££26%06600

7 v kLRI RRIL & % kT 5

IR EREAORBEELED IO —= VT
(MEFREFZ S 09772029)

Pk 9 ~104E R AT R B A B 4
WEEETE (A

PE ISR &

114 3 H

T i 7% 2 &



£¢26%06600

7y RILIEMRILSY 2 BHET 5

M RRREEORREZFD I O—Z Y
(BFesE®E  09772029)

PR 9 FE~TR 1 0 FENFHERMHE &
(REPIFE A)

WEFE R R i &

TRl 143 H

WEREE T RT2H
(U Pa KFEHEEE BIF)



7 v RLIEBRIL &Y 2 RB#ET 5
AN RERREEORRE DI O—2 0
(BHSERRBERS  09772029)

FROFE~TFR L 0 FENZEMERHT S
(ERBIE A)

BrERR RS H

ERR1 143 H

BrrefREE T ik
(R R L BT

0099049733



JELUASE « « = o o 0 o ot e e e e e e e e e e e e e e e e e 1
e o e 2
FRZETESE « « ¢ v w o e e e e e e e e e e e 9
ST |

HA7OR KNI T 74— EBNINVAOEFBROEE - - - - - 4

BHWEAEI O NS T4 —ICXD 79BN RBOEE - - 12
RBEEDORB D)V TN AOEHB D)V FF ) — L4

B @ﬂ:@%%ﬁﬁ%@ t{:@)‘z ................... 19



=G VA A <1

BHE. B2 3EXEEOEDEZEDHL TRHLTWS, ZNEFIHETE &I
Ko TRAVIAEFENTENZEFEEZ L TNEN, TORE. —H_KOLEmE Iz X
HEBRANDLEREENDLUT OHLONIRDDDH S, BT, WMEO(LHEENAN
TR E DERBRERETICHEE 54 573 8, EROBERRTIIRF SN TI AN -
T ENEHEaEEE U TEN I EN S TE TS, LALEENS, (LEDE Z2522I1H
T2 EIRe<ERENZTIETHS, ZOXIRFEBEONNNEIE, K& lHHm X
NTWEDOEREHDOZETHD, ZOXDIBERESEAD L. {LEYHORRITD -
BRI D NG ESEICBE. (LEYEOERIIH T HIHEIT DN TELERERE
BERLUTWS ZERERITEETHAS D,

Ty R ONTT ALY ETRESBERAIMEERFDOIENS, (LR,
EHREHD E LU TRARDSETEESFIHASN TNWS, APFFETHRD EF2~L7 )L
FONERIIKREEZ TR TT vRTERL LAY THK. Bl E oK tEsH
THZENBELESFIHEINTOWA{LEY THD, SEFHIHELS, BFBHE. B4
HHROENZNTENG, BE{LAEY LU THEBRMINTE R, LEALENS, EiF
HIIRBWTEL DEMEAZE D ZENHENIRB EEHIT, —OIIIV 7V A OfE
Lo THAEGKFEIILAY T ETEBR O TNE I Ebbh> TE R, AUFETIE
IDEDIRBEEEH—HIERET HIED I KREREBRN AR EED EEHIT. EEN
A Z TNDYERBOBEOLENTE DI ST LU TLEYENRABENDIONE N
HRIDVWTHLENII L TWEEWEE A =, AP TYFEELZEO—EIT
ONTIIRFEZR DL D H BN, INETTITESNZNS DROHFLVWHAREZHBES &
TIE<,

EHFEE IR T B 30KE 0 5 O REEPF B S ORZMTITH U THERSE#H T2 RKETH
%,



AR i
BIEREE . T 22s  REREEEN - BF)

BroRe

SRR 9EFEE 1. 100FH

YRR 1 0 4EEE 700FH

B 1, 80 0FH
o3

(1) =5

1. Kudo, N., Bandai, N. and Kawashima, Y. Quantitation of perfluorocarboxylic acids by
gas-liquid chromatography in rat tissues. Toxicol. Lett. 00, 183-190 (1998)

2. Ohya, T., Kudo, N. Suziki, E. and Kawashima, Y. Determination of perfluorinated carboxylic
acids in biological samples by high-performance liquid chromatography. J. Chromatogr. B 720,
1-7 (1998)

3. Kudo, N., Mizuguchi, H. and Kawashima, Y. Alterations by perfluorooctanic acid of
glycerolipid metabolism in rat liver. Chemico-Biol. Interact. in press '

4. Kudo,N., Bandai,N., Suzuki,E., Katakura, M. and Kawashima, Y. Induction by perfluorinated
fatty acids with different carbon chain length of peroxisomal b-oxidation in rat liver.(submitted)

5. Kudo, N., Suzuki, E., and Kawashima, Y. Induction of peroxisomal b-oxidation, and
lipid-metabolizing enzymes by perfluorinated fatty acids in the liver of mice. (submitted)



(2) OEEFEE

TR E A, ROKEM. JIEE—
AR TNFORINRBIZED Sy NOIElFOZFH
Eo3EBEMN IOV RS TLA (ER) YRRO9FE10A

LRI B A WREM, JIEFE—
AR TNFOHINAR B D Sy MO F s
Hasksgoun 1 1 8484 (5ER) YRl 043 A

CRBRE. LREREA JIBE—

HIH —HPLCIZ X BV 7NV A O NIV R U BOER

AASKZELE 1 1 84S (D SRR 1 043 A
CBRAREER. TERE A JINIEE—

RNV ITNATOHIVEBOT T AN FF) — LEIEEA

AAKeseE 1 1 84S (GTH) YRRl 043 A

- TRz S, SWREEE, JINEFE—
KFEEDEZR DRIV 7 IVA O AIVE D BOAERFREEDE N DR
EB2AEBEN IO VRITA (KR FRR10410HA

CEKEEE, THERES, JIEE—
RN T NFAOHIVR CBOFICHTSERICBIT 2 EEORS
B4 2B HAKELEETHARE (HE) TRk 1 04104

TR RS, AREEE, JIEFE—
Sy MBI BREFHED R D)V T )V A O feEE O HR OEN
AA#KZELE ] 1 944 (R BETE Rk 1 143 A

- RBBERER, THEE S, IR —
XNVTNAOF T 5 LBaD Ty MBIV D EMRERHOMEE
AARFERE1 1 0Fx (& EXRTE A1 143 A



Induction by perfluorinated fatty acids with different carbon chain length of

peroxisomal B-oxidation in the liver of rats

Naomi Kudo, Naoki Bandai, Erika Suzuki, Masanori Katakura and Yoichi
Kawashima*
Faculfy of pharmaceutical Sciences, Josai University

Keyakidai, Sakado, Saitama 350-0295, Japan -

* Corfespondence to:

Yoichi Kawashima

Faculty of pharmaceutical Sciences, Josai University
Keyakidai 1-1, Sakado, Saitama 350-0295, Japan
Phone: +81 (492) 71-7676

Fax:  +81 (492) 71-7984

e-mail: ykawash@josai.ac.jp

-19-



Short title: Induction of peroxisomal B-oxidation by perfluorinated fatty acids

Abbreviations

BrAMC: 3-bromoacetyl-7-methoxycoumarin

clofibric acid: 2—(p-chlor0phonoxy)-2—methylpropionic acid
PFCAs: perfluorinated fatty acids

PFDA: perfluorodecanoic acid

PFHA: perfluoroheptanoic acid

PFNA: perfluorononanoic acid

PFOA: perfluorooctanoic acid
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ABSTRACT

The potency of the induction of peroxisomal $-oxidation was compared
between perfluorinated fatty acids (PFCAs) with different carbon chain lengths in
the liver of male and female rats. In male rats,A perfluoroheptanoic acid (PFHA)
has little effect, although perfluorooctanoic acid (PFOA), perfluorononanoic acid
(PFNA) and perfluorodecanopic acid (PFDA) potentially induced the activity. By
contrast, PFHA and PFOA did not induce the activity of peroxisomal B-oxidation
in the liver of female rats while PFNA and PFDA effectively induced the activity.
The induction of the activity by these PFCAs was in a dose-dependent manner,
and there is a highly significant correlation between the induction and hepatic
concentrations of PFCAs in the liver regardless of their carbon chain lengths.
These results strongly suggest that the difference in their chemical structure is not
the cause of the difference in the potency of the induction. Hepatic concentrations
of PFOA and PFNA was markedly higher in male comﬁared to female rats.
Castration of male rats reduced the concentration of PENA in the liver and
treatment with testosterone entirely restored the reduction. In contrast to the
results obtained from the in vivo experiments, the activity of peroxisomal -
oxidation was induced by PFDA and PFOA to the same extent in cultured
hepatocytes prepared from both male and female rats. These results, taken
together, indicate that difference in accumulation between PFCAs in the liver was
responsible for the different potency of the induction of peroxisomal -oxidation

between PFCAs with different carbon chain lengths and between sexes.
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INTRODUCTION

Perfluorinated fatty acids (PFCAs), straight chain fatty acid analogues whose
aliphatic hydrogens are alvl replaced by fluorine, are commercially used as
lubricants, anti-wetting agents, plasticizers and corrosion inhibitors in relation to
their surfactant properties and their chemical and thermal stability (1,2). The
effects of PFCAs on biological systems have been studied using perfluorooctanoic
acid (PFOA) and perfluorodecanoic acid (PFDA) (3-24). The common effects of
these chemicals on rodents were characterized by peroxisome proliferation (3-6),
induction of peroxisomal enzymes (6-9), microsomal enzymes involved in lipid
metabolism (6,7,10-12) and drug metabolism (13-15), and cytosolic proteins such
as fatty acid binding protein (16,17), acyl-CoA hydrolase (18) and acyl-CoA
binding protein (16,17). By contrast, PFDA has been shown to reduce the binding
of norepinephrine to B-adrenoreceptor in rat heart (19,20), to lower the level of
thyroid‘hormone in rat serum (21,22), to causes uncoupling of electron transport
in isolated rat mitochondria (23) and to inactivate a channel for 2-aminopurine in
L5.178Y cells (24), but these biological effects have not been found for PFOA.
These facts suggests that PFCAs with different carbon numbers have biologically
diverse effects or greatly different potency of the effects on animals. To date,
however, a little information is available about PFCAs except for PFOA and
PFDA, therefore, the relationship between chain lengths of PFCAs and biological
effects is unclear. In addition to the difference in biological properties of PFOA
and PEDA which were found in male rats, a marked sex-related difference has

been reported in the induction of peroxisomal B-oxidation by PFOA (25,26), no

20



difference being observed with PFDA between both sexes. It is of interest,
therefore, to clarify the mechanism responsible for the difference in biological
effects of PFCAs with different carbon chain lengths in female rats as well as
male rats.

These strange properties of PFCAs stimulated our interest in studying how
PFCAs having diverse carbon chain lengths cause biological changes with
different potency in livers of male and female rats. To address this question, we
studied the relationship between the induction of peroxisomal B-oxidation and
hepatic accumulation of PFCA havihg carbon chain lengths of C7, C8, C9 and
C10. The results obtained suggest that the accumulated amounts of PFCAs in the
liver of rats is responsible for the induction of peroxisomal f-oxidation and that,
contrary to expectations, this induction does not depend on their different carbon

chain lengths. We report the results herein.
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MATERIALS AND METHODS
Materials

Perfluoroheptanoic acid (PFHA), PFOA and PFDA were purchased from
Aldrich Japan (Tokyo, Japan); Perfluorononanoic acid (PFNA) was from
Lancaster Synthesis (Lancashire, UK). BSA, insulin (porcine), dexamethasone, 2-
(p-chlorophenoxy)-2-methylpropionic acid (clofibric acid) and palmitoyl-CoA
was purchased from Sigma (St. Louis, MO, U.S.A.). Wy 14,643 was purchased
from Biomol Research Laboratories, Inc. (Plymouth Meeting, PA, U.S.A.). NAD
and CoA were from Oriental Yeast Co. (Tokyo, Japan). Fetal calf serum and
Dulbecco’s modified Eagle’s medium were purchased from Gibco Oriental

(Tokyo, Japan). All reagents were of analytical grade.

Animals

Male and female Wistar rats of 5 week old were purchased from SLC
(Hamamatsu, J#pan). After 1 week acclimatization, rats were intraperitoneally
adfninistered with PFHA, PFOA, PFNA and PFDA at doses ranging from 2.5 to
20 mg/ kg body weight once a day for 5 days. PFCAs were dissolved into
propyleneglycol:water (1:1, v/v) after neutralization with 1 M NaOH.

‘Some of male rats (24-26 day-old) were castrated 27 days before being killed.
Half of them were subcutaneously administered with testosterone propionate (10
mg/ kg body weight) with corn oil as a vehicle once every 2 days for 3 weeks
before being killed. These rats were administered with PFNA or PFDA at a dose

of 20 mg/ kg body weight once a day for 5 days before being killed.
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Rats were killed by decapitation under light ether anesthesia and blood samples
were collected 24 h after the final administration with PFCAs. Livers were
quickly isolated, perfused with ice-cold 0.9% NaCl, frozen in liquid nitrogen and
stored at -80°C until use. The frozen liver was thawed on ice and homogenized
with 9 volumes of 0.25M sucrose/ 1 mM EDTA/ 10 mM Tris Hcl, pH 7.4. Protein
concentrations in the homogenates were determined by the method of Lowry et al.

(27) with BSA as a standard.

Enzyme assays

Peroxisomal fB-oxidation was assayed as the activity of cyanide-insensitive
palmitoyl-CoA oxidation employing homogenates as an enzyme source (28). Acyl-
CoA oxidase was assayed by measuring palmitoyl-CoA-dependent H,O,

production spectrophotometrically at 502 nm, as described by Small, et al. (29).

Determination of PFCAs

>PFCA5 were extracted from liver homogenates as an ion pair with
tetrabutylammonium, derivertized with 3-bromoacetyl-7-methoxycoumarin
(BrAMC) and quantified by HPLC with a fluorescence detection according to the
method reported previously (30) with some modifications as follows. For the
determination of PFNA and PFDA, 5-20 nmol of PFHA were added as an internal
standard, and perfluorohexanoic acid and PFDA were used as internal standards
for the measurement of PFOA and PFHA, respectively. After mixing 0.5 ml of

liver homogenates with an internal standard and then with 0.5 M
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tetrabutylammonium solution, PFCAs were extracted with ethylacetate:hexane
(1:1, v/v). The extracts were dried by flushing nitrogen, and to the resulting
residue was added 2 ml of 0.2% BrAMC acetone solution (w/v). The mixture was
incubated at 70°C for 25 min, then cooled on ice and kept at -30°C for 2 h. The
solution was filtered through a glass-wool filter and applied to HPLC with a
reverse phase column (Wakosil-II 3C18, 4.6 mm ID x 50 mm, Wako Pure
Chemicals, Osaka, Japan). Acetonitrile:water (3:1) was used for a mobile phase at
a flow rate of 0.5 ml/min. The peaks of PFCAs were detected by fluorescent

detector at 316 nm of excitation and 419 nm of emission.

Culture of hepatocytes

Hepatocytes were isolated from male or female Wistar rats (180 g) by
collagenase perfusion (31). Hepatocytes were separated from other cells by
centrifugation at 50 x g for 1 min. This procedure was repeated 4 times. Cell
viability was in the range of 80-95%, determined by Trypan blue dye exclusion.
Ceils were cultured on collagen-coated plastic dish in Dulbecco’s modified Eagles
medium containing 10% fetal calf serum, 10° M insulin, , 10° M dexamethasone
and 4 mg/l kanamycin in the presence or the absence of PFCA. PFCAs were
dissolved in DMSO and added into the culture medium. The final concentration of
DMSO in the medium was always 1% (v/v). At the end of the culture, the medium
was discarded, and cells were washed with ice-cold PBS, scraped off from the
dish and homogenized by sonication for 20 s (Astrason sonifier with

ultramicrotip, level 4) in 0.25 M sucrose/ 1 mM EDTA/ 10 mM Tris-HCl, pH 7.4.
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Statistical analysis

Analysis of variance was used to test the significance of differences between
different doses of PFCAs, between different PFCAs at a same dose and between
male, female, castrated male and castrated male treated with testosterone. Where
differences were significant, the statistical significance between any two means
was determined using Sheffe’s multiple range test. Statistical significance between
male and female rats was analyzed by Student’s ¢-test or Welch’s test after F-test

for two means.
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RESULTS
Induction of peroxisomal 6-oxidatipn by PFCAs in the liver of male
and female rats

Maximum induction of peroxisomal p-oxidation in livers was compared

between PFCAs with 7-10 carbon chain lengths and clofibric acid (Figure 1).
PFCAs having longer carbon chain showed more potent induction of the activity.
PFCAs that contain carbon atoms more than 8 significantly induced peroxisomal

p-oxidation in the livers of male rats. On the other hand, PFCAs with more than

9 carbons had a significant effect on female rats, whereas PFOA did not induce
peroxisomal fB-oxidation in female rats. The maximum induced level by PFDA
wa's as high as that by clofibric acid, a typical peroxisome proliferator. The
induction was in a dose-dependent manner by PFOA, PFNA and PFDA in male
rats, and by PFNA and PFDA in female rats (Figure 2). A high dose (160 mg/ kg
body weight) of PFHA slightly, but significantly, induced the activity in male rats,
but not in female rats. The induction of peroxisomal B-oxidation by PFNA and
PFDA was saturable in both male and female rats, and the maximum activities
were calculated to be approximately 50 and 35 nmol/min/mg protein,
respectively. The maximum induction by PFOA in male rats was calculated to be
approximately 54 nmoi/ min/ mg protein at the dose of 30 mg/kg body weight.
When the activities were compared on the basis of % of the maximum induction,
the effect of PFOA was stronger in male rats than female, whereas little

difference was observed in the induction by PFDA between male and female. A



small, but significant, sex-related difference was observed with PENA, although

the extent was not large as that seen with PFOA.

Accumulation of PFCAs in the liver

Hepatic concentrations of PFCAs with different carbon chain lengths were
determined in male and female rats (Figure 3). The concentrations of PEHA in the
liver were less than the detection limit (<3 ug/g liver) in both male and female
rats at any doses examined (unpublished data). In female rats, PFOA was not
detected at any doses, while the accumulation of PFOA in male rat liver was
significant and saturable (Figure 3A). Dose-dependent accumulation was observed
with PFNA and PFDA in the liver of male rats (Figure 3B and C). Hepatic
concentrations of PFOA and PFNA were calculated to be 15% and 80% of that of
PFDA, respectively, when administered at a dose of 20 mg/kg body weight. The
longer becomes the carbon chain length of PFCA, the more accumulated PFCA in
the liver of male rats. Hepatic accumulation of PEDA was higher than that of
PFNA. Hepatic concentrations of PFOA and PFNA in male rats were significantly

higher than those in female rats, whereas no significant difference was observed

in the case of PFDA.

Relationship between enzyme induction and PFCA concentration in the

liver
The relationship between the induction of peroxisomal B-oxidation and the

concentrations of PFCA on the basis of nmol/g liver was shown in Figure 4. The
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activity of peroxisomal B-oxidation increased with increase in hepatic
concentrations of PECAs regardless of their carbon chain lengths. The induced
activity reached to maximum level at the concentration of approximately 500
nmol/g liver in both sexes, although the maximum activity in male rats (Figure
4A) was higher than female (Figure 4B). To examine the relationship between
the activity of peroxisomal $-oxidation and hepatic concentration of PFCAs, a
linear regression analysis was carried out for the data obtained from PFCA
concentration of less than 500 nmol/ g liver. To compensate the difference of the
maximum activity of peroxisomal B-oxidation between male and female rats, the
activity was expressed as a percentage of the maximum activity in male and
female rats, respectively. This revealed that the correlation between the two
parameters was significant, with 1=0.850 (P<0.001, solid line in Figure 4A).
When the data of PROA-treated male rats and PFNA-treated female rats were
excluded from the analysis, the correlation becomes more highly significant, with
r=0.984 (P<0.001) (Figure 4, dotted line). In male rats, PFOA indﬁced more
efficiently than did PFNA and PFDA at the concentration of 100 nmol/g liver; the
activity of peroxisomal B-oxidation was about 30 nmol/min/mg protein, which
was two times higher than those by PFNA and PFDA. Similarly, in female rats,
PFNA induced more efficiently that did PFDA at the concentration of 200 nmol/g

liver.

Induction of acyl-CoA oxidase by PFCAs in cultured hepatocytes
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The potency of induction of peroxisomal f-oxidation was compared between
PFHA, PFOA, PFNA and PFDA in cultured hepatocytes. When hepatocytes
prepared from male rats were cultured in the presence of PFOA for 72 h, the

activity of acyl-CoA oxidase, a rate limiting enzyme of peroxisomal p-oxidation,

increased in a concentration-dependent manner (Figure SA). The induction was
maximum at 100 uM PFOA, and PFOA significantly reduced cell viability at
higher concentrations (unpublished data). The induction of acyl-CoA oxidase in
hepatocytes was compared between PFCAs with different carbon chain lengths in
ﬁlale and female rats (Figure 5B). Acyl-CoA oxidase was induced by Wy 14,643,
a potent peroxisome proliferator, in both sexes to the same extent. In male
hepatocytes, not only PFOA, PFNA and PFDA, but also PFHA induced acyl-CoA
oxidase activity, whereas the induction by PFHA in vivo was very limited. PFOA
induced acyl-CoA oxidase in female hepatocytes as was observed in male
hepatocytes, despite that PFOA never induced peroxisomal B-oxidation in the
liver of female rats in vivo. PFDA also induced acyl-CoA oxidase in hepatocytes
prepared form male and female rats to the same extent, and there was no
difference in the potency to induce acyl-CoA oxidase between PFDA and PFOA in

cultured hepatocytes from both sexes.

Role of testosterone in the accumulation of PFCA
To elucidate the role of sex hormone in regulating hepatic accumulation of

PFCAs, the effects of castration and testosterone treatment were tested (Table 1).

Castration significantly reduced the level of PFNA in the liver of male rats, but
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hepatic level of PFNA in castrated rat was still higher than that in female rats.
Treatment of castrated rats with testosterone entirely restored the level of PFNA.
Hepatic concentration of PFENA that was seen in the castrated rats was 200.9 =
19.7 ug (433 nmol) /g liver, which is high enough for the maximum induction of
peroxisomal p-oxidation (Figure 2). Therefore, the activity of peroxisomal g-
oxidation was not changed by either castration or testosterone treatment despite
the significant changes in the levels of PFNA in male liver. The activity of
peroxisomal B-oxidation in livers of female rats was significantly lower than those
of male rats, when treated with PFNA and PFDA (Table 1 and Figure 1). The
difference seems to be due to the sex-related difference in the maximum response,
but not to difference in the accumulation.of PFCAs. In contrast to the case of
PENA, hepatic concentration of PFDA in male rats was not diverse from that in
female rats and was affected by neither castration nor testosterone treatment. The
activities of peroxisomal p-oxidation were the maximum in all experimental

conditions as observed with PFNA.
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DISCUSSION
Induction of peroxisomal f-oxidation by PFCAs correlates their
hepatic accumulations.

PFOA and PFDA have been demonstrated to induce peroxisomal B-oxidation
(6-9). The present study showed that PFNA was a strong inducer of peroxisomal
B-oxidation, while PFHA had very week effect on peroxisomal B-oxidation in the |
liver of male rats. Compared the potency to induce peroxisomal -oxidation
between PFHA, PFOA, PFNA and PFDA, the longer was the carbon chain
lengths of PFCA, the more potent was PFCA as an inducer of peroxisomal B-
oxidation. These facts raised a question of what is responsible for the different
potency between these PFCAs. Determination of hepatic concentrations of PFCAs
showed that the activities of peroxisomal B-oxidation was increased with increase
in hepatic concentrations of PFCA and reached maximum at approximately 500
nmol PFCA/ g liver (Figure 4). Regression analyses revealed that there was a
highly significant correlation between the induction of peroxisomal 3-oxidation
and hepatic concentrations of PFCAs, regardless of their carbon chain length and
sex. Consequently, we concluded that the difference in the potency of the
induction of peroxisomal B-oxidation between PFCAs is essentially due to the
different accumulation of PFCAs in the liver. This is strongly supported by the
results that the potency to induce peroxisomal -oxidation in cultured hepatocytes
was not different between PFCAs and between sex (Figure 5, 32). The values of
peroxisomal B-oxidation activity corresponding to the accumulation of more than

100 nmol PFOA /g liver in male rats and those of more than 200 nmol PFNA/g
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liver were off the correlation curve (Figure 4). This is considered to be due to
rapid clearance of PFOA in male rats and PFNA in female rats compared to
PFCAs with longer carbon chain lengths. The half-life of PFOA in livers of male
rats was less than one third of PFDA (33,34), leading to that the accumulation of
PFOA was not proportional to the dose but saturable (Figure 3A). Since hepatic-
concentrations of PFOA was measured 24 h after the final injection, there is a
possibility to have underestimated the concentration of PFOA which actually

played a role in induction of peroxisomal -oxidation.

Sex-related difference in the accumulation of PFCAs in the liver

Previous reports have demonstrated that hepatic concentrations of PFOA in
male rats is significantly lower than that of female rats (33,35). The preéent study
demonstrated that sex—related difference of hepatic concentration exists in not only
PFOA but also PFNA. The induction of peroxisomal f-oxidation by PFOA
showed significant difference between both sexes, which is thought to be due to
the different accumulation of PFOA in the liver (Figures 2B and 3A). By
contrast, there was no difference in the hepatic accumulation of PFHA and PFDA
between both sexes. PFHA was not detected in the livers of male and female rats
whereas PFDA highly accumulated in the livers of both sexes (Figure 3). There
was a tendency that sex-related difference of the accumulation of PFCAs in the
liver was gradually reduced with increase in carbon numbers of PFCA.

Several studies have demonstrated that urinary excretion of PFOA in female

rats is faster than male rats (33,35,37). By contrast, PFDA is hardly excreted in
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urine in both sexes and the elimination rate of PFDA in urine was not different
between both sexes (34,38). These facts suggest that sex-related difference in
hepatic concentrations of PENA is due to different rate in urinary excretion of
PENA, which causes the sex-related difference in the accumulation of PENA. Our
preliminary study showéd that PENA was efficiently excreted in urine in female
réts whereas male rats little excreted PFNA in urine (unpublished data). Biliary
excretion rate can be responsible for the sex-related difference, but the rate of
biliary excretion of PFOA and PFDA in male rat was not different from female
rats (33,34). In addition, contribution of fecal excretion to the elimination was
relatively small in the case‘ of PFOA (33) and probably PFNA. Taken together,
the difference in the rate of urinary excretion seems to be a principle determinant

of sex-related difference in PFCA accumulation in the liver.

Hormonal regulation of PFCA accumulation

Previous studies have shown that the rate of urinary excretion of PFOA is
regulated by sex hormones (36,39). Castration of male rats increased the
excretion rate of PFOA to the level of female rats (36,39) and treatment of
castrated rats with testosterone reversed the effect of castration (39). Hepatic
concentrations of PFOA in male rats that had been hormonally manipulated by
castration and testosterone treatment were consistent with urinary excretion rates
of those animals (Table 1). In addition to PFOA, hepatic accumulation of PENA
was also regulated by testosterone (Table 1), suggesting that urinary excretion of

PFNA is also regulated by sex hormones.
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In the present study, we demonstrated that the different potency to induce
peroxisomal -oxidation is due to, in principle, the difference in accumulated
amounts between PFCAs in the liver, but not to difference in their chemical
structure and that the marked difference observed in the accumulation of PFOA.
and PFDA produced the striking sex-related difference in the induction of
peroxisomal -oxidation. The mechanism by which PFOA and PENA cause sex-

related difference in their accumulation in the liver is now under investigation.
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Table 1 Effects of castration and testosterone treatment on the

accumulation of PFCA in rat liver

Male rats (24-26 day-old) were castrated and the administered with

testosterone (10 mg/ kg body weight) or corn oil for 3 weeks. These rats were
administered with PENA or PFDA at a dose of 20 mg/ kg body weight once a day
for 5 days. Each value represent the mean = SD for 4 rats. Differences between
experimental groups are statistically significant without a common superscript
(P<0.05). If no superscript appears, the differences between experimental groups

are not statistically significant.

PFCA  sex treatments PFCA concentration peroxisomal -oxidation
(ug/ g liver) (nmol/ min/ mg protein)
PFNA male none 3584 +19.22 454 422
castration 200.9 = 19.7 b 53.6+4.32
castration
+ testosterone 4143 = 46.2 2 492 £234
female none 101.7 = 10.5¢ 318+ 52D
PFDA male none 453.6 £ 19.3 53.6+4.72
castration 535.1 £ 60.0 571232
castration
+ testosterone 542.1 = 84.9 62379242
female none 412.7 = 33.1 33.1+9.7b
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(Legend to Figures)

Figure 1  Effects of PFCAs and clofibric acid on the activity of
peroxisome P-oxidation in the liver

Male (stippled bars) and female (closed bars) rats were intraperitoneally

| administered with PFHA (30 mg/ kg body weight), PFOA, PFNA, PFDA (20 mg/
kg body weight) or clofibric acid (300 mg/ kg body weight) once a day for 5
days. The activity of peroxisomal B-oxidation was assayed as cyanide-insensitive
f-oxidation activity using liver homogenates as an enzyme source. Values
represent means + SD for 4 animals.

*, Significantly different from control (vehicle-treated) rats (P<0.05)..

#, Differences are statistically significant (p<0.05) between male and female rats.

Figure 2 Dose-dependency of the induction of peroxisomal f-
oxidation activity by PFCAs in the liver.
Male (closed symbols) and female (open symbols) rats were administered with

PFHA (A), PFOA (B), PFNA (C) or PFDA (D) at indicated doses once a day for
5 days. Values represent means + SD for 4 rats.

*, Differences are statistically significant (p<0.05) between male and female

rats.

Figure 3 Accumulation of PFCAs in the liver.
Male (closed symbols) and female (open symbols) rats were administered with

PFOA (A), PFNA (B) or PFDA (C) at doses ranging from 2.5 -10 mg/kg body
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weight once a day for 5 days. Concentrations of PFCAs 24 h after the final
injection were determined. Values represent means + SD for 4 rats.
*, Differences are statistically significant (p<0.05) between male and female

rats.

Figure 4 Relationship between the activity of peroxisomal 8-
oxidation and concentrations of PFCAs in the liver of rats. |

Data from Figure 2 and 3 were represented for male (open symbols) and
female (closed symbqls) rats. Control, (circle); PFOA, (square); PFNA,
(triangle); PFDA, (diamond). The activity of peroxisomal f-oxidation was
expressed as a percent of the maximum activity in male and female rats,
respectively.

Regression analyses were performed on the mean data from Figures 2 and 3
ranging from O to 500 nmol/ g liver. Regression analysis was performed on all
data (twentyone sets of data, solid line); PFCA concentration versus peroxisomal
B-oxidation activity, Y=0.152X + 24.98, r=0.850, P<0.001. Regression aﬁalysis
was performed on the data of PFNA- and PFDA-treated male rats and PFDA-
treated female rats (eleven sets of data, dotted line); PFCA concentration versus

peroxisomal -oxidation activity, ¥=0.166X + 14.28, r= 0.984, P<0.001.

Figure 5 The induction of peroxisomal B-oxidation activity by

PFCAs in cultured rat hepatocytes.
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A, hepatocytes were isolated from male rats and cultured for 72 h in the
presence of PFOA. *, Statistically significant difference from control (p<0.05).
B, hepatocytes were isolated from male and female rats and cultured for 72 h in
the presence of 100 uM PFOA, 100 uM PFDA or 50 uM Wy 14,643. Open bar, |
no addition; waved bar, PFHA; closed bar, PFOA,; crossed bar, PFNA; hatched
bar, PFDA,; stippled bar, Wy 14,643. Data represent means = SD for 3
determinations. Difference between experimental groups are statistically

significant without a common superscript (p<0.05).
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Figure 3
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