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Abstract

The flame retardant and plasticizer, tetrabromobisphenol-A (TBBPA) has rapidly become a
common component in the manufacture of circuit boards and plastics worldwide. It is also an
analog of bisphenol A (BPA), an endocrine disrupting chemical identified by the Endocrine
Society. As such, TBBPA needs to be investigated for similar potential human health risks. Using
rats as a model, we exposed pregnhant dams and their progeny to 0, 0.1,25, or 250 mg TBBPA/kg
of body weight until the offspring reached adulthood and assessed the first generation of males for
any reproductive tract abnormalities. We found no differences in the morphology of testes, sperm,
prostates, or secondary sex organs from post-natal day 21 through one-year of age. A delay in the
time to preputial separation was found with the 250 mg/kg treatment. Also, minor differences of
sperm count at one-year old with the 25 mg/kg treatment and expression levels of two
steroidogenic pathway enzymes at either post-natal day 90 or one-year old in the 250 mg/kg
treatment group were detected, but spermatogenesis was not disrupted. While these results may
lead to the supposition that TBBPA is less harmful than its parent compound BPA, more studies
need to be conducted to assess long-term exposure effects.
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Introduction

The Endocrine Society published a statement in 2009 defining endocrine-disrupting
chemicals (EDCs) as “exogenous chemical(s), or mixtures of chemicals, that interfere with
any aspect of hormone action” [1]. A follow-up report in 2015 focused on endocrine systems
shown to be targets of EDCs, including male reproductive organs [2]. Bisphenol A (BPA), a
widely used compound in the manufacture of plastics, has been rigorously studied because it
has endocrine disruption properties, including interference with or activation of steroid
hormone receptors. For example, exposure to BPA is implicated in altered gene expression
of germ cells during oogenesis in mouse embryos [3], polycystic ovarian syndrome of post-
natally exposed rats (PND one — ten) [4], and changes in adult uterine functions after
treatment from gestation day (GD) nine through weaning [5]. In male rodents, BPA exposure
either in utero through weaning or in adulthood led to decreased numbers and quality of
spermatozoa [6-8].

Although the consequences of BPA exposure may depend upon the route, timing, and
amount of administration, this body of research has led to a ban of BPA from use in baby
bottles and cups, as well as the coating of infant formula cans in many industrialized
countries of the world, including the US, Canada, and EU member nations. Therefore,
industries have turned to analogs of BPA as substitutes. Due to the reproductive hazards of
BPA, it is critical to investigate whether congeners with structural similarities to BPA could
negatively impact human health.

Tetrabromobisphenol A (TBBPA) is a brominated form of BPA, which commanded 58.7%
of the global market for all brominated flame retardants in 2001 [9]. This chemical is mainly
used to coat circuit boards in electronic devices, but is also used in the production of plastic
resins. There have been studies of TBBPA in the context of human exposure with varying
but detectable levels found in maternal and cord serum [10], breast milk [11, 12], fish and
shellfish [13], dust of daycare centers and classrooms [14], outdoor air [15] and in
occupational settings such as electronic waste recycling facilities [16]. Schauer et al. [17]
reported a comparison of TBBPA and its metabolites found in serum after oral doses to both
humans (0.1 mg/kg) and rats (300 mg/kg). In humans the level of plasma TBBPA was below
the level of detection and area under the curve (AUC) value for the glucuronide form was
0.79 nmol/ml per hour, while the plasma AUC for TBBPA and TBBPA glucuronide in rats
were calculated at 1028 and 161 nmol/ml per hour, respectively. Thus indicating a low
bioavailability and rapid metabolism of TBBPA in mammals.

Due to the increasing use of TBBPA in consumer products, the number of published
experiments using animal models to examine effects of exposure to TBBPA have also
increased. However, results were varying, mostly due to the differences in exposure timing,
route, level of dosing, animal models, and sex of the animals. There are few reports which
indicated adverse outcomes to the male reproductive system. Dunnick JK. et al. [18]
observed testicular interstitial cell adenomas in rats exposed to 1000 mg/kg of TBBPA,
while Zatecka E. et al. [19] discovered DNA damage to spermatozoa with an estimated dose
of 35 pg/kg of body weight in mice. The US Environmental Protection Agency set the
lowest observed adverse effect level of BPA at 50 mg/kg/day in 1988 based on body weight
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loss found in chronic oral dose studies. There is now a large compendium reporting poor
outcomes from lower doses [20]. In this study, we aimed to examine not only if TBBPA
exposure could induce male reproductive phenotypes similar to BPA exposure, but also used
low level exposures which are closer to an estimated human oral exposure reported by the
European Food Safety Authority [21].

2. Materials & Methods

2.1. Animals and study design

All animals were treated humanely and in accordance with the approved protocols of the
NIEHS Animal Care and Use Committee specific to this study. A fully detailed report of the
study design has been published [22]. To summarize, time pregnant adult Wistar Han dams
(Charles Rivers, Raleigh, NC) with observed copulatory plugs, designated on gestation day
(GD) zero, were delivered to NIEHS on GD four and allowed two days to acclimate prior to
dosing. Animals were maintained on a low phytoestrogen diet without soybean protein and
less than 20 ppm isoflavones (Teklad 2919, Envigo Laboratories, Madison, WI). Pregnant
dams were singly housed in polysulfone cages with Sani-Chip bedding (PJ Murphy Forest
Products, Montville, NJ) and Enviro-Dri enrichment (Shepherd Specialty Papers,
Watertown, TN), on ventilated racks. Animals were housed in humidity-and temperature-
controlled rooms, 25 °C and 45-60% average humidity, with standard 12 h light cycles (not
reversed). Food and RO/DI water were provided ad /libitum.

Dams were assigned to a dose group by blocked randomization based on arrival body weight
and were exposed via oral gavage once daily within one hour of lights on with TBBPA
solubilized in sesame oil at 0, 0.1,25, or 250 mg per kilogram of daily measured body
weight from GD six through weaning (PND 21). The rat strain and doses administered were
based on previous studies conducted by the National Toxicology Program at National
Institute of Environmental Health Sciences [23] and a pilot study examining behavior effects
of TBBPA [22]. After birth occurred on the evening of GD 21, the following day (PND one)
litter sizes were equalized to eight pups (four males and four females per dam if possible)
with 20-24 litters in each dosing group. After weaning, pups were group housed with no
more than three siblings of the same sex per cage and maintained on Teklad 2916 diet for
growth and maintenance. Weanlings were dosed by gavage with the same concentration as
their respective dams beginning on PND 22 and continued to PND 90. Dosing was
performed blinded to treatment identification to minimize bias. Anogenital distance (AGD),
the distance from the midpoint of the anus to the base of the penis, was measured with a
ruler in millimeters on PND four. Male pups were monitored daily for preputial separation
(PPS) as indicators of androgen activity beginning on PND 36, at the same time each day (+/
- one hour). Several males from each group were allowed to age to one year without further
dosing of TBBPA.

Dosing stock solutions were prepared by dissolving TBBPA Sigma-Aldrich (CAS# 79-94-7,
97% purity, lot #MKBG4059 V) in 100% ethanol (Warner-Graham Company, Cockeysville,
MD) and adding appropriate volumes to known volumes of refined sesame seed oil
(Jedwards International, Inc, Braintree, MA). Ethanol was removed after mixing under a
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stream of nitrogen with gentle stirring in a fume hood. Dose solutions were made fresh
weekly and stored at room temperature in color-coded glass vials for dosing.

2.2 Tissue Collection

Samples from one male per litter (N=12 litters) in each treatment group were collected on
PND 21 (prepubertal), 42 (pubertal), and 90 (adult). Animals were randomly selected from
each litter based on their assigned number using a random number generator. We also
collected at least nine males from each treatment group at one year old (senescence). At
necropsy, animals were euthanized 20 minutes after dosing by rapid decapitation using a
guillotine to limit the metabolism of TBBPA [17]. Animals were fasted for two hours prior
to necropsy, which occurred within the first five hours of lights on. The left testis was snap
frozen in liquid nitrogen, the right testis was weighed and then fixed in Bouin’s solution
(Sigma-Aldrich, Burlington, MA) overnight at 4 °C. For PND 90 and one-year groups, the
right cauda epididymis with vas deferens attached was isolated in 1x PBS for sperm
collection. The epididymis was trimmed on a watch glass and placed in 2 ml of 1x PBS-
CMF for swim-out analysis. Sperm was expelled from the vas deferens, the cauda
epididymis was cut with scissors six times, then placed on a 37 °C warming tray for 20
minutes. Sperm were transferred to 5 ml tubes and diluted for counting on a hemocytometer.
Prostate and other secondary sex organs were collected at necropsy. In half of each treatment
group, the tissues were placed flat on the dorsal surface on an index card and submerged in
10% neutral buffered formalin for 48 hours at 4 °C followed by a transfer to 1X PBS. The
fixed samples were then embedded in paraffin for histology. The remaining samples were
frozen in liquid nitrogen.

2.3 Histology

Fixed testes were washed five times with 1x PBS and gradually dehydrated to 70% ethanol
prior to processing and embedding in paraffin. Testis sections were cut at six microns and
stained with hematoxylin and eosin (H&E) for gross morphology evaluation. Prostates with
adjoining reproductive tract were trimmed and sections were prepared by the NIEHS
Histopathology Core and independently evaluated at Experimental Pathology Laboratories,
Inc. (Durham, NC).

2.4 Quantification of mMRNA Expression

Testes were ground with a stone mortar and pestle under liquid nitrogen to a fine powder.
Approximately 100 mg powdered tissue was weighed out for total RNA isolation using a
QIAGEN Midi kit (Germanton, MD, USA) according to manufacturer’s recommendation.
RNA concentrations were measured on a NanoDrop 2000c spectrophotometer
(ThermoFisher Scientific, Waltham, MA, USA) and 1.0 ug was converted to cDNA using
Superscript 11 reverse transcriptase (Thermo Fisher Scientific). Samples were then diluted to
2.5 ng/ul for use in TagMan probe (Thermo Fisher Scientific) reactions for quantitative PCR
analysis and normalized to B-actin levels. All TagMan probes were designed for the Rattus
norvegicus genome (Supplemental Table 1).
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2.5 Statistics

Statistical analyses were performed using GraphPad Prism, version 8 (La Jolla, CA, USA).
A ROUT outliers test (Q=1%) was used to identify and remove statistical outliers from for
preputial separation (PPS), testis weight ratios, and sperm counts. For all analyses, statistical
significance was defined as p <0.05. Data sets were evaluated by one-way ANOVA to test
for a main effect of exposure and followed up with a Dunnett’s post hoc test for multiple
comparisons when significant. AGD was normalized to body weight and analyzed by mixed
effects analysis of variance with dam as an effect. Time to PPS was compared using mixed
effects randomized blocks analysis of covariance with adjusted Dunnett’s test. A linear trend
test was used to analyze dose responsivity and effect size was calculated by Cohen’s d which
are defined as small at 0.2, medium at 0.5, and large at 0.8.

3. Results

H&E-stained testis sections were examined for spermatogenesis, composition of cell types,
and the presence of any abnormalities (Fig. 1B). Testes from males of all treatment groups
were normal in every category compared to their age matched vehicle controls. Seminiferous
tubules of PND 21 males contained spermatogonia and primary spermatocytes.
Spermatogenesis at PND 42 had progressed from the first wave to round and elongating
spermatids. Testes of PND 90 and one-year-old male rats contained germ cells at all stages
of development and no abnormal tissue was observed. The AGD of male offspring was
measured on PND four and related to body weight. No significant differences were found
between treated and control animals (Fig. 1C). Figure 1D shows males in the 250 mg/kg
group monitored for preputial separation (PPS) were significantly delayed compared to
controls (p = 0.0335, d = 0.1855).

Testis weights relative to body weights were not different across treatment groups in three of
the four ages examined (Fig. 2A,C,D). However, PND 42 males showed a significant dose
response (p = 0.0128) and a weight difference (p = 0.0409, d = 1.17) in the 250 mg/kg
category (Fig. 2B) compared to controls. The numbers of sperm collected from the cauda
epididymis and vas deferens of the PND 90 group was comparable to the control (Fig. 2E).
A significant difference was observed in the one-year old 25 mg/kg treated males (Fig. 2F)
which had fewer sperm than control animals (p = 0.0284, d = 1.12)

The mRNA expression levels of some steroidogenic enzymes and receptors in the testes
were different from that in controls in PND 90 and one-year-old time points. At PND 90
cholesterol side-chain cleavage (Cyp11al) showed a significant dose response effect (p =
0.0405) and a decrease of expression level in the 250 mg/kg group (Dunnett’s p = 0.0304, d
= 2.3594) compared to controls (Fig. 3A), but no difference at one year (Fig. 3B). Similarly,
three-beta-hydroxysteroid dehydrogenase (Hsd3b1) had a significant downward trend (p =
0.0188) and difference of expression in the 250 mg/kg treatment at one year (Dunnett’s p =
0.0443, d = 1.7381, Fig. 3D), but not at PND 90 (Fig. 3C). There was no change of
expression at either age in hydroxysteroid (17beta) dehydrogenase 3 (Hsd17b3, Fig. 3E-F),
5a-reductase (Sra5al, Fig. 3G—H), or estrogen receptors alpha (£srZ, Fig. 31-J) or beta
(Esr2, Fig. 3K-L).
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Tissue morphology of the three prostate lobes, the ampullary gland, the seminal vesicles,
and the coagulating gland was normal with no evidence of treatment-related differences in
lesions or maturity (Fig. 4), therefore no further evaluations were conducted.

4. Discussion

In this study, we focused on the impact of oral exposure to TBBPA, an analog of BPA, on
the reproductive system of male Wistar Han rats. The exposure to dams began on gestation
day six and was continued through lactation. The same treatment was then resumed in their
progeny at weaning and continued through PND 90. Several males were aged to one year
without further treatment. Masculinization of the male reproductive organs requires proper
timing and production of testosterone in juveniles as well as adults. Unfortunately, the
ELISA assay data which measured sex steroids was unreliable and we had to turn to other
biological end points to estimate any effect on testosterone. The results indicated no overt
abnormalities in male reproductive organs surveyed at any dose. There were no significant
histological changes of testes at any age. A minimally significant difference was found in
PND 42 testis weights, but not at other time points. Minor decreases in sperm counts were
observed compared to controls in one-year-olds in the 25 mg/kg treatment group. However,
there is an accepted wide range of adult rat sperm counts, which may account for this
variance [24]. There were significant changes of expression at the mRNA level of two of the
steroidogenic pathway components tested in the testes at different ages. But, since
spermatogenesis progressed normally in these animals, we surmise any slight alteration of
these factors was not sufficient to compromise fertility. There was a delay to PPS timing
with the highest dose, but we found exposure to TBBPA had no impact on anogenital
distance or morphology of the prostate and other secondary sex organs at any developmental
stage examined. Since these parameters require androgens for growth, development, and
semen production, these data imply that steroidogenesis was not detrimentally disrupted
following exposure to TBBPA.

Many in vivo studies have reported limited effects of TBBPA exposure on the male
reproductive system during organ development. Van der Ven et al. [25] exposed male and
female Wistar rats prior to mating then continued it through pregnancy and laction with a
large range of doses from 3 — 3000 mg/kg of body weight. The offspring were dosed the
same concentrations their parents received for 14 weeks. While there was a dose response
increase of testis weights at PND 21 and 14 weeks, there were no effects on preputial gland
separation, testis morphology, or sperm counts in the F1 generation. Cope and colleagues
[26] found no adverse effects on male fertility of Sprague-Dawley offspring from parents
dosed up to ten weeks prior to mating, which continued through pregnancy and laction in a
pair of studies where the doses were either ten or 100 mg/kg body weight per day up to 1000
mg/kg. Similarly, Saegusa et al. [27] reported no differences in anogenital distance, onset of
puberty, or male reproductive organ weights between control and treatment of up to 10,0000
ppm of TBBPA in Sprague-Dawley male offspring from pregnant dams exposed beginning
on GD ten through weaning. The windows of exposure (gestation to young adult), the oral
administration of TBBPA (via gavage or chow), and concentration of TBBPA used in these
studies are similar to what we report here.
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Due to the findings that BPA, the parent compound of TBBPA, is an endocrine disrupting
chemical affecting both male and female reproductive systems, along with the public
pressure to remove BPA from products for children, any substitute compound must be
examined for similar affects. Studies have reported an increase of germ cell apoptosis and
decreased sperm counts from in utero exposure to BPA using rat as a model. Quan et al. [28]
found an increase of oxidative stress and apoptosis with 10 and 100 mg/kg per day. Hass and
colleagues [29] showed prenatal and postnatal exposure to BPA of 25 ug/kg/day
significantly decreased the number of spermatozoa from Wistar rats. There appears to be a
lack of severe adverse effects upon the male reproductive system in rats from our findings
examining TBBPA exposure compared to BPA insults.

The global production of TBBPA is increasing [30]. It is routinely used as a brominated
flame retardant in electronic circuit boards and in the production of plastics [31]. Therefore,
human exposure to TBBPA may have also increased. Our results showed minimal impact to
the male reproductive system in rats after a thorough exposure to TBBPA, from in utero to
adulthood. However, additional studies are needed to investigate any longer term effects or
any that may be passed on to future generations.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights
. Tetrabromobisphenol A (TBBPA) is an analog of the plasticizer Bisphenol A

. Rats were exposed to TBBPA early in gestation, throughout weaning, and to
adulthood

. Male reproductive organs were examined for abnormalities up to one year of
age

. No overt poor outcomes were found in tissues or spermatozoa
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Figure 1.
(A) The schematic shows the study timeline. The dotted line represents exposure via dam

and dashed line direct exposure to progeny. The diamonds indicate ages collected. (B)
Representative testis sections stained with H&E for morphological assessment are shown. At
least four males were examined in each age and dose group. Scale bars = 200 um. (C)
Anogenital distance was measured on PND four. Mean anogenital distance normalized to
body weight, (n = 73 per dose group). (D) The average age at preputial separation (PPS, n <
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24 per dose group). A significant delay (*) was observed in the 250 mg/kg group compared
to control (Dunnett’s p = 0.0335, d = 0.1855). Error bars indicate standard error of the mean.
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Figure 2.
(A-D) Testes were weighed at collection and normalized to body weight in grams (n = 9). A

significant difference (*) was found at PND 42 at the highest dose (Dunnett’s p = 0.0409, d
=1.17) as well as a dose response indicated by # (p = 0.0128) (E-F) Cauda epididymal
sperm from adult rats (n = 9) were collected via swim-out and counted. The 25 mg/kg
treated animals had significantly fewer sperm than controls (* p = 0.0284, d = 1.12). Error
bars show standard error of the mean.
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Figure. 3.
Selected steroidogenic enzymes and receptors were quantitated for mRNA expression using

real time PCR. Levels of expression of cholesterol side-chain cleavage (Cyplial), 3-beta-
hydroxysteroid dehydrogenase (Hsd3b1), 17-beta-hydroxysteroid dehydrogenase (17 B-
Hsd), 5a-reductase (Sra5al), and estrogen receptors alpha (£sr1) and beta (£5r2) were
evaluated. A dose response was detected in A (p = 0.0405) and D (p = 0.0188) indicated by
#. A significant difference was found in the 250 mg/kg dose compared to the control in A (*
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p =0.0304, d = 2.36) and D (* p = 0.0443, d = 1.74). Error bars indicate standard error of
the mean.
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Figure 4.
Representative prostate and surrounding reproductive tract sections stained with H&E for

morphological assessment were evaluated (n = 3 of each age and dose). Scale bars = 1.1
mm. Abbreviations: AG ampullary gland; DP dorsal prostate lobe; LP lateral prostate lobe;
SV seminal vesicle; VD vas deferens; VP ventral prostate lobe; U urethra.
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