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ABSTRACT

Environmental estrogens, including bisphenol A (BPA) and 17f-estradiol (E2), which are widely used in in-
dustries and medicine, pose a severe ecological threat to fish due to feminization induction. However, the related
metabolic basis for reproductive feminization in male fish has not been well addressed. We first found that
female zebrafish exhibited higher lipid accumulation and lipogenesis activity than males. Next, we exposed male
and female zebrafish to E2 (200ng/L) or BPA (100 pug/L) for six weeks, and observed an early-phase re-
productive feminization in males, accompanied with reduced spermatids, significant fat deposition and lipogenic
gene expressions that mimicked female patterns. Cellular signaling assays revealed that, E2 or BPA modulated
lipid metabolism in males mainly through lowering 5 AMP-activated protein kinase (AMPK) and upregulating
the lipogenic mechanistic target of rapamycin (mTOR) pathways. For the first time, we show that environmental
estrogens could alter lipid metabolism in male fish to a female pattern (metabolic feminization) prior to gonad
feminization in male fish, to allows males to accumulate efficiently lipids to harmonize with the feminized
gonads. This study suggests that negative effects of environmental estrogens, as hazardous materials, on ver-
tebrate health are more complicated than originally thought.
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1. Introduction

Environmental estrogens, such as bisphenol A (BPA) and 17f-es-
tradiol (E2) which are widely used in manufacturing industries and
medicine, are estrogenic compounds that bind estrogen receptors (ERs)
and mainly originate from chemical pollutants and vertebrates wastes
(Shore and Shemesh, 2016). They are currently widely distributed in
aquatic environment. For example, the natural hormone E2 and the
synthetic compound BPA are the two typical environmental estrogens
(Shrestha et al., 2012; null[). The concentration of E2 in effluents in
Israel ranged from 48 to 141 ng/L (Kramer et al., 1998), and it was as
high as 313ng/L in the Salt River (Arizona, USA) and Huron River
waters (Michigan, USA) (Yoon et al., 2003). The concentration of BPA
in river water in the Netherlands reached 21 pg/L (Crain et al., 2007),
and as high as 370 ug/L in effluents in Japan (Fukazawa et al., 2001).

A number of environmental estrogens have been reported as risk
factors for metabolic syndromes in humans (Lee et al., 2014; Grundy
et al., 2004). Furthermore, environmental estrogens are also a serious
threat to ecology, especially in aquatic environment (Hallgren et al.,
2014; Kidd et al., 2007). Fish, as the largest group of vertebrates are
severely affected by environmental estrogens. For example, 17a-ethy-
nylestradiol (EE2) induced reproductive failure and feminization in
male fish by altering courtship displays, delaying testis maturity, and
causing feminized phenotypes leading to oogonia and vitellogenin
(VTG) production (Kidd et al., 2007; Rose et al., 2013). These dis-
turbing effects of environmental estrogens have been reported in nu-
merous fish species (Jobling et al., 1998; Vigano et al., 2001; Mikaelian
et al.,, 2010), and have caused ecological damage globally (Hallgren
et al., 2014; Kidd et al., 2007).

Although the feminization effects of environmental estrogens on
male fish have attracted much scientific attention, the underlying me-
chanisms have not been well addressed. Of note, a few descriptive
studies showed that during gonad development and/or spawning, fe-
male fish have a different nutrient utilization capacity compared to
males (Bertoldo et al., 2015; Rljnsdorp and Ibelings, 1989). For in-
stance, post-reproductive Arctic charr females consumed almost 80% of
body lipids during winter, whereas males consumed 50-55% of body
lipids in the same period (Jgsrgensen et al., 1997). This finding sug-
gested that lipid metabolism differs between female and male fish.
Apparently, females need more lipids than males for reproduction.
However, the systemic differences in lipid metabolism between female
and male fish have not been intensively reported.

Previous fish studies reported that dietary or aquatic exposure to
some pollutants, particularly BPA and polychlorinated biphenyls
(PCBs), not only induced feminization but also elevated lipid accumu-
lation in the liver and adipose tissue of males (Li et al., 2019; Sun et al.,
2019; Forner-Piquer et al., 2018). However, the mechanisms of induced
lipid accumulation and feminization due to environmental estrogens
exposure have not been well demonstrated. Considering that female
fish need more lipid for gonad development and egg formation, it is
very likely that during the environmental estrogen-induced feminiza-
tion in male fish, lipid metabolism would likewise change to adapt to
the increased physiological requirement for ovary development as in
females. Therefore, we hypothesized that, the lipid metabolism pattern
differs between male and female fish, and the lipid metabolism pattern
in male fish might change to a female pattern to harmonize with re-
productive feminization induced by environmental estrogens.

To verify our hypotheses, we used zebrafish (Danio rerio) to test the
effects of E2 and BPA on lipid metabolism. First, we investigated the
possible differences in patterns of fat accumulation and lipid metabo-
lism in female and male zebrafish through feeding them with diets
containing different fat contents for six weeks. Afterwards, we de-
termined the effects of E2, BPA and tamoxifen (TAM), which is an
antagonist of ERs, on the gonad development and lipid metabolism
patterns in male and female fish. Next, we assayed a number of mole-
cular signaling proteins to illustrate the mechanism during the
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alteration of the lipid metabolism pattern in male fish subjected to
environmental estrogens.

2. Materials and methods

This research was approved by the Committee on the Ethics of
Animal Experiments of East China Normal University (approval NO.:
F20140101). The experiments were conducted under the Guidance of
the Care and Use of Laboratory Animals in China.

2.1. Chemicals and diets preparations

The 17-beta-estradiol (E2), 2,2-bis (4-Hydroxyphenol) propane
(BPA) and tamoxifen (TAM) were purchased from Adamas-beta
(Shanghai, China). Dimethyl sulfoxide (DMSO), Methanol, n-hexane,
dichloromethane and acetonitrile of HPLC grade were supplied by
ANPEL (Shanghai, China). The internal standards of E2-d, and BPA-d;¢
(E2 > 96.8%, BPA > 99%) were purchased from Dr. Ehrenstrofer
GmbH (Augsburg, Germany). The E2 and BPA were dissolved in DMSO
to make stock solutions at concentrations of 1g/L and 100g /L, re-
spectively. The stock solutions were diluted by using dechlorinated
water to obtain the designed concentrations. The final DMSO con-
centration in cultured water was 0.005 ml/L.

We formulated three purified diets as detailed in Supplementary
Table S1. The purified diets were necessary in order to avoid extra
sources of environmental estrogens. The three diets contained fat at 1%
(low-fat diet, LFD), 7% (normal-fat diet, NFD) and 13% (high-fat diet,
HFD).

2.2. Fish source and acclimatization

The AB strain adult zebrafish (0.3 = 0.08 g each, about five months
old) were obtained from the Chinese National Zebrafish Resource
Center (Wuhan, China). They were acclimated for one week and fed
twice daily with a commercial zebrafish diet (Shengsuo, Yantai, China).
During acclimation and formal trial, all fish were cultured in de-
chlorinated tap water with 12h light to dark photoperiod. The water
temperature, pH, dissolved oxygen and ammonia nitrogen were kept at
26 = 2°C, 7.99 * 0.23, 5.5 = 1.2mg/L and below 0.02mg/L, re-
spectively.

2.3. Dietary fat levels treatment

To delineate the sexual dimorphism on lipid metabolism, 36 visually
healthy male or female zebrafish were selected (three replicates, 12 fish
for each). The fish in each replicate were cultured in a 10 L glass tank
and fed with either LFD, or NFD or HFD at a feeding rate at 4% of their
body weight, twice daily for six weeks. All fish in each tank were
weighed biweekly and the daily feeding amounts were adjusted ac-
cordingly. One third of cultured water by volume in each tank was
replaced with fresh-dechlorinated water every day.

2.4. Estrogens exposure treatment

In order to choose a proper exposure dose of E2 and BPA for the
mechanistic studies, the male and female zebrafish fed on NFD were
divided and exposed to control (fresh-dechlorinated water), E2 (50,
100, 200, 300 and 400 ng/L) and BPA (50, 100, 200, 300, 400 ug/L),
respectively. The 60 female or male zebrafish were grouped into one
treatment (20 fish per replicate), and were reared into 30 L glass tanks
for six weeks. Because E2 of 200 ng/L and BPA of 100 ug/L in female,
and E2 of 100-300 ng/L and BPA of 50-100 ug/L in male, which are all
environmental concentrations, could induce considerable fat deposition
in body (Fig. S2), therefore, E2 of 200 ng/L and BPA of 100 ug/L were
chosen for the following formal exposure experiment. In order to verify
the effects of TAM, which is a well-known estrogen receptor antagonist,
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on fish growth, lipid metabolism and estrogen receptor expression, the
zebrafish fed on NFD were divided and exposed to control (fresh-de-
chlorinated water), TAM-50 (50 ug/L TAM) and TAM-250 (250 ug/L
TAM), respectively. The 30 fish were grouped into one treatment (10
fish per replicate), and were reared into 30 L glass tanks for four weeks.
The results showed that either 50 ug/L or 250 ug/L TAM could sig-
nificantly lower expressions of estrogen receptors, but didn’t sig-
nificantly change fish growth, lipid deposition and the related lipo-
genesis gene expression (Fig. S3). Therefore, in the formal experiment,
50 pg/L of TAM was used. In the formal experiment, 90 male or female
zebrafish in three replicates (30 fish per replicate) were reared into 30 L
glass tanks. The fish were fed on LFD or HFD and exposed to E2, BPA,
E2 + TAM (ET), and BPA + TAM (BT) for six weeks (Fig. 2A). A
control group was also included, in which fish were fed on either LFD or
HFD only. Half of the culture water by volume in the control tanks were
replaced with fresh-dechlorinated water every 24 h, while those in
exposure treatments were replaced with fresh-dechlorinated water
containing the initial concentrations. The whole culture water was re-
placed every seven days. The experimental conditions were maintained
as those used in the dietary experiment.

In the formal experiment, the real exposure concentrations of E2
and BPA were randomly measured on the 10™ and 38™ days. The E2
concentrations in the water of control and E2 treatments were
0.56 * 0.05ng/L and 171.75 * 6.37 ng/L, respectively. The BPA
concentrations in the water of control and BPA treatments were
0.11 = 0.01 pg/L and 77.45 + 3.72pug/L, respectively (Fig. S4B). The
contents of E2 and BPA in LFD and HFD are shown in Fig. S4A.

2.5. Fish sampling

At the end of the dietary and exposure trials, all fish were fasted for
12h. A total of eight fish from each replicate were sampled, anesthe-
tized by using MS-222 and sacrificed for tissue samples collection. The
liver, muscle, viscera (including intestines, spleen and abdominal fat
tissue), testis and six whole fish from each tank were collected and
stored at -80 °C for biochemical assays and molecular measurements.

2.6. Lipid content and histological assays

A total of 12 fish from each treatment were collected for total fat
content analysis. The total fat content was measured by using the classic
methanol-chloroform method (Bligh and Dyer, 1959). Another sample
of 10 fish from each treatment (two fish as a pooled sample) were
sampled and used for determination of hepatic, viscera and muscle
triglyceride (TG) assays by using specific commercial kit (Jiancheng
Biotechnology Co., China). A part of testis and liver from four fish in
each treatment were fixed by using 4% paraformaldehyde for histolo-
gical analysis based on the literature (Betancor et al., 2015).

2.7. Quantitative real-time PCR assay

Liver, muscle and viscera tissues from 12 fish were prepared for
total RNA isolation, cDNA synthesis and quantitative real-time poly-
merase chain reaction (qPCR), as described in our previous study
(Limbu et al., 2018). Elongation factor 1 (efla) and B-actin were used as
reference genes, due to their stable expression in different treatments.
All the gene primer sequences used for qPCR analysis are listed in Table
S2. The relative mRNA expressions of target genes were calculated by
using the 27 *4" method, thereof, ACt = Ct tgrger— (Ct e1a + Ct pacrin)/2-
The qPCR efficiency was between 99% and 102%, and the correlation
coefficient was above 0.98 for each gene.

2.8. Transcriptomic assay

Nine liver samples from each selected treatment were used for the
RNA-seq transcriptomic assay. The mRNA isolation, invalid reads and
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unigenes assembly were performed as described by Lu et al (Lu et al.,
2019). To confirm the accuracy of transcriptomic data, we chose fe-
male-HFD and male-HFD treatments in dietary experiment as the re-
presentative for validation (Fig. S1).

2.9. Western blot assay

A total of six liver tissues were homogenized on ice by using the
mixture of ice-cold PIPA lysis buffer (Beyotime Biotechnology) and
1 mM phenylmethylsulfonyl fluoride (Beyotime Biotechnology), and
their cells were lysed for 30 min for protein extraction. The detail
methods and antibody information of western blot assay are presented
in the Supplementary data.

2.10. Determination of E2 and BPA by UHPLC-MS/MS

A total of 30 fish, 12L culture water and 300 g diets from each
exposure treatment were prepared for E2 and BPA detections by using
ultra-high-performance liquid chromatography equipped with tandem
mass spectrometry (UHPLC-MS/MS), as described by Ye et al. (2013).
The detailed methods for determination of E2 and BPA are presented in
the Supporting Information.

2.11. Statistical analyses

All values are presented as mean * standard error of means (SEM).
Statistical differences between female and male fish fed with the same
diet were tested by using the independent sample t-test (P < 0.05).
Statistical differences among female or male fish for more than two
treatments were compared by using one-way analysis of variance
(ANOVA) (P < 0.05). All statistical analyses were conducted by using
SPSS 23 statistical software (IBM Corp., Armonk, NY, USA).

3. Results and discussion
3.1. The lipid metabolism pattern differs between male and female zebrafish

We first fed both sexes on diets with the same fat content for six
weeks in order to understand the lipid metabolism pattern. The total fat
and TG contents in the liver and viscera were higher in female fish than
in male fish (Fig. 1A-D). Similarly, female fish also had more and larger
lipid vacuoles than males (Fig. 1E). During transcriptomic assay, lipid
metabolism was the main pathway significantly changed between the
female and male fish, especially those fed on HFD (Fig. 1F). Likewise,
female fish had higher expression of genes related to lipogenesis, such
as fatty acid synthase (fasn), stearoyl-CoA desaturase (scd), acetyl-CoA
carboxylase (acc), sterol regulatory element binding transcription factor
1 (srebpl), and peroxisome proliferator activated receptor gamma
(ppary) (Fig. 1G).

Our results on sexual dimorphism in lipid metabolism provide new
insights because such investigations are mostly performed in mammals,
but seldom in fish (Watkins et al., 1972; Soler-Argilaga and Heimberg,
1976). In our study, the lipid metabolism pattern exhibited sexual di-
morphism, with females displaying higher fat deposition and lipid
synthesis compared with males (Fig. 1). The differences in lipid meta-
bolism between sexes in fish and mammals indicate a universal phe-
nomenon in animals. Since female fish consume more body lipid than
male fish in the reproductive period (Jgsrgensen et al., 1997), they
reserve large amounts of lipid to meet the energy demands during re-
productive development. Furthermore, the major difference in lipid
metabolism between sexes was found mainly in the liver, for which
female fish had higher degrees of increase in TG compared to males
(Fig. 1B). The liver of fish not only regulates lipid metabolism, but also
influences reproductive development (Canbay et al., 2007; Kley and
Kriiskemper, 1976). Accordingly, mature female fish in the re-
productive period produce large amounts of VTG in the liver, which are



S.-X. Sun, et al.

A B

LFD
104 Total body fat contents E NFD

140 Hepatic TG contents

C

Female Male

Female

Male

elovi6

Journal of Hazardous Materials 394 (2020) 122537

D

157 Muscle TG contents

Female Male Female Male

F female-HFD vs female-LFD male-HFD vs male-LFD

female-HFD vs male-HFD  female-LFD vs male-LFD

19%

3% 5% 5%

Lipid metabolism
® Amino acid metabolism
Metabolism of cofactors and vitamins
m Carbohydrate metabolism
wm Digestive system
= Endocrine system
Immune system
Signal transduction
Others

Fig. 1. Differences of lipid metabolism between female and male zebrafish. Total body fat contents (A), tissue TG contents (B-D) and lipid vacuoles in the liver
histological pictures (E) are shown in the female and male zebrafish. The female and male zebrafish were fed on low fat diet (LFD), normal fat diet (NFD) or high fat
diet (HFD), respectively. Data are expressed as means + SEM (n = 5). Statistical differences between female and male fish fed with the same diet are marked with
the asterisk “*” (P < 0.05). Statistical differences among dietary treatments in female or male fish are marked with different lowercases or capitals, respectively
(P < 0.05). The scale bar in the photomicrographs represents 50 pm. After performing a transcriptomic assay in fish liver, the comparisons of functional classifi-
cation (F) and the heatmap of gene expressions involved in lipid metabolism (G) are presented among the four treatments, including female-LFD (female fed with
LFD), female-HFD (female fed with HFD), male-LFD (male fed with LFD) and male-HFD (male fed with HFD). Red and green colors in the heatmaps represent
upregulation and downregulation of the gene expressions, respectively. The full names of gene abbreviation at the right side of heatmap are described in Table S3. In
short, these data show that the female zebrafish exhibited higher lipid accumulation and lipogenesis activity than the males.

transferred to the ovaries to provide sufficient nutrients for eggs
(Romano et al., 2004). Hence, the observed differences in lipid meta-
bolism in the fish liver between females and males might be caused by
variations in reproductive demands.

3.2. Zebrafish accumulates E2 and BPA after exposure

To furtherly verify the effects of E2 and BPA exposure in zebrafish,
we exposed males and females fed on LFD and HFD to E2 (200 ng/L)
and BPA (100 pg/L) for six weeks. The E2 content in females and males
was significantly higher in the E2 treatments than in the controls.
However, co-exposure of E2 and TAM significantly reduced the accu-
mulation of E2 in males and females (Fig. 2B, C). Interestingly, ex-
posure to BPA significantly increased E2 content in males and females,
and the co-exposure to BPA and TAM significantly reduced the E2
content in both sexes. An increase in E2 levels was also reported in
goldfish (Carassius auratus) after injecting 50 or 100 mg/kg of BPA (Li
et al., 2008). These results suggest that BPA increase endogenous
synthesis of E2 in fish. Generally, E2 levels are higher in female fish
than in males throughout the life period (Pottinger and Carrick, 2010).
In the present study, the E2 concentration in male fish exposed to E2
and BPA was comparable to females (Fig. 2B, C), suggesting E2 and BPA
induce effects in males based on E2 levels.

Similar to E2 deposition, BPA residue was significantly elevated in

male and female fish exposed to BPA, but the co-exposure of BPA and
TAM did not affect the BPA residue in the fish (Fig. 2D, E). Natural
estrogens have a short half-life and are readily eliminated compared to
synthetic ones (Yin et al., 2003; Ferreiraleach and Hill, 2001). There-
fore, when the ERs were occupied by TAM in the co-exposure treat-
ments, the dissociative E2 as a natural estrogen may be rapidly de-
graded. However, the dissociative BPA as a typical synthetic estrogen
may exhibit a slower degradation compared with E2. The different re-
sidues between BPA and E2 are possibly attributed to stability and
degradation properties.

3.3. Exposure to E2 and BPA feminizes male zebrafish

Previous studies indicated that feminized male fish produce oocytes
or oviducts in the testis, and then develop into intersex (Jobling et al.,
1998; Ortiz-Zarragoitia et al., 2014). In the present study, neither oo-
cytes nor oviducts were observed in the testis of male zebrafish exposed
to E2 and BPA (Fig. 2F). However, we found fewer spermatids in testis
of males exposed to E2 and BPA than in the control and TAM co-ex-
posure treatments (Fig. 2F), similar to delayed spermatid maturation in
zebrafish exposed to E2 from 100 to 270ng/L (Scholz and Kliiver,
2009) and in Japanese medaka (Oryzias latipes) exposed to BPA ranging
from 50 to 335ug/L (Scholz and Kliiver, 2009; Yokota et al., 2000).
Moreover, carp males exposed to 10 and 100pg/L E2 for 20 days
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produced oviducts in testis (Gimeno et al., 1998), while Japanese me- feminization induced by environmental estrogens depends on the ex-
daka males exposed to 1820 pg/L BPA for 60 days produced oocytes posure concentrations and their duration, and fish species. In the pre-
(Yokota et al., 2000). These studies suggest that the extent of sent study, the inhibition of sperm maturation in the male fish is
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Fig. 2. Reproductive feminization of the male zebrafish exposed to E2 and BPA. Experimental design of E2 and BPA exposure are shown (A). The male or female
zebrafish fed with LFD or HFD were exposed to E2, BPA, or TAM, respectively, for six weeks. Exposure treatments are abbreviated as Control, E2, BPA, ET (co-
exposure of E2 and TAM), and BT (co-exposure of BPA and TAM). Concentrations of E2 (B-C) and BPA (D-E) in the whole fish are presented. Data are expressed as
means + SEM (n = 3). Statistical differences between female and male fish fed with the same diet are marked with the asterisk “*” (P < 0.05). Statistical differences
among exposure treatments in female or male fish are marked with different lowercases or capitals, respectively (P < 0.05). Testis histological biopsy of male
zebrafish represent the damage of E2 and BPA on sperm development (F). The dense dark-purple dots enclosed by red lines on the testis biopsies represent the
spermatids, and the scale bar represents 100 um. Gene expressions involved in gonad feminization in male liver are presented (G). Statistical differences among
exposure treatments in the male fish fed on LFD or HFD are marked with the different lowercases or capitals, respectively (P < 0.05). In short, these data present

that E2 and BPA induce the early-phase gonad feminization in the male zebrafish.

regarded as early-phase feminization induced by exposure to E2 and
BPA. Moreover, the hepatic mRNA expressions of era, er1, er32, and
vtgl, which are all molecular markers for predicting feminization in fish
(Romano and Limatola, 2000; Kime et al., 1999), were upregulated in
male fish exposed to the E2 and BPA compared to the male controls and
the TAM co-exposure treatments (Fig. 2G). Of note, the individual ex-
posure of TAM could significantly inhibit expressions of estrogen re-
ceptors in zebrafish (Fig. S3), and the E2 concentrations in the ET and
BT groups were also significantly reduced (Fig. 2B, C). Therefore, the
alleviated feminization in the male fish in the TAM co-exposure groups
could be caused by the TAM-induced inhibition of estrogen actions.
Taken together, exposure to E2 and BPA at environmental concentra-
tions for six weeks increased their residues in male zebrafish, and in-
duced early-phase feminization. However, the inhibition of estrogen
actions would block this feminization in male fish.

3.4. Exposure to E2 and BPA in fish fed on HFD induces sex-dependent lipid
deposition

In the fish fed on HFD, the whole body fat and tissue TGs contents
were higher in male zebrafish exposed to E2 and BPA than the controls
and TAM co-exposure treatments, especially in liver (Fig. 3A-D).
However, the female zebrafish exposed to E2 and BPA elevated only TG
content in the liver, but not in other tissues (Fig. 3A-D). Similarly, in
the fish fed on LFD, E2 and BPA did not affect significantly lipid ac-
cumulation in female fish (Fig. S5), but also increased significantly
hepatic TG content in male fish (Fig. S5B). The male fish exposed to E2
or BPA increased the number and size of lipid vacuoles (Fig. 3E), similar
to female fish. Notably, in both sexes, the co-exposure of TAM de-
creased the E2- and BPA-induced fat accumulation to levels comparable
with the controls, particularly in the fish fed on HFD. In liver, the fish
exposed to E2 and BPA upregulated lipogenic genes expression in-
cluding srebp-I1c and fasn in females and males, whereas TAM co-ex-
posure did not affect the expression compared to the controls (Figs. 3F
and S6). Similar expression patterns in lipid synthesis occurred in vis-
cera and muscle tissues, but the extent of changes was weaker than in
the liver (Figs. S7A, S7C, S8A and S8C). However, the mRNA expression
of genes involved in lipid catabolism (peroxisome proliferator activated
receptor alpha, ppara; carnitine palmitoyltransferase la, cptla) and
lipid transport (long-chain fatty acid transport protein 1, fatpI; cluster
determinant, cd36) were not significantly affected in fish exposed to E2,
BPA or TAM (Fig. 3G, H).

The above data suggest that, males are more sensitive to environ-
mental estrogens exposure compared to females. Notably, males in-
creased lipid accumulation, especially in the liver, resulting in similar
lipid metabolism characteristics as in females. Lipogenesis, but not lipid
catabolism, mainly contributed to the E2- or BPA-induced fat accu-
mulation. In addition, the results suggest that the effects of environ-
mental estrogens on lipid accumulation in male fish are also dependent
on the animal’s nutritional background. As shown in the above results,
environmental estrogens could induce lipid deposition in the males fed
with either LFD or HFD, and this environmental estrogens-induced fat
deposition was strengthened by HFD feeding. Considering HFD has
been widely used in the practical aquaculture to save dietary protein
and increase feed utilization in farmed fish (Boujard et al., 2004;
Hillestad et al., 1998), the combination of environmental estrogens and

HFD feeding could reflect a more real situation when people evaluate
the effects of environmental estrogens on fish production and human
health.

Higher lipid accumulation and expressions of lipid metabolism-re-
lated genes were also found in zebrafish and bluefin tuna males exposed
to PCBs and organochlorine pesticides (OCPs) compared to females (Li
et al., 2019; Maisano et al., 2016). Thus, environmental estrogen-in-
duced sex-dependent metabolic alterations in fish are likely to be a
common phenotype in response to different organic pollutants. Inter-
estingly, we found that compared to the individual exposure of E2 and
BPA, the TAM co-exposure treatments significantly decreased lipid
deposition and increased lipogenesis gene expressions in fish. More-
over, our pre-experiment also indicated that the individual exposure of
TAM only downregulated gene expressions of era and erf1, but didn’t
significantly affect lipid deposition and lipogenesis gene expressions
(Fig. S3). This indicates that the TAM co-exposure-induced fat reduc-
tion was mainly caused by the inhibited estrogen actions. It has been
reported that TAM, as an antagonist for ERs, could prevent estrogen
actions of BPA and E2 (Kumar et al., 2016), and lipid metabolism was
regulated by estrogen through ERs in mammals (Sara et al., 2011; Lin
et al., 2013). Therefore, the E2- and BPA-induced lipid deposition in
fish could also result from estrogen-like actions through the ERs.

In the present study, the hepatic lipid contents in the male zebrafish
exposed to E2 and BPA were significantly increased, and reached al-
most the same level as the hepatic lipid content in the control females
(Fig. 3B, E). In fact, this estrogens-induced accumulation of lipid in liver
has been widely reported in female fish during the ovarian develop-
ment. For example, during the ovarian development in the female
Arctic charr, the liver lipid content increased from 3.5% to 14.7%,
whereas it decreased again to 3.1% in the post-spawning females
(Jgsrgensen et al., 1997). Similarly, several other studies in female fish
also found the remarkable fat deposition in liver during the ovarian
development (Medford and Mackay, 1978; Diana and Mackay, 1979),
and found the deposited fat in liver was mobilized for gonad maturation
(Krivobok and Tokareva, 1972; Reshetnikov et al., 1970). The VTGs,
which are the large lipid transfer proteins (LLTP), are synthesized in
liver during the female sexual maturation and have been verified to
transport liver fat to ovary for egg production and providing energy
(Wang et al., 2005). In numerous environmental toxicological studies,
the high expression of VTG in male fish liver has been identified as an
important marker of feminization (Sumpter and Jobling, 1995).
Therefore, these literatures indicate that the high accumulation of fat in
liver is a specific physiological response, but not pathologic outcome,
during the ovarian development in female fish. Accordingly, we found
in the present study that the environmental estrogens exposure in the
male fish not only induced high hepatic fat accumulation and gonad
feminization, but also significantly increased the gene expressions of
vtgl with 14-20 folds (Fig. 2G). Therefore, it is reasonable to conclude
that the increased lipid deposition in the male fish exposed to en-
vironmental estrogens could be a metabolic change to adapt to gonad
feminization.

3.5. Exposure to E2 and BPA converts lipid metabolism in male fish to a
female pattern by changing gene transcription and signaling pathways

To systemically detect the lipid metabolism pattern in male fish
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Fig. 3. Alteration of lipid metabolism in the HFD-fed male zebrafish exposed to E2 and BPA. Total body fat contents (A), tissue TG contents (B-D) and lipid vacuoles
in liver histological biopsy (E) in the HFD-fed male or female zebrafish exposed to E2, BPA or TAM are presented. Scale bar of photomicrographs represents 50 pm.
Gene expressions involved in lipid synthesis (F), lipid catabolism (G) and lipid transport (H) in fish liver are also presented. Data are expressed as means * SEM
(n = 5). Statistical differences between female and male fish fed with the same diet are marked with the asterisk “*” (P < 0.05). Statistical differences among
exposure treatments in female or male fish are marked with different lowercases or capitals, respectively (P < 0.05). In short, these data show that the exposure to
E2 and BPA in male fish increased fat deposition and lipogenic gene expressions that mimicked those shown in females.

exposed to E2 and BPA, we performed a hepatic transcriptomic analysis the control females (Fig. 4A). Control females had higher expressions of
in the fish fed on HFD (control females and males) and males fed on a number of lipogenic genes, including fasn, srebp-1, acca, scd, elon-
HFD and exposed to E2 and BPA. The genes related to lipid metabolism gation of very-long-chain fatty acids protein 6 (elovi6), ATP-citrate
separated clearly between the control females and males (Fig. 4A). The synthase (acly) and ppary compared to control males (Fig. 4B, C).
males exposed to E2/BPA showed similar genes expression to those in Moreover, the lipogenesis-related genes, such as fasn, srebp-1, acca, scd,
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Fig. 4. The female-like patterns of lipid metabolism in the HFD-fed male zebrafish exposed to E2 or BPA. The transcriptomic heatmap of the genes involved in liver
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liver lipid metabolism in the male control (B), female control (C), male exposed to E2 (E2-male) (D) or BPA (BPA-male) (E) are presented. Red and green colors in the
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the synthesis of fatty acid (FA) from acetyl-CoA. The lipid catabolism from the TG-rich lipoprotein and lipid droplets to FA is modulated by genes Ipl; hsl and mgl,
respectively. The genes cd36 and fatp1 are responsible for the FA transport from extracellular matrix to hepatocytes. The gene mtp is involved in the transport of very
low density lipoprotein (VLDL) from hepatocytes to extracellular matrix. In short, these data show that E2 and BPA convert lipid metabolic pattern in males to a

female pattern at transcript level.

acly and elovl6, were mostly activated in males exposed to E2 or BPA
(Fig. 4B-E). These data clearly indicate that exposure to environmental
estrogens converted the lipid metabolism in male fish to the female
pattern.

To investigate the molecular basis of lipid metabolism transforma-
tion in male fish exposed to E2 or BPA, we further identified the key
signaling pathways involved in estrogen and lipid metabolism in fish
fed on HFD. Previous mammalian studies have shown that, E2 mod-
ulates lipid metabolism mainly through the mechanistic target of ra-
pamycin (mTOR) and adenosine monophosphate-activated protein ki-
nase (AMPK) pathways (Ciruelos, 2014; Palmisano et al., 2017). Signal
transducer and activator of transcription 3 (STAT3), which is a direct
target for E2, also plays a role in regulating lipid metabolism (Gao et al.,
2006; Ueki et al., 2004). In the present study, the female zebrafish had
higher lipid synthesis than the control males, through activating the
mTOR pathway by upregulating the SREBP-1c and pS6 expressions
(Fig. 5A). Nevertheless, pAMPK expression was lower in females com-
pared to control males (Fig. 5A), similar to results obtained in humans
(Guadalupe-Grau et al., 2016) and oysters (Guevelou et al., 2013).

The male fish exposed to E2 and BPA decreased the STAT3 gene and

protein expressions, which inhibits srebp-1c (Ueki et al., 2004), com-
pared to control males (Fig. 5A, B). Notably, male fish exposed to E2
and BPA activated the mTOR-lipogenic pathway manifested by the
higher expressions of pS6 and SREBP-1c compared to control males
(Fig. 5A). Moreover, the protein expressions of pS6 and SREBP-1c in
males exposed to E2 and BPA were similar to those in the control fe-
males (Fig. 5A). Correspondingly, the lipogenic genes modulated by
SREBP-1¢, including acc and fasn were upregulated in the male fish
exposed to E2 and BPA (Fig. 5B). Consequently, E2 and BPA altered the
lipid metabolism from the male to the female pattern, mainly through
activating the mTOR lipogenic pathway. Of note, although the mTOR
pathway was stimulated in males exposed to E2 and BPA, phosphory-
lated phosphatidylinositol 3-kinase (PI3K) and pAKT, which are the
upstream molecules of mTOR, were not upregulated compared to the
control males (Fig. 5A). At the same time, the expression of pAMPK, an
inhibitor of mTOR phosphorylation decreased dramatically in the male
fish exposed to E2 and BPA (Fig. 5A). Taken together, the decline in
PAMPK, pPI3K and pAKT expressions suggest that the activated mTOR
pathway in males is mainly attributed to AMPK pathway inhibition, and
not upregulation of pPI3K and pAKT. We summarized the signaling
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Fig. 5. Verification of cross-pathways connecting lipid metabolism and estrogen actions in the feminization process of the male fish exposed to E2 and BPA. Western
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signaling pathways.

pathways connecting the environmental estrogens, ERs, and lipid me-
tabolism in Fig. 5C. All the above data verify that E2 and BPA convert
lipid metabolism pattern in males to female pattern via transcriptive
and signaling protein levels. The mTOR and AMPK signaling pathways
do not only mediate energy homeostasis but also regulate reproductive
development and gonad-cell production (Bertoldo et al., 2015; Yaba
et al., 2016). Higher AMPK and lower mTOR expressions have been
related to nutritional modulation of male gonad and spermatozoa
production (Bertoldo et al., 2015; Nguyen, 2017), and benefit male
reproduction (Jesus et al., 2017). The present study is the first to show
that environmental estrogens convert lipid metabolism from a male
pattern to a female pattern, attributed to the AMPK inhibition and
mTOR activation signaling pathways.

4. Conclusions

The present results show that patterns of lipid metabolism can differ
between female and male fish, whereby the former have a higher ca-
pacity for fat deposition than the latter. Exposure to E2 or BPA in male
zebrafish not only causes feminization of the male gonads, but also
converts the lipid metabolism from a male pattern to a female pattern to
accumulate more lipid, especially in liver, through lowering AMPK and
upregulating the lipogenic mTOR signaling pathways. This is the first
study to show that environmental estrogens could induce metabolic
feminization prior to gonad feminization in male fish. Since metabolism
is a basic life characteristic related to all physiological processes, future
studies on the effects of environmental estrogens should focus on more
physiological functions through nutrient metabolism aspects. This ap-
proach may provide a more comprehensive understanding of the en-
vironmental estrogen effects on living organisms and aquatic ecosys-
tems.
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