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ABSTRACT: Earlier mechanistic studies of many prohibited ﬂame
retardants (FRs) highlighted their thyroid hormone-disrupting activity
through nuclear thyroid hormone receptors (nTRs), whereas some
alternative FRs such as organophosphate esters (OPEs) exerted weak
nTR-disrupting eﬀects. However, an increasing number of studies have
revealed that OPEs also exert thyroid hormone-disrupting eﬀects, and the
underlying mechanism is unclear. Herein, the thyroid hormone-disrupting
eﬀects and mechanisms of 8 typical OPEs were investigated using integrated
in vitro, in vivo, and in silico assays. All tested chemicals competitively bound
to the membrane thyroid hormone receptor (mTR) [the 20% relative
inhibitory concentration (RIC20): (3.5 ± 0.2) × 101 to (4.9 ± 1.0) × 107
nM], and Cl-OPEs and alkyl-OPEs had lower RIC20 values. In contrast,
only 4 OPEs showed nTR antagonistic activities at higher concentrations
[≥ (4.8 ± 0.8) × 103 nM]. Cl-OPEs and alkyl-OPEs preferentially interacted with mTR. Molecular docking illustrated that OPEs
docked into mTRs, consistent with the competitive binding assay. In vivo analyses of zebraﬁsh embryonic development conﬁrmed
that tris(1,3-dichloro-2-propyl) phosphate induced inappropriate expression of proteins, and these protein interactions might be
associated with mTR according to the quantitative proteomic analysis. Based on the results, mTR might play a critical role in
mediating the thyroid hormone-disrupting eﬀects of OPEs.
KEYWORDS: organophosphate esters, thyroid hormone disruption, mode of action, nuclear thyroid hormone receptor,
membrane thyroid hormone receptor, integrated assays

1. INTRODUCTION
Flame retardants (FRs), one type of chemical additive, are
incorporated into polymers to delay or inhibit combustion and
propagation. 1,2 Due to their toxicity, persistence, and
bioaccumulation, older generation FRs, such as polybrominated diphenyl ethers (PBDEs), were phased out. As
alternative FRs, organophosphate esters (OPEs) have been
proposed as replacements and have been listed as high
production volume chemicals.3,4 However, because these
compounds are not chemically bonded to the materials,
OPEs are easily released into the environment during usage
and recycling.2,5 Accumulating evidence suggests the extensive
occurrence of OPEs in environmental matrices, such as water,
sediment, and soil, as well as human urine, milk, and serum up
to ppb levels;2,6−8 therefore, they have become contaminants
of emerging concern in the environment.5,7
The environmental hazards of OPEs have not been studied
to the same extent as phased-out brominated FRs. Emerging
studies focusing on OPE toxicity support the hypothesis that
these chemicals might exert adverse eﬀects on the thyroid
hormone system of animals and humans and represent a group
of potential thyroid hormone-disrupting chemicals (THDCs).
© 2022 American Chemical Society

Triphenyl phosphate (TPhP) alters the thyroid gland
structure, regulates circulating free triiodothyronine (T3)
levels, and suppresses the growth and metabolic rate of quail
chicks.9 Exposure to tris(1,3-dichloro-2-propyl)phosphate
(TDCPP) signiﬁcantly decreases the plasma concentrations
of T3 and thyroxine (T4) in male zebraﬁsh and alters receptor
transcription in the hypothalamus, pituitary gland, and
thyroid.10
The potential modes of action underlying chemically
induced thyroid hormone disruption are numerous and
complex.11 Thyroid hormone receptors represent potential
targets of various THDCs.11 Exogenous THDCs may exert
thyroid hormone-disrupting eﬀects through both classical
nuclear thyroid hormone receptor (nTR) and nongenomic
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Table 1. Concentration Achieving 20% Maximal Induction (REC20) and RIC20 as well as the Relative Binding Aﬃnity (RBA)
Value Obtained from the Recombinant TRβ Gene Yeast Assay and GH3 Cell-Based Radioligand Competitive Binding Assay
for OPEsa,b
OPEs

nTR
agonistic
activity

nTR antagonistic
activity

nTR binding
energy

REC20
(nM)

RIC20c (nM)

(kcal mol−1)

RIC20d (nM)

RBAe

binding energy
(kcal mol−1)

-

(3.6 ± 0.2) × 102

(5.4 ± 0.3) × 10−2

−47.19

mTR binding activity

Cl-OPEs

TCEP

ND

ND

aryl-OPEs

TDCPP
TCP
TPhP

ND
ND
ND

(6.3 ± 0.2) × 104
ND
(4.7 ± 0.1) × 104

−40.24
−31.72

(4.5 ± 0.2) × 102
(1.6 ± 0.3) × 107
(4.9 ± 1.0) × 107

(4.3 ± 0.2) × 10−2
(1.2 ± 0.2) × 10−6
(4.0 ± 0.8) × 10−7

−55.68
−36.74
−31.71

TBEP
TEHP
TEP

ND
ND
ND

ND
ND
(4.8 ± 0.8) × 103

−46.31

(8.0 ± 0.4) × 101
(3.5 ± 0.2) × 101
(6.4 ± 0.4) × 101

(2.4 ± 0.1) × 10−1
(5.6 ± 0.3) × 10−1
(3.0 ± 0.2) × 10−1

−57.62
−59.81
−48.24

TnBP

ND

(1.0 ± 0.2) × 104

−57.03

(4.4 ± 0.3) × 101

(4.4 ± 0.3) × 10−1

−51.43

alkyl-OPEs

binding site
ALA218;
ASP217
SER213
ARG214
SER213;
LYS253
ASP218(A)
ALA218
ASP217;
SER123;
ARG216
ALA218;
ARG216

a

The binding energy and binding site of the chemicals for nuclear/membrane thyroid hormone receptors simulated by the molecular docking
method. bNote: ND, not detected; -, not available. cThe concentration inhibiting 20% T3 from the nuclear thyroid hormone receptor TRβ
obtained from the recombinant TRβ gene yeast assay. dThe concentration displacing 20% of the radiolabeled probe 99mTc-3PRGD2 from the
membrane thyroid hormone receptor integrin αvβ3 obtained from the GH3 cell-based radioligand competitive binding assay. eRelative binding
aﬃnity compared with T4 (set as 1); the RIC20 value of T4 is shown in the Supporting Information.

membrane thyroid hormone receptor (mTR) pathways.12−14
Earlier mechanistic studies of THDCs highlighted their
abilities to disrupt thyroid hormone through the nTR pathway
by binding nTRs to regulate gene transcription.15 For example,
as TRβ is the major nTR isoform in the thyroid responsible for
regulating target gene transcription, the binding activities of
some OPEs, including triethyl phosphate (TEP), TDCPP,
trimethyl phosphate, and tris(2-chloroethyl)phosphate
(TCEP), toward TRβ have been observed.16 In contrast to
nTRs, the number of studies focusing on the potential modes
of action of mTRs is still very limited. Integrin αvβ3, a typical
mTR, is activated by thyroid hormones (THs) to subsequently
trigger intracellular signaling cascades and perform diverse
functions.17,18 These processes are independent of nTRs.18
According to recent studies, some THDCs, such as di(2ethylhexyl)phthalate, bisphenol A, and di-n-butyl phthalate,
might induce thyroid hormone disruption through an integrin
αvβ3-mediated nongenomic mode of action.14,19 Our research
also supports the hypothesis that the thyroid hormonedisrupting activities induced by exposure to tris(2chloropropyl)phosphate (TCPP) might be related to the
activation of the integrin αvβ3-extracellular regulated protein
kinase signaling pathway.20 However, research studies
examining the eﬀects of OPEs on mTRs are very limited. To
the best of our current knowledge, only one report has
documented that TDCPP promotes rat pituitary cell (GH3)
proliferation and that the promotion activity is blocked by
Arg−Gly−Asp (RGD) peptides, an integrin αvβ3 antagonist;
moreover, the binding aﬃnity of TDCPP for this mTR was
also observed using a GH3 cell-based radioligand competitive
binding assay. Altogether, these ﬁndings imply the involvement
of integrin αvβ3 in TDCPP-mediated thyroid hormone
disruption.21
Although cellular in vitro bioassays have advantages in
exploring molecular initiating events (MIEs) and lower-tier key
events (KEs), they are insuﬃcient for deducing regulationrelevant adverse outcomes (AOs) within the adverse outcome

pathway (AOP) framework.22 Thyroid hormones are key
regulators of the early embryonic development of zebraﬁsh,
and the zebraﬁsh embryonic toxicity test is an eﬀective method
for exploring thyroid hormone disruption and ﬁlling the gaps
of in vitro experiments due to its ability to characterize highertier KEs and derive AOs.22 In particular, the combination of
this traditional toxicological method with advanced omics
techniques, such as proteomic technology, provides massive
amounts of data, enabling a deep understanding of the
toxicological mechanism, and discloses AOPs of these OPEs.23
The objective of this study was to evaluate the thyroid
hormone disruption potency of 8 OPEs on typical nTRs and
mTRs and to explore their potential mechanism using
integrated in vitro, in vivo, and in silico assays. In the present
study, the binding potencies of these OPEs to TRβ or integrin
αvβ3 were quantiﬁed using the recombinant TRβ gene yeast
assay and the GH3 cell-based radioligand competitive binding
assay, respectively. Then, a molecular docking method was
employed to simulate the binding modes of OPEs with the
receptors TRβ and integrin αvβ3. Finally, typical OPEs,
TDCPP, and TPhP, were selected for a quantitative proteomic
analysis after exposure to zebraﬁsh embryos to examine the
mode of action (MoA).

2. MATERIALS AND METHODS
2.1. Cytotoxicity Test. Target OPE-induced cytotoxicity
was measured in yeast cells and GH3 cells using the yeast cell
viability assay and GH3 cell lactate dehydrogenase (LDH)
assay, respectively, which were performed as described in our
previous studies.15,19
2.2. Recombinant TRβ Gene Yeast Assay. The
recombinant TRβ gene yeast assay was adopted to evaluate
the eﬀects of tested chemicals on the TRβ level,15 using the
method described in our previous study.24 The 8 target OPEs
are listed in Table 1. The operational details and method
validation are described in the Supporting Information.
According to the method reported in previous studies,15,24
4242
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as described in our previous study.30 Details are described in
the Supporting Information.
2.7. Statistical Analysis. Only results obtained with
noncytotoxic concentrations were subjected to statistical
analyses. All experiments were executed at least in triplicate.
Signiﬁcant diﬀerences in the experimental data were evaluated
using Dunnett’s one-way analysis of variance test. A p value <
0.05 was reported as signiﬁcant. The potencies of all chemicals
to bind thyroid hormone receptors (TRβ and integrin αvβ3)
were classiﬁed using the classiﬁcation criteria listed in Table
S2.15 Hierarchical clustering analysis was performed based on
the interaction characteristics of the 8 investigated chemicals
using SPSS software (Version 19.0, SPSS Inc., Chicago, IL).

the induced activity and inhibition activity of the target OPEs
were calculated, and the values of 20% relative inhibitory
concentration (RIC20) were obtained.
2.3. GH3 Cell-Based Radioligand Competitive Binding Assay. This assay was employed to evaluate the binding
potency of target OPEs to integrin αvβ3.25 The characterization
of the radiolabeled probe, validation of the assay, and detailed
procedures for determining the binding potency of target
OPEs to integrin αvβ3 are described in the Supporting
Information.
The competition for binding of OPEs (1−106 nM) to
integrin αvβ3 was evaluated. The RIC20 value, which is deﬁned
as the concentration of target chemicals required to displace
20% of the probes from the mTRs, was derived from the
competition curve.25 The relative binding aﬃnity (RBA),
which is deﬁned as the binding aﬃnity of the target compound
for mTR compared with that of T4 (a positive control, which
was set to 1), was calculated.25
The competitive binding of OPEs to integrin αvβ3 during
cotreatment with higher concentrations of T4 (104 nM) and
levels of the integrin αvβ3 protein after OPE treatment were
detected to avoid false-positives. The results shown in Figures
S6 and S7 conﬁrmed the competitive binding of OPEs to
integrin αvβ3.
2.4. Molecular Docking Simulation. The crystal
structures of mTR [integrin αvβ3 with an RGD ligand,
1L5G] and nTRβ (thyroid receptor beta1, 1NAX) are available
at the Protein Data Bank.14,26 Small-molecule structure
building and molecular docking were performed using
Discovery Studio Visualizer 4.0 software supplied by Accelrys
(CA), and the CDOCKER protocol was used as described in
our previous study.27 In the docking simulation process by
CDOCKER, grid-based simulated annealing was applied to
generate and reﬁne the conformations of small molecules. The
top-ranking poses were selected. Then, the CDOCKER energy
was calculated using the electrostatic protocol.
2.5. Zebraﬁsh Embryo Exposure. Typical OPEs, TDCPP
and TPhP, with diﬀerent thyroid hormone receptor binding
characteristics were selected for zebraﬁsh embryo exposure.
Dimethylsulfoxide (DMSO) was used as a negative control.
The concentrations of TDCPP and TPhP exposure were 103
nM based on the selected concentrations reported in in vivo
assays and the eﬀective concentrations detected in in vitro
assays.28,29
For zebraﬁsh embryo exposure, zebraﬁsh embryos at 48 h
postfertilization (hpf) were collected and exposed to the target
OPEs and negative control.22 After 96 h of exposure, the
zebraﬁsh larvae at 144 hpf were retrieved for the quantitative
proteomic analysis.28
2.6. Quantitative Proteomic Analysis. Exposed zebraﬁsh
larval samples were subjected to a quantitative proteomic
analysis at Majorbio Biopharm Technology (Shanghai, China).
Total proteins were extracted, and their concentrations were
evaluated.30 One hundred micrograms of protein from each
sample was reduced, alkylated, digested, and labeled with a
tandem mass tag (TMT).31,32 Then, the labeled samples were
analyzed as described in previous studies.32,33
Bioinformatics analyses were performed.34 Diﬀerentially
expressed proteins (DEPs) were identiﬁed and assigned to
Gene Ontology (GO) categories.32 The GO enrichment
analysis was performed when the p value < 0.05.33 A
protein−protein interaction network analysis was performed

3. RESULTS
3.1. Interaction of OPEs with Nuclear/Membrane
Thyroid Hormone Receptor. The cytotoxicity of the tested
chemicals toward yeast and GH3 cells was evaluated, and the
concentrations of target OPEs that caused signiﬁcant
cytotoxicity were excluded from the estimation of RIC20
values to ensure that the potency classiﬁcation was not biased
by cytotoxicity.
We quantitatively determined the binding potencies of 8
OPEs, including 2 Cl-OPEs (TCEP and TDCPP), 2 aryl-OPEs
[tricresyl phosphate (TCP) and TPhP] and 4 alkyl-OPEs
[tris(2-ethylhexyl)phosphate (TEHP), tri-n-butyl phosphate
(TnBP), TEP, and tris(2-butoxyethyl)phosphate (TBEP)], to
two major nuclear and membrane thyroid hormone receptors,
TRβ and integrin αvβ3. As shown in Figure S2 and Table 1,
none of the tested OPEs showed TRβ agonistic activities, and
the maximum activity induced by OPEs at the tested
concentrations ranging from 1 to 106 nM was not more than
20% of that induced by 5 × 103 nM T3 (positive control), with
p > 0.05 compared with DMSO (negative control). Then, the
tested chemicals were coadministered with 5 × 103 nM T3 to
characterize the antagonistic activities. Some OPEs, including
TDCPP, TPhP, TnBP, and TEP, suppressed the βgalactosidase activity induced by T3, indicating competitive
binding activity to TRβ (Figure S3). Based on the inhibitory
dose−response relationship, the RIC20 values of these OPEs
were calculated to range from (4.8 ± 0.8) × 103 to (6.3 ± 0.2)
× 104 nM. The binding potency decreased with increasing
RIC20 value. According to the RIC 20 values (Table 1), the
order of binding potencies was as follows: TEP > TnBP >
TPhP > TDCPP.
The binding aﬃnities of the target OPEs for the mTR,
integrin αvβ3, were assessed quantitatively, as shown in Figure
S5. All tested OPEs competitively bound integrin αvβ3 forming
a dose−response relationship. Then, the binding potencies of
these compounds, which are presented as RIC20 values, were
calculated. As shown in Table 1, the RIC20 values ranged from
(3.5 ± 0.2) × 101 to (4.9 ± 1.0) × 107 nM. TEHP showed the
lowest RIC20 value and exhibited the highest binding aﬃnity
to mTR. The RBA values of the OPEs ranged from (4.0 ± 0.8)
× 10−7 to (5.6 ± 0.3) × 10−1, with TPhP showing the lowest
binding aﬃnity. The RBA values of the OPEs correlate well
with their molecular structure: alkyl-OPEs showed a stronger
binding aﬃnity and had RBA values greater than (2.4 ± 0.1) ×
10−1, Cl-OPEs had medium RBA values ranging from (4.3 ±
0.2) × 10−2 to (5.4 ± 0.3) × 10−2, and aryl-OPEs exhibited a
lower binding aﬃnity and RBA values less than (1.2 ± 0.2) ×
10−6.
4243

https://doi.org/10.1021/acs.est.1c05956
Environ. Sci. Technol. 2022, 56, 4241−4250

Environmental Science & Technology

pubs.acs.org/est

Article

Figure 1. Hierarchical clustering analysis of the classiﬁed in vitro toxicity proﬁle of OPEs: 1 indicates no eﬀect or very low potency, 2 indicates low
potency, 3 indicates moderate potency, 4 indicates high potency, and 5 indicates very high potency.

Integrin αvβ3 protein levels in GH3 cells were not changed
signiﬁcantly after exposure to OPEs (p > 0.05), indicating that
the inhibitory eﬀects of OPEs on the radiotracer binding to
integrin αvβ3 were not attributed to the reduction in the
expression of this receptor (Figure S6C). As shown in Figure
S7, the inhibitory eﬀects of the mixture (T4 and OPE) on
radioactivity were lower than those of T4 (p < 0.05), which
conﬁrmed the competitive binding of OPEs to integrin αvβ3.
3.2. Docking Simulation of the Interactions of Target
OPEs with Integrin αvβ3 and TRβ. We further simulated the
binding modes of OPEs with TRβ and integrin αvβ3-RGD by
performing a molecular docking analysis. The docking views
and identiﬁed binding sites of target OPEs with TRβ and
integrin αvβ3-RGD are shown in Figures S8 and S10,
respectively. The binding energy and interactions of these
OPEs are listed in Table 1, revealing that noncovalent
intermolecular interactions, including hydrogen bonds, cation−π interactions, π−π stacking, or van der Waals forces, were
involved in the binding of OPEs to integrin αvβ3-RGD and
TRβ. Electrostatic energy was the dominant energy to force
the interactions of OPEs with integrin αvβ3-RGD, as shown in
their 2D views (Figure S11).
Regarding the docking results of integrin αvβ3, shown in
Figure S10, all of the target OPEs were docked into integrin
αvβ3 at the same position as the standard ligand RGD peptide,
and both the αv domain and β3 domain participated in the
interaction of OPEs and integrin αvβ3. Based on this result,
some amino acid residues in the binding site of integrin αvβ3,
such as ALA218, ARG214, ASP217, and SER213, participated
in the interaction of these chemicals with integrin αvβ3 through
hydrogen bonds and cation−π or π−π interactions. The
binding energy was calculated, and the order was TEHP <
TBEP < TDCPP < TnBP < TEP < TCEP < TCP < TPhP.
Notably, the binding energy and the measured binding
potencies of these chemicals with integrin αvβ3 showed a
strong positive linear relationship with a coeﬃcient of
determination (R2) of 0.94 (Figure S10).
3.3. Classiﬁcation of OPEs. The results from in vitro
bioassays were classiﬁed into 3 classes based on predetermined
criteria to characterize the tested chemicals interacting with
thyroid hormone receptors (Table S2). Then, we established
compound-speciﬁc toxicity proﬁles for thyroid hormone
receptor interactions based on hierarchical clustering analysis.
All OPEs were arranged into three diﬀerent clusters: Cluster I
consisted of TCEP, TEHP, and TBEP, which showed a high
interaction potency with integrin αvβ3; Cluster II consisted of

TDCPP, TnBP, and TEP, which was characterized by a high
integrin αvβ3 binding aﬃnity and low to moderate TRβ
binding potency; and Cluster III consisted of aryl-OPEs,
including TPhP and TCP, with a very low integrin αvβ3
binding aﬃnity, but no or low TRβ binding potency (Figure
1). Based on the classiﬁcation results, the typical OPEs,
TDCPP and TPhP, which have diﬀerent thyroid hormone
receptor binding characteristics in the mode of action, were
selected for the subsequent zebraﬁsh embryo exposure and
quantitative proteomic analysis.
3.4. Comparative Proteomic Analysis of TDCPP and
TPhP. The quality control of proteomic experiments and basic
information regarding the distribution of the peptide number,
length, molecular weight, and protein sequence coverage are
presented in Figures S14−S18.
We detected 46456 polypeptides, identiﬁed 24183 proteins,
and annotated and quantiﬁed 7693 proteins using the method
mentioned above. After TDCPP exposure, 478 proteins were
diﬀerentially expressed, including 89 upregulated and 389
downregulated proteins (Figure 2). As shown in Figure 2, 245
DEPs were screened between the TPhP exposure group and
the negative control group, of which 22 were upregulated and
223 were downregulated. Only 60 overlapping DEPs were
identiﬁed in both the TDCPP group and TPhP group (6
upregulated and 54 downregulated).

Figure 2. Venn diagram of DEPs in diﬀerent multiple comparisons.
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Figure 3. continued
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Figure 3. (A) GO annotation analysis and GO enrichment analysis for OPEs [(B) TDCPP and (C) TPhP]. *** p < 0.001, ** 0.001 ≤ p < 0.01, *
0.01 ≤ p < 0.05. (D) The interaction network among identiﬁed DEPs induced by TDCPP. The size of the nodes indicates the degree of protein;
proteins with higher degree values are indicated by larger circles. The proteins enriched in GO term phosphatase regulator activity, rap protein
signal transduction, and extracellular matrix structural constituent are shown in pink, green, and blue, respectively; integrin αv and β3 proteins are
shown in red.

Based on GO annotations used to acquire functional
information, the DEPs were divided into three categories,
cellular component (CC), biological process (BP), and
molecular function (MF), as shown in Figure 3A. For the
TDCPP exposure group, 294 DEPs (61.51%), 273 DEPs
(57.11%), and 293 DEPs (61.30%) were identiﬁed for BP, CC,

and MF, respectively. Conversely, 147 DEPs (60.00%), 128
DEPs (52.24%), and 149 DEPs (60.82%) were assigned to
these categories in the TPhP exposure group.
A GO enrichment analysis was conducted to characterize the
functional features of DEPs. According to the GO enrichment
results for the TDCPP exposure group, the top 20 GO terms
4246
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with minimal p values are displayed in Figure 3B. These terms
were imported for further functional classiﬁcation, and 10, 4,
and 6 biological functions were obtained in the BP, CC, and
MF categories, respectively. The top 4 terms of GO classes
were the extracellular matrix structural constituent (MF),
anchored component of membrane (CC), phosphatase
regulator activity (MF), and rap protein signal transduction
(BP). For the TPhP exposure group, the most signiﬁcant
enrichment information is shown in Figure 3C. Among the top
20 screened GO terms, 15, 1, and 4 biological functions were
described for the BP, CC, and MF categories, respectively.
These functions were mainly involved in the response to
external stimulus (BP), detection of light stimulus (BP),
photoreceptor activity (MF), serine-type endopeptidase
activity (MF), and regulation of the Wnt signaling pathway
(BP). We validated the results of proteomics by western blot
and quantitative PCR analysis, as shown in Figures S21 and
S22.
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mechanism of TH signaling, which is distinct from traditional
nTR-mediated genomic signaling.17 Yonkers and Ribera
veriﬁed that the molecular mechanism underlying the nongenomic regulation of embryonic zebraﬁsh neurodevelopment
by T4 is mediated by integrin αvβ3.41 However, more research
is needed to determine the potential role of this receptor as a
target for THDCs. To the best of our knowledge, the present
study is the ﬁrst to assess the binding potencies of OPEs with
mTR, providing a novel direction for exploring the MoA of
thyroid disruption induced by OPEs.
The RGD binding site on the mTR integrin αvβ3 is
recognized as a structural foundation for the interaction with
T4, as it is located in the extracellular segment of the integrin,
comprising approximately 45% of the total surface area.42 Our
molecular docking analysis supported the hypothesis that
OPEs dock into integrin αvβ3-RGD in a manner similar to T4.
Furthermore, a strong positive linear association was observed
between the binding energy and the measured binding
potencies in the in vitro assay, suggesting that the RGD
structure present in this integrin serves as a basis for
understanding the interaction of this receptor with OPEs. A
large amount of structural data have indicated that the
extracellular segment of integrin αvβ3-RGD is the recognition
site on this heterodimeric integrin that is essential for
complexing with a variety of extracellular matrices.42,43
Interestingly, OPEs showed diﬀerent binding characteristics,
such as binding sites, intermolecular forces, and binding
energies; in general, alkyl-OPEs and Cl-OPEs displayed a
higher binding potency than aryl-OPEs among the tested
OPEs. The diﬀerences in binding characteristics in vitro and in
silico for integrin αvβ3 with OPEs might be attributed to the
variations in the molecular structure of these tested chemicals.
Unlike PBDE congeners, OPEs have various structures,
containing alkyl chains or aryl groups, as well as being
halogenated or nonhalogenated.2 Many studies have also found
that some biological processes, such as metabolism and
partitioning processes, of OPEs in animal tissues are
structure-speciﬁc.2,44
The top 3 chemicals with high binding potencies were
TEHP, TBEP, and TDCPP. In the liganded integrin αvβ3-RGD
structure, the residues ALA218 and SER213 in the βA domain,
as well as ASP218 in the αv domain, occupied the critical
positions and formed the center of a hydrogen bond
interaction, accommodating TEHP, TBEP, and TDCPP. The
residues ARG214, ASP217, and LYS253 in the βA domain
formed cation−π interactions, accommodating TCP, TEP, and
TPhP. Consistently, all of the abovementioned residues, as well
as ASP251 and SER121, were validated to direct the
intermolecular hydrogen bond formation of the positive
controls (T4 and RGD peptide) with integrin αvβ3, indicating
the importance of these residues as key integrin residues in
interactions of both hormones and OPEs with this protein.
Considering the substantial diﬀerence in the binding
activities of OPEs with nuclear/membrane thyroid hormone
receptors, hierarchical clustering analysis was adopted to
classify these OPEs. Our results suggest that the 6 OPEs
(TEHP, TnBP, TEP, TDCPP, TCEP, and TBEP) classiﬁed in
Clusters I and II had the highest mTR binding potency and
competitively bound to integrin αvβ3 even at low concentrations, with RIC20 values less than (4.5 ± 0.2) × 102 nM. In
particular, for TEHP and TDCPP, signiﬁcant binding to mTR
was observed at concentrations as low as 10 nM, which were
comparable to the levels of TEHP and TDCPP exposure

4. DISCUSSION
Initially, the ant/agonistic activities against human nTRα/β
were evaluated to identify the thyroid hormone-disrupting
properties of OPEs. It was observed that none of the 11 tested
OPEs at the investigated concentrations (ranging from 1 × 102
to 3 × 104 nM) exhibited agonistic activity toward nTRα/
β.35,36 Here, using a recombinant TRβ gene yeast assay that
was established in our previous study,15 we also showed that
none of the OPEs induced agonistic activity against nTRβ, but
TDCPP, TPhP, TnBP, and TEP displayed antagonistic
activities at higher test concentrations. Thus, the tested
RIC20 values were greater than (4.8 ± 0.8) × 103 nM.
These results are consistent with that reported by Zhang and
his colleague using the dual-luciferase reporter gene assay, who
also showed that OPEs, such as TnBP and TDCPP, exerted
nTRβ antagonistic activities at comparable concentrations.37
More interestingly, the molecular docking simulation provided
in silico evidence to support the observed in vitro eﬀects, which
might reﬂect direct binding of OPEs to nTRβ.37
Despite the antagonistic activities of some OPEs toward
nTRβ, the tested RIC20 values for these emerging FRs [greater
than (4.8 ± 0.8) × 103 nM] were signiﬁcantly higher than
those observed for BFRs (lower than 5.0 × 10−7 g L−1) using
the same in vitro assay, suggesting that the toxicological
characteristics, such as the MIE, of BFRs and OPEs might vary.
In addition, direct binding to nTR does not fully explain the
observed thyroid-disrupting eﬀects of OPEs; for example, the
reported concentration of TDCPP that induced developmental
toxicity in zebraﬁsh embryos (1.2 × 102 nM) is signiﬁcantly
lower than its RIC20 value [(6.3 ± 0.2) × 104 nM]. Therefore,
OPEs may interact through other mechanisms, such as
nongenomic signaling systems mediated by mTR.
Here, we documented the integrin αvβ3-binding potencies of
OPEs and identiﬁed the target mTR, integrin αvβ3, for these
chemicals that might function in the induced thyroid hormone
disruption. The RIC20 values of TDCPP, TCEP, and TBEP
were comparable to the concentrations reported to induce
thyroid hormone disruption in zebraﬁsh.28,38,39 Integrin αvβ3 is
widely expressed during the growth and development of both
vertebrates and invertebrates and mediates critical bidirectional
signaling that participates in the regulation of morphogenesis,
neurodevelopment, tissue remodeling, and repair.40,41 In
particular, integrin αvβ3 plays important roles as a mTR that
interacts with THs, mainly T4, to mediate the nongenomic
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identify the AOs after OPEs binding to integrin αvβ3 and to
determine the essential molecular components underlying the
nongenomic signaling pathway in zebraﬁsh embryos.
Notably, TPhP provoked distinct changes in proteome
characteristics. Proteomic analysis showed that enrichment
functions were related to external stimulus (BP), detection of
light stimulus (BP), photoreceptor activity (MF), serine-type
endopeptidase activity (MF), and regulation of the Wnt
signaling pathway (BP). The ﬁrst three GO terms imply that
the toxicity of TPhP seems to be related to adverse eﬀects on
visual perception and light stimulus, consistent with the
reported optical toxicity of this compound.46 Moreover, serinetype endopeptidases are the dominant class of proteolytic
enzymes and are associated with some vital physiological
functions and pathological processes, including survival,
development, reproduction, digestion, and immune defense.51,52 Dysregulation of the Wnt pathway has also been
reported to be associated with growth inhibition in the early
developmental stage of zebraﬁsh induced by tris(2butoxyethyl)phosphate, copper, and some drugs, consistent
with our results.53,54 Consequently, diﬀerences in the type of
toxicity, the mechanism of toxicity, and the level of adverse
eﬀects were observed between TPhP and TDCPP, as
discovered using integrated in vitro, in vivo, and in silico
methods.
In summary, we have established that OPEs exhibit
signiﬁcant variations in binding potency with nuclear/
membrane TRs. More of the tested OPEs preferentially
interacted with mTR. These ﬁndings help characterize the
potential mechanisms underlying thyroid hormone disruption
by these emerging FRs; more importantly, they suggest that
mTR and its mediated nongenomic signaling are essential for
disruption induced by OPEs, especially Cl-OPEs and alkylOPEs. Further studies should expand the research objects to
more THDCs and determine their binding activities to mTRs.
A detailed cause-and-eﬀect study will be executed to identify
perturbed pathways after binding to integrin αvβ3 and to build
the relationship between the interaction with mTR and the
measurable AOs in aquatic organisms.

reported in aquatic environments (up to 20 nM),45 suggesting
that these chemicals might impose a hazard to aquatic
organisms by interacting with mTR. TPhP and TCP were
classiﬁed into Cluster III, showing a preference to bind to nTR
rather than mTR. Typically, the RIC20 value of TPhP binding
to nTR was (4.7 ± 0.1) × 104 nM, which was signiﬁcantly
lower than that to mTR [(4.9 ± 1.0) × 107 nM]. The
signiﬁcant diﬀerence in the MIE between these clusters implies
the comprehensive MoA of OPEs, and various experimental
approaches should be implemented to obtain more information and facilitate comparisons with the outcomes from in vitro
assays.
In vivo assays are widely used based on the observation of
zebraﬁsh embryonic development, which is a TH-dependent
process.28 Our research also indicates that TDCPP (103 nM)
decreased the swimming distance (p < 0.05) and velocity of
zebraﬁsh larvae (Figure S13), implying that this chemical
might impair locomotor activity and induce neurobehavioral
disorders in zebraﬁsh larvae. TPhP has also been documented
to alter the development of zebraﬁsh embryos/larvae, showing
optical toxicity.46 TDCPP and TPhP exposure caused
signiﬁcant alterations in protein expression in zebraﬁsh
embryos, supporting the physiological changes found in
zebraﬁsh embryos/larvae. Additionally, the proteins detected
in these two groups were distinct, and the screened
overlapping DEPs were limited, conﬁrming the diﬀerences in
MoAs of these chemicals. This ﬁnding is consistent with our
results obtained from in vitro, in silico, and in vivo assays.
The molecular mechanisms by which thyroid hormone
modulates neurodevelopment during the embryonic period are
associated with the integrin αvβ3-mediated nongenomic
pathway, which is distinct from traditional nuclear signaling.41
The identiﬁed components of this signaling pathway include
integrin αvβ3, intracellular messengers, and targeted neurons.41
Interestingly, the DEPs were found to include β3 (0.7-fold),
intracellular messengers (MEK2, 0.7-fold; MAPK8, 0.6-fold;
RAP1A, 3.1-fold; RAP1B, 2.1-fold) and voltage-gated sodium
channel protein (SCN1B, 0.6-fold). The proteomic analysis
further veriﬁed that TDCPP produces highly abundant
changes in functional classes, including extracellular matrix
structural constituent (MF), anchored component of membrane (CC), phosphatase regulator activity (MF), and rap
protein signal transduction (BP). Extracellular matrix structural
constituents have also been implicated in mammalian and
zebraﬁsh development and have even been considered
reservoirs of growth factors.47 Notably, integrin cell membrane
receptors, such as integrin αvβ3, have been documented to
interact with the extracellular matrix and mediate intracellular
signal transduction, such as stepwise phosphorylation.48
Moreover, for other enriched GO terms, these DEPs form a
signaling network, as shown in Figure 3D, which transfers
information about the extracellular environment, such as
pollution stress, to cells and regulates intracellular activity.49,50
The activation of membrane receptors is recognized as a
critical process.48 Taken together, these observations revealed
a novel potential mechanism that integrin αvβ3 is involved in
the thyroid hormone disruption of TDCPP by triggering
outside-in signaling pathways and leading to impaired
neurodevelopment. This conclusion does not preclude
contributions of other pathways to the disrupting eﬀects of
this chemical, but our studies ﬁrst conﬁrmed the important
role of integrin αvβ3, a major TR that binds to some OPEs with
strong aﬃnity. In the next step, a detailed study is needed to
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