chemical Peak/LSSDa Rank Peak/LSSD Rank

Positive 1.00 1 1000.00 1

PFOS 0.08 4 0.15 2

PFOA-linear/branched 0.02 5

PFOA-branched 0.21 3 0.05 3

PFOA-linear 0.26 2 0.04 4

aPeak/LSSD for the positive control was set to 1 for PPARa and 1000 for

PPARc; values for fatty acids and perfluorinated fatty acid analogs are relative

to the positive control examined concurrently. If the compound did not

significantly affect activity, it is denoted with gray shading and was not ranked.

FIG. 7. Fatty acid analogs activate PPARa. The human, mouse, or rat

Gal4-PPARa expression plasmid was cotransfected with a luciferase reporter

plasmid into 3T3-L1 cells and was tested for activation by increasing the

concentrations of the major isomeric forms of PFOA (linear, linear/branched,

and branched) as well as PFOS. Cipro was used as a positive control.

Concentrations examined are as follows: Cipro, 0.016, 0.08, 0.4, 2, 10, 50,

250, 500lM; Perfluorinated fatty acid analogs, 0.1, 0.5, 1, 5, 10, 50, 100, 200,

400lM. DMSO, 0.1% vol/vol.

FIG. 8. Fatty acid analogs activate PPARc. The human, mouse, or rat Gal4-

PPARc expression plasmid was cotransfected with a luciferase reporter plasmid

into 3T3-L1 cells and was tested for activation by increasing the concentrations

of the major isomeric forms of PFOA (linear, linear/branched, and branched) as

well as PFOS. Rosi was used as a positive control. All other conditions are

shown in the caption of Figure 2.
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particular PPARa, and that they have a unique activation profile

when compared to normal fatty acids.

DISCUSSION

NRs constitute a superfamily of transcription factors that

are regulated by a structurally diverse array of small lipophilic

molecules ranging from xenobiotics to drugs to nutrients. With

the identification of natural and synthetic ligands for these re-

ceptors, their once-orphan status has been replaced with a

growing recognition of their roles as primary regulators of

many aspects of lipid metabolism. Based on observations in

the published literature that PFOA can affect fatty acid and

cholesterol metabolism, the NRs selected for the studies re-

ported herein centered on PPAR with its related a-, b-, c-

isoforms, LXR, and their obligate heterodimer partner, RXR.

The b- and a-isoforms of LXR and RXR, respectively, were

chosen for study on the basis of their ubiquitous tissue ex-

pression profiles.

The current studies were undertaken with three goals in

mind. The first goal was to gain a broader understanding of

the NRs activated by PFOA and to compare its activity with

that of naturally occurring fatty acids. The second goal was

to develop a cross-species understanding of the ability of

PFOA to activate these receptors. Finally, the third goal was to

evaluate the impact of isomeric forms of PFOA on receptor

activation. An overarching strategy for achieving these goals

was to undertake this work in a common testing platform

that measured activation as the combination of the test ligand’s

ability to bind and transactivate chimeric receptors containing

the LBDs of the NRs and species of interest. Within the

limitations of the experimental design, the data show that

PFOA exerts its primary effect on PPARa, with a secondary

and lesser effect on PPARc. PFOA is a relatively weak ligand

for PPARa in comparison with naturally occurring fatty acids,

and it is far less potent than Cipro, a representative member of

the fibrate class of drugs. Finally, these observations generally

hold true across several species including mice, rats, and

humans.

The present study confirms and extends the work of others.

As expected on the basis of ultrastructural and biochemical

changes observed in rats, PFOAwas found to be an activator of

PPARa. There are two reports in the literature describing the

ability of PFOA to transactivate rat and human PPARa

expressed in CV-1 cells (Intrasuksri et al., 1998) and mouse

and rat PPARa expressed in COS-1 cells (Maloney and

Waxman, 1999). Neither study reported EC50 values for the

PFOA effect, and given the use of different cell types,

incubation times, and positive controls, it is not easy to

compare the data among the various studies. However, in all

published reports, activation of PPARawas observed in the 10–

100lM range. Our studies provide new information in three

areas. First, the major isomers of PFOA exhibited were all able

to activate PPARa to similar peak effect. Although the

molecular pharmacology suggests that there may be some

rank ordering to the PPARa-mediated effect, this was not

reflected in the biological end points such as peroxisomal b-

oxidation and hepatomegaly where minimal differentiation of

effect was observed among the various isomers in rats and mice

(Loveless et al., in press). It should be kept in mind, however,

that direct comparisons between molecular and in vivo data are

subject to multiple confounding variables such as PK/PD

considerations and binding to competing proteins such as

FABP (Luebker et al., 2002). Second, a broader survey for

effects on PPAR isoforms revealed that while the primary

effect of PFOAwas on PPARa, there was some minor activity

observed with respect to PPARc. Specifically, PFOA-linear

was a very weak partial agonist of PPARc exhibiting EC50

and maximal relative induction values that were 150- and 7-

fold less, respectively, than that observed for Rosi. Similar

activities were observed for the isomers of PFOA as well as

PFOS. The effect of PFOA on PPARc is consistent with

what has been reported in the patent literature (Elcombe and

Wolf, 2002, 2004) but inconsistent with that reported in the

scientific literature (Maloney and Waxman, 1999). Third, data

are provided that LXR and RXR are unresponsive to PFOA.

Although it is tempting to draw analogies with perfluorinated

and natural fatty acids, there are more differences than sim-

ilarities between the two classes of fatty acids. First and

foremost, the very low pKa values of the perfluorinated fatty

acid analogs prevent their conversion to acyl-CoA esters and

thereby block their entry into lipid intermediary metabolism

(Kuslikis et al., 1992; Vanden Heuvel et al., 1991a). From the

perspective of NR pharmacology, the free forms of the poly-

unsaturated fatty acids are the proximate ligands of PPARa;

however, natural fatty acids have an additional pharmacology

related to their conversion to acyl-CoA derivatives with the

FIG. 9. Hierarchical clustering of NR activation by fatty acids. Data from

relative activation of each receptor at 100lM were examined by K-means

clustering using GeneSpring with standard correlation being the similarity

measure. The blocks were shaded based on average expression with the mean

and standard error shown within each block.
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subsequent opportunity to interact with another NR, hepatic

nuclear factor-4a (HNF-4a). Notably, while the acyl-CoA of

a fatty acid may activate HNF-4a, the same molecule may

inhibit PPARa. In this regard, the relative abundance of free

fatty acids (natural and perfluorinated)/acyl-CoAs may be the

biological determinant of the transcriptional activity of these

fatty acid–sensitive NRs. Since HNF-4a plays a major role in

the regulation of lipid and lipoprotein metabolism (Hayhurst

et al., 2001) and in the recognition of the differential

expression and responsiveness of these NRs in rodents versus

man (Hertz et al., 2003), studies of the effects of perfluorinated

on HNF-4a and the interplay between PPARa and HNF-4a

may be worthy of pursuit. Interestingly, a recent study has

shown that saturated fatty acids-CoA esters and CoA esters

of fibrate drugs are high-affinity PPARa ligands (Hostetler

et al., 2005). Once again, due to the molecular structure of

the perfluorinated acids, this metabolism-dependent receptor

interaction is not possible.

A comparison of the effects of PFOAwith that of Oct offers

some insights into the molecular differences between these

fatty acids of equal chain length. As illustrated in Figure 1,

these two fatty acids have different spatial size and orienta-

tions, due mainly to the electron-withdrawing ability and

strength of the C-F bond. In the context of SPPARM, it is

perhaps not surprising that the two fatty acids present with

different activation profiles. While both fatty acids are PPARa

agonists, their profiles clearly differ across the species. For

example, with respect to the human receptor, PFOA functions

as a full agonist, whereas Oct functions as a partial agonist.

When PFOA is compared to longer chain fatty acids with

increasing numbers of double bonds, differences in spatial and

molecular orientations between natural and this perfluorinated

fatty acid are even more dramatic and have a significant impact

on the molecular pharmacology of these fatty acids. While

PFOA has a primary effect on PPARa across species, it had

little if any effect on the other NRs investigated in this study. In

contrast, natural fatty acids, such as OA, LA, and ALA, readily

transactivate several of the NRs in the RXR heterodimer

family.

It should be kept in mind that the assay used in the present

study measures the first of many steps in the complex

regulation of gene transcription. There are several caveats

related to the present data. First, comparing sensitivity across

species based on reporter data may not be valid. For example,

we have observed that human PPARa is as sensitive to PFOA

and fatty acid activations as the mouse receptor in terms of both

potency and efficacy; however, this comparisons is made

between the two species under conditions wherein the recep-

tors are equivalently expressed and in the same cellular milieu.

Second, a chimeric receptor assay was employed where the

ligand-binding activation domain is present but the kinase-

regulated ligand-independent domain (a potential source of

species differences) is removed. Thus, the chimeric report

system is isolating the ligand-dependent activation and is

simplifying many of the dynamic factors that may contribute

to species differences in toxicity observed in vivo. Third, the

molecular techniques as used in the studies reported herein are

designed to examine the potential for a particular pathway to be

associated with a biological response but may not address the

plausibility of that effect. For example, PFOA is found in

highest concentrations in the liver and blood of rats (Vanden

Heuvel et al., 1991b). The fact that hepatic peroxisome

proliferation is observed shows that PPARa activation can be

achieved in vivo. However, whether PFOA would achieve

sufficient concentration to activate PPARc in the adipose tissue

cannot be predicted. Finally, the simple chimeric system shows

the ability to activate the Gal4-reporter construct but does not

take into account the complexity of the ligand-dependent gene

expression. In lieu of the complexity of SPPARM, gene

expression profiling rather than the in vitro assessment of

receptor biology parameters may be more informative in terms

of explaining or predicting in vivo biological outcomes

(Guruge et al., 2006). Despite these limitations, the data

presented herein offer new insights and contexts into the

mechanism of action of PFOA and its various isomers.

SUPPLEMENTAL DATA

Supplementary data are available online at www.toxsci.

oxfordjournals.org.
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