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• The estrogenic effects and MoA of 14
OPFRs were determined by three
in vitro assays.

• Six OPFRs acted as LogKow value-
dependent antagonists in the yeast
two-hybrid assay.

• Only TPhP activated ERα-mediated ERE
transcription in the MVLN cell assay.

• Thirteen OPFRs induced MCF7 cell pro-
liferation, and GPR30 was involved in
the effects of 8 OPFRs.

• The potential of alkyl-OPFRs was
hydrophobicity-dependent in the E-
SCREEN assay.
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Organophosphate flame retardants (OPFRs), as substitutes for polybrominated diphenyl ethers (PBDEs), are fre-
quently detected in the environment and biota due to their widespread use. Thus, there is a need to investigate
their potential estrogen-disrupting effects and possible mechanisms of action in an effort to obtain a better risk
assessment. In this study, we characterized the activities on estrogen receptor α (ERα) and the estrogen-
disrupting potential of fourteen OPFRs, TMP, TEP, TPP, TnBP, TiBP, THP, TPhP, TCP, DPK, MDPP, IDPP, CDP,
IPPDP and MPhP, using three in vitro assays representing different specific modes of action (MoAs). In the
yeast two-hybrid assay, no OPFRs induced agonistic activity, but TiBP, DPK, TPhP, MDPP, CDP and IPPDP were
shown to be hydrophobicity-dependent antagonists and to compete with E2 for binding to ERα. In the MVLN
cell assay, TPhP was the only OPFR among the 14 tested that was able to activate ERα-estrogen responsive ele-
ment (ERE) pathways. The results from the E-SCREEN assay showed that all tested OPFRs except TMP had estro-
genic properties, and G protein-coupled receptor 30 (GPR30) was involved in the estrogenicity of eight OPFRs,
TiBP, THP, TPhP, TCP,MDPP, IPPDP, CDP andMPhP. Itwas also found that in the E-SCREEN assay, the estrogenicity
of alkyl-OPFRs but not aryl-OPFRs was closely correlated to hydrophobicity. Our research suggested that most
OPFRs were estrogen disruptors, but their related mechanisms were complex and might involve ERα-
mediated and/or ERα-independent pathways. Further in vitro studies concerning the estrogenic effects and in-
volvedmechanisms of OPFRs, as well as comprehensive evaluations of OPFRs including health and ecological as-
sessments are needed to determine whether they are safe substitutes for PBDEs.
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1. Introduction
Brominated flame retardants (BFRs) are increasingly restricted due
to their health concerns for animals and humans (Lyche et al., 2015).
Consequently, the demand and production of organophosphate flame
retardants (OPFRs), which are considered appropriate replacements,
has been gradually growing. OPFRs are widely used as plasticizers in
various consumer products andbuildingmaterials, resulting in their fre-
quent detection in various environmental samples, such as indoor dust
(Meeker and Stapleton, 2010), air (Lai et al., 2015), surface water
(Cristale et al., 2013), sediment (Tan et al., 2016) and soil (Wan et al.,
2016). High levels of OPFRs were found in sediment at concentrations
ranging from 8.3 to 470 ng/g dry weight in urban areas and the e-
waste recycling region (Tan et al., 2016). In the surface water of
Austria, OPFRs have been detected with levels ranging from 2.6 to
7.9 ng/L (Martinez-Carballo et al., 2007). Epidemiological studies have
shown that OPFRs in house dust have been reported to alter hormone
levels and decrease semen quality (Meeker and Stapleton, 2010), thus,
the endocrine disrupting effects of OPFRs are of growing concern.

Studies from in vivo animalmodels and in vitro assays have indicated
that several OPFRs are potential endocrine disruptors that interferewith
various hormone systems (Liu et al., 2012; Suzuki et al., 2013; Wang
et al., 2013). Triphenyl phosphate (TPhP) and tris(1,3-dichloro-2-pro-
pyl) phosphate (TDCPP) disrupt the hypothalamus–pituitary–gonad
(HPG) axis of zebrafish and produce significant increases in 3,5,3′-triio-
dothyronine (T3), plasma 17β-estradiol (E2) and vitellogenin (VTG)
levels (Kim et al., 2015; Wang et al., 2013; Wang et al., 2015). In vitro,
several OPFRs, including TPhP, TCP and TDCPP, have agonistic or antag-
onistic activity toward the estrogen receptor (ER), androgen receptor
(Suzuki et al., 2013), thyroid hormone receptor (Zhang et al., 2016a,
2016b) and estrogen-related receptor γ (Cao et al., 2018a). However,
there have been different results regarding the estrogenic effects of
OPFRs from different studies. Kojima et al. (2013) and Zhang et al.
(2014) found that TPhP and TCP acted as ER agonists (Kojima et al.,
2013; Zhang et al., 2014), whereas their remarkable antiestrogenic
properties were obtained in another study (Liu et al., 2012). Given
that information concerning the estrogenic activity of most OPFRs re-
mains limited, screening their estrogen-disrupting effects is required.

The risk assessment systems for endocrine disrupting chemicals
(EDCs), such as the two-tiered approach employed by the EPA and the
adverse outcomepathways (AOPs) framework, relymore on the under-
standing of their differentmodes of action (MoAs). In traditional nuclear
ER-mediated genomic pathways, EDCs recognize and bind to the ER li-
gand binding domain (LBD), and then complexes of EDCs and ER dimers
recruit cofactors to activate/deactivate binding to the estrogen respec-
tive element (ERE) in the promoter region or interact with transcription
factors to regulate gene expression (Shanle and Xu, 2011). Based on the
role of coactivators and the ERE in ER transcription, a yeast two-hybrid
assay and an MVLN cell assay were developed to rapidly screen the es-
trogenic/antiestrogenic activity of compounds. The yeast two-hybrid
assay, which contains the ERα-LBD and a coactivator GRIP1, detects
the interaction not only between compoundswith ERα-LBDbut also be-
tween ERα and GRIP1 that is induced by compounds (Li et al., 2010a).
MVLN cells are sensitive to compounds that exert estrogenic potency
through the ERα-ERE pathway (Pons et al., 1990). The MCF7 cell prolif-
eration (E-SCREEN) assay has also been routinely used as an in vitro
assay to assess the estrogenicity of compounds at the cellular level
(Soto et al., 1995). The yeast two-hybrid assay and MVLN cell assay de-
pend on compounds interacting with ERα but differ in their targets in
ERα-mediated action. The E-SCREEN assay uses cell proliferation as an
endpoint to investigate the combined cellular effects of the compounds
on ERα-mediated and ERα-independent pathways.

In the current study, we used the yeast two-hybrid assay to deter-
mine the interaction of fourteen OPFRs on ERα and their effects on the
interaction of ERα with GRIP1. The MVLN cell assay was performed to
evaluate the effects of OPFRs on ERα-mediated ERE transcription. The
E-SCREEN assay was employed to screen the estrogen-disrupting po-
tential of OPFRs and investigate their underlying mechanisms. The
data provided here will be valuable for better understanding the action
of OPFRs on estrogen systems from three different MoAs.

2. Materials and methods

2.1. Chemicals and cell culture

The fourteen tested OPFRs were purchased from J&K Chemical (Bei-
jing, China). The names, abbreviations, CAS numbers, purities and struc-
tures of the test chemicals are shown in Table 1. All the chemicals were
dissolved in DMSO and stored at −20 °C. To avoid cytotoxicity from
DMSO, its final concentration in the culture medium was below 0.1%
(V/V).

MCF7 cells were obtained from the cell bank of the Chinese Academy
of Sciences (Beijing, China). MCF7 cells andMVLN cells were cultured in
Dulbecco's minimum essential medium (DMEM, HyClone, USA) with
10% fetal bovine serum and 1% penicillin/streptomycin (Gibco, USA) in
an incubator at 37 °C with 5% CO2.

2.2. Yeast two-hybrid assay

The yeast two-hybrid assay systems contained human ERα and the
coactivator GRIP1, and the assaywas performed according to that previ-
ously described (Li et al., 2010b). Each group consisted of a negative
control (DMSO), a positive control (E2) and test compounds. After
24 h of yeast growth at 30 °C and 175 rpm, 5 μL of the test compounds
or a control were mixed with 995 μL of medium containing 5 × 103
yeast cells/mL. Two hundred microliters of the test mixtures were
added to a well of a 96-well plate and shaken for 3 h at 30 °C and
800 rpm. Then, the absorbance at 595 nm (Tecan GENios A-5002, Salz-
burg, Austria) was measured to determine the yeast cell density of the
exposed culture, and 50 μL of the culture was added to a new 96-well
plate. After mixing with 120 μL of Z-buffer (16.1 g/L Na2HPO4·7H2O,
5.5 g/L NaH2PO4·H2O, 0.75 g/L KCl, and 0.246 g/L MgSO4·7H2O) and
20 μL of chloroform at 30 °C for 10 min, the enzymatic reactions were
started by the addition of 40 μL of o-nitrophenyl-β-d-galactopyranoside
(13.3 mmol/L in Z-buffer). After shaking at 30 °C for 60 min, 100 μL of
Na2CO3 (1 mol/L) was added to terminate the reaction. Finally, 200 μL
of the supernatant was added to a new 96-well plate, and the absor-
bance at 420 nm was measured. The induced β-galactosidase activity
was calculated as in a previous study (Li et al., 2010b).

The antagonistic activity of the test compounds was determined by
coincubation of yeast cells with E2. Coincubation of test compounds
with E2 has been widely conducted to evaluate the antagonistic activity
of ERα (Li et al., 2010b).

To ensure that the increased or reduced enzymatic activity in the test
was caused by true agonistic/antagonistic responses andnot by cytotox-
icity, yeast cell death wasmeasured spectrophotometrically as a change
in cell density (OD600nm) of the exposed culture after exposure. If the
yeast cell density (OD600nm) exposed to a concentration of test com-
pound was less than that of the DMSO control, then the test concentra-
tion was considered cytotoxic and discarded.

2.3. MVLN cell assay

MVLN cells are MCF7 derivatives that have been stably transfected
with the human ERE-luciferase reporter gene (Pons et al., 1990). The
assay was performed as described previously (Preuss et al., 2010).
Cells (1.5 × 104 cells/well) were seeded in 96-well plates and cultured
in phenol red-free DMEM with 10% charcoal-stripped FBS. After 24 h,
the cells were exposed to the test chemicals. After incubation for 72 h,
the Steady-Glo-Luciferase Assay System (Promega Corp, Madison, WI,
USA) was used to measure the luciferase activity, and the chemilumi-
nescence was measured using a microplate reader (Tecan GENios A-



Table 1
Information of the tested OPFRs.

Name Abbreviations CAS number LogKow Purity Structure

Alkyl-OPFRs
Trimethyl phosphate TMP 512-56-1 −0.60 99% R1=R2=R3=
Triethyl phosphate TEP 78-40-0 0.87 99%

R1=R2=R3=

Propyl phosphate TPP 513-08-6 2.35 99%
R1=R2=R3=

Tributyl phosphate TnBP 126-73-8 3.82 99%
R1=R2=R3=

Triisobutyl phosphate TiBP 126-17-6 3.60 98%
R1=R2=R3=

Hexyl phosphate THP 2528-39-4 6.76 90%
R1=R2=R3=

R1=R2=R3= 

Aryl-OPFRs
Monophenyl phosphate MPhP 701-64-4 1.05 99% R1=R3=H

R2=

Diphenyl phosphate DPK 838-85-7 2.88 99.7%

R1=R3=

R2=H
Diphenyl methyl phosphate MDPP 115-89-9 2.93 95%

R1=R3=

R2=
Triphenyl phosphate TPhP 115-86-6 4.59 99%

R1=R2=R3=

Cresyl diphenyl phosphate CDP 26444-49-5 5.25 95%
R1=R2=

R3=

Tritolyl phosphate TCP 1330-78-5 5.48 99%
R1=R2=R3=

Isopropyl diphenyl phosphate IPPDP 64532-94-1 6.16 95%
R1=R2=

R3=

Isodecyl diphenyl phosphate IDPP 29761-21-5 7.28 95%
R1=R3=

R2=

The LogKow values of OPFRs were obtained from ChemSpider databases (Chemspider, 2020).
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5002, Salzburg, Austria). For each plate, a positive and a solvent control
were tested. The relative light units (RLUs) for each sample well were
calculated as a percent of the maximum luciferase activity of the posi-
tive control (E2, 1 × 10−8 M) (% E2 max Luc).

2.4. MCF7 cell proliferation assay

Weperformed theMCF7 cell proliferation (E-SCREEN) assay accord-
ing to a slightly modified procedure as previously described (Zhang
et al., 2014). Briefly, MCF7 cells (4000 cells/well) were seeded in a 96-
well plate in phenol red-free DMEM with 10% charcoal-stripped FBS.
After 24 h, the cells were treatedwith experimentalmedium containing
various concentrations of test compounds for 4 days. The test medium
was refreshed after 48 h. Finally, Hoechst 33342 was used to stain the
cells, and an Operetta™ High Content Screening instrument
(PerkinElmer, Waltham, MA, USA) was used to acquire images. The
imageswere analyzed byHarmony™ software to count the cell number.
All tests were conducted in three replicates. For each plate, a positive
control (E2, 1 × 10−10 mol/L) and a solvent control were tested. For
the G15 (a GPR30 inhibitor) inhibitory experiments, the cells were
pretreated with 1 μM G15 for 30 min.
2.5. Data analysis

Statistical analysis was performed by OriginPro 2016 (Origin Lab,
Northampton, USA). All the results are presented as the mean ± SD
(standard deviation), obtained from triplicate experiments. Levene's
test was used to analyze the homogeneity of variance, and one-way
analysis of variance (ANOVA) followed by Tukey's test assessed the sig-
nificance of themeandifference between groups. The level of significant
difference was p b 0.05.
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3. Results

3.1. Estrogenic/antiestrogenic effects of OPFRs by the yeast two-hybrid
assay

The β-galactosidase activity induced by E2 reached a maximum at
2.5 × 10−10 mol/L in the ERα yeast two-hybrid assay, and its EC50

value was 6.04 × 10−11 mol/L (Fig. S1). None of the tested OPFRs
showed agonistic activity in the yeast two-hybrid assay (data not
shown). However, we found that six OPFRs, TiBP, TPhP, DPK, MDPP,
CDP and IPPDP, significantly reduced the β-galactosidase activity of
2.5 × 10−10 mol/L E2, and their concentration-dependent curves rang-
ing from approximately 1 × 10−6 to 1 × 10−4 mol/L are shown in
Fig. 1. The RIC20 values (concentration of the tested chemicals showing
20% inhibitory activity on 2.5 × 10−10 mol/L E2) are shown in Table 2.
There was a good negative linear relationship (R2 = 0.92) between
the RIC20 and the logarithmic n-octanol/water partition coefficient
(LogKow) of the OPFRs (Fig. 2).

3.2. Estrogenic effects of OPFRs by the MVLN cell assay

The MVLN cell assay showed that the luciferase activity induced by
E2 reached a plateau at 1 × 10−8 mol/L, and the EC50 value was
2.06 × 10−11 mol/L (Fig. S2). TPhP is the only compound among the 6
ERα-bound OPFRs found in the two-hybrid yeast assay to induce a
dose-dependent agonistic response inMVLN cells, giving amaximal rel-
ative luciferase of 11.26% and an EC50 of 1.45 × 10−5 mol/L (Fig. 3).

3.3. Estrogenic effects of OPFRs by the E-SCREEN assay

MCF7 cell proliferation promoted by E2 reached a maximum at
1 × 10−10 mol/L, and its EC50 value was 5.30 × 10−12 mol/L (Fig. S3).
All the tested OPFRs, except TMP, promoted MCF7 cell proliferation in
a concentration-dependent manner with different REC20 values (con-
centration that the tested chemicals showing 20% activity of
1 × 10−10 mol/L E2) and maximum relative cell proliferation rates
(Figs. 4A, 5, Table 2). The maximum relative cell proliferation rates of
alkyl-OPFRs showed a good positive linear relationship (R2 = 0.96)
with their LogKow values (Fig. 4B), while this relationship was not ob-
served for aryl-OPFRs (Fig. S4). For the cells pretreated with 1 μM G15,
a GPR30 inhibitor, the proliferative effects of 10 μM TiBP, THP, TPhP,
TCP, MDPP, IPPDP, CDP and MPhP were significantly inhibited (Fig. 6).
Fig. 1. The ERα antagonistic activities induced byOPFRs in the two-hybrid yeast assay. The
antagonistic activity of the chemical is represented as the percent inhibition activity
relative to the maximum induced by 17β-estradiol (E2, 2.5 × 10−10 mol/L). Values
represent the mean ± SD of three independent experiments. *p b 0.05 represents a
significant decrease in β-galactosidase activity.
4. Discussion

The AOP framework linking the mechanisms of the EDCs from the
molecular level and the cellular response to adverse effects was used
for risk assessment. In vitro assays including ER binding and ER
transactivation assays in the two-tiered approach were also based on
different MoAs to evaluate the potential estrogenic activity of EDCs
(Browne et al., 2017). OPFRs have recently been widely used as substi-
tutes for polybrominated diphenyl ethers (PBDEs), and assessments of
their estrogen-disrupting effects from different MoAs are needed. In
this study, the estrogen-disrupting activities of fourteen OPFRswere in-
vestigated using three in vitro models. In the two-hybrid yeast assay,
TiBP, DPK, TPhP, MDPP, CDP and IPPDP had hydrophobicity-
dependent potential that competed with E2 for binding to ERα.
Among them, only TPhP induced the ERE pathway in the MVLN cell
assay. In the E-SCREEN assay, all tested OPFRs except TMP had estro-
genic effects, and GPR30 was involved in the estrogenicity of eight
OPFRs. Additionally, increased cell proliferation of only the alkyl-
OPFRs was hydrophobicity-dependent.

ERα-mediated transcription is considered to be one of the most un-
derstood and criticalmechanisms bywhich EDCs exert estrogenic activ-
ities. In order to investigate the effects of OPFRs on the ERα-GRIP1 and
ERα-ERE pathways, two-hybrid yeast assays and MVLN cell assays
were carried out in our study. In the two-hybrid yeast assay, no OPFRs
had agonistic activity, whereas six OPFRs, TiBP, TPhP, DPK, MDPP, CDP
and IPPDP, had antagonistic activity toward ERα, indicating that they
did not induce the interaction between ERα and GRIP1 but competed
with E2 for binding to the ERα-LBD. However, the results from the
MVLN cell assay showed that among the six OPFRs, TPhP is the only
one to induce estrogenic activity. ERα is the main proportion of nuclear
ER in MVLN cells that express the ERE-controlled luciferase reporter
gene (Pons et al., 1990), which suggested that TPhP acted as an ERα ag-
onist to activate ERE transcription but did not interact with GRIP1. Sim-
ilar to our previous studies, the different effects of nonylphenol in the
two-hybrid yeast assay andMVLN cell assaywere due to its recruitment
of other coactivators besides GRIP1 (Ji et al., 2020).

In this study, different assays representing differentMoAswere used
to investigate the underlying mechanisms of OPFRs. Although all the
tested OPFRs except TMP showed significant estrogenic effects by pro-
moting cell proliferation in the E-SCREEN assay, it is obvious that not
all of these OPFRs exerted estrogenic effects via the same pathway.
TEP, TPP, TnBP, THP, IDPP, IPPDP and MPhP had no effects on ERα in
the first two assays but showed estrogenic activity in the E-SCREEN
assay, implying that they used other pathways to induce their effects
rather than ERα-mediated transcription. Indeed,MCF7 cell proliferation
induced by some EDCs, such as thiodiphenol, has been demonstrated to
involve ER-mediated pathways, including ERα and G protein-coupled
receptor 30 (GPR30) (Lei et al., 2017). In our study, pretreatment with
G15 (a GPR30 inhibitor) significantly inhibited the cell proliferative ef-
fects of eight OPFRs (TiBP, THP, TPhP, TCP, MDPP, IPPDP, CDP and
MPhP), indicating that their estrogenic activities were involved in
GPR30 action. Among the eight OPFRs, the effects of four OPFRs
(MDPP, IPPDP, CDP and MPhP) were completely inhibited by G15, im-
plying that their increased cell growth was GPR30-dependent. Interest-
ingly, TPP, TnBP, DPK, IDPP, TiBP, THP, TPhP and TCP also induced the
proliferation of MCF7 cells pretreated with G15. Among them, TCP,
TPP, TnBP and IDPP had no effect on ERα in the two-hybrid yeast
assay and MVLN cell assay, suggesting that they had an ER-
independent action to induce their effects. Note that MCF7 cells also ex-
press sulfotransferases and aromatase for the metabolism and conver-
sion of E2 (Krivoshiev et al., 2016; Wrobel and Gregoraszczuk, 2013).
The proliferative potency of parabens has been reported to be related
to the stimulatory action on E2 secretion and aromatase activity in
MCF7 cells (Wrobel and Gregoraszczuk, 2013). Polyhalogenated aro-
matic hydrocarbons (PHAHs) showed low affinity for the ER, but they
could exert estrogenic effects by decreasing sulfotransferase activity to



Table 2
Estrogen-disrupting effects of OPFRs by three in vitro assays.

Chemical Two-hybrid yeast assay MVLN cells assay E-SCREEN assay

Agonistic activity Antagonistic activity Agonistic activity Agonistic activity

REC20 (mol/L) RIC20 (mol/L) Maximum % REC20 (mol/L) Maximum % REC20 (mol/L) Maximum %

TMP N.E. N.E. N.E. N.E. N.E. N.E. 2.87
TEP N.E. N.E. N.E. N.E. N.E. 5.56 × 10−7 24.59
TPP N.E. N.E. N.E. N.E. N.E. 1.50 × 10−6 27.00
TnBP N.E. N.E. N.E. N.E. N.E. 2.98 × 10−6 26.79
TiBP N.E. 4.76 × 10−5 28.09 N.E. N.E. 7.75 × 10−7 48.33
THP N.E. N.E. N.E. N.E. N.E. 1.85 × 10−6 84.81
MPhP N.E. N.E. N.E. N.E. N.E. 2.15 × 10−6 41.05
DPK N.E. 5.11 × 10−5 27.41 N.E. N.E. N.E. 23.64
MDPP N.E. 4.94 × 10−5 38.20 N.E. N.E. 9.16 × 10−6 21.79
TPhP N.E. 2.00 × 10−5 37.50 N.E. 11.26 5.01 × 10−7 77.08
CDP N.E. 2.06 × 10−6 53.00 N.E. N.E. 6.25 × 10−7 34.94
TCP N.E. N.E. N.E. N.E. N.E. 9.97 × 10−7 36.89
IPPDP N.E. 3.18 × 10−6 52.86 N.E. N.E. 1.07 × 10−6 36.53
IDPP N.E. N.E. N.E. N.E. N.E. 1.00 × 10−6 28.39

N.E.: no effect. REC20: concentration of the tested chemicals showing 20% activity of the maximum activity of positive control. RIC20: concentration of the tested chemicals showing 20%
activity of inhibition on positive control.
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inhibit E2 metabolism (Kester et al., 2002). Given that TPhP and TCP
have been demonstrated to increase the transcription of aromatases
for E2 conversion and decrease the transcription of sulfotransferases
for E2 metabolism (Liu et al., 2012), they might have ER-independent
pathways to induce the estrogenic response in MCF7 cells. Thus, the
mechanisms leading to the estrogenic effects of OPFRs are complicated,
and further studies regarding not only OPFR action on the ER but also
the nonreceptor-mediated pathways for E2metabolism and conversion
induced by OPFRs are required.

In our study, a close negative correlation (R2 = 0.92) existed be-
tween the RIC20 of six OPFRs and their LogKow values in the two-
hybrid yeast assay, which indicated that their action toward ERα is re-
lated to their hydrophobicity. Similarly, the binding energies to
estrogen-related receptor γ (ERRγ) and thyroid hormone nuclear re-
ceptor β (TRβ) of OPFRs has been reported to have a good linear rela-
tionship with their LogKow values, with R2 values of 0.8 and 0.93,
respectively, using molecular docking analysis (Cao et al., 2018a; Ren
et al., 2016); there is also a close positive correlation between the inhib-
itory effects of OPFRs to ERRγ and their LogKow values (Cao et al.,
2018a), suggesting that the hydrophobicity of the substituted groups
plays a significant role in the interaction of OPFRs with steroid nuclear
receptors. Additionally, there was a difference in the results of the
alkyl-OPFRs and aryl-OPFRs in the E-SCREEN assay. The maximum cell
Fig. 2. Linear relationship between the RIC20 and LogKow of OPFRs.
proliferative rates of alkyl-OPFRs closely correlated to their LogKow
values (R2 = 0.96), while this relationship was not observed from the
data of aryl-OPFRs. Similarly, in A549 cells, only alkyl-OPFRs had
LogKow-dependent cytotoxicity (Yuan et al., 2019; Yuan et al., 2020).
We speculated that the difference is due to the differences in their struc-
tures; specifically, alkyl-OPFRs have simple chains, while aryl-OPFRs
have benzene rings that have the potential to induce complex toxicity
mechanisms.

The difference in responsive elements and cofactors that are sensi-
tive to estrogen-related compounds might result in the different
estrogen-disrupting effects of the compounds. TPhP was observed to
have antagonistic activity in the two-hybrid yeast assaywhile it showed
an agonist response in the MVLN cell assay, suggesting that it activated
ERα-mediated ERE transcription but did not interact with GRIP1. Actu-
ally, an adverse outcome in organisms may result from one or various
separate pathways. On the basis of in vivo studies, TPhP decreased
zebrafish fecundity and produced significant increases in plasma E2
Fig. 3. Agonistic activity of TPhP in MVLN cells. The chemical agonistic activity is
represented as the percent activity relative to the maximum activity induced by the
positive control (1 × 10−8 M, E2). Values represent the mean ± SD of three
independent experiments. *p b 0.05 indicates a significant difference from the controls.



Fig. 4. Proliferation effects of alkyl-OPFRs on MCF7 cells and the relationship between maximal cell proliferation and LogKow of alkyl-OPFRs. (A) Proliferation effects of alkyl-OPFRs on
MCF7 cells. Data are presented as the proliferation levels normalized to the positive control (E2, 1 × 10−10 mol/L). Values represent the mean ± SD of three independent experiments.
*p b 0.05 indicates a significant difference from the DMSO controls. (B) Linear relationship between the maximal cell proliferation (percent cell proliferation of the positive control)
and LogKow of the alkyl-OPFRs.
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concentrations and VTG levels (Liu et al., 2013a, 2013b; Wang et al.,
2015). In vitro, TPhP altered steroidogenesis and estrogen metabolism
in H295R cells (Liu et al., 2012). In our study, TPhP agonism toward
ERα and its effects involving GPR30 were observed, indicating that
TPhP could activate not only ERα but alsoGPR30, or promote E2 conver-
sion by nonreceptor pathways to induce estrogenic effects (Liu et al.,
2012). Taken together, the above results suggest that combining multi-
ple in vitro models is valuable to evaluate the endocrine disrupting ef-
fects of OPFRs and explore their probable potential mechanisms of
toxicity that may induce the adverse health effects seen in vivo.

Due to the persistence, bioaccumulation and toxicity of PBDEs,
OPFRs have become potential substitutes. Levels ranging from 1.7 to
96.0 ng/g lipid wt of total PBDEs were detected in human breast milk
from various countries (Sudaryanto et al., 2008), and the highest con-
centration of 29.6 ng/g dw of PBDEs was found in human hair samples
from Zhejiang Province, China (Zhao et al., 2008). OPFRs have also
been detected in similar samples. The highest concentrations of TnBP
and TPhP in human breast milk samples from Japan, the Philippines
and Vietnam were 25 and 140 ng/g lipid wt, respectively (Kim et al.,
Fig. 5. Proliferation effects of aryl-OPFRs on MCF7 cells. Data are presented as the
proliferation levels normalized by the positive control (E2, 1 × 10−10 mol/L). Values
represent the mean ± SD of three independent experiments. *p b 0.05 indicates a
significant difference from the DMSO controls.
2014), andOPFRs ranging from1.67 to 49.0 ng/g dwhave been detected
in human hair (Zhang et al., 2016a, 2016b). Moreover, it is well known
that some PBDEs are estrogen disruptors. Meerts et al. (2001) discov-
ered that 11 out of 17 PBDEs acted as ERα agonists or antagonists
with the lowest observed effect concentration (LOEC) ranging from
5× 10−7 to 5 × 10−6M (Meerts et al., 2001). In CHO-K1 cells containing
ERα and ERE, three PBDEs had estrogenic activity with REC20 values of
6.7 × 10−6, 5.0 × 10−6 and 4.0 × 10−6 M (Kojima et al., 2009). In our
study, the RIC20 values of six OPFRs toward ERα ranged from
2.06 × 10−6 to 5.11 × 10−5 M with LOECs at micromolar levels. Obvi-
ously, the effective concentrations toward ERα of PBDEs and OPFRs
were on the same order of magnitude, which indicates that some
OPFRs might have potential similar to PBDEs to interfere with ERα.
Note that two PBDEs have been reported to promote MCF7 cell growth
via ERα-ERE (Kanaya et al., 2019), but they could not activate GPR30
(Cao et al., 2018b). In contrast, our results showed that the estrogenic
mechanisms of some OPFRs involved not only ERα and GPR30 but
also ER-independent pathways, implying that themechanisms of estro-
genic effects of some OPFRs were more complex than those of PBDEs.
Furthermore, although the effective concentrations of OPFRs ranging
from 2 × 10−7 to 2 × 10−5 M were higher than the levels found in
biota samples, OPFRs not only had effects on the ER but also interacted
with other nuclear receptors; specifically, they showed antagonistic ac-
tivity toward the TR, ERRγ, the androgen receptor (AR) and the gluco-
corticoid receptor and had agonistic activity toward the pregnane X
receptor (PXR) (Kojima et al., 2013; Ren et al., 2016). Similarly, PBDEs
also had potency to interfere with the AR, PR, TR and aryl hydrocarbon
receptor (Hamers et al., 2006), suggesting that the potential of OPFRs
to act via various nuclear receptors might lead to complex biologic ef-
fects that are similar to PBDEs in organisms. Therefore, more studies
concerning the effects of OPFRs on endocrine systems and comprehen-
sive risk assessments are needed to determine whether OPFRs are safe
substitutes.

5. Conclusion

In summary, we used three in vitro models representing different
MoAs to investigate the potential estrogen-disrupting activities of four-
teenOPFRs and themechanisms of action involved. Six OPFRs, including
TiBP, DPK, TPhP, MDPP, CDP and IPPDP, acted as LogKow value-
dependent antagonists to compete with E2 for binding to ERα in the
two-hybrid yeast assay, and only TPhP of fourteen OPFRs acted as an



Fig. 6. Proliferation effects of 10 μM OPFRs on MCF7 cells in the absence or presence of 1 μM G15. Data are presented as the proliferation levels normalized to the DMSO control. Values
represent the mean ± SD of three independent experiments. *p b 0.05 indicates a significant difference from the DMSO controls.
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ERα agonist to activate the ERE pathway in the MVLN cell assay. All
tested OPFRs except TMP had estrogenic effects in the E-SCREEN
assay, and GPR30 was involved in the estrogenicity of TiBP, THP, TPhP,
TCP, MDPP, IPPDP, CDP and MPhP. Additionally, the potential to pro-
mote MCF7 cell growth of only alkyl-OPFRs had a close correlation
with their LogKow values. Given the importance of estrogens in the re-
productive system, the estrogenic effects and mechanisms of OPFRs, as
well as the ecological health consequences resulting fromOPFR contam-
ination in the environment, deserve further investigation.
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