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Abstract

Male and female rats were fed a diet containing flame retardant hexabromocyclododecane (HBCD) at 0, 150, 1500 or 15,000 ppm throughout
the study beginning at the onset of a 10-week pre-mating period and continuing through the mating, gestation and lactation periods for two
generations. The mean daily intakes of HBCD during the whole period of administration were 10.2, 101 and 1008 mg/kg bw in FO males, 14.0, 141
and 1363 mg/kg bw in FO females, 11.4, 115 and 1142 mg/kg bw in F1 males, and 14.3, 138 and 1363 mg/kg bw in F1 females for 150, 1500 and
15,000 ppm, respectively. The incidence of rats with decreased thyroid follicles size was increased in F0 and F1 males and females at 1500 ppm
and higher. Serum TSH levels were increased in FO and F1 females at 1500 ppm and higher, and serum T4 levels were decreased in FO males
and females at 15,000 ppm. The number of the primordial follicles in the ovary of F1 females was reduced at 1500 ppm and higher. There were
increases in the absolute and relative weights of the liver in male adults and male and female weanlings at 1500 ppm and higher, and in female
adults at 15,000 ppm, and of the thyroid in male and female adults at 15,000 ppm. Decreased body weight and body weight gain associated with
reduced food consumption were found in F1 males and females at 15,000 ppm. Decreases were found in the viability index of F2 pups and the
body weight of male F1 and F2 pups and female F2 pups at 15,000 ppm. In F2 pups, there were low incidences of the completion of eye opening
in males at 15,000 ppm and in females at 1500 ppm and higher, and of completed mid-air righting in females at 15,000 ppm. The data indicate that
the NOAEL of HBCD in this study was 150 ppm (10.2 mg/kg bw/day). The estimated human intake of HBCD is well below the NOAEL in the

present study.
© 2007 Elsevier Inc. All rights reserved.
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(EPS) polystyrene foam that is used as thermal insulation in the
' building industry. HBCD is the only suitable flame retardant for
Although about 80 different brominated organic flame retar-  these applications. A secondary, although important, application
dants are registered, tetrabromobisphenol A, the polybrominated ~ of HBCD isas a flame retardant for upholstery textiles [3,4]. The
dipheny] ethers and hexabromocyclododecane (HBCD) account  partition coefficient (Log Kow) value of 5.6 suggests that this
for most of the total volume | | ]. HBCD is a nonaromatic, bromi-  chemical is suspected to have high bioaccumulation potential
nated cyclic alkane used as an additive flame retardant. Total [4]. HBCD has been used for about 20 years, and is detected in
market demand for HBCD in 2001 was estimated as 2800tons  practically all environmental media [5). HBCD was identified in
in America, 9500 tons in Europe, 3900 tons in Asiaand 500tons  sediment from several places along the River Viskan in Sweden
in the rest of the world [2]. The commercial product is a mix- {6] and the River Cinca in Spain [7]. HBCD was detected in
ture of three stereoisomers, alpha, beta and gamma, which are fishes, pike (Esox lucius) [6] and barbel (Barbus graellsi) (7],
typically present at approximately 6, 8 and 80%, respectively  indicating that it is bioavailable and bioaccumulates. The bio-
[3). Its primary application is in extruded (XPS) and expanded concentration factor of this compound is reported to be 18,100
in fathead minnow (Pimephales promelas) |8]. HBCD was also

detected from common whelk (Buccinium undatum), sea star

* Corresponding author. Tel.: +81 3 3700 9878; fax: +81 3 3700 1408. (Asterias rubens), hermit crab (Pagurus bernhardus), gadoid fish
E-mail address: cma@nihs.go.jp (M. Ema). species whiting (Merlangius merlangus), cod (Gadus morhua),

1. Introduction
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harbor seal (Phoca vitulina) and harbor porpoise (Phocoena
phocoena) from the North Sea [9]. These findings show evidence
of HBCD bioaccumulation at the trophic level and biomagni-
fication in the ascending aquatic food chain [9). As a result of
widespread use and the physical and chemical properties, HBCD
is now considered to be a ubiquitous contaminant in the envi-
ronment and humans [5,10]. It could be hypothesized that food
intake is the largest single source of human exposure to HBCD
[11].

" HBCD was detected at ranging from 0.3 to 20 pg/g lipid
in 49 samples of the 85 human breast milk samples collected
from Norway between 1993 and 2001 [12]. The concentration
of HBCD in the Stockholm human milk showed a fluctuating
increase over time, and from 1980 the concentration increased
from 0.13 pmol/g lipid to 0.60 pmol/g lipid in 2004 [13). The
HBCD concentration of human milks collected in 2002 to 2003
from North America was ranging from 0.3 to 10 ng/g lipid | 14].
The presence of such a chemical compound in biological sys-
tems has aroused great concern about its toxicological potential.
The biological effects produced by chemicals should be stud-
ied in laboratory animals to investigate their possible influences
on human health, and the results of animal tests of chemi-
cal toxicity are relevant to humans |15]. The toxic effects of
HBCD are briefly suinmarized by NRC [4], American Chemical
Council [3], de Wit [16], Darnerud [ 1 | ], Birnbaum and Staskal
{17]. However, information on the effects of HBCD is insuffi-
cient to assess the overall toxicity of this compound. Following
oral administration to male rats, HBCD was rapidly absorbed
from the gastrointestinal tract, distributed primarily to the body
fat, and eliminated rapidly, primarily in the feces [4]. In a 28-
day repeated dose toxicity study, no toxic effects were noted
in male and female SD rats at any dose of HBCD given by
gavage at up to 1000 mg/kg bw/day [18]. In a 90-day repeated
dose toxicity study in SD rats given HBCD at 0, 100, 300, or
1000 mg/kg bw/day by gavage, increased weights of the liver
and prostate, and y-glutamyltransferase, and decreased weight
of the thyroid/parathyroid were found [/9]. The author of this
study concluded that these changes were probably of limited,
if any, toxicological significance, because they were reversible,
and not associated with specific target organ damage or dimin-
ished function. The dose-related effects of HBCD on the thyroid
hormone axis were observed in a recent 28-day repeated dose
study (OECD407) enhanced. for endocrine and immune param-
eters using Wistar rats dosed by gavage at 0-200 mg/kg bw/day
[20]. After a single dose of HBCD by gavage at 0.9 or 13.5 mg/kg
bw by gavage on postnatal day (PND) 10, spontaneous activ-
ity and learning and memory in the water maze were altered
when tested at the age of 3 months in NMRI mice [21]. As
for the developmental toxicity of HBCD, two studies are avail-
able. There was no maternal or developmental toxicity in SD
rats given HBCD by gavage on days 6-19 of pregnancy at any
doses up to 1000 mg/kg bw/day [22]. No maternal or develop-
mental toxicity was noted in Wistar rats given HBCD in diet
at up to 1% (equivalent to 600 mg/kg bw/day) on days 0-20 of
pregnancy |23]. No reproductive difficulties in dams or post-
natal development in offspring were found even at the highest
dose.

Although the testing for reproductive toxicity in an animal
model is an important part of the overall toxicology, no infor-
mation is available for the reproductive toxicity of HBCD at the
present time; therefore, a two-generation reproductive toxicity
study was conducted.

2. Materials and methods

This study was performed in 2005-2006 at the Safety Research Institute
for Chemical Compounds Co., Ltd. (Sapporo, Japan) in compliance with the
OECD guideline 416 Two-generation Reproduction Toxicity Study (24]. This
study was conducted in accordance with the principles for Good Laboratory
Practice [25], “Law for the Humane Treatment and Management of Animals”
[Law No. 105, October ], 1973, revised December 22, 1999, Revised Law No.
221; revised June 22, 2005, Revised Law No. 68], “Standards Relating to the
Care, Management and Refinement of Laboratory Animals” [Notification No.
88 of the Ministry of the Environment, Japan, April 28, 2006) and “Fundamental
Guidelines for Proper Conduct of Animal Experiment and Related Activities in
the Testing Facility under the Jurisdiction of the Ministry of Health, Labour and
Welfare” [Notification No. 0601005 of the Health Sciences Division, Ministry
of Health, Labour and Welfare, Japan, June 1, 2006].

2.1. Chemical and dosing

Hexabromocyclododecane (HBCD; 1,2,5,6,9,10-hexabromocyclodode-
cane; CAS No. 3194-55-6) was obtained from Wildlife International, 1td.
(Easton, MD). The test substance was a composite of HBCD commercial
products from Albemarle Corporation (Baton Rouge, LA), Great Lakes
Chemica! Corporation (West Lafayette, IN) and Ameribrom Inc. (New York,
NY), and Wildlife International, Ltd. prepared the composite. The preparation
of HBCD was a mixture of three enantiomers. HBCD-a, HBCD-B and
HBCD-v, and their respective proportions in the used batch were 8.5, 7.9 and
83.7%. The HBCD (test substance number # 7086) used in this study was
99.7% pure, and was kept in a sealed container under cool (2-7°C) and dark
conditions. The purity and stability of the chemical were verified by analysis
using liquid chromatography before and after the study.

Rats were given dietary HBCD at a concentration of 0 (control), 150, 1500 or
15,000 ppm. The dosage levels were deterimined based on the results of a previous
90-day oral repeated dose toxicity study | 19] in male and female Cr:CD(SD)IGS
BR rats given HBCD at 0, 100, 300 or 1000 mg/kg bw/day for 90 days. The
author concluded that all test article-related changes, even at 1000 mg/kg bw/day,
were reversible, not associated with specific target organ damage or diminished
function (data not shown).

Dosed diet preparations were formulated by mixing HBCD into an appro-
priate amount of a powdered basal diet (CRF-1, Orienta] Yeast Co., Ltd,, Tokyo,
Japan) for each dietary concentration. The control rats were fed a basal diet only.
Analysis showed that the HBCD was homogeneous in the diet and stable for
at least 21 days at room temperature, and was administered at the desired feed
concentrations throughout the study.

2.2. Animals and housing conditions

Crl:CD(SD) rats were used throughout this study. Rats of this strain were
chosen because they are the most commonly used in reproductive and develop-
mental toxicity studies, and historical control data are available. Male and female
rats at 4 weeks of age were purchased from Tsukuba Breeding Center, Charles
River Laboratories Japan, Inc. (Yokohama, Japan). The males and females were
acclimated to the laboratory for 7 days prior to the start of the experiment. Male
and female rats found to be in good health were selected for use. One hundred
and ninety-two rats were randomly assigned 24/sex/group as FO animals, and all
animals were assigned a unique number and ear tattooed prior to the start of the
experiment. Animals were housed individually in suspended aluminum/stainless
steel cages, except during the acclimation, mating and nursing periods. From
day 17 of pregnancy to the day of weaning, individual dams and litters were
reared using wood chips as bedding (White Flake, Charles River Laboratories
Japan, Inc.).

in rats, Reprod Toxicol (2008), doi:10).] 0] 6/j.réprotox.2007.12.004
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Animals were reared on a basal dict or diet containing HBCD and filtered tap
water ad libitum and maintained in an air-conditioned room at 22 +3 °C, with
humidity of 50 + 20%, a 12-h light/dark (20:00-08:00) cycle and ventilation at
10-15times/.

2.3. Experimental design

Twenty-four FO rats (5-week-old males and females)/sex/group were fed
a diet containing HBCD at 0, 150, 1500 or 15,000 ppm for 10 weeks prior
to the mating period. Administration of HBCD was continued throughout the
mating, gestation and lactation perieds. Twenty-four male and 24 female F1
weanlings (1 male and ] female in each litter) in each group were selected as
F1 parents on PNDs 21-25 to equalize the body weights among groups. The
day on which F1 parental animals were selected was designated as 0 week of
dosing for the F1 generation. The administration of HBCD in the diet was not
suspended during PNDs 21-25. F1 selected rats were administered HBCD in
the diet of their respective formulations in the sarne manner as described for Fo
rats. Administration of HBCD in the diet was continued throughout the mating,
gestation and lactation periods. On PND 26, unselected F1 weanlings and all ) 3
weanlings were necropsied.

2.4. Mating procedures

Each female was mated with a single male of the same dosage group until
copulation occurred or the mating period had elapsed. The mating periods for FO
and F1 animals were 3 weeks. During the mating period, daily vaginal smears
were examined for the presence of sperm. The presence of sperm in the vaginal
smear and/or a vaginal plug was considered as evidence of successful mating.
The day of successful mating was designated as day 0 of pregnancy. FO females

that did not mate during the 3-week mating period were cohabited with another

male from the same group who had been proven to copulate. For F1 matings,
cohabitation of siblings was avoided.

2.5. Parental data

All adult rats were observed twice aday for clinical signs of toxicity, and body
weights and food consumption were recorded weekly. For females exhibiting
evidence of successful mating, body weight and food consumption of dams were
recorded on days 0, 7, 14 and 20 of pregnancy and days 0, 4, 7, 14 and 21 of
lactation. Daily vaginal lavage samples of each FO and F | female were evaluated
for estrous cyclicity throughout the 2-weck pre-cohabitation period and during
cohabitation until evidence of copulation was detected. Females having repeated
4-6 day estrous cycles were judged to have normal eswous cycles. After weaning
their pups, parental female rats were necropsied at the proestrous stage of the
estrous cycle. For each female, the number of uterine implantation sites was

recorded.

2.6. Litter data

Once insemination was confirmed, female rats were checked at least three
times daily on days 21-25 of pregnancy to determine the time of delivery. The
females were allowed todeliver spontaneously and nurse their pups until PND 21
(the day of weaning). The day on which parturition was completed by 13:00 was
designated as PND 0. Total litter size and the numbers of live and dead pups were
recorded, and live pups were counted, sexed, examined grossly, and individually
weighed on PNDs 0, 4,7, 14 and 21. On PND 4, litters were randomly adjusted
to eight pups comprising of four males and four females. No adjustment was
made for litters of fewer than eight pups. Pups were assigned a unique number
and limb tattooed on PND 4.

2.7. Developmental landmarks

All F1 and F2 pups were observed for pinna unfolding on PND 3, incisor
eruption on PND 11, and eye opening on PND 14. One male and one female
F1 and F2 pup selected from each dam were evaluated for the surface righting
reflex on PND S, negative geotaxis reflex on PND 8, and mid-air righting refiex

on PND 18 [26]. All F} offspring selected as F1 parents were observed daily
for male preputial separation beginning on PND 35 or female vaginal opening
beginning on PND 25. Body weight of the respective F1 rats was recorded on the
day of preputial separation or vaginal opening. The anogenital distance (AGD)
was measured using calipers on PND 4 in all F1 and F2 pups, and the normalized
value of AGD to body weight, AGD per cube root of body weight ratio, was
calculated [27).

2.8. Behavioral tests

Spontaneous locomotor activity was measured with a multi-channel activ-
ity monitoring system (Supermex; Muromachi Kikai Co., Ltd., Tokyo, Japan)
in 10 male and 10 female F1 rats selected from each group at 4 weeks
of age. Rats were placed individually in transparent polycarbonate cages
(27.6 W x 445D x 20.4 Hcm, CL-0108-1, CLEA Japan Inc., Tokyo, Japan),
which were placed under an infrared sensor that detects thermal radiation from
animals. Spontaneous motor activity was determined for 10 min intervals and
for a total of 60 min.

A test in a water-filled multiple T-maze was conducted in 10 male and 10
female F1 rats selected from each group at 6 weeks of age. The apparatus was
similar to that described by Biel (28). The water temperature of the maze was
kept 21-22 °C. As a preliminary swimming ability test, each rat was allowed to
swim three times in a straight channel on the day before the maze trial, and then
tested in the maze with three trials per day for the next three consecutive days.
The elapsed time between entry into the water at the starting point and touching
the goal ramp and number of errors were recorded. To prevent the exhaustion
of the rats, no animal was allowed to remain in the water for more than 3 min in
any trial.

2.9. Termination/necropsy adults

Parental rats were necropsied: males after the parturition of paired females,
ferales after weaning of their pups. The proestrous stage of the estrous cycle was
characterized by examination of the vaginal smears of female rats on the day of
necropsy. A complete necropsy was performed on all rats found dead and those
killed at the scheduled sacrifice. Live rats were euthanized by exsanguination
under ether anesthesia. The external surfaces of the rats were examined. The
abdomen and thoracic cavities were opened, and a gross internal examination
was performed. Weights of the brain, pituitary, thyroid, thymus, liver, kidney,
spleen, adrenal, testis, epididymis, seminal vesicle (with coagulating glands and
their fluids), ventral prostate, uterus and ovary were recorded. Weights of the
thyroid and seminal vesicle were measured after fixation. Major organs were
stored in 10% neutral-buffered formalin. The testis and epididymis were fixed
with Bouin’s solution and preserved in 70% ethanol.

Histopathological evaluation of FO and F1 adults was performed on the
tissues specified below after fixation, paraffin embedding, and sectioning and
staining with hematoxylin and eosin: the pituitary, liver, thymus, kidney, spleen,
adrenal, bone marrow, mesenteric lymph node, Peyer's patches, testis, epi-
didymis, seminal vesicle, coagulating gland, ventral prostate, ovary, uterus,
vagina and mammary gland of all males and ferales in the control and highest
dose (15,000 ppm) groups and of females with abnormal estrous cycles, males
and females without evidence of copulation or insemination and females with
abnormal delivery or totally dead pups in all groups. Any organs or tissues of
FO and F1 adults showing gross alterations were evaluated histopathologically.
The thyroid in all rats in all groups was examined histopathologically. In ten
F1 females of each group, the number of primordial follicles was counted [29].
The right ovary was fixed in 10% neutral-buffered formalin and then dehydrated
and embedded in paraffin in a longitudinal orientation by routine procedures.
Sections were cut serially at 5 pm and every 20th section was serially mounted
on a slide and stained with hematoxylin and eosin. About 40 sections per ovary
were used to determine the primordial follicles.

2.10. Termination/necropsy pups

Following the adjustment of litter size on PND 4, culled pups were euthanized
by inhalation of carbon dioxide and subjected to a gross external and intemal
necropsy. No tissues from these pups were collected.

' Pléase cite this article in press as: EmaM, et al., Two-generation reproductive toxicity study of the flame retardant hexabromocyclododecane
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The weanlings not selected to become parents were euthanized and necrop-
sied as described for the adults. Organ weights of one male and one female F1
and F2 weanling selected from each dam were measured as described above
for adults. The weights of the pituitary, thyroid and seminal vesicle were not
determined. All pups found dead before weaning were also necropsied.

In all male and female F] and F2 weanlings whose organs were collected,
histopathological evaluations of the liver, in the control and 15,000 ppm groups,
and thyroid, in all groups, were performed after fixation, paraffin embedding,
and sectioning and staining with hematoxylin and eosin.

2.11. Hematological and blood biochemical parameters

On the day of the scheduled sacrifice, blood samples were collected from
the abdominal aorta of adult rats under ether anesthesia.

Hematological examinations were performed for 10 males and 10 females
of FO and F} rats randomly selected from each group. Blood samples were
analyzed for the following hematological parameters, using 2K-EDTA as an
anticoagulant: white blood cell (WBC) count and differential leukocyte count.

Blood biochemical evaluations were performed in 10 males and 10 females
of FO and F1 rats randomly selected from each group. Serum samples obtained
from centrifuged whole blood were analyzed for biochemistry parameters such
as total protein, albumin and globulin.

2.12. Serum hormone levels

On the day of the scheduled sacrifice, blood samples were collected from
the abdominal aorta of adult rats. Eight males and eight proestrous females
of FO and F1 generations from each group were selected randomly for blood
collection. Hormone levels were determined by Panapharm Laboratories Co.,
Lad. (Uto, Japan). Serum levels of testosterone, Sa-dihydrotestosterone (DHT),
luteinizing hormone (LH) and follicle stimulating hormone (FSH), thyroxine
(T4), triiodothyronine (T3) and thyroid stimulating hormone (TSH) in males,
and estradiol, progesterone, LH, FSH, T3, T4 and TSH in females were measured
with a radicimmunoassay kit. Double antibody kits were used for measurement
of testosterone, estradiol, progesterone, T3 and T4 concentration (Diagnostic
Products Corp., Los Angeles, CA) and DHT concentration (Diagnostic Systems
Laboratories Inc., Webster TX). Serum concentrations of LH, FSH and TSH
were measured using (rat LH)['%I], (rat FSH)['**1] and (rat TSH)['?1)assay
systems (Amersham Biosciences Ltd., Little Chalfont, Buckinghamshire, UK),
respectively.

2.13. Sperm parameters

Sperm parameters were determined for all FO and F1 male adults on the
day of the scheduled sacrifice. The right testis was used to count testicular
homogenization-resistant spermatid heads. The right cauda epididymis ‘was
weighed and used for sperm analysis. Sperm motility was analyzed using a
computer-assisted cell motion analyzer (TOX IVOS, Hamilton Thorne Bio-
sciences, Beverly, MA). The percentage of motile sperm and progressively
motile sperm, and the swimming speed and pattern were determined. After
recording sperm motion, the cauda epididymal fluid was diluted and the spesm
were enumerated using a hemacytometer under a light microscope. Sperm count
per gram of epididymal tissue was obtained by dividing the total count by
the gram weight of the cauda epididymis. Sperm were stained with eosin and
mounted on a slide glass. Two bundred sperm in each sample were examined
under a light microscope, and the percentage of morphologically abnormal sperm
was calculated.

2.14. Statistical analysis

Statistical analysis was performed according to the methods of Gad |30)].
Data on offspring before weaning were statistically analyzed using the litter as
the experimental unit.

Body weight, body weight gain, food consumption, length of estrous cycle,
pre-coital interval, gestation length, numbers of implantations and pups deliv-
ered, delivery index, sperm parameters, hematological and blood biochemical
parameters, hormone levels, organ weight, organ/body. weight ratio (relative

organ weight), number of primordial follicles, reflex response time, age and body
weight at sexual maturation, parameters of behavioral tests, AGD, AGD/cube
root of body weight ratio, and viability of pups were analyzed for statistical sig-
nificance using the following method. Bartlett's test of homogeneity of variance
was used to determine if the groups had equivalent variances. If the variances
were equivalent, the groups were compared by one-way analysis of variance
(ANOVA). If significant differences were found, Dunnett’s multiple compar-
ison test was performed. If the groups did not have equivalent variances, the
Kruskal-Wallis test was used to assess the overall effects. Whenever significant
differences were noted, pairwise comparisons were made by the Mann-Whitney
Utest.

The incidence of pups with changes in clinical and gross internal obser-
vations, and completion rate of developmental landmarks and reflexes were
analyzed by the Wilcoxon rank sum test.

The incidence of parent animals with changes in clinical, gross internal
and histopathological findings, the incidence of weanlings with changes in
histopathological findings, the incidence of females with normal estrous cycles,
the copulation index, fenility index, gestation index, neonatal sex ratio and
completion rate of the refiex response test were analyzed by Fisher's exact test.

The 0.05 level of probability was significant. The probability was designated
as the cut-off for statistical significance.

3. Results

3.1. Clinical observations, body weight and food
consumption during the pre-mating, mating, gestation and
lactation periods (FO and F1)

One F0 male at 15,000 ppm was euthanized at 13 weeks of
dosing because of a moribund condition resulting from acci-
dental injury in the home cage. One F1 male at 1500 ppm
was dead from accidental injury in the home cage. One FO
male at 15,000 ppm and one F1 male at 1500 ppm died with-
out any apparent clinical signs of toxicity at 5 and 7 weeks
of dosing, respectively. In FO females at 15,000 ppm, one was
euthanized during the pre-mating period because of a mori-
bund condition, and one died on day 22 of pregnancy due to
dystocia. No significant difference was seen between control
and HBCD-treated groups in the incidence of clinical signs
of toxicity in either male or female FQ and F1 rats during
the pre-mating, mating, gestation, or lactation period (data not
shown).

Fig. | shows the body weights of FO males and females dur-
ing dosing. In FO males, the mean body weight and/or body
weight gain were significantly higher than those of controls
almost throughout the dosing period at 1500 ppm and in the first
5 weeks of dosing at 15,000 ppm. In FO females, the mean body
weight gain was significantly increased on days 04 of lactation
at 150 ppm and during weeks 0-3 of dosing at 15,000 ppm com-
pared to controls, and the mean body weight was significantly
increased on week 2 of dosing at 15,000 ppm. The body weight
gain was significantly decreased on days 0~14 of pregnancy at
15,000 ppm compared to controls.

FFig. 2 presents the body weights of F1 males and females
during dosing. Significant decreases compared to controls were
observed in the body weight during weeks 3—6 of dosing and
body weight gain during the first 6 weeks of dosing in F1 males
at 15,000 ppm. Compared with control group, a significantly
lowered mean body weight was observed during weeks 3 and
6~10 of dosing, the whole period of gestation and days 0-14
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Fig. 1. Body weights of FO male and female rats. (*) Significantly different from the control, P<0.05. (**) Significantly different from the control, P<0.01.

of lactation, and a significantly reduced mean body weight gain
was observed during weeks 0-10 of dosing at 15,000 ppm in F1
females.

Food consumption was generally paralleled to the body
weights/body weight gains during most of the study (data not
shown).

The mean daily intakes of HBCD were 12.5, 125 and
1238 mg/kg bw during the pre-mating period, 9.6, 96 and
941 mg/kg bw during the gestation pericd, and 23.4, 240 and
2200 mg/kg bw during the lactation period in FO females
for 150, 1500 and 15,000 ppm, respectively. The mean daily
intakes of HBCD were 14.0, 138 and 1365mg/kg bw dur-
ing the pre-mating period, 9.7, 100 and 995 mg/kg bw during
the gestation period, and 19.6, 179 and 1724 mg/kgbw dur-
ing the lactation period in F1 females for 150, 1500 and
15,000 ppm, respectively. The mean daily intakes of HBCD
during the whole period were 10.2, 101 and 1008 mg/kg bw
in FO males, 14.0, 141 and 1363 mg/kg bw in FO females,

11.4, 115 and 1142 mg/kg bw in F1 males, and 14.3, 138 and
1363 mg/kg bw in F1 females for 150, 1500 and 15,000 ppm,
respectively.

3.2. Reproductive effects (FO parents/F1 offspring and F1
parents/F2 offspring)

Table |

presents the reproductive and developmental parameters for
FO parent/F1 offspring. HBCD produced no significant devia-
tions in estrous cycles, although a few control and HBCD-treated
rats had extended estrus or diestrus. Copulation was not observed
in two males and two females at 1500 ppm and two males and one
female at 15,000 ppm. Two females each at 150 and 1500 ppm
did not become pregnant and three females at 15,000 ppm nei-
ther. One pregnant female each at 150 and 15,000 ppm did
not deliver live pups. There were significantly longer gestation
length and lower sex ratio of live pups at 1500 ppm compared

—o— Control
--0-- HBCD 150 ppm

& -- HBCD 1500 ppm
—-e-- HBCD 15000 ppm

FI males F1 females
500 7
600 -
500 - 400 s
= 400 - 2 o,o“’ﬂo—E RN}
= = -
= K
& 9
S 300 1 H
: g Gestati Lactati
. n L n
£ 200 - 3 estatio actatio
3
100 1
0 T 4 T T T  — T T T 0 L s e gua mmas g  SEEE EEED SEE S SEED SN RIS SIS SN SN SRR SN
0 2 4 6 -] 10 12 14 0 2 4 6 8 10 12 14 16 18
Wecks of dosing Weceks of dosing

Fig. 2. Body weights of F1 male and female rats. (*) Significantly different from the control, P <0.05. (*¥) Significantly different from the control, P <0.01.
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Table 1
Reproductive and developmental findings in FO parents/Fl offspring and F1 parents/F2 offspring
HBCD (ppm) 0 (control) 150 1500 15,000
FO parents/F1 offspring
No. of rats (male/female) 24124 24124 24/24 23/23
Females with normal estrous cycles (%)" 91.7 95.8 8725 87.0
Copulation index (male/female) (%)" 100/100 100/100 91.7/91.7 91.3/95.7
Fertility index (male/female) (%) 100/100 91.781.7 90.9/90.9 85.7/86.4
No. of pregnant females 24 22 20 19
Pre-coital interval (days)! 3439 3.1£33 2714 35+43
No. of implantations® 142:+2.] 13.7£33 14514 145+£27
Gestation index (%) 100 95.5 100 94.7
Delivery index (%)" 92.0 89.3 90.7 93.6
Gestation length (days)" 221403 223205 226405 222+04
No. of pups delivered! 13023 133£17 133226 135+238
No. of litters 24 21 20 18
Sex ratio of F1 pups® 0.524 0471 0426 0.572
No. of litters totally lost 0 0 0 1
Viability index during lactation (%)"+}
Day 0 99.6 97.5 98.8 99.2
Day 4 95.6 98.7 98.7 95.8
Day 21 932 994 98.1 93.8
Male pup weight during lactation (g)¢
Day 0 6.8+0.5 69+0.6 7.2x0.7 6.8+0.6
Day 4 102£1.7 10.7+1.8 10816 95+1.8
Day 7 164+3.1 17.5+24 16922 156£2.0(17)
Day 14 36.1 £4.3 (23)* 36336 36.1+39 335£26 (17
Day 21 61.1+7.1(23) 62365 61.9%6.5 5544017
Female pup weight during lactation (g)" .
Day 0 6.340.5(23) 6.6+0.7 6.8+£0.6" 65+0.7
Day 4 9.6+ 1.4(23)% 103+1.8 10415 92£1.6
Day 7 154+ 2.8 (23)% 17.0+25 16.9£23 15.1+£ 1.6 (17}
Day 14 335+5.3 (23)% 355+3.6 35736 326+3007
Day 21 56.5+ 8.0 (23)* 599+64 605+59 53.2+4.7(17)F
F1 parents/F2 offspring
No. of rats (male/female) 24/24 24/24 23/24 24124
Females with normal estrous cycles (%)* 95.8 91.7 91.7 91.7
Copulation index (male/female) (%)" 100/100 100/100 100/100 100/100
Fertility index (male/female) (%)° 95.8/95.8 95.8/95.8 87.0/87.5 87.5/815
No. of pregnant females 23 23 21 2]
Pre-coital interval (days)" 26+1.6 34141 33+3.7 23+13
No. of implantations* 143125 14.7+34 14032 1431238
Gestation index (%)° 100 100 95.2 100
Delivery index (%)" 91.4 94.8 88.1 92.6
Gestation length (days)? 22505 224106 224105 224105
No. of pups delivered* 132434 13.9+33 134+24 13.1x24
No. of litters 23 23 20 21
Sex ratio of F2 pups® 0.523 0.492 0517 0.486
No. of litters totally lost 1 1 0 g
Viability index during lactation (%)"-'-}
Day 0 98.6 97.7 96.0 978
Day 4 86.9 873 92.1 684°
Day 21 85.0 (22) 89.6 (22)% 713 49.7 O)<-""
Male pup weight during lactation (g)"
Day 0 6.8:+0.8 6.7:£0.7 (22)% 7.11£06 6.6+ 0.6
Day 4 9.1+2.3(22) 9313 (22 9.0+1.8 8013 (19F
Day 7 1474£3.9 (22) 15428 (22)% 143+3.6 (19 115£2907)%"
Day 14 31.4£8.0(22) 33.8£5.0 (22)F 310+7.2(18) 242+ 6.6 (14)%"
Day 21 530126 (22) 56.246.7 (22 54.1 £10.1 (18)* 4268313
Female pup weight during lactation (g)*
6.5+08 6.3+0.6 6.7+0.6 62106

in rats, Reprod Toxicol (2008), doi:10.10] 6/j reprotox.2007.12.004
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Table 1 (Continued)
HBCD (ppm) 0 (control) 150 1500 15,000
Day 4 8923 (22" 8.5+£1.3(22)F 88x1.8 7313 0"
Day 7 143£35@2NF 142£2.8 (22 135+3.9 10.7£2.6 (17"
Day 14 312+ 6.5 21 31.3+5.1 (22" 293+73 239+59(13)"
Day 21 5204100 (21) 52.8+6.6 22)* 512+ 108 41.6 84 (13}

3 Incidence of females with normal estrous cycles (%)= (no. of females with normal estrous cycles/no. of females examined) x 100.
b Copulation index (%) = (no. of animals with successful copulation/no. of animals paired) x 100.
¢ Fertility index (%)= (no. of animals that impregnated a female or were pregnant/no. of animals with successful copulation) x 100.

4 Values are given as the mean£ S.D.

¢ Gestation index (%)= (no. of females that delivered live pups/no. of pregnant females) x 100.

f Delivery index (%)= (no. of pups delivered/no. of implantations) x 100.
£ Sex ratio =total no. of male pupshotal no. of pups.

b Viability index on postnatal day 0 (%)= (no. of live pups on postnatal day O/no. of pups delivered) x 100.

} Viability index on postnatal day 4 (%)= (no. of live pups on postnatal day 4/no. of live pups on postnatal day 0) x 100.

J Viability index on postnatal day 21 (%)= (no. of live pups on postnatal day 21/no. of live pups on postnatal day 4 after cull) x 100.

¥ Data were obtained from the numbers of litters in parentheses because females that had no male and/or female pups and/or experienced total male and/or female

pup loss during lactation were excluded.
* Significantly different from the control, P <0.05.
** Significantly different from the control, P<0.01.

to controls. One dam experienced total litter loss by day 5 of
lactation at 15,000 ppm; however, there were no significant dif-
ferences in the copulation index, fertility index, gestation index,
pre-coital interval, number of implantations, delivery index,
number of F1 pups delivered, or viability of F1 pups during
lactation between the control and HBCD-treated groups. Mean
body weight of female F1 pups on PND 0 was significantly
higher at 1500 ppm, and that of male F1 pups on PND 21 was
significantly lowered at 15,000 ppm, compared to controls.
Table 1 also shows the reproductive and developmental
parameters for F1 parent/F2 offspring. InF1 females, there were
extended diestrus vaginal smears in a few control and HBCD-
treated rats, but no significant effect of HBCD was found on the
incidence of females with normal estrous cycles. All pairs in all
groups copulated. One female each in the control and 150 ppm
groups, and three females each at 1500 and 15,000 ppm were
not impregnated. One pregnant female did not deliver live pups
at 1500 ppm. One dam experienced total litter loss by day 4
of lactation in the control group and by day 2 of lactation at
150 ppm. At 15,000 ppm, eight dams experienced total litter loss
by days 4, 5,7, 9, 11, 13 or 18 of lactation, and a significantly
increased incidence of dams with total litter loss was noted. No
clear clinical signs of toxicity were noted in these dams with
total litter loss. No significant changes were observed in the
copulation index, fertility index, gestation index, pre-coital inter-
val, gestation length, number of implantations, delivery index,
number of F2 pups delivered or the sex ratio of F2 pups. A
significantly decreased viability index was noted in F2 pups on
 PNDs 4 and 21 at 15,000 ppm. Mean body weights were signif-
icantly lowered compared to controls in male F2 pups on PNDs
7, 14 and 21 and in female F2 pups on PNDs 4,7, 14 and 21 at

15,000 ppm.
3.3. Developmental landmarks (F1 and F2)

Table 2 presents physical development of F1 and F2 pups.
There was no significant difference in the incidence of male and

female F1 and F2 pups that displayed pinna unfolding, or incisor
eruption between the control and HBCD-treated groups. The
incidence of male and female F1 pups showing completion of
eye opening was increased compared to controls at 1500 ppm. In
F2 pups, the incidence of pups showing eye opening was lowered
compared to controls in males at 15,000 ppm and in females at
1500 and 15,000 ppm. The AGD and AGD per cube root of body
weight ratio were not significantly different between control and
HBCD-treated groups in male and female F1 and F2 pups.

Table 3 shows reflex ontogeny in F1 and F2 pups. All male
and female F1 pups in all groups completed the surface right-
ing reflex, negative geotaxis reflex and mid-air righting reflex.
No significant changes were observed in reflex response time,
except for faster response in the surface righting in males at
15,000 ppm, in F1 pups of both sexes in HBCD-treated groups.
In F2 pups, a few pups failed to complete the reflex response
in HBCD-treated groups, and a significantly low incidence of
females completed mid-air righting was noted at 15,000 ppm;
however, there was no significant difference in the incidence
of male and female pups with completed response in other
reflexes and in the reflex response time between control and
HBCD-treated groups.

Table 4 presents data on sexual development in F1 rats.
No significant differences between control and HBCD-treated
groups were noted in the age at preputial separation in males or
vaginal opening in females, or body weight at the age of preputial
separation or vaginal opening.

3.4. Behavioral effects (F1)

Spontaneous locomotor activity for 10 min intervals and for
a total of 60 min was not significantly different between control
and HBCD-treated groups in male and females F1 rats (data not
shown).

On the first day of the T-maze test, the pre-test swimming
trials in the straight channel revealed that all male and female
F1 rats in each group could swim satisfactorily, and no sig-

_ Please cite this_article in press as: Ema M.et al; Two-generation ;qi_g‘gdugtive toxicity study of the flame retardant hexabromocyclododecane
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Table 2
Physical development in F1 and F2 pups
HBCD (ppm) 0 (control) 150 1500 15,000
F1 pups
No. of litters examined 24 2] 20 18
Pinna unfolding (%)"?
Male 86.0+265 925+ 165 93.6+15.7 813x279
Female 8581295 (23)° 947+ 147 9713+7.5 8644238
Incisor eruption (%)"-?
Male 91.6£17.6 (23) 964 £ 120 921+£17.0 89.719.9 17y
Female 9491114 (23)° 952+ 10.) 92.5+200 922+£154 (17
Eye opening (%)*-’
Male 4821415 (23)° 56.7+379 77.1£363° 45.8 £346 (17
Female 49.3 1378 (23)° 66.7+413 8294335 54.9 £41.4 (17)°
AGD*
Male pup AGD (mm) 5.37+£04] 544+036 538+0.32 5.2040.5}
Male pup AGD/(bw'?) 2491011 248 1£0.10 24410.12 246:+0.14
Female pup AGD (mm) 2.60+0.23 () 2.6740.16 2.624+0.18 2.57+0.23
Female pup AGD/(bw'?) 1.220.09 (23)° 1.23+0.06 1.20£0.06 1.23:£0.06
F2 pups
No. of litters examined 23 22 20 2]
Pinna unfolding (%)™®
Male 79.9 £36.4 (22) 9054228 82.1+298 70.1 £39.2 (20)°
Female 73.6+39.6 90.6+228 81.5+31.1 66.8 +-40.9
Incisor eruption (%)""
Male 864 +253(22) 928+ 196 97.211.8 (18)° 86.3 4+27.7 (14
Female 85.7£269 (21) 90.9 £26.2 9751112 90.0 +28.0 (15)
Eye opening (%)*"
Male 72.7£40.0 (22" 625+40.6 47.2+44.8 (18)° 33.9+34.7 (14)
Female 82.9+26.8(21) 727377 53.8+403" 48.1£42.0 (13)°°
AGD?
Male pup AGD (mm) 5.124+0.54 (22 5.12+041 5.04+0.42 4.84+0.39 (19)°
Male pup AGD/(bw'?) 246+0.12 (22) 2.4440.13 243+0.08 24240.12 (19)
Female pup AGD (mm) 2.69£0.30 (22) 2.71+£0.24 271+£0.29 2.5440.21 (20)¢
Female pup AGD/(bw'?) 130 £0.07 (22)° 1.33+£0.09 132+0.09 1.32£0.06 (20)°

® Values are given as the mean = S.D.

b Incidence of animals that displayed pinna unfolding, incisor eruption or eye opening (%).
¢ Data were obtained from the numbers of litters in parentheses because females that had no male and/or female pups and/or experienced total male and/or female

pup loss during lactation were excluded.
* Significantly different from the control, P <0.05.
** Significantly different from the control, P <0.01.

nificant changes were observed in the elapsed time to traverse
the straight channel. In males, there were a significantly shorter
elapsed time at 1500 and 15,000 ppm and fewer number of errors
at 15,000 ppm on day 3 of the T-maze. In females, there was no
significant difference in the elapsed time or number of errors of
the T-maze between control and HBCD-treated groups (data not

shown).
3.5. Necropsy and histopathology (FO, F1 and F2)

No compound-related gross lesions or microscopic alter-
ations were observed in reproductive organs in male and female
FO0 and F1 adults showing reproductive difficulties, in male and
female FO and F1 adults of the highest dose group and in dead
animals before scheduled sacrifice. There were no compound-

related gross lesions or remarkable microscopic alterations in
other tissues and organs, except for the thyroid, in male and
female FO and F1 adults. .

Table 5 presents the histopathological findings in the thyroid
of male and female FO and F1 adults. Decreased size of folli-
cles in the thyroid was found in FO and F1 adults at 1500 ppm
and higher, and in F1 females at 150ppm as well. A signifi-
cant increased incidence of rats with decreased follicle size was
noted in FO males (25%) and females (21%) and F1 females
(21%) at 1500 ppm and FO males (87%) and females (48%) and
F1 males (46%) and females (54%) at 15,000 ppm, compared to
controls (0%). Background incidence of decreased follicle size
in the laboratory performed current study was 0% in a total of 56
males and 56 females in 6 studies (5-12/sex/study) form 1998
to 2004. Hypertrophy of the follicular cells in the thyroid was

. in rits, Reprod Toxicol (2008); doi: 10,101 6/j reprotox 2007, 12:004
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Table 3
Reflex ontogeny in F1 and F2 pups
HBCD (ppm) 0 (control) 150 1500 15,000
Fl pups

No. of pups examined (male/fernale) 247123 21721 20720 17117
Surface righting reflex completion rate (%)

Male/female 100/100 100/100 100/100 100/100
Surface righting reflex response time (s)°

Male 23+1.1 20£0.6 1.8+£05 1.6+03"

Female 3.1+18 24£15 29426 26+26
Negative geotaxis reflex completion rate (%)

Male/female 100/100 100/100 100/100 1007100
Negative geotaxis reflex response time (s)”

Male 177+ 7.1 16.8 8.0 152+78 194+59

Female 13.9+6.2 11.5+£6.2 12.7+63 170+£69
Mid-air righting reflex completion rate (%)

Male/female 100 (23)"/100 100/100 100/100 100/100
F2 pups
" No. of pups examined (male/female) 22122 22/22 19/20 19/18
Surface righting reflex completion rate (%)

Male/female 100/100 100/100 100/100 100/88.9
Surface righting reflex response time (s)"

Male 2.1:1.7 20x1.5 28+25 22423

Female 23109 24417 2.1£09 3.7£3.7(16)"
Negative geotaxis reflex completion rate (%)

Male/female 100/100 (21)° 95.5/100 100/100 81.3 (16)°/88.2 (17)"
Negative geotaxis reflex response time (s)"

Male 173186 14.7£68 21" 152+64 14.1£67313)"

Female 124£531° 120452 16.7+64 1466615
Mid-air righting reflex completion rate (%) )

Male/female 1007100 21)° 100/100 94.4 (18)°/90.0 100 (13)"/76.9 (13)™

Surface righting reflex on postnatal day 5 (three trials), negative geotaxis reflex on postnatal day 8 (one trial) and mid-air righting reflex on post.nau;xl day 18 (three

trials) were examined. Completion rate (%)= (no. of animals showing all positive responses of the trials/no. of animals examined) x 100.
8 Values are given as the mean£ S.D.

b Data were obtained from the numbers of pups in parentheses.
* Significantly different from the control, P <0.05.
** Significantly different from the control, P<0.01.

also observed in FO males at 1500 ppm and higher, and in FO

females at 1500 ppm.

Fig. 3 shows the number of the primordial follicles in
the ovary of F1 females. The number of primordial fol-
licles (mean+ S.D.) was significantly decreased at 1500

(197.9+76.9) and 15,000ppm (203.4+79.5), but not at

150 ppm (294.2 + 66.3), compared to controls (316.3 £ 1 19.5).

The range of the background control data in the laboratory
performed current study was 189.5-353.4 (mean=295.6) in 4
studies using 10 females per study in 2005-2006.

Table 4
Sexual development in F1 males and females
HBCD (ppm) 0 {control) 150 1500 15,000
F1 rats
Male preputial separation
No. of males examined 24 24 24 24
Age (daysy' 428+1.7 41.7+1.8 428122 43715
Body weight (g) 225.6+17.1 219.6+20.0 235.0+20.8 2265162
Female vaginal opening
No. of females examiried 24 24 24 24
Age (days)’ 30920 303+26 30118 30.8+22
Body weight (g)’ 106.0x 138 1029+ 13.8 106.0£ 106 10071130

2 Values are given as the mean=x S.D.

=

_in rats,
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Table 5
Histopathological findings in the thyroid of FO and F1 rats
HBCD (ppm) 0 (control) 150 1500 15,000
FO males
No. of males examined 24 24 24 23#
Decreased size of thyroid follicle® 0 0 6 20"
Hypertrophy of thyroid follicular cells® 0 ] 3 1
FO females
No. of females examined 24 24 24 238
Decreased size of thyroid follicle” 0 (] 5 1
Hypertrophy of thyroid follicular cells" 0 0 2 0
F1 males
No. of males examined 24 24 228 24
Decreased size of thyroid follicle’ 0 0 2 n*
Hypertrophy of thyroid follicular cells” 0 0 0 0
FI females
No. of females examined 24 24 24 24
Decreased size of thyroid follicle” 0 1 5 13"
Hypertrophy of thyroid follicular cells” 0 0 0 ]

* The number of animals examined was 23 or 22 due to autolysis.
® Values are given as the number of animals that showed abnormal findings.
* Significantly different from the control, P <0.05.

** Significantly different from the control, P <0.01.

There were no compound-related gross lesions and
histopathological changes in male and female F1 and F2 pups
and weanlings including dead pups.

3.6. Organ weights (FO adults)

The mean body weight at scheduled sacrifice was signifi-
cantly heavier at 1500 ppm in males compared to controls. In FO
males, there were a significantly decreased relative weight of the
brain at 1500 ppm and decreased relative weight of the seminal
vesicle at 1500 ppm and higher. On the other hand, there were
significantly increased absolute and relative weights of the liver
at 1500 ppm and higher and of the thyroid at 15,000 ppm. In FO
females, significant increases were found in the absolute weight
of the thyroid, liver and adrenal, and relative weight of the liver
at 15,000 ppm when compared with controls (data not shown).

400.0 [’

35001 '

swof [

-

25001 * O Control

£ HBCD 150 ppm
3 HBCD 1500 ppm
8 HBCD 15000 ppm

2000

1500

1000

50.0

0.0
Number of primordial follicles

Fig. 3. Number of primordial follicles in the ovary of F! female rats. Values are
given as the mean + S E.M. (*) Significant] y differem from the control, P < 0.05.

3.7. Organ weights (FI weanlings and adults)

Table 6 presents the organ weights of male and female
F1 weanlings. The mean body weight at scheduled sacrifice
was significantly lowered in males at 15,000 ppm compared
to controls. In males, there were significant increases in the
absolute and relative weights of the testis at 150 ppm, and rel-
ative weights of the testis and absolute and relative weight of
the liver at 1500 ppm and higher. The absolute weights of the
brain and kidney were significantly decreased at 15,000 ppm.
In F1 females, significantly increased absolute and relative
weights of the liver at 1500 ppm and higher, and decreased
absolute weights of the brain and kidney at 15,000 ppm were
observed.

Table 7 shows the organ weights of male F1 adult at
scheduled sacrifice. The relative weights of the brain and
pituitary were significantly higher at 150 ppm compared to
controls. At 15,000ppm, absolute weight of the brain was
significantly decreased, and absolute and relative weights of
the thyroid and liver were significantly increased compared to
control.

The organ weights of female F1 adults at scheduled sacrifice
are shown in Tuble 8. At 15,000 ppm, there were a significant
decrease in the absolute weight of the brain and a significant
increase in absolute and relative weights of the thyroid and
liver.

3.8. Organ weights (F2 weanlings)

Table 9 presents the organ weights of male F2 weanlings. The
body weight at sacrifice was significantly reduced at 15,000 ppm
compared to controls. A significant decrease was observed in
the relative weight of the kidney at 150 ppm, and a significant
increase was observed in the relative weight of the liver at 1500

 Please cite this article in press as: Ema M, et al,, Two-generation reproductive toxicity study of the flame retardant hexabromocyclododecane
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Table 6
Organ weights of male and female F] weanlings
HBCD (ppm) 0 (control) 150 1500 15,000
No. of male F1 weanlings examined 23 ) 21 20 17
Body weight (g) 85.7+109 896181 87792 78.3+5.8
Brain (g)° 1.64 +0.09 1.66 £0.05 1.62+0.07 1.55+£0.06
1.94 £ 0.19° 1.8740.17 1.86£0.18 1.99£0.13
Thymus (mg)® 3421 68" 339+ 50 369 £ 59 31757
398 £ 55¢ 37945 42155 405+ 70
Liver (g 3941063 4121048 4431059 471+ 058
4.60:£037° 460+032 5.05+0.32° 6.00+ 044"
Kidney (mg)™¢ 996+ 125" 1035+ 131 1004 + 109 894 £99"
1165 £74° 115592 1146 £ 70 1140+ 78
Spleen (mg)® 336 £ 62" 327441 334 +43 309 & 69
‘ 394 1 64° 366+ 42 383+ 46 395+ 81
Adrenal (mg)** 239+£3.0° 250+33 26.143.7 2.8+3.6
280+ 2.6 28039 299443 29.2+4.8
Testis (mg)™** 488 % 100" 550+ 70° 541+£92 494 70
565+ 65° 614+ 56 61561 631+£73
Epididymis (mg)** 732£9.5 774938 78399 70.1+11.6
859+ 9.8 86.7£103 893175 89.9+153
Ventral prostate (ng)” 400 120° 420477 42,171 34.8+9.4
464+ 103° 471488 482173 454111
No. of fernale F1 weanlings examined 23 21 20 14
Body weight (g)’ 789 £ 106 83.2+9.7 83983 72.1+53
Brain (g)* 1.58 £0.09° 1.61 £0.07 1.59+0.08 1.51£006
2.04+023° 1.96 £0.19 191+0.14 210+ 0.16
Thymus (mg)® 335+ 64" 33058 370+ 58 305 31
423+ 58° 397+63 441 £53 422+33
Liver (g)° 3.61 £0.55 3.83£0.55 4224056 43710417
4.57£0.35° 459 +0.28 5.02£0.327 6.07+0.36
Kidney (mg)"** 932+ 102" 945+ 112 958+ 115 815+ 85"
1189 +85° 1136 £ 63 1143 £ 81 1129+72
Spleen (mg)” 31153 306+ 44 304 + 59 280 £ 40
399 £75° 370+ 51 363 £ 67 388 48
Adrenal (mg)* 219435 237+£28 24238 209+3.4
278438 287+4.0 289140 28.9+4.1
Ovary (mg)™* 208 +£3.7 228136 21040 20.9+3.4
265+4.5° 275+4.1 25038 289437
Uterus (mg)° 57.0% 109° 62.0%14.1 64.1 186 51.9+124
736+ 175° 749177 76.0+ 184 71.94£162

8 Values are given as the mean=+ SD.

b Absolute organ weight.

< Relative organ weight = organ weight (g ar mg)/100 g body weight.

4 Values are given as the total weights of the organs on both sides.
* Significantly different from the control, P<0.05.
** Significantly different from the control, P<0.01.

and 15,000 ppm. There were significantly decreased absolute
weight of the brain, kidney, spleen, adrenal, epididymis and
ventral prostate and increased relative weight of the brain at
15,000 ppm.

Table 10 also presents the organ weights of female F2
weanlings. At 15,000 ppm, a significant decrease compared to

controls was found in the body weight at sacrifice. The abso-
lute and relative weights of the ovary were significantly higher
at 150 ppm. At 15,000 ppm, there were significantly reduced
absolute weight of the brain, thymus, kidney, spleen, adrenal
and uterus and increased relative weight of the brain, liver and
ovary.

- in rals, ‘Reprod Toxxcol (2008). doi:10. 10] o). rcprolox ”007 J”' 004

Please cite this article in press as: ‘EmaM, et al, Two-generation reproductive toxicity study of the flame retardant hexabromocyclododecane

-113-




+Model
RTX-6086; No.of Pages 17

12 M. Ema et al. / Reproductive Toxicology xxx (2008) xoxx~xxx
Table 7
Organ weights of male F1 adults
HBCD (ppm) 0 (control) 150 1500 15,000
No. of male F] adults examined 24 24 22 24
Body weight (g)° 605.6+419 576.7+59.0 61331592 5844 +549
Brain (g)* 2.19+0.08 2.2230.08 2.18£0.09 2.11£0077
0.363 +0.028¢ 0.388 £ 0.036 0.358 +0.034 0.363 £ 0.032
Pitvitary gland (mg)? 13.1x15 136+16 132114 13312
2.16 £0.22¢ 2.37+0.23" 2.17+022 22840.23
Thyroid (mg)*-4 243149 24230 254147 290156
4.03+0.79° 4.2210.63 4.154+£0.72 4.96+0.87°
Thymus (mg)? 34+ 72" 305+92 368 + 100 341 +£76
56.7 £10.8 5284143 598+ 144 583+11.1
Liver (g)° 19.83 £2.06" 1936 £3.13 20.73 £ 3.01 22.61 £3.047
327%0.18° 3.34£0.26 3.37+025 3.86+0.28°
Kidney (g)*" 3.74 £0.34" 3.591+0.36 3.77+033 3.774+0.58
0.618 £0.037¢ 0.625 +0.052 0.619 +0.074 0.645 + 0.080
Spleen (mg)* 885+ 168" 8401147 878 + 163 851+113
146 4 26° 146 22 143 +22 146 £ 17
Adrenal (mg)™* 59.7£11.0 63.1+£15.8 60.3410.7 594167
99+ 1.6° 109+£23 99+1.8 102+1.1
Testis (g)*+! 3.63+£0.33° 3524027 3.51+£0.35 3454+0.36
0.602 £ 0.069¢ 0.614 £0.049 0.576 1 0.062 0.593 + 0.065
Epididymis (mg)*-* 1346 £ 107" 1328+ 104 1282+ 109 1357 £ 104
2234-24¢ 232+24 210+19 234+23
Seminal vesicle (g)* 236 £0.26" 228 +0.22 233+0.29 2.38+0.22
0.391 £0.051°¢ 0.398 £0.050 0.382+0.051 0.409 + 0.045
Ventral prostate (mg)* 834+ 195 7794217 83 +175 789 159
137+ 28 135434 131430 135 £22

? Values are given as the mean + S.D.
b Absolute organ weight.
¢ Relative organ weight = organ weight (g or mg)/100 g body weight.
¢ Values are given as the total weights of the organs on both sides.
* Significantly different from the control, P <0.05.
** Significantly different from the control, P<0.01.

3.9. Hematological and blood biochemical parameters (FO
and F1 adults)

In male FO and F1 and female F1 adults, no significant dif-
ference was noted in the total WBC or differential leukocyte
count between control and HBCD-treated groups. In female FO
adults, there was a significantly lower percent of stabform and
segmented neutrophils, and a higher percent of lymphocytes at
150 ppm compared to controls. Total protein and globulin were
significantly higher in FO males at 1500 and 15,000 ppm, in FO
females at 150 and 15,000 ppm and in F1 males at 15,000 ppm
than those in controls (data not shown).

3.10. Serum hormone levels (FO and F1 adults)

Fig. 4 shows serum hormone levels of T3, T4 and TSH
in male and female FO and F1 adult rats. There were
no significant changes in T3 levels in FO and F1 rats of
both sexes. Lower levels of T4 compared to controls were
observed at 15,000 ppm in FO males and females. Signifi-

cantly increased levels of TSH were found in FO females
at 150ppm and higher, and F1 females at 1500 ppm and

higher.

In FO adults, serum FSH levels were significantly decreased

in males at 1500 ppm and increased in females at 15,000 ppm
compared to controls. In F1 adults, significantly higher levels
of DHT were observed in males at 1500 ppm. No significant
differences in serum testosterone, estradiol, progesterone and
LH levels were noted in FO and F1 adults of both sexes between
control and HBCD-treated groups (data not shown).

3.11. Sperm parameters (FO and F1 adults)

A significantly lower number of epididymal sperm at
150 ppm and higher mean amplitude of lateral head displace-
ment at 15,000 ppm was found in FO males compared to controls.
There were no significant changes in the sperm counts, the
percentage of motile sperm and progressively motile sperm,
swimming speed and pattern, and the percentage of morpho-
logically abnormal sperm in F1 adults between control and
HBCD-treated groups (data not shown).

| in'rats, Reprod Toxicol (2008), doi: 0.} 016/j.reproiox 2007:12.004
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Table 8
Organ weights of female F1 adults
HBCD (ppm) 0 (control) 150 1500 15,000
No. of female F1 adults examined 22 2 20 13
Body weight (g)* 32294259 32701248 328.6+202 307.8 +£305
Brain (g)* 2.07£0.09" 2.06+0.07 206+0.08 1.97£0.06™
0.645 £ 0.045° 0.634 £0.053 0.630 £ 0.045 0.646 & 0.056
Pituitary gland (mg)’ 147£15 158+2.7 1S5+ 1.8 14313.0
4.56 £0.43¢ 4.83+0.81 472£0.59 4.621+0.68
Thyroid (mg)™ 1934330 19835 215+4.6 239445
6.01 £1.01° 6.08+1.05 654+1.36 7.76 £ 1.36”
Thymus (mg)° 250 £ 62" 233162 276 +80 259476
7741 174 71.6 £19.9 83.8+21.8 83.9+222
Liver (g) 13.49 £ 1.59" 1430+ 1.29 1435+ 141 15.58 + 2.38°
4.18 £0.42° 4391044 4381047 5.05+0.50”
Kidney (g)™ 236023 231£0.19 239+0.18 2.23+£0.26
0.732 £0.054° 0.7100.068 0.729 £ 0.070 0.726 £0.051
Spleen (mg)* 632+ 124" 595+ 68 62493 57870
195 £33°¢ 183+ 24 19027 188 £ 16
Adrenal (mg)*+4 708 + 104" 7391105 74.8+9.6 7171134
220+3.1° 226£3.1 228+2.8 233435
Ovary (mg)™! 1024+ 129 1064 £ 132 108.6 £ 18.0 1049£ 169
31.8+42° 326+3.9 33.1+53 34.1+42
Uterus (mg)?* 966 + 216 913+ 188 955 + 204 949 + 156
299 + 64° 2824165 291+ 64 313+69

 Values are given as the mean £ S.D.

b Absolute organ weight.

¢ Relative organ weight = organ weight (g or mg)/100 g body weight.

9 Values are given as the total weights of the organs on both sides.
** Significantly different from the control, P<0.01.

4. Discussion

In the present study, unscheduled deaths and euthanasia due
to moribund condition were noted in a few animals. The deaths,
euthanasia and clinical signs observed in the present study were
not thought to be attributable to the administration of HBCD,
because these incidences were very low and inconsistent across
generations and sexes and these occurrences are not uncom-
mon in toxicological studies. Lowered body weight and body
weight gain accompanied by decreased food consumption were
observed at 15,000 ppm in F1 males and females. These findings
suggest that a dietary level of 15,000 ppm is generally toxic to
rats.

Although a few FO and F1 adults showed reproductive dif-
ficulties, necropsy and the histopathology of the reproductive
organs revealed no compound-related changes in these rats.
No adverse effects on spermatogenic endpoints observed in the
present study are consistent with the previous results of sperm
analysis [19].

Lowered body weight of pre-weaning pups was found at
15,000 ppm. More pronounced effects were noted on viability
and body weight in F2 pups at this dose. These findings indicate
that the dose levels of 15,000 ppm used.in this study were potent
enough to have adverse effects on the survival and growth of
pups. Lochry [31] noted strong correlations between develop-

mental landmark parameters and pup body weight data, which
were consistently the more sensitive indicator of the develop-
mental status of offspring. A higher completion rate of eye
opening was noted in male and female F1 pups at 1500 ppm,
but this rate was not dose-dependent and was not accompanied
by changes in body weight. A lower completion rate of eye open-
ing was found in female F2 pups at 1500 ppm and higher, and
in male F2 pups at 15,000 ppm, and was associated with low-
ered body weight. This decreased rate in F2 pups seems to be
due to lowered body weight. The lowered completion rate of
mid-air righting reflex in female F2 at 15,000 ppm seemed to
be due to decreased body weight, because reflex responses are
also dependent on physical development [ 32]. These findings of
pre-weaning developmental parameters suggest that high doses
(>1500 ppm) of HBCD affect the growth of offspring and the
resulting decreased body weight is associated with delays of
pre-weaning developmental landmarks and reflex ontogeny.

In the present study, HBCD-related effects were not found on
sex hormone-dependent events, such as estrous cyclicity, AGD
{33], male preputial separation | 34], female vaginal opening [35]
or the weight of reproductive organs, or on sex hormone levels at
scheduled necropsy. These findings suggest that HBCD has no
effects on androgenic/estrogenic events or sexual differentiation.

Transient changes were noted in performance in the water-
filled T-maze in F1 males at 1500 ppm and higher, but HBCD

in rats, Reprod Toxicol (2008), doi10.1016/j.reprotox 2007.12:001
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Table 9
Organ weights of male F2 weanlings
HBCD (ppm) 0 (control) 150 1500 15,000
No. of male F2 weanlings examined 2 22 18 13
Body weight (g)" 8224171 846187 813+134 64.71£1127
Brain (g)* 1.62+0.13° 1.65 +£0.08 1.60£0.10 1.46 £0.09
2.08 £0.58° 1.96 £0.16 201029 231033
Thymus (mg)* 343+ 92" 336157 360+ 88 282471
41497 397 +54 41 +69 434 +8]
Liver (g)° 3.87+£0.90" 4.02+0.55 4.12+0.83 3.88+£0.68
472 £0.59° 4.74£0.35 5.04 040 6.00+£0.25
Kidney (mg)*-¢ 965 167 958 £99 933+ 135 749 £ 100
1201 £ 173¢ 1134 £ 56 1155+ 85 1170 £ 96
Spleen (mg)* 360+ 83" 361+54 346 78 263+ 50"
44377 429+ 64 426 4-69 411 £ 66
Adrenal (mg)™* 234£5.1° 251436 243+52 19.6:+32°
287 4.4 29.7+3.2 29.9+4.0 304+£20
Testis (mg)*+¢ 476+ 138" 51081 475+ 136 385+92
574+ 123° 600+ 55 572+93 589 & 54
Epididymis (mg)*-* 737+ 16.8° 73.6+10.7 718+ 175 61.7+95"
90.7 + 14.1° 87.21+106 873196 96.2+ 105
Ventral prostate (mg)® 406£9.7° 423195 41.7+121 205+68"
502 +£9.3° 502+107 50.8+9.6 473+15.8

® Values are given as the mean £ S.D.
b Absolute organ weight. ‘
¢ Relative organ weight =organ weight (g or mg)/100 g body weight.
4 Values are given as the total weights of the organs on both sides.-
* Significantly different from the control, P < 0.05.
** Significantly different from the control, P <0.01.

did not cause any toxicological changes in spontaneous loco-
motor activity in F1 rats of both sexes. Previously, decreased
locomotion at low and high doses and worse performance in
the Morris water maze at high doses were reported in male mice
given a single gavage dose with HBCD at 0.9 and 13.5 mg/kg bw
on PND 10 [21]. The discrepancy in the behavior of offspring
between the present and previous studies could be explained by
the difference in the actnal intake of HBCD in pups between
the direct exposure of pups and maternal exposure, indirectly to
pups via maternal milk, and by differences in the animal species
used in these studies. Further studies are needed to clarify the
transfer of HBCD to the nervous system in pre-weaning animals
and species difference.

The changes in absolute and/or relative weight of the brain,
pituitary, thymus, kidney, spleen, adrenal, testis, epididymis,
seminal vesicle, ventral prostate, ovary and uterus observed
in adults and/or weanlings of either sexes or generation are
not thought to have toxicological significance, because these
changes were not dose-dependent or were inconsistent across
age, sex and generation. Increased absolute and/or relative
weights of the liver were noted regardless of sex, age and
generation in the present study. Previously, an increase in abso-
lute and relative liver weight was reported in rat dams given
dietary HBCD at 1.0% |23]. A dose-dependent weight increase
of the liver was noted only in females given HBCD by gav-
age for 28 days |20). Gavage dose of HBCD for 28 days
caused increased absolute and relative weights of the liver, but

not test article-related histopathological lesions, in male rats
at 1000 mg/kg bw/day and in female rats at 350 mg/kg bw/day
and higher [18]. In a rat 90-day repeated dose toxicity study
of HBCD by gavage, increased absolute and relative weights
of the liver were detected at 100 mg/kg bw/day and higher in
males and females [19]. The liver change in males was char-
acterized as minimal hepatocellular vacuolation, and a slight
increase in the severity of this change was found in females
at 300 mg/kg bw/day and higher. In females, minimal and mild
centrilobular hepatocellular hypertrophy were also observed at
1000 mg/kg bw/day; however, the author concluded that these
increases in liver weight were an adaptive, rather than a toxic
response, and are not uncommon in rats, and are most likely the
results of microsomal induction because of the absence of test
article-related histopathological and serum chemistry changes
[18.19]. It is known that hepatic enzyme induction produces
increased liver weight without accompanied histopathological
changes in rats [36]. In the present study, neither histopatho-
logical change in the liver in any sex, generation or age, nor
gender difference in the effects of HBCD on the liver were
noted; however, the increased levels of total protein and glob-
ulin, in FO males and females and F1 males, observed in the
present study were considered to result from the increased liver
weight. The induction of CYP2B1 mRNA, CYP2B1/2B2 pro-
tein and 7-pentoxyresorufin O-depentylase activity, suggesting
phenobarbital-type induction, was caused in juvenile/young rats
given HBCD in feed for 28 days [37). These findings suggest

- in'rats, Reprod Toxicol (2008), doi:10;101 G/j.reprotox.2007.12.004
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Table 10
Organ weights of female F2 weanlings
HBCD (ppm) 0 (control) 150 1500 15,000
No. of female F2 weanlings examined 21 22 20 13
Body weight (g)° 753125 75.8+8.5 7314128 519+116
Brain (g)° 1.57£0.11° 1.58 £0.07 155£0.12 141£0.15°
2.14 £ 037° 2.11£0.20 2174035 2481034
Thymus (mg)® 338+ 85° 324+ 50 331169 260 £ 80"
447 £ 81¢ 429+ 57 451 £ 5] 445+ 83
Liver (g 3.55+0.64" 3.57+£0.48 3.63+0.74 3421077
4,70+ 0.27° 470028 494032 589+ 044"
Kidney (mg)*- 916+ 131° 885+ 98 868 + 144 679+ 138
1226 £ 93¢ 1169+ 65 1194 + 84 1177+ 103
Spleen (mg)° 325+ 590 302142 299 4 62 225 45"
436 £ 61° 3991+ 43 412161 39253
Adrenal (mg)*/ 22.1+4.2° 215+£26 21.5+£43 17.643.1°
295141 284+34 29431 30.7+£2.6
Ovary (mg)™* 200+3.9 229126 209+39 182140
269%5.1 30539 288442 321175
Uterus (mg)* 608+ 16.1° 636+15.1 570157 476114
80.9 £ 163¢ 8441210 78.7£21.7 83.7+203

8 Value are given as the mean S.D.
b Absolute organ weight.
¢ Relative organ weight =organ weight (g or mg)/100 g body weight.
¢ Values are given as the total weights of the organs of both sides.
* Significantly different from the control, P <0.05.
** Significantly different from the control, P <0.01.

that the increased liver weight and blood biochemistry changes
observed in the present study may be attributable to enzyme
induction.

In the previous 90-day repeated dose toxicity study, HBCD
caused increases in the absolute and relative weights of the
thyroid/parathyroid in females and thyroid follicular cell hyper-
trophy in males and females at 300 mg/kg bw/day and higher,
and depressed serum T4 levels in males at 100 mg/kg bw/day
and higher and in females at 300 mg/kg bw/day and higher [19].
van der Ven et al. [20] described that the most striking effect
of HBCD was on the thyroid hormone axis, including lowered
T4 levels, increased immunostaining for TSH in the pituitary,
increased weight/activation of the pituitary and thyroid, induc-
tion of hepatic T4-glucuronyl transferase, and decreased thyroid
follicles size, and these effects were restricted to females. They
also noted that higher sensitivity in females may be due to
higher liver concentrations of HBCD than in males [20]. In the
present study, reduced levels of serum T4 in males and females
at 15,000 ppm and increased levels of serum TSH at 1500 ppm
and higher in females were observed. It seems likely that the
lowered T4 levels may be related to enhanced elimination of T4
due to the induction of hepatic drug metabolizing enzymes and
that increased TSH levels may be due to feedback resulting from
decreased T4 levels. The increased TSH levels in FO females at
150 ppm were not considered to have toxicological meaning,
because these changes were not accompanied by histopatho-
logical changes in the thyroid or decreased T4 levels, or were
inconsistent across generations at this dose. Increased thyroid

weight at 15,000 ppm and decreased thyroid follicle size and
hypertrophy of thyroid follicular cells at 1500 ppm and higher
were also noted in male and female FO and F1 generations. These
present findings are essentially consistent with the previous find-
ings [19,20].

Primordial follicles preserve oocytes during the reproductive
life span and constitute a stockpile of nongrowing follicles in
mammalian ovaries. The primordial follicle population repre-
sents a female’s total reproductive potential, because primordial
follicles do not proliferate or grow [38]. It is reported that busul-
fan destroyed primordial germ cells, rendering the individual
deficient in primordial follicles [39.40]. A reduced primordial
stockpile was observed in female offspring of SD rats given
busulfan on day 13-15 of pregnancy [41]. Ina continuous breed-
ing study in which female Long-Evans hooded rat offspring,
after maternal intraperitoneal injection of busulfan on day 14
of pregnancy, were bred with control males for eight breeding
cycles, the number of pups delivered was reduced at 2.5 and
5.0mg/kg bw and no pups were delivered at 10 mg/kg bw [42].
Gray et al. [43] mentioned that continuous breeding of females
exposed to reproductive toxicants during critical developmental
periods is more useful than a single breeding trial in the detection
of subfertility. In the present study, histopathological examina-
tions of the ovary of F1 females revealed a decreased number
of primordial follicles at 1500 and 15,000 ppm. Variation exists
in primordial follicle counts dependent upon the methodology
used [44], but follicle counts provide a more sensitive indicator
of potential toxicity than did measures of fertility {45]. Parker
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Fig. 4. Serum levels of T3, T4 and TSH in FO and FI rats. Values are
Significanty different from the control, P<0.01.

[46] noted that a decrease in primordial follicle count is usu-
ally considered a biomarker of an adverse reproductive effect
because no recovery is possible. Although these findings sug-
gest that HBCD is potentially reproductively toxic, no adverse
effects onreproductive parameters in F1 dams, or on the numbers
of implantations or F2 pups delivered were noted in the present
study. In the present study, F1 parent rats were subjected to a sin-
gle breeding trial. A continuous breeding study of HBCD may be
needed to clarify the reproductive toxicity of HBCD, especially
the adverse effects of HBCD on the reproductive life span.

In conclusion, the results of the two-generation reproductive
toxicity study described here provide a more comprehensive
toxicity profile of HBCD than has been previously reported,
and the NOAEL of HBCD in this study was considered to be
150 ppm (10.2 mg/kg bw/day) in rats. NCR [4] estimated that the
average oral dose rate was 0.026 mg/kg bw/day. The estimated
human intake of HBCD is well below the NOAEL in the present

study.
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Abstract

Twelve male and female rats per group were given tetrahydrofurfuryl alcohol (THFA) by gavage at 0, 15, 50, 150 or 500 mg/kg/day. Males were
dosed for 47 days, beginning 14 days before mating, and females were dosed for 42-52 days beginning 14 days before mating to day 4 of lactation
throughout the mating and gestation period. Changes in locomotor activity, inhibition of body weight gain, and/or histopathological changes in
the thymus, spleen, testes and/or epididymides were observed in males and females at 150 mg/kg and above. No effects of THFA were found on
the copulation index, fertility index, or the number of corpora lutea and implantations in pregnant females. At 500 mg/kg, no pregnant females
delivered any pups. At 150 mg/kg, gestation length was prolonged, and the total number of pups born and the number of live pups on postnatal
days 0 and 4 was markedly decreased. No effects of THFA were found on the sex ratio and body weight of live pups, or the incidence of pups with
malformations or variations. Based on these findings, the NOAELSs for parental and reproductive/developmental toxicity of THFA were concluded

to be 50 mg/kg/day in rats.
© 2007 Elsevier Inc. All rights reserved.
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1. Introduction

Tetrahydrofurfuryl alcohol (THFA; CAS No. 97-99-4) is a
colorless and flammable liquid with a slight ether odor [1]. In
Japan, the annual production and import volume of THFA was
reported to be from 100 to 1000 tonnes in 2004 {2], but there is
no data available on that in other countries. The major uses of
this chemical are as a solvent for various products (fats, waxes,
resins, dyes and others) and as an intermediate in industrial appli-
cations | 1. While the extensive use of THFA by industry creates
significant potential for occupational exposure, there is also
the possibility of exposure of the general population to THFA
because some of the applications include consumer uses, such as
floor polish removers, graffiti removers and oven cleaners |3].
In particular, THFA application as a solvent for nail-cleaning

* Corresponding author. Tel.: +81 3 3700 9878; fax: +81 3 3700 1408.
E-mail address: ema@nihs.go.jp (M. Ema).

0890-6238/8 - see front matter © 2007 Elsevier Inc. All rights reserved.
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agents | ] and absorption enhancer in various lotions and trans-
dermal medications [4] would cause relatively high levels of
exposure due to direct use on the skin. Such occupational and
consumer exposure could occur through inhalation and dermal
routes. On the other hand, THFA is directly added to food as a
flavoring agent in Japan [5}, and its use as a food additive for fla-
voring is also permitted in the US [6] and EU |7]. Furthermore,
this chemical is known as the “solvent of choice” for a variety
of agricultural applications, including pest control, weed control
and growth regulation | 3]. These uses suggest possible exposure
of the general population to THFA via food. For each applica-
tion, there are no data available on the actual use volume and
exposure levels at this time. The possibility of human exposure to
THFA has aroused concern regarding its toxicological potential.

Only limited information is available about the toxicity of
THFA. It was reported that oral LDsp was 1.6-3.2 g/kg in rats
and 0.8-1.6g/kg in guinea pigs, and inhalation exposure for
6h caused 2/3 deaths of rats at 12,650 ppm |8]. THFA showed
eye irritation in rabbits {9) but did not irritate mouse skin | 10].
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Unpublished repeated dose toxicity data are briefly summarized
in OECD SIDS (Screening Information Data Set) documents
[1]. In a 90-day feeding study using rats, body weight gain was
depressed at 1000 ppm and above, the relative weight of epi-
didymides decreased at 5000 ppm and above, and relative testis
weight decreased with moderate testicular degeneration accom-
panied with complete loss of spermatogenic activity observed
at 10,000 ppm. Adverse effects on body weight gain and male
reproductive organs were also found in a 90-day inhalation
and dermal study of THFA using rats. As for reproductive and
developmental toxicity, only a dose range-finding developmen-
tal toxicity study is available [ 11]. In rats given THFA by gavage
on days 6-15 of pregnancy, total embryonic loss occurred in all
females at 500 mg/kg and above, at which inhibition of maternal
body weight gain was also observed. Fetuses with a filamentous
tajl (5/124 fetuses) and lowering of fetal weight were found at
100 mg/kg without maternal toxicity.

Since there is insufficient information on toxicity, this chem-
ical was selected as an object substance in an existing chemical
testing program by the Japanese government [12]. In this pro-
gram, a reproduction/developmental toxicity screening test was
performed according to OECD test guideline 421 [13], because
the evaluation of reproductive and developmental toxicity is
essential in the risk assessment of chemicals. The results are
summarized in OECD SIDS documents [1] and an assessment
report prepared by US EPA, “Hazard assessment for the toler-
ance reassessment of tetrahydrofurfuryl alcohol (THFA)” [ 14];
however, detailed data have not been published in scientific
journals. In this paper, therefore, we reported the data of a
reproduction/developmental toxicity screening test of THFA.

2. Materials and methods

This study was performed in compliance with OECD guideline 421 “Repro-
duction/Developmental Toxicity Screening Test” | 13], and in accordance with
the principles for Good Laboratory Practice [ 15.16] at the Research Institute for
Animal Science in Biochemistry & Toxicology (Sagamihara, Japan). The exper-
iment was approved by the Animal Care and Use Committee of the Research
Institute for Animal Science in Biochemistry & Toxicology, and was performed
in accordance with the ethics criteria contained in the bylaws of the Committee.

2.1. Animals and housing conditions

Crj:CD(SD)IGS rats (SPF, 8 weeks old) were purchased from Atsugi Breed-
ing Center, Charles River Japan, Inc. (Yokohama, Japan). This strain was chosen
because it is most commonly used in toxicity studies, including reproductive and
developmental toxicity studies, and historical control data are available. The ani-
mals were acclimatized to the laboratory for 13 days and subjected to treatment
at 10 weeks of age. They were carefully 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 show-
ing a 4- to 5-day estrous cycle were used in the experiment. On the day before
initial treatment, the rats were distributed into 5 groups of 12 males and 12
females each by stratified random sampling based on body weight.

Throughout the study, animals were maintained in an air-conditioned room
at 21.9-22.4 °C, with a relative humidity of 49-57%, a 12-h light/dark cycle, and
ventilation with more than 10 airchanges/h. A basal diet (Labo MR Stock; Nosan
Corporation, Yokohama, Japan) and sterile water were provided ad libitum. They
were housed individually, except for mating and nursing periods. From day 0
of pregnancy to the day of sacrifice, individual dams and/or litters were reared
using wood chips as bedding (White Flake; Charles River Japan, Inc., Yokchama,
Japan).

2.2. Chemicals and doses

THFA was obtained from Koatsu Chemical Industries, Ltd. (Osaka, Japan)
and kept in a cool (4°C) and dark place. The THFA (Lot no. 2002—4) used
in this study was 99.5% pure, and stability during the study was verified by
gas chromatography. The test article was dissolved in purified water (Kyouei
Pharmaceutical Co. Ltd., Takaoka, Japan), and administered to the animals by
gastric intubation. Control rats received the vehicle alone. Dosing solutions
were prepared at least once a week and kept in a cool (4 °C) and dark place
until dosing, as stability under these conditions has been confirmed for up to
7 days. The concentrations of THFA in the formulations were confirmed to be
97.7-103.0% of the target by gas chromatography analysis.

Prior to the present repreductive and developmental toxicity screening study,
a 14-day dose-finding study was performed. In the dose-finding study, male and
female rats were given THFA by gavage at 50, 100, 200, 500 or 1600 mg/kg/day
for 14 days. Changes in locomotor activity were observed at 100 mg/kg and
above, decreases in absolute and relative weight of the pituitary and thymus were
detected at 200 mg/kg and above, and piloerection, decrease in food consumption
and dilatation of the cecum were found at 500 mg/kg and above (data not shown).
Taking into account the results of this dose-finding study, the dose levels of
THFA in the present study were set as 15, 50, 150 or 500 mg/kg/day. The daily
application volume (5 mikg body weight) was calculated according to the latest
body weight.

2.3. Study design

Male rats were dosed once daily for 47 days, beginning 14 days before mating
and throughout the mating period. Female rats were also dosed once daily from
14 days prior to mating, and throughout the mating and gestation periods, to day
4 of lactation. The total administration period was 42-52 days. The day of the
first dosing was designated as day 0 of the administration/premating period.

During the first 14-day administration period (premating period), vaginal
lavage samples of each female were evaluated daily for estrous cyclicity. After
this premating period, female rats were transferred to the home cage of a male of
the same group, and cohabited on a 1:1 basis until successful copulation occurred
or the mating period of 2 weeks had elapsed. During the mating period, vagi-
nal smears were examined daily for the presence of sperm, and the presence
of sperm in-the vaginal smear and/or a vaginal plug were considered as evi-
dence of successful mating. The day of successful mating was designated as day
0 of pregnancy. Pregnant females were allowed to deliver spontaneously and
nurse their pups, and the day on which parturition was completed by 9:30 was
designated as day 0 of lactation or postnatal day (PND) 0.

Throughout the study, all parental animals were observed for clinical signs
of toxicity at least twice a day. The body weight was recorded on days 0, 7, 14,
21, 28, 35, 42 and 46 of the dosing period in males, and on days 0, 7 and 14
of the premating period, on days 0, 7, 14 and 20 of the gestation period and on
days 0 and 4 of the lactation period in females. Food consumption was recorded
on days 0, 7, 21, 28, 35, 42 and 45 of the dosing period in males, and on days
0 and 7 of the premating period, on days 0, 7, 14 and 20 of the gestation period
and on days 0 and 3 of the lactation period in females.

All surviving male rats were euthanized by exsanguination under ether anes-
thesia on the day after the last administration. All female rats showing successful
reproductive performance were euthanized in a similar way on day 5 of lacta-
tion. Females that did not copulate were euthanized on the day after the 52nd
administration. Females that had not completed parturition were euthanized 5
days after the expected day of parturition (day 22 of gestation). When total litter
loss was observed, the dams were euthanized within 4 days. For all parental
animals, the external surfaces were examined. The abdomen and thoracic cavity
were opened, and gross internal examination was performed. For females, the
numbers of corpora lutea and implantation sites were recorded. In males, the
testes and epididymides were removed and weighed. The pituitary, thymus and
kidneys were also weighed in both sexes.

Histopathological evaluations were performed on the pitvitary, thymus,
testes, epididymides and ovaries of all animals in the control and highest dose
groups. In addition, the spleen of five animals in the control group and of
all animals in the highest dose group was examined as test substance-related
changes were macroscopically found in this organ. As a result of histopatho-
logical examination, test substance-related changes were found in the thymus,
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spleen, testes and epididymides of the highest dose group; therefore, the organs
of five animals in the other groups were also examined histopathologically. For
females that showed reproductive failure, the pituitary, ovaries, uterus and/or
mammary gland were examined histopathologically. For the histopathological
examination, the target organs were fixed in 10% neutral-buffered formalin
(following Bouin’s fixation for the testes and epididymides), processed rou-
tinely for embedding in paraffin, and sections were prepared for staining with
hematoxylin—eosin.

All live and dead pups were counted, and live pups were sexed, examined
grossly and weighed on PND 0. They were daily observed for clinical signs of
toxicity on PNDs (0—4. On PND 4, the number and body weight of live pups
was recorded. The pups were then euthanized by exsanguination under ether
anesthesia, and gross internal examinations were performed.

2.4. Data analysis

Parametric data, such as body weight, food consumption, organ weight, ges-
tation length and the number of corpora lutea, implantations and pups bomn, were
analyzed by Bartlett’s test for homogeneity of distribution. When homogeneity
was recognized, one-way analysis of variance was performed. If a significant
difference was detected, Sheffé’s test was conducted for comparisons between
control and individual treatment groups. Data without homegeneity or some non-
parametric data (implantation index, live birth index, delivery index, variability
index, the incidence of pups with malformations or variations) were analyzed
using the Kruskal-Wallis’s rank sum test. If significant differences were found,
the mean rank test of Scheffé’s type was conducted for comparison between the
control and each dosage group.

For toxicological signs, autopsy results and histopathological findings,
Fisher’s exact test was conducted for comparison of the incidences in each
group. The sex ratio of live pups was also compared by Fisher’s exact test. The
copulation index, fertility index and gestation index were compared using the
x3-test.

Pups were statistically analyzed using the litter as the experimental unit. The
5% level of probability was used as the criterion for significance.

3. Results
3.1. Parental toxicity

One male of the 15 mg/kg group was found dead after the
22nd administration. No substance-related clinical signs of tox-
icity were detected at 15 and 50 mg/kg. Increase and decrease
in locomotor activity was observed in 10/12 males and 11/12
females in the 150mg/kg group and in all animals of the
500 mg/kg group. This change was found mainly in the first half
of the administration period in both sexes at 150 mg/kg and in
females at 500 mg/kg, and also in the second half of the admin-
istration period in males at 500 mg/kg. Vaginal hemorrhage was
observed during the late gestation period in 1/11 pregnant female
at 150 mg/kg and 2/12 pregnant females at 500 mg/kg, which did
not deliver their pups or experienced total litter loss.

Table 1
Body weight of male and female rats given tetrahydrofurfuryl alcohol (THFA) by gavage
Dose (mg/kg/day)
0 15 50 150 500
Males (no. = 12)
Body weight during administration (g)
Day 0 393 £ 17 394 £ 17 393+ 14 392117 392+ 16
Day 7 422 £ 23 420 £ 18 421 16 419422 400 &+ 187
Day 14 448 + 28 441 + 21 445 + 18 444 +24 424 + 21
Day 21 470 £ 28 459 £ 29 469 £ 19 466+ 24 443 £ 19°
Day 28 492 £ 31 482 + 22 488 + 21 482 +21 4S8 + 22°
Day 35 516 £ 34 506 + 24 510 £25 49122 472 £+ 287
Day 42 536 + 38 524 + 29 523 £ 28 505 %21 482 £ 31°°
Day 46 550 £ 40 532+29 533 £ +27 513+21 489 & 327
Gain 157 £ 29 136 £ 19 140 £ 25 122+ 16% 98 &+ 23
Females (no. = 12)
Body weight during premating (g)
Day 0 236 + 15 234 £ 13 232+ 14 235+ 16 234 + 14
Day 7 249 £ 14 244 + 13 241 £ 14 243 +£20 242 £ 15
Day 14 265 + 18 255+ 15 252 £ 18 260+ 21 256 4 16
Gain 29 + 10 21 +£7 2010 259 22+ 10
Body weight during gestation (g)
Day 0 275 £ 23 266 £ 19 261 + 18 259+ 20 262 + 20
Day 7 317+ 24 304 £ 25 300 £ 23 301 +21 297 + 18
Day 14 357 £ 23 339 £ 26 335 £ 27 332121 322+ 20°
Day 20 438 + 23 422 + 31 411 + 34 373+27 320 £ 207
Gain 164 £9 156 & 15 150 + 18 114 £20° 58 + 8
Body weight during lactation (g)
Day 0 343+ 19 327 £ 28 32126 308 £ 17
Day 4 361 + 22 351 £ 34 341 £ 28 306
Gain 1812 20+£9 3

24 £13

Values are given as the mean =+ S.D.
* Significantly different from the control group (P <0.05).
** Significantly different from the control group (P <0.01).
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