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• Thyroid endocrine disruption of F-53B
was investigated combining in vitro, in
vivo and in silico approaches.

• The levels of thyroxine (T4) were signif-
icantly increased following F-53B expo-
sure and depuration.

• Gene transcription modulation in the
HPT axis was examined.
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A Chinese perfluorooctane sulfonate (PFOS) substitute frequently detected in the environment, 6:2 chlorinated
polyfluorinated ether sulfonate (F-53B), has a similar structure to PFOS and it is proposed to cause thyroid dys-
function. To further confirm this hypothesis, the effects of F-53B on the thyroid endocrine system and underlying
mechanismswere investigated in vitro and in vivo using rat pituitary GH3 cells and developing zebrafish, respec-
tively. In GH3 cells, F-53B enhanced cell proliferation in a dose-dependentmanner, indicative of thyroid receptor
agonistic activity. In zebrafish larvae, F-53B exposure induced significant developmental inhibition and increased
thyroxine (T4) but not 3,5,3′-triiodothyronine (T3) levels accompanied by a decrease in thyroglobulin (TG) pro-
tein and transcript levels of most genes involved in the hypothalamic-pituitary-thyroid (HPT) axis. Interestingly,
T4 levels remained significantly increased while TG protein and gene transcription levels were markedly upreg-
ulated after depuration. Molecular docking studies revealed that F-53B binds to transthyretin (TTR) by forming
hydrogen bonds with Lys123 and Lys115, thereby interfering with thyroid hormone homeostasis. Our collective
in vitro, in vivo and in silico studies provide novel evidence that F-53B disrupts the thyroid endocrine system at
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Table 1
The structure of F-53B and PFOS.

Product name CAS no.

F-53B 73606-19-6

PFOS 2795-39-3
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environmentally relevant concentrations, which cannot be recovered after depuration. Given the persistence of
F-53B in the environment, the long-term consequences of thyroid hormone disruption by this chemical warrant
further investigation.

© 2017 Published by Elsevier B.V.
1. Introduction

In the electroplating industry, especially “hard chrome plating”,
perfluorooctane sulfonate (PFOS) is commonly used as an effective
mist suppressant. However, due to stringent industrial regulations, a
number of non-PFOS mist suppressants are beginning to appear in the
market. In China, 6:2 chlorinated polyfluorinated ether sulfonate (6:2
Cl-PFAES, trade name F-53B) is widely accepted for use in the
electroplating industry as a substitute for PFOS. A report by the China
Metal Plating Association in 2009 revealed annual usage of 30–40 tons
of mist suppressant (Lim et al., 2011). The lack of specific restrictions
on emissions and disposal methods of F-53B lead to its eventual entry
into the aquatic environment. Recently, F-53B was identified in surface
water, wastewater and municipal sewage sludge at concentrations
ranging from 2.0 to 44.2 ng/L (Lin et al., 2016), 43 to 112 μg/L (Wang
et al., 2013) and 0.02 to 209 ng/L (Ruan et al., 2015), respectively. The
reported contamination levels of F-53B were even higher than those
of PFOS (Wang et al., 2013) and its removal by conventionalwastewater
treatment plants was generally below 20% (Gao et al., 2017).

Due to its similar structure to PFOS and highly lipophilicity (log Kow
=5.24) (Table 1), F-53B has strong bioaccumulation potential. Theme-
dian log BAFwholebody (body bioaccumulation factors) values of F-53B in
crucian carp (Carassius carassius) range from 4.124 to 4.322, which are
higher than those of PFOS (3.430–3.279) (Shi et al., 2015). Recent stud-
ies have reported accumulation of F-53B inGreenlandmarinemammals
(Gebbink et al., 2016) and even human serum (Pan et al., 2016). Given
that F-53B is frequently detected in the environment and has high bio-
accumulation capacity, sufficient attention must be paid to its potential
health impacts on aquatic organisms.

Although F-53B has been used for over 30 years in the electroplating
industry, knowledge about its potential toxic effects is limited. Wang et
al. (2013) were the first group to report the acute toxicity of F-53B to
zebrafish (LC50-96 h value, 15.5 mg/L). A recent study revealed that F-
53B causes developmental toxicity and disrupts cardiac development
in zebrafish larvae (Shi et al., 2017). However, themechanisms underly-
ing these changes are yet to be established. Since thyroid hormones
(TH) play a crucial role in the normal development of teleost fish, the
observed adverse effects are possibly attributable to disruption of thy-
roid hormone homeostasis.

Our preliminary results indicate that F-53B enhances GH3 cell prolif-
eration, confirming thyroid hormone receptors (TRs) agonistic activity.
PFOS has been shown to alter TH and associated gene expression levels
in zebrafish (Shi et al., 2009) and rat (Yu et al., 2009a). Based on the ini-
tial findings and structural similarities of F-53B and PFOS, the hypothe-
sis that F-53B is a potential thyroid-disrupting chemical is plausible.

In this study, we employed rat pituitary GH3 cells and zebrafish lar-
vae to investigate the thyroid disrupting potential of F-53B at environ-
mentally relevant concentrations. The activity of F-53B towards TRs
was evaluated in GH3 cells. In view of the unique susceptibility of
Formula
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developing animals to exogenous compounds and crucial roles of TH in
the early stages of fish development, zebrafish larvae were employed as
an in vivo model to examine developmental toxicity, thyroid hormone
content, expression of thyroglobulin (TG) and transthyretin (TTR) pro-
teins and transcript levels of the target genes involved in the HPT axis.
Furthermore, the interaction patterns between F-53B and TTR were pre-
dicted viamolecular docking analysis. Our results should aid in clarifying
the effects of F-53B on the thyroid endocrine system that potentially lead
to long-term consequences for animal and human health.

2. Materials and methods

2.1. Chemicals

F-53B (≥99% purity, CAS #73606-19-6) was obtained from Shanghai
Maikun Chemical Co., Ltd. (Shanghai, China). A stock solution of F-53B
was prepared in 100% dimethyl sulfoxide (DMSO) and dilutedwith cul-
ture medium to achieve the desired working solutions prior to the ex-
periment. The final DMSO concentration in the control and exposure
groups was 0.001% (v/v). Potassium L-PFOS (≥98% purity, CAS #2795-
39-3) as an internal standard was purchased from Aladdin Reagent
Company (Shanghai, China). All other chemicals and solvents were of
analytical grade.

2.2. CH3 cell culture and T-screen assay

The GH3 cell line was obtained from ATCC and cultured in
Dulbecco's Modified Eagle's Medium/Ham's F-12 nutrient mixture sup-
plementedwith10% fetal bovine serum (referred to as growthmedium)
at 37 °C in a humidified atmosphere with 5% CO2.

Since GH3 proliferation is affected by thyroid hormone disruptors,
this cell line was used for the “T-screen” assay for identifying thyroid
hormone disruption compounds, which was conducted following the
procedure of Kim et al. (2015) with slight modifications. Briefly, at
24 h prior to exposure, growth medium was replaced with serum-free
medium to prevent cell growth due to the presence of hormones.
After 24 h, cells were collected from the culture flask, plated into 96-
well plates (5000 cells/well) and treated with 0, 0.01, 0.1, 1, 2, 5 or
10 mg/L F-53B. T3 was employed as the positive control at a concentra-
tion of 1.5 μg/L. Six replicates (n= 6)were used for each treatment and
control group. After a 24h incubation period, cell proliferationwasmea-
suredwith the CCK-8 assay (Yeasen Biotech Company, Shanghai, China)
following the manufacturer's protocol (Zou et al., 2014).

2.3. Zebrafish maintenance and experimental design

Adult wild-type zebrafish (Danio rerio, AB strain) maintenance and
embryo exposure were performed as described previously, with slight
modifications (Tu et al., 2016a). In brief, normal embryos (2 h post-
Molecular weight Structure
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Fig. 1. Screen the effect of the F-53B towards the thyroid hormone receptor pathway using
GH3 cell proliferation assay. Values represent the mean ± SD (n = 6 replicates). *
indicates p b 0.05 and ** indicates p b 0.01 relative to control.
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fertilization, hpf) were exposed for 5 days to 0, 0.5, 20 and 200 μg/L F-
53B (equivalent to 0, 0.000875, 0.035 and 0.35 μM, respectively),
followed by depuration in clean water for 5 days in 500 mL beakers.
Each beaker contained 200 embryos and individual test concentrations
were replicated in three beakers (n= 3), which were in the range of F-
53B concentrations determined in surface water, wastewater and mu-
nicipal sewage sludge (Lin et al., 2016; Ruan et al., 2015; Wang et al.,
2013). F-53B-free water and water containing 0.001% DMSO were
used as blank and solvent controls, respectively. Three biological repli-
cates were used for each exposure concentration. Embryos were incu-
bated at 28 ± 1 °C under a 14 h/10 h light/dark photoperiod.
Exposure solutions were renewed daily with freshly preparedmedium.
At the end of uptake and depuration, 150 larvae from each replicate
were randomly sampled and divided into three groups: 20 for RNA ex-
traction, 30 for western blot analysis and 100 for TH assay. The remain-
ing larvae were used as backup samples. Larvae were stored at−80 °C
until analysis. After MS-222 anesthesia, the body lengths of individuals
were measured from the forefront of the head along the body axis to
the tip of the tail under an electron microscope. Zebrafish larvae after
anesthesia were collected in centrifuge tubes and rinsed with ultrapure
water. Excess water removed with a 10 μL pipette gun after low-speed
centrifugation. The mass increase in the centrifuge tube represents the
wetweight offish. All animal procedureswere carried out in accordance
with the guidelines for the Care and Use of Laboratory Animals of the
China Council on Animal Care and approved by the independent Animal
Care Committee of Jiangxi Academy of Sciences.

2.4. Quantification of F-53B in exposure solutions

2.4.1. Sample preparation
Water samples on days 0 and 1 (T0d and T1d) during the uptake

phase and days 1 and 5 (T1d and T5d) during the depuration phase
were analyzed in triplicate for each treatment. Each sample was spiked
with 10 ng internal standard (potassium L-PFOS) and directly loaded
onto an Oasis HLB cartridge (3 cm3/60 mg, Waters, MA) at a flow rate
of 1 drop/s, dried, and subsequently eluted with 2 × 0.5 mL methanol.
The resulting extracts were concentrated to dryness under a gentle
stream of nitrogen, dissolved in 0.5 mL of 40% methanol and filtered
through a 0.22 μm nylon filter prior to analysis.

2.4.2. LC-MS/MS analysis
Quantitative analysis of F-53B was performed using an Agilent 1290

Infinity Series and Triple Quadrupole 6420 from Agilent Technology
(Santa Clara, CA, USA). Chromatographic separation was performed on
an Eclipase Plus C18 column (1.8 μm × 2.1 mm × 50 mm, Agilent, CA)
at 35 °C using a mobile phase of 10 mM ammonium acetate in water
(A) and methanol (B). The solvent gradient started at 40% B to 100% B
over 3 min and was held for 1 min, followed by equilibration at 40% B
for 1 min. The flow rate was 0.3 mL/min. The mass spectrometer was
operated in a negative electrospray ionizationmodewithmultiple reac-
tion monitoring (MRM). Fragmentor voltage and collision energy were
set at 160V and 30 eV, respectively. Them/z 351.0 transitionwas select-
ed as the quantitative product ion and sample injection volume was 5
μL. Quantification was performed via the internal standard approach
using potassium L-PFOS for F-53B.

2.5. Thyroid hormone measurements

The thyroid hormone content was measured using enzyme-linked
immunosorbent assay (ELISA) based on the competitive binding en-
zyme immunoassay technique. Briefly, 100 larvae were sampled as
one replicate (n = 3 replicates) for TH measurements. Whole-body
THs were extracted as described by Kim et al. (2015). T4 and T3 levels
were measured using commercial ELISA kits (EIAab Science Co. Ltd.,
Wuhan, China) according to themanufacturer's instructions. The detec-
tion limits for T3 and T4 were 0.1 and 1.2 ng/mL, respectively.
2.6. RNA isolation and qRT-PCR assay

Total RNA was extracted from 20 larvae (n = 3 replicates) using
TRIzol reagent (Takara, Dalian, China). RNA quantification, first-strand
cDNA synthesis and qRT-PCR were performed following previously de-
scribed protocols (Tu et al., 2016b). Zebrafish-specific primers of the se-
lected genes were designed using Primer 3 software (http://frodo.wi.
mit.edu/). The primer sequences used in this study are listed in
Supporting information (SI, Table S1). A dissociation curve was used
to distinguish between the desired PCR products and primer-dimers
or DNA contaminants. Prior to the analysis, we carried out a trial and
confirmed the stability of β-actin levels under our experimental condi-
tions. The Ct values for each gene of interest were normalized to that
of β-actin using the 2−ΔΔCt method (Livak and Schmittgen, 2001).

2.7. Protein extraction and western blot analysis

Western blot was performed according to our previously described
procedure (Xu et al., 2016) using 30 larvae (n = 3 replicates). The de-
tailed protocols for protein extraction are provided in SI (Text S1). Pro-
tein concentrations were determined using the BCA protein assay kit
(CWBio, Beijing, China). The protein fragments were separated via gel
electrophoresis followed by transfer to polyvinylidene difluoride mem-
brane. The membrane was probed with primary sheep TTR, rabbit TG
antibody against (Abcam, Cambridge, UK) orβ-actin and further stained
with horseradish peroxidase (HRP)-conjugated secondary antibodies.
Sheep TTR and rabbit TG antibodies are reactive and shown to be suit-
able for zebrafish studies (Wang et al., 2015; Zhu et al., 2014). Bands
were visualized via enhanced chemiluminescence and protein expres-
sion levels quantified via densitometry of the chemiluminescent signal.
Results were normalized to β-actin expression with Quantity One v4.6
(Bio-Rad, Hercules, CA, USA).

2.8. Homology modeling and molecular docking

The three-dimensional (3D) structure of zebrafish TTR protein
(zfTTR) was obtained following the homology modeling strategy (tem-
plate: PDB entry 1SN0) with Modeller 9.14 (Eswar et al., 2006). Among
the five models generated with Modeller 9.14, that with a GA341 score
near 1.0 and low molpdf and DOPE score generally representing lower
energy was selected as a favorable conformation for molecular docking.
Based on the homology-modeled structure, F-53Bwas docked automat-
ically into the binding site of zfTTR using AutoDock Vina 1.1.2 (http://
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Table 2
Chemical analysis results of F-53B in the exposure solutions of replicate beakers.

Nominal
concentration
(μg/L)

Detected concentration (μg/L) ± SD

Uptake phase Depuration phase

T0d T1d T1d T5d

control n.d.a n.d. n.d. n.d.
0.5 0.26 ± 0.01 0.20 ± 0.01 n.d. n.d.
20 12.23 ± 0.79 12.86 ± 1.08 0.82 ± 0.03 0.96 ± 0.03
200 129.15 ± 3.24 140.74 ± 4.31 6.10 ± 0.18 6.71 ± 0.33

a n.d. = not detected.
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vina.scripps.edu/) (Trott and Olson, 2010). Detailed descriptions of ho-
mology modeling and molecular docking are provided in SI (Text S2).
The superior posewith the lowest docked energywas selected and visu-
ally analyzed through application of PyMOL software (http://www.
pymol.org).
2.9. Data analysis

Statistical analyses were conducted using SPSS software (Version
19.0, SPSS Inc., Chicago, IL, USA). Data are presented as means ± stan-
dard deviation (SD). The normality of data and homogeneity of variance
were confirmed using the Kolmogorov-Smirnov and Levene's tests, re-
spectively. Significant differences between the control and exposure
groups were evaluated using Dunnett's one-way analysis of variance
(ANOVA) with a statistical significance threshold of p b 0.05.
Fig. 2. The effects of F-53B on body length (A) and body weight (B) of zebrafish larvae.
Values represent the mean ± SD (n = 10 replicates). * indicates p b 0.05 and **
indicates p b 0.01 relative to control.
3. Results

3.1. Solvent effect

Statistical analyses revealed no significant differences in all the test-
ed parameters between the solvent and blank control groups. Thus, data
from the solvent-exposed group could be used as the control.

3.2. T-screen assay

The T-screen assay was used to characterize the thyroid hormone-
disrupting effect of F-53B. As shown in Fig. 1, cell proliferation was sig-
nificantly enhanced by F-53B in a dose-dependent manner. Further-
more, proliferation was evident, even in the 0.01 mg/L F-53B group,
compared with the control group. Our results indicate that F-53B is a
strong TH agonist.

3.3. Chemical analysis

The concentrations of F-53B in exposure solutions are shown in
Table 2. F-53B was not detected in the control groups throughout the
experiment. During the uptake phase, measured concentrations were
0.26, 12.23 and 129.15 μg/L in the 0.5, 20 and 200 μg/L exposure groups
at T0d. The rapid decrease in F-53B was mainly due to adsorption on
glass surfaces (Gao et al., 2017). The concentrations at the first day be-
fore renewing (T1d) were comparable with those at T0d. Thus, the expo-
sure solution was renewed daily to maintain a constant concentration.
Due to the significant differences between the actual and nominal con-
centrations, arithmetic mean of themeasured concentrations at T0d and
T1d were used. The arithmetic mean values of exposure concentrations
Fig. 3. The effects of F-53B on T4 (A) and T3 (B) levels in zebrafish larvae. Values represent
the mean ± SD (n= 3 replicates). * indicates p b 0.05 and ** indicates p b 0.01 relative to
control.

http://vina.scripps.edu/
http://www.pymol.org
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Fig. 4. The effects of F-53B on the transcription of crh, tshβ, trα, trβ, dio1and dio2 genes in zebrafish larvae. Values represent the mean ± SD (n= 3 replicates). * indicates p b 0.05 and **
indicates p b 0.01 relative to control.
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Fig. 5. The effects of F-53B on the transcription of ttr, nis, nkx2.1, pax8, tg and tpo genes in zebrafish larvae. Values represent the mean ± SD (n= 3 replicates). * indicates p b 0.05 and **
indicates p b 0.01 relative to control.
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Fig. 6. The effects of F-53B on the protein expression of TTR and TG in zebrafish larvae. A
representative Western blot of TTR and TG is shown in (A), with the relative
quantification of TTR and TG protein expression shown in (B). Values represent the
mean ± SD (n = 3 replicates). * indicates p b 0.05 and ** indicates p b 0.01 relative to
control.
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in the uptake phase were 0.23, 12.5 and 135 μg/L respectively. During
the depuration phase, F-53B in the exposure solutionwas either not de-
tected or present at very low levels.

3.4. Toxicological end-points

The effects of F-53B exposure and depuration on developmental tox-
icity of zebrafish larvae was evaluated (Fig. 2). We observed no signifi-
cant effects of F-53B on body length for all groups after exposure or
depuration (Fig. 2A). However, a marked decrease in body weight was
observed upon treatment with 135 μg/L F-53B, which remained low
after depuration, compared with the control group (Fig. 2B).

3.5. Thyroid hormone content

Exposure to F-53B resulted in a significant increase in T4 levels in all
groups (0.23–135 μg/L F-53B). After depuration, the T4 level in the 135
μg/L F-53B treatment group remained markedly higher than that in
the control group (Fig. 3A). However, there were no significant differ-
ences in T3 levels between the treatment groups and the control
group whether in the uptake or depuration phase (Fig. 3B).

3.6. Gene transcription profile

Several genes associated with regulation, transport, synthesis and
metabolism of THs were examined in zebrafish larvae (Figs. 4 and 5).
Following exposure to F-53B, crh, tshβ, trβ, dio1, dio2, nis, nkx2.1 and
pax8 were significantly downregulated in the 0.23 and 12.5 μg/L treat-
ment groups while trα and tpo levels remained unchanged. Conversely,
ttr levels were significantly increased in all exposure groups. Expression
of tgwas markedly downregulated by 0.16-, 0.61- and 0.19-fold in the
0.23, 12.5 and 135 μg/L groups, respectively. Notably, the transcriptional
levels of most genes remained unaltered, except dio1, upon exposure to
135 μg/L F-53B.

Depuration induced a significant increase in the transcription of
tshβ, trβ, dio1, dio2, nis, nkx2.1, pax8 and tg genes. In addition, expression
of crh, trα, ttr and tpowasnotmarkedly changed in all treatment groups,
compared with the control group.

3.7. Expression of TTR and TG proteins

TTR and TG protein levels were assessed via western blot (Fig. 6).
Upon treatmentwith 0.23, 12.5 and 135 μg/L F-53B, TTR proteinwas sig-
nificantly upregulated by 2.9-, 3.0- and 2.1-fold, respectively. However,
protein levels remained unchanged after depuration. TG protein was
significantly downregulated by 0.19-fold and 0.11-fold in the 12.5 and
135 μg/L F-53B treatment groups, while levels were upregulated by
2.4-fold and 2.6-fold under the same exposure conditions after
depuration, respectively.

3.8. Binding mode analysis

To clarify the potentialmolecularmechanismunderlying the thyroid
hormone- disrupting effects of F-53B, interactions between F-53B and
zfTTR were explored at the molecular level. The conformation of the
zfTTR/F-53B complex obtained from molecular docking studies is
depicted in Fig. 7. As evident from the crystal structure of the docked
zfTTR/F-53B complex, F-53B fits into the active pocket of zfTTR in the
correct orientation. Further hydrogen bonding analysis revealed that
F-53B forms three hydrogen bonds, one with Lys123 and two with
Lys115.

4. Discussion

In the present study, levels of T4 were significantly increased in
zebrafish larvae following exposure to F-53B. This adverse effect
remained unchanged after depuration, clearly indicative of a thyroid
disrupting effect of F-53B at environmentally relevant concentrations.
Results from the T-screen assay andmolecular docking further support-
ed the TH disrupting potential of F-53B. To our knowledge, this is the
first report documenting effects of F-53B on the thyroid endocrine
system.

The in vitro T-screen assay showed that F-53B enhances proliferation
of GH3 cells in a concentration-dependent manner to a stronger extent
than T3, suggesting high thyroid hormone receptor (TR) agonistic activ-
ity. Therefore, F-53Bmay be considered a strong TH agonist. Additional-
ly, the T-screen assay could be effectively applied for rapid evaluation of
thyroid endocrine disruption by F-53B.

In the in vivo assay, T4 levels were significantly elevated, consistent
with thyroid endocrine disruption. PFOS with a chemical structure sim-
ilar to F-53B is reported to disrupt the TH status in mammalian and fish
models. In an earlier study, T3 levelswere significantly elevatedwhile T4
remained unchanged in zebrafish larvae following exposure to PFOS
(Shi et al., 2009). In contrast, PFOS induced a reduction in serum T4
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but did not affect T3 levels in rat pups (Yu et al., 2009b). These reports,
alongwith our present findings, support the theory that F-53B, as an al-
ternative to PFOS, can similarly disrupt the thyroid endocrine system.
However, the pattern of disruption may vary depending on the species,
exposure dose and route. The significant decrease in body weight ob-
served in the present study may be associated with disruption of THs,
which play critical roles in fish development, especially during the
early stages (Power et al., 2001). Numerous studies have reported that
alterations in T4 and T3 levels exert adverse effects on development of
fish (Tu et al., 2016a; Wang et al., 2015; Yan et al., 2012). For instance,
significant inhibition of bodyweight and body length has been reported
in association with elevated T3 levels in zebrafish larvae after PFOS ex-
posure (Shi et al., 2009).

The proposed interaction network of target genes involved in the
HPT axis is presented in Fig. 8. In fish, crh stimulates the release of tsh
from the pituitary gland, and the expression patterns of these genes
are commonly used as biomarkers to determine whether thyroid dys-
function is induced by environmental chemicals (De Groef et al., 2006;
Yu et al., 2011). In our study, F-53B treatment led to marked downreg-
ulation of crh and tsh (encoded by tshβ) genes at concentrations of 0.23
and 12.5 μg/L. In general, transcription of crh and tsh genes ismodulated
by alterations in TH levels through negative feedback mechanisms
(Zheng et al., 2012). Upregulation of crh and tshβ, concomitant with re-
duction of T4 was observed in zebrafish larvae following exposure to
DE-71 (Yu et al., 2010) and microcystin-LR (Yan et al., 2012). On the
other hand, PFOS increased T3 levels accompanied by downregulation
of tshβ in zebrafish (Shi et al., 2009). In view of these findings, we hy-
pothesized that downregulation of crh and tshβ by F-53Bmay be attrib-
utable to the increase in T4. However, mRNA levels of crh and tshβwere
not significantly altered following exposure to 135 μg/L F-53B, and
depuration induced an increase in tshβ expression. Our preliminary
toxicodynamic data indicate that F-53B rapidly accumulates in zebrafish
larvae andwas almost not excreted from the body (SI, Table S2). Conse-
quently, zebrafish larvae maintain high levels of internal F-53B during
the depuration phase. In general, the perturbation induced by low-
dose chemicals could be maintained automatically by a negative feed-
backmechanism, whereas at high doses this compensatory mechanism
may be overwhelmed, resulting in the homeostasis to be broken
(Kinoshita et al., 2006; Zhang et al., 2009). Therefore, we propose a hy-
pothesis (as shown in Fig. 8) that at low concentrations (i.e. 0.23 and
12.5 μg/L) the compensatory mechanism was activated in reposes to
the increased T4 levels caused by F-53B, while at high concentrations
this mechanism was overwhelmed and F-53B exerted a significant
Fig. 7. Binding mode for F-53B i
stimulating effect on the HPT axis, leading to an increase in T4 and the
upregulation of crh and tshβ genes.

TH performs its biological activity by binding to thyroid hormone re-
ceptors (TRs), including trα and trβ (Power et al., 2001). TRs are mem-
bers of a large nuclear receptor superfamily that act as ligand-
modulated transcription factors (Yan et al., 2012). Experiments in the
present study showed downregulation of the transcript levels of trα
and trβ, possibly in association with increased TH levels. Our findings
were consistent with recent studies demonstrating that T3 induced
marked downregulation of trα and trβ in GH3 cells (Lee et al., 2017)
and acute exposure to Tris (2-butoxyethyl) phosphate (TBOEP) led to
significant increases in T3 and T4 accompanied by a decline in trα and
trβ expression in zebrafish larvae (Liu et al., 2017). However, trα and
trβ mRNA levels were upregulated after depuration, suggestive of a
stimulatory effect of F-53B on TR isoforms. The observation was pro-
posed to be attributable to prolonged exposure to high levels of internal
F-53B, as discussed above.

Downregulation of dio1 and dio2 genes may reflect a negative feed-
back mechanism in response to increased T4 levels. In fish, T3 levels in
the target organs are primarily controlled by the activities of the two
deiodinases, dio1 and dio2, which convert T4 into biologically active T3.
Deiodinase activities are sensitive to environmental contaminants and
their mRNA levels recommended as biomarkers for assessment of the
effects of thyroid endocrine disruptors (Li et al., 2009; Shi et al., 2009).
Hypothyroidism is known to enhance dio1 and dio2 mRNA expression
and activity while hyperthyroidism suppresses these enzymes in fish
(Garcı ́a-G et al., 2004; Orozco and Valverde-R, 2005; Van der Geyten
et al., 2005). Accordingly, downregulation of dio1 and dio2 observed in
our study is indicative of a state of hyperthyroidism. Notably, dio1 and
dio2 were significantly upregulated after depuration. One possible ex-
planation for this finding is failure of auto-regulation of thyroid hor-
mone levels and a strong stimulating effect of F-53B on the HPT axis.

Significant downregulation of nkx2.1 and pax8 was considered part
of a negative feedback mechanism associated with the increased T4
levels. In vertebrates, transcription of several genes that stimulate syn-
thesis of thyroid hormones, such as nis and tg, is regulated by nkx2.1
and pax8 in the thyroid system (Kambe et al., 1996; Zoeller et al.,
2007). Therefore, the decreased transcription of nis and tgmay be a re-
sult of marked downregulation of nkx2.1 and pax8 to counter elevation
of T4. Significant increases in tg and nis levels have been frequently re-
ported as a potential compensatory response to decreased levels of T4
(Chen et al., 2012; Yan et al., 2012; Yu et al., 2010). Tg is the protein pre-
cursor of TH and used for TH production by the thyroid gland. The
n the binding site of zfTTR.



Fig. 8. Proposed interaction network of the selected genes involved in the HPT axis.
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decrease in TG protein observed in this study supports the activation of
a negative feedback mechanism inhibiting thyroid hormone synthesis
in response to increased T4 levels. After depuration, these genes were
upregulated, potentially owing to the stimulating effect of F-53B on
the HPT axis discussed above.

TTR is an important TH-binding protein in teleost fish and amphib-
ians that interacts with and transfers THs to various target tissues
(Morgado et al., 2007). The significant upregulation of ttr at both the
transcriptional and translational levels may present a mechanism to re-
duce TH levels in response to elevated T4. Our results were consistent
with data from a recent study on zebrafish larvae exposed to triphenyl
phosphate (Kim et al., 2015). After depuration,mRNAand protein levels
of TTR were not significantly altered, indicating disruption of the nega-
tive feedback mechanism.

TTR is suggested to be one of the molecular targets of thyroid endo-
crine disruptors, which disturb TH homeostasis via competitive binding
to TTR (Tu et al., 2016a; Zhang et al., 2015; Zhu et al., 2014). The observed
increase in TTRmRNAandprotein expression further validates the theory
that TTR presents a potential target for F-53B-mediated disruption of thy-
roid function in zebrafish larvae. Recent years have heralded an increas-
ing interest in the development of computational in silico approaches to
explore the structure-toxicity relationships of toxicants. Among the mul-
tiple computational tools available, molecular docking that allows visual-
ization of ligand-receptor interactions has been applied frequently and
successfully to clarify the molecular mechanisms of action of toxicants
(Cao et al., 2010; Chen et al., 2016; Li et al., 2010; Xu et al., 2016). Ourmo-
lecular docking results showing that F-53Bfits into the TTR ligand binding
pocket and forms one hydrogen bond with Lys123 and two bonds with
Lys115 further support in vivo outcomes. Consistent with our findings,
PFOS with a similar structure to F-53B also has the ability to bind the
pocket of human TTR (Kar et al., 2017; Zhang et al., 2016). Accordingly,
we speculate that accumulating F-53B competeswith TH to bind TTRpro-
tein, which interferes with TH homeostasis and ultimately affects the
growth and development of zebrafish larvae.
In conclusion, data from the current study clearly demonstrate that
F-53B triggers thyroid endocrine disruption in fish. Since the concentra-
tions used for analysis are environmentally relevant, the thyroid hor-
mone-disrupting effects of F-53B, often used as an alternative to PFOS,
should be researched in more detail. Our results highlight the impor-
tance of combining multiple approaches (in vitro, in vivo and in silico)
for identifying thyroid hormone disruptors that may adversely affect
animal and human health and the underlying mechanisms. In view of
the persistent presence of F-53B in the environment, the long-term con-
sequences of its application warrant further investigation.
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