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Abstract

2,4,6-Tribromophenol (TBP, CAS No. 118-79-6), the most widely produced brominated phenol, is frequently detected in
environmental components. The detection of TBP in human bodies has earned great concerns about its adverse effects on human
beings, especially for early embryonic development. Here, we optimized the mouse embryo in vitro culture (IVC) system for
early post-implantation embryos and employed it to determine the embryotoxicity of TBP. With this new research model, we
revealed the dose-dependent toxic effects of TBP on mouse embryos from peri-implantation to egg cylinder stages. Furthermore,
TBP exposure inhibited the differentiation and survival of epiblast (EPI) cells and extraembryonic endoderm (ExEn) cells, while
those of extraembryonic ectoderm (ExEc) cells were not influenced. These results implied that TBP might inhibit embryonic
development by influencing the generation of three primary germ layers and fetal membranes (the amnion, chorionic disk,
umbilical cord, and yolk sac). In summary, we showed a proof of concept for applying mouse embryo IVC system as a novel
research model for studying mammalian embryonic toxicology of environmental pollutants. This study also demonstrated the
toxicity of TBP on early embryonic development of mammals.

Keywords 2.4,6-Tribromophenol - Embryotoxicity - Mouse embryos - In vitro culture - Post-implantation -
Three-dimensional (3D) Matrigel drops

Introduction

2,4,6-tribromophenol (TBP) is a brominated phenol that wide-
ly used as a brominated flame retardant (BFR), intermediate to
produce other BFRs, and fungicide for wood preservative
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(Koch and Sures 2018). In 2001, the production volume of
TBP approximately reached 9500 t/year worldwide (Agency
2016). In addition to the industrial origins, TBP can also be
produced and secreted by a huge variety of marine organisms
like algae, bryozoans, and polychaetes to defend against
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predators and biofouling (Flodin and Whitfield 1999;
Whitfield et al. 1999). Furthermore, food processing and wa-
ter treatment also facilitate the production of TBP as a by-
product(Boudjellaba et al. 2016; Mizukawa et al. 2017;
Richardson and Postigo 2015; Yang et al. 2014; Zhai and
Zhang 2011). Given the multiple sources, TBP has been de-
tected in various environmental components like soil (Ronen
et al. 2005), house dust (15-620 ng/g) (Suzuki et al. 2008;
Takigami et al. 2009), indoor (220-690 pg/m>) and outdoor
air (49-73 pg/m’) (Takigami et al. 2009), surface freshwater
(up to 0.32 pg/L) (Xiong et al. 2015) and groundwater (Blythe
etal. 2006), sewage and sludge (Oberg et al. 2002), and drink-
ing water (up to 56.9ng/L) (Pan et al. 2016).

Daily food and water ingestion, and exposure to the envi-
ronmental components containing TBP provide the primary
routes for TBP to enter human bodies (Koch and Sures 2018).
Recent studies have revealed that TBP can be found in human
serum (up to 19.2 ng/g) (Butt et al. 2016; Dufour et al. 2017),
breast milk (0.59 ng/g) (Fujii et al. 2018), and urine (5.57
ug/L) (Feng et al. 2016). Furthermore, it has been reported
that the concentration of TBP in fetal blood was roughly six-
fold higher than that of the maternal blood (Qiu et al. 2009),
and approximately 1.31-316 ng/g of TBP was also detected in
human placental tissues (Leonetti et al. 2016), which was
expected to contribute to prenatal exposures. Therefore,
whether TBP is capable of bioaccumulation and toxic to hu-
man embryonic development has earned more and more
concerns.

Although the neurological, reproductive, and developmen-
tal toxicity of TBP has been well studied in aquatic animals
(Deng et al. 2010; Folle et al. 2020; Haldén et al. 2010; Liu
et al. 2011; Kammann et al. 2006), it is just the beginning in
mammals. Rodents have been widely used as animal models
to study the process of mammalian development, the initiation
and progression of diseases, and the toxicity of chemicals or
environmental pollutants. In pregnant rats, TBP could be de-
tected in placenta and fetuses just 24 h after a single maternal
exposure (Knudsen et al. 2020). It has been reported that TBP
exposure could compromise the function of the blood-brain
barrier in both rats and mice by decreasing the activity of
protective efflux transporter (Trexler et al. 2019), and similar
effects might also exist in the placenta (Leonetti et al.
2016). Therefore, the protective roles of the placenta for
the developing fetus might not be complete. Long-term
exposure of pregnant rats to aerosolized TBP resulted in
both pre-implantation and post-implantation embryo
losses in a dose-dependent manner, and the offspring also
exhibited skeletal malformations and visceral abnormali-
ties (Lyubimov et al. 1998). However, whether the toxic
effects on the development of conceptus (including extra-
embryonic tissues as well as the fetus) were caused by
TBP itself remains to be determined. Furthermore, wheth-
er the TBP dosimetry—embryotoxicity relationships also
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differ with embryonic developmental stages remains to
be unraveled.

The rodent whole embryo culture (WEC) technique, a
method by which post-gastrulation embryos are isolated
and cultured in an artificial womb, has enabled detailed
investigations into the regulation of normal embryonic de-
velopment as well as mechanisms underlying
embryotoxicity induced by a wide range of reagents ex
uterus (Ellis-Hutchings and Carney 2010). Andrew et al.
had employed the WEC technique to demonstrate that
combined exposure of multiple disinfection by-
products(DBPs) to transferred gestational day 9.5
(GD9.5) rat embryos significantly increased the incidence
of tail development delay (Andrews et al. 2004). When
embryonic day 8.0 (E8.0) mouse embryos were isolated
for in vitro culture, exposure to dichloroacetic acid,
dibromoacetic acid, and bromochloroacetic acid would de-
stroy the subsequent embryogenesis (Hunter 3rd et al.
2006). However, since only a brief period of embryogen-
esis from pre-somite to the limb bud stages can be
recaptured with the WEC technique, it is not applicable
to toxicological studies focusing on early developmental
stages.

Although the in vitro culture (IVC) system for post-
implantation mouse embryos has been established since
1971 (Bedzhov et al. 2014; Hsu 1971; Morris et al. 2012;
Wu et al. 1981), its application in embryotoxicity studies
was not reported until recently. Gordeeva et al. employed
IVC system to assess the toxic and teratogenic effects of
5-hydroxytryptophan(5-HTP) on mouse embryos at early
developmental stages (Gordeeva and Gordeev 2021).
However, due to the asynchronous development of mouse
embryos and unpredictable development endpoints, they
only selected stage and morphology synchronized embry-
os for further testing at the pre-implantation, peri-implan-
tation, and early post-implantation stages, separately
(Gordeeva and Gordeev 2021). Therefore, the establishment
of validated protocols for continuous testing through multiple
embryonic development stages will facilitate the application
of the IVC system in embryonic toxicology and teratology.

In this study, we modified the mouse embryo IVC system
by embedding the E3.5 blastocysts in three-dimensional(3D)
Matrigel drops instead of seeding in the tissue culture plate
directly. Furthermore, we set new selection standards for the
embryos with high developmental potential to develop into
the egg cylinder stage in culture. With these modifications,
we improved the repeatability of mouse embryo IVC sys-
tem and made it suitable for toxic evaluation. Finally, by
combining the new 3D culture system and non-invasive
and non-destructive assays like immunofluorescence im-
aging, we determined the toxic effects of TBP on cell
survival and lineage specification in early post-
implantation mouse embryos.
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Materials and methods
Chemical

The stocking solution of TBP (TCI Shanghai, T0349) was
prepared in DMSO (Solarbio, D8371) at the concentration
0f400 mM and detailed information about TBP was provided
in Table S1 of supplemental materials.

Mouse embryo recovery

ICR mice (6-8 weeks) were obtained from the Animal Core
Facility of Nanjing Medical University (Nanjing, China).
Animal maintenance and experiments were approved by the
Ethics Committee of the Animal Core Facility of Nanjing
Medical University (Nanjing, China).

Superovulation was carried out by intraperitoneal injection
of 10 IU of pregnant mare serum gonadotrophin (PMSG)
(Ningbo Second Hormone Factory, 181108) followed by
10 IU of human chorionic gonadotrophin (HCG) (Ningbo
Second Hormone Factory, 180428) 4648 h later. To obtain
the embryos, the female mice were mated with males over-
night and vaginal plugs were checked on the following morn-
ing. The day of plug detection was counted as E0.5.

To collect the E3.5 embryos, female mice were sacrificed
and their uterus were dissected and flushed with prewarmed
DMEM/F12 (Thermo Fisher Scientific, C11330500BT)
supplemented with 1% FBS (Thermo Fisher
Scientific,10270106). The E3.5 embryos were treated with
Tyrode’s solution, Acidic (Sigma-Aldrich, T1788) for 1-2
min to remove the zona pellucida and transferred for further
culture.

To collect the E5.5 and E6.5 embryos which were devel-
oped in vivo, the decidua and outside membrane layers includ-
ing Reichert’s membrane were removed with forceps under a
surgical microscope (Nikon SMZ1270, Japan). Then, these
in vivo developed ES.5 and E6.5 embryos were fixed imme-
diately with ice-cold 4% paraformaldehyde (PFA, Ding Guo,
AR-0211) for further immunofluorescence analysis.

To collect the IVC cultured ES.5- and E6.5-like embryos,
we washed embryos briefly with ice-cold PBS for 2 min to
remove Matrigel for further analysis.

Embryo culture and toxicity evaluation

Freshly isolated E3.5 embryos were directly seeded into 24-
well tissue culture plates (Corning, 3526) or embedded in
Matrigel drops to reach the pre-egg cylinder or egg cylinder
stage (equivalent to in vivo developed embryos at E5.5 and
E6.5, respectively).

Embryos cultured in tissue culture plates were added 250
pL of TVC1 medium to each well of the 24-well tissue culture
plates, and the embryos were transferred into the wells by

pipette. Then, the plates were incubated in the 5% CO, incu-
bator at 37°C. After all the embryos attached stably to the
bottom of the well, the IVC1 medium was replaced with
250-pL equilibrated IVC2 medium. Thereafter, changed the
IVC2 medium every 48 h.

Embryos cultured with Matrigel drops were given deposit-
ed drops (15 pL) of ice-cold Growth Factor-Reduced Matrigel
(Corning, 354230) to the bottom of each well of the 24-well
plate and embedded 3—4 embryos in each drop. Then, the
plates were incubated in a 5% CO, incubator at 37°C for about
15-20 min to allow the matrix to solidify, then filled each well
with 350 uL IVC1 medium to cover the drops. After 48 h,
aspirated the IVC1 medium and refed the embryos with IVC2
medium. Thereafter, changed the IVC2 medium every 48 h.
The embryos were cultured in a 5% CO, incubator at 37°C
until further analysis.

To evaluate the embryonic toxicity of TBP, the E3.5 em-
bryos were embedded in Matrigel drops and fed with IVCI
medium for the first 48 h, and changed into IVC2 medium
supplemented with TBP at the concentrations of 0, 25, 50, and
100 uM until further analysis.

The formulas of IVC1 and IVC2 medium were described
in Text S1 of supplemental materials in detail.

Morphological evaluation of embryos

The morphology of cultured mouse embryos was assessed
with an inverted phase-contrast microscopy (Nikon Ts2R,
Japan). Image processing and the measurement of pixel area
of mouse embryos were performed with FIJI software
(V2.0.0, National Institutes of Health, USA).

Immunofluorescence assay

The embryos freshly isolated from female mice or cultured in
Matrigel drops were fixed with ice-cold 4% PFA (Ding Guo,
AR-0211) for 15 min at room temperature (RT) and rinsed
three times with PBS (Thermo Fisher Scientific,
C10010500BT). Then the samples were permeabilized with
PBS containing 0.2% (vol/vol) Triton X-100 (Beyotime,
P0096) at RT for 25-30 min, and blocked with PBS containing
2.5% (wt/vol) normal donkey serum (Jackson
ImmunoResearch, 017-000-121), 0.1% (vol/vol) Tween-20
(Beyotime, ST825), and 0.1% (wt/vol) bovine serum albumin
(Beyotime, ST023) (hereafter, blocking buffer) at RT for 45
min. Primary antibodies diluted in blocking buffer were ap-
plied to the embryos and incubated at 4°C overnight. The
samples were rinsed for three times with PBS and followed
by incubating with fluorescence-conjugated secondary anti-
bodies diluted in PBS containing 2.5% normal donkey serum
at RT for 1 h in the dark. The nuclei were stained with 1 pg/
mL 4',6-diamidi-no-2-phenylindole (DAPI) (YIFEIXUE BIO
TECH, YDO0020-10). At last, all these samples were imaged
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by a confocal microscope (ZEISS LSM700, Germany) and
processed with ZEN 2012 software (ZEISS, Germany).

The antibodies used here were listed in Table S2 of sup-
plemental materials.

Total RNA extraction and real-time quantitative PCR
analysis

The embryos of TBP-treated and control groups, which had
been cultured in Matrigel drops for 96 h (pre-egg cylinder
stage) or 120 h (egg cylinder stage) separately, were collected
and washed briefly with PBS for 2 min to remove
Matrigel. Then all the embryos were suspended in a lysis
buffer and RNA was extracted with RNeasy Plus Micro
Kit (QIAGEN, USA). The first-strand cDNA was synthe-
sized with EasyScript® One-Step gDNA Removal and
cDNA Synthesis SuperMix (TransGene, China) and ran-
dom primers according to manuals. PCR reactions were
performed in an ABI 2720 Thermal Cycler (Thermo
Scientific, USA).

Real-time quantitative PCR were carried out with
StepOneTM Real-Time PCR System (Thermo Scientific,
USA) using ChamQ Universal SYBR qPCR Master Mix
(Vazyme, China). The expression of GAPDH was used as
an internal standard for normalization with the AACt method.
The primers used in this assay were listed in Supplementary
materials Table S3.

Caspase-3/7 activation assay

To assess the effect of TBP on cell apoptosis in cultured
mouse embryos, the caspase-3/7 activation analysis was per-
formed. Briefly, CellEvent'™ Caspase-3/7 Green Detection
Reagent (Thermo Fisher Scientific, C10723) was added into
the embryo culture medium to a final concentration of 1 uM
and then incubated at 37 °C for 30 min in the dark. Then the
embryos were imaged with an inverted fluorescent micro-
scope (Nikon Ts2R, Japan). Detailed information about this
reagent was described in Text S2 of supplemental materials.

Statistical analysis

Statistical analysis was performed using the GraphPad Prism
program (V8.2, GraphPad Software, San Diego, CA, USA).
Embryos were randomly allocated to control and experimental
groups. Investigators were not blinded to group allocation.
Values were expressed as the means = S.D. from three inde-
pendent experiments and evaluated by using a two-sided un-
paired Student’s #-test at a statistical significance level of p <
0.05.
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Results

Mouse embryos developed beyond the blastocyst
stage in Matrigel drops

To determine the toxicity of environmental hazards on mouse
embryonic development between pre-implantation and early
post-implantation stages in vitro, we must build a reproducible
IVC system for mouse embryos, which would permit contin-
uous, real-time tracking of the transition from the pre-
implantation blastocyst to the post-implantation egg cylinder.

We first tried to obtain mouse embryos at the egg cylinder
stage by seeding E3.5 blastocysts into tissue culture plates and
feeding them with IVC1 and IVC2 medium in sequence.
However, only about 20% of the blastocysts developed into
egg cylinders successfully (Fig. Sla, S1b), which limited their
applications in embryonic toxicology. The low egg cylinder
formation efficiency in our hands might result from the ran-
dom attachment of blastocysts to the substrate since the initial
positioning of the inner cell mass (ICM) at the time of attach-
ment greatly influences egg cylinder formation in vitro
(Morris et al. 2012; Wu et al. 1981). Considering the applica-
tion of 3D Matrigel drops culture system in obtaining elongat-
ed cylindrical architectures resembling post-implantation em-
bryos from mouse embryonic stem cells (ESCs) and tropho-
blast stem cells (TSCs)(Harrison et al. 2017; Harrison et al.
2018), we hypothesized that a 3D scaffold of extracellular
matrix in Matrigel would promote the efficiency of egg cylin-
der formation from blastocysts in culture.

To validate this hypothesis, we embedded E3.5 blastocysts
into Matrigel drops instead of seeding directly into tissue cul-
ture plates for further culture (Fig.1a) and only a small portion
of embryos reached the egg cylinder stage (Fig. S2a). The
appearance of disorganized embryos at 120 h in culture (Fig.
S2a) implied that the implanting blastocysts with poor devel-
opmental potential should be excluded. Therefore, we traced
the whole development process from E3.5 blastocysts into egg
cylinders and found that the embryos at 48 h could be classi-
fied into two major types (Fig. S2a, S2b): the trophoblast giant
cells (TGCs) in type B embryos (~17.91%) spread out, while
those in type A embryos do not (~82.09 %). At 120 h in
culture, about 50-75% type B embryos developed into egg
cylinders, while the efficiency of type A embryos was about
25-35% (Fig. S2c¢). These results suggested that successfully
spreading out of TGCs was critical for the blastocysts cultured
in vitro to reach the egg cylinder stage, in accordance with the
study of Bedzhov et al. (Bedzhov et al. 2014). Besides, we
found that the type A embryos with larger volume at 48 h in
culture seemed to develop into egg cylinders more likely
(Fig. S2a). Therefore, we calculated the volume of each
type A embryo based on its pixel area and found that no
embryos formed egg cylinders when the area of embryos
was below 500 pixels, and the efficiency of egg cylinder
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Fig. 1 The in vitro cultured mouse embryos resembled those developed
in vivo. a Scheme of mouse blastocyst (E3.5) recovery and in vitro
development into egg cylinders in Matrigel drops. The cells from early
embryonic lineages were distinguished by different colors and the
expression of lineage-specific markers were annotated following the ab-
breviations. TGCs, trophoblast giant cells; EPI, epiblast; TE,
trophectoderm; ExEc, extraembryonic ectoderm; ExEn, extraembryonic
endoderm. b Representative brightfield images of in vivo developed
mouse embryos at pre-egg cylinder (E5.5) and egg cylinder (E6.5) stages,
and in vitro cultured mouse embryos at 96 h and 120 h (96 h IVC and

formation increased with increasing area of the embryos,
while all embryos formed egg cylinder when the area was
beyond 900 pixels (Fig. S2d). Hereafter, we defined the
embryos in type A group with the area less than 500
pixels as type Al (~45.45% in type A), and those with
equal to or more than 500 pixels as type A2 (~54.55% in
type A) (Fig. S2e). None of type Al embryos developed
into egg cylinders, while the efficiency of type A2 em-
bryos was about 40-60% (Fig. S2f). When type Al

..

DAPI MERGE

MERGE

120 h IVC). ¢ Representative images of the expression of early embryonic
lineage-specific markers, OCT4 (red) and EOMES (green), in in vivo
developed pre-egg cylinder embryos (E5.5) and 96 h in vitro cultured
embryos (96 h IVC). The nuclei were stained with DAPI (blue). d
Representative images of the expression of early embryonic lineage-
specific markers, OCT4 (red), GATAG (gray), and EOMES (green), in
in vivo developed egg cylinder embryos (E6.5) and 120 h in vitro cultured
embryos (120 h IVC). The nuclei were stained with DAPI (blue). Pseudo-
colors were used here. Scale bars, 50 um.

embryos (about 37.3 % of total) were excluded, the effi-
ciency of egg cylinder formation could be improved from
28-42% to 50-67% with high repeatability (Fig. S2g).

Thus, the application of 3D Matrigel drop-based mouse
embryo IVC system significantly facilitated mouse blasto-
cysts reaching egg cylinder stage in vitro and exclusion of
embryos with poor developmental potential (type A1) further
made such mouse embryo IVC system suitable for toxicolog-
ical studies.
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Correct lineage differentiation in ex vivo mouse
embryos

At the end point of pre-implantation stage, blastocysts consist
of three distinct cell types: the trophectoderm (TE) which
gives rise to TGCs and extraembryonic ectoderm (ExEc) cells,
the pluripotent epiblast (EPI), and the primitive endoderm
(PrE) cells. The latter will differentiate into extraembryonic
endoderm (ExEn) lineages including visceral endoderm (VE)
and parietal endoderm (PE) at the post-implantation stage,
comprising egg cylinder together with ExEc and EPI lincage
cells (Bassalert et al. 2018; Chazaud and Yamanaka 2016).
Detailed information about mouse early embryonic develop-
ment was provided in Text S3 of supplemental materials.

Therefore, we determined whether the embryos that devel-
oped in a progressive sequence of spatial and temporal mor-
phogenetic steps are consistent with normal embryogenesis
in vivo. At 96 h of culture, the ExEc localized at the opposite
side of the EPI as the initiation of egg cylinder formation (pre-
egg cylinder), comparable to E5.5 embryos that developed in
utero (Fig. 1b). At 120 h of culture, mature egg cylinders were
formed, in which the EPI formed the shape of a cup and the
ExEn enveloped both the embryonic and extraembryonic re-
gions, reminiscent of the normal embryos at E6.5 (Fig. 1b). To
further evaluate the extent to which IVC embryos resembled
that in vivo, we examined the expression of lineage-specific
markers in embryos recovered from both in vitro and in vivo.
Consistent with E5.5 embryos in vivo, the embryos cultured
for 96 h correctly established the proximal-distal(P-D) axis as
the OCT4+ EPI and EOMES+ ExEc located at opposite ends
of the embryos, and the initiation of egg cylinder formation
was identified by the lumens formed in OCT4+ EPI (Fig. 1c).
At 120 h of culture, both the OCT4+ EPI and EOMES+/
GATAG6- ExEc expanded, and the EOMES+/GATA6+
ExEn were observed enveloping the whole embryos, compa-
rable to E6.5 embryos (Fig. 1d). These results indicated that
the embryos developed in Matrigel drops recaptured the se-
quential morphogenetic steps and lineage specification that
happened during embryogenesis in vivo.

Thus, the 3D Matrigel drops-based mouse embryo IVC
system could be applied to evaluate the embryotoxicity of
hazards in vitro by analyzing the 3D architecture of embryos
and lineage differentiation.

TBP-induced developmental arrest of mouse embryos

For the evaluation of developmental toxicity using the mouse
embryos in culture, only type A2 embryos (with a pixel area
not less than 500 pixels) and type B embryos (with TGCs
spreading out) were chosen for further analysis to rule out
the negative influence of mouse embryos with poor develop-
mental potential.
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To assess the toxic effects of TBP, the mouse embryos pre-
cultured for 48 h were exposed to TBP for the next 72 h, and
the developmental dynamics and morphological changes were
studied during the period of drug exposure (Fig. 2a). Based on
our previous studies on the toxic effects of TBP on human-
extended pluripotent stem cells in culture (Liu et al. 2021), the
experiments with mouse embryos in culture were performed
atarange of 25-100 pM. The egg cylinder formation efficien-
cy decreased with increasing concentration of TBP, and al-
most no blastocysts reached the egg cylinder stage when ex-
posed to 100 uM TBP (Fig. 2b, c). Despite of growth inhibi-
tion slightly, nearly 25-57% embryos in 25 pM TBP-treated
group remained normal morphology reminiscent of those in
untreated control groups and reached the egg cylinder stage
(Fig. 2b, c). However, when exposed to TBP at high concen-
trations (50 and 100 uM), the embryos started to lose their
intact 3D architecture since 72 h (24 h exposure), while the
integrity of ExEc was maintained (Fig. 2b). These data im-
plied that in comparison with ExEc, TBP was more toxic to
EPI of mouse embryos in culture. To further quantify the
inhibitory effects of TBP on the growth of mouse embryos
in culture, we measured the total pixel area of each embryo
and found that the values decreased with increasing TBP con-
centration (Fig. 2d). Although no significant differences were
observed between the control group and 25 M TBP-treated
group, the volume of embryos in both 50 uM and 100 uM
TBP-treated groups decreased significantly. These results
demonstrated that TBP was toxic to the viability and develop-
ment of mouse embryos in a dose-dependent manner.

The effects of TBP on lineage differentiation in mouse
embryos

Our previous study had shown that pretreated human-
extended pluripotent stem cells with TBP would affect their
further differentiation potential into later embryonic lineages,
i.e., three primary embryonic germ layers including definitive
endoderm, mesoderm, and ectoderm (Liu et al. 2021).
However, whether TBP has toxic effects on early embryonic
lineages (EPI, ExEc, and ExEn) remains to be evaluated.
Therefore, the expressions of lineage-specific gene markers
(OCT4, EOMES, and GATAG®6) in untreated and TBP-treated
mouse embryos were determined by immunofluorescence
analysis.

At the pre-egg cylinder stage (96 h in culture), the embryos
in 25 uM TBP-treated group and untreated control group ex-
hibited similar expression patterns of transcriptional factors
OCT4 and EOMES (Fig. 3a). With the increasing concentra-
tions of TBP (50 uM and 100 uM), no specific spatial local-
izations of OCT4+ EPI cells and EOMES+ ExEc cells were
observed (Fig. 3a), reminding us of the deconstruction of em-
bryonic structures after TBP exposure (Fig. 2b). Furthermore,
we counted the number of OCT4+ cells and EOMES+ cells to
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Fig. 2 TBP exposure inhibited egg cylinder formation of cultured mouse
embryos. a Experimental design for evaluating the toxic effects of TBP
on mouse embryonic development from peri-implantation to egg cylinder
stage. b Representative brightfield images of the dynamic morphological
change of in vitro cultured mouse embryos in the control and the groups
exposed to TBP (25, 50, 100 uM) from 48 h (peri-implantation) to 120 h
(egg cylinder) culture. Scale bar, 50 um. ¢ The efficiency of egg cylinder
formation of embryos in the control (n; =4,n, =4,n3=4),25 uyM (n, =7,
n,=6,n3=4),50 uM (n; =3, n, =4, n3=6), and 100 uM (n; =4, n, =3,
n3 = 11) TBP-treated groups. d Serial changes of the volume of cultured
mouse embryos in the control and TBP-treated groups. n = 12 in each

quantify the toxic effects of TBP on the differentiation of EPI
and ExEc in mouse embryos, respectively. The number of
OCT4+ EPI cells decreased in a dose-dependent manner when
exposed to TBP and a significantly smaller number of OCT4+
cells were observed in 50 uM and 100 uM TBP-treated
groups (Fig. 3b). In contrast, there was no significant differ-
ence in the number of the EOMES+ ExEc cells among all four
groups (Fig. 3¢). These data demonstrated that TBP was more
toxic to pluripotent EPI in comparison with ExEc.

At the egg cylinder stage (120 h in culture), when exposed
to 25 uM TBP, no obvious difference was observed in the
distribution of OCT4+ EPI cells, EOMES+/GATA6- ExEc
cells, or EOMES+/GATAG6+ ExEn cells in the embryos com-
paring with those from the control group (Fig. 4a).
Furthermore, the EOMES+/GATAG6- ExEc cells also spread

Time (h)

group. The volume of embryos was calculated with pixel area and the
data was presented as the means + SD. Two-sided unpaired Student’s -
test was used. Given the very large number of significant mean compar-
isons, no significant comparisons within a timepoint across treatments are
not indicated. Asterisks indicated significant differences with 50 uM
TBP-treated group compared to the untreated group at the same time
point across treatments: **P<0.002, ****P<(0.0001. Pound signs indicat-
ed significant differences with 100 uM TBP-treated group compared to
the untreated group at the same time point across treatments:
###P<0.0001. px, pixels

out in both groups (Fig. 4a). However, when the concentration
of TBP was increased to 50 uM, almost all OCT4+ cells and
GATAG+ cells were lost, and the migration of EOMES+ cells
was also inhibited (Fig. 4a). As expected, the number of
OCT4+ cells and GATAG6+ cells in the embryos declined sig-
nificantly when exposed to TBP in a dose-dependent manner
(Fig. 4b, c), while that of EOMES+ cells remained similar
among all groups (Fig. 4d). Additionally, the more significant
inhibitory effects of 25 uM TBP on OCT4+ EPI cell differ-
entiation in mouse embryos at 120 h of culture (72 h treat-
ment) showed here indicated that the toxic effects of TBP at
low concentration would be accumulated with prolonged ex-
posure (Figs. 3b and 4b).

Furthermore, we performed a RT-qPCR assay to confirm
the mRNA expression levels of lineage-specific genes (Oct4,
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EOMES

50 UM 25 pM 0 uM

100 uM

Fig. 3 The effects of 48-h TBP exposure on mouse peri-implantation
embryos developed into pre-egg cylinder stage in vitro. a
Representative images of the expression of early embryonic lineage-
specific markers, OCT4 (red) and EOMES (green), in the embryos from
the control and TBP-treated groups. The nuclei were stained with DAPI
(blue). Pseudo-colors were used here. Scale bar, 50 um. b, ¢ The average

Eomes, and Gata6) in TBP-treated or non-treated embryos,
which had been cultured in Matrigel for 96 h or 120 h, respec-
tively (Fig. 5). As expected, the expression of Oct4 was
inhibited after 48-h treatment of TBP in a dose-dependent
manner, with the mRNA level of 50 uM and 100 uM TBP-
treated embryos significantly declined (Fig. 5a). By contrast,
the mRNA level of Eomes remained no obvious variation
(Fig. 5b). These results were in accordance with the change
trends of OCT4- and EOMES-positive cell numbers
(Fig. 3b, c).

Surprisingly, after being treated for 72 h, Oct4 mRNA ex-
pression levels of 25 uM and 50 uM TBP-treated embryos
increased slightly compared to that of untreated embryos,
which was opposite to the variation tendency of OCT4-
positive cell numbers at 72-h treatment (Fig. 4b). This dis-
agreement might be caused by analysis of the whole embryos
instead of detecting EPI, ExEn, and ExEc parts separately,
while the counting results of OCT4-positive cells were per-
formed with the location information. Additionally, the results
of RT-gPCR can only reflect the average expression level of
Oct4 in all cells, being not able to exclude some external cells
with extremely high or low Oct4 mRNA expression.
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number of OCT4+ (b) and EOMES+ (¢) cells at the maximum cross
section of embryos in each group (n = 4). Two-sided unpaired
Student’s #-test was used. The data was presented as the means + SD.
Asterisks indicated significant differences with TBP-treated groups com-
pared to the untreated group: ***P<0.001; ns, no significance

However, the inhibitory effects of TBP at 72-h exposure on
the expression level of Gata6 was obvious even when the
concentration of TBP was 25 uM, indicating that TBP was
toxic to the ExEn lineage (Fig. 5d). The Eomes mRNA ex-
pression level remained similar among the non-treated and
TBP-treated groups, which was in agreement with the
counting data for EOMES-positive cells (Fig. 4d).

In summary, these results demonstrated that TBP was more
toxic to the lineages derived from the ICM (EPI and ExEn)
when comparing with that from TE (ExEc)(Figs. 3, 4 and 5).

TBP-induced cell apoptosis in the mouse embryos

The growth inhibition and deconstruction of 3D architecture
of mouse embryos induced by TBP informed us that cell ap-
optosis might be involved in this process. To validate this
hypothesis, we assessed the caspase activities in cultured em-
bryos with a caspase-3/7-specific cell-permeant fluorogenic
substrate fluorochrome dye (green) at 72, 96, and 120 h of
culture. Basal level of activated Caspase-3/7 was detected in
the embryos from untreated control group at each time point
(Fig. 6), reminiscent of the important role of cell apoptosis in
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Fig. 4 The effects of 72-h TBP a
exposure on mouse peri-
implantation embryos developed
into egg cylinder stage in vitro. a
Representative images of the ex-
pression of early embryonic
lineage-specific markers, OCT4
(red), GATAG (gray), and
EOMES (green), in the embryos
from the control and TBP-treated
groups. The nuclei were stained
with DAPI (blue). Pseudo-colors
were used here. Scale bar, 50 um.
b, d The average number of
OCT4+ (b), GATA6+ (¢), and
EOMES+ (d) cells at the maxi-
mum cross section of embryos in
each group (n = 6). Two-sided
unpaired Student’s #-test was
used. The data was presented as
the means + SD. Asterisks indi-
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embryonic development. The number of caspase-3/7-positive
cells increased slightly after exposed to TBP at low dosage (25
uM) since 72 h of culture (Fig. 6), in accordance with the
slight growth inhibition effects of TBP on embryos at this
concentration (Fig. 3b, d). However, significant increment of
caspase-3/7-positive cells was observed in the embryos
treated with 50 and 100 uM TBP, especially at 120 h of
culture (Fig. 6). Furthermore, the accumulation of cas-
pase-3/7-positive cells was mainly detected in EPI cells
at 72 and 96 h of culture, while that in ExEc cells were
only observed at 120 h (Fig. 6). These results were con-
sistent with the observation that the destruction of intact
3D architecture was mainly detected in the EPI when ex-
posed to high concentrations of TBP (Fig. 6). Thus, the
developmental arrest and abnormal lineage differentiation
in mouse embryos exposed to TBP mainly resulted from
TBP-induced apoptosis in EPI.

Conclusively, the application of 3D Matrigel drops and
proposing of new embryonic selection standards made the
IVC platform suitable for embryonic toxicological studies.
With this, we revealed the dose-dependent embryotoxicity of
TBP on growth and differentiation potential, as well as egg
cylinder formation (Fig. 7).
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Discussion

Considering the wide distribution of TBP in the environment,
its potential adverse effects on health have attracted great at-
tention. Although the toxic effects of TBP on the reproduction
and development of aquatic animals have been well studied, it
is still far from complete for our knowledge on the reproduc-
tive and developmental toxicity in mammals, particularly re-
garding early embryonic development from peri-implantation
to early post-implantation stages. In this study, we optimized
the mouse embryo IVC system and evaluated the adverse
effects of TBP on mouse embryos from peri-implantation to
egg cylinder stages.

In vitro models for embryonic toxicological studies

Despite the wide acceptance in embryonic toxicological stud-
ies, the rodent WEC technique is inapplicable for studying the
embryos before gastrulation stage. The mouse embryo IVC
system can recapture mouse embryonic development from
pre-implantation to post-implantation stages in vitro.
However, the lack of robust IVC system-based protocols for
toxicological studies has hindered their applications for
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Fig. 5 A RT-qPCR assay to confirm the mRNA expression levels of
lineage-specific genes. TBP affected the transcription of Oct4, Gata6,
and Fomes genes in embryos. The mRNA levels of these genes in 48 h

decades. Recently, by manually selecting embryos synchro-
nized by stage and morphology, Gordeeva et al. evaluated the
adverse effects of 5-HTP on mouse embryos at three separate
stages, including the pre-implantation, peri-implantation, and
early post-implantation stages (Gordeeva and Gordeev 2021).
Although it represented a great beginning, their protocols

(a, b) and 72 h (c—e) TBP-treated groups were analyzed and normalized
to those in the control group. Data are expressed as the means = S.D. (n =
2). Two batches of independent experiments were performed.

cannot be applied to determine the bioaccumulation effects
of chemicals, which was mainly limited by the unpredictable
developmental outcomes. Here, after being combined with
Matrigel drops based 3D culture system, about 33-42% blas-
tocysts developed into egg cylinders, comparing with the ef-
ficiency of 20% when the blastocysts were directly seeded

Activated Caspase-3/7/Brightfield

0 uM 25 uM

50 uM 100 uM

72 h

96 h

120 h

Fig.6 TBP exposure resulted in cell apoptosis in cultured mouse embryos. Representative images of apoptotic cells with activated caspase-3/7 (green) in

the control and TBP-treated groups. Scale bar, 50 pm. » = 3 in each group
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Fig. 7 Abstract graphic for Oh 48 h 96 h 120 h
evaluating the toxic effects of IVC1 IVC2+TBP
TBP on mouse embryonic
development from peri- Blastocyst Peri-implantation Pre-egg cylinder Egg cylinder
implantation to egg cylinder stage
37°C
5% CO2
Matrigel drops TGCs spread out
Assay Assay
2500 px \ /
Developmental arrest
Abnormal lineage differentiation
<500 px
Disgarded

into tissue culture plates in our hands. These results were in
consistent with the study conducted by Xiang et al., in which
they found that the inclusion of 10% Matrigel in the IVC
medium enabled 23.5% of human blastocysts to develop into
pre-gastrulation stage with normal embryonic structures
(Xiang et al. 2020). Both studies indicated the critical roles
of extracellular matrix in normal embryonic development.
Detailed evaluation of the concentration of Matrigel in our
mouse embryo [VC system might further improve the poten-
tial of mouse blastocysts to develop into egg cylinders with
normal embryonic structures and made it more suitable for
embryotoxic studies. On the other hand, by tracking the whole
developmental process of mouse embryos in culture, we iden-
tified the mouse embryos least likely to develop into egg cyl-
inders, which were characterized by no TGCs spreading out
and with an embryo area less than 500 pixels at 48 h in culture.
After the exclusion of these embryos, about 50-67% blasto-
cysts developed into egg cylinders with high repeatability.
These modifications made it possible to continuously
evaluate the toxic effects of chemicals on mouse embryos
from pre-implantation to post-implantation stage in cul-
ture. Nonetheless, the post-blastocyst stage (0 h in cul-
ture) might not be suitable as a start point for chemical
exposure in our culture system and more efforts should be
made in the future.

Comparing with the widely used cell lines like 3T3-L1 and
HEK 293 (Chen et al. 2019; Zhang et al. 2019), pluripotent
stem cells (PSCs) have provided promising alternatives since
they can generate various somatic and germ cells. Various
PSC-based procedures have been developed to determine
the toxicity of environmental hazards since the proposal of

Cell apoptosis

the embryonic stem cell test (EST), an alternative solution
validated by the European Center for the Validation of
Alternative Methods (ECVAM) for reproductive and devel-
opmental toxicity animal tests (Faiola et al. 2015; Genschow
et al. 2004; Marx-Stoelting et al. 2009). While directed differ-
entiation of PSCs to certain cell lineages provides a useful
platform for evaluating the effects of certain chemicals on
specific cell types (Fu et al. 2019; Hu et al. 2020a, b; Yin
et al. 2018), the application of embryoid body (EB) differen-
tiation provides a complementary strategy to perform toxic
analysis on multiple cell types from different germ layers at
the same time (Liang et al. 2021; Liu et al. 2021; Yin et al.
2019). Furthermore, the inclusion of transcriptome analyses at
population or single-cell level also enabled us to access the
underlying molecular mechanisms (Guo et al. 2019).
Recently, Gordeeva et al. conducted a comparative analysis
of toxic effects of 5-HTP on early mouse embryos and mouse
ESC-derived EBs (Gordeeva and Gordeev 2021). Although
similar dose- and stage-dependent adverse effects were ob-
served in both early mouse embryos and EBs, several incon-
sistencies remained. Since the EBs failed to generate ExEc
cells, they cannot be applied to evaluate the toxicity of
chemicals to the differentiation and survival of ExEc cells
(Gordeeva and Gordeev 2021). On the other hand, unlike
the mouse embryos, the EBs failed to form the bilaterally
symmetric structures. Therefore, while the EB differentiation
procedure represents a reliable, repeatable, and high-
throughput technique for analyzing the developmental toxici-
ty of various toxic substances, the rodent WEC and IVC tech-
niques provide the necessary complement for toxicological
studies in vitro.
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The adverse effects of TBP on early mouse embryos in
culture

There are three major lineages in early embryos, including
EPI, ExEc, and ExEn. The fetus is mainly developed from
the EPI cells. The ExEc cells will give rise to the placenta,
while ExEn cells will develop into the yolk sac tissue and
partially contribute to gut endoderm (Boss et al. 2018;
Hemberger et al. 2020). Besides, the ExEn also play critical
roles in patterning the underlying EPI to generate three prima-
ry germ layers and extraembryonic mesoderm (ExM) which
gives rise to the amnion, chorionic disk, and umbilical cord
(Boss et al. 2018; Hemberger et al. 2020). Any failure of early
embryonic lineage differentiation or survival will result in the
failure of egg cylinder formation and further embryonic de-
velopment, which is one of the major causes of miscarriage.
Great concerns have been raised about the toxic effects of
TBP on human embryonic development since the presence
of TBP in both human fetal blood and placental tissues.

In current study, we found that TBP treatment prohibited
the mouse blastocysts from developing into post-implantation
egg cylinders in a dose-dependent manner. Among the early
embryonic lineages, EXEc cells were the most resistant ones to
TBP exposure since no significant difference was observed
for the number of EOMES+/GATA6— cells between the con-
trol and TBP-treated groups. These results suggest that the
placental tissues play protective roles in TBP exposure of
the fetus, since up to 316 ng/g of TBP was detected in human
placental tissues (Leonetti et al. 2016). However, whether any
embryonic toxicity of TBP mediated by the placental tissues
remains to be determined. On the contrary, the survival of
both OCT4+ EPI cells and EOMES+/GATA6+ ExEn cells
were greatly inhibited in the embryos exposed to TBP even
at low concentration (25uM). The toxicity of TBP to OCT4+
EPI cells implies that TBP exposure will influence the speci-
fication of three primary germ layers including. First, defini-
tive endoderm that gives rise to the organs like the liver and
pancreas. Second, the mesoderm generates the organs like the
heart and muscle. Third, ectoderm that develops into the or-
gans like the neural system and skin. Previously, we have
demonstrated that pretreating human-extended pluripotent
stem cells with TBP will not only inhibit the maintenance of
pluripotency, but also influence the differentiation of embry-
onic lineages in EB differentiation assay (Liu et al. 2021).
Furthermore, we had also shown that the specification of both
definitive endoderm and mesoderm was inhibited by TBP
exposure, while that of ectoderm was promoted. Whether sim-
ilar toxic effects of TBP will be observed in cultured mouse
embryos remains to be evaluated and the prolonged culture of
the mouse embryos into gastrulation stage in vitro is required
first. On the other hand, the toxic effects of TBP on EOMES+/
GATAG6+ ExEn cells suggested that TBP exposure will not
only disturb the development of yolk sac, but also indirectly
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influence the generation of amnion, chorionic disk, and um-
bilical cord due to abnormal ExM development. The develop-
mental deficiency of yolk sac and ExM-derived tissues will
result in the failure of fetal-maternal exchange of nutrients,
wastes, and gases. Therefore, TBP exposure can interfere with
the development of mouse embryos and might result in mal-
formed embryos and miscarriage.

Conclusions

In conclusion, we develop a new model for in vitro evaluating
the toxicity of chemicals and hazards on mammalian embryos
at early developmental stages (from peri-implantation to egg
cylinder stage). The application of 3D Matrigel drops-based
mouse embryo IVC system promotes mouse blastocysts to
develop into egg cylinders and standards proposed for
selecting embryos with good developmental outcomes made
the platform suitable for reproductive and embryonic toxico-
logical studies. With the aid of this newly developed platform,
we determined the adverse effects of TBP on mouse embry-
onic development and found that TBP exposure significantly
inhibited the growth of mouse embryos, the differentiation of
early embryonic lineages, and finally the formation of egg
cylinders in a dose-dependent manner. The toxic effects of
TBP mainly cause abnormal differentiation and poor survival
of pluripotent EPI cells and ExEn cells that derived from the
ICM, while the ExEc cells derived from the TE were resistant
to TBP treatment. These results imply that long-term TBP
exposure of pregnant women might lead to abnormal embry-
onic development of the fetus and fetal membranes.
Therefore, our study here provides a valuable platform for
evaluating the toxic effects of chemicals and hazards on mam-
malian embryos at early developmental stages.
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