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Effects of BPF on steroid hormone homeostasis
and gene expression in the hypothalamic–pituitary–gonadal axis
of zebrafish
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Abstract Bisphenol F (BPF) has been frequently detected in
various environmental compartments, and previous studies
found that BPF exhibits similar estrogenic and anti-
androgenic effects on the mammalian endocrine system to
those of bisphenol A (BPA). However, the potential disrupting
effects of BPF on aquatic organisms and the underling
disrupting mechanisms have not been investigated. In this
study, the potential disrupting mechanisms of BPF on the
hypothalamic–pituitary–gonadal (HPG) axis and liver were
probed by employing the OECD 21-day short-term fecundity
assay in zebrafish. The results show that BPF exposure (1 mg/
L) impaired the reproductive function of zebrafish, as exem-
plified by alterations to testicular and ovarian histology of the
treated zebrafish. Homogenate testosterone (T) levels in male
zebrafish decreased in a concentration-dependent manner, and
17β-estradiol (E2) levels increased significantly when fish
were exposed to 0.1 and 1 mg/L BPF. The real-time polymer-
ase chain reaction was performed to examine gene expression

in the HPG axis and liver. Hepatic vitellogenin expression was
significantly upregulated in males, suggesting that BPF pos-
sesses estrogenic activity. The disturbed hormone balance was
enhanced by the significant changes in gene expression along
the HPG axis. These alterations suggest that BPF leads to
adverse effects on the endocrine system of teleost fish, and
that these effects were more prominent in males than in
females.
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Introduction

Bisphenol A (BPA) is an important raw material in the pro-
duction of polycarbonate and epoxy plastics, as well as many
consumer products, including baby bottles, food packaging,
dental sealants, and thermal receipts. The results of recent
in vivo and in vitro testing indicate that BPA is a weak estro-
gen that elicits multiple adverse effects on the animal endo-
crine system (Chen et al. 2016; Rochester 2013). BPA has
been banned in certain products by several countries
(European Commission 2011; FDA 2008). These stringent
regulations have led to the development of alternatives, such
as more heated-stable bisphenol analogs, e.g., bisphenol F (4,
4′-dihydroxydiphenylmethane, BPF). Notably, the molecular
structures of these replacements are similar to BPA. Thus,
whether these BPA replacements could also disturb the endo-
crine system has become an increasing concern.

BPF is used in several consumer products, such as lac-
quers, varnishes, liners, adhesives, plastics, water pipes, dental
sealants, and food packaging (Rochester and Bolden 2015).
As a result, BPF has already been detected in products and
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biota: e.g., foodstuffs (Liao and Kannan 2013; Zoller et al.
2015), household waste paper (Pivnenko et al. 2015), and
human urine samples (Zhou et al. 2014; Yang et al. 2014b).
BPF is the second-most abundant analog in a US survey of
various food items (Chen et al. 2016). It is also detectable in
various environmental compartments, such as indoor dust
(Liao et al. 2012a), river and seawater (Yamazaki et al.
2015), sediments (Liao et al. 2012b), and municipal sewage
sludge (Lee et al. 2015; Song et al. 2014b). BPF is frequently
detected as the second-most abundant analogue in environ-
mental samples after BPA. It is also the most abundant
bisphenol analog in surface water from sites in Japan, Korea,
and China, contributing >70% of the total concentration on
average (Chen et al. 2016). As BPF has a marked structural
resemblance to BPA, it may lead to similar adverse effects on
the endocrine system as BPA. However, limited information is
available on the hazards of BPF, until now. More importantly,
the major focus of previous BPF studies was limited to test
disruption of the mammalian endocrine system (Rochester
and Bolden 2015). Considering that the aquatic environment
is a major sink for BPF, it is of vital importance to evaluate the
potential disrupting effects of BPF on aquatic organisms and
to clarify the underling disrupting mechanisms.

Small freshwater fish, such as zebrafish (Danio rerio), are
often appropriate models for investigating biological effects of
endocrine-disrupting chemicals (EDCs) (Ankley and
Villeneuve 2006; Segner 2009). Genes and sex steroid hor-
mones in the hypothalamic–pituitary–gonadal (HPG) axis and
liver may be affected by EDCs. Disruption at any point in this
axis may adversely affect function of the endocrine system.

Albeit some recent studies investigated the endocrine
disrupting potency of bisphenol substitutes in aquatic species
notably in the zebrafish using both in vitro and in vivo models
(Ji et al. 2013; Le Fol et al. 2017; Yang et al. 2017), the
consequences of the estrogenic activity of BPF need to be
further investigated by studying functional genes in the HPG
axis. Therefore, the purpose of this study was to investigate
the potential disrupting mechanisms of BPF on steroid hor-
mone signaling pathways and functionally relevant genes
along the HPG axis and liver of zebrafish. The effects of
BPF on reproduction of adult fish were also investigated. In
addition, the effects of BPF on embryo–larval development of
the F1 generation were studied.

Materials and methods

Chemicals and instrumental analysis

BPF (CAS No. 620-92-8) was purchased from J&K Scientific
Ltd. (Shanghai, China) and dissolved in dimethyl sulfoxide to
form a stock solution (104 mg/L). All solvents used in this
study were of analytical grade and purchased from Merck

(Darmstadt, Germany). All chemicals had purity ≥98%. The
water was deionized and purified by a Milli-Q plus system
(Millipore, Billerica, MA, USA).

As half the water in each tank was renewed every 2 days,
BPF concentrations in the exposure solution were determined
only at the beginning of exposure and after 48 h of exposure
(before renewing the exposure solution). The samples were
analyzed by the following methods: water samples were fil-
tered to remove particulates and then injected into Oasis HLB
cartridges (Waters, Milford, MA, USA), which were condi-
tioned with 5 mL methanol and 5 mL ultrapure water. Then,
the filtrates were passed through the cartridges at a flow rate of
about 5 mL/min. The extracts were eluted with 10 mL
methanol/ultrapure water (99/1, v/v) after drying the solvent
for 30 min under a gentle stream of N2. The residue was
concentrated to 1 mL methanol for high performance liquid
chromatography-tandem mass spectrometry (LC-Agilent 160
Technologies 1290 Infinity, MS-AB SCIEX QTRAP4500,
Palo Alto, CA, USA) analysis. Details are shown in
supporting information (Tables S1 and S2). The correlation
coefficient (R2) of the calibration curve was 0.998, and relative
recovery rate was 86.3%, with a relative standard deviation of
9.2%. The BPF detection limit was 0.15 μg/L.

Fish maintenance and chemical exposure

Four-month-old male and female zebrafish (Danio rerio, AB
strain) were acclimated in recirculating aquaria at 28 ± 0.5 °C
for 2 weeks. The fish were maintained on a 16/8 h light/dark
cycle and were fed twice daily with fresh Artemia sp.
(nauplii). Six male and six female fish were selected randomly
from the acclimatized fish and were placed in 10-L glass
aquaria containing control, 0.001, 0.01, 0.1, and 1 mg/L
BPF for 21 days following OECD guidelines 229 (OECD
2009a) and 230 (OECD 2009b). The range of exposure con-
centrations was based on acute toxicity testing and environ-
mental concentration information (Chen et al. 2016; Yamazaki
et al. 2015). The exposed and control groups received 0.01%
(v/v) DMSO, which has been demonstrated not to affect re-
production in fish (Han et al. 2013). Each treatment group was
comprised of two replicate aquaria. Half of the water in each
tank was renewed every 2 days. During the exposure period,
eggs were collected 1 h post-fertilization and cleaned with
fresh water. The fertilized eggs were incubated in aerated tap
water at 28 °C until 6 days post-fertilization (dpf).

Sampling

All fish were humanely sacrificed on ice after the 21 days of
exposure. Body length and weight were recorded, and the
condition factor (k = (weight (g) × 100)/(length (cm)3)) was
calculated for each individual fish. Samples of the liver, go-
nad, and brain were collected and weighed. The
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hepatosomatic index (HSI, (liver weight (mg)/total weight
(mg)) × 100)), gonadosomatic index (GSI, (gonad weight
(mg)/total weight (mg)) × 100)), and brain somatic index
(BSI, (brain weight (mg)/total weight (mg)) × 100)) were cal-
culated for all fish. The liver and gonad were divided into two
groups. In the first groups, the liver and gonad from three male
and three female fish in each treatment group were fixed in 4%
(w/v) paraformaldehyde. The fixed samples were stored over-
night at 4 °C for histological analysis. In the second group, the
liver, brain (including hypothalamus and pituitary), and gonad
were preserved in RNA stabilization solution (Life
Technology, Carlsbad, CA, USA) for later RNA extraction
and gene expression analysis. Gene expression was measured
in quadruplicate and repeated four times. The homogenates
were prepared from the combined anterior and posterior parts
of three males or three females in each treatment group at a
rate that was 4× the tissue weight of ice-cold homogenization
buffer (50 mM Tris–HCl, pH 7.4, and 1% protease inhibitor
cocktail) and stored at −80 °C for later hormone measure-
ments. Homogenates of the same gender from each exposure
group were pooled as one replicate, measured in quadrupli-
cate, and repeated four times.

Histological analysis

Samples fixed in paraformaldehyde were dehydrated in etha-
nol, cleared in xylene, embedded in paraffin, and cut into
5-μm sections for the histological analysis. The sections were
stained with hematoxylin-eosin (HE) and observed under a
microscope (Leica, Zena, Germany).

Hormone measurements

The homogenate was centrifuged at 12,000×g for 20 min at
4 °C. The supernatant was collected to detect levels of 17β-
estradiol (E2) and testosterone (T) using specific enzyme-
linked immunosorbent assays (ELISAs). The commercial kits
for E2 (ml025762), and T (ml025781) were purchased from
Shanghai Enzyme-linked Biotechnology (Shanghai, China),
and all of the manufacturer’s instructions were followed.

RNA extraction and gene expression analysis

The expression of various genes with the functional processes
of the HPG axis and liver were measured. The primer se-
quences for the genes measured are listed in Table S3. Total
RNA was extracted from brains, gonads, and livers using
trizol reagent according to the manufacturer’s protocol (Life
Technologies), and purified RNA samples were stored at
−80 °C until analysis. Total RNA (2 μg) was used to synthe-
size first-strand complementary DNA (cDNA) using the HIFI-
MMLV First-Strand cDNA Synthesis Kit (Cwbio, Beijing,

China). The cDNA samples were stored at −20 °C until further
analysis.

The real-time polymerase chain reaction (PCR) analysis
was performed on a CFX96 Real-Time PCR System (Bio-
Rad, Singapore, Thailand) in 96-well PCR plates. The PCR
reaction mixture for one reaction contained 10 μL of SYBR
Green Master Mix (Bio-Rad), 2 μL of sense/antisense gene-
specific primers (Genscript, Nanjing, China), and 8 μL of
cDNA that was diluted in RNase-free water (Genray
Biotech, Shanghai, China). The PCR reaction mix was dena-
tured at 95 °C for 30 s before the first PCR cycle. The thermal
cycle profile was as follows: denaturation at 95 °C for 5 s and
annealing and extension at 60 °C for 5 s for a total of 40 PCR
cycles. After the amplification reactions were completed,
melting curves were generated to ensure amplification of a
single product. The threshold cycle (Ct) was determined for
each reaction to quantify the PCR results. Ct values for each
gene of interest were normalized to the endogenous control
gene β-actin using the 2−ΔΔCt method (Ji et al. 2013).

Statistical analysis

Statistical analyses were conducted using IBM SPSS Statistic
19 (IBMCorp., Armonk, NY, USA). All data are expressed as
mean ± standard error. Homogeneity of variances was ana-
lyzed by Levene’s test. The Kolmogorov–Smirnov test was
conducted to test the normality of the data. If necessary, data
were log-transformed to approximate normality. Statistical
differences were evaluated by one-way analysis of variance
followed by Tukey’s post-hoc test. A P value <0.05 was con-
sidered significant.

Results

Chemical analysis

The actual BPF concentrations at the beginning of exposure
were 0.00074, 0.0076, 0.081, and 0.79 mg/L in the 0.001,
0.01, 0.1, and 1 mg/L exposure groups, respectively
(Table 1). After 48 h of exposure, the concentrations were
0.00069, 0.0068, 0.077, and 0.71 mg/L, respectively, with a
decreasing trend but not significantly altered (Table 1).
Concentrations in the control were below the limit of detec-
tion. Subsequent analyses of biological effects were based on
the nominal concentrations for simplicity.

Mortality and growth

No mortalities were observed in any treatment during the ex-
posure period. No significant differences in body weight or
length of male or female zebrafish were observed in the BPF-
treated groups. The effects of BPF exposure on k, BSI, HSI,

Environ Sci Pollut Res (2017) 24:21311–21322 21313



andGSI of adult zebrafish are presented in Table 2. No evident
differences in k or BSIwere observed between the control and
exposure groups. However, the HSI value of the 1 mg/L ex-
posure group was significantly higher than that of the control
group at the end of the exposure in male zebrafish, whereas
GSI decreased significantly in males and females after expo-
sure to 1 mg/L BPF.

Reproductive performance and F1 generation effects

Egg production, hatching rate, and survival rate changed sig-
nificantly in the 1 mg/L exposure group compared with those
in control fish (Fig. 1). In addition, exposing parental fish to
BPF resulted in malformed embryos and larvae (Fig. 2 and
Table S4). As shown in Table S4, malformation rates, such as
pericardial edema, tail malformation, and trunk curvature, in
the 0.1 and 1 mg/L exposure groups, were significantly higher
than those in the control group after 6 days, even when the
eggs were transferred to clean water. These results clearly
indicate that fecundity of parental fish and survival rates of
their offspring decreased significantly after exposure to 1 mg/
L BPF. The embryos that did not hatch within 6 dpf were
dead.

Histological examination

Fertility can be influenced by alterations in oocyte compe-
tence and sperm quality or release (Daouk et al. 2011).
Therefore, the morphology of the testis and ovary in adult
male and female zebrafish exposed to 0.1 and 1 mg/L BPF
was analyzed. Under normal conditions, sperm differentiation
consists of four stages, namely, spermatogonia, early and late
spermatocytes, spermatids, and spermatozoa. Similarly, folli-
cles consist of four stages, such as pre-vitellogenic stages (I
and II), vitellogenic III, and post-vitellogenic IV. Cysts in

control testis contained all spermatogenic stages and were
arranged in tubules, and the lumina were filled with sperma-
tozoa (Fig. 3a). BPF caused a decrease in the number of sper-
matogonia and spermatocytes but increased the number of
spermatids compared with those of control fish. An enlarge-
ment of the interstitial space was also observed in the exposed
male fish (Fig. 3b). There were four clear follicular stages in
the control female zebrafish (Fig. 4a); the 1 mg/L exposed
ovaries showed a higher proportion of pre-vitellogenic stage
I oocytes but lower proportions of pre-vitellogenic stage II,
vitellogenic III, and post-vitellogenic IV oocytes. However,
one ovary contained all stages of oocytes; the remaining two
ovaries had a reduced number of post-vitellogenic oocytes.
One even contained large numbers of pre-vitellogenic stages
with nearly the absence of vitellogenic and post-vitellogenic
stages in the 1 mg/L BPF exposed groups (Fig. 4b). No inter-
sex individuals were found in any treatment.

Hormone concentrations in the homogenate

Significant differences in the concentrations of steroid hor-
mones were detected among the control and different
zebrafish treatments. Exposing male fish to BPF resulted in
a significant decrease in T concentration in the homogenate
(75.98, 70.59, and 65.71% in the 0.001, 0.1, and 1 mg/L
groups, respectively, compared with the control group) (Fig.
5a). In contrast, E2 concentration increased significantly by
26.51 and 28.4% in the 0.1 and 1 mg/L groups, respectively,
compared with the control group (Fig. 5b). As a result, the
T/E2 ratio in all exposure groups of male fish decreased sig-
nificantly (Fig. 5c). A significant decrease in the T level was
detected in the 1 mg/L BPF exposed female fish (Fig. 5a)
whereas E2 increased significantly (Fig. 5b). The T/E2 ratio
in female zebrafish was also significantly influenced by 1 mg/
L BPF (Fig. 5c).

Table 1 Concentrations of BPF
in exposure solutions at the
beginning of exposure and after
48 h exposure (before renewing
of exposure solution)

Ctrl 0.001 mg/L 0.01 mg/L 0.1 mg/L 1 mg/L

Beginning of exposure LOD 0.00074 ± 0.00024 0.0076 ± 0.0018 0.081 ± 0.025 0.79 ± 0.32

After 48 h exposure LOD 0.00069 ± 0.00037 0.0068 ± 0.0026 0.077 ± 0.018 0.71 ± 0.37

LOD: limit of detection

Table 2 Effects on somatic indices of zebrafish after 21-day exposure to BPF

Treatment MALE FEMALE

k BSI HSI GSI k BSI HSI GSI

Ctrl 0.96 ± 0.07 1.18 ± 0.15 1.17 ± 0.15 1.20 ± 0.18 1.15 ± 0.13 1.03 ± 0.11 1.68 ± 0.15 12.84 ± 0.98

0.001 mg/L 0.96 ± 0.05 1.15 ± 0.14 1.26 ± 0.18 1.17 ± 0.15 1.13 ± 0.14 1.01 ± 0.13 1.75 ± 0.19 12.36 ± 0.87

0.01 mg/L 0.95 ± 0.04 1.19 ± 0.15 1.35 ± 0.22 1.19 ± 0.18 1.10 ± 0.12 1.05 ± 0.24 1.73 ± 0.14 12.51 ± 0.92

0.1 mg/L 0.92 ± 0.03 1.21 ± 0.18 1.44 ± 0.17 1.03 ± 0.16 1.10 ± 0.14 0.99 ± 0.19 1.66 ± 0.22 11.25 ± 1.04

1 mg/L 0.90 ± 0.08 1.23 ± 0.20 1.59 ± 0.14* 0.87 ± 0.13* 1.07 ± 0.11 0.94 ± 0.18 1.81 ± 0.24 10.07 ± 0.71*
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BPF-induced gene expression

The abundance of target gene transcription in males and
females was generally affected after exposure to BPF (Fig.
6). However, the gene expression profiles and the magni-
tude of the effects differed between the sexes. In the livers,
BPF exposure (≥0.01 mg/L) significantly increased vtg1
expression in a concentration-dependent manner in males,
but no significant change in vtg1 expression was observed
in females (Fig. 6a).

In the brains, gene expression of the androgen receptor
(AR), cyp19a1b (aromatase B), estrogen receptor (ER)2β,
ERα, follicle-stimulating hormone (FSH)β, luteinizing hor-
mone (LH)β, gonadotropin-releasing hormone (GnRH)2,
GnRH3, gonadotropin-releasing hormone receptor
(GnRHR)1, and GnRHR2 was examined. cyp19a1b, FSHβ,
LHβ, GnRH2, GnRH3, GnRHR1, and GnRHR2 were signif-
icantly upregulated in a concentration-dependent manner in
male zebrafish exposed to BPF (Fig. 6b). Exposure to all
concentrations of BPF caused upregulation of cyp19a1b and
FSHβ (Fig. 6b). AR and ER2βwere not significantly affected
by any of the treatments, whereas ERα increased significantly
(Fig. 6b). cyp19a1b gene expression was significantly upreg-
ulated in the 0.1 mg/L-treated group of females (Fig. 6c). ERα
gene expression was significantly upregulated in the 0.1 and
1 mg/L groups, whereas FSHβ gene expression was signifi-
cantly downregulated (Fig. 6c).

In the gonads, the expression of 3β-hydroxysteroid dehy-
drogenase (3β-HSD), 17βHSD, cyp11a, cyp17, cyp19a,
follicle-stimulating hormone receptor (FSHR), luteinizing
hormone receptor (LHR), and steroidogenic acute regulatory
protein (StAR) was examined. In testis, expression of cyp17,
17βHSD, and StAR in the 1 mg/L exposed group was signif-
icantly downregulated, whereas cyp11a gene expression was
significantly upregulated (Fig. 6d). Exposure to 0.1 and 1 mg/
L BPF caused a significant upregulation of cyp19a, FSHR,
and LHR (Fig. 6d). Significant downregulation of 17β-HSD
and StAR gene expression was observed in the ovaries in the
0.1 and 1 mg/L exposed groups, whereas FSHR gene expres-
sion was upregulated (Fig. 6e). Exposure to 1 mg/L BPF
caused significant upregulation of cyp11a expression and
downregulated expression of LHR (Fig. 6e).

Discussion

The present study demonstrates that exposure to BPF im-
paired reproductive functions in zebrafish, caused a reduction
in the number of eggs as well as hatching and survival rates,
and increased malformation in the F1 generation. The histo-
logical examination revealed that exposure to BPF damaged
the testis and ovary of treated zebrafish. The steroid hormone
levels as well as gene expression in the HPG axis and liver

were also significantly altered in male fish. These alterations
suggest that BPF may lead to adverse effects on the endocrine
system of teleost fish. Similar estrogenic activities of BPF

Fig. 1 Reproductive performance of F0 fish and the toxic effects in
offspring (F1) after parental exposure to BPF. a Number of
eggs/breeding tank. b Hatching rate (%). c Survival rate (%).The results
are shown as the mean ± SEM. Asterisk indicates significant difference
from the control (p < 0.05)
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were also observed from mammalian tests (Stroheker et al.
2003; Yamasaki et al. 2002, 2004).

In this study, zebrafish reproduction was disrupted by BPF.
Previous studies have demonstrated that exposure to EDCs
affects reproduction in teleost fish (Ji et al. 2013; Nash et al.
2004; Shi et al. 2015; Sohoni et al. 2001; Song et al. 2014a;
UrenWebster et al. 2014). The survival rate of zebrafish larvae
was significantly lower when the parents were exposed to
125 μg/L BPAF compared with the control group at 6 dpf
(Shi et al. 2015). These bisphenols also produce a series of
sublethal effects during development of zebrafish embryos,
such as ca rd i ac edema, de l ayed ha t ch ing , and
malformations. These abnormalities were also found in the
F1 generation in the current study. As the offspring were
maintained in clean water, we conclude that the mortality
and malformations were direct results of BPF exposure to
the parental fish. Furthermore, Uren Webster et al. (2014)
reported that exposure to roundup and glyphosate during ga-
metogenesis increases early-stage zebrafish embryo mortality
and premature hatching. In the present study, mature sperma-
tids were the most frequent testicular stage and other stages
were quite low in frequency. As a result, the balance between
proliferating, differentiating, and maturing spermatogenic
stages, as well as mature sperm, was disturbed. Similar effects

have been reported previously in zebrafish treated with E2
(Christianson-Heiska et al. 2008) and guppies treated with
octylphenol and E2 (Kinnberg et al. 2003). However, expo-
sure to the BPA analog BPAF induced a significant reduction
in spermatids (Yang et al. 2014a). The discrepancies in the
gonadal effects in different studies may be due to structural
differences in the compounds. BPF caused a depletion of late-
stage oocytes, indicating that follicular growth and ovarian
maturation were inhibited, which agrees with previous studies
on other bisphenol analogs. BPA exposure resulted in severe
deterioration of the ovary, e.g., increased number of atretic
oocytes; structurally distorted and less developed oocytes
were also observed, but the exposure concentrations were
two to four times higher than those used in our study (Yön
and Akbulut 2014). Yang et al. (2014a) also observed similar
results when fish were exposed to 1 mg/L BPAF. In the pres-
ent study, the reducedGSI value in males and females was due
to a decrease in the number of viable oocytes and spermato-
gonia. A lower GSI value accompanies inhibited egg produc-
tion in fish exposed to estrogenic compounds (Van den Belt
et al. 2001; Ji et al. 2013).

The observed histological alterations can be explained
by the negative feedback exerted by estrogens on gonad-
otropin (Viganò et al. 2010). Gonadal growth and

Fig. 2 Development lesions in
offspring (F1) after parental
exposure to BPF. a, c F1
generation of the control group. b,
d, e Parental fish exposed to 1mg/
L BPF resulted in abnormality in
F1 generation. PE pericardial
edema, TM tail malformation, TC
trunk curvature

SPs

ES

S

LS

SZ

a bFig. 3 Zebrafish testis sections
(HE stain, 40×) from control fish
and 1 mg/L BPF exposed fish. a
Control fish. b 1 mg/L BPF
exposed fish. S spermatogonia,
ES early spermatocyte, LS late
spermatocyte, SPs spermatids, SZ
spermatozoa
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maintenance are known to be under endocrine control.
Steroid hormones exert both positive and negative feed-
back control on the synthesis and release of gonadotro-
pins. Hence, the steroid hormones of exposed fish were
determined. The results of our study showed that BPF
exposure significantly decreased T production but
enhanced E2 production in male and female zebrafish.
However, the adverse effects of BPF on hormone levels
in males were more serious than those in females. The
mechanism of BPF to induce E2 may be attributed to
the estrogenic properties of BPF reported by in vivo and
in vitro studies. Goldinger et al. (2015) evaluated the ste-
roidogenic effect of BPF and found that BPF increases E2
concentration but decreases free T level in the H295R
steroidogenesis assay. Furthermore, the T/E2 ratio was
significantly reduced. Previous studies have shown that
exposure to bisphenols, e.g., BPA, BPS, and BPAF, dis-
turbs the T and E2 balance (Mandich et al. 2007; Ji et al.
2013; Shi et al. 2015). The T/E2 ratio is a sensitive bio-
marker of abnormal steroid hormone secretion in fish.
Disturbing the balance between T and E2 can affect re-
production, sexual development, gametogenesis, and sex
determination (Shang et al. 2006.). Hence, the disrupted
steroid hormone balance can explain the induced egg pro-
duction and histological alterations in the gonads of
zebrafish exposed to BPF. Steroid hormone synthesis
and balance are generally regulated and controlled by
genes in the HPG axis. In addition, the T/E2 ratio has
been proposed to be an indicator of aromatase activity,

the enzyme that transforms T to E2 (Liu et al. 2009).
Hence, abundance of gene transcripts in the HPG axis
and liver were quantified in both male and female
zebrafish exposed to different concentrations of BPF.

Significant upregulation of vtg1 gene expression was ob-
served in the livers of male fish in 0.01, 0.1, and 1 mg/L BPF
exposure groups. However, no significant difference was ob-
served in females. VTG is a biomarker for estrogenic endo-
crine disruption in males and is usually produced in response
to stimulation by estrogenic chemicals. Hence, the increase in
vtg1 gene expression coincided with the increased E2 level
after exposure to BPF. In a recent study, 7-day exposure of
adult male zebrafish to 0.02mg/L of BPF resulted in plasmatic
vitellogenin induction (Le Fol et al. 2017), which was consis-
tent with our study to some extent. Previous studies have
demonstrated that exposure to some bisphenols induces up-
regulation of vtg gene expression in male fish. Exposure to
BPA (10, 200, or 400 μg/L) for 180 days increases the expres-
sion of vtg genes in F1 male zebrafish in a concentration-
dependent manner (Keiter et al. 2012). Exposure to 1 mg/L
BPAF for 28 days also significantly increased vtg gene ex-
pression in male zebrafish (Yang et al. 2014a). Moreover, life-
long exposure to 25 and 125 μg/L BPAF induced an increase
in VTG levels (Shi et al. 2015). Plasma VTG level increased
significantly in BPS-treated zebrafish embryos but the male
and female responses differed. BPS ≥10 μg/L caused a signif-
icant increase in plasma VTG level in females, whereas VTG
level in males only increased significantly in response to
100 μg/L BPS (Naderi et al. 2014). As VTG is synthesized

a b

c d

Fig. 4 Histology of the ovaries
from adult female zebrafish from
the control fish and 1 mg/L BPF
exposed fish. a Ovary from a
control female (HE stain, 20×). b
1 mg/L BPF exposed zebrafish
(HE stain, 10×). c 1 mg/L BPF
exposed zebrafish (HE stain,
20×). d 1 mg/L BPF exposed
zebrafish (HE stain, 40×). The
ovaries were categorized into pre-
vitellogenic stages (I and II),
vitellogenic (III), and post-
vitellogenic (IV)
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by the liver, the increasedHSI value of exposed male fish may
have been caused by the excessive expression of vtg1.

GnRH is the primary hormone regulating the synthesis and
release of FSH and LH (Filby et al. 2008). Any alteration in
the balance of GnRH and the GnRHR could lead to

interruptions in the sex hormone balance (Liu et al. 2013). In
the present study, GnRH2, GnRH3, GnRHR1, and GnRHR2
were significantly upregulated in the brains of male fish in the
BPF-treated groups. This result suggests that GnRH concen-
tration can be modulated by BPF, which could subsequently
affect the production of gonadotropic hormones. Here, expres-
sion of FSHβ and LHβ in males was indeed upregulated.
Previous studies have shown that exposure to other BPS and
BPAF significantly increases GnRH, FSHβ, and LHβ in male
zebrafish (Ji et al. 2013; Yang et al., 2015a). Upregulation of
these genes in response to BPS corresponds well with the
changes in gonadotropic hormones. The increased expression
of these genes in response to BPAF and BPF was consistent
with the observed changes in steroid hormones. In fish, the
gonadotropins FSH and LH are secreted from the pituitary and
act by binding to gonadal receptors, such as FSHR and LHR,
to regulate steroidogenesis and gametogenesis in the gonads
(Kwok et al. 2005; Andersson et al. 2009). The alterations in
gonadotropins may be an important reason for the histological
response of testes exposed to BPF. Ovarian follicular growth
is primarily controlled by FSH, whereas oocyte maturation is
primarily controlled by LH (Clelland and Peng 2009). In this
study, significant downregulation of FSHβ gene expression in
females after exposure to 1 mg/L BPF suggested possible
delays in oogenesis and maturation. This finding was also
revealed in the histological examination of ovaries exposed
to BPF. ERα expression was significantly upregulated in
BPF-exposed brains of males and females, whereas there were
no changes in ER2β gene expression. ERα plays a more
important role in autoregulation due to the increased E2 levels
induced by BPF. One study demonstrated that BPF activates
both human estrogen receptors (hERα and hERβ) but is more
active in the hERα assay (Molinamolina et al. 2013).
Furthermore, Joel et al. (2016) reported that BPF physically
binds zebrafish estrogen receptor alpha (zfERα) both in
in vitro ligand competition assays and in a functional
cyp19a1b-luciferase reporter gene assay of glial cells. In con-
trast, no significant luciferase activity was found in cell
transfected with the ERβ1 or ERβ2 subtype receptors upon
stimulation with BPF. However, Le Fol et al. (2017) showed
that BPF was slightly more potent towards zfERβs than
zfERα by using a set of in vitro reporter gene assays based
on stable expression of subtypes of zebrafish ER coupled to
estrogen response element-driven luciferase in a zebrafish liv-
er cell line and pointed out the variations between studies may
be caused by different cell contexts related to the tissue and/or
species of origin. No changes were observed in either ERα or
ERβ gene expression in BPS- or BPAF-exposed zebrafish (Ji
et al. 2013; Shi et al. 2015), suggesting that ERs are differen-
tially regulated by BPA analogs. Yamaguchi et al. (2015) re-
ported that bisphenol analogs, such as BPC and BPAF, interact
with medaka (Oryzias latipes) and common carp (Cyprinus
carpio) ERα with different interaction energies during an in

Fig. 5 Effects of BPF on a testosterone (T) concentration. b 17β-
estradiol (E2) concentration. c T/E2 ratio in homogenate. The results
are shown as the mean ± SEM of four replicates. Asterisk indicates
significant difference from the control (p < 0.05)

21318 Environ Sci Pollut Res (2017) 24:21311–21322



silico docking simulation analysis and revealed that the differ-
ences in interaction energies and key amino acid residues be-
tween medaka and carp ERα may be involved in the species-
specific differences of the interactions with BPA, BPAF, and
BPC.

The expression of cyp11a in male zebrafish suggested an
enhanced capacity for steroidogenesis. The downregulated

expression of cyp17 and 17β-HSD in males, which converts
progesterone to testosterone, directly caused the decline of T
in males exposed to BPF. Aromatase (Cyp19) is the key en-
zyme in estrogen biosynthesis from testosterone. Our study
demonstrated that cyp19a expression inmales was significant-
ly upregulated after exposure to BPF. Downregulation of the
cyp17 and 17β-HSD genes and upregulation of the cyp19a

Fig. 6 Gene expression of the HPG axis in zebrafish exposed to 0, 0.001,
0.01, 0.1, and 1 mg/L of BPF for 21 days. The results are shown as the
mean ± SEM and expressed as fold change relative to the corresponding

control. Asterisk indicates significant difference from the control
(p < 0.05). a Vtg gene expression in male and female liver. b Male
brain. c Female brain. d Male gonad. e Female gonad
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gene are good evidence for decreased T and increased E2
levels and the disrupted steroid hormone balance.

In summary, our study demonstrated that exposure to 1 mg/
L BPF impaired reproductive functions in zebrafish, by reduc-
ing the number of viable eggs, reducing hatching and survival
rates, and increasing the malformation rate in F1 generation
embryos and larvae. The histological examination revealed
that exposure to BPF damaged the testis and ovary of treated
zebrafish. T and E2 levels, as well as gene expression in the
HPG axis and liver, were also significantly altered in male fish
exposed to BPF. These alterations suggest that BPF adversely
affects the endocrine system of teleost fish, and the effects
were more prominent in males than in females. BPF has been
frequently detected in environmental samples. Future investi-
gations on long-term exposure of environmentally relevant
concentrations of BPF, as well as effects on fish reproduction
through disruption of the HPG axis in a systematic manner are
necessary to predict the risk of BPF.
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