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aM 6. An Epidemiologic Investigation of Reproductive Hormones in Men with
Occupational Exposure to Perfluorooctanoic Acid

“This published paper by Olsen et al (J Occup Env Med 1998;40:614-622) further

examined the observation initially reported by Gilliland in his doctoral thesis that serum

PFOA levels (as measured by total organic fluorine) may be associated with reproductive

hormone changes. In 1993 and 1995, the luorochemical medical surveillance program

had 111 and 80 male production workers (Cottage Grove, MN) voluntarily participate.

Unlike the 1990 program which analyzed for serum total organic fluorine, serum PFOA

was measured in 1993 and 1995 by mass spectrometry methods. Serum PFOA levels

were then compared to several reproductive hormones. Serum PFOA was not

significantly associated with estradiolo testosterone. A 10% increase in mean estradiol

levels was observed among employees who had the highest levels of serum PFOA

although this association was confounded by body mass index. Neither was PFOA

consistently associated with anyof the other measured hormones
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An Epidemiologic Investigation of
Reproductive Hormones in Men with
Occupational Exposure to Perfluorooctanoic
Acid

Geary W. Olsen, DVM, PhD though fluoride (inorgani ionic u-
Frank D. Gilliland, MD, PhD rd) vas deniednum blood

years ago."* the presence o
Michele M. Burlew, MS fuorine in a covalently bound or-
Jean M. Burris, MPH ganic sate was first reported in
Jack S. Mandel, PhD Ly oy subsequently identi-ed perfluorooctancic acid (PFOA,Jeffrey H. Mandel, MD C,F..COLH) as a major component

Pefluorooctanoic acid (PFOA), a potent synthetic surfactant used in ou S677 ©rB41Ic fuorine fac:
industrial applications, is a peroxisome proliferator that has resulted in gies point be uci vied
dose-related increases in hepatic, pancreatic acinar, and Leydig cell innate applications. rapidlydis
adenomas in laboratory animals. In addition, PFOA increased smum  sociates. in. aqueous solution to
estradiol levels through the inductionofhepatic aromatase activity. In PFOA
1993 and 1995,we conducted twocross-sectional studiesof 111 and 80 Tn laboratory animals, PFOA acid,
production workers, respectively, and specifically measured their serum orit salts, i absorbed by ingestion;
PFOA in relation to severalreproductive hormones 0determinewhether inhalation, or dermal exposure®™
Such an effect occurs in humans. PFOA was not significantly associated and is not metabolized *~'* PFOA is
with estradiolortestosterone in either year's study. A 10% increase in distributed primarily in the plasma
mean estradiol levels was observed among employees who had the highest and liver of male rats and the liver,
levels of serum PFOA, although this association was confounded by Plasma. and kidney in female rats
body mass index. Neither was PFOA consistently associated with the ~The major touteof elimination is via
other measured hormones. Our results provide reasonable assurance ~ \Tin¢ 0d feces. In the female rat,
that, in this production setting, there were mo significant hormonal We is 8 tenfoldgreter real exc
changes associated with PFOA at the serum levels measured. Limita- fonie Comet ae
tions of this investigation include its cross-sectional design, the few HEOA urinary excretion rates similar
subjects exposed at the highest levels, and the lowerlevelsofserumPFOA 15 those of female rate
measured, compared with those levels reported to cause effets in Peroxisome. profiferators. like
laboratory animal studies, PFOA. are a diverse class of chemi-

cals that cause hepatic peroxisome
proliferation and enzyme induction.
liver hyperplasia. and. in some in-

Fen oe idlDepuer, = Company. 1. Pos. in. Br Orr, Wo Drew Bur Dr SANCES: hegatocarcinogenesis in ats
15 Nii. ¢ pags 22 Cues Cons gan. eho f viding Unvenyo eu and mice.!S* Two-year feeding
en Abert 115 Glny nd Dra of Ener nd Ocapsio ess, studies in Ce:CD BR (CD) ats at 3
SE Pin Nes. ic of Minnis. Sep. ia. 01 1. San maximum amount of 300 parts perArsGy an, DVN PR. Orman 0-05 8. TLV SESL SCS PE
in 7s 6145300 adenomas and an increased inci-
Cope Oy Aménéan Coles of Occpstonl 4 Envisamensl Mediine dence of pancreas acinar cel adenc-
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mas’ and Leydig cell adeno and hormones of a priori interest Sixty-eight employees participated
mas." PFOA is not mutagenic’ resultedin apositive nonlinear (qua- in both years. The surveillance con-
2nd thus the induction of these tu-  dratic) association with estradiol. sisted of a medical questionnaire:
mors most likely occurs through positive linear associations with pro. measurement of height, weight. and
nongenoloxic. mechanisms such as lactin and TSH. and negative nonlin: pulmonary function: standard. bio-
oxidative stress. ear (square roof) associations with chemical and urinalysis tests: PFOA
To determine whether the Leydig free or bound testosterone.” determination: and several hormone

cell adenomas were the result of an A morality study of employees in assays.
endocrine.relted mechanism. Cook the chemical division, which in-
etal" gavaged CD ras for 14 days cluded the PFOA production build. PFOA Analysis
With up 10 SO mg/kg of ammonium ings, found no significantly in- A themmospray mass spectropho-
perfluorooctanoate. A significant in- creased cause-specific standardized tomy assay was used to determine
Grease in serum esuadiol and de. morality rato for ther male or serum PFOA levels in 1993 and
crease in testosterone levels were female employees. There were four 1995.7 The range of serum PFOA
abserved. The estradiol increase may deaths from prostate cancer, com- was 01080 pomin 1993and 010 115
be due fo an induction of hepatic pared with 1.97 expected (95% con. ppm in 1995. The upper limit of
aromatase activity.Thedecrease in fidence interval (Cl), 0.55-4.59). detection in 1993 was 80 ppm.
Serum testosterone levels might be Only one employee had worked di. whereas there was no upper limit of
the resul of reduced conversion of rectly in the PFOAproduction build. detection in 1995. Levels were
17.alpha hydroxyprogesicrone (17 ings. An association between PFOA highly correlated among the 68 em-
HP) to androstenedione (via the in. exposure and prostae cancer was ployees studied in 1993 and 1995
hibition of the C-1720 lyase en. considered biologically plausible  (r = 91, P = 00001), There was
zyme). However, Biegel et al'® were based on the animal and human data, also high correlation between total
unable (0 replicate the negative tes. which showed associations between serum fluorine level measured with
tosterone association. PFOA and reproductive hormones. the 1990 study®® and the PFOA mea-
'CD ras fed 100 ppm PFOA fora The purpose of this report is to sured in 1993 (r = .72, P = 0.0001,

maximum of 13 weeks showed in- describ the results from two cross- n= 94 subjects) and in 1995 ( =
creased esuradiol but not testosterone section! studies from the same plant 84, P = 0.0001, n = 63 subjects).
levels.®3* Elevated estradiol levels that were done in 1993 and 1995. “These findings were not unexpected,
were found among CD ras fed 300 because of the estimated 18- to 24
ppm duringa 2-year bioassay, with Methods month, alflfe of PFOA in hu-

and follicle-stimulating hormone PFOA production atthisplant be-  HOTMOne Assays
(FSH)? gan in 1947. PFOA,awhite powder, Serum samples were analyzed by
The 3M Company has conducted is produced by an electrochemical the University of Minnesota's Endo-

medical surveillance of employees process.’ The productsofthis elec-  crinology Laboratory (Minneapolis,
involved in PFOA production. Lev-  trolysis cell reaction are highly flu- MN) or the Endocrine Science Ref-
els of serum organic fluorine (1.00—  orinated compounds, with the end- erence Laboratory (Tarzana, CA)
51.00 ppm) in production employees product defined by the starting Eleven hormones were assayed: cor-
were 10. to 50-fold greater than val- material. Production involves a four. tisol, dehydroepiandrosterone sulfate
ues (001-0.13 ppm reported from stage process: isolating and convert- (DHEAS). estradiol, FSH, 17a-
human sera?” Since PFOA could be ing the chemical to a salt slurry,  hydroxyprogesterone (17-HP). free
an endocrine modulator,® a cross- converting the slurry to a salt cake, testosterone, total testosterone, LH.
Sectional study among workers with drying th cake. and packaging. The prolactin. thyroid-stimulating hor:
potential exposure 1o PFOA was greatest likelivood for exposure to mone (TSH) and sex hormone
Conducted in 1990.3 Among 115 PFOA occurred in the drying area. binding globulin (SHBG). All but
men engaged in PFOA production, SHBG were analyzed at the Uriver-
ol serum fluorine levers sodium Subject Selection Sy of Mimsouss Endocrinology
biphenyl extraction method”) General medical surveillance is Laboratory.

ranged from 0 10 26 ppm (mean = performed biennially for employees Cortisol was assayed using a fuo-
5127 ppm:standard deviation [SD] = at his plant. There were 111 male rescence polarization. immunoassay
68 ppm). I hadbeenestimated that employees in 1993 and 80 male em- (Abbott TDx. North Chicago. IL).
80%-90%of human total serum flu: ployees in 1995 who participated in Radioimmunoassays (RIA) were
orine levels consisted of PFOA.’ medical surveillance. hormone test- used for DHEAS (Pantex. Santa

Adjusting for potential covariates ing. and serum PFOA determination. Monica, CA). eviradiol (modified
€02469
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Pantex). 17-HP (modified CIS) and comparing parameter estimates, using Results
smi Enra deari . Serum PFOA levels were not

CR” Foe ere wn der: sho ekSlyel ver aaed LLTT LS
mined wig squirm diss byshesASSyemSCSEIS TES
LH. FSH and prolacin were aayed Wedid not examine hormone 11603 and 1995 dt, respectively.wing a microparticle enzyme immu hinges between the twoexamine LL DLEC,
noassay (Abbott mo. TSH was de. (0 “PFOA. (approximately two ere the following: age (22,14):termined using a chemiuminescence ieofPFOAapproimaily wo 150 F005C (0)
immunometric assay (Nichols, San in hormones,Sincetheresultsforthe Cigarettes (0S, .11); cortisol (07.

Juan Capisano, CA). SHBG was omens Sincehesie rhe Tog DueoS (13, 12, suadiol
assessed via a radioimmunoassayaf- both years were similar to those ob- (12,15); FSH (=.12, —.13); 17-HP

ter chromatographic sample PURfica: ipaq for the entire swdy, only the (11,30); LH (=.06, 13); prolactin
tion (Endocrine Science Reference result for all employees are pre- (04. =.04); SHBG (=.07, 03);
Laboratory). Bound (esiosierone Was senyeq below, bound testosterone (01, 02); freecalculated 3s total testosterone less
free testosterone. The same assays
were used for both 1993 and 1995
analyses. Ju

Data Analysis »
Simpleandsaid analyses, anal

ysis of variance (ANOVA). Pearson [
Comelaion coefficients, and ordinary :
tial weston we wero BME . .
value associations between PFOA [3Semel Lh.
potential confounding varabes. For © WF
uaifiedanalyses, employeesweredic FR
vided into four PFOA categories: 0-1 fo
pom. 11-<10 ppm. 10-<30 ppm, and A
230 ppm in odertocetrmine ifan» ee
effect existed at the highest serum LEWE
levels. For mulivarisble evaluation,
PFOA. age, body mass index (BMI), 1995.
alcohol use. and caret use were eto
examined as both categoricalandcon- rs —
tinuous variables. Alcohol use was an- »
alyzedaslessthan | drink per day. 1-3 ®
drinksper day. wdnonresponsetothe .
questionnaire item. Cigarette use was. ct, .eis ier came ot 8 fofer .
nonsmaer. Regresion mades were Sel.
ited with PFOA entered 3 a contin i Lo
uous variable. usinglinear.square,and ES
square root transformationsinorder to wpe
assure that associations were not :
missed. The possible nonlinear asoci-
ion of esradiol. fre testosterone,
and bound testosteronewasevaluated. Tew % sw = mw ww wom
Nonlinear dose-response relationships sroxippe)
were examined by model fit and BY Fi. 1. Scnupo of seu csr (yl by perforce cid (PFOA, in prs per

ili rpmfo amlnes 199330 1955.
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TABLE1
Mean, Median, Standard Deviation (SD) of Mean and Range of Peruorooctancic Acid (PFOA), Demographic and Hormonal
Values by Serum PFOA Levels, and Year of Data Collection”

1993 Data 1996 Data
PFOA (ppm) Mean Medan SO Range Moan Medan SO Range

PFOA om)
omc” oust 047 021 0000s 031 02 0% 00%
1-<10 334 200 217 105-89 3m 20 18 110-820

10-<30 16260 1540 33% 11802100 at 143 630 1030-2820
2% 0100 Gads 2401 JIK-0000 S596 424 29 20-1410

F-25925, = 00001 FaT757,P=00001
Agebr)oct «as 0 92 20e0 420 a0 83 20600

1-<10 32 wo 77 270-0 413 wo 8s 20880
10-<30 38 35 42 Mo4s0 481 ®0 74 300850
= 23 328 14 2040 3.2 30 92 270500

F=367,p = 001 Fe088.P=048
Alcohol Grnksiday)
ost 04 03 0s oo1s 0s 03 or 002s
1-<10 or 05 07 0034 05 04 0s 001s

10-<30 09 07 0s 0&2 08 07 07 0021
230 09 07 08 0020 05 04 06 0014

F=305.p-000 F=03¢,p=043
BM gm)
o-<t 200 2s az wswo ue 28 42 218-452

1-<10 208 3 25 216%5 26 ars 34 21383
10-<30 201 28 18 2130 278 a7 a0 212348
= 285 24 16 28%2 28 09 18 823s

F160. =019 Fe077.P=082
Gigaetes (cigaretiewday)
oct 26 00 75 000 3s 00 84 00-400
1-<10 60 00 105 00-400 26 00 60 00200

10-<30 25 00 71 00200 01 00 152 00-400
2% 50 00 100 00200 50 00 89 0020

Fe126.p=02 Fe126.p=030
Estradiol om)
0st 547 50 ws ®o-w0 ear s0 17 450900

1-<10 560 50 120 Mos es2 £20 149 450960
10-<30 548 20 16 0700 ent 65 91 S070
=%0 628 0 84 somo m2 750 67 840-810

Fe054,p = 086 F=060,P=058
17:48 (r/c)

oct 1068 1060 M9 4402030 818 S40 ®2 20100
1<t0 1202 185 ats 4502000 1108 055 36 540-1790

10-<30 s79 1055 284 se0-1a40 1103 sss 775 4602970
=) 1265 20 668 5402060 1230 1020 547 720-1380

Fe155.p =021 Feterp ots
Prolactin (ug)

o-<t 82 80 35 20180 108 00 s1 4020
1-<10 I 80 48 zomo Me 100 80 50280

10-<30 1500 so sz soso 129 wo 53 30210
23 7s 7s os 1080 90 50 27 1040

Fa37.p =001 F=086.p=058
ound testosterone (n/a)
o-<t 287 5137 1780 2209-10505 5348 sis 1504 2787-10585

1-<10 097 soz 1682 2i2z-icete Ser S643 1523 2164-8384
10-<30 as2 ars a9 Woes ssid 597 1855 2081-8238
20 S695 565 816 4509-644 S678 6230 1550 34177030

F=248.p = 007 F=026.P=085
- eer
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moderate drinkers. as waspreviously 10 investigate he ein beeen exposureandesol,meanest
reported.™ serum PFOA levels and several re- diol levels were 10% greater among.

roduc hormones in paricol, employees wih the highest serum
Discussion estradiol and testosterone. Although ~~ PFOA levels (30 ppm): however.

We conductedtwo ros sectional we 410 nr chro 3 Sgnicanly is was confounded by BMI, and
tam posiive associationbetween PFOA any inrpreationi limitedbythe
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eo Epidemiologic Study of Perfluorooctanoic Acid + Olsenetal
few subjects at thix PFOA level. vides a plausible mechanism for a those with the highest serum PFOA
Gilliland alo observed an approxi- possible threshold relationship be: exposure levels in 1993 also partci-mate 10% increase in mean exradiol tween PFOA and estradiol "7 pated in 1995. This reduced sample
levels from his lowest (0-1 ppm) to While repose t peroxisome pro- size resulted in’ lower statistical
highest (15-26 ppm) total serum or-  liferator. like POA. arereadily ob- power. Third, we specifically mea-
ganic uorine levels among these served in rats and mice. other spe- ured serum PFOA levels. Use of
production employees. Unlike the  cies—including humans—have total serum organic fluorine may rep-
present study. this previous report shown no such responses to many resent other perfluorocarbons. which
also observed asignificant nonlinear types of peroxisome proliferlors at could be peroxisome proliferators,
positive association between esira- equivalent dose levels. +! although data suggest that PFOA
diol and total serum organic fluo We did not observe anysignificant would represent the greatest fraction
ine. Possible reasons for the dif- associations between PFOA and free oftotal serumorganic fluorine levels
ferent result include the following: or bound testosterone. However, we in this employee. population ’=*
(1) use of different measurements of did observe a significant posiive as- Fourth there could be measurement
exposure (otal serum organic fluo- sociation between I7-HP and PFOA. error in important confounding vari-
fine in 1990 and serum PFOA in in the 1995 but not 1993 analyses. ables. Analysis of the 68 subjects
1993 and 1995); (2) the possibility We examined 17-HP.aprecursor of who participated in both years
that the multivariate model used in testosterone, because Cook et al'® showed good correlationforthecon
1990 may have transgressed the ho- suggested that PFOA may affect the founding factors of BMI (r = 93,
‘moscedasticity assumptionof regres- conversion of 17-HP to testosterone = 0.0001) and the self-reported
sion analysis’: (3)possible misclas- via inhibition of 17,20-lyase. If this aspectsofalcohol consumption (7 =
sification of confounding variables enzyme was inhibited, the expected 67.P = 0.0001)andcigaretie smok-
(eg. the expected relationship be- result wouldbeanincrease in 17-HP ing (r =84. P = 0.0001). Fifth, the
tween BMI and estradiol was not levels, which was observed in both quality of medical surveillance data
observed in 1990; comclation coef- years" studies, although significantly can be evaluated by whether known
ficient = 01; (4) different sub- inonly the 1995 study. Recent labo- associations are observed. In this
jects analyzed (94 employees partic- ratory work suggests that there may regard, we observed various ex-
ipated in both the original 1990 and be an accommodation by the CD rat pected associations (eg. estradiol and
the 1993 surveys, compared with 61 (0 the initial testosterone-lowering BMI, free testosterone and age). Fi-
employees who paricipated in 1990 effect of PFOA.” A previous re- nally. thepulsatilenatureofsome of
and 1995); and (5)differences in the por observed a significant nega- the hormones studied (cg, FSH, LH,
estradiol assays. tive nonlinear association between testosterone) has resulted in prior

Dose. threshold effect, andspecies total serum fluorine and free or recommendations that mean hor-
sensitivity may account for the ap- bound testosterone. This observation mone measurements should be the
paren differences between the ani- was dependent upon one influential result of pooled blood from multiple
mal and human studies. We did not data point, thtof an employee who samples taken at short intervals. In
observe a significant association be- had no detectable total serum organic. our study. multiple samples were not
tween estradiol and PFOA but did fluorine levelbuthadthehighestfree feasible because ofthe low probabil-
observea 10% increaseatthe highest testosterone level measured. ity of employees voluntarily giving
serum levels of PFOA.Serum PFOA Several methodological issues three samples over a 45- to 60-
in these workers was likely below should be considered in evaluating minute time period.

theobservable effect levels in animal the results from this stwdy. First. the In summary. we conducted two
studies: the observable effect level in cross-sectional design does notallow cross-sectional studies in 1993 and
the CD rat is somewhere above a foradirect analysis of the temporal- 1995 and did not observe a signifi
mean serum level of 55 ppm ityofanassociation. Given the long canly positive association between
PFOA." All but three PFOA mea- half life of PFOA. it is conceivable PFOA exposure and estradiol or a
surements from employees in our that there may be some biological  significandly negative association
study were below 55 ppm PFOA. accommodation to the effects of with testosterone. Our study may not
The 10% increase in mean estradiol PFOA. as suggested by Biegel ct have been sensitive enough to detect
levels observed among employees al.” Second. the two cross-sectional whether an association between
With the highest levels of serum analyses cannot be viewed as inde- PFOA and estradiol could exist in
PFOA (230 ppm) could suggest a pendent populations because 68 em- humans because measured serum
threshold response. The discovery of ployees were studied in both years. PFOA levels were likely below the
the convergence of peroxisomal pro- Fewer employees paricipated in se. observable effect levels suggested in
liferators and estradiolat the level of rum measurements in the 1995 as. the animal studies. Our results pro-
their nuclear hormone receptors pro- sessment. although the majority of vide reasonable assurance that sig-
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