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ment, and a reliable detcction method for the existence
of oi,-globulin is therefore necessary.

Using both immunochemical staining for paraf-
fin-embedded sections and the immuno-electron
microscopy technigue, we demonstrated that our pre-
pared antibody reacted specifically to 0i,-globulin in
renal hyaline droplets in the male rats administered d-
limonene, a well-known 0ip,-globulin nephropathy
inducer. The dose-dependent positive immuno-reac-
tion of the antibody in both the tissue sections and the
homogenates from d-limonene-treated rat kidneys
indicated that the antibody could be applicable for
semi-quantitative analysis. In addition, computational
image analysis revealed that classical visual micro-
scopic grading was also useful for semi-quantitative
analysis of al,,-globulin accumulation,

Although immunohistochemical di,-globulin
analysis of the glycolmethacrylate-embedded sections
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had already been reported by Bamett ez al. (1989), our
method was advantageous from the standpoint of
applicability to the paraffin-embedded sections. The
paraffin-embedded specimens were usually prepared
and stored for the general toxicity studics. In fact, all
the sections used in experiment 2 in this study origi-
nated from study specimens which were prepared in
the Japanese Existing Chemicals Survey Program con-
ducted previously and stored for a long time. It indi-
cated that our method is applicable to specimens
derived directly from ordinary toxicology studies ret-
rospectively. Hashimoto and Takaya (1952) previously
investigated the application of 0ip,-globulin immun-
ostaining to paraffin sections by modifying the proto-
col of Burnett et al. (1989). The protocol includes pro-
nase B treatment owing to enhancement of the antigen
reactivity and removal of the non-specific reaction.
Our method also includes the pronase E treatment, but
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Semi-quantitative immunohistochemical analysis of male rat-specific a,~globulin accumulation.
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Fig. 2. Correlation between semi-quantitative and quantitative analyses for

immuno-stained sections.

Results are expressed as mean + SD (n=3),

the treatment is performed only in order to enhance the
antigen activity and not to remove the non-specific
reaction. This may suggest that our prepared antibody
has a high specificity for o, -globulin, Caldwell ¢f al.
(1999) had conducted a similar quantitative immuno-
histochemical oy,-globulin analysis, but it seems that
the actual analyzed area was limited to narrower fields
than in our study.

Urinary immunochemical analysis for detection
of 0lgy-globulin accumulation in male rat kidneys has
been developed by Saito ef al. (1996). Although the
couvenient urinary analysis is sufficient for detecting
CIGA, the detectability is weaker than with kidney sol-
uble protein analysis. The aim of the present analysis is
not only to detect CIGA, but also to exclude the oy,
globulin-induced nephrotoxic effects from risk assess-
ment of chemicals. For 10 chemicals suspected of
being CIGA, the occurrence of hyaline droplets in the
kidneys with treatment was the lowest endpoint. In the
process of evaluating chemical toxicity, if the most
sensitive nephrotoxicity is concluded to be a neglected
effect for human health, the NOAEL could be set based
on other kinds of toxicological effects.
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ABSTRACT  To elucidate the comparative susceptibility
of newborn rats to chemicals, newborn and young animals were
administered six industrial chemicals by gavage from postnatal
days (PND) 4 to 21, and for 28 days starting at 5-6 weeks of age
respectively, under the same experimental conditions as far as
possible. As two new toxicity endpoints specific to this com-
parative -analysis, presumed no-ohserved-adverse-effect-levels
(DNOAELS) were estimated based on results of both main and
dose-finding studies, and presumed unequivocally toxic levels
(pUETLs) were also decided. pNOAELs for newborn and
young rats were 40 and 200 for 2-chlorophenol, 100 and 100 for
4-chlorophenol, 30 and 100 for p-(¢,0-dimethylbenzyl) phenol,
100 and 40 for (hydroxyphenyl)methyl phenol, 60 and 12 for
trityl chloride, and 100 and 300 mg/kg/day for 1,3,5-trihydrox-
ybenezene, respectively, To determine pUKTLs, dose ranges
were adopted in several cases because of the limited results of
experimental doses. Values for newborn and young rats were
thus estimated as 200-250 and 1000 for 2-chlorophenol, 300 and
500 for 4-chlorophenol, 300 and 700-860 for p-(o,0-dimethy)-
benzyl) phenol, 140-160 and 10900 for (hydroxyphenyl)methyl
phenol, 400-500 and 300 for trityl ebloride, and 500 and
1000 mg/kg/day for 1,3,5-trihydroxybenzene, respectively. In
most cases, newhorn rats were 2-5 times more susceptible than
young rats in terms of both the pNOAEL and the pUETL. An
exception was that young rats were clearly more susceptible
than their newborn counterparts for trityl chloride.

Key Words: industrial chemicals, newborn rats, suscepibility

INTRODUCTION

In risk assessinent of chemicals, the no-observed-adverse-effect-
level (NOAEL) determined with repeated dose toxicity studies is
generally divided by uncertainty factors (UFs) to obtain the toler-
able daily intake (TDI) (Hasegawa et al. 2004). UFs include inter-
and intraspecies differences, lack of data quality and the nature of
observed toxicity. As TDI is an allowable lifetime exposure level
for a chemical, at which no appreciable health risk would be
expected over a lifetime, the NOAEL must be derived from lifetime
exposure siudics and appropriate reproductive/developmental stud-
ies, or their equivalents. Administration generally starts at the pre-
pubertal stage (4-5 wecks old) or with young adults (10-12 weeks
old) in rodent studies. Therefore, the snckling phase is the major
remaining period where animals are not directly administered to
chemicals. IF susceptibility of infans animals to chemicals via direct
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exposure was evidenced by appropriate comparative studics, the
results would preferably be incorporated into the UF as one justi-
fication for lack of data quality.

In the latest decade, infant and child health has become a major
focus (Landrigan er al. 2004), especially since endocrine disrupters
became a contentious issue around the world (IPCS 2002). Since
there are distinct differences in characteristics from the adult case
(Dourson ¢t al. 2002), particular attention must be paid to infant
and child health. The Japanese government has therefore incorpo-
rated the newborn rat study (newborn study) into Existing Chemical
Safety Programs as an especial project to comparatively determine
susceptibility to 18 industrial chemicals. As the core of this pro-
gram is to conduct 28-day repeated dose toxicity studies using
young rats (young study) with untested chemicals from the existing
list, chemicals for newborn studies were selected among the chem-
icals scheduled for young studies in the same year for the best
comparison of data. Furthermore, we have had to newly establish
a newborn rat study protocol because of the lack of any standard
testing guidelines. Major ditferences of newborn from young stud-
ics are a shorter administration period (18 days only for the suck-
ling phase) and additional cxamination of early functional, external
and sexual development (Koizumi et al. 2001). Studies were con-
ducted from 1995 to 1998 and we have already reported the results
of comparative analysis for eight chemicals, showing ncwborn
rats to be generally 2—4 fold more susceptible than young rats in
most cases on basis of NOAEL. and the unequivocally toxic level
(UETL), the latter being uniquely defined in this program as doses
inducing clear clinjcal toxic signs, death or critical histopatholog-
ical damage (Koizumi et al. 2001, 2002, 2003; Fakuda ef al. 2004;
Takahashi ef al, 2004; Hirata-Koizumi et al. 2005).

The purpose of this study is to obtain additional information on
susceptibility of newborn rats to other chemicals. Here we selected
the following six industrial chemicals, mostly pbenolic compounds:
2-chiorophenol, 4-chlorophenol, p-(o,o-dimethylbenzyl) phenol
(hydroxyphenyl)methy! phenol, trity] chloride and 1,3,5-trihydrox-
ybenzene, because of structural similavity to endocrine-disrupting
phenols, hisphenol A (Takahashi & Oishi 2001), and nonylphenol
(Lee 1998). These chemicals have been used as an intermediate
in dyes and an ingredient in pesticides (2-chlorophenol), an
intermediate in dyes, bactericides and an ingredient in cosmetics
(4-chlorophcnol), an ingredient in surfactaats, bactericides, an

. intermediate in pesticides and plasticizers (p-(o,0-dimethylbenzyl)

phenol), an ingredient in resing {(hydroxyphenyl)methyl phenol),
an intermediate in medicines (trityl chloride) and an ingredient in
medicines, a stabilizer of synthetic rubbers and an adhesive of
rubbers (1,3,5-trihydroxybenzene) (Chemical Products’ Handbook
2004). Under the same experimental conditions as far as possible,
we have examined the repeated dose toxicity of these chemicals in
newborn and young rats and compared susceptibility for each.
Previously we had applied NOAEL and UETL as estimated doses
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or ranges of doses for comparison of chemical susceptibility, but
we have decided to cmploy the new terminology of presumed
NOAEL (pNOAEL) and presumed UETL (pUETL.) in their place,
As a result, in most cases newborn rats were more susceplible to
these industrial chemicals than young rats in terms of both
pNOAEL and pUETL.

MATERIALS

2-Chlorophenol (CAS mno. 95-57-8, Lot no. OJL-15, purity:
99.49%) was obtained from Inoi Corporation and prepared in ofive
ail; 4-chlorophenol (CAS no. 106-48-9, Lot no. PIF-3, purity:
99.29%) from Inui Corporation and in corn oil; p-(ot.a-dimethyl-
benzyl) phenol (CAS no. 599-64-4, Lot no. 101002, purity:
99.88%%) from Sun TechnoChemical Inc. in olive oil; (hydroxyphe-
nyl)methy) phenol (CAS no. 1333-16-0, Lot no. $980013, purity:
99.0% (2,2 isomer 14-18%, 2,4’ isomer 44-48%, 4,4" isomer 26—
32%1) from Mitsui Chergicals, Inc. in 0.5% CMC-Na solution
containing 0.1% Tween 80; trityl chloride (CAS no. 76-83-5, Lot
no, 1038, purity: 99.5%) from Kurogane Kasei Co. Ltd. in olive
oil; and 1,3,5-trihydroxybenzene (CAS no. 108-73-6, Lot no. OS-
12074, purity: 99.9%) from Ishihara Sangyou Co., Ltd. in olive oil.,
Test solutions were prepared at least once a week and were kept
cool and in the dark until dosing. The stability was confirmed to be
at least seven days under these conditions. All other reagents used
in this study were specific purity grade.

METHODS

All animal studies were performed in five testing laboratories con-
tracted to the Japanese Government, after we approved the test
protocol.

Animals

Sprague-Dawley SPF rats [Crj:CD(SD)GS] were purchased {rom
Charles River Japan Inc. (Kanagawa, Japan) and maintained in an
environmentally controlled room at 24 + 2°C with a relative humid-
ity of 55 £ 15%, a ventilation rate of more than 10 times per hour,
and a 12:12h light/dark cycle. For the studies of newborns, 20
pregnant rats (shipped in at gestation day 14) were allowed to
defiver spoutancously. All newboms were separated from daws on
postaatal day (PND) 3 and groups of 12 males and 12 females were
selected and assigned to each of the four dose groups, including
the coutrols. Twelve foster mothers were selected based on health
and nursing conditions, and suckled the four males and four
females assigned to each group up to weaning on PND 21 (termi-
nation of dosing and autopsy for half of the animals). Afier wean-
ing, the rest of the animals for the recovery-maintenance group (sce
Study Design) were individually maintained for nine weeks. In
the studies of young, four-week-old male and female rats were
obtained and used at ages of 5-6 weeks after acclimation, All ani-
mals were allowed free access to a basal diet and water.

Study design (time schedule as described previously
[Koizumi et al, 20017)

1. 18-day repeated dose study in newborn rats (newborn study)
In a dose-finding study, chemicals were administered by gastric
intubation to newborn male and female rats on PNDs 4-21. Ani-
mals were examined for general bebavior and body weights during
the dosing period, and sacrificed at PND 22 for assessment of
hematology, blood biochemistry, macroscopic tindings and organ
weights.

R. Basegawa et al.

Jo the main study, newborn rats (12/sex/dose) were administered
chemicals by gastric intubation on PNDs 4-21, the dusage being
set on the basis of results of the dose-linding study. On PND 22,
half of the animals werc sacrificed and the rest were maintained for
nine wecks without chemical treatment, and then sacrificed at
12 weeks of age (the recovery-maintenance group). During the
study, general behavior and body weight were examined at least
once a day and each week, respectively. In addition, developmental
parameters were assessed, such as surface righting and visual plac-
ing reflex for reflex ontogeny, fur uppearance, incisor eruption and
eye opening for external development, and preputial separation,
vaginal opening and estrous cycle for sexual development. Urinal-
ysis (color, pH, occult blood, protein, glucose, ketone bodies,
bilirubin, urobilinogen, sediment, volume ol the urine and osmotic
pressure) was conducted in the late recovery-muaintenance period.

At weaning age PND 22 after the last treatment, blood was
collected under anesthesia from the abdomen of all animals in the
scheduled-sacrifice group. In the recovery-maintenance group, this
was conducted at 85 days of age after overnight starvation. Blood
was examined for hematological parameters such as the red blood
cell count, hemoglobin, hematocrit, mean corpuscular volume,
mean corpuscular hemoglobin, mean corpuscular hemoglobin con-
centration, white blood cell count, platelet count, reticulocyte count
and ditferential leukocyte count, and for biochemistry (total pro-
tein, albumin, albumin/globulin ratio, ghucose, total cholesterol,
triglycerides, phospholipid, total bilirubin, urca nitrogen (BUN),
creatinine, aspartate aminotransferase, alanine animotransferase
(ALT), alkaline phosphatase, y-glutamyl transpeptidase (¢-GTP),
calciam, inorganic phosphorus, sodium, potassinm and chiorine).
Prothrombin time and activated thromboplastin time were exam-
ined only in the recovery-maintenance group. The brain, pituitary
gland, thymus, thyroids, ‘heart, lungs, liver, spleen, kidneys,
adrenals, testes, epididymides, ovaries and uterus were weighed,
and these, with other macroscopically abnormal organs, were fixed
in 10% buffered formalin-phosphate (following Bouin's fixation for
testes and epididymides). Paraffin sections were routinely prepared
and stained with hematoxylin-eosin for microscopic examination,
All swudies were conducted in compliance with the Good Labora-
tory Practice Act of the Japanese Government.

2, 28-day repeated dose study in young rats (young study)

Tn a dose-finding study, chemicals were administered by gastric
intubation to five-week-old male and female rats for 14 days. The
general behavior, body weight and food consumption were exam-
ined, and the animals were sacrificed tbe day after the last treatment
for assessment of hematology, blood biochemistry, macroscopic
findings and organ weights.

In the main study, 5-6 week old male and female rats wese given
chemicals by gastric intubation daily for 28 days and sacrificed
after overnight starvation following the last treatment (scheduled-
sacrifice group). Recovery groups were maintained for two weeks
without chemical treatment and sacrificed at 11 or 12 weeks of age.
Rats were examined for general behavior, body weight, food con-
sumption, urinalysis, hematology and blood biochemistry, necropsy
findings, organ weights and histopathological findings in compli-
ance with the Test Guideline in the Japanese Chemical Control Act
(Official Name: Law Concerning the Examination and Regulation
of Manufacture, etc. of Chemical Substances) under Good Labora-
tory Practice conditions. )

Statistical analysis
Quantitative data were analyzed by Bartlett’s test (Bartlett 1937)
for homogeneity of distribution. When homogeneity was recog-
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nized, Dunnett's test (Dunnett 1964) was conducted for comparison
between control and individval treatment groups. If not homoge-
nous, the data were analyzed using Steel's multiple comparison test
(Steel 1959) or the mean rank test of the Dunnett type (Hollander
& Wolfe 1973). For qualitative data such as histopathological find-
ings, the Mann-Whitney’s U-test (Mann & Whitney 1947) or the
Fisher's exact test (Fisher 1973) were pertormed.

Adoption of pNOAEL and pUETL

NOAEL is a measnre used in toxicity studies for the greatest dose
at which no adverse effects are observed. No toxicologically mean-
ingtul changes are excluded for any grounds, including increase of
relative organ weighis without any other related changes. As the
present purpose was to elucidate susceptibility of newborn rats to
chemicals as compared with young rats as accurately as possible,
simple application of NOAELSs obtained from newborn and young
main studies was considered not to be necessarily appropriate even
though the dose setting is pertinent. Therefore, we newly defined a
pNOAEL as the most likely cstimated no-adverse-effect-dose on
the basis of data from both main and dose-finding studies. As
urinalysis and histopathological examination were not conducted
in both dose-finding studies, and the administration period in young
dose-finding study was half of the wain study, we carefully
weighed how the results from the dose-finding study should be
taken into account, especially concerning the type of toxicity. In
order to consider equivalently toxic intensity doses for newborn and
young rats, we also newly defined a pUETL, although this is not
without problems given the limited dose points. Therefore, in the
most cases, the appropriate pUETL for either newbom or young
rats was chosen first, thereafter the matching pUETL or the range
of pUETL was speculated to assess equivalent toxicity, considering
the entire body of data.

RESULTS

2-Chlorophenol (Table 1)

The newborn investigation was conducted at doses of 0, 20, 100,
and 500 mg/kg for the dose-finding and 0, 8, 50, and 300 mg/kg
for the main study, The young investigation was conducted at doses
of 0, (00, 200, and 500 mg/kg for the dose-finding and O, 8, 40,
200, and 1000 mg/kg for the main study.

Major toxic effects on the central nervous system (CNS) were
found in both sexes of newborn and young rats. In the newborn
study, tremors appearcd within five minutes and disappeared within
four hours in most animals at 300 mg/kg. Hypoactivity and an
abnormal gait were also observed in a few cases. The histopatho-
logical examination showed slight to moderate basophilic renal
tubules in more than half the animals of both sexes, without relative
kidney weight changes (increase by 8% for males, 4% for females).
In addition to these effects, the body weights of both sexcs at this
dose were transiently decreased. At 50 mgrkg, only one female
showed tremors once from 15 to 30 minutes on day nine after the
dosing start. There were no chemical-related changes in develop-
mental parameters, In the young study, most animals of both sexes
sporadically showed vatious effects on the CNS such as tremors,
hypoactivity, and an abnormal gait within three hours after dosing
at 1000 mg/kg. Most animals also exhibited slight centrilobular
hypertrophy of hepatocytes, suggesiing a compensatory response
to a requirement for hepatic metabolism, In the dose-finding study,
no toxic signs were observed, but the information was limited
because of the small number of animals, the short administration
period, and the lack of histopathological examination, There were
no chemical-related abnormalities at 200 mg/kg in the main study.

Although the NOAEL was 8 mg/kg/day for newborn rats based
on the main study results, this value was concluded to be too Tow

Table 1 Toxicity findings for 2-chlorophenol in the newborn and young rat main studies

Newborn study (mg/kg) - Young study (mg/kg)
0 20t 50 100% 300 0 200 S00+ 1000
Male
General behavior
Tremors 0/12 /4 0/12 0/4 11/12 0/12 /12 0/3 4112
Hypoactivity 0/12 0/4 /12 0/4 2/12 0/12 0/12 0/3 8/12
Abnormal gait 0/12 0/4 0/12 0/4 1/12 0712 0/12 03 4/12
Histopathology
Renal tubules, basophilic 0/6 no data 0/6 no data 4/6 0/6 0/6 no data 0/6
Centrilobular hypertrophy 0/6 no data 0/6 no data 0/6 0/6 0/6 no data 6/6
Female
Genceral behavior
Tremors 0/12 0/4 1/12 0/4 12712 /12 0/12 03 5/12
Hypoactivity 012 /4 12 0/4 3/12 0/12 012 0/3 512
Abnormal gait 0/12 0/4 0/12 0/4 1712 0/12 0/12 0/3 7/12
Histopathology
Renal tubules, basophilic 0/6 no data 016 no data 5/6 0/6 0/6 no data 0/6
Centrilobular hypertrophy 0/6 no data 0/6 no data 0/6 0/6 0/6 no data 5/6

Only data for items showing change arc included in this table. Data are numbers of animals with the change of the total examined.
tindicates dose and data from the dose-finding study. All newborn animals died by the 9th dosing day at 500 mg/kg in the dose-finding
study. Body weights of both sexes were only transiently, but not finally reduced, at 300 mg/kg in the newborn main study. Clinical signs
in newborn rats were not observed at doses of 20 and 100 mg/kg in the dose-finding study.
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because of the absence of clinical signs at 20 and 100 mg/kg in the
dose-finding study, and only one female showed tremors once at
50 mg/kg in the main study. The pNOAEI. for newborn rats was
therefore estimated to be 40 mg/kg/day, « little below the 50 mg/
kg. For young rats, the pNOAEL can be considered 10 be 200 mg/
kg/day because of the limited information at 500 mg/kg in the dose-
finding study. The toxicity at 300 mg/kg for newborn rats seemed
to be slightly higher than that at 1000 mg/kg for young rats, because
of the transient depression of body weight found limited to the
former cases, although the toxicity profile regarding the CNS was
very similar in newborn and young rats. The dose for newborn rats
showing the same toxic intensity, as that for young rats at 1000 mg/
kg, is considered to be slightly lower than 300 mg/kg, at 200-
250 mg/kgfday. Therefore, pUETLs of 200-250 and 1000 mg/kg/
day may be considered equivalent doses for newborn and young
rats, respectively.

4-Chlorophenol (Table 2)

The newborn investigation was conducled at doses of 0, 20,
100, and 500 mg/kg for the dose-finding and 0, 12, 60, and
300 mg/kg for the main study. With young rats doses of Q, 20,
100, and 500 mg/kg were applied in both dose-finding and main
studies.

Toxic effects on the CNS were observed in both sexes of
newborn and young rats. Most newborn rats at 500 mg/kg in the
dose-finding study showed tremors, hypoactivity, bradypnea and
hypothermia, and died. All newborn rats at 300 mg/kg exhibited
tremots, mostly within 15 minutes to one hour, but these com-
pletely disappeared within four hours after dosing. There were
no abnormalitics at 100 mg/kg in the dose-finding, and 60 and
12 mg/kg in the main study. No developmental abnormalities were
observed at any dose in the newborn dose-finding and main studies.
In the young study, tremors, tachypnea and salivation were
observed from five to 30 minutes after dosing in most animals in
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both sexos at 500 mg/kg. There were no other dose-dependent
changes at any dose.

The pNOAEL for newborn rats is considered to be 100 mg/kg/
day, because CNS toxicity was not observed at 100 mg/kg in the
dose-finding study. The pNOAEL for young rats must be set at
100 mg/kg/day, because there were no doses sct between 100 and
500 mg/kg. Although the toxicity profile regarding the CNS dif-
fered to some cxtent between newborn rats at 300 mg/kg and young
rals at 500 mg/kg with respect to symptom appearance and dura-
tion, the same level can be concluded, considering the specific
characteristics of the newborn body. Thereby, pUETLs of 300 and
500 mg/kg/day were estimated as appropriate for newborn and
young rats, respectively.

p-(o,o-Dimethylbenzyl) phenol (Table 3)

The newborn investigation was conducted at doses of 0, 30, 100,
and 300 mg/kg for both dose-finding and main studies. The young
investigation was conducted at doses of 0, 250, 500, and 1000 mg/
kg for dose-finding and 0, 100, 300, and 1000 mg/kg for the main
study.

No newborn animals died although the body weights of both
sexes were (ransiently lowered at 300 mg/kg (8% maximum
decrease). General behavior, functional parameters and urinalysis,
hematology and biochemistry data were all within normal ranges
except for high urinary volume in males and high BUN in females
at 300 rag/kg. The relative kidney weights were increased more
than double at 300 mg/kg in both sexes, and dilation of tubules and
papillary ducts was observed at relatively high grades in kidneys
of both sexes, with no complete recoveries even after a nine-week
recovery-maintenance period. Such histopathological change in
kidneys was also slightly observed at 100 mg/kg in both sexes. In
addition, there were effects on the endocrine systems, despite no
effects on sexual differentiation. Absolute testicular weights were
reduced by 16% at 300 mg/kyg and ovary weights by 26% at 100

Table2 Toxicity findings for 4-chloropheno! in the newborn and young rat main studies

Newborn study (mg/kg)

Young study (mg/kg)

0 60 100t 300 0 100 500
Male
General behavior
Tremors /12 0712 u/4 1212 0/12 0/6 12/12
Tachypnea 012 (12 0/4 0/12 0/12 0/6 11712
Salivation 0/12 012 0/4 0/12 o/12 /6 9/12
Histopathology
Kidoey 0/6 0/6 no data 0/6 0/6 0/6 0/6
Liver 0/6 0/6 no data 0/6 0/6 0/6 0/6
Female
General behavior
Tremors 0/12 0/12 0/4 12112 0112 0/6 11712
Tachypnea : 0/12 0/12 0/4 0/12 0/12 0/6 9/12
Salivation 012 012 0/4 0/12 /12 0/6 8112
Histopathology
Kidney 0/6 0/6 no data 0/6 0/6 0/6 06
Liver 0/6 0/6 no data 0/6 0/6 0/6 0/6

Data are numbers of animals with the change of the total examined. All newborn males and 3/4 females died at 500 mg/kg in the dose-
finding study. findicates dose und data from the dose-finding study.
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Table3 Major toxicity findings for p-(or,0-dimethylbenzyl) phenol in the newborn and young rat main studies
Newborn study (mg/kg) Young stndy (ing/kg)
0 30 100 300 0 100 300 1000
Male
Dead or moribund o/nz 12 12 0r12 0714 o7 o7 3/14
ALT, v-GTP / - -~ - / - - T
BUN, Creatinine / - - ~ / - - T
Relative Jiver weight / - - - / - T T
Relative kidney weight / - - T / - - T
Stomach, fiyperplasia 0/ 06 Ur6 0/6 07 o7 7 1/6
Liver, proliferation bile ducts 0/6 0/6 0/6 0/6 077 017 07 6/6
Kidney, regeneration 0/6 0/6 /6 06 37 3 57 6/6
Kidney, dilatation 0/6 /6 /6 6/6 077 07 07 6/6
Female
Dead or moribund 12 0/12 012 012 0/14 07 017 1114
ALT, y-GTP / - - - / - - T
BUN, Creatinine / - - T~ / - - -
Relative liver weight / - - - / - - T
Relative kidney weight / - - T / - - T
Stomach, hyperplasia 0/6 0/6 0/6 0/6 o7 o7 017 31
Liver, profiferation bile ducts 0/6 0/6 /6 /6 07 o7 07 71
Kidney, regeneration . 0/6 0/6 0/6 0/6 o7 177 0/7 1
Kidney, dilatation 6 o/6 2/6 6/6 07 077 07 417

Only critical data are shown in this table. Data arc numbers of animals with the change of the number examined. Slashes and bars mcan
no statistical significance as compared to controls. T indicates significant increase at P < 0.05. Relative kidney weights were increased 2.5-
and 2.1-fold for males and females at 300 mg/kg in the newborn study. For the young study, 14 males and 14 females (half for examination
of recovery) were assigned to cach group but 6 males and 7 females at 1000 mg/kg were re-assigned for 28-day examination hecause of

deaths.

and 300 mg/kg. The absolute ovary weights were still lowered
by 32% at 300 mg/kg after the recovery-maintenance period.

Increased numbers of atretic follicles were found in ovaries of half -

of the females at 300 mg/kg at the end of the dosing period, and
most.females continved to show various changes such as decreased
numbers of corpa Tuteua in the ovaries and hypertrophy of endome-
trial epithelium in the uteri. after the recovery-maintenance period.

In the young study, two males and one female died, and one male
was killed in a moribund condition at 1000 mg/kg. The tinal body
weights were reduced by 18%, limited to males. On urinalysis, both
sexes showed irregularly sized particles of a black substance,
accompanied by 2—4 fold elevation of urine votume. Clear changes
of several biochemical parameters such as ALT, v-GTP, BUN, and
creatimine, increases of relative liver and kidney weights, and his-
topathological changes in the forestomach (squamous hyperplasia),
liver (bile duet proliferation), and kidney (rcgeneration of tubular
epithelium and dilatation of tubules) were also observed at
1000 mgrkg. A dose of 300 mg/kg was considered to cause slight
toxicity, because the abnormal urinary contents described above
were found in half of both sexes and a slightly elevated incidence
of mild regeneration of the tubular epithelium was noted in male
kidneys. After the two-week recovery period, the pathojogical
changes in male kidneys at 1000 mgskg continued to be evident,
There were no signs of toxicity at 250 and 500 mg/kg in the dose-
finding study although the administration period was only half and
urinalysis and histopathological examinations were not performed.

The pNOAEL of 30 mg/kg/day for newborn rats is clear and one
of 100 mg/kg/day for young rats is reasonable because of slight
toxicity at 300 mg/kg in the main study and limited information at
250 mg/kg in the dose-finding study. Toxicity for newborn rats was
evident at 300 mg/kg as all animals of both sexes showed histo-
pathological changes in kidneys, with increased refative weights.
However, the degree of toxicity for young rats at 1000 mg/kg was
obviously much stronger than that of newborn rats at 300 mg/kg,
which appeared to be equivalent to doses of 700-800 mg/kg in
young rats. Therefore, pUETLs of 300 and 700-800 mg/kg/day
may be appropriate for newborn and young rats, respectively. It
should be speciatly noted that this chemical may have endocrine
disrapting properties, especially against females, when given only
during the suckling phase.

(Hydroxypheoyhmethyt phenol (Table 4)

The newborn investigation was conducted at doses of 0, 20, 60, and
200 mg/kg for dose-finding and 0, 16, 40, and 100 mg/kg for the
main study. The young study was conducted at doses of 0, 100,
500, and 1000 mg/kg for dose-finding and 0, 8, 40, 200, and
1000 mg/kg for the main study.

Common changes were limited to depression of body weight and
death at high doses in newbormn and young rats. The highest dose
of 100 mg/kg in the newbotn main study did not cause any changes,
but half the animals at 200 mg/kg in the newborn dose-finding study
died, without accompanying liver weight cbanges in surviving



142

R. Hasegawa el al.

Table 4 Major toxicity findings for (hydroxyphenyl)methyl phenol in the newborn and young rat main studies

Newborn study (mg/kg)

Young study (mgrkg)

0 100 2007 0 40 200 1000
Male
Dead or moribund 012 0/12 316 012 012 0/12 0/12
Final body weight / -~ { / - - R
Total cholesterol / - T / - - l
Relative liver weight / - - / - - T
Stomach, hyperplasia 0/6 0/6 1o data 0/6 0/6 0/6 6/6
Liver, centrilobular hypertrophy 0/6 0/6 no data 0/6 o/6 . 26 416
Female
Dead or moribund 0712 0/12 3/6 012 0/12 012 - 112
Final body weight / - %) / - - &)
Total cholesterol / - - / d A 4
Relative liver weight / - - / - T T
Stomach, hyperplasia 0/6 0/ no data 0/6 0/6 oe 6/6
Liver, centrilobular hypertrophy 06 0/6

nodata 066 0/6 o6 46

Only critical data are shown in this table. T indicates a dose from the dose-finding study. Numbers are for animals with the feature in the
total examined. Slashes and bats mean no statistical significance as compared with controls. T indicates significant increase P < 0.05.
lindicates significant decrease at < 0.05. () indicates that statistical significance was nol obtained. Final body weights of surviving newborn
males at 200 mg/kg in the dose-finding study were reduced by 30% (14% for females, not significant), respectively. Final body weights of
young male rals at 1000 mg/kg in the main study were decreased by 11.8% (5.7% for females, not significant). Increase of relative liver
weights was 13% in females at 200 mg/ke, and 16 and 27% in males and females at 1000 me/kg in the young main study.

animals. There were no chemical-related changes with other exam-
inations, including developmental parameters. In the young study,
one female became moribund and the final body weights of males
were decreased at 1000 mg/kg. All animals of both sexes at this
dose showed squamous hyperplasia of the forestomach or limiting
ridge with ulceration, and two-thirds of the animals featured cen-
trilobular hypertropby of hepatocytes with decrease of total
cholesterol (29-51% drop) and increase of relative liver weight,
At 200 mg/kg, low incidences of centrilobular hypertrophy in the
livers of males and slight increase of liver weights in females
with low total cholesterol (45% drop) were found. No toxicity was
apparent at 40 mg/kg in the main study. No toxicity was also found
at 100 mg/kg in the dose-finding study, but a histopathological
examination was not conducted. There were no abnormalitics on
hematological examination and urinalysis at any dose.

The pNOAEL is considered to be 100 my/kg/day for newborn
rats and 40 mg/kg/day may be appropriate for young rats because
of the limited information at 100 mg/kg in the dose-finding study.
Although toxicity at 1000 mg/kg for young rats was evident, the
dose inducing the same cffects in newborn rats was clearly less than
200 mg/kg, because half of the unimals died at this dose. We spec-
ulate that the dose range for one death in 12 newborn rats would
be within 140-160 mg/kg. It iy clear that the dose~response curve
.is much steeper for newborn than young rats. Based on our consid-
cration, pUETLs of 140~160 and 1000 mg/kg/day may be equiva-
lent for newborn and young rats, respectjvely.

Trityl chloride (Table 5)

The newborn investigation was conducted at doses of 0, 20, 60,
200, and 600 mg/kg for dose-finding and 0, 12, 60, and 300 rogrkg
for the main study. The young investigation was conducted at doscs

ol @, 30, 100, 300, and 1000 mg/kg for dose-finding and 0, 12, 60,
und 300 mg/kg for the main study.

Commaon effects were abserved in livers of newborn and young
rats. In the newborn study, increase of relative liver weights were
shown at 60 mg/kg and more in both sexes and centritobular hyper-
trophy of hepatocytes was noted in 300 mg/kg fernales. In the dose-
finding newborn study, one female died and increase of relative
liver weights of both sexes at 600 mg/kg was more evident with
low body weights (11.3% drop for males, 13.8% for females).
There were no chemical-related changes with other examinations,
including developmental parameters. In the young study, both sexes
at 60 mg/kg showed a high incidence of centrilobular hypertrophy
of hypetocytes with limited increases of relative liver weights (10—
14%), At 300 mg/kg, soft feces and muc'g;sal thickening of cecum
in most animals were observed in addition to more cxtensive
hepatic changes. Although relative kidney weights were increased
at 300 mg/kg in males and 60 and 300 mg/kg in femaules, there were
no renal histopathological findings. Hematological and blood
chemical examinations revealed several slight to modesate changes
{56% as the maximum) in fbrinogen, ALT, total cholesterol and
glucose, as well as prolongation of prothrombin and activated
thromboplastin times, at 300 mg/kg.

pNOAELS of 60 and 12 mg/kg/day for newborn and young rats
appear appropriate because of the lack of information at higher
doses in the dose-finding stady, which showed no toxicity but
without histopathological examination. The dose of 300 mg/kg in
the young main study was a clear toxic level, but intensity was
much stronger than that at 300 mg/kg in the newborn main study,
while less that at 600 mg/kg in the dose-finding study. Based on
these data, the toxicity with 300 mg/kg for young rats is considered
to be within the range with 400-500 mg/kg for newborn rats.
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Table 5 Major toxicity findings for trityl chloride in the newborn and young rat main studies

Newborn study (mg/kg)

Young study (mgrkg)

0 60 300 600t 0 12 60 300
Male
Death 0712 0/12 0/12 0/6 0/12 /6 o2 0/12
Final body weight / - ~ { / - -~
ALT, Total cholesterol / - - - ! - - T
Relative liver weight / T T 7 - ~ T T
Relative kidney weight / - - -~ - - -~ T
Cecum, thickening 0/6 0/6 0/6 no data 0/6 0/6 0/6 5/6
Liver, centrilobular hypertrophy 0/6 0/6 0/6 no data 0/6 0/6 3/6 6/6
Female
Death /12 0/12 0/12 1/6 /12 /6 0/12 0/12
Final body weight / - - d ) -~ ~ -
ALT, Total cholesterol / - - —~ / - ~ T
Relative liver weight / ) T T - - T )
Relative kidney weight / - - - - - T T
Cecum, thickening 0/6 0/6 0/6 no data 0/6 6 2/6 5/6
Liver, centrilobular hypertrophy 0/6 0/6 4/6 no data 0/6 0/6 5/6 6/6

Only critical data are shown in this table. jindicates a dose from the dose-finding study. Numbers are for animals with the featurc in
the total examined. Slashes and bars mean no statistical significance as corupared to controls. T indicates significant increase £ < 0.05.
dindicates significant decrease at P < 0.05. Relative liver weights were increased by 11% for males and 8% for females at 60 mg/kg, and
29% for both sexes at 300 mg/kg in the newborn main stndy and by 44% for males and 46% for females at 600 mg/kg in the newborn
dose-finding study. Body weight depression in males (13%) and an increase of relative liver weights (32% for males, 40% for females)

were observed at 300 mg/kg in the young main study.

Therefore, pUETLs of 400~500 and 300 mg/kg/day are proposcd
as appropriate for newborn and young rats, respectively.

1,3,5-Trihydroxybenzene (Table 6)

The newborn investigation was conducted at doses of 0, 100, 500,
and 1000 mg/kg for dose-finding and at 0, 20, 100, and 500 mg/kg
for the main study. The yonng investigation was conducted at doses
of 0, 100, 250, 500, and 1000 mg/kg for dose-finding and at 0, 30,
100, 300, and 1000 mg/kg for the main study.

Common changes were observed in the thyroids and liver. The
only toxic change in newborn main study was hypertrophy of
thyroid follicular cells with increase in relative thyroid weights in
both sexes at 500 mg/kg. Increased relative liver weights in fernales
were not accompanied by any histopathological changes, Although
decrease of adrenal weight and histopathological alterations such
as vacuolization and pigmentation were noted at the end of the
dosing and recovery-maintenance periads, these were always slight
and not dose-dependent. There were no chemical-related changes
with other examinations, including developmental parameters, in
newbom rats. Tn the young study, similar effects on the thyroids
and liver were found at 1000 mg/kg, but the incidence of thyroid
histopathojogical changes was slightly less than in uewbora ani-
mals at 500 mg/kg.

pNOAELs of 100 and 300 mg/kg/day for newborn and young
rats can be considered appropriate because of the lack of data with
dose settings between 100 to 500 mg/kg in the newborn, and no
histopathological examination at 500 my/kg i the young dose-
finding study, The degree of 1oxicity at 1000 mg/kg for young rats
was almost equal to that at 500 mg/kg for newborn rats. Therefore,

pUETLs of 500 and 1000 mg/kg/day are proposed as equivalents
for newborn and young rats, respectively.

DISCUSSION

More than 100 000 industrial chemicals are now in wse around the
world and sufficicnt toxicity infornation is available for only a
small proportion. The Japanese government started the Existing
Chemical Safety Program to obtain minimal toxicity data sets from
28-day toxicity studics using young rais for high production vol-
ume chemicals lacking toxicity information. For the present six
targeted chemicals, we found toxicity information for only two
chemicals by literature search. Daniel er al. (1993) reported no
toxic effects of 2-chlorophenol on oral administration to mate and
fcmale Sprague Dawley rats at up to 257 mg/kg for 10 days or
150 mg/kg for 90 days. Our results were consistent with their data,
as we found no toxicity at 500 mg/kg in young dosc-finding study
(14 days administration) and at 200 mg/kg in the young study
(28 days), while further providing information on CNS effects at
higher doses, As for (hydroxyphenylymethyl phenol, consisting of
bisphenol D, E, and F isomers, bisphenol F has been reported to
have cstrogenic potential evidenced by severa) in vitro and in vivo
experiments (Hashirooto er al. 2001; Yamasaki ez al. 2002; Stro-
heker ef al. 2003). However, we could not establish any such
activity in this study. Our results are reasonuble because oral admin-
istration of bisphenol F increased relative uterus weights only at
more than 100 mg/kg, but not 50 mg/kg given during PNDs 22-25
(Stroheker et al. 2003), while our highest dose of (hydroxyphe-
nylmethyl phenol was equivalent to 30 mg/kg of bisphenol E
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Table 6 Major toxicity findings for 1,3,5-trihydroxybenzence in the newborn and young rat main studies

Newborn study (mg/kg)

Young study (mg/kg)

0 100 500 0 300 1000
Male
Relative organ weight
Liver / - - / - T
Thyroids { - T / - M
Histopathology
Liver 0/6 0/6 /6 0/6 0/6 0/6
Thyroids, hypertrophy 0/6 /6 46 e 0/6 2/6
Female
Relative organ weight
Liver / - T / - ' T
Thyroids _ : / - M / - : M
Histopathology
Liver 0/6 0/6 0/6 0/6 0/6 016
Thyroids, hypertrophy 0/6 0/6 5/6 0/6 0/6 4/6

Only critical data are shown in this table. Slashes and bars mean no statistical significance as compared with controls. T indicates
significant increase P < 0.05 (except in parentheses where statistical significance was not attained). Numbers are for animals with the feature
in the total examined. Increase of refative organ weights at 500 mg/Kg in the newborn main study was observed for thyroids (39% for males,
24% for females) and Liver (9% for females). Increase of relative organ weights at 1000 mg/kg in the young main study was obscrved for
thyroids (14% for males, 19% for females) and fiver (23% for males and 9% for females).

Table 7 Comparative susceptibility of newborn and young rats to the six chemicals

Newborn study Young study pNOAEL pUETL
pNOAEL pUETL pNOAEL pULETL Young/Newborn Young/Newborn
) mg/kg/day mg/kg/day '

2-Chlorophenol 40 200-250 200 1000 5.0 4.0-5.0
4-Chlorophenol 100 300 100 500 1.0 1.7
p-(o,0-Dimethylbenzyl) phenol 30 300 100 700-800 3.3 2.3-27
(Hydroxyphenyl) methyl phenol 100 140-160 40 1000 0.4 6.3-7.1
Trityl chloride 60 400-500 12 300 0.2 0.6-0.8
1,3,5-Trihydroxybenzene 100 500 300 1000 3.0 2.0

Although there has heen no reports for p-(o,0-dimethyibenzyl)
phenol, it causes endocrine disruption and possible antiestrogenic
activity, when administered to newbom female rats in this study.
Therefore, further studies on this chernical should be conducted 10
elucidate the mechanisms, because the present investigation did not
indicate any effects on sexual ditferentiation such ag preputial sep-
aration, vaginal opening and the estrous cycle.

For our focus on the comparative sensitivity of newborn and
young rats to chemicals, two toxicity endpoints, pNOAEL and
pURTL, were newly defined as appropriate, considering the entire
data sets from both main and dose-linding studies, We believe that
this alternative assessment approach allowed us to make more real-
istic comparisons between newborn and young rats under the same
experimental conditions as far as possible.

The ratios of pNOAELs for chemicals between newborn and
young rats may provide an additional UF value in risk assessment
according to susceptibility of newborn rats, because regnlatory
limit values for chemicals to protect public health of humans,

incloding infants, are derived from the division of NOAEL by UFs.
The data in Teble 7 indicate newbomn rats 10 be (-5 thmes more
susceptible to four of the tested chemicals, 2- and 4-chlorophenols,
p-(o,0-dimethylbenzyl) phenol and 1,3,5-trihydroxybenzeve, than
young rats in terms of the pNOAELSs, similar to the resalts of
previous analyzes of five phenolic chemicals, 4-nitro-, 2,4-dinitro-,
2.4 6-rinitro-, 3-methyl- and 3-amino-phenols (Koizumi et al.
2001, 2002, 2003; Takahashi e/ al. 2004). Immaturity in the detox-
ification potential of phase | and phase 2 enzymes in newhom
animals may be the major cause of higher toxicity in newborn rats
(Rich & Boobis 1997; Gow et al. 2001), because these chemical
classes are probably direct toxicans. In the case of (hydvoxyphe-
nylymethy] phenol, the pNOAEL (100 mg/kg/day) for newborn rats
was 2.5 times higher than that (40 mg/kg/day) for young rats, but
it can be speculated that values are in practice rather sirilar because
the toxicity for young rats at the high dose, 200 mg/kg, was only
skight (Table 4). Ax for trityl chloride, newborn tats were obviously
Tess susceptible (0.2 for the pNOAEL ratio). Similar results were
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also reported {rom our previous analysis for bromoalkanes (Hirata-
Koizumi et ol 2005) and may be explained by mechanjsms of
action and metabolic characteristics of ncwborn rats. As this class
of chemicals possibly requires metabolism to act as toxicants, the
relatively mature metabolic enzyme status of young rats would be
cxpected to provide toxic intesmediates by metabolic activation to
a grealer extent than in newborn rats, as evidenced by data for
previously reported chemicals (Onkenhout et el. 1986; Kennedy
et al. 1993). Other compounds such as acetaminophen, bromohen-
zene, and carbon tetrachloride have also been shown to not produce
liver injury in neonatal animals at doses that are hepatotoxic to
- adults (Gregus & Klaassen 1998).

‘The ratios of pUETLs, doses inducing the same degree of toxic-
ity in newbom and young rats, were almost the same as for
pNOAELs with the direct toxicants, as shown in Table 7, However,
newborn rats were considerably more susceptible Lo (hydroxyphe-
nyl)methyl phenol when considering the pUETL, due to the much

. steeper dose—response curve in newborn rats, with a 100 mg/kg/day
PNOAEL and half the animals dying at 200 mg/kg, compared with
a 40 mg/kg/day pNOAEL and osly one death in 12 animals at
1000 mg/kg for young rats. Although young rats showed stomach
hyperplasia in addition to hepatotoxicity at 1000 mg/kg, the cause
of newborn deaths at 200 mg/kg was unclear. With regard to teityl
chloride, the pUETL for young rats was almost the same as for
newborn although the latter were less susceptible. Such an anomaly
has also been found for bromoalkancs previously analyzed. Another
examplc of a chemical for which susceptibility diffcrs at low and
high doses is chlorpyrifos, the maximum tolerated dose in 17-day-
old rats being reported to be five times less than that in adulis
following oral exposure (Moser & Padilla 1998), but the ditferential
sensitivity not appearing in low-dose exposure (Pope & Liu 1997).
Thus as there are several chemicals of which dose—response curve
in newhorn vats was obviously steeper than that in young rats,
pUETL ratios should he also taken into account for the suscepti-
bility of newborn rats as the second endpoint marker.

In conclusion, newborn rats were 2-3 times more susceptible
than young rats in lerms of both the pNOAEL and the pUETL in
most cases, One exception was that young rats were clearly more
susceptible than their newborn counterparts for trityl chioride,
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Peroxisome proliferator-activated receptor o plays a vital
role in inducing a detoxification system against plant
compounds with crosstalk with other xenobiotic nuclear
receptors

Kiyoto Motojima and Toshitake Hirai

Department of Biochemistry, Meiji Pharmaceutical University, Kiyose, Tokyo, Japan

Keywords
Detoxification; drug-drug interaction; PPAR;
P450; xenaobiatic nuclear receptor

Peroxisome proliferator-activated receptor o (PPARa) is thought to play
an important role in lipid metabolism in the liver. To clarify the extra-
hepatic and/or unknown function of PPARa, we previously performed a
proteome analysis of the intestinal proteins and identified 17f3-hydroxyster-
oid dehydrogenase type 11 as a mostly induced protein by a PPAR« ligand
[Motojima, K. (2004) Eur. J. Biochem. 271, 4141-4146]. Because of its sup-
posed wide substrate specificity, we examined the possibility that PPAR«a
plays an important role in inducing detoxification systems for some natural
foods by feeding mice with various plant seeds and grains. Feeding with

. . sesame but not others often killed PPARo knockout mice but not wild-type
{Received 11 August 2005, revised 8 . . \ R . . .
Novernber 2005, accepted 14 November mice. A microarray analysis of the sesame-l'ndlfced 1T1RNAs_m the mtes.tm.e
2005) revealed that PPARa plays a vital role in inducing various xenobiotic
metabolizing enzymes in the mouse intestine and liver. A PPAR« ligand
alone could not induce most of these enzymes, suggesting that there is an
essential crosstalk among PPARa and other xenobiotic nuclear receptors
to induce a detoxification system for plant compounds.
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According to the generally accepted view, peroxisome
proliferator-activated receptor o (PPARa) plays an
important role in lipid catabolism in the liver [1].
However, this view has been established mainly by
the studies carried out using rodent models where
PPAR« is overexpressed in the liver [2], and there is
a possibility that our knowledge on the physiological
role of PPARa is biased against its extra-hepatic
functions. In humans, it is known that PPARo is
highly expressed in the bladder, colon, heart and
muscle, with the levels being higher or comparable
with that in the liver (http://www.ncbi.nlm.nih.gov/
niGene/ESTProfileViewer.cgiluglist =Hs.275711). To
clarify the extrahepatic function of PPARw, we
performed a differential proteome analysis of the

Abbreviations

proteins induced in the mouse intestine by a PPARa
ligand in a receptor dependent manner, and we found
that 17f-hydroxysteroid dehydrogenase type 11 (178-
HSD11) was much more efficiently induced in the
intestine than in the liver by a PPARa ligand,
Wy-14 643 [3]. Because of the wide substrate specificity
of 17B8-HSDs [4,5], we have been interested in the possi-
bility that 178-HSD11 in the epithelium of the intestine
metabolizes potentially toxic compounds included in
the natural diet [6], and that PPAR« plays an essential
role in the induction.

In the present study, we screened plant grains and
seeds to identify a possible source of toxic compounds
to induce 17B-HSDI11 in ‘the intestine by feeding
PPARqa wild-type and knockout mice as the natural

Ah, aromatic hydrocarbon; AKR, aldo-keto reductase; CAR, constitutive androstane receptor; CTE-1, cytosolic thicesterase |; Cyp,
cytochrome P450; DR, direct repeat; GST, glutathione S-transferase; HSD, hydroxysteroid dehydrogenase; PDK4, pyruvate dehydrogenase
kinase 4; PPAR, perisome proliferator-activated receptor; PXR, pregnane X receptor; UGT, UDP-glucuronosyltransferase.
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Fig. 1. Metabolic responses to the sesame diet are altered in PPARa null mice. The serum levels of glucose, total cholesterol, HDL-choles-
terol and triglycerides were determined in PPARa null {Null) and age-matched (5 weeks) 129/J {129, wild type) male mice fed with a normal -
laboratory diet {open bar) or sesame seeds {closed bar) for three days. Results are mean = S.E. of four animals in each group. Statistical

evaluation was performed with analysis of two-way ANOVA.

diet. Unexpected observation in the present study is
that sesame caused severe faulty lipid metabolism often
leading the knockout mice to death. Protcome and
transcriptome analyses showed that sesame induced
several detoxification enzymes including 178-HSD11 in
the intestine and liver in either a PPARa-dependent or
-independent manner. Our new approach revealed a
new and essential physiological role of PPAR«a beyond
its important role in energy metabolism.

Results and Discussion
Knocking out of PPARa has not been reported to be

lethal to mice under various experimental conditions |

[7,8]. Because these experiments were carried out using
laboratory diets, we considered the possibility that
some natural foods might contain compounds that can
be detoxified by the induced 17B-HSD11. To test this
idea, pairs of wild-type and PPAR-null mice [7] were
separately fed with several kinds of natural grains or
seeds for one week. Some plant foods differentially
affected a little and others largely on the serum param-
eters, such as glucose, triglycerides, and cholesterol

FEBS Journal 273 (2006) 292-300 © 2005 The Authors Journal compilation ©® 2005 FEBS

levels, between wild-type and PPARa-null mice but all
survived after one week4 treatment except the PPARo-
null mice fed with sesame. Feeding with sesame often
killed PPAR« null mice in four to five days. At day 3
after starting the sesame diet, metabolic responses in
PPARa null mice were remarkably different from
those in wild-type mice as shown in Fig. 1. In addition
to a large increase in the levels of triglycerides, a signi-
ficant decrease in the glucose levels were observed.
The glycogen in the liver of the null mice was also
decreased to less than 1 ngmg™' tissue (in contrast to
10-15 ng'mg™" with wild-type mice fed with sesame)
although their liver was extremely fatty. Essentially the
same results were obtained with various brands of raw
sesame on the market, Utilization of fatty acids as an
energy source and gluconeogenesis in the liver of the
knockout mice seemed to be blocked by an unknown
mechanism and we conceive that the cause of death
would be hepatotoxicity and/or hypoglycemia. Actu-
ally feeding the mice with sesame caused hepatotoxi-
city as indicated by measuring the plasma alanine
trasaminase (ALT) activities. At day 3 after starting
the diet, ALT activities went up from 12.5 + 5.0
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(IU/L, + S. D) to 263 £ 2.5 in wild-type mice and
from 13.8 + 4.8 to 253.3 £ 169.3 in PPARa null
mice. However, it is not known at present whether it
was a direct cause of death or not. In any case, it had
not been observed that PPARa plays a vital role at the
whole body level of mice under certain natural condi-
tions until we fed the knockout mice with plant grains
and seeds instead of laboratory test diets.

To examine whether feeding with sesame induced
178-HSD11 and others not, the intestinal and liver
proteins of mice fed with various plant seeds were
.examined by western blotting. As shown in Fig. 2, a
low level expression of 178-HSD11 was detected ounly
in the intestinal protein sample from the wild-type
mice fed with sesame, but all the plant seeds induced
various levels of 17p-HSDI11 in the liver during this
period. A low level expression of the enzyme in the
intestine was also observed in the intestine of the
knockout mice (Fig. 2C), indicating that expression of
17B-HSDI11 is regulated not only by PPARa but also
by other unknown factors. These data suggested that
the lethal effect of sesame on PPARa knockout mice
cannot be simply explained by the lack of PPARa-
dependent induction of 17B-HSD11.

In addition to 173-HSDI11, SDS/PAGE analysis of
the proteins from the intestine of the mice fed with
sesame showed a strongly induced protein band having
a molecular weight of 24 kDa both in wild and
PPARa-null mice (Fig. 3A). Peptide mass fingerprint-
ing analysis of the digested 24 kDa protein-derived
peptides showed that the masses of 7 among 20 pep-
tides were consistent with those calculated from the
peptide sequences from glutathione S-transferase pl
(GST’1) (Accession NP_034488.1), and the masses of
5 peptides matched those from GSTu3 (Accession
NP_034489.1) (Fig. 3B). The induction of 17B-HSD11
and GSTul, p3 proteins in the intestine of both wild-
type and PPAR« null mice was confirmed by Northern
blot analysis (not shown). Thus the induction of
17B-HSD11 and GSTs by sesame was also observed in
PPARa null mice and this conclusion did not directly
match our first speculation that PPARa-inducible
17B-HSDI1 in the intestine played a critical role in
detoxification of toxic compounds in foods.

The above results indicated that other PPARa-
dependent pathways are vital for detoxification and
led us to perform transcriptional profiling studies with
RNA isolated from the intestines of wild-type male
mice fed with sesamme for one week in comparison with
control RNA from mice fed a normal laboratory diet.
The relevant mRNAs that were detected as having
“been induced by feeding with sesame in the intestine
using Agilent’s Whole Mouse Genome Oligo micro-
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Fig. 2. 17p-HSD11 is induced in mouse liver and intestine by a
PPARa agonist Wy-14 643 and by sesame seeds. A,B: Immunoblot
analysis of 17B-HSD11 induction in the mouse liver and intestine by
Wy-14 643 ar by various plant seeds and grains. Normal mice were
fed with a control diet, a diet containing 0.05% Wy-14,643, or
untreated various plant seeds and grains for 7 days. The postnu-
clear fractions of the tissues were separated by SDS/PAGE and
probed with anti17B-HSD11 antibody or control anti-(L-FABP) anti-
body. C: Induction of 17B-HSD11 in the intestine of PPARa knock-
out mouse by sesame. The levels of induction of 17p-HSD11 in the
intestine were compared between the mice fed with a diet contain-
ing Wy-14 643 and those fed with sesame.

array are listed in Table 1. As predicted, many
mRNAs involved in the lipid/xenobiotic metabolism
and stress/inflammation [9-11] showed increased lev-
els; several subfamily members of Cyp2c¢ and other
types of Cyps, oxidative enzymes, phase II detoxifica-
tion enzymes such as UGTs, AKRs, GSTs, trans-
porters, heat shock proteins and resistin. The first
identified UGT1A9 as a PPARa and PPAR« target
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Fig. 3. Sesame-induced 24 kDa proteins are
glutathione-S-transferases. The intestinal
proteins were separated by SDS/PAGE and
the sesame-induced 24 kDa protein band (A)
was analyzed by peptide mass fingerprinting
after digestion by lysyl-endopeptidase. Mas-
ses of the peptides underlined were mat-
ched with those obtained by MALDI-TOF
mass spectrometry (B).

gene [12], however, was not induced by sesame. Fatty
aldehyde dehydrogenase (Aldh3a2), that has been
proposed as a key component of the detoxification
pathway of aldehydes arising from lipid peroxidation
events [13], was not induced in the intestine either. The
induced mRNA profile was completely different from
those recently reported as induced in rat liver by
sesamine, a functional lignan in sesame. Kiso et al.
described the increase in the levels of a set of lipid-
and alcohol-metabolizing enzyme mRNAs including
Cyp4Al, Cyp2Bl,2 and aldehyde dehydrogenase 1Al,
7 subfamily members [14,15]. These differences suggest
that the changes detected in this study had been
induced not by sesamine but by other unidentified
molecules in sesame.

To confirm the sesame-induced changes in the levels
of several mRNAs detected by a microarray analysis
and to examine their dependency on PPARa, total
RNA from the intestines and livers of wild-type and
PPARa null mice fed with control diet or sesame was
analyzed by Northern blotting using each specific
c¢DNA mostly corresponding to the 3’-noncoding
region of respective mRNA. As shown in Fig. 4,
robust induction of several Cyp2c and Cyp2b members
by sesame both in the intestine and liver was con-
firmed, and it completely disappeared in PPARo null
mice, indicating that PPARa played an essential role
in induction of these Cyps by sesame.

However, the increases in the levels of other detoxi-
fying enzyme mRNAs such as Cyp4al0, Cyp3add,
UGT2bS and 2b37, and AKR1b8 and 1b7 were not so
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significant as observed in the array analysis. Induction
of CypdalQ, PDK4, and CTE-1 mRNA [16,17] was
far less than that by a PPARa agonist Wy-14 643,
178-HSD11 was an extreme example, because its
increase at the protein level was detected by western
blotting (Fig. 2b) but its mRNA was not revealed by
the array analysis (Table 1) and the increase in mRNA
level was not evidently confirmed by Northern blotting
(Fig. 4). Thus the comprehensive analysis employed in
this study alone may not collect all the molecular
changes induced by feeding sesame and the critical
PPARo-dependent transcriptional event leading to the
sesame-induced death remains unclear. It is of interest
that Shankar et al. reported a possible role of PPAR«
activation in hepatoprotective response against hepato-
toxicants under the diabetic condition [18]. If so,
PPARa may be involved not only in the induction of
detoxification system but also in further adaptive
steps.

Sesame seeds, like other botanicals [19-21}, should
contain a large number of compounds that affect cell
function via gene transcription or metabolic inhibition.
Further detailed transcriptional profiling coupled
with differential metabolome analysis of the whole
metabolites between wild-type and PPARa null mice
are in progress in our laboratory and collaborating
laboratories.

Interestingly, sesame strongly induced Cyp2c29,
2¢38, and 2b9 in the intestine and liver in a PPARa-
dependent manner, but a PPARo ligand Wy-14 643
had no effect at all although the known PPAR« target
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Table 1. Genes induced in wild-type mouse intestine by sesame.

K. Motojira and T. Hirai

Accession no, Protein name {symbol) Fold change
Lipid/Xenabiotic metabolism and transport

ghblD17674 Cyp2c29 8.5
gblAF047725 Cyp2c38 7.6
gblIBC057912 Cyp2¢c37 5.6
gblBC0O57911 Cyp2c39 5.6
gblUg4204 Aldo-ketoreductase family 1, member B8 {Akrib8) 5.2
gblBC028261 Cytosolic acyl-CoA thioesterase {Cte1) 5.2
ghiBC022752 Solute carrier family 37, member 2 4.5
refINM_053215 UDP-glucuronosyltransferase family 2, memberB37{Ugt2b37) 4.5
ghlAK008688 Cyp2c18 3.7
ghlX06358 UDP-glucuronosyltransferase family 2, member 5 {Ugt2b5) 3.7
gblBC010824 Cyp2c55 3.5
gblINM_010000 Cyp2b9 3.2
gblAK002528 Cypda10 2.7
ghlAB0O39380 Cyp3a44 2.7
reflINM_008181 Glutathione S-transferase, alpha 1 (Gsta1) 2.6
gblAF231120 Solute carrier family 40, member 1 (Slcd0at) 25
gblM21856 Cyp2b10 2,5
ghlM21855 Cyp2b13 2.5
gblJ05663 Aldo-ketoreductase family 1, member B7 (Akrib7) 2.4
ghiBC054118 Solute carrier family 16, member 9 {Slc16a9) 2.3
gblX99715 Cyp2b20 2.2
gblD42048 Squalene epoxidase (Sgle) 21
gbiBC028535 Glutathions S-transferase 2 {Gst2) 2.1
gblBC009805 Glutathione S-transferase, alpha 3 (Gsta3) 2.0
gblAK003312 Retinol binding protein 2, cellular (Rbp2) 2.0
Proteases

ghlBC056210 Elastase 3B {Ela3b) 6.5
refINM_011645 Trypsin 3 (Try3) 5.4
gbIXM_133021 Carboxypeptidase A2 41
ghlX04574 Serine protease 2 {Prss2) 3.9
gblAK038356 Serine protease 7 {Prss?) 3.0
gblAB016228 Chymotrypsin-like {Ctrl) 2.6
Stress/Inflammation

gbiM12571 Heat shock protein (hsp68) 6.3
gblBC054782 Heat shock protein 1 A 5.4
ghlAJ536019 Resistin-like gamma (Retnlg) 3.2
ghlAK005475 DnaJ {Hsp40) homologue, subfamily B, member 9 26
Miscellaneous

ghlAF028071 Calbindin 3 {Calb3) 9.5
ghlBCO12221 Major urinary protein 1 (Mup1) 47
ghlBC026134 Pyruvate dehydrogenase kinase 4 (Pdk4) 3.8
gbiM29546 Malic enzyme, supernatant (Mod1) 3.2
gblAF000581 Nuclear receptor coactivator 3 {Ncoa3) 2.7

genes such as Cyp4al0 and CTE-1 were activated in
wild-type mice as expected. These data clearly show
that the Cyp genes are not directly regulated by
PPARo. Expressions of the corresponding human
CYP2C9, 2B6 and 3A4 to these mouse Cyps were
reported be regulated by the constitutive androstane
receptor (CAR) [22,23]. Jackson et al. [24). proposed
an imperfect DR4 element as an essential element for

CAR-dependent transcriptional activation of Cyp2c29
and 2bl0 genes, although no detailed mechanism has
yet been elucidated. Thus the indirect but essential
involvement of PPAR« in the induction of these Cyps
can be at the activation step of CAR. The mouse
CAR is localized in the cytosol, at least in the case
of primary hepatocytes, and then activated after
unknown complex processes. Further analysis is clearly
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Fig. 4. Direct and indirect involvement of PPARx in induction of
detoxifying enzyme mRNAs. Northern blot analysis of total RNA
from the livers and intestine of wild-type or PPAR« nuill mice fed
either a control diet {C), sesame (S), or diet containing 0.05%
Wy-14 643 (W) for three days. Representative data from several
independent experiments are shown,

necessary to obfain direct evidence of the involvement
of PPARa in the activation step of CAR. Another
possibility for the indirect but essential involvement of
PPARa in the induction is that some of them are regu-
lated by overlapping transcriptional programs medi-
ated by an axis of PPARa-RXR-LXR as suggested by
Anderson et al. [25]. Our observations of indirect but
essential involvement of PPAR« in the transcriptional
activation of several Cyp genes should provide an
important clue to elucidate the activation processes
and the complex network among the xenobiotic nuc-
lear receptors [26-30].

At least some of the detoxifying enzymes in the
intestine and liver must be induced by complex func-
tional interactions among xenobiotic receptors. One
receptor may be involved in producing the metabo-
lites/ligands for the next receptor that will be involved
in inducing the enzymes for further metabolism. Dis-
turbance of this network by genetic mutation, tran-
scriptional repression or metabolic inhibition should
severely affect metabolism of xenobiotics and ‘para-
biotics’ if it goes beyond compensating capacity
coming from overlapping functions of metabolizing
enzymes (Fig. 5). In addition to these phase I and
phase Il enzymes, phase III transporters play an
important role in efflux mechanisms and their expres-

A New Vital Role of PPARxa
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p P

Metabolic conversion by Transcriptional control

HSDs, CYPs, UGTs, GSTs, ) network among
AKRs, ALDHs, SDRs, etc,” PXR, CAR, AR, PPAR, ctc.

“@\ Loss, repression, or inhibition

Inhibition of a specific conversion

Excretion, or
utilization as
energy sourees

Accumulation of infermediates

Oxidative stress, metabolic inhibition

Death (?)

Fig. 5. A proposed model depicting the metabolic conversion of
plant compounds in animals and the mechanism by which toxic
molecules are produced.

sion should be regulated similarly by the network of
various nuclear receptors, although significant induc-
tion of phase III transporters by sesame was not
observed by the microarray analysis in this study. Our
present finding with sesame and PPARa knockout
mice will be the first example of severe disturbance of
the network leading to death by incomplete detoxifica-
tion of natural compounds. The present data suggest

. an indirect interaction between PPARa and CAR, and

further analysis of CAR-independent changes may
reveal interactions between PPARo and other xeno-
biotic nuclear receptors.

In this study, we showed that PPARa is a xenobiotic
receptor, in addition to PXR, CAR and Ah, playing
an essential, direct and indirect role in inducing var-
ious xenobiotic metabolizing enzymes. Involvement of
PPARo in the metabolism of ‘parabiotic’ substrates
from plants as well as endobiotic substrates suggests
its wider and more extensive role in energy metabolism
from food intake to fat storage than that recently pro-
posed [30]. Our approach to study the physiological
role of so-called xenobiotic metabolizing enzymes by
using natural foods can be applicable to those studies
on other enzymes because most of these enzymes in
animals should have evolved through the food chain,
including various plants. In this connection, the species
differences in the detoxifying systems especially
between human and rodents may be explained by food
differences between rodents’ totally wild life and our
agrarian civilization. Eating sesame, however, is com-
mon among rodents and humans, and a similar detoxi-
fying system to that discovered in mice must be
present in humans. We finally emphasize our finding
that the intestine is an important organ for the ‘para-
biotic’ metabolism, and the possibility that significant
induction of several metabolizing enzymes by plant
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foods in the intestine can occur also in humans. The
corresponding human CYPs are well known as the
most clinically important members to metabolize many
prescribed drugs [31,32] and the possibility that expres-
sion of these CYPs not only in the liver but also in the
intestine is vigorously regulated by plant foods should
be carefully examined to understand food-drug and
drug-drug interactions.

Experimental procedures

Animal studies and tissue homogenization

All apnimal procedures were approved by the Meiji pharma-
ceutical University Committee for Ethics of Experimenta-
tion and Animal Care. Normal male 129/ and C57BL and
PPARo-null mice [7] were kept under a 12 h light-dark
cycle and provided with food and water ad libitum. Rodent
Laboratory Diet' EQ 5L37 (PMI Nutrition International,
SLC, Shizuoka, Japan) was used as a normal diet (control).
Natural untreated plant seeds and grains were purchased at
a local food store, The mice were killed by cervical disloca-
tion, and portions of the intestine and liver were removed
and rapidly homogenized using a Multi-Beads Shocker
(Yasui Kikai, Osaka, Japan).

Serum parameters

Whole blood of mice was collected in 1.5-mL tubes.
After clotting at room temperature for 15 min, the sam-
ples were centrifuged at 1000 g for 5 min. The superna-
tant was collected and frozen in liquid nitrogen. Serum
triglyceride, total cholesterol, alanine transaminase (ALT),
glucose and HDL-cholesterol levels were measured with
kits (R-Liquid S-TG, R-Liquid T-Cho, R-Liquid S-ALT,
R-Liquid S-Glu-HK (Kyokuto Seiyaku, Tokyo, Japan)
and Determiner L HDL-C (Kyowa Medics, Tokyo,
Japan), respectively), using an autoanalyzer (Kyokuto Sei-
yaku). Statistical evaluation was performed with analysis
of two-way ANOVA.

Western blot and peptide mass fingerprinting
analysis

The post nuclear fractions were prepared as described [3]
and probed with an antibody raised in rabbits against
synthetic peptide corresponding to amino acids 95-109 of
178-HSD11 (gi|16716597| ref]NP_444492.1]). Liver-type
fatty acid binding protein (L-FABP), which is expressed
both in the liver and intestine and induced by a PPARa
ligand [33], was also detected as a control using an aiti-
body against L-FABP. Peroxidase-conjugated goat anti-
(rabbit IgG) Ig (ICN Pharmaceuticals, Aurora, Ohio) was
used for the secondary antibody, and the immunocom-
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plex was detected by an enhanced chemiluminescent kit
(Super Signal West Pico, Pierce, Richmond, IL, USA).
To identify the 24 kDa protein induced by sesame, the
peptides produced by digestion with endoproteinase Lys-
C were analyzed by MALDI-TOF mass spectrometry,
and the resultant spectra were analyzed by using the
MS-FIT search program as described [3].

RNA isolation, microarray and northern blot
analyses

Total RNA was isolated as described [34] from the tissues of
2-3 mice per group and mixed for further use. For micro-
analysis, total RNA was purified by using RNase-free DNase
Set (Qiagen, Chatsworth, CA). Its integrity was determined
using an Agilent 2100 Bioanalyzer (Agilent Technologies,
Palo Alto, CA, USA). RNA amplification and labeling was
performed according to the manufactures’ protocol. Hybrid-
ization was performed using Agilent’s In Situ Hybridization
Plus kit following the user’s manual. The arrays were
scanned by the Agilent dual-laser DNA microarray scanner
and analyzed by Agilent FEATURE EXTRACTION software
(G2567AA). Statistical evaluation was performed by the
algorithm developed by Agilent for the array analysis, and
the genes upregulated by feeding sesame more than twofold
with P-values less than 0.05 were considered.

For Northern blot analysis, RNA was not treated with
DNase and analysis was carried out essentially as described
previously using Express Hyb hybridization solution (Clon-
tech, Palo Alto, CA, USA) [34]. The c¢cDNAs used for
probes were described previously [34] or obtained by PCR
of cDNA synthesized from poly(A) RNA isolated from the
liver of Wyl4,543-fed mice using primer pairs designed
mostly in the 3-noncoding regions of the mRNAs. The
PCR primers were as follows: 5-CCCCTTACAGCTCTG
CITCATT-3 and 5-TCAAGAATGGATACACATAAA
CACAAGGA-Y for Cyp2c29; 5-CCAGCTCTGCTTCAT
TCCTCTCT-3 and 5-CGCAGGAATGGATAAACATA
AGCA-3 for Cyp2c38; 5-ACTTCTCTGTGGCAAGCCC
TGTTG-3 and 5-TCCACTAGCACAGATCACAGATC
ATGG-3 for Cyp2b9; S-TGCAGAACTTCCACTTCAA
ATCCA-3" and 5-AATTTCCCCCTTCTCTGGCTACC-3’
for Cyp2a5; 5-TTGTTCTAAAAGTTGTGCCACGG
GATG-3 and 5-AGAGATGATCCCATGAGAAACGG
TGAA-3 for Cyp3ad4; 5-AGATCATCATTCCTTGGCA
CTGG-3 and 5- ATTGCAGAAAGGAGGGAAGATGG
-¥  for Cyp4al(; 5-CCAGTTGAGTGACGAGGAG
ATGG-3" and 5-TCTGCATGCCCTCAAATGTTACC-3’
for Akrlb8; 5-ACCACTCTCTGGATGTGATTGGA-3’
and 5- TCAAGAACATTTITATTTCCCACATTTT-3' for
Ugt2b5; 5-ATTGCCCATATGGTGGCCAAAGGAG-3’
and 5- GGCTGCCACACAAGCGAGTAGGAAT-3’ for
Ugt2b37,  5-GGGAAGGACATGAAGGAGAGAGC-3’
and 5-GCTGCCAGGCTGTAGGAACTTCT-3' for Gstal.
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