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Abstract
Tetrabromobisphenol A-bis(2,3-dibromopropyl ether) (TBBPA-BDBPE), a commonly used brominated flame retardant 
as a decabromodiphenyl ether substitute, has been detected in various environmental compartments, but its health hazards 
remain largely unknown. Our recent study showed that low-dose exposure of male mice to TBBPA-BDBPE from postnatal 
day (PND) 0 to 56 caused remarkable damage to the microtubule skeleton in Sertoli cells and the blood-testis barrier (BTB) 
but exerted little effect on conventional reproductive endpoints in adulthood. To investigate whether TBBPA-BDBPE may 
cause severe reproductive impairments at late reproductive age, here, we extended exposure of historically administrated 
male mice to 8-month age and allowed them to mate with non-treated females for the evaluation of fertility, followed by 
a general examination for the reproductive system. As expected, we found that 8-month exposure to 50 μg/kg/d as well as 
1000 μg/kg/d TBBPA-BDBPE caused severe damage to the reproductive system, including reduced sperm counts, increased 
sperm abnormality, histological alterations of testes. Moreover, microtubule damage and BTB-related impairment were 
still observed following 8-month exposure. Noticeably, high-dose TBBPA-BDBPE-treated mice had fewer offspring with 
a female-biased sex ratio. All results show that long-term exposure to TBBPA-BDBPE caused severe reproductive impair-
ment, including poor fertility at late reproductive age. It is therefore concluded that slight testicular injuries in early life 
can contribute to reproductive impairment at late reproductive age, highlighting that alterations in certain non-conventional 
endpoints should be noticed as well as conventional endpoints in future reproductive toxicity studies.

Keywords Tetrabromobisphenol A-bis(2,3-dibromopropyl ether) · Testis · Reproductive impairment · Microtubule · Late 
reproductive age

Introduction

Tetrabromobisphenol A bis(2,3-dibromopropyl) ether 
(TBBPA-BDBPE), a TBBPA derivative widely used as 
an additive flame retardant in a variety of products, is an 

emerging pollutant that has been detected in various envi-
ronmental compartments (Ali et al. 2011; Nyholm et al. 
2013; Shi et al. 2009; Tao et al. 2016; Qu et al. 2013). In par-
ticular, TBBPA-BDBPE is frequently detected in indoor dust 
(Zuiderveen et al. 2020), with up to the level of 49,000 ng/g, 
as reported by Tao et al. (2016). Moreover, TBBPA-BDBPE 
is predicted to be persistent and bio-accumulative in humans 
and wildlife, similar to the properties of other banned bro-
minated flame retardants such as decabromodiphenyl ether 
and hexabromocyclododecane (EPA 2014). Nevertheless, 
information on the toxicity of TBBPA-BDBPE is limited to 
date (Ren et al. 2020; Yao et al. 2021).

Recently, we found that postnatal exposure to 1000 μg/
kg/d TBBPA-BDBPE disrupted testis development in mice 
and thereby caused declined sperm count and testicular 
alterations in young adulthood, including a reduced percent-
age of stage VIII seminiferous tubules, shrunk seminiferous 
tubules with decreased spermatogonia number, along with 

 * Zhan-Fen Qin 
 qinzhanfen@rcees.ac.cn

1 State Key Laboratory of Environmental Chemistry 
and Ecotoxicology, Research Center for Eco-Environmental 
Sciences, Chinese Academy of Sciences, Haidian District, 
No. 18, Shuangqing Road, Beijing 100085, China

2 University of Chinese Academy of Sciences, Beijing 100049, 
China

3 The High School Affiliated to Renmin, University of China, 
Beijing 100080, China

4 Department of Life Sciences, Hengshui University, 
Hebei 053000, China

http://crossmark.crossref.org/dialog/?doi=10.1007/s00204-023-03589-y&domain=pdf
http://orcid.org/0000-0002-3961-0389


2984 Archives of Toxicology (2023) 97:2983–2995

1 3

microtubule damage in Sertoli cells (Li et al. 2023). Strik-
ingly, exposure to TBBPA-BDBPE as low as 50 μg/kg/d also 
led to microtubule damage and blood-testis barrier (BTB) 
impairment in mice, despite no alterations in conventional 
reproductive endpoints. Further molecular docking analysis, 
tubulin polymerization assay, and in vitro cell assay indi-
cate that TBBPA-BDBPE could interact with tubulin and 
disrupt its polymerization, which may be partly responsible 
for testicular impairment (Li et al. 2023). Given the cru-
cial functions of the microtubule cytoskeleton in Sertoli 
Cells and the BTB in spermatogenesis (Gerber et al. 2016; 
O’Donnell and O’Bryan 2014; Wang et al. 2020), we specu-
lated that extended exposure to low-dose TBBPA-BDBPE 
may cause severe testicular impairment and even low fertil-
ity, especially at the late productive age. Indeed, aging is a 
risk factor for reproductive health, and delayed parenthood is 
associated with reproductive dysfunction and adverse health 
consequences in offspring (Albani et al. 2019; Balasch and 
Gratacós, 2012; Dong et al. 2022; Tarín et al. 1998). Thus, it 
is likely that a chemical may lead to more severe reproduc-
tive impairment in the late reproductive age than in vigorous 
reproductive age. This is an issue worthy of investigation 
because parenthood delay is becoming a more and more 
common phenomenon worldwide (Safdari-Dehcheshmeh 
et al. 2023).

Thus, we performed a follow-up study of our recent study 
(Li et al. 2023) to investigate whether TBBPA-BDBPE may 
cause severe reproductive impairments in mammals at late 
reproductive age. Briefly, historically administrated male 
mice were continuously administrated with TBBPA-BDBPE 
until 8-month age and then allowed to mate with non-treated 
females for the fertility evaluation, followed by a general 
examination of the reproductive system. Overt testicular dys-
function and reduced fertility are anticipated. Our findings 
are expected to improve the understanding of male reproduc-
tive toxicity of low-dose TBBPA-BDBPE and to highlight 
the indicative significance of changes in non-traditional end-
points for reproductive impairment at late reproductive age.

Materials and methods

Animals

Pregnant ICR (CD-1) mice and adult females were pur-
chased from the Vital River Laboratories (Beijing, China) 
and housed as described in our previous study (Li et al. 
2022). Briefly, dams were kept individually in an animal 
room with relatively stable conditions, including a 12-h 
light: dark cycle, controlled temperature (23 ± 1 °C), and 
40–50% humidity. Food and water were available ad libi-
tum. All experimental animal protocols were approved by 
the Animal Ethics Committee at the Research Center for 

Eco-Environmental Sciences, Chinese Academy of Sciences 
(AEWC-RCEES-2022019).

Chemical treatments

As a follow-up study, chemical treatments of animals were 
described in our recent study (Li et al. 2023). Briefly, fif-
teen dams (each with ten pups) after delivery were randomly 
assigned into three groups (n = 5) and were given TBBPA-
BDBPE of 0 (as control), 150 or 3000 ng/mL TBBPA-
BDBPE (CAS number 21850–44-2; > 98%; MREDA, China) 
in drinking water. On postnatal day (PND) 21, pups were 
weaned, and dams were sacrificed. Meanwhile, one male 
pup from each litter per group was randomly chosen into one 
cage (five mice per cage) for continuous exposure through 
drinking water, with three cages for each group. On PND 
56, two cages of mice were sacrificed for systemic reproduc-
tive examination, in which no significant changes in testis 
weight, serum testosterone, and testicular histology were 
found (Li et al. 2023), and the remaining cage (5 mice) was 
continuously exposed until 8-month age when the fertility 
of male mice began to decline.

During the exposure, the drinking water was renewed, 
and its consumption was measured every other day. Body 
weight was measured twice per week. The actual TBBPA-
BDBPE concentrations in drinking water within a renewal 
cycle were confirmed to be equivalent to the nominal con-
centrations. Based on the daily water consumption and body 
weight, the average daily intakes of TBBPA-BDBPE for 
dams and weaned males were estimated to be approximately 
50, and 1000 μg/kg/d in two dose groups. The dose of 50 μg/
kg for mice could be translated into 3.5 μg/kg for humans 
according to a guide for dose conversion between animals 
and humans (Nair and Jacob 2016), which is relevant to 
occupational population exposure to some brominated flame 
retardants (Malliari and Kalantzi 2017), and 1000 μg/kg/d is 
the tolerable daily intake (TDI) for the structural analog of 
TBBPA-BDBPE, TBBPA, recommended by the EU (EFSA 
2011).

Mating test

After 8-month exposure, a mating test was conducted. Each 
male was allowed to mate with two non-treated female ICR 
mice (29.0 g ± 1.0 g) in estrus for seven consecutive days. 
Pregnancy was confirmed by the presence of a vaginal plug, 
and then pregnant mice were housed one per cage. After 
delivery, the litter size and survival rate of offspring were 
examined, and then on PND 7 pups were examined for body 
weight, sex, and gross anomalies. The uterus of each dam 
was also examined to confirm the number of implantation 
sites.
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Sample collection

After mating, all male mice were sacrificed to evaluate 
the effects of long-term exposure to TBBPA-BDBPE on 
the reproductive system. Specifically, testes were collected 
for RNA extraction, histological examination, and immu-
nofluorescence (IF) staining. For each individual, one 
epididymis was collected for histological examination, 
with the other for sperm counting, parameter analysis, and 
sperm DNA extraction.

Histological examination

Testes and epididymis were fixed in Bouin’s fixative for 
48 h, dehydrated through an ethanol series, and routinely 
embedded in paraffin. The middle piece of the testis along 
the longitudinal axis was sectioned crossly at 5 μm and 
then stained with periodic Acid-Schiff (PAS) or hema-
toxylin and eosin (H&E). Finally, sections were examined 
for histological changes under an Axioskop microscope 
(Carl Zeiss, Germany). The entire testis sections were 
scanned by whole-slide digitalization (Pannoramic MIDI 
II, 3DHISTECH, Budapest, Hungary) and were analyzed 
in a blind assay.

Assessment of histological parameters

Histological evaluation was randomly selected from three 
non-serial cross sections per sample with a distance of a 
minimum of 50 µm among the sections. Staging of the 
spermatogenic cycle was conducted following the method 
reported by Ahmed and de Rooij (2009), and the percentage 
of seminiferous tubules at stage VIII was calculated. Then, 
round seminiferous tubules (the ratio of long- to short-axis 
diameter < 1.2) at stages VII-VIII were selected for morpho-
logical analysis involving the tubule area and spermatogenic 
epithelium height. For statistical analysis, at least 200 semi-
niferous tubules on three cross-sections per testis from each 
group were examined. The caput, corpus, and cauda of the 
epididymis were histologically examined (Mishra and Singh 
2005).

Sperm counting

The caudal epididymis was collected and cut into pieces in 
1 mL phosphate-buffered saline (PBS) and then incubated 
at 37 ℃ aqueous baths for 10 min. After homogenization 
and dilution ten times with PBS, the number of spermato-
zoa was counted using a hemocytometer under an inverted 
microscope.

Sperm morphological analysis

Sperm smears were prepared according to the standard pro-
tocol for the sperm morphology assay. Briefly, smears were 
immediately fixed in 95% ethanol for 5 min, rinsed with run-
ning water, stained with hematoxylin for 5 min, and rinsed 
with running water again. Then, smears were stained with 
eosin, dehydrated, transparentized, and mounted. For each 
mouse, at least 1000 spermatozoa were examined under an 
Axioskop microscope (Carl Zeiss, Germany) with 100 × 10 
magnification. Sperm abnormalities were determined 
according to Wyrobek and Bruce (1975).

Measurement of the serum testosterone level

The blood collected from the orbit was centrifuged at 3000 
rpm for 20 min at 4 °C. Serum was carefully separated 
from plasma and immediately stored in a freezer at  – 80 °C 
until analyzed. Serum testosterone was determined by the 
enzyme-linked immunosorbent assay (ELISA) according to 
the manufacturer’s instructions (QiSong Bio). Briefly, 10 μL 
serum samples were diluted to 50 μL, then 100 μL of HRP-
conjugate reagent was added to each sample in a 96-well 
plate, which was later covered with an adhesive strip and 
incubated for 60 min at 37 ℃. After washing each well five 
times, 50 μL chromogen solutions A and B were added to 
each well and the plate was incubated for 15 min at 37°C. 
The Optical Density (O.D.) at 450 nm wavelength was read 
using a multi-mode microplate reader (SpectraMax iD3). All 
samples were analyzed in the same assay to avoid variability.

IF staining

Testes were fixed for 48h at 4 °C in 4% paraformaldehyde 
(PFA). Samples were dehydrated by gradient ethanol and 
xylene, embedded with paraffin, and then sectioned crossly 
at 5 μm. After dewaxing and antigen retrieval, sections were 
immune-stained using the following antibodies: SOX9 (a 
Sertoli cell marker; 1:500; Sigma-Aldrich; #HPA001758), 
anti-KI67 (the spermatogonia marker; 1:200; Cell Signaling 
Technology; #9129S), anti-SYCP3 (a primary spermatocyte 
marker; 1:200; Abcam; #ab15093), anti-ACRV1 (a sperma-
tid marker; 1:200; Proteintech; #14,040–1-AP), anti-TUBU-
LIN βIII (1:200; Abcam; # ab18207) antibodies. Then, slides 
were treated with a Cy3-conjugated secondary antibody 
(1:500; Thermo Fisher Scientific; # A10520), followed by 
incubation with 4′,6-diami-dino-2-phenylindole (DAPI) 
(Thermo Fisher Scientific) for 2 min to visualize cell nuclei. 
Finally, slides were imaged using a laser scanning confocal 
inverted microscope (TCS SP5, Leica, Germany) or Thunder 
imager (DMi8, Leica, Germany). A negative control was 
also conducted. Based on IF images, the number of Sertoli 
cells (SOX9 +), spermatogonia (KI67), and spermatocytes 
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(SYCP3 +) per seminiferous tubule were counted in round 
or slightly oblique seminiferous tubules (containing at least 
100 seminiferous tubules blindly selected from three non-
serial testicular cross section per animal). The amount for 
spermatids was calculated by the ACRV1 positive area per 
field (20X). The relative microtubule mount was represented 
by the percentage of TUBB3 positive area in the seminifer-
ous tubule at stages VI-VII. For statistical analysis, at least 
100 seminiferous tubules on three non-serial cross-sections 
per testis and five litters per group were used.

Tunel assay

After fixation for 48h at 4 °C in 4% PFA, testes were dehy-
drated by gradient sucrose, embedded in OCT compound, 
and cryo-sectioned at 10 μm. Then, sections were processed 
with the fluorescein (FITC) Tunel cell apoptosis detection 
kit (Servicebio, China, #G1501-50T) following instructions 
from the manufacturer. DNase I-treated slides were used as 
a positive control. Lastly, DAPI was used for nuclear stain-
ing. The TUNEL signals were examined under a fluorescent 
Axioskop standard microscope (Carl Zeiss, Germany).

Table 1  Primers used for 
RT-qPCR assays and related 
information

Gene name Primers Accession number Product 
length 
(bp)

Sox9 F: TCG GAC ACG GAG AAC ACC NM_011448.4 96
R: GCA CAC GGG GAA CTT ATC TT

Cyp17a1 F: TGG AGG CCA CTA TCC GAG AA NM_007809.3 119
R: CAC ATG TGT GTC CTT CGG GA

3β-Hsd F: AGT ACA GAG GCA CAA GCC AG NM_008293.4 126
R: GGG GCT TAG GGA AGC AAG TT

Ki67 F: TCA TTG ACC GCT CCT TTA GGT NM_001081117.2 146
R: TTG ACC TTC CCC ATC AGG GT

Acrv1 F: GGC TCT GAT TCA ACA CTG GGA NM_007391.3 139
R: CCT TGG GCA GAT CCA AGC AG

Caspase3 F: GAG CTT GGA ACG GTA CGC TA NM_001284409.1 234
R: CCG TAC CAG AGC GAG ATG AC

Caspase9 F: CGT GAC AAA CTT GAG CAC CG NM_001355176.1 119
R: AAC CCT GAG AAG GAG GGA CT

Inhbb F: TTG CAG GTC TAC GTG TGT CC NM_008381.4 122
R: GTT TCG CCT AGT GTG GGT CA

Ssxb1 F: CCT TTG TCC CTT CCT GTC TGAG NM_026492.3 128
F: ATA AAG CAC TTC CAT GGG GACC 

Ocln F: AGG GGC TCG GCA GGC TAT NM_001360539.1 104
R: CCG ATC CAT CTT TCT TCG GGTT 

Gja1 F: CTT TCA TTG GGG GAA AGG CG NM_010288.3 88
R: GAG AGT TCG GGC TCT CAG AC

Map9 F: CCT TCT GCC TCC ATC TTT TGC NM_001081230.1 111
R: AAC CCA GCG GCT ATG CTC TA

Map1a F: TTG CCA TGG AGA CAA CTC CG NM_032393.2 148
R: CCG ATC ACG ATG AGC AAG GA

Prm2 F: AGC AAC ATC ATG TGA GGC CA NM_008933.2 80
R: ACT CAG ATC TCG TGG CTC CT

Gapdh F: GCC TCG TCC CGT AGA CAA AA NM_008084.3 104
R: CAA TCT CCA CTT TGC CAC TGC 

Sry F: GAG AGC ATG GAG GGC CAT NC_000087.8 266
R: CCA CTC CTC TGT GAC ACT 

Zfy F: GAC TAG ACA TGT CTT AAC ATC TGT CC NC_000087.8 184
R: CCT ATT GCA TGG ACT GCA GCT TAT G

Tsx F: CAG AGG AAG AGG AAG GCA CG NC_000086.8 178
R: CCT GCT CAT AGT AGT GGC CG
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RNA extraction and RT‑qPCR

The total RNA of each tissue was extracted using the RNAp-
rep Pure Tissue kit (TIANGEN, China, #DP431) following 
the protocol from the manufacturer. The concentration of 
total RNA for each sample was measured by a microspec-
trophotometer (Nanodrop 2000, ThermoFisher Scientific, 
America) and then the RNA was reversely transcribed into 
cDNA using reverse transcriptase named FastKing RT Kit 
with gDNase (TIANGEN, China, #KR116). Real-time quan-
titative fluorescence PCR of target genes was performed 
by the SYBR Green dye method using the SuperReal Pre-
Mix Plus (SYBR Green) kit (TIANGEN, China, #FP205). 
Prior to the assay for samples, the primer specificity was 

verified by melting curve analysis, and primer efficiencies 
of 90%–110% were confirmed. Primers for targeted genes 
were listed in Table 1, including Sertoli cell markers (Sox9 
and Inhbb), spermatogonium markers (Ki67), spermatocyte 
markers (Ssxb1), Spermatid markers (Acrv1, and Prm2), 
apoptosis-related genes (Caspase3 and Caspase 9), and 
microtubule-related genes (Map9 and Map1a). The reac-
tion reagent of 10 μL volume was prepared in a 384-well 
plate in duplicates. The prepared 384-well plate (Monad; 
Lot: 120,619) was put into the Roche LightCycler® 480 
real-time PCR instrument (Roche, America) to run a three-
step PCR amplification reaction using 60℃ for amplification 
(40 cycles). Gene expression was normalized to gapdh and 
finally quantified by the method of  2−ΔΔCt.

Fig. 1  Changes in body weight and conventional reproductive 
parameters in male mice following exposure to 50 and 1000 μg/kg/d 
TBBPA-BDBPE from birth to 8-month age (n = 5). A Body weight, 
anogenital distance, and serum testosterone level. B Testis weight, 

sperm count, and sperm malformation rate. C Morphological abnor-
malities of sperm. For statistical analysis, at least 1000 sperm per 
cauda epididymidis of each mouse per group were used. Asterisk (*) 
indicates a significant difference from control (p < 0.05)
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Sperm DNA extraction and qPCR for sex 
chromosome‑linked genes

To test whether TBBPA-BDBPE exposure caused damage 
to Y-bearing sperm in its quantity or quality, we attempted 
to separate Y-bearing sperm from X-bearing sperm but did 
not succeed. Then, we tried to characterize the Y-bearing 
sperm population versus the X-bearing sperm population by 
qPCR analysis for sex chromosome-linked genes. Specifi-
cally, sperm DNA was extracted using the Magnetic Ani-
mal Tissue Genomic DNA kit (TIANGEN, China, #DP341) 
following the protocol from the manufacturer. PCR for Y 
chromosome-linked genes Sry and Zfy, as well as the X 
chromosome-linked Tsx was performed as described in 2.12. 
The primers for these genes are shown in Table 1. The Ct 
value ratio for Sry or Zfy/Tsx was measured to represent the 
Y sperm population versus the X sperm population.

Statistical analysis

Statistical analysis was performed with SPSS 16.0 (SPSS 
Inc., Chicago) software, and figures were made by the 
GraphPad Prism version 8.0 (GraphPad Software, La Jolla). 
Data are shown as mean ± standard deviation (SD). If homo-
geneity, data were analyzed by one-way analysis of variance 
(ANOVA) followed by Duncan (equal variances assumed) 
and Dennett’s T3 (equal variances not assumed). The Chi-
square test was used for a statistical difference in the sex 
ratio of the offspring. Images were analyzed by ImageJ soft-
ware (National Institutes of Health, USA; version 1.53c). A 
p < 0.05 was considered statistically significant.

Fig. 2  Alterations in the testicular histology in male mice follow-
ing exposure to 50 and 1000 μg/kg/d TBBPA-BDBPE from birth 
to 8-month age (n = 5). A Testicular histological images under 
20 × –40 × objectives. Red arrows indicate exfoliated immature germ 

cells; Red short lines indicate the height of seminiferous epithelium. 
B Statistical results for the percentage of stage VII-VIII seminiferous 
tubules, seminiferous tubule area, the height of epithelium. Asterisk 
(*) indicates a significant difference from control (p < 0.05)
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Results

Changes in sperm count and morphology

Following the 8-month exposure to 50 and 1000 μg/kg/d 
TBBPA-BDBPE, body weight, AGD, and serum testoster-
one levels were not significantly altered in mice (Fig. 1A). 
Testis weight showed a decreasing trend in both low-dose 
and high-dose TBBPA-BDBPE exposure groups com-
pared to the control, despite a lack of statistical difference 
(Fig. 1B). Reduced epididymal sperm count was observed in 
the high-dose group (p < 0.05), and even the low-dose group 
displayed a decrease with a p-value of 0.056 compared with 
the control group (Fig. 1B). Meanwhile, morphologically 
abnormal spermatozoa increased with increased doses of 
TBBPA-BDBPE, with the abnormal percentages being 
approximately 3 and 9 times higher in 50 and 1000 μg/kg/d 
groups than that in the control group, respectively (p < 0.05; 
Fig. 1B). The morphological abnormalities of spermatozoa 
included an amorphous head, no hook, folded neck, and 
curly or bent tails (Fig. 1C). These findings show that long-
term exposure to TBBPA-BDBPE negatively affected mouse 
sperm quantity and quality.

Changes in histology

Histological analysis revealed testicular changes follow-
ing long-term exposure to TBBPA-BDBPE. The percent-
age of stages VII-VIII seminiferous tubules was signifi-
cantly reduced by TBBPA-BDBPE, even in the low-dose 
group (p < 0.05; Fig. 2A and B). Remarkably, TBBPA-
BDBPE-treated testes showed reduced seminiferous epi-
thelium height and seminiferous area in stages VII–VIII 
seminiferous tubules (Fig. 2A and B). Strikingly, imma-
ture germ cells improperly appeared in the lumen in the 
TBBPA-BDBPE groups (Fig. 2A); correspondingly, cell 
debris was also observed in the epididymis, particularly in 
the caput epididymidis (Fig. 3). All observations indicate 
that long-term exposure to as low as 50 μg/kg/d TBBPA-
BDBPE damaged testicular histology.

Changes of spermatogenic cells in seminiferous 
tubules

We further evaluated the effect of long-term exposure to 
TBBPA-BDBPE on spermatogenic cells in seminiferous 
tubules. Spermatogonia, spermatocytes, and spermatids 
in seminiferous tubules were marked by IF staining for 

Fig. 3  The epididymal histology in male mice following exposure to 50 and 1000 μg/kg/d TBBPA-BDBPE from birth to 8-month age (n = 5). 
Red arrows indicate cell debris under 20 × –40 × objectives
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their marker proteins (Fig. 4A–C). The positive signals for 
KI67, SYCP3, and ACRV1 were significantly reduced in 
the high-dose TBBPA-BDBPE groups (Fig. 4A–C), indi-
cating decreases in the numbers of spermatogenic cells 
at different developmental stages. Even in the low-dose 
TBBPA-BDBPE group, spermatogonia and spermatids 
were significantly fewer compared to the control. Con-
sistent with the IF results, RT-qPCR analysis revealed 
down-regulated expression of Ki67, Ssxb1, Acrv1, and 
Prm2, markers for spermatogonia, spermatocytes, sper-
matids, and spermatozoa, respectively, in the 1000 μg/
kg/d TBBPA-BDBPE group (Fig. 4D). Of note, exposure 
to low-dose TBBPA-BDBPE also resulted in significant 
down-regulation of Acrv1 and Prm2 expression.

The TUNEL assay revealed a few apoptotic spermato-
genic cells occurring in TBBPA-BEBPE treatments as 
well as the control (Fig. 5A). However, both high-dose 
and low-dose TBBPA-BDBPE led to higher expression 

of apoptosis marker genes (Caspase 3, Caspase 9, Bax, 
and Bcl2) compared to the control (Fig. 5B), suggesting 
a mild apoptosis-promoting effect that cannot be detected 
by the TUNEL assay due to its low sensitivity. All data 
demonstrate that long-term exposure to low-dose TBBPA-
BDBPE disrupted spermatogenesis in mice.

Damage of sertoli cells and microtubule 
cytoskeleton in seminiferous tubules

Except for germ cells, the effects of TBBPA-BDBPE on 
Sertoli cells were assessed. By IF staining for SOX9, we 
observed fewer Sertoli cells per seminiferous tubule in 
TBBPA-BDBPE-treated testes than controls (Fig.  6A). 
Moreover, TUBB3-marked microtubule tracks of Sertoli 
cells became shorter and thinner following long-term expo-
sure to TBBPA-BDBPE, with a dose-dependent decrease 

Fig. 4  Changes of spermatogenic cells in seminiferous tubules in 
male mice following exposure to 50 and 1000 μg/kg/d TBBPA-
BDBPE from birth to 8-month age (n = 5). A spermatogonium 
marked by KI67 immunofluorescence (IF) and its number per area. 
B Spermatocyte marked by SYCP3 IF staining and its number per 
area. C Sperm marked by ACRV1 IF staining and its percentage per 

area. Display channel was set to red for the second antibody labeled 
with Cy3. For statistical analysis, at least 20 cross sections (under 
20 × objectives) per testis, and five mice per group were used. D 
Alterations in the relative expression of markers for spermatogonium 
(Ki67), spermatocyte (Ssxb1), sperm (Acrv1 and Prm2). Asterisk (*) 
indicates a significant difference from control (p < 0.05)
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in fluorescence intensity (Fig. 6B), indicating microtubule 
damage.

Reproductive outcomes following long‑term 
exposure

After mating with either control or TBBPA-BDBPE-
treated males for one week, all non-treated females became 
pregnant. There was no difference in the gestation period 
between groups (Fig. 7A). No treatment-related adverse 
symptoms were observed in any dams during the gesta-
tion and lactation periods. However, the litter size at birth 
was significantly reduced in the 1000 μg/kg/d TBBPA-
BDBPE group compared to the control, with a decreasing 
trend in the low-dose group (Fig. 7A). Particularly, two 
females mating with the same male from the high-dose 

group produced only two and five pups, respectively, 
far below the average litter size in the control group. No 
death occurred within the first week after birth for all 
pups. On PND 7, there were no significant differences in 
body weight and the gender-matched AGD between the 
TBBPA-BDBPE groups and the control group (Fig. 7B). 
Strikingly, the male-to-female sex ratio of the offspring 
of the TBBPA-BDBPE-treated males was significantly 
reduced in the high-dose group (Fig. 7A). To explain the 
female-biased sex ratio, we measured the Ct value ratios 
for Sry/Tsx and Zfy/Tsx to represent the ratio of X/Y bear-
ing sperm. As shown in Fig. 7C, the Ct value ratios for 
Sry/Tsx and Zfy/Tsx appeared to decrease with increased 
doses of TBBPA-BDBPE, suggesting a decreasing trend 
of the Y-bearing sperm population in TBBPA-BDBPE-
treated mice.

Fig. 5  Apoptosis in testes of male mice following exposure to 50 and 
1000 μg/kg/d TBBPA-BDBPE from birth to 8-month age (n = 5). 
A Apoptotic cells (green arrows) in testes identified by the TUNEL 
assay using a 20 × objectives. Display channel was set to green for the 

signal labeled with Alexa 488. B Alterations in the relative expression 
of markers for apoptosis. Asterisk (*) indicates a significant differ-
ence from control (p < 0.05)
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Discussion

Recently, we found that postnatal exposure of male mice to 
50 μg/kg/d TBBPA-BDBPE from birth to PND 56 caused 
remarkable damage to the microtubule skeleton in Sertoli 
cells and the BTB but exerted little effect on conventional 
reproductive endpoints in young adulthood (Li et al. 2023). 
In this follow-up study, we found that extended exposure to 
low-dose TBBPA-BDBPE to 8-month age led to pathologi-
cal changes of the testis and sperm parameter abnormali-
ties, besides microtubule damage in Sertoli cells. Moreover, 
while 8-month-aged mice in the control group can mate with 
females and produce normal offspring, the males treated with 
high-dose TBBPA-BDBPE produced significantly fewer off-
spring, and the sex ratio of the offspring was biased towards 
females. And even the skewed sex ratio in the offspring was 
also observed in low-dose treatment, despite a lack of sta-
tistical significance, possibly due to relatively small sample 
size in this study. Taken together, all the findings demon-
strate that extended exposure to low-dose TBBPA-BDBPE 
can cause severe reproductive impairments in male mice at 
the late reproductive age, despite slight injuries except for 
microtubule damage in early life. It is therefore concluded 

that slight testicular injuries in early life can lead to repro-
ductive impairment at late reproductive age, highlighting 
that the alterations in certain non-conventional endpoints 
should be noticed as well as conventional endpoints in future 
reproductive toxicity studies. Given the crucial role of the 
Sertoli cell microtubule cytoskeleton in testicular structure 
and spermatogenesis (Gerber et al. 2016; O’Donnell and 
O’Bryan 2014; Wang et al. 2020), we propose that micro-
tubule damage may be responsible for reproductive impair-
ment following long-term exposure, as discussed in our 
recent study (Li et al. 2023).

Additionally, our results, together with our previous find-
ings, also indicate that aging is a stressful factor leading to 
increased susceptibility of the testis to chemicals. Indeed, 
aging is considered as a significant risk factor for sperm 
quality (Albani et  al. 2019), and delayed parenthood is 
known to be associated with adverse reproductive outcomes, 
with limited data concerning fathers (Albani et al. 2019; 
Dong et al. 2022; Tarín et al. 1998). From this perspective, 
it is understandable that the testis in late reproductive age is 
more susceptible to chemicals than in early reproductive age. 
Considering the fact that delayed parenthood is becoming a 
more and more common phenomenon worldwide, our study 

Fig. 6  Alterations in Sertoli cells in testes of male mice follow-
ing exposure to 50 and 1000 μg/kg/d TBBPA-BDBPE from birth to 
8-month age (n = 5). A The Sertoli cell marked by SOX9 IF and its 
number per tubule. For statistical analysis, at least 100 seminiferous 
tubules per testis and five mice per group were used. B The micro-
tubule cytoskeleton, labeled by TUBB3 IF and its mean gray value 

per area. C Relative expression of blood-testis barrier marker genes 
(Tjp1, Ocln, and Jam2). Asterisk (*) indicates a significant difference 
from control (p < 0.05). Display channel was set to red for the second 
antibody labeled with Cy3. The 20 × and 40 × objectives were used 
for A and B, respectively
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highlights the importance of understanding reproductive tox-
icity of chemicals to male mammals at late reproductive age. 
This seems to pose a challenge to conventional reproductive 
toxicity studies in which endpoints are generally examined 
at vigorous reproductive age but not late reproductive age. It 
is more feasible to employ early toxicological endpoints to 
predict possible reproductive impairment in late life than to 
directly detect the impairment caused by extended exposure 
to late reproductive age. Based on our results, microtubule 
damage could be an ideal early endpoint indicative of repro-
ductive impairments in late life.

In this study, it is noteworthy that male mice received 
long-term exposure to 1000 μg/kg/d TBBPA-BDBPE pro-
duced offspring with a female-biased sex ratio, and the ratio 
in the offspring of low-dose treated males was also skewed 
towards females, despite a lack of statistical significance. 
Although increasing studies reported that maternal and fetal 

exposure to some chemicals caused female-biased sex ratios 
in mammals (Bevan et al. 1997; Dobrzynska et al. 2017; 
Gaukler et al. 2016; Rodríguez and Sanchez 2010; Santama-
ria et al. 2020), there are few studies investigating the effects 
of paternal exposure on the sex ratio of offspring except for 
a study by Dobrzynska et al. (2017), who reported that an 
8-week exposure to 500 and 2000 mg/kg/d di-n-butyl phtha-
late caused a female-biased sex ratio of the offspring. Our 
finding, together with the study by Dobrzynska et al. (2017), 
highlights a need to investigate the effects of paternal expo-
sure to chemicals on the sex ratio of offspring. Indeed, there 
are epidemiological data showing that occupational expo-
sure of fathers is associated with the reduced male-to-female 
sex ratio of children (Davis et al. 1998, 2007; Goldsmith 
et al. 1984; Milham 1993; Mocarelli et al. 2000; Whorton 
et al. 1994), which encourages more efforts to understand 
the sex ratio bias caused by paternal exposure. In the present 

Fig. 7  Reproductive impairment and altered sex ratio of the offspring 
in male mice following exposure to 50 and 1000 μg/kg/d TBBPA-
BDBPE from birth to 8-month age (n = 5). A The gestational length 
(day) of pregnant mice (n = 10), litter size, and the sex ratio (male/
female) of offspring. The numbers on columns indicates the number 

of offspring. B Body weight and anogenital distance (AGD) of male 
and female offspring. C Relative Ct value of genes in the Y sperm 
(Sry and Zfy) versus a gene in the X sperm (Tsx) identified by qPCR. 
Asterisk (*) indicates a significant difference from control (p < 0.05)
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study, we noticed that despite the female-biased sex ratio at 
birth, there was an equal number of live pups and implanta-
tion sites in TBBPA-BDBPE-treated mice. This observation 
means that the female-biased sex ratio was due to fertiliza-
tion or implantation of fewer male embryos rather than the 
death of male fetuses, which essentially results from lower 
number and/or poorer quality of Y-bearing sperm than 
X-bearing sperm. Thus, it is inferred that TBBPA-BDBPE 
exposure preferentially caused damage to Y-bearing sperm. 
To test our inference, we attempted to separate Y-bearing 
sperm from X-bearing sperm for further analysis but not 
succeed. However, the decreasing trend in the Ct value ratios 
for Sry/Tsx and Zfy/Tsx suggests a possibility of a lower 
Y-bearing sperm population than a Y-bearing sperm popula-
tion, which needs further investigation. In previous studies, 
the female-biased sex ratio caused by chemical exposure is 
generally explained by the public-health maxim the males 
that have shorter life expectancies than females at every age 
from conception onward (Clapp and Ozonoff 2000). Here, 
our finding is expected to guide future research in chemical-
caused sex ratio bias aiming to identify different susceptibil-
ity to chemicals between Y-bearing sperm and X-bearing 
sperm.

In conclusion, our study demonstrates that extended 
exposure to low-dose TBBPA-BDBPE, which only caused 
damage to the microtubule skeleton in Sertoli cells and the 
BTB on PND 56, led to severe male reproductive impair-
ment, including altered fertility at the late reproductive age. 
This implies that mammal testes in late reproductive age are 
more susceptible to TBBPA-BDBPE than in early reproduc-
tive age, highlighting the importance of understanding male 
reproductive toxicity to chemicals in late reproductive age.
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