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Age-related Susceptibility to Induction of Osteochondral
and Vascular Lesions by Semicarbazide Hydrochloride in Rats

Miwa TAKAHASHI, MIDORI YOsHIDA, KaoRU INOUE, ToMOMI MORIKAWA, AND AKIYOSHI NISHIKAWA

Division of Pathology, National Institute of Health Sciences, Setagaya-ku, Tokyo, Japan

ABSTRACT

To compare the susceptibility to toxicity of semicarbazide hydrochlotide (SEM-HCI) between young and adult rats, 3- and 20-week-old female
SD rats were given a diet containing SEM-HCl at 0, 500, or 1,000 ppm and 0 or 1,000 ppm, respectively, for 4 weeks. Half of the animals were then
maintained on basal diet for a further 2 weeks as recovery groups. Only in young rats was deformation of the knee joints as well as thorax and tail
observed at 500 and 1,000 ppm. Histopathologically, severe osteochondral lesions, such as disarrangement and thickening of the epiphyseal cartilage
and deformation of articular cartilage, were observed, but the severity of these lesions became reduced during the recovery period. In adult rats,
osteochondral lesions were relatively mild. Fissures in the cartilage matrix of the tibia were characteristic of adult rats, and in these, reduction of
severity was not obvious in the recovery group. In the thoracic aorta, the appearance of elastic laminae was altered only in young rats in both the
4-week treatment and recovery groups. These results suggest that growing animals are more susceptible to toxicity of SEM-HCI than adults are.
Effects and the induced lesions link to the developing stage of the target organs.

Keywords:

INTRODUCTION

Semicarbazide (SEM), a metabolite of the banned
veterinary antibiotic nitrofurazone, has been proposed as a
marker for detection of nitrofurazone abuse (Effkemann and
Feldhusen 2004; de la Calle and Anklam 2005). However,
SEM has in fact been found in food in glass jars sealed with
plastic gaskets manufactured using azodicarbonamide as a
blowing agent, such as baby foods, fruit juices, jams, and con-
serves (European Food Safety Authority 2003; Stadler et al.
2004). Other sources of contamination, such as from food pro-
cessing by hypochlorite treatment, have further been suggested
(Hoenicke et al. 2004; Saari and Peltonen 2004). The
possibility of exposure through various foods independent of
nitrofurazone usage has thus raised concerns about the health
risk of SEM.

SEM is also known to inhibit enzymes, such as lysyl
oxidase, semicarbazide-sensitive amine oxidase (SSAQ), and
glutamic acid decarbocylase (Magyar, Mészaros, and Matyus
2001; Dawson, Rinaldi, and Péch 2002; Macedo et al. 2007).
It thereby acts as an osteolathyrogen, inducing osteochondral
and vascular lesions in young rats due to impaired cross-
linking reactions of collagen and elastin through inhibition of
lysyl oxidase or SSAO (Ramamurti and Taylor 1959; Langford
et al. 1999; Dawson et al. 2002; Mercier et al. 2007). In addi-
tion, teratogenic effects such as induction of cleft palate and
aortic aneurysms have been reported (Steffek, Verrusio, and
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Abbreviations: BAPN, beta-aminopropionitrile; HE, hematoxylin and
eosin; SEM, semicarbazide; SEM-HCI, semicarbazide hydrochloride; SSAQ,
semicarbazide-sensitive amine oxidase.
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Watkins 1972; de la Fuente del Rey 1986; Gong et al. 2006).
SEM has weak genotoxicity in vitro but not in vivo
(Parodi et al. 1981; Abramsson-Zetterberg and Svensson
2005; European Food Safety Authority 2005, Food Safety
Commission 2007). In mice, SEM hydrochloride (SEM-HCI)
at a high dose in the drinking water increased incidences of
lung and blood vessel tumors that were commonly observed
in untreated mice, suggesting that SEM-HC] might be only a
weak carcinogen (Toth, Shumizu, and Erickson 1975). In rats,
although no carcinogenic effects were observed after feeding a
diet containing SEM-HCI at 500 and 1,000 ppm for 78 or
32 weeks (Weisburger et al. 1981), data for carcinogenicity
remain insufficient for evaluation.

So far, the risk of adverse effects of SEM exposure to human
beings has been considered low because there is a sufficient
margin of exposure (Nestmann et al. 2005). However, intake
of SEM for infants is estimated to be much higher than for
adults because of high consumption of baby food in glass jars
and the infants’ small body weight (European Food Safety
Authority 2005; Nestmann et al. 2005). Generally, developing
bones and cartilage of infants and children have a different sus-
ceptibility from that of their adult counterparts (Schwenk et al.
2003), and previous studies of effects of other osteolathyrogens
such as beta-aminopropionitrile (BAPN) and aminoacetonitrile
hydrochloride indicated young animals to be more susceptible
than adults (Morgan and Bellamy 1976; Davies and Schoficld
1980). In man, although there has been no report of osteolathyr-
ism caused by SEM, Haque et al. (1997) reported lesions
induced by BAPN. Accordingly, because infants or children
might be more vulnerable to SEM than adults, evaluation of
toxic effects of SEM with the focus on age-related susceptibil-
ity is important for risk assessment in human health. In the
present study, we therefore compared histopathological
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osteochondral and vascular lesions in young and adult female
rats given SEM-HCI for 4 weeks. Reversibility of the induced
lesions was also assessed.

MATERIALS AND METHODS
Chemicals

SEM-HCI (CAS no. 563-41-7) was purchased from Hayashi
Pure Chemical Ind., Ltd. (Osaka, Japan), as a white powder
with a purity of 99.3% and well mixed at concentrations of 0,
500, or 1,000 ppm into a powdered basal diet (CRF-1; Oriental
Yeast Co., Tokyo, Japan). More than 89% stability of the test
compound was confirmed for up to 4 weeks of storage at 4°C
and room temperature. Test diets were prepared every 2 weeks
and stored at 4°C before use.

Animals and Treatments

Thirteen pregnant Crl:CD (SD) rats were obtained from
Charles River Japan Inc. (Kanagawa, Japan) at gestational day
10. They were housed individually in polycarbonate cages with
wood chip bedding and maintained in an air-conditioned ani-
mal room (temperature 24°C + 1°C, relative humidity 55%
+ 5%, 12-hour light-dark cycle) with powdered basal diet
(CRF-1) and tap water available ad libitum. At weaning, 30
female pups (210 or 22-day-old) were allocated to 3 groups,
each consisting of 10 animals from different dams, and given
diet containing 0, 500, or 1,000 ppm SEM-HCI for 4 weeks
(young group). The dietary dose levels were determined as
toxic levels in a 2-week dose-finding study conducted on the
basis of a previous report (Weisburger et al. 1981). Dams were
kept untreated for 5 weeks after weaning, and 12 animals show-
ing no abnormalities at 20 weeks of age were divided into 2
groups and fed diet containing 0 or 1,000 ppm SEM-HCI for
4 weeks (adult group). Observations for mortality and clinical
signs, including posture and gait abnormalities and deforma-
tion of 4 limbs, thorax, and tail, were conducted daily. Body
weight and food consumption were recorded every week. After
4-weeks treatment, half of the animals from each group were
euthanized by exsanguination from the abdominal aorta under
deep anesthesia with ether. The remaining animals were main-
tained on basal diet for another 2 weeks as recovery groups and
then subjected to necropsy in the same manner. The experimen-
tal protocol using animals was reviewed and approved by the
Animal Care and Use Committee of the National Institute of
Health Sciences, Japan.

Histopathological Examination

After macroscopic examination, all organs were removed
and fixed in 10% neutral buffered formalin. For examination
of osteochondral lesions, the nasal cavity, sternum, right femur,
right tibia, left knee joint, right and left ankles, spine (cervical,
thoracic, lumbar, and caudal vertebrac with corresponding
spinal cord) were fixed in 10% neutral buffered formalin and
then decalcified in EDTA solution at room temperature for a
month. The tissues were then routinely processed for paraffin
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Ficure 1.—Growth curves for young and adult rats given semicarba-
zide hydrochloride in diet for 4 weeks and then maintained on basal
diet for 2 weeks as a recovery peried. **Significantly different from
the O-ppm group at p < 0,01,

embedding, sectioned, and stained with hematoxylin and eosin.
Victoria blue staining was applied to three transverse sections
of the descending thoracic aorta cut at 5-mm intervals to
demonstrate elastic fibers. The number of elastic laminae of
each section was counted.

Statistical Analysis

Variance in data for body weights and food consumption of
young rats was checked for homogeneity by Bartlett’s proce-
dure. If the variance was homogeneous, the data were assessed
by one-way analysis of variance. If not, the Kruskal-Wallis test
was applied. When statistically significant differences were
detected, the Dunnett’s multiple test was employed for compar-
ison between the 0-ppm and treatment groups. In the adult
group, the data for body weights and food consumption were
analyzed by the Student’s or Welch’s -test following a test for
equal variance.

ResuLTs
In-Life Parameters

No deaths occurred during the experiment. Body weights in
young groups increased constantly, and body weight gain at
1,000 ppm was significantly suppressed from week 1 (Fig. 1)
throughout the study. In contrast, body weights of adult animals
in both the 0- and 1,000-ppm groups stayed flat and were com-
parable between the two groups throughout the study. Data for
food consumption and SEM-HCI intake are summarized in
Table 1. Although the mean values for food consumption per
animal in young and adult rats were similar, the mean value for
food consumption per kilogram of body weight in young ani-
mals was nearly doubled that in adults. Accordingly, intake
of SEM-HCI in young animals was also twice as much as that
in adult rats.

Clinical Findings and Necropsy

The external abnormalities observed during the study are
summarized in Table 2. Enlargement and deformation of the
knee joints was apparent in young rats given 500 and 1,000
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TasLE 1.—Food consumption and intake of SEM-HCI by young and adult rats.

Food consumption

Intake of SEM-HCI1

Group Dose (ppm) No. of animals (g/animal/day) (g/kg BW/day) (mg/kg BW/day)
Young 0 10 148 + 3.1° 1053 + 158 0.0 % 00
500 10 158 + 29 117.0 + 218 58.5 + 10.9
1,000 10 118 + 15 99.9 + 19.1 99.9 + 19.1
Adult 0 6 169 + 12 48.9 + 3.1 0.0 + 0.0
1,000 6 152 + 2.6 453 + 73 453 +£ 73
Abbreviations: BW, body weight; SEM-HC], semicarbazide hydrochloride.
®Mean + SD.
TabLe 2.—External clinical observations at necropsy in young and adult rats.
Young Adult
4-week dosing 4 weeks +
4-week dosing period 4 weeks + recovery period recovery

Site Findings 0 ppm 500 ppm 1,000 ppm O ppm 500 ppm 1,000 ppm 0 ppm 1,000 ppm O ppm 1,000 ppm

No. of animals examined 5 5 5 5 5 5 3 3 3 3

Hind limb Enlargement and 0 3 5 0 3 5 0 0 0 0
deformation of the knee joint

Thorax Prominence 0 1 5 0 0 3 V] 0 0 0

Tail Stiff flexion 0 0 5 0 0 1 ) 0 0 0

ppm from week 1. Tails in these groups exhibited stiff flexion
from week 2, and prominence of the thorax was also found at
week 4. Such changes remained after the 2-week withdrawal
period, although the number of animals with the abnormalities
and their severities were somewhat decreased. In adults, no
external findings were found in either the 4-week treatment
Or recovery groups.

Histopathological Examination

Both in young and adult groups, histopathological lesions
were mainly observed in the bones, cartilages, and aorta, and
no treatment-associated changes were found in any other
organs. The findings for histopathological examination of the
bones and joints are summarized in Table 3.

In young rats, severe osteochondral lesions were observed in
various sites in the body at both 500 and 1,000 ppm. As com-
pared with the 0-ppm group (Fig. 2A and B), the epiphyseal
plates at the proximal ends of the tibia were thickened in ani-
mals given the two doses at similar severities, and disarrange-
ment of epiphyseal chondrocytes and degeneration of
hypertrophic chondrocytes was also observed in the thickened
cartilage plates (Fig. 2C and D). Staining intensity of the carti-
lage matrix in these groups was reduced. After the recovery
period, thickening of the epiphyseal plates and the degenera-
tion of hypertrophic chondrocytes had disappeared, and the
severity of disarrangement of epiphyseal chondrocytes was
reduced (Fig. 2E and F). The staining of the cartilage matrix
had completely recovered to that seen in the control animals.
The femurs exhibited similar histological lesions to the tibias

with the same severity. In the sternum, disarrangement of epi-
physeal chondrocytes was observed in young animals at 500
and 1,000 ppm in a dose-dependent manner, and fissures with
increased connective tissue and bone deformation were evident
at 1,000 ppm. After the recovery period, the severities of these
lesions were reduced as in the case in the tibia. In addition, in
young animals only, deformation and fissures of articular car-
tilage were observed in the knee joints, intervertebral joints
(from cervical to caudal), and ankles at 500 and 1,000 ppm
(Fig. 3). Although some lesions in the articular cartilage were
decreased after the recovery period, such reduction was not
apparent in the intervertebral joints.

In adult rats, the osteochondral lesions were relatively mild
and limited to the femur and tibia. Disarrangement of epiphy-
seal chondrocytes was found in the femur and tibia but without
thickening of the epiphyseal plate and degeneration of hyper-
trophic chondrocytes. Fissures in the cartilage matrix in the
anterior areas of the tibias were characteristic in adult rats of
the 1,000-ppm group, accompanied by an increase of connec-
tive tissues (Fig. 4C and D), and these persisted in the recovery
group. There were no significant lesions in the sternum or
articular cartilage in adult rats. In both young and adult groups,
no treatment-related changes in cartilage of the nasal cavity,
trachea and bronchi, or Achilles tendons were found. Most
lesions in young animals at 500 ppm were clearly more severe
than those in adult animals at 1,000 ppm.

Histopathological findings for the thoracic aorta are sum-
marized in Table 4. Although the numbers of elastic laminae
were unchanged, their edges became roughened only in young
rats at 500 and 1,000 ppm, and the interlaminar spaces in
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TasLe 3.—Histopathological findings for the bones and joints in young and adult rats.
Young Adult
4-week dosing 4 weeks +
4-week dosing period 4 weeks + recovery period recovery
0 500 1,000 0 500 1,000 0 1,000 0 1,000
Site Findings ppm  ppm ppm ppm ppm  ppm ppm  ppm ppm  ppm
No. of animals 5 5 5 5 5 5 3 3 3 3
examined
Femur Disarrangement of epiphyseal 0 05 55 0 2Q20) 5(5/0) (] 32 0 3
chondrocytes (+/++)* (3/0)
Thickening of epiphyseal plate 0 5 5 0 0 0 0 0 0 0
Degeneration of hypertrophic chondrocytes 0 5 5 0 0 0 0 0 0 0
Tibia Disarrangement of epiphyseal 0 5(0/5)  5(0/5) 0 2200 55/0) 0 3 (0/3) 0 3
chondrocytes (+/4+4)* (1/2)
Thickening of epiphyseal plates 0 5 5 0 0 0 0 1] 0 0
Degeneration of hypertrophic chondrocytes 0 5 5 0 0 0 0 0 0 0
Fissures and increase of connective 0 0 0 0 0 0 0 3 0 3
tissue in epiphyseal plate
Stemum Disarrangement of epiphyseal chondrocytes 0 5¢5/0) 5(0/5) 0 33/0) 5372 0 0 0 0
(+H+4)
Fissures of epiphyseal plates 0 0 5 1] 0 2 0 1] 0 0
Increase of connective tissues 0 0 4 1] 0 1 0 0 0 [(]
Bone deformation 0 0 5 1] 0 2 0 0 0 0
Knee joint Deformation and fissures of articular cartilage 0 3 4 0 0 2 0 0 0 0
Vertebrae Deformation and fissures of articular cartilage 0 5 5 0 s 5 0 0 (] 0
Ankle Deformation and fissures of articular cartilage 0 0 5 0 0 2 (] 0 0 0

* Grade of change. +, partly in the epiphyseal plate; ++, mostly or wholly in the epiphyseal plate.

" Total number of animals with each finding.
© Number of animals with each grade.

treated groups had a rod or globular appearance, in contrast to
the fibrillar appearance in the 0-ppm group (Fig. 5). These
lesions were similarly found after the recovery period. In adult
cases, histology of elastic laminae did not differ between the 0-
and 1,000-ppm groups, after both the 4-week treatment and the
recovery period.

Discussion

In the present study, toxicologic effects of SEM-HCI were
mainly observed in the bones, cartilage, and aorta, and histo-
pathologic changes observed in young groups were basically
consistent with the previous reports using rats during the grow-
ing period (Ramamurti and Taylor 1959; Langford et al. 1999;
Mercier et al. 2007). While the target sites of SEM-HCI were
similar in both young and adult groups, the lesions induced
were much more diverse and serious in young animals. Young
animals generally take more food per body weight during the
growing period than their adult counterparts do, and during the
present study, the intake of SEM-HCI per kilogram of body
weight in young animals was about twice that in adult rats.
However, even when comparing young animals at 500 ppm and
adults at 1,000 ppm, the lesions in young animals were clearly
more severe. Therefore, young rats are more susceptible to
SEM-HCI than adults. This is in line with the fact that SEM
impairs cross-linking reactions of collagen and elastin, which
are essential for maturation of connective tissues, including

Downloaded from tox.sagepub.com at SDTTB"

bones and blood vessels (Ramamurti and Taylor 1959;
Langford et al. 1999; Dawson, Rinaldi, and Poch 2002; Mercier
et al. 2007).

After the recovery period, the severities of osteochondral
lesions were markedly reduced in young animals, especially
in the long bones growing up rapidly, such as the femur and
tibia. On the other hand, histological changes of the aorta were
similarly observed in both 4-week treatment and recovery
groups. In SD rats, the growth of bones is reported to reach
equilibrium by approximately 20 weeks of age (Horton et al.
2008). It is known that in the aorta, elastic laminae are formed
by 4 weeks of age and mature by 8 weeks of age, and turnover
of elastin of the aortic wall is extremely slow in adult animals
(Davis 1995; Katsuda et al. 2002). Therefore, the present
results suggest that the induced lesions in the bones and carti-
lages are reversible during the period when they grow vigor-
ously, even if these effects of SEM-HCI are more severe. In
contrast, while the aorta is affected by SEM-HCI during the
period of formation of elastic laminae, the lesions are irrepar-
able after completing maturation of elastic laminae.

Reduction of staining intensity of the cartilage matrix is
considered to reflect the decreased polymerization of cartilage
matrix or absence of mineralization (Ramamurti and Taylor
1959; Maranghi et al. 2009), indicating alteration of matrix
properties caused by inhibition of cross-linking reactions of
collagen. Because fissures specifically occurred in the sites
subject to body weight loading such as the anterior area of the
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Figure 2.—Histopathology of the tibia of young rats. Normal proximal end of a tibia (A) and high magnification of an epiphyseal plate from the
0-ppm group (B). In a rat given 1,000 ppm for 4 weeks, thickening of the epiphyseal plate and reduction of staining intensity of the cartilage matrix
are apparent (C). At high power, disarrangement and degeneration of hypertrophic chondrocytes are evident in the thickened cartilage plate
(D). After the recovery period, the thickness and staining intensity of the epiphyseal plate are normal (E), and the severity of disarrangement
of epiphyseal chondrocytes is reduced (F). Hematoxylin and eosin stain. Bars = 500 um (A, C, E), 100 pm (B, D, F).

tibia, alteration of matrix properties might result in reductionin  cartilage, and the elastic laminae of arteries. Although the
the strength of cartilage. intake of SEM-HCI per kilogram of body weight in young

Taking the present results and the literature together, SEM-  animals was about twice that in adult rats, the lesions in young
HCl induces characteristic histopathological lesions of bones, ~ animals at 500 ppm were clearly of greater intensity than in
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Figure 3.—Histopathology of the cervical vertebrae of young and adult rats. Normal intervertebral joints of young (A) and adult (B) rats of the
0-ppm group. In a young animal receiving 1,000 ppm for 4 weeks, deformation and fissures of articular cartilage is apparent (C), while there are
no significant lesions in an adult case (D). Hematoxylin and eosin stain. All bars = 200 pum.

FiGURE 4 —Histopathology of the tibia of adult rats. Normal proximal end of a tibia (A) and high magnification of its epiphyseal plate from the
0-ppm group (B). In the 1,000-ppm group, disarrangement of epiphyseal chondrocytes and the fissures with increased connective tissues are found
in the anterior area (C, D). Hematoxylin and eosin stain. Bars = 500 um (A, C), 100 pm (B, D).
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TasLe 4—Histopathological findings of the thoracic aorta in young and adult rats.

Young Adult
4-week dosing period 4 weeks + recovery 4-week dosing period 4 weeks + recovery

Findings 0 ppm 500 ppm 1,000 ppm 0 ppm 500 ppm 1,000 ppm 0 ppm 1,000 ppm 0 ppm 1,000 ppm
No. of animals examined 5 5 5 5 5 5 3 3 3 3
No. of elastic laminae 9.1 9.0 8.5 9.1 9.1 9.5 9.0 9.3 8.7 9.1
Edges of elastic fibers

Smooth 5 0 0 5 0 0 3 3 3 3

Rough 0 5 5 0 5 5 0 0 0 0
Interlaminar spaces

Fibrillar 5 0 0 5 0 0 3 3 3 3

Rod to globular 0 5 ] 0 ) 5 0 0 0 0

- ————

..&r:rv;';:,
'\.““ -
B T -

FiGure 5.— Transverse sections of the thoracic aorta of young and adult rats. As compared with the 0-ppm group (A), elastic laminae in the 1,000-
ppm group show rough edges in the young group (B), and the interlaminar spaces in treated groups have a rod or globular appearance, in contrast
to the fibrillar appearance in the 0-ppm group. These changes were similarly found after the recovery period (C). In adult cases, the histology of
elastic laminae was unchanged between 0 ppm (D) and 1,000 ppm in both the 4-week treatment (E) and recovery groups (F). Victoria blue stain.

All bars = 50 pum.

adult animals at 1,000 ppm. Therefore, animals with growing
processes are considered to be more susceptible than adults, and
the toxicologic effects and induced lesions appear to depend on
the growing stage of the target organs. For risk assessment of
SEM exposure in humans, it is thus important to take into
account the development stage of the bones and blood vessels.
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Maternal Exposure to Isobutyl-Paraben Impairs Social
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Abstract: Isobutyl-paraben (IBP), a widely used preservative, exhibits estrogenic activity.
We analyzed the effects of exposure to IBP during gestation and lactation via dam on social
recognition behavior in ovariectomized offspring of Sprague-Dawley rats. Offspring were
ovariectomized at 7 weeks of age, and were used in a social recognition test at 16 weeks of
age. Each offspring was exposed to a novel ovariectomized rat four times and to a second
novel rat in a fifth exposure. We counted the investigations by offspring of intruder rats. The
IBP-exposed rats showed impaired social behavior compared with controls. These data
imply that early exposure to IBP may have an effect on.adult social behavior, which is reported

to be an autism spectrum disorders in humans.

Key words: isobutyl-paraben, rat, social recognition

Autism spectrum disorders (ASDs) comprise a range
of behavioral phenotypes including impaired social rec-
ognition, communication and imagination [1]. The
Centers for Disease Control and Prevention indicates a
dramatically increased prevalence of identified ASDs
among children in the United States [29]. For example,
the average prevalence of ASDs among children aged 8
years increased by 57% across 10 locations in the Unit-
ed States from 2002 to 2006. While genetic factors are

clearly important, [23,31] these increasing rates of ASDs
suggest that environmental factors are involved in caus-
ing this developmental disorder [11, 14, 30, 39].
Exposure to synthetic chemicals through air, water
and food is unavoidable in the modern way of life. Syn-
thetic chemicals that mimic or inhibit the action of go-
nadal steroid hormones are referred to as endocrine-
disrupting chemicals {8]. Gonadal steroid hormones are
required for development during gestation and the early
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postnatal period, a time when numerous systems includ-
ing the central nervous system are vulnerable to endo-
crine-disrupting chemicals. Early exposure to estro-
genic chemicals may alter brain development and
subsequent social behaviors, since early exposure to
estrogenic chemicals alters monogamous behavior in the
female pine vole [12], and alters mother-infant interac-
tions in monkeys [26]. To date, however, the effect of
early exposure to estrogenic chemicals on adult social
recognition of animals of the same sex has not been
reported.

Maternal glucocorticoid changes due to environmen-
tal factors may be involved in the manifestation of ASDs,
because stressful life events during pregnancy correlate
with the prevalence rates of ASDs in humans [2, 21, 36].
In addition, maternal glucocorticoids modulate the de-
veloping hypothalamic-pituitary-adrenal axis (HPA-
axis) and social or maladaptive behavior associated with
ASDs-like behaviors in rodents [10, 15, 22, 25, 37, 38]
and primates [7, 32, 33].

Parabens are widely-used as preservatives in foods,
cosmetics and pharmaceutical products [S, 9, 28], and
have been studied to examine their estrogenic activity
in vitro and in vivo [13]. Isobutyl-paraben (IBP) shows
a comparatively high potency of estrogenic activity
among parabens [13,24]. In this study, to clarify wheth-
er early exposure to estrogenic chemicals predisposes to
autistic behaviors, we analyzed the effect of matema}
exposure to [BP on social recognition in adult offspring.
In addition, we analyzed female offspring, because the
major effect of maternal adrenalectomy on maladaptive
behavior occurs in female offspring [38], and we previ-
ously reported that maternal IBP exposure decreased
plasma corticosterone levels in dams [19]. Furthermore,
IBP exposure may change estrogen susceptible systems,
such as social recognition of female offspring, because
we previously elucidated that maternal IBP exposure
increased uterine sensitivity to estrogen in adult female
offspring [19].

Sprague-Dawley rats were obtained from Charles
River Laboratories Japan, Inc. (Ibaraki, Japan), and were
maintained under conditions of controlled lighting (lights
on, 07.00-19.00), temperature (22.5 +0.5°C) and humid-
ity (55 = 10%). The rats were given ad libitum access
to food (CE2; CLEA Japan, Inc., Tokyo, Japan) and dis-
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tilled water from glass bottles. Adult rats and nursing
dams with pups were housed in stainless steel cages lined
with paper bedding (Paper Clean; Japan SLC, Inc., Shi-
zuoka, Japan). Animals were maintained and used ac-
cording to the guidelines of the Musashino University
Animal Care and Use Committee and the National In-
stitute for Environmental Studies Animal Care and Use
Committee.

Thirteen-week-old virgin female rats were paired with

11-week-old male rats from the evening of proestrus to’

the morning of estrus. The stage of the estrous cycle
was determined based on vaginal cytology. Mating was
verified by the presence of sperm in vaginal smears (ges-
tational day 0; GDO), and when sperm was found the
females were separated from the males. The pups were
counted on postnatal day (PD) 3, were culled to four
males and four females per litter, and were kept with
their respective dams until weaning on PD21 (the day
of birth was designated PDO). Three weeks before the
mating, under ether anesthesia, female rats were im-
planted (under the skin of the flank region) with a
20-mm-long Silastic capsule, 2 mm i.d., 3 mm o.d.
{(Kaneka Medix Co., Osaka, Japan) that was either filled
with IBP (Tokyo Chemical Industry Co., Ltd., Tokyo,
Japan) or empty (control). We prevopisly showed that
Silastic capsules filled with IBPrelease about 4.36 mg/l/
day IBP into 37°C saline [19]. At 7 weeks of age, female
offspring were gonadectomized to remove the effects of
inter-animal variability in circulating hormone levels.
Female offspring of treated and untreated dams were
subjected to a social recognition test at the age of 16
weeks. Daily, for 3 days before the social recognition
test, the rats were individually placed for 10 min in a
square open-field apparatus constructed of vinyl chloride
walls (50 x 50 x 50 cm) with paved polyethylene paper
on the floor, and allowed to acclimate to the environment.
On the fourth day, an unfamiliar ovariectomized 16-week-
old female intruder was placed in the field for 60 s, and
we counted the amount of time and the frequency with
which the test animals spent investigating the intruder.
Interaction was defined as sniffing of the intruders by
the rat being tested. The tested rats were removed and
then returned to the field after a 10-min interval. The
rats were repeatedly tested for four additional trials
(inter-trial interval, 10 min). On the fifth trial, a novel,
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ovariectomized, 16-week-old intruder was placed into
the field. During the 10-min interval between the trials,
the apparatus was cleaned with 70% aqueous ethanol
and the paving papers were replaced unless otherwise
stated.

All results are expressed as mean + SEM. Two-way
analysis of variance (ANOVA) for repeated measures
was applied to examine the effects of IBP exposure on
the social recognition behavior (n=6 control litters and
n=5 IBP-exposed litters, with one female offspring per
litter randomly). If ANOVA showed significant interac-
tions, Fisher’s post-hoc tests were applied to search for
significant differences among the groups. If ANOVA
did not show significant interactions, the Tukey-Kramer
test, which can be used in the absence of significant
ANOVA results was performed. Differences were con-
sidered significant when the P value was below 0.05.
All analysis were performed using StatView 5.0J software
(SAS, Inc., Cary, NC, USA) for Microsoft Windows.

Rats treated with IBP showed impaired social recogni-
tion. Two-way ANOVA revealed significant interactions
between treatment and test. In the control group, the
social response decreased through trials 1-4 (with re-
peated presentation of the same intruder rat) but increased
again during the fifth trial when presented with a novel
rat (Fig. 1a). On the other hand, IBP-exposed rats did
not show a change in frequency of social interaction
toward the repeatedly presented rat and the subsequent
novel rat (Fig. 1a). In the fourth trial, the social interest
of control rats was significantly lower than that of IBP-
exposed rats. The same pattern was observed for the
time spent in social interaction: control rats spent pro-
gressively less time investigating the repeatedly intro-
duced intruder, then more time interacting with the
novel intruder. However, there were no significant dif-
ferences between IBP-exposed and control rats (Fig.
1b).

The present study demonstrated that female rats given
early exposure to IBP had impaired social recognition
in adulthood. This provides the first evidence that de-
velopmental exposure to estrogenic chemicals via the
placenta or milk can exert permanent or long-lasting
influences on social recognition in offspring.

These results cannot be explained by a generalized
difference in total activity or anxiety, because there are
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Fig. 1. Effects of developmental exposure to isobutyl-paraben

(IBP) on social recognition performance. The follow-
ing behaviors were quantitated: social interaction
frequency (a) and social interaction time (b). The open
and hatched columns show the control and IBP-ex-
posed groups, respectively. Values shown are mean
+SEM. Numbers within the bars indicate the number
of rats in each group. *: P<0.05 for contro] vs IBP-
exposed rats on the fourth trial with the same intrud-
er. *: P<0.05 for control rats on the first trial vs the .
fourth trial with the same intruder. ¥; P<0.05 for con-
trol rats on the fourth trial with the same intruder vs
the first trial with a new intruder.

s/

no effects of IBP exposure on general, anxiety and learn-
ing behaviors in female offspring [18]. In contrast,
early exposure to IBP increases anxiety, and disturbs
passive avoidance performance in male offspring [18].
Further elucidation is required for an understanding of
the effects of IBP on the male offspring.

IBP treatment has been shown to decrease plasma
corticosterone levels in dams, suggesting that IBP may
inhibit endogenous estrogen activities [19] that stimulate
the HPA-axis [4, 17]. Many studies have suggested that
changes in maternal glucocorticoids levels may be in-



