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ABSTRACT

Triphenyl phosphate (TPHP) is a commonly used organophosphate flame retardant and plasticizer in the United States.
Using zebrafish as a model, the overall objective of this study was to identify potential organs that might be targeted by
TPHP during embryonic development. Based on mRNA-sequencing, TPHP exposure from 24 to 30 h post fertilization (hpf)
and 24 to 48 hpf significantly affected the abundance of 305 and 274 transcripts, respectively, relative to vehicle (0.1% DMSO)
controls. In addition to minor effects on cardiotoxicity- and nephrotoxicity-related pathways, ingenuity pathway analysis
(IPA) of significantly affected transcripts within 30- and 48-hpf embryos revealed that hepatotoxicity-related pathways were
strongly affected following exposure to TPHP-alone. Moreover, although pretreatment with fenretinide (a retinoic acid
receptor agonist) mitigated TPHP-induced pericardial edema and liver enlargement at 72 and 128 hpf, respectively, IPA
revealed that fenretinide was unable to block TPHP-induced effects on cardiotoxicity-, nephrotoxicity-, and hepatotoxicity-
related pathways at 48 hpf, suggesting that TPHP-induced effects on the transcriptome were not associated with toxicity
later in development. In addition, based on Oil Red O staining, we found that exposure to TPHP nearly abolished neutral
lipids from the embryonic head and trunk and, based on metabolomics, significantly decreased the total abundance of
metabolites—including betaine, a known osmoprotectant—at 48 and 72 hpf. Overall, our data suggest that, in addition to
the heart, TPHP exposure during early development results in adverse effects on the liver, lipid utilization, and

osmoregulation within embryonic zebrafish.
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Triphenyl phosphate (TPHP) is an unsubstituted aryl phosphate
ester that is widely used as an additive flame retardant and
plasticizer (van der Veen and de Boer, 2012). Within the built en-
vironment, TPHP migrates out of end-use products via leaching
and volatilization, resulting in accumulation within indoor dust
(Stapleton et al., 2009). As such, TPHP is ubiquitous within in-
door dust samples around the world, where concentrations
ranging from 0.24 to 1789000ng/g have been detected within
indoor dust samples in the United States, Australia, Egypt,
Canada, Germany, Finland, Kazakhstan, United Kingdom, and
China (Harrad et al, 2016; Khairy and Lohmann, 2019;

Rantakokko et al., 2019; Stapleton et al., 2009; Sun et al., 2019).
Due to the presence of TPHP within indoor dust, humans are ex-
posed to TPHP through ingestion, inhalation, and dermal ab-
sorption, resulting in frequent detection of the primary
metabolite of TPHP—diphenyl phosphate (DPHP)—in urine,
blood serum, breast milk, and placental tissue (Ding et al., 2016;
He et al., 2018; Kim et al., 2014; Ospina et al., 2018; Sun et al.,
2018).

Prior studies conducted in vitro have shown that TPHP indu-
ces cytotoxicity in chicken embryonic hepatocytes (Su et al.,
2014), and induces intracellular reactive oxygen species
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generation, apoptosis, and cell cycle arrest in HepG2 cells (An
et al., 2018). Within invertebrates, TPHP disrupts the metabo-
lome in both earthworms and freshwater algae, leading to
downstream effects on membrane integrity (Wang et al., 2018,
2019b). TPHP also disrupts lipid metabolism through inhibition
of carboxylesterase, resulting in an increase in body weight,
liver weight, and hepatic steatosis in male mice (Morris et al.,
2014; Wang et al.,, 2019a). In aquatic vertebrates, TPHP induces
neurotoxicity in Chinese rare minnows and reproductive toxic-
ity in Japanese medaka (Hong et al., 2018; Li et al., 2018), and, in
zebrafish, induces thyroid endocrine disruption, developmental
neurotoxicity, ocular toxicity, and hepatotoxicity (Du et al., 2016;
Jarema et al., 2015; Kim et al., 2015; Liu et al., 2016; Shi et al., 2018,
2019).

Our prior studies have shown that exposure of developing
zebrafish embryos to TPHP reliably induces cardiotoxicity and
pericardial edema in a concentration-dependent manner (Isales
et al., 2015; McGee et al.,, 2013; Mitchell et al., 2018). Although
TPHP-induced cardiotoxicity is independent of the aryl hydro-
carbon receptor (McGee et al., 2013), TPHP-cardiotoxicity is
enhanced in the presence of nontoxic concentrations of a pan-
retinoic acid receptor (RAR) antagonist (BMS493) (Isales et al.,
2015) and mitigated by pretreatment with nontoxic concentra-
tions of a pan-RAR agonist (fenretinide) (Mitchell et al., 2018),
suggesting that RAR may be involved in mediating the effects of
TPHP within developing zebrafish embryos. Retinoic acid signal-
ing regulates development and differentiation of many tissues,
organs, and processes within zebrafish, including but not lim-
ited to hindbrain patterning, heart morphogenesis, lipid abun-
dance, and kidney/liver development (Begemann et al., 2004;
Samarut et al., 2015; Stafford and Prince, 2002; Stainier and
Fishman, 1992; Wingert et al., 2007; Yutzey and Bader, 1995).
Therefore, in addition to the heart, RAR-mediated TPHP toxicity
may be impacting other organs in the zebrafish embryo.

Using zebrafish as a model, the overall objective of this study
was to identify other potential organs that might be targeted by
TPHP during embryonic development. To accomplish this objec-
tive, we relied on whole-embryo exposures and a combination
of mRNA-sequencing, phenotypic assessments, neutral lipid
staining, and metabolomics to test the hypothesis that TPHP
interferes with normal development of other organ systems—
effects that, similar to our findings with the heart, may be miti-
gated by pretreatment with an RAR agonist (fenretinide).

MATERIALS AND METHODS

Animals. Adult wildtype (5D) zebrafish were maintained and
bred on a recirculating system using previously described proce-
dures (Mitchell et al., 2018). Adult breeders were handled and
treated in accordance with Institutional Animal Care and Use
Committee-approved animal use protocol (No. 20150035 and
No. 20180063) at the University of California, Riverside.

Chemicals. TPHP (99.5% purity) was purchased from ChemService,
Inc (West Chester, Pennsylvania), whereas fenretinide (>99.3%
purity) was purchased from Tocris Bioscience (Bristol, United
Kingdom). All stock solutions were prepared by dissolving chemi-
cals in high performance liquid chromatography-grade dimethyl
sulfoxide (DMSO). TPHP and fenretinide were stored at room tem-
perature and 4°C, respectively, in 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
approximately 7.2 and 950pS, respectively), resulting in 0.1%

DMSO within all vehicle control and treatment groups. Tricaine
methanesulfonate (MS-222) (Western Chemical, Inc, Ferndale,
Washington) solutions were freshly made by dissolving MS-222
into particulate-free water from our recirculating system.
Propylene glycol (>99.5% purity) and Oil Red O (>75% dye con-
tent) were purchased from Fisher Scientific (Hampton, New
Hampshire) and Sigma-Aldrich (St Louis, Missouri), respectively.

Phenotypic assessments. Newly fertilized eggs were collected im-
mediately following spawning and incubated in groups of ap-
proximately 100 per 100 x 15 mm polystyrene petri dish within a
light- and temperature-controlled incubator until 24 h post fer-
tilization (hpf). Viable embryos were transferred to 100 x 15 mm
polystyrene petri dishes containing 10 ml of either vehicle (0.1%
DMSO) or 10 uM TPHP, resulting in 30 initial embryos per dish (3
dishes per treatment). All dishes were then covered with a plas-
tic lid and incubated under static conditions at 28°C under a
14:10-h light-dark cycle until either 30, 48, or 72hpf.
Supplementary Figure 1 provides an overview of exposure sce-
narios used for all experiments throughout this study.

At 30, 48, or 72 hpf, embryos were removed from the incuba-
tor and anesthetized with 100 mg/l1 MS-222 by adding 5ml of
300mg/l MS-222 to each petri dish; 30-hpf embryos were
dechorionated by incubating in 0.3mg/ml pronase for 10 min.
Surviving embryos (>80% survival across all treatment groups)
were then transferred to black 384-well microplates with 0.17-
mm glass-bottom wells (Matrical Bioscience, Spokane,
Washington), and each plate was centrifuged at 200rpm for
3min to orient hatched embryos in right or left lateral recum-
bency. Embryos were then imaged under transmitted light us-
ing automated image acquisition protocols and parameters
previously optimized for our ImageXpress Micro XLS Widefield
High-Content Screening System (Molecular Devices, Sunnyvale,
California) (Yozzo et al., 2013). Following image acquisition, em-
bryos were then euthanized by placing the plate at 4°C for
30min. Body length (um) and pericardial area (um?) were quan-
tified within MetaXpress 6.0.3.1658 (Molecular Devices) using
previously described protocols (Yozzo et al., 2013).

To identify potential effects of TPHP on liver morphology,
embryos (30 per dish; 3 dishes per treatment) were exposed to
either vehicle (0.1% DMSO) or 5 uM TPHP from 30 to 72 hpf as de-
scribed above, and then transferred to system water from 72 to
128 hpf (Supplementary Figure 1). As exposure to 10 uM TPHP
from 30 to 72hpf resulted in significant mortality at 128 hpf
(< 50% survival), we relied on 5uM TPHP as the maximum toler-
ated concentration in the absence of significant mortality
(>80% survival) for liver morphology assessments. At 128 hpf,
all embryos were fixed overnight in 4% paraformaldehyde,
transferred to 1x phosphate buffer solution (PBS), oriented in
right lateral recumbency, and imaged under transmitted light at
x3.2 magnification using a Leica MZ10 F stereomicroscope
equipped with a DMC2900 camera. Liver area (um?) was then
quantified within Image].

Fenretinide pretreatments. Embryos were pretreated with 10ml of
vehicle (0.1% DMSO) or 2 uM fenretinide from 24 to 30 hpf as de-
scribed above, and then transferred to clean petri dishes and ex-
posed to 10 ml of vehicle (0.1% DMSO) or 10 uM TPHP from 30 to
48 hpf or 30 to 72 hpf as described above (Supplementary Figure
1). Procedures for phenotypic assessments were identical to
those described above.

mMRNA-sequencing. To assess the potential effects of TPHP on the
embryonic transcriptome at 30 and 48 hpf (experiment no. 1),
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24-hpf embryos (30 embryos per petri dish; 6 petri dishes per
treatment) were exposed to 10ml of vehicle (0.1% DMSO) or
10 uM TPHP as described above (Supplementary Figure 1). At 30
and 48hpf, 2 petri dishes containing up to 30 embryos each
were pooled into one 2-ml cryovial and snap-frozen in liquid ni-
trogen, resulting in up to 60 embryos per vial and 3 replicate 2-
ml cryovials per treatment per time-point. To determine
whether fenretinide pretreatment mitigated TPHP-induced
effects on the embryonic transcriptome at 48 hpf (experiment
no. 2), 24-hpf embryos (30 embryos per petri dish; 6 petri dishes
per treatment) were pretreated with 10ml of vehicle (0.1%
DMSO) or 2uM fenretinide from 24 to 30hpf, and then trans-
ferred to clean petri dishes and exposed to 10 ml of vehicle (0.1%
DMSO) or 10 uM TPHP from 30 to 48 hpf as described above. At
48hpf, 2 petri dishes containing up to 30 embryos each were
pooled into one 2-ml cryovial and snap-frozen in liquid nitro-
gen, resulting in up to 60 embryos per vial and 3 replicate 2-ml
cryovials per treatment per time-point. All samples (24 total)
were stored at —80°C until total RNA extraction.

Embryos were homogenized in 2-ml cryovials using a
PowerGen Homogenizer (ThermoFisher Scientific, Waltham,
Massachusetts), resulting in a total of 24 samples. Following ho-
mogenization, an SV Total RNA Isolation System (Promega,
Madison, Wisconsin) 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, Santa Clara, California), respectively. Based on
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, Vienna, Austria) and indexed by treat-
ment replicate following the manufacturer’s instructions.
Library quality and quantity were confirmed using a Qubit 4.0
Fluorometer and 2100 Bioanalyzer system, respectively.
Libraries were then pooled by experiment number, diluted to a
concentration of 1.3pM (with 1% PhiX control), and single-read
(1X75) sequenced on our Illumina MiniSeq Sequencing System
(San Diego, California) using 3 separate 75-cycle High-Output
Reagent Kits (2 replicate kits for experiment no. 1; 1 kit for ex-
periment no. 2).

All sequencing data were uploaded to Illumina’s BaseSpace
in real-time for downstream analysis of quality control. Raw
Mlumina (fastq.gz) sequencing files (36 files) are available via
NCBI's BioProject database under BioProject ID PRJNA529921,
and a summary of sequencing run metrics are provided in
Supplementary Tables 1, 4, and 11 (>83% of reads were >Q30
across all runs). All 36 raw and indexed Illumina (fastq.gz) se-
quencing files were downloaded from BaseSpace and uploaded
to Bluebee’s genomics analysis platform to align reads against
zebrafish genome assembly GRCz10. After combining treatment
replicate files, a DESeq2 application within Bluebee (Lexogen
Quantseq DE 1.2) was used to identify significant treatment-
related effects on transcript abundance (relative to vehicle con-
trols) based on a false discovery rate (FDR) p-adjusted value
<.01. Using DESeq2-identified transcripts with a FDR p-adjusted
value <.01, downstream analyses were run using Qiagen’s
ingenuity pathway analysis (IPA) (Germantown, Maryland).
Statistically significant transcripts were uploaded to IPA, and
human, rat, and mouse homologs were automatically identified
within IPA using NCBI's HomoloGene. A Tox Analysis was then
performed using a Fisher’s Exact Test p-value threshold of .05 as
the basis for identifying statistically significant pathways; the
algorithm considered both direct and indirect relationships

REDDAMETAL. | 53

using Ingenuity Knowledge Base (genes only) as the reference
set. In addition, for experiment no. 2, significantly affected tran-
scripts were imported into the Database for Annotation,
Visualization and Integrated Discovery (DAVID) v6.8 for Gene
Ontology (GO) enrichment analysis, using a count of 2 and an
EASE of 1.

Oil Red O staining. Embryos were exposed to either vehicle (0.1%
DMSO) or TPHP (2.5, 5, or 10 uM) from 24 to 72 hpf as described
above. In addition, embryos were pretreated with 2 uM fenreti-
nide and then exposed to 10uM TPHP as described above
(Supplementary Figure 1). At 72hpf, embryos were fixed in 4%
paraformaldehyde for 24h and then transferred to 1x PBS.
Fixed embryos were stained with Oil Red O using previously de-
scribed protocols (Passeri et al., 2009). Briefly, whole fixed em-
bryos were infiltrated with a graded series of propylene glycol
and then stained with 0.5% Oil Red O in 100% propylene glycol
overnight. Stained embryos were washed with decreasing con-
centrations of propylene glycol, rinsed several times with 1x
PBS, and then stored in 1x PBS at 4°C. Stained embryos were im-
aged using under transmitted light at x4 magnification using a
Leica MZ10 F stereomicroscope equipped with a DMC2900 cam-
era. Mean color intensity within stained embryos was quanti-
fied using the mean gray value within Image]J.

Untargeted metabolomics. Embryos (30 embryos per petri dish; 3
petri dishes per treatment) were exposed to 10ml of vehicle
(0.1% DMSO) or 10 uM TPHP from 24 to 48 hpf or 24 to 72 hpf as
described above (Supplementary Figure 1). At 48 and 72 hpf, em-
bryos from replicate dishes were transferred to 1.5-ml micro-
centrifuge tubes, snap-frozen in liquid nitrogen, and stored at
—80°C until extractions. For all extractions, 500 ul of ice-cold sol-
vent (30:30:20:20 MeOH:ACN:IPA:water) was added to each tube,
and tubes were then sonicated for 15min, vortexed for 15 min,
sonicated for 15min, and centrifuged at 16000 x g at 4°C for
15min. The supernatant was then transferred to glass HPLC
vials for LC-MS analysis.

LC-MS was performed on a Synapt G2-Si quadrupole time-
of-flight mass spectrometer (Waters, Milford, Massachusetts)
coupled to a I-class UPLC system (Waters). Separations were
carried out on a CSH C18 column (2.1x100mm, 1.7pM)
(Waters). The mobile phases were (A) 60:40 acetonitrile:water
with 10mM ammonium formate and 0.1% formic acid, and (B)
90:10 isopropanol:acetonitrile with 10 mM ammonium formate
and 0.1% formic acid. The flow rate was 350 ul/min and the col-
umn was held at 50°C. The injection volume was 4 pl. The fol-
lowing gradient program (with respect to mobile phase B) was
used: O0min, 10% B; 1min, 10% B; 3min, 20% B; 5min, 40% B;
16 min, 80% B; 18 min, 99% B; 20min 99% B; 20.5min, 10% B.
Prior to LC-MS analysis, samples were diluted 20-fold to prevent
detector saturation. The MS was operated in positive ion mode
(50-1200 m/z) with a 100-ms scan time. Source and desolvation
temperatures were 120°C and 500°C, respectively. Desolvation
and cone gas were set to 1000 and 1501/h, respectively. All gases
were (generated by pooling equal aliquots of each sample) was
analyzed every 4-5 injections to monitor system stability and
performance. Samples were analyzed in random order. Leucine
enkephalin was infused and used for mass correction.

Untargeted data processing (peak picking, alignment, decon-
volution, integration, normalization, and spectral matching)
was performed in Progenesis Qi software (Nonlinear Dynamics,
Durham, North Carolina). Data were normalized to total ion
abundance. Features with a CV greater than 20% or with an av-
erage abundance less than 200 in the quality control injections
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Figure 1. Representative images (A), mean body length (+ standard deviation) (B), and mean pericardial area (+ standard deviation) (C) of 30-, 48-, and 72-hpf embryos
treated with either vehicle (0.1% DMSO) or 10 uM TPHP (triphenyl phosphate) from 24 to 30 hpf, 24 to 48 hpf, or 24 to 72 hpf. Asterisk (*) denotes p < .05.

were removed (Dunn et al., 2011). To help identify features that
belong to a single metabolite, features were assigned a cluster
ID using RAMClust (Broeckling et al., 2014). An extension of the
metabolomics standard initiative guidelines was used to assign
annotation level confidence (Schymanski et al.,, 2014; Sumner
et al., 2007). Several MS/MS metabolite databases were searched
against including Metlin, Mass Bank of North America,
Lipidblast, and an in-house database.

Liver histology. To identify potential effects of TPHP on hepatic
tissue with or without fenretinide pretreatment, embryos were
(1) pretreated with 10 ml of vehicle (0.1% DMSO) or 2 uM fenreti-
nide from 24 to 30hpf as described above; (2) transferred to
clean petri dishes and exposed to 10 ml of vehicle (0.1% DMSO)
or 5 uM TPHP from 30 to 72 hpf and; (3) transferred to system wa-
ter from 72 to 128 hpf (Supplementary Figure 1). At 128 hpf, em-
bryos were fixed overnight in 4% paraformaldehyde, transferred
to 1x PBS, and immediately shipped to HistoWiz Inc (Brooklyn,
New York) for histology procedures. Samples were then ori-
ented in right lateral recumbency, paraffin-embedded, and
4-pm thick-step sections through the whole body were mounted
on glass slides and stained with hematoxylin and eosin (H&E).
After staining, sections were dehydrated and film cover-slipped
using a Tissue-Tek Prisma and Coverslipper (Sakura Finetek
USA, Inc, Torrance, California). Whole-slide scanning was per-
formed on an Aperio AT2 (Leica Biosystems, Wetzlar, Germany)
using a 40x objective, and digital slides were transferred from
HistoWiz to our lab for qualitative assessments.

Statistical analyses. For all phenotypic data, a general linear model
(GLM) analysis of variance (ANOVA) (a=.05) was performed using

SPSS Statistics 24, as these data did not meet the equal variance
assumption for non-GLM ANOVAs. Treatment groups were com-
pared with vehicle controls using pairwise Tukey-based multiple
comparisons of least square means to identify significant differen-
ces. For metabolomics data, Q values were generated by perform-
ing the Benjamini-Hochberg correction of p-values generated from
an ANOVA in R using the aov function. Z-scores were calculated
by subtracting mean relative abundance values for each treatment
group from individual replicate relative abundance values, and
then dividing this number by the standard deviation for each treat-
ment group.

RESULTS

mMRNA-sequencing Reveals That TPHP Exposure Affects Transcripts
Associated With Cardiotoxicity-, Hepatotoxicity-, and
Nephrotoxicity-related Pathways
Our previous studies demonstrated that exposure to 5, 10, and
20 uM TPHP from 24 to 72 hpf reliably induced pericardial edema
in zebrafish embryos (Mitchell et al., 2018). Therefore, we se-
lected 10 uM TPHP as an optimal concentration for the majority
of exposures and pretreatment experiments. Relative to vehicle
controls, initiation of exposure to 10 uM TPHP at 24 hpf resulted
in (1) a significant decrease in body length at 48 and 72 hpf (but
not 30 hpf) (Figs. 1A and 1B) and (2) a significant increase in peri-
cardial area at 72 hpf (but not 48 hpf) (Figs. 1A and 1C).
Individual raw DESeq2 outputs following exposure to 10 pM
TPHP from 24 to 30hpf and 24 to 48hpf are provided within
Supplementary Tables 2, 3, 5, and 6 for sequencing replicates
nos. 1 and 2, respectively. Combined raw DESeq2 outputs for
exposures from 24 to 30 hpf and 24 to 48 hpf are provided within
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Figure 2. Volcano plots showing the number of significantly different transcripts
(dark circles) following treatment with 10 uM TPHP (triphenyl phosphate) from 24
to 30 hpf (A) or 24 to 48 hpf (B) relative to vehicle (0.1% DMSO) controls. Log,-trans-
formed fold change is plotted on the x-axis and log;c-transformed p-adjusted value
is plotted on the y-axis. Transcripts associated with cardiotoxicity-, hepatotoxic-
ity-, and nephrotoxicity-related pathways were identified by ingenuity pathway
analysis’s (IPA’s) toxicity analysis using a Fisher’s Exact p-value of <.05 (C).

Supplementary Tables 7 and 8, respectively. Following exposure
from 24 to 30hpf, TPHP exposure resulted in a significant de-
crease and increase in the abundance of 213 and 92 transcripts
(305 total), respectively, at 30hpf (Figure 2A). Following expo-
sure from 24 to 48 hpf, TPHP exposure resulted in a significant
decrease and increase in the abundance of 73 and 201 tran-
scripts (274 total), respectively, at 48 hpf (Figure 2B).

Statistically significant transcripts with human, rat, or
mouse homologs were included within IPA’s Tox Analysis.
Approximately 50% of statistically significant transcripts were
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Figure 3. Mean body length (+ standard deviation) (A) and mean pericardial
area (+ standard deviation) (B) of embryos pretreated with either vehicle (0.1%
DMSO) or 2 uM fenretinide (Fen) from 24 to 30 hpf and then treated with vehicle
(0.1% DMSO) or 10 uM TPHP (triphenyl phosphate) from 30 to 48 hpf (A) or 30 to
72hpf (A, B). Asterisk (*) denotes p < .05.

included in IPA’s Tox Analysis; the remaining statistically sig-
nificant 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 list of significantly affected
pathways identified by IPA’s Tox Analysis for 24-30 hpf and 24—
48 hpf are provided within Supplementary Tables 9 and 10, re-
spectively. Based on this analysis, pathways associated with
cardiotoxicity-, hepatotoxicity-, and nephrotoxicity-related
pathways were significantly affected, where the abundance of
transcripts associated with hepatotoxicity was > 5-fold higher
than the abundance of transcripts associated with cardiotoxic-
ity and nephrotoxicity pathways (Figure 2C).

Pretreatment With Fenretinide Does Not Mitigate TPHP-induced
Effects on Cardiotoxicity-, Hepatotoxicity-, and Nephrotoxicity-
related Pathways

Our previous studies demonstrated that pretreatment with 2 uM
fenretinide reliably blocked pericardial edema (but not body
length) following exposure to 20 uM TPHP (Mitchell et al., 2018).
Likewise, within this study pretreatment with 2 uM fenretinide
from 24 to 30 hpf significantly mitigated TPHP-induced pericar-
dial edema (but not effects on body length) following exposure
to 10 uM TPHP from 30 to 72 hpf (Figs. 3A and 3B).

Raw DESeq2 output is provided within Supplementary
Tables 12-14. Based on these data, TPHP exposure from 30 to
48hpf resulted in a significant effect on the abundance of 150
transcripts (14 decreased and 136 increased) at 48 hpf relative to
vehicle controls (Figure 4A). Although pretreatment with


https://academic.oup.com/toxsci/article-lookup/doi/10.1093/toxsci/kfz169#supplementary-data
Deleted Text: -
Deleted Text:  
Deleted Text:  
Deleted Text: -
Deleted Text:  
Deleted Text:  
Deleted Text: -
Deleted Text:  
Deleted Text: -
Deleted Text:  
https://academic.oup.com/toxsci/article-lookup/doi/10.1093/toxsci/kfz169#supplementary-data
Deleted Text: -t
Deleted Text: T
Deleted Text: w
Deleted Text: f
Deleted Text: d
Deleted Text: n
Deleted Text: m
Deleted Text: i
Deleted Text: I
Deleted Text: e
Deleted Text: c
Deleted Text: h
Deleted Text: n
Deleted Text: r
Deleted Text: R
Deleted Text: p
Deleted Text: -
Deleted Text: -
Deleted Text: -
Deleted Text:  
Deleted Text: -
Deleted Text:  
Deleted Text: are 
https://academic.oup.com/toxsci/article-lookup/doi/10.1093/toxsci/kfz169#supplementary-data
https://academic.oup.com/toxsci/article-lookup/doi/10.1093/toxsci/kfz169#supplementary-data
Deleted Text: -
Deleted Text:  
Deleted Text:  
Deleted Text: While 
Deleted Text: -

56 | TRIPHENYL PHOSPHATE-INDUCED TOXICITY IN EMBRYONIC ZEBRAFISH

A B

20=- 20+

24-30 hpf: 0.1% DMSO 24-30 hpf: 2 uM Fenretinide
) 30-48 hpf:10 uM TPHP m 30-48 hpf: 0.1% DMSO
3 =5
T 15+ . S 151
= =
= b=
i . 0
w w -
= 10+ 2 = 104
g g -
= :” e 5 .
o H o -
g °] e g 5 :
- 14 ™ 2y’ 136 - 3 s e 9
decreased 225 increased decreased * *.* increased
C L] L] L] 0 - — a L —
-2 0 2 -2 0 2
log,(Fold Change) log,(Fold Change)

C D

20~

24-30 hpf: 2 uM Fenretinide
§ 30-48 hpf: 10 uM TPHP Cardiotoxicity ] ﬁ:ﬂ ?6]L?|:‘1["|'h;*5'|2
S 154 . Hepatotoxicity ]
o Nephrotoxicity |
% 24-30 hpf: 2 uM Fenretinide
2 10+ . . Cardiotoxicity 30-48 hpf: 0.1% DMSO
2 z Hepatotoxicity
2 = Yo Nephrotoxicity fi
S’_ 51 = g .}é : o Cardiotoxicity WYAZ/77 24.3&;152 :pﬂg ﬁﬂ?@?ﬁ
Y . 24 < “wete ‘&u - 1o Hepatotoxicity 77777777777l r il 777 7777
0 ecreas T increased Nephrotoxicity YZZZZ7Z777A
N i L) T T T 1
-2 0 2 0 20 40 60 80
log (Fold Change) Significantly Affected Transcripts

Figure 4. Volcano plots (A, B, and C) showing the number of significantly different transcripts (dark circles) at 48 hpf following pretreatment with vehicle (0.1% DMSO)
or 2 M fenretinide from 24 to 30 hpf followed by treatment with vehicle (0.1% DMSO) or 10 uM TPHP (triphenyl phosphate) from 30 to 48 hpf; all 3 plots are relative to
treatment with vehicle (0.1% DMSO) from 24 to 48 hpf. Log,-transformed fold change is plotted on the x-axis and log;o-transformed p-adjusted value is plotted on the
y-axis. Transcripts associated with cardiotoxicity-, hepatotoxicity-, and nephrotoxicity-related pathways were identified by ingenuity pathway analysis’s (IPA’s) toxic-

ity analysis using a Fisher’s Exact p-value of <.05 (D).

fenretinide from 24 to 30 hpf only affected 12 transcripts (3 de-
creased and 9 increased) at 48 hpf (Figure 4B), pretreatment with
fenretinide from 24 to 30 hpf followed by TPHP exposure from
30 to 48hpf significantly affected the abundance of 134 tran-
scripts (24 decreased and 110 increased) at 48 hpf (Figure 4C).

Statistically significant transcripts were included in DAVID’s
Biological Process analysis, and available human, rat, or mouse
homologs were included in IPA’s Tox Analysis. A list of signifi-
cantly affected biological processes identified by DAVID for all 3
treatment groups (relative to vehicle controls) are provided
within Supplementary Tables 15-17. Although pretreatment
with fenretinide from 24 to 30 hpf did not alter the majority of
TPHP-induced biological processes identified by DAVID
(Supplementary Figure 2), fenretinide blocked TPHP-induced
effects on regulation of cell cycle and ion transport.

Similar to experiment no. 1, approximately 50% of statisti-
cally significant transcripts 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 list of
significantly affected pathways identified by IPA’s Tox Analysis
for all 3 treatment groups (relative to vehicle controls) are pro-
vided within Supplementary Tables 18-20. Similar to embryos
treated with TPHP-alone from 24 to 30hpf and 24 to 48hpf

(Figure 2C), cardiotoxicity-, hepatotoxicity-, and nephrotoxicity-
related pathways were significantly affected in all 3 treatment
groups (Figure 4D). Interestingly, although fenretinide mitigated
TPHP-induced pericardial edema (Figure 2C), fenretinide did not
mitigate the effect of TPHP on cardiotoxicity-, hepatotoxicity-,
and nephrotoxicity-related pathways (Figure 4D).

TPHP Induces Liver Enlargement in the Absence of Hepatocellular
Toxicity

Exposure to 5 uM TPHP from 30 to 72 hpf resulted in a significant
decrease in body length at 128 hpf relative to vehicle controls
(Figure 5B). This effect was not mitigated by pretreatment with
2 uM fenretinide, as pretreatment with 2 uM fenretinide from 24
to 30 hpf followed by exposure to vehicle (0.1% DMSO) from 30
to 72 hpf also resulted in a significant decrease in body length at
128 hpf (Figure 5B). In addition, exposure to 5puM TPHP from 30
to 72 hpf resulted in an increase in liver area in 128-hpf embryos
relative to vehicle controls (Figs. SA and 5C)—an effect that was
mitigated by pretreatment with 2uM fenretinide from 24 to
30hpf. When liver area was normalized to body length, expo-
sure to 5 M TPHP resulted in a significantly higher liver area to
body length ratio, an effect that was also mitigated by
pretreatment with 2 pM fenretinide (Figure 5D). Interestingly, al-
though liver area at 128 hpf was increased following exposure to
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Figure 5. Representative brightfield images (A), mean body length (+ standard deviation) (B), mean liver area (+ standard deviation) (C), and mean body length-normal-
ized liver area (+ standard deviation) (D) of 128-hpf embryos pretreated with either vehicle (0.1% DMSO) or 2 uM fenretinide (Fen) from 24 to 30 hpf, treated with vehicle
(0.1% DMSO) or 5 uM TPHP (triphenyl phosphate) from 30 to 72 hpf, and then reared in clean system water until 128 hpf. Within Panel A, the border denotes an outline

of the liver on the left lateral side of a 128-hpf embryo. Asterisk () denotes p < .05.

TPHP, H&E-stained histologic sections from TPHP-exposed liv-
ers were qualitatively similar to livers from vehicle controls and
embryos pretreated with 2 uM fenretinide followed by exposure
to vehicle or TPHP (Figure 6). Overall, these data suggest that, at
128hpf, TPHP exposure from 30 to 72hpf resulted in liver en-
largement in the absence of hepatocellular toxicity (based on
histology), an effect that, similar to pericardial edema, was miti-
gated by pretreatment with fenretinide.

TPHP Induces Significant Changes in Embryonic Lipids and
Metabolites

Neutral lipid abundance within the whole embryo was mea-
sured using Oil Red O staining; representative images are pro-
vided in Figure 7A. Exposure to 2.5, 5, and 10 uM of TPHP from 24
to 72hpf resulted in a concentration-dependent decrease in the
color intensity of Oil Red O within the total body
(Supplementary Figure 3), pericardial region (Supplementary
Figure 3), yolk sac (Supplementary Figure 3), head (Figure 7B),
and trunk (Figure 7C). Interestingly, exposure to 10puM TPHP
from 30 to 72hpf affected biological processes associated with
tricarboxylic acid cycle and sphingolipid metabolic process

(Supplementary Figure 2), an effect that was driven by 4 tran-
scripts (cs, sdhc, serincl, and psap) (Supplementary Table 12).
However, pretreatment with 2 uM fenretinide from 24 to 30 hpf
did not block TPHP-induced effects on Oil Red O-specific
color intensity within the embryonic head and trunk (Figs. 7D
and 7E).

All metabolites quantified using untargeted metabolomics
are provided within Supplementary Table 21. Despite strong
stage-dependent differences in metabolite abundances between
48 and 72 hpf (Figure 8A), the total abundance of all metabolites
was significantly decreased following exposure to 10 uM TPHP
from 30 to 48 hpf and 30 to 72 hpf (Figure 8B). Out of 102 metabo-
lites that were identified, betaine was the most significantly af-
fected metabolite at 48 and 72 hpf following exposure to vehicle
(0.1% DMSO) or 10 uM TPHP (Figure 8C).

DISCUSSION

Although TPHP is known to disrupt cardiac looping and induce
pericardial edema in zebrafish embryos (Isales et al., 2015;
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Figure 6. Representative histologic liver sections from 128-hpf embryos pretreated with vehicle (0.1% DMSO) or 2 uM fenretinide (Fen) from 24 to 30 hpf, treated with ve-
hicle (0.1% DMSO) or 5 uM TPHP from 30 to 72 hpf, and then reared in clean system water until 128 hpf. Nuclei are stained with hematoxylin (arrow), proteins are stained
with eosin, and empty spaces denote vacuolization (arrowhead) within the embryonic liver.

McGee et al., 2013; Mitchell et al., 2018), little is known about the
target and mechanism of TPHP-induced cardiotoxicity during
early development. Although cardiac looping occurs between 36
and 48 hpf (Bakkers, 2011), we found that initiation of TPHP ex-
posure at 24 hpf did not result in cardiotoxicity before (30 hpf) or
immediately after (48hpf) cardiac looping, suggesting that
TPHP-induced cardiotoxicity (detected at 72 hpf) occurs between
48 and 72hpf. However, IPA’s toxicity analysis revealed that
transcripts associated with cardiotoxicity, hepatotoxicity, and
nephrotoxicity were significantly affected by TPHP at 30 and
48 hpf, suggesting that effects on the transcriptome occurred in
the absence of detectable effects on cardiac development.
Interestingly, although fenretinide (a pan-RAR agonist)
blocked TPHP-induced pericardial edema, pretreatment with
fenretinide did not block TPHP-induced effects on
cardiotoxicity-related pathways, a finding consistent with our
recent study demonstrating that fenretinide does not mitigate
TPHP-induced effects on the distance between the sinus veno-
sus and bulbus arteriosus (SV-BA) (Mitchell et al, 2019).
Fenretinide is a synthetic retinoid and analog of retinol (vitamin
A) with known anti-inflammatory properties (Kanagaratham
et al.,, 2014). In mice, fenretinide decreases and increases the
concentration of arachidonic acid (an initiator of inflammation)
and docosahexaenoic acid (anti-inflammatory compound)
(Lépez-Vales et al.,, 2010), respectively, resulting in a net de-
crease in inflammation and edema formation. As retinoic acid
blocks edema formation within embryonic zebrafish following
alcohol and paclobutrazol exposure (Marrs et al., 2010; Wang
et al., 2017), fenretinide may have blocked TPHP-induced peri-
cardial edema formation from 48 to 72 hpf by decreasing inflam-
mation and/or fluid accumulation. Interestingly, based on
biological processes identified by DAVID, ion transport was

significantly altered after exposure to 10 uM TPHP—a biological
process that was mitigated by pretreatment with 2 M fenreti-
nide. These data suggest that fenretinide may play a role in
blocking TPHP-induced effects on ion transport and, as a result,
edema formation.

TPHP induces cytotoxicity within hepatocytes derived from
chicken embryos (Su et al., 2014), and increases levels of reactive
oxygen species in HepG2 cells (An et al., 2018). Moreover, the
rate of TPHP metabolism within human hepatocytes is slower
compared to certain organophosphate flame retardants (eg,
tris(2-butoxyethyl) phosphate), resulting in the potential for bio-
accumulation and persistent toxicity within the liver (Van den
Eede et al., 2016). Within this study, IPA revealed that the major-
ity of transcripts significantly affected by TPHP at 30 and 48 hpf
were associated with hepatotoxicity pathways. Indeed, expo-
sure to TPHP from 30 to 72 hpf resulted in an increase in liver
area at 128 hpf. This effect occurred in the absence of detectable
histologic changes (eg, necrosis, fatty liver, and inflammation)
within the liver, suggesting that enlargement of the liver was
not due to hepatocellular hypertrophy, hyperplasia, lipid accu-
mulation, nor inflammation. In addition, TPHP-induced liver
enlargement was blocked by pretreatment with fenretinide,
suggesting that, similar to pericardial edema, fenretinide may
block fluid accumulation within the liver.

Prior studies have shown that TPHP disrupts hepatic carbo-
hydrate and lipid metabolism in adult zebrafish and mice (Du
et al., 2016; Wang et al., 2019a), an effect that may be driven by
activation of peroxisome proliferator-activated receptor vy
(PPARy) (Pillai et al., 2014). Using Oil Red O staining, we found
that TPHP exposure resulted in a concentration-dependent de-
crease in neutral lipids within the embryo (particularly within
the head and trunk), an effect that was not blocked by
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Figure 7. Oil Red O-stained representative images (A), mean color intensity (+ standard deviation) of the head (B, D), and trunk (C, E) of 72-hpf embryos treated with ei-
ther (1) vehicle (0.1% DMSO) or TPHP (triphenyl phosphate) (2.5, 5, or 10 uM) from 24 to 72 hpf or (2) pretreated with vehicle (0.1% DMSO) or 2 uM fenretinide (Fen) from
24 to 30 hpf and then treated with vehicle (0.1% DMSO) or 10 uM TPHP from 30 to 72 hpf. Asterisk (*) denotes p < .05.

pretreatment with fenretinide. Similarly, untargeted metabolo-
mics revealed that TPHP resulted in a significant decrease in the
total abundance of lipid-specific metabolites at 48 and 72 hpf.
Within zebrafish, previous studies have demonstrated that a
decrease in yolk sac-associated lipids from 48 to 72hpf is ac-
companied by an increase in body-associated lipids (Fraher
et al., 2015). Therefore, TPHP may have an impact on the abun-
dance, movement, and/or utilization of lipids from the yolk sac
to the body from 48 to 72 hpf.

Among all of the metabolites quantified, betaine was the
most significantly affected metabolite following TPHP exposure.

In mice and humans, betaine plays an important role in liver
and kidney function. Human patients with nonalcoholic liver
diseases have significantly decreased hepatic betaine concen-
trations, suggesting that decreased betaine levels are associated
with liver toxicity (Sookoian et al., 2017). Within kidneys, betaine
acts as an osmoprotectant to ensure that osmolarity is balanced
to allow water reabsorption (Kempson et al, 2013).
Osmoprotectants raise the osmotic pressure in the cytoplasm
by stabilizing enzyme and protein structures in order to main-
tain the structure of membranes when exposed to stress
(McNeil et al, 1999). Within our study, decreased betaine
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Figure 8. Untargeted metabolomics analysis (A) of 48- and 72-hpf embryos treated with either vehicle (0.1% DMSO) or 10 uM TPHP (triphenyl phosphate) from 30 to
48hpf or 30 to 72 hpf, respectively. Data shown within the heat map are z-scored. Each column represents an individual biological replicate, each row represents an in-
dividual metabolite, and each color on the y-axis represents a different metabolite class represented within the legend to the right. Acylcarnitine 22:6 (A), N-acetylhisti-
dine (N), betaine (B), and cholesterol/lathosterol (C) did not fall within any of the broader metabolite classes. Relative abundance (+ standard deviation) of all
metabolites (B) and betaine (C) within 48- and 72-hpf embryos treated with either vehicle (0.1% DMSO) or 10 uM TPHP from 30 to 48 hpf or 30 to 72 hpf, respectively.

concentrations following TPHP exposure may have precluded
adaptation to osmotic stress, leading to disruption of osmotic
balance and fluid accumulation throughout the entire embryo.
As liver enlargement did not appear to be a result of hepatocel-
lular hypertrophy, it is possible that an increase in liver area
was due to accumulation of fluid within or surrounding the
liver. Indeed, our recent study demonstrated that coexposure to
TPHP and mannitol (an osmoprotectant) resulted in a signifi-
cant decrease in pericardial edema and SV-BA length relative to
TPHP-alone (Mitchell et al., 2019), suggesting that the presence
of an osmoprotectant in the surrounding water mitigates TPHP-
induced fluid accumulation within zebrafish embryos.

In summary, our data collectively suggest that, in addition to
cardiotoxicity, TPHP adversely affects hepatotoxicity-related
pathways, liver morphology, neutral lipid abundance, and me-
tabolite abundance within developing zebrafish embryos.
Moreover, our data suggest that TPHP decreases baseline beta-
ine concentrations, leading to potential direct effects on osmo-
regulation and indirect effects on organ development. However,
additional research is needed to (1) determine if the addition of

excess betaine mitigates TPHP-induced effects on the develop-
ing embryo and (2) determine whether PPARy (a known target

for TPHP) is required for TPHP-induced effects on
osmoregulation.
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