1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
ﬁ Sci Total Environ. Author manuscript; available in PMC 2020 February 15.

s HHS Public Access
L

Published in final edited form as:
Sci Total Environ. 2019 February 15; 651(Pt 2): 2424-2431. doi:10.1016/j.scitotenv.2018.10.079.

Evaluation of the estrogen receptor alpha as a possible target of
bifenthrin effects in the estrogenic and dopaminergic signaling
pathways in zebrafish embryos

Luisa Becker Bertotto®, Subham Dasgupta, Sara Vliet, Stacia Dudley, Jay Gan, David C.
Volz, and Daniel Schlenk
Department of Environmental Sciences, University of California, Riverside, CA 92521, USA

ABSTRACT

Bifenthrin (BF) is a pyrethroid insecticide widely used in urban and agricultural applications.
Previous studies in embryos of zebrafish have shown that BF can affect estradiol biosynthesis and
the dopaminergic system. To examine the role of the estrogen receptor (ER) in the endocrine
effects of BF, embryos were exposed for 96 h to a mixture of 0.15 and 1.5 pg/L BF and an ER
agonist (17a-ethynylestradiol — EE2) at 0.09 pg/L. Transcripts related to estrogenic (vitellogenin
VTG) and dopaminergic (tyrosine hydroxylase (TH), dopamine receptor 1 (DR1), monoamine
oxidase (MAO), and catechol-O-methyltransferase b (COMTDb)) signaling pathways were
investigated by gRT-PCR. Dopamine (DA) and its metabolites (homovanillic acid (HVA) and 3,4-
dihydroxyphenylacetic acid (DOPAC)) were also measured. There was a significant increase in
VTG, DR1, MAO and COMTb mRNA levels and HVA-DA ratios within all zebrafish embryos
exposed to EE2, including EE2 alone, 0.15 pg/L BF + EE2 and 1.5 pg/L BF + EE2. A significant
decrease in homogenate concentrations of DA was observed within all zebrafish embryos exposed
to EE2, which included EE2 alone, 0.15 pg/L BF + EE2 and 1.5 pg/L BF + EE2. Co-exposure of
BF with EE2 failed to diminish estrogenic or dopaminergic signaling in embryos. Additionally,
embryos with diminished ERa expression by morpholino injection were exposed to 0.15 pg/L BF,
1.5 pg/L BF and 0.09 pg/L EE2, with subsequent gene expression measurements. ERa knockdown
did not prevent the effects of BF, indicating ERa. may have a limited role in the estrogenic and
dopaminergic effects caused by BF in zebrafish embryos.
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1. Introduction

Pyrethroids are a family of synthetic insecticides used in urban and agricultural settings.
Pyrethroids have low acute toxicity to mammals and relatively low persistence in the
environment, when compared to other insecticides such as organochlorine derivatives.
Consequently, pyrethroid use has increased in recent years (Weston et al., 2005; Spurlock &
Lee, 2008). However, previous studies have detected pyrethroids in the water column after
storm events in concentrations that cause estrogenic activity in aquatic organisms (\Weston et
al., 2005). One of the most frequently detected pyrethroids in surface waters is bifenthrin
(BF), a type I synthetic pyrethroid, with concentrations varying from0.005 to 3.79 pg/L
(Siepmann & Holm, 2000). A study that monitored BF in water from urban creeks in
Sacramento, CA found concentrations ranging from 5 to 17 ng/L, with a maximum
concentration of 73 ng/L (Weston et al., 2009).

The primary molecular target of BF is the voltage-gated sodium channel (VGSC) (Soderlund
et al., 2002). Binding to VGSC leads to depolarization of the neuronal membrane, causing
enhanced neurotransmitter release, and potentially to increased mortality from acute
neurotoxicity (Van den Bercken & Vijverberg, 1980). BF also affects estrogen signaling
pathways, demonstrating both estrogenic and anti-estrogenic activity (reviewed in Brander et
al., 2016a). Brander et al. (2012) exposed cell-lines containing both estrogen receptor alpha
(ERa) and beta (ERP) to concentrations of BF ranging from 1 to 100 ng/L and observed
anti-estrogenic activity. /n vivo, BF decreased reproductive output, choriogenin, and ERa
mRNA levels in adult inland silverside (Menidia berylling) (Brander et al., 2016b). In
contrast, BF caused estrogenic activity through induction of vitellogenin (VTG) expression
in male Japanese medaka ( Oryzias latjpes) (Wang et al., 2007) and rainbow trout
(Oncorhynchus mykiss) (Crago & Schlenk, 2015). Induction of the zona radiata-protein
choriogenin was also observed in juvenile inland silverside exposed to concentrations as low
as 1 ng/L of BF (M. beryllina) (Brander et al. 2012).

BF also affects the dopaminergic signaling pathway. Crago & Schlenk (2015) showed
decreased levels of DR2A mRNA in rainbow trout (O. mykiss) after exposure to 0.15 and
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1.5 pg/L of BF for 2 weeks. In adult male Wistar rats, BF treatment for 30 days at 3.5 and 7
mg kg! doses significantly reduced levels of dopamine (DA) and 3,4-dihydroxyphenyl acetic
acid (DOPAC), but significantly increased levels of homovanillic acid (HVA) in the frontal
cortex, hippocampus and corpus striatum of the rats (Syed et al., 2018). Additionally, after
administration of 5 to 20 mg/kg BF, mice showed decreased levels of tyrosine hydroxylase
(TH) (Han et al., 2017).

Estrogenic and dopaminergic signaling pathways are intimately associated in vertebrates,
through the hypothalamus-pituitary-gonadal (HPG) axis (Zohar et al., 2010). Dopaminergic
neurons are activated by increases in E2 concentrations, further inhibiting release of
gonadotropin releasing hormone (GnRH), and gonadotropin hormones (GtH), both
synthesized by the hypothalamus and the pituitary, respectively (Zohar et al., 2010),
reducing levels of E2. Fontaine et al. (2013) showed that, when sexually regressed female
zebrafish were co-exposed with a DA receptor 2 (DR2) antagonist (domperidone) and a
GnRH agonist, an increase in LHB mRNA transcript levels, gonadosomatic index and
ovarian vitellogenesis was observed. These results indicate that only removal of the
inhibitory effect of dopamine allows GnRH to exert its stimulatory function, showing that
DA can consequently modulate E2 levels in zebrafish. Dopamine is synthesized from
tyrosine by TH which is the rate-limiting step enzyme in DA biosynthesis. Dopamine is
catabolized to DOPAC by monoamino oxidase (MAQO), and then to HVA by catechol- O-
methyltransferase (COMT), which is targeted for excretion (Ashcroft, 1969). In the brain,
DA activates at least two metabotropic receptor families, dopamine receptor 1-like (DR1)
and dopamine receptor 2-like (DR2) (Ashcroft, 1969). Estrogenic signaling primarily occurs
through the activation of nuclear ERs. In contrast to GnRH neurons, the dopaminergic
neurons of the preoptic area express ERa in rainbow trout (O. mykiss) (Linard et al., 1995)
and in other species (Zohar et al., 2010), demonstrating crosstalk between each signaling
pathway.

Our previous study showed anti-estrogenic effects of BF in embryos of zebrafish with
significant decreases in mMRNA levels of TH and DR1, as well as significant decreases in
HVA levels. VTG gene expression and E2 levels were also diminished although not
significantly (Bertotto et al., 2018). The objective of the present study was to investigate the
role of the estrogen receptor in the estrogenic and dopaminergic pathways impacted by BF
in zebrafish embryos. To investigate if ER is the target of BF anti-estrogenic effects, we co-
exposed BF with a known potent ER agonist, 17a-ethynylestradiol (EE2). We hypothesized
that EE2 will reverse BF antiestrogenic and corresponding DA effects in embryos. To further
evaluate the role of ER in the endocrine toxicity of BF, we also used a morpholino to
knockdown ERa expression, which would also mimic anti-estrogenic responses observed
with BF in zebrafish embryos and modulate DA metabolism. Overall, neither experimental
system indicated a significant role of ERa in the endocrine effects of BF in zebrafish
embryos and suggests other targets may be more important in the endocrine effects of BF.
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2. Materials and methods

2.1. Chemicals

A racemic mix of BF isomers (98% purity) was purchased from Chem Service, Inc.
Ethinylestradiol (EE2 = 98% purity) was purchased from Sigma Aldrich. Ethanol (Decon
Laboratories Inc.) was 200 proof. A stock solution of BF in 100% ethanol (EtOH) was
prepared, and diluted solutions in embryo media (5 mM NaCl, 0.17 mM KClI, 0.33 mM
CaCly, and 0.33 mM MgSOQy, in pH 7) were made at every exposure day. Methanol (MeOH)
and acetonitrile (MeCN), both OPTIMA™ grade, were from Fisher Scientific. Deionized
water of 18.2 Q was prepared with an Milli-Q water purification system (Millipore). Formic
acid (FA - OPTIMA™ grade) was obtained from Fisher Scientific. Dopamine hydro-
chloride (DA) (1 mg/mL in MeOH), and neat solid standards of 3,4-dihydroxyphenylacetic
acid (DOPAC), and homovanillic acid (HVA) were from Sigma Aldrich. Standard of
isotopically labeled compound used as internal standard (IS), dopamine-1,1,2,2-d4
hydrochloride (DA-d4), was from Sigma Aldrich. All standards were >98% purity. Stock
solutions of DOPAC, HVA, and DA-d4 were prepared at 1 mg/mL in methanol, and stored at
—80 °C. The concentrations were not corrected for purity or salt content. Solutions of
working standards and internal standard (1S) were prepared in MeOH. Calibration standards
were prepared in 0.1% formic acid in DI water. All the solutions were kept in —80 °C.

2.2. Animal handling

Adult wildtype (strain 5D) zebrafish were maintained on a 14-h:10-h light:dark cycle within
a 242-tank recirculating system (Aquaneering, Inc.) containing conditioned reverse osmosis
water, and fed ad /ibitum twice per day with GEMMA Micro 300 diet (Skretting USA).
Dissolved oxygen, pH, conductivity, salinity, alkalinity, and temperature within recirculating
water were maintained at 4 to 6 mg/L, 7.0 to 7.5, 950 to 1000 pS, <1 ppt, 50 t0100 mg/L,
and 28 °C, respectively; in addition, levels of ammonia, nitrite, and nitrate within
recirculating water were consistently below 0.1 mg/L, 0.05 mg/L, and 2 mg/L, respectively.
Adult females and males were bred directly on-system using in-tank breeding traps
suspended within 3 L tanks. For all experiments described in sections “Bifenthrin + 17a-
ethynylestradiol co-exposure” and “ERa. knockdown experiments”, newly fertilized eggs
were staged according to previously described methods (Kimmel et al., 1995). All fish were
handled and treated in accordance with approved Institutional Animal Care and Use
Committee protocols at the University of California, Riverside (animal use protocols
#20150035 and #20130005).

2.3. Bifenthrin + 17a-ethynylestradiol co-exposure

Twenty viable non-dechorionated embryos (3 h post-fertilization (hpf)) were placed in 60 x
15 mm Petri dishes containing 10 mL of the working solution. Treatments consisted of
vehicle control (0.2% EtOH), nominal concentrations of 0.09 ug/L (0.32 nM) EE2, 0.15 g/
L(0.35 nM), 1.5 pg/L (3.5 nM) BF and co-exposures of 0.15 pg/L BF and0.09 pg/L EE2 and
1.5 ug/L BF and 0.09 pg/L EE2. The EE2 concentration was the maximum tolerated dose on
a dose-response curve that did not significantly show mortality nor increased deformities
(Supplemental Information - Fig. 1). Actual BF concentrations were not measured during
exposure. A similar study in our lab by Bertotto et al. (2018) using the same 96 h treatment
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regimen of BF at the same nominal concentrations (0.15 pg/L and 1.5 pg/L) found that
initial measured concentration of BF were 0.34 ug/L for the 0.15 pg/L and 3.1 pg/L for the
1.5 pg/L dose. Differences in nominal concentrations are likely due to sample handling, or
the process of extraction. For gPCR assays after BF co-exposure with EE2, each replicate
pool consisted of 20 embryos with 4 to 7 replicate pools per treatment. For gPCR assays
after ERa. knockdown, each replicate pool consisted of 20 embryos with 4 to 7 replicate
pools per treatment. For measurements of DA and its metabolites, 200 embryos (20 embryos
per petri dish) were used for each replicate pool, with 3 replicates pool per treatment group.
Following exposure of 96 h, fish were euthanized in ice and flash frozen in liquid nitrogen,
and then kept in =80 °C until assays were performed.

2.4. ERa knockdown experiments

Morpholino (MO) antisense oligos were synthesized and obtained from Gene Tools, Inc.
(Philomath, OR). A translational-blocking MO (zfesr1-MO: 5’-
ACGAAGGTTCCTCCAGGGCTTCTCT-3") based on the zebrafish ERa. mRNA sequence
(GenBank Accession I1D: AF349412.1) was used for all experiments described below.
Additionally, Gene Tools’ standard negative control MO (nc-tMO:5’-
CCTCTTACCTCAGTTA CAATTTATA-3") was used to account for potential nontarget MO
toxicity and to use as a base for the maximum tolerated concentration of the morpholino.
Negative control-tMO were tagged with fluorescein at the 3" end by Gene Tools to confirm
MO delivery to embryos following injection, and a zebrafish-specific, fluorescein-tagged
chordin MO (chd-MO: 5'-ATCCACAGCAGCCCCTCCATCATCC-3") was used as a
positive control during the injection and exposure experiments. Molecular-biology grade
(MBG) water injections were used for the gene expression experiments. MO injection stocks
(1 mM) were prepared by resuspending lyophilized MOs in MBG water, and stocks were
stored at room temperature in the dark.

On the same day as injections, working solutions of nc-MOs, cAd-MOs, and zfesr1-MOs
were diluted to 62.5 pM, 125 uM and 62.5 uM in MBG water, respectively. Concentrations
of nc-MOs and zfesr1-MOs chosen did not cause significant mortality nor deformities (data
not shown). Newly fertilized (one-to-eight-cell stage) wild-type (5D) zebrafish embryos
were microinjected with MOs or water (~3 nL per embryo) using a motorized Eppendorf
Injectman NI2 and FemtoJet 4x similar to previously described protocols (McGee et al.,
2013). At 3 hpf, embryos injected with water or zfesr1-MO were exposed to vehicle control
(0.2% EtOH), a positive control of 0.09 ug/L EE2, 0.15 pg/L BF and 1.5 pg/L BF, as
described above. Approximately 4 h after injection, embryos were evaluated using a Leica
MZ10 F stereomicroscope equipped with a DMC2900 camera and a GFP filter cube to
confirm nc-MO and ¢chd“MO delivery. Embryos that did not have MO delivery confirmed
were removed from exposure. Final pool (3-5 replicates) of zebrafish embryos was ~15
embryos. Following exposure of 96 h, fish were euthanized in ice and flash frozen in liquid
nitrogen, and then kept at —80 °C until assays were performed.

2.5. RNA isolation, cDNA synthesis and RT qPCR

Expression of genes related to the dopaminergic and estrogenic pathways after exposure to
BF and EEZ2, and after ERa knockdown was measured. Total MRNA was isolated from
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embryos using the Lipid Tissue RNeasy kit (Qiagen) following the manufacturer’s
instructions. mMRNA quantity and quality were determined using the ND-1000 (NanoDrop).
mMRNA (1 pg) was converted to cDNA using the Reverse Transcription System (Promega
Corporation) according to the manufacturer’s instructions. The primers used in this study
(Supplemental Information — Table 1) were designed using IDT DNA PrimerQuest software.
The exception was the vitellogenin set of primers, which was retrieved from Chen et al.
(2010). Efficiency was calculated using PCR Miner (Zhao & Fernald, 2005). EFla was used
as the housekeeping gene, since its expression is stable throughout development (McCurley
& Callard, 2008). qPCR was carried out with the iTaq Universal One-step RT-PCR kit with
SYBR Green (Bio-Rad), on a CFX Connect thermos cycler (Bio-Rad). The samples were
denatured, and the polymerase activated at 95 °C for 5 min, then 40 cycles of 10 s at 95 °C
and 30 s of 55 °C. Samples were subjected to melting curve analysis from 54 to 95 °C in

0.5 °C increments with continuous fluorescence measurement. gPCR was analyzed
according to Schmittgen and Livak (2008) and fold change was calculated against the
vehicle control.

2.6. Ultra-performance liquid chromatography

To measure DA and its metabolites samples were stored in =80 °C prior to analysis, and on
ice during handling and extraction. Sample preparation was based on Tareke et al. (2007)
with slight modifications. Approximately 100 mg of homogenized zebrafish tissues (whole
body) were placed into a 2 mL centrifuge tube, internal standard (IS) was added to yield 3
ug DA-d4 per mL of final extract, for recovery measurements. Ice cold 0.1% formic acid in
water (270 pL) was added, samples were incubated in ice for 30 min, and the extraction was
performed using a homogenizer (Fisherbrand) by vigorous blending. The tubes were
centrifuged for 5 min at 12,0009 at 4 °C. This process was repeat twice, however IS was not
added to the samples on the second time. An aliquot (600 L) of the extract was subjected to
solid phase extraction (SPE) with Strata X polymeric reverse-phase cartridges (33 um, 60
mg, 3 mL - Phenomenex), as described in Tareke et al. (2007). The SPE cartridges were
conditioned with 1 mL of 0.1% formic acid in MeCN, followed by 1 mL of 0.1% formic
acid in MeOH, and 1 mL 0f0.1% formic acid in water. After adding 600 uL of the extracts,
analytes were eluted with 3 mL of 0.1% formic acid in MeCN/MeOH (1:1, v/v). The
resulting extracts were evaporated to dryness with nitrogen gas (no heat) and reconstituted in
400 pL of 0.1% formic acid in water. Prior to analysis, samples were filtered using a PP 0.22
um syringe filter (Tisch Scientific). After vortexing for 10 s, the extracts were transferred to
autosampler vial inserts for UPLC analysis.

A Waters ACQUITY ultra-performance liquid chromatography (UPLC) combined with a
Waters Micromass Triple Quadrupole mass spectrometer (qQq) equipped with an
electrospray ionization (ESI) interface (Waters, Milford, MA) was used for analysis.
Separation was achieved using an ACQUITY UPLC HSS T3 column (2.1 mm x 100 mm,
1.7 um, Waters.) at 40 °C. A binary gradient system was used to separate analytes
comprising of mobile phase A, DI water (18 Q) acidified using 0.1% FA, and mobile phase
B composed of MeOH/MeCN (1:1, v/v) acidified using 0.1% FA. The solvent gradient
program, in terms of mobile phase A, was as follows: initial condition began with 95% for 1
min when it was decreased linearly to 40% for 1 min, it was further decreased to 10% for 1.5
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min then decreased linearly to 0% for 0.5 min, then increased linearly to 10% for 0.5 min,
finally it was increased 95%. The mobile phase was then left to equilibrate for 0.5 min for a
total run time of 5.50 min. The flow rate was 0.3 mL min~1 and the injection volume was set
to 5 uL. Mass data was acquired using Intellistart® (Waters) in the multiple reactions
monitoring (MRM) mode and product ion scan in the positive ESI mode. The specific
instrument settings were as follows: capillary source voltage 3.00 kV, dwell time 0.028 s,
source temperature 150 °C, desolvation temperature 600 °C, desolvation gas 1200 L h~! and
cone gas 150 L h~1 the collision gas was Argon 99.9% pure. Cone voltage and collision
voltage were generated using IntelliStart software (Waters) and were as follows: 50 (V), and
20 (V). Quantification ions were also generated using IntelliStart software and are shown in
Table 1. Individual compound peaks were detected and integrated using TargetLynx XS
software.

2.7. Statistical analysis

Statistical analysis was performed using RStudio (version0.98.1091). Normality and
homogeneity of variances were evaluated by Shapiro and Bartlett tests, respectively. All data
were tested for extreme outliers using the Grubb’s test. Two-way ANOVA were performed
to evaluate statistical differences between control and treatment groups. Any non-normal
data was log transformed. If interaction was significant after two-way ANOVA, Tukey HSD
was performed. Survival and hatching was evaluated by generalized linear model. Pairwise
comparison between zebrafish control and exposed to EE2 was performed to evaluate
positive control effectiveness. Statistical significance was determined at a < 0.05.

3. Results

3.1. Expression of genes within estrogenic and dopaminergic signaling pathways

There was a significant increase in VTG, DR1, MAO and COMTb mRNA levels within all
zebrafish embryos exposed to EE2, which included exposures to EE2 alone, 0.15 ug/L BF +
EE2 and 1.5 ug/L BF + EE2 (1.9-fold, p-value = 0.025, Fig. 1; 2.35-fold, p-value = 0.013,
Fig. 2; 1.48-fold, p-value = 0.039, Fig. 3B; and 1.55-fold, p-value =0.029, Fig. 3C
respectively, 4-7 replicates) when compared to embryos that were not exposed to EE2
(vehicle control, 0.15 pug/L BF alone and1.5 pg/L BF alone). There was no significant
interaction between BF and EE2, after zebrafish embryos were co-exposed to BF and EE2
(Figs. 1-3, 4-7 replicates). There was a trend towards a dose dependent increase in mMRNA
levels of TH, COMTb and MAO after exposure to both concentrations of BF (Figs. 3, 4-7
replicates). Pairwise comparisons showed significant 4.2 and 3.6-fold increase in VTG and
DR1 mRNA levels in embryos exposed to EE2 alone, compared to vehicle control embryos
(p-value = 0.0008 and p-value = 0.009) (Figs. 1 and 2, 4-7 replicates).

3.2. Dopamine and metabolites concentrations in embryos

A modest but significant 1.73-fold decrease in homogenate concentrations of DA was
observed within all zebrafish embryos exposed to EE2, which included exposures to EE2
alone, and in mixtures with BF (p-value = 0.005, Fig. 4A, 3 replicates) when compared to
embryos that were exposed to BF, but not exposed to EE2. In addition, there was a
significant 2.43-fold increase in HVA-DA ratios within all zebrafish embryos exposed to
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EE2 alone and in mixtures with BF (p-value = 0.003, Fig. 4B, 3 replicates). There were no
significant effects of BF, EE2 or a combination of both in the remaining metabolite levels
and ratios (Supplemental Information - Figs. 2 and 3, 3 replicates). Recoveries of DA and
metabolites ranged from 70 to 112%.

3.3. ERa knockdown followed by bifenthrin exposure

There was a significant 10.9-fold increase in MAO mRNA levels when water injected
control embryos were exposed to EE2, compared to the vehicle control ERa knockdown
embryos (p-value = 0.005). ERa knockdown embryos exposed to EE2 also had a significant
2.64-fold decrease in MAO mRNA levels when compared to the vehicle control injected
embryos (p-value = 0.04) and a significant 11.7-fold decrease when compared to injected
control embryos exposed to EE2 (p-value =0.0006, Fig. 7B, 3-5 replicates). Expression of
COMTb mRNA was significantly higher with a 10.4-fold increase in injected control
embryos exposed to EE2, when compared to vehicle control ERa knockdown embryos (o
value = 0.007). Expression of COMTb mRNA was also significantly higher with a 10.9-fold
increase in injected control embryos exposed to EE2, when compared to ERa knockdown
embryos exposed to EE2 (p-value = 0.002, Fig. 7C, 3-5 replicates). Injection (control or
ERa morpholino) was a significant factor for VTG and DR1 mRNA levels (p-value = 0.002,
Fig. 5 and p-value = 0.01, Fig. 6, respectively, 3-5 replicates). There were no significant
differences nor a significant interaction between exposure and injection factors in relation to
TH mRNA levels (Fig. 7A, 3-5 replicates).

4. Discussion

The mechanism of action for endocrine disruption of BF in zebrafish embryos at low (ng/L)
concentrations is still uncertain (Crago & Schlenk, 2015; Bertotto et al., 2018). Bifenthrin
has an estrogenic response in juveniles of zebrafish and silverside but is an antiestrogenic
chemical in /n vitro assays and embryos of zebrafish (Brander et al., 2012; Bertotto et al.,
2018). In this study, the role of ER was evaluated to better understand this mechanism.

Since we demonstrated that BF had antiestrogenic effects at the embryonic stage (exposures
starting at 3 hpf) of zebrafish (Bertotto et al., 2018), we sought to co-expose embryos to BF
and an ER agonist, EE2, to determine if previously observed anti-estrogenic responses could
be reversed. A dose of EE2 was used that provided a statistically significant estrogenic
effect. However, BF and EE2 have very different binding affinities. Zhao et al. (2014)
performed a molecular docking study with BF enantiomers with the human ERa, where &
BF and R-BF showed a binding score of —=116.53 kJ/mol and —100.84 kJ/mol, respectively.
Molecular docking was also performed with E2 and EE2 to human and rainbow trout ERa
(Shyu et al., 2011). In this study, the authors reported binding affinities in pKd, which they
calculated from the binding scores produced by the molecular docking simulations (in kJ/
mol). Converting the scores giving by Zhao et al. (2014) using the same calculations, BF
binding affinity to the human ERa is almost 300 times smaller than EE2, showing that BF is
a weak ER ligand. The lower potential binding affinity may explain the inability of BF to
reduce the ER activity of EE2. Whether this was due to the limited activation of ERa after
ligand binding or other downstream effects requires additional studies.
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Our results showed that EE2 exposure increased expression of VTG, after zebrafish embryos
were exposed to EE2 alone or in mixtures of BF and EE2. EE2 is a model ER agonist
(Ankley et al., 2010) used in other studies to antagonize antiestrogenic effects of various
chemicals, like tamoxifen, fulvestrant (Hoffmann & Kloas, 2012), methyl-
piperidinopyrazole (MPP) and pyrazolo 1,5-a pyrimidine (PHTPP) (Notch & Mayer, 2011),
in concentrations varying from 0.001 to 0.03 pg/L. Since there was a significant difference
in VTG mRNA between vehicle control and EE2-exposed zebrafish embryos without BF,
EE2 appears to regulate E2-controlled genes in embryos and indicates that the ER signaling
pathway is still conserved in this developmental stage and animal model.

As with VTG expression, only when animals were exposed to EE2 with or without BF was a
significant change of DR1 mRNA observed. Previously, the endogenous ER ligand, E2, was
shown to enhance DR1 activity in primary cultures of anterior pituitary cells from female
rats (Maus et al., 1989). A two-fold increase in the DA-DR1 induced stimulation of
adenylate cyclase was observed after 24 h exposure to 107 M E2 (Maus et al., 1989).
Lévesque et al. (1989) showed that ovariectomy in female rats decreased striatal DR1
density by 17% compared to intact female rats, demonstrating that DR1 can be controlled by
gonadal hormones, including E2, and that this relationship is conserved in zebrafish early
developmental stages. Consequently, the lack of change when EE2 was combined with BF
indicated ER may not contribute to the effects of BF.

Since a significant decrease in expression of TH and levels of HVA was observed in the
previous study (Bertotto et al., 2018), we sought to analyze mRNA levels of MAO and
COMTh, two important enzymes in the metabolism of DA. A trend towards dose dependent
increase in mRNA levels of TH, MAO and COMTD, and increase in HVA levels after
exposure to both concentrations of BF was observed indicating the non-significant increases
of MAO and COMTh expression may be responsible for the trend towards increases in HVA
levels. BF had significant effects in neurotransmitters and proteins involved in the
dopaminergic pathway of rats treated with concentrations ranging from 5 to 40 mg/kg. HVA
was significantly increased in the frontal cortex, hippo-campus and corpus striatum of the
BF-treated rats (Syed et al., 2018). Additionally, mice showed decreased levels of the TH
protein after administration of 4 doses of BF, ranging from 5 to 20 mg/kg (Han et al., 2017),
in agreement with our previous results in zebrafish embryos (Bertotto et al., 2018). The lack
of response observed in the current study may be due to its significantly weaker estrogenic
potency at the ER relative to EE2 (Zhao et al., 2014).

MAQ and COMTb mRNA levels, DA levels and the ratio of DA with HVA were altered in
the same pattern when zebrafish were exposed to the ER agonist EE2 alone or in
combination with BF. These data suggest ER activation had no impacts on the effects of BF
on DA metabolism. Physiological (107°-10~7 M) concentrations of estradiol (E2) were
shown to down-regulate steady-state 1.3-kb COMT mRNA levels in MCF-7 cells (Xie et al.,
1999), as well as significantly reduce COMT protein and activity in MCF-7 cells (Jiang et
al., 2003). The ER antagonist ICI 182780 blocked these estrogenic effects, and the study
concluded that E2 decreased COMT activity through down-regulation of its mMRNA and
protein expression via ER interaction. Another study (Kumar et al., 2011) assessed changes
in MAQ activity in brains of female rats of 3, 12 and 24 months old, and whether these
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possible changes are affected by administration of E2 (0.1 pg/g body weight for 1 month).
E2 significantly decreased MAO activity in all age groups of rats, which contradict our
results. Since EE2 exposures significantly increased MAO and COMTDb gene expression, as
well as decreased levels of DA and increased HVA-DA ratios, ER activation may have
increased DA catabolism. However, since HVA and DOPAC levels were not significantly
altered by EE2, DA may be converted to other metabolites not targeted for detection in this
study. Possibilities include dopamine-3- O-sulfate, dopamine-4- O-glucuronide or
norepinephrine and epinephrine (reviewed by Meiser et al., 2013).

Co-exposure of embryos to EE2 and BF failed to alter expression of VTG, DR1, MAO and
COMTD, as well as levels of DA and ratios of DA/HVA. While this suggests ERa. may not
be a significant contributor to the endocrine effects of BF, co-exposure may have had
significant effects on the pharmacokinetics of BF. Thus, a second manipulation of the ERa
pathway was evaluated in our study. ERa knockdown experiments were employed and
showed that morpholino injection of ERa was a significant factor in reducing the estrogenic
response of VTG mRNA expression in embryos. Knockdown experiments utilizing the
morpholino technique are widely used and well established as a mechanistic tool to evaluate
the role of a protein in the toxicity of a chemical (McGee et al., 2013; Dasgupta et al. 2017).
Water injected control embryos exposed to EE2 had a 5.7-fold increase in VTG expression,
whereas ERa knockdown embryos exposed to EE2 had 2.12-fold decrease in VTG mRNA
levels, when compared to vehicle control injected embryos, showing that our knockdown
was effective at weakening the estrogenic effect of EE2 in zebrafish embryos. However, it
should be noted that ERa knockdown may have had other effects on unknown targets that
could also affect VTG expression. Nevertheless, given the lack of developmental
abnormalities observed in control injections and plethora of studies (Hu et al., 2014; Griffin
et al., 2013; McGee et al., 2013; Dasgupta et al. 2017) that have used this model in the same
capacity, it is unlikely that non-target effects could explain the down regulation of VTG in
morpholino treatments.

ERa morpholino treatment also affected DR1 gene expression. Control injected embryos
exposed to EE2 had a 3.4-fold increase in DR1 expression, while ERa knockdown embryos
exposed to EE2 had 2-fold decrease in DR1 mRNA levels, when compared to water injected
controls. These results are in accordance with previously above-mentioned studies, where E2
increased DR1 activity (Maus et al., 1989) and ovariectomy (which decreases endogenous
levels of E2) decreased striatal DR1 density (Lévesque et al., 1989). Again, these results are
consistent with an effective ERa knockdown in our study.

Somewhat of a surprise was the effect of ERa knockdown on MAQ gene expression. ERa
knockdown embryos exposed to EE2 had a significant decrease in MAQO gene expression
when compared to the vehicle control injected embryos, and when compared to injected
control embryos exposed to EE2. Gene expression of COMTb was significantly increased in
vehicle control injected embryos exposed to EE2, compared to ERa knockdown embryo
exposed to vehicle control and EE2. Although BF activities were not modified by ERa
knockdown, MAO and COMThb expression were altered by EE2 through ERa activation.
The relationship of ERa and VTG mRNA levels is well established in adult aquatic
vertebrates (reviewed in Nagahama, 2002), but not for the expression of MAO and COMTb.
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The human COMT gene was shown to have a putative ERE (Xie et al., 1999), and it can
metabolize E2 as well (Dawling et al., 2001). MAO activity was also shown to be controlled
by E2 in rats (Kumar et al., 2011). Therefore, regulation of MAO and COMTb gene
expression by an ER agonist seems to be conserved in zebrafish early life stages, where
response to EE2 exposure was significantly lost after ERa knockdown.

Contrary to our original hypothesis of ER involvement in the endocrine toxicity of BF, there
was no difference in gene expression in ERa knockdown embryos exposed to BF. Several
other studies have suggested that the effects of BF as an estrogenic/antiestrogenic compound
might be due to its weak activation of the ER Although molecular docking studies indicated
interaction between BF enantiomers and human ERa and ERp, demonstrating that both
enantiomers fit in the ligand binding domain for both receptor subtypes, the binding
affinities were significantly less than E2 (Zhao et al., 2014). An alternative explanation may
be related to metabolism. Previous research (DeGroot & Brander, 2014) has shown that the
metabolite 4-hydroxy-bifenthrin is more estrogenic than its parent compound; however, this
metabolite has yet to be identified in fish metabolism studies. It should also be noted that
zebrafish express 3 ER subtypes: a single ERa and two ERp, 1 and 2. In zebrafish embryos,
ERa mRNA levels are higher than the other two ER subtypes, with an increase of 60-fold at
96 hpf in comparison to the <3 hpf stage. Similarly, ERB1 mRNA expression increases 10-
fold after 96 hpf in comparison to the <3 hpf stage, but ERP2 expression is diminished
during development with a small increase in expression at 96 and 120 hpf (Chandrasekar et
al., 2010). Consistent with our results, knockdown experiments, with ERa and ERB1
blocked E2 (0.1 pM) induction of VTG and ERa mRNAs (Griffin et al., 2013). However,
knockdown of ERB2 had no effect on the induction of VTG and ERa mRNAs by E2.
Furthermore, Hu et al. (2014) performed loss-of-function analysis to identify a subtype of
estrogen receptor that affects migration of primordial germ cells (PGC) in zebrafish after
EE2 exposure. Only ERB2 knockdown had an effect in EE2 disruption of PGC migration.
Therefore, different ER subtypes could be involved in signaling pathways within this animal
model. In reporter studies that expressed the 3 receptors in HeLa-cells, exposures to estrone,
estriol and genistein elicited greater activity in the ERa construct compared to the other sub-
types (Pinto et al., 2014). In contrast, Ferutinin elicited greater activity in the ERB1 construct
and Benzophenone 2 elicited greater activity in the ERB2 cell-line (Pinto et al. 2014). In this
study, Pinto et al. (2014) also demonstrated EE2 equal agonistic activity on all 3 zebrafish
ER sub-types. Consequently, previous studies suggest that while ERa does not appear to
play a substantial role in BF endocrine effects in zebrafish embryos, other ER subtypes may
be involved, since exposure to EE2 seems to have different effects with different ER
subtypes (Hu et al. 2014). Another possible target for BF effects could be the G protein-
coupled estrogen receptor (GPER), a membrane-bound receptor, which expression was
shown to be downregulated after juvenile Inland silverside (M. beryllina) was exposed to 0.5
ng/L BF (Brander et al., 2016b).

In conclusion, exposure to EE2 significantly altered gene expression in zebrafish embryos,
but there was no significant interaction with BF. ERa knockdown did not alter the effects of
BF in embryos of zebrafish, showing that ERa might not be a significant target of BF
endocrine activity. ERa knockdown alter the effects of EE2 on DA metabolism. Further
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analysis of other differentially expressed genes coupled with endocrine responses is needed
to help assess other potential sublethal targets for BF endocrine activation.
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HIGHLIGHTS

. BF’s antiestrogenic activity in zebrafish embryos might be mediated by ER.

. Zebrafish embryos were co-exposed to BF and EE2.

. Morpholinos were used to knockdown ERa.

. No interaction of EE2 and BF, and ERa knockdown did not alter effects of
BF

. EE2 altered gene expression and DA levels, and ERa knockdown altered EE2
effects.
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Fig. 1. -

Effects of bifenthrin, 17a-ethynylestradiol and a combination of both on transcripts of
vitellogenin in zebrafish embryos after 96 h of treatment. Box and whisker plot showing
hinges from the 25th to the 75th percentiles, whiskers from the minimum to the maximum
value, line in the box as median and points as each individual value. Sample size = 4-7.
Treatment groups marked by letter have significantly different mMRNA levels compared to the
other group (two-way ANOVA).
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Effects of bifenthrin, 17a-ethynylestradiol and a combination of both on transcripts of
dopamine receptor 1 in zebrafish embryos after 96 h of treatment. Box and whisker plot
showing hinges from the 25th to the 75th percentiles, whiskers from the minimum to the
maximum value, line in the box as median and points as each individual value. Sample size
= 4-7. Treatment groups marked by letter have significantly different mRNA levels
compared to the other group (two-way ANOVA).
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Effects of bifenthrin, 17a-ethynylestradiol and a combination of both on transcripts of A)
tyrosine hydroxylase, B) monoamino oxidase, and C) catechol-O-amino transferase b in
zebrafish embryos after 96 h of treatment. Each value represents the mean of replicates 4-7
+ SE. Treatment groups marked by letter have significantly different mRNA levels compared

to other group (two-way ANOVA).
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Fig. 4. -
Ef?fects of bifenthrin, 17a-ethynylestradiol and a combination of both on A) dopamine levels
and B) HVA-DA ratios in zebrafish embryos after 96 h of treatment. Box and whisker plot
showing hinges from the 25th to the 75th percentiles, whiskers from the minimum to the
maximum value, line in the box as median and points as each individual value. Sample size
= 3. Treatment groups marked by letter have significantly different mRNA levels compared

to

the other group (two-way ANOVA).
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Ef%ects of bifenthrin on transcripts of vitellogenin in zebrafish embryos injected with water
or an ERa morpholino after 96 h of treatment. Box and whisker plot showing hinges from
the 25th to the 75th percentiles, whiskers from the minimum to the maximum value, line in
the box as median and points as each individual value. Sample size = 3-5. Treatment groups
marked by letter have significantly different mMRNA levels compared to the other group (two-
way ANOVA).
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Fig. 6. -

Ef%ects of bifenthrin on transcripts of dopamine receptor 1 in zebrafish embryos injected
with water or an ERa morpholino after 96 h of treatment. Box and whisker plot showing
hinges from the 25th to the 75th percentiles, whiskers from the minimum to the maximum
value, line in the box as median and points as each individual value. Sample size = 3-5.
Treatment groups marked by letter have significantly different mMRNA levels compared to the
other group (two-way ANOVA).
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Fig. 7. -
Ef%ects of bifenthrin on transcripts of A) tyrosine hydroxylase, B) monoamino oxidase, and
C) catechol-O-amino transferase b in zebrafish embryos injected with water or an ERa
morpholino after 96 h of treatment. Box and whisker plot showing hinges from the 25th to
the 75th percentiles, whiskers from the minimum to the maximum value, line in the box as
median and points as each individual value. Sample size = 3-5. Treatment groups marked by
letter have significantly different mRNA levels compared to another group (two-way
ANOVA). Treatments marked by an asterisk have significantly different mRNA levels
compared to another treatment (two-way ANOVA, Tukey HSD post-hoc test).
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Table 1
Quantification ions.

Analyte Precursor ion (m/z2)  Product ion (m/2)
Dopamine 154.0381 90.9673

118.9987
3,4-Dihydroxyphenylacetic acid (DOPAC)  169.0319 123.0351
Homovanillic acid (HVA) 183.0957 97.8735

137.0271
Dopamine-1,1,2,2-d4 hydrochloride (DA-d;)  158.1043 94.9891
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