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Abstract. The effects of the persistent peroxisome pro- 
liferator, perfluorodecanoic acid (PFDA), on growth, feed 
intake and the enzyme activities associated with peroxi- 
somal [3-oxidation were studied in female Sprague Dawley 
rats. Rats received one of six levels of PFDA (0, 0.3, 1.0, 
3.0, 10.0 or 30.0 mg/kg/injection) in four IP doses at 
2-week intervals. Rats with cumulative doses of 
_< 12.0 mg/kg did not differ from control rats in growth or 
feed intake, while rats receiving cumulative doses of 
-->40 mg/kg lost weight and decreased their feed intake. 
Rats which received cumulative doses between these levels 
increased their feed intake but did not significantly alter 
their body weight. Total peroxisomal B-oxidation was 
decreased in a dose-related manner, whereas the liver to 
body weight ratio and the activities of individual enzymes 
comprising the peroxisomal 13-oxidation system, namely 
fatty acyl-CoA oxidase, enoyI-CoA hydratase, 3-hydroxy- 
acyl-CoA dehydrogenase, and thiolase, were increased. 
This study clearly shows that the inhibition of peroxisomal 
[3-oxidation by PFDA is not reflected in the in vitro mea- 
surement of the individual enzyme activities comprising 
this pathway. 
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Introduction 

Numerous and diverse groups of xenobiotic and endo- 
genous substances induce peroxisome proliferation in the 
rodent liver. These can be divided into distinct categories 
including hypolipidemic drugs, phthalate ester plasticizers, 
high dietary fat and vitamin E-deficient nutritional states, 
and certain halogenated hydrocarbons (Reddy and Lalwani 
1983; Hawkins et al. 1987; Lock et al. 1989). 
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The perfluorocarboxylic acids, including the ten carbon 
perfluorodecanoic acid (PFDA), are also peroxisome pro- 
liferators. These compounds are used in industry as lubri- 
cants, plasticizers, wetting agents, corrosion inhibitors and 
in film-forming fire extinguishers (Guenthner and Victor 
1962; Shinoda and Nomura 1980). Rats treated with doses 
of PFDA between 40 and 150 mg/kg exhibit delayed 
lethalities occurring 2 - 3  weeks after administration of the 
compound (Olson and Andersen 1983). The target organ of 
PFDA-induced toxicity is the liver, although thymic atro- 
phy, fatty changes in the proximal tubular epithelium of the 
kidney and testicular seminiferous tubular degeneration 
have also been reported (Van Rafelghem et al. 1982; Ikeda 
et al. 1985; George and Andersen 1986; Harrison et al. 
1988). Microscopically, PFDA produces swelling of the 
hepatocyte with disruption of the endoplasmic reticulurn, 
mitochondrial swelling, the formation and accumulation of 
lipid droplets within the cytoplasm, and peroxisome pro- 
liferation. In conjunction with the increase in peroxisomes, 
fatty acyl-CoA oxidase activity, used as a measure of per- 
oxisomal proliferation, is increased (Harrison et al. 1988). 

In a previous study (Borges et al. 1990), we reported 
that a single 35 mg/kg IP injection of PFDA increased the 
activity of fatty acyl-CoA oxidase, the first enzyme in 
peroxisoma113-oxidation. In contrast, total peroxisomal [3- 
oxidation was decreased. These results suggest that an 
enzyme in the peroxisomal ~3-oxidative pathway is inhibit- 
ed. We also found that PFDA-treated rats gained less 
weight despite consuming the same caloric content as pair- 
fed controls. 

To further investigate these phenomena, we examined 
the effect of administering multiple injections of PFDA to 
female Sprague Dawley rats at 2-week intervals on the 
activities of all of the peroxisomal [3-oxidation enzymes. 
The effect of multiple PFDA treatments on food intake and 
weight gain in ad libitum-fed rats was also studied. The 
effects of PFDA on weight gain and food intake were 
clearly a function of the administered dose and progressed 
through several stages. PFDA also produced a dose-depen- 
dent decrease in total peroxisomal [3-oxidation, even 
though the activities of each of the individual enzymes 
involved in B-oxidation were increased. 
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Fig. 1. Effect of four IP 
PFDA injections at 
2-week intervals on the 
mean body weights of 
rats. The arrows indicate 
the dates of PFDA injec- 
tion, Values which are sig- 
nificantly different than 
control by Dunnett's Mul- l . 

_ _ tlple Comparison test are 
~'~ indicated with a * 

(p <0.05) with n = 5 

Materials and methods 

Reagents and chemicals. Perfluorodecanoic acid (PFDA), obtained from 
Aldrich Chemical Company (Milwaukee, WI), was treated with reflux- 
ing potassium hydroxide solution to remove the mono- and di-protio 
impurities. The procedure yielded 99% pure PFDA (Reich et al. 1987). 
TRIS-HCI, NAD, dithiothreitol, bovine serum albumin, Triton X-I00, 
coenzyme A, palmitoyl-CoA, lauroyl-CoA, acetoacetyI-CoA, crotonoyl- 
CoA, FAD, hydrogen peroxide, sucrose, horseradish peroxidase, 4-hy- 
droxyphenylacetic acid, sodium selenite, potassium phosphate (rnono- 
basic), potassium cyanide, sodium phosphate (dibasic), and EDTA were 
purchased from Sigma Chemical Company (St Louis, MO). Gilford 
serum cholesterol and triglyceride reagents were purchased from Fisher 
Scientific (Cincinnati, OH). The components of the purified diets were 
purchased from Teklad Test Diets (Madison, WI), 

Animals. Upon arrival, 30 140-160 g female Sprague Dawley rats (Har- 
lan Sprague Dawley, Indianapolis, IN) were weighed and placed in 
individual hanging stainless steel cages. Female rats were used in this 
study in order to compare the effects of PFDA seen in our previous study 
(Borges et al. 1990). The animals, housed in a controlled environment 
maintained at 22~ with a 12 h light (0600-1800) dark cycle, were 
randomly assigned to one of six groups (0.0, 0.3, 1.0, 3.0, 10.0, or 
30.0 mg PFDA/kg) of five animals each and fed a modified AIN-76A 
purified diet (Bieri et al. 1977, 1980) as described previously (Borges et 
al. 1990). Tap water and the purified diet, fed in screw cap jars fastened 
to the side of the cage, were provided ad libitum. Feed intake and body 
weight were recorded three times per week throughout the course of the 
experiment. 

Following a 1-week acclimation period, each rat received an IP 
injection of PFDA in corn oil and at 2-week intervals thereafter until a 
total of four injections had been given. One week following the last 
injection, the rats were fasted 24 h before being killed by decapitation. 
Trunk blood samples were collected. The liver was perfused in situ with 
cold 0.25 M sucrose containing 0.1 mM EDTA (pH 7.3) before being 
removed and weighed. Whole liver homogenates were prepared by minc- 
ing and then homogenizing with an Ultra-Turrax homogenizer (Tekmar 
Co., Cincinnati, OH) in a total volume of 45 ml ice-cold sucrose solution. 
Aliquots of sera or liver homogenates were placed in appropriately 

labeled 1,5 ml polypropylene microcentrifuge tubes (Fisher Scientific, 
Cincinnati, OH), frozen in liquid nitrogen and stored at-70 ~ C until time 
of assay. 

Methods. Enzymatic cholesterol and triglyceride assays were measured 
on serum samples according to the manufacturer's protocol (Gilford 
Systems, Oberlin, OH). Optical density was determined with a Shimadzu 
MPS 2000 spectrophotometer (Shimadzu Scientific Instruments, Inc., 
Columbia, MD). 

Total peroxisomal l~-oxidation was determined by the conversion of 
NAD to NADH at 340 nm according to the method of Lazarow (1981), 
using palmitoyl CoA as the substrate, Protein determinations on the liver 
homogenates were estimated according to the method of Lowry eta]. 
(1951) using bovine serum albumin fraction V as the standard. Peroxi- 
somal fatty acyl-CoA oxidase activity (FAO, EC 1.3.99.3) was measured 
according to the method of Poosch and Yamazaki (1986). Total enoyl- 
CoA hydratase activity was assessed by following the decrease in absor- 
bance of crotonoyl-CoA at 280 nm (Steinman and Hill 1975; Lalwani et 
al. 1982). The homogenates were then incubated for 5 min at 57~ to 
destroy the peroxisomal hydratase activity. The assay was repeated, with 
the net difference between the total and incubated hydratase activities 
equated to peroxisomal enoyl-CoA hydratase (HYDRA, E. C. 4.2,1.17) 
(Osumi and Hashimoto 1979). Total 3-hydroxyacyl-CoA dehydrogenase 
activity (DEHYDRO, E. C. 1.1.1.35), with acetoacetyl-CoA as the sub- 
strate, was measured by following the oxidation of NADH at 340 nm 
(Nagi et al. 1988). Total thiolase activity (THIO, E. C. 2.3.1.16) was 
determined as described previously (Middleton 1972; Reddy et al. 1982). 

Statistical evaluations were made using analysis of variance and 
Dunnett's Multiple Comparison Test (Snedecor and Cochran 1982; Gul- 
ley 1988). The level of statistical significance for all tests wasp = 0.05. 

R e s u l t s  

Body weight and feed  intake 

T h e  e f fec t s  o f  m u l t i p l e  doses  o f  P F D A  on  b o d y  w e i g h t  and 
f eed  in take  are  s h o w n  in F igs  1 and 2. D e c r e a s e d  b o d y  
w e i g h t  and f e e d  in take  w e r e  seen  o n l y  w h e n  the  total  
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Fig. 2. Effect of four IP 
PFDA injections at 
2-week intervals on the 
feed intake of rats. The ar- 
rows indicate the dates of 
PFDA injection. Values 
which are significantly 
different than control 
values using Dunnett' s 
Multiple Comparison Test 
(p <0.05) are labeled * 

administered P F D A  dose exceeded 40 mg/kg. In contrast, 
when the total adminis tered dose of the rats was 
2 0 - 4 0  mg/kg, P F D A  had little effect on the rate of body 
weight gain while food intake was significantly increased 
(Figs 1 and 2). This was apparent in rats in the 30 mg 
PFDA/kg/ in jec t ion  group, in which the mean  feed intake 
was s ignif icant ly increased without  appreciably altering 
the rate of  body weight  gain fol lowing the first dose. 
Likewise, the mean  feed intake of the 10 mg PFDA/kg/ in-  
jec t ion rats s ignif icantly increased fol lowing the second 
P F D A  dose without  any appreciable change in body weight  
gain. Both groups, however,  lost weight and their feed 

intakes were decreased when total administered PFDA 
concentrat ions exceeded 40 mg/kg. When  the total admin- 
istered P F D A  dose was less than 20 mg/kg, neither the 
mean  body weight nor  feed intake of the treated animals 
was appreciably affected. 

T i s s u e  p a r a m e t e r s  

The effects of  mult iple  inject ions of P F D A  on the liver to 
body weight ratio, total peroxisomal 13-0xidation and the 
individual  enzyme  activities of peroxisomal  ~-oxidation 

Table 1, Hepatic peroxisomal [3-oxidation enzyme activities and liver to body weight ratios 

Group Total peroxisomal FAO a HYDRA a DEHYDRO a THIO b Liver weight 
mg/kg/injection I]-oxidation (% of body weight) 

Control 3.1 4.1 2.4 269 72 3.6 
+0.3 +0.4 +0.3 +21 +8 +0.4 

0.3 3.4 4.1 2.6 415 108 3.7 
+0.2 +0.5 +0.6 _+34 _+11 _+0.4 

1.0 2.5 17.5" 5.2 838 188 4.1 
_+0.2 _-4-1.2 -+ 1.0 +92 +38 +0.5 

3.0 1.3"* 49.1"* 22.5** 1248"* 299 5.6 
4- 0.04 + 1.4 _+ 3.6 _ 304 _+ 19 + 0.4 

10.0 0.9** 95.6** 40.0** 2612"* 1392** 8.1"* 
+0.16 4-2.5 +3.2 -+ 190 + 103 + 0.5 

30.0 0.3** 65.2** 26.6** 1877"* 900** 9.8** 
-+0.03 -+ 1.8 ___4.4 _+41 -+-283 _ 1.2 

FAO = fatty acyl-CoA oxidase, HYDRA = peroxisomal enoyl-CoA hy- 
dratase, DEHYDRO = total 3-hydroxyacyl-CoA dehydrogenase, 
THIO = total 3-ketoacyl thiolase 
a nmol/min/mg protein 

b gmol/min/mg protein 
* Results significantly different than control (p = 0.05) 
** Results significantly different than control (p = 0.01 ) 
Results expressed as mean + SEM with n = 5 



Table 2. Effect of multiple injections of PFDA on serum cholesterol and 
triglyceride 

Group Cholesterol Triglyceride 
(mg/kg/injection) (mg/dl) (mg/dl) 

Control 108 ___4.7 57 _ 1.5 
0.3 128___6.3 54+3.9 
1.0 113_+3.1 46+3.6 
3.0 91 _+4.7 59_+7.2 
10.0 87 -+9.5 59-+8.9 
30.0 45 __+ 5.1 * 34 _+ 3.0* 

Results expressed as mean _+ SEM 
* Results significantly different than control (p <0.05), n = 5 

are shown in Table 1. Following the four injections of 
PFDA, the liver to body weight ratio increased in a dose- 
dependent manner, and was significantly increased in the 
10 and 30 mg PFDA/kg injection groups. 

Total peroxisomal [3-oxidation in the liver homogenates 
was significantly decreased from control in a dose-depen- 
dent manner in the 3, 10 and 30 mg PFDA/kg/injection 
groups. In contrast to decreased total peroxisomal ~-oxida- 
tion, however, the individual enzyme activities associated 
with peroxisoma113-oxidation were increased. FAO activi- 
ty, considered to be a sensitive indicator of peroxisomal 
proliferation (Poosch and Yamazaki 1986), was signifi- 
cantly increased over control in the 1.0, 3.0, 10.0 and 
30.0 mg PFDA/kg/injection groups. Likewise, the activi- 
ties of the bifunctional protein enzymes HYDRA and DE- 
HYDRO were significantly increased in the 3.0, 10.0 and 
30 mg PFDA/kg/injection groups. THIO activity was sig- 
nificantly increased over control in only the upper two 
treatment groups, 10.0 and 30.0 mg PFDA/kg/injection. 

Plasma parameters 

In the sera, only the 30 mg PFDA/kg/injection group de- 
monstrated a change from control. Both plasma triglyc- 
eride and cholesterol were significantly decreased in this 
group (Table 2). 

Discussion 

In this study, we examined the effect of multiple injections 
of PFDA on peroxisomal enzyme activities and feed effi- 
ciency. PFDA is poorly metabolized by rats and is excreted 
at the rate of 0.5% of the administered dose per day (Van- 
den Heuvel et al. 1990; Ylinen and Auriola 1991). Because 
of slow PFDA excretion, many of the effects that we ob- 
served in this study were related to PFDA accumulation 
within the animals. 

PFDA had a major effect on food intake and feed effi- 
ciency. At cumulative doses between 20 and 40 mg/kg, 
food intake increased without influencing body weight. 
The mechanism of this effect is not known. The regulation 
of food intake is complex, and is influenced by a variety of 
internal and exogenous factors (Mercer et al. 1990). 

Table 1 demonstrates that changes to the liver occurred 
with cumulative PFDA doses as low as 4 mg/kg, consider- 
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ably less than those required to produce changes in either 
feed intake or body weight. Fatty acyl CoA oxidase activity 
was the most sensitive indicator of PFDA exposure mea- 
sured. We found dose-related increases of the individual 
]3-oxidative enzyme activities and decreases in total perox- 
isomal ]3-oxidation. At the highest dose (30 mg/kg), how- 
ever, individual enzyme activities were less than those at 
the 10 mg/kg dose. This decrease may be related to liver 
toxicity that has been demonstrated at high doses of PFDA 
(Harrison et al. 1988). 

The administration of PFDA to female rats in this study 
produced large increases in peroxisomal ]3-oxidation 
enzyme activities - up to 23-fold higher for FAO. This 
contrasted with the 7-fold increase we previously observed 
using male rats, although the experiments cannot be 
directly compared because of different protocols (Borges 
et al. 1990). This contrasts with a much higher induction in 
male rats by the related compound perfluorooctanoic acid 
(PFOA) (Kawashima et al. 1989). This discrepancy is 
likely due to different metabolism of the two compounds. 
PFDA is eliminated twice as fast in males compared to 
females, whereas PFOA is eliminated 15 times faster in 
females (Kuslikis et al. 1990; Vanden Heuvel et al. 1991). 

In our study, PFDA decreased total peroxisomal [3-oxi- 
dation of lipids even though the individual enzyme activi- 
ties involved were increased. This inconsistency could be 
related to several factors. First, two of the enzyme activi- 
ties measured, those of DEHYDRO and THIO, were not 
specific for the peroxisomal enzymes. Therefore, the con- 
tribution of their mitochondrial equivalents may have con- 
tributed to the results. Second, the progressive inhibition of 
one of the enzymes of ]3-oxidation may be reversible and 
not detectable by the methodology used (for the assay of 
individual enzyme activities, homogenates required large 
dilutions). Third, permeability of peroxisomal membranes 
may have been altered, leading to altered transport of 
palmitoyl CoA into the peroxisome. Finally, interactions 
between the enzymes of the ]3-oxidation pathway may have 
been affected. 

The present study demonstrates PFDA to be an unusual 
inducer of peroxisome proliferation. Unlike other peroxi- 
some proliferators where hepatic effects return to control 
values with cessation of treatment (Reddy and Lalwani 
1983; Hawkins et al. 1987), PFDA administration resulted 
in cumulative hepatic effects. However, since the rats were 
not maintained until all of the PFDA had been excreted, no 
unequivocal conclusions can be made about the revers- 
ibility of PFDA. Second, the ability of PFDA to increase 
the enzyme activities associated with peroxisomal ]3-oxida- 
tion relative to the administered dose was in contrast to a 
similarly related decrease in total peroxisomal ]3-oxidation. 
The diminished rate of total peroxisomal ]3-oxidation in 
PFDA-treated rats may be best explained by a progressive 
inhibition by PFDA or one of its metabolites on at least one 
of the enzymes involved with peroxisomal fatty acid ]3-ox- 
idation. The effect of such an inhibition may be responsible 
for the increased hepatic lipid content (Olson and Andersen 
1983; Van Rafelghem et al. 1988 a). 

Van Rafelghem et al. (1988 a, b) have reported a general 
dose-related shift in hepatic lipid metabolism from oxida- 
tion to esterification in PFDA-treated rats occurring with 
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doses as low as 20 mg/kg. The shift in lipid metabol i sm 
increased heptic triglycerides and the body fat content  in 
PFDA-treated rats. This occurred despite the same caloric 
intake of the treated and untreated rats. Addit ional ly ,  it has 
been reported that PFDA-treated rats have higher relative 
hepatic percentages of  oleic acid, suggesting fatty acid 
mobi l iza t ion from peripheral stores rather than from di- 
etary sources (Olson and Andersen  1983; George and 
Andersen  1986). It is possible that the increased body fat 
and alteration of hepatic lipid composi t ion are related to the 
decrease in total peroxisomal  ~-oxidation,  but  mito- 
chondrial  or other hepatic changes are l ikely to be more 
important.  

In conclusion,  we have delineated specific dose-related 
stages of PFDA- induced  toxicity: cumula t ive  doses of  
PFDA <4 mg/kg (no measured change),  4 mg/kg and 
above (increases in hepatic activities of enzymes  of perox- 
isomal p-oxidation),  2 0 - 4 0  mg/kg (increases in feed in-  
take with no change in body weight) and >40 mg/kg 
(decreased feed intake and weight  loss). 
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