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Organophosphate esters (OPEs) are widespread in various environmental media, and can disrupt thyroid
endocrine signaling pathways. Mechanisms by which OPEs disrupt thyroid hormone (TH) signal trans-
duction are not fully understood. Here, we present in vivo-in vitro-in silico evidence establishing OPEs as
environmental THs competitively entering the brain to inhibit growth of zebrafish via multiple signaling
pathways. OPEs can bind to transthyretin (TTR) and thyroxine-binding globulin, thereby affecting the
transport of TH in the blood, and to the brain by TTR through the bloodebrain barrier. When GH3 cells
were exposed to OPEs, cell proliferation was significantly inhibited given that OPEs are competitive
inhibitors of TH. Cresyl diphenyl phosphate was shown to be an effective antagonist of TH. Chronic
exposure to OPEs significantly inhibited the growth of zebrafish by interfering with thyroperoxidase and
thyroglobulin to inhibit TH synthesis. Based on comparisons of modulations of gene expression with the
Gene Ontology and Kyoto Encyclopedia of Genes and Genomes databases, signaling pathways related to
thyroid endocrine functions, such as receptoreligand binding and regulation of hormone levels, were
identified as being affected by exposure to OPEs. Effects were also associated with the biosynthesis and
metabolism of lipids, and neuroactive ligandereceptor interactions. These findings provide a compre-
hensive understanding of the mechanisms by which OPEs disrupt thyroid pathways in zebrafish.
© 2022 The Authors. Published by Elsevier B.V. on behalf of Chinese Society for Environmental Sciences,
Harbin Institute of Technology, Chinese Research Academy of Environmental Sciences. This is an open

access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
, analysis of variance; BCF, bioconcentration factor; BFR, brominated flame retardant; CD-FBS, charcoal-dextran-treated
ga, glycoprotein hormone; DEG, differentially expressed gene; DKA, b-diketone antibiotic; DMSO, dimethyl sulfoxide;
tal bovine serum; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; GO, Gene Ontology; HPLC-MS/MS, high-per-
ass spectrometer; HPT, hypothalamicepituitaryethyroid; HS, horse serum; KEGG, Kyoto Encyclopedia of Genes and
IS, Naþ/I� symporter; OD490, optical density; OPFR, organophosphate flame retardant; OPE, organophosphate ester;
-buffered saline; P/S, penicillinestreptomycin; qRT-PCR, quantitative real-time PCR; RIC20/50, concentration inhibiting

ulin; TCIPP, tris(2-chloroisopropyl) phosphate; TDCIPP, tris(1,3-dichloro-2-propyl) phosphate (TDCIPP); TDCIPP-d15,
globulin; TH, thyroid hormone; THR, thyroid hormone receptor; TIPP, tris(isopropyl) phosphate; TPHP, triphenyl
ne receptor b; tshba, thyroid-stimulating hormone beta subunit a; TTR, transthyretin.

xw@cnemc.cn (X. Jin).

ier B.V. on behalf of Chinese Society for Environmental Sciences, Harbin Institute of Technology, Chinese Research
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:fengcl@craes.org.cn
mailto:jinxw@cnemc.cn
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ese.2022.100198&domain=pdf
www.sciencedirect.com/science/journal/26664984
www.journals.elsevier.com/environmental-science-and-ecotechnology/
www.journals.elsevier.com/environmental-science-and-ecotechnology/
https://doi.org/10.1016/j.ese.2022.100198
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.ese.2022.100198


Z. Yan, C. Feng, X. Jin et al. Environmental Science and Ecotechnology 12 (2022) 100198
1. Introduction

Because fires can cause significant loss of life and damage to
property globally, the inclusion of flame retardants in various
potentially flammable products is required in many jurisdictions
[1]. Owing to the phasing out and regulation of brominated flame
retardants (BFRs), in recent years organophosphate flame re-
tardants (OPFRs) have instead been widely used worldwide as re-
placements [2,3]. It has been reported that the annual consumption
of OPFRs has increased significantly over the last few decades [4,5].
In China, the production of OPFRs has increased at an average,
annual rate of 15% [6]. In the U.S.A., it was projected that approxi-
mately 50,000 tons of OPFRs would be manufactured per year by
2020 [7]. Because they are often not covalently bound into mate-
rials, organophosphate esters (OPEs) can be released into the
environment, resulting in their widespread detection in multiple
environmental media, including abiotic and biotic compartments
[6,8e13] and [14]. OPEs have also been reported to be prone to
long-range atmospheric transport away from their sources and can
move toward the poles via the “grasshopper effect,” which is
caused by differential cooling [15,16]. This behavior, eventually
results in the global contamination of remote and oceanic envi-
ronments far from industrial and urban areas where OPEs are
manufactured and used [15e18]. Due to this transport in the
environment, there is a need for study of the potential exposure of
wildlife and humans to OPEs and associated adverse effects.

Recently, multiple mechanisms behind the toxicity of OPEs to
aquatic organisms have been reviewed and discussed [19]. Con-
clusions of that review indicated that neurotoxicity, cardiotoxicity,
hepatotoxicity, endocrine disruption including of sex hormones
and thyroid hormone (TH), and adverse effects on reproduction and
development have been observed, both in vitro and in vivo [20e25].
Previous results suggested that, in theory, some new chemicals
should cause less acute toxicity, but might be more toxic owing to
chronic exposure [26]. Furthermore, exposure to OPEs was pre-
dicted to disrupt endocrine pathways at environmentally relevant
concentrations, which were lower than those causing other toxic
effects [27] and [19, 28e32]. Disruption of endocrine functions was
also found to be related to changes in the fitness of fish populations
[33e35]. Generally, decreases in biodiversity are preceded by
changes at the molecular and physiological levels of organization,
which result in changes in the functions of tissues and organs,
followed by integrative effects on traits such as scope for growth
and reproduction, which can be measured based on body mass and
length [36]. TH is associated with regulation of the growth of or-
ganisms [37] and understanding the mechanisms and adverse
outcome pathways of TH can thus be critical to predicting changes
in populations [38,39]. Compared with toxicity with direct links to
the estrogen, androgen, and steroidogenesis (EAS) modalities, in-
formation on the indirect effects of OPEs on the hypothal-
amicepituitaryethyroid (HPT) axis of fish and subsequent effects
on reproduction remains limited.

In fish, the thyroid modality of toxic action can involve the
disruption of multiple targets of thyroid signals and functions along
the thyroid hormone-mediated, signal transduction cascade
[19,40e42]. Results of recent studies have demonstrated that
tris(2-chloroisopropyl) phosphate (TCIPP) can function as an
antagonist by inhibiting the binding of 17b-estradiol to estrogen
receptor [27], but also reduce functioning of the thyroid gland and
increase the activities of hepatic T4-outer ring deiodinase enzymes
[22]. When zebrafish embryos/larvae were exposed to tris(1,3-
dichloro-2-propyl) phosphate (TDCIPP) and triphenyl phosphate
(TPHP), the synthesis of TH via enzymes (tshb, slc5a5, and tg),
metabolism (dio1), transport (ttr), elimination (ugt1ab), and thyroid
development (hhex, nkx2.1, and pax8) were affected, which could
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disrupt central regulation through signaling pathways and syn-
thesis to increase the TH levels in blood plasma [25,29,37]. Aryl,
alkyl, and chlorinated OPEs were all considered as potential dis-
ruptors of TH and antagonists of thyroid hormone receptor b (TRb)
[43]. However, research into the acute toxicity of OPEs to zebrafish
embryos/larvae suggested that aryl OPEs, including cresyl diphenyl
phosphate (CDP) and TPHP, were more likely to cause heart mal-
formations, pericardial edema, and cardiac-looping blocking than
alkyl and chlorinated OPEs, which was mainly attributed to their
hydrophobicity and potential bioaccumulation [21]. Moreover,
TPHP has been suggested to be an effective inhibitor of acetylcho-
linesterase (AChE) activity to induce developmental neurotoxicity
in zebrafish [44,45]. To date, research has focused on the mecha-
nisms by which OPEs impact TH by affecting the amounts of hor-
mones produced, while information on the effects on themolecular
mechanisms and signaling pathways of TH has remained limited.
Thus, an important aspect to be considered is whether there is a
specific biomarker, such as a target protein, target molecule, or
specific OPE, for the effects of OPEs on thyroid function.

In this study, three typical OPEs were selected to explore the
disruption of TH endocrine functions in vivo/in vitro using zebrafish
and GH3 cells, and in silico using molecular docking. Results from
the combination of these methods elucidated the primary molec-
ular mechanisms at the molecular, gene expression, cell, protein,
and individual levels. Modes of transport of OPEs in the blood were
also investigated using molecular docking simulation. In addition,
GH3 cell assays were used to explore how OPEs competitively enter
cells. To elucidate the primary molecular mechanisms behind the
disruption of TH-signaling pathways, after chronic exposure, the
expression of key genes, hormones, and proteins in target organs
was investigated. Specific aims in this study were to: (1) investigate
the correlations between TH biosynthesis and OPE transportation
in vivo with precursor proteins or transporters; (2) discuss molec-
ular modes of action regarding TH endocrine disruption by OPEs;
and (3) identify a specific biomarker for the disruption of thyroid
function in zebrafish.

2. Materials and methods

2.1. Chemicals and reagents

Tris(isopropyl) phosphate (TIPP) (CAS 513-02-0), CDP (CAS
26444-49-5), TCIPP (CAS 13674-84-5), and dimethyl sulfoxide
(DMSO) were purchased from J&K Scientific, Ltd. (Beijing, China).
The internal standard [tris(1,3-dichloroisopropyl) phosphate-D15,
TDCIPP-d15] and phosphate-buffered saline (PBS) were purchased
from Toronto Research Chemicals, Inc. (Toronto, ON, Canada), and
Coolaber (Beijing, China), respectively. All organic solvents were of
HPLC-grade purity and were obtained from Thermo Fisher Scien-
tific (Waltham, MA, USA). RPMI-1640 culture medium was pur-
chased from Procell Life Science & Technology Co., Ltd. (Wuhan,
China). Charcoal-dextran-treated fetal bovine serum (CD-FBS) and
DMEM/F-12 were obtained from HyClone (Logan, UT, USA). MTS kit
used for measuring cell proliferation was purchased from Bestbio
(Shanghai, China).

2.2. Maintenance of zebrafish and exposure to OPEs

Zebrafish were maintained in continuous-flow tanks filled with
carbon-filtered water under a photoperiod of 16:8 h light/dark for
25 ± 2 �C. After acclimation, 1-month-old zebrafish were exposed
to TIPP, CDP, or TCIPP following OECD test guidelines protocol no.
229 with minor modifications (OECD 229). Briefly, zebrafish were
exposed individually in a semi-static exposure system to 10, 50, or
100 mg L�1 of each OPE or blank control for 28 days. A carrier of
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0.01% DMSO (v/v) was used and exposure was performed in trip-
licate. Fifteen zebrafish were exposed in 3 L of dechlorinated
carbon-filtered water filtered via a 0.45 mm filter membrane. Dur-
ing 28 dexposure, half of the exposure solution was replaced daily
with freshly prepared filtered water, containing a corresponding
concentration of TIPP, CDP, or TCIPP. Exposure solutions were
sampled before and after renewing these solutions, 4 mL of which
were filtered via a 0.45 mm Minisart syringe filter (Sartorius,
G€ottingen, Germany), followed by storage at �20 �C until analysis.
Detailed protocols used for the identification and quantification of
TIPP, TCIPP, and CDP in exposure solutions and biota are provided in
the Supporting Information (SI) (Tables S1 and S2 and Fig. S1), using
a high-performance liquid chromatograph interfaced with a mass
spectrometer (HPLC-MS/MS, Nexera-X2/8040; Shimadzu Co. Ltd.,
Kyoto, Japan) with a Waters C18 column (50 mm � 2.1 mm,
3.5 mm). The mass and snout-to-vent length of each zebrafish were
measured before and after the exposure. Blood was collected from
the caudal vein using glass capillary tubes to quantify thyroxin (T4).
Brain and soma samples were collected for the quantification of T4,
thyroperoxidase (TPO), and thyroglobulin (TG). Transcriptome
sequencing analysis was performed and the protein levels of
thyroxine-binding globulin (TBG), transthyretin (TTR), and Naþ/I�

symporter (NIS) were quantified. Detailed protocols are provided in
the Supporting Information Section SⅣ.

2.3. Competitive inhibition assay and Western blot on GH3 cell lines

Rat pituitary tumor GH3 cells were purchased from Procell Life
Science & Technology Co., Ltd. (Wuhan, China), and cultured in
Ham's Fe12K culturemedium supplementedwith 15% horse serum
(HS), 2.5% fetal bovine serum (FBS), and 1% penicillinestreptomycin
(P/S) at 37 �C in a humidified atmosphere with 5% CO2. Cells were
stored in liquid nitrogen with cell freezing medium containing 55%
basic medium, 40% FBS, and 5% DMSO.

Based on the proliferation of GH3 cells for 96 h, the concen-
trations of OPEs and T4 that caused 20% (RIC20) or 50% (RIC50) in-
hibition of cell proliferation were calculated (Table S3).
Proliferation of cells in the T-screen assay for 96 h was carried out
by slightly modified versions of previously published methods
[43,46,47]. Briefly, cells were cultured for 48 h in phenol red-free,
RPMI-1640 culture medium with 5% CD-FBS, and 1% P/S. Cells
were collected from culture plates and used in the competitive
inhibition assay conducted in a transparent 48-well culture plate.
The experimental design included a blank control (0.1% v:v DMSO);
exposure to T4, CDP, TIPP, or TCIPP individually; or exposure to
combinations of T4 and OPEs: T4þCDP, T4þTIPP, or T4þTCIPP.
Concentrations administered for the exposure were set to either
RIC20 or RIC50. Each exposure solution was conducted in triplicate
and refreshed every 24 h during 96 h of exposure. Absorption
measured as optical density (OD490), which was used as a measure
of cell proliferation, was determined via a microplate reader at
490 nm after treatment with the MTS kit [43]. The remaining cells
were subjected to western blotting to determine the levels of
proteins of TBG, TTR, and NIS, with the results normalized to
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) expression.
The detailed procedure is provided in Supporting Information
Section SIII.

2.4. Transcriptome sequencing (RNA-seq) in zebrafish brain

Brain samples were taken from each control or treatment group
after 28 d. Six brain samples were taken from each replicate
exposure and used for transcriptome sequencing related to key
signaling and functional processes of the HPT axis. An RNA-seq
transcriptome library was prepared by extracting total RNA in
3

TRIzol® Reagent, using the TruSeq™ RNA sample preparation kit
from Illumina (San Diego, CA, USA). Before read mapping for these
samples, a paired-end RNA-seq sequencing library was sequenced
with the Illumina HiSeq xten/NovaSeq 6000 sequencer (2 � 150 bp
read length). Differentially expressed genes (DEGs) were analyzed
by RSEM (http://deweylab.biostat.wisc.edu/rsem/). Functional en-
richments with the Gene Ontology (GO) and Kyoto Encyclopedia of
Genes and Genomes (KEGG) databases were carried out using
Goatools (https://github.com/tanghaibao/Goatools) and KOBAS
(http://kobas.cbi.pku.edu.cn/home.do). Detailed protocols used for
the RNA-seq of TIPP, TCIPP, and CDP are provided in Supporting
Information Section SⅤ. To validate the results of transcriptome
analysis, several DEGs calculated by RSEMwere selected to conduct
the quantitative real-time PCR (qRT-PCR) for the brain samples, as
detailed in Supporting Information Section SⅥ.

2.5. Molecular docking simulation

The structures for OPEs and T4 investigated in this study were
built and optimized using the software package Discovery Studio
Visualizer 4.0 (DS4.0; Accelrys Inc., CA, USA). Molecular docking
with TBG (ID: 2RIW) and TTR (ID: 1ICT 3.0 Å) were obtained from
the Protein Data Bank (PDB, www.rcsb.org). The molecular docking
was performed with the cdocker protocol in DS4.0 based on the
results of previous research [48,49]. During the molecular docking,
at least 20 random ligand conformations generated in this study
were further refined by grid-based simulated annealing in the
binding site. Final interaction energy was selected from top-
ranking poses derived during the docking analysis.

2.6. Statistical analyses

All statistical analyses in this study were performed using IBM
SPSS Statistics 22.0 (IBM Corporation, Armonk, NY, USA) and Origin
2018 (OriginLab Corporation, Northampton, MA, USA). First, the
normality of parameters was checked using the ShapiroeWilks
test, and the assumption of homogeneity of variance was evalu-
ated using Levene's test. One-way analysis of variance (ANOVA)
with least significant difference was used as a multiple range test to
measure the significance of differences between the control and
OPE-treated groups. The results from at least three independent
repetitions were expressed as mean ± standard deviation (SD). In
this study, significant differences between the control and treat-
ment groups were defined by a p-value less than 0.05.

3. Results

3.1. Analysis of growth inhibition in zebrafish induced by OPEs

Exposure of zebrafish to TIPP, CDP, or TCIPP inhibited growth
and development as determined by body mass and length mea-
surements (Fig. 1a). Exposure to 10 mg CDP L�1 resulted in signifi-
cantly shorter body length, whereas exposure to other
concentrations of CDP did not have significant effects. There was no
significant change of body mass in zebrafish exposed to CDP.
Exposure to 50 mg L�1 TIPP or TCIPP significantly decreased the
body length of zebrafish compared with that in the control. Expo-
sure of zebrafish to TIPP ranging from 10 to 100 mg L�1 resulted in
significantly, dose-dependently greater body mass, while for TCIPP,
no significant inhibitionwas observed, except for with 100 mg TCIPP
L�1. Impacts on body mass were the major effects of TIPP, while
exposure to TCIPP affected body length.

The concentrations of CDP in tissues of zebrafish exposed to 10,
50, and 100 mg L�1 were dose-dependent and were 5.26 ± 1.90,
21.63 ± 6.42, and 27.43 ± 2.01 ng g�1 wet mass (w/w), respectively

http://deweylab.biostat.wisc.edu/rsem/
https://github.com/tanghaibao/Goatools
http://kobas.cbi.pku.edu.cn/home.do
http://www.rcsb.org
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(Table S2). Concentrations of TCIPP in tissues of zebrafish were
found at 100 mg TCIPP L�1, namely, 20.99 ± 7.31 ng g�1 w/w.
However, upon exposure toTIPP, TIPPwas consistently not detected
in zebrafish tissues.

3.2. Analysis of contents of T4, TG, and TPO in various tissues of
zebrafish

Contents of T4, TG, and TPO in blood plasma, brain, and somatic
tissues (muscle) were measured by ELISA kits to analyze the cor-
relation between hormone levels and growth of zebrafish after
exposure to OPEs for 28 d. Exposure of zebrafish to OPEs for 28 d
affected the concentrations of T4 in blood plasma, brain, and so-
matic tissues (muscle) (Fig. 1b and S4a). No significant changes in
the contents of T4 were observed in the brain of zebrafish exposed
to TCIPP (Fig. 1b). Compared with controls, exposure to CDP caused
significantly, dose-dependent, lower contents of T4 in the brain,
while exposure to TIPP caused dose-dependent effects at greater
contents of T4 (p < 0.05 only at 10 mg L�1), which were all less than
that of the control. The only exception was 100 mg L�1. Exposure to
CDP and TIPP caused dose-dependent lower total contents of T4 in
the blood plasma (Fig. 1b). Compared with the control, the lower
content of T4 in the blood plasmawas significant at 100 mg CDP L�1,
and the greater content was significant at 10 mg TIPP L�1. Contents
of T4 were significantly lower in zebrafish exposed to 10 mg TCIPP
L�1, while no significant effects on T4 were observed in zebrafish
exposed to other concentrations of TCIPP. Exposure to CDP, TIPP, or
TCIPP, except for 50 mg CDP L�1 and 100 mg TIPP L�1, did not
significantly affect the contents of T4 in somatic tissue (Fig. S4a).
Ranges of the contents of T4 in the brain and somatic tissue of
zebrafish exposed to CDP, TIPP, or TCIPP accounted for 4.2e9.3% and
3.6e9.6% of the total plasma concentrations of T4, respectively.
Mean values of the percentages of T4 in the brain and somatic
tissues were 6.7 ± 1.2% and 5.9 ± 2.2%, which were less than one-
tenth of the total contents of T4 in blood plasma. Contents of T4
in the brain were greater than those in somatic tissue.

Exposure of zebrafish to CDP, TIPP, or TCIPP caused dose-
dependent changes in the contents of TPO and TG which are key
proteins in the synthesis of TH in the brain (Fig. 1c). Compared with
the control, exposure of zebrafish to CDP caused significantly, dose-
dependently lower TG in the brain, but significantly, dose-
dependently greater contents of TPO upon exposure to 100 mg
CDP L�1. Zebrafish exposed to TIPP had significantly lower contents
of TPO in the brain relative to the controls, while the contents of TG
were significantly lower than those of controls in zebrafish exposed
to the greatest concentration (100 mg TIPP L�1). During chronic
exposure to TCIPP, contents of TG in the brain increased in a dose-
dependent manner, and that upon exposure to the greatest con-
centration (100 mg TCIPP L�1) was significantly increased. Contents
of TPO in the brain were lower than those of the controls in
Fig. 1. Inhibition of growth and hormone imbalance of zebrafish exposed to CDP, TIPP, or TC
T4 in blood plasma or brain after 28 d exposure. c, Concentrations of TG and TPO in brain o
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zebrafish exposed to TCIPP. For somatic tissue (muscle), contents of
TG in fish exposed to CDP or TIPP were greater than those in con-
trols in a dose-dependent manner (Fig. S4b). Contents of TPO upon
exposure to CDP were reduced in a dose-dependent manner, while
they increased in a dose-dependentmanner in zebrafish exposed to
TIPP (Fig. S4b).
3.3. Transcriptome analysis of thyroid disruption caused by OPEs in
brain

RNA-seq was used to investigate the key signaling pathways of
thyroid dysfunction induced by OPEs in zebrafish. According to the
hierarchical cluster analysis of 91 thyroid-related genes or 35 co-
expressed genes related to thyroid function, the patterns of
expression of genes in fish exposed to TIPP or TCIPP were similar,
which differed from the pattern in the brain of fish exposed to CDP
(Figs. S9 and S10). The patterns of expression of all genes in un-
exposed controls also differed from those of fish exposed to OPEs.
Twenty-four DEGs related to thyroid function were selected from
9793 DEGs in all samples, which were annotated for the Danio rerio
genome, and used for hierarchical cluster analysis and functional
enrichment analyses of both GO databases (Figs. 2 and 3, Tables S20
and S21). The results of the functional annotation analysis for
thyroid-related genes identified certain GO terms, with the genes
being particularly involved in biological processes (e.g., cellular
process and biological regulation), cellular components (e.g., cell
parts and organelle), and molecular functions (e.g., binding) in
zebrafish (Fig. 3a, S11a, and S12a). Based on classified statistics of
KEGG signaling pathway, environmental information processing
pathways (e.g., signaling molecules and interaction, and signal
transduction) were the main KEGG pathways related to the effects
of nerve conduction on the thyroid (Figs. S11c and S12c). The results
of functional enrichment analyses, using GO and KEGG, demon-
strated significant changes of multiple signal pathways related to
thyroid effects among all OPE treatments, including binding to TH
receptor (THR), thyroid hormone generation, thyroid hormone
metabolic process, thyroid hormone transmembrane transporter
activity, thyroid gland development, neuroactive ligandereceptor
interaction, and insulin signaling pathway (p-adjust � 0.05)
(Fig. 3b, S11b and d, and S12b and d, Table S6). Regulation of lipid
biosynthetic process (p-adjust < 0.05) could be induced by thyroid-
related genes after exposure to OPEs (Fig. 3b, S11b, S12b, and S13).
Thyroxine 50-deiodinase activity, which plays an important role in
thyroid hormone generation, was also significantly enriched in the
GO analysis (p-adjust <0.05) (Figs. S11b and S12b). Based on the
correlation analysis of gene and protein interactions (Figs. S13 and
S14), disruption of thyroid function by OPEs might be associated
with certain signaling pathways related to the nervous system and
lipid biosynthesis.
IPP for 28 d a, Body mass and length of zebrafish exposed to OPEs. b, Concentrations of
f zebrafish. Mean ± standard deviation (SD, n ¼ 3), *p < 0.05, **p < 0.01, ***p < 0.001.



Fig. 2. Hierarchical clustering analysis of DEGs related to thyroid effects (24 genes)
selected from 9793 DEGs in all samples exposed to CDP, TIPP, and TCIPP in zebrafish
brain. Colors in the figure indicate normalized expression of genes in each sample. Red
represents overexpression of genes and blue represents under-expression. To the left is
a tree diagram of gene clustering and the module diagram of sub-clustering, and to the
right is the names of genes. The names of the samples are shown at the bottom.

Fig. 3. Functional enrichment analysis of DEGs related to thyroid effects (24 genes) in
samples exposed to CDP, TIPP, or TCIPP. a, Functional annotation analysis based on the
GO database of 24 DEGs related to thyroid effects in all brain samples exposed to CDP,
TIPP, or TCIPP. b, Top 39 GO terms of enrichment from the GO database of DEGs (p-
adjust < 0.5). Enrichment factor represents the ratio of the number of genes enriched
in the GO term and the total number of annotated genes. Size of dots indicates the
numbers of genes associated with the GO term, while colors of dots correspond to p-
adjusted ranges.
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3.4. Quantitative analysis of TBG, TTR, and NIS levels based on RNA-
seq results

To verify that transmembrane transport and blood trans-
portation are key signaling pathways, as determined by transcrip-
tional analysis, TTR, TBG, and NIS in the brain were measured by
ELISA. Compared with the levels in the control, concentrations of
TTR in fish exposed to CDP increased in a dose-dependent manner
(Fig. 4a). Exposure to 50 or 100 mg CDP L�1 resulted in significantly
greater concentrations of TTR. Exposure to TIPP or TCIPP resulted in
significantly (p < 0.01) greater concentrations of TTR in the brain
after 28-d exposure. Concentrations of TBG in the brain were not
significantly altered by exposure to CDP, TIPP, or TCIPP compared
with those of the unexposed control (Fig. 4b). Concentrations of NIS
in the brain were generally greater in individuals exposed to CDP,
TIPP, or TCIPP than those in brains of unexposed controls (Fig. 4c),
especially exposure to 10 or 50 mg CDP L�1, 100 mg TIPP L�1, and all
concentrations of TCIPP.
3.5. Competitive inhibition and Western blot analysis of T4 or OPEs

To explore the effects of OPEs on cell proliferation, a competitive
inhibition assay was performed on GH3 cells. Based on acute
toxicity, exposure to T4 promoted the proliferation of cells, while
exposure to OPEs inhibited such proliferation (Table S3). Upon
analysis of competitive correlations among OPEs and T4 based on
colorimetric responses of the MTS kit (Fig. 5), with RIC20 as the
endpoint, OD490 values for cells exposed to individual OPEs were
not significantly different from those of cells exposed simulta-
neously to OPEs in the presence of T4 (T4þOPEs). OD490 values
upon exposure to T4 individually were significantly greater than
those of T4þOPEs (p < 0.01). However, when the endpoint was the
RIC50, exposure to T4þCDP resulted in significantly greater prolif-
eration of GH3 cells than exposure to either T4 or CDP alone
(p < 0.01). Exposure to T4þTIPP can significantly inhibit the pro-
liferation of GH3 cells compared with that of cells exposed to T4 or
TIPP alone (p < 0.01). Simultaneously, exposure to T4þTCIPP
resulted in significantly greater proliferation than exposure to
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TCIPP alone (p < 0.05), while it resulted in significantly less pro-
liferation than that by cells exposed solely to T4 (p < 0.001). In
addition, expression of TTR protein was not detected in GH3 cells
(Fig. S2). This might have been due to the occurrence and distri-
bution of TTR protein in cells. In the case of the RIC20, compared
with GH3 cells exposed to T4 alone and blank control, concentra-
tions of NIS were significantly decreased upon exposure to TIPP,
TCIPP, or T4þOPEs, while there was no significant difference at the
RIC50. Likewise, at the RIC50, there was significantly more TBG in
GH3 cells exposed to TIPP, TCIPP, and OPEs with T4, compared with
cells exposed to T4 alone, while there were no significant differ-
ences at the RIC20.
3.6. Analysis of interaction of OPEs with TBG and TTR

Based on the molecular docking simulation, the interactions
between OPEs and TBG or TTR were analyzed and compared with



Fig. 4. Amounts of TTR, TBG, and NIS proteins in brain after 28 d of exposure of zebrafish to CDP, TIPP, or TCIPP. a, Changes in concentrations of TTR in the brain of zebrafish exposed
to CDP, TIPP, or TCIPP. b, Changes in concentrations of TBG in brain. c, Changes in concentrations of NIS in brain. Mean ± standard deviation (SD, n ¼ 3), *p < 0.05, **p < 0.01,
***p < 0.001.

Fig. 5. Proliferation of GH3 cells assessed using the MTS kit after exposure to the RIC20 and RIC50 of CDP, TIPP, and TCIPP for 96 h a, Changes in the proliferation of GH3 cells exposed
to RIC20. b, Changes in the proliferation of GH3 cells exposed to RIC50. Mean ± standard deviation (SD, n ¼ 3), *p < 0.05, **p < 0.01, ***p < 0.001.

Table 1
The binding affinity of OPEs for TBG and TTR using molecular docking.

Chemicals CAS TBG TTR

Cdocker Energy kcal mol�1 Interaction Cdocker Energy kcal mol�1 Interaction

T4 300-30-1 �47.0479 ASN A: 273a, ARG B: 381 b �42.6893 SER B: 117a, SER D: 117a, LYS D: 15a

TIPP 513-02-0 �48.634 e �50.7945 e

CDP 26444-49-5 �38.183 ARG B: 381 b, LYS A: 270 b �40.128 LYS B: 15 b

TCIPP 13674-84-5 �54.5853 e �55.6138 LYS D: 15a

TNBP 126-73-8 �60.4225 e �57.6073 e

TPHP 115-86-6 �34.1994 ARG B: 381 b �36.3499 LYS B: 15 b

TDCIPP 13674-87-8 �56.755 e �53.7351 LYS D: 15a

Note: a: Hydrogen bond interaction; b: pecation interaction; d: There is no amino acid binding site between OPEs and TBG or TTR, while van der Waals interaction and
hydrophobic interaction mainly occur.
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the interactions between T4 and TBG or TTR. Amino acid binding
sites involved in the interaction between OPEs or T4 and TBG were
Asn A 273, Arg B 381, and Lys A 270, while those involved in in-
teractions between OPEs or T4 and TTRwere Ser B 117, Ser D 117, Lys
D 15, and Lys B 15 (Table 1, Figs. S16 and S17). Based on “cdocker”
energy, binding affinities of OPEs to TBG were in the following or-
der, TNBP > TDCIPP > TCIPP > TIPP > T4 > CDP > TPHP, while those
to TTR were TNBP > TCIPP > TDCIPP > TIPP > T4 > CDP > TPHP
(Table 1). Affinities of binding between TIPP or TCIPP and TBG or
TTR were greater than those of T4 and CDP. When interacting with
TBG, Arg B 381 was the common amino acid binding site of T4 or
aryl-OPEs (CDP and TPHP), while Asn A 273 and Lys A 270 were
specific ones of T4 and CDP, respectively. In addition, Lys D 15 was
the common amino acid binding site of T4 or TCIPP interacting with
TTR. However, Lys B 15 was the specific amino acid binding site for
CDP and TPHP when interacting with TTR, and Ser B 117 and Ser D
6

117 were the only binding sites for interaction between T4 and TTR.
Chlorinated OPEs might interact with TBG via van der Waals or
hydrophobic interaction, while alkyl OPEs might interact with TBG
and TTR via van der Waals or hydrophobic interaction.
4. Discussion

Disruption of the TH hormone function by exogenous sub-
stances that adversely affect the HPT axis can play significant roles
in vertebrate development and homeostasis related to growth and
energy metabolism [50,51]. In this study, when 1-month-old
zebrafish were chronically exposed to OPEs for 28 d, thyroid
function was disrupted at the molecular level (in silico), and con-
centrations of hormones, transcription of RNA, and concentrations
of proteins were altered in vivo and in vitro, which resulted in the
inhibition of zebrafish growth.
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4.1. Significant accumulation of CDP rather than TIPP and TCIPP in
zebrafish

A growing number of studies have validated that the three OPEs
are present in fish as well as in ambient surface water [14, 32, 52]. In
the present study, the differential distribution of concentrations of
OPEs in tissues of zebrafishwas identified and suggested to be due to
the greater hydrophobicity and greater bioconcentration factor (BCF)
of CDP than those of TIPP and TCIPP. These results were consistent
with the following: (1) During long-term exposure, the accumula-
tion of OPEs in aquatic organisms was proportional to the concen-
trations to which they were exposed. (2) Greater bioconcentrations
of CDP in tissues of zebrafish were observed, while there was little
bioconcentration of TIPP in such tissues. In fact, in contrast to alkyl
OPEs and chlorinated OPEs, TPHP was generally detected in three
different tissues of Chinese rare minnow and was found at greater
concentrations in male gonad and liver [52]. Based on these results
and those of previous studies, differences in toxic potencies caused
by the same concentrations of OPEsmight be related to differences in
detection methods, exposure environments, and pathways of expo-
sure [19,53]. Thus, internal doses, as determined by the concentra-
tions accumulated in tissues of aquatic organisms among exposure
media, might better reflect bioavailability and the actual concen-
tration of toxicity effects than the traditional measure of exposure
dose, namely, the nominal ambient concentration. Briefly, the con-
centrations of CDP accumulated in tissues of zebrafish were greater
than those of other OPEs, and CDP also caused observable adverse
effects, which supported the hypothesis that the greater potency of
CDP was due to its greater accumulation.

4.2. OPEs regarded as environmental hormones with TH effect in
zebrafish

TPO is the primary enzyme involved in the synthesis of TH,
while TG is the prohormone and storage form of TH; both are
markers of the physiological function of the thyroid gland [54].
Thus, changes in the content of T4 are closely related to the con-
tents of the two proteins TPO and TG. Exposure to environmentally
relevant concentrations of CDP, TIPP, or TCIPP was shown to result
in changes in the concentrations of T4 in blood plasma, brain, and
somatic tissue, as well as changes in the amounts of TPO and TG in
brain and muscle. Results of previous studies demonstrated that
the exposure of American kestrels (Falco sparverius) to environ-
mentally relevant concentrations of OPEs for 21 d might decrease
thyroid gland activity and increase hepatic deiodinase activity,
eventually influencing concentrations of free T4 or T3 in blood
plasma [22]. The results of another study demonstrated that
exposure to TPHP can disrupt central regulation and pathways of
synthesis, metabolism, transport, and elimination of TH, thus
increasing the concentrations of TH in embryos/larvae of zebrafish
[37]. It has been reported that OPEs could cause thyroid endocrine
disruption of not only adult zebrafish, but also their offspring via
the maternal transfer of OPEs [25]. Additionally, in epidemiological
studies, TPO and TG have been considered to be key indicator
proteins to be monitored to interpret thyroid endocrine disorders
[54]. In previous studies of thyroid diseases, thyrotropin receptor,
TPO, TG, NIS, and pendrin proteins were identified as antigens that
resulted in an autoimmune pathogenic response, which also
includedmolecular mechanisms and signaling pathways associated
with thyroid diseases [54e57]. TPO and TG could be identified by
CD8-positive T cells, and induce Hashimoto's thyroiditis leading to
the destruction of thyroid tissue, which was considered to be a
manifestation of clinical disease [58]. Further research has found
that TPO and TG are targets of IgE or IgG autoantibodies during
chronic, spontaneous urticaria or hypothyroidism [59]. Chronic
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exposure of zebrafish to OPEs for 1 month resulted in positive
correlations between the concentrations of TPO or TG in the brain
and the concentrations of T4 in blood plasma, especially upon
exposure to CDP. Similarly, the ratio of concentrations of T4 in brain
to the total concentration of T4 in blood plasma was greater than
that in somatic muscle. These results indicated that exposure to
OPEs might affect the concentrations of TPO and TG in the brain,
thereby disturbing the synthesis and secretion of TH, whose con-
centrations were closely related to the development of the brain.
Together, this information suggests that the brain plays a vital role
in the thyroid endocrine system. The results of several studies have
shown that the developing brain tends to be more sensitive to
xenobiotics, such as OPEs, and changes in concentrations of TH can
significantly affect normal brain development, even adversely
affecting the behavior of the offspring of exposed individuals
[60,61]. Briefly, the results of the proteins analysis suggested that
exposure to OPEs could affect the levels of TPO and TG in brain,
resulting in anomalous changes in the concentrations of T4 in blood
plasma and brain tissue. This in turn resulted in slower growth of
zebrafish owing to lower concentrations of T4 in blood plasma.

4.3. Thyroid dysfunction induced by OPEs via multiple signaling
pathways including nerve conduction and lipid regulation

Functional enrichment analysis of DEGs by GO and KEGG
showed that the effects of growth inhibition of thyroid function in
zebrafish were due to interactions with andmodulation of multiple
signaling pathways. Chronic exposure of zebrafish to OPEs affected
significant signaling pathways by altering the binding of TH to the
THR, development of the thyroid gland, synthesis and metabolism
of TH, thyroid hormone transmembrane transporter activity, and
neuroactive ligandereceptor interaction, which eventually resulted
in effects on the thyroid in zebrafish that were in the stage of rapid
development (Fig. 6 and Table S6). Receptoreligand binding was
the key signaling pathway of the endocrine-disrupting effects
induced by chemicals. Therefore, the binding of TH to the THR was
considered to be a primary potential target of thyroid disruption
induced by OPEs [43]. It was found that OPEs could competitively
bind to the membrane THR with TH to enter the cells, inducing
thyroid endocrine disruption [49,62]. The results of previous RNA-
seq demonstrated that OPEs can affect certain signaling pathways
related to the synthesis and metabolism of TH, causing thyroid
dysplasia, which resulted in lower concentrations of T4 and caused
abnormal development in the early life stages of zebrafish [29,37].
For example, in this study, OPEs could affect the content of T4
through the changes in contents of TPO and TG. It was found that
lipid biosynthetic and lipid metabolic processes played important
roles in the growth and development of organisms, in which cga
(encoding a glycoprotein hormone) might be a key gene (Fig. 6 and
S13) [63,64]. The results of this study showed that exposure to OPEs
can cause significant enrichment of neuroactive ligandereceptor
interactions and alter the mitogen-activated protein kinase
(MAPK) signaling pathway. Exposure to b-diketone antibiotics
(DKAs) caused alterations in 149 KEGG-annotated metabolic
pathways in F1 zebrafish, of which the primary affected pathway
was the MAPK signaling pathway, followed by neuroactive
ligandereceptor interactions [65]. Similarly, exposure of Daphnia
magna to tributyltin significantly affected the neuroactive
ligandereceptor interaction signaling pathways involved in
reproduction and development [66]. Previous studies confirmed
that thyroid disruption was linked to neurodevelopmental effects
[25,61,67]. In brief, the findings suggested that the growth inhibi-
tion observed in zebrafish exposed to OPEs might be due to the
mode of action of thyroid endocrine disruption, including via
neurodevelopment and lipid regulation.



Fig. 6. Schematic representation of the speculated mechanisms of toxicity of three
OPEs on the disruption of functions of the thyroid axis in zebrafish brain. (Top)
Exposure of zebrafish to OPEs affected the brain. (Down) In brain, OPEs competed with
T4 to bind to TBG or TTR (especially TTR) for transport, and entered cells through
transmembrane proteins affected by NIS. The subsequent interaction of nuclear THR
with OPEs or T4 induced abnormal expression of some thyroid-related genes, such as
slc16a10, ttr, slc5a5, tpo, dio2, cga, thrb, nkx2.4b, and ncoa2, which could induce mul-
tiple signaling pathways related to thyroid function. For example, the abnormal
expression of tpo can affect levels of TPO protein in cells, which together with TG
caused abnormal changes in TH contents. In addition, expression of ttr can affect levels
of TTR protein. Due to these signaling pathways, OPEs may cause thyroid dysfunction
in zebrafish brain.
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4.4. TTR is a likely biomarker of thyroid disruption in zebrafish
induced by OPEs

As the primary carrier proteins for T4 in blood plasma, TBG and
TTR play crucial roles in transporting TH to organs and tissues. NIS
mainly expressed in the basolateral membrane of thyroid cells was
reported to be important for mediating the transmembrane trans-
port of iodine [68]. In blood plasma,most T4 (70%)was found to bind
to TBG with greater affinity than to TTR, to which only 10e15% of T4
bound, yet less than 1% of T4 was present in blood [69,70]. These
results suggested that TBG plays a role in binding to and trans-
porting T4 in blood plasma. However, the results involving these
proteins in the brain have demonstrated that the concentrations of
TTR and NIS were significantly affected by OPEs, but the amounts of
TBG were not changed. These findings indicated that TTR was
important for the transport of TH or exogenous sources of natural
hormones (e.g., OPEs) into the brain of zebrafish. It was also reported
that T4 could localize in the brain and cerebrospinal fluid by passing
through the bloodebrain barrier after combining with TTR [71e73].
Simultaneously, greater amounts of NIS could increase the trans-
membrane transport activity of iodine, which might subsequently
result in greater concentrations of TH [68]. Based on the Western
blot results of GH3 cells, rather than TTR and TBG, NIS might play an
important role in the generation of T4. In addition, based on the
results of transcriptome analysis, TH transmembrane transporter
activity might be related to the concentrations of NIS (Fig. 6).
However, the changes of T4 in this study were not completely
correlated with the concentrations of NIS, which suggested that the
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concentrations of T4 in zebrafish were affected by multiple factors
rather than the intracellular concentrations of iodine (Figs. 1 and 4).
Furthermore, the results of molecular docking simulation showed
that molecular docking sites of CDP to TBG and TTR were similar to
those for T4, while TCIPP would preferentially bind to TTR rather
than CDP or T4, and formmore stable bonds with TTR than TIPP. The
results of several studies have indicated that molecular docking sites
of T4 on TBG included hydrogen bond interaction at Asn 273,
pecation interaction at Arg 381, and salt bridge interaction at Lys
270, while those of binding of T4 to TTR involved hydrogen bond
interaction with Lys 15 and Ser 117 [70,74,75]. However, the binding
of CDP by hydrogen bonding had greater cdocker energy than that of
T4, so it decreased the levels of free T4 in plasma or brain tissues.
TIPP and TCIPP showed higher binding affinities to TBG and TTR via
van derWaals interaction and hydrophobic interaction than those of
T4, which increased the levels of free T4 in plasma or brain tissues. It
was thus confirmed that TH transmembrane transporter activity and
TH transport may be important signaling pathways of thyroid
dysfunction induced by OPEs in zebrafish, suggesting that TBG or
TTR could transport OPEs in blood plasma and NIS might be the
predominant transmembrane protein affecting intracellular TH
biosynthesis (Fig. 6). In particular, the combination of OPEs and TTR
can be transported to the brain through the bloodebrain barrier,
thus affecting brain development and altering homeostasis, which
suggests that TTR might be a biomarker for thyroid disruption in
zebrafish.

4.5. GH3 cell proliferation effectively inhibited by OPEs

TH-disrupting chemicals, including BFRs, OPFRs, and poly-
brominated diphenyl ethers (PBDEs), have been classified as
another class of endocrine-disrupting chemicals other than envi-
ronmental estrogens [37,43,76e80]. Based on results of the T-
screen assay and Western blot analysis, the proliferation of GH3
cells was inhibited by OPEs compared with the level in blank
control cells or cells exposed only to T4. The inhibitory effects of
OPEs obtained using RIC20 and RIC50 calculated by acute assay of
GH3 cells were in the following order: CDP (RIC20 ¼ 2.4 nM,
RIC50 ¼ 0.38 mM) > TCIPP (RIC20 ¼ 1.4 mM, RIC50 ¼ 90.3 mM) > TIPP
(RIC20 ¼ 1.4 mM, RIC50 ¼ 1.8 mM). The results of Western blot
analysis of NIS and TBG in cells exposed to RIC20 and RIC50 con-
centrations further confirmed that OPEs, as antagonists, might
compete with T4 to inhibit GH3 cell proliferation. It was also found
that adverse effects on GH3 cells induced by TIPP and TCIPP co-
exposed with T4 at the RIC50 were significantly different from
those of CDP under the same conditions. T4-TIPP and T4-TCIPP
significantly inhibited cell proliferation, while T4-CDP signifi-
cantly promoted cell proliferation compared with the levels in the
blank and T4 groups. The reason for these effects might be the
competitive inhibition process of TIPP, TCIPP, or CDP with T4
(Fig. 6), indicating that the superiority of TIPP and TCIPP led to a
decrease of the T4 effect, and the inferiority of CDP led to an in-
crease of the T4 effect, as revealed viamolecular docking simulation
and ELISA. Moreover, the expression levels of key genes related to
thyroid effects in zebrafish induced by TIPP and TCIPP differed from
those of CDP (Fig. S9). Notably, the differences in the modes of
action of OPEs in this study were consistent with previous research
on nuclear/membrane THR, suggesting that the patterns of GH3 cell
proliferation induced by alkyl and chlorine OPEs differed from
those of aryl OPEs [62]. Based on the results of previous studies, the
present results of the competitive inhibition assay demonstrated
that OPEs and T4 might be competitive in binding to membrane
receptor integrin avb3 to enter GH3 cells (Fig. 6) [49]. Therefore,
TIPP and TCIPP may play a dominant role in the competition with
T4 and be the main T4 inhibitors. Although CDP was an inhibitor of
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cell proliferation, co-exposure with T4 can significantly promote
cell proliferation at a high concentration of CDP.

5. Conclusions

In conclusion, the mechanism of toxicity and adverse outcome
pathway of thyroid disruption of zebrafish exposed to OPEs were
clarified in this study. The results of this study showed that OPEs
could be typical environmental endocrine disruptors affecting TH
in aquatic organisms. OPEs mainly bound to TTR (aryl OPEs:
hydrogen bonding, alkyl and chlorine OPEs: non-hydrogen
bonding) were transported to the target organ (the brain) via the
bloodebrain barrier. OPEs competed with T4 to bind to integrin
avb3 to enter cells. Zebrafish growth was inhibited by OPEs via
affecting TH endocrine function accompanied by neuro-
development and lipid regulation, including thyroid hormone re-
ceptor binding, thyroid hormone generation, thyroid hormone
transmembrane transporter activity, biosynthesis and metabolism
of lipids, and neuroactive ligandereceptor interaction. However,
the correlations between TH endocrine function and neuro-
development or lipid regulation require further elucidation, and the
molecular modes of action between lipid regulation and the change
of body mass of zebrafish induced by OPEs also remain largely
unclear. Given that the mechanism behind the toxicity of TH
endocrine disruption induced by OPEs was elaborated in zebrafish,
this study not only provides a basis for understanding the mecha-
nism by which OPEs threaten aquatic organisms, but also provides
a valuable theoretical basis for deriving water quality criteria and
ecological risk assessment of OPEs.
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Supporting Information 20 

SⅠ Pretreatment and Quantification of TIPP, CDP, and TCIPP in Exposure 21 

Solutions and in Tissues Using HPLC-MS/MS 22 

Exposure solutions were monitored to assure accuracy of doing. Samples collected 23 

during this study were pre-concentrated according to previously published research 24 

with minor modifications (Wang et al., 2011). All samples of exposure solution were 25 

filtered through 0.45 μm filter then extracted by Oasis HLB column (Waters 26 

Corporation, Milford, MA, USA). HLB cartridges were sequentially activated with 5 27 

mL acetonitrile and 5 mL ultrapure water, following loading with a flow rate of 1 28 

mL·min-1. Columns were then rinsed with 10 mL ultrapure water, dried for 20 min, 29 

and finally eluted with 10 mL acetonitrile. Eluents were evaporated to nearly 100 μL 30 

under gentle nitrogen (at 37 ℃) and diluted to 1 mL with acetonitrile. The final diluents 31 

were filtered through a 0.22 μm, minisart syringe filter (Sartorius, Göttingen, Germany) 32 

and stored at -20 ℃ until analyzed by use of high-performance liquid chromatograph 33 

mass spectrometer. 34 

Tissue of zebrafish exposed to OPEs were also quantified in this study, and 35 

pretreated based on these previous researches with minor modifications (Hou et al., 36 

2019; Zhu et al., 2015). Zebrafish muscle tissue were weighed and homogenized, in 37 

which 10 ng of TCEP-d12 as internal standard for OPEs and 3 g of anhydrous sodium 38 

sulfate (Na2SO4) were spiked. The homogenates with 3 mL of dichloromethane/n-39 

hexane (DCM/HEX) mixture (1:1, v/v) after vortex mixed for 1 min the ultrasonicated 40 

for 30 min at room temperature, centrifuged at 5 000 × g for 10 min, and supernatant 41 

transferred into a new centrifuge tube. The above process was conducted a mixture of 42 

DCM/HEX (1:1, v/v) two times and supernatants combined. Extracts were concentrated 43 

to dryness under a gentle stream of nitrogen gas, and the residue was re-dissolved in 2 44 

mL of HEX after centrifuge tubes were re-weighed to determine lipid weight of the fish 45 

tissues. The re-dissolved samples were loaded onto a SPE-NH2 cartridge (Sep-Pak, 46 

500mg, 3 mL, Waters) pre-activated with 3 mL DCM/HEX (1:1, v/v), 6 mL DCM, and 47 

6 mL HEX. After rinsing cartridge with 5 mL DCM/HEX (1:4, v/v), the following 48 

targets OPEs TIPP, CDP, TCIPP, and TCEP-d12 were eluted with 3 mL DCM/HEX (1:4, 49 



v/v), 8 mL DCM, and 4 mL DCM/methanol (9:1, v/v) at a flow rate of 0.5 mL·min-1. 50 

The eluent was concentrated nearly to dryness and diluted in 200 μL acetonitrile. The 51 

diluent was filtered through a 0.22 μm filter and stored at -20℃ until analysis. 52 

Quantification of OPEs after pretreatment was performed by use of high-53 

performance liquid chromatograph mass spectrometer (HPLC-MS/MS, Nexera-54 

X2/8040) Shimadzu Co. Ltd. with a Waters C18 column (50 mm × 2.1 mm, 3.5 mm), 55 

using a multiple reaction monitoring (MRM) model in positive ionization electrospray 56 

mode (ESI+). Injection volumes were 5 μL, and the column temperature was set at 57 

40 ℃. The binary mobile phase consisted of 0.1% formic acid in water (A) and 58 

acetonitrile (B) at a flow rate of 0.2 mL·min-1. The gradient elution was set as follows: 59 

0 min 40% B, 4 min 80% B, 5 min 80% B, 5.5 min 100% B, 6 min 100% B, 6.5 min 60 

40% B, 7 min 40% B. The detailed information regarding MRM transitions and MS 61 

conditions was provided in Table S1 and Figure S1.  62 

The QA/QC procedure undertaken in this study included background 63 

contamination and recoveries of OPEs. During quantification of TIPP, TCIPP, and CDP 64 

in exposure solution, no background contamination was detected. However, 65 

background contamination of CDP in tissues was detected and less than its limit of 66 

detection (LOD), but not for TIPP and TCIPP. The LODs of TIPP, TCIPP, and CDP 67 

used in exposure solution and tissues were 3-fold greater than the signal-to-noise ratio 68 

(Table S1). In this study, recoveries of TIPP, TCIPP, and CDP in exposure solution and 69 

biota samples were 58.2% ‒ 108.4%, 85.1% ‒ 120.9%, and 74.0% ‒ 111.3%, 70 

respectively. In addition, the standard curves R2 of TIPP, TCIPP, and CDP were all 71 

greater than 0.99. The limits of quantification (LOQs) of TIPP, TCIPP, and CDP in 72 

exposure solution and biota samples can generate instrumental response that set as 10 73 

times the signal-to-noise ratio (Table S1). 74 

No OPEs were detected in control solutions, and there was no significant 75 

difference between the administered concentrations and the measured concentrations of 76 

OPEs before and after renewing exposure solutions (Table S2). Thus, it was suggested 77 

that the accuracy of the chronic study and the credibility of these research results were 78 

guaranteed. Concentrations of TIPP, CDP and TCIPP in fish tissues were quantified and 79 



concentrations of TIPP and TCIPP determined in tissue homogenates of zebrafish 80 

collected from these groups exposed to 10 μg·L-1, 50 μg·L-1, and 100 μg·L-1 were not 81 

detected, and the parts were less than their LOQ. While the levels of TCIPP exposed to 82 

100 μg·L-1 was 20.99 ± 7.31 μg·kg-1 wet mass (ww) in tissue. However, concentrations 83 

of CDP in tissues exposed to 10 μg·L-1, 50 μg·L-1 and 100 μg·L-1 were 5.26 ± 1.90, 84 

21.63 ± 6.42, and 27.43 ± 2.01 μg·kg-1 wet mass (ww), respectively. 85 

 86 

 87 

Figure S1. Chromatogram with some information of these OPEs using a HPLC-88 

MS/MS. 89 

TCEP-D12, 298.75 > 

234.0, T = 2.030 

TIPP, 224.85 > 98.90, 

T = 2.524 

TCIPP, 328.7 > 

98.90, T = 3.185 

CDP, 340.8 > 

152.05, T = 4.702 



Table S1. Detailed information for quantification TIPP, CDP and TCIPP using the HPLC-MS/MS with MRM transitions and ESI+ mode 90 

Compounds Retention time 

(min) 

MRM transitions Collision energy 

(eV) 

LOD LOQ R2 of the 

standard curve Water (μg·L-1) Biota (μg·kg-1) Water (μg·L-1) Biota (μg·kg-1) 

TCEP-D12 1.47a 

2.03b 

298.75 > 234.00c 

298.75 > 110.90 

15.0 

23.0 

1.26 1.69 3.81 5.13 ‒ 

TIPP 1.83a 

2.52b 

224.85 > 98.90c 

224.85 > 125.10 

18.0 

11.0 

0.15 0.11 0.47 0.33 0.998 

TCIPP 2.23a 

3.18b 

328.70 > 98.90c 

328.60 > 124.80 

23.0 

17.0 

0.22 0.31 0.66 0.94 0.991 

CDP 3.43a 

4.70b 

340.80 > 152.05c 

340.80 > 77.10 

39.0 

47.0 

3.90 0.59 11.81 1.78 0.991 

Note: a: Quantification of exposure solution; b: Quantification of tissues; c: Quantification transition. 91 



Table S2. Concentration of TIPP, CDP, and TCIPP before and after renewing of 92 

exposure solutions and tissues after 28 d exposure. 93 

OPEs Exposure solutions (μg·L-1) Tissues (μg·kg-1) 

Before 

(10) 

After 

(10) 

Before 

(50) 

After 

(50) 

Before 

(100) 

After 

(100) 

10 

μg·L-1 

50 

μg·L-1 

100 

μg·L-1 

TIPP 9.47 ± 

0.91 

7.68 ± 

0.45 

41.61 

± 7.09 

42.97 

± 4.60 

81.07 ± 

6.79 

75.94 

± 11.45 

ND 

CDP 7.83 ± 

0.84 

8.68 ± 

0.42 

45.17 

± 6.53 

45.14 

± 4.23 

91.83 ± 

6.25 

87.23 

± 6.72 

5.26 ± 

1.90 

21.63 

± 6.42 

27.43 

± 2.01 

TCIPP 8.47 ± 

0.01 

11.83 

± 0.42 

44.85 

± 4.31 

46.03 

± 2.56 

94.76 ± 

2.49 

90.15 

± 7.30 

ND < 

LOD 

20.99 

± 7.31 

Note: ND: not detected. 94 

 95 

SⅡ Cell proliferation for 96 h based on GH3 cell lines 96 

GH3 cells were cultured in complete medium for 3 days after passage in order to 97 

obtain 1 ~ 5 × 106 cell·mL-1. The T-screen assay procedure exposed to OPEs and T4 for 98 

96 h was carried out by the previous researches with minor modifications (Gutleb et al., 99 

2005; Zhang et al., 2016). In brief, after 3 days, the complete medium was discarded, 100 

and the culture plate was rinsed one time with phosphate buffers saline before 101 

trypsinization for 1 min. The complete medium was placed into the culture plate and 102 

rocked a circle to stop the cell dissociation. Subsequently, the cells were collected from 103 

the culture plate at 1000 rpm for 5 min. The phenol red-free RPMI-1640 culture medium 104 

with 5% charcoal-dextran-treated fetal bovine serum (CD-FBS) and 1% penicillin-105 

streptomycin was used to cultivate the cells (3500 cells/well) for 48 h in order to avoid 106 

interference by endogenous of T4. Then the cells collected from the culture flask were 107 

planted in a transparent 96-well culture plate at a density of 3500 cells per well. After 108 

that, the acute toxicity test of GH3 cells included the blank (0.1% v:v DMSO), the 109 

positive (T4), and the experimental group (OPEs) cultured in test culture medium with 110 

phenol red-free RPMI-1640, 5% CD-FBS and 1% penicillin-streptomycin. Original 111 

solutions of T4, CDP, TIPP, and TCIPP (1.3×104 μM, 3.5×106 μM, 4.3×106 μM, and 112 

3.88×106 μM) were diluted 10 times with DMSO, and then were diluted at 1:1000 with 113 

phenol red-free RPMI-1640 and 5% CD-FBS culture medium. After that, the 114 

preprocessed original solutions were diluted 10 times step by step to obtain the final 115 

administered concentrations of OPEs and T4 (0.1% v:v DMSO) that there were six 116 

groups, respectively. Each concentration was repeated three times, and exposed in a 117 



transparent 96-well culture plate. During 96 h exposure, the exposure medium of these 118 

samples was refreshed every 24 h. After 96 h, the cell proliferation was measured via a 119 

microplate reader at 490 nm, which was treated with the MTS kit (Bestbio, Shanghai, 120 

China) according to the technical manual. RIC20 and RIC50 (the concentration of OPEs 121 

and T4 required to inhibit 20% or 50% cell proliferation comparing to the blank) were 122 

calculated by these ODs value. These values were all conducted using IBM SPSS 123 

statistics 22.0 (IBM Corporation, Armonk, NY, USA) with one-way analysis of 124 

variance and Origin 2018 (OriginLab Corporation, Northampton, MA, USA) with 125 

linear fitting analysis. 126 

Based on acute toxicity to GH3 cells, RIC20 of T4, CDP, TIPP, and TCIPP were 127 

2.5×10-4 μM, 2.4×10-3 μM, 1.4 μM, and 1.4 μM, while RIC50 of T4, CDP, TIPP, and 128 

TCIPP were 5.7×10-2 μM, 0.38 μM, 1.8×103 μM, and 90.3 μM. 129 

Table S3. The RIC20 and RIC50 values of T4, CDP, TIPP, and TCIPP exposure for 96 h. 130 

Pollutant RIC20 (μM) RIC50 (μM) 

T4 (promote) 2.5×10-4 5.7×10-2 

CDP (inhibit) 2.4×10-3 0.38 

TIPP (inhibit) 1.4 1.8×103 

TCIPP (inhibit) 1.4 90.3 

 131 

SⅢ Protein extraction and western blot analysis on GH3 cells 132 

Protein from GH3 cells were obtained by SDS lysis buffer (50 mM Tris-HCl 133 

(PH=6.8), 2% SDS (w/v), 0.1% bromophenol blue (w/v), 10% glycerol (v/v), 200 mM 134 

dithiothreitol), following by heated at 100 ℃ for 10 minutes and loading onto sodium 135 

dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). Proteins on SDS-136 

PAGE gels were transferred into polyvinylidene difluoride membranes (PVDF, 137 

Millipore. R1JB31478). The membranes were blocked with phosphate buffer solution 138 

with 0.1% (v/v) Tween-20 (PBST) containing 5% skim milk for 2h at room temperature, 139 

and then incubated with the primary antibody overnight at 4 ℃ followed by the 140 

horseradish peroxidase (HRP)-conjugated goat anti-rabbit/mouse IgG secondary 141 

antibody for 1h at room temperature. Immunoreactions were detected by NcmECL 142 

Ultra (NCM Biotech. P10200). Glyceraldehyde-3-phosphate dehydrogenase (GADPH) 143 

was used as a loading control. All primary and secondary antibodies were diluted by 144 

PBST containing 2.5 % skim milk. The primary antibody including rabbit-anti rat NIS 145 

(1:1000 dilution, proteintech 24324-1-AP), rabbit-anti rat TBG (1:1000 dilution, 146 



Cloud-Clone Crop. PAA305Ra01), rabbit-anti rat TTR (1:1000 dilution, Cloud-Clone 147 

Crop. PAA726Ra01) and mouse anti-GAPDH monoclonal antibody (1:10000 dilution, 148 

Biodragon. B1030) (Faria et al., 2020; Huang et al., 2014). Secondary antibody 149 

including HRP-conjugated goat anti-mouse IgG (1:20000 dilution, Proteintech. 150 

SA00001-1) and HRP-conjugated goat anti-rabbit IgG (1:20000 dilution, Proteintech. 151 

SA00001-2). 152 

 153 

Figure S2. Western blot analysis of TTR, TBG, and NIS in GH3 cells after exposure to 154 

T4, CDP, TIPP, and TCIPP of EC20 (a) and EC50 (b). Glyceraldehyde 3-phosphate 155 

dehydrogenase (GAPDH) expression was used as internal reference. 156 

 157 

SⅣ Quantification of hormone concentrations 158 

Concentrations of T4 in blood, TTR, TBG, and NIS in brain, TPO and TG in brain 159 

and soma samples of zebrafish were quantified following previous methods through 160 

enzyme-linked immunosorbent assays (ELISA) obtained from GeneCopoeia Inc. with 161 

minor modification (Ji et al., 2013; Kim et al., 2015). Briefly, blood from each treatment 162 

was centrifuged at 3,000 × g for 30 min, and the collected supernatant was stored at -163 

80 ℃ until measured by ELISA kit following the manufacturer′s instructions. In 164 

addition, brain and soma samples per each group with 90% (1 g tissue:9 mL buffer) 165 

PBS buffer (0.01 M, pH = 7.2 ‒ 7.4) were homogenized by homogenizer (DWK Life 166 

Sciences, Millville, NJ, USA) in an ice bath. The homogenates were centrifuged at 167 

5,000 × g for 15 min, thereby collecting the supernatants stored at -80 ℃ until also 168 

measured by ELISA kit following the manufacturer′s instructions. 169 

 170 

SⅤ The Detailed Procedures on Transcriptome Sequencing (RNA-seq) of Brain in 171 

Zebrafish Exposed to TIPP, TCIPP, and CDP. 172 



Total RNA was extracted from the tissue using TRIzol® Reagent (Plant RNA 173 

Purification Reagent for plant tissue) according the manufacturer’s instructions 174 

(Invitrogen) and genomic DNA was removed by DNase I (TaKara). Then RNA quality 175 

was determined by 2100 Bioanalyser (Agilent) and quantified using the ND-2000 176 

(NanoDrop Technologies). Sequencing library was constructed by high-quality RNA 177 

sample (OD260/280 = 1.8~2.2, OD260/230 ≥ 2.0, RIN ≥ 6.5, 28S:18S ≥ 1.0, > 1 μg). 178 

RNA-seq transcriptome library was prepared following TruSeqTM RNA sample 179 

preparation Kit from Illumina (San Diego, CA) using 1μg of total RNA. Shortly, 180 

messenger RNA was isolated according to polyA selection method by oligo(dT) beads 181 

and then fragmented by fragmentation buffer firstly. Secondly double-stranded cDNA 182 

was synthesized using a SuperScript double-stranded cDNA synthesis kit (Invitrogen, 183 

CA) with random hexamer primers (Illumina). Synthesized cDNA was subjected to 184 

end-repair, phosphorylation and ‘A’ base addition according to Illumina’s library 185 

construction protocol. Libraries were size selected for cDNA target fragments of 300 186 

bp on 2% Low Range Ultra Agarose followed by PCR amplified using Phusion DNA 187 

polymerase (NEB) for 15 PCR cycles. After quantified by TBS380, paired-end RNA-188 

seq sequencing library was sequenced with the Illumina HiSeq xten/NovaSeq 6000 189 

sequencer (2 × 150 bp read length). 190 

Raw paired end reads were trimmed and quality controlled by SeqPrep 191 

(https://github.com/jstjohn/SeqPrep) and Sickle (https://github.com/najoshi/sickle) 192 

with default parameters. Then clean reads were separately aligned to reference genome 193 

with orientation mode using HISAT2 (http://ccb.jhu.edu/software/hisat2/index.shtml) 194 

software. Mapped reads of each sample were assembled by StringTie 195 

(https://ccb.jhu.edu/software/stringtie/index.shtml?t=example) in a reference-based 196 

approach. 197 

To identify differentially expression genes (DEGs) between samples, the 198 

expression of each transcript was calculated according to the transcripts per million 199 

reads (TPM) method. RSEM (http://deweylab.biostat.wisc.edu/rsem/) was used to 200 

quantify gene abundances. Essentially, differential expression analysis was performed 201 

using the DESeq2/DEGseq/EdgeR with Q value ≤ 0.05, DEGs with |log2FC| > 1 and Q 202 

value ≤ 0.05 (DESeq2 or EdgeR)/Q value ≤ 0.001 (DEGseq) were considered to be 203 

significantly DEGs. In addition, functional-enrichment analysis including GO and 204 

KEGG were performed to identify which DEGs were significantly enriched in GO 205 

terms and metabolic pathways at Bonferroni-corrected P-value ≤ 0.05 compared with 206 

https://github.com/jstjohn/SeqPrep
https://github.com/najoshi/sickle
http://ccb.jhu.edu/software/hisat2/index.shtml
https://ccb.jhu.edu/software/stringtie/index.shtml?t=example
http://deweylab.biostat.wisc.edu/rsem/


the whole-transcriptome background. GO functional enrichment and KEGG pathway 207 

analysis were carried out by Goatools (https://github.com/tanghaibao/Goatools) and 208 

KOBAS (http://kobas.cbi.pku.edu.cn/home.do). 209 

The results on RNA-seq in brain have shown that a total of 47,736 genes, were 210 

investigated, of which 9,793 genes were DEGs (Table S7-S16).  Patterns of expression 211 

of genes in zebrafish exposed to each OPEs were all significantly different from those 212 

of controls.  Results of correlation analyses among all samples were ≥ 0.8, suggesting 213 

that the research design was effective and results were reliable (Figure S5 and S6).  214 

Compared with controls, number of down-regulated genes in samples exposed to 10 μg 215 

CDP·L-1 or 100 μg TCIPP·L-1 were greater than up-regulation genes (Figure S7).  216 

However, exposure of zebrafish to 10 μg TIPP·L-1 or 10 μg TCIPP·L-1 caused more up-217 

regulated genes than down-regulated genes.  The number of down-regulated or up-218 

regulated genes in zebrafish exposed to other groups were similar.  When 91 thyroid-219 

related genes that were selected from 47,736 genes in all samples were used for 220 

hierarchical cluster analysis (Figure S9 and Table S18), the normalized expression value 221 

of thyroid stimulating hormone beta subunit a (tshβa) was not detected in all samples.  222 

Also, 35 co-expressed genes related to thyroid function were selected from 13,975 223 

genes that were common in each sample, and were used for hierarchical cluster (Figure 224 

S10 and Table S19). 225 

 226 

SⅥ The Detailed Procedures on Validation of Transcriptome Analysis using 227 

Quantitative Real Time PCR (qRT-PCR) of Brain in Zebrafish. 228 

To validated accuracy and rationality of RNA-seq analysis, qRT-PCR reactions 229 

were performed as previously described with minor modification (Kwon et al., 2016; 230 

Qiu et al., 2020; Zhu et al., 2017). In brief, total RNA was extracted and isolated 231 

according to the supporting information SⅤ. Several specific primers for the selected 232 

target DEGs in this study were synthesized by Sangon Biotech Co., Ltd. (Shanghai, 233 

China), including the housekeeping gene ribosomal protein L8 (rpl8) used as an internal 234 

control of amplified variations. Thermal cycler was started with the hold steps at 95 ℃ 235 

for 5 min, followed by 40 cycles of 95 ℃ for 30 s, 56 ℃ for 30 s, and 72 ℃ for 40 s. 236 

In this study, 1% agarose gel electrophoresis and melt curve analysis were carried out 237 

to assess the specificity of the qRT-PCR products. Relative quantitative expressions of 238 

the selected genes with efficiency correction were normalized to rpl8 and determined 239 

by the 2-△△CT method. 240 

https://github.com/tanghaibao/Goatools
http://kobas.cbi.pku.edu.cn/home.do


Table S4. Sequences of primers used for qRT-PCR validation. 241 

Gene ID Gene Name Gene Description Primer sequences (from 5′ to 3′) 

gene-dio2 dio2 deiodinase, 

iodothyronine, type II 

F: GCATAGGCAGTCGCTCATTT 

R: TGTGGTCTCTCATCCAACCA 

gene-ttr ttr transthyretin (prealbumin, 

amyloidosis type I) 

F: CGGGTGGAGTTTGACACTTT 

R: GCTCAGAAGGAGAGCCAGTA 

gene- thrβ thrβ thyroid hormone receptor 

beta 

F: TGGGAGATGATACGGGTTGT 

R: ATAGGTGCCGATCCAATGTC 

gene- slc5a5 slc5a5 solute carrier family 5 

(sodium/iodide 

cotransporter), member 5 

F: GTGGCATGAAGGCTGTAAT 

R: GATACGGCATCCATTGTTGG 

gene-rpl8 rpl8 ribosomal protein L8 F: TTGTTGGTGTTGTTGCTGGT 

R: GGATGCTCAACAGGGTTCAT 

Note: The three genes (dio2, ttr, and thrβ) were the selected DEGs in samples, while slc5a5 is the 242 

same genes in all samples but not the DEG. Rpl8 was selected as a housekeeping gene in this study. 243 

 244 

Figure S3. Expression analysis of dio2 and slc5a5 via the RNA-seq and qRT-PCR after 245 

28 d exposure. 246 

 247 



 248 

Figure S4. Concentrations of T4, TG, and TPO in zebrafish soma exposed to CDP, TIPP, 249 

and TCIPP.  a represented concentrations of T4 in zebrafish soma exposed to OPEs. 250 

Concentrations of TG and TPO in soma after 28 d exposure were measured in Figure 251 

S4b. Means ± standard deviation (SD, n = 3), *: p < 0.05, **: p < 0.01, ***: p < 0.001. 252 

 253 

Figure S5. Expression of post-transcriptional genes in samples. 254 

 255 



 256 

 257 

Figure S6. Correlation analysis of genes among all samples. a: Venn analysis of all 258 

samples; b: Heat map of correlation among OPEs and the controls; c: PCA analysis of 259 

three OPEs groups and the controls. 260 

 261 



 262 
Figure S7. Volcano map of DEGs among three OPEs and the blank. 263 



 264 

Figure S8. Histogram of differential statistics of DEGs among all brain samples. 265 

 266 

Table S5. Number of DEGs in three OPEs and the control. 267 

Different Group Total DEGs Up Down 

B0_vs_CDP10 2847 939 1908 

B0_vs_CDP50 1342 636 706 

B0_vs_CDP100 4102 2005 2097 

B0_vs_TIPP10 3294 2055 1239 

B0_vs_TIPP50 6622 3130 3492 

B0_vs_TIPP100 849 352 497 

B0_vs_TCIPP10 3992 2201 1791 

B0_vs_TCIPP50 1263 519 744 

B0_vs_TCIPP100 3764 1602 2162 

 268 



 269 



Figure S9. Hierarchical clustering of 91 thyroid-related genes selected from 47736 270 

genes exposure to CDP, TIPP, and TCIPP in zebrafish brain for all samples. The colors 271 

indicated the normalized expression value of the gene in each sample. Red represented 272 

overexpressed, while blue represented under-expressed. The left was the tree diagram 273 

of genes clustering, the top was the tree diagram of all samples clustering. 274 

 275 

 276 

Figure S10. Hierarchical clustering of 35 thyroid-related genes selected from 13975 277 

genes exposure to CDP, TIPP, and TCIPP in zebrafish brain for all samples. The colors 278 

indicated the normalized expression value of the gene in each sample. Red represented 279 

overexpressed, while blue represented under-expressed. The left was the tree diagram 280 

of genes clustering, the top was the tree diagram of all samples clustering. 281 



 282 

 283 



 284 

 285 

Figure S11. Enrichment analysis of signaling pathways obtained by 91 thyroid-related 286 

genes based on GO and KEGG database for the all brain samples. Figure S11a was the 287 

functional annotation analysis based on GO database, while the functional annotation 288 

analysis of KEGG database was showed in Figure S11c. b represented the functional 289 

enrichment analysis of GO database for all samples, in which the top 50 GO terms of 290 

enrichment were shown (P-adjust < 0.05). d represented the KEGG enrichment analysis 291 

of the all KEGG pathways (28) in all samples. Rich factor represented the ratio of the 292 

gene number enriched in GO term and the gene annotation number. The more the rich 293 

factor was, the more degree of enrichment was. The size of the dot indicated the number 294 

of genes in the GO term, and the color of dot was corresponded to the P-adjust ranges. 295 
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 299 

Figure S12. Enrichment analysis of signaling pathways obtained by 35 thyroid-related 300 

genes selected from 13975 genes based on GO and KEGG database for the all brain 301 

samples. Figure S12a was the functional annotation analysis based on GO database, 302 

while the functional annotation analysis of KEGG database was showed in Figure S12c. 303 

b represented the functional enrichment analysis of GO database for all samples, in 304 

which the top 50 GO terms of enrichment were shown (P-adjust < 0.05). d represented 305 

the KEGG enrichment analysis of the all KEGG pathways (14) in all samples. Rich 306 

factor represented the ratio of the gene number enriched in GO term and the gene 307 

annotation number. The more the rich factor was, the more degree of enrichment was. 308 

The size of the dot indicated the number of genes in the GO term, and the color of dot 309 

was corresponded to the P-adjust ranges. 310 
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 313 

Figure S13. Enriched chord diagram of the top 20 GO term enriched by DEGs (24 314 

genes) for all sample exposure to CDP, TIPP, and TCIPP. The left was DEGs, arranged 315 

in order of log 2FC from highest to lowest. The right was GO term information enriched 316 

by DEGs. 317 

 318 



 319 

Figure S14. Visual presentation of expression correlation among 24 DEGs in zebrafish. 320 

Each node represented a gene in the figure, and the line between two nodes showed the 321 

correlation of genes expression calculated by the spearman (correlation coefficient > 322 

0.8, P-adjust < 0.05). The figure shown that the larger the node was, the more the 323 

number of expression correlation of the gene correlated with other genes was. 324 

 325 

 326 

Figure S15. Protein interaction network analysis of 24 DEGs in zebrafish. Each node 327 

represented a gene in the figure, and the line between two nodes showed the protein 328 

interaction. The size of a node was proportional to the connectivity (degree) of the node. 329 

The more lines connected to the node, the larger the degree of the node was, and the 330 

larger the node will be. It was indicated that the gene played a crucial role in this 331 

network. 332 

 333 



Table S6. Functional enrichment analysis of signaling pathways associated with thyroid 334 

system and key events of GO and KEGG databases exposure to OPEs in brain. 335 

Database Signal pathway Thyroid-related genes P adjust 

GO (91 

genes) 

Thyroid hormone generation slc5a5, tpo, cga 1.26 × 10-4 

Thyroid hormone binding slc16a2, ttr 1.26 × 10-4 

Thyroid hormone receptor binding ncoa2, ncor1 1.26 × 10-4 

Thyroid hormone metabolic process slc5a5, dio1, tpo, cga 1.36 × 10-4 

Thyroid gland development hhex, kdrl, thrαa, thrαb, 

bcl2l1, tal1, slc16a2, 

nkx2.4b, ntn1a, vegfaa, 

fgf8a, hand2, jag1a, jag1b 

1.36 × 10-4 

Parathyroid hormone receptor activity pth2r, pth1ra, pth1rb 1.36 × 10-4 

Thyroid hormone transmembrane 

transporter activity 

slc16a2, slco1d1, muc5e, 

slc16a10, slco1e1 

2.52 × 10-4 

Response to thyroid hormone foxd3, tyrp1b 1.23 × 10-3 

Thyroid hormone mediated signaling 

pathway 

thrαa, thrαb 1.23 × 10-3 

Thyroid hormone receptor coactivator 

activity 

ncoa2-2, ncoa2 1.23 × 10-3 

Thyroid-stimulating hormone receptor 

activity 

tshr, lhcgr 5.82 × 10-3 

Thyroid hormone transport ttr 0.12 

KEGG 

(91 

genes) 

Neuroactive ligand-receptor interaction thrαa, thrαb, pth2r, thrβ, 

pth1ra, pth2, trh, pth1b, 

tshβa, thrβ, trhra, trhr2, 

pth1a, cga, tshr, pth1rb, 

trhrb, lhcgr 

2.56 × 10-15 

Tyrosine metabolism tpo, tyrp1b. epx 1.04 × 10-2 

Calcium signaling pathway trhra, trhr2, trhrb, lhcgr 5.49 × 10-2 

Focal adhesion kdrl, vegfaa 0.22 

MAPK signaling pathway kdrl,vegfaa, fgf8a 0.25 

NOD-like receptor signaling pathway trip6, bcl2l1 0.41 

GnRH signaling pathway cga 0.48 

VEGF signaling pathway vegfaa 0.48 

p53 signaling pathway bcl2l1 0.49 

Retinol metabolism ugt1ab 0.51 

Steroid hormone biosynthesis ugt1ab 0.51 

Ubiquitin mediated proteolysis trip12 0.58 



AGE-RAGE signaling pathway in 

diabetic complications 

vegfaa 0.62 

Insulin signaling pathway trip10a 0.70 

GO (35 

genes) 

Thyroid hormone receptor binding ncor1, ncoa2, ncor1-2 5.29 × 10-5 

Thyroid gland development hhex, kdrl, thrαa, bcl2l1, 

tal1, vegfaa, fgf8a 

1.68 × 10-3 

Parathyroid hormone receptor activity pth2r, pth1ra 6.07 × 10-3 

Thyroid hormone transmembrane 

transporter activity 

slc16a10, slco1e1 8.67 × 10-3 

Response to thyroid hormone foxd3 0.15 

Thyroid hormone mediated signaling 

pathway 

thrαa 0.15 

Thyroid hormone receptor coactivator 

activity 

ncoa2 0.15 

Thyroid hormone generation slc5a5 0.26 

Thyroid hormone metabolic process slc5a5 0.31 

KEGG 

(35 

genes) 

Neuroactive ligand-receptor interaction thrαa, pth2r, thrβ, pth1ra, 

pth2, trh 

8.49 × 10-3 

MAPK signaling pathway kdrl, vegfaa, fgf8a 0.22 

VEGF signaling pathway vegfaa 0.28 

NOD-like receptor signaling pathway trip6, bcl2l1 0.29 

Focal adhesion kdrl, vegfaa 0.30 

p53 signaling pathway bcl2l1 0.32 

Mitophagy - animal bcl2l1 0.36 

Autophagy - animal bcl2l1 0.37 

Ubiquitin mediated proteolysis trip12 0.39 

Insulin signaling pathway trip10a 0.40 

AGE-RAGE signaling pathway in 

diabetic complications 

vegfaa 0.40 

Apoptosis bcl2l1 0.42 

Regulation of actin cytoskeleton fgf8a 0.43 

Herpes simplex virus 1 infection bcl2l1 0.45 

GO 

(DEGs) 

Thyroid gland development nkx2.4b, tal1, hand2 3.42 × 10-3 

Regulation of hormone levels dio2, cga, ttr, trh 0.012 

Regulation of lipid biosynthetic process cga, mid1ip1l, mid1ip1a 0.027 

Hormone metabolic process dio2, cga, ttr 0.056 

Regulation of lipid metabolic process cga, mid1ip1l, mid1ip1a 0.075 

Thyroid hormone transport ttr 0.30 



Thyroid hormone binding ttr 0.60 

Thyroid hormone generation cga 0.69 

Thyroid hormone metabolic process cga 0.77 

KEGG 

(DEGs) 

Neuroactive ligand-receptor interaction thrb, pth1a, cga, trh 1.67 × 10-4 

Insulin signaling pathway trip10a 0.26 

GnRH signaling pathway cga 0.28 

Calcium signaling pathway LOC108179223 0.32 

 336 



 337 

Figure S16. Six OPEs and T4 interacted with TBG in molecular docking simulation. 338 



 339 

Figure S17. Six OPEs and T4 interacted with TTR in molecular docking simulation. 340 

 341 



Literature Cited: 342 

Faria, M., Domingues, R., Paixao, F., Bugalho, M. J., Matos, P.,  Silva, A. L. 2020. 343 
TNFalpha-mediated activation of NF-kappaB downregulates sodium-iodide 344 
symporter expression in thyroid cells. PLoS One 15(2): e0228794. 345 
doi:10.1371/journal.pone.0228794 346 

Gutleb, A. C., Meerts, I. A., Bergsma, J. H., Schriks, M.,  Murk, A. J. 2005. T-347 
Screen as a tool to identify thyroid hormone receptor active compounds. 348 
Environ Toxicol Pharmacol 19(2): 231-238. doi:10.1016/j.etap.2004.06.003 349 

Hou, R., Yuan, S., Feng, C., Xu, Y., Rao, K.,  Wang, Z. 2019. Toxicokinetic patterns, 350 
metabolites formation and distribution in various tissues of the Chinese rare 351 
minnow (Gobiocypris rarus) exposed to tri(2butoxyethyl) phosphate (TBOEP) and 352 
tri-n-butyl phosphate (TNBP). Science of the Total Environment 668: 806-814. 353 
doi:10.1016/j.scitotenv.2019.03.038 354 

Huang, P., Ren, X., Huang, Z., Yang, X., Hong, W., Zhang, Y., et al. 2014. Serum 355 
proteomic analysis reveals potential serum biomarkers for occupational 356 
medicamentosa-like dermatitis caused by trichloroethylene. Toxicol Lett 357 
229(1): 101-110. doi:10.1016/j.toxlet.2014.05.024 358 

Ji, K., Hong, S., Kho, Y.,  Choi, K. 2013. Effects of bisphenol s exposure on 359 
endocrine functions and reproduction of zebrafish. Environ Sci Technol 47(15): 360 
8793-8800. doi:10.1021/es400329t 361 

Kim, S., Jung, J., Lee, I., Jung, D., Youn, H.,  Choi, k. 2015. Thyroid disruption 362 
by triphenyl phosphate an organophosphate flame retardant in zebrafish (Danio 363 
rerio) embryos larvae and in GH3 and FRTL-5 cell lines. Aquatic Toxicology 364 
160: 188-196. doi:10.1016/j.aquatox.2015.01.016 365 

Kwon, B., Shin, H., Moon, H. B., Ji, K.,  Kim, K. T. 2016. Effects of tris(2-366 
butoxyethyl) phosphate exposure on endocrine systems and reproduction of 367 
zebrafish (Danio rerio). Environmental Pollution 214: 568-574. 368 
doi:10.1016/j.envpol.2016.04.049 369 

Qiu, W., Chen, B., Greer, J. B., Magnuson, J. T., Xiong, Y., Zhong, H., et al. 2020. 370 
Transcriptomic Responses of Bisphenol S Predict Involvement of Immune Function 371 
in the Cardiotoxicity of Early Life-Stage Zebrafish (Danio rerio). Environ 372 
Sci Technol 54(5): 2869-2877. doi:10.1021/acs.est.9b06213 373 

Wang, X. W., Liu, J. F.,  Yin, Y. G. 2011. Development of an ultra-high-performance 374 
liquid chromatography-tandem mass spectrometry method for high throughput 375 
determination of organophosphorus flame retardants in environmental water. J 376 
Chromatogr A 1218(38): 6705-6711. doi:10.1016/j.chroma.2011.07.067 377 

Zhang, Q., Ji, C., Yin, X., Yan, L., Lu, M.,  Zhao, M. 2016. Thyroid hormone-378 
disrupting activity and ecological risk assessment of phosphorus-containing 379 
flame retardants by in vitro, in vivo and in silico approaches. Environmental 380 
Pollution 210: 27-33. doi:10.1016/j.envpol.2015.11.051 381 

Zhu, Y., Ma, X., Su, G., Yu, L., Letcher, R. J., Hou, J., et al. 2015. Environmentally 382 
Relevant Concentrations of the Flame Retardant Tris(1,3-dichloro-2-propyl) 383 
Phosphate Inhibit Growth of Female Zebrafish and Decrease Fecundity. 384 
Environmental Science & Technology 49(24): 14579-14587. 385 
doi:10.1021/acs.est.5b03849 386 

Zhu, Y., Su, G., Yang, D., Zhang, Y., Yu, L., Li, Y., et al. 2017. Time-dependent 387 
inhibitory effects of Tris(1, 3-dichloro-2-propyl) phosphate on growth and 388 
transcription of genes involved in the GH/IGF axis, but not the HPT axis, in 389 
female zebrafish. Environmental Pollution 229: 470-478. 390 
doi:10.1016/j.envpol.2017.06.024 391 

 392 


	Organophosphate esters cause thyroid dysfunction via multiple signaling pathways in zebrafish brain
	1. Introduction
	2. Materials and methods
	2.1. Chemicals and reagents
	2.2. Maintenance of zebrafish and exposure to OPEs
	2.3. Competitive inhibition assay and Western blot on GH3 cell lines
	2.4. Transcriptome sequencing (RNA-seq) in zebrafish brain
	2.5. Molecular docking simulation
	2.6. Statistical analyses

	3. Results
	3.1. Analysis of growth inhibition in zebrafish induced by OPEs
	3.2. Analysis of contents of T4, TG, and TPO in various tissues of zebrafish
	3.3. Transcriptome analysis of thyroid disruption caused by OPEs in brain
	3.4. Quantitative analysis of TBG, TTR, and NIS levels based on RNA-seq results
	3.5. Competitive inhibition and Western blot analysis of T4 or OPEs
	3.6. Analysis of interaction of OPEs with TBG and TTR

	4. Discussion
	4.1. Significant accumulation of CDP rather than TIPP and TCIPP in zebrafish
	4.2. OPEs regarded as environmental hormones with TH effect in zebrafish
	4.3. Thyroid dysfunction induced by OPEs via multiple signaling pathways including nerve conduction and lipid regulation
	4.4. TTR is a likely biomarker of thyroid disruption in zebrafish induced by OPEs
	4.5. GH3 cell proliferation effectively inhibited by OPEs

	5. Conclusions
	Declaration of competing interest
	Acknowledgments
	Appendix A. Supplementary data
	References


