',\' frontiers

1IN Environmental Science

ORIGINAL RESEARCH
published: 14 March 2022
doi: 10.3389/fenvs.2022.860786

OPEN ACCESS

Edited by:

Chenglian Feng,

Chinese Research Academy of
Environmental Sciences, China

Reviewed by:

Liwei Sun,

Zhejiang University of Technology,
China

Markus Hecker,

University of Saskatchewan, Canada

*Correspondence:
Lihua Yang
lhyang@ihb.ac.cn

Specialty section:

This article was submitted to
Toxicology, Pollution and the
Environment,

a section of the journal

Frontiers in Environmental Science

Received: 23 January 2022
Accepted: 24 February 2022
Published: 14 March 2022

Citation:

Wang X, Sun'Y, Fu M, Chen P,
Wang Q, Hua J, Fu K, Zhang W, Zhu L,
Yang L and Zhou B (2022) Nano-TiO»
Adsorbed Decabromodipheny! Ethane
and Changed lts Bioavailability,
Biotransformation and Biotoxicity in
Zebrafish Embryos/Larvae.

Front. Environ. Sci. 10:860786.

doi: 10.3389/fenvs.2022.860786

®

Check for
updates

Nano-TiO, Adsorbed
Decabromodiphenyl Ethane and
Changed Its Bioavailability,
Biotransformation and Biotoxicity in
Zebrafish Embryos/Larvae

Xiulin Wang "2, Yumiao Sun'? Mengru Fu®, Pengyu Chen* Qiangwei Wang?,
Jianghuan Hua', Kaiyu Fu™2, Wei Zhang?®, Lifei Zhu®, Lihua Yang'* and Bingsheng Zhou'

"State Key Laboratory of Freshwater Ecology and Biotechnology, Institute of Hydrobiology, Chinese Academy of Sciences,
Wuhan, China, College of Advanced Agricultural Sciences, University of Chinese Academy of Sciences, Bejing, China, °State
Environmental Protection Key Laboratory of Environmental Risk Assessment and Control on Chemical Process, School of
Resource and Environmental Engineering, East China University of Science and Technology, Shanghai, China, *Department of
Chemistry, Wuhan University, Wuhan, China, °Institute of Pesticide and Environmental Toxicology, Zhejiang University,
Hangzhou, China, Bejiing Academy of Agriculture and Forestry Sciences, Beiing, China

Decabromodiphenyl ethane (DBDPE), a novel brominated flame retardant, may co-exist
with other pollutants including nanoparticles (NPs) in aquatic environment. Due to
structural similarity with decabromodiphenyl ether, DBDPE has been reported to
exhibit thyroid disrupting effects and neurotoxicity. This study further evaluated the
behavior of DBDPE in aqueous environments along with the bioavailability and toxicity
of DBDPE in aquatic organisms in the presence of TiO, nanoparticles (n-TiO,). When co-
existing in an aqueous environment, DBDPE was adsorbed by n-TiO,, potentially
facilitating the sedimentation of DBDPE from the aqueous phase. Co-exposure to
DBDPE and n-TiO, significantly increased the uptake of DBDPE by zebrafish (Danio
rerio) embryos and altered the composition of metabolites in zebrafish larvae compared to
zebrafish exposed to DBDPE alone. The DBDPE-induced increases in heart rate, tail
bending frequency, average speed under dark/light stimulation, and thyroid hormone
levels in zebrafish embryos/larvae were further enhanced in the presence of n-TiO..
Overall, the results demonstrate that n-TiO, affected the behavior of DBDPE in the
aqueous phase and increased the bioavailability and biotoxicity of DBDPE in zebrafish
embryos/larvae. These results could be helpful for understanding the environmental
behavior and toxicity of DBDPE.

Keywords: DBDPE, N-TiO2, bioavailability, thyroid disruption, developmental neurotoxicity, zebrafish larvae

1 INTRODUCTION

As an alternative to decabromodiphenyl ether (BDE-209), decabromodiphenyl ethane (DBDPE) has
been extensively used in consumer products such as plastics, foams, textiles, furniture, and electronic
devices (Covaci et al., 2011; Shi Z. et al., 2018). DBDPE has become one of the most commonly used
brominated flame retardants worldwide (Rauert et al., 2018; Xiong et al., 2019). Consequently,
DBDPE has been detected in various biological and abiotic media such as air, indoor dust, surface
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water, sediment, wildlife, and even human beings (Chen et al,
2019; Wembken et al.,, 2019; Harrad et al., 2020; Zuiderveen et al.,
2020). Previous studies have detected DBDPE at concentrations
of up to 107 ng/L in surface water of the Xiaoqing River Basin
(Zhen et al.,, 2018) and even 990 ng/L in Sewage from Sewage
Outlet in Dongjiang River (Zeng et al., 2011) and 1700 + 744 ng/g
lipid weight in crucian carp (Carassius auratus) from an e-waste
recycling site in South China (Tao et al, 2019). Moreover,
environmental monitoring in the Bohai Sea revealed that the
ratio of DBDPE to BDE-209 exceeded two in the aqueous phase
and four in air (Liu et al, 2020). Notably, DBDPE may have
higher bioavailability in some organisms and persist longer in the
environment compared to BDE-209 (Wu et al., 2020a; Liu et al.,
2020). Therefore, it is important to evaluate the potential
ecological and health risks of DBDPE based on an in-depth
understanding of its environmental behavior, bioavailability,
and biotoxicity.

DBDPE was initially considered as an environmentally
friendly alternative to BDE-209 with low acute toxicity in
chicken embryos at a dose of 0.1 uM (Egloff et al., 2011) and
no marked acute toxicity to fish, algae, or Daphnia magna at
concentrations up to 110 mg/L (Hardy et al., 2012). However,
recent studies have suggested that DBDPE leads to thyroid
endocrine disruption and developmental neurotoxicity due to
structural similarity between BDE-209 and thyroid hormones
(Sun et al., 2018; Wang X. et al., 2019; Wang Y. et al., 2019). For
example, waterborne exposure to DBDPE at concentrations of 0,
2.91,9.71,29.14, 97.12 and 291.36 pg/L significantly increased the
whole-body contents of triiodothyronine (T3) and thyroxine (T4)
in zebrafish larvae (Wang X. et al., 2019). In addition, the short-
term exposure to sediment containing DBDPE caused low-level
developmental neurotoxicity in zebrafish larvae (Jin et al., 2018).
Understanding the toxicity of DBDPE is complicated by the fact
that organic pollutants do not exist alone in the environment.
Thus, the potential risk of these chemicals may be underestimated
or overestimated by using toxicological data based only on single
exposure.

Nanoparticles (NPs), with large surface areas, have received
close attention because they can adsorb organic pollutants and
change their behavior in the environment and toxicity in
organisms (Liu et al., 2018; Wang et al,, 2018). As a common
engineered nanomaterial, nano-TiO, (n-TiO,) has been widely
applied in various domains and been detected in the environment
worldwide (Kaegi et al., 2017; Pradas del Real et al., 2018; Luo
et al., 2020). Concentrations of n-TiO, up to 43 pg/L have been
reported in wastewater treatment plant effluent (Shi et al., 2016).
The estimated concentrations of n-TiO, reached 103 pg/L in the
coastal waters of the San Francisco Bay (Garner et al., 2017) and
even exceeded 900 pg/L in surface water near popular beaches in
France (Labille et al., 2020). Furthermore, recent studies have
reported that the concentration of Ti-NPs ranged from 0.09 to
10.2 pg/L in water samples (Wu et al., 2020b) and DBDPE ranged
from 3.1 to 64.8 ng/g lipid weight in fishes (Zheng et al., 2018) in
Taihu Lake, China. These studies suggested that DBDPE may co-
exist with n-TiO, in the aquatic environment. In a previous study,
when BDE-209 was mixed with a n-TiO, suspension, the
measured concentration was decreased 35% after 24 h,
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indicating that n-TiO, adsorbed BDE-209 to form settleable
mixture thus changed its original existence in water (Wang
et al, 2014). Furthermore, the presence of n-TiO, enhanced
the accumulation of BDE-209, leading to thyroid endocrine
disruption and developmental neurotoxicity in zebrafish larvae
(Wang et al.,, 2014). Since DBDPE has very similar chemical
structure and physicochemical properties with BDE-209, we
suppose that DBDPE may exhibit similar changes in
environmental behavior and toxicity when co-existing with
n-TiO,.

Above all, the main objectives of this study were to determine
whether n-TiO2 1) affects the existence of waterborne DBDPE; 2)
affects the uptake and metabolism of DBDPE in zebrafish larvae;
and 3) affects the potential toxicity of DBDPE in zebrafish larvae.
The results could be helpful for understanding the environmental
behavior and biotoxicity of both pollutants.

2 MATERIALS AND METHODS

2.1 Chemicals

DBDPE (CAS No. 84852-53-9, purity >96%) was purchased from
Tokyo Chemical Industry Co., Ltd. (Tokyo, Japan). The DBDPE
standard used in chemical analysis was purchased from
AccuStandard, Inc. (New Haven, CT). Dimethyl sulfoxide
(DMSO), which was used to make the stock solutions of
DBDPE (0.1% v/v), was purchased from Sigma-Aldrich (St.
Louis, MO). Methanesulfonate (MS-222) was purchased from
Sigma-Aldrich (St. Louis, MO), while n-TiO, (CAS: 13,463-67-7;
purity >99.9%) was purchased from Wan Jing New Material
Company (Hangzhou, China). According to the manufacturer,
the n-TiO, had a diameter of 7.04 nm. All other chemicals used in
this study were of analytical grade and trace metal analysis grade
for TiO, analysis.

2.2 Analysis of n-TiO, and DBDPE in

Aqueous Solution
The preparation and characterization of the n-TiO, were
performed according to previously described methods (Wang
et al, 2014). A series of aqueous solutions containing n-TiO,
(100 pg/L) and different concentrations of DBDPE (0, 1, 10, or
100 ug/L) were prepared in ultrapure water. The average
diameters and zeta potentials were analyzed using dynamic
light scattering (DLS) with a Zetasizer Nano ZS instrument
(Malvern Instruments, Worcestershire, United Kingdom). The
chosen concentration of n-TiO, (100 pg/L) is environmentally
relevant and has been shown to enhance the bioavailability and
toxicity of BDE-209 (Wang et al., 2014). The concentrations of
DBDPE were chosen according to previous reports of thyroid
hormone disruption and developmental toxicity upon single
exposure; the lowest studied concentration of DBDPE can be
considered to be environmentally relevant (Wang X. et al., 2019).
According to the obtained results, 10 ug/L was chosen to study
the dynamics of DBDPE in the presence of n-TiO,. Samples
(12 ml) of each DBDPE/n-TiO, solution (n = 3 replicates) were
collected at 0, 4, 8, 12, 20, and 24 h after mixing the DBDPE and
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n-TiO, solutions. After centrifugation for 10 min at 12,000 x g,
the supernatants were collected for determination of DBDPE by
gas chromatography-mass spectrometry (GC-MS) in electron-
capture negative ionization mode (Agilent 7,890A-5975C;
Agilent Technologies, DE, United States). The detailed
protocols for sample collection, pretreatment, and chemical
analysis are shown in the supplementary material
(Supplementary Text S1).

2.3 Zebrafish Maintenance and Exposure
Adult wild-type zebrafish (Danio rerio; AB strain) were
maintained at 28 + 0.5°C (14h light: 10h dark), and the
embryos were reared and collected as previously described
(Wang X. et al, 2019). In general, 300 normally developed
embryos (2h post fertilization, hpf) were selected and
distributed in a glass beaker containing 100 ml of DBDPE
solution (0, 1, 10, or 100 pg/L) alone or in combination with
n-TiO, (100 pg/L) until 144 hpf and each treatment included
three replicates. Each day, the dead embryos/larvae and 80%
exposure solutions was renewed. The same volume of exposure
solution was replenished to each beaker. The live embryos/larvae
and 20% exposure solutions were kept in the beaker to reduce
disruption. All studies were conducted according to the
guidelines for the care and use of laboratory animals of the
National Institute for Food and Drug Control of China, and
were approved by the Institutional Animal Care and Use
Committee of the Institute of Hydrobiology, Chinese Academy
of Sciences.

2.4 Analysis of n-TiO,, DBDPE, and DBDPE

Metabolites in Zebrafish Larvae

The contents of n-TiO,, DBDPE, and possible DBDPE
metabolites were determined in zebrafish larvae at 144 hpf. For
the analyses of DBDPE and its metabolites, 100 larvae from each
replicate (n = 3 replicates) were collected, immediately frozen in
liquid nitrogen, and stored at —80°C before analysis. The samples
were pretreated and analyzed by GC-MS (Agilent 7,890A-5975C)
with electron-capture negative ionization. The quantitation of
DBDPE and identification of its possible metabolites were
conducted in selective ion monitoring mode (m/z = 79 and
81) as previously described (Wang X. et al, 2019). The
recovery of spiked DBDPE was 81 + 16%. To quantify n-TiO,,
according to (Wang et al., 2014), 100 zebrafish larvae for each
treatment (n = 3 replicates) were collected, and then added
concentrated nitric acid. After digestion for a night, n-TiO,
were converted into Ti** via a double decomposition reaction.
The Ti** concentrations in the supernatants were quantified by
high-performance liquid chromatography in combination with
inductively coupled plasma mass spectrometry (NexION300X,
PekinElmer, Santa Clara, CA). The Ti concentrations were
quantified by a Ti standard curve and then converted to TiO,
concentrations via molecular weight conversion. The recovery for
the n-TiO, quantification technique ranged from 94 to 107%.
Detailed protocols for sample collection, pretreatment, and
chemical analysis are found in the supplementary material
(Supplementary Texts S1, S2).

Co-Exposure of Nano-TiO2 and DBDPE

2.5 Evaluation of DBDPE-Induced Thyroid
Disruption and Neurotoxicity in Zebrafish

Larvae in the Presence of n-TiO,

2.5.1 Behavioral Assays

We assessed three kinds of behaviors of zebrafish embryos/larvae,
including embryonic spontaneous tail bending, free-swimming
movement and locomotion behavior in response to dark-to-light
transitions as previous described (Chen et al., 2017).

At 24 hpf, eight embryos were randomly selected from each
replicate beaker and transferred to a 24-well plate (eight embryos
per well). The 24-well plate was placed under a dissection
microscope, and videotaped 1min by a CCD camera after
5 min acclimation. The times of spontaneous tail bending were
counted for each embryo, and there were 24 embryos for each
group (eight embryos per replicate x three replicates).

At 144 hpf, we randomly selected 24 zebrafish larvae from
each exposure group (eight larvae per replicate x three replicates)
and transferred to a 24-well plate (one larvae per well) for the
other two motor behaviors test. After 5 min acclimation, 10 min
visible light of free-swimming movement and subsequently
20 min dark-to-light transitions (5 min dark-5 min light-5 min
dark-5 min light) of locomotion behavior were monitored by
using a Zebralab Video-Track system (View Point Life Sciences,
Inc., Montreal, Canada).

2.5.2 Neurotransmitter Measurements

At 144 hpf, 50 zebrafish larvae were collected from each treatment
(n = 3 replicates) to determine the contents of neurotransmitters
as previously described (Gonzalez et al., 2011; Shi Q. et al., 2018).
The neurotransmitter contents were quantified using a high-
performance liquid chromatography system (ACQUITY UPLC
H-class-Xevo TQ MS, Waters, Ireland). Detailed protocols of
sample pretreatment are shown in the supplementary material
(Supplementary Text S3).

2.5.3 Measurement of Thyroid Hormones (TH)
Contents

At 144 hpf, 200 zebrafish larvae were collected from each
treatment (n = 3 replicates) to determine the whole-body TH
contents as previously described (Yu et al., 2011). The total T4
(tT4) and T3 (tT3) contents were measured using commercial
enzyme-linked immunosorbent assay (ELISA) test kits (Wuhan
EIAab Science Co. Ltd., Wuhan, China). The detection limits,
intra-assay variation, inter-assay variation, and mean recoveries
of tT4 were 1.2 ng/ml, 4.3, 7.5, and 74.46 + 2.54%, respectively,
while those of tT3 were 0.1 ng/ml, 4.5, 7.2, and 61.20 * 0.82%,
respectively. The detailed sample pretreatment process can be
found in the supplementary material (Supplementary Text S4).

2.5.4 Quantitative Real-Time Polymerase Chain
Reaction (QRT-PCR)

At 144 hpf, 30 zebrafish larvae were collected from each treatment
(n =3 replicates) to extract total RNA according to the pro%ocol of
(Yu et al., 2010). qRT-PCR was carried out using SYBR Real-
time PCR Master Mix-Plus kits (Toyobo, Osaka, Japan) and an
ABI 7300 system (Applied Biosystems, CA, United States). The
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gene primer sequences were obtained from the literatures or
identified using the online program Primer 3 (http://frodo.wi.mit.
edu/; see Supplementary Table S1) and ribosomal protein L8
(rpl8) was used as a reference gene to calculate the relative gene
transcriptional levels based on the 2-AACt method. The detailed
protocols for qRT-PCR are provided in the supplementary
material (Supplementary Text S5).

2.5.5 Protein Extraction and Western Blot Analysis
Protein extraction and western blot analysis were performed by
following the previous method (Shi Q. et al.,, 2018). At 144 hpf,
100 zebrafish larvae were collected from each treatment (n = 3
replicates) to extract total protein with a commercial kit (KeyGen
Biotech, Nanjing, China) and the protein concentrations were
determined using the Bradford method. The expressions of
proteins [synapsin Ila (SYN2a) and al-TUBULIN] were
quantified by densitometry with the results normalized to the
expression of GADPH. The rabbit SYN2a antibody (Synaptic
Systems, Gottingen, Germany) and rabbit al-tubulin antibody
(Abcam, Cambridge, United Kingdom) have been previously
confirmed reactive and suitable for zebrafish studies (Shi Q.
et al, 2018). The relative optical density of the band was
measured with the Image] software. The detailed procedure
can be found in the supplementary material (Supplementary
Text S6).

2.6 Molecular Docking

The crystal structures of two target proteins, human corticotropin
releasing factor receptor type 1 (CRFR1; PDB code, 3EHS) and
human thyroid hormone receptor beta (TRB; PDB code, 1N46)
were obtained from the RCSB protein databank (http://www.pdb.
org). The molecular docking of DBDPE and the target proteins
was performed using Discovery Studio 2016 with the Dock
Ligands (CDOCKER) protocol. Detailed information is
provided in the supplementary material (Supplementary
Text S7).

2.7 Statistical Analysis

Data normality was analyzed by Kolmogorov-Smirnov test, while
data homogeneity was evaluated by Levene’s test. All data are
expressed as mean + standard error (SEM), and each treatment
included three replicates. The differences between the control
group and each exposure group were evaluated by two-way
analysis of variance (ANOVA) followed by Tukey’s test using
SPSS software (v22, IBM Corp, NY, United States). The
differences between single-exposure and co-exposure groups
were evaluated by Student’s t-test. A p value less than 0.05
was considered statistically significant.

3 RESULTS

3.1 Size of n-TiO, and Adsorption of DBDPE

in Aqueous Solution

Based on DLS analysis, most n-TiO, particles had sizes in the
following ranges: 60-120 nm, 120-250 nm, 150-300 nm, and
200-360 nm. When n-TiO, co-existed with DBDPE at

Co-Exposure of Nano-TiO2 and DBDPE

concentrations of 0, 1, 10, and 100 pg/L, the largest n-TiO,
sizes were approximately 200, 300, 360 and 400 nm,
respectively (Figures 1A-D). The zeta potentials of the
aqueous solutions of n-TiO, (100 ug/L) in combination with 0,
1, 10, and 100 pg/L DBDPE were —11.45 + 1.15, —11.43 * 1.49,
-12.83 + 1.20, and —23.44 + 1.85 mV, respectively (Figure 1E).
The measured concentration of DBDPE in the supernatant of the
solution containing 10 pug/L DBDPE +100 pg/L n-TiO, decreased
in a time-dependent manner over 24 h (***p < 0.001; Figure 1F).

3.2 Effects of n-TiO, on the Bioavailability
and Metabolism of DBDPE in Zebrafish

Larvae

In zebrafish larvae (144 hpf), the concentrations of n-TiO, were
significantly increased when co-exposed to 10 or 100 pg/L
DBDPE compared to single n-TiO, exposure (*p < 0.05;
Figure 2A). The accumulation of DBDPE was detected in
zebrafish larvae exposed to 10 or 100 pg/L DBDPE with or
without n-TiO,, and the DBDPE concentration in the group
exposed to 100 ug/L DBDPE + n-TiO, was significantly higher
than that in the group exposed to only DBDPE at 100 ug/L
(&&&p < 0.001; Figure 2B). The concentrations of DBDPE in the
other groups were below the limit of detection.

The possible metabolites of DBDPE were also analyzed in 144-
hpf zebrafish larvae exposed 10 pg/L DBDPE alone or in
combination with n-TiO,. In general, 14 peaks were identified
as possible metabolites of DBDPE, including nona-BDPE, nona-
brominated products, octa-BDPE, hepta-BDPE, and also other-
brominated products (Figures 2C,D). The percentages of
DBDPE, nona-BDPE, nona-brominated products, octa-BDPE,
hepta-BDPE, and other-brominated products were 17, 20, 4, 32,
22, and 5% in the group exposed to 10 ug/L DBDPE, respectively
(Figure 2C), and 27, 34, 12, 15, 9, and 3% in the group exposed to
10 ug/L DBDPE + n-TiO,, respectively (Figure 2D).

3.3 Effects of n-TiO, on DBDPE-Induced
Thyroid Disruption and Neurotoxicity in

Zebrafish Larvae

3.3.1 Developmental Toxicity

No significant differences in the hatching rate, survival rate,
malformation rate, and body weight of zebrafish larvae were
observed among all groups (Table 1). However, the heart rates
were significantly increased the group exposed to 10 or 100 pg/L
DBDPE compared to the control group (*p < 0.05, Table 1).
Moreover, the heart rates were significantly increased in the
groups exposed to 10 pug/L DBDPE + n-TiO, and 100 pg/L
DBDPE + n-TiO, compared to the group exposed to n-TiO,
alone (*p < 0.05, Table 1).

3.3.2 Alterations in Locomotor Behavior

At 24 hpf, the frequencies of side-to-side tail contraction of
zebrafish embryos were significantly increased in the groups
exposed to DBDPE at 1, 10, and 100 pg/L compared with the
control (**p < 0.01, Figure 3A). The presence of n-TiO, further
enhanced these increases, with significant differences observed
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between the groups treated with 10 pg/L DBDPE + n-TiO, group
and 100 pg/L DBDPE + n-TiO, compared to the corresponding
single-exposure groups (¥p < 0.05, Figure 3A). And significant
increases were observed in 10 ug/L DBDPE + n-TiO, group at
22 hpf and 100 ug/L DBDPE + n-TiO, group at 28 hpf compared
to the corresponding single-exposure groups (*p < 0.05,
Supplementary Figures S1A-D).

The average speeds of zebrafish larvae under continuous light
were significantly increased in the group exposed to 100 ug/L
DBDPE compared to the control group (*p < 0.05, Figure 3B)

and in the groups exposed to 10 ug/L DBDPE + n-TiO, and
100 pug/L DBDPE + n-TiO, compared to the n-TiO, exposure
group ("p < 0.05, Figure 3B). No significant differences in average
speed were observed between any of the DBDPE + n-TiO, co-
exposure groups and the corresponding single DBDPE exposure
group (Figure 3B).

The average speed of zebrafish larvae at 144 hpf was
significantly increased by exposure to 100 ug/L DBDPE, either
alone (**p < 0.01 compared with the control group) or in
combination with n-TiO, (*""p < 0.001 compared to the
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FIGURE 2 | Accumulation and metabolism of DBDPE and n-TiO in 144-hpf zebrafish larvae following exposure to DBDPE alone or in combination with n-TiO,. dw:

dry weight. (A) Contents of n-TiO,. (B) Contents of DBDPE. ((C) and ¢) Metabolites of DBDPE and the composition of metabolites in 144-hpf zebrafish larvae exposed to
10 pg/L DBDPE. ((D) and d) Metabolites of DBDPE and the composition of metabolites in 144-hpf zebrafish larvae exposed to 10 pg/L DBDPE +100 ug/L n-TiO,. Data
are expressed as mean + SEM of three replicates (100 larvae per replicate). *p < 0.05 indicates a significant difference between a DBDPE single-exposure group

and the control group. ¥%¥p < 0.001 indicates a significant difference between a co-exposure group and the corresponding DBDPE single-exposure group without
n-TiO,.
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TABLE 1 | Developmental toxicity exposure to DBDPE alone or with n-TiO».

DBDPE (ug/L) n-TiO; (ug/L)

Control 0 0
1 0
10 0
100 0
0 100
1 100
10 100
100 100

Hatching (%) Survival (%)
99.3 +0.6 97.7 £ 0.3
985 + 1.1 97.3+0.3
99.5 +0.3 972+ 04
99.8 + 0.2 97.2 +0.7
98.0+1.0 97.2+0.5
99.0 £ 0.2 97.4 + 0.9
99.3 +0.2 96.8 £ 0.3
99.4 + 01 97.4 + 01

Co-Exposure of Nano-TiO2 and DBDPE

Malformation (%) Weight (mg)
1.0+04 0.47 + 0.02
1.2+05 0.46 + 0.03
23+04 0.40 + 0.02
24 +04 0.43 + 0.01
1.6 £ 0.1 0.44 + 0.03
1.3 0.1 0.40 + 0.02
1.6 +£0.7 0.39 £ 0.02
23 +£09 0.41 £ 0.01

Heart rate (beats/min)

1546 +1.2
160.0 = 1.9
162.7 + 1.8*
166.4 + 1.1*
168.0 £ 1.5
162.4 + 1.3
165.8 + 1.8*
1716 £ 1.4%

Table 1. All data are expressed as mean + SEM, of three replicates. *p < 0.05 indicate significant difference detected between DBDPE, exposure groups and control group. *p < 0.05
indicate significant difference detected between DBDPE, with n-TiO. exposure groups and 100 ug/L n-TiO, exposure group.
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FIGURE 3 | Behavioral changes in zebrafish embryos/larvae following exposure to DBDPE alone or in combination with n-TiO,. (A) Tail bending frequency of
zebrafish embryos at 24 hpf. (B) Average swimming speed under continuous light in zebrafish larvae at 144 hpf. (C) Average swimming speed in zebrafish larvae under
dark/light stimulation at 144 hpf. Data are expressed as mean + SEM (24 individuals). *p < 0.05 and **p < 0.01 indicate significant differences between the DBDPE single-
exposure group and the control group. *p < 0.05, **p < 0.01, and ***p < 0.001 indicate significant differences between the DBDPE/n-TiO, co-exposure groups
and the 100 pg/L n-TiO, single-exposure group. b < 0.05, &p < 0.01, and #%p < 0.001 indicate significant differences between the co-exposure groups and the
corresponding DBDPE single-exposure groups without n-TiOo.

n-TiO, group; Figure 3C). However, significant differences
between the group exposed to 100 ug/L DBDPE + n-TiO, and
the 100 pug/L DBDPE exposure group were only observed during

the first dark cycle (**p < 0.01, Figure 3C). In addition,
compared to the control group, the average speed of zebrafish
larvae was significantly increased by exposure to 10 ug/L DBDPE
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TABLE 2 | Contents of thyroid hormones and neurotransmitters in zebrafish larva.

Co-Exposure of Nano-TiO2 and DBDPE

GABA (ng/g.ww) Ach (ng/g.ww) Ch (ug/g.ww) NE (u/g.ww) DA (ng/g.ww) tT4 (ng/g.ww) tT3 (ng/g.ww)
Control 81.0+ 4.6 233.2 + 12.7 11.7 £ 0.8 15.4 £ 1.4 79.9 + 4.0 214 +25 2.08 + 0.08
1 pg/L DBDPE 86.2 + 8.3 290.7 + 12.3 137 £1.2 16.6 + 0.3 99.4 + 3.8 19.8 + 0.7 2.09 + 0.06
10 pg/L DBDPE 107.1 + 5.6* 334.2 + 3.4* 14.6 £ 1.0 243 + 2.2 99.1 + 15.4 321+15 2.17 = 0.09
100 g/ DBDPE 945+ 4.4 290.4 + 24.4 13.9 + 0.4 19.7 £ 0.8 102.0 + 2.6 409 + 3.0* 2.43 + 0.08
100 pg/L n-TiO» 95.4 £7.9 272.4 £ 24.8 13.4 £ 0.6 214 +12 84.6 + 12.3 254 +1.6 243 +0.14
1 pg/L DBDPE +100 pg/L n-TiO, 90.7 + 3.8 320.5 + 34.1 13.4 + 0.3 191 £1.7 62.3 + 2.6% 37.6 + 1.3%¢ 2.18 + 0.20
10 pg/L DBDPE +100 pg/L n-TiO, 98.3+7.8 264.9 + 15.4 12.4 + 0.2 21.0+06 552 + 51%  69.4 + 1.578& 2704022
100 pg/L DBDPE+ 100 pg/L n-TiO,» 845+ 0.6 284.9 + 27.0 12,3+ 0.3 184+ 0.3 333+ 728& 7584 70++88& 3954 0.38%%

ww: wet weight; GABA: y-aminobutyric acid; ACh: acetylcholine; Ch: choline; NE: norepinephrine; DA: dopamine; tT4: total thyroxine; tT3: total triodothyronine. Data are represented as
the mean + SEM of three replicates. *p < 0.05 and **p < 0.01 indiicate significant differences between the DBDPE single-exposure group and the control group. *p < 0.05, *"p < 0.01, and

+++

p < 0.001 indicate significant differences between the DBDPE + n-TiO, co-exposure group and the 100 Lig/L n-TiO. single-exposure group. ép < 0.05, ¥%p < 0.01, and #4%p < 0.001

indicate significant differences between the DBDPE + n-TiO, co-exposure group and the corresponding DBDPE single-exposure group.

(first light cycle) and 100 ug/L DBDPE (first and second cycles;
*p < 0.05; Figure 3C). Compared to the n-TiO, single-exposure
group, significant differences in average larvae speed were also
observed upon exposure to 10 ug/L DBDPE + n-TiO, (second
light cycle) and 100 pg/L DBDPE + n-TiO, (first and second
cycles; ** p < 0.01; Figure 3C). And locomotor traces of 144-hpf
zebrafish larvae under dark/light stimulation were observed in the
supplementary material (Supplementary Figure S1E).

3.3.3 Effects on the Contents of Thyroid Hormones and
Neurotransmitters

The tT, levels showed significant increases upon single exposure
to DBDPE at 100 pg/L compared with the control group (**p <
0.01, Table 2). The tT, levels also increased upon n-TiO,/DBDPE
co-exposure at DBDPE concentrations of 10 and 100 pg/L
compared to the n-TiO, single-exposure group (""*p < 0.001,
Table 2). In all co-exposure groups, the tT, levels were
significantly higher compared to the corresponding single-
exposure DBDPE groups (**p < 0.01, Table 2). The tT; levels
were significantly higher in the 100 pg/L DBDPE + n-TiO, co-
exposure group compared to the n-TiO, single-exposure group
(*p < 0.05) and compared to the 100 pg/L DBDPE single-
exposure group (¥p < 0.05, Table 2).

The whole-body contents of neurotransmitters including y-
aminobutyric (GABA), Acetycholine (Ach), choline (Ch), and
norepinephrine (NE) in 144-hpf zebrafish larvae were
significantly increased in the 10 ug/L DBDPE single-exposure
group compared with the control group (*p < 0.05, Table 2).
Compared to the n-TiO, single-exposure group, the dopamine
(DA) contents were not significantly different in any of the
DBDPE single-exposure groups, whereas they were markedly
increased in the 100 ug/L DBDPE + n-TiO, co-exposure group
(""p < 0.01, Table 2). The DA contents were significantly
increased in all DBDPE + n-TiO, co-exposure groups
compared to the corresponding DBDPE  single-exposure
groups (¥p < 0.05, Table 2).

3.3.4 Alterations in Protein Expression and Gene
Transcription

At the protein level, the protein expressions of SYN2a and al-
TUBULIN were examined in 144-hpf zebrafish larvae by western

blotting (Figure 4A). The SYN2a and al-TUBULIN expressions
were significantly decreased in all groups exposed to DBPDE,
either alone or with n-TiO,, compared to the control group
(**p < 0.001) and the n-TiO, single-exposure group (*"'p <
0.001, Figures 4B,C). No differences in protein expression were
observed between the DBDPE + n-TiO, co-exposure groups and
the corresponding DBDPE single-exposure groups.

At the transcriptional level, we examined the relative
transcription levels of genes related to central nervous system
development and thyroid hormones, including synapsin Ila
(syn2a), al-tubulin, corticotropin releasing hormone (crh),
corticotropin releasing hormone receptor 1 (crhrl), thyroid
stimulating hormone subunit beta (tshf), and thyroid
hormone receptor beta (trf3; Figure 4D). The transcript levels
of syn2a, crh, and tshf} were significantly increased upon single
exposure to 100 pg/L DBDPE compared to the control group
(*p < 0.05, Figure 4D). The transcript levels of syn2a, aI-tubulin,
tshf, and trff were significantly increased upon co-exposure to
100 ug/L DBDPE + n-TiO, compared to the n-TiO, single-
exposure group ("p < 0.05, Figure 4D). Significant differences
in the transcription levels of syn2a, tshf, and trf3 were observed
between the 100 pg/L DBDPE + n-TiO, co-exposure group and
the 100 pug/L DBDPE single-exposure group (¥p < 0.05,
Figure 4D). In contrast, the transcript level of crhrl was
significantly decreased in the groups co-exposed to n-TiO,
and DBDPE at 10 and 100 pg/L compared to the n-TiO,
single-exposure group (*'p < 0.01) and the corresponding
DBDPE single-exposure groups (***p < 0.001, Figure 4D).

3.3.5 Molecular Docking Results

Molecular docking was performed to study the binding ability of
DBDPE and identify possible target genes and proteins.
According to the docking results, DBDPE can bind to the
cavities of CRHR1 and TRp, and its mode of interaction is
similar to that of T4 (Figure 5 and Supplementary Figure
S2). But DBDPE failed to dock with thyroid-stimulating
hormone receptor (TSHR), transthyretin (TTR), or deiodinase
(DIOs) (data not shown). The binding energies of the most
optimal binding conformations were —41.36kcal/mol for
binding between DBDPE and CRHRI1 and -48.86 kcal/mol for
binding between DBDPE and TR{ (Supplementary Table S2).
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FIGURE 4 | Alterations in protein expression and gene transcription level. (A) Representative western blot image of GAPDH, SYN2a, and a1-TUBULIN. (B) Relative
protein levels of SYN2a. (C) Relative protein levels of a1-tubulin. (D) Relative transcription levels of genes related to neurodevelopment (syn2a and a7-tubulin) and thyroid
hormone synthesis and function (crh, crhr1, tshB, and trp). All data are expressed as mean + SEM of three replicates (30 zebrafish larvae per replicate). *p < 0.05, *p <
0.01, and ***p < 0.001 indicate significant differences between DBDPE single-exposure groups and the control group. *p < 0.05, **p < 0.01, and ***p < 0.001
indicate significant differences between DBDPE/n-TiO, co-exposure groups and the 100 ug/L n-TiO, single-exposure group. ¥ < 0.05, %¥p < 0.01, and %4p < 0.001
indicate significant differences between the co-exposure groups and the corresponding DBDPE single-exposure groups without n-TiO».
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4 DISCUSSION

Novel brominated flame retardants exist widely in the environment
alongside many other pollutants, which may alter their
environmental behavior, bioavailability, and biotoxicity in
organisms (Zheng et al,, 2018; Wu et al, 2020b; Ratshiedana
et al, 2021). In the present study, we evaluated the effects of
n-TiO, on the properties of DBDPE in aqueous solution, including
the accumulation, metabolism, and potential toxicity of DBDPE in
zebrafish embryos/larvae. The results indicate altered existence in
water phase, altered contents and composition of metabolites in
zebrafish larvae, and also altered toxicity of DBDPE in zebrafish
larvae in the presence of n-TiO,. At environmental relevant level,

short term exposure to DBDPE did not cause obvious toxicity in
zebrafish, either alone or in the presence of n-Ti0,, suggesting that
DBDPE pollution may not pose acute risk to the wild fish species at
present. However, the observed changes at higher concentrations
indicated potential risks by aggravated pollution, and the behavior,
toxicity and risks of DBDPE upon long-term exposure, especially in
the presence of nanoparticles still need further evaluation.

4.1 DBDPE Was Adsorbed by n-TiO, in

Aqueous Solution
We first evaluated whether DBDPE could be adsorbed to n-TiO,
by determining the diameters and zeta potentials of 100 ug/L
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target proteins.

FIGURE 5 | 3D representations of the interactions of DBDPE with corticotropin releasing hormone receptor 1 (CRHR1) (A) and thyroid hormone receptor beta (TRp)
(C). 3D representations of the interactions of T4 with CRHR1 (B) and TRp (D). The dashed lines represent the interactions between the ligand (DBDPE or T4) and the

n-TiO, in aqueous solution. The size distribution of n-TiO,
revealed an increase in nanoparticle size with increasing
DBDPE concentration (1, 10, 100 ug/L). Similarly, an
increase in n-TiO, size was observed in the presence of
BDE-209, which may be attributed to the coating of the
nanoparticles by the organic pollutants (Wang et al,
2018). In addition, the zeta potential of n-TiO, increased
(became more negative) as the concentration of DBDPE
increased. This indicates that the surface charge of n-TiO,
shifted toward that of DBDPE, leading to increased colloidal
stability in the aqueous solution. According to previous
studies, this shift in surface charge indicates the
adsorption of DBDPE by n-TiO,, likely through
electrostatic forces (Wang et al., 2018). The co-existence of
n-TiO, also led to a time-dependent decrease in the content
of DBDPE in the aqueous phase, suggesting sedimentation
due to the increased nanoparticle size. Basing on these

results, we hypothesized that DBDPE can be adsorbed by
n-TiO, and deposited from the aqueous phase.

4.2 n-TiO, Affected the Bioaccumulation
and Biotransformation of DBDPE in

Zebrafish Larvae

Due to their surface properties, nanoparticles can adsorb organic
and inorganic pollutants, resulting in changes in pollutant
bioavailability (Wang et al, 2014; Josko et al, 2021;
Ratshiedana et al., 2021). For example, n-TiO, enhanced the
bioaccumulation of bisphenol A in zebrafish (Fang et al., 2016;
Guo et al, 2019), while nano-SiO, promoted the uptake of
tetrabromobisphenol A in zebrafish larvae (Zhu et al., 2021).
Accordingly, we studied the accumulation of DBDPE (1, 10, and
100 pg/L) in zebrafish larvae in the presence of n-TiO, (100 pg/L).
The accumulation of DBDPE in zebrafish larvae exposed only to
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DBDPE increased in a dose-dependent manner, and the co-
existence of n-TiO, enhanced the accumulation of DBDPE.
Considering that the uptake of n-TiO, in zebrafish larvae was
also increased by the presence of DBDPE, we hypothesized that
the adsorption of DBDPE on n-TiO, facilitated the uptake of the
combined nanoparticles, thereby increasing the bioavailability of
both species.

To reveal the effects of n-TiO, on the biotransformation of
DBDPE, we analyzed the metabolites of DBDPE in zebrafish
larvae exposed to 10 pg/L DBDPE alone or in combination with
n-TiO,. In general, the chromatograms indicated similar
metabolites in zebrafish larvae after DBDPE exposure with
and without n-TiO,. At least 14 peaks were identified as
possible metabolites of DBDPE, including three nona-BDPE,
two nona-brominated, four octa-BDPE, and five hepta-BDPE
products. Previous studies revealed seven metabolites of DBDPE
in rats (Wang et al., 2010) and zebrafish (Wang X. et al., 2019).
Jiang et al. (2021) reported three nona-BDPE, four nona-
brominated, three octa-BDPE, and four hepta-BDPE products
in earthworms, similar to our results. However, the proportions
of different metabolite types varied between the group exposed to
10 pg/L DBDPE and the group co-exposed to 10 ug/L DBDPE +
n-Ti0O,, indicating a possibility that the presence of n-TiO, could
affect the metabolism of DBDPE.

4.3 n-TiO, Enhanced DBDPE-Induced

Toxicity in Zebrafish Larvae

We also conducted experiments to determine whether the
presence of n-TiO, can alter DBDEP-induced toxicity using
zebrafish embryos/larvae as a model. The basic developmental
parameters of zebrafish larvae (hatching rate, malformation rate,
survival rate, and body weight) were not significantly changed
upon DBDPE exposure, either alone or in combination with
n-TiO,. Consistently, no obvious developmental toxicity was
observed when zebrafish larvae were exposed to a higher
concentration of DBDPE (291.36 ug/L) (Wang X. et al,, 2019).
These results confirm the low acute toxicity of DBDPE in early-
stage zebrafish. Similarly, co-exposure to DBDPE and n-TiO, did
not lead to obvious acute toxicity. However, the heart rates of
zebrafish embryos at 48 hpf were significantly increased by
DBDPE single exposure at 10 and 100 pg/L compared to the
control, and the heart rates were further increased upon co-
exposure with n-TiO,. But no significant difference of the heart
rates was observed when zebrafish embryos exposed to 1 ug/L
DBDPE compared to the control. Jing et al. (2019) reported that
oral exposure to 500 mg/kg bw/day DBDPE led to morphological
and ultrastructural damage in the hearts of male rats, suggesting
that DBDPE may have cardiotoxicity in organisms. Our results
indicated that DBDPE did not obviously change the heart rates of
zebrafish at environmental relevant concentrations. Exposure to
higher concentrations of DBDPE may induce cardiotoxicity, and
this could be further enhanced by the presence of n-TiO,.

In the present study, single exposure to DBDPE induced
hyperactivity in zebrafish embryos/larvae, as characterized by
increased frequency of tail bending at 24 hpf and increased free
swimming speed under continuous light and dark/light

Co-Exposure of Nano-TiO2 and DBDPE

stimulation at 144 hpf. This may be explained by increases in
the contents of neurotransmitters such as GABA, Ach, Ch, and
NE at 10 pg/L DBDPE exposure group, which play important
roles in behavior (Tufi et al, 2016; Shi Q. et al, 2018;
JavadiEsfahani and Kwong, 2019). The presence of n-TiO,
enhanced the increase in tail bending frequencies and average
speed during the first dark stimulation cycle and promoted the
transcriptional levels of syn2a and al-tubulin, while it had no
effect on their protein levels. In contrast, co-exposure with
n-TiO, diminished the increases in the levels of the
abovementioned neurotransmitters and significantly decreased
the DA content. These results demonstrate that n-TiO, can
enhance the neurotoxicity of DBDPE and change the zebrafish
response to DBDPE in solution.

Previous studies have indicated that the neurotoxicity of
brominated flame retardants (BFRs) can be at least partially
attributed to their disruption of thyroid hormones due to the
structural similarity between BFR and hormone molecules
(Kitamura et al., 2008; Wang et al, 2014). DBDPE has been
shown to affect thyroid hormones in both fish and rats (Sun et al.,
2018; Wang X. et al,, 2019; Wang Y. et al., 2019). In the present
study, we observed significant increases in the tT4 and increasing
trends in the tT3 in zebrafish larvae upon single exposure to
100 pg/L DBDPE. What’s more, a further increase of the tT4 was
observed at 1 ug/L DBDPE +100 pg/L n-TiO, exposure group
compared to 1pg/L DBDPE group. These effects may be
attributed to the increased transcription levels of genes
involved in TH synthesis, including crh and tshff (Lee et al,
2016; Walter et al., 2019). The presence of n-TiO, enhanced the
DBDPE-induced increases in tT4 and tT3 along with the
transcription levels of tshff and trf, whereas it significantly
inhibited the transcription of crhrl. Corticotropin releasing
hormone (CRH) and its receptors (CRHR1 and CRHR2) have
a wide range of functions related to endocrine regulation and
behavioral responses to environmental stressors (Timpl et al.,
1998). The blocking of CRHR1 reduces CRH-induced release of
neurotransmitters such as epinephrine and dopamine in
Sprague-Dawley rats (Jezova et al, 1999). Therefore, the
inhibited transcription of crhrl may be at least partially
related to the reduction in the increased neurotransmitter
levels caused by the presence of n-TiO,. As indicated by the
molecular docking results in the present study, DBDPE can
interact with CRHR1 and TR, and the interaction strength is
higher for DBDPE compared to BDE-209. Our molecular
docking results also indicate that DBDPE fails to dock with
thyroid-stimulating hormone receptor (TSHR), transthyretin
(TTR), or deiodinase (DIOs) (data not shown). Thus, we
hypothesized that CRHR1 and TRP might be potential targets
of DBDPE; the presence of n-TiO, enhanced the DBDPE-
induced promotion of TH synthesis and activated negative
feedback by inhibiting the transcription of crhrl.

5 CONCLUSION

In summary, based on the increases in nanoparticle size and zeta
potential of n-TiO, with increasing DBDPE concentration,
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DBDPE can be adsorbed by n-TiO,, which may lead to its
sedimentation from the aqueous phase. Co-exposure with
n-TiO, promoted the uptake of DBDPE and altered the
composition of DBDPE metabolites detected in zebrafish
larvae, suggesting that the presence of n-TiO, affected the
bioavailability = and  biotransformation =~ of =~ DBDPE.
Consequently, co-exposure with n-TiO, enhanced DBDPE-
induced toxicity, as indicated by further increases in heart
rate, spontaneous movement, free swimming speed under
dark/light stimulation, and thyroid hormone disruption in
zebrafish embryos/larvae compared to single DBDPE exposure.
The presence of n-TiO, also enhanced the DBDPE-induced
promotion of TH synthesis, activated the tr regulated
pathways and triggered negative feedback by inhibiting the
transcription of crhrl. Overall, our results demonstrate that
the environmental behavior, bioavailability, biotransformation,
and biotoxicity of DBDPE were affected by the presence of
n-TiO, when exposed to higher concentrations of DBDPE
than environmental relevant concentration.
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