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ORGAN TOXICITY AND MECHANISMS
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Abstract Ammonium perXuorooctanoate (APFO), a
processing aid used in the production of Xuoropolymers,
produces hepatomegaly and hepatocellular hypertrophy in
rodents. In mice, APFO-induced hepatomegaly is associ-
ated with increased activation of the xenosensor nuclear
receptors, PPAR� and CAR/PXR. Although non-genotoxic,
chronic dietary treatment of Sprague–Dawley (S–D) rats
with APFO produced an increase in benign tumours of the
liver, acinar pancreas, and testicular Leydig cells. Most of

the criteria for establishing a PPAR�-mediated mode of
action for the observed hepatocellular tumours have been
previously established with the exception of the demonstra-
tion of increased hepatocellular proliferation. The present
study evaluates the potential roles for APFO-induced acti-
vation of PPAR� and CAR/PXR with respect to liver
tumour production in the S-D rat and when compared to the
speciWc PPAR� agonist, 4-chloro-6-(2,3-xylidino)-2-pyri-
midinylthioacetic acid (Wy 14,643). Male S-D rats were
fed APFO (300 ppm in diet) or Wy 14,643 (50 ppm in diet)
for either 1, 7, or 28 days. EVects of treatment with APFO
included: decreased body weight; hepatomegaly, hepatocel-
lular hypertrophy, hepatocellular hyperplasia (microscopi-
cally and by BrdU labelling index), and hepatocellular
glycogen loss; increased activation of PPAR� (peroxisomal
�-oxidation and microsomal CYP4A1 protein); decreased
plasma triglycerides, cholesterol, and glucose; increased
activation of CAR (CYP2B1/2 protein) and CAR/PXR
(CYP3A1 protein). Responses to treatment with Wy 14,643
were consistent with increased activation of PPAR�, spe-
ciWcally: increased CYP4A1 and peroxisomal �-oxidation;
increased hepatocellular hypertrophy and cell proliferation;
decreased apoptosis; and hypolipidaemia. With the excep-
tion of decreased apoptosis, the eVects observed with Wy
14,643 were noted with APFO, and APFO was less potent.
These data clearly demonstrate an early hepatocellular pro-
liferative response to APFO treatment and suggest that the
hepatomegaly and tumours observed after chronic dietary
exposure of S-D rats to APFO likely are due to a prolifera-
tive response to combined activation of PPAR� and CAR/
PXR. This mode of action is unlikely to pose a human
hepatocarcinogenic hazard.
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Introduction

PerXuorooctanoate (PFOA, C8F15O2
¡) is a processing aid

used in the production of Xuoropolymers, typically as the
ammonium salt (ammonium perXuorooctanoate, APFO).
The toxicology of PFOA has been reviewed (Kennedy et al.
2004; Lau et al. 2007). PFOA has been conWrmed to acti-
vate and to be a ligand for the peroxisome proliferator-acti-
vated receptor � (PPAR�) (Bjork and Wallace 2009;
Nakamura et al. 2009; Maloney and Waxman 1999; Rosen
et al. 2008a; Takacs and Abbott 2007; Vanden Heuvel et al.
2006; Wolf et al. 2008). The marked increase in liver mass
observed in rodents after treatment with PFOA is believed
to be due, in part, to increases in hepatocellular peroxi-
somes and smooth endoplasmic reticulum as a direct result
of activation of xenosensor nuclear receptors such as
PPAR�, the constitutive androstane receptor (CAR), and
the pregnane X receptor (PXR) (Pastoor et al. 1987;
Maloney and Waxman 1999; Rosen et al. 2008a, b). PFOA
(as the ammonium salt, APFO) also increased the incidence
of hepatocellular adenoma in one of the two chronic dietary
studies in Sprague–Dawley rats. In a lifetime feeding study
in male rats, hepatocellular adenomas were seen in rats fed
300 ppm (equivalent to daily intake of approximately
15 mg/kg) for 2 years (Biegel et al. 2001). In another two-
year feeding study in which both male and female rats were
fed diets containing either 30 or 300 ppm APFO (daily
intake of approximately 1.5 and 15 mg/kg, respectively), no
increase in hepatocellular tumours was observed (Sibinski
et al. 1983).

It is well documented that sustained activation of xeno-
sensor receptors such as PPAR�, CAR and PXR may lead
to development of hepatocellular tumours in long-term
studies in rodents (Lake 2009). It is hypothesized that the
hepatomegaly and liver tumours observed in rats dosed
with APFO are the result of activation of PPAR� nuclear
receptor. Activation of PPAR� may increase liver weight
through increasing peroxisomal mass as well as expanding
the smooth endoplasmic reticulum. Other factors may also
contribute to the hepatomegaly observed following treat-
ment of rodents with PFOA. In rodent liver, compounds
that activate the nuclear receptors CAR or PXR also may
increase liver mass through induction of cytochromes and
increases in cytochromal proteins. The majority of genes
for which mRNA expression levels are changed in
response to dosing with PFOA in mice are regulated by
PPAR�, and many of those not regulated by PPAR� are
regulated by CAR (Rosen et al. 2008a, b). In addition,
PFOA has been shown to increase mitochondrial mass via
mitochondrial proliferation in rats and monkeys, and this
also may account partially for liver weight increase
(Berthiaume and Wallace 2002; ButenhoV et al. 2002;
Walters et al. 2009).

In addition, in rodent liver activation of xenosensor
nuclear receptors, PPAR�, CAR, and PXR, may increase
liver size by increasing replicative DNA synthesis (cell pro-
liferation) and, sometimes in addition, by decreasing apop-
tosis (Klaunig et al. 2003; Lake 2009). These latter eVects
of PPAR� activation may lead to clonal expansion of pre-
neoplastic foci and, ultimately, liver carcinogenesis in
rodents. Interestingly, in studies utilizing mice humanized
with respect to the xenosensor nuclear receptors, the activa-
tion of the human PPAR�, CAR, and PXR does not appear
to lead to cell proliferation (Cheung et al. 2004; Gonzalez
and Shah 2008; Shah et al. 2007; Ross et al. 2010). The evi-
dence supports PFOA as a ligand capable of activating
PPAR� and increasing peroxisomal mass and fatty acid
�-oxidation, and expansion of the smooth endoplasmic
reticulum. Similarly, activation of CAR by PFOA has been
demonstrated in mice as evidenced by the induction of
CAR-regulated genes. The interactions of chemicals with
these receptors are complex, not in the fact that they regulate
common genes, but also because a single chemical agent
may interact with two or more receptors simultaneously.
However, in order for PFOA-activated PPAR�/CAR to be
supported as a causal inXuence for the observed hepatic
tumours on chronic dosing of rats with APFO, evidence of
increased replicative DNA synthesis and decreased apopto-
sis has been lacking.

Biegel et al. (2001) attempted to observe cell prolifera-
tion in male rats fed 300 ppm APFO over the two-year dos-
ing period at intervals beginning after the Wrst 30 days on
diet. Hepatic cell proliferation was not increased at the time
points for which it was measured. It has been suggested that
the earliest time point of 30 days may have been too late to
observe a burst of early cell proliferation in response to die-
tary treatment. Thus, observing for cell proliferation soon
after exposures begin has been warranted.

The objective of the work reported herein was to charac-
terize PFOA-induced hepatomegaly in male rats, particu-
larly with respect to cell proliferation and decreased
apoptosis. A potent nuclear receptor agonist, 4-chloro-6-
(2,3-xylidino)-2-pyrimidinylthioacetic acid (Wy 14,643),
was used as a positive control. In an initial study, technical
issues were encountered with some preparations for immu-
nohistochemical staining for proliferation and for the
TUNEL assay for apoptosis. Therefore, the Wrst study was
replicated in most aspects, and results are reported for both
the initial (study 1) and the replicate (study 2).

Materials and methods

Two studies were conducted which replicated the dosing
scheme and key parameters of major interest. In the Wrst
study (study 1), the data from two key endpoints, apoptosis
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and cell proliferation [bromodeoxyuridine (BrdU) labelling
index], were not suYciently robust due to technical prob-
lems in histological preparations. Therefore, a second study
(study 2) was initiated that replicated most, but not all, of
the endpoints included in the Wrst study. Study 1 included
several clinical chemistry and protein expression parame-
ters that were not examined in the second study. The results
from both studies will be presented here.

Test materials

The test substance, ammonium perXuorooctanoate (APFO,
FC-143, Lot 332, 98% purity), was supplied by 3M Com-
pany (St. Paul, MN, USA). The positive control substance
for activation of PPAR� nuclear receptor, 4-chloro-6-(2,3-
xylidino)-2-pyrimidinylthioacetic acid (Wy 14,643, 98%
purity) was obtained from Alexis Biochemicals (Enzo Life
Sciences, Inc., Exeter, UK). Both materials were chemi-
cally stable during the course of the experiments.

Laboratory animals and husbandry

A suYcient number of male 7- to 8-week-old Sprague–
Dawley (CD) rats were obtained from Charles River UK
Ltd. (Margate, Kent, UK). On arrival at the laboratory, the
rats were housed 2/cage on sawdust in solid-bottomed poly-
propylene cages. The rats were acclimatized in the testing
facility for at least 5 days before use. The Sprague–Dawley
(CD) rat was the test system of choice for this study
because previous work with APFO used this strain. In addi-
tion, the testing facility has extensive experience in the use
of this strain of rat, and the strain is well accepted by the
regulatory authorities.

The room temperature was maintained within a range
of 19–23°C with a relative humidity within a range of
40–70%. There were a nominal 14–15 air changes per
hour, and the light/dark cycle was 12/12 h. In-life proce-
dures undertaken during the course of the studies were
subject to the provisions of the United Kingdom Animals
(ScientiWc Procedures) Act 1986. The studies complied
with all applicable sections of the Act and associated
Codes of Practice for the Housing and Care of Animals
used in ScientiWc Procedures and the Humane Killing of
Animals in the Act.

Diets

RMI powdered diet (Special Diet Services Ltd., StepWeld,
Witham, Essex, UK) was used, and the diet speciWcations
were retained at the testing facility. The test diets contained
either 300 ppm APFO or 50 ppm Wy 14,643. Diets were
prepared fresh weekly, and samples were retained for possi-
ble future analysis. Drinking water was taken from the local

supply and provided in bottles. Drinking water was pro-
vided ad libitum.

Experimental design

The rats were uniquely numbered by ear-punch and ran-
domly assigned to groups up to 1 week after arrival. Each
study consisted of 1 control and 2 test groups, each contain-
ing 30 male rats. Control rats received powdered RMI diet
ad libitum. The test groups of rats were administered either
APFO at 300 ppm or Wy 14,643 at 50 ppm in the diet for
either 1, 7 or 28 days. Ten rats from each group were killed
on days 2, 8, and 29. Rats were implanted with osmotic
pumps (Alzet 2ML 1, Alzet Corp., Cupertino, CA, USA)
containing BrdU 15 mg/mL in phosphate-buVered saline
(PBS, pH 7.4) 5 days before termination while still receiving
the treatment regimen. Rats killed after exposure to diet for
1 day were administered BrdU (15 mg/mL in PBS, 5 mL/kg
bodyweight) by subcutaneous injection 2 h prior to killing.

Clinical observations

Prior to the start of the study, all rats were observed to
ensure that they appeared physically normal and exhibited
normal activity. Each rat was observed at least once daily
during the study. Clinical abnormalities of individual rats
were recorded. The body weight of each rat was recorded at
the start of the study. The rats were weighed weekly on the
same day of the week. All rats were weighed prior to kill-
ing. Food consumption was measured every time the diet
jars were changed/reWlled and when the rats were killed.
Rats on diet for 7 days or greater had their diet jars weighed
on the same day each week, regardless of reWlling, so that
weekly food consumption could be recorded.

Terminal procedures

On the day of killing, the rats were weighed and transferred
to the post-mortem room. The rats were euthanized by CO2

asphyxiation. For analysis of PFOA in plasma, blood was
taken and plasma was prepared and stored pending analysis
as described below. The liver was removed from each rat and
weighed. Liver samples (and duodenal samples as a positive
for BrdU incorporation) were taken for BrdU immunohisto-
pathology and analysis of the apoptotic index [two 2 mm
strips, 1 from the left and 1 from the median lobe, placed in
neutral buVered formalin (NBF) for 48 h], for H&E histopa-
thology (two 2 mm strips, 1 from the left and 1 from the
median lobe, placed in NBF for 1 week), for DNA determi-
nation (1 sample, 0.25 g, Xash frozen in liquid nitrogen and
stored at ¡70°C), and for possible future use (1 sample, 1 g
Xash frozen in liquid nitrogen and stored at ¡70°C). The
remainder was weighed and scissor-minced in ice-cold
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1.15% (w/v) KCl prior to subcellular fractionation, and sam-
ples of homogenate and heavy pellet were stored at ¡70°C.

Parameters measured

Clinical chemistries Blood was taken by cardiac puncture
in lithium/heparin-coated tubes, mixed for 10 min, then
cooled on ice. Plasma was obtained following centrifuga-
tion and stored at approximately ¡70°C until analysis. In
study 1 only, plasma samples were assayed for alanine ami-
notransferase (ALT), aspartate aminotransferase (AST),
total cholesterol, glucose, and triglycerides using a Roche
Cobas Integra® 400 automated analyzer calibrated accord-
ing to manufacturer’s instructions.

Histopathology Following Wxation, all samples were
processed and 5-�m sections were cut and stained with
H&E. For apoptosis, the method used was an indirect
TUNEL labelling assay (Roche 11 684 817910). Sections
were analysed for BrdU incorporation as a measure of cell
proliferation using an indirect BrdU labelling assay. For
both apoptosis and BrdU incorporation, the results were
expressed as the percentage of labelled cells as well as nor-
malized as a percentage of the control value, with control
representing 100%.

Biochemical analyses Peroxisome proliferation was
evaluated by CN-insensitive acyl CoA oxidation deter-
mined spectrophotometrically in liver heavy pellet using
palmitoyl CoA as a substrate (Bronfmann et al. 1979).
Results were expressed as nmol NAD+ reduced/min/mg
protein. The DNA content of the liver was measured spec-
trophotometrically in whole tissue using the diphenylamine
reaction (Burton 1956). Results were expressed as mg
DNA/g liver and mg DNA/whole liver.

In study 1 only, determination of the expression of cyto-
chrome P450 isoforms representing activation of the
nuclear receptors PPAR� (CYP4A1), CAR (CYP2B1/2),
and PXR (CYP3A1) was performed using SDS–PAGE and
Western blotting using liver microsomes.

The protein concentration of tissue heavy pellets was
determined in aqueous solutions using a modiWcation of the
method of Lowry et al. (1951) and bovine serum albumin
standards.

Plasma perXuorooctanoate (PFOA) concentrations Rat
plasma PFOA concentrations were measured by LC–MS/
MS utilizing reverse-phase liquid chromatography on a
Waters Alliance 2795 HPLC system interfaced with a
Waters Quattro micro mass spectrometer in negative elec-
trospray ionization mode. The negative ion collision-
induced transition monitored (MRM) for PFOA was mass
412.88 > 168.93.

A gradient elution was carried out on a Waters Xterra
C18, 2.5 �m, 2.1 £ 30 mm column at a Xow rate of
0.25 mL/min. Mobile phase A was 10 mM ammonium ace-

tate and mobile phase B was 100% HPLC-grade acetoni-
trile. Initial conditions were held for 30 s at 70% mobile
phase A, followed by a linear gradient to 80% mobile phase
B out to 3 min. Conditions were switched back to 70%
mobile phase A at 3.1 min, and the column reconditioned
out to 6 min. PFOA had a retention time of approximately
3.4 min.

Rat plasma standards were prepared by spiking known
amounts of PFOA in acetonitrile into control rat plasma
(volume of spiking solution used was no more than 5%
total volume). The standard concentration range used for
the rat plasma samples was linear from 5 to 500 �g/mL
with an r2 value >0.99. Ten microlitres of each standard
and sample were diluted (600£) into 100% HPLC-grade
acetonitrile, vortexed, and centrifuged (1,500£g) to precip-
itate the protein. Twenty microlitres of the supernatant from
each of the standards and the samples were injected onto
the HPLC system. QuantiWcation was carried out using
Waters QuanLynx and MassLynx software versions 4.0.
The limit of quantitation was 5 �g/mL.

Statistical analysis: Data were analysed using the two-
sided Student’s t test with signiWcance at P < 0.05.

Results

Body weights

In both study 1 and study 2, body weights among rats fed
300 ppm APFO were decreased on days 8 and 29 (Table 1).
Decreases were 12% and 11% on day 8 for studies 1 and 2,
respectively, and 23 and 13% on day 29 for studies 1 and 2,
respectively (Table 1). Rats fed 50 ppm Wy 14,643 showed
body weights that were not statistically signiWcantly diVer-
ent than controls in both study 1 and study 2; although
mean body weights were 2–6% lower than control means.

Table 1 Body weights of rats fed with APFO or Wy14,643 for up to
28 days (mean § SD, N = 10/group)

* Statistically signiWcantly diVerent from control (two-sided Student’s
t test, P < 0.05)

Day Body weight

Control 
(0 ppm)

APFO 
(300 ppm)

Wy14,643 
(50 ppm)

Study 1

2 322 § 16 320 § 24 336 § 22

8 372 § 22 328 § 30* 367 § 24

29 462 § 43 358 § 53* 432 § 35

Study 2

2 346 § 20 338 § 16 351 § 15

8 388 § 24 347 § 26* 377 § 27

29 463 § 32 403 § 25* 438 § 42
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Food consumption and test compound intakes

In study 1, food consumption for rats fed APFO was
decreased on a g per rat basis with statistical signiWcance
throughout the feeding period (Table 2). On a g of food per
kilogram body weight basis, in study 2, APFO-treated rats
tended to eat more food than did the controls from weeks 2
through 4 (81, 80, and 72 g/kg/days compared to 69, 64,
and 59 g/kg/days in the controls, weeks 2, 3, and 4, respec-
tively).

Feeding of Wy 14,643 did not appear to signiWcantly
alter the food consumption of rats. In study 1, food con-
sumption by rats fed Wy 14,643 was somewhat lower than
controls during weeks 1 and 2. However, in study 2, the Wy
14,643 rats tended to eat more food per body weight than
the controls during weeks 3 and 4.

Approximate daily test material intake during the study
for APFO in study 1 was 17–22 mg/kg (mean 19 mg/kg)
and for study 2 was 22–24 mg/kg (mean 23 mg/kg).
For Wy 14,643, intakes were 3.1–3.4 mg/kg for study 1
(mean 3.3 mg/kg) and 3.3–4.1 mg/kg for study 2 (mean
3.7 mg/kg).

Clinical observations

No adverse clinical observations were seen in any of the
rats in either study 1 or study 2.

Liver weights

Increased liver weights, both absolute and relative to body
weight, were seen in rats fed APFO and Wy 14,643 for
either 7 or 28 days in both studies (Table 3). Relative to
controls, with both chemical treatments, liver weight
increases at day 29 were generally greater than those seen
at day 8; however, the diVerences were not striking. For
studies 1 and 2, respectively, on day 29, the absolute liver
weights reached 114 and 143% of the controls with APFO-
fed rats, and 167 and 170% with Wy 14,643. The corre-
sponding respective increases in liver-to-body-weight
ratios were 147 and 166% for APFO-fed rats, and 179 and
180% for Wy 14,643-fed rats.

Cell proliferation

Technical problems with Wxation and immunostaining for
BrdU led to the loss of a number of critical samples from
study 1. Only 3 control livers from day 8 were successfully
stained, and no control data were available for day 29. For
liver sample preparations from APFO- and Wy 14,643-
treated rats, all day 2 and 8 samples were adequately
stained for evaluation, and 5 and 9 samples from day 29
were adequately stained, respectively. Although control

Table 2 Weekly food consumption per rat (in grams) of rats fed with
APFO or Wy 14,643 for up to 28 days (mean § SD, N = 10/group)

a Diet Wrst administered on day 1. N = 10 per group. A Student’s t test
(two-sided) was performed on the results

* Statistically signiWcantly diVerent from control (two-sided Student’s
t test, P < 0.05)

Weeka Diet consumed

Control 
(0 ppm)

APFO 
(300 ppm)

Wy14,643 
(50 ppm)

Study 1

1 195 § 11 132 § 32* 176 § 10*

2 220 § 15 170 § 8* 185 § 11*

3 185 § 6 149 § 21* 182 § 6

4 186 § 11 152 § 6* 185 § 12

Study 2

1 204 § 14 177 § 7* 201 § 11

2 194 § 15 205 § 14 193 § 11

3 195 § 14 211 § 21 207 § 12

4 193 § 12 204 § 15 202 § 9

Table 3 Liver (g) and liver-to-body-weight ratios (g/kg) in rats fed with APFO or Wy 14,643 for up to 28 days (mean § SD (% control),
N = 10/group)

* Statistically signiWcantly diVerent from control (two-sided Student’s t test, P < 0.05)

Day Liver weight (g) Liver-to-body weights (g/kg)

Control (0 ppm) APFO (300 ppm) Wy 14,643 (50 ppm) Control (0 ppm) APFO (300 ppm) Wy 14,643 (50 ppm)

Study 1

2 13.6 § 1.3 (100) 14.1 § 2.4 (103) 15.7 § 1.2 (115) 4.25 § 0.34 (100) 4.38 § 0.44 (103) 4.64 § 0.17* (110)

8 15.3 § 1.3 (100) 19.2 § 3.1* (126) 23.1 § 3.1* (151) 4.10 § 0.26 (100) 5.83 § 0.55* (142) 6.26 § 0.48* (153)

29 18.3 § 2.5 (100) 20.8 § 3.2 (114) 30.6 § 3.2* (167) 3.96 § 0.36 (100) 5.83 § 0.56* (147) 7.09 § 0.42* (179)

Study 2

2 15.2 § 1.9 (100) 14.4 § 0.9 (95) 15.8 § 1.4 (103) 4.39 § 0.36 (100) 4.27 § 0.14 (97) 4.49 § 0.23 (102)

8 16.6 § 1.7 (100) 22.8 § 2.6* (137) 23.4 § 2.5* (144) 4.28 § 0.24 (100) 6.56 § 0.38* (153) 6.34 § 0.33* (148)

29 17.2 § 2.0 (100) 24.6 § 2.2* (143) 29.2 § 4.0* (170) 3.70 § 0.21 (100) 6.13 § 0.53* (166) 6.65 § 0.59* (180)
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samples were decreased for day 8 and unavailable for day
29, a control labelling index value of approximately 1.5–
2.0 is typical for male rats of this age (laboratory historical
data, CXR Biosciences, unpublished). With the inclusion of
data from study 2, it is possible to draw conclusions from
the data obtained. Both Wy 14,643 and APFO increased the
hepatocellular labelling index (S-phase) by approximately
9- and 3-fold, respectively, 1 day after commencement of
treatment (Table 4). At day 8, these levels of S-phase activ-
ity were maintained in the treated groups. Assuming that
control liver S-phase activity at 29 days would be similar to
that at 8 days, the hepatocellular labelling indices of livers
from APFO-treated animals appeared to return to control
levels; while the labelling indices of livers from Wy
14,643-exposed animals appeared to be maintained at
elevated levels.

Data from study 2 were adequate for evaluation. On day
2, APFO and Wy 14,643 increased the hepatocellular label-
ling index (S-phase) by approximately 2- and 4-fold,
respectively (Table 4). On day 8, the levels of S-phase
activity were increased to 5- and 9-fold, respectively. The
hepatocellular labelling indices of livers from APFO-
treated animals returned to twice the control values after
28 days of treatment, while the labelling indices of livers
from Wy 14,643-exposed rats appeared to be maintained at
elevated levels (8-fold control levels).

Taken together, the results from studies 1 and 2 showed
that hepatic BrdU labelling index was clearly increased

over control values to the greatest extent on day 8 for both
APFO and Wy 14,643 treatments. APFO treatment
increased the labelling index by approximately 5-fold com-
pared to controls on day 8, while Wy 14,643 increased the
labelling index by approximately 10-fold. For APFO, label-
ling indices are near background rates for male rats on days
2 and 29, even though they were statistically signiWcantly
higher than time-respective controls. Labelling indices for
livers from Wy 14,643 rats were higher than for the time-
respective APFO-treated rat livers.

Apoptosis

Technical problems due to poor Wxation of tissues pre-
cluded evaluation of hepatocellular apoptosis in study 1.
Table 5 presents the eVect of APFO and Wy 14,643 on
hepatic apoptotic indices from study 2. Wy 14,643
decreased the apoptotic indices at all time points. The
decrease was only statistically signiWcant after 28 days of
treatment. There was no statistically signiWcant decrease in
apoptosis with APFO at any of the time points studied.

DNA content of the liver

Data for liver DNA concentration (mg/g liver) and total
DNA content per liver are provided in Table 6. In studies 1
and 2, both chemicals produced a modest decrease in DNA
concentration (mg/g liver), with the possible exception of
day 2 in study 2. However, APFO administration did not
aVect the total liver content of DNA in both studies. The
administration of Wy 14,643 led to increases of 18–29%
and 48–63% of control values on days 8 and 29, respec-
tively.

Clinical chemistry

Clinical chemistry values were obtained only in study 1 and
are presented in Table 7. Plasma concentrations of ALT and
AST for rats treated with APFO and Wy 14,643 were not
increased when compared to controls and, in some cases,

Table 4 Cell proliferation: hepatic S-phase labelling indices in rats
fed with APFO or Wy 14,643 for up to 28 days (mean § SD (% con-
trol), N = 10/group unless otherwise noted)

* Statistically signiWcantly diVerent from control (two-sided Student’s
t test, P < 0.05)

** Statistically signiWcantly diVerent from control (two-sided
Student’s t test, P < 0.01)

ND no data
a N = 3
b No data available due to technical diYculties
c N = 5
d N = 9

Day Labelling index (%)

Control 
(0 ppm)

APFO 
(300 ppm)

Wy14,643 
(50 ppm)

Study 1

2 0.22 § 0.14 (100) 0.74 § 0.55* (335) 2.10 § 1.10* (951)

8 1.42 § 0.65 (100)a 5.94 § 2.12* (417) 12.56 § 6.42* (882)

29 NDb 2.08 § 1.03c 10.15 § 2.69d

Study 2

2 1.02 § 0.37 (100) 2.18 § 0.73* (213) 4.54 § 1.03** (441)

8 2.57 § 1.31 (100) 13.18 § 3.18* (513) 23.85 § 7.02* (928)

29 0.66 § 0.45 (100) 1.74 § 0.96* (264) 5.34 § 2.79* (811)

Table 5 Hepatic apoptotic indices in rats fed with APFO or
Wy 14,643 for up to 28 days (study 2) (mean § SD (% control),
N = 10/group)

** Statistically signiWcantly diVerent from control (two-sided Student’s
t test, P < 0.01)

Day Apoptotic index (%)

Control (0 ppm) APFO (300 ppm) Wy14,643 (50 ppm)

2 0.26 § 0.19 (100) 0.25 § 0.09 (96) 0.18 § 0.08 (69)

8 0.19 § 0.01 (100) 0.20 § 0.12 (108) 0.13 § 0.05 (69)

29 0.23 § 0.01 (100) 0.19 § 0.12 (82) 0.10 § 0.08** (41)
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were slightly decreased with statistical signiWcance. Plasma
total cholesterol was statistically signiWcantly decreased
with both APFO and Wy 14,643 at all time points compared
to control values with the exception of the day 2 value for
APFO-treated rats, which was lower than the control value
but lacked statistical signiWcance. Both APFO and Wy
14,643 treatments showed decreased triglycerides to a simi-
lar extent when compared to controls on days 8 and 29. Tri-
glyceride concentrations following 2 days of treatment with
either compound appeared normal; although the value for
APFO-treated rats was increased with statistical signiW-
cance. Both APFO and Wy 14,643 showed similar statisti-
cally signiWcant decreases in plasma glucose concentrations
following 8 and 29, but not 2, days of treatment.

Peroxisome proliferation

Administration of either APFO or Wy 14,643 to rats
resulted in marked increases in hepatic peroxisomal �-oxi-

dation at all time points and in both studies (Table 8). The
activities on days 8 and 29 were several fold higher than
those on day 2. At the doses employed, both compounds
maximally increased peroxisomal �-oxidation by approxi-
mately 8- to 10-fold.

Induction of cytochrome P450s

The induction of several microsomal cytochromes P450
was demonstrated by SDS–PAGE and Western blotting
(Fig. 1). APFO clearly induced CYP2B1/2, CYP3A1, and
CYP4A1 (Fig. 1a, b, and c, respectively). Wy 14,643 only
induced CYP4A1 (Fig. 1c).

Histopathology of the liver

In study 1, liver sections from control rats indicated no
microscopic abnormalities. Both treatment with APFO and
Wy 14,643 were found to decrease periportal hepatocellular

Table 6 Liver DNA concentration and contents in rats fed with APFO or Wy 14,643 for up to 28 days (mean § SD (% control), N = 10/group)

* Statistically signiWcantly diVerent from control (two-sided Student’s t test, P < 0.05)

Day Liver DNA concentration (mg DNA/g liver) Liver DNA content (mg DNA/whole liver)

Control (0 ppm) APFO (300 ppm) Wy 14,643 (50 ppm) Control (0 ppm) APFO (300 ppm) Wy 14,643 (50 ppm)

Study 1

2 2.20 § 0.26 (100) 1.92 § 0.11* (87) 1.85 § 0.22* (84) 30.14 § 4.68 (100) 26.82 § 3.40 (89) 29.11 § 4.39 (97)

8 2.07 § 0.16 (100) 1.61 § 0.28* (78) 1.75 § 0.16* (85) 31.54 § 3.31 (100) 30.22 § 3.84 (96) 40.61 § 7.87* (129)

29 1.87 § 0.16 (100) 1.63 § 0.15* (87) 1.81 § 0.15 (97) 34.06 § 3.76 (100) 33.60 § 4.60 (99) 55.36 § 6.84* (163)

Study 2

2 2.38 § 0.23 (100) 2.48 § 0.21 (104) 2.24 § 0.26 (94) 36.22 § 4.9 (100) 35.71 § 3.60 (98) 35.28 § 4.26 (97)

8 2.23 § 0.22 (100) 1.65 § 0.10* (74) 1.83 § 0.23* (82) 37.02 § 4.86 (100) 37.58 § 5.12 (101) 43.62 § 5.06* (118)

29 2.28 § 0.16 (100) 1.54 § 0.26* (68) 1.58 § 0.19* (87) 39.09 § 5.17 (100) 38.23 § 7.89 (98) 58.05 § 10.00* (148)

Table 7 Plasma clinical chemistry values in rats fed APFO or Wy 14,643 for up to 28 days (study 1) (mean § SD (% control), N = 10/group)

* Statistically signiWcantly diVerent from control (two-sided Student’s t test, P < 0.05)
a Alanine aminotransferase
b Aspartate aminotransferase
c 300 ppm in diet

Day Group Parameter

ALTa (U/L) ASTb (mmol/L) Cholesterol (mmol/L) Glucose (mmol/L) Triglycerides

2 Control 90.96 § 16.96 177.70 § 33.27 1.57 § 0.62 16.17 § 5.82 0.86 § 0.35

APFOc 84.20 § 19.97 132.57 § 36.79* 1.30 § 0.25 14.02 § 1.46 1.22 § 0.36*

Wy 14,643c 82.47 § 27.56 116.38 § 25.75* 0.91 § 0.19* 15.63 § 2.05 1.07 § 0.24

8 Control 76.66 § 12.26 129.02 § 26.57 2.17 § 0.25 19.41 § 1.79 1.21 § 0.45

APFO 84.14 § 27.56 138.42 § 22.94 0.84 § 0.37* 12.12 § 2.20* 0.30 § 0.16*

Wy 14,643 57.93 § 15.54* 99.43 § 15.92* 0.94 § 0.23* 12.20 § 1.35* 0.53 § 0.14*

29 Control 60.62 § 9.53 138.35 § 30.25 2.04 § 0.36 16.98 § 1.42 1.89 § 0.60

APFO 65.05 § 13.22 112.15 § 16.29* 1.24 § 0.27* 10.56 § 1.60* 0.51 § 0.12*

Wy 14,643 50.98 § 9.24* 120.62 § 39.83 1.21 § 0.21* 10.81 § 0.90* 0.83 § 0.26*
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glycogen at all time points, increase hepatocellular hyper-
trophy on days 8 and 29, increase hepatocellular hyperpla-
sia on day 29, and increase fatty vacuolation on day 8.
Histopathology was assessed as grades 1, 2, 3, or 4; equiva-
lent to minimal, mild, moderate, or marked. Hepatocellular
glycogen depletion was more pronounced with Wy 14,643
on day 2 (8 of 10 rats, grades 2-3) than with APFO (2 of 10
rats, grade 1). However, on days 8 and 29, grade 3
decreased glycogen was present in all APFO and Wy
14,643 rats with the exception of one grade 2 in an APFO-
treated rat. On day 29, 2 of 10 control rats had glycogen
depletion of either a grade 2 or grade 3. Hepatocellular
hypertrophy and hyperplasia were not evident in APFO-
and WY 14.643-treated rats on day 2, but grade 1–2 hyper-
trophy was present in all APFO- and WY 14,643-treated
rats on day 8, and progressed to grades 2–3 for APFO on
day 29, at which time all Wy 14,643-treated rats were grade
1. Hyperplasia was only evident on day 29 and was present
in all APFO-treated rats at grade 2 and all Wy 14,643-
treated rats at grade 3. Fatty vacuolation was only observed
in APFO- and Wy 14,643-treated rats on day 8 (3 of 9 rats,
grades 1–2 for APFO and 5 of 10 rats, grades 1–2 for Wy
14,643).

In study 2, microscopic Wndings similar to those in study
1 were described. Liver sections from control rats again
indicated no microscopic abnormalities. Wy 14,643 admin-
istration produced a depletion of hepatic glycogen one day
after commencing dosing. This change increased in inten-
sity at 8 and 29 days. Hepatocellular hypertrophy was seen
at the 2 later time points. Wy 14,643 administration for
28 days induced marked hepatocellular hyperplasia
(observed as an increase in the number of hepatocyte nuclei
per unit area). APFO administration also resulted in a loss
of hepatic glycogen, however, the process was slower than
that observed in the Wy 14,643-treated rats. APFO-induced
hepatocellular hypertrophy was seen at the later 2 time
points. APFO administration for 28 days produced marked

hepatocellular hyperplasia, although the severity was less
than that seen with Wy 14,643.

Plasma APFO levels

Background levels of APFO (less than quantiWable) were
present in the plasma of the control and Wy 14,643 rats at
all 3 time points studied. Plasma levels of approximately
250 �g/mL were seen in the APFO-treated rats at all 3
blood sampling intervals (259 § 39, 234 § 33, and
252 § 45 �g/mL, days 2, 8, and 29, respectively).

Discussion

The objective of the work reported herein was to character-
ize PFOA-induced hepatomegaly in male rats, particularly
with respect to the potential role of PPAR�-mediated cell
proliferation and possible decreased apoptosis. Previous
studies with APFO in male rats have shown that peroxi-
somal proliferation, hepatocellular hypertrophy, and hepa-
tomegaly are sensitive outcomes of treatment (Kennedy
et al. 2004). Two chronic (two-year duration) dietary stud-
ies with APFO have been conducted in which male Spra-
gue–Dawley rats were fed 300 ppm (Biegel et al. 2001;
Sibinski et al. 1983). Of these two, one demonstrated an
increase in hepatocellular hyperplasia that was associated
with an increase in benign hepatocellular adenoma (Biegel
et al. 2001). As stated in the introduction, PFOA has been
conWrmed to activate and to be a ligand for the xenosensor
nuclear receptor PPAR� (Bjork and Wallace 2009; Maloney
and Waxman 1999; Nakamura et al. 2009; Rosen et al.
2008a; Takacs and Abbott 2007; Vanden Heuvel et al.
2006; Wolf et al. 2008). It has been suggested that the
hepatocellular tumours observed by Biegel et al. were the
result of APFO-mediated PPAR� activation, and most of
the criteria for establishing activation of PPAR� as the

Table 8 Peroxisome prolifera-
tion: hepatic cyanide-insensitive 
palmitoyl CoA oxidation (PCO) 
(mean § SD (% control), 
N = 10/group)

Day PCO (nmol (g) NAD+ reduced/minute/mg protein)

Control (0 ppm) APFO (300 ppm) Wy14,643 (50 ppm)

Study 1

2 13.77 § 4.40 (100) 30.26 § 8.29* (220) 54.92 § 7.51* (399)

8 15.60 § 2.33 (100) 102.59 § 29.74* (658) 154.41 § 24.20* (990)

29 12.38 § 1.96 (100) 122.32 § 25.74* (988) 129.28 § 15.73* (1,044)

Study 2

2 16.37 § 1.41 (100) 27.15 § 3.57* (166) 47.41 § 2.95* (290)

8 12.44 § 1.82 (100) 96.63 § 11.36* (777) 95.07 § 6.43* (766)

29 11.31 § 1.08 (100) 85.46 § 4.91* (755) 90.74 § 6.76* (802)

* Statistically signiWcantly 
diVerent from control (two-sided 
Student’s t test, P < 0.05)
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mode of action for the hepatocellular adenoma have been
previously demonstrated (Klaunig et al. 2003). The key
events involve activation of the nuclear receptor leading to
hypertrophy and increased hepatocyte proliferation leading
to hyperplasia, which, if sustained, leads to selective clonal
expansion of pre-neoplastic cells, resulting in tumour for-
mation (Klaunig et al. 2003; Lake 2009).

The one criterion that has not been evident was that of
increased hepatocellular proliferation in response to APFO
treatment. Biegel et al. (2001) included serial sacriWces in
their design of the chronic dietary study with APFO to
observe for increased replicative DNA synthesis. However,
the earliest time point included was after 1 month on diet.
At that time point, and in all subsequent time points, cell
proliferation in APFO-treated rats was similar to that of
control rats. In contrast, the potent and speciWc PPAR� ago-
nist, Wy 14,643, which was also included in the study
design by Biegel et al. increased cell proliferation at all
time points.

In the work reported herein, the response to Wy 14,643,
the positive control for PPAR� activation, was as expected
for a speciWc PPAR� agonist, and APFO treatment also
produced most of these responses. SpeciWcally, on treat-
ment with Wy 14,643, both CYP4A1 and peroxisomal
�-oxidation, markers for PPAR� activation, were increased.
Hepatic cell proliferation was increased and apoptosis was
decreased, with a concomitant increase in liver DNA con-
tent. In addition, clinical chemistry Wndings were consistent
with those associated with PPAR� activation, notably
decreased serum total cholesterol and triglycerides.
Wy14,643, which is a speciWc PPAR� ligand, did not
induce CYP2B1/2 or CYP3A1, which are markers for the
xenosensor nuclear receptors CAR and CAR/PXR, respec-
tively. Prototypical inducers of CYP2B1/2 and CYP3A1
are phenobarbital and dexamethasone, respectively.

On treatment with APFO, the PPAR�-associated
responses observed with Wy 14,643 were also observed
with the exception of decreased apoptosis and increased
liver DNA content. The increase in hepatocellular prolifera-
tion without either a signiWcant increase in total liver DNA
or a decrease in apoptosis likely is a reXection of the prom-
inent hepatocellular hypertrophic action of the combined
activation of the three xenosensor nuclear receptors,
PPAR� and CAR/PXR, together with the weaker and less
prolonged hyperplastic activity, when compared with Wy
14,643. With APFO, expression of CYP2B1/2 and
CYP3A1, respectively, were also increased, indicating acti-
vation of CAR and PXR. Thus, the work reported herein
has conWrmed that APFO-mediated hypertrophic changes
in the liver are the result of increased peroxisomal prolifer-
ation, expansion of smooth endoplasmic reticulum prolifer-
ation, and increased cell proliferation.

The hyperplastic properties characteristic of PPAR� and
CAR/PXR activators were demonstrated by increased cell
proliferation as determined by increases in BrdU incorpora-
tion into hepatocyte nuclei. Both APFO and Wy 14,643
increased the hepatocellular labelling index (S-phase) by
approximately 3- and 9-fold, respectively, 1 day after com-
mencement of treatment. At day 8, this level of S-phase
was maintained in the treated groups. At 29 days, the

Fig. 1 Sodium dodecyl sulphate–polyacrylamide gel electrophoresis
and Western blotting of hepatic microsomal proteins from male control
rats and male rats fed APFO or Wy 14,643 for up to 28 days for
CYP2B1/2 (Fig. 1a), CYP3A1 (Fig. 1b), and CYP4A1 (Fig. 1c). Lane
numbers correspond to individual rats. Treatment with APFO increased
expression of all three CYPs when compared to control expression
levels, while treatment with Wy 14,643 only increased expression of
CYP4A1. Based on these data, APFO appears to be an activator of
CAR, PXR, and PPAR� nuclear receptors in the rat
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hepatocellular labelling index of livers from APFO-treated
rats appeared to be approaching control levels. The label-
ling indices of livers from Wy14,643-treated rats were
maintained at elevated levels on day 29.

In these studies, no signs of overt hepatotoxicity were
observed. Neither APFO nor Wy 14,643 increased activi-
ties of either ALT or AST, consistent with a lack of histo-
logically identiWed hepatocellular damage. Histopathology
demonstrated that both APFO and Wy 14,643 caused hepa-
tocellular glycogen loss, hypertrophy, and hyperplasia. The
hypertrophy was characterized by increased cyanide-insen-
sitive palmitoyl CoA oxidation (a marker of peroxisome
proliferation) and the induction of cytochrome P450 CYP4A1
(accompanied by smooth endoplasmic reticulum prolifera-
tion). The induction of CYP4A1 isozyme is a characteristic
of peroxisome proliferators. As noted earlier, the hepatocel-
lular hyperplasia was conWrmed to result from increased
replicative DNA synthesis (labelling index, S-phase). At the
dose levels used, Wy14,643 was more eVective than APFO
as a liver enlarging agent. On a mg/kg body weight basis,
Wy 14,643 was about Wve times more potent than APFO.
These changes were also reXected by relevant biochemical
changes.

Taken together, the data obtained in this study clearly
demonstrate that APFO exhibits the prototypical properties
of a mixed PPAR� and CAR/PXR agonist. The administra-
tion of APFO to rats leads to hepatomegaly characterized
by hypertrophy and hyperplasia, as a result of early
increases in cell proliferation, which ultimately leads to
liver tumour formation. Several studies using receptor KO
mice have shown the requirement for active CAR, PXR, or
PPAR� for the expression of the complete hypertrophic and
hyperplastic changes characteristic of liver growth–induc-
ing agents (Lee et al. 1995; Wei et al. 2000; Huang et al.
2005; Scheer et al. 2008). Furthermore, a limited number of
studies with Car-null and Ppar�-null mice have demon-
strated that an active receptor is required for liver tumour
promotion by phenobarbital and the induction of hepatic
tumours by Wy 14,643 (Huang et al. 2005; Morimura et al.
2006; Yamamoto et al. 2004).

Although CAR is present in human liver and phenobar-
bital can increase liver size in rodents (Lake 2009) and
humans (Pirttiaho et al. 1978; Pirttiaho et al. 1982), signiW-
cant species diVerences in both the hyperplasia-inducing
properties of phenobarbital and other compounds have been
demonstrated. In contrast to eVects in primary cultures of
rodent hepatocytes, phenobarbital does not appear to induce
replicative DNA synthesis in cultured human hepatocytes
(Parzefall et al. 1991; Hirose et al. 2009; Lake 2009).
Hence, in a limited number of studies to date, the hyper-
plastic component of the response to inducers appears to be
largely conWned to rodents. This apparent insensitivity of
human hepatocytes to xenobiotic-mediated stimulation of

replicative DNA synthesis is reXected by the lack of hyper-
plastic response seen in mice humanized simultaneously for
CAR and PXR (Ross et al. 2010) to phenobarbital and
chlordane, two well-characterized rodent non-genotoxic
hepatocarcinogens.

SpeciWc evidence exists for decreased sensitivity of
human hepatocytes to the APFO-mediated eVects of
PPAR� activation. Human hepatocytes in primary culture
and HepG2 cells did not demonstrate activation of PPAR�
at concentrations of PFOA up to 200 �M in media (Bjork
and Wallace 2009). In addition, SV/129 mice humanized
for PPAR� and treated with APFO by gavage for 2 weeks
at daily doses of 0.1 and 0.3 mg/kg did not have elevated
mRNA and protein levels of hepatic markers of PPAR� tar-
get gene activation compared to untreated controls and
wild-type mice similarly treated with APFO (Nakamura
et al. 2009).

If chemically stimulated cell proliferation is pivotal for
development of tumours, in the light of the inability of the
human receptors to support the stimulation of the cell prolif-
eration and hyperplasia, then the exposure of humans to
such PPAR� and CAR/PXR agonists is unlikely to pose a
hepatocarcinogenic hazard. This conclusion is supported by
cancer mortality studies on therapeutically administered
agents such as phenobarbital, and cloWbrate and bezaWbrate,
CAR/PXR and PPAR� agonists, respectively (Bentley et al.
1993; Doull et al. 1999; Olsen et al. 1989, 1995; Whysner
et al. 1996; IARC 2001). SpeciWc to APFO, occupational
cancer mortality studies have not found increased risk of
death from liver cancer among workers occupationally
exposed to APFO (Leonard et al. 2008; Lundin et al. 2009).
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