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the present study were set as 0.1, 0.3 or 1.0 mg/kg/day.

Twelve males per group were dosed for 42 days begm-
ning 14 days before rnatmg After the administration peri-
od, 5 of 12 males per group were reared for the recov-
ery period of 14 days without administration of PFUA,
as satellite groups. The main group females were dosed
for 41-46 days, beginning 14 days before mating to day
4 of lactation throughout the mating and gestation peri-
od. Females in the satellite group were given PFUA for
42 days, followed by the recovery perrod of 14 days The
first day of dosing was desrgnated as day 0 of admlmstra-
tion and the day after the final dose was desrgnated as day
0 of the recovery perlod The volume of each dose was
adjusted to 5 ml/kg body welght based on the latest body
weight.

Observattons

All rats were observed darly for clinical srgns of toxic-
ity. Body werght was recorded twice a week in all males
and in the satellite group females, and twice a week dur-
ing the prematrng perrod on days 0,4,7,11, 14, l7 and
20 of pregnancy and on days 0 and 4 of lactatron in maln
group females. Food consumptlon was 1ecorded twice a
week in all males and in satellite group females and twice
a week during the prematrng perlod on days 1,4,7, 11
14, 17, and 20 of pregnancy and on days 2 and 4 of lac-
tation in main group females. Funct' nal observatron bat-
tery (FOB) in all animals was rec rded once a week dur-
ing the admrmstratron period, as follows () home cage
observatlon posture convulsron, and abnormal behavror
(ii) in-the-hand observation; ease of removal from cage
and handling, fur and skin condttlon eye ball, secretron
from nose and/or eye, v1s1ble mucous membrane, lacrl-
mation, salivation, prloerectron pupil dlameter and yres-
piration, and (111) open field observation; arousa,, !
lation, posture shrvermg, convulsron rearmg freq 'ncy,
excreta, stereotypical behavior, and abnormal behavior.

Frve animals in each group were subjected to the fol-
lowing observations and exammatrons unless noted oth-
erwise. Sensory reactions for puprllary reﬂex, approxr-
matron reflex, tactrle reﬁex, auditory reflex, pain reflex,
rrghtmg reflex and width of the landrng legs, grrp strength
of fore and hrnd l1mbs, and spontaneous motor act1v1ty

in satelhte group males and females on ay 37
istration and on day 8of the recovery perrod Fresh urrne
was sampled from animals using a urme-collectrng cage
during the last weeks of the dosmg and recovery perrods
The 4-hr 1 urine samples were collected soon after dos-
ing under fasting (water was allowed ad lzbn‘um), and the

20-hr urine samples were collected, food and water being
allowed ad libitum.

After 16-20 hr (overnight) of fasting, the main group of
rats was euthanized by exsanguination under anesthesia
on the day after the final administration in males and on
day 4 of lactatlon in females, and satellite group rats were
euthanrzed on the day of the completron of the recov-
ery perrod The external surfaces of the rats were exam-
ined. The abdomen and thorac1c cavrty were opened and
gross 1nternal examrnatron was performed Blood sam—
ples were drawn from the abdomrnal aorta. Ma
were removed from all ammals, and the bram, thyrord
thymus "heart liver, spleen kidney, ad‘enal glands, tes-
tis, eprdrdymrs were weighed. The n bers of corpo-
ra lutea and 1mplantatron 51tes were counted in all main
group fema es The testes and epldrdymrdes were ﬁxed
with Bourn s solut1on and in 10% phosphate-buffered for-
malin. Other organs were stored in 10% phosphate—buff—
ered formahn The cerebrum and cerebellum, pituitary
gland spmal cord ‘sciatic nerve, thyrord parathyrord
adrenal glands thymus, spleen mandlbular lymph nodes,
mesenteric lymph node, heart, lung, trachea, stomach,
duodenum, Je]unum, 1leum, cecum, colon, rectum lrver
‘bladder, testls, eprdrdymls, uterus, semmal vesi-
cle sternum and femur were hlstopathologlcally eval-
uated for ﬁve males and females in the control and the
highest groups, and organs with rnacroscoprcally abnor—
mal findings were also exammed hrstopathologrcally
The organs for hlstopathologrcal evaluations were proc-
essed routinely for embedding in paraffin, and sections
were prepared for staining with hematoxylm»eos '. Test
substance-related hrstopathologlcal changes were found
in the liver in males and females, and in the stomach in
males, therefore, the liver in all anrmals and the stomach
in all males were'also 1 ed‘hrs,opathologrcally ‘

The 4-hr urine samples were tested for color, pH, pro-
tein, glucose ketone body, brhrubm occult blood, uro-
brlmogen, and urrnary sedrment Urmary sedrment was
stained and exarnlned mrcroscoprcally The 20-hr urine
samples were tested for osmotic pressure. Urine volume
for 4-hr and 20- hr was measured In the collected blood
samples the red blood cell (RBC) count, hemoglobm
latelet count and whlte blood cell count were measured

hemoglobin con , ulocyte rate, and
drﬁ'erentral leukocyte rates were calculated Prothrombrn
tlme (PT) actlvated partral thromboplastm trme (APTT),
and fibrrnogen were determrned Blood chemlstry was
tested for alkalme phosphatase (ALP), total protem albu-
min, albumin/ globulin (A/G) ratio, total bilirubin, blood
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urea nitrogen (BUN), creatinine, glucose, total cholester-
ol, triglycerides, phospholipid, Na, K, CI, Ca, inorgan-
ic phosphate, aspartate aminotransferase (AST), alanine
aminotransferase (ALT), lactase dehydrogenase (LDH),
and gamma—glutamyltransferase (y-GTP).

In the main group, daily vaginal lavage samples of
each female were evaluated for estrous cychclty through~
out the premating perrod Each female rat was mated
overmght with a single male rat of the same dosage group
until copulatron occurred or the 2- week matmg perrod had
elapsed Durmg the matmg perrod darly vagmal smears
were exammed for the presence of sperm. The presence
of sperm in the Vagmal smear and/or a vagmal plug was
consrdered as evidence of successﬁﬂ matmg Once insem-
ination was confirmed, the females were checked twice a
day for signs of parturmon from day 21 to day 24 of preg-
nancy. One female in the 0. 1 mg/kg/day treatment group
did not deliver and did not have 1mplantat10n Because of
mfertrlrty, data for that female for the perlod correspond»
ing to gesta’uon were excluded from statistical analysxs
Other females were allowed to deliver spontaneously and
nurse their pups until postnatal day (PND) 4. The day on
which parturition was completed by 17:00 was deswnated
as PND 0. Litter size and numbers of live and dead pups
were recorded and live pups were sexed and mdlvrdually
werghed on PNDs 0 and 4. Pups were 1nspected for exter-
nal malformations on PND 0. On PND 4, the pups were
euthamzed by exsangumanon under anesthesia, and gross
1nternal exammatrons were performed ‘

Data analysrs

Statlstrcal analysrs of pups was carried out using the
lrtter as the experrmental unit. Mean and standard devia-
tion in each dose group were calculated for body wertrht
food consumptro er consumptlon number of feces
rearing frequency, wrdth of the landmg legs, grrp strength
spontaneous motor actmty, urine volume, hematolog-
ical test results, blood brochemrcal test results, ‘absolute
and relative organ welghts, estrous cycle length length
of gestation, numbers of corpora lutea and 1mplanta ms,
1mplantatlon index, total number of pups born, number
of male and female pups, number of live and dead pups,
lrve brrth index, hve  pups a and Vrab1lrty mdex on day 4 of

or F-test for homogenerty
If they were homogeneous the data were analy (
Dunnett’s test or Student’s t-test to compare the mean of
the control group with that of each dosage group, and if
they were not homogeneous a Dunnett—type rank test or
Aspin-Welch t-test was applred The copulauon mdex,
fertility index, gestation index, sex ratio of pups, and data

Vol. 39 No. 1

for sensory reactions of reflexes were analyzed with Yates'
chi-square test. The 5% levels of probability were used
as the criterion for significance. Unless otherwise noted,
there are statlsucally significant drﬁ‘erences in the chang-
es described in the following Resulis section.

RESULTS

Parental toxicity

No deaths were observed in any of the groups. A
decrease in grip strength of the forefoot was observed in
males and females at 1.0 mg/kg/day in the recovery peri-
od. No other treatment-related effects on clmrcal signs of
toxrclty, FOB, sensory reactlvn:y, or spontaneous motor
activity were observed in males and females in the main
and satellite groups (data not shown).

Body weight changes in each group are shown in Figs. 1
and 2. In males at 1.0 mg/kg/day, body weight gains
decreased durmg the dosing period and during the recov-
ery perlod In females at 1.0 mg/kg/day, body wewht
gains decreased during the lactation perrod in the main
group and during the dosing period and the recovery pen—
od in the satelllte group, and lowered body weight was
observed on days 38 and 41 of the dosmg period : and on
days 0-13 of the recovery perrod in the satellite group. No
effects on body weight in male and female groups were
observed at any other dosma Food consumptron (data
not shown) was decreased on day 4 of the dehvery perrod
at 1.0 mg/kg/day in females Urrnalysrs revealed no sig-
nificant drfferences in any parameters between the control
and treatment groups in males and females in the main
and satellite ¢ groups (data not shown)

" Table 1 shows hematologrcal ﬁndmgs in male and
female rats At1.0 mg/k0/day, low values of ﬁbrmogen
and APTT 1 were observed in males of the main and’ satel—
lite groups, and a low value of ﬁbrmogen was observed in
females of the main ‘group. The other srgmﬁcant chang-
ito oglcalﬁndmgs were incidental because they
were shght without related changes or did not occur ina
dose-dependent mann .

Blood b1ochemrca 'findmgs are shown in Table 2.
At 1.0 mg/kg/day in the main group, increases in BUN
and ALP and decreases in total protem and albumm
were ob rved in males, and an incre e in BUN and a

ALP in males and females and a decrease in total protein

in females were observed The other changes with statisti-

cal srgmﬁcances in blood brochemlcal ﬁndmgs were inci-

dental because they were shght w1thout related changes
or drd not occur in a dose-dependent manner
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Fig. 1. Body weight of males in main groups and satellite

groups for recovery period and females in satellite
groups
*: Significantly dlfferent from the control, p < 0.05.

Organ weights in males and females are shown in
Table 3. Relative weight of the liver was increased at
0.3 mg/kg/day in main group males, and absolute and rel-
ative weights of the liver were increased in males and
females at 1.0 mg/kg/day-in main and satellite groups.
Absolute and relative weights of the spleen were decreased
at 1.0 mg/kg/day in main group males. Enlargement of the
liver in two males and a dark red focus in the 'stomach in
three males were observed at 1.0 mg/kg/day in the main
group. No other treatment-related findings at necropsy
were observed in males and females in main and satellite
groups. Histopathological findings are shown in Table 4.
Possibly treatment-related changes were observed in
the liver and stomach: In the main groups, centrilobular
hypertrophy of hepatocytes in males and females were
observed at 0.3 mg/kg/day and above, diffuse vacuola-
tion of hepatocytes in males, and minimal focal necro-
sis in males and females were observed at 1.0 mg/kg/day,
and in the satellite groups, minimal d1ffuse vacuolatlon of
hepatocytes in males cenmlobular hypertrophy/degener—
ation of hepatocytes in males and females and Ghsson ]
sheath cell infiltration in females were observed at
1.0 mg/kg/day In the glandular stomach mmlmal erosmn

were considered to be 1n01dental 1n mam and satelhte
groups, because there was no dose—dependent increase in
incidence or severlty On reproductlve or gans, no treat-
ment—related hlstopathologlcal changes were found in the
epxdldymldes testis, and uterus in PFUA-treated groups.
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Fig. 2. Body weight of females in main groups.

Reproductive and developmental findings

There were no significant differences in the mean
estrous cycle and in the incidence of females with a nor-
mal estrous cycle between the control and PFUA groups
either in the main or recovery group (data not shown).
The data for reproductive and developmental parame-
ters are shown in Table 5. Reproduction performance of
parental rats, delivery and nursing were not significantly
different between the control and PFUA-treated groups.
Regarding the general appearance of pups, there were no
abnormal findings in any groups. The body weights of
male and female pups on PNDs 0 and 4 were lowered at
1.0 mg/kg/day. There were no significant differences in
the sex ratio of live pups or the viability index on PND 4.
At gross pathology in pups on PND 4, thymic remnant
in the neck was observed in one male and one female at
0.3 mg/kg/day, and in two females at 1.0 mg/kg/day, and
these were considered to be incidental because of the low
incidence. There were no other changes in gross internal
findings of pups in any PFUA-treated groups.

'DISCUSSION

The present study of rats was conducted to examine
the possible effects of PFUA on reproductlon and devel-
opment as well as the p0551b1e general toxic effects The
dosage of PFUA used in this study was sufﬁcwntly hlgh
to be expected to induce general toxic effects in

- tal animals. The following results suggest that the liv-

er is a sensitive target organ. The weight of the liv-
er was 1ncreased in males at 0.3 mg/kg/day and above,
and i in females at 1.0 mg/kg/day, and centrilobular hyper-
trophy of hepatocytes was observed in both sexes at
0.3 mg/kg/day and above, focal necrosis and/or diffuse
vacuolation of hepatocytes were also found in the 1.0

Vol. 39 No. 1



102

M. Takahashi et al.

Table 1. Hematological findings

Main group Satellite group

Group 0 mg/kg/day 0.1 mg/kg/day 0.3 mgrkg/day 1.0 mg/kg/day 0 mg/kg/day 1.0 mg/kg/day
Males
Number of animals 5 5 5 5 5 5
WBC (10%ul) 12124314 948+21.1  127.64354 12984235 73.4+268  111.6+19.5%
RBC (104ul) 830 %40 846 + 25 852 20 869 + 23 894 + 34 886 + 47
HGB (g/dl)  15.6+0.4 157+ 0.6 15.4 % 0.4 15.6 £ 0.7 16.0 £ 0.4 153409
MCV i 52518 514+ 1.7 50.6 0.7 50.0 % 1.4* 509+ 1.5 494419
MCH pg 18805 18.6£0.8 18.1+ 0.4 17.9 & 0.4% 179+ 0.3 17.3+0.7
Platelet 10/ul)  98.7+3.7 1214+ 52%% 1092+ 8.8 111.2 & 8.8% 107.8+124  1227+18.6
APTT (sec) 2+4.1 192+19 20.8+4.2 16.6 £ 0.7* 204+ 1.7 172 £2.6*
Fibrinogen mg/dl 29420 273 35 283 31 200 & 23%* 304 + 35 245 + 22%
Females
Number of animals 5 5 5 5 5 5
WBC (10%ul) 143.4+438  128.7+254  1518+33.5  159.2:£451 5864149  65.1+13.6
RBC 104/ul) 702+ 46 680 + 67 692 = 50 645 + 51 83030 846 + 56
HGB (/d) 13110 135+ 1.0 135+ 1.1 132+08 154+ 0.4 154+1.0
MCV i 527+1.3 56.7+4.5 55012 58,0+ 3.1 514+1.4 50.1+12
MCH pg  18.6£05 200+ 1.6 195+ 0.6 20.5+ 1.1* 18.6 + 0.6 182£0.6
Platelet A0vu)  1594+274  141.0+227  164.8+196  161.8+30.9 130.6 £ 137  125.7+18.1
APTT (se) 17.6+18 175+24 179423 152433 17923 17£2.9
Fibrinogen mgdl  335+53 319 % 95 282 49 228 = 42+ 207£10 17631

Values are given as the mean= S.D.

1 Slgmﬁcantly different from the control, p < 0.05. **: Slgmﬁcantly different from the control p=0. 01

mg/kg/day group. In rodents, it is clear that the hepat-
ic response to exposure to many perfluoroalkyl com-
pounds is initiated by the activation of the nuclear hor-
mone receptor, PPARo (ATSDR, 2009), and PFUA
activates mouse PPARa in vitro (Wolf etal, 2012) The
hepatic prohferatrve responses, 1nclud1ng an increase in
the liver weight and centrllobular hypertrophy of hepa-
tocytes observed in the present study might have been
“initiated: by the actxvatron of PPARa, although the
a smentlﬁc consensus that compounds ‘which are per-
oxisome proliferators in rodents have little or no effect
on human liver (IARC 1995) Regarding the toxic-
ity of PFAAs, the involvement of mechanisms other
than PPARg has been suggested (Peters and Gonzalez,
2011), so further research on the toxicity mechanism of
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PFUA is desired.

Effects on the body weight of adult males/females and
pups were observed only at 1.0 mg/kb/day In adult ani-
mals, suppressmn of body wexght gain was observed in
males/females in the administration and/or recovery peri-
ods, although not in females in the premating and ges-
tation perlods It is considered that these body Welght
changes were a drrect effect of PFUA because they

bllxty of maternal-fetal/infant
maternal- fetal transfer and maternal- infant transfer of
PFOA through breast milk have been observed in rats
(Hmderhter etal, 2005). Because there was no differ-
ence in the length of the gestatlon perrod in dams dosed at
1.0 mg/kg/day compared to the controls, and because sup-
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Main group Satellite group

Group 0 mg/kg /day 0.1 mg/kg/day 0.3 mg/kg/day 1.0 mg/kg/day Omg/kg/day 1.0 mg/kg/day
Males
Number of animals 5 5 5 5 5 5
AST aumn 67+9 70+ 4 73+ 17 776 62+9 73+ 12
ALT aum  31£3 3243 3443 39+ 7* 31%5 37+£5
ALP qwny 427+£126 461 + 85 514+ 96 1021 £ 179%* 379+ 95 707 £ 152%%*
Total cholesterol ~ (mg/dl) 56+ 14 47+ 8 34 + 6%* 46+ 11 55+ 18 53+13
Triglyceride ~ (mg/dl) 48+ 10 70 + 42 41+9 46 + 16 52£17 45+ 27
Phospholipid ~ (mg/dl) 90 = 13 82+ 14 65 + 9* 8711 87+19 92+21
BUN (mg/dl) 13+£2 143 15+1 21 £ 4%* 172 23 + 5%
Na (mmol/l) 147+2 146 2 147+ 1 145+ 1 145+ 1 143 + 1%%
Ci (mmol/1) 108 +2 108 +1 109+ 1 109+ 3 107+ 1 108 £ 1
Ca (mg/dl)  10.1£02 10.0+£0.3 10.0+03 9.7 + 0.2 9.9+0.3 95+0.3
Total protein (g/dl) 62+02 6.0x0.3 6.1+0.1 5.5 % 0.3%* 63+0.1 58+05
Albumin (gdly 28=+0.1 2.8+0.1 29+0.0 2.6 +0.1% 2.7+0.1 2.8+0.2
A/G 0.80 + 0.07 0.86 + 0.03 0.93 £ 0.05** (.88 = 0.06 0.77 £ 0.04 0.93 + 0.09%*
Females
Number of animals 5 5 5 5 5 5
AST an 84+21 92+12 86+ 15 81+12 59+4 68 £ 11
ALT aumn 53+9 55+12 50+ 18 49+ 1 26+4 28+ 4
ALP aum 21972 242+ 42 286+ 176 263 + 18 158 + 28 289 & 54%%
Total cholesterol ~ (mg/dl) 60+ 11 52+£13 41+ 13* 49+ 8 78+ 16 64+ 14
Triglyceride (mg/dl) 54411 38+ 12 41+18 60 + 25 28+ 11 20+3
Phospholipid ~ (mg/dl) 112+ 13 94 + 18 80 + 20% 98 £ 11 141 £20 108 £ 15%
BUN (mg/dl) 13+£2 13+4 16+3 19 + 2% 20+ 3 29 & 7%
Na (mmol/) 141x1 141£2 1431 142+1 143 1 1431
Cl (mmol/l) 1061 - 107 £2 108+2 108 + 2% 109+ 1 112+2
Ca (mg/dl)  103+0.2 102+ 0.4 10.3+0.1 10.0£0.3 102+ 0.3 9.9+0.2
Total protein (g/dl) 62+02 5.8+£0.3% 6.0+0.1 5.6 + 0.2%* 6.7+02 5.8 + 0.3%*
Albumin (g/dl)  28=+02 2.8+0.2 2.8+0.1 2.7+02 3.1£0.2 29+03
AIG 0.85 £ 0.05 0.92 +0.05 0.89 £ 0.07 0.91+0.11 0.87 + 0.04 1.01 + 0.09*
Values are given as the mean+ S.D. ' k
*: Significantly different from the contro .05. *#: Signi

S0

icantly different from the control, p.< 0.01.

pression of body weight gain in females during pregnan-  of dams in the gestation period were observed (Butenhoff
cy was not observed, the lowered body weight on PND 0 et al., 2004; Loveless et al., 2009). The lowered body
was considered a direct effect of PFUA due to intrauter-  weight on PND 4 was considered to be a direct effect of
ine exposure. Also in other PFCAs, low values of body ~ PFUA by ingestion of breast milk, as well as a second-
weight of pups at birth without effects on the body weight  ary effect of PFUA caused by the lowered body weight in
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Main Group Satellite Group
Dose (mg/kg/day) 0 (control) 0.1 0.3 1.0 0 (control) 1.0
Males
No. of animals examined 5 5 5 5 5 5
Brain (g) 2.18%0.08 2.18 £ 0.09 2.15+0.08 2.17 £ 0.08 2.09 + 0.04 2.14+0.13
(%) 0.42:+0.03 0.4+ 0.03 0.41 + 0.01 0.44 £ 0.05 0.39 + 0.03 0.44 + 0.03%*
Throid® (mg) 224+£1.8 257425 21.1£29 223435 23.5+3.8 18.7£2.9
%)y 4304 47404 4.1%0.6 45+07 44+05 3.8+04
Thymus (mg) 297£90 432+ 173 342 + 106 260 =+ 61 250+ 80 251+ 67
(Yoy: 57+19 79 +27 66+ 21 53+ 16 47 £ 17 5111
Heart () 1.52£01 1.5+0.2 1.51+0.03 1.38+£0.17 1.46 £ 0.17 1.29 £ 0.19
(%) 0.29+0.02 0.28 + 0.04 0.29+0 0.28 +0.02 0.28 +0.02 0.27 +£0.02
Liver (g) 15124214 1645£206 17.54+0.73  2095£256** 14.19£1.56  19.85+ 3.03%*
Yoy 2.88+0.27 3.02+0.19 3.39 £ 0.16%* 418+ 0.19** 2.67 +0.22 4.07 £ 0.36%**
Spleen (g) 0.84x0.16 0.76 £ 0.09 0.79 + 0.05 0.65 £ 0.09* 0.72 £ 0.11 0.72 £ 0.04
%)y 0.16 +0.03 0.14 + 0.01 0.15 £ 0.01 0.13 % 0.01* 0.14 £ 0.02 0.15 = 0.01
Kidney® (g) 343£031 3.44 +0.38 3.51 +0.08 34£017 3.51+0.31 3.32+£0.43
(%) 0.65+0.06 0.63 + 0.04 0.68 = 0.03 0.68 £ 0.06 0.66 = 0.03 0.68 £ 0.04
Adrenal® (mg) 64+ 13 70+ 8 68+3 58+9 61£9 46 + 8*
(%) 12+2 13+1 13+1 121 12+2 9+1
Testisbe (& 3.34%021 3.57+0.26 3.48 +0.28 2.98 +0.86 3.49+0.26 3.57+0.35
(%) 0.63 £ 0.07 0.67 £ 0.05 0.68 £ 0.06 0.62 4 0.17 0.66 + 0,03 0.74 £ 0.07*
Epididymisbe (mg) 1339+ 84 1420 + 112 1368 = 199 1578 £ 950 1337 + 51 1388 + 87
(Yoyr 252421 265+ 25 268 + 36 335+ 220 252+ 11 288 + 34
Females
No. of animals examined 5 5 5 5 5 5
Brain () 1.99+0.05 1.97 + 0.08 1.98 £ 0.09 2+ 0.04 1.96 + 0.09 1.86 £ 0.06
(%) 0.64 £ 0.04 0.66 + 0.03 0.65 £ 0.05 0.67 £ 0.06 0.68 +0.08 0.78 + 0.02%*
Throide (mg) 17.2+1.8 192+32 17.5+3 169+ 0.7 172427 147+1
(%)2 5508 6.5+1.1 58+1.1 5.6+ 0.6 6x1 6.2+0.3
Thymus (mg) 192+£16 170 = 102 243 + 82 249 + 58 245+ 98 147+ 59
(%) 61+4 56 + 32 79+ 24 82+ 14 85439 62+ 23
Heart (g) 1.02+0.08 0.96 + 0.06 0.92+0.04 0.94 £ 0.11 0.86 = 0.05 0.73 £ 0.03**
(%) 0.33+0.03 0.32 + 0.01 0.3 +0.01 031 +0.02 0.29 £ 0.02 0.31 +0.01
Liver (g) 10.56+0.68 10.61:048 10.55+£148  12.76 + 1.00** 7.22 £ 0.38 8.63 + 1.04*
%)y 3.37+0.12 3.57+0.13 3.46 + 0.36 421 4 0.15%* 2.48+0.14 3.64 £ 0.47%*
Spleen (8 0.62+0.06 0.65+0.16 0.65+0.1 0.66 + 0.15 0.49 = 0.05 0.43 = 0.05
%y  02+£0.02 0.22 £ 0.05 0.22+0.02 0.21 +£0.03 . 0.17+0.02 0.18 £ 0.01
Kidney® (g) 224042 1.96 +0.18 2.06 = 0.19 2.05 + 0.09 1.89+0.14 1.93+0.17
(%) 0.72x0.14 0.66 + 0.06 0.68 = 0.07 0.68 = 0.04 0.64 + 0‘02 0.81 £ 0.07**
. A‘drétlélb ! - (mg) 82'::.2:;4" Gniagpi 1"0;,-, "‘:Vi'{ﬁV;‘89*&51’4‘?1’v i Q) 113 i 70 & 8. 49;& 5** T
(%) 26+2 28+5 30+5 26+3 25«5 211

Values are given as the mean + S.D.
a; Ratio of organ weight to body welght (relative organ we1ght) b Values are represented as. the total welghts of the organs on both
sides. ¢: Organ weight was measured for all animals (number of examined animals: 7 at 0 and 1.0 mg/kg/day and 12 at 0.1 and 0.3
mg/kt,/day in the main group, and 5 at 0 and 1.0 mg/kg/day in the recovery group.)

*: Significantly different from the control, p £ 0.05. **: Significantly dlfferent from the control p=0. 01.
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Table 4. Histopathological findings

105

Males Females
Main Satellite Main =~ Satellite
Dose (mg/kg/day) 0 01 03 1.0 0 1.0 0 01 03 1.0~ 0 1.0
Heart
Number examined 5 0 0 5 5 0 0 5
Cardiomyopathy (minimal) 1 1 0 0
Kidney ‘
Number examined 5 0 1 5 5 06 06 5 1
Dilatation, pelvic 0 1 0 1 0 1
(minimal) 1 1
(moderate) 1
Regeneration, tubular 4 1 1 1 1 4]
(minimal) 3 1 1 1 1
(mild) . 1
Liver
Number examined 7 12 12 7 5 5 12 12 12 12 5 5
Vacuolation, hepatocytes, diffuse 0 0 0 3 0 1 0 0 0 0 0 0
(minimal) 2 1 o
(mild) 1
Necrosis, focal (minimal) o 0 0 2 0 0 0 0 0 2 0 0
Cell infiltration, Glisson's sheath (mild) 0 0 0 0 0 0 0 0 0 0 0 2
Microgranuloma 4 3 1 2 3 3 1 1 0 2 4 4
(minimal) 4 3 1 2 3 03 1 1 2 4 2
(mild) 2
Degeneranon hepatocytes, centrilobular (minimal) 0 0 0 0 3 0o 0 0 0 0o 3
Hypertrophy, hepatocytes, centrilobular 0 0 3 7 0 5 0 0 1 1 0 5
(minimal) 2 1 8 )
(mild) 1 2 3 3 2
(moderate) 5 2 3
Spleen S '
Number examined 5 0 0 5.0 0 5
Hematopoiesis, extramedullary (nnmmal) 4 1 5 4
Stomach - . o “ o
Number examined - 7 12 12 .7 5. 5 6 0 0 5
_Erosion, glandular ‘stomach (mmlmal) 0 0 0 3 0 0 2 0
Thymus o Lo . ) -
Number exammed : .5 0 0 s 5 1 0 5
Atrophy, lymphmd (mild) 0 0 0 1 0
Thyroid o . ;
Number examined ‘ 5 0 0 5 5 0 0 5
Ectoplc thymus (rmmmal) 0 0 0 1
Cyst, ultlmobranchlal (minimal) L 1 2 2 0
Testis B S ‘ ‘ '
Number examined S50 05
Not remarkable ‘ 5 5
[Epididymi sl i i S S B e
Number exammed 5 10
Granuloma, spermatic R | 1 1
e (minimal) R | 1
(mild) 1
Uterus : o
Number examined . 5 1 0 5
Dilatation, lumina (minimal) 0 1 0

Vol. 39 No. 1
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Table 5. Reproductive and developmental parameters

0 mg/kg/day 0.1 mg/kg/day 0.3 mg/kg/day 1.0 mg/kg/day

Number of animals (males/females) 12/12 12/12 12/12 12/12
Copulation index (males/females) (%) 100/100 100/100 100/100 100/100
Fertility index (%) 100 91.7 100 100
Gestation index (%) 100 100 100 100
Number of pregnant animals 12 11 12 12
Gestation length (days) 220+ 03 22.1+0.5 22.1+0.5 21.7+£0.2
Number of corpora lutea 15.8+1.9 16.8+ 1.8 162+1.9 162+ 1.5
Number of implantation sites 14.6 £ 2.0 15.5+3.3 150+ 1.9 153+1.6
Implantation index (%) 92.0£55 91.0% 154 92.8+6.0 948+44
Number of litters 12 11 12 12
Number of live pups on PND 0 13.9+£2.2 145434 13.1+£3.1 13.5+£22
Live birth index (%) 98.9+2.6 973453 932+ 182 97.9+4.1
Sex ratio 0.51 0.47 0.55 0.52
Number of live pups on PND 4 13.7+1.9 14032 12.8+£ 3.1 134+22
Viability index (%) 98.5+2.8 97.1+£3.3 97.7+59 99.4+22
Body weight of male pups (g)

on PND 0 6.7+0.3 6.7+0.6 6.4+0.5 5.8 4 0.3%*

on PND 4 105+0.5 10.1+1.8 102+1.2 8.5+ 0.7+*
Body weight of female pups (g)

on PND 0 6.4+04 63£0.6 6.1£0.6 5.6 £ 0.2%*

on PND 4 9.9+0.6 9.7+ 1.7 9.5+0.8 8.3 0.7%*

Values are given as the mean + S.D.
**. Significantly different from the control, p < 0.01.

dams. In the PFOA oral dose study (Abbott ez al., 2007),
the reduction of postnatal weight gain appeared to depend
on PPARa expression.

The elimination rate of PFOA in female rats is approx-
imately 40 times faster than in male rats (ATSDR, 2009).
Organic anion transport proteins play a key role in PFCAs
(C4 to C10) renal tubular reabsorption (Han et al., 2012),
and the slower elimination of PFOA in male rats com-
pared to female rats has been attributed to sex hormone
modulation of organic anion transporters in the kidney
(ATSDR, 2009). In the present study, there were slight
gender differences in the hepatotoxicity of PFUA: liv-
er weight increased in males at 0.3 mg/kg/day and above
and in females at 1.0 mg/kg/day, and histopathological
findings observed in the 1.0 mg/kg/day groups were more

“numerous and severer in males than in females. The gen-

der differences in hepatotoxicity observed in the present
study are considered to be attributable to faster elimina-
tion in female rats, as with other PFCAs.

Increased liver weight and hepatocellular hypertro-
phy, induced by activation of PPARa, were generally
observed in previous studies on PFA As. Significant per-
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oxisome proliferative activity seems to require a car-
bon length more than 7 (ATSDR, 2009). In gavage stud-
ies of PFAAs in male rats, which are more sensitive than
females, the following results were observed; for PFOA
(C8), increased liver weight and hepatocellular hyper-
trophy at 5 mg/kg/day for 28 days (Cui e al., 2009); for
perfluorononanoic acid (C9), increased liver weight at
1 mg/kg/day for 14 days (Fang et al., 2012); for per-
fluorododecanoic acid (C12), increased liver weight at
0.02 mg/kg/day for 110 days (Ding et al., 2009). In the
current study of PFUA (C11), increased hver welght and
centrilobular hypertrophy of hepatocy’tes were observed
from 0.3 mg/kg/day for 42 days In consideration of dif-
ferences in the administration period or doses in these
studies, the intensity of the liver toxicity of PFUA (Cll)
was estimated to be between C9 and C12, suggesting
that the toxic potency of PFAAs (C8‘-C"12) increases by
lengthening their carbon chain. This is because hydropho-
bicity, which increases as carbon length increases, seems
to favor biliary enterohepatic recirculation, resulting in
more protracted toxicity (ATSDR, 2009). In contrast,
42-day administration of PFOdA (C18) increased liver
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weight at 200 mg/kg/day but not at 40 mg/kg/day in male
rats (Hirata-Koizumi et al., 2012). In comparison with
other PFAAs (C8-C12), including PFUA (C11), PFOdA
induced liver tox1c1ty at higher doses, and this may be
due to the low absorption of PFOdA into the body.

At 1.0 mg/kg/day in the main -group, the followmg
effects on hematological and blood biochemical parame-
ters were observed; a decrease i in ﬁbrmooen was observed
in males and females but increases in APTT and PT were
not observed suggestlng that there would be no toxrco—
logically significant effects on the blood coagulatron sys-
tem; decreases in fibrinogen, total protein and albumin
observed in males and/or females may be due to reduced
synthe51s in the damaged llver, the increase in- BUN
observed in males and females could be due to increased
hepatic protein catabolism, because urinalysis parameters
and the gross and mrcroscoprc appearance of the kidneys
were not changed and the increase of ALP in males was
related to the hrstopathologlcal ﬁndmgs in the llver These
effects except for the decrease in fibrinogen in females
were observed also at the end of the recovery period, and
the increase of ALP was observed in females only after
the recovery period. Moreover, in hrstopathologrcal find-
ings, centrilobular degeneratron of hepatocytes in both
sexes and Glisson’s sheath cell infiltration in females
were observed only at the end of the recovery period,
and in females, centrilobular hypertrophy of hepatocytes
was more serious at the end of the recovery period. These
results suggest that the whole body elimination of PFUA
in rats, as well as other PFCAs, is slow. There are some
reports 1nd1cat1ng that PFCAs are secreted in bile and
undergo extensive reabsorptron from the gastrointesti-
nal tract (Kudo ez al., 2001; Vanden Heuvel et al., 1991a,
1991b; reviewed in ATSDR, 2009). In general PECAs
with longer carbon chains (C4-C10) have a longer half-
life (Hirata-Koizumi et al. , 2012). Although the elimina-
tion half-life of PFUA s unknown the half-life after intra-
venous injection of perﬂuorodeeanow acid (PFDeA C10)
in rats was about 40 to 60 days (Ohmori ef al., 2003), It
is estimated that the half-life of PFUA is longer than the
recovery period, 14 days, and it is reasonable that some
effects of PFUA appear after the recovery period. The
above findings may be effects of PFUA caused by enter-

ohepatic recirculation, which lasted through the do 'ng

and recovery periods. The decrease in grip strength
forefoot observed in males and females at 1.0 mg/kg/day
in the satellite group was considered a secondary effect
related to suppression of body weight gain.

In conclusion, the NOAEL for repeated dose toxicity
is considered to be 0.1 mg/kg/day based on the observed
centrilobular hypertrophy of hepatocytes in both sexes at

0.3 mg/kg/day, and the NOAEL for reproductive/develop-
mental toxicity is considered to be 0.3 mg/kg/day based on
the lowered body weight of pups at birth and body weight
gain at 4 days after birth inhibited at 1.0 mg/kg/day.
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