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As a Chinese-speciﬁc alternative to perﬂuorooctane sulfonate (PFOS), 6:2 chlorinated polyﬂuorinated
ether sulfonate (commercial name: F-53B) has been used in the metal plating industry for over 40 years.
This prevalence of use has resulted in its subsequent detection within the environment, wildlife, and
humans. Despite this, however, its hepatotoxic effects on aquatic organisms remain unclear. Here, we
characterized the impacts of long-term F-53B exposure on adult zebraﬁsh liver and their offspring.
Results showed that the concentration of F-53B was greater in the F0 liver than that in the gonads and
blood. Furthermore, males had signiﬁcantly higher liver F-53B levels than females. Hepatomegaly and
obvious cytoplasmic vacuolation indicated that F-53B exposure induced liver injury. Compared to control, liver triglyceride levels decreased by 30% and 33.5% in the 5 and 50 mg/L-exposed males and 22% in
50 mg/L-exposed females. Liver transcriptome analysis of F0 adult ﬁsh found 2175 and 1267 differentially
expressed genes (DEGs) in the 5 mg/L-exposed males and females, respectively. Enrichment analyses
further demonstrated that the effects of F-53B on hepatic transcripts were sex-dependent. Gene
Ontology showed that most DEGs were involved in multicellular organism development in male ﬁsh,
whereas in female ﬁsh, most DEGs were related to metabolic processes and gene expression. qRT-PCR
analysis indicated that the PPAR signaling pathway likely contributed to F-53B-induced disruption of
lipid metabolism in F0 adult ﬁsh. In F1 larvae (5 days post fertilization), the transcription of ppara
increased, like that in F0 adult ﬁsh, but most target genes showed the opposite expression trends as their
parents. Taken together, our research demonstrated chronic F-53B exposure adversely impacts zebraﬁsh
liver, with disruption of PPAR signaling pathway dependent on sex and developmental stage.
© 2019 Elsevier Ltd. All rights reserved.
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1. Introduction
Perﬂuorooctane sulfonate (PFOS) has been used in various industrial and consumer applications since the 1950s (Kissa, 2001),
and thus is one of the most abundant per- and polyﬂuoroalkyl
substances (PFASs) found in environmental and biotic media
(Houde et al., 2006; Barbarossa et al., 2013; Kannan et al., 2005).
Based on its environmental persistence, bioaccumulation, and
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toxicity, PFOS production was phased out by 3M in 2002 and it was
listed as a persistent organic pollutant in 2009 (UNEP, 2009).
Consequently, numerous PFOS alternatives with similar molecular
structure or physicochemical properties have been developed
(Xiao, 2017). Among them, 6:2 chlorinated polyﬂuoroalkyl ether
sulfonate (commercial name: F-53B), an overlooked PFOS alternative, has been used in the Chinese metal plating industry for more
than 40 years, even before the application of PFOS (Wang et al.,
2013). In 2009, the estimated production of F-53B was approximately 20e30 tons/year (Huang et al., 2010). Given that the Chinese
government reduced the production and usage of PFOS from 2014,
F-53B has likely gained a larger market share since previous estimates (Wang et al., 2013; Ti et al., 2018).
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In recent years, F-53B has been found in electroplating wastewater at a similar concentration as that of PFOS (Wang et al., 2013),
and has since been detected in Chinese river water (0.56e78.5 ng/
L), sewage sludge (0.02e209 ng/g), atmosphere (up to 722 pg/m3),
wildlife (6.74e67.03 ng/g in ﬁsh blood), and human serum
(0.8e2.3 ng/mL) (Ruan et al., 2015; Cui et al., 2018; Shi et al., 2015,
2016; Liu et al., 2017; Pan et al., 2017). Although F-53B is a Chinesespeciﬁc PFOS alternative, it has been found in Arctic wildlife
(0.023e0.27 ng/g) and the rivers of Western countries
(0.01e0.38 ng/L), indicating it may have become a global pollutant
(Gebbink et al., 2016; Pan et al., 2018). In addition, F-53B has been
demonstrated as the most persistent PFAS in human blood (Shi
et al., 2016). Considering the environmental distribution, persistence, and bioaccumulation of F-53B, studies focused on its toxic
effects and mechanisms are urgently required.
Previous studies have reported that the acute toxicities of F-53B
on adult and larval zebraﬁsh are similar or higher than those of
PFOS (Wang et al., 2013; Shi et al., 2018). Chronic F-53B exposure
can suppress growth and impair reproduction in mature zebraﬁsh
(Shi et al., 2018). Furthermore, sub-chronic F-53B exposure in male
mice can induce more serious hepatotoxicity but relatively weaker
reproductive toxicity than that of PFOS (Zhou et al., 2018; Zhang
et al., 2018). Recently, in vitro experiments demonstrated that F53B binds to the human liver fatty acid binding protein (hL-FABP)
directly and exhibits higher activity towards peroxisome
proliferator-activated receptors (PPARs) (Sheng et al., 2017; Li et al.,
2018). Although the hepatotoxicity of F-53B has been highlighted to
some extent, the effects of F-53B on the livers of aquatic organisms,
which are commonly tested for toxicological risk assessment,
remain unknown.
As a model organism, zebraﬁsh have been used extensively to
assess the toxicities of environmental pollutants on aquatic organisms (Peterson and MacRae, 2012; Sipes et al., 2011). High
fecundity, short life cycle, and small size make zebraﬁsh easier and
less expensive to maintain and apply for long-term and transgenerational toxicity study. The object of the present study was to
investigate the hepatotoxicity of F-53B on aquatic organisms using
zebraﬁsh as model. Speciﬁcally, classic endpoints and F-53B content in liver tissue were measured after 180 days of ﬂow-through
exposure. RNA sequencing (RNA-seq) was performed to analyze
the effects of F-53B on hepatic transcripts in both male and female
ﬁsh. The transcriptional proﬁles of several genes associated with
the PPAR signaling pathway were further veriﬁed by quantitative
real-time polymerase chain reaction (qRT-PCR). To further address
the potential transgenerational effects of F-53B exposure on lipid
metabolism, the transcripts of several genes along PPAR signaling
pathway were detected by qRT-PCR in F1 larvae (5 days post
fertilization) derived from chronically exposed parental ﬁsh.

L) using a ﬂow-through exposure system (ISO7346-3), with a ﬂow
rate of 15 mL/min. Each group included four tanks (two for males
and two for females). Each tank (15 L) contained 30 ﬁshes. The ﬁnal
DMSO concentration in each group (including the control) was
0.004% (v/v). The exposure concentrations of F-53B applied here
were established from prior PFOS chronic toxicity studies (Wang
et al., 2011; Cui et al., 2016), with the 50 mg/L dosage similar to
that reported in wastewater treatment plant efﬂuent (61.2 mg/L)
(Wang et al., 2013). During the 180 days of exposure, adult ﬁsh were
fed with live brine shrimp twice a day and cultivated under a
constant water temperature (28 ± 0.5  C) and photoperiod (14 h
light:10 h dark). Considering the unusual breeding cycle of zebraﬁsh, 20 pairs of ﬁsh (male: female ratio: 1:1) from each group were
chosen for mating and spawning each week.
After the exposure treatment, the ﬁsh were anesthetized on ice
and their body weights were measured. The livers were immediately removed after blood collection, and then accurately weighed.
The hepatosomatic index was calculated as liver weight (g)  100/
body weight (g). In each group, hepatic tissues from six male and
six female ﬁsh were ﬁxed in 4% paraformaldehyde (PFA); the tissues from all the other adult ﬁsh were frozen in liquid nitrogen and
stored at 80  C. The F1 embryos were collected at the ﬁnal
spawning and cultured in clean water for 5 dpf. The 5-dpf larvae
from the same group were then pooled, frozen in liquid nitrogen,
and stored at 80  C.

2. Materials and methods

2.5. Triglycerides (TG) and total cholesterol (TCHO) analysis

2.1. Chemicals

The liver tissues were homogenized in 0.1 M phosphate buffered
solution (PBS, pH 7.4). After centrifugation at 1 000  rpm for
15 min at 4  C, the supernatants were collected for biochemical
analyses. Total cholesterol and triglyceride content were measured
using commercially available kits (Jian Cheng, Nanjing, China)
following the manufacturer's instructions.

F-53B (C8ClF16O4SK; CAS #73606-19-6, purity > 99.5%) was
gifted by Prof. Guo Yong from the Shanghai Institute of Organic
Chemistry, Chinese Academy of Sciences. Stock solution was prepared in dimethyl sulfoxide (DMSO) and diluted to target solution
using exposure water.

2.3. Quantiﬁcation of F-53B in liver samples
The F-53B concentrations in each tank are provided in our
earlier study (Shi et al., 2018). The F-53B concentration in liver was
quantiﬁed as described previously (Hansen et al., 2001; Shi et al.,
2018, 2017; Pan et al., 2018). Brieﬂy, 13C4-PFOS was used as the
internal standard. F-53B identiﬁcation and quantiﬁcation were
performed on a Waters Acquity Ultra Performance Liquid Chromatograph (UPLC) system (Milford, MA, USA) coupled to a Waters
Xevo TQS mass spectrometer (Milford, MA, USA). The limit of
quantiﬁcation (LOQ) was 0.01 ng/mL for F-53B. Each group contained six replicates.
2.4. Histological examination of the liver
After ﬁxation in 4% PFA for 24 h, the liver was dehydrated in
ethanol gradient solution and in xylene, and then embedded in
parafﬁn. The embedded tissue was cut into 5-mm sections and
stained using hematoxylin and eosin (H&E). Tissues were observed
using an optical microscope (LEICA Aperio VESAB, Germany). The
number of nucleated cells in the same area was counted by ImagePro Plus (Media Cybernetics, USA).

2.6. RNA-seq assay
2.2. Zebraﬁsh maintenance and exposure process
The wild-type zebraﬁsh (Tüebingen strain) gifted by Prof. Qiang
Wang from the Institute of Zoology, Chinese Academy of Sciences.
480 ﬁve-month-old wild-type adult zebraﬁsh were separated by
sex and assigned to various concentration of F-53B (0, 5 and 50 mg/

Total RNA from liver tissue in the 0 and 5 mg/L F-53B-treated
groups was extracted using TRIzolTM Reagent (Invitrogen, USA).
RNase-free DNase I (Ambion, USA) was added to avoid genomic
DNA contamination. 12 RNA samples were sent to the Novogene
Bioinformatics Institute (Beijing, China) for transcriptome analyses.
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Each group contained six sample (three for male and three for female). RNA purity was checked using the NanoPhotometer® spectrophotometer (IMPLEN, CA, USA). RNA concentration was
measured using Qubit® RNA Assay Kit in Qubit® 2.0 Flurometer (Life
Technologies, CA, USA). RNA integrity was assessed using the RNA
Nano 6000 Assay Kit of the Bioanalyzer 2100 system (Agilent
Technologies, CA, USA). All the RIN values for each sample were
above 9.8. Sequencing libraries were generated using NEBNext®
Ultra™ RNA Library Prep Kit (NEB, USA), and sequenced using the
Illumina HiSeq™ 2500 platform. The original data were ﬁltered by
Perl script. The Q30, error rate, and base content were calculated to
evaluate data quantity. Subsequently, the obtained data were
mapped to the reference genome by TopHat (v2.0.12) and the read
numbers of each gene were counted by HTSeq v0.6.1. DESeq-2 was
used to determine the differentially expressed genes (DEGs) between the control and 5 mg/L-exposed groups. DEGs were deﬁned
as those with a fold-change of 2 and adjusted P-value of <0.05.
The ClueGO Cytoscape plugin was used for Gene Ontology (GO) and
Kyoto Encyclopedia of Genes and Genomes (KEGG) analyses
(Bindea et al., 2009).

Zhang et al., 2012; Cui et al., 2018). Previous studies have suggested
that this sex-dependent difference may relate to maternal transfer
(Kannan et al., 2005) via cord blood (Pan et al., 2017) and breastfeeding (Mondal et al., 2014), which results in a faster PFAS elimination rate in females. Earlier research demonstrated that spawning is the primary route for higher PFOS elimination in female
zebraﬁsh (Sharpe et al., 2010). Furthermore, previous research has
been demonstrated F-53B could be transferred from parents to
their offspring in zebraﬁsh (Shi et al., 2018), suggesting that this
marked sex-dependent difference of F-53B in the liver may be due
to the high excretion rate of females through spawning, as seen for
PFOS. Compared with that in blood and gonads, the F-53B concentration was highest in the liver, indicating that the liver is a key
target organ for F-53B bioaccumulation. Furthermore, for males,
the total amount of F-53B in the liver was obviously higher than
that in the testes, but lower than that in the female ovary (Fig. 1B
and C). This is consistent with the tissue distribution pattern of F53B
detected
in
wild
black-spotted
frogs
(order:
ovary > liver > testis) (Cui et al., 2018).
3.2. F-53B exposure induced liver injury

2.7. qRT-PCR assay
RNA was extracted from each adult zebraﬁsh liver sample or 30
homogenized F1 larvae, as described above. The DNA contaminants
were removed by RNase-free DNase I (Promega, Madison, WI, USA).
The concentration and purity of RNA were measured using NanoDrop 2000 (Thermo Scientiﬁc, USA). In each sample, 1 mg of RNA
was reverse transcribed to cDNA. qRT-PCR was performed using
SuperReal PreMix Plus (SYBR green) kits (Tiangen, Beijing, China)
under the manufacturer's instructions. Primer sequences of genes
involved in the PPAR signaling pathway were obtained from previous studies (Zhang et al., 2012; Cui et al., 2016; Cheng et al., 2016;
Sheng et al., 2018b) and are provided in Table S1. The expression of
four house-keeping genes, glyceraldehyde-3-phosphate dehydrogenase (gapdh); actin (b-actin), elongation factor 1a, (ef1a) and ribosomal protein L13 alpha (rpl13a) were detected. Rpl13a was the
most stable gene, and thus used as internal control. Each group
contained six biological replicates, and gene expression was
analyzed using the 2DDCt method (Pfafﬂ, 2001).
2.8. Statistical analysis
Experimental data were analyzed using SPSS v17.0 software
(SPSS, USA), and presented as mean with standard errors
(mean ± SE). Normality and homogeneity of data were ﬁrst determined using Kolmogorov-Smirnov and Levene's tests, respectively.
If the data were normally distributed, control and treatment group
differences were ascertained using one-way analysis of variance
(ANOVA) and Fisher's least signiﬁcant differences (LSD) tests. If not,
the differences were analyzed using Nonparametric test. A P-value
of <0.05 was deemed as statistically signiﬁcant among groups.
3. Results and discussion
3.1. F-53B concentration in liver
F-53B concentrations in blood, gonads, and embryos have been
reported in our previous study (Shi et al., 2018). Here, we measured
F-53B concentrations in the liver. Results showed that the mean F53B concentrations were 12.65 and 111.41 ng/mg in males and 5.11
and 67.54 ng/mg in females exposed to 5 and 50 mg/L F-53B,
respectively (Fig. 1A). This obvious sex-dependent pattern was
consistent with F-53B accumulation in blood (Shi et al., 2018), and
accumulation of other PFASs in liver samples (Sinclair et al., 2006;

The relative liver weights (HIS) were markedly increased in
males (by 66%) and females (by 31%) after exposure to 50 mg/L F53B compared with the control (Fig. 2), indicating long-term F-53B
exposure induced hepatomegaly in zebraﬁsh. This phenomenon of
hepatomegaly has been reported in previous studies on zebraﬁsh
exposed to PFOS for 150 days (Cheng et al., 2016) and in male mice
treated with F-53B for 56 days (Zhang et al., 2012).
Except for hepatomegaly, exposure to long-chain PFASs and
their alternatives can change the pathological structure of the liver,
including hepatocellular hypertrophy, cytoplasmic vacuolation,
necrosis, and apoptosis (Zhang et al., 2012; Sheng et al., 2018a;
Cheng et al., 2016). In the present study, histopathological examination of the liver found F-53B exposure caused abnormal ultrastructural changes in both sexes. Karyolysis occurred in all
treatment groups and obvious cytoplasmic vacuolation appeared in
the 50 mg/L F-53B groups (Fig. 3A). However, other histopathological alternations, such as inﬂammation, cell inﬁltration, were not
observed in the present study. Furthermore, compared to the
respective controls, the number of cell nuclei decreased in the
treatment groups (Fig. 3B), indicating the induction of enlarged
hepatocytes by F-53B exposure.
3.3. F-53B exposure disrupted lipid metabolism in zebraﬁsh liver
Compared with the corresponding control groups, TG levels
were obviously reduced in the 5 and 50 mg/L F-53B-exposed male
livers and 50 mg/L F-53B-exposed female livers (Fig. 4A), whereas
TCHO levels were only markedly increased in the 50 mg/L F-53Bexposed males (Fig. 4B). Different from our results, both TG and
TCHO levels signiﬁcantly increased in the livers of male mice after
F-53B exposure for 56 days (Zhang et al., 2012). This discrepant
trend of TG level may be related to species different (e.g. zebraﬁsh
vs mice) and different exposure paradigm (e.g. long-term vs. Shortterm exposure). In the present study, the decreased TG levels were
similar to those after 180 d of PFOS exposure (Cheng et al., 2016),
but opposite to those after 150 days exposure at the same dosage
(Cui et al., 2016). In addition, although our study showed lipid
contents in both sexes were affected, more pronounced effects
were observed in male ﬁsh (Fig. 4). The different degrees of change
between sexes in lipid content are consistent with that observed in
zebraﬁsh after chronic 250 mg/L PFOS exposure (Cui et al., 2016),
with the higher sensitivity in males thought to be related to their
higher PFOS body burden. In the present study, F-53B
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Fig. 1. F-53 content in liver (A), total F-53B content, and its percentage in liver and gonads (B and C) in zebraﬁsh exposed to 5 and 50 mg/L F-53B. Values represent the means of six
individual ﬁsh from each exposure group. Data are means ± SE. Differences between groups (control and F-53B treatment) were tested using one-way analysis of variance (ANOVA)
followed by Fisher's least signiﬁcant differences (LSD) test. *P < 0.05 indicates signiﬁcant differences between corresponding controls and exposure groups.

Fig. 2. The relative liver weight (HSI) in zebraﬁsh exposed to 0, 5, and 50 mg/L F-53B
for 180 days. Hepatosomatic index ¼ liver weight (g)  100/body weight (g). Data are
means ± SE (n ¼ 30). Differences between groups (control and F-53B treatment) were
tested using one-way analysis of variance (ANOVA) followed by Fisher's least signiﬁcant differences (LSD). *P < 0.05 indicates signiﬁcant differences between corresponding controls and exposure groups.

concentrations in the male liver were about 2-fold higher than that
in the female liver. Thus, the higher F-53B burden in male liver
might also result in the higher sensitivity to lipid metabolism in
male than female ﬁsh.

3.4. F-53B exposure disrupted hepatic transcriptome
RNA-seq was used to explore the effects of 5 mg/L F-53B exposure on the hepatic transcripts in male and female ﬁsh. Compared
with the corresponding control groups, 1, 267 (668 down-regulated
and 599 up-regulated) and 2, 175 (937 down-regulated and 1, 238
up-regulated) DEGs were signiﬁcantly changed (fold-change  2
and P < 0.05) in female and male livers after exposure to 5 mg/L F53B, respectively (Fig. 5A). Among them, 534 genes were common
in both males and females, accounting for 304 up-regulated genes,
228 down-regulated genes, and two up-regulated in females but
down-regulated in males (Fig. 5A). The enrichment analyses of
DEGs revealed the different effects of F-53B on males and females
regarding DEG functions in various biological processes. GO analysis indicated a high percentage of DEGs assigned to: “metabolic

processes”, such as nucleic acid metabolic process (235 DEGs),
protein metabolic process (243 DEGs), and lipid metabolic process
(53 DEGs); and gene expression such as translation (88 DEGs), RNA
metabolic process (222 DEGs), and ribosome biogenesis (79 DEGs)
in the female liver (Table S2). In the male liver, however, most DEGs
were involved in “multicellular organism development”, such as
cell differentiation (204 DEGs), cell development (134 DEGs), tissue
development (144 DEGs), and cytoskeleton organization (86 DEGs);
and “metabolic processes”, including phosphate-containing compound metabolic process (238 DEGs), lipid metabolic process (84
DEGs), and carbohydrate metabolic process (55 DEGs) (Table S3).
Among the lipid metabolic processes, 19 genes were observed in
the livers of both males and females (Fig. 5B). Based on KEGG
pathway analysis, the signiﬁcantly enriched pathways in females
were ribosome biogenesis in eukaryotes, ribosome, steroid
biosynthesis, aminoacyl-tRNA biosynthesis, and terpenoid backbone biosynthesis (Table S4); whereas, in male livers, were steroid
biosynthesis, glycolysis/gluconeogenesis, pentose phosphate
pathway, fructose and mannose metabolism, galactose metabolism,
as well starch and sucrose metabolism (Table S5). Interestingly, all
genes involved in ribosome biogenesis in eukaryotes were downregulated in both female and male ﬁsh. The signiﬁcant repression
of ribosome biogenesis is consistent with previous results of hepatic proteomics in male mice exposed to F-53B for 56 days (Zhang
et al., 2012). In recent years, many human diseases have been
categorized as “ribosomopathies”, which was caused by deﬁcits in
nascent ribosome biogenesis or defects in ribosome function (Narla
and Ebert, 2010). Combined with the result from mice, repression of
ribosome biogenesis might be a common molecular event
following F-53B exposure, which probably increase the health risks
to some diseases and need to give more attention. The DEGs related
to lipid metabolism were further analyzed by KEGG pathway
analysis. As shown in Fig. 5C, their transcriptional pattern was
markedly different between male and female ﬁsh. Several genes
associated with ether lipid metabolism (enpp6, pla2g4ab, pla2g7,
plpp2a, plpp2b, plpp3, si:ch211-197l9.4, and ugt8), fatty acid
biosynthesis (acaca, acsl1a, and fasn), primary bile acid biosynthesis
(cyp46a1.3, cyp7a1, and si:dkey-91i10.3), and arachidonic acid
metabolism (alox12, cyp2u1, ephx2, fam213b, ltc4s, and pla2g4a)
were signiﬁcantly altered in male ﬁsh, but were stable in female
ﬁsh. For the PPAR signaling pathway, pparab was up-regulated in
males, whereas pparda was down-regulated in females, with the
transcriptional levels of their downstream genes (such as pck1,
plin2 and cyp7a1) also found to be different (Fig. 5D). Our study
demonstrated the liver TG levels decreased in males but did not
change in females after 5 mg/L F-53B exposure. Enriched analyses
revealed the disruption of hepatic TG metabolism by F-53B in
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Fig. 3. Histopathological analysis of liver. (A) Hematoxylin and eosin (HE) and (B) average number of cell nuclei within a deﬁned area (1 000  1 000) acquired by Image-Pro. Data
are means ± SE (n ¼ 3). Differences between groups (control and F-53B treatment) were tested using one-way analysis of variance (ANOVA) followed by Fisher's least signiﬁcant
differences (LSD). *P < 0.05 indicates signiﬁcant differences between corresponding controls and exposure groups.

Fig. 4. Lipid contents in zebraﬁsh liver after exposure to 0, 5, and 50 mg/L F-53B for 180 days. (A) Triglycerides (TG) and (B) Total cholesterol (TCHO). Data are means ± SE (n ¼ 3).
Differences between groups (control and F-53B treatment) were tested using one-way analysis of variance (ANOVA) followed by Fisher's least signiﬁcant differences (LSD). *P < 0.05
indicates signiﬁcant differences between corresponding controls and exposure groups.
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Fig. 5. Effects of 5 mg/L F-53B exposure on liver gene expressions obtained by RNA-seq. (A) Venn diagram for differentially expressed genes (DEGs) determined by RNA sequencing
(q value < 0.05), red represents up-regulated genes, blue represents down-regulated genes; (B) Number of changed genes related to lipid metabolic processes by GO analysis; (C)
KEGG analysis pathways involved in lipid metabolism; and (D) Heat map for DEGs in the PPAR signaling pathway. (For interpretation of the references to colour in this ﬁgure legend,
the reader is referred to the Web version of this article.)

different sexes of zebraﬁsh was possibly due to the differ expression pattern of genes related to lipid metabolism.
3.5. F-53B exposure inﬂuenced the PPAR signaling pathway
Previous studies have demonstrated that activation of the
PPARa signaling pathway is the ﬁrst molecular event in PFASinduced hepatotoxicity (Kudo et al., 2011; Abbott et al., 2007).
Previous in vitro study has reported that F-53B exhibits higher afﬁnity to PPARs than PFOS (Li et al., 2018). In male mice, F-53B
exposure disturbs lipid homeostasis by PPARa activation (Zhang
et al., 2012). In the current study, RNA-seq also revealed that the

transcriptions of some genes belonging to the PPAR signaling
pathway were signiﬁcantly changed after 5 mg/L F-53B exposure.
Thus, we further measured the transcriptional levels of three PPAR
subtypes, including PPARa (pparaa and pparab), PPARb (pparda and
ppardb), and PPARg (pparg), and their target genes in zebraﬁsh liver
using qRT-PCR assay (Fig. 6; Table S6 and S7). The results further
illustrated sex differences in the effects of F-53B on PPAR signal
pathway. Like other PFASs (Cui et al., 2016; Zhang et al., 2012;
Cheng et al., 2016), the change trend of gene expressions was nonmonotonic with the exposure concentration. In male liver, F-53B
exposure increased the transcriptions of pparaa, ab, da, and g, but
did not alter ppardb expression. For females, the transcriptional
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Fig. 6. Regulatory network of the PPAR signaling pathway in the livers of male and female ﬁsh. Red, green, and white oblongs represent up-regulated, down-regulated, and
undifferentiated genes after exposure to 50 mg/L F-53B, respectively, compared with control groups. (For interpretation of the references to colour in this ﬁgure legend, the reader is
referred to the Web version of this article.)

level of pparaa was increased 4.2-fold after 50 mg/L F-53B exposure,
whereas ppardb decreased in the 5 and 50 mg/L exposure groups.
Previous research has demonstrated higher activity of F-53B towards PPARs compared to PFOS. In the present study, the different
expression of PPARs is probably related to sex-dependent accumulation of F-53B in the liver. In addition, the opposite trend of
pparb expression between sexes was also observed in zebraﬁsh
liver after long-term exposure to perﬂuorononanoic acid (PFNA)
(Zhang et al., 2012).
PPARs can heterodimerize with retinoid X receptors (RXR) to
regulate downstream genes that participate in many processes,
such as fatty acid uptake, transport, and b-oxidation, as well lipoprotein assembly and transport (Cave et al., 2016). In the present
study, the transcription of rxrgb was signiﬁcantly decreased in both
sexes following F-53B exposure (Table S6 and S7). This ﬁnding
differed to that reported in the livers of male mice after exposure to
F-53B (Zhang et al., 2012). In zebraﬁsh, chronic PFOS exposure increases rxrgb expression in male ﬁsh, but not in females (Cheng
et al., 2016). Several downstream target genes that involved in
lipid metabolism were signiﬁcantly changed after F-53B exposure.
For example, the transcriptions of fabp2, fabp7b, acox1, and cyp27a
were signiﬁcantly increased, whereas that of fabp10b and dbi were
decreased in both sexes after F-53B exposure (Fig. 6; Table S6 and

S7). The transcriptional levels of fabp7a, slc27a4, cpt1a, and cpt2
were up-regulated only in F-53B-exposed male livers (Table S6),
whereas fabp11a was up-regulated in females (Table S7). In addition, nrhl3 was increased in both sexes, with apoa1 only increased
in females after exposure to 50 mg/L F-53B (Table S7). Interestingly,
fabp3 and cd36 showed the opposite expression trend between the
sexes after 50 mg/L exposure (Table S6 and S7). Fatty acid binding
proteins (FABPs) are important determinants for the accumulation
of environmental chemicals in organisms. Previous study has
demonstrated that F-53B exhibits stronger binding afﬁnities to LFABP than PFOS (Sheng et al., 2017). Thus, their up-regulations in
the present study might contribute to the uptake of F-53B in the
liver. The difference in transcriptional proﬁles between females and
males may be the main reason for the sex differences in the hepatic
uptake of F-53B. In addition, other proteins, including CD36,
Slc27a4, Dbi, and Lpl also participate in fatty acid transport (Pepino
et al., 2014; Anderson and Stahl, 2013; Albers et al., 2012); in the
present study, their signiﬁcant alternation at the mRNA level
indicated that F-53B could disrupt lipid transport. In addition to
lipid transport, the lipid content in the liver is also dependent on
fatty acid b-oxidation, cholesterol metabolism, and transport.
Peroxisomal acyl-CoA oxidase 1 (acox1), acyl-CoA dehydrogenase
(acadm), and mitochondrial membrane carnitine-dependent
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enzyme shuttle (cpt1a, and cpt2) are key enzymes in fatty acid boxidation (Cheng et al., 2016). In the present study, the increased
transcriptional levels of acox1, cpt1a, and cpt2 in the male liver and
up-regulation of acox1 in the female liver suggest that F-53B
exposure accelerated the oxidation of fatty acids, which might
explain the decreased TG levels in the liver. Accelerated oxidation of
fatty acids has also been observed in F-53B-exposed male mice
(Zhang et al., 2012). Nr1h3 encodes liver X receptors, which regulate de novo lipogenesis (Ducheix et al., 2013). Apoa1 encodes
apolipoprotein A-1 and regulates cholesterol in peripheral tissues
(Otis et al., 2015). Thus, the signiﬁcantly changes of nrlh3 and apoa1
expression in the present study indicated F-53B exposure could
affect cholesterol metabolism and transport.
3.6. Effects of parental exposure to F-53B on the PPAR signaling
pathway in F1 larvae
Our previous study demonstrated that a large amount of F-53B
could transfer from parents to embryos (Shi et al., 2018). To further
determine whether maternal transfer of F-53B could still disrupt
PPAR signaling pathway in F1 generation, the larvae were sampled
at 5 dpf, and the transcriptional levels of several genes involved in
the PPAR signaling pathway were also analyzed by qRT-PCR. Results
showed that the transcription of ppara was increased, whereas
pparb and pparg remained stable after parental exposure to 5 and
50 mg/L F-53B (Fig. 7). The activation of PPARa was consistent with
that detected in adult ﬁsh. Interestingly, most other analyzed genes
showed the opposite expression trend between larvae and their
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parents (Fig. 7). For example, the transcription of rxrgb was obviously increased in F1 larvae and genes related to fatty acid oxidation (acox1 and cpt2) were decreased. For the FABP family, the
transcription of fabp10a was increased, whereas fabp2, fabp7a,
fabp7b, and fabp11a were decreased following 50 mg/L exposure.
The transcriptions of other genes related to lipid transport (cd36,
dbi, and lpl) were consistent with that observed in female ﬁsh. Cd36
and dbi were signiﬁcantly decreased in all treatment groups,
whereas lpl was increased in the 50 mg/L exposure groups. During
the early development, nutrients are absorbed from its endogenous
maternally deposited yolk (Quinlivan and Farber, 2017). At 5 dpf,
the yolk is exhausted and the larva has a functional digestive system, meanwhile the lipid remodeling, lipoproteins, intestinal lipid
transport proteins, and the gut microbiota in lipid processing are
different with adult ﬁsh (Bates et al., 2006; Quinlivan and Farber,
2017). These differences might be the main reason for the
different effects of F-53B on lipid metabolism between adult ﬁsh
and larvae. Although the transcriptions of several key genes
involved in the PPAR signaling pathway were signiﬁcantly changed
in F1 larvae, the direct biochemical endpoints (e.g., TCHO and TG
levels) that demonstrated the disruption of lipid metabolism, were
not detected because parental exposure induced high mortality and
malformation in F1 larvae (Shi et al., 2018). Future studies with
more biochemical endpoints and histological analyses will be
useful to test the effects of F-53B on larvae and elucidate speciﬁc
mechanisms for the different effects between larvae and adult ﬁsh.

Fig. 7. Transcriptional levels of genes related to the PPAR signaling pathway in F1 larvae (5 dpf) derived from chronic F-53B-exposed F0 ﬁsh. All data are means ± SE. Differences
between groups (control and F-53B treatment) were tested using one-way analysis of variance (ANOVA) followed by Fisher's least signiﬁcant differences (LSD). Signiﬁcantly
different from control is indicated by *P < 0.05.
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4. Conclusions
In summary, we found that F-53B more easily accumulated in
the liver than that in the gonads and exhibited considerable sexdependent differences. Liver injury and decreased liver TG levels
were directly demonstrated the hepatotoxicity of F-53B in zebraﬁsh. Further hepatic transcriptome analyses found that F-53B
exposure induced different effects on male and female ﬁsh.
Furthermore, RT-PCR analyses showed that F-53B exposure
changed the transcriptional levels of genes related to lipid transport, fatty acids b-oxidation, and cholesterol metabolism. The
transcriptional levels of several genes associated with lipid metabolism in F1 larvae were also changed, though the transcriptional
proﬁles showed the opposite tread in F0 adult ﬁsh. Our study is the
ﬁrst to investigate the adverse effects of long-term F-53B exposure
on lipid metabolism in both F0 and F1 generations. Future studies
on the effects of F-53B on lipid metabolism in larvae are needed for
comprehensive assessment of its toxicity.
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