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Diphenyl Phosphate-Induced Toxicity During Embryonic
Development

Constance A. Mitchell?, Aalekhya Reddam?, Subham Dasgupta®, Sharon Zhang?*, Heather
M. Stapleton¥, and David C. Volz"T

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

*Division of Environmental Sciences and Policy, Duke University, Durham, North Carolina 27708,
United States

Abstract

Diphenyl phosphate (DPHP) is an aryl phosphate ester (APE) used as an industrial catalyst and
chemical additive and is the primary metabolite of flame retardant APEs, including triphenyl
phosphate (TPHP). Minimal DPHP-specific toxicity studies have been published despite
ubiquitous exposure within human populations following metabolism of TPHP and other APEs.
Therefore, the objective of this study was to determine the potential for DPHP-induced toxicity
during embryonic development. Using zebrafish as a model, we found that DPHP significantly
increased the distance between the sinus venosus and bulbus arteriosis (SV-BA) at 72 h
postfertilization (hpf) following initiation of exposure before and after cardiac looping.
Interestingly, pretreatment with D-mannitol mitigated DPHP-induced effects on SV-BA length
despite the absence of DPHP effects on pericardial area, suggesting that DPHP-induced cardiac
defects are independent of pericardial edema formation. Using mRNA-sequencing, we found that
DPHP disrupts pathways related to mitochondrial function and heme biosynthesis; indeed, DPHP
significantly decreased hemoglobin levels in situ at 72 hpf following exposure from 24 to 72 hpf.
Overall, our findings suggest that, similar to TPHP, DPHP impacts cardiac development, albeit the
potency of DPHP is significantly less than TPHP within developing zebrafish.
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INTRODUCTION

Diphenyl phosphate (DPHP) is an aryl phosphate ester (APE) used as an industrial catalyst
and chemical additive and is the primary metabolite of flame retardant APEs, including
triphenyl phosphate (TPHP).2 TPHP is primarily metabolized to DPHP via cleavage of an
ester bond between the phosphate group and one of three benzene rings.2 Metabolism of
TPHP to DPHP is mediated by cytochrome P450 enzymes within the liver and serum.3
DPHP can also be generated from metabolism of ethylhexyl diphenyl phosphate and
resorcinol bis(diphenylphosphate), both of which are used as APE flame retardants and
plasticizers.#°

Following the phase-out of certain polybrominated diphenyl ethers (PBDES), the use of
APE-based flame retardants (FRs) within the United States has increased in order to
maintain compliance with California-specific flammability standards in a wide range of
consumer products. As a result, TPHP and DPHP have been found within indoor dust, as
both TPHP and DPHP are additive FRs that, similar to PBDEs, migrate out of end-use
products into surrounding environmental media.8 TPHP and DPHP have been detected
within human samples,”* including urine of pregnant women?® and infants,10-12
underscoring the need for generation of developmental toxicity data. Interestingly, higher
concentrations of DPHP have been detected in urine samples collected from women, a
finding that is strongly associated with altered total thyroxine levels!3 and TPHP-induced
disruption of thyroid function within animal- and cell-based systems.14-16

Although a growing body of scientific literature has focused on the potential toxicity of
TPHP, minimal DPHP-specific toxicity studies have been published despite ubiquitous
exposure within human populations following metabolism of TPHP and other APE-based
FRs. One study found that subcutaneous exposure of mice from postnatal days 1-10 to
lower doses of DPHP (2 wg/day) resulted in adverse effects on lipid metabolism, whereas
exposure to higher doses of DPHP (200 wg/day) resulted in a decrease in metabolites related
to pyruvate metabolism and the tricarboxylic acid cycle.1’ Interestingly, this study also
found that 600 mg/kg DPHP was more acutely toxic to mice and rats compared to the same
dose of TPHP. However, within chicken embryonic hepatocyte cultures, TPHP was cytotoxic
at nominal concentrations <10 ¢M whereas DPHP was not cytotoxic at all concentrations
tested (up to 1000 £M).18 While multiple nuclear receptors (e.g., estrogen receptor a.,
peroxisome proliferator-activated receptor -y, and pregnane X receptor) may be potential
TPHP targets, DPHP exhibits limited to no affinity to these same receptors.1® Within
humans, developing embryos will most likely be exposed to both TPHP and DPHP, as adult
pregnant women will metabolize TPHP and other APEs to DPHP. While uptake of these two
compounds into cells and tissues most likely vary based on physicochemical properties, the
potential for human exposure is high since TPHP is ubiquitous within indoor and outdoor
environments such as ambient air. Moreover, TPHP and DPHP likely have different half-
lives and persistence in humans since TPHP is significantly more lipophilic (log Ky =
4.59)20 than DPHP (log Koy = 1.4),2! suggesting that the potential for TPHP and/or DPHP-
induced effects during prenatal development is driven by chemical-specific distribution and
partitioning following ingestion and/or inhalation.
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1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Mitchell et al.

Page 3

As it is currently unknown whether DPHP affects developing embryos, the objective of this
study was to determine the potential for DPHP-induced toxicity during embryonic
development. Using zebrafish as a model, we relied on phenotyping, mRNA-sequencing,
and hemoglobin guantification in situ to determine the potential impacts of DPHP on cardiac
morphogenesis, the embryonic transcriptome, and red blood cell formation, respectively,
following embryonic exposure from 24 to 72 h postfertilization (hpf). Finally, we quantified
embryonic doses of DPHP and TPHP at 30, 48, and 72 hpf following initiation of DPHP
exposure at 24 hpf.

METHODS

Animals.

Chemicals.

Adult wildtype (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-approved animal use protocols
(#20150035 and #20180063) at the University of California, Riverside.

TPHP (99.5% purity) was purchased from ChemService, Inc. (West Chester, PA U.S.A));
DPHP (>99% purity), butafenacil (99.3% purity), and D-mannitol (>98% purity) were
purchased from Millipore Sigma (St. Louis, MO U.S.A.); fenretinide (>99.3% purity) and
HX 531 (>99.8% purity) were purchased from Bio-Techne Corp. (Minneapolis, MN
U.S.A). TPHP, butafenacil, D-mannitol, fenretinide, and HX 531 stock solutions were
prepared by dissolving chemicals in high performance liquid chromatography-grade
dimethyl sulfoxide (DMSO) and stored at room temperature within 2 ml amber glass vials
with polytetrafluoroethylene-lined caps. Working solutions were freshly prepared by spiking
stock solutions into particulate-free water from our recirculating system (pH and
conductivity of ~7.2 and ~950 S, respectively), resulting in 0.1% DMSO within all vehicle
control and treatment groups. Working solutions of DPHP were freshly prepared by adding
neat standard directly to particulate-free water from our recirculating system.

Diphenyl Phosphate Exposures for Phenotyping.

Newly fertilized eggs were collected immediately after spawning and incubated in groups of
approximately 100 per 100 x 15 mm polystyrene Petri dish within a light- and temperature-
controlled incubator until exposure initiation. A working solution of 1000 M DPHP was
freshly prepared as described above and then serially diluted by 2-fold to 500, 250, and 125
1M DPHP. Viable embryos were transferred to 35 x 10 mm polystyrene Petri dishes
containing 1.5 mL of control or treatment solution, resulting in 30 embryos per dish (one
dish per treatment). To identify potential sensitive windows of DPHP-induced toxicity
during pharyngula (24-48 hpf), embryos were exposed to system water alone or DPHP from
24 to 72 hpf, 30 to 72 hpf, or 48 to 72 hpf. All dishes were covered with a plastic lid and
incubated under static conditions at 28 °C under a 14 h/10 h light—dark cycle until exposure
termination. At 72 hpf, embryos were assessed for survival and hatch rate, and these were
thhen fixed in 4% paraformaldehyde in 1x phosphate buffered saline (PBS) overnight at
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4 °C, transferred to 1x PBS, and stored at 4 °C for no longer than one month until whole-
mount immunohistochemistry.

Whole-Mount Immunohistochemistry.

Fixed embryos were labeled with a 1:20 dilution of zn-8 IgG1 (Developmental Studies
Hybridoma Bank, University of lowa) and 1:500 dilution of Alexa Fluor 488-conjugated
goat antimouse 1gG; (Invitrogen) following previously described protocols?3 to visualize
both chambers of the embryonic heart. zn-8-labeled embryos were oriented in right lateral
recumbency and imaged at 4x or 8x magnification using a Leica MZ10 F stereomicroscope
equipped with a GFP filter and DMC2900 camera. Body length, pericardial area, and yolk
sac area were quantified within ImageJ (https://imagej.nih.gov/ij/) using images acquired
under transmitted light. The length between where blood enters the atrium (the sinus
venosus [SV]) and the point where blood leaves the ventricle (the bulbus arteriosis [BA])
was quantified within ImageJ using images derived from zn-8-labeled embryos. A line was
measured from the SV to the BA, as SV-BA length provides a quantitative indicator of heart
tube looping.28

Quantification of Embryonic Doses of DPHP and TPHP.

Fenretinide,

Embryonic doses of DPHP and TPHP were quantified following exposure to DPHP from 24
to 30 hpf, 24 to 48 hpf, and 24 to 72 hpf. Briefly, 24-hpf embryos were transferred to 35 x
10 mm polystyrene Petri dishes (30 embryos per dish; four dishes per treatment), containing
either system water or 1000 ¢M DPHP, and then incubated until 30, 48, or 72 hpf as
described above. For each replicate pool (4 pools per treatment), 30 embryos were placed
into a 2 ml cryovial, immediately snap-frozen in liquid nitrogen, and stored at —80 °C until
analysis. Immediately prior to extraction, samples were spiked with deuterated TPHP (d15-
TPHP) and deuterated DPHP (d10-DPHP). Analytes were extracted and quantified similar to
previously published methods.22 Method detection limits (MDLs) were defined as three
times the standard deviation of lab blanks (if present) or three times the noise. The MDLs
for DPHP and TPHP were 2.75 ng and 2.21 ng, respectively.

HX 531, and Mannitol Pretreatments.

Since TPHP may interact with the retinoic acid receptor/retinoid X receptor (RAR/RXR)
signaling pathway?2-24 in embryonic zebrafish, we tested whether, similar to TPHP,
pretreatment with fenretinide (a pan-RAR agonist) or HX 531 (a pan-RXR antagonist)
mitigates and enhances DPHP-induced cardiotoxicity in zebrafish, respectively. Embryos
(30 embryos per treatment; 1.5 mL of treatment solution per 35 x 10 mm polystyrene Petri
dish; one dish per treatment) were first exposed to vehicle (0.1% DMSO), 2 xM fenretinide,
or 5 uM HX 531 from 24 to 30 hpf as described above. At 30 hpf, embryos were transferred
to clean Petri dishes, rinsed twice with molecular-grade water, and then incubated in 1.5 mL
of either vehicle (0.1% DMSO), 20 xM TPHP, or 1000 M DPHP until 72 hpf; for DPHP
treatments, 100% DMSO was spiked into working solutions to yield a final concentration of
0.1% DMSO. At 72 hpf, survival and hatch rate were recorded, and embryos were fixed and
stained as described above.

Environ Sci Technol. Author manuscript; available in PMC 2020 April 02.


https://imagej.nih.gov/ij/

1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Mitchell et al.

Page 5

D-Mannitol has been previously used to raise the osmolarity of water surrounding
developing zebrafish, leading to a decrease in chemically induced pericardial edema.2>
Therefore, embryos were pretreated with system water or 175 mM D-mannitol from 24 to 30
hpf (30 embryos per treatment; 1.5 mL of treatment solution per 35 x 10 mm polystyrene
Petri dish; one dish per treatment). At 30 hpf, embryos were transferred to clean Petri dishes,
washed twice with moleculargrade water, and treated with vehicle (0.1% DMSO), 20 pM
TPHP, or 1000 ¢M DPHP in the presence or absence of 175 mM D-Mannitol until 72 hpf,
resulting in a total of six treatment groups. At 72 hpf, survival and hatch rate were recorded,
and embryos were fixed and stained as described above.

Hemoglobin Staining.

Zebrafish embryos were exposed to vehicle (0.1% DMSO), DPHP (250, 500, or 1000 M),
or 0.09 M butafenacil (a positive control and potent inducer of anemia in embryonic
zebrafish)2 from 24 to 72, 30 to 72, or 48 to 72 hpf as described above. To quantify
hemoglobin levels within developing embryos, 72-hpf embryos were stained with o-
dianisidine using previously described protocols.26 All embryos were oriented in dorsal
recumbency and imaged against a black background under transmitted light at 3.2x
magnification using a Leica MZ10 F stereomicroscope equipped with a DMC2900 camera.
The intensity of o-dianisidine within the pericardial region was quantified using ImageJ.

MRNA-Sequencing.

To assess potential effects of DPHP on the embryonic transcriptome, embryos were exposed
to system water or 1000 xM DPHP (30 embryos per Petri dish; six Petri dishes per treatment
and time-point) from 24 to 30 hpf or 24 to 48 hpf as described above. At 30 and 48 hpf, two
Petri dishes containing 25 embryos each were pooled into one cryovial and snap-frozen in
liquid nitrogen, resulting in 50 embryos per vial and three replicate cryovials per treatment
per time-point. All samples (12 total) were stored at —80 °C until total RNA extraction.
Embryos were homogenized in 2 ml cryovials using a PowerGen Homogenizer
(ThermoFisher Scientific), and following homogenization, an SV Total RNA Isolation
System (Promega) was used to extract total RNA from each replicate sample following the
manufacturer’s instructions. RNA quantity and quality were confirmed using a Qubit 4.0
Fluorometer (ThermoFisher Scientific) and 2100 Bioanalyzer system (Agilent), respectively.
On the basis of sample-specific Bioanalyzer traces, the RNA Integrity Number (RIN) was >8
for all RNA samples used for library preparations. Libraries were prepared using a Quantseq
3" mRNA-Seq Library Prep Kit FWD (Lexogen), and mRNA-sequencing was performed as
previously described.22

Raw Illumina (fastg.gz) sequencing files (12 files) are available via NCBI’s BioProject
database under BioProject ID PRINA511154, and a summary of sequencing run metrics are
provided in Table S1 (>90% of reads were = Q30 across all runs). All 12 raw and indexed
Illumina (fastq.gz) sequencing files were downloaded from Illumina’s BaseSpace and
uploaded to Bluebee’s genomics analysis platform (www.bluebee.com) to align reads
against zebrafish genome assembly GRCz10. After combining treatment replicate files, a
DESeqz2 application within Bluebee (Lexogen Quantseq DE 1.2) was used to identify
significant treatment-related effects on transcript abundance (relative to controls) based on a
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false discovery rate (FDR) p-adjusted value <0.1. Using DESeq_2-identified transcripts with
a FDR p-adjusted value <0.1, downstream analyses were performed within Qiagen’s
Ingenuity Pathway Analysis (IPA) as previously described.22 In addition, significantly
affected transcripts were imported into the Database for Annotation, Visualization, and
Integrated Discovery (DAVID) v6.8 for Gene Ontology (GO) enrichment analysis.

Statistical Analyses.

RESULTS

For phenotypic measurements (pericardial area, body length, yolk sac area, and SV-BA
length), analytical chemistry, and hemoglobin levels, a general linear model (GLM) analysis
of variance (ANOVA) (a = 0.05) was performed using SPSS Statistics 24, as these data did
not meet the equal variance assumption for non-GLM ANOVAS. Treatments groups were
compared with vehicle controls using pairwise Tukey-based multiple comparisons of least-
squares means to identify significant differences in effects.

Effect of DPHP on SV-BA Length.

Up to the highest concentration tested (1000 zM), DPHP exposure from 24 to 72 hpf, 30 to
72 hpf, or 48 to 72 hpf did not significantly affect hatch rate or survival relative to controls
(Figure S1). However, exposure to 1000 1M DPHP from 24 to 72 hpf, 30 to 72 hpf, or 48 to
72 hpf resulted in a significant increase in SV-BA length (Figure 1) in the absence of
significant, concentration-dependent effects on pericardial area, body length, and yolk sac
area (Figure S2). As adverse DPHP-induced effects on the developing heart could not be
measured nor quantified until 72 hpf (posthatch), we were unable to quantify SV-BA length
and pericardial area at 30 and 48 hpf. However, exposure to 1000 M DPHP from 24 to 30
hpf or 24 to 48 hpf did not affect body length or yolk sac area relative to controls (Figure
S3), suggesting that DPHP exhibited minimal to no toxicity during pharyngula (24-48 hpf).
On the basis of these exposures, a nominal concentration of 1000 ¢M DPHP was selected for
all remaining experiments since this concentration reliably increased SV-BA length relative
to controls.

Embryonic Doses of DPHP and TPHP.

Mean embryonic doses of DPHP following a static 24-30 hpf, 24-48 hpf, and 24-72 hpf
exposure to 1000 xM DPHP were 23139, 57292, and 56553 ng per 30 embryos, respectively,
whereas mean embryonic doses of TPHP within these same treatment groups were below
background levels (Figure 2). Within controls, embryonic doses of DPHP and TPHP were
either at or below background levels (Figure 2).

Effect of Mannitol, Fenretinide, and HX 531 on DPHP-Induced Cardiotoxicity.

Body length and yolk sac area data for all treatment groups are provided within Figure S4,
whereas pericardial area and SV-BA length data for all treatment groups are provided within
Figure 3. Pretreatment with 175 mM D-mannitol from 24 to 30 hpf followed by coexposure
to 1000 ¢M DPHP and 175 mM D-mannitol from 30 to 72 hpf resulted in a significant
decrease in SV-BA length relative to embryos pretreated with system water followed by
exposure to 1000 xM DPHP. Pretreatment with 175 mM D-mannitol from 24 to 30 hpf

Environ Sci Technol. Author manuscript; available in PMC 2020 April 02.
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followed by coexposure to 20 M TPHP and 175 mM D-mannitol from 30 to 72 hpf
significantly decreased pericardial area and SV-BA length relative to TPHP-alone exposures,
whereas pretreatment with 2 £M fenretinide from 24 to 30 hpf followed by exposure to 20
LM TPHP from 30 to 72 hpf significantly decreased pericardial area but not SV-BA length
relative to TPHP-alone exposures. Pretreatment with 2 1M fenretinide or 5 M HX 531 did
not significantly affect DPHP-induced effects on SV-BA length, and pretreatment with 5 zivi
HX 531 did not significantly affect TPHP-induced effects on SV-BA length.

Transcriptional Effects of DPHP at 30 and 48 hpf Following Initiation of Exposure at 24 hpf.

DESeq2 output for 24-30 hpf or 24-48 hpf exposures to 1000 xM DPHP are provided
within Tables S2 and S3, respectively. On the basis of these data, initiation of DPHP
exposure at 24 hpf resulted in an exposure duration-dependent increase in the total number,
magnitude, and statistical significance of affected transcripts relative to controls (Figure 4).
On the basis of the lowest p-adjusted value, the most significantly affected transcripts
following exposure to 1000 M DPHP from 24 to 30 and 30—-48 hpf were an unannotated
mitochonadrial gene and apolijpoprotein A-1a, respectively (Tables S2 and S3).

Following automated identification of human, rat, or mouse homologues within IPA, 50%
(15 out of 30) and 53% (31 out of 59) of statistically significant transcripts within embryos
exposed to 1000 M DPHP for 30 and 48 hpf, respectively, were included in IPA’s Tox
Analysis; the remaining statistically significant transcripts were excluded by IPA’s Tox
Analysis due to the absence of human, rat, and/or mouse orthologs within NCBI’s
HomoloGene database. A complete list of all significantly affected canonical pathways
identified by IPA’s Tox Analysis for 1000 xM DPHP for 30 and 48 hpf are provided within
Tables S4 and S5, respectively. We also used DAVID v6.8 to compare against IPA-predicted
pathways impacted by DPHP (Tables S6 and S7). Unlike IPA, DAVID relies on zebrafish-
specific annotation and, as such, identifies overrepresented GO terms without discarding
statistically significant, DESeq2-identified transcripts. On the basis of UniprotKB
Keywords?” (UP_Keywords), nine and four processes were significantly altered at 30 and 48
hpf, respectively, based on a Fisher’s Exact Test p-value threshold of 0.05 (Figure 4).

For transcripts significantly impacted by DPHP, curated data available within the Zebrafish
Information Network (https://zfin.org/) were queried to identify transcript-specific
chromosome locations (including nuclear or mitochondrial) and wildtype embryonic tissue
localization. Out of 30 transcripts that were significantly altered at 30 hpf, five transcripts
were derived from mitochondrial genes. Indeed, mitochondrial dysfunction and oxidative
phosphorylation pathways (based on IPA) and mitochondrial-specific structures and
processes (mitochondrion inner membrane, mitochondrion, respiratory chain, and electron
transport) (based on DAVID) were significantly altered at 30 hpf. At 48 hpf, mitochondria
dysfunction was an altered pathway based on IPA, although no transcripts were derived from
mitochondrial genes. At 30 and 48 hpf, red blood cell-related terms (iron, heme, and oxygen
transport based on DAVID) and pathways (iron homeostasis signaling pathway based on
IPA) were significantly altered.

Environ Sci Technol. Author manuscript; available in PMC 2020 April 02.
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Effect of DPHP on Hemoglobin Levels.

As expected, butafenacil induced anemia following exposure from 24 to 72 hpf or 30 to 72
hpf, whereas exposures initiated at 48 hpf did not result in adverse effects on hemoglobin
levels at 72 hpf (Figure 5). Exposure to 1000 (/M DPHP from 24 to 72 hpf resulted in
significantly decreased hemoglobin levels compared to negative controls, whereas initiation
of exposure to 1000 M DPHP at 30 and 48 hpf, as well as exposure to 250 or 500 Vi
DPHP from 24 to 30 hpf, 24 to 48 hpf, or 24 to 72 hpf, did not significantly affect
hemoglobin levels (Figure 5).

DISCUSSION

Within this study, we found that exposure to high concentrations of DPHP (1000 M)
blocked cardiac looping and increased SV-BA length in the absence of effects on survival,
hatch rate, and gross morphology (body length, pericardial area, and yolk sac area). There is
a possibility that, at concentrations higher than 1000 M, DPHP may adversely affect
survival, hatch rate, and/or growth. However, the potency and toxicity of DPHP within
developing zebrafish embryos was minimal even at the highest nominal concentration tested
(1000 £M). In addition to TPHP,22:24:32 compounds such as 2,3,7,8-tetrachlorodibenzo- -
dioxin (TCDD),28 triadimefon,2? and propranolol3 also block cardiac looping and increase
SV-BA length within developing zebrafish embryos. TCDD induces developmental toxicity
via the aryl hydrocarbon receptor pathway,3! whereas triadimefon alters Ca2* signaling,2°
and propranolol is a B-adrenergic receptor antagonist.3® Therefore, structurally diverse
compounds with varying mechanisms of action have the potential to block cardiac looping in
developing zebrafish embryos, suggesting that there may be common pathways and/or
processes that underlie chemically induced cardiotoxicity during development.

The embryonic dose of DPHP following exposure from 24 to 72 hpf was 56553 ng per 30
embryos. As there was 375000 ng of DPHP within 1.5 mL of 1000 M DPHP solution,
approximately 15% percent of available DPHP was detected within whole embryo
homogenates even though DPHP has a log K= 1.4. In contrast, based on data available
within Mitchell et al. (2018),22 approximately 6% percent of available TPHP (log Kgy =
4.59) was detected within whole embryo homogenates following exposure to 20 xM TPHP
from 24 to 72 hpf. Therefore, while the embryonic dose of DPHP within this study was
significantly Aigherthan the embryonic dose of TPHP in our prior study, the toxicity of
DPHP was significantly /owerthan TPHP despite minor differences in chemical structure
(e.g., two vs three benzene rings within DPHP vs TPHP, respectively).

Our lab and others have shown that exposure of developing zebrafish to TPHP prior to
cardiac looping results in heart defects and pericardial edema.?2:24:32.33 TPHP-induced
edema may be due to decreased water export, and other organs may be affected if TPHP
disrupts proper kidney development or impairs glomerular function.28 Therefore, TPHP
might affect electrolyte/solute reabsorption and/or disturbing osmotic balance both of which
may lead to pericardial edema. Interestingly, D-mannitol decreased TPHP-induced
pericardial edema and SV-BA length relative to TPHP alone, suggesting that TPHP-induced
pericardial edema may be leading to cardiotoxicity. However, D-mannitol also mitigated
DPHP-induced effects on SV-BA length (relative to controls) despite the absence of DPHP
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effects on pericardial area. While there is a possibility that D-mannitol may have decreased
DPHP or TPHP uptake into the embryo, our prior studies have demonstrated that coexposure
to TPHP in the presence of BMS493, fenretinide, or ciglitazone does not affect TPHP uptake
within developing zebrafish embryos.22:24 Moreover, mannitol has been previously used to
mitigate TCDD-induced pericardial edema within developing zebrafish embryos2°28 and, to
our knowledge, there is no evidence in the published literature to suggest that mannitol
interacts with other organic chemicals within solution. Alternatively, our data suggest that
DPHP-induced cardiac defects may be independent of edema formation and, rather, a result
of toxicity to other tissues and/ or organs within the developing embryo. For example, other
studies in zebrafish have suggested that adverse effects of chemical exposure on the
developing heart may be mediated by direct injury to the liver, as was previously observed
with naproxen.34

The pericardial area has been widely used as a biomarker of cardiotoxicity with embryonic
zebrafish.22:2432 \We previously reported that fenretinide (a pan-RAR agonist) blocked
TPHP-induced pericardial edema.22 However, despite blocking edema formation, within this
study, we found that fenretinide was unable to mitigate DPHP-and TPHP-induced effects on
SV-BA length. Similarly, exposure of zebrafish embryos to ethanol results in pericardial
edema a phenotype that was mitigated by coexposing with all-trans retinoic acid.3%:36
Therefore, RAR/RXR signaling may play a role in water export within the pericardial
region, resulting in decreased TPHP-induced pericardial edema with sustained cardiac
looping defects. Contrary to TPHP, pretreatment with fenretinide or HX 531 (a pan-RXR
antagonist) did not mitigate or enhance DPHP-induced toxicity, suggesting that DPHP-
induced cardiotoxicity is not mediated via RAR/RXR signaling.

On the basis of a targeted gene expression panel using chicken embryonic hepatocyte
cultures, DPHP exposure significantly altered transcripts related to Phase | or 11 metabolism,
glucose/fatty acid metabolism, lipid/cholesterol metabolism, thyroid hormone pathway, and
farnesoid X receptor/liver X receptor signaling.18 However, to our knowledge, no previous
studies have evaluated the potential effect of DPHP on the transcriptome within any model
system. On the basis of MRNA-sequencing, the most affected processes and pathways
within embryonic zebrafish were specific to red blood cells and mitochondria. Indeed, 1000
LM DPHP significantly decreased hemoglobin levels following exposure from 24 to 72 hpf
(but not 30—72 hpf or 48—72 hpf or after circulation commences), suggesting that
transcriptional profiling at 30 and 48 hpf predicted downstream impacts on red blood cell
abundance at 72 hpf. Since we did not quantify the potential for DPHP to affect
mitochondrial structure and/or function within this study, follow up studies are needed to
determine if DPHP targets mitochondria during embryonic development.

Our data are consistent with other studies demonstrating that DPHP is less cytotoxic than
TPHP in vitro. For example, the U.S. Environmental Protection Agency’s ToxCast data
(based on cell-free and cell-based systems) show that out of 882 assays, 113 were identified
as active hits (12.8%) for TPHP whereas out of 316 assays, only three were identified as
active hits (0.95%) for DPHP.37 However, even though TPHP is more potent than DPHP, in
utero exposure to TPHP within the general human population is likely minimal since TPHP
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is rapidly metabolized to DPHP within mammals,2 DPHP is hydrophilic, and DPHP will
likely be rapidly excreted via urine within pregnant women.

To our knowledge, this is one of the first studies to investigate the potential of DPHP-
induced effects on early embryonic development. Collectively, our data suggest that high
concentrations of DPHP (1000 M) induce cardiotoxicity and hemotoxicity during
embryonic development within zebrafish, possibly via mitochondria dysfunction,
hepatoxicity, and/or renal toxicity. Interestingly, adverse effects of DPHP on the embryonic
transcriptome at 30 and 48 hpf preceded detectable, downstream effects on cardiac
development and red blood cell formation phenotypes that may have been driven by
mitochondrial dysfunction earlier in development. If persistent, these cardiac and circulatory
defects may inhibit proper larval or adult growth, survival, and reproduction. Finally, our
data suggest that the potential risk of TPHP in utero may be minimal, as TPHP is rapidly
metabolized to DPHP in mammals and DPHP is significantly less potent than TPHP in
zebrafish as well as cell-free and cell-based systems. However, our findings suggest that
future studies are needed to better understand the potential of DPHP to impair mitochondrial
function as well as induce renal toxicity, hepatoxicity, and hemotoxicity within model
systems that are more relevant to humans.
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Figurel.
Effect of DPHP on SV-BA length. Mean SV-BA length (xstandard deviation) for 72-hpf

embryos following exposure from (A) 24 to 72 hpf, (B) 30 to 72 hpf, and (C) 48 to 72 hpf to
DPHP (125-1000 /M). Asterisk (*) denotes significant treatment (p < 0.05) relative to
controls.
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Embryonic doses of DPHP. Mean (xstandard deviation) dose (ng) of DPHP detected in
homogenates of 30 whole embryos exposed to system water or 1000 /M DPHP from 24 to
30 hpf, 24 to 48 hpf, or 24 to 72 hpf. TPHP doses were at or below background levels across
all treatment groups.
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denotes significant treatment effect (p < 0.05) relative to vehicle controls (0.1% DMSO),
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whereas single cross (T) denotes significant coexposure effect (o < 0.05) relative to embryos
exposed to TPHP or DPHP alone.
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Figure 4.
Transcriptional effects of DPHP at 30 and 48 hpf. Volcano plots showing the number of

significantly different transcripts (red circles) following exposure to 1000 ;M DPHP from
24 to 30 hpf (A) or 24-48 hpf (B); log,-transformed fold change is plotted on the x-axis and
logqg-transformed p-adjusted value is plotted on the y~axis. DAVID-based (UP_Keyword)
processes (C) and IPA-based (canonical) pathways (D) affected by DPHP were identified
using a Fisher’s exact p-value < 0.05.
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Figure5.

Efgfect of DPHP on hemoglobin levels. Mean stained area of hemoglobin (+standard
deviation) within 72-hpf embryos exposed to vehicle (0.1% DMSO), DPHP (250, 500, or
1000 M), or 0.09 xM butafenacil (positive control) from 24 to 72 hpf (A), 30 to 72 hpf (B),
or 48 to 72 hpf (C). Asterisk (*) denotes significant treatment effect (o < 0.05) relative to
vehicle controls (0.1% DMSO).
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