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• F-53B exposure disrupted the balance of
thyroid hormone levels in F0 adult ﬁsh.
• Increased T4 levels in F1 eggs were consistent with the T4 level of F0 female
serum.
• Parental exposed to F-53B altered THs
and the HPT axis genes expression in
F1 larvae.
• Change of TH levels companied with
defected swim bladder in F1 larvae.
• The change of some HPT axis genes expression still present in F1 adult and F2
larvae.
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a b s t r a c t
Although 6:2 chlorinated polyﬂuorinated ether sulfonate (F-53B), an alternative to perﬂuorooctanesulfonate
(PFOS), has been regularly detected in different environmental matrices, information regarding its toxicity remains limited. To explore the transgenerational thyroid-disrupting capacity of F-53B, adult zebraﬁsh (F0) were
exposed to different concentrations of F-53B (0, 5, 50, or 500 μg/L) for 180 d, with their offspring (F1 and F2) subsequently reared in uncontaminated water. Thyroid disturbances were then examined in the three (F0, F1, and
F2) generations. For F0 adult ﬁsh, thyroxine (T4) increased in both sexes after exposure to 50 μg/L F-53B, whereas
3,5,3′-triiodothyronine (T3) decreased in all groups, except for 50 μg/L F-53B-treated males. For F1 embryos, parental exposure resulted in F-53B transfer as well as an increase in T4 content. At 5 days post-fertilization, the signiﬁcant increase in T4 and decrease in T3 were accompanied by a decrease in body length, increase in mortality,
and increase in uninﬂated posterior swim bladder occurrence in F1 larvae. Although thyroid hormone levels were
not changed signiﬁcantly in F1 adult ﬁsh or F2 offspring compared with the control, the transcription levels of
several genes along the hypothalamus-pituitary-thyroid axis were signiﬁcantly modiﬁed. Our study demonstrated that F-53B possesses transgenerational thyroid-disrupting capability in zebraﬁsh, indicating it might
not be a safer alternative to PFOS.
© 2019 Elsevier B.V. All rights reserved.
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Although perﬂuorooctanesulfonate (PFOS) has long been used in the
Chinese chrome plating industry, 6:2 chlorinated polyﬂuorinated ether
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sulfonate (commercially identiﬁed as F-53B) has been commonly applied in the same industry since the 1970s (Wang et al., 2013, 2014).
Currently, China is the only known country utilizing F-53B, with a reported annual consumption of ~15 tons in 2013 and cumulative environmental emissions of ~125 tons from 2006 to 2015 (Ti et al., 2018).
Following the planned phase out of PFOS in China by 2020, it is likely
that F-53B will replace PFOS in the Chinese metal plating industry. However, scientiﬁc studies on its emissions, distribution, and potential impacts on biota are limited.
In 2013, F-53B was ﬁrst reported in electroplating wastewater efﬂuent in Wenzhou, China, with an average concentration of 61.2 μg/L, similar to that reported for PFOS (54.0 μg/L) (Wang et al., 2013). Various
studies in China have since detected F-53B in surface water (Wang
et al., 2016), atmosphere (Liu et al., 2017a), municipal sewage sludge
(Ruan et al., 2015), wildlife (Liu et al., 2017b; Shi et al., 2015; Cui
et al., 2018), as well as humans (Pan et al., 2017; Shi et al., 2016). Furthermore, it has been identiﬁed in rivers from many western countries
and in Arctic marine mammals (Pan et al., 2018; Gebbink et al., 2016),
indicating F-53B possesses the capability of long-range transport.
The median lethal concentration (LC50) of F-53B in adult zebraﬁsh
(15 mg/L at 96 h) is similar to that of PFOS (17 mg/L), thereby indicating
its moderate toxicity to ﬁsh (Wang et al., 2013). However, the LC50 in
zebraﬁsh larvae (96 h) is reportedly lower under F-53B exposure
(13.77 mg/L) than that under PFOS exposure (54 mg/L) (Shi et al.,
2017; Hagenaars et al., 2011). Long-term F-53B exposure also negatively impacts reproductive capability in adult zebraﬁsh (Shi et al.,
2018) and shows greater toxic effects on cell viability in human cell
lines (i.e., HL-7720) and stronger binding afﬁnity to fatty acid binding

proteins compared with PFOS (Sheng et al., 2017). Conversely, previous
studies on subchronic F-53B toxicity in adult male mice have indicated
relatively weak reproductive injury compared with that induced by
PFOS (Zhou et al., 2018; Lopez-Doval et al., 2016).
Thyroid hormone (TH) homeostasis plays an important role in
growth, immunity, metabolism, energy provision, and reproduction
(Liu and Chan, 2002; Porazzi et al., 2009). Disturbance of thyroid function can lead to unfavorable outcomes in animals, including developmental defects and gonadal structure abnormalities (Power et al.,
2001; Yen, 2001). In ﬁsh, the hypothalamus-pituitary-thyroid (HPT)
axis regulates TH synthesis (Blanton and Specker, 2007). The hypothalamus regulates TH synthesis via its production of corticotropinreleasing hormone (CRH), which, in turn, induces thyroid-stimulating
hormone (TSH) synthesis in non-mammalian vertebrates, e.g. amphibians and ﬁsh (De Groef et al., 2006). The initiation of TH synthesis begins
with iodide absorption and thyroglobulin iodination. Thyroxine (T4),
which is the primary synthesized TH, is transformed to biologically active 3,5,3′-triiodothyronine (T3) by deiodinase enzymes (Orozco et al.,
2012). Both T4 and T3 function with speciﬁc nuclear TH receptors
(TRs) and are regulated by TSH. Many environmentally-prevalent
chemicals can disrupt the thyroid endocrine system via impact on the
HPT axis (Boas et al., 2006; Miller et al., 2009). For example, PFOS is a
known endocrine disrupter, with exposure shown to impair TH homeostasis and modify HPT axis gene transcription in zebraﬁsh, rats, and
Xenopus laevis (Shi et al., 2009; Chen et al., 2018a; Cheng et al., 2011;
Yu et al., 2009). However, the impact of F-53B on the endocrine system
remains relatively unexplored. In vivo, acute F-53B exposure can result
in an increase in T4 and decrease in the transcription of most HPT axis

Fig. 1. Experimental setup to analyze transgenerational thyroid hormone disruption following parental exposure to F-53B in zebraﬁsh.
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2.2. Fish maintenance and experimental treatments

genes in zebraﬁsh larvae (Deng et al., 2018). In vitro, F-53B exhibits
higher afﬁnity to transthyretin (TTR) than PFOS and can activate TRs
(Xin et al., 2018). Despite such evidence, the effects of F-53B on adult
ﬁsh under long-term, low concentration exposure are unclear. Compared with acute exposure, chronic low-concentration exposure more
closely mimics the contaminated habitats of aquatic animals. It has
been demonstrated that F-53B can bioaccumulate in ﬁsh (Shi et al.,
2015, 2017); however, whether it can be transferred to offspring and
whether its transfer can induce thyroid endocrine dysfunction and developmental toxicity in offspring remains unknown.
Here, we explored the TH-disrupting potential of F-53B on adult
zebraﬁsh (F0) following long-term, low concentration exposure. After
exposure treatment (180 d), the acquired F1 embryos were raised in
uncontaminated water for an additional 180 d to obtain the F2 generation. The TH levels, transcriptional patterns of HPT axis genes, and developmental defects in offspring (F1 and F2) were analyzed across the
three generations (F0, F1, and F2). The current study will facilitate our
understanding of the transgenerational thyroid-disrupting effects of F53B and help elucidate the underlying molecular mechanisms.

For the F0 generation, we selected 240 male and 240 female wildtype, sexually mature (5-month-old) zebraﬁsh (Tüebingen strain). The
ﬁsh were then distributed randomly into four groups and exposed to
nominal concentrations of F-53B (0 (control), 5, 50, and 500 μg/L) for
180 d via a ﬂow-through (15 mL/min velocity) exposure system
(ISO7346-3). Each group contained duplicate tanks, with 30 ﬁsh randomly allocated in each tank. All ﬁsh were provided with live brine
shrimp twice daily over the length of the experiment, with the water
temperature maintained at 27.5–28.5 °C under a 14 h:10 h (light:
dark) photoperiod. Earlier studies have demonstrated similar acute toxicities between F-53B and PFOS (Wang et al., 2013; Shi et al., 2017).
Thus, the exposure concentrations used in the present study were
based on previous chronic PFOS toxicity research (i.e., 5, 50, and 250
μg/L) (Chen et al., 2016, 2018a; Du et al., 2009). The 50 μg/L F-53B exposure concentration was also close to that reported in efﬂuent (65–112
μg/L) retrieved from a Chinese wastewater treatment plant (Wang
et al., 2013). Furthermore, in consideration of the differences in chemical sensitivity between adult ﬁsh and embryos, we chose 180 d as the
exposure period to ensure sufﬁcient time for experimental effects. The
actual concentrations of F-53B had been provided in our previous
study (Shi et al., 2018), which were closely matched to the nominal
concentrations.
For the F0 generation, 20 pairs of ﬁsh were selected randomly from
each group to spawn once a week, with mortality of F0 adult ﬁsh recorded every day. At the end of treatment, the F0 adult ﬁsh were anesthetized in an ice-bath and blood was obtained from their tail ﬁns by a
glass capillary. Subsequently, the brains and livers of all F0 ﬁsh were surgically isolated, frozen in liquid nitrogen, and stored at −80 °C.
At the end of exposure, the F1 generation was obtained by coupling
adult F0 ﬁsh in uncontaminated water (Fig. 1). Within 2 h after

2. Materials and methods
2.1. Chemicals
The F-53B compound (C8ClF16O4SK; CAS #73606-19-6, purity
N 99.5%) used in the current study was kindly provided by Professor
Guo Yong (Shanghai Institute of Organic Chemistry, Chinese Academy
of Sciences). Dimethyl sulfoxide (DMSO) was used as the solvent to dissolve solid F-53B. Fish water was used to dilute the stock solutions
(0.125, 1.25, and 12.5 mg/mL) to target concentrations. The DMSO concentration in each treatment group and the control was 0.004% (v/v).
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Fig. 2. Effects of F-53B on thyroid hormones (A and B) and transcriptional levels of HPT axis genes (C and D) in F0 adult male and female zebraﬁsh. Serum samples from four individual ﬁsh
were pooled and tested with three replicates. For real-time PCR analysis, brain and liver samples were selected randomly from six individual adult ﬁsh. All data are expressed as means ±
SE. Differences between the control and F-53B treatment groups were tested using one-way analysis of variance (ANOVA) followed by Fisher's least signiﬁcant differences (LSD).
Signiﬁcant differences from the control are indicated by *p b 0.05.
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2.4. RNA extraction and quantitative real-time PCR
The expressions of HPG axis genes were analyzed to explore the possible molecular mechanism underlying F-53B-induced thyroid endocrine dysfunction. Thus, the transcriptional levels of crh, tsh-β, ttr,
sodium/iodide symporter (slc5a5), thyroglobulin (tg), thyroid peroxidase (tpo), thyroid hormone receptor α (trα), thyroid hormone receptor β (trβ), uridine diphosphate glucuronosyltransferases (ugt1ab),
deiodinase 1 (dio1), and deiodinase 2 (dio2) were detected in the livers
and brains of adult ﬁsh (F0 and F1) and 5-dpf larvae (F1 and F2). Total
RNA extraction and gene expression quantiﬁcation were implemented
as per previous study (Shi et al., 2017), with details provided in the
Supporting Information. All data are reported as the relative ratio to ribosomal protein L13 alpha (rpl13a) expression. Primer sequences are
provided in Table S1.
2.5. F-53B content in F1 and F2 embryos and larvae
Each replicate contained 30 pooled and homogenized embryos or
larvae, with three replicates generated in each group. The F-53B concentrations were quantiﬁed as per Hansen et al. (2001), with some modiﬁcation. All extraction, analysis, and quality assurance/control protocols
are provided in the Supporting Information.

Exposure group (μg/L)
0
bLOQ
bLOQ
bLOQ
bLOQ
bLOQ
bLOQ

F0 ovary (ng/mg)
F1 embryos (ng/mg)
F1 larvae (5 dpf) (ng/mg)
F1 ovary (ng/mg)
F2 embryos (ng/mg)
F2 larvae (5 dpf) (ng/mg)
a
b

5
a

50
b

4.60 ± 0.91
1.97 ± 0.28
1.91 ± 0.45
0.12 ± 0.03b
0.0054 ± 0.0020
0.0047 ± 0.0017

58.23 ± 3.32b
24.75 ± 3.46
23.63 ± 1.78

Limit of quantiﬁcation (LOQ).
These values were obtained from.

treatment groups (F-53B exposure) and control were tested using
one-way analysis of variance (ANOVA) followed by Fisher's least significant differences (LSD) test. However, for F1 adult ﬁsh and F2 generation, t-tests was used for the statistical analyses between 0 and 5 μg/L
exposure groups. A *p-value of b0.05 among groups was considered statistically signiﬁcant.
3. Results and discussion
3.1. Exposure to F-53B disrupted the thyroidal axis in F0 adult ﬁsh
During exposure, the egg number/female was stable in the control
group but decreased in a time- and concentration-dependent manner
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serum supernatant then kept at −80 °C until analysis. Embryos and larvae were homogenized in phosphate buffered saline (PBS) and then
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replicates. The levels of T4 and T3 were detected using commercial
enzyme-linked immunosorbent assays (ELISA) kits following the manufacturer's kit instructions (Cloud-Clone Corp., Katy, TX, USA) and
both of them employed monoclonal antibody speciﬁc to T3 or T4. The
minimum detectable doses of T4 and T3 were 3.7 ng/mL and
123.5 pg/mL, respectively.
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2.3. Measurement of TH levels

Table 1
Concentration of F-53B (ng/mg) in F1 and F2 embryos derived from parents exposed to 5
and 50 μg/L F-53B.

T4 level (ng/g)

spawning, the F1 embryos were collected and grouped based on their
parents. After washing with clean water, the F1 generation was maintained without continued F-53B exposure. At six months of age, the F1
adult ﬁsh were sampled as per the F0 adult ﬁsh. Before sampling, the
mature F1 ﬁsh were also paired to obtain F2 embryos. The F2 embryos
were cultured in uncontaminated water until the larval stage (5 days
post-fertilization (dpf)). Developmental endpoints, including dead embryo rate, malformations, and body length, were evaluated during the
early developmental stage of the F1 and F2 generation. Brieﬂy, 30 embryos were cultured in one well of 6-well plates with 5 mL of fresh
water, and each group (control and treatment) contained six replicates.
The embryo mortality at 0.25 dpf and malformations at 5 dpf were recorded. For measurement of body length, 60 larvae at 5 dpf were used
from each group (10 larvae/well). Potential thyroidal axis disruptions
across the F0, F1, and F2 generations were explored via TH levels and
HPT gene transcriptional patterns. All experimental conditions and protocols are shown in Fig. 1.

T4 level (ng/g)
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2.6. Statistics
All experimental data were evaluated using SPSS v17.0 (SPSS, Inc.,
Chicago, IL, USA) and reported as means with standard errors (means
± SE). Normality and homogeneity were detected via KolmogorovSmirnov and Levene's tests, respectively. Variances between the

Fig. 3. Thyroid hormone levels in F1 embryos (A and B) and larvae (C and D) after parental
exposure to F-53B (0, 5, and 50 μg/L) for 180 d. For each replicate, 150 embryos or 100
larvae were pooled, with three replicates in each group. All data are expressed as means
± SE. Differences between the control and F-53B treatment groups were tested using
one-way analysis of variance (ANOVA) followed by Fisher's least signiﬁcant differences
(LSD). Signiﬁcant differences from the control are indicated by *p b 0.05.
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in the treatment groups (Fig. S1). The zebraﬁsh derived from 500 μg/L
exposure groups were unable to produce eggs after 140 days exposure.
At the end of exposure, no notable abnormal behavior, body surface
damage, or mortality (b 10% in each group) were observed in the 0, 5,
or 50 μg/L F-53B exposure groups; however, signiﬁcant mortality (51
males and 39 females) was detected in the 500 μg/L groups (Fig. S1),
which were therefore excluded from further study. In the serum of
both sexes, long-term F-53B exposure at 50 μg/L increased T4 levels
(Fig. 2A). In contrast, serum T3 levels showed a decreasing trend after
F-53B exposure in both sexes (Fig. 2B). Previous research has also reported increased T4 levels in zebraﬁsh larvae exposed to F-53B (0.5,
20 and 200 μg/L) for 5 d but found no signiﬁcant changes in T3 levels
(Deng et al., 2018). These different patterns in TH levels might be due
to different exposure paradigms (e.g., larva vs adult ﬁsh, long-term vs.
short-term).
In the present study, the transcriptional level of crh was stable in the
F0 male brain, whereas tshβ was signiﬁcantly reduced after treatment
with 50 μg/L F-53B (Fig. 2C). This reduction in tshβ expression might
be a negative feedback reaction to the considerable rise in T4 levels. In
F0 female ﬁsh, F-53B exposure up-regulated the transcriptional level
of crh and had no effects on the transcriptional level of tshβ (Fig. 2D).
Logically, the transcriptional level of crh should be consistent with that
of tshβ (De Groef et al., 2006); however, this was not exhibited in our
study. Thyroid hormones regulate downstream gene expression via
the binding of T3 to TRs (Power et al., 2001; Marchand et al., 2001),
with two TR isoforms (TRα and TRβ) known to occur in ﬁsh. Here, the

A

F1 embryos

transcription of trα was unchanged in male brains but was increased
in all F-53B exposed female brains, whereas trβ only increased in the
5 μg/L-exposed males (Fig. 2C and D).
Transthyretin (TTR), a transport protein for THs in teleost ﬁsh, regulates the supply of the THs to various target tissues (Kawakami et al.,
2006). In the present study, the transcriptional levels of ttr were increased in both sexes after 50 μg/L F-53B exposure (Fig. 2C and D).
The signiﬁcant upregulation of ttr may present a mechanism to reduce
TH levels in response to elevated T4, which were consistent with a recent study on zebraﬁsh larvae exposed to T F-53B (Deng et al., 2018).
Liver deiodinases are sensitive to environmental pollutants and changes
in their mRNA levels can be used as biomarkers of thyroid endocrine
disruption (Orozco and Valverde, 2005; Picard-Aitken et al., 2007). In
this research, the transcription of dio1 remained unchanged in all exposure groups and in both sexes, whereas dio2 was markedly increased in
the 50 μg/L F-53B-exposed males and all exposed females (Fig. 2C and
D). Importantly, DIO1 participates in iodine recovery and TH degradation, whereas DIO2 produces active T3 (Orozco and Valverde, 2005;
Van der Geyten et al., 2005). The up-regulation of dio2 may facilitate
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(Hood and Klaassen, 2000). Among UGT family proteins, UGT1AB participates in the glucuronidation and reduction of T4 (Hood and
Klaassen, 2000). In our study, exposure to 5 and 50 μg/L F-53B markedly
increased the transcription of ugt1ab in F0 adult males (4.07- and 4.6fold, respectively) and in F0 adult females (2.34- and 7.42-fold,
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Fig. 4. Effects of F-53B on dead embryo rate (A), body length (B), and deformed posterior swim bladder occurrence (C and D) in F1 larvae (5 dpf) derived from parents exposed to F-53B (0,
5, and 50 μg/L) for 180 d. Dead embryo rate and deformed posterior swim bladders were measured using 180 embryos, with six biological replicates. Measurement of body length was
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in the sex hormonal levels and detoxifying capacities (Shi et al., 2018).
Furthermore, the transcriptional levels of several genes along HPT axis
were not in the strictly concentration-dependent manner, which were
commonly observed in the previous results that focused on the effects
of PFASs on HPT axis in all teleost species (Deng et al., 2018; Chen
et al., 2018b; Liu et al., 2010; Shi et al., 2009).
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After 180 d of treatment, the egg number per female decreased in
the 5 and 50 μg/L exposure groups, with 500 μg/L-exposed females unable to lay any eggs (Shi et al., 2018). However, the fertilization rate of
F1 embryos was not affected (Shi et al., 2018). Thus, only offspring derived from 0, 5, and 50 μg/L-exposed parents were used for further
experiments.
The F-53B concentration in freshly-spawned embryos were analyzed to evaluate the parental transfer of F-53B. In all control samples,
the concentration of F-53B was below the limit of quantiﬁcation
(Table 1). In the treatment groups, however, the F-53B concentrations
were 1.97 ± 0.28 and 24.75 ± 3.46 ng/mg after parental exposure to
5 and 50 μg/L F-53B, respectively (Table 1), which were about 42% of
that observed in the corresponding F0 female ovaries (Shi et al.,
2018). The level of F-53B in the embryos indicated that F-53B could be
transferred from adult to offspring, consistent with previous research
that demonstrated the transfer of F-53B from mother to fetus in
human (Pan et al., 2017). After maintenance in uncontaminated water
for 5 d, the concentration of F-53B was similar in the larvae and embryos
(Table 1), indicating no obvious clearance during this process, consistent with embryos directly exposed to F-53B (Shi et al., 2017).
We further explored the impact of parental F-53B exposure on the
thyroid endocrine system in the whole-body tissue of F1 generation. Results showed that T4 levels were increased in freshly-spawned F1 embryos derived from parents exposed to 50 μg/L F-53B, whereas T3
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Fig. 5. Effects of F-53B on the transcriptional levels of HPT axis genes in F1 larvae (5 dpf)
after parental exposure to F-53B (0, 5, and 50 μg/L) for 180 d. For real-time PCR analysis,
20 larvae were pooled into one replicate, with six biological replicates in each group. All
data are expressed as means ± SE. Differences between the control and F-53B treatment
groups were tested using one-way analysis of variance (ANOVA) followed by Fisher's
least signiﬁcant differences (LSD). Signiﬁcant differences from the control are indicated
by *p b 0.05.

respectively) (Fig. 2C and D), indicating that F-53B exposure increases
TH clearance and glucuronidation. The transcriptional proﬁles of TRs
in the liver were different to those observed in the brain. In the male
liver, the transcriptional level of trβ was down-regulated after 50
μg/L F-53B exposure, whereas no change was found in trα expression
(Fig. 2C). In the female liver, the transcription of trβ was only enhanced
in the 5 μg/L group (Fig. 2D). In ﬁsh, THs regulate the transcription of
target genes via binding to corresponding TRs. Thus, changes in trβ
gene expression might disrupt the response cascade of THs. This.
sex-speciﬁc response to F-53B exposure is presumably attributed to
the inherent substantial difference of males and females. Previous study
has been demonstrated the effects of F-53B on zebraﬁsh are sex-speciﬁc
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Fig. 6. Effects of F-53B on thyroid hormones (A and B) and transcriptional levels of HPT axis genes (C and D) in F1 adult ﬁsh after parental exposure to F-53B (0 and 5 μg/L) for 180 d. Serum
samples from four individual ﬁsh were pooled and tested with three replicates. For real-time PCR analysis, brain and liver samples were selected randomly from six individual adult ﬁsh. All
data are expressed as means ± SE. Differences between the control and F-53B treatment groups were tested using one-way analysis of variance (ANOVA) followed by Fisher's least
signiﬁcant differences (LSD). Signiﬁcant differences from the control are indicated by *p b 0.05.
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no change. The increased transcriptional level of trα might be an autoregulatory response to decreased T3 concentrations.
All F1 larvae obtained from 50 μg/L F-53B-exposed parents perished
before 15 dpf. Therefore, only F1 adult ﬁsh derived from 0 or 5 μg/L F53B-exposed parents were analyzed for disruption of thyroid activity.
Compared with the control, body length, body weight, gonadosomatic
index, and corresponding egg number per female all decreased in F1 offspring obtained from parents exposed to 5 μg/L F-53B (Shi et al., 2018);
however, thyroid disturbance recovery also occurred in F1 adult ﬁsh.
The levels of T3 and T4 did not change signiﬁcantly in the serum of either sex of the F1 generation (Fig. 6A and B). The transcriptional levels
of all analyzed HPT axis genes were not signiﬁcantly changed in F1
adult males (Fig. 6C). However, the transcription levels of crh and tshβ
in the female brain and ugt1ab in the female liver were decreased
after parental exposure to F-53B (Fig. 6D), which may be an autoresponse to the slight but non-signiﬁcant increase in TH levels. The decreased tshβ expression was consistent with that in F0 adults, but
ugt1ab expression differed from that in adult females directly exposed
to F-53B. In addition, trα, a TR, was decreased in the brains and livers
of F1 females (Fig. 6D).
3.3. Parental F-53B exposure disrupted the thyroidal axis in F2 offspring
Studies on the transgenerational effects of environmental pollutants
can highlight how aquatic animals react to xenobiotic exposure over
several generations (Schwindt, 2015). Our present study found F-53B
concentrations of 0.0054 ng/mg in F2 embryos and 0.0047 ng/mg in
F2 larvae, which were about 5% of that observed in the corresponding
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levels showed no obvious changes (Fig. 3A and B). In ﬁsh, high TH levels
in embryos are presumed to be of maternal origin (Power et al., 2001).
Commonly, the TH content in embryos is consistent with that in maternal plasma (Chang et al., 2012). The increased T4 levels in the F1 embryos were consistent with the levels found in F0 serum, implying
maternal transfer of excessive T4 to the embryos. Compared with the
control, however, T3 levels were not changed in F1 embryos, although
T3 levels in F0 maternal serum were reduced. This inconsistency in T3
levels has been reported in previous study, which found that parental
exposure to perﬂuorobutane sulfonate can disrupt the
transgenerational thyroid endocrine system in marine medaka (Chen
et al., 2018b). In zebraﬁsh, endogenous TH production begins after
hatching (Chang et al., 2012). In our study, T4 levels in F1 larvae
(5 dpf) were elevated after parental exposure to 50 μg/L F-53B; however, T3 levels were markedly reduced in the 5 and 50 μg/L groups
(Fig. 4A and B). These results were consistent with that found in F0
adult ﬁsh, indicating the occurrence of thyroid hormone disruption in
unexposed offspring derived from F-53B-exposed parents. THs are important for early embryonic development, with higher or lower levels
reported to affect larval development and growth (Porazzi et al.,
2009). In the current study, parental exposure to F-53B caused adverse
outcomes in the development of F1 embryos. For example, the embryo
mortality at 0.25 dpf signiﬁcantly increased and reached 40% in the 50
μg/L-exposed groups (Fig. 4A). A decreasing trend in body length was
also observed in the treatment groups at 5 dpf, reaching signiﬁcance
in the 50 μg/L F-53B-exposed group (Fig. 4B). In addition, uninﬂated
posterior swim bladder was the major malformation observed in larvae
(5 dpf) obtained from parents treated with 5 or 50 μg/L F-53B (Fig. 4C
and D), though one or two smaller posterior swim bladders were detected in the 50 μg/L groups. Uninﬂated posterior swim bladder was observed after all tested per- and polyﬂuoroalkyl substances (PFASs), like
F-53B and PFOS, directly exposure (Hagenaars et al., 2011; Shi et al.,
2017); whereas two smaller posterior swim bladders were not reported
previously. In addition, other deformations, such as pericardial edema,
yolk sac edema, and bent spine, that observed in the embryos directly
exposed to F-53B (Shi et al., 2017), were not observed in F1 larvae,
and the underlying mechanism for these difference effects are unknown
and need further analyzed.
In the whole body tissue of F1 larvae (5 dpf), the transcriptional proﬁles of genes along the HPT axis indicated a systemic effect of F-53B on
various processes (Fig. 5). In F1 larvae, the transcriptional level of tshβ
was reduced after parental exposure to F-53B, whereas the expression
of crh remained unchanged. The down-regulation of tshβ was likely a
negative feedback reaction to the elevated T4 levels. The mRNA levels
of tg were increased in F1 larvae and reached signiﬁcant levels following
parental exposure to 50 μg/L F-53B. In contrast, the transcription levels
of slc5a5 and tpo were evidently decreased after parental exposure to F53B. SLC5A5, a sodium/iodide symporter, plays an important role in iodide uptake from blood into thyroid follicles (Liu et al., 2010), and TPO
catalyzes tyrosyl residue iodination in TG (Zoeller et al., 2007; Dunn
and Dunn, 2001). In our research, the down-regulation of tpo and
slc5a5 mRNA expression may reﬂect inhibition of TH synthesis. The
transcriptional level of dio2 increased in F1 larvae obtained from parents
exposed to 50 μg/L F-53B, whereas dio1 declined. These changes in dio2
and dio1 may facilitate the conversion of T4 to T3 in F1 larvae. The transcriptional level of ugt1ab signiﬁcantly decreased after parental exposure to F-53B, which differed from that found in F0 adult ﬁsh. This
difference in gene transcription patterns has also been observed in mature zebraﬁsh and their offspring after parental exposure to
perﬂuorononanoate (Liu et al., 2010), and might be due to developmental stage and tissue. Here, the transcriptional level of ttr was markedly
increased after parental exposure to F-53B, which was consistent with
that in adult ﬁsh and in the larvae directly exposure to F-53B. In addition, the expression patterns of TRs in F1 larvae were different from
those in the F0 livers and brains. In F1 larvae, the transcriptional level
of trα increased after parental exposure to F-53B, whereas trβ exhibited
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Fig. 7. Effects of F-53B on the thyroid hormone system in F2 embryos (A) and larvae (B and
C). For TH level analysis, 150 embryos or 100 larvae were pooled as one replicate, with
three replicates in each group. For real-time PCR analysis, 20 larvae were pooled as one
replicate, with six biological replicates in each group. All data are expressed as means ±
SE. Differences between the control and F-53B treatment groups were tested using oneway analysis of variance (ANOVA) followed by Fisher's least signiﬁcant differences
(LSD). Signiﬁcant differences from the control are indicated by *p b 0.05.
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Fig. 8. Dead embryo rate (A), body length (B), and uninﬂated swim bladder percentage (C) in F2 larvae derived from F0 adult zebraﬁsh exposed to F-53B (0 and 5 μg/L) for 180 d. Dead
embryo rate and uninﬂated swim bladders were measured using 180 embryos, with six biological replicates. Measurement of body length was determined using 60 larvae from each
group. Differences between the control and F-53B treatment groups were tested using one-way analysis of variance (ANOVA) followed by Fisher's least signiﬁcant differences (LSD).
Signiﬁcant differences from the control are indicated by *p b 0.05.

F1 ovaries (Table 1); however, the concentration of F-53B in the F2 embryos was lower than that reported previously in wild frog eggs
(20 ng/g) (Cui et al., 2018).
Compared with the corresponding control, a slight but nonsigniﬁcant elevation in T4 concentrations was detected in F2 embryos
(p = 0.06) and larvae (p = 0.12) (Fig. 7A and B). The transcriptional
levels of tpo, dio1, and trα were down-regulated in F2 larvae (Fig. 7C).
The decreases in tpo and dio1 were consistent with those in F1 larvae, although trα showed the opposite trend. This difference in the expression
of trα might be related to the differences in TH levels between F1 and F2
larvae. Our results supported that gene transcription was more sensitive
than TH levels for F-53B exposure. Although no signiﬁcant change was
found in TH levels, developmental abnormalities still appeared in F2 larvae (Fig. 8). Compared with the control group, the embryo mortality
and deformed swim bladder percentage were higher in the treatment
groups. The average body length in the F2 larval treatment group was
3.85 mm, which was not signiﬁcantly changed compared with that of
the control (3.91 mm). Similar to F1 larvae, an uninﬂated posterior
swim bladder was the main type of malformation in F2 larvae
(Fig. 8C). These developmental abnormalities might be due to F-53B
impairing the reproductive system of F1 adult ﬁsh, that resulted in a decrease of the quality of embryo, and a slight F-53B still present in F2 embryos; however, this needs further study.

4. Conclusions
This study demonstrated that continued low-dose exposure to F-53B
disrupted the thyroidal axis in F0 adult zebraﬁsh, which may be responsible for the F-53B-induced decrease in growth and reproductive capability. Without continued exposure, the altered TH levels and gene
expressions in the F1 and F2 generations during different developmental periods reﬂected the transgenerational thyroid-disrupting capacity
of F-53B in zebraﬁsh. However, the transcriptional response of genes related to HPT axis were not consistent across these three generation, and
further studies focused on the thyroid hormone disruption mode of F53B at different levels (e.g. protein level, thyroid follicle histology) are
useful to understand these complex responses. This disruption of thyroid hormone coupled with decreased body length, increased the mortality and malformation in the primary developmental stages of F1 and
F2 embryos. In addition, although without F-53B continual exposure, it
still presented in both F1 embryos and F2 embryos, indicating studies
focused on transgenerational toxicity are needed for comprehensive assessment the toxicity of F-53B. Combined with acute experiments, our
study provides evidence that F-53B is an endocrine-disrupting chemical, and thus its usage as an alternative to legacy PFOS should be given
greater caution and consideration.
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