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Complex Interplay Among Nuclear Receptor Ligands, Cytosine
Methylation, and the Metabolome in Driving Tris(1,3-Dichloro-2-
Propyl) Phosphate-Induced Epiboly Defects in Zebrafish

Subham Dasgupta', Sara M. F. Vliett, Vanessa Cheng', Constance A. MitchellT, Jay
Kirkwood*, Alyssa Vollaro¥, Manhoi Hur¥, Chris Mehdizadeh®, David C. Volz™"

TDepartment of Environmental Sciences, University of California, Riverside, California 92521,
United States

*Metabolomics Core Facility, Institute for Integrative Genome Biology, University of California,
Riverside, California 92521, United States

Abstract

Tris(1,3-dichloro-2-propyl) phosphate (TDCIPP) is a high-production volume organophosphate
flame retardant (OPFR) that induces epiboly defects during zebrafish embryogenesis, leading to
disruption of dorsoventral patterning. Therefore, the objectives of this study were to 1) identify
potential mechanisms involved in TDCIPP-induced epiboly defects and 2) determine whether co-
exposure to triphenyl phosphate (TPHP) —an OPFR commonly detected with TDCIPP — enhances
or mitigates epiboly defects. While TDCIPP-induced epiboly defects were not associated with
adverse impacts on cytoskeletal protein abundance /n situ, co-exposure of embryos to TPHP
partially blocked TDCIPP-induced epiboly defects. As nuclear receptors are targets for both TPHP
and TDCIPP, we exposed embryos to TDCIPP in the presence or absence of 69 nuclear receptor
ligands and, similar to TPHP, found that ciglitazone (a peroxisome proliferator-activated receptor
vy agonist) and 17p-estradiol (E2; an estrogen receptor a agonist) nearly abolished TDCIPP-
induced epiboly defects. Moreover, E2 and ciglitazone mitigated TDCIPP-induced effects on CpG
hypomethylation within target loci prior to epiboly, and ciglitazone altered TDCIPP-induced
effects on the abundance of two polar metabolites (acetylcarnitine and CDP-choline) during
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epiboly. Overall, our results point to a complex interplay among nuclear receptor ligands, cytosine
methylation, and the metabolome in both the induction and mitigation of epiboly defects induced
by TDCIPP.
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Introduction

Tris(1,3-dichloro-2-propyl) phosphate (TDCIPP) is a high-production volume
organophosphate flame retardant (OPFR) used around the world,! and its use and human
exposure within the United States have increased over the last decade.? Consequently,
elevated levels of bis(1,3-dichloro-2-propyl) phosphate (BDCIPP) — the primary metabolite
of TDCIPP in mammals — have been detected within human populations, including pregnant
mothers3, mother-toddler pairs?, and more recently, human placental samples.®> Moreover,
TDCIPP and BDCIPP have been associated with abnormal pregnancy outcomes,®’
highlighting the importance of further understanding the potential impacts of TDCIPP on
early development.

During gastrulation within certain animals, epiboly is a key developmental event that,
through coordinated cell movements, leads to cell layer thinning and spreading, organization
of cells into germ layers, and formation of the body axis.® In zebrafish, epiboly progression
is regulated by a complex, highly regulated interplay among cytoskeletal reorganization,
zygotic genome activation, and developmental signaling pathways,® leading to dorsoventral
patterning and organogenesis later in development. Therefore, epiboly disruption by
environmental contaminants can result in a cascade of defects that have the potential to
irreversibly alter the normal trajectory of development. Using zebrafish as a model, previous
studies have reported that TDCIPP disrupts epibolic movements during embryonic
development.®-12 These epiboly defects subsequently lead to an array of downstream
abnormalities during embryogenesis, 1 underscoring the importance of epiboly as a potential
target for embryonic exposure to chemicals.

Actin and tubulin provide the cytoskeletal foundation for microfilament and microtubule
networks, respectively, that drive epibolic movements within gastrulating embryos. Exposure
of zebrafish embryos to cytochalasin B and nocodazole — potent inhibitors of actin and
tubulin polymerization, respectively — results in epiboly delay or arrest.13-14 However, the
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impacts of TDCIPP on cytoskeletal reorganization have not yet been studied. Coordination
of cell movements during epiboly are also regulated by both maternal and zygotic
transcription, and epiboly initiation and progression are regulated by maternal and zygotic
factors, respectively.2 However, we showed that TDCIPP did not delay the maternal-to-
zygotic transition (MZT) nor affect mRNA levels of maternal or zygotic factors.10 Despite a
9- to 20-fold decrease in mMRNA levels of sizzled (sz/) — a bone morphogenetic protein
(BMP) pathway gene that regulates dorsoventral patterning — within TDCIPP-treated
embryos, mRNA-sequencing data also revealed minimal impacts on BMP pathway-related
transcripts.®10 In addition, prior to epiboly, TDCIPP exposure from 0.75-2 h post-
fertilization (hpf) resulted in genome-wide CpG hypomethylation at 2 hpf,11.15 but co-
exposure with a methyl donor (folic acid) did not mitigate TDCIPP-induced CpG
hypomethylation nor epiboly defects.1! Therefore, despite our prior transcriptomic and
epigenetic studies, no clear target nor mechanism underlying TDCIPP-induced epiboly
defects has emerged based on our findings to date.

Within this study, we initially studied the effects of triphenyl phosphate (TPHP) — another
high-production volume OPFR commonly found at elevated levels with TDCIPP — on
TDCIPP-induced epiboly defects and used these data to segue into investigating other
potential targets for TDCIPP during early embryonic development. As OPFR mixtures are
found within environmental media, there is a potential for maternal and prenatal embryonic
exposure to mixtures of OPFRs and their corresponding metabolites.1:2:7:16 Previous studies
have shown that mixtures of flame retardants and corresponding metabolites lead to additive
or synergistic toxic effects.17-18 However, the potential impacts of OPFR mixtures during
early development have not been studied. Based on these knowledge gaps, the objectives of
this study were to 1) investigate whether TPHP enhances or mitigates TDCIPP-induced
epiboly defects; 2) leverage the U.S. Environmental Protection Agency’s (EPA’s) ToxCast
data as well as in-house high-content screening to identify lead compounds that may
enhance or mitigate TDCIPP-induced epiboly defects; and 3) rely on these lead compounds
as pharmacologic tools to determine whether potential effects on cytoskeletal reorganization
as well as DNA methylation and the embryonic metabolome are associated with TDCIPP-
induced epiboly defects.

Adult wild-type (5D) zebrafish were maintained and bred on a recirculating system using
previously described procedures.® Adult breeders were handled and treated in accordance
with Institutional Animal Care and Use Committee (IACUC)-approved animal use protocols
(#20150035 and #20180063) at the University of California, Riverside.

TDCIPP (99% purity; CAS#: 13674-87-8) and TPHP (99.5% purity; CAS#: 115-86-6) were
purchased from ChemService, Inc. (West Chester, PA); diphenyl phosphate (DPHP, >99%
purity; CAS#: 53306-54-0), 17pB-estradiol (E2, 298% purity; CAS#: 50-28-2), 17a-
ethinylestradiol (EE2, 298% purity; CAS#: 47-63-6), genistein (=98% purity; CAS#:
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446-72-0), cytochalasin B (=98%purity; CAS#: 14930-96-2), and nocodazole (=99% purity;
CASH#: 31430-18-9) were purchased from Millipore Sigma (Burlington, MA); BDCIPP
(95% purity; CAS#: 72236-72-7) was purchased from Toronto Research Chemicals (ON,
Canada); and ciglitazone (>99.4% purity; CAS#: 74772-77-3) was purchased from Tocris
Bioscience (Bristol, UK). For all chemicals, stock solutions were prepared in high-
performance liquid chromatography (HPLC)-grade dimethyl sulfoxide (DMSQ) and stored
within 2-mL amber glass vials with polytetrafluoroethylene-lined caps. The SCREEN-
WELL Nuclear Receptor Ligand Library (100 uL of 1 mM or 10 mM stock per compound)
was obtained from Enzo Life Sciences, Inc. (Farmingdale, NY) and stored at —20°C.
Working solutions (1:1000 dilutions of stock) were prepared in particulate-free water from
our recirculating system (pH and conductivity of ~7.2 and ~950 uS, respectively)
immediately prior to each experiment. Based on our previous findings,®10 we selected a
TDCIPP concentration (3.12 uM) that reliably impacted epiboly progression; furthermore,
our prior studies have shown that, within the first 2-6 h of embryonic development, TDCIPP
uptake is rapid but not metabolized to BDCIPP.1520

OPFR Co-Exposures

We assessed whether exposure to TDCIPP in the presence or absence of BDCIPP, TPHP, or
DPHP (the primary metabolite of TPHP in mammals) resulted in mitigation or enhancement
of TDCIPP-induced epiboly defects. For all exposures, the final DMSO concentration across
all treatment groups was 0.2%; for single compound exposures, an equivalent volume of
DMSO alone was added to working solutions to yield 0.2% DMSO. Embryos were exposed
t0 0.2% DMSO or 3.12 uM TDCIPP in the presence or absence of 125 pM BDCIPP, 3.12
UM TPHP, or 500 uM DPHP from 0.75 to 6 hpf in clean 60-mm glass petri dishes (one dish
per treatment) containing 10 mL of exposure solution and 30 embryos per petri dish. All
exposures were conducted under static conditions at 28°C within a temperature-controlled
incubator under a 14-h:10-h light:dark cycle. The TPHP concentration was selected based on
the maximum tolerated concentration (MTC) for survival, and BDCIPP and DPHP
concentrations were selected based on the limit of solubility in system water at room
temperature. If co-exposure with BDCIPP, TPHP, or DPHP resulted in mitigation or
enhancement of TDCIPP-induced epiboly defects, then exposures were repeated as
described above using three replicate petri dishes per treatment and 30 embryos per replicate
petri dish. All embryos were imaged for epiboly defects (normal or delayed/arrested) at 6
hpf using a Leica MZ10 F stereomicroscope equipped with a DMC2900 camera. Treatment-
specific differences were calculated using a one-way ANOVA followed by Tukey-based
multiple comparison procedures within Prism 8 (GraphPad, San Diego, CA).

Nuclear Receptor Ligand Library Screens

Based on positive hits from OPFR co-exposures, the U.S. EPA’s ToxCast dashboard (https://
actor.epa.gov/dashboard/) was used in order to identify common molecular targets between
TDCIPP and TPHP. Data extraction and analysis from the ToxCast dashboard were based on
Volz et al. (2015),21 with a logarithmic half-maximal activity concentration (log ACsp)
threshold of < 1 pM. Based on these data, we then investigated whether nuclear receptors
play a potential role in TDCIPP-induced epiboly defects. Briefly, embryos were exposed
from 0.75-6 hpf to 0.2% DMSO or 3.12 uM TDCIPP in the presence or absence of 69
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different nuclear receptor ligands provided within Enzo’s SCREEN-WELL Nuclear
Receptor Ligand Library (Table S1). Initial ligand concentrations were selected using MTCs
identified by Mitchell et al. (2018)22 following a 24-72 hpf exposure, with additional
optimization of MTCs if embryonic survival was adversely affected at 6 hpf.

Similar to OPFR co-exposures described above, all ligands were first screened as co-
exposures at a single limit concentration using one glass petri dish per treatment and 30
embryos per petri dish and phenotyped at 6 hpf. Based on these results, a subset of ligands
was prioritized for additional testing based on the presence of >50% normal embryos and a
>140% increase in normal embryos over corresponding TDCIPP-only treatments; these
decision criteria were used to account for slight variability of TDCIPP-induced epiboly
defects across different embryo clutches and days of screening. For each of these ligands,
co-exposures were repeated using three replicate glass petri dishes per treatment and 30
embryos per replicate petri dish. If reproducible effects were observed across replicate petri
dishes, co-exposures were conducted with the top two lead compounds in concentration-
response format. Additional details of the ligand screen are provided in Figure 2A. All
embryos were imaged for epiboly defects (normal or delayed/arrested) at 6 hpf using a Leica
MZ10 F stereomicroscope equipped with a DMC2900 camera. Treatment-specific
differences were calculated using a one-way ANOVA followed by Tukey-based multiple
comparison procedures within Prism 8 (GraphPad, San Diego, CA).

Pre-Treatment Experiments

Based on co-exposure results, pre-treatment experiments were performed in order to confirm
that mitigation of TDCIPP-induced toxicity was not an artifact of decreased uptake of
TDCIPP within co-exposure solutions. Briefly, embryos (30 per replicate glass petri dish)
were pre-treated with 0.2% DMSO, 3.12 uM TPHP, 5 uM ciglitazone, or 5 uM E2 from
0.75-2 hpf followed by exposure to 0.2% DMSO or 3.12 uM TDCIPP from 2—6 hpf in three
replicate glass petri dishes per treatment (10 mL of treatment solution per petri dish). All
exposures were conducted under static conditions at 28°C within a temperature-controlled
incubator under a 14-h:10-h light:dark cycle. All embryos were imaged for epiboly defects
(normal or delayed/arrested) at 6 hpf using a Leica MZ10 F stereomicroscope equipped with
a DMC2900 camera. Treatment-specific differences were calculated using a one-way
ANOVA followed by Tukey-based multiple comparison procedures within Prism 8
(GraphPad, San Diego, CA).

Cytoskeletal Staining

To assess the potential impacts of TDCIPP on embryonic cytoskeletal proteins (actin and
tubulin), embryos were exposed to 0.2% DMSO or 3.12 uM TDCIPP from 0.75 to 5 hpf
within 1.25-mL glass vials containing one embryo and 333 pL of treatment solution per vial
(20 vials per treatment). Additionally, 12.5 pM cytochalasin B and 12.5 uM nocodazole
were used as positive controls, and a 2-h exposure period from 3-5 hpf for both positive
controls was used since initiation of exposure at 0.75 hpf resulted in 100% mortality (Figure
S1). At 5 hpf, live embryos were pooled according to treatment groups and fixed overnight
in 4% paraformaldehyde/1X phosphate-buffered saline (PBS). Fixed embryos were
incubated with either 1:200 Alexa Fluor 488-conjugated phalloidin (Millipore Sigma), or
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1:6.25 6G7 (B-tubulin) 1IgG1 (Developmental Studies Hybridoma Bank, University of lowa)
followed by incubation with IgG1-specific Alexa Fluor 488-conjugated secondary antibody
(Millipore Sigma) following previously described protocols.1® Embryos were then imaged
using a Leica MZ10 F stereomicroscope equipped with a DMC2900 camera and GFP filter.
Yolk sac fluorescence for each embryo was quantified within a randomly selected area of the
yolk sac using Adobe Photoshop, whereas cell area for each embryo was calculated as the
average area across 15 individual cells within the blastomere using ImageJ. Treatment-
specific differences were calculated using a t-test within Prism 8 (GraphPad, San Diego,
CA).

In Vitro Tubulin Polymerization Assay

A fluorescence-based porcine brain tubulin polymerization assay (Cytoskeleton, Inc.,
Denver, CO) was used to determine whether TDCIPP inhibits tubulin polymerization /n
vitro. The rate of polymerization was quantified in presence of 0.1% DMSO, TDCIPP
(1.56-200 pM), or nocodazole (30 pM) according to previously described protocols.23

Bisulfite Amplicon Sequencing (BSAS)

To test whether ciglitazone- and/or E2-mediated mitigation of TDCIPP-induced epiboly
defects was associated with impacts on cytosine methylation at 2 hpf, we quantified the
methylation status of five regions of interest (ROIs) that were significantly affected at 2 hpf
following exposure from 0.75 to 2 hpf to 3.12 uM TDCIPP (Table S2).11 Briefly, embryos
were exposed to 0.2% DMSO or 3.12 uM TDCIPP in the presence or absence of 5 uM
ciglitazone or 5 pM E2 from 0.75 to 2 hpf in glass petri dishes containing 10 mL of exposure
solution and 30 embryos per petri dish (6 petri dishes per replicate pool). At 2 hpf, 150
surviving embryos were pooled per replicate (4 replicate pools per treatment), snap-frozen in
liquid nitrogen, and stored at —80°C. gDNA was purified and bisulfite-treated following
previously described protocols!l; ROIs were PCR-amplified and amplicons were purified
according to previously described protocols.1t gDNA quality checks were performed using
an Agilent Fragment Analyzer (for gDNA) and Agilent 2100 Bioanalyzer System (DNA
1000 kit and DNA HS kit for PCR products and libraries, respectively), and all gDNA and
amplicon concentrations were quantified using a Qubit 4.0 Fluorometer (ThermoFisher,
Waltham, MA).

Amplicons were pooled at a concentration of 0.1 ng/amplicon, and libraries were prepared
using a Nextera XT Library Prep Kit (Illumina, San Diego, CA) and paired-end sequenced
on our Illumina MiniSeq Sequencing System using a 300-cycle High-Output Reagent Kit.
Raw Illumina (fastg.gz) sequencing files (48 files) are available via NCBI’s BioProject
database under BioProject ID PRINA553577, and a summary of sequencing run metrics are
provided in Table S3 (>89.04% of reads were >Q30 across all runs). Similar to previously
described protocols,!! downstream analysis of quality control and methylation differences
were performed within Illumina’s BaseSpace. Briefly, reads were aligned and duplicate
reads were removed using a ROI-based enrichment manifest within MethylSeq. MethyIKit
was used on positions with >10X coverage to assess significant methylation differences of
>1% relative to time-matched vehicle controls; g < 0.01 was used to minimize false positives
associated with multiple comparisons.
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Metabolomics

Results

To assess potential effects on the embryonic metabolome, embryos were exposed to 0.2%
DMSO or 3.12 uM TDCIPP in presence or absence of 5 uM ciglitazone from 0.75 to 6 hpf
in glass petri dishes with 30 embryos per petri dish (3 petri dishes per replicate pool). At 6
hpf, 50 surviving embryos per replicate pool (4 replicate pools per treatment) were snap-
frozen in liquid nitrogen. To extract metabolites, 500 uL of ice-cold solvent (30:30:20:20
MeOH:ACN:IPA:water) was added to 50 embryos in 1.5-mL microcentrifuge tubes.
Samples were then sonicated for 15 min, vortexed for 15 min, sonicated for 15 min,
centrifuged at 16,000 x g at 4°C for 15 min, and then supernatant was transferred to glass
HPLC vials. Non-polar metabolites were analyzed using a Xevo G2-XS quadrupole time-of-
flight mass spectrometer (Waters Corp., Milford, MA) coupled to an H-class UPLC system
(Waters Corp., Milford, MA), and polar metabolites were analyzed using a TQ-XS triple
quadrupole mass spectrometer (Waters Corp., Milford, MA) coupled to an I-class UPLC
system (Waters Corp., Milford, MA). Additional details are provided in Supplemental File 2.

TPHP Mitigates TDCIPP-Induced Epiboly Defects

While neither BDCIPP nor DPHP altered TDCIPP-induced effects on epiboly (Figure S2),
co-exposure to TPHP significantly mitigated the effects of TDCIPP, with an approximately
4-fold increase in the percentage of normal embryos (Figure 1A). Pre-treatments with TPHP
confirmed our co-exposure results (Figure 1B), demonstrating that this protective effect was
not due to decreased uptake of TDCIPP in the presence of TPHP. Moreover, based on the
most potent assay hits (ACsg < 1 uM), ToxCast-derived data also revealed that nuclear
receptors (followed by transporters and cytochrome) were impacted by both TDCIPP and
TPHP at low nominal concentrations (Figure 1C; Table S4).

Nuclear Receptor Ligand Screening Reveals That Ciglitazone and E2 Mitigate TDCIPP-
Induced Epiboly Defects

Based on insights from the ToxCast data, we focused on the potential role of nuclear
receptors in modulating TDCIPP-induced epiboly defects as well as the protective effects of
TPHP. Using a four-tiered screening strategy, we found that co-exposure with ciglitazone (a
peroxisome proliferator-activated receptor -y, or PPARy, agonist) and E2 (an estrogen
receptor a,, or ERa, agonist) reliably mitigated TDCIPP-induced epiboly defects (Figure
2A) — effects that occurred in a concentration-dependent manner (Figures 2B and 2C).
Similar to TPHP, the protective effect was sustained when embryos were pre-treated with
ciglitazone or E2 (Figure 2D), indicating that mitigation of epiboly defects was not due to
decreased uptake of TDCIPP in the presence of either ciglitazone or E2. However, unlike
E2, co-exposures with two additional ERa agonists (EE2 and genistein) did not mitigate
TDCIPP-induced epiboly defects (Figure S3). A heatmap representing transcript levels of
esrland ppary during early zebrafish development, based on a previous study??, is
represented within Figure S4.
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TDCIPP Does Not Affect Cytoskeletal Abundance within the Yolk Sac nor Cell Size within
the Blastomere

We assessed whether TDCIPP-induced epiboly defects were associated with a decrease in p-
tubulin and/or actin abundance within the yolk sac. While TDCIPP resulted in a statistically
significant increase in B-tubulin levels (Figure 3A), there were no significant changes in
actin levels within the yolk sac (Figure 3B). Additionally, using an /n vitrotubulin
polymerization assay, TDCIPP resulted in no effects on porcine tubulin polymerization
(Figure 3C). Assessment of cell area within the blastomere revealed no significant
differences between DMSO- and TDCIPP-treated embryos at 5 hpf, and cell area within
DMSO-treated embryos at 3 hpf was significantly higher than DMSO- and TDCIPP-treated
embryos at 5 hpf (Figures 3D and 3F). Finally, TDCIPP did not adversely impact yolk
syncytial nuclei (YSN) migration compared to time-matched controls (Figure 3E). Since
TDCIPP did not disrupt cytoskeletal proteins in any of these assessments, further
experiments with ciglitazone and E2 were not conducted.

E2 and Ciglitazone Mitigate TDCIPP-Induced CpG Hypomethylation

To investigate whether the protective effects of E2 and ciglitazone were associated with a
decrease in TDCIPP-induced hypomethylation, we conducted BSAS using CpG sites that
were significantly impacted within our previous study.!! Raw methylation data are provided
within Tables S5-S7. Based on MethylKit analysis, 34 CpG sites were detected across five
amplicons that were sequenced, and up to 30 sites per treatment were analyzed for
differential methylation relative to DMSO controls. Interestingly, co-exposure to E2 (but not
ciglitazone) significantly decreased the total number of hyper- and hypomethylated CpG
sites induced by TDCIPP (Figure 4A). However, based on methylation differences across
individual CpG sites, co-exposure to E2 or ciglitazone reversed the methylation status of ten
and six out of 13 CpG sites, respectively, that were hypomethylated by TDCIPP (Figure 4B).

TDCIPP and Ciglitazone Modulate Levels of Acetylcarnitine and CDP-Choline

We also determined whether the protective effects of ciglitazone were associated with
changes in the embryonic metabolome, as ciglitazone (a PPARy agonist) is an anti-diabetic
thiazolidinedione that promotes lipid and glucose metabolism. All raw data for non-polar
and polar lipid metabolites are provided within Tables S8 and S9, respectively. While neither
TDCIPP nor ciglitazone affected non-polar metabolites, two polar metabolites
(acetylcarnitine and CDP-choline) were significantly altered following exposure to TDCIPP,
ciglitazone, and TDCIPP + ciglitazone (q<0.05). Whereas a significant increase in the
relative abundance of acetylcarnitine was detected across all treatment exposures (Figure
5A), TDCIPP and ciglitazone significantly decreased and increased, respectively, the relative
abundance of CDP-choline (Figure 5B). Interestingly, co-exposure to TDCIPP and
ciglitazone also resulted in an increase in the relative abundance of CDP-choline compared
to DMSO controls, albeit the levels were lower relative to ciglitazone-alone exposures
(Figure 5B).
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Discussion

Although epiboly is critical for normal dorsoventral patterning and cell fate determination
during early embryogenesis, mechanisms underlying contaminant-induced effects on
epiboly within zebrafish have not been well studied to date. Within this study, using TPHP,
ciglitazone, and E2, we showed that TDCIPP-induced epiboly defects may be directly
associated with effects on the embryonic methylome and metabolome. Similar to TDCIPP,
TPHP is ubiquitous within the indoor environment (often at higher concentrations than
TDCIPP) as well as within human populations.18 Within zebrafish, TPHP is known to
induce cardiotoxicity, an effect that may be mediated by disruption of retinoid acid receptor
signaling.2? Interestingly, TPHP (but not BDCIPP nor DPHP) mitigated TDCIPP-induced
epiboly defects, a finding that was unexpected since TPHP and TDCIPP both induce toxicity
at later developmental stages of zebrafish development.10: 22 Therefore, to investigate the
potential target responsible for the protective effect of TPHP during early embryogenesis,
we relied on the U.S. EPA’s ToxCast data followed by a nuclear receptor ligand screen and
found that ciglitazone (a PPAR-y agonist) and E2 (an ERa agonist) reproducibly mitigated
TDCIPP-induced epiboly defects within both co-exposure and pre-treatment experiments.
Based on these results, we hypothesized that TDCIPP-induced epiboly defects may be
regulated by PPARy and ERa. Interestingly, other PPARy ligands within the library (such
as troglitazone and pioglitazone) or ERa ligands (EE2 and genistein) did not mitigate
epiboly defects, suggesting that the protective effects of E2 and ciglitazone are likely
independent of maternal or zygotic ERa and PPARy. Furthermore, previous studies have
shown that the levels of maternal ERa and PPAR-y transcripts are non-detectable and
negligible, respectively, during the first 6 h of development.24 Overall, these data suggest
that ciglitazone- and E2-mediated mitigation of TDCIPP-induced epiboly defects may not be
driven by activation of ERa and PPARy but, rather, related to an off-target effect that is
common between both compounds. Therefore, we sought to investigate other possible
mechanisms associated with the protective effects of ciglitazone and E2 on TDCIPP-induced
epiboly defects.

Since epibolic abnormalities are often associated with cytoskeletal disruption,8 we sought to
investigate whether TDCIPP, ciglitazone, and/or E2 target this process. However, TDCIPP
did not affect the abundance of yolk sac-localized actin nor B-tubulin /n situat 5 hpf.
Moreover, TDCIPP did not inhibit porcine tubulin polymerization /n vitro, nor affect the
distribution of YSN — an indicator of cytoskeletal disruption 77 vivo.1* Within early
zebrafish development, cell division is reductive, resulting in smaller cell sizes during the
course of development2®; therefore, embryos with delayed development or inhibition of cell
devision will contain higher blastomeric cell areas. Although TDCIPP-exposed, epiboly-
arrested embryos at 5 hpf were phenotypically similar to high-stage control embryos (~3
hpf) based on gross embryo morphology, the average cell area of TDCIPP-exposed embryos
was comparable to time-matched controls (~5 hpf), indicating that, despite inhibition of
epiboly progression, normal cell division continued within the blastomere. Overall, these
data suggest that TDCIPP-induced epiboly defects were likely not associated with direct
impacts on cytoskeletal reorganization or cell division. Therefore, we did not pursue further
investigation with ciglitazone and E2 co-exposures.
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Using restriction enzymes and bisulfite sequencing, our previous studies have shown that
TDCIPP induces genome-wide CpG hypomethylation and delays remethylation during
cleavage.1>20 As this effect immediately precedes a sensitive window (2-3 hpf) for
TDCIPP-induced epiboly defects1?, these data suggest that TDCIPP-induced epiboly defects
may be associated with genome-wide hypomethylation. However, in a follow-up study!1,
co-exposure with folic acid (a methyl donor) did not mitigate TDCIPP-induced CpG
hypomethylation nor epiboly defects even though exposure to folic acid alone resulted in
significant effects on methylation of CpG sites. Based on a subset of CpG sites from our
prior studyl®, we showed here that co-exposure with E2 and ciglitazone mitigated CpG
hypomethylation within TDCIPP-exposed embryos at 2 hpf. Importantly, both co-exposures
reversed TDCIPP-induced hypomethylation of CpG sites within /mo7b, a transcript known
to regulate cytoskeletal reorganization through cell-cell adhesion based on /n vitro models2®
and development of cardiac muscles within zebrafish embryos.2” E2 co-exposure also
mitigated TDCIPP-induced hypomethylation of CpG sites within cenpe, a gene that
regulates microtubular movements.28 Although these target loci represent a small fraction of
genome-wide CpG sites, our results suggest that TDCIPP-induced epiboly defects and the
protective effects of E2 and ciglitazone are likely associated with genome-wide changes in
the embryonic methylome prior to gastrulation.

During early embryogenesis, embryos are lipid-rich due to the presence of yolk sac-
localized lipid droplets that are essential for nutrition and energy prior to commencement of
independent feeding at ~7 d post-fertilization.2%30 Since PPARy-regulated signaling
pathways modulate lipid and glucose metabolism,2? we assessed whether ciglitazone-
mediated mitigation of TDCIPP-induced epiboly defects were driven by alterations to the
embryonic metabolome. Interestingly, while neither TDCIPP nor ciglitazone affected non-
polar metabolites and the majority of polar metabolites — possibly due to a lack of direct
effects on the lipid-rich yolk sac — TDCIPP and ciglitazone (as well as co-exposure to both
compounds) strongly affected the relative abundance of two polar metabolites — CDP-
choline and acetylcarnitine.

CDP-choline is a choline pathway intermediate involved in membrane phospholipid
synthesis and stem cell proliferation.3 Importantly, CDP-choline also serves as a methyl
donor, and dietary choline deficiency induces cytosine hypomethylation within mammalian
models.3! For example, rosiglitazone (a PPARy agonist similar to ciglitazone) inhibits
choline-specific pathways within adult mice32, albeit the role of choline-specific pathways
during early development has not been well studied. Based on the role of CDP-choline as a
methyl donor, the protective effects of ciglitazone against TDCIPP-induced epiboly defects
may be directly associated with the protective effects against TDCIPP-induced
hypomethylation. Acetylcarnitine regulates transport of long-chain fatty acids into the
mitochondria and is protective against verapamil- and ketamine-induced cardiotoxicity in
zebrafish embryos33, Interestingly, zebrafish xav mutants (a model that is deficient in
acetylcarnitine) contain increased levels of PPARy protein during larval stages of
development34, suggesting that PPARy transcription, translation, and activation may
compensate for acetylcarnitine deficiency. However, similar to CDP-choline, to our
knowledge the role of acetylcarnitine in early development has not been studied, particularly
during blastula and gastrula.
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Our exposure regime reflects developmental stages that precede implantation and
downstream development in mammals; furthermore, measurable levels of both TDCIPP and
TPHP have been detected in placental samples that may impact embryos at these stages but
may go undetected due to /in utero development. Within these stages, using an ex utero
developmental model, our data suggest that exposure to mixtures with other OPFRs (such as
TPHP) can alleviate toxic effects of TDCIPP. Using rescue experiments, we showed that
TDCIPP-induced epiboly defects are likely not mediated by disruption of classical
mechanisms that regulate epiboly (e.g., cytoskeletal reorganization) but rather, may be
directly associated with alterations in cytosine methylation and the embryonic metabolome
prior to and during epiboly progression. Finally, we identified methylation dynamics within
target loci (e.g., /mo7b) that may be used to reliably monitor the status of CpG methylation
prior to TDCIPP-induced epiboly defects. Although further studies are needed to study the
role of altered metabolites and specific CpG sites in driving epiboly defects, this study, using
high-content screening as well as /n situ-, in vitro-, mass spectrometry- and sequencing-
based approaches, points to a complex interplay among nuclear receptor ligands, cytosine
methylation, and the metabolome in both the induction and mitigation of epiboly defects
induced by TDCIPP.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
TDCIPP-induced epiboly defects are mitigated by co-exposure (A) and pre-treatment (B)

with TPHP, resulting in a higher percentage of normal embryos at 6 hpf. Each treatment
group consisted of three replicate dishes with 30 live embryos per replicate dish. Bars with
different letters denote statistically significant differences at p<0.05 using a one-way
ANOVA followed by Tukey’s post-hoc test. (C) ToxCast data representing the most potent
assay hits (ACsg < 1 uM) for both TDCIPP and TPHP. NR = nuclear receptors; TRN =
transporters; and CYP = cytochrome.
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Figure 2.
Summary of results from four-tiered screening of 69 nuclear receptor ligands in the presence

or absence of TDCIPP (A). Asterisk (*) denotes that, out of the eight ligands resulting in
>50% normal embryos following co-exposure with TDCIPP, seven ligands were promoted to
Tier 2 since these ligands also resulted in a >140% increase in normal embryos over
corresponding TDCIPP-only treatments. Co-exposures with E2 (B) and ciglitazone (C)
reveal a concentration-dependent mitigation of TDCIPP-induced epiboly defects. Pre-
treatments with ciglitazone and E2 from 0.75-2 hpf followed by exposure to TDCIPP from
2-6 hpf demonstrate that the protective effects or E2 and ciglitazone are still maintained (D),
albeit less potent relative to continuous E2 or ciglitazone exposure from 0.75-6 hpf.
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Figure 3.

W%ole-mount immunohistochemistry reveals that TDCIPP-induced epiboly defects are not
associated with reduced abundance of tubulin (A) and actin (B) within the yolk sac.
Nocodazole and cytochalasin B were used as positive controls for inhibition of tubulin and
actin, respectively. An /n vitro tubulin polymerization assay (N=4 replicate wells per
treatment) reveals that TDCIPP does not inhibit porcine tubulin polymerization (C).
Blastomeric cell area measurements (based on the average of 15 individual cells per
blastomere) reveal no effects on cell size at 5 hpf (D). Representative images from B-tubulin
(E) and phalloidin (F) stained embryos, with white arrows pointing to yolk syncytial nuclei.
Different letters denote statistically significant differences at p<0.05 using a one-way
ANOVA followed by Tukey’s post-hoc test.
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E1 No difference

A Hypermethylated

Il Hypomethylated

Bisulfite amplicon sequencing of five amplicons from 2-hpf embryos exposed to TDCIPP in
the presence or absence of ciglitazone or E2 from 0.75-2 hpf. Methylation status within
treatment groups are relative to time-matched controls (A). Asterisk (*) denotes a

statistically significant difference (based on a Chi Squared test) in the total number of

hypomethylated CpG sites (p<0.05) relative to TDCIPP alone. Complete linkage-based
clustering of methylation differences (relative to time-matched controls) by position for all
CpG sites analyzed; a methylation difference of 1% and g = 0.01 were used as thresholds
within MethylKit (B). All highlighted positions represent statistically significant
hypomethylated CpG sites within the TDCIPP-only treatment (blue = sites localized to
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Imo7b on chromosome 1; green = sites localized to cenpe on chromosome 1; and yellow =
four other hypomethylated sites across three different loci localized to chromosomes 12, 17,
and 18. Methylation status within each treatment were based on four independent replicates
of genomic DNA.
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Figure 5.

+Ciglitazone

Relative abundance of acetylcarnitine (A) and CDP-choline (B) within whole embryos
exposed to TDCIPP in the presence or absence of ciglitazone. Different letters denote
statistically significant differences at p<0.05 using a one-way ANOVA followed by
Bonferroni’s post-hoc test. N = four replicates per treatment.

Environ Sci Technol. Author manuscript; available in PMC 2020 September 03.



	Abstract
	Graphical Abstract
	Introduction
	Methods
	Animals
	Chemicals
	OPFR Co-Exposures
	Nuclear Receptor Ligand Library Screens
	Pre-Treatment Experiments
	Cytoskeletal Staining
	In Vitro Tubulin Polymerization Assay
	Bisulfite Amplicon Sequencing (BSAS)
	Metabolomics

	Results
	TPHP Mitigates TDCIPP-Induced Epiboly Defects
	Nuclear Receptor Ligand Screening Reveals That Ciglitazone and E2 Mitigate TDCIPP-Induced Epiboly Defects
	TDCIPP Does Not Affect Cytoskeletal Abundance within the Yolk Sac nor Cell Size within the Blastomere
	E2 and Ciglitazone Mitigate TDCIPP-Induced CpG Hypomethylation
	TDCIPP and Ciglitazone Modulate Levels of Acetylcarnitine and CDP-Choline

	Discussion
	References
	Figure 1.
	Figure 2.
	Figure 3.
	Figure 4.
	Figure 5.



