TOXICOLOGICAL SCIENCES68, 249-264 (2002)
Copyright © 2002 by the Society of Toxicology

Subchronic Toxicity Studies on Perfluorooctanesulfonate Potassium
Salt in Cynomolgus Monkeys

Andrew M. Seacat,* Peter J. Thomford,T Kris J. Hansen,f Geary W. Olsen,* Marvin T. Case,* and John L. Butenhoff*

*3M Medical Department, Saint Paul, Minnesota 551380ovance, Madison, Wisconsin 53704; and
$3M Environmental Laboratory, Saint Paul, Minnesota 55133

Received November 7, 2001; accepted February 12, 2002

This study was conducted to determine the earliest measurable
response of primates to low-level perfluorooctanesulfonate (PFOS)
exposure and to provide information to reduce uncertainty in
human health risk assessment. Groups of male and female mon-
keys received 0, 0.03, 0.15, or 0.75 mg/kg/day potassium PFOS
orally for 182 days. Recovery animals from each group, except the
0.03 mg/kg/day dose group, were monitored for one year after
treatment. Significant adverse effects occurred only in the 0.75
mg/kg/day dose group and included compound-related mortality
in 2 of 6 male monkeys, decreased body weights, increased liver
weights, lowered serum total cholesterol, lowered triiodothyronine
concentrations (without evidence of hypothyroidism), and lowered
estradiol levels. Decreased serum total cholesterol occurred in the
0.75 mg/kg/day dose group at serum PFOS levels > 100 ppm.
Hepatocellular hypertrophy and lipid vacuolation were present at
term in the 0.75 mg/kg/day dose group. No peroxisomal (palmitoyl
CoA oxidase) or cell proliferation (proliferating cell nuclear anti-
gen immunohistochemistry) was detected. Complete reversal of
clinical and hepatic effects and significant decreases in serum and
liver PFOS occurred within 211 days posttreatment. Liver-to-
serum PFOS ratios were comparable in all dose groups, with a
range of 1:1 to 2:1. Serum concentrations associated with no
adverse effects (0.15 mg/kg/day) were 82.6 *= 25.2 ppm for males
and 66.8 * 10.8 ppm for females. Comparison of serum PFOS
concentrations associated with no adverse effect in this study to
those reported in human blood samples (0.028 = 0.014 ppm)
indicated an adequate margin of safety.

Key Words: perfluorooctanesulfonate; cholesterol; hypolipi-
demia; peroxisomes; hepatotoxicity; electron microscopy; primate.
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products contain chemistries that can degrade or metabolizego
PFOS; however, no evidence has been found for metabolic gr
environmental degradation of PFOS. In May 2000, 3M ang
nounced that it would voluntarily cease producing PFOS due @
concerns about its biopersistence and its widespread expos@re
to human populations and wildlife (Giesy and Kannan, 20013.
Hansenet al., 2001; Kannaret al., 2001). Nonoccupational 2
exposures to PFOS or precursors are not well understood at tHis
time, but could include environmental sources, consumer pro@-
ucts, or as indirect food additives. Following 3M’s announceg
ment to cease production of PFOS, the U.S. EPA proposedga
Significant New Use Regulation (SNUR) that would regulate:
new uses of PFOS and related chemicals (EPA, 2000).
Analysis of serum samples from the general populatio
showed PFOS concentrations in the tens of parts per billi
concentration range (Hanset al., 2001). Serum PFOS con-
centrations in occupationally exposed production workers
eraged 2.2 ppm (range 0.0 to 12.8 ppm) in 1995 and 1.8 ppm &
(range= 0.1 to 9.9 ppm) in 1997 (Olseet al., 1999).
Perfluorooctanesulfonate is poorly eliminated from thes
body. In pharmacokinetic studies performed in male rats, th§
highest concentrations of PFOS were found in serum and liveg,
with liver concentrations several times higher than serum cork
centrations (Johnsoet al., 1979a,b). In an oral dosing study §
(Johnsoret al.,1979a) a serum elimination half-life of 7.5 days =
was reported. In an intravenous dosing study (Johretaa., 3
1979b) an elimination half-life was not reported; however, 8%
days after a single intravenous dose, 30.2% of the dose Wés
eliminated in the urine and 12.6% of the dose was eliminated
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Perfluorooctanesulfonate (PFOS) and related N-alkyl pditthe feces. In the latter study at 89 days postdose, 25% of the
fluorooctanesulfonamido compounds have been manufactuf@ge was in the liver and 3% was in the plasma. In the rat, the
by 3M Company from perﬂuorooctanesu]fony] fluoride sinc@dministration of Cholestyramine increased the elimination C%
1948. This class of compounds has been utilized in a witiediolabeled PFOS 9.5-fold over 14 days, indicating that sig-
variety of industrial and consumer products, such as protectivéicant enterohepatic circulation occurs (Johnsbal., 1984).
coatings for carpets and apparel, paper coatings approved foFhe properties of PFOS, good absorption, chemical stability
food contact, insecticide formulations, and surfactants. Thegavard degradation, and poor elimination, may explain the

cumulative toxicity observed in previous subchronic rodent

! To whom correspondence should be addressed at 3M Medical Departmg}n,d primate toxicity studies (BUt,enhOﬁ and S_eacat’ 2001;
Corporate Toxicology, 3M Center 220-2E-02, Saint Paul, MN 55133. Fa%0ldenthalet al., 1978a,b). The primary effects in rats were
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hepatocellular hypertrophy and vacuolation, decreased serum
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cholesterol, decreased triglycerides, increased |iver_to_bod)yofile consisted of 8.4% lower chain length homologues of PFOS including
Weight ratios. and decreased body Weight and death (Butér?-% perfluorobutanesulfonic acid (C4), 1.3% perfluoropentanesulfonic acid

. _ (C5), 4.7% perfluorohexanesulfonic acid (C6), and 1.1% perfluoroheptanesul-
hoff and Seacat, 2001; Goldentfetlal., 1978&)' Serum cho fonic acid (C7). The amounts of C4 and C6 homologues were calculated with

lesterol decreases were more pronounced in male rats thaR jfentic reference compounds, and the C5 and the C7 values were determined
female rats (Butenhoff and Seacat, 2001). In rhesus monkey#, the average response factors from the standard curves derived from the
reductions in body weight, reductions in serum lipids, antkxt lower and next higher homologues, respectively. Other impurities in-

mortality appeared to be directly related to cumulative do§l*:‘“'ef‘|]| 1.4% S?di“',“' 0'%% i”grgal’;f:”"t”‘:le' o'i%tp‘?rﬂ”‘?;owanoate’ 0.3%
non r ntan n . I I .
(Goldenthalet al, 1978b) onariuoropentanoic acid, al 0 heptafiuorobutyric aci

: i i Lactose and acetone were purchased from Spectrum (New Brunswick, NJ,

In a two-generation rat reproduction study, toxic effects @fq cardenia, A, respectively). No. 2 gelatin capsules were purchased from
PFOS included neonatal mortality, in the absence of significamipac Inc. (Fairfield, NJ). The dose mixtures were prepared once by mixingy

maternal toxicity, that was attributed to exposure of the fetus KPFOS dissolved in acetone with lactose, evaporating the acetone to dryne§s|
utero (Caseet al., 2001a)_ In developmental studies in rats an@en diluting with lactose to the desired concentration. The dose mixtures Wega

. . - .. tared at room temperature and analyzed by high-pressure liquid chromato(g-
rabbits, there was no evidence of specific teratogenicity, af:ll hy electrospray mass spectrometry/mass spectrometry (HPLC ESMS/MS)

the em_b'_’VOtOXiC effects observed were associated with matgf-perfiuorooctanesulfonate anion content, homogeneity, and stability. Thres

nal toxicity (Caseet al.,2001b; Henwoockt al., 1994a,b). samples (top, middle, and bottom) of the dose preparation for each dose gro
Medical surveillance of occupationally exposed 3M employe@sre extracted and analyzed for PFOS concentrations by HPLC-ESMS/MS

with serum PFOS concentrations less than 6 ppm reveabdnmghods that had been validated for serum analysis and were determined to@e

L . - . _gccurate to withint 30%. The dose mixtures contained 18325% (aver- 3
associations with changes in mean values for serum hepatlc 2%@} SD, n = 3) of the target concentration for the 0.15 and 0.75 mg/kg dosex

Zymes, cholest.erol,. or lipoproteins (Olsetral., 1999). It was not groups, which received different amounts of the same preparation, and 72 %l

possible to derive inferences from the few employees who hags for the 0.03 mg/kg dose. A combination of analytical uncertainty and lack

serum PFOS levels 6 ppm; although no differences were notechf homogeneity of the 0.03 mg PFOS/kg/day dosing mixture may havé
The purpose of the current study was to determine tgantributed to the variation. The doses were considered to be the nominal doge

. . -for all subsequent calculations.
earliest measurable responses in cynomolgus monkeys giver q

PFOS and to define the serum PFOS concentrations at Wr,%ir%_:ﬁmmals and treatment. Th_e ;tudy was carried out.m an Association _for
e Assessment and Accreditation of Laboratory Animal Care Internation

these responses occur for use in human risk f”‘sses_sment' CY/QQKLAC) accredited facility and in compliance with the Animal Welfare Act
molgus monkeys were used as a representative primate speei@sations (9 CFR 1-4). Captive-bred, colony-raised, young-adult to adu
to test the hypothesis that primates are insensitive to the hepatite and female cynomolgus monkeydagaca fasiculariy were obtained

peroxisome proliferation observed in rodents. In addition, prgom Covance Research Products, Inc. (Denver, PA) and acclimated for

Iiferating cell nuclear antigen immunohistochemistry (PCNA%ayS prior to treatment. Monkeys were housed individually in suspendeﬁ

e
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. - . . gtainless-steel cages. Room temperature was controlled to 23.5°C and humidity
was used to test the hypOtheS|S that, if increased liver wei controlled to 50%, with filtered air (10-15 air changes/h) and cyclec‘ig

occurs as a result of PFOS exposure in primates, the incremgfang (12 h of light daily). Prior to the initiation of the study, all monkeys E
is not due to hyperplasia. The results reported herein adele found to be in good health, free of internal parasites and tuberculosi€.
significant new findings on the toxicity of PFOS in primates 4iertified primate diet (#8726C, Harlan Teklad) was provided once or twice?

lower dose levels than have been previously tested, and for ﬂj (unless otherwise specified), supplemented by fruit. Water was provided
. g . ad Tibitumand analysis for specific microorganisms and contaminants showel
reversal of these effects in recovery. The prior study in RhesySgigniicant findings. o

. <
monkeys (Goldenthagt al., 1978b) did not correlate effects At study initiation, monkeys weighing 2.4 to 4.4 kg were randomly assigneqy
with adequate measures of serum chemistry and serum PR®®&e of the following treatment groups (6/sex/group, except where notedg
concentration. Advances in the quantitation of PFOS in serufficle control (lactose), 0.03 (4/sex), 0.15, or 0.75 mg/kg/day PFOS by
and liver tissues have made it possible to correlate the biolé ragastric intubation of a capsule dose for at least 26 weeks. Two monkeys/

. . . sex/group in the control, 0.15, and 0.75 mg/kg/day dose groups were mor%
ical effects of PFOS to serum and tissue PFOS Concentratl%}éd for one year after the end of the treatment period for delayed or reversible

that approximate an internal dose, and to further define thcts. Since PFOS is slowly eliminated, cumulative doses were calculated @s
toxicokinetics of PFOS in primates. The information obtaineitle product of the nominal dose times the days dosed, and are expressedin
from this primate study is of value in human health risknits of mg/kg. R
assessment. Using serum concentration as a measure of expﬁﬂmal observations. All monkeys were observed twice daily for mortal- =
sure, the serum PFOS concentration associated with no advg}zs@orbidity, and clinical signs of adverse health effects and qualitative food-

fects in th K b dto th Its of consumption. Ophthalmic examinations were performed on each animal before
eriects in the monkey can be compared 10 the results or Seriiiion of treatment and before terminal sacrifice. Body weights were re«

concentration measurements in human populations. corded predose and weekly thereafter.

PFOS level determinations in serum and liver tissuesBlood samples

(~2 ml) were collected from the femoral vein of each animal 27 days before

MATERIALS AND METHODS initiation of treatment, during treatment weeks 1, 2, 4, 6, 8, 12, 16, 20, 24, 26,
and 27 (day 183) and during recovery weeks 27 (days 184, 185, and 187), 28,

Materials, dose preparation, and analysisPerfluorooctanesulfonate po- 29, 30, 31, 35, 39, 43, 47, 51, and 53. The blood was allowed to clot, and serum

tassium salt (KPFOS, 86.9% purity, CAS 2795-39-3) was provided by 3Mas harvested within 1 h by centrifugation. Approximately 20 g of liver was

(Saint Paul, MN). The certificate of analysis (Center Analytical Laboratoriemllected from each animal at necropsy, and was flash-frozen in liquid nitro-

COA reference # 023-018A), indicated 13.1% impurities. The LC/MS puritgen. Serum and liver samples were stored at —60 to —80°C and shipped on dry
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ice to 3M Environmental Laboratory (Saint Paul, MN) for analysis of PFO8eatment, one that died on treatment day 155 and one that was sacrificed in a
levels by HPLC ESMS/MS (Hansest al., 2001). moribund condition on day 179. Organ weights were obtained for the adrenals,
Hematology, serum chemistry, and hormone analysidBlood was col- Prain, epididymis, kidneys, liver, ovaries, pancreas, testes, and thyroid/para-
lected for hematology and serum chemistry on days —50, —40, and —27 beffpgoid glands. Organ/body weight and organ/brain weight ratios were calcu-
treatment, and on days 37, 62, 91, 153, and 182 of treatment from animals that/RiRfl- Sections of aorta, cecum, cervix, duodenum, esophagus, eyes (preserved
been fasted overnight. Hematologic measurements and calculations were flePavisons's fixative), femur, gall bladder, heart, ileum, jejunum, lesions,
formed using an Abbott Cell-Dyn 3500 analyzer (Abbott Laboratories, Abbdiver (Ieft lateral lobe), lung, mammary gland, mesenteric lymph node, pitu-
Park, IL). These measurements included: basophil count (BASO), eosinopidly: Prostate, rectum, mandibular salivary gland, sciatic nerve, seminal ves-
count (EOSIN), hematocrit (HCT), hemoglobin (HGB), lymphocyte courifles. skeletal muscle (thigh), skin, spinal cord, spleen, sternum with bone
(LYMPH), mean corpuscular hemoglobin (MCH), mean corpuscular hemogloR@rrow, stomach, thymus, trachea, urinary bladder, uterus, and vagina were
concentration (MCHC), mean corpuscular volume (MCV), monocyte coufiked in 10% formalin, stained with hematoxylin and eosin, and embedded in
(MONO), platelet count (PLT), red blood cell count (RBC), segmented neutropRraffin for subsequent histopathological evaluation. Sections of liver werg
count (N-SEG), white blood cell count (WBC), and blood cell morphology@nalyzed by electron microscopy. Samples of liver, testes and pancreas were
Reticulocyte count (RETIC) was read manually from a slide. also examined for replicative DNA synthesis by immunohisotochemical des
Serum clinical chemistry parameters were assessed using a Hiaahj tection, with PCNA. Bone marrow smears from the sternum were stained wit

911 instrument (Roche Diagnostics). Measurements included: albumin (ALBYright's stain and retained for possible future analysis.

alkaline phosphatase (ALK), alanine aminotransferase (ALT), aspartate ami-iVer samples were obtained at necropsy from recovery 0.75 mg/kg/d
notransferase (AST), total bilirubin (BILI), blood urea nitrogen (BUN), calose group monkeys one year after the cessation of treatment (day 553). The
cium (CA), chloride (CL), cholesterol (CHOL), creatinine (CREAT), globulinMid-dose recovery animals were not sacrificed in this study.
(GLOB), glucose (GLU), inorganic phosphate (PHOS), potassium (K), serumPartial hepatectomy. Liver samples were obtained surgically under anes—;ni
bile acids (SBA), sorbitol dehydrogenase (SDH), sodium (NA), triglyceridethesia by partial hepatectomy from the 0.75 mg/kg/day dose group recovegy
(TRIG), and total protein (PROT). High-density lipoprotein cholesterol (HDLjnonkeys 6 months after cessation of treatment (day 393) and from the 0.5
was analyzed on treatment days 153 and 182 and in all samples collected afigtkg/day dose group recovery monkeys one year after the cessation (%f
the cessation of treatment. Very low-density lipoprotein (VLDL) was analyzegeatment (day 553). ¢

from serum collected at necropsy. ) Anatomic pathology. All tissues from the control and 0.75 mg/kg/day
For hormone analysis, serum samples were collected prior to treatment _(dﬁé@e group monkeys were examined by light microscopy. Liver, thymus, a
—50,-40, and -27), and on days 37, 62, 91, and 182 of treatment from anima|s, | cord were examined from animals in the 0.03 and 0.15 mg/kg/day dogp

that had been fasted overnight. Standard radioimmunoassay methods WrERips. Liver tissue was also examined by electron microscopy (EM).
used to measure serum levels of cortisol, testosterone, estradiol, estrone,

estriol, total triiodothyronine (J), total thyroxin (T;), free T, and free T, Determination of hepatic peroxisomal proliferation. Samples of the right

(AniLytics, Gaithersburg, MD). Free.Tand free T were only measured from lateral lobe of the Iiv_er were ﬂash—frozen‘ in liquid nitrpgen at necropsy an@
samples taken at terminal sacrifice on day 184. Tofatdtal T,, free T,, and stored at —70°C until analyzed for palmitoyl CoA oxidase activity using a?

. . . Q
TSH values from samples taken at terminal sacrifice on day 184 were initiaWaCh@ 704,911 autoanalyzer (Abbott Laboratories, Abbott Park, IL) tog

analyzed at AniLytics and then verified by Mayo Medical Laboratories, Rocﬁ_etermine peroxisome proliferation (Lazarow, 1981). Samples of liver tissug
fixed in gluteraldehyde and evaluated by transmission electron micro%

ester, MN. Thyroid hormones were analyzed using radioimmunoassay Ri{§'® . : ! _
(Diagnostic Products Corporation, Los Angeles, CA). Thyroid stimulatin'(:;Opy for the relative quantity and size of peroxisomes.
hormone (TSH) was measured by a double antibody radioimmunoassay (RIAJmmunohistochemistry for cell proliferation. PCNA was performed as
developed for determination of TSH in nonhuman primates by AniLytics, thareviously described (Eldridget al., 1993) at Pathology Associates Interna-
used human TSH standards, polyclonal rabbit antihuman TSH antibodiimal (Frederick, MD). Briefly, tissue sections were incubated with a monos
(Sigma-Aldrich Co., Milwaukee, WI) and radiolabeled human TSH (Covangdonal antibody to PCNA. PCNA expression in cells was localized by the red;
Laboratories Inc., Vienna, VA). Free;Tfree T,, and TSH were measured in chromagen, 3,3diaminobenzidine, within the nuclei compared to the hema-§
serum collected at necropsy by Anilytics using the methods above. Thyrdikylin-counterstained blue nuclei of nonlabeled cells. The labeling index wag
hormone values were confirmed from serum collected at necropsy by Magetermined as the total number of labeled cells divided by the total number gﬁ
Medical Laboratories (Rochester, MN) using equilibrium dialysis followed bgells counted (minimune 1000) multiplied by 100.
RIA for free T,, and by standardized chemiluminometric immunoassays for theRegulatory compliance. All aspects of this study were conducted in ac- £
measurement of  T,, and TSH. cordance with the Environmental Protection Agency Good Laboratory Practicé
Urine and fecal analysis. Urine was collected on ice from each monkeyRegulations, 40 CFR 792, with the exception of the analysis performed at tl‘%
during the overnight fasting period (16—18 h) on day —27 prior to treatmemdayo Medical Laboratories. S

and on days 37, 62, 91, 153, and 182 of treatment. Appearance (color andagistical analysis. Differences from control values were determined byg
clarity), volume (graduated cylinder to the nearest ml), specific gravity (USiQﬁhe-way ANOVA, if applicable, and where significant, followed by a Dun- =
an AOITS refractometer), and osmolality (Osmette Precision Systems, INget'st-test used for control versus treated group comparisons (Dunnett, 1963
Model 5004/Z430E) were determined. The pH, protein, bilirubin, blood, UrQ-evene, 1960; Winer, 1971). One-way analysis of covariance (ANCOVA) Wa§
bilinogen, glucose, and ketones were measured using Ames Multistix (Milgged to analyze body weights, with initial body weight as the covariate, anﬁJ
Inc.). Sediment was examined by light microscopy at low and high power {phere significant, the covariate adjusted mean (CAM) body weights were uséd
observe crystals and casts. for control versus treated group comparisons by a Dunnet#st. Differences
Fecal samples, collected during the 23rd week of dosing from all animalsiigm pretreatment values were determined by a paired Studetest for
the control and high-dose groups, were analyzed for urobilinogen contgpéasurements taken at each time point during treatment (Daniel, 1987).
(Mayo Medical Laboratories, Rochester, MN). P-values less than 0.05 were considered to be statistically significant. The term
Necropsy. Four monkeys/sex from the control, 0.03, 0.15 mg/kg/day dosggnificant, when used in describing results, refers to statistically significant
groups and 4 females and 2 males from the 0.75 mg/kg/day dose group wgifferences, unless stated otherwise. The highest biological significance was
fasted overnight and sacrificed on days 184 and 185. Animals were anestt&ibuted when both the within-dose group and time-related pair-wise com-
tized with ketamine and xylazine, weighed, bled for required tests, exsangp@risons were statistically significant. Palmitoyl CoA oxidase activity less that
nated, necropsied, and examined for gross alterations. Unscheduled necrojasfeld greater than control were not considered to be adverse effects @oull
were performed on two 0.75 mg/kg/day dose group males prior to cessatiorabf 1999).
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TABLE 1
Effects of PFOS on Body Weights, Absolute and Relative Liver Weights, and Serum and Liver PFOS Concentrations
in Cynomolgus Monkeys after 183 Days of Treatment

0 (0) 0.03 (4.6) 0.15 (22.9) 0.75 (114.7)
Daily dose
(cumulative dosé€) Male Female Male Female Male Female Male Female
Body weights (kg)* 3.7+0.7 3.0+ 04 3.9+ 0.6 3.2+ 0.7 3.3+ 0.3 3.1+ 0.5 3.2+ 0.8 2.8+ 04
Body weight change (%} 14+ 11% 5+ 5% 16+ 8% 6+ 7% 8+ 7% 4+ 5% —8 = 8%* —4 * 5%*
Mean liver weights (d) 549+ 8.1 51.1+ 9.4 62.1+ 5.3 56.8+ 12.6 57.3+5.5 57.0+ 3.1 85.3+ 38.4 753+ 13.3
Mean relative liver weights 1.6+ 0.2 1.8+ 0.2 1.7 0.3 1.9+ 0.0 1.8+0.1 2.1+ 0.2 2.7+ 0.3 29+ 0.3

(% of body weightj
Mean relative liver weights 0.87* 0.12  0.91+ 0.22 1.01+ 0.10 0.94+ 0.21 0.91+ 0.06 0.98+ 0.06 1.26+ 0.43 1.32+ 0.23
(% of brain weightj
Mean serum PFOS (ppfn) 0.05*+ 0.01 0.05+ 0.02 15.8+ 1.4* 13.2*+ 1.4* 82.6*+ 25.2* 66.8*+ 10.8* 173+ 37* 171+ 22*
Mean liver PFOS (ppnf) 0.12+0.03 0.11+0.02 17.3+=4.7* 22.8*+21* 588+ 19.5* 69.5+14.9* 395+ 24* 273+ 14*
Liver PFOS:serum PFOS ~ 2.2:1 (0.4)  2.7:1 (0.4) 2.2:1(0.4) 1.9:1 (0.2) 0.9:1 (0.3) 1.2:1 (0.3) 2.1:1 (0.3) 1.7:1 (0.4
ratio (SDY"
% PFOS in livef NA NA 6.4 = 1.4% 8.7+ 1.0% 4.4+ 1.6% 6.0* 1.5% 7.9% 1.6% 6.2+ 1.0%

Note.Values are given as the meanSD, except where noted. Daily dose is given in mg/kg/day, cumulative dose in mg/kg.

*The cumulative dose of the perfluorooctanesulfonate anion was calculated as 80.6% of the nominal dose of KPFOS on a mole percent basis over
treatment period (183 days). ¢

"Mean + SD of the body weights on day 184.

°n = 6/sex for the 0, 0.15, and female 0.75 mg/kg/day dose graups#/sex for the 0.03 mg/kg/day dose group and the male 0.75 mg/kg/day dose gro
Then includes values from the recovery group monkeys.

YPercent body weight change from day 0 to day 184 (meaBD).

°n = 4/sex/dose group, except that in the male control dose gnoap3, and in the male 0.75 mg/kg/day dose groug 2 (values are: meart range).

‘Values given for the Liver PFOS: Serum PFOS ratios are the mean L/S ratio followed by the SD in parenthesis.

9Percent of the cumulative PFOS administered during treatment that was present in liver at the end of treatment.

*Significantly different from control using Dunnettistest = 0.05).
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RESULTS Body and Organ Weight
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The mean percent change of initial body weight was signifs
icantly reduced in male and female monkeys given 0.75 mgs

Two males in the 0.75 mg/kg/day dose group either died K@/day (Table 1). Two out of 6 females and 4 out of 6 males if
were sacrificedn extremisduring the study. A male that died thiS dose group lost weight beginning on treatment weeks 13
on day 155 (cumulative dose 116 mg/kg) had histological @nd 15, respectively. o , @
indications of pulmonary necrosis with a severe acute recur-M&an absolute liver weights were significantly increased g
rence of pulmonary inflammation as a probable cause of dedfin@es, and liver-to-body weight ratios were significantlys
This monkey also had an elevated serum creatinine phosphdgeased in both males and females in the 0.75 mglkg/day
nase (954 IU/l) from a serum sample taken on day 153. APS€ group (Table 1). The liver-to-brain weight ratios weres
death, this monkey weighed 2.8 kg and had lost 0.4 kg (13%3f° Significantly increased in the 0.75 mg/kg/day dose grou@
his initial body weight) since the beginning of treatmenféMales. The mean left adrenal-to-body weight percentages
Another 0.75 mg/kg/day male was found in a moribund cof€"® significantly increased in males in the 0.75 mg/kg/dag
dition on day 179 (cumulative dose 134 mg/kg), and was 90S€ group (0.0120= 0.0003%,n = 2) compared to the ¢
sacrificed. This monkey had elevations in serum concentratidif'trols (0.0083= 0.0012%n = 4). No significant changes in "5
of creatine phosphokinase (4040 1U/l), creatinine (1.8 mg/dfPsolute or relative organ weights (organ to body or organ @
blood urea nitrogen (28 mg/dl), sorbitol dehydrogenase (p@am weight ratios), or anatomic pathology occurred in the
mg/dl), alkaline phosphatase (876 IU/l), serum bile acids (5803 ©r 015 mg/kg/day dose groups.
uM) and potassium (7.5 mM). This male weighed 3.9 kg a}lt\
sacrifice and had gained 0.5 kg (14% of his initial body
weight). The specific cause of this monkey’s moribund condi- The mean daily intake of PFOS was calculated on a mole
tion was not determined after thorough examination of all dapeercent basis as 80.6% of the nominal KPFOS dose for each
available; however, the information available suggested hypélese group. Serum PFOS concentrations showed a linear in-
kalemia. crease in both the low- and mid-dose groups and a nonlinear

Animal Observations

nalysis of Serum and Liver PFOS Levels



SIX-MONTH PFOS TOXICITY IN CYNOMOLGUS MONKEYS 253

250 group, cholesterol decreased during the treatment period to 35
and 53% of their predose values in males and females, respec-
tively. In the males, lower cholesterol occurred by day 91 at
serum PFOS concentrations of approximately 150 ppm (cumu-
lative dose= 68 mg/kg). In the females, decreased serum
cholesterol occurred by day 62 at serum PFOS concentrations
of approximately 110 ppm (cumulative dose46.5 mg/kg).
Serum total cholesterol values in the 0.03 mg/kg/day dose
group males on days 62 and 182 and females on day 153 were
significantly lower than control values, but not compared t
within-group pretreatment values (Table 3). Since total serum
cholesterol values were not reduced in the 0.15 mg/kg/day do8e
00 Jroup males or females, the intermittent reductions as cor@
pared to control observed in the 0.03 mg/kg/day monkeys wege
not considered meaningful. =
FIG. 1. St_arum PFOS concentrati.ons in monkeys given PFOS for 183 The HDL cholesterol was measured only on days 153 and
days. Male (filed symbols, dashed lines) and female (open symbols, sofg) 4 pretreatment values were not obtained. In males, HDE
lines) cynomolgus monkeys treated with 0.03 (squares), 0.15 (triangles), or ' . L !
0.75 (circles) mg PFOS/kg/day. concentrations were significantly lower than controls in the*é?l
0.03 and 0.75 mg/kg/day dose group at days 153 and 182
(Table 3). For females, HDL concentrations were significantly

response in the high-dose group, which appeared to maté%\e{erthan controls in the 0.15 and 0.75 mg/kg/day dose groups

o
(Fig. 1). Serum PFOS concentrations were less than 0.05 pphfldys 153 and 182 (Table 3). S
in the control males and females throughout the treatmentS€rum bilirubin in the 0.75 mg/kg/day dose group maleg
period. The average liver-to-serum PFOS concentration ratig€’€ Significantly lower than controls on days 91, 153, ang
ranged from 0.9:1 to 2.7:1, without a dose-response relatiok2- Elevated serum bile acid concentrations were observeddn

ship (Table 1). The average percent of the cumulative dose'Bf/€s given 0.75 mg/kg/day on day 182 only. This was par

PFOS found in the liver ranged from 4#41.6% to 8.7+ 1.0% tally the result of a value of 5&M for a male sacrificed in o
without any apparent correlation to the dose group or gendEP”b“”d condition on day 179. No significant differences irf:

o

N
(=3
o
H
e @i

-
a
=)

2
=]
S

Average Serum PFOS {ppm)

o
S

Time (Days)

(Table 1) serum bilirubin or serum bile acids were observed in females %
' any dose. &
Hematology The creatine phosphokinase values were inconsistent ov§r

o ) . dose, time, and gender, and were exceptionally high in ai
Hematology results are indicated in Table 2. A reduction iy etreatment animals for unknown reasons. Therefore, subs@-

hemoglobin was present in males of the 0.75 mg/kg/day d9g§ent mean values were primarily significantly lower thans
group at termination of the study and was considered treﬁ o

. Yetreatment values. g
ment-related. These males had a mean hemoglobin of41.4 " cqnsidering the increase in absolute and/or relative lives

0.8 g/dl as compared to a mean of 12:50.5 in the control \eight ohserved at necropsy in the 0.75 mg/kg/day males and
group. Although statistically significant, the reduction in hemggmajes; it is interesting to note that no treatment-related ire
globin observed in the male 0.75 mg/kg/day dose group are Rpt,ses were observed in mean serum values for sorbitol dg-
cgngdered blol'oglcally significant given that all values WeIfydrogenase, transaminases, or alkaline phosphatase (Table33).
within the published range and no stools were found to béy, significant findings were observed for any of the othef
discolored (black). There were no other consistent changes;jjhical chemistry measurements. ;
hematological parameters for males that were considered treatrpore were no significant changes in urinalyses except for@
ment-related, a.nd no changes in hematological parametgﬁgha observation, on day 62, when the average urine pH &f
were observed in treated females. females given 0.75 mg PFOS/kg/day dose group was signifis
cantly less than the control group (pH of 760.4 vs. 8.2+ 3
0.3, respectively).

All significant results of the clinical chemistry determina-
tions are represented in Table 3. Significant changes in tof@l.mone Analysis
cholesterol values that were considered treatment-related were
observed in males and females in the 0.75 mg/kg/day doseThyroid hormone values for males and females are given in
group on days 91, 153 and 182. Serum total cholesterol valdexble 4. On day 182, and based on confirmation in samples
in the 0.75 mg/kg/day dose group were significantly lower ifiom terminal sacrifice on day 184, an increase in TSH (ap-
males than in females at day 18R € 0.013). In this dose proximately twice control value) and a decrease in total T

Clinical Chemistry and Urinalysis
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TABLE 2
Effects of PFOS on Clinical Hematology Values in Cynomolgus Monkeys after 183 Days of Treatment

Dose group (mg/kg/day) Day —27 Day 37 Day 62 Day 91 Day 153 Day 182
Males
WBC (X 10%ul)
0 8.6+ 1.8 7.6 2.0 7.3 0.8 6.7 2.0 7.3+ 2.6 9.7+ 1.8
0.03 11.0+ 1.0 10.8+ 1.9 10.5+ 1.8 8.5 1.6 9.9+ 1.0* 8.4+ 0.7*
0.15 11.9+ 2.0 10.0+ 2.1* 11.8+ 3.0** 10.3+ 3.2 10.1+ 2.4* 10.0+ 2.4
0.75 9.4+ 25 10.3£ 4.2 9.6+ 3.0 9.4+ 2.6 9.0+ 29 7621
N-SEG (X 10¥pul)
0 3.9+13 3.9+ 2.0 3.0 0.7 2.4+ 0.6 2.7+ 1.6 4.2+17
0.03 52+19 6.3t 2.4 6.1+ 1.5** 44+18 56+ 1.7 48+ 1.5
0.15 6.6+ 2.4 6.0 2.2 7.0* 3.2%* 5.7+ 1.9* 52+ 28* 52*+21
0.75 3.7t 14 6.6+ 3.7 53+x 25 5.1+ 2.1* 4.3+ 3.0 29+ 1.1
LYMPH (X 10%ul)
0 4.0*+0.9 3.1+ 0.7 3.50.9 3712 3.9+0.9 44+ 15
0.03 46+ 1.1 3.7+ 1.3 3.4%+0.8 3.3 0.9 35*+1.1 2.8+ 0.7
0.15 41+ 1.1 3.2+ 09 39*+1.2 3.7 1.6 4.0+ 1.2 41+1.4
0.75 4.3+ 1.25 29+ 0.5 3.4+ 0.5 3.5£0.7 3611 4.0*+1.2
N-SEG %
0 44+ 9 50+ 14 42+ 11 37t 4 359 45+ 16
0.03 47+ 15 58+ 16 58+ 10 50+ 14 56+ 15 57+ 15
0.15 54+ 13 58+ 3 56+ 16 56+ 9** 49 = 18 50+ 15
0.75 39+ 11 62+ 10* 52 + 10* 52 £ 10*** 45+ 16 38+7
LYMPH %
0 47+ 9 43+ 13 48+ 8 553 54+ 8 46+ 12
0.03 43+ 9 36+ 14 32+ 7* 40 = 13* 36 = 14 34+ 11
0.15 36* 11 33+ 10 35+ 15 36+ 8** 42 16 42+ 14
0.75 46+ 10 30+ 8* 38+ 11 38+ 8r** 44+ 16 53+ 9%
HCT (%)
0 41.2+1.30 40.6x 1.4 411+ 1.8 40.3x 2.2 40.9+ 2.3 411+ 21
0.03 42.9+ 3.0 42.4+ 3.9 414+ 14 425+ 1.8 41.7£ 19 42.1+ 1.8
0.15 429+ 1.9 41.2+ 0.8 40.7+ 1.4* 40.4+ 0.9* 41.3+ 1.5 41.0+ 1.15
0.75 431+ 2.1 40.2+ 1.7* 412+ 2.3* 41.0x 2.2* 40.0% 3.3* 38.8+ 2.5*
RBC (X 10%ul)
0 6.45* 0.28 6.45+ 0.22 6.49+ 0.29 6.43+ 0.32 6.68+ 0.42 6.60+ 035
0.03 6.99+ 0.69 6.86+ 0.50 6.84+ 0.44 7.00x 0.63 7.08+ 0.51 6.69+ 0.63
0.15 6.76* 0.32 6.66* 0.39 6.60+ 0.32 6.50+ 0.30* 6.78+ 0.48 6.65+ 0.37
0.75 6.88+ 0.56 6.53+ 0.43* 6.73+ 0.52* 6.66+ 0.49 6.65+ 0.64 6.32+ 0.39
HGB (g/dl)
0 12.2+0.4 12.4+ 0.6 12.5+ 0.5 12.4+ 0.5 125+ 0.5 125+ 0.5
0.03 12.4+ 0.5 125+ 0.4 12.4+ 0.3 12.7 0.5 12.6£ 0.5 12.5£ 0.5
0.15 12.6+- 0.4 12.5£ 0.3 12.5+ 0.5 12.3= 0.2 12.6£ 0.4 12.5£ 0.3
0.75 12.5+ 0.8 11.8+ 0.6* 12.3+0.8 12.2+ 0.8* 11.8+ 1.0* 11.4+ 0.8%**
Females
WBC (X 10%ul)
0 10.2+ 25 12.7+ 4.8 11.1+ 2.9 9.4+ 1.9 9.7+ 2.4 10.4+ 3.6
0.03 8.7+24 9.6+ 2.4 8714 8.7 3.4 9.3+ 45 85+ 2.1
0.15 10.1+ 2.9 9.1+ 2.7 8.8+ 1.8 8.7 13 8.1+ 2.2 9.2+ 1.6
0.75 9.0+ 3.1 8.9+ 2.9 9.3+ 4.6 8.1+ 1.9 9.5+ 3.0 9.7+ 27
N-SEG (X 10%ul)
0 46*+1.1 7.8+ 3.8 58+ 3.1 4.0+ 1.3 4.6+ 3.0 5.0+ 34
0.03 5.0 25 57+19 44+ 1.6 44+ 2.7 5.0+ 3.6 43+ 15
0.15 51+ 2.8 55+ 25 43+1.8 4.4+ 0.8 3720 45+ 1.7
0.75 4.8+ 1.7 53+ 3.2 5.6+ 3.9 4.6+ 1.8 4.4+ 2.3 42+1.1
LYMPH (X 10%/ul)
0 45*+14 3.6+ 1.6 43+ 1.7 4.3+ 1.6 41+1.1 43*+20
0.03 29+ 0.8 2.8+ 0.8 34*+1.2 3212 2.9+ 0.6 3.2+ 0.6
0.15 3.8+ 04 2.9+ 0.7 3.6+ 0.9 3.4+ 0.7 34%=1.0 3.8+ 0.6

0.75 3.2 17 29+11 3.0x1.1 29+1.0 4.0 22 4.6+ 2.7
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TABLE 2—Continued

Dose group (mg/kg/day) Day -27 Day 37 Day 62 Day 91 Day 153 Day 182
N-SEG %
0 45+ 8 59+ 18 50+ 18 44+ 13 44+ 19 46+ 18
0.03 55+ 14 60+ 11 50+ 15 48+ 13 50+ 13 50+ 9
0.15 48+ 13 56+ 17 48+ 13 51+ 6 44+ 5 48+ 13
0.75 54+ 11 56+ 15 56+ 13 56+ 13 46+ 17 46+ 15
LYMPH %
0 44+ 8 30+ 16 40+ 16 46+ 10 44+ 16 44+ 15
0.03 35+ 12 29+ 6 40+ 15 39+ 11 36+ 16 38+ 10 8
0.15 40+ 8 35+ 16 42+ 11 39+ 7 44+ 14 43+ 12 §
0.75 35+ 10 35+ 14 36+ 14 36*+ 10 43+ 17 45+ 15 g
HCT (%) )
0 39.3+ 3.9 40.5+ 2.4 40.2+ 3.3 40.3+ 2.8 40.6* 3.0 40.8+ 2.7 2‘.,
0.03 39.5+ 3.3 40.6*+ 2.9 402+ 2.4 39.2+ 2.2 40.4+ 2.44 38.3+ 5.7 g
0.15 40.1*+ 2.0 39.7+ 1.1 42.3+ 6.7 394+ 14 39.9+ 1.3 39.9+ 1.8 =
0.75 41.5+ 1.7 39.1+ 2.0* 40.2+ 2.0 40.3+= 1.5 39.5+ 2.0 39.2+ 2.17 §
RBC (x 10%pul) s
0 6.09* 0.68 6.41+ 0.35 6.23+ 0.77 6.31+ 0.57 6.60+ 0.56 6.40+ 0.46 3
0.03 6.31+ 0.52 6.60+ 0.66 6.48+ 0.59 6.20+ 0.47 6.66= 0.64 6.15+0.80 &
0.15 6.54+ 0.32 6.55+ 0.34 7.00x 1.1 6.50+ 0.30 6.66+ 0.26 6.57= 0.26 ;,
0.75 6.50+ 0.20 6.21+ 0.28 6.28+ 0.40 6.32+ 0.21 6.33*= 0.29 6.09+ 0.36 o
HGB (g/dl) S
0 12.0+ 1.0 12.2+ 0.7 12.3+ 0.7 12.3+ 0.8 12.4+ 0.9 12.1*+ 0.6 8
0.03 115+ 1.1 11.8=1.0 12.0+ 0.8 11.7£1.0 12.0=1.0 11.2+ 1.7 %
0.15 12.0= 0.5 11.8+ 0.4 12.8+ 2.2 12.0+ 0.4 12.1+ 0.5 11.9+ 0.6 g
0.75 12.1+ 0.5 11.6= 0.4 11.8+ 0.3 11.9+ 0.4 11.7- 0.4 11.3+ 0.4 Q.
Q
Note.Values are given as the meanSD, except where noted. = 6/sex for the 0, 0.15, and female 0.75 mg/kg/day dose graups#é/sex for the 0.03 %
mg/kg/day dose group and the male 0.75 mg/kg/day dose group on day 182.ifdledes values from the recovery group monkeys. WBC, white blood celg
count; N-SEG, segmented neutrophil count; LYMPH, lymphocyte count; HCT, hematocrit; RBC, red blood cell count;HGB, hemoglobin. 28
*Significantly different from pretreatment values (day —27) by a two-tailed, paired Stutesds §
**Significantly different from control using Dunnett'stest < 0.05, 2-tailed, homoscedastic). é
N
were present in the males and females of the 0.75 mg/kg/ddgpatic Peroxisome Proliferation and Cell Proliferation ©
[e)]

dose group. Free;was also lower in these animals based on . . . : .
. . . o Hepatic peroxisome proliferation, as measured by palmlto{QI3

a single analysis of samples from terminal sacrifice on day 184 : o - . )
COA oxidase activity, was significantly increased in the femalé&

however, the Mayo Medical Laboratory was unable to perfor g oo o
this test to confirm the AniLytics results. Even though th@‘75 mg/kg/day dose group; however, it did not exceed the

' . criteria for biological significance of a 2-fold increase over the%J
lowered free T levels were not confirmed, they are believed tg . 3

: L control values (Table 6). Treatment had no significant effect o
be valid based on the lower tota} Values. All other variations

. . cell proliferation in the liver, pancreas, or testes after 182 days
in thyroid hormone values over the course of the study wer . . . S 0=

. . .—Of treatment as determined by PCNA immunohistochemistrs
not consistent with respect to dose response or over time

including T, cell labeling index. g
The mean estradiol for females was not significantly differ-. S
ent from the control value (Table 5). However, 2 of the %‘ Istopathology R

females had lowered estradiol levels at end of treatment (9.43o treatment-related effects were observed in any of the
and 0.00 pg/dl, respectively). Male estradiol levels in the 0.T&sues examined (liver, thymus, and spinal cord) in the 0.0E
mg/kg/day dose group were significantly lower than controls ahd 0.15 mg/kg/day dose groups. By light microscopy, centriz
the end of treatment, and were significantly lower than pr&sbular vacuolation, hypertrophy, and mild bile stasis were
treatment values as early as day 62. Two out of 4 males haated in some of the 0.75 mg/kg/day dose group livers. By
estradiol values of 0 on day 182. The lowered estradiol levedtectron microscopy, lipid-droplet accumulation was seen in
in the 0.75 mg/kg/day dose group were confirmed by analy$igo high-dose males and in 2 of 4 female livers (e.g., Figs. 2A
of serum samples collected at terminal sacrifice on day 184d 2B), but not at the lower treatment levels, or after 7 months
(data not shown). Mean testosterone values were not signifi-recovery (Fig. 2C). Increased glycogen content was also
cantly different between treatment groups in males or femalested at 0.75 mg/kg/day in 1 of 2 males and 2 of 4 females by
(Table 5). electron microscopy.
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TABLE 3
Effects of PFOS on Clinical Chemistry Values in Cynomolgus Monkeys after 183 Days of Treatment

Dose group (mg/kg/day) Day —-27 Day 37 Day 62 Day 91 Day 153 Day 182
Males
Cholesterol (mg/dl)
0 138+ 34 140+ 22 153+ 23 154+ 25 154+ 30 152+ 28
0.03 110+ 20 118+ 28 114+ 25** 126 = 15 120+ 16 110+ 17**
0.15 151+ 26 146+ 22 144+ 20 150+ 19 149+ 23 147+ 24
0.75 138+ 29 130+ 18 125+ 21 112+ 27*** 65 = 20%** 48 + 19***
HDL (mg/dl)
0 ND ND ND ND 69+ 11 63+ 11
0.03 ND ND ND ND 46+ 5** 42 + 4**
0.15 ND ND ND ND 55+ 13 48+ 14
0.75 ND ND ND ND 19+ 7** 13 = 5**
Triglyceride (mg/dl)
0 70+ 13 69+ 19 62+ 19 68+ 20 60+ 18* 45+ 9*
0.03 61+ 35 47+ 5 60+ 15 54+ 10 60+ 25 33=7
0.15 56+ 5 58+ 5 57+ 13 50* 10 65+ 10 36+ 10*
0.75 67+ 11 91+ 27 76+ 17 73+ 21 60+ 26 30+ 12*
ALK PHOS (1U/l)
0 711+ 253 888+ 340* 839+ 322 866+ 296 792+ 305 735+ 319
0.03 700= 266 876+ 384 750= 370 789+ 402 684+ 348 604+ 353
0.15 770+ 210.3 896+ 267* 806+ 238 851+ 265 853+ 208* 688+ 178*
0.75 840+ 360.9 996+ 417 823+ 367 807+ 429 646+ 384 389+ 156
ALT/SGPT (1U/l)
0 32+ 10 39+ 20 34+ 15 35+ 16 43+ 27 39+ 18
0.03 36+ 11 40+ 13 35+ 18 60+ 56 36+ 20 29+t 9
0.15 69+ 36 50+ 24* 37 £ 12* 45+ 22 55+ 17 47+ 17
0.75 80+ 54 46+ 23 43+ 16 44+ 21 52+ 27 47+ 20
Total bilirubin (mg/dl)
0 0.6+ 0.5 0.8+ 0.4* 0704 0.7 0.4 0.7-0.4 0.6+ 0.2
0.03 0.4+ 0.2 0.4+ 0.2 0.4%= 0.1 0.4+ 0.1 0.4+ 0.1 0.3+ 0.1**
0.15 0.6+ 0.4 0.6+= 0.3 0.5* 0.2* 04*+0.2 0.5+ 0.2 0.4+ 0.1
0.75 0.5+ 0.3 0.4*+0.2 0.3 0.1 0.3+ 0.1** 0.2 = 0.1%** 0.2+ 0.1*
SBA (mg/dl)
0 9+ 2 9+ 2 9+ 2 8+1 10x 2* 6 = 0.8*
0.03 9+ 1 8+1 10+ 2 8+1 71 5+ 1*
0.15 10+ 2.2 8+ 1 10+ 2 9+3 10+ 2 6+ 1*
0.75 9+ 1 7+ 2 103 10x4 14+ 6* 18 = 9**
CK (1Ufl)
0 1133+ 535 354+ 461 132+ 28* 168+ 32* 165+ 28* 210+ 159*
0.03 936+ 709 191+ 58 149+ 48 175+ 43 133+ 43 138+ 59
0.15 1087+ 322 184+ 60* 153+ 20* 164 + 36* 193+ 38* 174+ 102*
0.75 1094+ 497 283+ 150* 203+£ 57*** 214+ 7* 352+ 298*** 182 + 65**
SDH (1U/l)
0 72 73 V== 73 33 6*+4
0.03 3+ 1 3x2 4+2 4+1 2+2 4+2
0.15 8+ 5 5+3 5*+4 64 4+3 64
0.75 6+ 2 2 Qxxx 31 2 & 1 2+ 1* 3*x1
| PHOS (mg/dl)
0 6.2+ 0.8 6.7+ 0.8* 7.1+ 0.7* 6.8+ 0.4 6.6+ 0.3 6.4+ 0.8
0.03 6.6+ 0.4 6.9+ 1.6 6.8+ 0.9 6.7+ 0.7 6.3 1.1 58+ 1.0
0.15 7.1+ 1.0 6.8+ 1.0 6.6+ 1.1 6.8+ 1.1 6.8+ 1.0 6.2+ 0.8
0.75 6.9+ 1.1 6.6+ 1.3 6.8+ 1.3 6.4+ 1.0 6.8+ 1.7* 6.1+ 1.2*
Females
Cholesterol (mg/dl)
0 149+ 37 147+ 27 155+ 46 166+ 42* 163 = 49 160+ 47
0.03 130+ 12 124+ 11* 127+ 11 134+ 16 110+ 22** 122 = 22
0.15 144+ 14 133+ 22 137+ 20 140+ 13 130+ 23 129+ 22

0.75 154+ 10 130=* 26 127+ 19* 111+ 27%** 91 &+ 23*** 82 = 15%**
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TABLE 3—Continued

Dose group (mg/kg/day) Day -27 Day 37 Day 62 Day 91 Day 153 Day 182
HDL (mg/dl)
0 ND ND ND ND 59+ 17 56+ 16
0.03 ND ND ND ND 47+ 10 42+ 9
0.15 ND ND ND ND 41+ g 36 * 12%
0.75 ND ND ND ND 23+ 4+ 21 + 7**
Triglyceride (mg/dl)
0 73+ 32 71+ 26 86+ 49 67+ 11 80+ 47 56+ 13
0.03 62+ 8 64+ 12 76+ 22 61+ 14 82+ 29 49+ 15 g
0.15 58+ 12 57+ 11 64+ 18 56+ 18 69+ 14* 49+ 16 2
0.75 61+ 17 66+ 23 61+ 11 60+ 14 64+ 14 53+ 16 3
ALK PHOS (1U/l) )
0 291+ 130 362+ 126* 360+ 153* 329+ 129* 315+ 143 283+ 137 =
0.03 201+ 13 240 49 241+ 45 233+ 45 262+ 42* 239+ 40 S
0.15 257+ 119 319+ 129 305+ 134 324+ 140 308+ 121 254+ 85 =
0.75 310+ 141 415+ 189* 398+ 201* 388+ 150* 336+ 147+ 316+ 172 T
ALT/SGPT (1U/l) s
0 140+ 77 59+ 30* 53+ 17* 54+ 18* 77+ 43 87+ 86 2
0.03 103= 29 70+ 13 77+ 16* 79+ 27 80+ 53 72+ 26 <
0.15 110+ 41 68+ 31* 60 + 29* 67 + 43* 66 + 34* 53+ 36* g
0.75 123+ 54 46+ g* 42 + 6* 45 + 13* 48 + 10* 44+ 10* °
Total bilirubin (mg/dl) S
0 0.5+0.3 0.6+ 0.3 0.5+ 0.2 0.4+ 0.2 0.5+ 0.3 0.4+ 0.3 8
0.03 0.5+ 0.2 0.5+ 0.3 0.6+ 0.3 0.5+ 0.3 0.5+ 0.3 0.5+ 0.2 3
0.15 0.6+ 0.2 0.6+ 0.1 0.6+ 0.2 0.4+ 0.1* 05+0.1 0.4+ 0.1* g
0.75 0.6+ 0.4 0.4+ 0.4 04+0.1 0.3+ 0.1 0.3+ 0.1 0.2+ 0.1 Q
SBA (mg/dl) g
0 7+2 8+1 9+2 8+2 9+1 6+1 s
0.03 6+ 2 9+3 10+ 4* 8x1 8+ 2% 5+2 o
0.15 12+ 12 8+ 3 10+ 3 10+ 6 10+ 3 8x2 a
0.75 9+ 1 7+ 1* 9+2 11+7 15+ 14 7+3 8
CK (1uN) >
0 979+ 384 240+ 147* 262+ 124* 786+ 947* 235+ 105* 212+ 123+ 2
0.03 484+ 157 378+ 262 276+ 68* 220+ 39* 255+ 132 823+ 1282 19
0.15 844+ 306 198+ 101* 194+ 76* 209+ 82* 242+ 117* 182+ 85* ©
0.75 1624+ 1252 331+ 242 243+ 130* 416+ 377* 695+ 1217 284+ 119* @
SDH (1U/l) @
0 4+2 5+2 4+2 6+2 2+ 1* 5+3 &
0.03 3+1 3+1 4+2 4+ 4 2+1 6+6 g
0.15 4+ 2 3+2 4+1 4+3 3+3 7+5 o
0.75 4+ 2 2+ 1% 2 & O 2+ 1 22 3x2 a
| PHOS (mg/dl) 2
0 6.2+ 0.6 5.7+ 0.7 6.0+ 0.4 5.7+ 0.7* 56+ 0.3 5.3+ 0.8* X
0.03 47+ 1.0 4.2+ 0.4% 4.6+ 0.3* 4.2+ 0.4% 41+0.8 4.4+ 0.4 =
0.15 5.9+ 0.8 5.1+ 0.7* 5.1+ 0.5%* 5.2+ 0.6* 5.0+ 1.0* 48+11% ¢
0.75 5.5+ 0.5 5.0+ 0.5 5.0+ 0.3* 51+0.5 4.9+ 0.7* 52+0.8 @
o
5

Note. n= 6 for the 0, 0.15, and 0.75 mg/kg/day dose grounps;4 for the 0.03 mg/kg/day dose group. ND: not determined. HDL, high-density lipoprotein cholesterg'
ALK PHQOS, alkaline phosphatasAL. T/SGPT; SBA, serum bile acids; CK, creatine kinase; SDH, sorbitol dehydrogenase; | PHOS, inorganic phosphate. <

*Significantly different from pretreatment values (day —27) by a two-tailed, paired Studeets <
**Significantly different from control using Dunnett'stest @ < 0.05, 2-tailed, homoscedastic). S
©

Recovery Phase monkeys and linear for the 0.15 mg/kg/day dose group

Serum PFOS concentrations declined during recoveigcovery monkeys. Toward the end of the one-year recovery
(Fig. 3). Serum PFOS concentrations were higher during theriod, the slopes of the two recovery group elimination
first week of the recovery period than at the end of treaturves were similar, suggesting that the elimination half-
ment. The serum PFOS elimination curves appeared to lbees were approximately 200 days for both dose groups.
multiphasic for the 0.75 mg/kg/day dose group recoverfhere was no apparent difference in the rate of serum PFOS
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TABLE 4

Effects of PFOS on Thyroid Hormone Values in Cynomolgus Monkeys

Dose group (mg/kg/day) Day —-27 Day 37 Day 62 Day 91 Day 182 Day 184 Da¥y 184
Males
TSH (uU/ml)
0 0.00*+ 0.00 0.34*0.39 0.57+ 0.79 0.00= 0.00 0.43* 0.52 0.37+ 0.07 0.55+ 0.44
0.03 0.00+ 0.00 0.35*+ 0.27 0.42+ 0.21 0.00+ 0.00 0.34+ 0.30 0.56* 0.13 0.56+ 0.10
0.15 0.05+ 0.13 0.33+ 0.39 0.98+ 1.12 0.03* 0.07 0.74+ 0.75 0.70+ 0.15** 1.38*+ 0.78
0.75 0.00=0.00 0.21+0.26 0.22+ 0.39 0.00= 0.00 0.93* 0.57 0.93* 0.57** 1.43+ 0.25*
Total thyroxine (T,) (ng/dl)
0 3.49+ 0.64 4.06* 0.65 2.27+ 0.67 3.89+ 0.55 4.38+ 0.61* 3.25+ 0.45 3.24+ 0.35
0.03 4,46+ 1.48 5.11+ 0.95 3.91* 0.62** 530+ 0.73** 4.72* 0.68 3.85* 0.58 3.68+ 0.5
0.15 4.63+ 1.16 4.00*+ 0.84 3.08£ 0.71* 447+ 0.87 3.99+ 0.62 2.71+ 0.32 3.00+ 0.18
0.75 488+ 1.24 3.61* 0.55* 259+ 0.59* 4.61* 0.57 5.34+ 1.57 3.30= 1.54 3.77= 1.65
Total trilodothyronine () (ng/dl)
0 110+ 12 273+ 30* 145+ 17 153+ 10 160+ 7 115+ 10 146+ 19.8
0.03 113+ 13 273+ 32* 139+ 14 153+ 9* 119 + 31** 110+ 7 145+ 18.0
0.15 118+ 24 255+ 25* 142+ 21 147+ 18* 125+ 15** 94 + 6** 129 + 4.8
0.75 133+ 11 239+ 25* 121+ 16** 118 * 22** 66 £ 27*** 43 £ 25%** 76 + 22%**
Free T, (ng/dL)
0 ND" ND ND ND ND 1.01+ 0.15 1.4+ 0.07
0.03 ND ND ND ND ND 1.21*+ 0.20 1.53+ 0.19
0.15 ND ND ND ND ND 0.94+ 0.11 1.47+ 0.15
0.75 ND ND ND ND ND 1.12+ 0.25 1.50+ 0.10
Free T; (pg/ml)
0 ND ND ND ND ND 421+ 0.85 ND
0.03 ND ND ND ND ND 5.13+ 0.39 ND
0.15 ND ND ND ND ND 4.33=0.41 ND
0.75 ND ND ND ND ND 2.45+ 0.80** ND
Female
TSH (uU/ml)
0 0.21+=0.51 0.73+0.94 1.19+ 1.72 0.00= 0.00 0.73+1.12 0.53+ 0.31 1.02+ 0.69
0.03 0.00+= 0.00 0.24+ 0.32 0.46+ 0.86 0.00= 0.00 0.68+ 0.82 0.43+ 0.09 2.01* 2.09
0.15 0.34+£ 0.80 0.61*+ 0.70 0.82+ 1.18 0.02+ 0.04 1.27+ 1.52 0.47+0.20 1.33+1.13
0.75 0.01+0.02 0.59+ 0.62 0.74+ 0.85 0.00= 0.00 0.84+ 0.79 1.03+ 0.50** 1.86=* 1.29
Total thyroxine (T,) (ng/dl)
0 6.46*+1.71 5.82+1.22 3.53£0.86* 4.77x0.75 5.66* 0.89 414+ 1.31 3.78+ 1.07
0.03 7.06+1.79 5.06+ 1.18 407+ 1.08* 6.00+ 0.72 4.33+ 1.46 3.48+ 0.72 2,80+ 1.9
0.15 7.13+1.17 3.68+ 0.65*** 2.77*x0.88* 3.77+x0.70* 3.91* 0.62*** 2.88+ 0.82 3.23+ 0.50
0.75 7.10+ 1.30 4.23=0.90*** 3.08*+ 1.05* 4.92+ 0.81* 5.61* 1.00 3.43+ 1.05 3.80+ 0.67
Total triiodothyronine (T) (ng/dl)
0 119+ 39 230+ 30* 115+ 28 143+ 36 135+ 31 106+ 19 148+ 21.6
0.03 171+ 80 244+ 24 136+ 29 147+ 19 120+ 24 92+ 15 139+ 115
0.15 138+ 42 214+ 21* 114+ 19 110=* 10** 97 = 8*** 80 = 10*** 116+ 16.8
0.75 155+ 74 196+ 6 96+ 9 88+ 6%+ 85 £ 12%#* 58 & Br** 99 + 16.8*
Free T, (ng/dL)
0 ND® ND ND ND ND 1.06+ 0.30 1.53+ 0.28
0.03 ND ND ND ND ND 1.01*+ 0.27 1.70+ 0.26
0.15 ND ND ND ND ND 0.90+ 0.22 1.35+ 0.21
0.75 ND ND ND ND ND 1.08+ 0.30 157+ 0.31
Free T, (pg/mL)
0 ND ND ND ND ND 4.05* 0.98 ND
0.03 ND ND ND ND ND 3.59+ 0.50 ND
0.15 ND ND ND ND ND 3.27+0.42 ND
0.75 ND ND ND ND ND 2.82+ 0.29** ND

Note.Values are given as the meanSD, except where noted;= 6 for the 0, 0.15, and 0.75 mg/kg/day dose groups,rard4/sex for the 0.03 mg/kg/day
dose group and the male 0.75 mg/kg/day dose group on day 18x iflotudes values from the recovery group monkeys.
“Confirmatory analyses of thyroid hormone values performed at Mayo Clinical Laboratories or 4 for all dose groups.

°ND: not determined.

*Significantly different from pretreatment values (day —27) by a two-tailed, paired Studdets < 0.05).
**Significantly different from control using Dunnett'stest f = 0.05, 2-tailed, homoscedastic).
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TABLE 5
Effects of PFOS on Estradiol and Testosterone Values in Cynomolgus Monkeys

Dose group (mg/kg/day) Day —27 Day 37 Day 62 Day 91 Day 182
Male estradiol (pg/ml)
0 26.7+5.9 24.0+ 8.0 26.9+ 9.3 18.7+ 10.8 23.0+ 11.5
0.03 321t 6.1 27.1+10.2 29.6£ 115 32.1t 6.1 24,1+ 14.2
0.15 25.8+ 2.7 21.2+ 6.7 27.2+8.2 19.2* 3.0* 232+ 7.4
0.75 29.7£ 5.1 31.8+ 23.9 14.0+ 9.8*** 10.9+ 8.9* 0.8+ 1.0%**
Female estradiol (pg/ml)
0 91.5*+ 64.8 58.8+ 20.8 84.2+ 37.4 99.3* 66.2 148.5+ 110.1 g
0.03 61.2+ 11.2 56.8+ 8.2 82.1+ 17.1* 111.8+ 112.0 125.2+ 101.2 5
0.15 61.2+ 26.1 105.2+ 140.9 92.0+ 63.1 80.1+ 64.6 70.6+ 62.7 S
0.75 89.9+ 63.9 61.0+ 26.0 195.8+ 222.7 126.4+ 140.7 39.9*+ 33.6 §
Male testosterone (ng/ml) =
0 1.88*+ 1.15 2.68* 4.01 1.09+ 0.72 1.32+ 0.79 1.38+ 1.05 g
0.03 1.54+ 1.12 3.48+ 4.53 1.54+ 1.32 3.48+ 4.89 2.55+ 3.67 =
0.15 1.84+ 1.87 1.00+ 0.56 1.15+ 0.85 1.18+ 0.51 1.13+ 0.97 §
0.75 1.72+1.34 9.42+ 14.86 1.22+0.73 1.46+ 0.92 1.16+ 0.96 §'
Female testosterone (ng/ml) I
0 0.28+ 0.18 0.25+ 0.13 0.19+ 0.10 0.43+0.34 0.18+ 0.21 &
0.03 0.28+ 0.14 0.30+ 0.07 0.34+ 0.09 0.33+0.03 0.21+ 0.08 g
0.15 0.25+ 0.25 0.2+ 0.16 0.16* 0.19 0.14+ 0.16 0.05+ 0.06 'ccn
0.75 0.25+ 0.18 0.15+ 0.08 0.30* 0.38 0.27+ 0.17 0.12+ 0.06 °
o
Note.Values are given as the meanSD, except where noted; = 6 for the 0, 0.15, and 0.75 mg/kg/day dose groups, rmard4 for the 0.03 dose group, %
except where noted. %
*Significantly different from pretreatment values (day —27) by a two-tailed, paired Studeess p < 0.05). Q.
**Significantly different from control using Dunnett'stest @ < 0.05, 2-tailed, homoscedastic). Q:,J._
3
Q
decrease between males and females in either the 0.7Fhe liver PFOS concentration decreased substantially duririg

mg/kg/day or the 0.15 mg/kg/day dose groups over thlee recovery period when compared to liver concentrations iﬂ__é_
one-year recovery period. monkeys sacrificed at the end of treatment. After 7 months cf
recovery, liver PFOS concentrations from liver biopsies of th%

TABLE 6 0.75 mg/kg/day dose group were 142 ppm and 138 ppm for th&

Effects of PFOS on Hepatic Palmitoyl CoA Oxidase Activity ~Mmales, and 175 ppm and 421 ppm for the females. For these same
(PCOAO) and Cell Proliferation (PCNA) in Cynomolgus Monkeys ~ 0.75 mg/kg/day dose group recovery monkeys, liver PFOS coﬁi-

after 182 Days of Treatment centrations one year after cessation of treatment were 23 ppm @d
71 ppm for the males and 43 ppm and 58 ppm for the femaleg,
Dose (mg/kg/day) 0 0.03 0.15 075 respectively. Liver obtained from the 0.15 mg/kg/day biopsyg
PCOAO (1U/G) samples taken one year after the cessation of treatment contairged
Male 50+15 50+10 60+06 7.0+14 8ppmand 10 ppm PFOS for the males, and 25 ppm and 18 ppin
Female 40+08 40+13 6.0+10 6.0+08 PFOS for the females. These values averaged: 18% of the 3
PCNA labeling index mean liver PFOS concentrations measured in those dose group§ at
Male the end of treatment (Table 1). S
Liver 0.18+0.09 0.02+0.02 0.06+ 0.03 0.02+ 0.0C°
Pancreas 35+05 33+03 35+03  3.0+00 Serum cholesterol concentrations in the 0.75 mg/kg/dag
Testi¢ 146+31 17.6+22 129+18 13.7x60° recovery group had returned to pretreatment levels within 36
Female days of cessation of treatment. During that time, the two malés
Liver® 0.06+0.05 0.11+0.04 0.06+0.03 0.08+0.08 \yentfrom 59 and 69 mg/dl to 140 and 134 mg/dl, respectively>

Pancreds ~ 35=05 3303 83x03 30500 444 the two females went from 88 and 66 mg/dl to 135 and 131

Note.Values are given as the meanSD, except where noted:= 4, except mg/dl, respectively. HDL cholesterol values returned to control

where noted. levels within 61 days of cessation of treatment in the 0.75
Zn = 2, values are given as the averageange. mg/kg/day and the 0.15 mg/kg /day dose group monkeys.
Percentage of hepatocytes in S-Phase. _ _ All hormone values returned to normal during recovery
‘Scored subjectively with 4= islets and acinar stained heavily (50% between 33 and 61 d fter tion of treatment. and

labeled); 3= acninar>=> islets. € ?e a ays aiter cessation of trea e_ » a
9percentage of proliferating leydig cells. remained so to the end of the one-year recovery period. In

*Significantly different from control by Dunnett'stest p = 0.05). males, total T for the control, 0.15, and 0.75 mg/kg/day dose
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FIG. 2. Electron microscopy. Control and high dose liver after 183 days of treatment and 210 days of recovery. Magnification: the measurement bar an eac
photomicrograph equals 1 micron (0.001 mm); original magnificatid®,920. (A) Control male liver, day 184. Centrilobular region of a normal hepatocytg
showing normal cytoplasmic organelles. Numerous dense lysosomes and/or peroxisomes intermixed with mitochondria and abundant endapilasrare retic
present; 29 peroxisomes counted. (B) PFOS 0.75 mg/kg/day male, day 184. Centrilobular region of hepatocyte showing moderately severeahdipatocel
droplet accumulation, containing several very large clear lipid droplets and many smaller lipid droplets. Several residual bodies are preggytoddsm
rosettes are present in cytoplasm. Peroxisomes are scarce (3 peroxisomes counted). (C) PFOS 0.75 mg/kg/day male, day 393 (211 days of neloiugay). C
hepatocyte showing normal ultrastructural findings in hepatocytes; 22 peroxisomes counted.

=3

groups were 171 17, 160+ 7, and 147+ 25 ng/dl = 2/ 24.6+ 1.1, and 22.2+ 6.2 pg/ml (day 245n = 2/dose group),
dose group), respectively, 61 days after cessation of treatmeatpectively.
In females, total T for the control, 0.15, and 0.75 mg/kg/day Complete recovery of histopathological indications werey
dose groups were 138 6, 135+ 11, and 121+ 2 ng/dl (h = observed in the 0.75 mg/kg/day dose group liver tissue by light
2/dose group) respectively, 61 days after cessation of treat-electron microscopy of the liver biopsy samples coIIecte@
ment. after 7 months (211 days) of recovery (Fig. 2C). Liver samples,
In males, the mean estradiol values for male monkeys for thellected at necropsy after one year (371 days) of recover?g
0, 0.15, and 0.75 mg/kg/day dose groups were 28.77.1, were also considered ultrastructurally normal by electron mis
croscopy. Hepatocellular hypertrophy and vacuolation, noted
after 182 days of treatment in some high-dose animals, we%

oensqe-ajone/10s¥o)/uEd

500

not identified in recovery samples, indicating complete reversg

450 of the liver changes. %

400 %

c

o DISCUSSION 3

2 300 I °

E 250 @4 The current study in cynomolgus monkeys was designed

£ 200 =% improve the understanding of potential early effects of PFOS @

& 150 | 134 3 ) primates on repeated dosing and adds significantly to the

100 ! e limited information available from a previous study in rhesuss
o RS = monkeys (Goldenthaét al., 1978b). The effects were mea-

+ L R % sured in a different species, at lower dose levels over a longer

‘ 0 s 100 180 200 20 300 30 a0 limMe period, and observations included many endpoints that

Time (Days After Cessation of Treatment) were not measured in the rhesus study. For example, clinical

o cfhemistry, hormone level, and serum PFOS measurements
FIG. 3. Average serum PFOS concentration in recovery group cynomol-

gus monkeys after the cessation of treatment. Male (filled symbols, dasNgSre made at _rep.eatEd intervals, a_nd e',eCtron mlcroscopy,_llver
lines) and female (open symbols, solid lines) cynomolgus monkeys treaBEOS_determmatlona and Ce|'|.pl'0|If§I’atI0n data were obtained
with 0.15 (triangles) or 0.75 (circles) mg PFOS/kg/day. from tissue samples at sacrifice. Finally, data from recovery
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group monkeys were obtained for one year after the cessating/kg in females. This decrease in serum total cholesterol
of treatment. observed in cynomolgus monkeys from the study reported
The cause of death or morbidity for the two males termherein was the earliest reliable measure of clinical response to
nated on days 155 and 179, respectively, cannot be unequiRP&OS.
cally determined from the available information. The monkey The lower HDL values (as compared to controls) observed
that died on day 155 showed indications of a pulmonaig the 0.75 mg/kg/day males and females, in the 0.15 mg/kg/
inflammation that appeared to be an acute exacerbation oflay females and in the 0.03 mg/kg/day males, may have been
chronic lesion. Hepatocellular hypertrophy with significartelated to lower total cholesterol or to an effect on HDL itself.
vacuolation, similar to that found in the other 0.75 mg/kg/daiy the case of the 0.75 mg/kg/day dose group, it is more likely
dose group monkeys, was also present. Body weight changeseatment-related effect resulting from lowered total choless
did not seem related, since one monkey gained 14% and ademl. In the case of the 0.03 mg/kg/day males it appeared to l5e
animal lost 13% of their pretreatment body weight. a result of inherently lower cholesterol in these monkeys a3
The clinical picture for the monkey that was sacrificed isompared to control, and was not believed to be an effect @‘
moribund condition on day 179 included hyperkalemia artdeatment. Furthermore, all individual HDL levels in the 0.03%
indications of myolysis (elevated creatine kinase and creatig/kg/day males were within the reference range of 30 to 15@
nine) as well as some liver involvement (elevated alkalimag/dl for cynomolgus monkeys (Wagnet al., 1999), and
phosphatase, sorbitol dehydrogenase, and serum bile acittgre was no HDL effect in the 0.15 mg/kg/day dose grou
PFOS has been shown to decrease HMG CoA reductaseles.
(Haughom and Spydevold, 1992), a proposed mechanism foin the case of the 0.15 mg/kg/day females at the end ¢f
the hypolipidemic effect that is shared by the statin class dbsing, 2 out of 6 HDL values were slightly below the refer-S
cholesterol-lowering drugs. The increase in creatine kinase amte range of 30—-150 mg/dl, and the group-mean HDL wds
hyperkalemia seen in this monkey are consistent with what hgignificantly lower than time-related female control valuesg
been reported for certain HMG CoA reductase inhibitors (st#DL values are usually proportional to total cholesterol valuess
atins), especially when given in combination with fibrates (DBue to the small number of monkeys and the lack of prestudsy
Pinieux et al., 1996; Omaret al., 2001). Statins have beenand interim HDL values for individuals prior to day 153, thes
shown to decrease ubiquinone and increase the lactate/pyruadéogical significance of lower HDL without an apparen@
ratio (De Pinieuxet al., 1996; Flintet al., 1997). One could lowering of total cholesterol are difficult to interpret. If indi- &
speculate that this monkey may have suffered from rhabdonwedual changes in HDL did occur over the dosing period:
olysis and lactic acidosis as a result of reductions in ubiquisthout proportionate changes in total cholesterol, lowering of-
none. HDL could be argued to be a more sensitive indicator o%
Two outcomes of the previous rhesus monkey study witreatment than lowering of total cholesterol. Since all HDL ands
PFOS (Goldenthatt al., 1978b) that warrant discussion: mor-cholesterol levels returned to normal during recovery, and dug
tality and cholesterol lowering. Male and female Rhesus moto the lack of prestudy and interim HDL values, the signifiu
keys (2 animals/sex per group) received 0, 0.5, 1.5, or 4&nce of the lower HDL values in the 0.15 mg/kg dose groug
mg/kg/day potassium PFOS by gavage for up to 90 days. Wigmales is uncertain.
regard to mortality, the Rhesus monkeys treated with 4.5HDL can be affected by a variety of factors. HDL levels areo:
mg/kg/day died or were sacrificed extremisbetween weeks under the influence of estradiol in female cynomolgus monkeyS
5 and 7 after symptoms including anorexia, emesis, decreagddamset al., 1985); therefore, there may be a relatlonshuﬁ
activity, rigidity, convulsions, trembling, prostration, and losbetween the lower estradiol and HDL levels observed in thg
of body weight. The corresponding cumulative doses asso0i75 mg/kg/day dose group. The potential role of PPAR deltg”
ated with mortality (158—220 mg/kg) are somewhat highenediated reverse cholesterol transport pathways (Oévet., o
than those of the two high-dose male cynomolgus monkef601) is currently being investigated as a possible explanat|®
from the current study that either died or were sacrificed (98r this observed effect. R
and 107 mg/kg). With regard to cholesterol lowering, choles- Although the serum bilirubin levels in the 0.75 mg/kg/dayc
terol values were noticeably lower in the 1.5 mg/kg/day doswse group male were significantly lower than controls, these
group rhesus monkeys, and were significantly decreased in tfadues were within the published range for cynomolgus mons
4.5 mg/kg/day dose group after one month of dosing. Correeys of 0.3* 0.29 mg/dl (Wolfordet al., 1986). Furthermore,
sponding cumulative doses of PFOS at one month for the 1t average control bilirubin values ranged much higher (0.6 to
mg/kg/day and 4.5 mg/kg/day rhesus monkeys would be ab@8 mg/dl) than the reference mean, and were highly variable.
45 mg/kg and 135 mg/kg, respectively. In the current cynélthough we did not analyze for urinary excretion of urobi-
molgus monkey study, significant decreases in cholesteliologen, analysis of fecal urobilinogen during week 23 of
from predose values occurred in the 0.75 mg/kg/day doseatment from the 0.75 mg/kg/day males did not reveal any
group at serum PFOS concentrations above 100 ppm aighificant differences from control levels (data not shown).
corresponded to cumulative doses of 50 mg/kg in males andB4us, the modest decrease in bilirubin in the 0.75 mg/kg/day
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dose group males remains unclear. The increase in serum hilth many types of illnesses, in which lowered Values are
acids that occurred in the 0.75 mg/kg/day dose group malestbe most common abnormality (Chopra, 1997; DeGroot, 1999).
day 182 could be considered to have been indicative of mildThe lower estradiol values found in the 0.75 mg/kg/day dose
bile stasis associated with hepatic hypertrophy; however, tlgigoup male and female monkeys are not well understood. Since
was not consistent with the lowered serum bilirubin observéestosterone was not decreased in males, it is possible that the
in this dose group. lowered estradiol is a result of a feed-back mechanism aimed
The lack of a mitotic response in liver, as measured kat preserving testosterone levels in males, e.g., decreased aro-
PCNA suggests that the observed accumulation of PFOS didtase activity, or by a direct inhibition of aromatase. The
not cause hepatocellular proliferation. Pancreas and testes welatively low estradiol values in females may be proportional
investigated for their proliferative response because perota-lower HDL (Adamset al., 1985). o
some proliferating compounds have been shown to cause adfhe recovery group animals revealed that the effects cg
enoma formation in these tissues in rodents (Biegfebl., PFOS on clinical chemistry, hormones, and liver histology are
2001; Cattleyet al., 1998; Cooket al.,1992; Juset al.,1989; reversible. This reversal was accompanied by significant dg
Pastooret al., 1987). The lack of an increase in the mitoticreases in serum and liver PFOS. After one year of recovery,
index in these organs suggests that PFOS does not causeexage serum and liver concentrations of PFOS in the coni—
similar response in primates. bined 0.15 and 0.75 mg/kg/day dose groups were- 896 and
The results of this study indicated lipid accumulation oct9 + 8%, respectively, of values measured of the end of thg
curred in the liver, without peroxisome proliferation. While th&-month treatment period.
mechanisms of toxicity are not completely understood, studiesFactors that may have resulted in the plateauing of seruf
in rodents have indicated that PFOS interferes with fatty adRFOS concentrations in the high-dose monkeys may haye
and cholesterol metabolism through inhibition of HMG CoAncluded a limitation on the absorption rate of PFOS, saturatici
reductase and acyl CoA cholesterol acyl transferase (Haughofrserum carrier-protein sites, increased uptake of PFOS frofh
and Spydevold, 1992). Peroxisome proliferation has been desarum by the liver, and increased biliary or urinary excretion
onstrated in rats and mice treated with PFOS (lketl@l., unbound PFOS. The fact that the reduction in serum choleg-
1987; Kennedyt al.,1998; Sohleniust al.,1993), but had not terol corresponds with the plateauing of serum PFOS conceg-
been previously measured in primatksvitro, PFOS has been tration suggests that there may be a causal correlation betwe;én
shown to compete with fatty acids for transport proteinhese two observations. If the plateauing of PFOS serum cog-
(Luebkeret al., in press) and to interfere with mitochondrialcentrations is related to an increase in free versus bound PF@S
bioenergetics (Starkov and Wallace, 2002). The findings froim serum with a corresponding increased uptake by liver, tr@
this study were consistent with evidence that primates do rintrease in the liver concentration of PFOS may be related tg
respond with hepatic peroxisomal proliferation to known petewering of serum cholesterol. Inhibition of enterohepatic cir<g
oxisome proliferators (Puglet al., 2000). Furthermore, the culation of cholesterol could also contribute to the observe&
peroxisome proliferators examined by Puegtal. did not cause lowering of serum cholesterol. The recovery of serum choleﬁ
effects on body weight, liver weight, and cholesterol that weterol 36 days after cessation of dosing, while PFOS levels We®
observed with PFOS. Thus, we believe the hepatic effectsgiill elevated in serum and liver, would seem to suggest tha,t
PFOS in this study are not related to peroxisome proliferatiocserum PFOS is not a major contributor to the observed Iowebs
The decrease in total;Tin both males and females of theing of cholesterol. The cessation of daily dosing may work tm
0.75 mg/kg/day dose group at the end of the treatment peri@nove an inhibition of cholesterol absorption from the gutm
was consistent with the slight (approximately 2-fold) comperlso, the cessation of daily dosing may allow for the sequesz
satory increase in TSH observed in these monkeys (Ingbaation of PFOS, removing its reported effect of decreasing’
1985), although the absence of a corresponding decrease iHMG CoA reductase activity (Haughom and Spydevoldg
was puzzling. Normal-range values fog Were not available 1992). S
for cynomolgus monkeys; however, with the exception of one Acknowledging the uncertainty concerning the significancé&
male with a T, of 34 ng/100 ml, all values for jJJwere within of lowered HDL observed in females in the 0.15 mg/kg/day=
the normal ranges of 54—-115 ng/100 ml and 65—295 ng/100 ddse group females (see discussion above), no toxicologica
for male and female rhesus monkeys, respectively (Belatetzsignificant effects were observed after 182 days of dosing at
al., 1978; DePaolo and Masaro, 1989). The clinical relevan®e03 and 0.15 mg PFOS/kg/day. Therefore, the authors con-
of the lowered T values was not apparent in this study sincsider 0.15 mg/kg/day to represent a no-observed-adverse-effect
there was no indication of a clinical hypothyroid response. Alével (NOAEL) in cynomolgus monkeys under the conditions
TSH values were within the reference range (Belclettal., of this study.
1978), hyperlipidemia was not present, and there were noDue to the poor elimination of PFOS in monkeys and
changes in thyroid gland histology. The thyroid hormone valtumans, serum PFOS concentrations can be used as an indi-
ues in the 0.75 mg/kg/day dose group did resemble sometion of body burden and integrated exposure over time. A
aspects of nonthyroidal illness syndrome, which is associateaimparison of serum concentrations associated with no ad-
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verse health effects in the cynomolgus monkeys from tfﬁ}gGroot, L. J. (1999)._Danger0L!S dogmas in medicine: The nonthyroidal
study with serum concentrations measured in various humatness syndromeJ. Clin. Endocrin.84,151-178. _
population subgroups can be used as an estimate of poterRFéﬂ?O'O' L. V., and _M_asaro, E. J (1989). Endocrine hc_)rmones in laboratory
risk. The serum PFOS concentrations achieved after 6 month&!Mals: InThe Clinical Chemistry of Laboratory Animaland ed. (W.

f dosi 1015 Ika/d 88 25 d67 11 oeb and F. Quimby, Eds.), p. 721. Parmagon Press, New York.
ot dosing at ©. mg/kgiday were ppm an N De Pinieux, G., Chariot, P., Ammi-Said, M., Louarn, F., Lejonc, J. L., Astier,

ppm for males and females, reSpeCt'Vely' This compares tQ\., Jacotot, B., and Gherardi, R. (1996). Lipid-lowering drugs and mito-
serum levels in exposed workers that have averaged approxthondrial function: Effects of HMG-CoA reductase inhibitors on serum
mately 2 ppm (Olsert al.,1999). Extensive monitoring of this  ubiquinone and blood lactate/pyruvate ratigr. J. Clin. Pharmacol.42,
exposed worker population has not revealed any association®3-337.

with hepatic effects or Changes in cholesterol. Hanseal. DOU|.|,.J., Cattley, R., Elcombe, C., Lake, B. G., Swenberg., J., Wilkinson, C'U
(2001) reported a mean PFOS serum concentration of G028 Williams, G., and van Gemert, M. (1999). A cancer risk assessment (g

. . di(2-ethylhexyl)phthalate: Application of the new U.S. EPA Risk Assess=
0.014 ppm in human blood Samples from 65 nonoocup‘"‘t'or"ment GuidelinesRegul. Toxicol. PharmacoR9, 327-357.

ally-exposed donors and several CommerCIal SUp_p“erS- Thelf)%ﬁnett, C. W. (1964). New tables for multiple comparisons with control.
fore, compared to serum concentrations associated with n@jometrics20, 482—491.

adverse effects in cynomolgus monkeys, a margin of safetyridge, s. R., Butterworth, B. E., and Goldsworthy, T. L. (1993). Prolifer-
approximating 3 orders of magnitude appears to exist forating cell nuclear antigen: A marker for hepatocellular proliferation i

nonoccupationa' human popu'ations_ rodents.Environ. Health Perspectl01,211-218.
Flint, O. P., Masters, B. A., Gregg, R. E., and Durham, S. K. (1997). HMG coA3

ACKNOWLEDGMENTS reductase inhibitor-induced myotoxicity: Pravastatin and lovastatin inhibif

the geranylgeranylation of low-molecular-weight proteins in neonatal rag.

The authors are grateful to Drs. Jeffrey H. Mandel and Larry R. Zobel of the muscle cell cultureToxicol. Appl. Pharmacol145,99-110. 2

3M Medical Department, Lisa A. Clemen and Harold O. Johnson of the 3f@i€sY, J. P., and Kannan, K. (2001). Global distribution of perfluorooctan

Yy wouj papeo

e//:sh

Environmental Laboratory, Drs. Sandra R. Eldridge and James B. Nold ofSulfonate and related perfluorinated compounds in wildiaviron. Sci. S
Pathology Associates International, Drs. Ravinder J. Singh and Memood Kahr €chnol.35, 1339-1342. g
of Mayo Clinic, and Dr. Robert A. Leedle and Dale Aldridge of Covance, foGoldenthal, E. I., Jessup, D. C., Geil, R. G., Jefferson, N. D., and Arceo, R. §
their expertise and contributions (1978a). Ninety-day subacute rat study. Study No. 137—-085, Internationaf
Research and Development Corporation, Mattawan, Ml. (U.S. EPA Docké’-

No. 8(e)HQ-1180—00374). f

REFERENCES Goldenthal, E. I., Jessup, D. C., Geil, R. G., and Mehring, J. S. (1978bJ

Ninety-day subacute rhesus monkey toxicity study. Study No. 137-09%
Adams, M. R., Kaplan, J. R., Clarkson, T. B., and Koritnik, D. R. (1985). International Research and Development Corporation, Mattawan, MI. (U.§o"s
Ovariectomy, social status, and atherosclerosis in cynomolgus monkeystPA Docket No. 8(e)HQ-1180-00374).

L/8

Arteriosclerosis5, 192-200. Hansen, K. J., Clemen, L. A., Ellefson, M. E., and Johnson, H. O. (2001§
Belchetz, P. E., Gredley, G., and Himsworth, R. L. (1978). Pituitary-thyroid Compound-specific, quantitative characterization of organic fluorochemi
function in the rhesus monkei@caca mulattq J. Endocrinol.76, 427—438. cals in biological matricesEnviron. Sci. TechnoBB5, 766—770. o

Biegel, L. B., Hurtt, M. E., Frame, S. R., O'Connor, J. C., and Cook, J. GHaughom, B. and Spydevold, @. (1992). The mechanism underlying th&
(2001). Mechanisms of extrahepatic tumor induction by peroxisome prolif- hypolipemic effect of perfluorooctanoic acid (PFOA), perfluorooctane sulé
erators in male CD rat§oxicol. Sci.60, 44-55. phonic acid (PFOSA) and clofibric acid®iochim. Biophys. Actal128,

Butenhoff, J. L., and Seacat, A. M. (2001). Comparative sub-chronic toxicity 65-72.
of perfluorooctanesulfonate (PFOS) and N-ethyl perfluoroctanesulfonarpienwood, S. M., Mckee-Pesick, P., Costello, A. C., and Osmitz, T. G. (1994af
doethanol (N-EtFOSE) in the rafoxicologist60, 348 (Abstract). Developmental toxicity study with lithium perfluorooctane sulfonate ing

Case, M. T., York, R. G., and Butenhoff, J. L. (2001a). Oral (gavage) rabbits.Teratology49, 398.

1og Aq

cross-fostering study of potassium perfluorooctane sulfonate (PFOS) in rgfenwood, S. M., Mckee-Pesick, P., Costello, A. C., and Osmitz, T. G. (1994b'§
Toxicologist60, 1055 (Abstract). Developmental toxicity study with lithium perfluorooctane sulfonate in rats
Case, M. T., York, R. G., and Christian, M. S. (2001b). Rat and rabbit oral Teratology49, 398. °
developmental toxicology studies with two perfluorinated compouimds. |keda, T., Fukuda, K., Mori, I., Enomoto, M., Komai, T., and Suga, T. (1987).?3
J. Toxicol.20, 101-109. Induction of cytochrome P-450 and peroxisome proliferation in rat liver by, _

Cattley, R. C., DelLuca, J., Elcombe, C., Fenner-Crisp, P., Lake, B. G.,perfluorinated octanesulfonic acid. Reroxisomes in Biology and Medicine E—
Marsman, D. S., Pastoor, T. A., Popp, J. A., Robinson, D. E., Schwetz, B.,(H. D. Fahimi and H. Sies, Eds.), pp. 304-308. Springer Verlag, New York
Tugwood, J., and Wahli, W. (1998). Do peroxisome proliferating comngbar, S. H. (1985). The thyroid gland. Williams Textbook of Endocrinol-  ©
pounds pose a hepatocarcinogenic hazard to hunRegal. Toxicol. Phar- ogy, 7th ed. (J. D. Wilson and D. W. Foster, Eds.), pp. 682-815. W. B.
macol.27, 47-60. Saunders, Philadelphia.

Cook, J. C., Murray, S. M, Frame S. R., and Hurtt, M. E. (1992). Induction Qfohnson, J. D., Gibson. S J., and Ober, R. F. (1979a). Absorption of FC-95—
Leydig cell adenomas by ammonium perfluorooctanoate: A possible endo14¢ in rats after a single oral dose. Project No. 8900310200, Riker Labo-

crine-related mechanisrioxicol. Appl. Pharmacol113,209-217. ratories, Inc., St. Paul, MN. (U.S. EPA Docket No. 8(e)HQ-1180—00374).
Chopra, . J. (1997). Clinical review 86: Euthyroid sick syndrome: Is it gohnson, J. D., Gibson, S. J., and Ober, R. E. (1979b). Extent and route of
misnomer?J. Clin. Endocrinol. Metab82, 329-334. excretion and tissue distribution of total carbon-14 in rats after a single i.v.

Daniel, W. W. (1987)Biostatistics: A Foundation for Analysis in the Health dose of FC-95%C. Project No. 8900310200, Riker Laboratories, Inc., St.
Sciences5th ed. John Wiley, New York. Paul, MN. (U.S. EPA Docket No. 8(e)HQ-1180—-00374).



264 SEACAT ET AL.

Johnson, J. D., Gibson, S. J., and Ober, R. E. (1984). Cholestyramine-enhancédorochemical production employees. Occup. Environ. Med41, 799—
fecal elimination of carbon-14 in rats after administration of ammonium 806.

[*“Clperfluorooctanoate or potassiurif]perfluorooctanesulfonatdzun-  Omar, M. A., Wilson, J. P., and Cox, T. S. (2001). Rhabdomyolysis and
dam. Appl. Toxicold, 972-976. HMG-CoA reductase inhibitorsAnn. Pharmacother35, 1096 -1107.

Just, W. W., Gorgas, K., Hartl, F-U., Heinemann, P., Salzer, M., and Sclpigstoor, T. P., Lee, K. P., Perri, M. A., and Gillies, P. J. (1987). Biochemical
massek, H. (1989). Biochemical effects and zonal heterogeneity of peroXiand morphological studies of ammonium perfluorooctanoate-induced hepa-
some proliferation induced by perfluorocarboxylic acids in rat livézpa- tomegaly and peroxisome proliferatioBxp. Mol. Pathol 47, 98—109.
tology 9, 570-581. Pugh, G., Jr., Isenberg, J. S., Kamendulis, L. M., Ackley, D. C., Clare, L. J.,

Kannan, K., Franson, J. C., Bowerman, W. W., Hansen, K. J., Jones, P. D., angrown, R., Lington, A. W., Smith, J. H., and Klaunig, J. E. (2000). Effects
Giesy, J. P. (2001). Perfluorooctane sulfonate in fish-eating water birdsf di-isononyl phthalate, di-2-ethylhexyl phthalate, and clofibrate in Cyno-
including bald eagles and albatrossEaviron. Sci. TechnoB5, 3065—70. molgus monkeysToxicol. Sci.56, 181-188.

O

Kennedy, G. L., Jr., Keller, D. A., Biegel, L. B., and Brock, W. J. (1998)Sohlenius, A-K., Eriksson, A. M., Hgstram, C., Kimland, M., and DePierre, £
Repeated dose toxicity of fluorinated acids in ratexicologist42, 371 J. W. (1993). Perfluorooctane sulfonic acid is a potent inducer of peroxisas:
(Abstract). mal fatty acid B-oxidation and other activities known to be affected by &
Lazarow, P. B. (1981). Assay of peroxisongabxidation of fatty acidsMeth. peroxisome proliferators in mouse livétharmacol. Toxicol72, 90-93. ‘_g_h
Enzymol.72, 315-319. Starkow, A. A., and Wallace, K. B. (2002). Structural determinants of fluoc
Levene, H. (1960). Robust tests for equality of varian@sntributions to rochemical-induced mitochondrial dysfunctiofoxicol. Sci.66, 244 —-252. 3
Probability and Statistics(l. Olkin, S. Ghurye, W. Hoeffding, W. Madow, U.S. EPA (2000). Perfluorooctane sulfonates: Proposed significant new uge
and W. Mann, Eds.), pp. 278-292. Stanford University Press, Stanford. rule. U.S. Environmental Protection AgencyFed. Regist. 65, §'
Luebker, D. J., Hansen, K. J., Bass, N. M., Butenhoff, J. L., and Seacat, A. M62319-62333. I
(in press). Interactions of fluorochemicals with rat liver fatty acid bindingvagner, J. D., Greaves, K. A., Schwenke, D. C., and Bauer, J. E. (199&2

protein. Toxicology Lipids and lipoproteins. Imhe Clinical Chemistry of Laboratory Animals,
Oliver, W. R., Jr, Shenk, J. L., Snaith, M. R., Russell, C. S., Plunket, K. D., 2nd ed. (W. F. Loeb and F. W. Quimby, Eds.), p. 203. Taylor and FranCI%

Bodkin, N. L Lewis, M. C., Winegar, D. A Sznaidman, M. L., Lambert, Philadelphia. ®
M. H., Xu, H. E., Sternbach, D. D., Kliewer, S. A., Hansen, B. C., andViner, B. J. (1971)Statistical Principles in Experimental Desig@nd ed. g
Willson, T. M. (2001). A selective peroxisome proliferator-activated recep- McGraw-Hill, New York. g
tor delta agonist promotes reverse cholesterol transpooc. Natl. Acad. \olford, S. T., Schroer, R. R., Gohs, F. X., Gallo, P. P., Brodeck, M. Falké

Sci. U.S.A98,5306-5311. H.B., and Ruhren R. (1986) Reference range database for serum chemi
Olsen, G. W., Burris, J. M., Mandel, J. H., and Zobel, L. R. (1999). Serum and hematology values in laboratory animals.Toxicol Env. Healthl8,
perfluorooctane sulfonate and hepatic and lipid clinical chemistry tests in161-188.

6102 AInf +0 uo uasn dN| xneapiog Aq 96L8L9L/6173/L/89/109J13q9'elo!1-1§‘|



