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A B S T R A C T

Phthalates are commonly used in plastic products in daily life. The endocrine-disrupting effects of phthalates
have been widely reported. Accumulating evidence from human cohorts and lab animals indicate exposure to
phthalates might impair neurodevelopment. However, the direct causal relationship and mechanism between
phthalates with neurodevelopment and neurotoxicity have not been firmly established. We found that phthalates
(i.e. DBP, DINP, BBP) disrupted the expression of estrogen receptors (esr1, esr2a, esr2b), and impaired neuro-
genesis in the brain of zebrafish during embryonic development. Moreover, the abnormal expression of estrogen
receptors, especially esr2a, was partly rescued in zebrafish which exposed to phthalates, with the estrogen re-
ceptor antagonist tamoxifen. Hence, impaired neurogenesis of zebrafish exposed to phthalates was partly re-
versed by tamoxifen treatment. Moreover, our results show that induced pluripotent stem cells (iPSC)-derived
human neurons exposed to phthalates triggered double-strand DNA breaks in vitro. Overall, this study demon-
strates that exposure to phthalates affects neurodevelopment in zebrafish embryos and induces neurotoxicity in
human neurons partly through disrupting the expression of estrogen receptors.

1. Introduction

Phthalates are a family of synthetic chemical esters of phthalic acid
and first introduced in the 1920s as plasticizers to increase the flex-
ibility, pliability and elasticity of plastics, food packages, fragranced
products, polyvinyl chloride (PVC) building materials, personal care
products, cosmetics, and pharmaceuticals (Ejaredar et al., 2015). It is
by the weaker intermolecular forces, but not the covalent bond of
phthalates binding plastic polymers, thereby phthalates in plastics
products are continuously released into the environment, atmosphere,
food, even into the human body from medical devices (Chen et al.,
2011). It has been reported that the concentration of phthalates (i.e.
DBP, DINP, BBP) in water can be upto ∼34.4 nM (Guo et al., 2013),
∼1.25 nM (Li et al., 2017),∼1.6 nM (Abtahi et al., 2019), respectively,
in some area of the world. More than 4.99 million tons of phthalates are
produced worldwide and ∼6 million tons of them are detected in the

environment every year (Chen et al., 2014; Ejaredar et al., 2015). Thus,
due to widespread and heavy use of phthalates in daily consumables,
humans are exposed ubiquitously to phthalate-contaminated environ-
ments mainly through diet, air inhalation, and direct dermal absorption
via contact with plastics products (Dewalque et al., 2014; Hauser et al.,
2004). Additionally, the degradation of some phthalates is not easy and
they can accumulate in human tissues (Chatterjee and Karlovsky,
2010). It is widely reported that phthalates can be detected in the hair
(Jones et al., 2018), urine (Qian et al., 2019; Swan et al., 2010), and
blood (Minatoya et al., 2018) in humans. Moreover, phthalates can
cross the blood placenta barrier, exposing the fetus to phthalates during
early development (Latini et al., 2003).

It has been reported that many phthalates are endocrine disruptors
which may interfere with the secretion and metabolism of natural
hormones hence, affecting developmental processes (Braun et al., 2013;
Kavlock et al., 1996). The numerous adverse problems of the phthalates
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which might be linked to endocrine-disrupting effects, including acute
toxicity, reproductive toxicity, neurotoxicity, teratogenicity, tumor-
igenesis, mutagenesis and cardiac toxicity (Sun and Liu, 2017; Uren-
Webster et al., 2010; Vandenberg et al., 2012), have been extensively
studied. The disease costs of endocrine disruptors was attributed to 2.33
% of GDP in the USA and 1.28 % of GDP in Europe (Attina et al., 2016).
In recent decades, accumulating epidemiological studies provide evi-
dence that environmental phthalate exposure can be harmful to de-
velopment in children (Ejaredar et al., 2015; Jones et al., 2018;
Jurewicz and Hanke, 2011; Kougias et al., 2017). For example, ma-
ternal prenatal exposure to phthalates results in negative neurodeve-
lopment, including lower language ability (Jones et al., 2018), lower
intelligence quotient (IQ) (Factor-Litvak et al., 2014), poor cognitive
and behavioral outcomes (Qian et al., 2019; Zhang et al., 2019), and
social communication (Ejaredar et al., 2015; Kougias et al., 2017). It
has also been reported that perinatal exposure to phthalates decreases
the number of neurons and synapses in the cortex and cognitive flex-
ibility in rats (Kougias et al., 2018). However, the mechanisms under-
lying phthalates adversely affecting neurodevelopment are largely un-
known.

In the previous study, using transgenic medaka embryos, we have
shown estrogenic activity of phthalates (i.e. DBP, DINP, BBP) in vivo
(Chen et al., 2014). Furthermore, it is widely studied that estrogen af-
fects neuroplasticity and neurogenesis in the brain via estrogen receptor
signaling pathways (Sheppard et al., 2019). However, the physiological
roles of estrogen in neurons are controversy and varies with con-
centration, such that both neuroprotection and reduction of neuro-
genesis has been documented (Baez-Jurado et al., 2018; Lim et al.,
2018; Sa et al., 2018). Nevertheless, estrogen receptors, especially
esr2a, regulate neurogenesis in zebrafish during development (Tingaud-
Sequeira et al., 2004). Additionally, recent studies have shown that
estrogen receptors modulate neurogenesis in the brain of zebrafish and
rats (Diotel et al., 2013; Lim et al., 2018). However, it is unclear
whether neurotoxicity of phthalates is related to estrogen receptor
signaling pathways.

Here, we found that phthalates (DBP, DINP, and BBP) disrupted the
expression of estrogen receptors (esr1, esr2a, esr2b), hence reduced the
brain size and the number of proliferating neurons in the brain of
zebrafish embryos. Besides, estrogen receptor antagonist tamoxifen
increased the expression of esr2a in zebrafish embryos exposed to
phthalates, and partly rescued the brain size and proliferating neurons.
Further, in vitro experiments results showed that exposure to phthalates
induced double-strand DNA breaks in iPSC-derived human neurons.
The present study suggests that exposure to phthalates affects neuro-
development in zebrafish embryos and induces neurotoxicity in human
neurons partly through disrupting the expression of estrogen receptors.

2. Materials and methods

2.1. Chemicals

Di n-butyl phthalate DBP, 524,980, Diisononyl phthalate DINP,
376,663, Butyl benzyl phthalate BBP, 308,501 and tamoxifen T9262
used in this study were from Sigma. 17-β-Estradiol (E2) standard was
from the China National Standard Material Centre (Beijing, China). The
stock of 30 mM DBP, 30 mM DINP, 30 mM BBP, 0.1 mM tamoxifen and
0.1 mM E2 were prepared with methanol and stored at -20 ℃.

2.2. Zebrafish maintenance and zebrafish embryo collection

Wild type zebrafish AB strain was acquired from the Zebrafish
International Resource Center (ZIRC; University of Oregon, Eugene, OR,
USA). The zebrafish were maintained and the embryos were collected
in a controlled environment as previously described (économiques,
2013).

2.3. Embryo exposure

Healthy zebrafish embryos of 4–128 cell stage (∼2 h-post fertili-
zation, hpf) were used for the experiment. In acute toxicity experiment
of figure S1, zebrafish embryos were exposed to 1.25, 2.5, 5, 10, and 20
μM of DBP, DINP and BBP, and 0.07 % methanol as solvent control, 20
embryos for each concentration. In addition, in the previous study
(Chen et al., 2014), we have shown that estrogenic activity of 5 μM of
BBP was approximately equivalent to 10 nM E2, and 5 μM of DBP or
DINP revealed enhanced-estrogenic activity in the presence of low dose
estrogen; therefore, zebrafish embryos were exposed to 5 μM of DBP,
DINP, and BBP, respectively; in addition to exposed to 10 nM E2 as the
positive control in the present study of molecular experiment. Embryos
were exposed to 5 μMDBP, 5 μMDINP, 5 μM BBP, and 10 nM E2, and to
0.02 % methanol as the solvent control. In the tamoxifen rescue ex-
periment, zebrafish embryos were exposed to 10 nM tamoxifen alone, 5
μM DBP+ 10 nM tamoxifen, 5 μMDINP + 10 nM tamoxifen, 5 μM BBP
+ 10 nM tamoxifen, 10 nM E2 + 10 nM tamoxifen, and 0.03 % me-
thanol as the solvent control. The exposure was performed in 96-well
plates, with one embryo per well and incubated at 28±0.5℃. The
results were checked after 3 days exposure.

2.4. Human iPSC and differentiation of iPSCs into neurons

Induced pluripotent stem cells (iPSCs) were generated from human
fibroblasts. The iPSC line carrying duplications in the gene for Amyloid
Precursor Protein was provided by Dr. Lawrence Goldstein at the
University of California, San Diego (Israel et al., 2012; Raja et al.,
2016). iPSCs were prepared on matrigel coated plates and transduced
with lentivirus expressing rtTA and Ngn2-GFP according to published
protocols with modifications (Lin et al., 2018b; Zhang et al., 2013). One
day after viral transduction, the culture media was replaced with
DMEM/F-12 (12634010, Thermo Fisher Scientific) containing 1×N-
2(17502001, Thermo Fisher Scientific) and 5 μg/mL doxycycline
(D1822, Sigma-Aldrich) to induce Tetracycline resistance O (TetO)
gene expression. Subsequently, culture media was changed with Neu-
robasal medium (21103049, Thermo Fisher Scientific) containing 1×
GlutaMAX (35050061, Thermo Fisher Scientific), 0.2 μg/mL laminin
(AG56 P, Millipore), 5 μg/mL doxycycline and 1 μg/ml puromycin
(540222, Millipore). One half-plate volume of media was replaced with
new media every 3 days until cells were ready for experimental assays.

1 nM phthalates (DBP, DINP, and BBP) were freshly prepared with
culture media. Neurons were transient exposed to 1 nM phthalates and
the solvent control (0.001 % methanol) containing culture media for 30
min. After exposure, the neurons were used for RNA extraction and
immunostaining.

2.5. Quantitative real-time PCR (qRT-PCR)

For zebrafish, 12 embryos of 3 dpf were pooled together and total
RNA was extracted using a Trizol reagent (9109; Takara Bio. Inc.).
Subsequently, the genomic DNA was removed with RQ1 RNA-free
DNase (M6101; Promega) and 1 μg total RNA was used to synthesize
cDNA using a PrimeScript reverse transcription (RT) reagent kit
(6210B; Takara) according to the manufacturer's instructions. The
mRNA transcript of esr1(accession numbers: NM_152959), esr2a (ac-
cession numbers: NM_180966) and esr2b (accession numbers:
NM_174862) were assessed by qRT-PCR using the SYBR Premix Ex Taq
(RR402A; Takara Bio. Inc.) and β-actin was used as the reference gene
as previously described (Xu et al., 2020). Briefly, the qRT-PCR reaction
system was pre-denatured at 95 ℃ for 30 s for one cycle, and 40 cycles
at 95 ℃ for 5 s followed 60 ℃ for 30 s. Subsequently, the dissociation
program was performed at 95℃ for 15 s, 60 ℃ for 1 min and then 95℃
for 15 s.

Neurons were transient exposed to 1 nM phthalates and the solvent
control, subsequently, total RNA was extracted using TRIzol reagent
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(15596026, Invitrogen) and reverse transcription of total RNA was
carried out using RNA to cDNA EcoDry Premix (Oligo dT) (639549,
Clontech) according to manufacturer’s protocol. qRT-PCR was per-
formed using a Bio-Rad CFX-96 quantitative thermocycler and SsoFast
EvaGreen Supermix (172–5200, Bio-Rad). The relative mRNA transcript
of genes (c-fos: NM_005252; npas4: NM_178864; egr1: NM_001964) was
determined using the 2−ΔΔCt method and gapdh was used as the re-
ference (Madabhushi et al., 2015; Maheu et al., 2015; Nabokina et al.,
2017; Tessier et al., 2012). Four biological replicates were performed
for each sample. The information of primer sequences used for qRT-PCR
can be found in Table 1, and the specific of the primers were also
confirmed using Primer-BLAST.

2.6. Immunohistochemistry

For whole-mount zebrafish embryo immunostaining, 3 dpf zebrafish
were fixed with HistoChoice® MB (H120; AMRESCO, LLC) for 3 h at
room temperature, and then washed with PBS for 3 min × 3 times. The
embryos were dehydrated with 50 %–70 %-90 %-100 %-100 % me-
thanol and then rehydrated with 90 %-70 %-50 % methanol for 3 min at
each concentration. Subsequently, the embryos were washed with PBST
(0.5 % tween 20 and 0.5 % Triton X-100 in PBS) for 15 min × 3 times
and then blocked with block buffer (5% BSA and 1% goat serum in
PBST) for 2 h at room temperature. The samples were incubated with
the primary antibody at 4 ℃ overnight and then washed with PBST for
15 min × 3 times, and subsequently incubated with the secondary
antibody at 4 ℃ overnight. The embryos were washed with PBST for 15
min × 4 times, cleared with 50 % glycerol in PBS for 1 h at room
temperature before imaging. The images of the brain were captured
using a Zeiss Lightsheet Z.1 3D microscope as previously described (Xu
et al., 2018). Briefly, zebrafish embryo was mounted with 1% low
melting agarose in a small capillary glass tube after staining, then place
the capillary tube into the chamber of the microscope, turn the sample
almost vertical in the chamber and the back of the embryo head parallel
to lens. Subsequently, the whole brain of the embryos was scanned with
3D Z-stack function and the images were exported after maximum
projection was performed. The primary antibodies used in this study
were: rabbit anti-phospho-Histone H3 (Ser10) (06–570; Millipore) and
mouse anti-HuC/HuD Monoclonal Antibody (16A11) (A-21271; In-
vitrogen). The secondary antibodies used in this study were: Cy3-con-
jugated goat anti-mouse (A10521; Invitrogen) and FITC conjugated
goat anti-Rabbit IgG Antibody (AP307 F; Sigma-Aldrich).

Neurons were exposed to phthalates and the solvent control as de-
scribed above and then cells were washed with cold PBS, followed by
fixation with 4% cold paraformaldehyde (PFA) in PBS. Cells were next
permeabilized and blocked in PBS containing 0.2 % Triton X-100 and
10 % normal donkey serum at room temperature for 1 h, incubated

with primary antibodies (γH2AX, Millipore, 05–636; MAP2, BioLegend,
PCK-554 P and then diluted in blocking buffer at 4 °C overnight.
Primary antibodies were visualized using the appropriate secondary
antibodies conjugated to Alexa Fluor 488 and Alexa Fluor 647 anti-
bodies A28175 and A-21449, respectively, Thermo Fisher Scientific, all
diluted 1:500 in blocking buffer and nuclei were visualized with
Hoechst 33,342 H1399, Thermo Fisher Scientific. Samples were washed
three times in PBS after incubation with the primary and secondary
antibodies. Images were acquired on a Zeiss LSM710 confocal micro-
scope. Quantification of γH2AX intensity was analyzed with Imaris
image analysis software Bitplane Ruprecht et al., 2019).

2.7. Statistical analysis

Statistical analysis was carried out using Student's two-tailed t-test
and one way-ANOVA with Dunnett post hoc test performed using
GraphPad Prism 8, and p<0.05 was considered as a statistically sig-
nificant difference. Data are presented as means± S.D. (standard de-
viation).

3. Results

3.1. Phthalates affects the expression of estrogen receptors in zebrafish
embryos

We wondered whether exposure to phthalates, such as DBP, DINP,
and BBP, would disrupt the expression of estrogen receptors (esr1,
esr2a, esr2b) in zebrafish during embryonic development. We found that
no zebrafish embryo was dead at the concentration of 5 μM DBP and
BBP. Even at the concentration of 20 μM of DINP, all zebrafish embryos
were survival after 3 days exposure (Figure S1). Interestingly, our re-
sults showed that, like estrogen, 5 μM BBP induced the expression of
esr2b and reduced the expression of esr1 and esr2a at 3 dpf zebrafish
(Fig. 1). Both DBP and DINP moderately, but not significantly (p =
0.156 and p = 0.159), increased the expression of esr2b; however, they
also decreased the expression of esr1 and esr2a (Fig. 1). Thus, phthalates
DBP, DINP and BBP were capable of disrupting the expression of es-
trogen receptors (esr1, esr2a, esr2b) in zebrafish embryonic develop-
ment. Previously it has been reported that the expression of esr2a was
important for zebrafish neurogenesis (Mouriec et al., 2009; Tingaud-
Sequeira et al., 2004). The results suggest that phthalates have potential
estrogenic activity and might affect neurogenesis in the early devel-
opment of zebrafish.

Table 1
Primer sequence for qRT-PCR.

Gene primer sequence Tm (℃)

esr1 F CAGGACCAGCCCGATTCC 59.0
esr1 R TTAGGGTACATGGGTGAGAGTTTG 58.8
esr2a F CTCACAGCACGGACCCTAAAC 59.4
esr2a R GGTTGTCCATCCTCCCGAAAC 59.6
esr2b F CGCTCGGCATGGACAAC 57.9
esr2b R CCCATGCGGTGGAGAGTAAT 58.7
β-actin F GCTGACAGGATGCAGAAGGA 58.9
β-actin R TAGAAGCATTTGCGGTGGAC 57.7
c-fos Fh ACTACCACTCACCCGCAGAC 60.4
c-fos Rh GGAATGAAGTTGGCACTGG 55.8
npas4 Fh CAGGGTGACAGCATCTACGAC 59.0
npas4 Rh ATCGGCCTCGAATAAGCAC 56.9
egr1 Fh GACCGCAGAGTCTTTTCCTG 57.4
egr1 Rh AGCGGCCAGTATAGGTGATG 57.4
gapdh Fh GTCTCCTCTGACTTCAACAGCG 59.2
gapdh Rh ACCACCCTGTTGCTGTAGCCAA 63.2

Fig. 1. The expression of esr1, esr2a and esr2b in 3 dpf zebrafish exposed to
solvent control, DBP, DINP, BBP, and E2. Zebrafish embryos of 4–128 cell stage
was exposed to 0.02 % methanol as solvent control, 5 μM DBP, 5 μM DINP, 5
μM BBP and 10 nM E2, respectively. After 3 days exposure, total RNA of the
embryos was extracted and qRT-PCR was performed. An asterisk represents a
significant difference was observed when compared with the control group at
p<0.01 (**) or p<0.001 (***) level using one-way ANOVA with Dunnett post
hoc test, n = 4.
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3.2. Phthalates reduced neurogenesis in the brain of zebrafish embryos

To investigate whether phthalates affect neurogenesis in zebrafish
during embryonic development, we immunolabelled elav/HuC, a
marker of neurons (Kim et al., 1996; Lin et al., 2018a), and phospho-
Histone H3 (pH3), a marker of mitotic cells, and visualized neurogen-
esis in the brain (i.e. forebrain, midbrain and hindbrain) of zebrafish
embryos using light sheet microscopy, which is a powerful tool to study
neurons in zebrafish embryos (Lin et al., 2018a). We next assessed brain
size by measuring the forebrain, midbrain, and hindbrain area of zeb-
rafish embryos with different treatment regimens. Surprisingly, our
results show that exposure to DBP, DINP, BBP as well as E2 (positive
control) significantly reduced the brain size compared with the control
group (Fig. 2A, B). Additionally, we found that most of the mitotic
neurons, which are double-labeled with HuC (red) and pH3 (green),
located in the stratum periventricular (SPV) of the midbrain and the
cerebellum of the hindbrain (Fig. 2A). Additionally, the number of
mitotic neurons was significantly reduced in the brain of zebrafish
embryos exposed to phthalates and E2 compared with control embryos
(Fig. 2A, C). These results suggest that exposure to phthalates and es-
trogen at embryonic stage inhibits neurogenesis in zebrafish.

3.3. Tamoxifen increased the expression of estrogen receptors in zebrafish
embryos

Tamoxifen is an antagonist of estrogen receptors and widely used in
breast cancer therapy (Lumachi et al., 2013). We wondered if tamoxifen
could reverse the reduction in esr2a of zebrafish embryos exposed to
phthalates. qRT-PCR was performed to study the expression of estrogen
receptors in zebrafish embryos exposed to tamoxifen only, DBP + ta-
moxifen, DINP + tamoxifen, BBP + tamoxifen, and the methanol
solvent control. Compared with the solvent control, tamoxifen induced
the expression of esr2a in zebrafish embryos (Fig. 3A). In addition, the
expression of esr2a in zebrafish embryos was also induced by tamoxifen
in the presence of DBP and BBP compared with exposure to DBP and
BBP only (Fig. 3 B, D), though tamoxifen didn’t significantly affect the
expression of esr2a in zebrafish embryos exposed to DINP (Fig. 3C). In
addition, tamoxifen didn’t affect the expression of esr1, and increased
the expression of esr2b in the solvent control and BBP group (Figure S2).

3.4. Tamoxifen rescued neurogenesis of zebrafish exposed to phthalates
during embryonic development

Since tamoxifen increased the expression of esr2a in zebrafish

embryos in the presence of DBP and BBP exposure (Fig. 3), we asked
whether tamoxifen could rescue impaired neurogenesis in the brain of
zebrafish embryos exposed to phthalates. Zebrafish embryos were ex-
posed to estrogen and phthalates in the presence or absence of ta-
moxifen, and neurogenesis was assessed at 3 dpf. We found that the
brain size of zebrafish embryos exposed to estrogen and DINP in the
presence of tamoxifen was no different from the control group, though
exposure to tamoxifen only didn't increase the brain size of zebrafish
embryos (Fig. 4A, B). The brain size of the fish embryos exposed to DBP
and BBP in the presence of tamoxifen were still smaller than that of the
solvent control (Fig. 4B). Nevertheless, we found that tamoxifen could
also partly increase the brain size of zebrafish embryos exposed to es-
trogen, DINP and BBP, but not DBP (Fig. 4A, C), when we compared the
brain size of zebrafish embryos exposed to estrogen and phthalates
(Fig. 2B) with those exposed to estrogen and phthalates in the presence
of tamoxifen (Fig. 4B), and the brain size in figure 2B (0.22 mm2) and
figure 4B (0.22 mm2) was no significant difference in solvent control
group. To better understand the function of tamoxifen modulating
neurogenesis in zebrafish embryos exposed to estrogen and phthalates,
we investigated the mitotic neurons in the brain of zebrafish embryos
with a different regimen. Consistent with the result of brain size in
zebrafish embryos, we found that the number of mitotic neurons in the
brain of zebrafish embryos exposed to estrogen and DINP in the pre-
sence of tamoxifen was not significantly different than that of the
control group, albeit exposure to tamoxifen alone didn’t increase mi-
totic neurons in brain of zebrafish embryos (Fig. 4A, D). We found the
mitotic neurons in figure 2C (176) and figure 4D (173) was no sig-
nificant difference in solvent control group. We next compared the
number of mitotic neurons in fish embryos exposed to estrogen and
phthalates (Fig. 2C) with those exposed to estrogen and phthalates in
the presence of tamoxifen (Fig. 4D). The results revealed that tamoxifen
increased the number of mitotic neurons in the brain of fish embryos
exposed to estrogen, DBP and DINP (Fig. 4E).

Collectively, these data show that tamoxifen can partly (albeit not
completely restore to a normal level) rescue impaired neurogenesis, as
judged by brain size and number of mitotic neurons, in the brain of
zebrafish embryos exposed in estrogen and phthalates.

3.5. Phthalates induced double-strand DNA break (DSB) in human neurons

It has been reported that estrogen can stimulate the expression of
topoisomerase II which can generate breaks in double-stranded DNA
cancer cells (Ju et al., 2006; Sasanuma et al., 2018). Additionally, DNA
DSBs seem to be a neurotoxic event that is involved in several

Fig. 2. Exposure to phthalates and estrogen
reduced neurogenesis in zebrafish embryos. A.
Representative images showing neurons and
mitotic cells in the brain of zebrafish embryos
exposed to the solvent control (0.02 % me-
thanol), DBP (5 μM), DINP (5 μM), BBP (5 μM),
and E2 (10 nM) from ∼ 2 hpf to 3 dpf. The
neurons (red) and mitotic cells (green) were
immunolabelled with anti-HuC and anti-pH3,
respectively. The brain area of zebrafish em-
bryos was bounded with a white dashed line.
Scale bar: 200 μm. B, C. Bar charts showing the
quantification of brain area (B) and the
number of mitotic neurons in the brain (C) in
panel A. Asterisk represents significant differ-
ence was observed when compared with con-
trol group at p< 0.05 (*), p<0.01 (**) or
p< 0.001 (***) level using one way-ANOVA
with Dunnett post hoc test. n = 10∼11.
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Fig. 3. The expression of esr2a in 3 dpf zebra-
fish with different regimens. A-D. Zebrafish
embryos were exposed to the solvent control
(0.03 % methanol) and tamoxifen (A, 10 nM),
DBP (5 μM) and DBP in the presence of ta-
moxifen (B, 10 nM), DINP (5 μM) and DINP in
the presence of tamoxifen (C), BBP (5 μM) and
BBP in the presence of tamoxifen (D, 10 nM)
from ∼ 2 hpf to 3 dpf. The expression of es-
trogen receptors was investigated at 3 dpf
using qRT-PCR. An asterisk represents a sta-
tistical difference at p<0.05 (*) level with
two-tail t-test, n = 4.

Fig. 4. Tamoxifen rescued impaired neurogenesis in the brain of zebrafish embryos exposed to estrogen and estrogenic phthalates. A. Representative images showing
neurons and mitotic cells in the brain of zebrafish embryos exposed to the solvent control (0.03 % methanol), tamoxifen (10 nM), and E2(10 nM), DBP (5 μM), DINP
(5 μM), BBP (5 μM) in the presence of tamoxifen (10 nM) from ∼ 2 hpf to 3 dpf. The neurons (red) and mitotic cells (green) were immunolabelled with anti-HuC and
anti-pH3, respectively. The brain area of zebrafish embryo was bounded with a white dashed line. Scale bar: 200 μm. B. Bar charts showing the quantification of a
brain area in panel A. Asterisk represents significant difference was observed when compared with the control group at p< 0.05 (*) or p<0.001 (***) level using
one way-ANOVA with Dunnett post hoc test. n = 20. C, Bar charts showing the comparison of the brain area in Fig. 2B and 4B. An asterisk represents a significant
difference was observed when compared with the control group at p< 0.05 (*) or p< 0.01 (**) level with two-tail t-test. D. Bar charts showing the quantification of
the number of mitotic neurons in the brain in panel A. Asterisk represents significant difference was observed when compared with the control group at p<0.001
(***) level using one way-ANOVA with Dunnett post hoc test. n = 20. E. Bar charts showing the comparison of the number of mitotic neurons in Fig. 2C and 4D. An
asterisk represents a significant difference was observed when compared with the control group at p< 0.05 (*), p<0.01 (**) or p< 0.001 (***) level with two-tail t-
test.
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neurodegeneration models in mice (Dobbin et al., 2013; Madabhushi
et al., 2014). Thus, we wondered whether phthalates which showed
estrogenic (BBP) or enhanced-estrogenic activity (DBP and DINP) could
also induce double-strand DNA breaks (DSBs) in human neurons. After
exposure to 1 nM phthalates for 30 min., the neurons were im-
munolabeled with anti-γH2AX, which is a well established DNA DSB
signaling marker (Crowe et al., 2006; Madabhushi et al., 2015), and
counterstained with MAP2 (labelling mature neurons) and Hoechst
(labelling nucleus). Our results show that transient exposure to phtha-
lates significantly induces DNA DSBs in neurons, as judged by the ex-
pression of γH2AX in the nucleus of the neurons (Fig. 5A, B). It was
reported that the formation of DNA DSBs in the promoter early-re-
sponse genes, including c-fos, npas4, and egr1, can induce the expression
of these genes in neurons after stimulation (Madabhushi et al., 2015).
Thus, we next investigated the expression of c-fos, npas4, and egr1 in
neurons after exposure to phthalates. qRT-PCR results indicate that the
expression of these genes was significantly induced by BBP exposure
(Fig. 5C). Additionally, exposure to DBP also induced the expression of
egr1, though we didn’t find that 1 nM DINP significantly induced the
expression of these genes in neurons (Fig. 5C). Collectively, the data
show that exposure to phthalates, especially DBP and BBP, induce DNA
DSBs in human neurons.

4. Discussion

The adverse effect of phthalates, as a family of ubiquitous endo-
crine-disrupting chemicals in the environment, has attracted extensive
concern from the whole world (Braun et al., 2013). It has been reported
that phthalates (i.e. DBP, DINP, BBP) exhibit estrogenic activity for both
in vitro and in vivo experiments (Cano-Nicolau et al., 2016; Harris et al.,
1997), and some phthalates (such as di(2- Ethylhexyl) phthalate,
showing estrogenic activity) are reported to affect reproductive dis-
order in adult fish (Golshan et al., 2015; Uren-Webster et al., 2010) and
masculine play in boys (Swan, 2008; Swan et al., 2010). In the present
study, we found that exposure to phthalates (i.e. DBP, DINP, BBP)
disrupted the expression of estrogen receptors (esr1, esr2a, and esr2b)
and impaired neurogenesis in the brain of zebrafish during embryonic
development, while tamoxifen partly reversed these adverse effects.
Additionally, our in vitro experiment revealed that exposure to phtha-
lates induced DNA DSBs in human neurons.

Most of the research has shown that a high concentration of es-
trogen (such as 100∼1000 nM E2) induces the expression of esr1 in
zebrafish embryos (Chandrasekar et al., 2010; Hao et al., 2013). Our
results showed that exposure of ∼2 hpf embryos to a low concentration
of E2 (10 nM) moderately reduced the expression of esr1 and esr2a
while highly induced the expression of esr2b in 3 dpf zebrafish embryos
(Fig. 1). Our finding were consistent with previous studies demon-
strated that exposure to low dose E2 reduced the expression of esr1 at 3
dpf (Ahi et al., 2016). In our previous study, we have shown that BBP
exhibited estrogenic activity while DBP and DINP enhanced estrogenic
activity in the presence of low concentration of estrogen (Chen et al.,
2014). In the present study, we showed that 5 μM BBP and 10 nM es-
trogen shared similar characteristics that induced the expression of
esr2b and reduced the expression of esr1 and esr2a, while 5 μM DBP and
DINP only reduced the expression of esr1 and esr2a (Fig. 1). These re-
sults further confirmed that BBP and DBP/DINP exhibit varying estro-
genic activity.

The expression of estrogen receptors was various during zebrafish
embryogenesis. The expression of esr1 started at 12 hpf and reached its
peak level at 48 hpf and lasted to 120 dpf, while the expression of esr2a
was extremely high as early as 3 hpf, and then decreased to a low level
(Chandrasekar et al., 2010; Hao et al., 2013; Mouriec et al., 2009). At
24 hpf, esr2a was prominently expressed in the brain (Mouriec et al.,
2009; Tingaud-Sequeira et al., 2004), suggesting that esr2a is involved
in neurogenesis during development. Interestingly, our results showed
that both phthalates and low concentration of E2 inhibited the ex-
pression of esr2a, and reduced brain size as well as the number of mi-
totic neurons (Fig. 2), indicating that phthalates, as well as E2, affect
neurogenesis in zebrafish embryonic development. These results were
consistent with reports that estrogen and phthalate (DBP) impair head
development of zebrafish embryos (Ahi et al., 2016; Jergensen et al.,
2019) and decrease the number of proliferating cells in the brain of
adult zebrafish (Diotel et al., 2013; Makantasi and Dermon, 2014).
Additionally, our findings were similar to reports that phthalates reduce
the number of neurons in the rat brain (Kougias et al., 2018) and impair
proliferating neurons (PC12 cells) in vitro (Chen et al., 2011). Tamox-
ifen is an important estrogen receptor modulator, which has been
widely used in breast cancer therapy, and is known to be involved in a
neuroprotective function in the brain (Baez-Jurado et al., 2018). Our
data showed that tamoxifen increased the expression of esr2a in the

Fig. 5. Phthalates induced double-strand DNA
breaks in human neurons. A. Representative
images showing double-strand DNA breaks
(γH2AX labeled, green) in the nucleus
(Hoeches labeled, blue) of mature neurons
(MAP2 labeled, pink) after exposure to the
solvent control (0.001 % methanol), 1 nM DBP,
1 nM DINP, and 1 nM BBP. The white box in
the right upper displays the magnification of
the white dashed line bounded area in each
panel. The white arrowhead demonstrates the
expression of γH2AX in the nucleus of neurons.
Scale bar: 100 μm. B. Bar charts showing the
quantification of expression of γH2AX in panel
A. An Asterisk represents a significant differ-
ence was observed when compared with the
control group at p< 0.05 (*) and p< 0.01 (**)
level using one way-ANOVA with Dunnett post
hoc test. n = 54∼68. C. Bar charts showing
the relative expression of c-fos, npas4, and egr1
in neurons exposed to the solvent control and
phthalates (DBP, DINP, BBP). The asterisk re-
presents a significant difference was observed
when compared with the control group at
p< 0.01(**) or p< 0.001 (***) level using
one-way ANOVA with Dunnett post hoc test. n
= 4.
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embryos exposed to DBP and BBP and rescued (at least partly) the
impaired neurodevelopment in zebrafish embryos exposed to phtha-
lates and estrogen (Fig. 3,4). Though we didn’t find that tamoxifen
significantly induced the expression of esr2a in the embryos exposure to
DINP, tamoxifen rescued the brain size and mitotic neurons in the
zebrafish embryos exposed to DINP to normal level (Fig. 3C, 4B, 4D).
The different efficacy of tamoxifen rescuing the expression of estrogen
receptors and neurogenesis in zebrafish embryos exposure to different
phthalates might due to the different binding affinity of the phthalates
to estrogen receptors (Takeuchi et al., 2005; Toda et al., 2004). Our
data was also consistent with the finding that the estrogen receptor
inhibitor ICI and tamoxifen promote neuron proliferation in zebrafish
(Diotel et al., 2013) and protect neuron apoptosis after injury in the
brain of rat (Lim et al., 2018), respectively.

It has been known that deficiency of the DNA repair factor BRCA1
occurring in Alzheimer's brains in both mice and human beings, leads to
impaired cognitive functions (Suberbielle et al., 2015), suggesting that
neurons in Alzheimer's might be more vulnerable to DNA damage.
Thus, in the present study, we used iPSC derived-neurons generated
from fibroblasts of Alzheimer's disease patient harboring an APP gene
duplication to assess the neurotoxicity of phthalates at a low con-
centration (1 nM). Previous studies demonstrated that 0.1 mg/L
phthalates did not show cytotoxicity in several types of human cells
(Chen et al., 2011; Gutiérrez-García et al., 2019; Mankidy et al., 2013).
However, using iPSC derived-neurons, we found that 1 nM phthalates
(equivalent to 0.3 ∼ 0.4 μg/L), especially DBP and BBP, can sig-
nificantly induce DNA damage in cells and early-response genes
(Fig. 5). Moreover, c-fos is known as an estrogen response gene in many
cells, such as neurons (Cattaneo and Maggi, 1990; Garcia et al., 2000;
Pfaus et al., 1993). However, the concentration of phthalates could be
as high as ∼1.25 – ∼34.4 nM in water of the nature environment
(Abtahi et al., 2019; Guo et al., 2013; Li et al., 2017). Thus, our results
indicated that some environmental phthalates could impair the human
neurons.

5. Conclusion

Collectively, our results demonstrate that phthalates (DBP, DINP,
BBP) disrupt the expression of estrogen receptors and impair neuro-
genesis during zebrafish embryonic development, and induce DNA
damage in human neurons. The adverse effect of phthalates on the
neurodevelopment of zebrafish embryos can be partly rescued by ta-
moxifen. These findings suggest that the estrogen receptor pathway
might be involved in one of the mechanisms underlying the neuro-
toxicity of phthalates.

Author contributions

XC and SHC designed and coordinated the study; SX designed,
performed and analyzed the zebrafish experiments; SX and HZ wrote
the paper; PCP, LHT, AL and JW performed and analyzed the experi-
ments in neurons; SWC and FAM edited the manuscript. YSC con-
tributed to zebrafish embryos exposure. All authors reviewed the results
and approved the final version of the manuscript.

Declaration of Competing Interest

The authors declare that they have no conflicts of interest with the
contents of this article.

Acknowledgments

The work described in this paper was supported by PsH/009/19 and
PsH/008/19 from Innovation and Technology Commission, The
Government of the Hong Kong Special Administrative Region, and
9610348 from City University of Hong Kong APRC grant, Hong Kong

SAR. The equipment described in this paper was supported by a grant
from the Research Grants Council of the Hong Kong Special
Administrative Region, China C1025-14E. We thank Pauline Wong,
Stella Yiu, and Godfrey Chan for taking care of the zebrafish colony.

Appendix A. Supplementary data

Supplementary material related to this article can be found, in the
online version, at doi:https://doi.org/10.1016/j.aquatox.2020.105469.

References

Abtahi, M., Dobaradaran, S., Torabbeigi, M., Jorfi, S., Gholamniai, R., Koolivand, A.,
Darabi, H., Kavousi, A., Saeedi, R., 2019. Health risk of phthalates in water en-
vironment: occurrence in water resources, bottled water, and tap water, and burden
of disease from exposure through drinking water in tehran, Iran. Environ. Res. 173,
469–479. https://doi.org/10.1016/j.envres.2019.03.071.

Ahi, E.P., Walker, B.S., Lassiter, C.S., Jónsson, Z.O., 2016. Investigation of the effects of
estrogen on skeletal gene expression during zebrafish larval head development. Peer
J. 4, e1878. https://doi.org/10.7717/peerj.1878.

Attina, T.M., Hauser, R., Sathyanarayana, S., Hunt, P.A., Bourguignon, J.-P., Myers, J.P.,
Digangi, J., Zoeller, R.T., Trasande, L., 2016. Exposure to endocrine-disrupting che-
micals in the USA: a population-based disease burden and cost analysis. Lancet
Diabetes Endocrinol. 4, 996–1003. https://doi.org/10.1016/S2213-8587(16)
30275-3.

Baez-Jurado, E., Rincón-Benavides, M.A., Hidalgo-Lanussa, O., Guio-Vega, G., Ashraf,
G.M., Sahebkar, A., Echeverria, V., Garcia-Segura, L.M., Barreto, G.E., 2018.
Molecular mechanisms involved in the protective actions of Selective Estrogen
Receptor Modulators in brain cells. Front. Neuroendocrinol. https://doi.org/10.
1016/j.yfrne.2018.09.001.

Braun, J.M., Sathyanarayana, S., Hauser, R., 2013. Phthalate exposure and children’s
health. Curr. Opin. Pediatr. 25, 247. https://doi.org/10.1097/MOP.
0b013e32835e1eb6.

Cano-Nicolau, J., Vaillant, C., Pellegrini, E., Charlier, T.D., Kah, O., Coumailleau, P.,
2016. Estrogenic effects of several BPA analogs in the developing zebrafish brain.
Front. Neurosci. 10, 112. https://doi.org/10.3389/fnins.2016.00112.

Cattaneo, E., Maggi, A., 1990. C-fos induction by estrogen in specific rat brain areas. Eur.
J. Pharmacol. Mol. Pharmacol. 188, 153–159. https://doi.org/10.1016/0922-
4106(90)90050-8.

Chandrasekar, G., Archer, A., Gustafsson, J.-Å., Lendahl, M.A., 2010. Levels of 17β-es-
tradiol receptors expressed in embryonic and adult zebrafish following in vivo
treatment of natural or synthetic ligands. PLoS One 5, e9678. https://doi.org/10.
1371/journal.pone.0009678.

Chatterjee, S., Karlovsky, P., 2010. Removal of the endocrine disrupter butyl benzyl
phthalate from the environment. Appl. Microbiol. Biotechnol. 87, 61–73. https://doi.
org/10.1007/s00253-010-2570-y.

Chen, T., Yang, W., Li, Y., Chen, X., Xu, S., 2011. Mono-(2-ethylhexyl) phthalate impairs
neurodevelopment: inhibition of proliferation and promotion of differentiation in
PC12 cells. Toxicol. Lett. 201, 34–41. https://doi.org/10.1016/j.toxlet.2010.12.002.

Chen, X., Xu, S., Tan, T., Lee, S., Cheng, S., Lee, F., Xu, S., Ho, K., 2014. Toxicity and
estrogenic endocrine disrupting activity of phthalates and their mixtures. Int. J.
Environ. Res. Public Health 11, 3156–3168. https://doi.org/10.3390/
ijerph110303156.

Crowe, S.L., Movsesyan, V.A., Jorgensen, T.J., Kondratyev, A., 2006. Rapid phosphor-
ylation of histone H2A. X following ionotropic glutamate receptor activation. Eur. J.
Neurosci. 23, 2351–2361. https://doi.org/10.1111/j.1460-9568.2006.04768.x.

Dewalque, L., Charlier, C., Pirard, C., 2014. Estimated daily intake and cumulative risk
assessment of phthalate diesters in a Belgian general population. Toxicol. Lett. 231,
161–168. https://doi.org/10.1016/j.toxlet.2014.06.028.

Diotel, N., Vaillant, C., Gabbero, C., Mironov, S., Fostier, A., Gueguen, M.-M., Anglade, I.,
Kah, O., Pellegrini, E., 2013. Effects of estradiol in adult neurogenesis and brain
repair in zebrafish. Horm. Behav. 63, 193–207. https://doi.org/10.1016/j.yhbeh.
2012.04.003.

Dobbin, M.M., Madabhushi, R., Pan, L., Chen, Y., Kim, D., Gao, J., Ahanonu, B., Pao, P.-
C., Qiu, Y., Zhao, Y., 2013. SIRT1 collaborates with ATM and HDAC1 to maintain
genomic stability in neurons. Nat. Neurosci. 16, 1008. https://doi.org/10.1038/nn.
3460.

O.D.C.E.D.D. Économiques, 2013. Test No. 236: Fish Embryo Acute Toxicity (FET) Test.
OECD Publishinghttps://doi.org/10.1787/20745761.

Ejaredar, M., Nyanza, E.C., Ten Eycke, K., Dewey, D., 2015. Phthalate exposure and
childrens neurodevelopment: a systematic review. Environ. Res. 142, 51–60. https://
doi.org/10.1016/j.envres.2015.06.014.

Factor-Litvak, P., Insel, B., Calafat, A.M., Liu, X., Perera, F., Rauh, V.A., Whyatt, R.M.,
2014. Persistent associations between maternal prenatal exposure to phthalates on
child IQ at age 7 years. PLoS One 9, e114003. https://doi.org/10.1371/journal.pone.
0114003.

Garcia, E., Lacasa, D.L., Giudicelli, Y., 2000. Estradiol stimulation of c-fos and c-jun ex-
pressions and activator protein-1 deoxyribonucleic acid binding activity in rat white
adipocyte. Endocrinology 141, 2837–2846. https://doi.org/10.1210/endo.141.8.
7610.

Golshan, M., Hatefb, A., Socha, M., Milla, S., Butts, I.A.E., Carnevalif, O., Rodina, M.,
Sokołowska-Mikołajczykc, M., Fontaine, P., Linhart, O., Alavi, S.M.H., 2015. Di-(2-

S. Xu, et al. Aquatic Toxicology 222 (2020) 105469

7

https://doi.org/10.1016/j.aquatox.2020.105469
https://doi.org/10.1016/j.envres.2019.03.071
https://doi.org/10.7717/peerj.1878
https://doi.org/10.1016/S2213-8587(16)30275-3
https://doi.org/10.1016/S2213-8587(16)30275-3
https://doi.org/10.1016/j.yfrne.2018.09.001
https://doi.org/10.1016/j.yfrne.2018.09.001
https://doi.org/10.1097/MOP.0b013e32835e1eb6
https://doi.org/10.1097/MOP.0b013e32835e1eb6
https://doi.org/10.3389/fnins.2016.00112
https://doi.org/10.1016/0922-4106(90)90050-8
https://doi.org/10.1016/0922-4106(90)90050-8
https://doi.org/10.1371/journal.pone.0009678
https://doi.org/10.1371/journal.pone.0009678
https://doi.org/10.1007/s00253-010-2570-y
https://doi.org/10.1007/s00253-010-2570-y
https://doi.org/10.1016/j.toxlet.2010.12.002
https://doi.org/10.3390/ijerph110303156
https://doi.org/10.3390/ijerph110303156
https://doi.org/10.1111/j.1460-9568.2006.04768.x
https://doi.org/10.1016/j.toxlet.2014.06.028
https://doi.org/10.1016/j.yhbeh.2012.04.003
https://doi.org/10.1016/j.yhbeh.2012.04.003
https://doi.org/10.1038/nn.3460
https://doi.org/10.1038/nn.3460
https://doi.org/10.1787/20745761
https://doi.org/10.1016/j.envres.2015.06.014
https://doi.org/10.1016/j.envres.2015.06.014
https://doi.org/10.1371/journal.pone.0114003
https://doi.org/10.1371/journal.pone.0114003
https://doi.org/10.1210/endo.141.8.7610
https://doi.org/10.1210/endo.141.8.7610


ethylhexyl)-phthalate disrupts pituitary and testicular hormonal functions to reduce
sperm quality in mature goldfish. Aquat. Toxicol. 163, 16–26. https://doi.org/10.
1016/j.aquatox.2015.03.017.

Guo, X.F., Wang, L., Wang, X.D., Liu, H.L., 2013. Occurrence and environmental risk
assessment of PAEs in Weihe River near Xi’an City, China. Water Sci. Technol. 67 (5),
948–958. https://doi.org/10.2166/wst.2013.548.

Gutiérrez-García, A.K., FLORES-KELLY, J.M., ORTIZ-Rodríguez, T., KALIXTO-Sánchez,
M.A., DE León-Rodríguez, A., 2019. Phthalates affect the in vitro expansion of human
hematopoietic stem cell. Cytotechnology 71, 553–561. https://doi.org/10.1007/
s10616-019-00300-x.

Hao, R., Bondesson, M., Singh, A.V., Riu, A., Mccollum, C.W., Knudsen, T.B., Gorelick,
D.A., Gustafsson, J.-Å., 2013. Identification of estrogen target genes during zebrafish
embryonic development through transcriptomic analysis. PLoS One 8, e79020.
https://doi.org/10.1371/journal.pone.0079020.

Harris, C.A., Henttu, P., Parker, M.G., Sumpter, J.P., 1997. The estrogenic activity of
phthalate esters in vitro. Environ. Health Perspect. 105, 802–811. https://doi.org/10.
1289/ehp.97105802.

Hauser, R., Duty, S., Godfrey-Bailey, L., Calafat, A.M., 2004. Medications as a source of
human exposure to phthalates. Environ. Health Perspect. 112, 751–753. https://doi.
org/10.1289/ehp.6804.

Israel, M.A., Yuan, S.H., Bardy, C., Reyna, S.M., Mu, Y., Herrera, C., Hefferan, M.P., Van
Gorp, S., Nazor, K.L., Boscolo, F.S., 2012. Probing sporadic and familial Alzheimer’s
disease using induced pluripotent stem cells. Nature 482, 216. https://doi.org/10.
1038/nature10821.

Jergensen, T., Cusmano, D., Roy, N.M., 2019. Di-butyl phthalate (DBP) induces cranio-
facial defects during embryonic development in zebrafish. Ecotoxicology 28,
995–1002. https://doi.org/10.1007/s10646-019-02100-7.

Jones, B., Han, T.-L., Delplancke, T., Mckenzie, E.J., De Seymour, J.V., Chua, M.C., Tan,
K.H., Baker, P.N., 2018. Association between maternal exposure to phthalates and
lower language ability in offspring derived from hair metabolome analysis. Sci. Rep.
8, 6745. https://doi.org/10.1038/s41598-018-24936-5.

Ju, B.-G., Lunyak, V.V., Perissi, V., Garcia-Bassets, I., Rose, D.W., Glass, C.K., Rosenfeld,
M.G., 2006. A topoisomerase IIß-mediated dsDNA break required for regulated
transcription. science 312, 1798–1802. https://doi.org/10.1126/science.1127196.

Jurewicz, J., Hanke, W., 2011. Exposure to phthalates: reproductive outcome and chil-
dren health. A review of epidemiological studies. Int. J. Occup. Med. Environ. Health
24, 115–141. https://doi.org/10.2478/s13382-011-0022-2.

Kavlock, R.J., Daston, G.P., Derosa, C., Fenner-Crisp, P., Gray, L.E., Kaattari, S., Lucier, G.,
Luster, M., Mac, M.J., Maczka, C., 1996. Research needs for the risk assessment of
health and environmental effects of endocrine disruptors: a report of the US EPA-
sponsored workshop. Environ. Health Perspect. 104, 715–740. https://doi.org/10.
1289/ehp.96104s4715.

Kim, C.-H., Ueshima, E., Muraoka, O., Tanaka, H., Yeo, S.-Y., Huh, T.-L., Miki, N., 1996.
Zebrafish elav/HuC homologue as a very early neuronal marker. Neurosci. Lett. 216,
109–112. https://doi.org/10.1016/0304-3940(96)13021-4.

Kougias, D.G., Cortes, L.R., Moody, L., Rhoads, S., Pan, Y.-X., Juraska, J.M., 2017. Effects
of perinatal exposure to phthalates and a high-fat diet on maternal behavior and pup
development and social play. Endocrinology 159, 1088–1105. https://doi.org/10.
1210/en.2017-03047.

Kougias, D.G., Sellinger, E.P., Willing, J., Juraska, J.M., 2018. Perinatal exposure to an
environmentally relevant mixture of phthalates results in a lower number of neurons
and synapses in the medial prefrontal cortex and decreased cognitive flexibility in
adult male and female rats. J. Neurosci. 38, 6864–6872. https://doi.org/10.1523/
JNEUROSCI.0607-18.2018.

Latini, G., De Felice, C., Presta, G., Del Vecchio, A., Paris, I., Ruggieri, F., Mazzeo, P.,
2003. In utero exposure to di-(2-ethylhexyl) phthalate and duration of human
pregnancy. Environ. Health Perspect. 111, 1783–1785. https://doi.org/10.1289/ehp.
6202.

Li, R.L., Liang, J., Gong, Z.B., Zhang, N.N., Duan, H.L., 2017. Occurrence, spatial dis-
tribution, historical trend and ecological risk of phthalate esters in the Jiulong River,
Southeast China. Sci. Total Environ. 580, 388–397. https://doi.org/10.1016/j.
scitotenv.2016.11.190.

Lim, S.-W., Tt, E.N., Hu, C.-Y., Chio, C.-C., Wang, C.-C., Kuo, J.-R., 2018. Estrogen re-
ceptor-α is involved in tamoxifen neuroprotective effects in a traumatic brain injury
male rat model. World Neurosurg. 112, e278–e287. https://doi.org/10.1016/j.wneu.
2018.01.036.

Lin, X., Duan, X., Jacobs, C., Ullmann, J., Chan, C.-Y., Chen, S., Cheng, S.-H., Zhao, W.-N.,
Poduri, A., Wang, X., 2018a. High-throughput brain activity mapping and machine
learning as a foundation for systems neuropharmacology. Nat. Commun. 9, 5142.
https://doi.org/10.1038/s41467-018-07289-5.

Lin, Y.-T., Seo, J., Gao, F., Feldman, H.M., Wen, H.-L., Penney, J., Cam, H.P., Gjoneska, E.,
Raja, W.K., Cheng, J., 2018b. APOE4 causes widespread molecular and cellular al-
terations associated with Alzheimer’s disease phenotypes in human iPSC-derived
brain cell types. Neuron 98https://doi.org/10.1016/j.neuron.2018.05.008. 1141-
1154. e7.

Lumachi, F., Brunello, A., Maruzzo, M., Basso, U., Mm Basso, S., 2013. Treatment of
estrogen receptor-positive breast cancer. Curr. Med. Chem. 20, 596–604. https://doi.
org/10.2174/092986713804999303.

Madabhushi, R., Pan, L., Tsai, L.-H., 2014. DNA damage and its links to neurodegen-
eration. Neuron 83, 266–282. https://doi.org/10.1016/j.neuron.2014.06.034.

Madabhushi, R., Gao, F., Pfenning, A.R., Pan, L., Yamakawa, S., Seo, J., Rueda, R., Phan,
T.X., Yamakawa, H., Pao, P.-C., 2015. Activity-induced DNA breaks govern the ex-
pression of neuronal early-response genes. Cell 161, 1592–1605. https://doi.org/10.
1016/j.cell.2015.05.032.

Maheu, M., Lopez, J.P., Crapper, L., Davoli, M.A., Turecki, G., Mechawar, N., 2015.
MicroRNA regulation of central glial cell line-derived neurotrophic factor (GDNF)

signalling in depression. Transl. Psychiatry 5, e511. https://doi.org/10.1038/tp.
2015.11.

Makantasi, P., Dermon, C.R., 2014. Estradiol treatment decreases cell proliferation in the
neurogenic zones of adult female zebrafish (Danio rerio) brain. Neuroscience 277,
306–320. https://doi.org/10.1016/j.neuroscience.2014.06.071.

Mankidy, R., Wiseman, S., Ma, H., Giesy, J.P., 2013. Biological impact of phthalates.
Toxicol. Lett. 217, 50–58. https://doi.org/10.1016/j.toxlet.2012.11.025.

Minatoya, M., Itoh, S., Yamazaki, K., Araki, A., Miyashita, C., Tamura, N., Yamamoto, J.,
Onoda, Y., Ogasawara, K., Matsumura, T., 2018. Prenatal exposure to bisphenol A
and phthalates and behavioral problems in children at preschool age: the Hokkaido
Study on Environment and Children’s Health. Environ. Health Prev. Med. 23, 43.
https://doi.org/10.1186/s12199-018-0732-1.

Mouriec, K., Lareyre, J.-J., Tong, S., Le Page, Y., Vaillant, C., Pellegrini, E., Pakdel, F.,
Chung, B.C., Kah, O., Anglade, I., 2009. Early regulation of brain aromatase
(cyp19a1b) by estrogen receptors during zebrafish development. Develop. Dynamics
an Off. Publ. Am. Assoc. Anatomists 238, 2641–2651. https://doi.org/10.1002/dvdy.
22069.

Nabokina, S.M., Inoue, K., Subramanian, V.S., Valle, J.E., Yuasa, H., Said, H.M., 2017.
Molecular identification and functional characterization of the human colonic thia-
mine pyrophosphate transporter. J. Biol. Chem. 292, 4405–4416. https://doi.org/10.
1074/jbc.M113.528257.

Pfaus, J., Kleopoulos, S., Mobbs, C., Gibbs, R., Pfaff, D., 1993. Sexual stimulation activates
c-fos within estrogen-concentrating regions of the female rat forebrain. Brain Res.
624, 253–267. https://doi.org/10.1016/0006-8993(93)90085-2.

Qian, X., Li, J., Xu, S., Wan, Y., Li, Y., Jiang, Y., Zhao, H., Zhou, Y., Liao, J., Liu, H., 2019.
Prenatal exposure to phthalates and neurocognitive development in children at two
years of age. Environ. Int. 131, 105023. https://doi.org/10.1016/j.envint.2019.
105023.

Raja, W.K., Mungenast, A.E., Lin, Y.-T., Ko, T., Abdurrob, F., Seo, J., Tsai, L.-H., 2016.
Self-organizing 3D human neural tissue derived from induced pluripotent stem cells
recapitulate Alzheimer’s disease phenotypes. PLoS One 11, e0161969. https://doi.
org/10.1371/journal.pone.0161969.

Ruprecht, N., Hungerbühler, M.N., Böhm, I.B., Heverhagen, J.T., 2019. Improved iden-
tification of DNA double strand breaks: γ-H2AX-epitope visualization by confocal
microscopy and 3D reconstructed images. Radiat. Environ. Biophys. 58, 295–302.
https://doi.org/10.1007/s00411-019-00778-1.

Sa, S.I., Teixeira, N., Fonseca, B.M., 2018. Effects of tamoxifen on neuronal morphology,
connectivity and biochemistry of hypothalamic ventromedial neurons: impact on the
modulators of sexual behavior. Neurobiol. Dis. 109, 33–43. https://doi.org/10.1016/
j.nbd.2017.09.009.

Sasanuma, H., Tsuda, M., Morimoto, S., Saha, L.K., Rahman, M.M., Kiyooka, Y., Fujiike,
H., Cherniack, A.D., Itou, J., Moreu, E.C., 2018. BRCA1 ensures genome integrity by
eliminating estrogen-induced pathological topoisomerase II–DNA complexes. Proc.
Natl. Acad. Sci. 115, E10642–E10651. https://doi.org/10.1073/pnas.1803177115.

Sheppard, P.A., Choleris, E., Galea, L.A., 2019. Structural plasticity of the hippocampus in
response to estrogens in female rodents. Mol. Brain 12, 22. https://doi.org/10.1186/
s13041-019-0442-7.

Suberbielle, E., Djukic, B., Evans, M., Kim, D.H., Taneja, P., Wang, X., Finucane, M., Knox,
J., Ho, K., Devidze, N., 2015. DNA repair factor BRCA1 depletion occurs in Alzheimer
brains and impairs cognitive function in mice. Nat. Commun. 6, 8897. https://doi.
org/10.1038/ncomms9897.

Sun, G., Liu, K., 2017. Developmental toxicity and cardiac effects of butyl benzyl
phthalate in zebrafish embryos. Aquat. Toxicol. 192, 165–170. https://doi.org/10.
1016/j.aquatox.2017.09.020.

Swan, S.H., 2008. Environmental phthalate exposure in relation to reproductive outcomes
and other health endpoints in humans. Environ. Res. 108, 177–184. https://doi.org/
10.1016/j.envres.2008.08.007.

Swan, S.H., Liu, F., Hines, M., Kruse, R., Wang, C., Redmon, J., Sparks, A., Weiss, B.,
2010. Prenatal phthalate exposure and reduced masculine play in boys. Int. J. Androl.
33, 259–269. https://doi.org/10.1111/j.1365-2605.2009.01019.x.

Takeuchi, S., Iida, M., Kobayashi, S., Jin, K., Matsuda, T., Kojima, H., 2005. Differential
effects of phthalate esters on transcriptional activities via human estrogen receptors α
and β, and androgen receptor. Toxicology 210, 223–233. https://doi.org/10.1016/j.
tox.2005.02.002.

Tessier, J.R., Chauvet-Gelinier, J.C., Ragot, A., Bonin, B., 2012. Up-regulation of leuco-
cytes genes implicated in telomere dysfunction and cellular senescence correlates
with depression and anxiety severity scores. PLoS One 7 (11), e49677. https://doi.
org/10.1371/journal.pone.0049677.

Tingaud-Sequeira, A., André, M., Forgue, J., Barthe, C., Babin, P.J., 2004. Expression
patterns of three estrogen receptor genes during zebrafish (Danio rerio) development:
evidence for high expression in neuromasts. Gene Expr. Patterns 4, 561–568. https://
doi.org/10.1016/j.modgep.2004.02.002.

Toda, C., Okamoto, Y., Ueda, K., Hashizume, K., Itoh, K., Kojima, N., 2004. Unequivocal
estrogen receptor-binding affinity of phthalate esters featured with ring hydroxyla-
tion and proper alkyl chain size. Arch. Biochem. Biophys. 431, 16–21. https://doi.
org/10.1016/j.abb.2004.07.028.

Uren-Webster, T.M., Lewis, C., Filby, A.L., Paull, G.C., Santos, E.M., 2010. Mechanisms of
toxicity of di(2-ethylhexyl) phthalate on the reproductive health of male zebrafish.
Aquat. Toxicol. 99, 360–369. https://doi.org/10.1016/j.aquatox.2010.05.015.

Vandenberg, L.N., Colborn, T., Hayes, T.B., Heindel, J.J., JacobsJr, D.R., Lee, D.-H.,
Shioda, T., Soto, A.M., Vom Saal, F.S., Welshons, W.V., 2012. Hormones and endo-
crine-disrupting chemicals: low-dose effects and nonmonotonic dose responses.
Endocr. Rev. 33, 378–455. https://doi.org/10.1210/er.2011-1050.

Xu, S., Webb, S.E., Lau, T.C.K., Cheng, S.H., 2018. Matrix metalloproteinases (MMPs)
mediate leukocyte recruitment during the inflammatory phase of zebrafish heart
regeneration. Sci. Rep. 8, 7199. https://doi.org/10.1038/s41598-018-25490-w.

S. Xu, et al. Aquatic Toxicology 222 (2020) 105469

8

https://doi.org/10.1016/j.aquatox.2015.03.017
https://doi.org/10.1016/j.aquatox.2015.03.017
https://doi.org/10.2166/wst.2013.548
https://doi.org/10.1007/s10616-019-00300-x
https://doi.org/10.1007/s10616-019-00300-x
https://doi.org/10.1371/journal.pone.0079020
https://doi.org/10.1289/ehp.97105802
https://doi.org/10.1289/ehp.97105802
https://doi.org/10.1289/ehp.6804
https://doi.org/10.1289/ehp.6804
https://doi.org/10.1038/nature10821
https://doi.org/10.1038/nature10821
https://doi.org/10.1007/s10646-019-02100-7
https://doi.org/10.1038/s41598-018-24936-5
https://doi.org/10.1126/science.1127196
https://doi.org/10.2478/s13382-011-0022-2
https://doi.org/10.1289/ehp.96104s4715
https://doi.org/10.1289/ehp.96104s4715
https://doi.org/10.1016/0304-3940(96)13021-4
https://doi.org/10.1210/en.2017-03047
https://doi.org/10.1210/en.2017-03047
https://doi.org/10.1523/JNEUROSCI.0607-18.2018
https://doi.org/10.1523/JNEUROSCI.0607-18.2018
https://doi.org/10.1289/ehp.6202
https://doi.org/10.1289/ehp.6202
https://doi.org/10.1016/j.scitotenv.2016.11.190
https://doi.org/10.1016/j.scitotenv.2016.11.190
https://doi.org/10.1016/j.wneu.2018.01.036
https://doi.org/10.1016/j.wneu.2018.01.036
https://doi.org/10.1038/s41467-018-07289-5
https://doi.org/10.1016/j.neuron.2018.05.008
https://doi.org/10.1016/j.neuron.2018.05.008
https://doi.org/10.2174/092986713804999303
https://doi.org/10.2174/092986713804999303
https://doi.org/10.1016/j.neuron.2014.06.034
https://doi.org/10.1016/j.cell.2015.05.032
https://doi.org/10.1016/j.cell.2015.05.032
https://doi.org/10.1038/tp.2015.11
https://doi.org/10.1038/tp.2015.11
https://doi.org/10.1016/j.neuroscience.2014.06.071
https://doi.org/10.1016/j.toxlet.2012.11.025
https://doi.org/10.1186/s12199-018-0732-1
https://doi.org/10.1002/dvdy.22069
https://doi.org/10.1002/dvdy.22069
https://doi.org/10.1074/jbc.M113.528257
https://doi.org/10.1074/jbc.M113.528257
https://doi.org/10.1016/0006-8993(93)90085-2
https://doi.org/10.1016/j.envint.2019.105023
https://doi.org/10.1016/j.envint.2019.105023
https://doi.org/10.1371/journal.pone.0161969
https://doi.org/10.1371/journal.pone.0161969
https://doi.org/10.1007/s00411-019-00778-1
https://doi.org/10.1016/j.nbd.2017.09.009
https://doi.org/10.1016/j.nbd.2017.09.009
https://doi.org/10.1073/pnas.1803177115
https://doi.org/10.1186/s13041-019-0442-7
https://doi.org/10.1186/s13041-019-0442-7
https://doi.org/10.1038/ncomms9897
https://doi.org/10.1038/ncomms9897
https://doi.org/10.1016/j.aquatox.2017.09.020
https://doi.org/10.1016/j.aquatox.2017.09.020
https://doi.org/10.1016/j.envres.2008.08.007
https://doi.org/10.1016/j.envres.2008.08.007
https://doi.org/10.1111/j.1365-2605.2009.01019.x
https://doi.org/10.1016/j.tox.2005.02.002
https://doi.org/10.1016/j.tox.2005.02.002
https://doi.org/10.1371/journal.pone.0049677
https://doi.org/10.1371/journal.pone.0049677
https://doi.org/10.1016/j.modgep.2004.02.002
https://doi.org/10.1016/j.modgep.2004.02.002
https://doi.org/10.1016/j.abb.2004.07.028
https://doi.org/10.1016/j.abb.2004.07.028
https://doi.org/10.1016/j.aquatox.2010.05.015
https://doi.org/10.1210/er.2011-1050
https://doi.org/10.1038/s41598-018-25490-w


Xu, S., Xie, F., Xie Tian, L., Allah, S., Babaei, F., Manno, S.H., MannoIii, F.A., F Zhu, L.,
Wong, K.F., Liang, Y., Ramalingam, R., Sun, L., Wang, X., Plumb, R., Gethings, L.,
Lam, Y.W., Cheng, S.H., 2020. Estrogen accelerates heart regeneration by promoting
the inflammatory response in zebrafish. J. Endocrinol. 245, 39–51. https://doi.org/
10.1530/JOE-19-0413.

Zhang, Y., Pak, C., Han, Y., Ahlenius, H., Zhang, Z., Chanda, S., Marro, S., Patzke, C.,
Acuna, C., Covy, J., 2013. Rapid single-step induction of functional neurons from

human pluripotent stem cells. Neuron 78, 785–798. https://doi.org/10.1016/j.
neuron.2013.05.029.

Zhang, Q., Chen, X.-Z., Huang, X., Wang, M., Wu, J., 2019. The association between
prenatal exposure to phthalates and cognition and neurobehavior of children-evi-
dence from birth cohorts. Neurotoxicology 73, 199–212. https://doi.org/10.1016/j.
neuro.2019.04.007.

S. Xu, et al. Aquatic Toxicology 222 (2020) 105469

9

https://doi.org/10.1530/JOE-19-0413
https://doi.org/10.1530/JOE-19-0413
https://doi.org/10.1016/j.neuron.2013.05.029
https://doi.org/10.1016/j.neuron.2013.05.029
https://doi.org/10.1016/j.neuro.2019.04.007
https://doi.org/10.1016/j.neuro.2019.04.007

	Exposure to phthalates impaired neurodevelopment through estrogenic effects and induced DNA damage in neurons
	Introduction
	Materials and methods
	Chemicals
	Zebrafish maintenance and zebrafish embryo collection
	Embryo exposure
	Human iPSC and differentiation of iPSCs into neurons
	Quantitative real-time PCR (qRT-PCR)
	Immunohistochemistry
	Statistical analysis

	Results
	Phthalates affects the expression of estrogen receptors in zebrafish embryos
	Phthalates reduced neurogenesis in the brain of zebrafish embryos
	Tamoxifen increased the expression of estrogen receptors in zebrafish embryos
	Tamoxifen rescued neurogenesis of zebrafish exposed to phthalates during embryonic development
	Phthalates induced double-strand DNA break (DSB) in human neurons

	Discussion
	Conclusion
	Author contributions
	Declaration of Competing Interest
	Acknowledgments
	Supplementary data
	References




