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The Comparative Thyroid Assay (CTA, USEPA) is a screening test for thyroid hormone (TH) disruption in pe-
ripheral blood of dams and offspring. Recently, we began investigating feasible improvements to the CTA by
adding examination of offspring brain TH concentrations and brain histopathology. In addition, we hypothesize
that the number of animals required could be reduced by 50 % while still maintaining sensitivity to characterize
treatment related changes in THs. Previously, we showed that the prenatal test cohort of the modified CTA could
detect 1000 ppm sodium phenobarbital (NaPB)-induced suppression of brain T3 (by 9 %) and T4 (by 33 %) with
no significant changes in serum T3 and T4 (less than 8 %). In the current study we expanded the dose response in
a prenatal test cohort. Pregnant SD rats (N = 10/group) were exposed to 0, 1000 or 1500 ppm NaPB in the diet
from gestational days (GD) 6 to GD20. Serum THs concentrations in GD20 dams together with serum/brain THs
concentrations and brain histopathology in the GD20 fetuses were examined. NaPB dose-dependently suppressed
serum T3 (up to —26 %) and T4 (up to —44 %) in dams, with suppression of T3 in serum (up to —26 %) and brain
(up to —18 %) and T4 in serum (up to —26 %) and brain (up to —29 %) of fetuses but without clear dose de-
pendency. There were no remarkable findings that deviated significantly from controls in GD20 fetal brain by
qualitative histopathology. Overall, the present study suggests that the prenatal test cohort of this modified CTA
is able to detect the expected fetal TH disruptions by prenatal exposure to NaPB, while also reducing the number
of animals used by 50 %, consistent with the results of our previous study. These findings add to the suggestion
that lowering group sizes and adding endpoints may be a useful alternative to the original CTA design.

Introduction

Adequate fetal and newborn thyroid hormone (TH) concentrations
are essential for normal brain development in humans and animals
(Gore et al., 2015; Landers and Richard, 2017; Gilbert et al., 2020, 2021;
Sauer et al., 2020). Since some xenobiotic substances disrupt thyroid
homeostasis, including effects on TH synthesis, metabolism, excretion
and signaling, concern has been raised that TH disruptors may poten-
tially interfere with the developing brain (Capen, 1997; Brucker-Davis,
1998; Hill et al., 1998; Crofton, 2008; Miller et al., 2009; Murk et al.,
2013; Noyes et al., 2019).
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The comparative thyroid assay (CTA) is a screening method designed
to detect peripheral TH disruptions in dams and offspring (USEPA,
2005). More specifically, the CTA was designed to determine whether
the potentially sensitive life stages for TH disruption are adequately
protected by the points-of-departure used for hazard assessments, and
not for further elucidation of endocrine and/or neurodevelopmental
hazard (Marty et al., 2021). However, it does not allow determination of
whether effects detected in peripheral serum adequately characterize
target tissue (i.e., developing brain) hormone concentrations (O’Sh-
aughnessy and Gilbert, 2020), and thus may under- or over-estimate
adverse points of departure in hazard assessments.
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Historically, serum THs and thyroid weight/histopathology have
been common endpoints used in the regulatory setting (DeVito et al.,
1999; USEPA, 2005). Although serum T4 is the primary source for brain
THs (Landers and Richard, 2017), circulating concentrations may not be
representative for the local TH changes (Reyns et al., 2003). Therefore,
reliance on peripheral THs alone has been suggested to be insufficient
predictive markers of adverse neurodevelopment (Gilbert et al., 2020,
2021; O’Shaughnessy and Gilbert, 2020). In addition, the original CTA
requires a considerable number of animals (20 pregnant rats per dose
group per cohort, total 160 pregnant rats for 4-dose group study)
(USEPA, 2005), making adding other parameters practically difficult.
Recently, to resolve such concerns, we proposed a modified CTA with
additional parameters, such as examination of brain THs concentrations
and brain histology as suggested previously (Gilbert et al., 2020, 2021,
2023, 2024; O’Shaughnessy and Gilbert, 2020) but using reduced
numbers of rats (10 maternal rats per dose group per cohort) (Minami
et al., 2023).

We began verifying the feasibility, sensitivity and reliability of the
modified CTA, and we have already shown that the modified CTA could
detect 10 ppm 6-propylthiouracil (6-PTU)-induced severe (>70 %)
suppression of serum THs in dams, with >50 % suppressed serum/brain
TH concentrations in fetuses/pups and brain heterotopia in postnatal
day (PND) 21 pups using step sections with grading (Minami et al.,
2023). 6-PTU is a potent thyroperoxidase (TPO)-inhibiting drug and also
acts by inhibiting the enzyme deiodinase type 1 (D1), which converts T4
to its active form T3, resulting in TH disruption and altered brain
development in rat studies (Zoeller and Crofton, 2005; O’Shaughnessy
et al., 2018). 6-PTU is a suggested positive control in the USEPA CTA
guidance (USEPA, 2005).

When looking at the real world of the chemical hazard assessment,
most chemicals are not likely to be as effective TH disruptors as the
potent TH synthesis inhibitor 6-PTU, but may only result in mild TH
disruption even at maximum tolerated dose levels. Thus, the utility of
the CTA depends on its specificity (the response pathognomonic for al-
terations in thyroid function), sensitivity (the response of the method to
low doses or to weak-acting chemicals), test duration, simplicity, and
technical limitations of testing laboratories. Phenobarbital (PB or its
salt, NaPB) produces a dose-dependent increase in hepatic UDPGT ac-
tivity toward T4 via CAR activation and increases TH glucuronidation,
that then produces a dose-dependent reduction in serum TH concen-
trations, increases in serum TSH, and ultimately increased TH synthesis
in the thyroid follicular cells in rats (McClain et al., 1989; Liu et al.,
1995; Hood et al., 1999a; O’Connor et al., 1999). Thus, PB is also
recognized as a prototypical inducer of hepatic UDPGTs and also a well-
known mild peripheral TH disrupter in adult rats (McClain et al., 1989;
Liuetal., 1995; Hood et al., 1999a; O’Connor et al., 1999). PB appears to
be transferable to the fetuses through the placenta and is rapidly
distributed to fetal tissue (Ejiri et al., 2005). The concentration of RNAs
for P-450 isoforms and UDPGTr2 remained nearly stable from late
gestation to adult age, and PB stimulated the accumulation of UDPGTr2
RNA exclusively in hepatocytes even in fetuses of late gestation (Marie
and Cresteil, 1989), suggesting that PB may induce TH disruption in
fetuses via direct effects together with low transfer of TH from maternal
rats. Many chemicals, like PB, produce mild TH disruption in adult rats
through upregulation of liver enzymes, although the relevance of this to
humans appears limited based on differences in specific kinetics be-
tween species as reviewed in Dellarco et al., 2006; Strupp et al., 2020;
Foster et al., 2021. Nevertheless, for assessment of sensitivity of the
modified CTA, since PB appears to exhibit the potential for TH disrup-
tion in pregnant animals and their offspring, its use as a reference
chemical is valuable in strategic planning for testing many similar
chemicals with TH disruption via liver enzyme induction. Therefore, in
our previous verification study for the modified CTA, NaPB was selected
as a second reference chemical together with 6-PTU (Minami et al.,
2023). However, as PB or NaPB is a highly neuroactive drug (Dinge-
manse et al., 1989; Lumley et al.,, 2021), it is likely to affect brain
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development (Diaz and Schain, 1978; Middaugh et al., 1981). Never-
theless, considering that the CTA is not a test for DNT and the purpose of
the CTA is to examine the extent to which a mild reduction of maternal
TH can affect the TH concentration in offspring, the use of NaPB as a
reference chemical with maternal mild TH disruption in the present
study would provide useful information.

Significant hepatic enzyme up-regulation and mild but significant
TH reductions were reported at 1200 ppm PB (T3 and T4 concentrations
decreased 16-38 % and 18-28 % respectively (Hood et al., 1999b).
Based on these findings, the dietary concentration of 1000 ppm NaPB
was selected as a reference chemical for mild TH disruption in our
previous study (Minami et al., 2023). Consequently, our previous study
confirmed that 1000 ppm NaPB induced mild suppression of serum THs
in GD20 dams (T3 and T4 concentrations decreased by 24 % and 16 %
respectively), no significant changes in serum T3, T4, or TSH in GD20
fetuses, and suppression of brain TH concentrations in male (33 %) and
female (15 %) fetuses but not in male and female pups (Minami et al.,
2023). Since the magnitude of the effect in GD20 dams treated with
1000 ppm NaPB were less than our expectation, such <35 % suppression
of brain TH concentrations in fetuses may be due to lower NaPB dosing
in maternal rats.

In the present study, to better assess the sensitivity of the modified
CTA to mild or moderate maternal TH disruption via liver enzyme in-
duction, the effects of a somewhat higher dose of NaPB (e.g., 1500 ppm)
were investigated in a prenatal test cohort of the modified CTA. To
properly put in perspective the effects of 1500 ppm NaPB, 1000 ppm
NaPB was also concurrently examined in the present study to assess the
dose response, and to determine if the modified CTA maintains or im-
proves the assay sensitivity. The modified CTA included the following
changes: 1) a 50 % reduction in group size (i.e., from N = 20 in the CTA
to N = 10); and 2) the additional endpoints including, fetal brain hor-
mone concentrations and a qualitative assessment of fetal brain histo-
pathology. We also measured hormones separately for male and female
fetuses to support, or refute, the need for sex dependent measurements.

Materials and methods
Test chemicals

Phenobarbital sodium salt (NaPB; CAS# 57-30-7, Lot No.KCP6847;
purity >98 %; FUJIFILM Wako Pure Chemical Co, Ltd., Japan) was used.

Animals, husbandry and mating

This study was conducted in the Institute of Environmental Toxi-
cology (IET), which was the same facility as the previous study (Minami
et al., 2023), fully accredited by the Association for Assessment and
Accreditation of Laboratory Animal Care International (AAALAC Inter-
national) in accordance with the Animal Care and Use Program of IET
(IET IACUC Approval No. AC21019). Briefly, Specific Pathogen-Free
(SPF) Crl:CD(SD) rats of both sexes were purchased from Atsugi
Breeding Center, Charles River Laboratories Japan, Inc. (currently
Jackson Laboratory Japan, Kanagawa) at 12 weeks of age. After quar-
antine and acclimatization for 10 to 14 days, males and females were
paired at 13-14 weeks of age. Animals were housed in a barrier-
sustained animal room with targeted controlled temperature (22 + 2
°C), humidity (50 + 20 %), ventilation (at least 10 times per hour; all
fresh air system), and illumination (12 h per day, lights on at 7:00 a.m.
and off at 7:00 p.m.) throughout the study period. A commercially
available solid or pulverized diet (MF or MF Mash diet, Oriental Yeast
Co., Ltd., Tokyo) and local tap (chlorinated) water were provided ad
libitum throughout the study. The animals were not fasted overnight
prior to sacrifice. Copulated females were prepared by standard repro-
ductive study methods (Aoyama et al., 2002, 2005, 2012); the day on
which vaginal plugs and/or sperm were observed was designated as
GDO. Pregnancy was confirmed by gross observation of the uterine
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contents on GD20. The fertility index (number of pregnancies/number
of females copulated x 100) was 100 % in each group.

Study design

The study was conducted with modifications of the CTA protocol
designated by the USEPA Guidance (USEPA, 2005). In the original CTA,
both prenatal test cohort and postnatal test cohort are designated. The
present work utilized only the prenatal test cohort. NaPB was adminis-
tered to pregnant rats, 10 females/dose group, at 0, 1000 or 1500 ppm
based on the salt in diet, from GD6 through 20. Data from common
control animals were shared with a 6-propylthiouracil study conducted
concurrently to identify appropriate testing time of heterotopia in the
CTA (to be published elsewhere). Mortality, clinical signs, body weights
and food consumption of dams were periodically monitored throughout
the study.

Clinical signs and mortality in maternal rats

Cage-side observations were made of maternal females once daily for
clinical signs and mortality. Each female was also observed in more
detail for the presence of abnormalities such as excitement, convulsion,
sedation, and abnormal gait when it was weighed instead of cage-side
observation. During breeding, females were examined for the status of
pregnancy. All abnormalities observed were recorded for individual
females.

Tissue collection

To minimize the impact of circadian changes in hormone, samples
were collected from the animals in all three groups at similar times of
day and in an order of a control dam, a 1000 ppm dam, a 1500 ppm dam,
followed by a control dam, a 1000 ppm dam, and so on. Maternal blood
was collected from the posterior vena cava under isoflurane anesthesia
using plain syringes on GD20. The blood was allowed to clot and
centrifuged at 2000g for 10 min. at 4 °C to separate sera for hormone
analyses. Blood sampling was generally performed in the afternoon
(13:00-16:00) to ensure practical flexibility in conducting studies as
previously reported (Minami et al., 2023). Rats were held in a curtained-
off holding area adjacent to the necropsy room to avoid effects of any
stress on hormone levels. In the NaPB-groups, plasma for measurement
of blood PB concentrations was additionally prepared from approxi-
mately 2 mL of collected blood from the posterior vena cava. The sera
and plasma were stored in a freezer (—70 °C or below) until use. Preg-
nant females were subjected to cesarean sectioning and gross necropsy
after blood collection. The thyroid and liver of the dams were weighed
and fixed in 10 % neutral-buffered formalin for histopathology. Portions
of the left lateral lobe of the liver were also collected for UDPGT activity
measurements and mRNA analyses prior to fixation.

Live fetuses were removed from the uteri and weighed individually.
After external examination, blood was collected from all live fetuses into
a serum separator tube by making a small cut on the neck without
anesthesia. The collected blood was pooled by sex in each litter, pro-
cessed for sera as noted above, and stored in a freezer (—70 °C or below).
The fetal brain, thyroid and liver from a set of individuals (up to 2/sex/
litter, if available) were fixed in 10 % neutral-buffered formalin for 2
days with the cranial, thoracic, and abdominal cavities exposed through
incisions and preserved in 0.01 M phosphate-buffered saline at 4 °C until
processed. In addition, the brain was removed from another set of fe-
tuses (up to 2/sex/litter, if available), snap-frozen and stored in a freezer
(=70 °C or below) for brain hormone analyses. Liver samples (left lateral
lobe) were also collected from one fetus per sex per litter for mRNA
analyses.
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Thyroid hormone analyses

The frozen brains of fetuses (1/sex/litter) were individually weighed
and homogenized with the same weight of water for injection as the
brain sample. Serum samples collected from maternal rats and fetuses
and homogenized brain samples were analyzed for the concentrations of
T3 and T4 by liquid chromatography/mass spectrometry/mass spec-
trometry (LC-MS/MS) analysis in singlicate. From the previous study
(Minami et al., 2023), we slightly augmented the method of analysis by
using a purification column and higher-grade MS/MS described below.
An aliquot (50 pL) of serum or brain homogenate was placed into a test
tube, added with 50 pL of water for injection and 300 pL of internal
standard solution (methanol solution containing [13C6]T3 and [13C6]
T4). After mixing, the mixture solution was centrifuged (16,000g, 5 min,
10 °C). Then, 200 pL of 0.1 % formic acid was added to the solution, and
the mixture solution was centrifuged (16,000g, 5 min, 10 °C). An aliquot
of the obtained supernatant was purified by a MonoSpin (MonoSpin
Phospholipid, GL Sciences Inc., Tokyo). The eluate was then injected
into the On-Line SPE LC-MS/MS (LC: 1290 HPLC, Agilent Technologies,
Santa Clara, California; MS/MS: 6470 Triple Quad LC/MS, Agilent
Technologies; SPE column: Shim-pack MAYI-ODS (G), 2.0 mm x 10 mm,
Shimadzu Corporation, Japan; LC column: ZORBAX Eclipse C18, 1.8 um
x 2.1 mm x 50 mm, Agilent Technologies). The limits of quantification
(LOQ) for serum T3 and T4 were 0.010 and 0.2 ng/ml, respectively, and
the limits of detection (LOD) for serum T3 and T4 were 0.005 and 0.1
ng/ml respectively. The LOQ for brain T3 and T4 were 0.02 and 0.20 ng/
g brain weight, respectively, and the LOD for brain T3 and T4 were 0.01
and 0.10 ng/g brain weight respectively. Serum T3 concentrations in
one male and female fetus in the NaPB 1500 ppm group were below the
LOQ value (0.010 ng/ml), and thus group mean values for the NaPB
1500 ppm group were calculated as 0.01 ng/ml as individual data for
these animals.

Serum thyroid stimulating hormone (TSH) analyses

Serum TSH concentration was measured by Immuno-beads assay
using Milliplex Map Rat Thyroid Hormone TSH Panel (EMD Millipore,
Burlington, Massachusetts) in singlicate. Each serum sample was incu-
bated with beads and detection antibody according to the kit manual.
Then, the fluorescence intensity of each sample was analyzed using a
flow cytometer (FACSVerse, BD, Tokyo) with the FACSuite program.
The LOQ for TSH was 62.5 pg/ml. No samples from dams or fetuses were
below the LOQ value in this study. For the TSH Millipore assay, intra-
assay precision was assessed by measuring 6 times for each sample
using serum samples of 8 males and 8 females in SD rats. Coefficients of
variation (CVs) ranged from 3.0 to 13.6 % in male and 4.3-9.1 % in
female samples, which were within 15 %.

Liver UDPGT activity measurement

The frozen samples of the liver were homogenized with 1.15 % KCl
using a homogenizer (Ultra Turrax®, Janke and Kunkel GmbH, Ger-
many). The microsomal fraction was prepared by stepwise centrifuga-
tion at 9000g for 10 min and 105,000g for 60 min. For each microsomal
suspension derived from the frozen liver samples of the maternal rats,
microsomal protein content was determined by DC Protein Assay Kit
(Nippon Bio-Rad Laboratories, Tokyo) according to the augmented
method of Lowry. To determine the enzyme activity, as presented pre-
viously (Minami et al., 2023), a diluted microsomal suspension (at the
constant concentration of 0.2 mg protein/mL) was incubated with 5 mM
4-hydroxybiphenyl and 30 mM UDP-glucuronic acid at 37 °C for 30 min
in the presence of 50 mM MgC15 in 0.14 M Tris-HC1 buffer (pH 7.4). An
assay was stopped by 0.5 M perchloric acid. Then, fluorescence intensity
of the 4-hydroxybiphenyl glucuronide was determined at 325 nm with
excitation at 290 nm using a fluorescence spectrophotometer. The
enzyme activity is expressed as a percentage of the glucuronide
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fluorescence intensity per mg protein over the group mean value of the
controls.

Measurement of plasma phenobarbital concentrations

Concentrations of phenobarbital (PB) were determined in maternal
plasma by LC-MS/MS analysis. The sample solution of plasma/meth-
anol/water was prepared by adding the solution of methanol/water to
the plasma and then subjecting it to a solid-phase extraction using PLS-2
cartridge (InertSep PLS-2, 270 mg/6 mL; GL Sciences Inc., Tokyo), and
PB was determined by LC-MS/MS (LC: 1290 HPLC, Agilent Technolo-
gies; MS/MS: 6460 Triple Quad LC/MS, Agilent Technologies; LC col-
umn: ZORBAX Eclipse Plus C18, 1.8 pm x 2.1 mm x 50 mm, Agilent
Technologies).

Measurements of organ weights and mRNA expression levels by
quantitative real-time PCR

These measurements were conducted by standardized methods.
Details of the measurements are presented in Supplemental information.

Histopathology

Liver and thyroid glands from the dams, and fetal brain were pro-
cessed and subjected to histopathological examination. For fetal brain,
the cerebrum was cut coronally at the levels anterior and caudal to the
infundibulum, as vertically as possible, to make two paraffin blocks.
Cerebellum and brainstem were cut in the mid-sagittal plane as verti-
cally as possible to make another paraffin block. After trimming, the
brains, liver, and thyroids were embedded in paraffin, sectioned at 3 pm,
stained with hematoxylin and eosin (H&E), and examined by light
microscopy.

Since there is theoretical concern that NaPB may have direct effects
on brain tissue as a barbiturate antiepileptic drug (Dingemanse et al.,
1989; Lumley et al., 2021), histopathological examination of the brain
for fetuses was conducted at the three levels to evaluate for any quali-
tative changes. The three blocks of the brain prepared as described
above were used and carefully thinned to obtain the three levels of
planes (the first level [cerebrum 1] included cerebral cortex and
caudate/putamen, the second level [cerebrum 2] included cerebral
cortex, hippocampus, thalamus, and hypothalamus, and the third level
included cerebellum and brain stem along the mid-sagittal plane) ho-
mogeneously throughout all animals, which was modified for GD20
from Garman et al. (2016) (Supplemental Fig. 1). As shown in the Results
Section, the fetal brain TH reductions were similarly observed at 1000
and 1500 ppm (approximately 20 % for T3 and 30 % for T4). Thus,
histopathological examination of the fetal brain was conducted in the
1000 ppm group to eliminate the possible NaPB’ pharmacological ef-
fects as much as possible. Left lateral lobe and right medial lobes of the
liver and both thyroids were processed and subjected to light micro-
scopic examination for dams.

Statistical analyses

The following statistical tests were used to evaluate significance of
differences between the control and each NaPB group. The data sets,
including body weight, food consumption, organ weight, UDPGT ac-
tivity and mRNA expression in maternal females; body weight and
UDPGT mRNA expression in fetuses, were first evaluated for homoge-
neity of variance by Bartlett’s test (0 = 0.05). When group variances
were homogenous, a parametric one-way ANOVA in one-way classifi-
cations (o« = 0.05) was used to determine if there was a main effect of
treatment. When the ANOVA was significant, Dunnett’s multiple com-
parison test (o = 0.05 or 0.01) was performed to detect statistically
significant difference between each treated group and their corre-
sponding controls. When Bartlett’s test indicated that the variances were
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not homogeneous, the Kruskal-Wallis test (o« = 0.05 or 0.01) was used for
test for a main effect of treatment, and when significant, Dunnett-type
nonparametric multiple comparison (¢ = 0.05 or 0.01) was performed
to detect statistical differences between each treated group and their
corresponding controls. The litter was the statistical unit for above an-
alyses. Serum hormone data in dams were also analyzed in the same
manner as the other parametric data (e.g., body weight) with Dunnett’s
multiple comparison test. Regarding with serum and brain hormone
data in fetuses, a two-way ANOVA was used to analyze for main effects
of treatment and sex, and for a treatment-by-sex interaction. When there
were significant effect of treatment and no treatment-by-sex interaction,
Dunnett’s multiple comparison test (a = 0.05 or 0.01) was performed to
detect statistically significant difference between each treated group and
their corresponding controls in the combined data of males and females.
Fisher’s exact probability test or Wilcoxon-Mann-Whitney test (a = 0.05
or 0.01) was also used for the incidences of pathological findings.

Statistical power and required group sizes were determined using
EZR, version 1.61 (Kanda, 2013). Since not enough historical back-
ground data were available at the time, the statistical power was esti-
mated using mean + standard deviation (SD) in the control group. To
detect a 25 % decrease in TH or a 40 % increase in TSH (Li et al., 2019;
Marty et al., 2021), the number of animals required per group, as well as
the statistical power in the case of 10 animals per group, were calcu-
lated. These changes were detectable in the dose group compared to the
control group using Student’s t-test (o« = 0.05). Based on data from the
control group and each NaPB group in the present study, post hoc sta-
tistical power was also calculated to detect a hormone concentration
which can be detected in dose group compared to controls by Student’s
t-test (o = 0.05) and shown in Supplemental Tables 2 and 3.

Results

Group mean values or incidence of each examination in dams and
GD20 fetuses are summarized in Supplemental Tables 2 and 3,
respectively.

NaPB intake and plasma PB concentrations in dams

Group mean NaPB intake as estimated from food intake data is
shown in Fig. 1A. During the treatment period, NaPB intake was
generally stable. Average NaPB intakes of the 1000 and 1500 ppm
groups during GD6-20 were 60 and 84 mg/kg/day, respectively. As the
NaPB intakes in the 1500 ppm group were 1.4-fold of that of the 1000
ppm group, planned target dose ratio was generally achieved. Plasma PB
concentrations of the 1000 and 1500 ppm groups after designated
treatment periods were dose-dependently detected in GD20 dams; 86.4
4+ 19.5mg/L and 139 + 29.9 mg/L, respectively. PB concentration in the
1500 ppm group was 1.6-fold of the 1000 ppm group, which was
consistent with the NaPB intakes.

General condition and cesarean section parameters of dams

NaPB treatment did not lead to increased maternal deaths. There was
also no effect of NaPB on maternal body weights (Fig. 1B) or food
consumption (Fig. 1C). NaPB treatment did produce staggered gait in 10
of 10 animals in the 1500 ppm. No treatment effect was detected for
number of implantations, number of live fetuses, % resorption and fetal
death, and sex ratio (Supplemental Table 2).

Serum concentrations of thyroid hormones and thyroid stimulating
hormone in GD20 dams

In GD20 dams, NaPB-treatment decreased both serum T3 and T4
concentrations with dose-dependency, but statistical significance was
only observed in the 1500 ppm group (Fig. 2A, B). Serum TSH concen-
trations were not significantly increased but rather decreased by 46 % in
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(A) NaPB intakes in dams

Current Research in Toxicology 6 (2024) 100168

— 100 Average of GD6-20:
)
S 80 " & |34 mg/kgBWIday
2 6 e ~—e |60 mg/kgBWi/day
D 40 | -+Control
-
E’ 20 r -»-NaPB 1000 ppm
E o
6-9 912 12415 1518 18-20 #NaPB 1500 ppm

Gestation Day

(B) Body weights in dams
450

400 |

S 350 |
300 |

250

0 6 9 12 15
Gestation Day

18 20

(C) Food consumtions in dams
30 -

25 |

20 -

15 + %

10 -

5 L

0

(g/rat/day)

0-6 6-9 9-12 12-1515-18 18-20
Gestation Day

Fig. 1. NaPB intakes (A), group mean body weights (B) and food consumptions (C) in dams. N = 10 animals per group. Significantly different from control; * p <
0.05 by Dunnett’s test following one-way ANOVA or Dunnett’s-type test following Kruskal-Wallis test.
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Fig. 2. Effects of NaPB on serum T3 (A), T4 (B) and TSH (C) concentrations in
dams on gestation day 20. Scatter plots of individual values of serum T3 and T4
concentrations in dams (D). Values represent mean + standard deviation, N =
10 animals per group. Significantly different from control; ** p < 0.01 by
Dunnett’s test following one-way ANOVA or Dunnett’s-type test following
Kruskal-Wallis test. The absolute values are presented in Supplemental Table 2.

the 1500 ppm group (Fig. 2C).

Scatter plots of individual values revealed that there was a high
correlation between serum T3 and serum T4 concentrations (R = 0.80,
Fig. 2D). However, clear correlation (R2 > 0.5) was not observed be-
tween serum TSH and T3 (R2 =0.29) or T4 (R2 = 0.20) concentrations
(Supplemental Fig. 2A, B). When focused on the control and 1500 ppm
groups (R? = 0.34 for T3, R% = 0.22 for T4) compared to when focused
on the control and 1000 ppm groups (R? = 0.18 for T3, R? = 0.05 for T4),
the R? remained small but increased (Supplemental Fig. 2C-F). Serum T3

and T4 concentrations were reduced dose-dependently (Fig. 2A, B),
while the increases in hepatic UDPGT activities were similarly observed
in GD20 dams in the 1000 and 1500 ppm groups as described below
(Fig. 3D). Consequently, no correlation was observed (R? < 0.21) be-
tween serum TH concentrations and liver UDPGT activity in GD20 dams
(Supplemental Fig. 4B). Overall, these findings suggest that, in the 1500
ppm group, significantly lower serum T3 and T4 concentrations may
partially contribute to the decreased serum TSH concentrations in
addition to the increased TH catabolism via increased UDPGT activity by
NaPB.

Liver and thyroid alterations in GD20 dams

NaPB-treatment at both 1000 and 1500 ppm significantly induced
liver responses in GD20 dams; including the increased liver weights but
without dose dependency (Fig. 3A), the increased Cyp2b1/2 [a marker
for constitutive androstane receptor (CAR) activation] (Fig. 3B) and
Ugt2b1 mRNA (Fig. 3C) levels with dose dependency, and the increased
UDPGT activities from all animals (n = 10 per group) without dose
dependency (Fig. 3D). However, when focusing on animals that mRNA
was examined (n = 6 per group), the increased UDPGT showed some
dose dependency (Supplemental Fig. 3A), and thus, scatter plots of in-
dividual values revealed that there was a correlation between UDPGT
activity and Ugt2bl mRNA (R? = 0.56, Supplemental Fig. 3B). Correla-
tions were not observed (R? < 0.21) between serum TH concentrations
and liver Ugt2bl mRNA expression or UDPGT activity in GD20 dams
(Supplemental Fig. 4A, B). Slight centrilobular hypertrophy of hepato-
cytes was observed in all GD20 dams of the 1000 ppm NaPB group tested
(Table 1).

In the thyroids, slight follicular cell hypertrophy was observed in one
GD20 dam of the NaPB groups but not observed in the other animals
(Table 1), and no thyroid weight changes were observed (Fig. 3E).

Serum concentrations of thyroid hormones and thyroid stimulating
hormone in GD20 fetuses

For serum T3 in GD20 fetuses, there was no significant interaction
between treatment and sex, and there was a significant main effect of
treatment, but not main effect of sex (Table 2). Serum T3 concentrations
in the control GD20 fetuses were quite low (0.019 + 0.004 ng/ml, n =
20). In the 1500 ppm NaPB group, 1 of 10 fetuses per sex had less than
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Fig. 3. Effects of NaPB on liver and thyroid in dams on gestation day 20. Values represent mean =+ standard deviation, N = 10 animals per group. Expression levels of
mRNA (B and C) were examined in 6 animals per group, and mRNA levels were normalized to those of Actb mRNA. FI in (D) means glucuronide fluorescence intensity
(per 0.2 mg protein). Significantly different from control; * p < 0.05, ** p < 0.01 by Dunnett’s test following one-way ANOVA or Dunnett’s-type test following

Kruskal-Wallis test. The absolute values are presented in Supplemental Table 2.

Table 1
Summary of histopathology.

Dose levels Control NaPB 1000 ppm
GD20 Dams

Liver: Centrilobular hepatocyte hypertrophy 0/10 10/10[+, 10] ##
Liver: Necrosis, hepatocyte, focal 1/10 1/10

Thyroid: Follicular cell hypertrophy 0/10 1/10[4, 1]
GD20 male fetuses

Brain: Within normal limits 10/10 10/10

GD20 female fetuses

Brain: Within normal limits 10/10 9/9

GD, gestation day.

Data present incidence/number of animals examined. Since apparent abnor-
mality of the brain was not observed in the 1000 ppm group, histopathology was
not conducted in the 1500 ppm group. The thyroid glands were examined only
for dams.

Severity grades for graded histopathological findings: slight +, mild +, moder-
ate ++, severe ++-+.

Significantly different from control (Fisher test or Wilcoxon-Mann-Whitney
test):*# p < 0.01.

LOQ value (0.010 ng/ml). Significant suppressions of serum T3 were
observed by Dunnett’s test in the 1000 and 1500 ppm NaPB groups
(Fig. 4A). Little dose-dependence of these changes was observed.

As for serum T4, a two-way ANOVA revealed no significant inter-
action between treatment and sex (Table 2). There were main effects of
both treatment and sex. Serum T4 concentrations were also significantly
decreased by both dose levels of NaPB by Dunnett’s test, and the re-
ductions were also with little dose-dependence (Fig. 4B).

For serum TSH in GD20 fetuses, there was no interaction between
treatment and sex while there was a significant main effect of treatment,
but not for sex (Table 2). Serum TSH concentrations appeared to be
slightly but significantly increased by 1000 and 1500 ppm NaPB by
Dunnett’s test but the increase was not dose dependent (Fig. 4C). Scatter
plots analyses revealed no correlations between serum TSH and T3

Table 2
Interaction analysis of treatment and sex in serum THs and TSH and brain THs in
GD20 fetuses.

Interaction of treatment ~ Main effects of Main effects of sex

and sex treatment

Serum T3  Not significant (P = il Not significant (P =
0.73) 0.49)

Serum T4  Not significant (P = bk hid
0.60)

Serum Not significant (P = ok Not significant (P =

TSH 0.96) 0.47)

Brain T3 Not significant (P = ok Not significant (P =
0.99) 0.91)

Brain T4 Not significant (P = Not significant (P =
0.77) 0.06)

Interaction of treatment and sex in serum TH and TSH and brain TH in fetuses
was analyzed by two-way ANOVA.

Significantly different from control (two-way ANOVA): * <0.05, **<0.01,
**%<0.001.

concentrations (R2 = 0.09) or serum TSH and T4 concentrations (R2 =
0.18) (Supplemental Fig. 5A, B). No correlation between serum T3 and
serum T4 concentrations (R% = 0.13) was also observed (Supplemental
Fig. 50).

Comparison of effects of NaPB on serum hormone concentrations between
GD20 dams and GD20 fetuses

Alteration rates by NaPB in serum T3, T4 and TSH concentrations of
GD20 dams and GD20 fetuses are presented in Fig. 5A. Compared to
dams, predominant responses were observed in serum T3, T4 and TSH of
the 1000 ppm fetuses. In the 1500 ppm group, the fetal response in
serum T3 was similar to dams, but the fetal response in serum T4 was
lower than that in dams. In terms of serum TSH concentrations, signif-
icant increases were observed in fetuses, but significantly decreased in
dams (Fig. 5A).

For serum T4, potentiation with increasing doses was smaller in fe-
tuses [x1.3 (26 %/20 %) when using average of males and females] than
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Fig. 4. Effects of NaPB on serum T3 (A) and T4 (B) and TSH (C) concentrations in fetuses on gestation day 20. Since a two-way ANOVA revealed no significant
interaction between treatment and sex in serum T3, T4 and TSH, combined data from both sexes were presented. Values represent mean =+ standard deviation, N =
20 animals per group. Significantly different from control; * p < 0.05, ** p < 0.01 by Dunnett’s test. The absolute values of group mean in each sex are presented in
Supplemental Table 3.

(A)
Serum hormone T3 T4 TSH
[Expected alterations] [Decrease] [Decrease] [Increase]
1000 ppm NaPB GD20 dams NE (-8%) 1 (-14%) 1 (#9%)
GD20 fetuses 1 (-21%*)* 1 (-20%**%)* 1 (#55%**)*
1500 ppm NaPB GD20 dams 1 (-24%%) 1 (44%**) 1 (-54%**) <
GD20 fetuses 1 (-26%"**) 1 (-26%*%)® 1 (+51%**)*

| and T means “Decrease” and “Increase”, respectively.
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Fig. 5. Comparison of effects of NaPB-treatment on serum TH concentrations between dams and their fetuses. (A) Percent change from control mean values induced
by NaPB. Original data are presented in Supplemental Tables 2 and 3. In fetuses, since a two-way ANOVA revealed no significant interaction between treatment and
sex in serum T3, T4 and TSH, combined data from both sexes were used for analysis of statistically significant difference between each treated group and their
corresponding controls. Values in parenthesis represent % of control mean value. NE means no effect because of minor difference (less than 10 %) from control
values. ® Predominant response in fetuses compared to dams, which are shown with bold red highlight.  Lesser responses in fetuses compared to dams, which are
shown with bold blue highlight. ¢ Unexpected alterations in dams but considered biologically of little significance. Significantly different from control in dams
(Dunnett’s test following one-way ANOVA or Dunnett’s-type test following Kruskal-Wallis test: * p < 0.05, ** p < 0.01.). Significantly different from control in
fetuses (Dunnett’s test following two-way ANOVA: * p < 0.05, ** p < 0.01.). (B and C) Scatter plots of individual values of serum T3 and T4 concentrations in dams
and fetuses. For serum T3 in fetuses, one fetus in both sexes of the NaPB 1500 ppm group showed less than limits of quantification (LOQ) but plotted as LOQ. Total 30
fetuses per sex including all animals from the control, and NaPB 1000 and 1500 ppm groups were used for scatter plot analysis. The LOQ for serum T3 and T4 were
0.010 and 0.2 ng/ml, respectively. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

in dams [x3.1 (44 %/14 %)] (Fig. 5A). A similar difference was also no co-relationship between serum T3 and T4 concentrations (R2=0.13)
observed for serum T3. Scatter plot analysis of individual values of (Supplemental Fig. 5C).

serum T3 and T4 revealed little co-relationship between dams and fe-
tuses for either hormone (R2 for T3 and T4 were 0.08 and 0.17,
respectively) (Fig. 5B, C). For serum TSH concentrations, the NaPB-
induced effects were in the opposite direction in fetuses and dams

Brain concentrations of thyroid hormones in GD20 fetuses

(Fig. 5A). Although the decreased THs and the increased TSH were . For }arain T3 and T4 in GD20 fetuses, there was. no. .signiﬁcapt
observed as expected in fetuses, no correlations between serum TSH and interaction of treatment and sex (Table 2). There was a significant main
T3 or T4 were observed in fetuses (Rz for T3 and T4 were 0.09 and 0.18 effect of treatment, but not for sex (Table 2). Brain T3 and T4 concen-

trations were significantly decreased at 1000 and 1500 ppm of NaPB by

respectively, as mentioned above) (Supplemental Fig. 5A, B). There was ; -
Dunnett’s test, but no dose-dependency (Fig. 6A, B). Scatter plot analysis
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Fig. 6. Effects of NaPB on brain T3 (A) and T4 (B) concentrations in fetuses on gestation day 20. Since a two-way ANOVA revealed no significant interaction between
treatment and sex, combined data from both sexes are presented. Values represent mean =+ standard deviation, N = 20 animals per group. Significantly different from
control; ** p < 0.01 by Dunnett’s test. The absolute values of group mean in each sex are presented in Supplemental Table 3. Scatter plots of individual values of
brain T3 and T4 concentrations (C) and serum and brain T4 concentrations (D) in GD20 fetuses.

Table 3

Statistical power analysis.

Mean =+ SD in Number of animals Coefficient 25 % decrease in TH, 40 % increase in TSH
the control examined per of supported by Li et al (2019) and Marty et al (2021)
iati %
group group variation (%) Statistical power (%) for Required group size for
detecting: detecting:
GD20 Dams Serum T3 (ng/mL) 0.336 £+ 0.070 10 21 77 13
Serum T4 (ng/mL) 17.6 £5.1 10 29 49 22
Serum TSH (ng/mL) 1.2 +£0.54 10 45 51 20
GD20 male fetuses Serum T3 (ng/mL) 0.018 + 0.004 10 22 80 11
Serum T4 (ng/mL) 3.3+05 10 15 96 6
Serum TSH (ng/mL) 2.17 £ 0.76 10 35 61 12
Brain T3 (ng/g) 0.33 + 0.04 10 12 99 4
Brain T4 (ng/g) 0.49 + 0.07 10 14 97 6
GD20 female Serum T3 (ng/mL) 0.020 + 0.005 10 25 61 16
fetuses Serum T4 (ng/mL) 3.8+ 0.5 10 13 99 5
Serum TSH (ng/mL) 2.04 £0.74 10 36 70 14
Brain T3 (ng/g) 0.33 = 0.05 10 15 95 7
Brain T4 (ng/g) 0.53 + 0.04 10 8 100 2

GD = gestational day.
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for individual values of T3 and T4 concentrations in brain revealed co-
relationship (R? = 0.53) (Fig. 6C). T4 concentrations also revealed co-
relationship between serum and brain (R? = 0.55) (Fig. 6D). There
was no co-relationship between serum and brain T3 concentrations in
(R? = 0.03) (Supplemental Fig. 6).

Power calculation for thyroid hormone concentrations in serum and brain
of GD20 fetuses

In the GD20 dams, post hoc power was 80 ~ 89 % for serum T3, T4
and TSH in the NaPB 1500 ppm group, but much less (5 ~ 22 %) in the
NaPB 1000 ppm group (Supplemental Table 2). In GD20 fetuses, post
hoc powers of serum T3 and brain T3 were 32 ~ 63 % and 46 ~ 76 %,
respectively, and post hoc powers of serum T4 and brain T4 were 64 ~
92 % and 92 ~ 97 %, respectively (Supplemental Table 3). Post hoc
powers of serum TSH in GD20 fetuses were 49 ~ 64 % (Supplemental
Table 3).

When statistical power in case of 10 individuals as group size was
calculated to detect a 25 % decrease in T3 or T4 changes and a 40 %
increase in TSH changes which can be detected in dose group compared
to controls (Li et al., 2019; Marty et al., 2021), the powers were more
than 49 % (based on serum T4) in GD20 dams but more than 61 %
(based on serum T3 and TSH) in GD20 fetuses (Table 3). However, when
focusing on T4, the powers were more than 96 % for serum T4 and more
than 97 % for brain T4 (Table 3). When focusing on brain T3 and T4, the
powers were more than 95 % for brain T3 and more than 97 % for brain
T4 (Table 3).

Required group size for detecting 25 % decrease in serum T4 was less

GD20

Control

Cerebrum 1

Cerebrum 2

Cerebellum
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than 10 animals per group in GD20 fetuses, while GD20 dams need 22
animals per group (Table 3), approximately consistent with request by
the original CTA guidance (20 maternal rats per group). Required group
size for detecting 25 % decrease in serum T3 was more than 10 animals
per group in both GD20 dams and fetuses. In contrast to serum, for brain
T3 or T4, required group size for detecting 25 % decrease was less than
10 animals per group in GD20 fetuses (Table 3). For serum TSH, required
group size for detecting 40 % increase was 20 animals per group in GD20
dams, while 12 ~ 14 animals per group in GD20 fetuses (Table 3).

Brain histopathology in GD20 fetuses

In the qualitative histopathological examination, no treatment-
related remarkable findings were observed in the cerebrum and cere-
bellum of the brain in both sexes of GD20 fetuses in the NaPB groups
(Table 1, Fig. 7).

Liver enzyme mRNA alterations in GD20 fetuses

In both sexes of GD20 fetuses, liver Cyp2b1/2 and Ugt2bl mRNA
levels were significantly increased up to approximately 890 and 540 %
in the NaPB groups, with dose-dependency (Fig. 8A, B). There were
some correlations between Ugt2bl mRNA in GD20 dams and GD20 fe-
tuses (R? > 0.47, Supplemental Fig. 7). No correlations (R? < 0.27) were
observed between hepatic Ugt2b1 mRNA expression and serum/brain T3
and T4 concentrations (Supplemental Fig. 8A-D).

NaPB 1000 ppm

Fig. 7. Microphotographs of cerebrum and cerebellum in GD20 fetuses. In GD20 fetuses of the NaPB 1000 ppm group, no abnormalities were noted in the cerebrum
at two levels and cerebellum of the brain compared to the control fetuses. No remarkable changes were observed in and around the ventricular epithelium (arrows) of
the posterior forebrain (as shown in the photo in Cerebrum 2). There were also no remarkable abnormalities in the cerebellum. Hematoxylin and eosin (H&E). Scale
bars = 1 mm (low magnification images), 200 pm (high magnification images). GD, gestational day.
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Fig. 8. Effects of NaPB on relative liver enzyme mRNA expression levels in
fetuses on gestation day 20. Target mRNA levels were normalized to those of
Actb. Values represent mean + standard deviation. N = 6 animals per group.
Significantly different from control; * p < 0.05, ** p < 0.01 by Dunnett’s test
following one-way ANOVA or Dunnett’s-type test following Kruskal-Wallis test.
The absolute values are presented in Supplemental Table 3.

Discussion

Recently, not only for US but also European registration, the CTA
may be required if existing data for the pesticide provides evidence of a
treatment-related effect on thyroid structure or function in other studies
(ECHA/EFSA, 2018; Kucheryavenko et al., 2019). However, acceptable
ranges of serum THs alterations in rats (i.e., ranges not considered
causally related to adverse effects) are not currently described by either
USEPA or OECD. Regardless, changes in peripheral concentrations may
not reflect target tissue concentrations, which are more likely to have
higher correlation with adverse outcomes (Hassan et al., 2017; Noyes
et al., 2019). Thus, we believe that it is important to understand quan-
titative relationships between reductions of serum TH concentrations in
dams and fetal brain concentrations. To more accurately characterize
this relationship, appropriate test models must be both sensitive and
reliable. Furthermore, we believe that reducing the number of animals
examined is an important challenge from the perspective of animal
welfare. The data presented herein, coupled with our previous publi-
cation (Minami et al., 2023), show that the modified CTA, with brain TH
concentration measurements and reductions in the number of maternal
rats per group is able to detect <30 % TH suppression.
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Evaluation of the prenatal test cohort of the modified CTA protocol

Number of test animals and reliable endpoints

The USEPA CTA guidance recommends 20 maternal rats per group
per cohort (USEPA, 2005). Our hypothesis was that the CTA can be
conducted with 50 % less animals without losing the power to detect TH
disruption. Statistical power is a critical point for defining the limits of
the selected study type to detect changes in hormone concentrations
under the chosen experimental conditions with the necessary sensitivity
(Kucheryavenko et al., 2019; Li et al., 2019; Marty et al., 2021).

Overall, the present study suggests that lowering group size to 10
from 20 animals per group per cohort in the CTA appears able to detect
TH disruption (approximately 20-30 % reduction) if fetal serum and
brain TH concentrations are assessed. Such power should be acceptable
based on the previous reports by Crofton in which a 50-60 % decrease in
circulating T4 was needed to significantly impact hearing function in
rats (Crofton, 2004), and also a recent review (Marty et al., 2022) that
reported that thresholds of >60 %/>50 % (at top-/lower-dose groups)
offspring serum T4 reduction indicate an increased likelihood for sta-
tistically significant neurodevelopmental effects based on analyses re-
ported in many publications, including with amitrole (Ramhgj et al.,
2021), perchlorate (Gilbert and Sui, 2008), perfluorohexane sulfonate
(Ramhgj et al., 2020; Gilbert et al., 2021), Aroclor 1254 (Crofton et al.,
2000), and others.

In the present study with NaPB, no additional value of brain mea-
surements over serum alone was observed for T4 assessment in GD20
fetuses (i.e., high correlation between serum T4 and brain T4 concen-
trations, consistent with the findings of control fetuses in a previous
study (Hassan et al., 2017)), however, T3 assessment by brain mea-
surement was improved (Supplemental Table 4), as the group size
required to detect a 25 % reduction should be greater than 10 animals
for serum and less than 10 animals for brain (Table 3). Again, a recent
review (Marty et al., 2022) reported that thresholds of >20 % and sta-
tistically significant offspring serum T3 reduction indicate an increased
likelihood for statistically significant neurodevelopmental effects based
on analysis of many publications described above. On the other hand,
there was a correlation between fetal brain T3 and T4 concentrations in
the NaPB study, so it may not be necessary to measure fetal brain T3
concentrations when measuring brain T4. To the best of our knowledge,
there is no known inhibitory effect of NaPB on deiodinase enzymes.
Therefore, when considering the necessity of measuring brain T3 con-
centrations in the modified CTA, investigating the effects of deiodinase
inhibitors in the modified CTA is expected to provide useful information.
Overall, this issue is still not fully resolved.

Based on this study alone, it cannot be concluded that fetal brain TH
measurements do not provide added value to serum TH measurements
in the CTA with small group size. Recent research studies using envi-
ronmental contaminants on TH disruption were conducted using vary-
ing numbers of animals, e.g., less than or about 10 animals per dose
(Ramhgj et al., 2018, 2022; Gilbert et al., 2021, 2022, 2023), 15-16
animals per dose (Ramhgj et al., 2020), or two balanced blocks and
comprised three treatment groups of 22 dams each (Ramhgj et al.,
2022). Although these are informative, they are not sufficient to draw
conclusions because brain TH concentrations were not measured in all
cases. Once sufficient data on brain TH have accumulated, regulatory
use of the data should be comprehensively discussed by the scientific
community and regulatory authorities. Further data from the modified
CTA using other chemicals and by other laboratories are needed.

Lack of sex-effects on TH disrupting in GD20 fetuses

The USEPA CTA guidance (USEPA, 2005) states in Section (ii)C,
“Fetal blood should be collected and pooled by sex within litters for
biochemical analyses” and Section (iii)C, “On PND 4 and PND 21, pup
blood should be collected from one randomly chosen male and female
offspring per litter. If necessary to increase sample volume, blood from all
culled pups may be pooled by sex within litters”. Therefore, it apparently



K. Minami et al.

recommends separate blood collection from male and female offspring.
However, previous reports demonstrated that no sex differences were
detected at basal TH concentrations and chemical-induced suppressions
in the serum and brain TH concentrations (Gilbert and Sui, 2008;
O’Shaughnessy et al., 2018; Marty et al., 2022; Ford et al., 2023).
Especially, this is likely in fetuses at an early gestation period because
the majority of fetal TH comes from the dams via the placenta (Barez-
Lopez and Guadano-Ferraz, 2017). Consistent with these previous re-
ports, we confirmed no significant interaction of NaPB treatment and sex
effects in serum and brain fetal TH concentrations. Control serum T4
concentration in GD20 fetuses was slightly higher in females than in
males in the present study, whereas the previous study found the
opposite (Minami et al., 2023), suggesting that this sex difference rep-
resents a false positive (normal variation) and not biologically relevant.
Therefore, we consider that separate blood collection of males and fe-
males is not necessary, and thus pooling of fetal samples by litter,
regardless of sex, would be acceptable. It is useful for additional avail-
ability such as assessment of the toxicokinetics of the test substance in
the fetus.

Effects of NaPB in dams

In the present study, average NaPB intakes of the 1000 and 1500
ppm groups during GD6-GD20 were 60 and 84 mg/kg/day, respectively.
Compared to the 1000 ppm group, the 1500 ppm group achieved 1.4-
fold intake of NaPB and resulted in 1.6-fold PB concentration in pe-
ripheral blood. Although no maternal deaths were observed during the
study, all maternal animals tested revealed staggered gait and/or some
maternal animals revealed eyelid sebum in the 1500 ppm group. How-
ever, neither NaPB groups had significant alterations of maternal body
weight and food consumption during the treatment period. Overall, the
present findings suggest that the tested concentrations of NaPB in the
diet (i.e., 1000 and 1500 ppm) did not cause excessive toxicities (e.g.,
maternal death, severely reduced food consumption due to drowsiness),
and thus did not confound findings concerning possible TH disruption.
Therefore, in this study, the dose-response of NaPB’s effect on maternal
serum TH concentrations was adequately investigated.

The present findings confirmed that NaPB-treatment also induced a
significant CAR-mediated effects in the offspring liver consistent with
that previously observed in adult rats (Liu et al., 1995; Hood et al.,
1999a,b; Yamada et al., 2014; Haines et al., 2019). This is supported by
changes in both UDPGT activity and Ugt2bl mRNA. The increase in
UDPGT activity was maximal at 1000 ppm in the present study condi-
tions. On the other hand, in the NaPB groups, mild to moderate re-
ductions of serum TH concentrations were concomitantly observed in
GD20 dams in a dose-dependent manner, but statistical significance was
only observed at 1500 ppm (serum T3, —26 %; serum T4, —44 %). Since
a strong correlation between serum T3 and T4 concentration was
observed, this concomitant change was considered as a biological
response to NaPB treatment. However, this mild to moderate TH
reduction in serum was not accompanied by an increase in serum TSH
concentrations, rather, serum TSH concentration was decreased at 1500
ppm contrary to our initial predictions, and negative correlations be-
tween serum TSH and serum TH were only seen when comparing the
control and 1500 ppm groups. The decrease in TSH is not consistent with
other studies (e.g., Hood et al., 1999a,b), and the reason for the decrease
is currently unknown. Overall, the present study showed that the ex-
pected mild to moderate serum TH suppression by NaPB was induced in
dams in the modified CTA protocol.

Effects of NaPB in GD20 fetuses

In GD20 fetuses of the NaPB groups, liver Ugt2b1 mRNA expression
levels were significantly increased, consistent with the previous fetal rat
study (reported as UDPGTr2 RNA) (Marie and Cresteil, 1989).
Regarding Ugt2b1 mRNA expression levels, a moderate correlation was
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observed between in GD20 dams and GD20 fetuses, suggesting that
NaPB could transfer from dams to fetuses through the placenta. There-
fore, TH suppression in fetuses is likely due to both reduced TH transfer
from the dams to the fetuses, and a direct increase in fetal TH excretion
via hepatic enzyme induction as postulated for triclosan and per-
fluorohexane sulfonate (Gilbert et al., 2021).

The maternal origin of fetal T4 and T3 at term of gestation was re-
ported as around 17.5 % and 47 %, respectively (Barez-Lopez and
Guadano-Ferraz, 2017). Hassan et al (2017) reported that the relative
proportion of T4 emanating from the dam and contributing to the fetal
circulation at late stage of gestation appears to increase with increasing
concentrations of 6-PTU from 17 % at O ppm to 34 %-46 % at 3 ppm.
Despite this increase, fetal T4 still falls precipitously with increasing
dose of 6-PTU suggesting a direct action of 6-PTU to inhibit TPO in the
fetal thyroid gland (Hassan et al., 2017). These findings support that
fetal thyroid gland at term of gestation is functional for TH production
(Barez-Lopez and Guadano-Ferraz, 2017). Therefore, the direct increase
in fetal TH excretion via liver enzyme activation by NaPB is suggested to
be predominant during late gestation.

The increase in liver Ugt2b1 mRNA expression levels in fetuses was in
a dose-related manner; the increase of the 1500 ppm group was 1.3 ~
1.6 fold of that in the 1000 ppm group. UDPGT activity in GD 20 fetuses
was not examined in the present study. Considering the 1.2 fold increase
in Ugt2bI mRNA with increasing dose level from 1000 to 1500 ppm but
lack of a dose response in UDPGT activity in GD 20 dams, no increase in
UDPGT activity was considered in GD 20 fetuses of the 1500 ppm group
compared to the 1000 ppm group. Therefore, TH reductions in serum via
liver UDPGT induction by NaPB appeared to be nearly maximal at 1000
ppm in GD20 fetuses. When looking at serum TH concentrations in the
present study with NaPB, there were no correlations between serum TH
concentrations in maternal and fetal rats, suggesting that TH suppres-
sion in fetal serum (and then brain) by NaPB is partially due to the
reduced TH transfer from the dams to the fetuses. Consequently, it is
again suggested that serum TH reduction in GD20 fetuses is primally due
to a direct increase in fetal TH excretion via hepatic enzyme induction.
However, fetal serum TH concentrations have little correlation with
fetal Ugt2b1 mRNA expression levels. Taken together with the functional
thyroid gland (Bérez-Lopez and Guadano-Ferraz, 2017) and the
increased serum TSH in fetuses of the NaPB groups in the present study,
the decrease in serum THs by NaPB appeared to be partially compen-
sated by the functional hypothalamic-pituitary-thyroid (HTP) axis in
GD20 fetuses.

Under such conditions, predominant responses were observed in
serum T3, T4 and TSH of the 1000 ppm fetuses compared to dams in the
same group. This may be contributed by the fact that in dams with high
homeostatic activity of the HPT axis, the TH-disrupting effect is appar-
ently smaller than in fetuses with relatively immature activity of the
HTP-axis (Howdeshell, 2002; Fisher et al., 2012). These data suggest
that TH testing limited to the mother may underestimate the effects on
the fetus, especially at low dose of test chemicals with mild maternal TH
disrupting activity.

To further evaluate biological relevance of serum T4 decreases, brain
T4 concentrations were also assessed. Serum and brain TH concentra-
tions, which are prior and subsequent key events in the adverse outcome
pathways for DNT (Hassan et al., 2017; Noyes et al., 2019), were
significantly decreased by NaPB at both 1000 and 1500 ppm without
dose-dependency, and brain T4 concentrations were correlated to serum
T4 concentrations. In addition to this, individual values of brain T3 and
T4 concentrations were co-related in the present study. T4 is the primary
source of T3 in the brain (Barez-Lopez and Guadano-Ferraz, 2017). As
well as in fetal serum TH concentrations, the decrease in the fetal brain
TH concentrations by NaPB were approximately —20 % for T3 and —30
% for T4. Consequently, the present study confirmed that our modified
CTA protocol could detect <30 % but significant TH disruption, which
was induced by a prototypical liver enzyme inducer NaPB, in serum and
brain of GD20 fetuses.
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Toxicological impact of NaPB-induced disruption of TH (<30 %) in fetal
brain

Our present qualitative histopathology on GD20 fetuses did not
observe any treatment-related remarkable finding, consistent with the
previous findings in GD20 fetuses in the 1000 ppm NaPB group (Minami
et al., 2023), suggesting that there was no obvious direct effects on fetal
brain tissue as a barbiturate antiepileptic drug (Dingemanse et al., 1989;
Lumley et al., 2021). To understand the impact of the observed alter-
ations (approximately 20-30 %) in brain TH concentrations on brain
development in fetuses of the NaPB groups, we should evaluate post-
natal brain morphology and function, as the brain undergoes significant
development after birth (Howdeshell, 2002; O’Shaughnessy et al.,
2019). Thyroid hormone disruption can result in heterotopias during
development, with deficits in brain T4 concentrations during gestation
being highly correlated (R? = 0.99) with increases in the heterotopia
size or volume (Hassan et al., 2017). The presence of small heterotopias
just above background levels in postnatal pups after PND28 were asso-
ciated with brain T4 concentrations, modeled from fetal serum T4
changes, of approximately 35 % at GD20 (Hassan et al., 2017). Results
from the present study revealed reduced brain T4 concentrations in
GD20 fetuses of approximately 30 % for the 1000 and 1500 ppm ex-
posures with NaPB. As the persistence of TH reduction after birth, in
addition to the extent of TH decrease during the fetal period, is
considered a significant factor in heterotopia formation (O’Shaughnessy
etal., 2018, 2019; Gilbert et al., 2023), the assessment of offspring brain
TH concentrations and heterotopia formation in the postnatal test cohort
of the CTA with NaPB becomes important. We will discuss this issue in a
separate paper on the postnatal test cohort with NaPB.

Conclusions

We are currently evaluating the feasibility, sensitivity, and reliability
of the modified CTA by adding examination of brain THs and brain
histopathology (especially, heterotopia assessment), while also reducing
the number of test animals, even for chemicals with mild maternal TH
disruption. As a part of this project, the present study focused on pre-
natal exposure, and confirmed that the modified CTA protocol could
detect mild but statistically significant TH disruption induced by NaPB
(a prototypical liver enzyme inducer in adult rats) in pregnant dams, and
also could detect <30 % but statistically significant serum and brain TH
disruption in their GD20 fetuses. These findings suggest that lowering
group sizes (N = 10/group/cohort) in the CTA may be acceptable by
adding additional endpoints (especially brain TH concentrations).
However, due to the difficulty in measuring brain TH concentrations, it
is necessary to confirm that other laboratories can achieve the same
level of competency in this measurement. Since clear morphological
changes occur in rats after birth, toxicological impact of the perinatal
brain TH disruption could be assessed by heterotopia formation in
PND21 pups of the postnatal test cohort in the CTA. To confirm sensi-
tivity of brain TH concentrations and qualitative assessment of hetero-
topia formation in the modified CTA, further studies using other
compounds or follow-up studies in other laboratories will be required.
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