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TABLE IV. Organ weights of male and female rats administered PFDoA

Main Group Recovery Group
Dose (mg/kg/day) 0 (control) 0.1 0.5 2.5 0 (control) 2.5
MALES
Number of animals examined 5 5 5 5 5 5
Liver (g) 120+ 1.3 13.5 =2.1 147 26 13.6 3.1 13.1+12 152 2.8
(%)? 251 £0.14  2.67 £0.21 3.00 + 030  4.30 +0.277 256 £0.18  3.94 +0.61"
Kidney® @ 3012027 3.28+022 326043 239045 3.15+0.14 276 021"
(%) 0.628 £0.032  0.656 +0.052 0.670 =0.058 0.760 = 0.060"" 0.614 £0.029 0.718 + 0.050"
Spleen () 0.784 +0.102 0.802 £0.091 0.724 +0.123  0.488 =0.155™ 0.862 £0.074 0.650 + 0.025""
(%)° 0.166 0.015 0.158 =0.015 0.148 £ 0.013 0.152 =0.029  0.170 +0.019 0.170 £0.010
Heart 63) 1.480 £0.180 1520 £0.150 1390 + 0.160  0.864 =0.180"  1.480 +0.094 1.110 £0.110™
(%) 0312 =0.041 0.300 =0.016 0.288 = 0.029 0274 +0.013  0.292 =0.023 0.286 +0.011
Brain () 221 %013 214 %0.10  2.16 * 0.03 2.10 +0.12 221 £0.01  2.15%0.08
(%) 0460 =0.020 0428 +0.033 0446 + 0034  0.688 +0.160" 0430 =0.032 0.562 *0.049™"
Pituitary gland (mg) 12.3 0.8 12.3 0.6 13.0 +2.1 75+ 16" 122 +2.2 94+ 1.5
(107%%)* 257 £0.05 246 £027  2.68 +0.51 2.37 +0.30 240 £043 244 £033
Thymus (mg) 325 +97 442 +75 328 * 86 133 =79™ 382 + 114 239 +62"
(107%%)*  67.6 199 87.8+127 67.0%153 39.1 = 18.9" 753 242 62.5% 19.0
Thyroid (mg) 23.3 +3.7 237+ 1.5 223 %43 144 +4.1™ 22.4 +3.7 162 +3.8"
(1073%) 487 +0.81  473*030  4.61 = 1.00 453 +£0.77 438 =0.61  4.22+096
Adrenal gland (mg) 65.0 8.5 68.4 +9.8 63.4 = 17.0 38.4 £59™ 62.4 +8.6 40.4 62"
(1073%)* 135+ 13 13.6+ 19 13.2 #3.9 125 +2.9 123+ 1.9 105+ 15
Testis™< () 336 +0.37 334023  3.39 +0.30 2.81 +0.65 3.43 2028  3.39£042
(%) 0.671 £0.054 0.647 £0.049 0.677 = 0.080 0.839 =0.160  0.672 =0.077 0.882 +0.110""
Epididymis™® (g 1.33 £0.17 1.35 £0.12 132 0.10 0.90 +0.31™" 1.43 £0.090  1.23 *0.13"
(%)* 0.267 £0.033 0.263 =0.024 0.263 = 0.020 0.266 =0.073  0.280 =0.025 0.316 +0.017"
FEMALES
Number of animals examined 5 5 5 1 5 5
Liver 9) 9.9 £0.6 10.8 0.9 109 = 0.9 10.9¢ 7.6 £0.4 87+ 1.8
(%)* 323 +0.19 343 x0.11 370 022" 4.52¢ 245 +0.11  3.60 035"
Kidney® ) 219 +0.17 206 +022  1.97 +0.09 1.86¢ 2.02+0.08 199 +0.29
(%) 0.720 =0.093 0.656 =0.038 0.668 = 0.022  0.780¢ 0.656 £0.022 0.836 *+ 0.063""
Spleen () 0.780 =0.052 0.750 +0.046 0.674 = 0.081"  0.400° 0.560 =0.100 0.522 +0.110
(%)" 0.256 =0.040 0.240 +0.019 0232 +0.023  0.170° 0.182 +0.035 0.218 +0.035
Heart (2 1.040 =0.090 1.080 +0.054 0.928 = 0.048"  0.770" 0.994 £0.036  0.796 +0.160"
(967 0.342 £0.022 0346 +0.018 0316 £0.017  0.320° 0.324 £0.011 0.334 +£0.034
Brain () 202 +0.11  2.00+0.06  2.00 =+ 0.02 2.14¢ 2.10 £0.09  1.99 +0.09
(%) 0.662 +0.057 0.640 =0.041 0.680 = 0.025  0.890¢ 0.682 £0.028 0.852 +0.150"
Pituitary gland (mg) 17.3 £ 1.7 16.0 +2.3 141 19" 12.0¢ 17.7 £2.2 10.4 £4.5"
(1073  5.67 £0.71 5.13 +0.87  4.80 = 0.60 5.00¢ 5752075  427%13
Thymus (mg) 310 %27 297 * 102 264 = 16 66.0¢ 298 =70 241 + 137
(1073%)*  101.0 112 93.7%278 89538 27.5¢ 96.9 £23.9 959 +50.3
Thyroid (mg) 17.8 +4.7 18.8 3.7 18.3 4.2 11.0¢ 155+15 13.1 *5.6
(1073%)* 574+ 110 601 *120 6.21=* 130 4584 502 +047  532%1.70
Adrenal gland (mg) 842+ 130 772%86 794+ 5.0 53.0¢ 70.8 £9.2 474 = 120"
(1073%%)*  27.5+43 247 £33 27.0x15 22.1¢ 23.0 £3.1 19.9 =33
Ovary® (mg) 1154 £ 143 1140 +21.1  109.6 = 10.0 119.0¢ 1004 =174 560 73"
(107%%)  37.6x3.3 362 + 4.7 372 %31 49.64 32.6 6.0 237+3.1"

Values are given as the mean % S.D.
*Significantly different from the control, at p <0.05.

##Sjgnificantly different from the control, at p <0.01.

“Ratio of absolute organ weight to body weight on the necropsy day (relative organ weight).
®Values are represented as the total weights of the organs on both sides.

“Organ weight was measured for all animals (number of examined animals: 7 at O and 2.5 mg/kg/day and 12 at 0.1 and 0.5 mg/kg/day in the main
group, and § at 0 and 2.5 mg/kg/day in the recovery group).
“Data from only one animal. In this group. other females did not deliver pups normally or survive to the end of the study.

Environmental Toxicology DOI 10.1002/tox



12 KATO ETAL.

TABLE V. Histopathological findings in male and female rats administered PFDoA

Main Group Recovery Group
Dose (mg/kg/day) Grade 0 (control) 0.1 0.5 2.5 0 (control) 2.5
MALES
Number of animals examined 7 12 12 7 5 5
Forestomach
Erosion + 0 0 0 1 0 0
Hyperkeratosis + 0 0 0 2 0 0
Hyperplasia in squamous cells + 0 0 0 2 0 0
Infiltration of inflammatory cells in the submucosa + 0 0 0 1 0 0
Fibrosis of the submucosa + 0 0 0 2 0 0
Pancreas
Decrease in zymogen granules + 0 0 0 5} . 0 I
++ 0 0 0 1 0 0
Liver
Deposition of bilirubin + 0 0 0 1 0 2
Peribiliary infiltration of inflammatory cells + 0 0 0 4 0 4"
Single cell necrosis of hepatocytes + 0 0 0 1 0 0
++ 0 0 0 1 0 0
Focal necrosis + 0 0 0 3 0 0
++ 0 0 0 1 20 0
Diffuse hepatocyte hypertrophy + 0 0 0 5 0 3
Centrolobular hepatocyte hypertrophy + 0 0 0 0 0 2
Periportal fatty changes + 0 0 0 1 0 0
Fatty changes in midzonal + 0 0 0 1 0 0
Fatty changes in diffuse + 0 0 0 1 0 0
Testis
Cell debris (Stage VI-VIII) + 0 0 0 1 0 0
Decrease in elongated spermatids (Stage XII-XIV) + 0 0 0 2 0 0
Epididymis
Decrease in spermatozoa + 0 0 0 2 0 1
++ 0 0 0 1 0 0
+ 4+ 0 0 0 1 0 0
Cell debris in the lumen + 0 0 0 2 0 0
++ 0 0 0 1 0 0
Spermatic granuloma + 0 0 0 2 0 0
Prostate
Glandular epithelium atrophy + 0 0 0 3 0 1
Fibrosis in the interstitium + 0 0 0 1 0 0
Seminal vesicles
Glandular epithelium atrophy + 0 0 0 3 0 1
++ 0 0 0 1 0 0
Coagulating gland
Glandular epithelium atrophy + 0 0 0 3 0 1
++ 0 0 0 1 0 0
Spleen
White pulp atrophy + 0 0 0 1 0 0
Red pulp atrophy + 0 0 0 3 0 0
Thymus
Atrophy of the cortex + 0 0 0 0 0 1
++ 0 0 0 1 0 0
+++ 0 0 0 2 0 0
Bone marrow
Decrease in hematopoiesis + 0 0 0 2 0 0
++ 0 0 0 2 0 0

Adrenal glands
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TABLE V. Continued

13

Main Group Recovery Group
Dose (mg/kg/day) Grade 0 (control) 0.1 0.5 2.5 0 (control) 2.5
Atrophy of the cortex + 0 0 0 5" 0 0
Skeletal muscle
Mauscle fiber atrophy + - - - 2(3) - -
++ - - - 1(3) - -
FEMALES
Number of animals examined 12 12 12 12* 5 5
Forestomach
Edema of the submucosa + 0 0 0 1 0 0
Glandular stomach
Ulcer + 0 0 0 4 0 0
Pancreas
Edemna of the interstitium + 0 0 0 5" 0 0
++ 0 0 0 1 0 0
Decrease in zymogen granuled + 0 0 0 2 0 2
++ 0 1 0 1 0 0
Liver
Deposition of bilirubin + 0 0 0 1 0 5"
Single cell necrosis of hepatocytes + 0 0 0 2] * 0 3
++ 0 0 0 5 0 0
Focal necrosis + 0 0 2 4 0 0
Centrilobular hepatocyte necrosis ++ 0 0 0 1 0 0
Bile duct proliferation + 0 0 0 1 0 2.,
++ 0 0 0 1 0 2}
Diffuse hepatocyte hypertrophy + 0 0 0 6} = 0 2
++ 0 0 0 6 0 3
Inflarmmatory cell infiltration in peribiliary + 0 0 0 0 0 3
Increase in mitosis in hepatocytes + 0 0 0 1 0 0
Fatty changes in periportal + 1 0 0 0 0 0
Fatty changes in diffuse ++ 0 0 0 0 0 [
Uterus
Hemorrhage at the implantation site ' + 0 0 0 7] ** 0 0
++ 0 0 0 1 0 0
Congestion of the endometrium + 0 0 0 4 0 0
++ 0 0 0 1 0 0
Atrophy of endometrium and myometrium + 0 0 0 0 0 2
Spleen
White pulp atrophy + 0 0 0 19 0 1
++ 0 0 0 2(9) 0 0
Red pulp atrophy + 0 0 0 2(9) 0 0
++ 0 0 0 1(9) 0 0
Thymus "
Atrophy of the cortex + 0 0 0 31007 0 1
++ 0 0 0 4(10) 0 0
+++ 0 0 0 2 (10) 0 0
Bone marrow
Decrease in hematopoiesis + 0 0 0 2 (10) 0 1
Adrenal glands
Atrophy of thé cortex + 0 0 0 0 0 5™
Skeletal muscle
Muscle fiber atrophy + - - - - - n

Values are the number of animals with findings.
Values in parentheses are the number of animals examined.

-, Not examined; Grade +. slight change; ++. moderate change: + ++. severe change.

“Including animals euthanized and found dead.
*Significantly different from the control, at p <0.05.
##Sjgnificantly different from the control, at p <0.01.
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TABLE VI. Reproductive performance and developmental findings in rats administered PFDoA

Dose (mg/kg/day) 0 (control) 0.1 0.5 2.5
MAIN GROUP
Premating period
Estrous cycle normality 12/12 12/12 11/12 12/12
Length (days)® 4.13 +0.30 4.29 +0.54 4.18 £0.43 423 £041
Number of pairs 12 12 12 12
Copulation index (%) Male 100 100 100 100
Female 100 100 100 100
Fertility index (%) 100 91.7 100 100
Gestation index (%) 100 100 100 8.33 4%
Gestation length (days)* 22.1 03 22.2 04 22,1 +0.3 23.0°
Number of pregnant animals 12 11 12 12
Number of corpora lutea® 17.1 £ 1.6 169 x 1.3 158+ 1.5 154 £2.2
Number of implantation sites® 160+ 1.3 16.6 + 1.3 155+ 14 14.5 £2.1
Implantation index (%)* 93.9 +4.8 98.4 +2,7¢ 98.5 =3.7¢ 944 +89
Delivery index (%)" 94.3 +6.3 91.7 £6.5 89.7 £9.7 314 £54.0°
Number of litters 12 11 12 1
Number of pups delivered® Total 151 £1.5 153+ 1.7 13.9 2.0 16.0°
Alive 151 %15 149+ 1.8 13.8 =2.1 14.0°
Dead 0.0 £0.0 0.4 +0.7 0.1 %03 2.0
Sex ratio of live pups® 0.55 +=0.10 0.61 =0.10 0.57 =0.13 0.43"
Live birth index (%)* 100.0 0.0 97.6 £4.6 99.3 x2.4 87.5°
Number of live pups® on nursing day 4 148+ 1.3 14.6 + 1.7 13.6 £2.0 14.0°
Viability index (%)* 98.5 £2.8 98.3 3.0 98.3 £3.0 100°
Male pups
Body weight ()" PND 0 6.48 =0.30 6.52 +0.64 6.70 =0.52 4.70°
PND 1 7.08 +0.33 7.12 £0.79 7.33 £0.71 4.90°
PND 4 10.50 =0.63 10.70 £ 1.20 10.70 = 1.40 6.20°
Female pups
Body weight (g)* PND 0 6.19 =0.28 6.17 =0.51 6.26 +0.65 4.70°
PND 1 6.81 =0.32 6.75 =0.62 7.01 =0.68 5.00°
PND 4 10.10 +0.50 10.00 = 1.10 10.20 = 1.40 6.50°
RECOVERY GROUP
Administration period
Estrous cycle normality 5/5 0/5°
Length (days)® 424 +0.43 d
Recovery period
Estrous cycle normality 5/5 1/5"
Length (days)* 4.10 =0.22 4.00°

Estrous cycle normality, number of females with a normal estrous cycle / number of females examined; Copulation index, (number of animals with suc-
cessful copulation / number of animals mated) X 100; Fertility index, (number of pregnant females/number of pairs with successful copulation) X 100;
Gestation index, (number of females with live pups/number of pregnant females) X 100; Implantation index, (number of implantation sites/number of cor-
pora lutea) X 100; Delivery index, (number of pups born/number of implantation sites) X 100; Sex ratio, (number of live male pups/number of live pups);
Live birth index, (number of live pups on nursing day O/number of pups born) X 100; Viability index, (number of live pups on nursing day 4/number of
live pups on nursing day 0) X 100.

*Values are means and S.D.

"The number of dams or litters examined was one because only one dam normally delivered pups. The data were excluded from statistical evaluation.

“The number of litters examined was three because seven animals were found dead or moribund at the end of pregnancy and two females did not deliver
pups normally. The data were excluded from statistical evaluation.

9Since continuous diestrous was observed in all five females, the length of the estrous cycle could not be calculated.

“The length of the estrous cycle was only calculated for one female because continuous diestrous was observed in the four other females. The data were
excluded from statistical evaluation.

“Signiﬁczmtly different from the control, at p < 0.05.

““Significantly different from the control, at p < 0.01.
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stages VII-VIHI and a decrease in the number of elongate
spermatids at stages XII-XIV in the testis, decrease in sper-
matozea, cell debris in the lumen and spermatic granuloma
in the epididymis, and fibrosis of the interstitium in the pros-
tate were found. In female reproductive organs, hemorrhage
on the implantation site and/or congestion on the endome-
trium were detected in the uterus of all 7 females found dead
or moribund at the end of the gestation period. Hemorrhage
at the implantation site was also found in one female that did
not deliver live pups (all pups were stillborn).

Most hepatic changes remained after the 14-day recovery
period (Table V). The incidences of peribiliary inflammatory
cellular infiltration in males and bilirubin deposition and dif-
fuse hepatocyte hypertrophy in females were significantly
higher in the 2.5 mg/kg/day recovery group. Atrophy of the
adrenal cortex was observed in all females in the 2.5 mg/kg/
day recovery group with a significantly higher incidence.
Endometrium and myometrium atrophy was noted in the
uterus in 2 of 5 females given 2.5 mg PFDoA/kg/day after
the 14-day recovery period. Although histopathological
changes were also observed in the pancreas, thymus, spleen,
bone marrow, skeletal fibers, and male reproductive organs
after the |4-day recovery period, their incidences or degree
was generally lower than those at the end of the administra-
tion period.

Reproductive and Developmental Findings

All females in the main group exhibited a normal estrous
cycles during the premating period, except for one female in
the 0.5 mg/kg/day group in which persistent diestrous was
noted (Table VI). No significant deviations were observed in
the incidence of a normal estrous cycle and length of the
estrous cycle during the premating period. On the other
hand, continuous diestrous was observed in the recovery
group from day 27 of the administration period in all females
given 2.5 mg/kg/day. A normal estrous cycle could not be
recovered in four of the five females, even after termination
of the administration period.

All males and females in the main groups were success-
fully copulated (Table VI). Although one female was not
impregnated in the 0.1 mg/kg/day group, all other females
became pregnant. No significant changes were found in the
fertility index, the number of corpora lutea, or the number of
implantation sites between the control and PFDoA-treated
groups. In the 2.5 mg/kg/day group, 7 of 12 females given
2.5 mg PFDoA/kg/day were found dead or fell into a mori-
bund state at the end of pregnancy, as mentioned above.
Two of five surviving pregnant females did not deliver any
pups, and 2 other females did not deliver live pups (all pups
were stillborn). Consequently, only one female delivered
live pups in the 2.5 mg/kg/day group; therefore, the gestation
and delivery indices in this group were markedly lower than
those of the control group. The gestation length of this one

female in the 2.5 mg/kg/day group did not differ from that in
the other groups.

The number of normally delivered pups in the 2.5 mg/kg/
day group was 16 in one litter; however, two of them were
found dead on nursing day O (Table VI). Although the other
14 pups survived to the end of the study, their body weights
on PNDs 0, 1, and 4 were markedly lower than those of the
control group. Necropsy of dead pups revealed renal pelvis
dilatation and ascites in one pup in the 0.5 mg/kg/day group,
while no other gross external or internal alterations were
found in pups that survived until PND 4 or pups found dead
during the postnatal period. No significant changes were
observed in any reproductive/developmental parameters in
the 0.1 and 0.5 mg/kg/day groups.

DISCUSSION

In this study, 7/12 females receiving 2.5 mg PFDoA/kg/day
were found dead or moribund at the end of pregnancy. In
contrast, no clear dose-related clinical signs of toxicity were
observed in females of the recovery group or in males,
which suggested that the cause of death involved factors that
associated with pregnancy or delivery. Vaginal hemorrhage
and/or blood retention in the uterus were observed in the.
dead and moribund females. Histopathological examinations
of the uterus revealed hemorrhage in the implantation sites
and congestion of the endometrium. These findings demon-
strated that these females could not maintain a pregnancy,
and excessive bleeding after placental separation may wor-
sen their general condition.

Food consumption and body weight gain were markedly
decreased in both sexes in the 2.5 mg/kg/day group. The
effects on body weight are typically observed in rodents
given PFCAs at relatively high doses, but they were not
accompanied with reduced food intake necessarily (ATSDR,
2009; Hirata-Koizumi et al., 2012). Interestingly, Yang et al.
(2002) reported that a 7-day dietary treatment with PFOA
lowered the body weight of mice and this effect disappeared
when peroxisome proliferator activated receptor (PPAR) «,
a nuclear receptor important in regulating fatty acid metabo-
lism in tissues such as liver, kidney, heart, and intestinal
mucosa (Corton et al., 2000), was knocked out. PFDoA was
recently shown to activate mouse PPARa in transiently
transfected COS-1 cells (Wolf et al., 2012). Although no
data are currently available on the interaction between
PFDoA and rat PPARc, the significant induction of the
mRNA levels of important PPAR« target genes, acyl CoA
oxidase and CYP4A1, was demonstrated in male rats orally
dosed with PFDoA at 1 mg/kg and higher for 14 days
(Zhang et al., 2008) and at 0.2 mg/kg/day and higher for 110
days (Ding et al., 2009). Taken together, these findings sug-
gest that PFDoA may inhibit body weight gain via the acti-
vation of PPARw. In our studies for PFDoA and PFOdA,
hepatic necrosis was observed at a dose affecting the body

Environmental Toxicology DOI 10.1002/tox
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weight (Hirata-Koizumi et al., 2012); therefore, there is also
the possibility that hepatic necrosis is one factor for inhibi-
tion of body weight gain.

As with PFOA and the other PFCAs, the primary target
of PFDoA was the liver. Relative liver weights increased in
both sexes in the 0.5 and 2.5 mg/kg/day groups. Various his-
topathological changes, including hepatocyte hypertrophy
and necrosis, were observed in the liver in both sexes given
2.5 mg PFDoA/kg/day, and focal necrosis was also found in
the liver of 2/12 females receiving 0.5 mg PFDoA/kg/day.
These changes have been attributed, at least in part, to
PPARa activation by PFDoA because PPAR« is considered
to mediate the biological effects of peroxisome proliferators,
such as increases in liver weight due to hepatocyte hypertro-
phy and hyperplasia, transcriptional increases in enzymes
involved in the metabolism of fatty acids, and hepatocarci-
nogenesis (Green, 1995; Holden et al., 1999; Corton et al.,
2000). On the other hand, the following findings suggest that
a different mechanism from PPARa activation is involved
in the hepatotoxicity of PFDoA. The peribiliary infiltration
of inflammatory cells, bilirubin deposition, and proliferation
of the bile duct were observed in the 2.5 mg/kg/day group,
and blood biochemical examinations revealed an increased
level of T-Bil and y-GTP activity at 2.5 mg/kg/day and
increased ALP activity at 0.5 and 2.5 mg/kg/day. These
changes indicate inflammatory cholestasis. Yellow brown
discoloration of the liver and subcutis, and yellow mass and
patch on the epididymis observed in some animals given 2.5
mg PFDoA /kg/day may have resulted from the accumulation
of yellow bilirubin pigment. The dose-independent changes
in serum T-Cho observed in males suggest that the hypocho-
lesterolemic action of PFDoA via PPAR« activation may
have been countervailed by impaired cholesterol excretion
associated with cholestasis in the high dose group.

Most of the other changes observed in the 2.5 mg/kg/day
group may be secondary effects that occur with the pro-
nounced reduction in body weight gain and food consumption.
A reduction in motor activity and grip strength may reflect
muscle weakness accompanying decreases in body weight
rather than neurotoxicity. Atrophy of the lateral great muscle
in the 2.5 mg/kg/day group supports this hypothesis. Histo-
pathological changes observed in the stomach, thymus, pan-
creas, and bone marrow .are known to be associated with
nutrient deficiencies and/or stress. The prolonged administra-
tion of PFDoA, which had a marked influence on food con-
sumption and body weight, must have been stressful for
animals. On the other hand, atrophy of the adrenal gland can-
not only be explained by changes in body weight and food
consumption because previous food restriction studies demon-
strated that the adrenal gland was hypertrophied (Moriyama
et al., 2008; Shallie et al., 2012). Such atrophic changes in the
adrenal gland were shown to be induced by adrenal steroido-
genesis  inhibitors such as  1-(o-chlorophenyl)—1-(p-
chlorophenyl)—2,2-dichloroethane (o,p’-DDD), and «-[1,4-
dioxido-3-methylquinoxalin-2-yl]-N-methylnitrone (DMNM)

Environmental Toxicology DOI 10.1002/tox

(Hamid et al., 1974; Rosol et al., 2001). Because PFDoA was
demonstrated to inhibit steroidogenesis in the testis and ovary
(Shi et al., 2007; Shi et al., 2009a,b; 2010a,b), it may also alter
adrenal steroidogenesis to cause atrophy of the adrenal cortex.
PFDoA affected the male and female reproductive sys-
tems. In males, cell debris and a reduction in the number of
spermatid or spermatozoa were observed in the testis and
epididymis, and atrophic changes were identified in the pros-
tate, seminal vesicle, and coagulating gland in the 2.5 mg/
kg/day group. Although these changes may have been due to
the inhibition of body weight gain, a previous study demon-
strated that the oral administration of PFDoA to rats for 110
days at a dose as low as 0.2 mg/kg/day decreased serum tes-

- tosterone levels without affecting body weight (Shi et al.,

2009a). An in vitro study reported the dose-dependent inhi-
bition of steroidogenesis in mouse Leydig tumor cells and
primary rat Leydig cells (Shi et al., 2010a), which indicated
that PFDoA directly affected testicular testosterone synthe-
sis, and not via the hypothalamic-pituitary-testicular axis,
Since decreased testosterone biosynthesis is known to result
in the degeneration and reduction in the number of germ
cells as well as decreased size of accessory sex glands
(O’Connor et al., 2002; OECD, 2009), the histopathological
changes observed in the male reproductive organs in this
study were attributed, at least in part, to the disruption of
steroidogenesis. Shi et al. (2007, 2009a) reported that levels
of the steroidogenic acute regulatory protein (StAR), which
is responsible for cholesterol transport to the inner mitochon-
drial membrane, and StAR mRNA were markedly decreased
in the testes of rats exposed to PFDoA, and treatment with
the hydrosoluble form of cholesterol, which readily enters
the inner mitochondrial membrane without the help of
StAR, to mouse Leydig tumor cells prevented the inhibitory
effect of PFDoA on steroidogenesis (Shi et al., 2010a).
These results suggest that StAR is one of the target proteins
for PFDoA activity in Leydig cells. A recently conducted

- proteomic analysis on the testis of rats exposed to PFDoA

indicated that alterations in multiple pathways, including
mitochondrial disruption and oxidative stress, may be associ-
ated with the testicular toxicity of PFDoA in rats (Shi et al.,
2010b). Decreased testosterone levels in the testes and/or
blood was also caused by PFOA, perfluorononanonic acid
(PENA, C9) and perfluorodecanoic acid (PFDeA, C10)
(Bookstaff et al., 1990; Biegel et al., 1995; Jensen et al.,
2008; Feng et al., 2009; Feng et al.,, 2010), which may
involve the same mechanism as PFDoA. Recent study on
PFOA-induced disruption of testosterone biosynthesis sug-
gests the involvement of PPARw (Li et al., 2011).

A previous study demonstrated that PFDoA decreased
serum estradiol levels in female rats following a 28-day oral
administration period at a dose that affected body weight
(Shi et al., 2009b). Alterations in the ovarian expression of
genes responsible for cholesterol transport and steroidogene-
sis (StAR protein, cholesterol side-chain cleavage enzyme,
and 17-beta-hydroxysteroid dehydrogenase) were also found
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in this previous study. Such effects on the ovarian steroido-
genesis may explain why continuous diestrous was observed
in the recovery group in this study because estrogen and pro-
gesterone, which are steroid hormones synthesized from
cholesterol in the ovary, play an important role in controlling
the estrous cycle (OECD, 2009). Continuous diestrous indi-
cates at least the temporary and possibly permanent cessa-
tion of follicular development and ovulation, and thus
temporary infertility (Parker, 2006). In this study, the lack of
an effect on the copulation and fertility indices was consist-
ent with the findings that the abnormal estrous cycle was
observed after the 27th day of the administration period in
the recovery group and not found during the 14-day premat-
ing period in the main group. Considering that continuous
diestrous was induced around the same time as changes in
body weight and food consumption became apparent, the
disruption of energy homeostasis could be a factor in the
abnormal estrous cycles observed in this study. Food restric-
tion in rats has been shown to result in weight loss and con-
stant diestrous (Kotsuji et al., 1986; Narita et al., 2011).
Recent evidence has suggested that many of the central and
peripheral endocrine signals that govern energy homeostasis
are involved in the control of reproductive function by acting
at different levels of the hypothalamic-pituitary-gonadal axis
(Narita et al., 2011). Effects on estrous cyclicity have not
been reported for the other PFCAs, which may be because
the reproductive toxicity of the other PFCAs were not exam-
ined at doses causing severe inhibition of body weight gain
as observed in the 2.5 mg/kg/day PFDoA group.

PFDoA exerted no effects on the copulation and fertility
indices or on the number of corpora lutea and implantation;
however, only one of twelve pregnant females delivered live
pups in the 2.5 mg/kg/day group. As mentioned above,
PFDoA has been reported to disrupt ovarian steroidogenesis
(Shi et al., 2009b). Since pregnancy is maintained under the
control of estradiol and progesterone (Ogle et al., 1990; Bar-
tholomeusz et al., 1999), PFDoA may affect pregnancy by
disrupting steroidogenesis. Another possible factor is
impaired fetal development, which could affect the mainte-
nance of pregnancy and normal delivery. Live pups deliv-
ered from one pregnant female in the 2.5 mg/kg/day group
had markedly lower body weights than those of the controls.
The effects of PFDoA on fetal development could be attrib-
uted to secondary effects due to maternal toxicity; however,
the lipophilic properties of PFDoA (Inoue et al., 2012) also
indicate the possibility that it was transferred via the placenta
and directly affected the fetuses.

In this study, some of the changes observed during and at
the end of the administration period were detected even after
the 14-day recovery period, including reductions in body
weight, hypertrophy of hepatocytes, bilirubin disposition,
peribiliary infiltration of inflammatory cells and bile duct pro-
liferation in the liver, and atrophy of the adrenal cortex.
Although no data are currently available on the toxicokinetics
of PFDoA, previous studies demonstrated that PFCAs with a

longer carbon chain were eliminated more slowly from the
body; the elimination half-life was shown to be 6.38 h for
perfluorobutanoic acid (C4), 2.4 h for perfluoroheptanoic
acid (C7), 135-185 h for PFOA (C8), 710 hours for PFNA
(C9), and 958 h for PFDeA (C10) in male rats intravenously
administered PFCAs (Kudo et al., 2002; Kemper, 2003;
Ohmori et al., 2003; Chang et al., 2008). Therefore, incom-
plete recovery of the toxic effects caused by PFDoA may be
attributed to its slow elimination from the body.

In summary, 42- to 47-day oral gavage administration of
PFDoA mainly affected the liver, causing hypertrophy,
necrosis, and inflammatory cholestasis, at 0.5 and 2.5 mg/
kg/day. In the 2.5 mg/kg/day group, body weight gain was
markedly inhibited, and various changes, mostly viewed as
secondary effects, were observed in the bone marrow,
spleen, thymus, and adrenal gland. These toxic effects did
not recover completely during the 14-day recovery period.
Regarding reproductive/developmental toxicity, various his-
topathological changes, including decreased spermatid and
spermatozoa counts, were observed in the male reproductive
organs, and continuous diestrous was found in females in the
2.5 mg/kg/day group. Seven of twelve females receiving 2.5
mg/kg/day died during late pregnancy while four other
females in this group did not deliver live pups. Based on
these findings, the NOAELs of PFDoA were concluded to
be 0.1 mg/kg/day for repeated dose toxicity and 0.5 mg/kg/
day for the reproductive/developmental toxicity.
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ABSTRACT: Decreasing the particle size of powdered activated
carbon may enhance its equilibrium adsorption capacity for small
molecules and micropollutants, such as 2-methylisoborneol (MIB)
and geosmin, as well as for macromolecules and natural organic
matter. Shell adsorption, in which adsorbates do not completely
penetrate the adsorbent but instead preferentially adsorb near the
outer surface of the adsorbent, may explain this enhancement in

10 pm

equilibrium adsorption capacity. Here, we used isotope microscopy and deuterium-doped MIB and geosmin to directly visualize
the solid-phase adsorbate concentration profiles of MIB and geosmin in carbon particles. The deuterium/hydrogen ratio, which
we used as an index of the solid-phase concentration of MIB and geosmin, was higher in the shell region than in the inner region
of carbon particles. Solid-phase concentrations of MIB and geosmin obtained from the deuterium/hydrogen ratio roughly agreed
with those predicted by shell adsorption model analyses of isotherm data. The direct visualization of the localization of
micropollutant adsorbates in activated carbon particles provided direct evidence of shell adsorption.

1. INTRODUCTION

Adsorption by powdered activated carbon (PAC) is a widely
used method for removing micropollutants, in particular
hydrophobic compounds, such as 2-methylisoborneol (MIB)
and geosmin, earthly musty-smelling substances, in water
treatment plants."* Although the MIB and geosmin adsorption
capacities on PAC are high, the capacities are not fully utilized if
the PAC-water contact times are insufficient, because
adsorption kinetics are slow. To overcome the slow adsorption
kinetics, superfine powdered activated carbon (SPAC) of
particle diameter <1 pm is produced by microgrinding?
SPAC has also attracted attention, in particular for its potential
use in combination with membrane microfiltration techni-
ques.*”7 In addition to SPAC having much faster adsorption
kinetics than conventionally sized PAC, recent research has
shown that SPAC has a greater equilibrium capacity to adsorb
certain compounds such as large, chromophoric constituents of
organic matter.>® This increase in equilibrium adsorption
capacity was not predicted because PAC and SPAC that was
produced by microgrinding the PAC had a similar internal pore
volume and a similar internal surface area. It has been
traditionally thought that changing the particle size will not
change its equilibrium- adsorption capacity and the adsorption
capacity of activated carbon does not depend on particle size
because adsorption occurs in internal pores of activated carbon
particles.’

W ACS Publications  © 2014 American Chemical Society

In porous adsorbents, the increase in equilibrium adsorption
capacity with decreasing particle size can be explained by shell
adsorption, where adsorbates do not completely penetrate the
adsorbent particle but instead preferentially adsorb near the

" outer surface of the particle (Supporting Information (SI)

Figure $1).”° Ando et al.'! confirm the occurrence of shell
adsorption for the adsorption of polystyrenesulfonate (molec-
ular weight, 6000 Da) on carbon particles by directly observing
intraparticle solid-phase concentration profiles of polystyrene-
sulfonate. As an index of polystyrenesulfonate concentration,
they measured the emission of X-rays from sulfur atoms present
in the polystyrenesulfonate by means of field emission—
scanning electron microscopy/energy-dispersive X-ray spec-
trometry (FE-SEM/EDXS).

Our research group recently determined that the single-
solute equilibrium capacity of activated carbon to adsorb MIB
and geosmin, which are both small, nonchromophoric
molecules, may be particle size—dependent. The occurrence
of shell adsorption may accurately explain this phenomenon,
but no direct evidence to support this hypothesis exists to date.
Direct evidence is obtainable by observing the intraparticle
concentration profile of MIB and geosmin. However, applicable
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Table 1. Characteristics of the Activated Carbons Examined®

median diameter (Dgq, y¢m)

superfine PAC

conventionally sized PAC raw material

carbon-A 31 2.6, 0.72, 0.50 coconut shell
carbon-B 25 3.1, 0.85, 0.52 wood
carbon-C 19 4.9, 0.62 wood

origin of conventionally sized PAC isotherm o (SAM parameter) !
SP23, Pica MIB 0.24
Geosmin 0.32
MP23, Pica MIB 0.03
Geosmin 0.20
Taiko W, Futamura Chemical Co., Ltd. MIB 0.09

“MIB, 2-methylisoborneol; PAC, powdered activated carbon; SAM, shell adsorption model.

methods have been limited. Very sophisticated methods such as
measurements by means of atomic force microscopy can be
applicable for the observation and determination of adsorption
on flat model surfaces, but not for so well-defined and
complicated surfaces such as activated carbon and cotton
surfaces because of their shape, porous structure, and structural
heterogeneity.">™'* Fluorescence spectroscopy of the cotton
surface that adsorbed fluorescently labeled polymer could
determine the extent of adsorption,">*® but the method is not
applicable for observing intraparticle concentration profile.
Microprobe laser-desorption laser-ionization mass spectroscopy
is used to spatially resolve intraparticle concentration profiles
within several granular adsorbents,’” but it is not be applicable
to resolve profiles within adsorbents of particle diameter <30
pum. Direct observation with FE-SEM/EDXS has higher
resolution but is not applicable for examining the adsorption
of MIB and geosmin because these molecules do not contain a
suitable marker atom since their constituent atoms are the same
as those of activated carbon. These two methods give one-
dimensional intraparticle concentration profile, but they cannot
visualize concentration profile as a two-dimensional map.

Secondary ion mass spectrometry has been used to identify
microscale isotope ratios in cosmic particles.18 Isotope
microscope systems, which are secondary ion mass spectrom-
eters coupled with solid-state imaging detectors, enable
microimaging of two-dimensional isotope ratios (e.g, deute-
rium/hydrogen ratio, D/ 1H) with permil-level precision and
high mass resolution.'® ™' Recently, isotope microscope
systems have been used to analyze living matter and
semiconductor specimens, in particular, isotope-doped sam-
ples.? k

The objective of the present study was to visualize, for the
first time, the intraparticle adsorption profile of trace organic
compounds in PAC particles. The two taste and odor
compounds, MIB and geosmin, were used as probe compounds
in deuterium-labeled form. MIB and geosmin concentration
profiles were visualized by using isotope microscopy to
determine whether the phenomenon of the shell adsorption
can explain the particle-size dependence of the equilibrium
adsorption capacity of small, nonchromophoric adsorbates.

2. MATERIALS AND METHODS

2.1. Activated Carbons. Commercially available PACs of
conventional particle size (median diameter >10 gm, Table 1)
were obtained and prepared as slurries in ultrapure water (5%
by weight). The PACs were pulverized into SPAC by wet
grinding with a bead mill (Metawater Co. Tokyo, Japan).
Median diameter SPAC particles ranged from 0.5 to 4.9 um
(Table 1, SI Figure S2). In the text, we refer to these activated
carbons by using parenthetic numbers to indicate the particle
median diameter in micrometers, for example, Carbon-A (31)
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represents the as-received form of Carbon-A. The activated
carbons were stored as slurries in ultrapure water (Milli-Q
Advantage, Millipore Co.) at 4 °C. Prior to use in experiments,
slurries were diluted and placed under a vacuum prior to use.

Particle size distributions of the activated carbons were
determined with a laser-light scattering particle size analyzer
(Microtrac MT3300EX1]; Nikkiso Co. Ltd, Tokyo, Japan)
following the addition of a dispersant (Triton X-100; Kanto
Chemical Co., Inc., Tokyo, Japan; final concentration after
addition, 0.08%) and ultrasonic dispersion. Hydrogen contents
in ~30-mg samples of each carbon were determined with an
elemental analyzer (CHNS mode, 1150 °C in combustion
tubes, 850 °C in reduction tube, vario EL cube, Elementar
Analysensysteme GmbH, Germany). Prior to H analysis,
carbons were dried for 12 house at a temperature of 105 °C
and cooled in a desiccator.

2.2. Adsorbates and Water Samples. Stock solutions of
MIB and geosmin were prepared by dissolving pure MIB or

- geosmin (Wako Pure Chemical Industries, Ltd., Osaka, Japan)
in ultrapure water and then filtering the water through a 0.2 ym
pore size membrane filter (DISMIC-25HP; Toyo Roshi Kaisha,
Ltd,, Tokyo). Organic-free water was prepared by amending
ultrapure water with inorganic ions such that conductivity was
77-89 pS/cm and the jonic composition was similar to that
used in a previous study.*** However, natural organic matter,
which largely affects the adsorption of MIB and geosmin on
activated carbon, was not added. The organic-free water was
spiked with the MIB or geosmin stock solutions to prepare
samples with an initial MIB or geosmin concentration of ~1
ug/L, since MIB and geosmin occur naturally at concentrations
usually lower than 1 pg/L. The water samples were adjusted to
pH 7.0 = 0.1 with HCl or NaOH as required. The
concentrations of MIB and geosmin were confirmed by using
a purge and trap concentrator (Aqua PT 5000 J; GL Sciences,
Inc, Tokyo, Japan) coupled to a gas chromatograph—mass
spectrometer (GCMS-QP2010 Plus; Shimadzu Corp., Kyoto,
Japan).

2.3. Batch Adsorption Equilibrium Tests. Aliquots (150
mL) of the water samples containing MIB or geosmin (C, ~1
ug/L) were transferred to 160 mL vials. Specified amounts of
SPAC or PAC were immediately added (0.05—~1.0 mg/L) and
the vials manually shaken and then agitated on a mechanical
shaker for 1 week at a constant temperature of 20 °C.
Preliminary experiments confirmed that the adsorption
equilibrium for both MIB and geosmin was reached after 1
week of contact. Control tests were also conducted by using
vials that did not contain carbon to confirm that changes in
MIB and geosmin concentration during long-term mixing were
negligible. After filtering the water samples through a 0.2 um
pore size membrane filter, MIB and geosmin concentrations in
the aqueous phase were measured. Solid-phase concentrations

dx.doi.org/10.1021/es5024515 | Environ, Sci. Technol. 2014, 48, 10897-10903



Environmental Science & Technology

Article

of MIB and geosmin were then calculated from the mass
balance.

2.4. Isotope Microscopy. To prepare carbon particles
loaded with deuterium-doped MIB or geosmin, we conducted
batch adsorption experiments in S L bottles. Sample solutions
containing approximately 1 pg/L deuterium-doped MIB or
geosmin (Figure 1) were shaken after the addition of a specified

CH; CH; CH,
OH y
p
2p i
. 2 2 2
o CH, D——T—— D
OH D

Figure 1. Chemical structures of deuterium-doped 2-methylisoborneol
(left) and geosmin (right).

amount of carbon. After the bottles were shaken for 1 week, the
carbon particles were recovered. Only the conventionally sized
PACs were used for isotope microscopy because the intra-
particle solid-phase concentration changed on a micrometer
scale; therefore the solid-phase concentration would not
measurably change in a SPAC particle. Another reason is that
the image resolution of the isotope microscopy method is not
sufficient to visualize MIB and geosmin concentration profiles
in SPAC particles.

To prepare samples for imaging, the wet carbon particles
were placed on an indium plate supported by a silicon wafer
and partially embedded into the indium plate manually using
gentle pressure. Purther sample preparation, such as slicing with
a microtome, was not conducted because activated carbon
particles are very fragile and the inside of the particle was
expected to be exposed during the isotope analysis.

Deuterium/hydrogen isotope analysis of the carbon particles
was conducted by using an isotope microscope system
(Hokkaido University, Sapporo, Japan) that consisted of a
stigmatic secondary ion mass spectrometer (Cameca ims-1270)
and a SCAPS (stacked complementary metal-oxide-semi-
conductor active pixel sensor) ion detector.”” A 20 keV Cs*
primary ion beam was homogeneously irradiated over a 250 X
250 pm? sample area to achieve uniform secondary ion-beam
emission from an imaging area of 180 X 180 ym? The primary
current was adjusted to 60 nA. We supposed that, during the
exposure to the irradiation of the primary ion beam, shrinking
of the carbon particles in size occurred, as depicted in Figure 2.
In particular, the upsides of the carbon particles were removed
and the insides of the particles were exposed. The secondary
ions were accelerated to 10 keV and captured as mass-filtered
ion images projected by the stigmatic ion optics of the
secondary ion mass spectrometer. A 150 pm diameter focal
plane aperture was used, The SCAPS ion detector was
positioned on the projection plane of the mass-filtered
secondary ion image. Secondary ion images of ‘H* and *D*
were captured by the SCAPS jon detector with a repeated
sequence of 5-s (‘H) and 250-s (D) detection times. Isotopic
maps were obtained by calculating and plotting the *D/'H
molar ratio for each pixel. Loading of deuterium-doped MIB or
geosmin in the carbon particles was expected to yield the
2D /*H ratio much higher than that of the earth’s natural *D/'H
molar ratio of 0.00015.%*

MIB/geosmin is adsorbed
at the inner region of the
PAC particie {red)

Cross-sectional view

Silicon wafer

Cross-sectional view .

The PAC particle is eroded
by ion-beam sputtering

after sputtering

Cross-
section

Figure 2. Schematic of the change in particle size caused by ion-beam
sputtering in the repeated detection of secondary ions. MIB: 2-
methylisoborneol; PAC, powdered activated carbon.

3. RESULTS AND DISCUSSION

3.1. Effect of Particle Size on MIB and Geosmin
Adsorption Capacity. The adsorption of MIB on Carbon-A
was particle-size dependent (i, the equilibrium adsorption
capacity was greater for the SPACs than for the PAC). To be
precise, the adsorption capacity increased when the particle
diameter was decreased from 31 to 2.6 pm, but it did not
change when the particle diameter was reduced further, to 0.72
or 0.50 ym. On the other hand, results for Carbon-B and
Carbon-C showed only a small particle-size dependency for the
entire particle size range tested (25~0.52 um, Figure 3 and SI
Table S1). The adsorption of geosmin on both tested carbons
tested (Carbon-A and Carbon-B) was also particle-size
dependent, with greater equilibrium adsorption capacity for
SPAC than for PAC.

We previously reported that for NOM adsorption, the
particle-size dependency of the equilibrium adsorption capacity
was not due to the pore size distributions of SPAC and PAC. In
this study, we confirmed that the pore size distributions in both
mesopore and micropore regions did not change substantially
as a result of the pulverization of PAC for the production of
SPAC (SI Table S1 and Figure S3). Similarly, changes in BET
surface area were small. Therefore, the particle-size dependency
of MIB and geosmin adsorption capacities was not related to
the pore sizes of the PACs and the SPACs. The particle size
dependency was greater for Carbon-A than for Carbon-B and
Carbon-C. However, the difference in particle size dependency
was also not related to the pore size distributions of the carbons
(SI Table S1 and Figure S2). Further research is needed to
reach any conclusive remarks regarding the manner in which
these characteristics influence the dependency of adsorption
capacity on particle size.

Overall, the dependency of the adsorption capacity on
particle size was greater for geosmin than for MIB, and geosmin
was adsorbed to a greater extent than MIB in both the SPAC
and PAC. The effect of adsorbate characteristics on the particle
size dependency of the adsorption capacity requires further
study. The dependency decreases with the order geosmin >
MIB > phenol,® where no measurable dependency was
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Figure 3. Adsorption isotherms of 2-methylisoborneol (MIB; panels A~C) and geosmin (panels D—E). Lines represent fits for the shell adsorption

model.

observed for the latter adsorbate® It is possible that the
hydrophobicity of the adsorbate plays a role, whose greater
particle size dependency is associated with increasing adsorbate
hydrophobicity.

3.2. Prediction of the Solid-Phase Concentration
Profiles. For NOM adsorption, Ando et al® report that the
increase in adsorption capacity with decreasing adsorbent
particle size is attributable to molecules adsorbing principally in
the exterior region close to the external particle surface. The
specific external surface area (surface area per unit mass)
available for adsorption is greater for smaller adsorbent
particles, and hence adsorption capacity is larger on SPAC.
The shell adsorption model (SAM) was proposed to describe
quantitatively the increase in NOM adsorption capacity with
decreasing carbon particle size.'” In this study, the SAM was
applied for MIB and geosmin, and solid-phase concentration
profiles in carbon particles were predicted. The SAM utilizes an
expanded expression of the Freundlich equation.

4 = KC;'”" B

where gg is the equilibrium solid-phase concentration of the
adsorbate (mg/g), Cg is the equilibrium aqueous-phase
concentration (ng/L), K is the Freundlich adsorption capacity
parameter (mg/g)/(ng/L)"", and n is the Freundlich exponent.

In the SAM, the adsorption capacity is locally different in a
adsorbent particle, and the local adsorption capacity parameter,
that is, the Freundlich K value, decreases linearly with distance
from the external surface to a certain depth. When assuming a
spherical adsorbent particle:

Ky(r, R) = Ky x max[(r — R) X a + 1, 0] (2)

where Kg(r, R) is the radially changing local Freundlich
adsorption capacity parameter (mg/g)/(ng/L)"", r is the radial
distance from the center of a adsorbent particle (#m), R is the
adsorbent particle radius (um), K is the Freundlich parameter
of adsorption at the external particle surface (ie, at r = R, [mg/
g]/[ng/L]") and « is the reciprocal of penetration depth (or
thickness of the penetration shell) with the unit pm™.

Therefore, the local solid-phase concentration, q(r,R), at
radial distance r in an adsorbent with radius R is given by
substituting eq 2 into Freundlich equation.

q(r, R) = Cz"/"Ky X max[(r = R) X a + 1, 0] (3)

where gq(r,R) is the radially changing local solid-phase
concentration as a function of radial distance r and carbon
particle radius R (mg/g)/(ng/L)"".

‘When the adsorbent particle size is not uniform, the overall
adsorption capacity is given by

00 3f. (R
q, = /0- {‘/OR r’q(r, R)dr} fl}((a )dR @

where fz(R) is the normalized particle size distribution function
of adsorbent (pm™).

After substituting eq 3 into 4, the isotherm equation of the
SAM becomes

q, = K, /-00 {fR r*max[(r — R) X a + 1, 0]dr}
0 0
3 (R)
T ©

To fit eq S to the isotherm data shown in Figure 3, we
searched for sets of isotherm parameter values for Ky, @, and n
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Figure 4. Deuterium/hydrogen ratios against distance from the external surface of a carbon particle predicted by using the shell adsorption model
(left, MIB; right, geosmin). Calculations were made for an equilibrium aqueous-phase concentration of 100 ng/L.

that best fit each MIB and geosmin adsorption isotherm of
Carbon-A, Carbon-B, and Carbon-C. The SAM successfully
described the effect of adsorbent particle size on MIB and
geosmin adsorption capacities. Equation 2 of the SMA implies
(1) when the adsorbent particle is large enough compared to
the penetration depth, the interior region of the adsorbent
particle is not used, and adsorption capacity increases with
decreasing adsorbent particle size and (2) when the adsorbent
particle is small enough compared to the penetration depth, the
entire interior region of the adsorbent particle as well as the
external region can be utilized for adsorption, and the
adsorption capacity is independent of adsorbent particle size.
For the case of the MIB adsorption on Carbon-A, the
penetration depth (1/a) of the SMA was ~4 um (Table 1).
Therefore, the adsorption capacity of increased when the
particle diameter was decreased from 31 to 2.6 um, but it did
not change when the particle size was reduced further, to 0.72
or 0.50 pm (Figure 3). For the case of the MIB adsorption on
Carbon-B, the penetration depth was ~30 ym, which was larger
than the particle diameter of Carbon-B (Table 1). Therefore,
the adsorption capacity did not change in the particle size range
from 25 to 0.52 um. The penetration depth differed markedly
among carbons, which made adsorption capacity dependency/
independency on carbon particle size.

By using eq 3 with the searched parameter values, we next
predicted solid-phase concentration profiles across the radius of
a carbon particle for deuterium-doped MIB and geosmin
adsorbates, in which three hydrogen atoms were replaced with
three deuterium atoms (Figure 1). Using the hydrogen content
of the carbon particles as determined by the elemental analysis
(SI Table S2) and assuming that the earth’s natural deuterium/
hydrogen molar ratio is 0.00015,>* we predicted the solid-phase
concentration profile of the deuterium/hydrogen ratio along
the radius of as-received carbon particles for MIB and geosmin
adsorptions (Figure 4). The deuterium/hydrogen atomic ratios
decreased from the external surface to the inner region, but for
MIB adsorption on Carbon-B and Carbon-C the decrease was
less dramatic than for Carbon-A, for which a penetration
distance of only ~4 pm was predicted. The deuterium/
hydrogen ratio of the outer shell region (to a depth of ~3 um)
of a Carbon-A (31) particle was predicted to be between 0.004
and 0.013 (Figure 4, left), and these values are >30 times those
for the inner region (>4 pm penetration depth). For the
adsorption of geosmin, a higher deuterium/hydrogen ratio was
predicted for the outer surface region than for MIB, and the

10901

penetration distances for geosmin were shorter than for MIB
for both Carbon-A and Carbon-B (Figure 4, right). .

3.3. Direct Observation of the Solid-Phase Concen-
tration Profile by Means of Isotope Microscopy. The
solid-phase concentration profile was directly observed by using
deuterium-doped MIB and Carbon-A (31), which is an
adsorbent in which adsorption capacity is particle size-
dependent. Prior to visualizing the solid-phase concentration
profile, we confirmed that deuterium-doped MIB had the same
adsorbability as the nondoped MIB used in the isotherm
experiments (Figure §).

100 -
O PAC-A (0.7) (non-doped MiB)
cl O PAC-A (0.7) (deuterium-doped MiB)
£ APAC-A (31) (non-doped MIB)
,'cf> 5 PAC-A (31) {deuterium-doped MIB)
® 10
k]
8
i=4
Q
o
a
=
3 5
L
Q.
k<!
B
w
0.1
1 10 100 1000

Liquid-phase MIB concentration (ng/L)

Figure S. Adsorption isotherms of deuterium-doped 2-methylisobor-
neol (MIB) and nondoped MIB. PAC, conventionally sized powdered
activated carbon.

A series of secondary D and 'H images of a Carbon-A (31)
particle loaded with deuterium-doped MIB was taken (SI
Figure S4A). Isotopographs were obtained by calculating the
ratio of 2D detection (*D_2 in SI Figure S44) to 'H detection
(average of "H_1 and "H_2 in SI Figure S4A) for each pixel of
the image, as shown in Figure 6A. The *D/"H ratio was higher
than that of the earth’s natural *D/*H molar ratio of 0.00015,
indicating the presence of deuterium-doped MIB that was
loaded on the carbon particle. The 2D /Y ratios across the
particle qualitatively confirm greater loading of MIB (higher
*D/™H ratio) on the exterior region close to the outer-surface of

‘the particle. The trend was confirmed by measurements of

another Carbon-A (31) particle also loaded with . deuterium-
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Figure 6. Isotopic maps (deuterium/hydrogen ratio) of carbon
particles loaded with deuterium-doped 2-methylisoborneol (MIB) or
geosmin. Panel A: coconut-based Carbon-A (31) loaded with
deuterium-doped MIB. Panel B: wood-based Carbon-B (25) loaded
with deuterium-doped MIB. Panel C: wood-based Carbon-C (19)
loaded with deuterium-doped MIB. Panel D: coconut-based Carbon-A
(31) loaded with deuterium-doped geosmin. Panel E: wood-based
Carbon-B (25) loaded with deuterium-doped geosmin. White dotted
lines indicate periphery estimated from the 'H images.

doped MIB (SI Figure SSA). The shell adsorption model
predicted a >D/'H ratio at the exterior region of 0.004 to 0.013;
observed ratio was somewhat lower at around 0.004 but
roughly agreed with the prediction. The center region exhibits
*D/'H ratios that are ~2—3 times lower than those in the
exterior region. It should be noted that the center region of the
image (Figure 6A) does not correspond to a radial position of r
= 0 as only a portion of the PAC particle was ablated by ion
sputtering as shown in Figure 2.

We next examined Carbon-B (25) and Carbon-C (19),
which are adsorbents in which adsorption capacity is particle
size-independent. For these carbons, we expected MIB to be
adsorbed on internal pore surfaces as well as in the external
region. For Carbon-B (25), the *D/"H ratios were locally high
in the internal region, but overall uniform across the particle
(Figure 6B, a series of secondary *D and 'H images are shown
in SI Figure S4B), thereby verifying that MIB adsorbs on
interior pore surfaces of Carbon-B (25). For Carbon-C (19),
detections were repeated 10 times-and during detection a
reduction in particle size was clearly observed (SI Figure $4C).
We attribute this reduction in size to ablation by ion-beam
sputtering, which removed some parts of the particle, in
particular the upper part, resulting in a gradual reduction in
particle size. Uniform 2D/'H ratios across the particle were
observed, in particular after the third D detection, suggesting
that the inside of the particle was exposed by the ion beam
sputtering after the third D detection. Furthermore, the
observed *D/'H ratios of Carbon-B (25) and Carbon-C (19)
(Figure 6B, C) were consistent with the *D/"H ratio predicted
by the shell adsorption model (Figure 4, left). These

observations confirm that MIB adsorbs internally on Carbon-
B (25) and Carbon-C (19).

We similarly examined the adsorption of deuterium-doped
geosmin on Carbon-A (31) and Carbon-B (25). According to
the shell adsorption model analysis, geosmin molecules were
predicted to adsorb mainly on the exterior region of particles of
Carbon-A (31) and Carbon-B (25); therefore, a high *D/'H
ratio at the exterior region was expected (Figure 4, right). A
greater loading of geosmin (high *D/'H ratio) near the outer
surface of the particles was clearly observed for both Carbon-A
(31) and Carbon-B (25) (Figure 6D, E; a series of *D and 'H
images are shown in SI Figure 3D, E). Clearer pictures were
recorded for the geosmin experiments compared with the MIB
experiments, which could possibly be due to the greater loading
of geosmin compared with that of MIB (see Figure 3).

In this research, isotopic maps of the deuterium/hydrogen
ratio, which was a marker of the solid-phase concentration of
deuterium-doped MIB and geosmin molecules, provided the
direct evidence of the location of adsorbed MIB and geosmin
molecules on activated carbon particles. In PAC that had
smaller equilibrium adsorption capacity than SPAC, MIB and
geosmin principally adsorbed in the exterior shell region of the
PAC particles. In contrast, in PAC that had a similar
equilibrium adsorption capacity to SPAC, MIB adsorbed
more evenly throughout entire PAC particles. Together these
results confirm the validity of the shell adsorption theory in
which molecules do not completely penetrate the adsorbent
particle but instead preferentially adsorb near the outer surface
of the particle. The observed equilibrium higher adsorption
capacity on SPAC than on PAC was therefore due to the larger
external surface area on which the molecules preferentially
adsorb.

However, all experiments were conducted in NOM-free
waters, but not in natural waters where NOM competition is a
significant factor on adsorption.®® Traditionally, competition is
discussed in terms of pore blockage and direct site competition
where NOM and micropollutant adsorb in the same pore.**
Our research revealed that micropollutants may adsorb in the
external region of carbon particles, that is, in the same region in
which chromophoric NOM preferentially adsorbs. Therefore,
our results imply that competition is severer when both NOM
and micropollutant adsorb in the external region.
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ABSTRACT — Perfluoroalkyl acids (PFAAs) are environmental contaminants that have received atten-
tion because of their possible effects on wildlife and human health. [n order to obtain initial risk informa-
tion on the toxicity of perfluoroundecanoic acid (PFUA), we conducted a combined repeated dose toxic-
ity study with the reproduction/developmental toxicity screening test (OECD test guideline 422). PFUA
was administered by gavage to rats at 0 (vehicle: corn oil), 0.1, 0.3 or 1.0 mg/kg/day. At 1.0 mg/kg/day,
body weight gain was inhibited in both sexes, and there was a decrease in fibrinogen in both sexes and
shortening of the activated partial thromboplastin time in males. An increase in blood urea nitrogen and a
decrease in total protein in both sexes and increases in alkaline phosphatase and alanine transaminase and
a decrease in albumin in males were observed at 1.0 mg/kg/day. Liver weight was increased in males at
0.3 mg/kg/day and above and in females at 1.0 mg/kg/day, and this change was observed after a recovery
period. In both sexes, centrilobular hypertrophy of hepatocytes was observed at 0.3 mg/kg/day and above
and focal necrosis was observed at 1.0 mg/kg/day. In reproductive/developmental toxicity, body weight of
pups at birth was lowered and body weight gain at 4 days after birth was inhibited at 1.0 mg/kg/day, while
no dose-related changes were found in the other parameters. Based on these findings, the no observed
adverse effect levels (NOAELSs) for the repeated dose and reproductive/developmental toxicity were con-
sidered to be 0.1 mg/kg/day and 0.3 mg/kg/day, respectively.

Key words: Perfluoroundecanoic acid, Repeated dose toxicity, Reproductive and developmental toxicity,
Screening test, Rat

INTRODUCTION

Perfluoroalkyl acids (PFAAs) are environmental con-
taminants that have received attention because of their
possible effects on wildlife and human health in recent
years: PFAAs are very stable in the environment, have
‘bioaccumulation potential, and have been detected in
environmental media and biota in many parts of the world,
including oceans and the Arctic; and many researchers
have revealed their toxic effects, including hepatotoxicity
and reproductive/developmental toxicity in laboratory ani-
mals, as reviewed by ATSDR (2009) and Hirata-Koizumi
et al. (2012). In particular, perfluorooctane sulfonate
(PFOS) and perfluorooctanoic acid (PFOA) are the most
effective surfactants among PFAAs (Lau ef f., 2007), and

many toxicological effects of PFOS and PFOA have been

revealed (reviewed in ATSDR, 2009, and fully introduced

in Hirata-Koizumi ef a/., 2012). PFOS and PFOA have
now been regulated worldwide, and the manufacture,
import and use of PFOS were essentially prohibited in the
EU in 2008 (DIRECTIVE 2006/122/EC) and in Japan in
2010 (Japanese law, 2009). As with PFOS, there is grow-
ing momentum to strengthen the regulation of PFOA.
Perfluoroundecanoic acid (PFUA, C11) is one of the
higher homologue chemicals of PFOA, and PFUA is used
as an alternative to PFOA, which is used as a processing
aid in the manufacture of fluoropolymers (EPA, 2013a).
Although the annual production and import volume of
PFUA was not available, that of perfluoroalkyl carboxylic
acids (PFCAs, C2-C10) in Japan was reported to be 1,000
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to 10,000 tons in 2007 and less than 1,000 tons in 2010
(CHRIP, 2013). The production and import volume of
PFUA is considered to have fallen in recent years global-
ly (EPA, 2013b). However, it is necessary to be concerned
about the toxicological potential of PFUA even though its
production and import volume has been reduced, due to
its very persistent and highly bioaccumulative charac-
teristics (ECHA, 2012). Moreover, long-chain (C9-C20)
PFCAs can be detected in the environment as degradates
from commercial fluorotelomers (Environment Canada,
2010). In humans, total exposure to PFUA is not availa-
ble, but the mean concentration of PFUA in human serum
collected in the U.S. was < 1 ng/ml (Calafat ef al., 2006,
2007a and 2007b; Kuklenyik ef af., 2004), and the maxi-
mum concentration in breast milk was 0.056 ng/ml (So et
al., 2000). as summarized by ATSDR (2009). In Sweden,
estimated dietary exposure to PFUA increased (88, 158
and 212 pg/kg/day in 1999, 2005 and 2010, respectively)
along with an increase in the quantified concentration of
PFUA in fish products (Vestergren et a/., 2012). Domingo
el al. (2012) summarized that the major dietary source of
the estimated intake of PFUA was fish and shellfish.

In order to obtain initial risk information on the tox-
icity of PFCAs, which have a longer chain than PFOA
(C8), we have carried out a series of screening tests on
the toxicity of PFCAs (C11-C18), and the result for per-
fAuorooctadecanoic acid (PFOdA, C18) has been already
published (Hirata-Koizumi et al., 2012). Here, we show
initial risk information on the repeated dose and repro-
ductive/developmental toxicity of PFUA (C11).

MATERIALS AND METHODS

This study was performed in compliance with OECD
guideline 422 “Combined Repeated Dose Toxicity Study
with the Reproduction/Developmental Toxicity Screen-
ing Test,” and in accordance with the principles for Good
Laboratory Practice (MOE et al., 2003, 2008) at the
BOZO Research Center (Shizuoka, Japan). The experi-
ment was performed in accordance with the Japanese reg-
ulations on animal welfare (Japanese law, 2005).

Animals and housing conditions

Crl:CD(SD) rats (8 weeks old) were purchased from
Atsugi Breeding Center (Charles River Laboratories
Japan, Inc., Kanagawa, Japan). This strain was chosen
because it is most commonly used in toxicity studies,
including reproductive and developmental toxicity stud-
jes, and historical control data are available. The animals
were acclimatized to the laboratory for 15 days and sub-
jected to treatment at 10 weeks of age. They were care-
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fully observed during the acclimation period, and male
and female rats found to be in good health were selected
for use. In addition, vaginal smears of each female were
recorded, and only females showing a normal estrous
cycle were used in the experiment. One day before the
initial treatment, the rats were distributed into four main
groups of 12 males and 12 females, and two additional
satellite groups (control and highest dose groups) of five
females, each by stratified random sampling based on
body weight. For males, 5/12 animals each in the main
groups of control and highest dose were used as the satel-
lite groups.

Throughout the study, animals were maintained in an
air-conditioned room set at 20-27°C, with relative humid-
ity set at 31-69%, a 12-hr light/dark cycle, and ventila-
tion with > 10 air changes/hr. A basal diet (NMF; Oriental
Yeast Co., Ltd., Tokyo, Japan) and tap water were provid-
ed ad libitum. The rats were housed individually, except
for mating and nursing periods. From day 17 of pregnan-
cy to the day of sacrifice, individual dams and/or litters
were reared using wood chips as bedding (White Flake;
Charles River Laboratories Japan, Inc.).

Chemicals and dosing

PFUA (CAS RN: 2058-94-8) was obtained from Wako
Chemical, Ltd. (Miyazaki, Japan), stored in a light-block-
ing bottle and kept at room temperature. The PFUA
(Lot no. TSM0481) used in this study was 98.5% pure,
and stability during the study was verified by gas chro-
matography. The test article was suspended in corn oil
(Wako Pure Chemical Industries, Ltd., Osaka, Japan), and
administered to the animals by gastric intubation. Con-
trol rats received the vehicle alone. Dosing solutions were
prepared at least once per eight days, stored under refrig-
eration until dosing, and dosed at room temperature, as
stability under these conditions has been confirmed. The
concentrations of PFUA in the formulations were within
the acceptable range (97.0-101.8%).

The dose levels were chosen based on the results of a
14-day dose range-finding study conducted at levels of 2,
6, 20, 60, 200, and 600 mg/kg/day. In this range-finding
study, deaths were observed in 5/5 males and 4/5 females
at 20 mg/kg/day, and in all animals at 60 mg/kg/day
or more, and an increase in liver weight in both sexes
and increases in ALP and BUN in males were observed
at 2 and 6 mg/kg/day. PFAAs including PFUA are per-
sistent and bioaccumulative (ATSDR, 2009). Taking into
account that the length of the dosing period in the present
study was about three times than that in the dose range-
finding study, the highest dose in the present study was
set at 1.0 mg/kg/day. Finally, the dose levels of PFUA in
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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, begin-
ning 14 days before mating. 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 period of 14 days. The
first day of dosing was designated as day 0 of administra-
tion and the day after the final dose was designated as day
0 of the recovery period. The volume of each dose was
adjusted to 5 ml/kg body weight based on the latest body
weight.

Observations

All rats were observed daily for clinical signs of toxic-
ity. Body weight was recorded twice a week in all males
and in the satellite group females, and twice a week dur-
ing the premating period, on days 0, 4, 7, 11, 14, 17, and
20 of pregnancy and on days 0 and 4 of lactation in main
group females. Food consumption was recorded twice a
week in all males and in satellite group females, and twice
a week during the premating period, 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. Functional observation bat-
tery (FOB) in all animals was recorded once a week dur-
ing the administration period, as follows: (i) home cage
observation; posture, convulsion, and abnormal behavior,
(ii) in-the-hand observation: ease of removal from cage
and handling, fur and skin condition, eye ball, secretion
from nose and/or eye, visible mucous membrane, lacri-
mation, salivation, piloerection, pupil diameter, and res-
piration, and (iii) open field observation; arousal, ambu-
lation, posture, shivering, convulsion, rearing frequency,
excreta, stereotypical behavior, and abnormal behavior.

Five animals in each group were subjected to the fol-
lowing observations and examinations unless noted oth-
erwise. Sensory reactions for pupillary reflex, approxi-
mation reflex. tactile reflex, auditory reflex, pain reflex,
righting reflex and width of the landing legs, grip strength
of fore and hind limbs, and spontaneous motor activity
were tested in main group males on day 37 of adminis-
tration, in main group females on day 4 of lactation, and
in satellite group males and females on day 37 of admin-
istration and on day 8 of the recovery period. Fresh urine
was sampled from animals using a urine-collecting cage
during the last weeks of the dosing and recovery periods.
The 4-hr urine samples were collected soon after dos-
ing under fasting (water was allowed ad /ibitunr), 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 lactation in females, and satellite group rats were
euthanized on the day of the completion of the recov-
ery period. The external surfaces of the rats were exam-
ined. The abdomen and thoracic cavity were opened, and
gross internal examination was performed. Blood sam-
ples were drawn from the abdominal aorta. Major organs
were removed from all animals, and the brain, thyroid.
thymus, heart, liver, spleen, kidney, adrenal glands, tes-
tis, epididymis were weighed. The numbers of corpo-
ra lutea and implantation sites were counted in all main
group females. The testes and epididymides were fixed
with Bouin’s solution and in 10% phosphate-buffered for-
malin. Other organs were stored in 10% phosphate-buff-
ered formalin. The cerebrum and cerebellum, pituitary
gland, spinal cord, sciatic nerve, thyroid, parathyroid,
adrenal glands, thymus, spleen, mandibular lymph nodes,
mesenteric lymph node, heart, lung, trachea, stomach,
duodenum, jejunum, ileum, cecum, colon, rectum, liver,
kidney, bladder, testis, epididymis, uterus, seminal vesi-
cle, sternum, and femur were histopathologically eval-
uated for five males and females in the control and the
highest groups, and organs with macroscopically abnor-
mal findings were also examined histopathologically.
The organs for histopathological evaluations were proc-
essed routinely for embedding in paraffin, and sections
were prepared for staining with hematoxylin—eosin. Test
substance-related histopathological changes were found
in the liver in males and females, and in the stomach in
males; therefore, the liver in all animals and the stomach
in all males were also examined histopathologically.

The 4-hr urine samples were tested for color, pH, pro-
tein, glucose, ketone body, bilirubin, occult blood, uro-
bilinogen, and urinary sediment. Urinary sediment was
stained and examined microscopically. 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, hemoglobin,
platelet count, and white blood cell count were measured.
In addition, mean corpuscular volume (MCV), hematocrit,
mean corpuscular hemoglobin (MCH), mean corpuscular
hemoglobin concentration (MCHC), reticulocyte rate, and
differential leukocyte rates were calculated. Prothrombin
time (PT), activated partial thromboplastin time (APTT),
and fibrinogen were determined. Blood chemistry was
tested for alkaline phosphatase (ALP), total protein, albu-
min, albumin/globulin (A/G) ratio, total bilirubin, blood
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