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ABSTRACT: Due to commercial uses and environmental
degradation of aryl phosphate esters, diphenyl phosphate
(DPhP) is frequently detected in environmental matrices and is
thus of growing concern worldwide. However, information on
potential adverse effects of chronic exposure to DPhP at
environmentally realistic concentrations was lacking. Here, we
investigated the effects of life cycle exposure to DPhP on zebrafish
at environmentally relevant concentrations of 0.8, 3.9, or 35.6 μg/L
and employed a dual-omics approach (metabolomics and tran-
scriptomics) to characterize potential modes of action. Exposure to
DPhP at 35.6 μg/L for 120 days resulted in significant reductions
in body mass and length of male zebrafish, but did not cause those
same effects to females. Predominant toxicological mechanisms,
including inhibition of oxidative phosphorylation, down-regulation of fatty acid oxidation, and up-regulation of phosphatidylcholine
degradation, were revealed by integrated dual-omics analysis and successfully linked to adverse outcomes. Activity of succinate
dehydrogenase and protein content of carnitine O-palmitoyltransferase 1 were significantly decreased in livers of male fish exposed to
DPhP, which further confirmed the proposed toxicological mechanisms. This study is the first to demonstrate that chronic, low-level
exposure to DPhP can retard growth via inhibiting energy output in male zebrafish.

KEYWORDS: diphenyl phosphate, metabolomics, transcriptomics, gene set enrichment analysis (GSEA), oxidative phosphorylation,
fatty acid oxidation

1. INTRODUCTION

Diphenyl phosphate (DPhP), an emerging environmental
contaminant, is a major degradation product of several
commonly used organophosphate (OP) flame retardants,
such as triphenyl phosphate (TPhP),1 resorcinol bis-
(diphenylphosphate) (RDP),2 and ethylhexyl diphenyl phos-
phate (EHDPhP).3 In addition, DPhP is being used directly as
an industrial catalyst and additive.4 As a result of the diverse
and heterogeneous sources mentioned above, DPhP has been
detected to varying degrees, in a variety of media all over the
world, such as human blood (<0.12−3.31 μg/L),5 human
urine (0.14−32 μg/L,6 <0.16−193 μg/L,7 and 0.68−140 μg/
L8), indoor dust (923−79,661 ng/g),9 wastewater (0.03−1.29
μg/L),10 flowback and produced water (3.7 μg/L),11 rivers
(not detected−70 ng/L),12 and wastewater sludge (0.93−
1,680 ng/g dry weight).13 DPhP could be formed in fish by
biotransformation of TPhP1 and EHDPhP,14,15 which would
contribute to the internal body burden of DPhP and further

highlights the importance of investigating toxicity of DPhP in
fish.
Ubiquitous exposure to DPhP has raised concerns on risks

to environment and human health.16,17 Results of previous
studies have indicated that DPhP causes minimal acute
toxicity. The 96 h-LC50 value of DPhP to zebrafish embryos
was 49.98 ± 7.06 mg/L.11 DPhP caused no significant effects
to chicken embryonic hepatocytes at concentrations up to
1000 μM (250 mg/L) but altered more transcripts than its
precursor TPhP.18 In addition, exposure to DPhP could result
in developmental toxicity, endocrine disruption, and cardiotox-
icity.17,19−22 Recently, it was reported that chronic exposure to
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10 mg/L DPhP through drinking water significantly disrupted
the fatty acid catabolic processes and reduced the body mass in
mice.23 To date, most of the studies on toxicity of DPhP have
only focused on acute toxicity/short-term effects upon
exposure to DPhP at concentrations that are far greater than
those found in environmental matrices, which are generally at
in the range of μg/L.4,11,24 For example, DPhP-caused cardiac
defects in zebrafish embryo were only observed at concen-
trations greater than 500 μM (125 mg/L).21 Exposure to
DPhP increased mortality of zebrafish larvae but only at a
concentration greater than 10−6 M (250 μg/L).20 Currently,
potential adverse effects of chronic exposure to DPhP at
environmentally relevant concentrations is poorly character-
ized.
In addition, sex-dependent effects of exposure to TPhP, as

well as other OP flame retardants, have been reported.25,26 For
example, exposure to TPhP for 14 days significantly decreased
concentrations of thyroxine and triiodothyronine in blood
plasma of male zebrafish, whereas opposite effects were
observed in females.27 Exposure among pregnant women to
relatively great concentrations of DPhP significantly increased
risks of low birth weight for the newborns, and female
newborns were more susceptible.16 However, it is still
unknown if DPhP has sex-dependent effects on aquatic
organisms.
Overall, the objective of this study was to determine effects

of life cycle exposure to DPhP at environmentally realistic
concentrations on zebrafish. Zebrafish embryos (2 h
postfertilization) were exposed to DPhP at nominal concen-
trations of 0, 1, 10, or 100 μg/L for 120 days until they reached
sexual maturity. A dual-omics approach combining metab-
olomics and transcriptomics was applied. It was hypothesized
that chronic exposure to environmentally relevant concen-
trations of DPhP would cause metabolomics and tran-
scriptomic alterations of zebrafish, and such molecular
responses would give novel insights into the modes of action
of DPhP. This study is the first to comprehensively elucidate
chronic toxicity of DPhP on aquatic organisms and of utmost
importance for mechanism-based risk assessment of DPhP.

2. MATERIALS AND METHODS
2.1. Chemicals. DPhP (99% purity; CAS Registry

Number: 838-85-7) was purchased from Shanghai Aladdin
biochemical Technology Co., Ltd. Hendecanoic acid, non-
adecanoic acid, L-phenylalanine-D5, (8,8,8-D3)-L-carnitine, 1,2-
diheptadecanoyl-sn-glycero-3-phosphoethanolamine, and 1-
lauroyl-2-hydroxy-sn-glycero-3-phosphocholine, purchased
from Sigma (Shanghai, China) were used as internal standards
for metabolome profiling. Methanol, water, and acetonitrile
were of LC-MS grade from Fisher Scientific (Schwerte,
Germany).
2.2. Zebrafish Breeding and Exposure. The current

experiment was approved by the University of Saskatchewan
(AUP# 20200065). Fertilized zebrafish embryos at 2 h post
fertilization (hpf) were obtained from healthy adult fish
(wildtype, AB strain) according to Zhang et al.28 and were
exposed to DPhP at nominal concentrations of 0, 1, 10, or 100
μg/L for 120 days. There were four replicate tanks for each
treatment and 150 embryos per tank. During the experimental
period, fish were transferred to larger tanks as they grew to
ensure that the experimental fish had enough living space. Half
of the water in each aquarium was replaced every 2 days with
fresh aerated tap water containing the desired concentration of

DPhP. Fish were fed thrice a day. Water temperature was
maintained at 27 ± 0.3 °C with a 14/10 h light/dark
controlled photoperiod. Dissolved oxygen and pH were >6
mg/L and 7.7 ± 0.1, respectively. After a 120-day exposure, all
fish were anesthetized with 0.01% MS-222 and dissected
humanely after measurement of body length and body mass.
Livers were excised and weighted to calculate the hepatoso-
matic index (HSI), determined as [liver mass (g)/body mass
(g) × 100%]. Then, all liver samples were flash-frozen in liquid
nitrogen and stored at −80 °C for the analysis of
metabolomics, transcriptomics, and enzyme activity. In this
study, liver was selected for analysis for its central role in body
energy metabolism and detoxification and metabolism of
xenobiotic.29 In addition, results of previous studies indicated
that DPhP was most abundant in liver.23 The sex of the fish
was determined by visual inspection of gonadal morphology.
The average sex ratio (proportion males) was 59.7%. More
details for zebrafish maintenance and exposure design were
provided in the Supporting Information 1 (SI).

2.3. Quantification of DPhP in Water. The actual
exposure concentrations of DPhP in water from each exposure
group were measured by use of a Waters Acquity Ultra
Prerformance liquid chromatography system coupled online
with an ABI Q-Trap 5500 (AB SCIEX, U.S.A.) mass
spectrometer (UPLC−MS). Water samples in the middle
layer of each tank were collected by use of plastic disposable
droppers about 1 h after water renewal and stored at −80 °C
until analysis. There were four replicates in each group. The
limit of detection (LOD) of the method is 0.01 μg/L. See SI 2
for more details.

2.4. Pseudotargeted Metabolomics. For pseudotargeted
metabolomics analysis, eight zebrafish livers of the same sex
randomly selected from the same exposure tank were pooled as
one sample, and each treatment group had eight pooled
samples. There were two pooled samples for each replicate
tank and four replicate tanks for each treatment. Metabolites
were extracted and analyzed based on previously published
methods.30,31 Details of metabolite extraction and instrumental
analysis are given in SI 3. Metabolites were annotated by
accurate mass and MS/MS matching to experimental spectra
in the Human Metabolome Database (HMDB). Commercially
available standards were further employed to validate these
annotations during the method development stage. Peak
picking and integration were performed with MultiQuant
software (3.0.1, AB SCIEX) and manually checked to ensure
data quality. For quantification, peak areas of each metabolite
were normalized to corresponding internal standards after peak
alignment and missing value interpolation. In addition, a
quality control (QC) sample was prepared by pooling 10 μL of
aliquots from each sample. QC samples were inserted after
every six samples to monitor system stability during the run.
Meanwhile, procedural blanks, consisting of extraction in the
absence of actual sample, were conducted and analyzed to filter
any contaminations introduced during sample preparation.
All metabolomics data were log-transformed to achieve

normally distributed data before statistical analysis. Partial
least-squares discriminate analysis (PLS-DA) was generated
after autoscaling of the metabolomics data by MetaboAnalyst
5.0 online platform.32 Differential metabolites (DMs) were
determined with the criteria of P value <0.05 and fold change
>1.5 relative to control. Chemical similarity enrichment
analysis (ChemRICH), which enables study-specific and
background-independent enrichment analysis, was also per-
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formed on the annotated metabolomics data set.33 Chemical
clusters with P adjusted <0.05 were considered significant.
Cluster directions was determined by the median log2 fold
change relative to control of DMs in each metabolite cluster.34

2.5. Transcriptomic Profiling. Livers of zebrafish exposed
to nominal concentrations of 0, 10, or 100 μg DPhP/L were
used for transcriptomics. Each treatment group had three
pooled samples and each pooled sample had eight zebrafish
livers of the same sex. Total RNA was isolated by TRIzol
reagent (Invitrogen) and the next-generation sequencing was
performed on an Illumina HiSeq platform (SI 4). All raw reads
were deposited into the NCBI Sequence Read Archive (SRA
accession: PRJNA730648). Raw data was processed by
Cutadapt software (v1.16; Table S1) and assembled genes
were annotated for function against several public databases
(Table S2). Transcript abundances were measured as frag-
ments per kilobase of transcript sequence per millions base
pairs sequenced (FPKM). Gene set enrichment analysis
(GSEA) was performed using Wikipathways database by R
package “clusterProfiler” to identify pathways disrupted by
DPhP.35 Gene expression were validated through quantitative
real time PCR (qRT-PCR). Housekeeping elongation factor 1-
alpha (ef1α) and ribosomal protein L13a (rpl13a) were
employed as reference genes. Further qRT-PCR validation
details are found in SI 5.
2.6. Protein Content and Enzyme Activity Assays. The

protein contents of carnitine O-palmitoyltransferase 1 (CPT1)
and activities of succinate dehydrogenase (SDH/respiratory
complex II) and NADH-ubiquinone oxidoreductase (respira-
tory complex I) in zebrafish liver were determined by specific
assay kits purchased from Nanjing Jiancheng Bioengineering
Institute (Nanjing, China). The assays were performed
according to the instructions of the manufacturer. All
biochemical determinations were normalized to total protein
content.
2.7. Statistics. All data are presented as mean ± standard

error (SE). Following testing for the normality assumption
(Shapiro test) and variance homogeneity (Bartlett test), one-
way analysis of variance followed by Tukey’s HSD test (equal
variances assumed) or Kruskal−Wallis test (equal variances
not assumed) were employed to evaluate the significance of
the mean differences. Differences were considered significant at
0.01 < P < 0.05 and highly significant at P < 0.01. Hierarchical
clustering analysis were produced by R package “Pheatmap”.36

3. RESULTS AND DISCUSSION
3.1. Measured Exposure Concentrations. In this study,

three time points were randomly selected during the 120-day
exposure for measurement of DPhP in the exposure system. By
UPLC−MS, mean concentrations of DPhP in water were <
LOD, 0.8 ± 0.2, 3.9 ± 1.0, and 35.6 ± 9.9 μg/L corresponding
to nominal exposure at 0, 1, 10, and 100 μg/L, respectively.
Despite the deviations from the nominal, measured concen-
trations of DPhP in the life cycle exposure experiment were
generally comparable among the three sampling points and
exhibited narrow standard deviations (Table S3), which
suggest that DPhP had reached stable equilibrium concen-
trations during the 120-day exposure.
To test the stability of DPhP, we exposed zebrafish embryos

or adults to nominal 100 μg DPhP/L for 7 days and took water
aliquots every 6 h for DPhP measurement. We found that
aqueous concentrations of DPhP were quite stable during the
7-day exposure for zebrafish embryos (Figure S1). In contrast,

an obvious decline in the concentrations of DPhP in water was
observed starting after approximately 4 days in the exposure for
adult zebrafish (Figure S1). This data indicates that the
differences between nominal and measured concentrations of
DPhP might be due to microbial degradation and metabolism
of DPhP by adult fish. Consistent with our results, previous
studies have demonstrated that DPhP was resistant to pH-
dependent hydrolysis37 but can be degraded by glycerophos-
phodiester phosphodiesterase (GDPDs) which are widely
expressed in prokaryotic and eukaryotic organisms.38 Similar
discrepancies between nominal and measured concentrations
in the exposure water have also been reported previously for
OP triesters, such as TPhP and EHDPhP.14,15,39,40 In
comparison to TPhP and EHDPhP, the differences between
nominal and measured concentrations of DPhP were relatively
small in this study, which can be explained by greater chemical
stability37 and less bioconcentration potential of DPhP.4,41

Hereafter, all data were interpreted based on measured
exposure concentrations of DPhP in water.

3.2. Effects of DPhP Exposure on Zebrafish Growth.
Life cycle exposure to 35.6 μg of DPhP/L for 120 days caused
significant decreases in body mass and body length of male
zebrafish, whereas no significantly effects were observed for
female zebrafish (Figure 1). A significant increase in HSI was
also found in males after exposure to DPhP at 3.9 μg/L when
compared to the control group (Figure S2). No obvious effects
on survival rate or condition factor were observed. DPhP has
minimal acute toxicity and its 96h-LC50 value was determined
to be 49.98 ± 7.06 mg/L for zebrafish embryos.11 Significantly

Figure 1. Effects of life cycle exposure to DPhP from fertilization to
sexual maturity on body mass and length of zebrafish. Results are
shown as the mean ± SE (N = 120 fish per treatment group). The
asterisk indicates significant differences between DPhP treatments and
control (*0.01 < P < 0.05, **P < 0.01).
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greater mortality of embryos and lesser rates of hatching were
observed in zebrafish after exposure to 10 μM (2.5 mg/L)
DPhP from 4 to 96 hpf.20 Recently, cardiotoxicity after acute
exposure to high concentrations of DPhP (250 mg/L) have
been observed, resulting in significantly greater distance
between the sinus venosus and bulbus arteriosis (SV-BA) in
zebrafish embryos.21 However, exposure to DPhP less than 30
μM (7.5 mg/L) did not induce circulatory failure in zebrafish
embryos.22 These results imply that acute toxicity of DPhP was
only present at extremely great concentrations. In the present
study, we observed a sex-dependent effect of chronic exposure
to DPhP at 35.6 μg/L on male zebrafish growth. To our
knowledge, this is the first study to demonstrate the chronic
toxicity of exposure to DPhP at environmentally realistic
concentrations.
3.3. Metabolomics Response. The metabolome includes

intermediate and final products of cellular metabolism and can
provide a direct “functional readout of the physiological state”
of an organism in response to external stressors, which
therefore make the metabolomics a valuable tool for
mechanistic toxicology.42,43 The underlying relationship
between growth and metabolites have been fairly characterized.
For example, it has been demonstrated that lipids and fatty
acids play major roles as sources of metabolic energy for fish
growth.44 Inhibition of mitochondrial fatty acid oxidation
could reduce growth rate and feed utilization in fish.45 To the
knowledge of the authors, potential effects of DPhP on
metabolome of any aquatic organisms have not been studied
previously.
In the present study, we employed a pseudotargeted

metabolomics approach to evaluate the chronic effects of
exposure to DPhP at environmentally relevant concentrations

on zebrafish, and a total of 296 metabolites were accurately
measured. 91.9% of detected metabolites showed relative
standard deviation (RSD) less than 30% (Figure S3),
demonstrating good method reproducibility. For male zebra-
fish, samples from treated groups were separated from the
control group in the PLS-DA score plot (Figure 2a).
Meanwhile, 59, 63, and 88 metabolites were identified as
differential metabolites (DMs) in zebrafish exposed to 0.8, 3.9,
or 35.6 μg of DPhP/L (Figure 2b). Together these results
suggested exposure to DPhP at environmentally relevant
concentrations disturbed normal metabolic processes in male
zebrafish liver. However, for female fish, samples from different
exposure groups appeared overlapped in the PLS-DA plot
(Figure 2a), and only 19, 42, and 36 DMs were detected
(Figure 2b). These results indicate that, compared to males,
DPhP is less potent to disrupt cellular metabolism in female
zebrafish liver. Detected metabolites were further subjected to
ChemRICH analysis based on chemical similarity and
ontology mapping.33 In male fish liver, ChemRICH analysis
showed that concentrations of fatty acids and amino acids were
significantly greater, while phosphatidylcholines (PCs) and
phosphatidylethanolamines (PEs) were significantly less in
male fish liver after exposure to DPhP at all tested
concentrations (Figure 2c). Differential regulations of purine
metabolism and some other choline-containing phospholipids,
like lysophosphatidylcholines (lysoPC), ether-linked phospha-
tidylcholines (ether-PC), and sphingomyelin (SM), were also
observed in male fish liver after exposure. In contrast to male
zebrafish, few classes of metabolites were significantly altered
in livers of female zebrafish due to exposure to DPhP. The
majority of altered metabolites were involved in metabolism of
glycerophospholipids. This strong sex effect of DPhP exposure

Figure 2. Changes in the metabolome of zebrafish liver after life cycle exposure to DPhP at environmentally realistic concentrations. (a) PLS-DA
score plot. (b) Number of differential metabolites (DMs) in each exposure group. (c) Significantly enriched metabolite clusters identified by
ChemRICH analysis. Pathway direction is the median log2 fold change of DMs relative to control in each cluster (blue, downregulated; red,
upregulated). The dot size represents significance. PC: Phosphatidylcholine; PE: phosphatidylethanolamine; LysoPC: lysophosphatidylcholine;
Ether-PC: Ether-linked phosphatidylcholine; SM: sphingomyelin; CAR: acylcarnitine.
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on the hepatic metabolome is in line with our growth data, and
further suggests that specific regulatory mechanisms in
response to DPhP might exist between male and female
zebrafish. Similar to results of the study presented here,
neonatal exposure to TPhP or DPhP also led to sex-dependent
metabolic disruptions in mice.46 Although the effects of TPhP
on the metabolome have been explored in several species,
including mice,47 zebrafish,48 freshwater microalgae,49 and
earthworm,50 alterations in metabolomics caused by DPhP had
not been well-defined until recently and then only for mice.23

Acylcarnitines and fatty acids were the most affected
metabolites in liver of mice after oral exposure to DPhP.23

Taken together with the current data, fatty acid metabolism
and its related biological processes could be substantially
disrupted by DPhP.
3.4. Transcriptomic Profiling and GSEA. In order to

elucidate the underlying mechanisms of DPhP-induced growth
retardation and metabolic disturbance, a transcriptomic
analysis was conducted on zebrafish liver after exposure to
DPhP. Because exposure to 3.9 or 35.6 μg of DPhP/L caused
the most significant alterations of the metabolome of zebrafish,
the current transcriptomic analysis solely focused on those two
DPhP exposure groups. Pathway enrichment analysis per-
formed by an advanced GSEA algorithm was employed to
identify biological pathways that were affected by DPhP
exposure. GSEA algorithm does not rely on arbitrary
differentially expressed genes (DEGs) and can reduce potential
bias and stringent limitations of conventional single gene
differential expression analyses.51 In this study, GSEA analysis
revealed significant inhibition of many pathways associated
with energy metabolism in male fish liver after exposure to 3.9
or 35.6 μg of DPhP/L, including TCA cycle, oxidative
phosphorylation, and electron transport chain (Figure 3 and

Table S4). Depressed glycolysis and gluconeogenesis and
activated integrin-mediated cell adhesion were also observed in
livers of male zebrafish exposed to 35.6 μg DPhP/L. Female
zebrafish exhibited a distinct profile of gene expression when
exposed to DPhP at 3.9 or 35.6 μg/L (Figure S4). Significant
enrichments of ERK1-ERK2MAPK cascade, cytoplasmic
ribosomal proteins, oxidative stress, transformation growth

factor beta receptor signaling pathway, and FGF signaling
pathways were observed in female liver following chronic
exposure to 3.9 μg/L of DPhP. In response to exposure to 35.6
μg of DPhP/L, female zebrafish exhibited significant enrich-
ment of cholesterol biosynthesis, exercise-induced circadian
regulation, electron transport chain, oxidative phosphorylation,
and FGF signaling pathway.

3.5. qRT-PCR Validation. Seven genes were selected
randomly for validation of transcriptomic data. These genes
included NADH: ubiquinone oxidoreductase subunit B4
(ndufb4), carnitine palmitoyltransferase 1B (cpt1b), carnitine
palmitoyltransferase 1Ab (cpt1ab), pyruvate dehydrogenase
kinase 2b (pdk2b), long chain acyl-CoA synthetase 4a (acsl4a),
period circadian clock 1b (per1b), and nuclear receptor
subfamily 1, group D, member 2b (nrld2b; Table S5). As
shown in Table S6, the altered gene expression levels measured
by qRT-PCR analysis were in accordance with that from RNA-
seq, which independently verified our transcriptomic results.

3.6. Inhibition of Oxidative Phosphorylation. Four
energy production-associated pathways, including electron
transport chain, oxidative phosphorylation, glycolysis and
gluconeogenesis, and TCA cycle, stood out at the top of the
list ranked by P value as the most affected biological processes
in male fish liver after exposure to 35.6 μg DPhP/L (Figure
4a). All four significantly enriched pathways have a negative
normalized enrichment score (NES) value less than −1.5,
which is indicative of a strong down-regulation of these
pathways and energy output in liver of male zebrafish.
Consistent with the transcriptomic alterations, significant and
dose-dependent decreases in ATP abundance were observed in
male fish liver by pseudotargeted metabolomics (Figure 4b). It
has been demonstrated that some environmental pollutants
could hamper oxidative phosphorylation and ATP production
by inhibiting electron transport complexes.52,53 Enzyme
activity tests were conducted to see whether the altered
transcriptomic pattern discussed above would lead to reduced
electron transport chain activity and thereby ATP deficiency.
Consistent with the omics data, a significant decrease in
succinate dehydrogenase (SDH/respiratory complex II)
enzyme activity was detected in male fish liver after exposure
to 35.6 μg of DPhP/L (Figure 4c), while NADH-ubiquinone
oxidoreductase (respiratory complex I) activity was not
significantly altered (data not shown). Results of previous
studies have shown that prolonged disruption of oxidative
phosphorylation could contribute to lesser body mass.54 In this
study, for the first time, it was demonstrated that exposure to
environmentally relevant concentrations of DPhP can result in
inhibition of SDH enzyme, and through inhibition of oxidative
phosphorylation, suppressed production of ATP, which could
be the main cause of retardation of growth in male zebrafish.

3.7. Down-Regulated Fatty Acid Oxidation. In contrast
to mammals who mainly use carbohydrates, fish prefer fatty
acids as the metabolic energy source for growth.44 Results of
previous studies have suggested that impairment of fatty acid
oxidation, caused by exposure to environmental pollutants,
could lead to reduced growth of individual fish.45,55,56 For
example, down-regulation of fatty acid oxidation and
dysfunction of mitochondria were observed in zebrafish
exposed to tris(1,3−dichloro−2−propyl) phosphate
(TDCIPP), which resulted in suppression of ATP synthesis
and further affected the growth and development of zebra-
fish.57 As shown in Figure 5a, exposure to DPhP significantly
increased the total abundance of free fatty acids in male fish

Figure 3. Wikipathways enrichment analysis of male zebrafish using
gene set enrichment analysis (GSEA) algorithm. The dot size
indicates pathway significance. The pathway direction is the
normalized enrichment score (NES). Enriched pathways with P
adjusted <0.1 were considered significant.
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liver, while no significant effects were observed in female. A
closer examination of fatty acid profile revealed that a total of
11 long-chain and very long-chain fatty acids were significantly
increased (Figure 5b). In order to oxidize fatty acids for energy
in the mitochondria, free fatty acids in the cytoplasm must first
be activated to acyl-CoA, a process that is modulated by acyl-
CoA synthetases, and then transported into mitochondrial
matrix through the carnitine shuttle system.58 Carnitine shuttle
system is comprised of two carnitine palmitoyltransferases
(CPTs), CPT1, and CPT2. CPT1 catalyzes the trans-
esterification of acyl-CoA to acyl-carnitine which is the rate-
limiting step of the fatty acid oxidation.59 Consistent with the
pseudotargeted metabolomics data, it was found that
expressions of genes encoding acyl-CoA synthetases (acsl4a
and acsl4b) and CPT1 isoforms (cpt1ab and cpt1b) were
decreased in a dose-dependent manner in male zebrafish
exposed to DPhP (Figure 5c). We further determined the
protein content of CPT1 enzyme in male fish liver and as
expected, a significant decrease was observed in 35.6 μg
DPhP/L exposure group (Figure 5d). These results clearly
indicate that life cycle exposure to DPhP at environmentally
realistic concentrations caused deficiency of fatty acid
oxidation in male fish liver via inhibition of fatty acid activation
and transport across mitochondrial membrane. Down-regu-
lated catabolism of fatty acid would further contribute to the
growth retardation of male zebrafish (Figure 1). Similarly, a
clear reduction of fatty acid catabolic processes by DPhP
exposure was also demonstrated in mice liver.23 Results
presented here were consistent with previous findings but
also further revealed the key steps in fatty acid oxidation
pathway that was specifically disrupted by DPhP.
3.8. Membrane Disturbance. PC is the major constituent

of the eukaryotic membrane and represents 40% of
phospholipids in most cellular membranes.60 In the present

study, significantly decreased total PC abundances were
observed in liver of male zebrafish after exposure to 3.9 or
35.6 μg of DPhP/L for 120 days, while abundances of its
metabolic products, such as lysoPC, glycerophosphocholine,
and choline, were all significantly increased after exposure to
35.6 μg of DPhP/L (Figure S6). This result suggested an
upregulated catabolism of PC molecules and the subsequent
release of choline. In addition, it has been demonstrated that
exposure to lysoPC could increase intracellular mitochondrial
permeability and disrupt mitochondrial integrity and function,
thereby decreasing fatty acid oxidation and energy produc-
tion.61 Taken together, breakdown of PCs and increased
lysoPC abundance observed in this study might indicate
potential damage to the mitochondrial membrane, which could
contribute to depressed energy metabolism in male zebrafish
liver after life cycle exposure to DPhP. Specific tests for
mitochondrial membrane integrity are required to confirm the
hypothesis in the future. By using RNA-seq, Mitchell et al.21

reported that acute exposure to 500 μM of DPhP significantly
altered pathways associated with mitochondrial dysfunction
and mitochondrial-specific structures and processes in zebra-
fish embryo at 30 hpf, which supports our assumption.

3.9. Proposed Molecular Mechanisms of DPhP.
Generally, the presence of DPhP in aquatic systems and
human samples was at μg/L levels.4 Previous toxicity studies
on DPhP have employed extremely high exposure concen-
trations (mg/L levels) to invoke significant biological
responses over acute or short-term exposures. These studies
provide important information on the toxicology of DPhP, but
realistic exposure scenarios in aquatic ecosystems will mostly
be long-term exposures to low concentrations. In this study,
the DPhP exposure concentrations used are comparable to
those detected in DPhP-contaminated water bodies and in
human urine samples. Our data, for the first time,

Figure 4. Inhibition of energy output in male zebrafish liver after life exposure to DPhP at environmentally realistic concentrations. (a) Gene set
enrichment analysis (GSEA) results showing negative regulation of the energy metabolism related pathways in male fish liver after exposure to 35.6
μg/L of DPhP. The colored bars indicate the fold change in gene expression (red; up-regulated; blue: down-regulated). NES: normalized
enrichment score. (b) Altered relative abundance of ATP in zebrafish liver by DPhP exposure. N = 8. (c) Enzyme activity of succinate
dehydrogenase (SDH) in zebrafish liver. N = 4. The asterisk indicates significant differences between DPhP treatments and control (*0.01 < P <
0.05, **P < 0.01).
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demonstrated that life cycle exposure to environmental dose-
related DPhP inhibits growth of male zebrafish. Through
integration of metabolomics and transcriptomics, we proposed
three possible mechanisms of DPhP toxicity (Figure 6), which
were also confirmed at the protein or enzyme activity levels.
First, exposure to DPhP decreases enzyme activity of SDH
(respiratory complex II), and thereby reduces oxidative
phosphorylation process in male zebrafish liver. Second,
DPhP could also reduce expression of CPT1 protein which
leads to the inhibition of fatty acid transport and oxidation.
Finally, integrity of mitochondrial membrane might be
decreased because of the accelerated degradation of PC
molecules. These mechanisms should jointly contribute to the
decreased energy output in male zebrafish and eventually lead
to growth retardation. Based on data obtained, we deduced
that mitochondria could be a main target for DPhP induced
toxicity. Our study shed light on the molecular mechanisms of
DPhP and implied important risks of DPhP to aquatic
organisms. Retardation of growth caused by exposure to
DPhP might have adverse effects on maintenance of fish
populations, because animal body size is involved in many
aspects of physiology and ecological performance, such as
foraging, reproductive success, and longevity.62−64 In the
future, it would be interesting to investigate the impacts of life-
cycle exposure to DPhP on reproduction or swimming
behavior of zebrafish, due to the deep correlation between
energy metabolism and those biological processes. In addition,
our findings may suggest a potential threat of DPhP to human
health, in view of the fact that the sequence of mitochondrial
DNA and nuclear mitochondrial proteins are relatively
conservative between zebrafish and humans.65 However,
additional cautious apply when translating conclusions to
human conditions when considering that the exposure routes
may not be equivalent to the experience of human
populations.66

Figure 5. Effects of life cycle exposure to DPhP at environmentally
realistic concentrations on fatty acid oxidation in zebrafish liver. (a)
Total free fatty acid (FFA) abundance. (b) FFA profiles in male fish
liver. Data were log-transformed and Z-scaled for heatmap plot. (c)
Altered expression levels of genes related to fatty acid oxidation in
male zebrafish liver. acsl4a: acyl-CoA synthetase long-chain family
member 4a; acsl4b: acyl-CoA synthetase long chain family member
4b; cpt1ab: carnitine palmitoyltransferase 1Ab; cpt1b: carnitine
palmitoyltransferase 1B. (d) Altered protein content of CPT1 enzyme
in male zebrafish liver after exposure to DPhP. The asterisk indicates
significant differences between DPhP treatments and control (*0.01 <
P < 0.05, **P < 0.01).

Figure 6. Proposed toxicity mechanisms of life cycle exposure to DPhP at environmentally relevant concentrations. CPT1: carnitine O-
palmitoyltransferase 1; CPT2: carnitine palmitoyltransferase 2; CACT: carnitine-acylcarnitine translocase; SDH: succinate dehydrogenase/
respiratory complex II.
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59 1. Zebrafish maintenance and exposure design

60 The current experiment was approved by the University of Saskatchewan (AUP# 

61 20200065). Embryos were collected from healthy adult zebrafish (wildtype, AB strain) 

62 according to Zhang et al. (2016)1. Embryos that had developed normally and reached the 

63 blastula stage (2 h post fertilization, hpf) were randomly distributed into 16 tanks (length 

64 20 cm, width 14 cm, height 8 cm) containing 1 L exposure solution with nominal 

65 concentrations of DPhP at 0, 1, 10, or 100 μg/L, with 150 embryos per tank and 4 replicate 

66 tanks for each treatment. Exposure tanks were placed in an incubator (14h/10h day/night 

67 cycle, 28 °C) for 20 days for embryo hatching and larval culture. At 21 days post 

68 fertilization (dpf), the fish in the incubator were transferred to a semi-static system 

69 (14h/10h day/night cycle, 28 °C) and continued to be exposed to DPhP until 120 dpf (also 

70 four replicated tanks for each concentration). During the exposure, residual food and feces 

71 in tanks were removed every day, and half of the water in each tank was replaced every 2 

72 days with fresh aerated tap water containing the desired concentration of DPhP. During the 

73 experimental period, fish were transferred to larger tanks as they grew to ensure that the 

74 experimental fish had enough living space, and the number of fish in each tank remained 

75 approximately equal, with a density of about 120, 60, 10, and 5 fish per liter of water during 

76 the periods of 6–15 dpf, 16–30 dpf, 31–60 dpf, and 61–120 dpf, respectively. Fish were fed 

77 to apparent satiation thrice daily with live Paramecia, live Paramecia and Artemia, and 

78 live Artemia and commercial pellet diet during periods of 6–20 dpf, 21–50 dpf, and 51–

79 120 dpf, respectively. Water quality conditions were monitored and were: temperature, 

80 27±0.3 °C; pH, 7.7±0.1; dissolved oxygen> 6 mg/L. After a 120-day exposure, all fish were 

81 anesthetized with 0.01% MS-222 and dissected humanely after measurement of body 
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82 length and body mass. Livers were excised and weighted to calculate the hepatosomatic 

83 index (HSI), determined as [liver mass (g)/body mass (g) × 100%]. Then, all liver samples 

84 were flash-frozen in liquid nitrogen and stored at −80 °C for the analysis of metabolomics, 

85 transcriptomics, and enzyme activity. The sex of the fish was determined by visual 

86 inspection of gonadal morphology. The average sex ratio (proportion males) was 59.7%.

87
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88 2. Quantification of DPhP in water

89 The exposure solutions from each treatment group were first centrifuged at 14,000 g for 

90 10 mins. Then, the supernatant was collected and mixed with LC-MS grade methanol at a 

91 ratio of 9: 1. A Waters Acquity Ultra Prerformance liquid chromatography system (UPLC) 

92 coupled online with an ABI Q-Trap 5500 (AB SCIEX, USA) via an electrospray ionization 

93 (ESI) interface was used for DPhP analysis. Chromatographic separation was carried out 

94 with an ACQUITY UPLC HSS T3 column (2.1 mm × 100 mm × 1.8 μm, Waters, USA) 

95 maintained at 40 °C. Mobile phase A consisted of 0.1% formic acid in water; mobile phase 

96 B was LC-MS grade acetonitrile. The flow rate was set at 0.30 mL/min. Injection volume 

97 was set at 5 µL. The elution gradient was performed as follows: 0–8 min, 20–100% B; 8–

98 8.5 min, 100–20% B; 8.5–10 min, 20% B for column equilibration. The ESI source was set 

99 with the following parameters: ion source, turbo spray; source temperature 500 °C; ion 

100 spray voltage (IS) −4500 V. The ion source gas I (GSI), gas II (GSII), and curtain gas (CUR) 

101 were set at 50, 50, and 25 psi, respectively; the collision gas (CAD) was medium. Multiple 

102 reaction monitoring (MRM) experiments were carried out in negative ion mode by 

103 selecting the following transitions (precursor ion > fragment ion): m/z 249.0 > 92.9, CE: 

104 −35 and m/z 249.0 > 154.5, CE: −30. For the absolute quantification, external calibration 

105 curves were prepared by injecting authentic standards of DPhP at different concentrations.

106
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107 3. Sample preparation and instrumental analysis for pseudo-targeted metabolomics

108 Sample preparation

109 For pseudo-targeted metabolomics analysis, eight zebrafish livers of the same sex 

110 randomly selected from the same exposure tank were pooled as one sample, and each 

111 treatment group had eight pooled samples. There were two pooled samples for each 

112 replicate tank and four replicate tanks for each treatment. Sample was mixed with 1 mL of 

113 ultrapure water, homogenized, and then ultrasonically disrupted for 5 min in an ice-water 

114 bath. The sample were subsequently freeze-dried and extracted with a mixture of 

115 methanol/water (4: 1, v: v). Soon afterwards, the solution was vortexed for 30 min, and 

116 then centrifuged for 20 min at 13,000 × g and 4 °C. Finally, the supernatant was filtered by 

117 an organic phase filter and transferred to a vial for metabolite analysis. Prior to extraction, 

118 six kinds of internal standards (i.e., L-phenylalanine-d5, octanoyl (8,8,8-d3)-L-carnitine, 

119 1-lauroyl-2-hydroxy-sn-glycero-3- phosphocholine, 1,2-diheptadecanoyl-sn-glycero-3-

120 phosphoethanolamine, hendecanoic acid, and nonadecanoic acid) were spiked into the 

121 sample for the purpose of quality control.

122

123 UHPLC/Q-TOF MS for Untargeted Tandem MS

124 For untargeted tandem MS, the “auto MS/MS” function of the Q-TOF MS system with 

125 data-dependent acquisition was performed in positive ion mode and negative ion mode, 

126 respectively. For positive ion mode, 5 μL of extract containing metabolites was injected 

127 into the UHPLC/Q-TOF MS system with an ACQUITY UPLC BEH C8 column (2.1 mm 

128 × 100 mm × 1.7 μm, Waters, USA) maintained at 50 °C. Water and acetonitrile both 

129 containing 0.1% (v/v) formic acid were used as mobile phases A and B, respectively. The 
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130 flow rate was 0.35 mL/min, and the gradient elution was as follows (time, %B): 0 min, 

131 10%; 3 min, 40%; 15 min, 100%, and maintained for 5 min; 20.1 min, 10%, and re-

132 equilibrated for 2.9 min. The mass spectrometer was operated with a capillary voltage of 

133 4000 V, fragmentor voltage of 175 V, skimmer voltage of 65 V, nebulizer gas (N2) pressure 

134 at 45 psi, drying gas (N2) flow rate of 9 L/min, and a temperature of 350 °C. Five most 

135 intense precursors were chosen within one full scan cycle (0.25 s) with a precursor ion scan 

136 range of m/z 100−1000 and a tandem mass scan range of m/z 40−1000. The collision 

137 energies were set at 10, 20, 30, and 40 eV, and all samples were analyzed to obtain abundant 

138 and complementary product ion information.

139 For negative ion mode, 5 μL of extract containing metabolites was injected into the 

140 UHPLC/Q-TOF MS system with an ACQUITY UPLC HSS T3 column (2.1 mm × 100 

141 mm × 1.8 μm, Waters, USA) maintained at 50 °C. Water and methanol both containing 5 

142 mmol/L ammonium bicarbonate were used as mobile phases A and B, respectively. The 

143 flow rate was also 0.35 mL/min, and the gradient elution was as follows (time, %B): 0 min, 

144 2%; 3 min, 42%; 12 min, 100%, and maintained for 4 min; 16.1 min, 2%, and re-

145 equilibrated for 3.9 min. The mass spectrometer was operated with a capillary voltage of 

146 3500 V, fragmentor voltage of 175 V, skimmer voltage of 65 V, nebulizer gas (N2) pressure 

147 at 45 psi, drying gas (N2) flow rate of 9 L/min, and a temperature of 350 °C. Five most 

148 intense precursors were chosen within one full scan cycle (0.25 s) with a precursor ion scan 

149 range of m/z 100−1000 and a tandem mass scan range of m/z 40−1000. The collision 

150 energies were set at −10, −20, −30, and −40 eV, and all samples were analyzed to obtain 

151 abundant and complementary product ion information.
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152 After data acquisition, the “Find by Auto MS/MS” function of MassHunter Qualitative 

153 Analysis software was used to automatically extract ion pair information for subsequent 

154 MRM detection. The retention time window was set to 0.15 min; the MS/MS threshold 

155 was set to 100, and the mass match tolerance was set to 0.02 Da. The single mass expansion 

156 was set to symmetric 100 ppm, and the persistent background ions, such as reference mass 

157 ions, were excluded. After execution, detected ion pairs with information about the 

158 precursor ion, product ions, retention time, and collision energy were exported to a 

159 spreadsheet. Ion pairs were selected on the basis of the following rules: different precursor 

160 ions eluted in the neighboring time range were scrutinized to exclude the isotopic, 

161 fragmentation, adduct, and dimer ions; and the product ion that appeared with the most 

162 applied collision energy and with the highest intensity was selected as the characteristic 

163 product ion.

164

165 UHPLC/Q-Trap MRM MS for Pseudo-targeted Metabolomic Analysis

166 A Waters Acquity Ultra Prerformance liquid chromatography system (UHPLC) coupled 

167 online to an ABI Q-Trap 5500 (AB SCIEX, USA) via an electrospray ionization (ESI) 

168 interface was adopted for pseudo-targeted metabolomics analysis using the spreadsheet 

169 produced from the analysis of UHPLC/Q-TOF MS. The same chromatographic condition, 

170 including chromatographic column, mobile phases, and gradient elution procedure, was 

171 performed on both UHPLC/Q-TOF MS system and UHPLC/Q-Trap MS system.

172 For positive ion mode, The MS instrumental parameters were set as those for the 

173 following: source temperature, 550 °C; gas I, 40 arbitrary units; gas II, 40 arbitrary units; 

174 curtain gas, 35 arbitrary units; ion spray voltage, 5500 V.
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175 For negative ion mode, The MS instrumental parameters were set as follows: source 

176 temperature, 550 °C; gas I, 40 arbitrary units; gas II, 40 arbitrary units; curtain gas, 35 

177 arbitrary units; ion spray voltage, −4500 V.

178
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179 4. RNA isolation and sequencing

180 Livers of zebrafish exposed to nominal 0, 10, or 100 µg/L of DPhP were used for 

181 transcriptomics. Each treatment group had three pooled samples and each pooled sample 

182 had eight zebrafish livers of the same sex. Total RNA was isolated by TRIzol@ reagent 

183 (Invitrogen). RNA integrity and quality was determined with 1.5% agarose–formaldehyde 

184 gel and an Agilent 2100 bioanalyzer (Agilent Technologies). RNA concentration were 

185 measured by a NanoDrop spectrophotometer (Thermo Scientific) and only samples with a 

186 260/280 nm ratio of 1.8–2.0 were analyzed further. The cDNA library was constructed with 

187 TruseqTM RNA sample prep Kit (Illumina), and then next-generation sequencing was 

188 performed on an Illumina HiSeq platform.

189 Raw data was processed by Cutadapt software (v1.16) and reads that contained adaptor 

190 contamination, low quality bases, and undetermined bases were removed. Then, HISAT2 

191 (v2.1.0) was used to map clean reads to the zebrafish genome (GRCz 11) and the mapped 

192 reads of each sample were assembled using StringTie. Afterwards, assembled genes were 

193 annotated for function against several public databases, including NCBI non-redundant 

194 protein sequences (NR) database, Gene Ontology (GO) database, Kyoto Encyclopedia of 

195 Genes and Genome (KEGG) database, Swiss-Prot database, Pfam database, and STRING 

196 database. Transcript abundances were measured as Fragments per kilobase of transcript 

197 sequence per millions base pairs sequenced (FPKM). Gene set enrichment analysis (GSEA) 

198 was performed using Wikipathways database by R package clusterProfiler2 to identify 

199 pathways disrupted by DPhP. Transcriptomics data were validated through quantitative 

200 real time PCR (qRT-PCR). Housekeeping elongation factor 1-alpha (ef1α) and ribosomal 

201 protein L13a (rpl13a) were employed as reference genes.
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202 5. Quantitative real time PCR (qRT-PCR)

203 Seven genes were randomly selected for validation of transcriptomics data by using 

204 qRT-PCR. Primer sequences were listed in Table S5. Sequences of these selected genes 

205 were compared with the homologues (blastx) to verify our annotation. RNA samples of 

206 zebrafish liver were extracted with the same method as described in transcriptomics 

207 analysis, and concentrations of RNA were determined with Nano-100 (ALLSHENG, 

208 Hangzhou, China). One microgram of isolated RNA was applied for complimentary DNA 

209 (cDNA) synthesis with a PrimeScriptTM RT reagent Kit (TaKaRa, Dalian, China). The 

210 qRT-PCR were carried out on the CFX96TM Real-Time systems (Bio-Rad Laboratories, 

211 USA) with a SYBR™ Premix Ex Taq™ reagent Kit (TaKaRa, Dalian, China) , and 1 µL 

212 of cDNA templates were applied in each reaction. Elongation factor 1-alpha (ef1α) and 

213 ribosomal protein L13a (rpl13a) were adopted as the reference gene. Reaction conditions 

214 were: 95 °C/ 30 s, 40 cycles of 95 °C/5 s, 60 °C/30 s and 72 °C/30 s. Melting curves were 

215 determined with: 5 °C/1 min, and 80 cycles of 65 °C/5 s with 0.5 °C increase per cycle. 

216 Relative expression of the target genes was calculated by 2-∆∆Ct method.3

217
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218 Table S1. Summary statistics of transcriptome sequencing

Sample Raw reads Clean reads Error rate (%) Q20 (%) Q30 (%) GC content (%) rRNA ratio (%)

ML_Control_1 51817100 51720972 0.0278 96.77 91.79 46.15 7.22

ML_Control_2 50594170 50521064 0.0274 96.91 92.1 45.11 4.66

ML_Control_3 51993570 51864274 0.0276 96.85 91.94 46.52 4.43

ML_3.9 µg/L_1 47778272 47694118 0.0278 96.79 91.8 46.82 3.66

ML_3.9 µg/L_2 46791000 46732386 0.0269 97.15 92.53 46.81 3.84

ML_3.9 µg/L_3 50428250 50335198 0.0275 96.87 92.01 47.15 4.09

ML_35.6 µg/L_1 50854186 50678718 0.027 97.07 92.41 46.99 3.73

ML_35.6 µg/L_2 51442734 51269136 0.027 97.1 92.48 47.09 3.84

ML_35.6 µg/L_3 61094276 61056564 0.0249 98.04 94.32 46.58 4.33

FL_Control_1 43736490 43593800 0.0267 97.23 92.7 47.27 2.98

FL_Control_2 49600530 49454478 0.0265 97.32 92.92 47.26 3.12

FL_Control_3 39633198 39606716 0.0247 98.12 94.46 46.98 3.2

FL_3.9 µg/L_1 41825328 41725670 0.0297 96 90.31 47.03 3.01

FL_3.9 µg/L_2 46823970 46741222 0.0266 97.25 92.74 47.14 2.69

FL_3.9 µg/L_3 37464204 37446728 0.0256 97.78 93.59 46.73 2.8

FL_35.6 µg/L_1 50303526 50212844 0.0266 97.27 92.8 47.04 2.93

FL_35.6 µg/L_2 51158440 51044314 0.0267 97.25 92.71 47.22 2.82

FL_35.6 µg/L_3 40487274 40454702 0.0252 97.92 93.99 47.09 3.43

219 ML: male liver; FL: female liver.
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220 Table S2. Annotation of zebrafish transcriptome

Databases Number of annotated genes

NR 26633

GO 20769

KEGG 12794

Swiss-Prot 21305

Pfam 22731

STRING 14667

221
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222 Table S3. Measured concentrations of DPhP in water

Sampling Datea Measured DPhP concentrations in each exposure group (µg/L)

Control 1 µg/L DPhP 10 µg/L DPhP 100 µg/L DPhP

Day 83 < LODb 0.7 ± 0.2 4.0 ± 1.0 32.8 ± 0.9

Day 97 < LOD 0.7 ± 0.3 4.1 ± 1.2 37.1 ± 15.9

Day 113 < LOD 1.0 ± 0.01 3.5 ± 0.6 36.8 ± 9.0

Average < LOD 0.8 ± 0.2 3.9 ± 1.0 35.6 ± 9.9

223 a. Water samples were collected on day 83, 97, and 113 from the beginning of the exposure experiment and stored at –80 °C until analysis.

224 b. LOD: limit of detection.

225
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226 Table S4. Significantly enriched Wikipathways by gene set enrichment analysis (GSEA)a

ID Description Set size NESb P value P adjusted

Male, 3.9 µg/L DPhP treatment vs Control

WP1335 Oxidative phosphorylation 48 -2.28088 0.000254 0.006907

WP1339 Electron Transport Chain 85 -2.68924 0.000303 0.006907

WP467 mRNA processing 109 -1.90359 0.000334 0.006907

WP19 TCA Cycle 24 -1.77805 0.001504 0.023308

Male, 35.6 µg/L DPhP treatment vs Control

WP1339 Electron Transport Chain 85 -2.02538 0.000124 0.007809

WP1335 Oxidative phosphorylation 47 -1.90715 0.002851 0.071938

WP1386 Integrin-mediated cell adhesion 34 1.850446 0.0042 0.071938

WP1356 Glycolysis and Gluconeogenesis 30 -1.85534 0.004568 0.071938

WP19 TCA Cycle 24 -1.76739 0.007609 0.095874

Female, 3.9 µg/L DPhP treatment vs Control

WP152 FGF signaling pathway 52 -1.89411 0.000916 0.034337
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WP402 ERK1 - ERK2 MAPK cascade 66 -1.78236 0.001232 0.034337

WP324 Cytoplasmic Ribosomal Proteins 77 -2.19789 0.001585 0.034337

WP1372 Oxidative Stress 23 -1.77673 0.00411 0.06679

WP1367 Transformation Growth Factor (TGF) beta Receptor Signaling Pathway 86 -1.53632 0.005871 0.076321

Female, 35.6 µg/L DPhP treatment vs Control

WP562 Exercise-induced Circadian Regulation 38 -2.06476 0.000173 0.007133

WP1387 Cholesterol Biosynthesis 13 2.141551 0.000223 0.007133

WP1339 Electron Transport Chain 85 1.78185 0.001599 0.034106

WP1335 Oxidative phosphorylation 47 1.780867 0.003223 0.051562

WP152 FGF signaling pathway 50 -1.69154 0.007155 0.091584

WP1337 MAPK Signaling Pathway 86 -1.57019 0.009712 0.103593

227 a. GSEA was performed with pre-ranked gene list by R package clusterProfiler. P adjusted < 0.1 was considered significant.

228 b. NES: normalized enrichment score.

229
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230 Table S5. Primer sequences used in qRT-PCR

Gene symbol NR database annotation Primer sequences (5’ → 3’)

ef1α Elongation factor 1-alpha F: GATCACTGGTACTTCTCAGGCTGA

R: GGTGAAAGCCAGGAGGGC

rpl13a Ribosomal protein L13a F: CCCGCGTGTCTTTCTTTTCC

R: CTTGCTTGGCCACAATAGCG

ndufb4 NADH: ubiquinone oxidoreductase subunit B4 F: GAAGACCCTGCCCTTACCAG

R: GGAATCCCTTTTGTCCCTGTCT

cpt1b Carnitine palmitoyltransferase 1B F: TGGCACTGCAACTAGCTCAA

R: ACCTCTGCTCATTCGTGGTT

cpt1ab Carnitine palmitoyltransferase 1Ab F: TATGACGGACGCCTGTTGTT

R: TTTGGCCCAGGGAACTCTGT

pdk2b Pyruvate dehydrogenase kinase 2b F: TCCATTGCCTTTGTCAATGAAGC

R: CATCAGACTTTGGACAAACCAGC

acsl4a Acyl-CoA synthetase long chain family member 4a F: GGCACTATCACCGAAGTTGC

R: CACATTAGGGCCACCGATGA

per1b Period circadian clock 1b F: CCAGGCAACGCTAAAGGTCC

R: TGGGATGTGACAGAGGCAAC

nrld2b Nuclear receptor subfamily 1, group D, member 2b F: AACGGTCTGGTGCTGCTATG

R: GCTCCTCCTGAAGAAACCCTTA

231
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232 Table S6. qRT-PCR validation of transcritpomics data

RNAseq qRT-PCR
Sex Gene symbol Ensembl ID

Measured DPhP 

conc. (µg/L) P value Fold change P value Fold changea

Male ndufb4 ENSDARG00000019332 3.9 0.003 0.430 0.020 0.744

35.6 0.039 0.554 0.005 0.743

cpt1b ENSDARG00000058285 3.9 0.088 0.613 0.161 0.698

35.6 0.001 0.459 0.019 0.544

cpt1ab ENSDARG00000062054 3.9 0.175 0.700 0.276 0.798

35.6 0.000 0.404 0.028 0.527

pdk2b ENSDARG00000059054 3.9 0.417 0.728 0.077 0.700

35.6 0.000 0.104 0.000 0.253

acsl4a ENSDARG00000004078 3.9 0.778 0.917 0.658 0.861

35.6 0.000 0.352 0.037 0.376

Female nr1d2b ENSDARG00000009594 3.9 0.001 0.256 0.000 0.475

35.6 0.000 0.257 0.000 0.500

per1b ENSDARG00000012499 3.9 0.000 0.082 0.013 0.525
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35.6 0.000 0.101 0.004 0.463

cpt1ab ENSDARG00000062054 3.9 0.423 0.723 0.920 0.984

35.6 0.271 0.710 0.869 0.972

pdk2b ENSDARG00000059054 3.9 0.731 0.585 0.163 0.626

35.6 0.000 0.295 0.014 0.422

acsl4a ENSDARG00000004078 3.9 0.460 0.727 0.622 1.162

35.6 0.672 1.082 0.320 1.387

233 a. Fold change was calculated as the ratio of the changes between DPhP treatment groups and the control group. Values with significant changes were 

234 highlighted (bold and underline).

235
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236

237

238 Figure S1. Stability test of DPhP. Zebrafish embryos or adults were exposed to nominal 

239 100 µg DPhP/L for 7 days. Water aliquots were sampled every 6 hours for DPhP 

240 measurement by UPLC-MS. There were three replicate tanks for each treatment and the 

241 exposure water were refreshed every 48 hours. In the exposure for embryos, there were 

242 150 zebrafish embryos (2 hpf) in 1 L water in each replicate tank (20 cm × 14 cm × 8 cm). 

243 In the exposure for zebrafish adults, there were 20 fish in 4 L water (2 g body mass/L) in 

244 each replicate tank (28 cm × 200 cm × 22 cm). Adult zebrafish were fed three times a day 

245 whereas zebrafish embryos were not fed during the test.

246
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247

248

249 Figure S2. Effects of DPhP exposure on survival rate (N = 4 replicate tanks per treatment), 

250 condition factor (N = 120 fish per treatment), and hepatosomatic index (N = 40 fish per 

251 treatment) in zebrafish. The results are shown as the mean ± SE. The asterisk indicates 

252 significant differences between DPhP treatments and control (*0.01 < P < 0.05).

253
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254

255

256 Figure S3. Reproducibility of pseudo-targeted metabolomics analysis for pooled QC. RSD: 

257 relative standard deviation.

258
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260

261 Figure S4. Wikipathways enrichment analysis of female zebrafish using gene set 

262 enrichment analysis (GSEA) algorithm. The dot size indicates pathway significance. The 

263 pathway direction is the normalized enrichment score (NES). Enriched pathways with P 

264 adjusted < 0.1 were considered significant.
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266

267 Figure S5. Expression levels of genes related to fatty acid oxidation in female zebrafish 

268 liver. acsl4a: acyl-CoA synthetase long-chain family member 4a; acsl4b: acyl-CoA 

269 synthetase long chain family member 4b; cpt1ab: carnitine palmitoyltransferase 1Ab; 

270 cpt1b: carnitine palmitoyltransferase 1B. Data are presented as mean ± standard error (SE). 

271 P values are corrected by Bonferroni's method for multiple testing. The asterisk indicates 

272 significant differences between DPhP treatments and control (**P < 0.01). N = 3.
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274

275

276 Figure S6. Up-regulated catabolism of PC molecules in male zebrafish liver after life cycle 

277 exposure to DPhP at environmentally realistic concentrations. PC: Phosphatidylcholine; 

278 LysoPC: lysophosphatidylcholine. *0.01 < P < 0.05, **P < 0.01. N = 8.

279
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