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    Chapter 12   
 Carcinogenicity of Perfl uoroalkyl Compounds 

             Gerald     L.     Kennedy      and     J.     Morel     Symons   

    Abstract     This chapter reviews the information available on the carcinogenic 
potential of perfl uoroalkyl acids in both animals and humans. Historically, perfl uo-
rooctanoic acid (PFOA) and perfl uorooctanesulfonate (PFOS) have been the most 
widely used members of this chemical class making these the subject of the largest 
proportion of the reported studies. Caution needs to be exercised in projecting the 
biological activities of any of the chemicals in this family based on results from oth-
ers. For example, considering the three chemicals for which lifetime studies in rats 
are available, the outcomes were different with no increase in tumors seen with 
perfl uorohexanoic acid (PFHxA), liver adenomas seen with PFOS, and adenomas of 
the liver, testis, and pancreas seen with PFOA. Mechanistic studies suggest that the 
liver tumors seen with PFOA refl ect the activation of PPARα while the mechanism 
for tumor formation in the testis and pancreas is less clear. Epidemiologic studies 
have been reported for several levels of population exposure. Limited evidence of 
associations with kidney and testicular cancer has been reported in studies among 
community members exposed to drinking water contaminated by PFOA. Studies in 
workers exposed to higher levels of both PFOA and PFOS have not shown consis-
tent evidence for an association with any specifi c cancer type. Studies in popula-
tions exposed to low levels of PFOA and PFOS have shown equivocal results for a 
variety of cancers with no consistent associations. Based on the evidence reported 
to date, the prospect for developing a carcinogenic outcome following exposure to 
PFOA and PFOS is remote. For other perfl uoroalkyl acids, there is not suffi cient 
evidence regarding their potential carcinogenicity. It should be noted that human 
exposures to these chemicals is currently quite low and appears to be decreasing.  
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     This chapter will cover the published information relating to the potential 
 carcinogenic activity of perfl uoroalkyl acids. The reader will quickly notice that the 
information cited comes mainly from one member of this family of compounds, 
perfl uorooctanoic acid (PFOA). A natural conclusion might be that this is the key 
member of the family in terms of potential carcinogenic activity. However, the focus 
on this chemical comes from the effort to more completely describe potential haz-
ards of this particular chemical because it, like many members of the family, is 
capable of entering the human body and has attenuated elimination kinetics. Animal 
studies on PFOA, perfl uorooctane sulfonate (PFOS), and perfl uorohexanoic acid 
(PFHxA) evaluating carcinogenic potential have been conducted while other mem-
bers of this chemical class have not been studied. Industrial use of PFOA and PFOS 
has resulted in occupationally exposed workers who have been studied for cancer 
mortality and, less frequently, cancer incidence. Community members living near a 
chemical plant in West Virginia using PFOA were studied because of exposure 
through PFOA-contaminated water. This activity resulted in an evaluation of the 
cancer profi le in these surrounding communities. This type of information was 
designed to look at the potential impact of PFOA on these communities where expo-
sures were greater than seen in other communities but not as great as exposures in 
workers making and using the chemical. 

 It might be tempting to look at the structural similarities of these chemicals and 
use results from one member of the group to predict biological activities of others. 
Indeed, it has been suggested that, similar to the approach taken for polychlorinated 
biphenyls, dioxins, and dibenzofurans, the use of Toxic Equivalency factors be 
employed for risk assessment purposes. Scialli et al. ( 2007 ) used data from four dif-
ferent perfl uoroalkane acids (PFOS, PFOA, perfl uorobutanesulfonate-PFBS, and 
perfl uorodecanoic acid-PFDA) where tests were available on the same species using 
essentially the same designs, and constructed dose-response curves which could be 
modeled for concordant endpoints. Scialli and colleagues were unable to identify a 
scaling system that gave values consistently within an order of magnitude for the 
same compounds and concluded that combining exposure levels of perfl uoroalkane 
acids for risk assessment was not supportable. A caution to this conclusion was that 
with additional data being made available, this position could be re-evaluated   . 
Peters and Gonzales ( 2011 ) also looked at the appropriateness of using toxic equiv-
alency factors for perfl uoroalkyl chemicals and also concluded that the use of such 
an approach is likely unsuitable. Four facts which do not support predicting the 
effect of one perfl uoroalkyl chemical by using the results from another are that, fi rst, 
on a mechanistic basis, the effects of these chemicals are modulated by more than 
one receptor. Second, where comparative data are available, the induced effects are 
quite discordant. Third, very limited information has been published to evaluate 
either additivity or synergism with these chemicals. Fourth, the lack of solid data 
does not allow application of additivity. Importantly, the lack of a strong data base 
for many of the commonly used commercial perfl uoralkyl chemicals seriously lim-
its evaluation. Peters and Gonzales ( 2011 ) also presents inherent limitations that 
would need to be overcome including bioavailability and pharmacokinetics, under-
standing of the target genes the mediate toxicity, infl uence of species differences, 
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identifi cation of potential nonadditive effects, and infl uence of endogenous 
 chemicals that could modify the effect(s) of these chemicals. 

 Thus, the reader is cautioned to apply the information presented for a specifi c 
chemical to that chemical and not extend the fi ndings (or non-fi ndings) to other 
perfl uoroalkanes. Also, because the reader will note that material covered here is 
predominantly derived from studies of PFOA, and to a lesser degree studies of 
PFOS, it must be remembered that this refl ects more accurately their use rather 
than their potential for biologic activity among members of this chemical family. 
A fi nal introductory note is that when evaluating the human information, those 
individuals exposed to greater amounts of chemical would be expected to produce 
a greater, rather than a lesser, chance of response. Therefore, studies in those work-
ing directly with the material would have the greatest exposure and would be most 
likely to respond   . 

12.1     Animal Studies 

12.1.1     Bioassays with APFO 

 A limited number of long-term studies looking at the carcinogenic potential of 
PFCs have been published. With APFO (the ammonium salt of PFOA), two long- 
term feeding studies were conducted in rats (Biegel et al.  2001 ; Butenhoff et al. 
 2012 ). Two-year studies were also conducted in rats fed PFOS (Thomford  2002 ) 
and PFHxA (Klaunig et al.  2014 ). Although the dosing period was only 6 months, 
studies in monkeys were conducted with PFOA (Butenhoff et al.  2002 ) and PFOS 
(Seacat et al.  2002 ) which included looking at a variety of endpoints associated with 
long term outcomes which could be linked to cancer (Butenhoff et al.  2002 ). 

 For APFO, rats of both sexes were fed either 30 or 300 ppm (approximately 
1.5 and 15 mg/kg) for 2 years (Butenhoff et al.  2012 ). A signifi cant increase in 
Leydig cell tumors of the testes was seen in the males fed 300 ppm. No increase 
in tumor incidence of any other tissues or organs was seen in the males fed 
30 ppm or in both groups of females (Table  12.1 ). The conclusion of the original 
study was that there was no increase in the incidence of proliferative lesions in 
the mammary gland in the APFO-treated rats above the historical control and 
normal expected background incidence from the published literature for female 
Sprague-Dawley rats. However, the incidence of fi broadenomas in the mammary 
gland was increased in the high- dose group when compared to the concurrent 
controls; therefore, a Pathology Working Group (PWG) review of this tissue was 
conducted using current diagnostic criteria. The consensus reached by the PWG 
was that the incidence of mammary gland neoplasms (lobular hyperplasia, fi bro-
adenoma, and adenoma) was not affected by chronic dietary administration of 
APFO, and no increase in proliferative lesions in that tissue were produced 
(Hardisty et al.  2010 ). The primary difference between the original reported 
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   Table 12.1    Incidence of neoplastic microscopic fi ndings for male and female rats in either control 
groups fed 30 ppm or 300 ppm APFO in their diet for 2 years   

 Organ/lesion 

 Dietary dose group (ppm APFO) 

 Males  Females 

 0  30  300  0  30  300 
 Adrenal 
   Pheochromocytoma, 

benign 
 2/49 (4) a   4/50 (8)  4/50 (8)  2/50 (4)  0/50 (0)  0/49 (0) 

   Pheochromocytoma, 
malignant 

 0/49 (0)  1/50 (2)  0/50 (0)  0/50 (0)  0/50 (0)  1/49 (2) 

 Liver 
   Hepatocellular 

adenoma 
 0/49 (0)  0/50 (0)  0/50 (0)  0/50 (0)  0/50 (0)  0/50 (0) 

   Hepatocellular 
carcinoma 

 3/49 (6)  1/50 (2)  5/50 
(10) 

 0/50 (0)  0/50 (0)  1/50 (2) 

 Mammary gland  –  –  –  7/46 (15)  14/45 
(31) 

 5/44 (11) 

   Adenocarcinoma  –  –  –  3/46 (7)  0/45 (0)  0/44 (0) 
   Adenoma  –  –  –  1/46 (2)  0/45 (0)  0/44 (0) 
   Carcinoma  –  –  –  10/46 (22)  19/45 

(42) 
 21/44 
(48) *  

   Fibroadenoma  –  –  –  0/46 (0)  0/45 (0)  1/44 (2) 
   Lymphangiosarcoma  –  –  – 
 Reevaluation by PWG b  
   Adenocarcinoma  9/50 (18)  16/50 

(32) c  
 5/50 (10) 

   Adenoma  1/50 (2)  0/50 (0)  0/50 (0) 
   Fibroadenoma  16/50 (32)  16/50 

(32) 
 20/50 
(40) 

   Fibroadenoma 
(multiple) 

 2/50 (4)  6/50 
(12) 

 3/50 (6) 

 Pituitary 
   Adenoma  17/48 

(35) 
 17/47 
(36) 

 13/46 
(28) 

 33/46 (72)  39/47 
(83) 

 36/50 
(72) 

 Testes/epididymis 
   Leydig cell adenoma  0/49 (0)  2/50 (4)  7/50 

(14) *  
 –  –  – 

 Thyroid 
   C-cell adenoma  0/43 (0)  2/47 (4)  4/47 (9)  1/50 (2)  0/45 (0)  0/41 (0) 
   C-cell carcinoma  2/43 (5)  0/47 (0)  0/47 (0)  0/50 (90)  0/45 (0)  0/41 (0) 

   * Statistically signifi cant different from controls (p ≤ 0.05) 
  a Number observed/number examined (%) 
  b Hardisty et al. ( 2010 ) 
  c The incidence in the groups sharing this footnote were statistically signifi cantly different from 
each other (p < 0.01, Hardisty et al.  2010 )  
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 fi nding and the PWG involved classifying lesions originally noted as lobular 
hyperplasia as fi broadenomas and this occurred mainly in the  control group.

   A dose-related increase in the incidence of ovarian tubular hyperplasia was found 
in female rats sacrifi ced at 2 years (Mann and Frame  2004 ). The signifi cance was 
unknown and there was no progression to tumors. Using more recently published 
nomenclature, these lesions were diagnosed as gonadal hyperplasia or tubular 
adenoma and no statistically signifi cant increase in hyperplasia and adenomas was 
seen in the PFOA-treated rats. There was some evidence for an increase in stromal 
size in the 300 ppm group but the total number of rats with either adenoma or hyper-
plasia was 12, 16, and 17 in the 0, 30, and 300 ppm groups respectively which does 
not suggest a risk for tumor development. 

 To investigate the time course and mechanism of action of APFO, a 2-year feeding 
study in rats was conducted with a number of interim sacrifi ces to measure potential 
treatment related changes as a function of exposure time (Biegel et al.  2001 ). To 
match the exposure conditions in an earlier chronic study in rats (Butenhoff et al. 
 2012 ), a single test group exposed to 300 ppm was used along with a group pair-fed 
to the 300 ppm group to detect any possible infl uence of changes in feeding amounts. 
Increase in the incidence of adenomas in the liver, pancreas, and testis were seen in 
male rats receiving 300 ppm (equivalent to a daily dose of approximately 15 mg/kg) 
as shown in Table  12.2 . Hyperplasia of both the pancreas and the testis was also 
increased. Cell proliferation was seen in the pancreas but not in either the liver or 
the testicular Leydig cells (Biegel et al.  2001 ).

   The above tumor triad was produced in rats by clofi brate (Svoboda and Azarnoff 
 1979 ), HCFC-123 (Malley et al.  1995 ), gemfi brozil, and diethyl-hexyl phthalate 
(DEHP). Trichloroethylene (TCE) produced both liver and Leydig cell tumors 
(Cook et al.  1999 ; David et al.  2000 ; Voss et al.  2005 ). Nafi nopen (Cook et al.  1999 ) 
produced both liver and pancreatic tumors. Other chemicals causing Leydig cell 
tumors in rats include clofi brate, gemfi brozil, methyl clofenazide, perchloroethy-
lene, and TCE (Cook et al.  1999 ). In mice, estradiol exposure leads to Leydig cell 
tumors while estrogenic compounds do not induce testicular tumors in rats (Cook 

   Table 12.2    Incidence    of liver, testes, and pancreas tumors in rats fed 300 ppm APFO in the diet 
for 2 years   

 Groups:  Control  Pair fed  PFOA 

 Tumor  Cancer 

 Liver  Adenomas  2/80 a   1/79  10/76 *  
 Carcinomas  0/80  2/79  0/76 

 Testes  Adenomas  0/80  2/78  8/76 *  
 (Leydig cell)  Hyperplasia  11/80  26/78 *   35/76 *  
 Pancreas  Adenomas  0/80  1/79  7/76 *  

 Carcinomas  0/80  0/79  1/76 
 Hyperplasia  14/80  8/79  30/76 *  

  *Statistically signifi cant different from controls (p ≤ 0.05) 
  a Number affected/number of rats tested  
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et al.  1999 ). In F344 rats there is an age-related increase in serum estradiol which 
correlates with Leydig cell hyperplasia and tumor formation (Grunewald et al. 
 1992 ). 

 Pancreas acinar cell tumors are modifi ed by steroid concentrations, growth 
 factors, cholecystokinin (CCK), and dietary fat (Longnecker  1983 ,  1987 ; Longnecker 
and Sumi  1990 ). CCK is a growth factor found in the gut mucosa which is released 
by the presence of food in the duodenum, then binds to pancreatic tumor cell recep-
tors to release pancreatic secretions including chymotrypsin. It has been hypothe-
sized that PFOA increases fat content in the gut by enhanced excretion of cholesterol 
and triglycerides resulting in hyperplasia and adenomas. 

 To look further at the induction of Leydig cell adenomas by APFO, male rats 
were treated by oral gavage with either 1, 10, 25, or 50 mg/kg for 14 days along with 
a group of pair-fed controls to the 50 mg/kg rats (Cook et al.  1992 ). A decrease in 
the rate of body weight gain was seen at 10 mg/kg and higher, and, since the body 
weights of the group of pair-fed and its control group were similar, this was attrib-
uted to decreased food intake. At the top two doses, accessory sex organ weight was 
decreased while testes weights and histopathology were unchanged. Serum estra-
diol levels were increased at 10 mg/kg and higher being 2.7 times control levels at 
50 mg/kg. Serum testosterone concentrations decreased (3.2, 1.6, 1.6, 1.2, 0.8, and 
0.7 ng/dl in rats receiving 0, 1, 10, 25, 50, and 50 mg/kg pair-fed respectively). 
Similarly, interstitial cell testosterone levels were lower in the APFO-treated rats 
with the greatest effect seen at 50 mg/kg in the pair-fed group. Liver weights at 
10 mg/kg and higher were increased and beta oxidation also increased from 8 to 11 
times in a dose-related fashion (Cook et al.  1992 ). 

 In a series of studies to determine the level of the testosterone lowering lesion, 
rats were given 50 mg APFO/kg for 14 days followed by treatment with human 
chorionic gonadotropin, gonadotropin-releasing hormone (GnRH), or naltrexone. 
Human chorionic gonadoptropin (hCG) affects lesions in the steroidogenic pathway 
by binding to luteinizing hormone (LH) receptors on Leydig cells to stimulate 
 testosterone synthesis. GnRH affects lesions at the adenohypophysis by stimulating 
LH release from gonadotropin. Naloxone affects lesions at the hypothalamus by 
enhancing GnRH release by removal of inhibitory action of opiate neurotransmit-
ters on GnRH controlling neurons. Only hCG led to a 50 % decrease in serum tes-
tosterone suggesting the lesion was at the testes modifying the conversion of 17 
alpha to androstenedione. No changes seen with GnRH treatment suggests that the 
lesion was not at the pituitary level, and, for naltrexone, the lack of change suggests 
that the lesion was not at the hypothalamus level. 

 In a 6-month study in which cynomolgus monkeys were given daily doses of 
either 3, 10, or 30/20 (dose reduced to 20 mg/kg after 2 weeks) mg APFO/kg, the 
effects on biological markers associated with the hepatic, pancreatic, and testicular 
responses (seen in rats dosed with APFO and other peroxisome proliferating chemi-
cals) were evaluated (Butenhoff et al.  2002 ). There was no increase in peroxisomal 
proliferation as measured by palmitoyl CoA oxidase activity. The approximately 
twofold increase seen at the high dose refl ects that this species is not particularly 
responsive to peroxisome proliferating compounds. No changes in reproductive 
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hormone levels were seen as estradiol, testosterone, and cholecystokinin 
 concentrations in each monkey were unaltered over the course of the experiment. 
No evidence of cholestasis as indicated by changes in bile acids, bilirubin, or 
 alkaline phosphatase, was observed. Cell proliferation in the liver, pancreas, or tes-
tes, as demonstrated by replicative DNA synthesis, was not affected by APFO treat-
ment. Although the study duration was only 6 months, biological markers associated 
with responses in the three tissues shown to result in adenomas in the rat were not 
affected.  

12.1.2     Bioassay with PFOS 

 A 2-year study with PFOS fed to male and female rats at concentrations of 0, 0.5, 2, 
5, and 20 ppm (dosing equivalents of 0, 0.02, 0.10, 0.25, and 1.1 mg/mg respec-
tively) was conducted (Thomford  2002 ). An extra group fed 20 ppm for 1 year fol-
lowed by a 1 year recovery with no PFOS added to the diet was employed. The 
incidence of hepatocellular adenomas in male rats showed a positive trend with 7/60 
(11.7 %) found in the high-dose group compared to 0/60 (0 %) in the control group. 
In females, the incidence of hepatocellular adenomas was also increased with 5/60 
(8.3 %) observed in the high-dose group compared to 0/60 in the control group. In 
addition, the only hepatocellular carcinoma in this study occurred in this group 
(Table  12.3 ).

   Among males fed 20 ppm PFOS for 1 year with 1 year recovery, the incidence of 
thyroid follicular cell adenomas appeared to be increased. This was not observed in 
males fed 20 ppm continuously for 2 years or in females. 

 Another non-dose related observation was the apparent increase in mammary 
gland tumors in the group fed 0.5 ppm. Combining rats with either a mammary 
adenoma or a carcinoma, the incidence in all groups including the controls was rela-
tively high. None of the remaining tissues or organs had tumor incidences that could 
be related to the feeding of PFOS. Further, although some of the incidence values in 
some of the test groups appear greater than those in the control group, the lack of a 
dose-response allows only a suggestion of carcinogenicity in the rat. 

 In a 6-month study in which cynomolgus monkeys were given daily doses of 
either 0.03, 0.15, or 0.75 mg potassium PFOS/kg, the effects on biological markers 
associated with the hepatic, pancreatic, and testicular responses seen with APFO in 
rats were evaluated (Seacat et al.  2002 ). Hepatic peroxisome proliferation measured 
by palmitoyl CoA oxidase activity was increased in the females given 0.75 mg/kg 
but the response was less than the twofold change typically associated with 
 biological signifi cance. No effects on cell proliferation were seen in either the liver, 
pancreas, or testes using the proliferating cell nuclear antigen immunohistochemis-
try cell labeling index.  
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12.1.3     Bioassays with Other Polyfl uorinated Compounds 

 A 2-year rat study was conducted to evaluate both the chronic toxicity and potential 
carcinogenicity of perfl uorohexanoic acid (PFHxA) (Klaunig et al.  2014 ). Male rats 
were given daily gavage doses of either 0 (control), 2.5, 15, or 100 mg PFHxA/kg 
for 104 weeks. Female rats were given daily doses of either 0, 5, 30, or 200 mg 
PFHxA/kg. No increase in neoplasms related to treatment of PFHxA at any of the 
three dosage levels examined was seen in either male or female rats (Table  12.4 ).

   In a TSCA 8(e) notifi cation, a rat oral gavage study was conducted with 
2,3,3,3-tetrafl uoro-2-(heptafl uoropropoxy) propionic acid, ammonium salt (CAS 
62037-80-3) in which female rats were treated with doses of either 1, 50, or 500 mg/
kg daily for 23Months (Anand  2013 ). Doses for male rats were 0.1, 1, and 50  mg/
kg and were treated for 24 months. Although actual incidence numbers were not 
given, an increase in liver adenomas was reported in female rats given 500 mg/kg. 
This result was not reported for females at the two lower doses. Non-neoplastic liver 

   Table 12.3    Incidence of neoplastic microscopic fi ndings for rats fed PFOS for 2 years   

 Dietary 
PFOS 
(ppm)  0  0.5  2  5  20  20 a  

 Males 

 Tumors 
 Liver-hepatocellular 
adenoma 

 0/60  3/50  3/50  1/50  7/60*  0/40 

 Thyroid 
   Follicular cell adenoma  3/60  5/49  4/50  4/49  4/59  9/39* 
   Follicular cell 

carcinoma 
 3/60  1/49  1/50  2/49  1/59  1/39 

 Females 

 Liver 
   Hepatocellular adenoma  0/60  1/50  1/49  1/50  5/60*  2/40 
   Hepatocellular 

carcinoma 
 0/60  0/50  0/49  0/50  1/60  0/40 

 Thyroid 
   Follicular cell adenoma  0/60  0/50  0/49  2/50  1/60  1/40 
   Follicular cell 

carcinoma 
 0/60  0/50  0/49  1/50  0/60  0/40 

 Mammary gland 
   Adenoma  23/60  30/50*  22/48  26/50  15/60  16/40 
   Carcinoma  11/60  12/50  11/50  11/50  14/60  10/40 
   Combined adenoma 

and carcinoma 
 29/60  36/50  31/48  29/50  24/60  17/40 

  From Thomford ( 2002 ) 
 *p < 0.05 
  a Fed PFOS for 1 year, control diet for 1 year  

G.L. Kennedy and J.M. Symons



273

   Ta
bl

e 
12

.4
  

  N
eo

pl
as

tic
 fi 

nd
in

gs
 in

 r
at

s 
do

se
d 

w
ith

 P
FH

xA
 f

or
 2

 y
ea

rs
   

 In
ci

de
nc

e 
of

 n
eo

pl
as

tic
 fi 

nd
in

gs
 a   

 M
al

es
 

 Fe
m

al
es

 

 D
os

e 
(m

g/
kg

) 
 0 

 2.
5 

 15
 

 10
0 

 0 
 5 

 30
 

 20
0 

 T
is

su
e 

 L
es

io
n 

 A
dr

en
al

 c
or

te
x 

 A
de

no
m

a 
 0/

60
 

 0/
60

 
 0/

60
 

 1/
70

 
 2/

60
 

 1/
60

 
 0/

60
 

 2/
70

 
 A

de
no

ca
rc

in
om

a 
 1/

60
 

 0/
60

 
 1/

60
 

 0/
70

 
 0/

60
 

 0/
60

 
 2/

60
 

 0/
70

 
 A

dr
en

al
 m

ed
ul

la
 

 Ph
eo

ch
ro

m
oc

yt
om

a 
 4/

60
 

 3/
60

 
 2/

60
 

 1/
70

 
 1/

60
 

 1/
60

 
 2/

60
 

 1/
70

 
 K

id
ne

y 
 T

ub
ul

ar
 a

de
no

m
a 

 0/
60

 
 2/

60
 

 0/
60

 
 0/

70
 

 0/
60

 
 0/

60
 

 0/
60

 
 0/

70
 

 T
ub

ul
ar

 c
ar

ci
no

m
a 

 1/
60

 
 0/

60
 

 0/
60

 
 0/

70
 

 1/
60

 
 0/

60
 

 0/
60

 
 0/

70
 

 L
iv

er
 

 A
de

no
m

a 
 1/

60
 

 0/
60

 
 1/

60
 

 1/
70

 
 0/

60
 

 0/
60

 
 1/

60
 

 2/
70

 
 C

ar
ci

no
m

a 
 2/

60
 

 0/
60

 
 1/

60
 

 0/
70

 
 2/

60
 

 0/
60

 
 1/

60
 

 0/
60

 
 B

ra
in

 
 A

st
ro

cy
to

m
a 

 0/
60

 
 3/

60
 

 4/
60

 
 0/

70
 

 1/
60

 
 0/

60
 

 1/
60

 
 1/

70
 

 Pa
nc

re
as

 
 A

sc
in

ar
 a

de
no

m
a 

 0/
60

 
 0/

60
 

 1/
60

 
 0/

70
 

 0/
60

 
 0/

60
 

 0/
60

 
 0/

70
 

 Is
le

t c
el

l a
de

no
m

a 
 9/

60
 

 10
/6

0 
 5/

60
 

 4/
70

 
 4/

60
 

 2/
60

 
 3/

60
 

 4/
70

 
 Is

le
t c

el
l c

ar
ci

no
m

a 
 0/

60
 

 2/
60

 
 1/

60
 

 0/
70

 
 2/

60
 

 0/
60

 
 0/

60
 

 1/
70

 
 Pi

tu
ita

ry
 

 Pa
rs

 d
is

ta
lis

-a
de

no
m

a 
 32

/6
0 

 38
/6

0 
 33

/6
0 

 29
/7

0 
 50

/6
0 

 51
/6

0 
 54

/6
0 

 55
/7

0 
 Pa

rs
 d

is
ta

lis
-c

ar
ci

no
m

a 
 0/

60
 

 0/
60

 
 0/

60
 

 0/
70

 
 1/

60
 

 0/
60

 
 0/

60
 

 2/
70

 
 Pa

rs
 in

te
rm

ed
ia

-a
de

no
m

a 
 12

/6
0 

 16
/6

0 
 16

/6
0 

 16
/7

0 
 0/

60
 

 1/
60

 
 0/

60
 

 1/
70

 
 Pa

rs
 in

te
rm

ed
ia

-c
ar

ci
no

m
a 

 0/
60

 
 0/

60
 

 2/
60

 
 0/

70
 

 0/
60

 
 0/

60
 

 0/
60

 
 0/

70
 

 Pr
os

ta
te

 
 A

de
no

m
a 

 1/
60

 
 1/

60
 

 0/
60

 
 0/

70
 

 – 
 – 

 – 
 – 

 M
am

m
ar

y 
gl

an
d 

 Fi
br

oa
de

no
m

a 
 1/

60
 

 0/
60

 
 0/

60
 

 0/
70

 
 14

/6
0 

 17
/6

0 
 18

/6
0 

 20
/7

0 
 A

de
no

m
a 

 0/
60

 
 0/

60
 

 0/
60

 
 0/

70
 

 2/
60

 
 2/

60
 

 3/
60

 
 6/

70
 

 A
de

no
ca

rc
in

om
a 

 0/
60

 
 1/

60
 

 1/
60

 
 1/

70
 

 12
/6

0 
 9/

60
 

 14
/6

0 
 10

/6
0 

 Sk
in

 
 Fi

br
om

a 
 0/

60
 

 0/
60

 
 0/

60
 

 1/
70

 
 1/

60
 

 0/
60

 
 0/

60
 

 0/
70

 
 Pa

pi
llo

m
a 

 1/
60

 
 0/

60
 

 0/
60

 
 2/

70
 

 0/
60

 
 0/

60
 

 0/
60

 
 0/

70
 

(c
on

tin
ue

d)

12 Carcinogenicity of Perfl uoroalkyl Compounds



274

 In
ci

de
nc

e 
of

 n
eo

pl
as

tic
 fi 

nd
in

gs
 a   

 M
al

es
 

 Fe
m

al
es

 

 D
os

e 
(m

g/
kg

) 
 0 

 2.
5 

 15
 

 10
0 

 0 
 5 

 30
 

 20
0 

 T
is

su
e 

 L
es

io
n 

 Te
st

es
 

 In
te

rs
tit

ia
l c

el
l 

 1/
60

 
 1/

60
 

 1/
60

 
 0/

70
 

 – 
 – 

 – 
 – 

 T
hy

ro
id

 
 C

-c
el

l-
ad

en
om

a 
 10

/6
0 

 5/
60

 
 3/

60
 

 5/
70

 
 9/

60
 

 4/
60

 
 14

/6
0 

 7/
70

 
 C

-c
el

l-
ca

rc
in

om
a 

 0/
60

 
 0/

60
 

 0/
60

 
 0/

70
 

 0/
60

 
 1/

60
 

 0/
60

 
 0/

70
 

 Fo
lli

cu
la

r 
ce

ll-
ad

en
om

a 
 3/

60
 

 4/
60

 
 2/

60
 

 4/
70

 
 1/

60
 

 3/
60

 
 2/

60
 

 2/
70

 
 U

te
ru

s 
 L

ei
om

yo
m

a 
 – 

 – 
 – 

 – 
 1/

60
 

 0/
60

 
 0/

60
 

 0/
70

 
 E

nd
om

et
ri

al
 p

ol
yp

 
 – 

 – 
 – 

 – 
 2/

60
 

 1/
60

 
 3/

60
 

 2/
70

 
 E

nd
om

et
ri

al
 a

de
no

ca
rc

in
om

a 
 – 

 – 
 – 

 – 
 0/

60
 

 0/
60

 
 1/

60
 

 0/
70

 

   a  N
um

be
r 

af
fe

ct
ed

/n
um

be
r 

te
st

ed
  

Ta
bl

e 
12

.4
 

(c
on

tin
ue

d)

G.L. Kennedy and J.M. Symons



275

changes were reported in female rats given either 50 or 500 mg/kg. In males, 
 marginal increases in interstitial cell tumors of the testis and acinar cell tumors of 
the pancreas were reported. No increase in liver adenomas was reported. Non-
neoplastic liver lesions including hypertrophy, degeneration, and necrosis were 
reported in males given 50 mg/kg but not either 0.1 or 1 mg/kg.  

12.1.4     Initiation/Promotion Studies 

 Both the ammonium and sodium salts of PFOA have been evaluated in a battery of 
genotoxicity tests (Butenhoff et al.  2014 ). Although PFOA is a hepatocarcinogen, 
the weight of evidence from these studies supports the position that PFOA is  
 non- genotoxic and non-mutagenic. Consistent with PFOA being a non-genotoxic 
hepatocarcinogen, initiation-promotion studies have demonstrated that PFOA is an 
initiator of liver tumors. 

 In an initiation promotion study, rats were initiated with diethylnitrosamine 
(DEN), fed 2-acetylaminofl uorene (AAF), and given a single dose of carbon tetra-
chloride (CCl 4 ) (Abdellatif et al.  1990 ). Following this, a group of 12 rats were fed 
a diet containing 150 ppm APFO for 7 months. Rats were then sacrifi ced for micro-
scopic examination of the liver. The incidence of hepatocellular carcinomas was 
33 % in the APFO fed rats compared to 0 % in the controls. APFO produced an 
increase in hydrogen peroxide (H 2 O 2 ), catalase, and fatty acid beta-oxidation while 
having no effect on glycolate oxidase (leads to production of H 2 O 2 ) and urate oxi-
dase (an enzyme not found in humans) and serum triglyceride levels. The cancer 
effect was attributed in the overproduction of H 2 O 2 , an effect commonly seen with 
peroxisome proliferators. 

 Many peroxisome proliferators have been shown as promoters of liver tumors in 
rodents including WY-14,643, nafenopin, dichlorophenyl, trichloroethylene, and 
DEHP (Cook et al.  1999 ). As mentioned, it has been hypothesized that DNA  damage 
is mediated by a reactive molecular species derived from H 2 O 2  generated by peroxi-
somes during beta-oxidation of fatty acids. Following PFOA exposure, peroxide is 
observed in rat livers as the result of beta-oxidation. Double bond conjugation and 
peroxidation of membrane lipids leads to lipofuscin accumulation suggesting oxi-
dative damage. 

 In a study, a single dose of 200 mg/kg DEN followed 2 weeks later by feeding of 
0.03 % AAF for 2 weeks (reference group) or DEN followed 2 weeks later by a 
single 2 mg/kg CCl 4  dose followed by feeding of 150 ppm PFOA for 2 weeks was 
conducted (Nilsson et al.  1991 ). Hepatocellular carcinomas were found in 3 of 12 
PFOA-fed rats while 0/12 were seen in the reference group. Focal nodules were 
seen in both groups, six in the reference group and eight in the PFOA-fed group. 
Liver weight increases and well as increase acyl Coenzyme A, dicarbonyl Coenzyme 
A, catalase, and decreased triglyceride levels were seen. 

 A study of rainbow trout with up to 9 months of chronic exposure to PFOA alone 
did not produce an increase in liver tumor incidence (Tilton et al.  2008 ). Trout, 
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 initiated with afl atoxin B1 in water at 0.01 ppm for 30 min, control water for 
3Months, then PFOA at either 200 or 1,800 ppm (equivalent to either 5 or 50 mg/
kg) for 6 months, showed a very weak promotion effect. Afl atoxin alone resulted in 
36 % of the trout developing liver tumors. In afl atoxin B1 initiated trout, the liver 
tumor incidence in the 200 ppm PFOA group was 34 % while for those given 
1,800 ppm PFOA, it was 71 %. The multiplicity of tumors at the higher dose of 
PFOA was increased with 10 % having six or more tumors. In this experiment, the 
PPARα agonist DEHP lead to a 100 % liver tumor incidence while no increase was 
seen with clofi brate.  

12.1.5     Studies on the Mechanism of Action 

 The liver is the main target for perfl uoroalkyl compounds in animals. Liver toxicity 
in rodents results from the ability of these compounds to activate the peroxisome-
proliferator- activated-receptor (PPARα), a member of the nuclear receptor super-
family. Studies of PPARα in various species have shown the rat and mouse to be the 
most sensitive species in response to PPARα agonist, hamsters are moderately 
responsive, and guinea pigs, primates, and humans are less responsive. Activation 
of the receptor in rodents initiates a characteristic sequence of biochemical and 
morphological events mainly in the liver. These events include marked hepatocel-
lular hypertrophy due to an increase in both the number and size of the peroxisomes, 
a large increase in peroxisomal fatty acid beta-oxidation, an increase in CYP450 
mediated gamma-hydroxylation of lauric acid, and alterations in lipid metabolism. 
PPARα regulates lipid homeostasis through the modulation of expression of genes 
involved in fatty acid uptake, activation, and oxidation. Both PFOA and PFOS are 
relatively weak ligands compared to the naturally-occurring long-chain fatty acids 
such as linoleic and alpha-linoleic acid (Vanden Heuvel et al.  2006 ). 

 PFOA appears to induce liver tumors via binding to the PPARα nuclear receptor 
resulting in peroxisome proliferation and increased liver mitogenesis (Biegel et al. 
 2001 ; Maloney and Waxman  1999 ; Pastoor et al.  1987 ). The key events following 
PPARα ligands activating PPARα involve regulation of the transcription of genes 
involved in peroxisome proliferation, cell cycle/apoptosis, and lipid metabolism. 
This leads to perturbations in cell proliferation, apoptosis, and peroxisome prolif-
eration. Suppression of apoptosis along with a stimulation of cell proliferation 
allows DNA-damaged cells to persist and proliferate giving rise to preneoplastic 
foci. Clonal expansion then leads to tumor formation. 

 A number of events have an infl uence on this process. Peroxisome proliferation 
may lead to oxidative stress which could cause indirect DNA damage or by stimula-
tion of cell proliferation. PPARα ligands also inhibit gap junction intercellular 
 communication and stimulate non-parenchymal hepatic Kupffer cells, both of 
which could induce cell proliferation. The evidence for these key events from 
PPARα activation to selective clonal expansion to yield liver tumors is quite 
 convincing (Klaunig et al.  2003 ). 

G.L. Kennedy and J.M. Symons



277

 PFOA has been demonstrated to activate PPARα (Pastoor et al.  1987 ; Maloney 
and Waxman  1999 ). In PPARα knockout mice, PFOA did not increase beta- 
oxidation unlike that readily produced in wild-type mice (Yang et al.  2002 ). PFOA 
induction of hepatomegaly, peroxisomal beta-oxidation, microsomal 1-acylglycero- 
phosphocholine acetyltransferase, and cytosolic long-chain acyl CoA hydrolase can 
be blocked in castrated male rats showing the effect to be related to the elimination 
rate (Kawashima et al.  1995 ). Several key endpoints which could be the initiating 
effect leading to liver tumors, (and possibly pancreas and testicular tumors) were 
shown to be modifi ed by PFOA (Liu et al.  1996 ). These include increasing liver 
weight, hepatic beta-oxidation, hepatic aromatase (CYP19A1), and hepatic total 
cytochrome P450. These changes were observed in the 2-year rat study with PFOA 
(Biegel et al.  2001 ). 

 The induction of Leydig cell tumors by PFOA is postulated to be due to a 
 hormonal mechanism whereby PFOA inhibits testosterone biosynthesis and 
increases serum estradiol levels via induction of hepatic aromatase activity (Biegel 
et al.  1995 ; Cook et al.  1992 ; Liu et al.  1996 ). This mechanism appears to be infl u-
enced and perhaps mediated by PPARα. The induction of pancreatic acinar cell 
tumors is postulated to be secondary to the liver effects, specifi cally a sustained 
increase in plasma cholecystokinin (CCK) secondary to reduced bile fl ow or altered 
bile acid composition resulting in an indirect inhibition of trypsin. An indirect inhi-
bition of trypsin by WY-14,643 (a strong PPARα activator) results in an increase in 
CCK levels (Obourn et al.  1997 ). 

 Like some other PPARα agonists, PFOA induces hepatocellular adenoma, 
Leydig cell adenomas, and pancreatic acinar cell adenomas in rats. Although 
humans possess PPARα at suffi cient levels to mediate the hypolipidemic response 
to therapeutic fi brate drugs, there are enough qualitative and quantitative differences 
between the response of the human liver to PPARα agonists relative to the response 
of the rat liver. These differences include gene promoters, receptor activities, and 
receptor levels that make the mode of action for liver tumors unlikely to be operative 
in humans. There is inadequate evidence to link PPARα and the induction of either 
Leydig cell adenomas or pancreatic acinar cell adenomas. Additionally, there is 
insuffi cient evidence to link other mode-of-actions with PFOA-induced testicular or 
pancreatic adenomas.  

12.1.6     Ancillary Information 

 The occurrence of liver tumor with two other peroxisome proliferators, WY14643 
and DEHP, was studied in both in wild-type and PPARα null mice (Ito et al.  2007 ). 
Mice fed DEHP at 12,000 ppm for 6 months developed liver enlargement, an 
increased number of peroxisomes, and eosinophilia, a series of fi ndings not seen in 
the PPARα null mice. In this report, groups of Sv/129 mice, either null or wild type, 
were fed either 100 or 500 ppm DEHP from 3 weeks of age to 23Months. The 
 incidence of hepatocellular adenomas (and possibly carcinomas) was slightly 
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increased in the null mice. Infl ammatory cell infi ltration and 8-OHdG levels 
 (oxidative stress) were higher in null mice than wild type- both elevated from 
 controls suggesting that oxidative stress may lead to induction of infl ammation, 
expression of proto- oncogenes, and an increase in tumors in null mice. Thus, differ-
ent mechanisms were shown to induce hepatocellular tumors in wild-type and 
PPARα null mice (Ito et al.  2007 ; Takashima et al.  2008 ). The mechanistic hypoth-
esis included that either oxidative stress from increased beta-oxidation induced by 
peroxisome proliferators produces excess ROS leading to DNA damage and cancer 
or an imbalance in hepatocyte growth control refl ected by increased cell prolifera-
tion and suppression of apoptosis disrupting hepatocyte growth control. The authors 
concluded that most likely both contributed. 

 To look at the activity of aromatase as a mechanism for the increased estradiol 
observed, rats were given oral gavage doses of 0, 0.1, 2, 20, or 40 mg APFO/kg for 
14 days with a pair-fed group matching the top dose (Liu et al.  1996 ). Both testicu-
lar and hepatic aromatase activity along with body weights, liver weights, micro-
somal protein, and estradiol were measured. Aromatase activity in the liver was 
increased by up to 16 times but no signifi cant effect on this testicular enzyme was 
seen. Body weight decreases were seen as well as increased liver weight along with 
increased hepatic beta-oxidation, cytochrome P450 activity, and protein content of 
microsomes. A doubling of serum estradiol was seen along with a linear correlation 
between serum estradiol and hepatic aromatase.  

12.1.7     PFOA as an Anti-tumorigenic Agent 

 Some PPARα ligands have been shown to possess anti-tumorigenic properties, such 
as suppression of growth of several types of human cancer cells  in vitro  and inhibi-
tion of carcinogenesis  in vivo  making PPARα a potential candidate for cancer 
 therapy (Pozzi and Capdevila  2008 ). PPARα ligands such as fi brates, which cause 
tumors in rodents, are commonly used therapeutically in humans with no evidence 
of carcinogenicity (Peters et al.  2005 ). 

 A Phase 1 clinical trial was conducted to assess the tolerability, safety, and phar-
macokinetics of APFO administered orally once a week to human patients 
(Macpherson et al.  2010 ). A total of 42 patients, who had both advanced refractory 
solid tumors and clinically normal liver and kidney function were enrolled. Dose 
escalation, starting with a dose of 50 mg once a week followed a standard 3 + 3 
design until dose-limiting toxicity was observed in two or more patients. The largest 
group of patients presented with colorectal cancer (N = 16) with pancreas, esopha-
geal, and kidney cancers, each represented by two of more patients. Doses of up to 
1,200 mg were tested without producing clinical changes in either the liver or 
 kidney; thus, the goal of fi nding a dose-limiting toxicity was not attained. As a prac-
tical matter, APFO was given in 50 mg capsules so those given the highest dose 
tested needed to take 24 capsules orally. Although the study was not designed to 
evaluate effi cacy, stable disease at 12 weeks or greater was observed in eight of the 
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fi rst 37 patients enrolled and included a case with anaplastic thyroid at 40 weeks, 
one with pancreatic cancer at 35 weeks, and one with cervical cancer at 34 weeks. 
Further studies have not been conducted at this time. 

 The proposed mechanism for the anti-tumorigenic response is through inhibition 
of PIM-1 kinase. PIM proteins belong to a family of serine and threonine kinases 
which play a role in cell cycle regulation and have a potent anti-apoptotic activity. 
Increased expression of PIM kinase is associated with malignant subtypes of 
 leukemia and lymphoma (Adam et al.  2006 ; Cohen et al.  2004 ; Brault  2010 ) and a 
number of solid tumors including pancreatic (Li et al.  2006 ; Chen et al.  2009 ; 
Reiser-Erkan et al.  2008 ), colorectal (Popivanova  2007 ), esophageal (Beier et al. 
 2007 ), and prostate (Chen et al.  2005 ; Mumenthaler et al.  2009 ; Roh et al.  2008 ) 
cancers. 

 APFO has been tested in four human tumor xenograft models, HT-29 (colon), 
PC3 (prostate), PANC-1 (pancreatic), and HepG2 (liver) (Elcombe et al.  2011 ). 
Anti-tumor effects were detected in all models. No signifi cant toxicity was observed 
in the treated mice although there was liver weight enlargement and some evidence 
of changes in liver enzyme function. The effect of PFOA on HT-29 (colon adeno-
carcinoma) tumors was assessed in nude mouse xenografts. Mice were inoculated 
with a tumor cell suspension on each fl ank and tumors were allowed to grow for 
16 days. APFO was given by intraperitoneal injection of 25 mg/kg 3 times a week 
for 4 weeks. The HT-29 tumor volumes at 30 days were 280 mm 3  in the saline 
injected controls compared to 175 mm 3  in the APFO treated mice. Relatively few 
animals were used in each group but a suggestion of anti-tumor effect was noted. In 
a parallel experiment using a prostate tumor cell line PC3, APFO intraperitoneal 
doses of either 5, 15, or 25 mg/kg were used. All of the APFO mice showed 
decreased tumor volume with a volume of 10 mm 3  in the highest APFO group 
 compared to 50 mm 3  in the saline-treated controls. 

 Two other xenograft models were tested with similar results. Using the human 
pancreatic cell line PANC-1 (a slow growing tumor in vivo), a fourfold increase in 
size over a 90-day test period was seen in the controls compared to a 2.5-fold 
increase in mice receiving 25 mg/kg APFO. Tumor weights were 0.5 g in the APFO- 
treated mice compared to 1.2 g in the controls. A lesser response was seen in a test 
using a xenograft model of liver carcinoma in cell line HepG2. After 24 days of test, 
APFO-treated mice had a tumor volume of 1,000 mm 3  and a weight of 1.5 g while 
the controls had a volume of 1,200 mm 3  and a weight of 1.8 g.  

12.2     Studies Involving Exposed Humans 

12.2.1     General Epidemiologic Concepts 

 For the purpose of this review, risk estimates reported by epidemiologic studies are 
described as measures of potential associations between cancer, either as all cancers 
or for specifi c diagnostic types, and PFOA and other perfl uorinated alkyl acids 
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(PFAAs) including PFOS. For mortality studies, typically reported for occupational 
cohorts, the Standardized Mortality Ratio (SMR) is estimated as the ratio of 
observed number of cancer deaths among a study group relative to an expected 
count of cancer deaths estimated from a defi ned reference population rate 
(Checkoway et al.  2004 ). In addition, relative risk (RR) estimates evaluate the 
 probability of a cancer death or diagnosis among those assigned to a higher expo-
sure category relative to those persons classifi ed as less exposed. A related measure 
of RR is the odds ratio (OR) which is a measure of association based on the same 
relative comparison of exposure groups and describes the odds of having cancer 
among exposed cases relative to the odds of not having cancer among exposed con-
trols (Gordis  2009 ). Finally, several studies report the hazard ratio (HR) which is 
estimated using a proportional hazards (PH) model, usually the Cox PH model. The 
HR is the ratio of the rate of cancer events between different levels of exposure 
using time to the event ( i.e ., cancer diagnosis or death) as the time-scale variable. 
An increased HR indicates an earlier occurrence of the event among the exposed 
group relative to the reference group assuming that the underlying hazard rates are 
proportional for the two groups (Kleinbaum  1996 ). 

 For all measures of risk, estimates are presented with the reported 95 % confi -
dence interval (CI) as a standard convention. In addition, statistical signifi cance of 
risk estimates is interpreted based on the lower and upper values of the 95 % CI and 
the corresponding p-value for the association. Risk estimates measuring association 
between exposure and cancer are considered to be signifi cant when the 95 % CI 
does not include 1.0 in its range, consistent with p < 0.05. Associations that have a 
reported 95 % CI that does include the value 1.0 ( i.e ., p > 0.05), cannot exclude 
random chance as an explanation for the measured association. Many published 
studies emphasize observed increased risk estimates that are not statistically signifi -
cant when describing and interpreting results; however, these estimates are not 
indicative of a valid, non-random increase in risk any more than non-signifi cant risk 
estimates less than 1.0 point to a possible lowering of risk associated with 
exposure. 

 Studies may categorize exposure for study participants by defi ning a classifi ca-
tion approach based on subjective levels of exposure potential or by applying a 
quantitative distribution such as quartiles. These studies may also present a test for 
trend, usually indicated by a p-value for an analysis of the ordered categorical risk 
estimates. In many cases, the trend test is based on the assumption of a monotonic 
relationship between exposure category and outcome as evaluated by a linear regres-
sion model. The p-value from such tests confl ates the test of signifi cance for the 
slope coeffi cient from a regression model with an assumed monotonic dose-response 
without estimation of the actual exposure-response relationship at biologically 
plausible exposure values (Maclure and Greenland  1992 ). In particular, this 
approach is problematic when applied to a naive method such as percentile classifi -
cation ( i.e ., quartiled exposure groups) when exposure is within a very narrow range 
of values (Greenland  1995 ). Caution should be taken into account when interpreting 
studies that report non-signifi cant categorical associations but rely on a signifi cant 
trend test p-value for inference of an association.   
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12.2.2     Occupational Studies – PFOA 

 A number of studies have looked at the potential carcinogenic effects of PFOA in 
exposed persons, particularly exposed chemical workers. These studies include 
workers based in manufacturing plants using the chemical for industrial purposes 
with occupational exposure to PFOA estimated by a job exposure matrix (JEM) 
approach. The occupational cohorts studied have involved industrial facilities of the 
3M Corporation (manufacturing plants at Cottage Grove, Minnesota and Decatur, 
Alabama), and DuPont (a polymer production facility, the Washington Works plant, 
located in Washington, West Virginia). The DuPont plant primarily used APFO in 
polyethylene production processes. A separate cohort study for tetrafl uoroethylene 
(TFE) synthesis and polymerization workers comprised workers at six facilities 
operated by four companies including employees from the DuPont Washington 
Works facility. In addition, there are a series of studies among a community popula-
tion who were residents of 6 water districts in the Mid-Ohio River Valley in Ohio 
and West Virginia exposed to drinking water contaminated with PFOA. Exposure 
assessment for the Mid-Ohio River Valley community studies included both 
 measurement of concentrations in blood serum samples as well as cumulative esti-
mates of drinking water exposure determined by environmental fate and transport 
modeling. A third group of studies include individual population-based studies of 
various human cancers among persons with general background levels of exposure 
to PFOA as measured by serum concentrations taken from biologic samples. 

 A proportional mortality analysis among 3M plant workers exposed to industrial 
fl uorochemicals including primarily PFOA and PFOS at the Cottage Grove plant 
was reported (Ubel et al.  1980 ). A total of 3,688 employees employed during the 
years 1948 to 1978 were included in the cohort and 180 deaths were recorded 
through the end of follow-up (159 males and 21 females) of which 177 were 
matched with death certifi cates providing information as to underlying cause. The 
number of female deaths was considered to be too few for meaningful statistical 
analysis. Among male workers, observed mortality counts agreed with expected 
numbers for specifi c causes of death due to cancer. This study provides limited evi-
dence to  evaluate the potential association between PFOA and PFOS exposures and 
cancer mortality with no notable increases observed among fl uorochemical workers 
at the Cottage Grove plant. 

 A subsequent retrospective cohort mortality involving 2,788 males and 749 
females employed at the Cottage Grove plant from 1947 to 1983 was reported 
(Gilliland and Mandel  1993 ). Inclusion in the PFOA-exposed category was based 
on any job history in the Chemical Division for 1 month or more while the unex-
posed category comprised workers who either never worked in Chemical Division 
or did so for less than 1 month. Vital status was ascertained through 1989 for the 
cohort and expected mortality numbers were estimated from United States (U.S.) 
and Minnesota population rates. For all female employees, the overall cancer SMR 
was 0.71 (95 % CI: 0.42, 1.14) with no signifi cant increase for any specifi c cancer 
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type. The overall cancer SMR for all male employees was 1.05 (95 % CI: 0.86, 
1.27) with no signifi cant increase for any single cancer type. 

 Among the 1,339 male workers who worked at least 1 month or more in the 
Chemical Division, no signifi cantly increased SMRs were reported for cancers of 
the gastrointestinal tract including specifi c results for the colon and pancreas, respi-
ratory tract including the lung, testis, bladder, or lymphopoietic system including 
leukemia. The authors note that for prostate cancer deaths, workers in the Chemical 
Division had an SMR of 2.0 (95 % CI: 0.6, 4.6) for four observed deaths compared 
to approximately two deaths that were expected based on Minnesota White male 
mortality rates. Among these four cases, only one of the employees appears to have 
worked directly in the PFOA production building (Olsen et al.  1998 ). 

 Gilliland and Mandel ( 1993 ) included the use of an internal cohort of non-Chem-
ical Division workers considered to be non-exposed as a comparison group to mini-
mize the potential for the healthy worker effect, a bias widely noted when observed 
mortality is lower for occupational cohorts relative to expected mortality based on 
general population rates (Monson  1986 ). The authors applied a proportional haz-
ards regression model to estimate the HR for all cancer deaths and for prostate 
cancer deaths among male employees for four occupational metrics: year and age of 
fi rst employment, duration of employment, and months spent in the chemical divi-
sion. Although, all cancer deaths were not signifi cantly increased with increasing 
number of months in the Chemical Division, the rate of prostate cancer death was 
signifi cantly increased for each month spent in the Chemical Division. The estimate 
of the HR for each year in the chemical division associated with prostate cancer 
mortality was 1.13 (95 % CI: 1.01, 1.27); however, the authors note that this fi nding 
is based on a small number of cases and could be biased by unmeasured confound-
ers as occupational exposure to PFOA or PFOS was not estimated for any worker. 

 An updated mortality study in a cohort of 3,993 employees at the Cottage Grove 
plant was reported (Lundin et al.  2009 ). Three general categories of PFOA exposure 
were identifi ed: ever defi nite exposure (primarily jobs in electrochemical fl uorina-
tion), probable occupational exposure (jobs in other Chemical Division areas where 
exposure was possible but assumed to be lower and transient), and no or minimal 
exposure (jobs in the Non-Chemical Division of the plant). No increase in the SMR 
for deaths from all cancers was seen in any of the three groups. The all cancer SMRs 
were 0.9 (95 % CI: 0.5, 1.4), 0.9 (95 % CI: 0.8, 1.1), and 0.8 (95 % CI: 0.6, 1.0) in 
the ever defi nite exposure group, the probable exposure group, and the minimal 
exposure group, respectively. SMRs for cancers of the biliary passages and liver; 
pancreas; respiratory cancers of the trachea, bronchus, and lung; and bladder and 
other urinary organs showed no evidence of exposure-related associations. The 
prostate cancer SMRs were 2.1 (95 % CI: 0.4, 6.1), 0.9 (95 % CI: 0.4, 1.8), and 0.4 
(95 % CI: 0.1, 0.9) in the ever defi nite exposure group, the probable exposure group, 
and the minimal exposure group, respectively. 

 Lundin and co-authors ( 2009 ) created additional exposure categories: high 
 exposure (included workers with defi nite exposure for 6 months or more), moderate 
exposure (included workers with probable exposure or those with defi nite exposure 
for less than 6 months), and low exposure (included workers primarily in the 
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 nonchemical division of the plant). Prostate cancer mortality was signifi cantly 
increased among workers in the high exposure group (HR = 6.6, 95 % CI: 1.1, 37.7, 
two deaths) with a non-signifi cant increase estimated for the moderate exposure 
group (HR = 3.0, 95 % CI: 0.9, 9.7, ten deaths) when compared to the low exposure 
group (four deaths). For the combined high and moderate exposure groups, the HR 
was 3.2 (95 % CI: 1.0, 10.3, 12 deaths) when compared to the low exposure group. 
Interpretation of the relative risk estimates for prostate cancer mortality is compli-
cated by a defi cit of prostate cancer mortality in the low exposure group which was 
assigned as the referent group. Workers in this exposure category had an abnormally 
low occurrence of prostate cancer death as indicated by a signifi cantly reduced 
SMR when compared to expected prostate cancer deaths based on the Minnesota 
male population (SMR = 0.4, 95 % CI: 0.1, 0.9). The authors cautioned that the 
prostate cancer risk should be elucidated using incident cases, rather than deaths 
from the disease. 

 In the most recent report from this cohort, both cancer mortality and incidence 
were assessed for two groups of 3M workers comprising 9,027 total employees 
(Raleigh et al.  2014 ). The cohort included 4,668 workers with potential occupa-
tional exposure to PFOA at the Cottage Grove plant and 4,359 workers with no 
occupational exposure to PFOA at a non-related production facility in St. Paul, 
Minnesota. Mortality and cancer incidence for this combined cohort were  determined 
from linkage of workers with the National Death Index and with cancer registries 
for the states of Minnesota and Wisconsin. Industrial hygiene data and expert evalu-
ation were used to create a task-based JEM to estimate cumulative PFOA exposure. 
SMRs were estimated using expected mortality numbers based on Minnesota 
 population mortality rates. HRs for time-dependent cumulative PFOA exposure 
were estimated from an extended Cox PH model. Outcomes of  a priori  interest 
included mortality and incidence for cancers of the liver, pancreas, testes, kidney, 
prostate, and breast. 

 Observed mortality counts in the PFOA-exposed cohort were less than the 
 numbers expected for deaths based on Minnesota residents resulting in SMRs less 
than 1.0 for all listed cancers (Table  12.5 ). When assessing selected causes of deaths 
based on cumulative PFOA exposure categorized by quartiles, the HRs for mortality 
from cancer outcomes of interest did not show an association with increasing expo-
sure. Similarly, there was little evidence that incident cancers were associated with 
PFOA exposure (Table  12.6 ). Compared to the non-exposed population of workers 
from the St. Paul facility, there were no signifi cant HRs observed for incident 
 cancers in the combined two highest exposure quartiles of PFOA among workers at 
the Cottage Grove plant. No association was observed between PFOA exposure and 
incident cases of kidney, prostate, or breast cancer when analyzed by quartile of 
cumulative exposure. The authors conclude that this analysis did not support an 
association between occupational exposure and cancer mortality or incidence but 
caution that for some of the cancers of interest, the study had limited ability to 
detect a precise association due to small numbers of cases.

    Cancer mortality among workers at the DuPont Washington Works plant has 
been reported by Leonard et al. ( 2008 ) who conducted a study with the primary 
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   Table 12.5    Standardized mortality ratios (SMR) for selected causes of death for the Cottage 
Grove and Saint Paul cohorts   

 Cause 

 Cottage Grove plant  Saint Paul plant 

 Obs  SMR (95 % CI)  Obs  SMR (95 % CI) 

 All causes  1,125  0.85 (0.80, 0.90)*  1,829  0.98 (0.94, 1.03) 
 All cancers  332  0.87 (0.78, 0.97)*  514  1.04 (0.95, 1.13) 
 Liver cancer  8  0.81 (0.35, 1.59)  7  0.55 (0.22, 1.14) 
 Pancreatic cancer  18  0.85 (0.50, 1.34)  30  1.09 (0.74, 1.56) 
 Prostate cancer  24  0.83 (0.53, 1.23)  48  1.03 (0.76, 1.37) 
 Kidney cancer  6  0.53 (0.20, 1.16)  18  1.23 (0.73, 1.95) 
 Breast cancer  11  0.82 (0.41, 1.47)  15  1.39 (0.78, 2.29) 
 Bladder cancer  8  0.89 (0.38, 1.76)  8  0.62 (0.27, 1.22) 
 Diabetes mellitus  27  0.76 (0.50, 1.11)  64  1.42 (1.09, 1.81)* 
 Ischaemic heart disease  248  0.84 (0.74, 0.95)*  444  0.95 (0.87, 1.05) 
 Cerebrovascular disease  57  0.81 (0.61, 1.05)  112  1.02 (0.84, 1.23) 
 Chronic renal disease  14  1.09 (0.60, 1.84)  13  0.72 (0.38, 1.24) 

  From Raleigh et al. ( 2014 ) 
 *Statistically signifi cant (p ≤ 0.05)  

   Table 12.6    Hazard Ratios for selected cancers comparing APFO exposure quartiles to the referent 
population   

 Cancer 

 Exposure quartile 

 Referent  Q1  Q2  Q3  Q4 

 Obs 
 HR(95 % 
CI)  Obs 

 HR(95 % 
CI)  Obs 

 HR(95 % 
CI)  Obs 

 HR(95 % 
CI)  Obs 

 HR (95 % 
CI) 

 Prostate 
cancer 

 253  1 (referent)  42  0.80 
(0.57, 1.11) 

 42  0.85 
(0.61, 1.19) 

 49  0.89 
(0.66, 1.21) 

 55  1.11 
(0.82, 1.49) 

 Kidney 
cancer 

 19  1 (referent)  4  1.07 
(0.36, 3.16) 

 4  1.07 
(0.36, 3.17) 

 4  0.98 
(0.33, 2.92) 

 4  0.73 
(0.21, 2.48) 

 Pancreatic 
cancer 

 15  1 (referent)  Combined with 
Q2 

 1  0.13 
(0.02, 1.03) 

 Combined with 
Q4 

 9  1.36 
(0.59, 3.11) 

 Bladder 
cancer 

 43  1 (referent)  7  0.81 
(0.36, 1.81) 

 6  0.78 
(0.33, 1.85) 

 15  1.50 
(0.80, 2.81) 

 12  1.66 
(0.86, 3.18) 

 Breast 
cancer 

 28  1 (referent)  8  0.36 
(0.16, 0.79) 

 8  0.65 
(0.29, 1.42) 

 14  1.47 
(0.77, 2.80) 

 4  0.85 
(0.29, 2.46) 

  From Raleigh et al. ( 2014 ) 
 Referent population = Saint Paul, MN plant  
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objective to determine if mortality from ischemic heart disease was increased in a 
cohort based on a previous association between PFOA exposure and increased 
 lipids (Sakr et al.  2009 ). The secondary objective of the study was to examine a 
broad range of other causes of mortality including cancer outcomes. The cohort 
included 6,027 individuals working at the plant from January 1, 1948 through 
December 31, 2002, the end date for mortality ascertainment. SMRs were estimated 
based on three reference population rates: the U.S. population, the West Virginia 
population, and an eight-state regional population of over 74,000 DuPont employ-
ees with no work history at the Washington Works facility. Similar to retrospective 
cohort study of the Cottage Grove plant, all Washington Works employees were 
considered to have PFOA exposure even though only 23 % of 1,025 workers who 
participated in a previous health survey had work assignments in PFOA areas of the 
plant (Sakr et al.  2007 ). 

 All cancer mortality was signifi cantly lower among the workers compared to the 
U.S. and the West Virginia population rates and was no different from the DuPont 
employee reference rates (Table  12.7 ). For specifi c cancer mortality outcomes, no 
signifi cant increases were reported for observed deaths due to liver, pancreas, 
 testicular, prostate, or breast cancers. For kidney cancer (12 deaths observed through 
2002), SMRs for workers were 1.52 (95 % CI: 0.78, 2.65) when compared to the US 
reference rate; 1.51 (95 % CI: 0.78, 2.64) compared to the West Virginia reference 
rate; and 1.81, (95 % CI: 0.94, 3.61) compared to the DuPont regional worker 

   Table 12.7    Cancer mortality for DuPont Washington works employees compared to three external 
reference populations   

 WW 
cohort  US population  WV population  DuPont region I workers 

 Cause of death  O  E  SMR  CI  E  SMR  CI  E  SMR  CI 

 All malignant 
neoplasms 

 234  315  0.74  0.65, 0.84*  340  0.69  0.60, 0.78*  229  1.02  0.89, 1.16 

 Liver  8  8.1  0.99  0.43, 1.96  6.9  1.15  0.50, 2.27  5.5  1.45  0.63, 2.86 

 Pancreas  11  15.4  0.71  0.36, 1.28  13.7  0.80  0.40, 1.43  11.2  0.98  0.49, 1.76 

 Breast  2  3.7  0.55  0.07, 1.97  3.5  0.57  0.07, 2.05  2.8  0.70  0.09, 2.54 

 Prostate  12  23.2  0.52  0.27, 0.91*  20.9  0.58  0.30, 1.00  18.4  0.65  0.34, 1.14 

 Testes  1  1.2  0.87  0.02, 4.84  1.3  0.76  0.02, 4.22  0.6  1.70  0.04, 9.46 

 Kidney  12  7.9  1.52  0.78, 2.65  7.9  1.51  0.78, 2.64  6.6  1.81  0.94, 3.16 

 Thyroid/other 
endocrine 
glands 

 3  1.0  3.12  0.64, 9.12  1.1  2.86  0.59, 8.35  0.5  6.29  1.30, 18.37* 

  From Leonard et al. ( 2008 ) 
  O  observed,  E  expected,  SMR  standardized mortality ratio,  CI  = 95 % confi dence interval 
 *Statistically signifi cant (p ≤ 0.05)  
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 reference rate. Bladder cancer mortality (seven deaths observed through 2002) was 
similar to expected numbers based on the U.S. and West Virginia population rates 
and resulted in an SMR of 1.30 (95 % CI: 0.52, 2.69) when compared to the DuPont 
regional worker reference rate. Of interest is that the SMR for prostate cancer was 
signifi cantly decreased compared to the U.S. population (SMR = 0.52, 95 % CI: 
0.27, 0.91), and prostate cancer SMRs were reduced compared to West Virginia 
residents (SMR = 0.58, 95 % CI: 0.30, 1.00) and the DuPont regional employees 
(SMR = 0.65, 95 % CI: 0.34, 1.14).

   An update of mortality ascertainment for the Washington Works cohort extended 
through 2008 was reported by Steenland and Woskie ( 2012 ). The updated study 
observed an increase in the total number of deaths in the cohort from 806 to 1,084 
during the six additional years of follow-up through December 31, 2008. This 
update also analyzed cancer mortality based on occupational exposure to 
PFOA. Using a job exposure matrix developed by Kreckmann et al. ( 2009 ), workers 
were assigned to one of eight job category and job group combinations for estima-
tion of cumulative PFOA exposure (Woskie et al.  2012 ). Modeled serum PFOA 
levels among workers in each job category and group combination were correlated 
with measured levels by job category overall and across time to derive cumulative 
exposure estimates for 5,791 workers with suffi cient work history records. 
Cumulative exposure was categorized by a quartile distribution with the lowest 
quartile assigned as the referent category for analyses. 

 The SMR for total cancer mortality did not differ signifi cantly for plant workers 
in any quartile of estimated cumulative serum PFOA when compared to the DuPont 
regional employee reference rates (SMR = 0.93, 95 % CI: 0.83, 1.04) and was sig-
nifi cantly lower than expected based on the U.S. reference rate (SMR = 0.74, 95 % 
CI: 0.66, 0.83). Although six additional years of mortality ascertainment were 
added, the number of kidney cancer deaths (12) was equal to the number reported 
by Leonard et al. ( 2008 ) as no kidney cancer deaths occurred among cohort mem-
bers from 2003 to 2008. The SMR for kidney cancer among all workers combined 
was 1.28 (95 % CI: 0.66, 2.24) while the SMR for the highest quartile (quartile 4) 
of cumulative PFOA exposure was signifi cantly increased (SMR = 2.66, 95 % CI: 
1.15, 5.24) with no signifi cant increase observed for the other exposure quartiles 
(quartiles 1, 2, and 3). For mesothelioma, a signifi cant positive exposure-response 
trend was observed when compared to other DuPont regional workers based on six 
deaths (SMR = 2.85, 95 % CI: 1.05, 6.20) with fi ve deaths observed in the highest 
quartile of PFOA exposure (SMR = 6.27, 95 % CI: 2.04, 14.63). The authors state 
that the increased SMR for mesothelioma did not appear to be specifi c to PFOA 
exposure and suggested that it was the result of co-exposure to asbestos among 
workers that was highly correlated with estimates of cumulative PFOA exposure. 

 In addition, Steenland et al. ( 2015 ) presented additional analyses based on medi-
cal record review among 3,713 workers at the Washington Works facility. Eighteen 
disease outcomes with incident cases greater than or equal to 20 were analyzed. 
Among the four incident cancer outcomes reported, prostate cancer showed a posi-
tive non-signifi cant trend (p-value for categorical trend test = 0.11, 129 cases).  
Bladder cancer had a signifi cant negative trend such that higher PFOA exposure 
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quartiles had a lower relative risk for this incident disease (p-value for log c umulative 
exposure trend = 0.04, 29 cases). No signifi cant trend tests were reported for either 
colorectal cancer (41 cases) or melanoma (41 cases) (Steenland et al.  2015 ). 

 A retrospective cohort mortality study including 5,879 male workers from six 
tetrafl uoroethylene (TFE) production sites in Europe and the U.S. was reported 
(Consonni et al.  2013 ). Occupational TFE exposure was the main focus with 
 cumulative exposure to PFOA estimated using an exposure matrix that was highly 
correlated with TFE exposure estimates (Sleeuwenhoek and Cherrie  2012 ). The 
TFE study sites differed for duration of ascertainment period with an average of 
25 years of follow-up overall. Among 4,205 workers classifi ed as ever having occu-
pational exposure to PFOA among those workers with TFE exposure, the SMR for 
all cancer deaths was signifi cantly reduced (SMR = 0.79, 95 % CI: 0.67, 0.92) com-
pared to an expected number estimated from national rates (Table  12.8  – Consonni 

   Table 12.8    Mortality by cumulative exposure to APFO (unit–years) among 4,773 male workers 
ever exposed to TFE, 1950–2008   

 Cumulative exposure to APFO (unit-years) 

 Cause of death 

 Never exposed  Low (<16) 
 Medium 
(16–138)  High (139+) 

 Obs/Exp  Obs/Exp  Obs/Exp  Obs/Exp 

 SMR (95 % CI)  SMR (95 % CI)  SMR (95 % CI)  SMR (95 % CI) 

 All causes  101/132.3  178/243.3  178/220.9  178/225.2 
 0.76 (0.62, 0.93)*  0.73 (0.63, 0.85)*  0.81 (0.69, 0.93)*  0.79 (0.68, 0.92)* 

 All cancer  28/40.1  51/65.8  53/65.4  55/70.3 
 0.70 (0.46, 1.01)  0.78 (0.58, 1.02)  0.81 (0.61, 1.06)  0.78 (0.59, 1.02) 

 Esophageal 
cancer 

 0/1.3  4/2.5  4/2.6  3/2.6 
 –  1.62 (0.44, 4.14)  1.54 (0.42, 3.93)  1.16 (0.24, 3.39) 

 Liver cancer  1/1.4  1/1.4  2/1.6  4/1.9 
 0.72 (0.02, 4.02)  0.70 (0.02, 3.87)  1.25 (0.15, 4.52)  2.14 (0.58, 5.49) 

 Pancreatic 
cancer 

 3/1.8  0/3.2  4/3.1  6/3.3 
 1.66 (0.34, 4.84)  –  1.30 (0.35, 3.33)  1.84 (0.67, 4.00) 

 Lung cancer  10/13.3  20/21.9  16/21.3  13/23.9 
 0.75 (0.36, 1.39)  0.91 (0.56, 1.41)  0.75 (0.43, 1.22)  0.54 (0.29, 0.93)* 

 Kidney and 
other urinary 
organs 
cancer 

 0/1.0  3/1.9  3/2.0  4/2.0 
 –  1.57 (0.32, 4.59)  1.50 (0.31, 4.39)  2.00 (0.54, 5.12) 

 Leukemia  1/1.3  4/2.4  3/2.2  4/2.2 
 0.79 (0.02, 4.40)  1.64 (0.45, 4.20)  1.35 (0.28, 3.94)  1.85 (0.50, 4.74) 

  Reference: National Rates 
 From Consonni et al. ( 2013 ) supplement 
 *Statistically signifi cant (p ≤ 0.05)  
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et al.  2013  supplement). For workers categorized in the highest tertile of cumulative 
PFOA exposure, there was no signifi cant increased SMR for cancers of the esopha-
gus, liver, pancreas, lung, or kidney, or for leukemia. The authors conclude that no 
exposure- response trend was observed for any of these outcomes and the study was 

limited by the inability to separate the potential effects from either PFOA or TFE.   

12.2.3     Occupational Studies – PFOS 

 All available epidemiologic studies of cancer risk and occupational exposure to 
PFOS have been conducted among the employee cohort at a 3M facility in Decatur, 
Alabama that manufactured PFOS-based fl uorochemicals in its chemical division 
from 1961 to 2002. Because the Decatur plant primarily manufactured PFOS-based 
chemicals, it has been studied only with respect to PFOS exposure; however, PFOA 
is a residual by-product of PFOS production. Therefore, chemical workers were 
potentially exposed to PFOA as well as other chemicals (Sigurdson et al.  2003 ). 

 A retrospective cohort mortality study of individuals who worked at least 1 year 
at the 3M facility in Decatur, Alabama was reported (Alexander et al.  2003 ). The 
site contained two plants, one producing specialty chemicals and the other making 
a specialty fi lm. Perfl uorooctanesulfonyl fl uoride (POSF) is the major fl uorochemi-
cal produced at this plant. POSF-based products can be metabolized to PFOS in 
humans. A cohort of 2,083 employees with 1-year or more of employment was clas-
sifi ed as either non-exposed, low exposed, or high exposed based on biological 
monitoring data for PFOS and work site. A previous study reported that the mean 
concentration of PFOS in chemical plant workers was approximately 900 ppb while 
the mean PFOS concentration in fi lm plant workers was approximately 100 ppb. 
The authors assigned all workers in the fi lm plant to the non-exposed group while 
the low and high exposure groups included workers at the chemical plant catego-
rized by their potential for exposure to POSF based on job role. 

 A total of 39 cancer deaths occurred in the cohort through 1997. For all three 
groups, observed cancer mortality was lower than that expected based on general 
population rates. SMRs for all cancer deaths were 0.84 (95 % CI: 0.50, 1.32, 18 
deaths), 0.52 (95 % CI: 0.19, 1.44, 6 deaths), and 0.73 (95 % CI: 0.41, 1.21, 15 
deaths) for the high, low, and non-exposed groups, respectively. For bladder cancer, 
three deaths occurred in the cohort (SMR = 4.81, 95 % CI: 0.99, 14.06) with all three 
cases having at least 1 year in a high exposed job. The authors conclude that bladder 
cancer mortality in this study could not be attributed to fl uorochemical exposures 
due to the small number of cases and the possibility for unknown exposures to other 
substances that are potential bladder carcinogens either at work or due to lifestyle 
factors such as smoking (Alexander et al.  2003 ). 

 A follow-up study was conducted to determine whether bladder cancer mortality 
among workers with high potential workplace exposure to POFS-based fl uoro-
chemicals was representative of the overall bladder cancer experience of the cohort 
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(Alexander and Olsen  2007 ). Exposures to PFOS were estimated from work history 
and weighted using biological monitoring data. Categories of exposure included: no 
direct workplace exposure (serum PFOS concentrations between 100 and 290 ppb), 
job assignments with low potential for exposure (serum concentrations between 390 
and 890 ppb), and job assignments with high potential for exposure (serum concen-
trations between 1,300 and 1,970 ppb). Mortality ascertainment was extended 
through 2002 with two additional deaths due to bladder cancer observed. In addition 
1,400 of 1,845 cohort members responded to a questionnaire administered in 2002 
with six bladder cancer cases reported. Of these, two were validated by medical 
records and four were not confi rmed due to lack of consent for medical record 
review. Combining the 11 bladder cancers for an incidence rate analysis, the authors 
estimated a standardized incidence ratio (SIR) for all workers of 1.41 (95 % CI: 
0.79, 2.33). No SIR based on stratifi cation by exposure potential and duration of 
employment in a high exposure group was signifi cantly increased. The authors 
 conclude that the incidence of bladder cancer in workers is similar to that of the US 
population. 

 Health claims data for 652 chemical division employees (PFOS exposed) were 
analyzed against claims for 659 fi lm division workers (non-PFOS exposed) at the 
Decatur plant (Olsen et al.  2004 ). Health claims were grouped into episodes of care 
defi ned as sets of one or more claims records which could be categorized into a 
discrete disease diagnosis. Two analyses were conducted: one comparing the all 
chemical workers to all fi lm workers, and a second analysis of 211 workers with 
high exposure jobs in the chemical division compared to 345 workers who had 
 similar jobs in the fi lm division without POSF exposure for at least 10 years. 
Episodes of care were compared to similar health claims for approximately 20,000 
manufacturing workers of the 3M Company in the U.S. No difference in the number 
of episodes of care per year was seen for those in the chemical division (average 2.7 
per year) compared to those in the fi lm division (average 3.0 per year). Relative risk 
(RR) was estimated for the ratio of episodes of care for specifi c diagnoses. For pros-
tate cancer, fi ve episodes were seen in the chemical division compared to 3.1 
expected based on company-wide rates. The fi lm division had one prostate cancer 
episode compared to 4.7 expected. Overall, the results of this study appear to show 
that the risk of cancer in the chemical division workers exposed primarily to PFOS 
was no different than that of the fi lm plant workers. For bladder cancer, no episodes 
of care were recorded for chemical division workers during the period of the study. 

 A separate study of self-reported health conditions including cancer diagnoses 
among 1,400 workers at the Decatur facility was conducted for responses from the 
2002 questionnaire (Grice et al.  2007 ). PFOS-exposure groupings were based 
assignments made previously (Alexander and Olsen  2007 ). Cancer diagnoses were 
validated by medical record review and included 12 cases of colon cancer, 8 cases 
of melanoma, and 22 cases of prostate cancer. No signifi cant association between 
these cancers and any of the PFOS-exposure categories was observed.  
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12.2.4     Studies in a Community with PFOA-Contaminated 
Drinking Water 

 The C8 Health Project, a cross-sectional survey and biomarker study in 2005 and 
2006 among 69,030 residents of the mid-Ohio Valley, was conducted in response to 
a legal settlement from a class-action lawsuit against DuPont (Frisbee et al.  2009 ). 
The aim was to investigate the potential human health effects of PFOA exposure 
from contaminated drinking water. Among the series of studies conducted to address 
this aim, a cancer-registry based case-control study was reported assessing the rela-
tionship between PFOA exposure via drinking water and cancer in residents living 
in the 6 water districts with contaminated drinking water and 13 adjacent counties 
surrounding the DuPont Washington Works plant (Vieira et al.  2013 ). Data on inci-
dent cases of 18 types of cancer diagnosed from 1996 through 2005 in fi ve Ohio and 
eight West Virginia counties reported to the state cancer registries for Ohio and West 
Virginia were used. The study included 7,869 cancer cases in Ohio and 17,238 can-
cer cases in West Virginia. Serum PFOA levels were estimated using combined 
environmental, exposure, and pharmacokinetic models and were based on residen-
tial water district at the time of diagnosis (Shin et al.  2011 ). For comparative analy-
ses, the authors fi t logistic regression models to estimate the adjusted odds ratio 
(OR) for specifi c types of cancer cases using incident cancers from all other cancer 
categories as controls after excluding cases of kidney, pancreatic, testicular, and 
liver cancers. These cancer types were excluded from control groups due to the 
previous reports of associations with PFOA. 

 A positive association was found between kidney cancer and either the high or 
very high exposure categories with ORs of 2.0 (95 % CI: 1.3, 3.2) and 2.0 (95 % CI: 
1.0, 3.9) for the high and very high categories, respectively. Among the nine cases 
in the very high exposure group stratifi ed by sex, the association was observed for 
women (OR = 3.5, 95 % CI: 1.4, 8.3, six cases), but not for men (OR = 1.0, 95 % CI: 
0.3, 3.4, three cases). For testicular cancer, there was a small number of cases over-
all (n = 18) with ORs above 1.0 reported for the very high exposure category 
(OR = 2.8, 95 % CI: 0.8, 9.2, six cases) and the Little Hocking water district which 
had the highest estimated exposure to PFOA (OR = 5.1, 95 % CI: 1.6, 15.6, eight 
cases). However, no exposure –response pattern was observed as the ORs for the 
low to high exposure categories and the other water districts were all non-signifi cant 
and less than 1.0. Associations in the very high exposure group were also noted for 
prostate, and ovarian cancers, and for non-Hodgkin’s lymphoma. The authors note 
that the primary limitation to their study was the use of other cancer cases as control 
subjects for comparative analyses. In addition, although the study included an area 
with a population estimate of over 500,000 persons, precision of OR estimates was 
limited due to small numbers of cases for specifi c cancer types following categori-
zation to exposure groups or assignment to specifi c water districts with varying 
levels of PFOA exposure. 

 A second C8 Science Panel study involved a retrospective cohort design that 
included 32,254 participants living in the mid-Ohio River Valley in one of the six 
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water districts near the DuPont Washington Works plant (Barry et al.  2013 ). Of this 
cohort, 3,713 had ever worked at the DuPont Washington Works facility. Among 
these community residents and plant workers, 2,507 validated cancer cases com-
prising 21 different diagnostic types were observed. Cancer risk was analyzed based 
on cumulative PFOA exposure estimated from residential history as described by 
Shin et al. ( 2011 ) combined with additional occupational exposure estimates for 
workers (Woskie et al.  2012 ). The authors fi t a proportional hazards regression 
model for each cancer type as the outcome and age at either diagnosis or last follow-
up as the time scale. HRs were estimated for time-varying cumulative exposure to 
PFOA calculated as the sum of yearly drinking water concentrations. PH models 
were adjusted for sex, 5-year birth period, educational attainment, and time-depen-
dent measures of smoking and alcohol consumption. 

 In the combined cohort, positive associations were noted for testicular cancer 
(HR = 1.34, 95 % CI: 1.00, 1.79), kidney cancer (HR = 1.10, 95 % CI: 0.98, 1.24), 
and thyroid cancer (HR = 1.10, 95 % CI: 0.95, 1.26). When analyzed by cumulative 
exposure quartile, the HRs for 17 testicular cancer cases distributed by increasing 
exposure quartiles were 1.0 (referent), 1.04 (95 % CI: 0.26, 4.22), 1.91 (95 % CI: 
0.47, 7.75), and 3.17 (95 % CI: 0.75, 13.45), with signifi cant trend tests reported 
(p < 0.05 for both trend tests). For the 105 kidney cancer cases, the HRs were 1.0 
(referent), 1.23 (95 % CI: 0.70, 2.17), 1.48 (95 % CI: 0.84, 2.60), and 1.58 (95 % 
CI: 0.88, 2.84). For 86 thyroid cancer cases, the HRs were 1.0 (referent), 1.54 (95 % 
CI: 0.77, 3.12), 1.48 (95 % CI: 0.74, 2.93), and 1.73 (95 % CI: 0.85, 3.54). However, 
trend tests across quartiles based on increasing serum PFOA concentrations were 
not signifi cant for either kidney or thyroid cancers (p > 0.10 for all tests). 

 Further, HRs for the 21 cancer types were stratifi ed for community and occupa-
tional exposure groups (Barry et al.  2013  supplement). The numbers of cases and 
HRs among 28,541 community members with no occupational exposure are shown 
in Table  12.9  with the number of cases and HRs for the occupationally exposed 
group listed in Table  12.10 . Among community residents only, the HR for testicular 
cancer was signifi cantly increased (HR = 1.73, 95 % CI: 1.24, 2.40, 15 cases) while 
the HR for lung cancer was signifi cantly decreased (HR = 0.85, 95 % CI: 0.73, 1.00, 
95 cases) for increasing cumulative PFOA exposure. Among those with occupa-
tional exposure to PFOA, thyroid cancer was signifi cantly increased (HR = 1.93, 
95 % CI: 1.00, 3.71, 8 cases) and bladder cancer was signifi cantly decreased 
(HR = 0.65, 95 % CI: 0.44, 0.95, 29 cases) for increasing cumulative exposure.

    In a separate study of persons residing in six water districts in the mid-Ohio 
River Valley with PFOA contamination, a health survey of 47,359 adults with one- 
time serum PFOA and PFOS measures taken from blood samples collected in 2005 
and 2006 was conducted (Innes et al.  2014 ). There were 292 colorectal cancer cases 
reported for this group, and the authors were able to confi rm 208 cases by medical 
record validation. The median serum PFOA concentration among all adults was 
27.9 ppb considered to be elevated compared to general population levels due pri-
marily to exposure to contaminated drinking water. Meanwhile, the median serum 
concentration of PFOS was 20.2 ppb which was considered similar to the general 
U.S. population level at the time of serum sampling. The distribution of cases across 
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quartiles of serum PFOA and PFOS concentration was evaluated. An inverse rela-
tionship was observed such that there were fewer cases of colorectal cancer reported 
among those persons categorized to higher quartiles of serum PFOA and PFOS 
concentrations. The fully adjusted ORs for PFOA serum concentration by quartile 
were 1.0 (referent), 0.48 (95 % CI: 0.31, 0.75), 0.51 (95 % CI: 0.34, 0.77), and 0.64 
(95 % CI: 0.44, 0.94) with a signifi cant trend test (p = 0.002), although the trend was 
not signifi cant when PFOA serum concentration was evaluated as a linear, continu-
ous variable (p = 0.46). Moreover, a similar inverse relationship was observed for 
higher serum PFOS concentrations. The fully adjusted ORs by quartile were 1.0 
(referent), 0.38 (95 % CI: 0.25, 0.59), 0.27 (95 % CI: 0.17, 0.42), and 0.24 (95 % 
CI: 0.16, 0.37) with signifi cant trend test values for both categorical and linear tests 
(p < 0.00001). Among several limitations to this study, the authors note that the 
study analyzed cross-sectional data that comprised measured PFOA concentrations 
collected for prevalent colorectal cancer cases. This limits the ability to assess cau-
sality due to the absence of a temporal relationship between PFOA exposure and 
colorectal cancer as both are determined simultaneously.  

  Table 12.9    Effect of 
estimated cumulative PFOA 
serum concentration on 
cancer risk in the community 
group (n = 28,541)  

 Cancer  # Cases  HR (95 % CI) 

 Bladder  76  0.96 (0.81, 1.14) 
 Brain  13  1.14 (0.78, 1.65) 
 Breast  546  0.96 (0.90, 1.02) 
 Cervical  21  0.94 (0.67, 1.32) 
 Colorectal  223  0.98 (0.89, 1.08) 
 Esophagus  12  1.00 (0.66, 1.51) 
 Kidney  87  1.14 (0.99, 1.32) 
 Leukemia  53  0.92 (0.76, 1.13) 
 Liver  8  0.62 (0.29, 1.29) 
 Lung  95  0.85 (0.73, 1.00)* 
 Lymphoma  121  1.05 (0.92, 1.19) 
 Melanoma  200   0.99 (0.89, 1.10) 
 Oral  17  0.96 (0.65, 1.40) 
 Ovarian  43  1.00 (0.79,1.25) 
 Pancreatic  21  1.06 (0.79, 1.43) 
 Prostate  317  0.97 (0.90, 1.05) 
 Soft tissue  13  0.68 (0.40, 1.14) 
 Stomach  11  0.70 (0.40, 1.23) 
 Testicular  15  1.73 (1.24, 2.40)* 
 Thyroid  78  1.04 (0.89, 1.23) 
 Uterine  96  1.02 (0.88, 1.18) 

  From Barry et al. ( 2013 ) supplement 
 *Statistically signifi cant (p ≤ 0.05)  
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12.2.5     General Population Studies 

 A number of studies have reported on cancer outcomes in general populations and 
related the fi nding to either PFOA or PFOS. In the blood of a representative sam-
pling of individuals in the general population of the United States, four polyfl uoro-
alkyl substances (PFOA, PFOS, perfl uorohexane sulfonate-PFHxS, and 
perfl uorononanoate-PFNA) have been found in more than 95 % of those sampled in 
the NHANES survey (Kato et al.  2011 ). The geometric mean serum concentrations 
of each of these four chemicals are presented in Table  12.11 . Attributing an associa-
tion between a cancer outcome and any one of these chemicals (or any of the other 
chemicals contained in these blood samples) must be done carefully as it is obvious 
from this data that multi-chemical exposures are occurring.

   The association between plasma (serum) concentrations of PFOA and PFOS 
with cancer risk was determined for a prospective Danish cohort of 57,053 partici-
pants with no previous cancer diagnosis at enrollment (Eriksen et al.  2009 ). From 
1997 through 2006, 1,240 incident cancer cases were ascertained through the 
Danish Cancer Registry. The study included 713 prostate cancer cases, 332 bladder 
cancer cases, 128 pancreatic cancer cases, and 67 liver cancer cases. The PFOA and 

  Table 12.10    Effect of 
estimated cumulative PFOA 
serum concentration on 
cancer risk in the 
occupational group 
(n = 3,713)  

 Cancer  # Cases  HR (95 % CI) 

 Bladder  29  0.65 (0.44, 0.95)* 
 Brain  4  0.82 (0.26, 2.59) 
 Breast  13  1.01 (0.59, 1.74) 
 Cervical  1  – 
 Colorectal  41  1.12 (0.81, 1.54) 
 Esophagus  3  1.42 (0.21, 9.74) 
 Kidney  18  0.95 (0.59, 1.52) 
 Leukemia  13  1.30 (0.73, 2.33) 
 Liver  1  – 
 Lung  13  0.87 (0.51, 1.47) 
 Lymphoma  15  1.24 (0.72, 2.14) 
 Melanoma  41  0.80 (0.59, 1.08) 
 Oral  1  – 
 Ovarian  0  – 
 Pancreatic  3  0.98 (0.21, 4.65) 
 Prostate  129  0.94 (0.77, 1.17) 
 Soft tissue  2  1.20 (0.30, 4.76) 
 Stomach  1  – 
 Testicular  2  0.85 (0.04, 19.7) 
 Thyroid  8  1.93 (1.00, 3.71)* 
 Uterine  7  1.05 (0.56, 1.97) 

  From Barry et al. ( 2013 ) supplement 
 *Statistically signifi cant (p ≤ 0.05)  
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PFOS concentrations for these cases were compared to concentrations for a 
 representatively selected referent sub-cohort of 772 persons (668 men and 92 
women) without a cancer diagnosis during the ascertainment period. The median 
PFOA concentrations ranged from 5.4 to 6.9 ppb for the cancer groups with a 
median concentration of 6.6 ppb for the comparison sub-cohort. For PFOS, median 
concentrations for the cancer groups ranged from 31.0 to 36.8 ppb and the compari-
son sub-cohort had a median concentration of 34.3 ppb. 

 For prostate cancer, the adjusted incident rate ratios (RR) for quartiles 1 through 
4 for PFOA were 1.00 (referent), 1.09 (95 % CI: 0.78, 1.53), 0.94 (95 % CI: 0.67, 
1.32), and 1.18 (95 % CI: 0.84, 1.65), respectively. The same analyses for PFOS 
estimated incident RRs of 1.00 (referent), 1.35 (95 % CI: 0.97, 1.87), 1.31 (95 % CI: 
0.94, 1.82), and 1.38 (95 % CI: 0.99, 1.93), respectively. The authors note that the 
lack of an increasing exposure-response trend suggests that the similar risk esti-
mates at higher PFOS concentration levels are likely due to a chance fi nding of a 
lower incidence in the referent quartile rather than an increased risk with increasing 
PFOS concentrations. The authors conclude that plasma concentrations of PFOA 
and PFOS in the  general Danish population do not appear to be associated with 
increased risk of prostate, bladder, pancreatic, or liver cancer (Eriksen et al.  2009 ). 

 In a study of persistent organic pollutants (POPs) and breast cancer in an Inuit 
population, 31 breast cancer cases were selected from a hospital registry in 
Greenland and 115 control subjects without a cancer diagnosis were sampled from 
an ongoing POPs monitoring study (Bonefeld-Jorgensen et al.  2011 ). Serum levels 
of PFOA as well other perfl uorinated carboxylates and sulfonates were reported at 
higher concentrations for those with breast cancer relative to control subjects. The 
median concentrations of PFOA were 2.5 ppb for breast cancer cases and 1.6 ppb 
for control subjects. For PFOS, the median concentrations were 45.6 ppb among 
breast cancer cases and 21.9 ppb for control subjects. 

 No signifi cant association with breast cancer case status was observed for 
increasing PFOA exposure while a signifi cant association was reported for increas-
ing PFOS exposure. The raw (crude) OR for a 1 ppb increase in PFOA was 1.07 
(95 % CI: 0.88, 1.31, 31 cases) while the raw OR for a 1 ppb increase in PFOS was 

   Table 12.11    Serum perfl uorochemical concentrations in the general population (participants 
≥12 years old)   

 Geometric mean in ppb 

 Sampling wave  1999–2000  2003–2004  2005–2006  2007–2008  2009–2010 

 Chemical 

 PFOA  5.21  3.59  3.56  3.99  2.84 
 PFOS  30.40  19.43  15.61  13.19  8.76 
 PFNA  0.56  0.88  1.01  1.46  1.49 
 PFHxS  2.30  1.90  1.55  1.93  1.51 

  Individual serum measurements not available in 2001–2002 
 Estimated from NHANES data based on Kato et al. ( 2011 )  
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1.01 (95 % CI: 1.00, 1.02). Fewer cases and controls were included in the adjusted 
OR model due to missing data for the variables including age, body mass index, 
pregnancy and breastfeeding history, serum cotinine and menopausal status. For 
1 ppb increase in PFOA, the adjusted OR was 1.20 (95 % CI: 0.77, 1.88, 7 cases). 
For a 1 ppb increase in PFOS, the adjusted OR was 1.03 (95 % CI: 1.00, 1.07). The 
authors suggest that serum persistent organic pollutants including perfl uorinated 
compounds might be a risk factor for the development of breast cancer in this popu-
lation; however, the small number of cases and the high correlation between serum 
PFAA levels limited the study. 

 In a case-control study of breast cancer among mothers enrolled in the Danish 
National Birth Cohort from 1996 through 2002, 250 breast cancer cases that 
occurred through 2010 were matched by age and parity to 233 control subjects 
without a cancer diagnosis (Bonefeld-Jorgensen et al.  2014 ). Serum levels of 16 
perfl uoroalkylated substances (PFAS) including 10 carboxylates and 5 sulfonates 
were measured for blood samples taken between the 6th and 14th week of preg-
nancy during enrollment. PFOA and PFOS concentrations were measured in all 
study subjects and found at relatively higher concentrations than all other PFASs. 
The mean serum levels reported for control subjects were 5.2 ppb for PFOA and 
30.6 ppb for PFOS while serum concentrations for breast cancer cases are not 
reported. In addition, the authors noted high correlations among the PFASs with a 
signifi cant correlation coeffi cient of 0.69 found between PFOA and PFOS 
 concentrations. No signifi cant associations were observed between breast cancer 
case status and PFOA and PFOS concentrations. Slightly fewer cases and controls 
were included in the adjusted OR models due to missing data for other variables 
including age at blood sampling, body mass index before pregnancy, gravidity, oral 
contraceptive use, age at menarche, alcohol intake and smoking, maternal educa-
tion, and physical activity. The adjusted OR for a 1 ppb increase in PFOA was 1.00 
(95 % CI: 0.90, 1.11, 221 cases) while the adjusted OR for a 1 ppb increase in PFOS 
was 0.99 (95 % CI: 0.98, 1.01, 221 cases). The authors also categorized the expo-
sure distributions into quintiles and observed no pattern of increasing ORs for 
higher levels of PFOA and PFOS when compared to the lowest quintile assigned as 
the referent group. The adjusted OR for PFOA among women in the fi fth quintile 
(PFOA concentration greater than 6.53 ppb) was 0.94 (95 % CI: 0.51, 1.76, 40 
cases) while the adjusted OR for PFOS in the highest quintile (PFOS concentration 
greater than 39.07 ppb) was 0.90 (95 % CI: 0.47, 1.70, 35 cases) with no signifi cant 
ORs observed for other exposure quintiles. Moreover, the study subjects were strati-
fi ed by age at breast cancer diagnosis with analyses conducted for cases and matched 
controls younger than 41 years of age at case diagnosis or older than 40 years of age 
at case diagnosis. Similar results consistent with the overall analyses were observed 
in both age strata for PFOA or PFOS. The authors conclude that the results of this 
study indicate that there is no association between breast cancer occurrence and 
PFAS concentrations taken during pregnancy. 

 A case control study in Sweden including 201 cases of prostate cancer compared 
to 186 population-based controls was reported (Hardell et al.  2014 ). Serum concen-
trations of six perfl uorinated carboxylates and sulfonates were measured with no 
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signifi cant differences reported between cases and controls for PFOA and PFOS. The 
median concentrations of PFOA were 2.0 ppb for prostate cancer cases and 1.9 ppb 
for control subjects. For PFOS, the median concentrations for prostate cancer cases 
were 9.0 ppb and 8.3 ppb for control subjects. There was no signifi cant association 
between prostate cancer and increased exposure defi ned as having a concentration 
above the median for any PFAA reported in the study. The OR for having a PFOA 
concentration above the median was 1.1 (95 % CI: 0.7, 1.7), while for PFOS, the 
OR for exposure above the median was 1.0 (95 % CI: 0.6, 1.5). 

 The authors note that they expected heredity to be a risk factor for prostate  cancer 
with cases more likely to report having a fi rst degree relative with prostate cancer 
(OR = 1.8, 95 % CI: 1.0, 3.1). After stratifying cases and controls by heredity defi ned 
as having a fi rst degree relative with prostate cancer and PFOA concentration above 
the median, the ORs were 1.1 (95 % CI: 0.5, 2.6) for those with heredity and PFOA 
less than the median, 1.0 (95 % CI: 0.6, 1.5) for those with no heredity and PFOA 
greater than the median, and 2.6 (95 % CI: 1.2, 6.0) for those with heredity and 
PFOA greater than the median, compared to a referent group of those without 
hereditary prostate cancer and PFOA concentration less than the median. A statisti-
cal test for interaction between heredity and PFOA concentration greater than the 
median was not signifi cant (p = 0.15). For PFOS, the ORs were 1.2 (95 % CI: 0.6, 
2.5) for those with heredity and PFOS less than the median, 0.9 (95 % CI: 0.5, 1.4) 
for those with no heredity and PFOS greater than the median, and 2.7 (95 % CI: 1.0, 
6.8) for those with heredity and PFOS greater than the median, compared to a 
 referent group of those without hereditary prostate cancer and PFOS concentration 
less than the median. Hardell and colleagues conclude that higher concentrations of 
PFOA and PFOS without hereditary prostate cancer did not increase the risk of 
prostate cancer. They suggest that there is an interaction between genes and PFAA 
exposure based on the observed increased risk for those with hereditary prostate 
cancer; however, a possible mechanism for this interaction is unknown. 

 A cross-sectional study compared serum PFOA and PFOS concentrations in 40 
cancer patients without a specifi c diagnostic type to two groups without cancer: 56 
employees of a research center in urban Athens, Greece and 86 patients undergoing 
medical checkups in rural Argolida, Greece (Vassiliadou et al.  2010 ). The mean 
serum PFOA levels were 2.3 ppb in the cancer patients, 2.9 ppb in the Athens 
employees, and 1.9 ppb in the Argolida patients. For PFOS, the mean serum levels 
were 12.97 ppb in the cancer patients, 14.9 ppb in the urban employees, and 13.6 ppb 
in the rural patients. Although the results demonstrate that PFASs are detectable in 
the serum and liver samples from a series of patients with hepatocellular carcinoma 
(HCC) and hepatitis C viral infection (HCV) as well as liver donors without existing 
disease, the comparative results indicate no association between PFOA or PFOS 
and cancer status. The study was limited for a number of reasons including the small 
sample size, lack of specifi c cancer types, and no information on potential con-
founders, selection criteria or participation rates for the study population. 

 A study compared 66 diseased liver tissues removed prior to liver transplants to 
25 healthy liver specimens in Melbourne, Australia (Yeung et al.  2014 ). Serum and 
liver concentrations of PFOA and 11 other PFASs were measured. Cases included 
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those who had undergone liver transplantation for a range of conditions including 
hepatocellular carcinoma (HCC), cirrhosis due to chronic hepatitis C viral infection 
(HCV), amyloidosis, and acute liver failure. Among those with HCC, serum 
 concentrations from 24 samples of PFOA were somewhat higher than those for 25 
liver donor control samples with mean serum concentration of 2.82 ppb in HCC 
patients compared to 2.38 ppb in controls; however, mean liver concentrations were 
0.59 ppb (ng/g) and 0.62 ppb for these groups, respectively. For PFOS, the mean 
serum concentrations were 13.3 ppb for those with HCC and 8.48 ppb for controls. 
Mean liver concentrations of PFOS were 6.24 ppb for HCC samples and 5.22 ppb 
for controls. The authors suggest that some of the pathologic changes in diseased 
livers might alter the distribution of PFASs between liver and serum. Overall, the 
results do not suggest a relationship between PFASs and liver cancer. The study had 
numerous limitations including a small sample size and the measurement of PFOA 
and PFOS concentrations after liver specimen removal that preclude its ability to 
test for an association between HCC and PFOA and PFOS concentrations.   

12.3     Reviews and Evaluations 

 There have been a series of reviews of the carcinogenicity of PFOA. An EPA Draft 
Risk Assessment ( 2005 ) reviewed both the animal and human evidence for a 
 possible relationship between PFOA exposure and cancer risk. Overall, based on no 
adequate human studies and uncertain human relevance of the tumor triad from rat 
studies, PFOA was described as having “suggestive evidence of carcinogenicity but 
not suffi cient to assess human carcinogenic potential” under the draft 1999 
Guidelines for Carcinogenic Risk Assessment (U.S.EPA  1999 ). PFOA induces liver 
tumors, pancreatic acinar cell tumors, and Leydig cell tumors in male rats. There is 
suffi cient evidence to indicate that PFOA is a PPARα agonist and that liver carcino-
genicity and toxicity is mediated by binding to the PPARα receptor in the liver. A 
mode of action analysis demonstrated that the hepatic effects are due to PPARα 
agonism and that this mode of action is unlikely to occur in humans. There is not 
suffi cient evidence to link the mode of action for both the pancreatic acinar cell 
tumors and the Leydig cell tumors to PPARα. However, due to the quantitative dif-
ferences in the expressions of luteinizing hormone and cholecystokinin receptors 
and other toxicodynamic differences between the rat and the human, tumors induced 
in the rat by PFOA probably do not represent a signifi cant cancer hazard for man. 

 A report from the Subcommittee on Classifi cation of Carcinogenic Substances of 
the Dutch Expert Committee on Occupational Safety of the Health Council (Health 
Council of the Netherlands  2013 ) concludes that the available data on PFOA (and its 
salts) are insuffi cient to evaluate the carcinogenic properties (Category 3 according 
to the system of the Health Council of the Netherlands  2010 ). In reviewing the 
human information, it was concluded that the available epidemiologic studies were 
of varying quality with several having signifi cant weaknesses. Several studies report 
elevated risks for certain types of cancer but overall there was no cancer type that 
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appeared to be consistently elevated in all  studies. The report pointed out that kidney 
cancer could be a concern as a slight elevation was reported in 2 of the 3 worker 
cohort studies. With regard to the animal information, the report notes that none of 
the three tumor types seen in the rodent studies were malignant tumors and that 
benign tumor development in rodents may be explained in large part by peroxisome 
proliferation. Thus, it was reported that these tumors appear to be rodent specifi c and 
are unlikely to have relevance for liver, pancreatic, and testicular cancers in humans. 

 In a critical review, Chang et al. ( 2014 ) conclude that, taken together, the epide-
miologic evidence does not support the hypothesis of a causal association between 
PFOA or PFOS exposure and cancer risk in humans. The review included the human 
epidemiologic and animal toxicologic studies covered in this chapter. It is noted that 
the majority of the relative risk estimates in these papers for both PFOA and PFOS 
range between 0.5 and 2.0 with the confi dence intervals including 1.0. Results sug-
gesting a positive association are counterbalanced by negative associations, no 
apparent monotonic dose-response, and the lack of concurrence between the animal 
and human fi ndings. The authors conclude that many of the positive associations 
reported for PFOA exposure in the community and general population studies were 
not supported by studies of occupational exposures. Since occupational exposures 
are often one to two orders of magnitude higher than environmental exposures, this 
indicates that the positive associations in the community and general populations 
studies are most likely due to chance, confounding, or bias. 

 On the basis of limited evidence in humans that PFOA causes testicular and renal 
cancer, and limited evidence for cancer causality in experimental animals, an IARC 
working group classifi ed PFOA as possibly carcinogenic to humans (IARC group 
2B). The IARC working group noted reports of increased risk of kidney cancer with 
a statistically signifi cant exposure-response trend in workers in a fl uoropolymer 
production plant in West Virginia, USA and in an exposed community near the plant 
(Steenland and Woskie  2012 ; Vieira et al.  2013 ). In addition, there was an increase 
of about threefold in the risk of testicular cancer reported in the most highly exposed 
residents in communities near the same plant (Vieira et al.  2013 ; Barry et al.  2013 ). 
However, the working group considered the evidence regarding mechanisms of 
PFOA-associated carcinogenesis to be limited due to the inability to exclude chance 
as an explanation for these fi ndings (Benbrahim-Tallaa et al.  2014 ).  

12.4     Conclusions 

 Overall, there have been a number of studies investigating cancer and exposure to 
PFAAs, particularly PFOA. Historically, PFOA and PFOS have been the most 
widely used members of this chemical class making these substances the subject of 
the largest proportion of reported studies. Most persons in developed countries have 
detectable serum concentrations of PFOA ranging from 1 to 10 ppb. PFOS has 
 similar environmental exposure conditions and has reported serum concentrations 
in general populations that are somewhat higher than those for PFOA. Due to 
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contaminated drinking water supplies near a DuPont fl uoropolymer production 
facility in West Virginia, residents of six neighboring water districts in West Virginia 
and Ohio have mean serum concentrations that range from 10 to 300 ppb. 
Additionally, occupationally exposed cohorts typically have serum concentrations 
of PFOA and PFOS with an upper range of 3,500 ppb reported in some studies. 

 The toxicologic evidence for carcinogenicity of PFAAs is limited to four studies 
evaluating the carcinogenic potential of PFOA (two studies), PFHxA (one study), 
and PFOS (one study) in rats. Each of these chemicals produced a different response. 
PFOA causes the tumor triad common to peroxisome-proliferating chemicals 
including adenomas of the liver, pancreas, and testes. Rats exposed to PFOS 
 developed liver tumors, but a study of PFHxA reported no increase in tumors of any 
type. Considerable research has been done to elucidate a potential carcinogenic 
mechanism. There is evidence that the liver is the main target of PFOA exposure 
due to activation of PPARα. This mechanism contributes to the induction of liver 
tumors in rats. There is limited evidence that Leydig cell tumors may be induced by 
a hormonal mechanism mediated by PPARα activation. Thus, one needs to be 
 careful when predicting the presence or absence of carcinogenic activity for other 
perfl uorinated chemicals using the results from the available studies. 

 Epidemiologic studies have been reported for several levels of population 
 exposure. Limited evidence for associations with kidney and testicular cancer has 
been reported by studies among community members exposed to drinking water 
contaminated by PFOA. These associations are not consistently reported such that 
random chance cannot be excluded as an explanation. Studies of workers exposed 
to relatively higher levels of PFOA and PFOS have not shown consistent evidence 
for an association with any specifi c cancer type. More recent incidence studies 
among workers from 3M (Raleigh et al.  2014 ) and DuPont (Barry et al.  2013  sup-
plement) did not report similar or strong associations with specifi c cancer types 
including kidney or testicular cancers. Studies of specifi c tumor types among popu-
lations exposed to low levels of PFOA and PFOS have shown equivocal results for 
a variety of specifi c cancer outcomes with no consistent associations reported. 
Based on the evidence reported to date on PFOA and PFOS and considering the 
relatively low and decreasing exposures to these compounds, the prospect for devel-
oping carcinogenic outcomes is remote. For other perfl uorinated chemicals, there is 
not suffi cient evidence regarding their potential carcinogenicity, and human expo-
sures are low and appear to be decreasing.     

      References 

    Abdellatif AG, Preat V, Vamecq J, Nilsson R, Roberfroid M (1990) Peroxisome proliferation and 
modulation of rat liver carcinogenesis by 2,4-dichlorophenoxyacetic acid, 2,4,5 trichlorophen-
oxyacetic acid, perfl uorooctanoate, and nafenopin. Carcinogenesis 11:1899–1902  

    Adam M, Pogacic V, Bendit M, Chappuis R, Nawjin MC, Duyster J, Fox CJ, Thompson CB, 
Cooks J, Schwaller J (2006) Targeting PIM kinases impairs survival of hematopoietic cells 

12 Carcinogenicity of Perfl uoroalkyl Compounds



300

transformed by kinase inhibitor-sensitive and kinase inhibitor-resistant forms of Fms-like 
 tyrosine kinase 3 and BCR/ABL. Cancer Res 66:3826–3835  

     Alexander BH, Olsen GW (2007) Bladder cancer in perfl uorooctanesulfonyl fl uoride manufactur-
ing workers. Ann Epidemiol 17:471–478  

     Alexander BH, Olsen GW, Burris JM, Mandel JH, Mandel JS (2003) Mortality of employees of a 
perfl uorooctanesulfonyl fl uoride manufacturing facility. Occup Environ Med 60:722–729  

   Anand SS (2013) 8(e) letter from DuPont Global Centers for Health and Environmental Sciences 
to US EPA, 8EHQ-06-16436/8EHQ-06-18478, 8 Jan 2013  

         Barry V, Winquist A, Steenland K (2013) Perfl uorooctanoic acid (PFOA) exposures and incident 
cancers among adults living near a chemical plant. Environ Health Perspect 121:1313–1318  

    Beier UH, Weise JB, Laudien M, Sauerwein H, Gorogh T (2007) Overexpression of PIM-1 in head 
and neck squamous cell carcinomas. Int J Oncol 30:1381–1387  

    Benbrahim-Tallaa L, Lauby-Secretan B, Loomis D, Guyton KZ, Grosse Y, El Ghissassi F, Bouvard 
V, Guha N, Mattock H, Straif K, on behalf of IARC (2014) Carcinogenicity of perfl uoroocta-
noic acid, tetrafl uoroethylene, dichloromethane, 1,2-dichloropropane, and 1,3-propane sultone. 
Lancet Oncol 15:924–925  

    Biegel LB, Liu RCM, Hurtt ME, Cook JC (1995) Effects of ammonium perfl uorooctanoate on 
Leydig cell function: in vitro, in vivo, and ex vivo studies. Toxicol Appl Pharmacol 
134:18–25  

        Biegel LB, Hurtt ME, Frame SR, O’Connor JC, Cook JC (2001) Mechanisms of extrahepatic 
tumor induction by peroxisome proliferators in male rats. Toxicol Sci 60:44–55  

   Bonefeld-Jorgensen EC, Long M, Bosi R, Ayotte P, Asmund G, Kruger T, Ghisari M, Mulvad G, 
Nzulumiki P, Dewailly E (2011) Perfl uorinated compounds are related to breast cancer risk in 
Greenlandic Inuit: a case control study. Environ Health 10:art. no. 88  

    Bonefeld-Jorgensen EC, Long M, Fredslund SO, Bossi R, Olsen J (2014) Breast cancer risk after 
exposure to perfl uorinated compounds in Danish National Birth Cohort. Cancer Causes 
Control. doi:  10.1007/s10552-014-0446-7      

   Brault L (2010) PIM serine/threonine kinases in pathogenesis and therapy of haematological 
malignancies and solid cancers. Haematologica, epub 9 Feb 2010  

      Butenhoff J, Costa G, Elcombe, Farrar D, Hansen K, Iwai H, Jung R, Kennedy GL Jr, Lieder P, 
Olsen G, Thomford P (2002) Toxicity of ammonium perfl uorooctanoate in male Cynomolgus 
monkeys after oral dosing for 6 months. Toxicol Sci 69:244–257  

      Butenhoff JL, Kennedy GL Jr, Chang S-C, Olson GW (2012) Chronic dietary toxicity and 
 carcinogenicity study with ammonium perfl uorooctanoate in Sprague-Dawley rats. Toxicology 
298:1–13  

    Butenhoff JL, Kennedy GL, Jung R, Chang S-C (2014) Evaluation of perfl uorooctanoate for 
potential genotoxicity. Toxicol Rep 1:252–270  

    Chang ET, Adami H-O, Bofetta P, Cole P, Starr TH, Mandel JS (2014) A critical review of perfl uo-
rooctanoate and perfl uorooctanesulfonate exposure and cancer risk in humans. Crit Rev Toxicol 
44:1–81  

    Checkoway H, Pearce N, Kriebel D (2004) Research methods in occupational epidemiology, 2nd 
edn. Oxford University Press, Oxford  

    Chen WW, Chan DC, Donald C, Lilly MB, Kraft AS (2005) PIM family kinases enhance tumor 
growth of prostate cancer cells. Mol Cancer Res 3:443–451  

    Chen J, Kobayashi M, Darmanin S, Qiao Y, Gully C, Zhao R, Kondo S, Wang H, Wang H, Yeung 
S-C, Lee M-H (2009) Hypoxia-mediated upregulation of PIM-1 contributes to solid tumor 
formation. Am J Pathol 175:400–411  

    Cohen AM, Grinblat B, Bessier H, Kristt DA, Kremer A, Shalom S, Schwartz A, Halperin M, 
Merkel D, Don J (2004) Increased expression of hPIM-2 gene in human chronic lymphocytic 
leukemia and non-Hodgkin lymphoma. Leuk Lymphoma 45:951–955  

      Consonni D, Straif K, Symons JM, Tomenson JA, van Amelsvoort LG, Sleeuwenhoek A (2013) 
Cancer risk among tetrafl uoroethylene synthesis and polymerization workers. Am J Epidemiol 
178:350–358  

G.L. Kennedy and J.M. Symons

http://dx.doi.org/10.1007/s10552-014-0446-7


301

      Cook JC, Murray SM, Frame SR, Hurtt ME (1992) Induction of Leydig cell adenomas by 
 ammonium perfl uorooctanoate: a possible endocrine-related mechanism. Tox Appl Pharmacol 
113:209–217  

        Cook JC, Klinefelter GR, Hardisty JF, Sharpe RM, Foster PM (1999) Rodent Leydig cell tumori-
genesis: a review of the physiology, pathology, mechanisms and relevance to humans. Crit Rev 
Toxicol 29:169–261  

    David RM, Moore MR, Finney DC, Guest D (2000) Chronic toxicity of di(2-ethylhexyl)phthalate 
in rats. Toxicol Sci 55:433–443  

   Elcombe CR, Wolf CR, Westwood AL (2011) International Patent Classifi cation A61K31/19, 
International Patent Number WO 2011/101643 A1, pp 1–124, fi gures 1–85, World International 
Patent Organization, 25 Aug 2011  

     Eriksen KT, Sorensen M, McLaughlin JK, Lipworth L, Tjonneland A, Overvad K, Raaschoou- 
Nielsen O (2009) Perfl uorooctanoate and perfl uorooctanesulfonate plasma levels and risk of 
cancer in the general Danish population. JNCI 101:605–609  

   Frisbee SJ, Brooks APK, Maher A, Flensborg P, Arnold S, Fletcher T, Steenland K, Shakar A, 
Knox SS, Pollard C, Halverson JA, Vieira VM, Jin C, Leyden KM, Ducatman AM (2009) The 
C8 health project: design, methods, and participants. Environ Health Perspect 117:1873–1882  

     Gilliland FD, Mandel JS (1993) Mortality among employees of a perfl uorooctanoic acid  production 
plant. J Occup Med 35:950–954  

    Gordis L (2009) Epidemiology, 4th edn. Saunders Elsevier, Philadelphia  
    Greenland S (1995) Problems in the average-risk interpretation of categorical dose-response 

 analyses. Epidemiology 6:563–565  
    Grice MM, Alexander BH, Hoffbeck R (2007) Self-reported medical conditions in perfl uorooc-

tanesulfonyl fl uoride manufacturing workers. J Occup Environ Med 49:722–729  
    Grunewald DA, Hess DL, Wilkinson CW, Matsumoto AM (1992) Excessive testicular progester-

one secretion in aged male Fischer 344 rats: a potential cause of age-related gonadotropin 
suppression and confounding variable in aging studies. J Genontol 47:164–170  

    Hardell EA, Karrman AA, van Bavel BA, Bao JA, Carlberg MB, Hardell LB (2014) Case-control 
study on perfl uorinated alkyl acids (PFAAs) and the risk of prostate cancer. Environ Int 
63:35–39  

      Hardisty JF, Willson GA, Brown WR, McConnell EE, Frame SR, Gaylor DW, Kennedy GL, 
Butenhoff JL (2010) Pathology Working Group review and evaluation of proliferative lesions 
of mammary gland tissues in female rats fed ammonium perfl uorooctanoate (APFO) in the diet 
for 2 years. Drug Chem Toxicol 33:131–137  

   Health Council of the Netherlands (2010) Guideline to the classifi cation of carcinogenic com-
pounds.The Hauge: Health Council of the Netherlands; publication no. A10/07E  

   Health Council of the Netherlands (2013) Perfl uorooctanoic acid and its salts. Health Council of 
the Netherlands, The Hague, Publication no. 2013/32  

    Innes KE, Wimsatt JH, Frisbee S, Ducatman AM (2014) Inverse association of colorectal cancer 
prevalence to serum levels of perfl uorooctane sulfonate (PFOS) and perfl uorooctanoate (PFOA) 
in a large Appalachian population. BMC Cancer 14:45–60  

     Ito Y, Yamanoshita O, Asaeda N, Tagawa Y, Lee C-H, Aoyama T, Ichihara G, Furuhashi K, 
Kamijima M, Gonzalez FJ, Nakajima T (2007) Di(2-ethylhexyl)phthalate induces hepatic 
tumorigenesis through a peroxisome proliferator-activated receptor alpha-independent 
 pathway. J Occup Health 49:172–182  

     Kato K, Wong L-Y, Jia LT, Kuklenyik Z, Calafat AM (2011) Trends in exposure to polyalkyl 
chemicals in the U.S. population: 1999–2008. Environ Sci Technol 45:8037–8045  

    Kawashima Y, Kobayashi H, Miura H, Kozuka H (1995) Characterization of hepatic response of 
rats to administration of perfl uorooctanoic acid and perfl uorodecanoic acid at low levels. 
Toxicology 99:169–178  

    Klaunig JE, Babich MA, Baetcke KP, Cook JC, Corton JC, David RM, DeLuca JG, Lai DY, McKee 
RH, Peters JM, Roberts RA, Fenner-Crisp PA (2003) PPARα agonist-induced rodent tumors: 
modes of action and human relevance. Crit Rev Toxicol 33:655–780  

12 Carcinogenicity of Perfl uoroalkyl Compounds



302

     Klaunig JE, Shinghara M, Iwai H, Chengelis CP, Kirkpatrick JB, Wang Z, Bruner RH (2014) 
Evaluation of the chronic toxicity and carcinogenicity of perfl uorohexanoic acid (PFHxA) in 
Sprague-Dawley rats. Toxicol Pathol. doi:  10.1177/0192623314530532      

    Kleinbaum DG (1996) Survival analysis: a self-learning text. Springer-Verlag New York, Inc., 
New York  

    Kreckmann KH, Sakr CJ, Leonard RC, Dawson BJ (2009) Estimation and validation of biomarker- 
based exposures for historical ammonium perfl uorooctanoate. J Occup Environ Hyg 
6:511–516  

      Leonard RC, Kreckmann KH, Sakr CJ, Symons JM (2008) Retrospective cohort mortality study of 
workers in a polymer production plant including a reference population of regional workers. 
Ann Epidemiol 18:15–22  

    Li YY, Popivanova BK, Nagai Y, Ishikura H, Fujii C, Mukaida N (2006) PIM-3, a proto-oncogene 
with serine/threonine kinase activity, is aberrantly expressed in human pancreatic cancer and 
phosphorylates bad to block bad-mediated apoptosis in human pancreatic cancer cell lines. 
Cancer Res 66:6741–6747  

      Liu RC, Hurtt ME, Cook JC, Biegel LB (1996) Effect of the peroxisome proliferator ammonium 
perfl uorooctanoate(C8) on hepatic aromatase activity in adult male Crl:CD BR(CD) rats. 
Fundam Appl Toxicol 30:220–228  

    Longnecker DS (1983) Early morphologic markers of carcinogenicity in rat pancreas. In: Milman 
H, Sell S (eds) Application of biological markers to carcinogen testing. Plenum Press, 
New York, pp 43–60  

    Longnecker DS (1987) Interface between adaptive and neoplastic growth in the pancreas. Gut 
28:253–258  

    Longnecker DS, Sumi C (1990) Effects of sex hormones on pancreatic cancer in the rat. Int 
J Pancreatol 7:159–165  

     Lundin JI, Alexander BH, Olsen GW, Church TR (2009) Ammonium perfl uorooctanoate produc-
tion and occupational mortality. Epidemiology 20:921–928  

    Maclure M, Greenland S (1992) Tests for trend and dose response: misinterpretations and alterna-
tives. Am J Epidemiol 135:96–104  

   Macpherson M, Bissett D, Tait B, Samuel LM, MacDonald J, Barnett AL, Wolf CR, Elcombe CR, 
Jeynes-Ellis A, Evans TRJ (2010) A phase I clinical trial of CXR1002 in patients with advanced 
cancer. In: 22nd EORTC-NCI-AACR symposium on molecular targets and cancer therapeu-
tics, Berlin, Germany, 16–19 Nov 2010  

    Malley LA, Carakostas M, Hansen JF, Rusch GM, Kelly DP, Trochimowicz HJ (1995) Two-year 
inhalation toxicity study in rats with hydrochlorofl uorocarbon 123. Fundam Appl Toxicol 
25:101–114  

     Maloney EK, Waxman DJ (1999) Transactivation of PPARα [alpha] and PPARγ [gamma] by struc-
turally diverse chemicals. Toxicol Appl Pharmacol 161:209–218  

   Mann PC, Frame SR (2004) FC-143: two-year oral toxicity-oncogenicity study in rats, Peer review 
of ovaries. DuPont Project ID 15261, June 25, 2004. U.S. Environmental Protection Agency 
Administrative Record 226  

    Monson RR (1986) Observations on the healthy worker effect. J Occup Med 28:425–433  
    Mumenthaler SM, Ng PYB, Hodge A, Bearss D, Berk G, Kanekai S, Redkar S, Taverna P, Agus 

DB, Jain A (2009) Pharmacologic inhibition of PIM kinases alters prostate cancer cell growth 
and resensitizes chemoresistant cells to taxanes. Mol Cancer Ther 8:2882–2893  

    Nilsson R, Beije B, Preat V, Erixon K, Ramel C (1991) On the mechanism of the hepatocarcinoge-
nicity of peroxisome proliferators. Chem Biol Interact 78:235–250  

   Obourn JD, Frame SR, Bell RH, Longnecker DS, Elliott GS, Cook JC (1997) Mechanisms for 
pancreatic oncogenic effects of the peroxisome proliferator Wyeth 14,643. Toxicol Appl 
Pharmacol 145:425–436  

    Olsen GW, Gilliland FD, Burlew MM, Burris JM, Mandel JS, Mandel JH (1998) An epidemiologic 
investigation of reproductive hormones in men with occupational exposure to perfl uoroocta-
noic acid. J Occup Environ Med 40:614–622  

G.L. Kennedy and J.M. Symons

http://dx.doi.org/10.1177/0192623314530532


303

    Olsen GW, Burlew MM, Marshall JC, Burris JM, Mandel JH (2004) Analysis of episodes of care 
in a perfl uorooctanesulfonyl fl uoride production facility. J Occup Environ Med 46:837–846  

     Pastoor TP, Lee KP, Perri MA, Gillies PJ (1987) Biochemical and morphological studies of ammo-
nium perfl uorooctanoate-induced hepatomegaly and peroxisome proliferation. Exp Mol Pathol 
47:98–109  

     Peters JM, Gonzales FJ (2011) Why toxic equivalency factors are not suitable for perfl uoroalkyl 
chemicals. Chem Res Toxicol 24:1601–1609  

    Peters JM, Cheung C, Gonzales FJ (2005) Peroxisome-proliferator-activated receptor-alpha and 
liver cancer: where do we stand? J Mol Med 83:774–785  

    Popivanova BK (2007) Proto-oncogene, PIM-3 with serine/threonine kinase activity, is aberrantly 
expressed in human colon cancer cells and can prevent bad-mediated apoptosis. Cancer Sci 
98:321–328  

   Pozzi A, Capdevila JH (2008) PPARα ligands as antitumorigenic and antiangiogenic agents. PPAR 
Res Art ID 906542. Available   http://www.hindawi.com/journal/ppar/2008/906542.html      

       Raleigh KK, Alexander BH, Olsen GW, Ramachandran G, Morey SZ, Church TR, Logan PW, 
Scott LLF, Allen EM (2014) Mortality and cancer incidence in ammonium perfl uorooctanoate 
production workers. Occup Environ Med 71:500–506  

    Reiser-Erkan C, Erkan M, Pan Z, Bekasi S, Giese NA, Streit S, Michalski CW, Friess H, Kleef J 
(2008) Hypoxia-inducible proto-oncogene PIM-1 is a prognostic marker in pancreatic ductal 
adenocarcinoma. Cancer Biol Ther 7:1352–1359  

    Roh M, Franco OE, Hayward SW, van der Meer R, Abdulkadir SA (2008) A role for polyploidy in 
the tumorigenicity of PIM-1 expressing human prostate and mammary epithelial cells. PLoS 
One 3:32572  

    Sakr CJ, Kreckmann KH, Green JW, Gillies PJ, Reynolds JL, Leonard RC (2007) Cross-sectional 
study of lipids and liver enzymes related to a serum biomarker of exposure (ammonium per-
fl uorooctanoate or APFO) as part of a general health survey in a cohort of occupationally 
exposed workers. J Occup Environ Med 49:1086–1096  

    Sakr CJ, Symons JM, Kreckmann KH, Leonard RC (2009) Ischaemic heart disease mortality study 
among workers with occupational exposure to ammonium perfl uorooctanoate. Occup Environ 
Med 66:699–703  

    Scialli AR, Iannucci A, Turim J (2007) Combining perfl uoroalkane acid exposure levels for risk 
assessment. Regul Toxicol Pharmacol 49:195–202  

     Seacat AM, Thomford PJ, Hansen KJ, Clemen LA, Eldridge SR, Elcombe CR, Butenhoff JL 
(2002) Subchronic toxicity studies on perfl uorooctanesulfonate potassium salt in cynomolgus 
monkeys. Toxicol Sci 68:249–264  

     Shin HM, Vieira VM, Ryan PB, Steenland K, Bartell SM (2011) Environmental fate and transport 
modeling for perfl uorooctanoic acid emitted from the Washington Works Facility in West 
Virginia. Environ Sci Technol 45:1435–1442  

    Sigurdson AJ, Doody MM, Rao RS, Freedman DM, Alexander BH, Hauptmann M (2003) Cancer 
incidence in the US radiologic technologists health study. Cancer 97:3080–3089  

    Sleeuwenhoek A, Cherrie JW (2012) Exposure assessment of tetrafl uoroethylene and ammonium 
perfl uorooctanoate. J Environ Monit 14:775–781  

     Steenland K, Woskie S (2012) Cohort mortality study of workers exposed to perfl uorooctanoic 
acid. Am J Epidemiol 176:909–917  

    Steenland K, Zhao L, Winquist A (2015) A cohort incidence study of workers exposed to perfl uo-
rooctanoic acid (PFOA). Occup Environ Med. doi:   10.1136/oemed-2014-102364      

    Svoboda DJ, Azarnoff DL (1979) Tumors in male rats fed ethylchlorophenoxyisobutyrate, a hypo-
lipidemic drug. Cancer Res 39:3419–3428  

    Takashima K, Ito Y, Gonzalez FJ, Nakajima T (2008) Different mechanisms of DEHP-induced 
hepatocellular adenoma tumorigenesis in wild-type and PPARα -null mice. J Occup Health 
50:169–180  

     Thomford PJ (2002) 104-week dietary chronic toxicity and carcinogenicity study with perfl uo-
rooctane sulfonic acid potassium salt (PFOS; T-6295) in rats. Final report, 3M T-6295, Covance 
Study No. 6329-183, vols I–IX, 4068pp, 3M, St. Paul, MN, 2 Jan 2002  

12 Carcinogenicity of Perfl uoroalkyl Compounds

http://www.hindawi.com/journal/ppar/2008/906542.html
http://dx.doi.org/10.1136/oemed-2014-102364


304

    Tilton SC, Omer GA, Benninghoff AD, Carpenter HM, Hendricks JD, Pereira CB, Williams DE 
(2008) Genomic profi ling reveals an alternative mechanism for hepatic tumor promotion by 
perfl uorooctanoic acid in rainbow trout. Environ Health Perspect 116:1047–1055  

    Ubel FA, Sorenson SD, Roach DE (1980) Health status of plant workers exposed to fl uorochemi-
cals- a preliminary report. Am Ind Hyg Assoc J 41:584–589  

   U.S.EPA (1999) Guidelines for carcinogen risk assessment (review draft) MCEA-F-644. Risk 
assessment forum, Washington, DC. Available from   http://www.epa.gov/ncea/raf/cancer.htm      

    U.S.EPA (2005) Draft risk assessment of the potential human health effects associated with expo-
sure to perfl uorooctanoic acid and its salts. Offi ce of Pollution Prevention and Toxics, Risk 
Assessment Division, Washington, DC  

    Vanden Heuvel JP, Thompson JT, Frame SR, Gillies PJ (2006) Differential activation of nuclear 
receptors by perfl uorinated fatty acid analogs and natural fatty acids: a comparison of human, 
mouse, and rat peroxisome proliferator-activated receptor-alpha, beta, and gamma, liver X 
receptor-beta, and retinoid X receptor-alpha. Toxicol Sci 92:476–489  

    Vassiliadou I, Costopouluo D, Ferderigou A, Leondiados L (2010) Levels of perfl uorooctane sul-
fonate (PFOS) and perfl uorooctanoate (PFOA) in blood samples from different groups of 
adults living in Greece. Chemosphere 80:1199–1206  

      Vieira VM, Hoffman K, Shin HM, Weinberg JM, Webster TF, Fletcher T (2013) Perfl uorooctanoic 
acid exposure and cancer outcomes in a contaminated community: a geographic analysis. 
Environ Health Perspect 121:318–323  

    Voss C, Zerban H, Bannasch P, Berger MR (2005) Lifelong exposure to di(2-ethylhexyl)phthalate 
induces tumors in liver and testes of Sprague-Dawley rats. Toxicology 206:359–371  

     Woskie SR, Gore R, Steenland K (2012) Retrospective exposure assessment of perfl uorooctanoic 
acid (PFOA) serum concentrations at a fl uoropolymer manufacturing plant. Ann Occup Hyg. 
doi:  10.1093/annhyg/mes023      

    Yang Q, Abedi-Valugerdi M, Xie Y, Zhao X-Y, Moller G, Nelson BD, DePierre JW (2002) Potent 
suppression of the adaptive immune response in mice upon dietary exposure to the potent per-
oxisome proliferator perfl uorooctanoic acid. Int Immunopharmacol 2:389–397  

    Yeung LWY, Guruge KS, Taniyasu S, Yamashita N, Angus PW, Herath CB (2014) Profi les of per-
fl uoroalkyl substances in the liver and serum of patients with liver cancer and cirrhosis in 
Australia. Ecotoxicol Environ Saf 96:139–146    

G.L. Kennedy and J.M. Symons

http://www.epa.gov/ncea/raf/cancer.htm
http://dx.doi.org/10.1093/annhyg/mes023

	Chapter 12: Carcinogenicity of Perfluoroalkyl Compounds
	12.1 Animal Studies
	12.1.1 Bioassays with APFO
	12.1.2 Bioassay with PFOS
	12.1.3 Bioassays with Other Polyfluorinated Compounds
	12.1.4 Initiation/Promotion Studies
	12.1.5 Studies on the Mechanism of Action
	12.1.6 Ancillary Information
	12.1.7 PFOA as an Anti-tumorigenic Agent

	12.2 Studies Involving Exposed Humans
	12.2.1 General Epidemiologic Concepts
	12.2.2 Occupational Studies – PFOA
	12.2.3 Occupational Studies – PFOS
	12.2.4 Studies in a Community with PFOA-Contaminated Drinking Water
	12.2.5 General Population Studies

	12.3 Reviews and Evaluations
	12.4 Conclusions
	References


