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To  investigate  toxicity  and neoplastic  potential  from  chronic  exposure  to perfluorooctanesulfonate
(PFOS), a  two-year  toxicity  and  cancer  bioassay  was  conducted  with  potassium  PFOS  (K+PFOS)  in  male
and female  Sprague  Dawley  rats  via  dietary  exposure  at nominal  K+PFOS  concentrations  of  0,  0.5,  2,  5,
and  20 �g/g  (ppm)  diet  for up to  104  weeks.  Additional  groups  were  fed  20 ppm  for  the  first  52  weeks,
after  which  they  were  fed  control  diet  through  study  termination  (20  ppm  Recovery  groups).  Scheduled
interim  sacrifices  occurred  on  Weeks  4, 14,  and  53, with  terminal  sacrifice  between  Weeks  103  and  106.
K+PFOS  appeared  to be well-tolerated,  with  some  reductions  in  body  weight  occurring  in  treated  rats
relative  to  controls  over  certain  study  periods.  Male  rats  experienced  a statistically  significant  decreased
trend in  mortality  with  significantly  increased  survival  to term  at the  two  highest  treatment  levels.
Decreased  serum  total  cholesterol,  especially  in  males,  and  increased  serum  urea  nitrogen  were  consis-
tent clinical  chemistry  observations  that  were  clearly  related  to treatment.  The  principal  non-neoplastic
effect  associated  with  K+PFOS  exposure  was  in livers  of  males  and  females  and  included  hepatocellular
hypertrophy,  with  proliferation  of  endoplasmic  reticulum,  vacuolation,  and  increased  eosinophilic  gran-
ulation of  the  cytoplasm.  Statistically  significant  increases  in  hepatocellular  adenoma  were  observed  in
males (p = 0.046)  and females  (p =  0.039)  of the  20  ppm  treatment  group,  and  all  of  these  tumors  were
observed  in  rats  surviving  to  terminal  sacrifice.  The  only  hepatocellular  carcinoma  observed  was  in  a
20 ppm  dose  group  female.  There  were  no treatment-related  findings  for  thyroid  tissue  in  rats  fed  K+PFOS

through  study  termination;  however,  male  rats  in the 20  ppm  Recovery  group  had  statistically  signifi-
cantly  increased  thyroid  follicular  cell  adenoma,  which  was  considered  spurious.  There  was  no evidence
of kidney  or  bladder  effects.  In  rats,  the  dietary  dose  estimated  as the  lower  95%  confidence  limit  of
the  benchmark  dose  for a 10%  increase  in  hepatic  tumors  was  8 ppm  for both  sexes.  Recent  mechanistic
studies  suggest  a PPAR�/CAR/PXR-mediated  mode  of action  for  the  liver  tumors  observed  in the  present

two-year  study.

. Introduction

In the late 1990s, the fluorinated surfactant perfluorooctane-
ulfonate (PFOS) was discovered to be broadly disseminated in
iomonitoring samples taken from humans (Hansen et al., 2001)
nd wildlife (Giesy and Kannan, 2001). The exceptional stability
f PFOS to environmental and metabolic degradation and its

bserved low elimination rates in most species once absorbed
Chang et al., 2012; Olsen et al., 2007) impart to PFOS the prop-
rties of a bioaccumulative agent (Martin et al., 2003a,b). These
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properties of PFOS led a major manufacturer, 3M Company, to
voluntarily cease production by the end of 2002 of PFOS and
compounds that may  degrade to PFOS and have stimulated strict
regulatory controls on production and use of these materials in
many countries (Renner, 2001). Furthermore, these properties
have led to intensive investigation of the potential environmental
and toxicological impacts of PFOS (Lau et al., 2007).

Because of its persistence both in the environment and in the
body once absorbed, the potential health consequences of chronic
exposure to PFOS deserve careful examination. The potential health
hazards from exposure to PFOS have been investigated in numer-
ous mechanistic, toxicological, and human epidemiological studies
(Lau et al., 2007). PFOS has been observed to lack the properties

of a genotoxic agent based on the results of a variety of geno-
toxicity assays. Hepatocellular hypertrophy and hypolipidemia are
common findings in toxicological studies of PFOS. As noted in two
articles also published in this issue (Elcombe et al., 2012a,b), PFOS
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Table 1
Kaplan–Meier estimated probability of mortality through 105 weeks in male and female rats fed control diet or diets containing up to 20 �g/g (ppm) K+PFOS.

Dietary K+PFOS concentration (�g K+PFOS/g diet)

Males Females

0 0.5 2 5 20 20 Ra 20 R vs. 20b 0 0.5 2 5 20 20 Ra 20 R vs. 20b

Total rats in group 70c,d 60c 60c 60c 70c,d 40e 70c,d 60c 60c 60c 70c,d 40e

Estimated mortality .778 .800 .660 .500f .565 .750 .520 .700 .820 .700 .498 .575
Standard error .059 .057 .067 .071 .070 .068 .071 .065 .054 .065 .071 .078
p-Value .0005−g .9849− .1820− .0115− .0292− .7372− .0980+ .3394− .1700+ .0015+ .2338+ .8644− .9407+ .6113+

a The male and female 20 Rec. groups (20 ppm recovery groups) were given K+PFOS in diet for the first 52 weeks, after which they were given control diet.
b p-Value given represents the comparison of the 20 ppm recovery group mortality to the 20 ppm group mortality.
c Five rats/sex/group were sacrificed at Weeks 4 and 14 for hepatocellular proliferation rate measurements, biochemical analyses (palmitoyl-CoA oxidation), and

histopathology (Week 14 only).
d Ten rats/sex/group were designated for interim sacrifice. These rats were sacrificed after at least 52 weeks of treatment.
e Rats in the 20 ppm Recovery (Rec.) group were treated for 52 weeks, then treatment was discontinued, and the rats were observed for reversibility, persistence, or delayed

occurrence of toxic effects for 52 weeks post-treatment. During recovery, the rats received basal diet only.
f Bolded mortality estimates are statistically significant from the control (p (two-sided) < 0.05) based on the Cox-Tarone test, except for the italicized value in the control
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0  �g K+PFOS/g diet) column, which represents the p-value of the test for trend acr
g The one-sided p-value of the test for trend across groups (excluding the 20 ppm

.e.  increased (+) or decreased (−) mortality.

as been shown to produce responses consistent with the activa-
ion of the xenosensor nuclear receptors NR1C1 (PPAR�,  peroxi-
ome proliferator-activated receptor �), NR1I3 (CAR, constitutive
ndrostane receptor), and NR1I2 (PXR, pregnane X receptor). The
ole of activation of xenosensor nuclear receptors such as PPAR�,
AR, and PXR in producing hepatomegaly and liver tumors in
odents has been well-established (Klaunig et al., 2003; Lake, 2009).

In this article, the results of a chronic toxicity and carcinogenic-
ty study of potassium PFOS (K+PFOS) in Sprague Dawley rats that

ere fed K+PFOS in their diets for up to two years are summarized.
lthough this study was completed in 2002, and the full report has
een made available to the public via the United States Environ-
ental Protection Agency Administrative Record 226 (Thomford,

002), this report has been prepared to make the key findings more
ccessible.

The study reported herein included scheduled interim sacrifices
nd observations after 4, 14, and 53 weeks of dietary administration
f K+PFOS to rats as well as the incorporation of male and female
top-dose recovery groups that received the highest dietary dose
or the first year of the study followed by control diet. The 4- and 14-
eek interim observations have been published previously (Seacat

t al., 2003a,b), and only microscopic histological findings, clini-
al chemistry data, and PFOS anion concentration data in serum
nd liver from the 4- and/or 14-week interim observations will be
resented herein for the sake of completeness.

Human occupational and general population epidemiological
tudies have not revealed consistent associations of PFOS expo-
ure with cancer outcomes. The results of the two-year bioassay
eported herein provide valuable additional information for evalu-
tion of potential cancer risk from chronic exposure to PFOS.

. Materials and methods

.1. Test material, diet preparation and analysis

A representative production lot of potassium perfluorooctanesulfonate (K+PFOS,
C-95, Lot 217, 86.9% pure) was  provided by 3M Company (Saint Paul, MN). Details
oncerning impurities in this representative lot were published previously (Seacat
t  al., 2003a). Lesser homologs constituted the majority of the impurities, with per-
uorohexanesulfonate (C6 homolog, PFHxS) present in highest proportion in the
ample at 4.73%. Perfluorinated carboxylic acids (C4, C5, and C8) constituted 0.71%
f  the sample. Metals (calcium, magnesium, sodium, nickel, and iron) were present
t 1.45%, and inorganic fluoride constituted 0.59%. Acetone vehicle for preparation
f diets was purchased from Spectrum Chemical Manufacturing Corp. (Lots LH0253

nd NS0231, New Brunswick, NJ and Gardena, CA, respectively).

PMI Nutrition International Certified Rodent Diet 5002 meal (Saint Louis, MO,
SA) was  used for the base diet. Details of diet preparation and analysis were pub-

ished previously (Seacat et al., 2003a). Dietary concentrations of K+PFOS were based
n  the test material as supplied and were not corrected for purity. Diets containing
ups (excluding the 20 ppm recovery groups).
very group). Minus and plus signs after p-values represent the direction of change,

nominal concentrations of 0.5, 2, 5, and 20 ppm K+PFOS were prepared for stability
and  homogeneity analyses prior to initiation of treatment. During the course of the
study, diets were prepared at least once every four weeks and were stored at room
temperature in covered containers until dispensed into feeding jars. Analyses of per-
fluorooctanesulfonate anion (PFOS) concentration in diets by LC–MS/MS following
ion-pair extraction (Hansen et al., 2001) were performed within 7 days of mixing.
Control rats received basal diet sham-treated with acetone.

2.2.  Laboratory rats, husbandry, and treatment

Male and female Crl:CD®(SD)IGS BR rats were obtained from Charles River Lab-
oratories (Raleigh, North Carolina). Rats were quarantined for 13 days for health
observations before being placed on study. At initiation of treatment, the rats were
approximately 41 days of age, and body weights in males and females ranged from
135 to 226 g and 128 to 182 g, respectively. Rats were individually identified with a
unique number encoded on an implanted RFID microchip tag. Rats were housed indi-
vidually during the treatment period in stainless-steel caging, except when health
problems dictated placement of individual rats in polycarbonate caging. Food and
water were provided ad libitum. Rooms housing rats were maintained at 22 ± 4 ◦C,
with  a relative humidity of 50 ± 20% and a 12-h light/dark cycle. The laboratory
facility was accredited by the Association for the Assessment and Accreditation of
Laboratory Animal Care International. Procedures involving live rats were reviewed
and approved by the Institutional Animal Care and Use Committee of the laboratory
facility and conformed to Institute for Laboratory Animal Research Guidelines (ILAR,
1996).

Rats were assigned to treatment groups using a computerized blocking proce-
dure. Body-weight variations did not exceed two standard deviations of the mean
body weight for each sex at randomization, and the mean body weights between
groups for each sex were not statistically significantly different. Rats were assigned
to treatment groups as depicted in Table 1. Rats in the control, 0.5 ppm, 2 ppm,
5  ppm, and 20 ppm groups received the test diet for up to 104 weeks. Due to their
mortality rate, female rats in the 2 ppm received the test diet for up to 103 weeks.
Rats in the 20 ppm recovery group (20 ppm Rec. group) received the test diet for 52
weeks followed by control diet through study termination.

2.3. Clinical observations, body weights, and food consumption

Rats were observed twice daily (a.m. and p.m.) for mortality and moribundity.
Once prior to treatment and weekly thereafter, each rat was removed from its cage
and  examined, and any abnormal findings or an indication of normal health status
was recorded. In addition, the time of onset, location, size, appearance, and progres-
sion of each grossly visible or palpable mass was recorded. Individual body weights
were recorded at the time of randomization for group assignment, weekly for Weeks
1  through 17, once every 4 weeks thereafter, and at termination. Gravimetric data
for  individual food consumption were recorded weekly for Weeks 1 through 16 and
once every 4 weeks thereafter.

2.4. Clinical pathology, hematology, urinalysis, and urine chemistry

Blood and urine samples were collected from 10 rats/sex/group in all groups

except for the 20 ppm Rec. group during Weeks 27 and 53, and blood also was
collected for cholesterol and triglycerides from all surviving rats at the terminal
sacrifice.

Rats were fasted overnight (approximately 16 h) before blood sampling, during
which time urine was collected chilled. After overnight fasting, blood was collected
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stable. Inherent variability and lack of sufficient sensitivity at low
levels in the analytical method employed at the time resulted in
J.L. Butenhoff et al. / T

rom  rats in random order from a jugular vein into collection tubes either containing
otassium EDTA anticoagulant for hematology tests or containing no anticoagulant
o  obtain serum for clinical chemistry tests. In addition, blood films were made and
eld for possible future examination from all sacrificed rats, including rats sacrificed
t unscheduled intervals.

.4.1. Clinical chemistry
For clinical chemistry, the following parameters were evaluated using a

inetic/Hitachi® 704,911 instrument (Roche Diagnostics): glucose; urea nitrogen;
reatinine; total protein; albumin; globulin; total cholesterol; total bilirubin; ala-
ine aminotransferase; gamma  glutamyltransferase; aspartate aminotransferase;
alcium; inorganic phosphorus; sodium; potassium; and chloride.

.4.2. Hematology
For hematology, the following parameters were evaluated according to man-

facturer’s specifications on a Hitachi 704 (Bohringer Mannheim Corporation,
ndianapolis, IN): red blood cell (erythrocyte) count; white blood cell (leukocyte)
ount (total); platelet count; hemoglobin; hematocrit; mean corpuscular volume;
ean corpuscular hemoglobin; and mean corpuscular hemoglobin concentration.
ifferential leukocyte counts and blood cell morphology were evaluated by standard
ethods. Reticulocyte smears were made and held for possible future examination.

.4.3. Urinalysis and urine chemistry
Urinalysis parameters evaluated included: appearance; volume (graduated

ylinder); specific gravity (AO/TS refractometer); and microscopic examination of
rinary sediment. Multistix (Bayer Diagnostics, Tarrytown, NY) were used according
o  manufacturer’s directions for measurement of the following urinary parame-
ers: pH; protein; bilirubin; urobilinogen; blood; glucose; ketones; sodium; and
otassium. In addition, 16-h excretion of sodium and potassium was measured.

.5. Necropsy procedures

Necropsies were scheduled at the following intervals: during Week 53 after 52
eeks of dietary exposure (10 rats/sex/group in the control and 20 ppm groups)

nd at study termination after 104 weeks of treatment (all groups). However, due to
educed numbers in the female 2 ppm dose group near study termination, this group
as  necropsied after 103 weeks of treatment. Otherwise, rats that were moribund

r  found dead were necropsied, with moribund rats being anesthetized with carbon
ioxide, weighed, exsanguinated prior to necropsy. At scheduled necropsies, rats
ere fasted overnight, anesthetized with carbon dioxide, weighed, exsanguinated,

nd necropsied in random order. Also during scheduled necropsies, serum (obtained
rom approximately 2 mL blood taken from a jugular vein) and liver samples were
btained from 5 rats/sex/group in the control and 20 ppm groups during Week 53
nd  all surviving rats during the terminal sacrifices and stored frozen (−60 to −80 ◦C)
ending PFOS anion concentration determination as described previously (Seacat
t  al., 2003a). Included in all necropsies were macroscopic examinations of: exter-
al  features of the carcass including all body orifices; the abdominal, thoracic, and
ranial cavities; organs and tissues.

At the scheduled sacrifice during Week 53, the following organs (when present)
ere weighed (paired organs were weighed separately): adrenals; brain; kidneys;

iver; lung; ovaries (females); spleen; testes (males); thyroids with parathyroid; and
terus with cervix (females). Organ to body weight percentages and organ to brain
eight ratios were calculated.

The following tissues were collected and preserved in 10% neutral buffered
ormalin: adrenals; brain; cecum; cervix; colon; duodenum; epididymides; esoph-
gus; eyes; femur with bone marrow (articular surface of the distal end); Harderian
land; heart; ileum; jejunum; kidneys; noted lesions; liver; lung with mainstem
ronchi; lymph node (mesenteric); mammary gland (females only); ovaries; pan-
reas; pituitary; prostate; rectum; salivary glands (mandibular); sciatic nerve;
eminal vesicles; skeletal muscle (thigh); skin; spinal cord (cervical, thoracic, and
umbar); spleen; sternum with bone marrow; stomach; testes; thymus; thyroids

ith parathyroid; trachea; urinary bladder; uterus; and vagina.
In addition, at the terminal sacrifice, sections of the heart and liver were collected

rom 10 rats/sex in control, 5 ppm, 20 ppm, and 20 ppm Rec. groups and preserved
n 2.0% paraformaldehyde/2.5% glutaraldehyde in 0.1 M phosphate buffer. These tis-
ues were processed and embedded in epoxy blocks for examination by electron
icroscopy.

.6. Histopathology

All tissues from rats in the control and 20 ppm groups as well as from any rat
hat died or was sacrificed at unscheduled intervals were embedded in paraffin,
ectioned, stained with hematoxylin and eosin, and examined microscopically. In
ddition, from each rat in the 0.5, 2 and 5 ppm groups and in the 20 ppm Rec. group
acrificed during scheduled terminal necropsy, all noted lesions, liver, lungs, kid-

eys, pancreas, thyroid, testes, mammary glands (females), and urinary bladder
ere embedded in paraffin, sectioned, stained with hematoxylin and eosin, and

xamined microscopically.
Additional histological procedures included BrdU immunohistochemistry, Oil

ed  O staining, and electron microscopy, and pathology peer review. BrdU
ogy 293 (2012) 1– 15 3

immunohistochemistry as well as H&E microscopic examination was  performed on
sections of liver and duodenum from the 5 rats/sex/group in the control and 20 ppm
groups from the Week 53 scheduled necropsy that were previously implanted with
BrdU osmotic pumps. From samples obtained at the terminal necropsy, liver sec-
tions from 5 rats/sex/group from the control and 20 ppm groups were stained with
Oil  Red O stain and examined microscopically and epoxy blocks for 5 rats/sex/group
were processed and evaluated by electron microscopy.

A  pathology peer review was conducted which included a review of all tissues
from 10% of the control, 20 ppm, and 20 ppm Rec. males and females in addition to a
review of all male livers, thyroids, and pancreatic tissues. Differences noted during
the pathology peer review were examined and discussed by the reviewing pathol-
ogist, the study pathologist, and a third pathologist and resolved with unanimous
agreement.

2.7.  Statistical analysis

Levene’s test (Levene, 1960) was used to test for variance homogeneity. One-
way ANOVA (Winer, 1971) was used to analyze body weights, body weight changes,
food consumption, continuous clinical pathology values, and organ weight data.
If  the ANOVA was  significant, Dunnett’s t test (Dunnett, 1964) was used for pair-
wise  comparisons between treated and control groups (two-tailed, significance at
p  < 0.05).

Evaluations of trend and heterogeneity of survival data were performed using
the  Cox-Tarone binary regression method using the National Cancer Institute (NCI)
Life  Table Package (Thomas et al., 1977). Rats sacrificed during scheduled interim
sacrifices were not included in the analysis. Continuity-corrected one-sided tail
probabilities for trend and two-sided tail probabilities for group comparisons were
evaluated at the 5.0% significance level.

Non-neoplastic and neoplastic lesions were chosen for statistical analyses if the
incidence in at least one treated group was increased or decreased by at least two
occurrences over the control group. Non-neoplastic lesions were analyzed by the
Cochran-Armitage test for trend and the Fisher Irwin exact test for control versus
treatment comparisons (Thakur et al., 1985). One-sided tail probabilities for trend
and group comparisons were evaluated at the 5.0% significance level.

For neoplastic lesions, tumors that were not assigned to be the cause of death
by the study pathologist (incidental tumors) were analyzed by logistic regression of
tumor prevalence (Dinse and Lagakos, 1983). The fatal and palpable tumors were
analyzed by the Cox-Tarone binary regression method using the time of death or the
first palpation time (as applicable) as a surrogate for the tumor onset time. In the
case of any particular tumor type where the study pathologist assigned the tumor
in question being the cause of death of a subset of the animals and the rest of the
animals were assumed to be dead of other competing risks, IARC type (Peto et al.,
1980)  cause of death analysis was performed. Tumor types where cause of death was
undetermined were treated as incidental for statistical evaluation. The score statis-
tics  and their respective variances from the above tests were then used to compute
the  combined evidence as described by (Gart et al., 1986). In addition, in the cases
where there was  lack of convergence for the asymptotic test of the logistic regres-
sion method, the exact probability of the significance ts at risk was obtained by using
LogXact Turbo (Cytel Software Corporation, Version 1.1, Cambridge, Massachusetts,
1993) and combined with the probability of Cox-Tarone test, if necessary. Where
appropriate, criteria for combination of benign and malignant neoplastic incidences
were applied to evaluate the combined incidences (McConnell et al., 1986).

Benchmark doses (BMDs) for increased incidence of liver tumors were estimated
for male and female rats. Briefly, for each sex, the numbers of rats with hepatocel-
lular adenoma/carcinoma and the effective number of animals at risk were entered
into the U.S. Environmental Protection Agency benchmark dose software program
(BMDS). The effective numbers of rats at risk were estimated using the Poly-3
approach (Bailer and Portier, 1988). Estimates of the benchmark dose were obtained
using the multistage model. Goodness-of-fit p-values greater than 0.1 were con-
sidered adequate; whereas, goodness-of-fit p-values less than or equal to 0.1 were
considered to represent statistically significant deviance from the multistage model.
The benchmark response rate used was 10%. Both the benchmark dose (BMD10) and
the  lower 95% confidence limit of the benchmark dose (BMDL10) were estimated.

3. Results

3.1. Diet homogeneity and stability

Diet preparations containing K+PFOS were homogeneous and
homogeneity, stability, and routine analysis data that were in many
cases outside of the standard limits of ±15%. The overall mean
concentrations within each dose level ranged from 102.3 to 108.7
percent of target concentration.
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Fig. 1. Kaplan–Meier adjusted survival through 104 weeks in control rats (black
line), rats fed K+PFOS in their diets at nominal concentrations of 0.5 (red line), 2
(green line), 5 (purple line), or 20 (blue line) �g/g diet (ppm), and rats fed 20 ppm
in  their diet for 52 weeks and control diet thereafter (20 ppm Recovery (Rec.) group
(orange line)). In males (panel A), there was a statistically significant decreasing
trend in mortality (increasing trend in survival) across the 0, 0.5, 2, 5, and 20 ppm
male dietary dose groups (excludes 20 ppm Rec. group) based on Kaplan–Meier
estimated probabilities of mortality through 105 weeks. Statistically significant
decreased mortality based on Kaplan–Meier estimated probabilities of mortality
through 105 weeks was  observed in the 5 and 20 ppm male dietary dose groups.
In  female rats (panel B), there were no statistically significant trends in mortality
across the 0, 0.5, 2, 5, and 20 ppm female dietary dose groups (excludes 20 ppm Rec.
group) based on Kaplan–Meier estimated probabilities of mortality through 105
weeks. However, females in the 2 ppm dietary dose group experienced statistically
s
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Tabulated data for the Week 53 sacrifice for organs showing statis-
ignificant increased mortality based on Kaplan–Meier estimated probabilities of
ortality through 105 weeks.

.2. Clinical observations and survival

There were no clinical observations attributed to exposure to
+PFOS. The types of clinical observations noted were commonly
bserved in laboratory rats as they age on long-term safety studies.
here was also no effect of the K+PFOS on the incidence of palpable
asses.
Survival curves for male and female rats, adjusted by

aplan–Meier procedure for rats sacrificed at scheduled interim
ntervals, are presented in Fig. 1, panels A and B, respectively. Final

aplan–Meier estimates of mortality through 105 weeks are pre-
ented in Table 1. Estimated mortality was decreased with statistical
ignificance in males fed 5 and 20 ppm K+PFOS throughout the
ogy 293 (2012) 1– 15

study when compared to control male survival, resulting in a sta-
tistically significant dose-related increased trend in survival. There
was not a statistically significant dose-related trend in survival in
female rats fed K+PFOS, and female rats in the 2 ppm group expe-
rienced a statistically significant decrease in survival compared to
control females.

3.3. Food consumption and K+PFOS dietary intake

Food consumption data are presented graphically in the sup-
plemental material as Supplemental Figs. 1 and 2 for males and
females, respectively. Although not always statistically significant,
males in the 20 ppm groups tended to consume less food dur-
ing Weeks 1 through 24. Food consumption was similar for males
given 20 ppm compared to males fed control diet during Weeks 28
through 104. Statistically significantly lower food consumption was
noted for females in the 20 ppm groups during Weeks 2 through
36. In all the other treated groups, food consumption for males and
females was  similar compared to rats fed control diet.

The grand (overall) mean daily dietary intakes of K+PFOS (mg/
kg/day) as well as minimum and maximum mean intakes are pre-
sented in Table 2. Overall mean daily intake across doses was highly
linear with increasing dietary K+PFOS concentration (R2 = 0.9999)
and ranged across doses from 0.024 to 1.144 mg/kg/day for males
and 0.029 to 1.385 mg/kg/day for females.

3.4. Body weight

Body weight data for male and female rats are presented graph-
ically in the supplemental material as Supplemental Figs. 3 and
4, respectively. Males in the 20 ppm and 20 ppm Rec. groups
experienced statistically significantly lower mean body weights
compared to control males during Weeks 9 through 37. Females in
the 20 ppm group had statistically significantly lower body weights
compared to control females during Weeks 3 through 101. Mean
body weights for females in the 20 ppm Rec. group were statistically
significantly lower than those for control females during Weeks 3
through 61, but their mean body weights approached the weights
of the control females when placed on control diet after Week 52.

For the nine male rats in each of the control and 20 ppm treat-
ment groups that were sacrificed at the 53-week scheduled interval
and for which organ weights were obtained, body weights in the
males were similar between the control and 20 ppm group, with
values of 713.4 ± 105.5 g and 668.6 ± 142.5 g, respectively. Mean
body weights for the 10 control and 10 20 ppm group females at
the 53-week sacrifice were statistically significantly different, with
values of 414.5 ± 101.9 g and 331.9 ± 39.7 g, respectively.

At scheduled terminal sacrifice, there were no statistically
significant differences in mean body weights between K+PFOS-
treated rats and controls. For males, mean ± SD body weights
at terminal sacrifice were 746 ± 165 (n = 11), 734 ± 154 (n = 11),
809 ± 130 (n = 17), 768 ± 130 (n = 25), 755 ± 136 (n = 23), and
719 ± 151 (n = 11) for the control, 0.5 ppm, 2 ppm, 5 ppm, 20 ppm,
and 20 ppm Rec. groups, respectively. Corresponding data for
female rats at terminal sacrifice were 516 ± 106 (n = 24), 523 ± 117
(n = 15), 566 ± 151 (n = 12), 518 ± 86 (n = 17), 447 ± 101 (n = 26), and
542 ± 138 (n = 19) respectively by treatment group.

3.5. Organ weights at Week 53 interim sacrifice

Organ weight data for scheduled sacrifices prior to Week 53
(Weeks 4 and 14) were previously reported (Seacat et al., 2003a).
tically significant differences in one or more of these organ-weight
parameters between control and 20 ppm dose group are pro-
vided in the supplementary material (Supplementary Table 1).
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Table  2
Overall (grand) mean daily intake of K+PFOS (mg/kg/day) by male and female rats fed diets containing K+PFOS for up to 104 weeks.

Mean daily intake of K+PFOS (mg/kg/day) by sex and dietary dose group (�g K+PFOS/g diet (ppm))

Male Female

0.5 2 5 20 20 Rec.a 0.5 2b 5 20 20 Rec.

Grand meanc 0.024 0.098 0.242 0.984 1.144 0.029 0.120 .299 1.251 1.385
SDd 0.010 0.037 0.093 0.351 0.385 0.010 0.038 0.095 0.304 0.276
Minimum 0.015 0.064 0.153 0.643 0.732 0.015 0.073 0.186 0.838 1.047
Maximum 0.057 0.226 0.570 2.205 2.336 0.052 0.213 0.559 2.149 2.160

a The 20 Rec. (20 ppm recovery) male and female groups received a nominal concentration 20 �g K+PFOS/g diet for the first 52 weeks of the study, after which they were
given  control diet.
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b The 2 ppm female dietary dose group was  fed K+PFOS for 103 weeks as opposed
c The grand mean represents the overall mean of weekly determined mean K+PF
d The standard deviation of the mean of the weekly determined mean K+PFOS co

n the males, absolute and relative (to body weight and to brain
eight) liver weights were increased in the 20 ppm group. In addi-

ion, absolute and relative (to body weight and to brain weight)
pleen weights were decreased in 20-ppm-group males. Signifi-
antly decreased left thyroid/parathyroid weights were considered
o be spurious due to the absence of a contralateral effect and lack
f difference in organ-to-body-weight ratios between control and
reated male rats.

For female rats, in view of the significant decrease in body
eight given 20 ppm, significant increases in organ to body weight
ercentages for brain, kidney, liver, and spleen may  be of no toxico-

ogical importance. Decreased absolute weights in the left adrenal
land and bilateral adrenal to brain weight ratios may  also repre-
ent changes secondary to the body weight loss.

.6. Clinical pathology

.6.1. Clinical chemistry
There were relatively few statistically significant or otherwise

otable differences between the control and treated groups for
linical chemistry results. The results for serum alanine amino-
ransferase (ALT), aspartate aminotransferase (AST), and total
holesterol are presented in Fig. 2 for male and female rats. The
esults for serum glucose, urea nitrogen, and creatinine are pre-
ented in Fig. 3 for males and females. Data for measurements made
t Weeks 4 and 14, previously reported by Seacat et al. (2003a),
re included in the figures for the sake of completeness. Those dif-
erences that were dose-dependent and consistent over time were
onsidered to be associated with K+PFOS treatment. Between Week
4 and Week 53, reductions in serum total cholesterol in males
f the 20 ppm dose group and mild increases in urea nitrogen in
ales and females of the two higher dose groups likely represent

reatment-related changes.
The statistically significant increases in ALT in 20 ppm males that

ere observed on Weeks 14 and 53 were accompanied by a large
ncrease in relative standard deviations, driven by one and two indi-
idual increases in ALT at 14 and 53 weeks, respectively. Mean ± SD
alues for male ALT (n = 10/group) on Week 14 for the 0, 0.5, 2, 5,
nd 20 ppm groups were 36 ± 7, 41 ± 6.3, 41 ± 4.7, 44 ± 13.6, and
5 ± 53. At 14 weeks, the statistic for the 20 ppm group was affected
y a high individual value of 213, which, if censured from the anal-
sis, would result in a mean ± SD of 49 ± 10.2. Similarly, mean ± SD
alues for male ALT (n = 10/group, except for 20 ppm group where

 = 9) on Week 53 for the 0, 0.5, 2, 5, and 20 ppm groups were
4 ± 66, 62 ± 52, 40 ± 7.5, 44 ± 8.3, and 83 ± 84. The large standard
eviations in the control and 0.5 ppm groups were affected by high
ndividual values of 241 and 205, respectively. Censuring the indi-
idual control value of 241 would yield a mean ± SD of 34 ± 6. In the
0 ppm group at 53 weeks, the mean ± SD ALT value was affected
y two high individual values of 292 and 140. Censuring these
4 weeks.
sumption values for each group.
tion values for each group.

values would yield a mean ± SD of 45 ± 5.1. Thus, while ALT was
increased with statistical significance in 20 ppm group males on
Weeks 14 and 53 when compared to the control group, the find-
ing is influenced heavily by one or two  high individual values, and
the observation of an individual value of 241 in the control group
on Week 53 and lack of effect on AST raises some question as to
the overall toxicological significance of the finding with respect to
treatment.

Mean serum total cholesterol was reduced in male rats fed
20 ppm K+PFOS with statistical significance as compared to control
males on Weeks 14, 27, and 53. Statistically significant reductions
in serum cholesterol occurred in female rats only on Week 27 in
the 2, 5, and 20 ppm groups. Although not statistically significant,
cholesterol appeared lower in 20 ppm dose group females on Week
53, and in males and females fed 20 ppm when measured at termi-
nal sacrifice. The lowering of serum cholesterol is consistent with
data from other studies with PFOS (Bijland et al., 2011) and likely
represents a treatment-related effect.

Statistically significantly decreased mean serum glucose as
compared to control means were observed on Weeks 4 and 53 in
20 ppm group males, and, in females, on Week 53 in the 2 ppm
group, on Weeks 14 and 53 in the 5 ppm group, and on Week 53 in
the 20 ppm group.

Serum urea nitrogen (UN) was statistically significantly
increased in 20 ppm dose group males and females relative to con-
trols on Weeks 14, 27, and 53. The 5 ppm dose group males and
females also had statistically significantly elevated UN on Week
53, as did the 2 ppm dose group males. There were no correlative
microscopic renal findings for the minor change in urea nitrogen
and serum creatinine was  unchanged relative to controls, with the
exception of the Week 14 value for 2 ppm group females, which was
elevated with statistical significance. Thus, the data for UN likely are
associated with mild dehydration as a result of non-renal-related
morbidity.

All statistically significant differences between the control and
treated groups for other clinical pathology parameters were con-
sidered incidental. Most of these differences did not affect animals
fed the highest dose level, and none of these differences were con-
sistent over time.

3.6.2. Urinalysis and urine chemistry
There were no differences in urinalysis or urine chemistry that

were considered to be related to K+PFOS exposure between con-
trol rats and fed K+PFOS when evaluated during study Weeks 27
and 53. The only statistically significant differences in urinaly-
sis parameters between the control and K+PFOS-treated groups

occurred among males during Week 53. These were: at the
2 ppm dose, mean urinary pH of 7.1 ± 0.42 compared to the
control mean of 6.6 ± 0.32 and mean sodium ion concentra-
tion of 23 ± 9 mmol/L in urine lower compared to the control
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Fig. 2. Mean serum activities of alanine aminotransferase (ALT), aspartate aminotransferase (AST), and total cholesterol concentrations in male and female rats. Samples
were  obtained at scheduled sacrifices on study Weeks 4, 14, 27, 53, and at term (total cholesterol only). Rats were fed K+PFOS in their diets at nominal concentrations of 0
(control rats, black bars), 0.5 (red bars), 2 (green bars), 5 (purple bars), or 20 (blue bars) �g/g diet (ppm). Error bars represent the positive standard deviation. In male rats,
the  statistically significant increases in mean ALT in 20 ppm dose group that were observed on Weeks 14 and 53 were accompanied by a large increase in relative standard
deviations, driven by one and two individual increases in ALT at 14 and 53 weeks, respectively. Also among the controls and 0.5 ppm dose group on Week 53 were single
individual rats with high ALT values in the range of those individual values observed in 20 ppm group males on Weeks 14 and 53 that affected the relative standard deviations
of  the mean. Mean AST was  unaffected by treatment and mean serum total cholesterol was  reduced in male rats fed 20 ppm K+PFOS with statistical significance as compared
to  control males on Weeks 14, 27, and 53. In female rats, ALT was  unaffected by treatment. Compared to time-matched control, mean AST was reduced in 20 ppm dose group
females  with statistical significance on Week 4. There were statistically significant reductions in mean serum cholesterol occurred in female rats on Week 27 in the 2, 5,
and  20 ppm dose groups. Although not statistically significant, cholesterol appeared lower in 20 ppm dose group females on Week 53 and at terminal sacrifice. An asterix
represents mean values that are statistically significant as compared to the time-matched control mean, p ≤ 0.05.



J.L. Butenhoff et al. / Toxicology 293 (2012) 1– 15 7

Fig. 3. Mean serum concentrations of glucose, urea nitrogen (UN), and creatinine in male and female rats. Samples were obtained at scheduled sacrifices on study Weeks 4,
14,  27, and 53. Rats were fed K+PFOS in their diets at nominal concentrations of 0 (control rats, black bars), 0.5 (red bars), 2 (green bars), 5 (purple bars), or 20 (blue bars)
�g/g  diet (ppm). Error bars represent the positive standard deviation. In males, mean serum glucose was decreased with statistical significance in 20 ppm dietary dose group
rats  compared to control rats on study Weeks 4 and 53. Mean serum UN was statistically significantly increased in 20 ppm dose group males relative to controls on Weeks
14,  27, and 53 and in 2 and 5 ppm dose group males on Week 53. Mean serum creatinine was unaffected by treatment in male rats. In females, mean serum glucose was
decreased with statistical significance relative to the controls on Week 53 in the 2 ppm group, on Weeks 14 and 53 in the 5 ppm dose group, and on Week 53 in the 20 ppm
dose  group. Mean serum UN was statistically significantly increased in 20 ppm dose group females relative to controls on Weeks 14, 27, and 53 and in 5 ppm dose group
females on Week 53. Mean serum creatinine was slightly elevated with statistical significance in the 2 ppm dose group on Week 14. An asterix represents mean values that
are  statistically significant as compared to the time-matched control mean, p ≤ 0.05.
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ean of 40 ± 15 mmol/L; at the 0.5 and 5 ppm doses, excretion
f potassium ion of 0.87 ± 0.28 mmol  and 0.76 ± 0.24 mmol  in
he 0.5 and 5.0 ppm groups, respectively, versus control mean of
.19 ± 0.34.

.6.3. Hematology
There were no hematological changes that were considered

elated to treatment with K+PFOS. With one exception, the few
tatistically significant differences from control in mean hematol-
gy parameter values occurred at dietary K+PFOS concentrations
ess than 20 ppm. These were not consistent over time and were
f small magnitude. The exception was the increase in mean seg-
ented neutrophil number previously reported by (Seacat et al.,

003a) in males of the 20 ppm group at 14 weeks. This also was
onsidered to be an incidental occurrence.

.7. Anatomic pathology

.7.1. Macroscopic observations
For unscheduled deaths from study initiation through Week 53,

arge, mottled, or diffusely dark livers were noted in 2/3 males
nd 1/1 females given 20 ppm; otherwise, there were no other
ross observations that could be attributed to dietary exposure
o K+PFOS. There were no clear or consistent gross observations
t the Week 53 interim sacrifice that could be attributed to the
dministration of the test material. Rats in the 20 ppm Rec. group
ad no consistent gross findings that could be attributed to treat-
ent with K+PFOS. Unscheduled deaths from Week 53 through

tudy term during Week 105 were not associated with consistent
ross pathological findings. At the terminal sacrifice, the livers of
ats given 5 or 20 ppm exhibited a slight increase in macroscopic
ndings, including enlarged, mottled, diffusely darkened, or focally

ightened livers.

.7.2. Non-neoplastic microscopic lesions
The only non-neoplastic microscopic findings attributable to

+PFOS treatment were observed in the liver. Results of statistical
valuations for microscopic histological findings in the liver are
resented in Tables 3 and 4 for males and females, respectively,
nd include the data from the scheduled sacrifices during Weeks
4 and 53 as well as unscheduled sacrifices and the terminal
acrifice. The 20 ppm group male rats that were sacrificed as
cheduled during Week 53 had increased incidence and severity of
entrilobular hepatocytic hypertrophy and vacuolation. Generally,
n the females given 20 ppm and sacrificed during Week 53,
nly centrilobular hypertrophy was seen, and the change was
ess severe than that noted in the males. In addition, minimal to
light centrilobular hepatocytic pigment was found in the females
iven 20 ppm. There were no statistically significant increases in
epatocellular S-phase labeling index (cell proliferation index) as
easured by bromodeoxyuridine (BrdU) immunohistochemistry.

here were no other histomorphologic changes that could be asso-
iated with the administration of the test material. Liver findings
n several unscheduled deaths prior to Week 53 in rats fed 20 ppm
+PFOS in diet resembled those seen in animals sacrificed at
eek 53.
Liver findings of the rats that died on test or moribund sacri-

ce rats from Week 54 through 105 were generally similar to those
een in the terminally sacrificed animals. Increased hepatocellu-
ar centrilobular hypertrophy, eosinophilic hepatocytic granules,
nd centrilobular hepatocytic pigment were noted in the rats given
0 ppm. Increased hepatocellular centrilobular hypertrophy also

as observed in rats given 5 ppm.

For rats sacrificed at the scheduled terminal sacrifice, hepa-
otoxicity, characterized by centrilobular hypertrophy, centrilob-
lar eosinophilic hepatocytic granules, centrilobular hepatocytic
ogy 293 (2012) 1– 15

pigment, or centrilobular hepatocytic vacuolation was  noted in
rats fed 5 or 20 ppm K+PFOS. An increase in eosinophilic clear cell
altered foci and cystic hepatocellular degeneration was  noted in
the males given 2, 5, or 20 ppm. There were no clear differences in
the Oil Red O stained sections between control and 20 ppm dose
group rats.

The data suggest that the hepatotoxicity resolved in the year
following cessation of K+PFOS treatment in the 20 ppm stop-dose
rats sacrificed at term.

Electron microscopic evaluation of liver from 5 rats/sex in each
of the control and 20 ppm groups identified smooth endoplas-
mic  reticulum hyperplasia and hepatocellular hypertrophy as the
prominent features found to be different between the 20 ppm group
and the control rats. Other changes included a slight increase in the
amount of glycogen in treated animals compared with controls.

The only other statistically significant findings occurred in the
pancreas; however, these were not believed to be related to K+PFOS
treatment. In 2 ppm treatment group males, there was  an increase
in the incidence of interstitial fat infiltration when compared to
the control incidence. The latter finding was not dose-related, and
the incidence in other K+PFOS groups was  quite similar to the
control incidence. In female rats, all K+PFOS groups had higher
incidence of decreased zymogen granules without dose–response.
This was most likely due to a chance lower incidence in the control
females.

3.7.3. Neoplastic lesions
Neoplastic observations reaching statistical significance

(increased or decreased incidence or trend) occurred in the liver
and thyroid tissues of male rats (Table 5). Statistically significant
increases in hepatocellular adenoma of the liver (7/60, p = 0.046)
were observed in the 20 ppm group. The male 20 ppm Rec. group
had no hepatocellular adenoma, and thus had a statistically sig-
nificantly decreased incidence of hepatocellular adenoma when
compared to the 20 ppm group males.

Statistically significantly increased incidences for thyroid fol-
licular cell adenoma when compared to either the control or the
20 ppm group occurred in the 20 ppm Rec. group males. Although
thyroid follicular cell carcinoma was  not increased in incidence
in the 20 ppm Rec. compared to the control group or the 20 ppm
group, the significant increased incidence of thyroid follicular cell
adenoma resulted in a significant increase in the combined thy-
roid follicular cell tumors (adenoma and carcinoma) in the 20 ppm
Rec. group rats as compared to that of the 20 ppm group. There
was no significant trend in thyroid tumors across treatment groups.
Although the increased incidence of thyroid follicular cell tumors
in the 20 ppm Rec. group was  outside the range of historical con-
trol values from the laboratory, there was no other microscopic
evidence of thyroid abnormality.

Neoplastic observations reaching statistical significance
(increased or decreased incidence or trend) occurred in the liver,
thyroid, and mammary tissues of female rats (Table 6). Statistically
significant increases in hepatocellular adenoma of the liver (5/60,
p = 0.039) were observed in female rats in the 20 ppm group.
The occurrence of one hepatocellular carcinoma (not statistically
significant) in a 20 ppm group female resulted in a statistically
significant increase in combined hepatocellular adenoma and
carcinoma in females of the 20 ppm group. All hepatocellular
tumors in females of the 20 ppm group were incidental and noted
at the terminal sacrifice.

For females, a statistically significant increase as compared to

the control group for combined thyroid follicular cell adenoma
and carcinoma was observed in the 5 ppm group (3/50, p = 0.0471)
but not in the 20 ppm group (Table 6). Thyroid C cell adenoma
and thyroid C cell combined adenoma and carcinoma showed
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Table  3
Results of the statistical analyses of incidence of non-neoplastic microscopic findings in livers of male rats (statistically significant observations in bold). Data included are
from  the scheduled sacrifices during Weeks 14 and 53, unscheduled sacrifices, and the terminal sacrifice.

Finding Incidencea (top row) and significance (p-value)b by K+PFOS dietary dose group

0 ppm 0.5 ppm 2 ppm 5 ppm 20 ppm 20 ppm Rec.c 20 ppm Rec. vs. 20 ppm

Infiltrate, lymphohistiocytic
51/65 43/55 44/55 45/55 45/65 31/40
.1836− .5720- .5090+ .4111+ .1592− NA .2450+

Hypertrophy, hepatocellular centrilobular
0/65 2/55 4/55 22/55 42/65 3/40
.0000+**  .2080+ .0415+* .0000+** .0000+** .0527+ .0000−**

Granular cytoplasm, eosinophilic, centrilobular
0/65 0/55 0/55 0/55 14/65 0/40
.0000+** NA NA NA .0000+** NA .0007−**

Pigment hepatocellular, centrilobular
0/65 0/55 0/55 0/55 6/65 0/40
.0006+**  NA NA NA .0139+* NA .0513−

Necrosis, individual hepatocyte
5/65 4/55 6/55 5/55 14/65 4/40
.0106+*  NA NA NA .0224+* .4699+ .1024−

Vacuolation, hepatocellular midzonal/centrilobular
3/65 3/55 6/55 13/55 19/65 3/40
.0000+** NA .1696+ .0024+** .0001+** .4152+ .0060−**

Altered hepatocellular, clear/eosinophilic cell
20/65 21/55 23/55 24/55 24/65 16/40
.1948+ NA .1431+ .1026+ .2892+ .2243+ .4553+

Focus, altered hepatocellular, basophilic
10/65 7/55 16/55 17/55 13/65 8/40
.0663+ .4414− .0556+ .0352+* .3232+ .3616+ NA

Degeneration, cystic
5/65 15/55 19/55 17/55 22/65 15/40
.0007+** .0041+**  .0003+** .0011+** .0002+** .0002+** .4306+

Necrosis, coagulative
1/65 4/55 1/55 6/55 2/65 4/40
.2563+ .1346+ NA .0351+* NA .0683+ .1471+

Hematopoiesis, extramedullary
4/65 3/55 8/55 3/55 7/65 5/40
.2161+ NA .1111+ NA .2652+ .2187+ NA

Hyperplasia, bile duct
20/65 20/55 25/55 24/55 25/65 21/40
.1351+ NA .0713+ .1026+ .2305+ .0224+* .1141+

Fibrosis, peribiliary
8/65 7/55 11/55 7/55 14/65 4/40
.1057+ NA .1842+ NA .1209+ .4901− .1024−

Hypertrophy, hepatocellular periportal
4/65 1/55 7/55 2/55 2/65 5/40
.3303− .2387− .1773+ .4222− .3400− .2187+ .0719+

Infiltrate, macrophage, pigmented
6/65 5/55 3/55 4/55 5/65 2/40
.3554− NA .3357− .4813− NA .3491− .4588−

Vacuolation, hepatocellular
6/65 2/55 3/55 1/55 7/65 3/40
.4677+ .1976− .3357− .0881− NA NA .4254−

Degeneration/necrosis centrilobular
1/65 0/55 0/55 1/55 5/65 1/40
.0132+*  NA NA NA .1039+ NA .2566−

Glycogen, hepatocellular, increased
1/65 3/55 0/55 0/55 1/65 0/40
.2206− .2491+ NA NA NA NA NA

Angiectasis
1/65 1/55 2/55 0/55 2/65 0/40
NA NA NA NA NA NA .3810−

Lipidosis subcapsular
0/65 0/55 3/55 1/55 0/65 0/40
.4317+ NA .0934+ NA NA NA NA

a Number of observations per number of rats observed.
b The p-values given in the control column are for trend and those for individual K+PFOS dietary dose groups are as compared to control. The p-value in the last column
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s  for the statistical comparison of the 20 ppm Recovery (Rec.) group response wi
irection. The plus sign (+) indicates an effect in the decreased direction. The symbo
espectively. NA indicates that the response was not analyzed.

c The 20 ppm dietary dose recovery group (20 ppm Rec.) was  given 20 ppm K+PFO

tatistically significant decreased (p = 0.0336) incidence in the

0 ppm group females when compared to control.

For females, there were statistically significant decreased trends
n the incidences of mammary fibroadenoma and mammary com-
ined adenoma and fibroadenoma. These were due to significantly
 20 ppm group response. The minus sign (−) indicates an effect in the decreased
d ** represent comparisons that are statistically significant at p ≤ 0.05 and p ≤ 0.01,

iet for up to 53 weeks, after which the group was fed control diet.

lower incidences in the respective 20 ppm group when compared

to that of the control. However, the 0.5 ppm group females for
these exhibited statistically significant increases in combined ade-
noma/fibroadenoma as compared to the control. In addition, a
statistically significant decreased incidence of mammary carcinoma
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Table 4
Results of the statistical analyses of incidence of non-neoplastic microscopic findings in livers of female rats (statistically significant observations in bold). Data included are
from  the scheduled sacrifices during Weeks 14 and 53, unscheduled sacrifices, and the terminal sacrifice.

Finding Incidencea (top row) and significance (p-value)b by K+PFOS dietary dose group

0 ppm 0.5 ppm 2 ppm 5 ppm 20 ppm 20 ppm Rec.c 20 ppm Rec. vs. 20 ppm

Infiltrate, lymphohistiocytic
42/65 42/55 38/55 41/55 56/65 32/40
.0080+** NA .3738+ NA .0038+**  .0709+ .2852−

Hypertrophy, hepatocellular, centrilobular
2/65 1/55 4/55 16/55 52/65 2/40
.0000+**  NA .2641+ .0001+** .0000+** NA .0000−**

Granular cytoplasm, eosinophilic, centrilobular
0/65 0/55 0/55 7/55 36/65 1/40
.0000+** NA NA .0034+** .0000+** .3810+ .0000−**

Pigment, hepatocellular, centrilobular
0/65 0/55 0/55 1/55 36/65 0/40
.0000+** NA  NA NA .0000+** NA .0000−**

Necrosis, individual hepatocyte
7/65 6/55 6/55 6/55 15/65 3/40
.0359+*  NA NA NA .0500+* .4254− .0329−*

Vacuolation, hepatocellular, midzonal/centrilobular
1/65 1/55 0/55 1/55 4/65 1/40
.0753+ NA NA NA .1826+ NA .3660−

Vacuolation, hepatocellular, periportal
15/65 15/55 22/55 16/55 22/65 11/40
.1052+ NA .0358+* NA .1217+ .3877+ .3235−

Focus,  altered hepatocellular, clear/eosinophilic cell
27/65 21/55 18/55 17/55 21/65 13/40
.0985−  .4263− .2109− .1553− .1818− .2367− NA

Focus, altered hepatocellular, basophilic
16/65 20/55 13/55 21/55 20/65 11/40
.2314+ .1153+ .5367− .0801+ .2785+ .4573+ .4487−

Degeneration, cystic
0/65 1/55 1/55 2/55 4/65 1/40
.0187+* NA NA .2080+ .0596+ .3810+ .3660−

Necrosis, coagulative
3/65 2/55 4/55 2/55 2/65 2/40
.3857−  NA NA NA NA NA NA

Hematopoiesis, extramedullary
10/65 17/55 15/55 8/55 7/65 5/40
.0721−  .0352+* .0851+ .5528− .3020− .4579− NA

Hyperplasia, bile duct
23/65 25/55 19/55 17/55 30/65 17/40
.3266+ .1749+ .5389− .3738− .1421+ .2999+ .4358−

Fibrosis,  Peribiliary
9/65 13/55 4/55 9/55 10/65 4/40
.4341−  .1264+ .1960− NA NA .3987− .3168−

Hypertrophy, hepatocellular, periportal
12/65 10/55 9/55 4/55 3/65 7/40
.0026−**  .5796− .4778− .0614− .0127−* NA .0344+*

Infiltrate, macrophage, pigmented
2/65 3/55 5/55 6/55 23/65 7/40
.0000+**  NA .1567+ .0889+ .0000+** .0147+* .0383−*

Vacuolation, hepatocellular
3/65 2/55 0/55 3/55 3/65 2/40
.4582+ NA .1555− NA NA NA NA

Cyst,  biliary
3/65 1/55 1/55 1/55 4/65 2/40
.3708+ .3749− .3749− .3749−  NA NA NA

Inflammation, subacute
2/65 0/55 0/55 0/55 1/65 0/40
.2760−  .2913− .2913− .2913− NA .3810−  NA

Angiectasis
6/65 1/55 2/55 1/55 1/65 2/40
.0231−*  .0881− .1976− .0881− .0574− .3491− .3232+

Congestion
2/65 2/55 1/55 0/55 0/65 0/40
.0451−*  NA NA .2913− .2481− .3810−  NA

a Number of observations per number of rats observed.
b The p-values given in the control column are for trend and those for individual K+PFOS dietary dose groups are as compared to control. The p-value in the last column

is  for the statistical comparison of the 20 ppm Recovery (Rec.) group response with the 20 ppm group response. The minus sign (−) indicates an effect in the decreased
direction. The plus sign (+) indicates an effect in the decreased direction. The symbols * and ** represent comparisons that are statistically significant at p ≤ 0.05 and p ≤ 0.01,
respectively. NA indicates that the response was  not analyzed.

c The 20 ppm dietary dose recovery group (20 ppm Rec.) was given 20 ppm K+PFOS in diet for up to 53 weeks, after which the group was  fed control diet.
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Table  5
Statistical analyses of neoplastic lesions in male rats (statistically significant observations in bold).

Organ Incidencea (top row) and significance (p-value)b by K+PFOS dietary dose group

Finding 0 ppm 0.5 ppm 2 ppm 5 ppm 20 ppm 20 ppm Rec.c 20 ppm Rec. vs. 20 ppm

Liver
Hepatocellular, adenoma

Fatal incidence 0 0 1 0 0 0
Incidental incidence 0 3 2 1 7 0
Total  incidence rate 0/60 3/50 3/50 1/50 7/60 0/40
One-sided p-value .0276+* .1345+ .0689+ NA .0456 + *E NA .0240−*

Thyroid
Follicular cell, adenoma

Fatal incidence 0 0 0 0 0 0
Incidental incidence 3 5 4 4 4 9
Total incidence rate 3/60 5/49 4/50 4/49 4/59 9/39
One-sided p-value .4998− .3967+ NA NA NA .0280+* .0121+*

Follicular cell, carcinoma
Fatal incidence 0 0 0 0 0 0
Incidental incidence 3 1 1 2 1 1
Total  incidence rate 3/60 1/49 1/50 2/49 1/59 1/39
One-sided p-value .2210− .3855− .2448− NA .1734− .4280−  NA

Follicular cell, adenoma/carcinoma (combined)
Fatal incidence 0 0 0 0 0 0
Incidental incidence 6 6 5 5 5 10
Total  incidence rate 6/60 6/49 5/50 5/49 5/59 10/39
One-sided p-value .2520− NA NA NA NA .0970+ .0125+*

a Number of observations per number of rats observed.
b The p-values given in the control column are for trend and those for individual K+PFOS dietary dose groups are as compared to control. The p-value in the last column

is  for the statistical comparison of the 20 ppm Recovery (Rec.) group response with the 20 ppm group response. The minus sign (−) indicates an effect in the decreased
direction. The plus sign (+) indicates an effect in the decreased direction. The symbol * represents comparisons that are statistically significant at p ≤ 0.05. NA indicates that
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he  response was not analyzed. E indicates that the exact permutation test was use
c The 20 ppm dietary dose recovery group (20 ppm Rec.) was  given 20 ppm K+PFO

as found for the 20 ppm Rec. group when compared to the 20 ppm
roup. There were no other significant group effects in mammary
arcinoma.

There were no other statistically significant neoplastic find-
ngs for any other anatomic site evaluated in males or females fed
+PFOS in diet when compared with respective control group rats.

.8. Serum and liver concentrations of PFOS

The results of quantitative determination of serum and liver
FOS concentrations are presented in Table 7, which, for the
ake of completeness, includes data from the 4 and 14 week
bservations previously reported by (Seacat et al., 2003a).  Both
erum and liver concentrations of PFOS increased in approximate
roportion to dose at all time points measured in male and female
ats. The concentrations also increased in approximate proportion
o length of dosing between Weeks 4 and 14; however, Week
3 concentrations in the 20 ppm group were similar to those
easured on Week 14, suggesting that steady state may  have

een approached after 14 weeks on diet in the 20 ppm dose group.
amples obtained at sacrifice on Week 105 showed much greater
ndividual variation in serum PFOS. In males, serum concentrations

easured at terminal sacrifice were 33%, 44%, 51%, and 47% of those
easured on Week 14 in the 0.5, 2, 5, and 20 ppm groups, and liver

oncentrations were 33%, 36%, 19%, and 33% of Week 14 values in
he same dose groups, respectively. This decline was  likely due to
hronic progressive nephritis leading to increased urinary excre-
ion of PFOS across all treatment groups. Individual serum PFOS
oncentrations correlated significantly (p < 0.05, Spearman’s Rho)
ith the incidence and severity of chronic progressive nephritis
ithin all male groups, including controls, except for the 20 ppm

ec. group males (p = 0.0513, n = 4). In females, correlation of serum
FOS with incidence and severity of chronic progressive nephritis
as less apparent, being statistically significant only at the 2 ppm
ose level; although, the p-values for the 5 ppm and 20 ppm Rec.
iet for up to 53 weeks, after which the group was fed control diet.

group were approximately 0.06. This correlation was  less apparent
in females as reflected in the lesser extent of decline in serum
and liver PFOS concentrations between Week 14 and terminal
sacrifice. Serum concentrations measured at terminal sacrifice
were 63%, 74%, 116%, and 104% of those measured on Week 14
in the 0.5, 2, 5, and 20 ppm groups, and liver concentrations were
67%, 80%, 35%, and 60% of Week 14 values in the same dose groups,
respectively. Serum and liver concentrations from the 20 ppm
recovery group rats measured at terminal sacrifice on Week 106
were a small percentage of the concentrations in 20 ppm group
rats as measured on Week 105.

3.9. Benchmark dose estimates for increased liver tumor
incidence

All benchmark dose estimations for increased liver tumor
incidence yielded adequate goodness-of-fit for the multistage
model. For male rats, dietary doses corresponding to the
estimated BMD10 and BMDL10 were 18.2 ppm and 7.9 ppm
(p = 0.24), respectively. Corresponding values for female rats
were 16.7 ppm and 8.0 ppm (p = 0.54), respectively. BMD10 and
BMDL10 values expressed as serum PFOS concentration after
14 weeks of dosing were also estimated. For males, these
values were 135 �g/mL and 62 �g/mL (p = 0.23), respectively.
For females, they were 193 �g/mL and 92 �g/mL (p = 0.54),
respectively.

4. Discussion

During the course of the two-year chronic toxicity study

reported herein, K+PFOS provided at a nominal dietary concetra-
tions up to 20 ppm in diet was  relatively well tolerated. Survival
was unaffected for females at the two highest dose groups, and
was actually increased for males in the two  highest dose groups.
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Table 6
Statistical analyses of neoplastic lesions in female rats (statistically significant observations in bold).

Organ Incidencea (top row) and significance (p-value)b by K+PFOS dietary dose group

Finding 0 ppm 0.5 ppm 2 ppm 5 ppm 20 ppm 20 ppm Rec.c 20 ppm Rec. vs. 20 ppm

Liver
Hepatocellular, adenoma

Fatal incidence 0 0 0 0 0 0
Incidental incidence 0 1 1 1 5 2
Total incidence rate 0/60 1/50 1/49 1/50 5/60 2/40
One-sided p-value .0153+* NA NA NA .0386+* .2040+ .3050−

Hepatocellular, carcinoma
Fatal incidence 0 0 0 0 0 0
Incidental incidence 0 0 0 0 1 0
Total incidence rate 0/60 0/50 0/49 0/50 1/60 0/40
Note: Incidences across groups do not meet selection criterion.

Hepatocellular, adenoma/carcinoma (combined)
Fatal incidence 0 0 0 0 0 0
Incidental incidence 0 1 1 1 6 2
Total incidence rate 0/60 1/50 1/49 1/50 6/60 2/40
One-sided p-value .0057+** NA NA NA .0204+* .2040+ .2114−

Thyroid
Follicular  cell, adenoma

Fatal incidence 0 0 0 0 0 0
Incidental incidence 0 0 0 2 1 1
Total incidence rate 0/60 0/50 0/49 2/50 1/60 1/40
One-sided p-value .1002+ NA NA .1054+ NA .2387− NA

Follicular cell, carcinoma
Fatal incidence 0 0 0 0 0 0
Incidental incidence 0 0 0 1 0 0
Total incidence rate 0/60 0/50 0/49 1/50 0/60 0/40
Note: Incidences across groups do not meet selection criterion.

Follicular cell, adenoma/carcinoma (combined)
Fatal incidence 0 0 0 0 0 0
Incidental incidence 0 0 0 3 1 1
Total incidence rate 0/60 0/50 0/49 3/50 1/60 1/40
One-sided p-value .0790+ NA NA .0471+* NA .1539− NA

C-Cell, adenoma
Fatal incidence 0 0 0 0 0 0
Incidental incidence 12 6 6 8 5 6
Total incidence rate 12/60 6/50 6/49 8/50 5/60 6/40
One-sided p-value .0703− .1478− .1705− .2103− .0336−* .2392− .3548+

C-Cell, carcinoma
Fatal incidence 0 0 0 0 0 0
Incidental incidence 0 1 0 0 0 1
Total incidence rate 0/60 1/50 0/49 0/50 0/60 1/40
Note: Incidences across groups do not meet selection criterion.

C-Cell, adenoma/carcinoma (combined)
Fatal incidence 0 0 0 0 0 0
Incidental incidence 12 7 6 8 5 7
Total incidence rate 12/60 7/50 6/49 8/50 5/60 7/40
One-sided p-value .0560− .2284− .1705− .2103− .0336−* .3380− .2399+

Mammary
Fibroadenoma

Total  incidence rate 20/60 27/50 19/48 24/50 11/60 15/40
One-sided p-value .0152−* .0337+* .1125+ .2521+ .0235−* .4099− .0573+

Adenoma
Total  incidence rate 7/60 6/50 5/48 7/50 4/60 4/40
One-sided p-value .2359− NA .4086+ NA .2315− NA .5055+

Fibroadenoma/adenoma
Total  incidence rate 23/60 30/50 22/48 26/50 15/60 16/40
One-sided p-value .0239−* .0318+* .0527+ .2753+ .0488−* NA .1451+

Carcinoma
Total  incidence rate 11/60 12/50 15/48 11/50 14/60 4/40
One-sided p-value .3569 .3996+ .0515+ NA .3373+ .0606− .0161−*

a Number of observations per number of rats observed.
b The p-values given in the control column are for trend and those for individual K+PFOS dietary dose groups are as compared to control. The p-value in the last column

is  for the statistical comparison of the 20 ppm Recovery (Rec.) group response with the 20 ppm group response. The minus sign (−) indicates an effect in the decreased
d ls * an
r

S in d

s
s
t
f

irection. The plus sign (+) indicates an effect in the decreased direction. The symbo
espectively. NA indicates that the response was  not analyzed.

c The 20 ppm dietary dose recovery group (20 ppm Rec.) was given 20 ppm K+PFO

Serum PFOS concentrations reached were in the range of or

ignificantly exceeded reported higher-end human occupational
erum PFOS concentrations. The serum concentrations achieved at
he lowest dietary dose of 0.5 ppm approximated those reported
or more highly exposed fluorochemical production workers (Olsen
d ** represent comparisons that are statistically significant at p ≤ 0.05 and p < 0.01,

iet for up to 53 weeks, after which the group was  fed control diet.

et al., 2003c).  At the 2 ppm dose level, serum concentrations rose

to and exceeded the highest reported human occupational serum
concentration of 12.8 �g/mL (Olsen et al., 1999), and serum PFOS
concentrations at the 20 ppm dose level were at least an order of
magnitude higher than the highest reported human serum PFOS
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Table  7
Mean PFOS concentrations ± standard deviation in serum (�g/mL) and liver (�g/g) for male and female rats. Sample size was N = 5 unless specified in parenthesis after each
value.

Week Matrix Dietary K+PFOS concentration, �g K+PFOS/g diet

0 0.5 2 5 20 20 Rec.a

Males
4 Serum <LOQb 0.91 ± 0.62 4.33 ± 1.16 7.57 ± 2.17 41.80 ± 7.92 –c

Liver 0.104 ± 0.067 11.00 ± 2.31 31.30 ± 5.84 47.60 ± 12.50 282.0 ± 45.30 –
14 Serum <LOQd 4.04 ± 0.80 17.10 ± 1.22 43.90 ± 4.90 148.0 ± 13.80 –

Liver  0.459 ± 0.057 23.80 ± 3.45 74.00 ± 6.16 358.0 ± 28.80 568.0 ± 107.0 –
53  Serum 0.025 ± 0.018 – – – 146.0 ± 33.5 (4) –

Liver  0.635 ± 1.040 (10) – – – 435.0 ± 96.9 (9) –
102 Serum – – – – – –

Liver – – – – – –
105  Serum 0.012 ± 0.010 (11) 1.31 ± 1.30 (10) 7.60 ± 8.60 (17) 22.50 ± 23.50 (25) 69.3 ± 57.9 (22)  –

Liver  0.114 ± 0.148 (11) 7.83 ± 7.34 (10) 26.40 ± 20.40 (17)70.50 ± 63.10 (25)189.0 ± 141.0 (22)  –
106  Serum – – – – – 2.42 ± 5.09 (10)

Liver  – – – – – 3.12 ± 5.97 (10)
Females

4  Serum 0.026 ± 0.007 1.61 ± 0.21 6.62 ± 0.50 12.60 ± 1.73 54.00 ± 7.34 –
Liver  0.107 ± 0.049 8.71 ± 0.55 25.00 ± 6.11 83.00 ± 14.10 373.0 ± 44.1 –

14  Serum 2.67 ± 4.58 6.96 ± 0.99 (4) 27.30 ± 2.34 64.40 ± 5.48 223.0 ± 22.40 –
Liver 12.00 ± 22.40 19.20 ± 3.77 69.20 ± 3.46 370.0 ± 22.30 635.0 ± 49.00 –

53  Serum 0.395 ± 0.777 – – – – –
Liver 0.923 ± 1.77 (10) – – – 560.0 ± 180.0 (10) –

102  Serum – – 20.20 ± 13.30 (9) – – –
Liver  – – 55.10 ± 31.50 (9) – – –

105  Serum 0.084 ± 0.134 (24) 4.35 ± 2.78 (15) – 75.00 ± 45.70 (15)233.0 ± 124.0 (25)  –
Liver  0.185 ± 0.184 (24) 12.90 ± 6.81 (15) – 131.0 ± 61.40 (15)381.0 ± 176.0 (25)  –

106 Serum – – – – – 9.51 ± 8.70 (17)
Liver  – – – – – 12.90 ± 10.40 (17)

a Recovery.
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b LOQ = limit of quantitation = 0.009 �g/mL.
c Not available.
d LOQ = limit of quantitation = 0.046 �g/mL.

oncentration. Rats have shown higher liver-to-serum PFOS con-
entration ratios than non-human primates (Chang et al., 2012)
nd humans (Olsen et al., 2003b). Concentrations of PFOS anion
n serum and liver appeared to be in approximate proportion to
ose and time through 14 weeks of dietary exposure. Comparison
f 20 ppm dose group PFOS concentrations in serum and liver with
hose measured from the samples taken during Week 53 suggests
hat steady state was attained or approached after 14 weeks on diet.
owever, serum PFOS concentrations in samples from terminally

acrificed males were approximately one-half those from Week 14,
nd liver PFOS concentrations in terminally sacrificed males were
pproximately one-third or less those from Week 14. Serum PFOS
n terminally sacrificed male rats appeared to correlate with the
ncidence and severity of chronic progressive nephritis. PFOS con-
entrations in serum and liver of females trended higher than males
f the same dose group and time point. The presence of PFOS in the
erum and liver of control rats was indicative of the widespread
nvironmental presence of PFOS in the time period that the study
as conducted and likely related to contamination of fish meal

ncluded in the basal PMI  5002 diet.
Liver was the principal target of dietary exposure. The liver

ffects, as evidenced by either serum clinical chemistry or micro-
copic observations, were largely limited to centrilobular findings
f hypertrophy, eosinophilic hepatocytic granules, hepatocytic pig-
ent, hepatocytic vacuolation, and an increase in hepatocellular

denoma in the highest dietary dose group (20 ppm). Transmis-
ion electron microscopic examination of control and 20 ppm dose
roup liver sections revealed that the principal difference was  the
ccurrence in 20 ppm dosed rats of hepatocytes with minimal to
ild hypertrophy and mild to moderate increase in smooth endo-
lasmic reticulum. There were also slight increases in glycogen
nd lipid, the latter occurring as vacuoles in the cytoplasm. Oil
ed O staining of hepatocytes light microscopic sections of con-
rol and highest PFOS dose treated rats did not reveal a clear
difference between the control and treated groups. All liver tumors
identified were found in rats surviving to terminal sacrifice. Sta-
tistically significant increases in benign hepatocellular adenoma
were observed at the highest dose tested (20 ppm in diet) for
males and females. Due to the elevations at the 20 ppm dose level,
hepatocellular adenoma was also positive for trend. The only hep-
atocellular carcinoma observed was  from a 20 ppm female rat.
Although this was  not in and of itself considered significant, it con-
tributed to the statistical evaluation of combined hepatocellular
adenoma/carcinoma. For females, combined hepatocellular ade-
noma/carcinoma incidence was  also increased in the 20 ppm dose
group relative to controls and was  also increased for trend across
groups.

Because liver was  clearly identified as the principal target organ
of PFOS in the study reported herein, the study exposure condi-
tions allow relevant extrapolation to human exposure based on
serum concentration as a measure of accumulated body burden.
The observation in this and other studies that rats have higher liver-
to-serum PFOS concentration ratios than humans or non-human
primates suggests that the use of serum PFOS concentrations as
a measure of exposure in extrapolating from rat data to assess
human health risk is likely conservative with respect to effects
originating from liver response to PFOS exposure. Several years
before initiation of the study reported herein, Sohlenius et al. (1993)
reported that PFOS given to mice in their diets caused changes con-
sistent with those caused by peroxisome proliferators. In the study
reported herein, clear evidence for K+PFOS-mediated increased
hepatocellular proliferation and peroxisomal proliferation with
respect to control rats was not found at the times evaluated (see
Seacat et al. (2003a,b) for 4- and 14-week observations). Although

the presence of increased eosinophilic granules in the cytoplasm of
hepatocytes from K+PFOS-treated rats may  be consistent with an
increase in peroxisomes (Umeda et al., 2004), transmission electron
microscopic examination of hepatocytes from terminally sacrificed
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ats did not demonstrate a clear increase in peroxisomal bodies.
owever, a number of more recent studies have confirmed PFOS
s an agonist for and activator of PPAR�, as well as CAR and PXR
Bijland et al., 2011; Bjork et al., 2011; Elcombe et al., 2012a,b;
akacs and Abbott, 2007; Wolf et al., 2008) suggesting that the hep-
tomegaly and benign liver tumors observed after chronic dietary
xposure of Sprague Dawley rats to PFOS may  be due to activation
f these nuclear receptors.

In humans, the possible association of PFOS exposure with can-
er outcomes has been studied in occupationally exposed workers
Alexander and Olsen, 2007; Alexander et al., 2003) and the general
opulation (Eriksen et al., 2009). In a cohort mortality study of
083 workers with occupational exposure to PFOS and materials
hat can be metabolized to PFOS, Alexander et al. reported null
esults for causes of death selected a priori as diseases of interest,
hich included liver cancer (2 deaths versus 1.2 expected). How-

ver, an excess of death from bladder cancer was observed in the
ighly exposed group, based on 3 cases. Due to a relatively low
ase-fatality rate, mortality data do not fully describe the extent
f bladder cancer risk in a population (NCI, 2011). Therefore,
lexander and Olsen (2007) subsequently conducted a bladder
ancer incidence study of this same cohort and concluded that
he results provided little support for an association between
ladder cancer and PFOS exposure; although, the study population
ize limited a conclusive exposure-response analysis. In a large
ase-cohort study covering a 13-year follow-up after enrollment
etween 1993 and 1997, Eriksen et al. (2009) did not find sig-
ificant linear trends in adjusted incidence rate ratios related to

 priori cancers of the prostate, bladder, pancreas, and liver and
tudy enrollment plasma PFOS concentrations. Thus, the human
pidemiological data that are available to date do not provide
vidence suggestive of a risk of cancer from exposure to PFOS.

With respect to bladder cancer, there were no findings in the rat
tudy reported herein suggestive of potential bladder effects. Uri-
alysis and urine chemistry results were essentially normal, and
icroscopic evaluation of the bladder did not reveal findings con-

istent with potential bladder neoplasia (see Supplementary Table
). In an inhalation study conducted with the volatile starting mate-
ial perfluorooctanesulfonyl fluoride, which hydrolyzes to PFOS,
nd designed specifically to detect factors known to be associated
ith the development of bladder cancer, no changes indicative of
otential bladder effects or increased risk of bladder tumors were
bserved in rats (Kenny, 2005). Thus, the human epidemiological
ata and rat chronic data that are available to date do not provide
vidence suggestive of a risk of bladder cancer from exposure to
FOS.

Shankar et al. (2011) recently analyzed the National Health
utrition Examination Survey (NHANES) cross-sectional
999–2008 database and suggested that general population
FOS concentrations were associated with chronic kidney disease,
ased on estimated glomerular filtration (eGFR) rate of less than
0 mL/min/1.73 m2. The findings from Shankar et al. are not consis-
ent with cross-sectional medical surveillance results of 469 PFOS
roduction workers (mean serum PFOS concentration approxi-
ately 1000 ng/mL) among whom no significant differences for

UN, serum creatinine, and urinalyses were associated with serum
FOS concentrations; although GFRs were not calculated (Olsen
t al., 2003a).  In reviewing clinical chemistry data, organ weight
ata, and microscopic pathology, no evidence for renal effects was
bserved in the study reported herein. Shankar et al. suggested
hat their data were plausible based on toxicological findings
rom Cui et al. (2009) in which rats given 20 mg/kg PFOS for up

o 28 days experienced a mean body weight decrease of 33% and

ortalities were allowed to occur over a 2-week period, reaching
00% mortality prior to scheduled study termination. Turbidness
nd swelling of the epithelia of the proximal convoluted tubules
ogy 293 (2012) 1– 15

and mild congestion in the renal cortex and medulla were noted by
Cui et al. at the 20 mg/kg dose but no kidney effects were observed
in rats given 5 mg/kg for 28 days. Serum PFOS concentrations at
the 5 mg/kg dose were three orders of magnitude higher than the
range of concentrations in the 2003–2004 NHANES data. Thus,
taking the available toxicological database for PFOS into consider-
ation, including the study reported herein, there are no compelling
data or arguments that support a causal basis for increased kidney
disease risk from occupational or general population levels of
exposure to PFOS.

In the study reported herein there were no anatomical indica-
tions of a response of the thyroid to dietary treatment with K+PFOS,
including thyroid weight and microscopic histological changes,
with the possible exception of the male 20 ppm Rec. group. The
observation of a statistically significant increased incidence of thy-
roid follicular cell adenoma in the 20 ppm Rec. group males without
observation of similar increases in males and/or females of the
20 ppm group is paradoxical and may  represent a chance occur-
rence. Further studies reported in this issue have not identified
plausible causative explanations for the finding (Elcombe et al.,
2012a,b). Thus, the finding in the 20 ppm Rec. group males remains
unexplained and most likely spurious. In the females, the only
statistically significant increase in thyroid follicular tumors was
in the 5 ppm dose group for combined adenoma and carcinoma
(p = 0.05). This was based on the occurrence of one carcinoma and
two adenomas among 50 rats at that dose, neither tumor type
being statistically significant when not combined. These tumors
are known to occur in historical controls, and the lack of both
dose–response and non-neoplastic thyroid effects in female rats
suggests that the thyroid follicular cell tumors at the 5 ppm dose
were a spurious finding.

In conclusion, the two-year chronic toxicity and cancer bioassay
conducted with K+PFOS in Sprague Dawley rats via dietary expo-
sure that is reported herein identified liver as the principal site
of tissue response to K+PFOS. Non-neoplastic hepatic responses to
treatment included hepatocellular hypertrophy characterized by
expansion of the smooth endoplasmic reticulum, increased lipid
and glycogen deposits, vacuolation, and increased eosinophilic
granulation of the cytoplasm of males and females. The only
neoplastic response attributed to treatment was an increased inci-
dence hepatocellular adenoma in males and females of the highest
dietary treatment group (20 ppm), and these tumors were inciden-
tal observations in rats surviving to terminal sacrifice. The only
hepatocellular carcinoma observed was  in a 20 ppm dose group
female. In male and female rats, the dietary dose corresponding
to the estimated lower 95% confidence interval of the benchmark
dose for a 10% increased incidence of liver tumors was 8 ppm.
The liver effects observed are consistent with those that would
be expected from activation of the xenosensor nuclear receptors
NR1C1 (PPAR�), NR1I3 (CAR), and NR1L2 (PXR), as has been demon-
strated in articles in this issue (Elcombe et al., 2012a,b). Human
epidemiological data do not provide support for cancer risk from
exposure to PFOS.
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