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Triphenyl phosphate (TPhP) is an organophosphate ﬂame retardant that is frequently detected in the environments. TPhP exposure is known to cause developmental toxicity. However, the underlying molecular mechanisms remain underestimated. In the present study, zebraﬁsh embryos were acutely exposed to 0, 4 and 100 μg/L
TPhP until 144 h post-fertilization. Proﬁles of diﬀerentially expressed proteins were constructed using a shotgun
proteomic. With the input of diﬀerential proteins, principal component analysis suggested diﬀerent protein
expression proﬁles for 4 and 100 μg/L TPhP. Gene ontology and KEGG pathway analyses further found that
eﬀects of TPhP at 4 μg/L targeted phagosome and lysosome activity, while 100 μg/L TPhP mainly aﬀected
carbohydrate metabolism, muscular contraction and phagosome. Based on proteomic data, diverse bioassays
were employed to ascertain the eﬀects of TPhP on speciﬁc proteins and pathways. At gene and protein levels,
expressions of critical visual proteins were signiﬁcantly changed by TPhP exposure, including retinoschisin 1a,
opsins and crystallins, implying the impairment of ocular development and function. TPhP exposure at 100 μg/L
also altered the abundances of diverse muscular proteins and disordered the assembly of muscle ﬁbers. Eﬀects of
TPhP on visual development and motor activity may be combined to disturb larval swimming behavior. In
summary, current results provided mechanistic clues to the developmental toxicities of TPhP. Future works are
inspired to broaden the toxicological knowledge of TPhP based on current proteomic results.

1. Introduction
Since the ban on lower brominated ﬂame retardants, alternative use
of organophosphate esters has been gradually increasing (USEPA,
2005). Triphenyl phosphate (TPhP) is one of the primary organophosphate esters, being applied as ﬂame retardants, plasticizers and antifoaming agents in a variety of industries, including plastics, furniture,
textile, electronics, construction, vehicle and petroleum industries (Van
der Veen and de Boer, 2012; Wei et al., 2015). The production and use
of TPhP within Western Europe is up to 20,000–30,000 tons in 2000
(Van der Veen and de Boer, 2012). Because TPhP additives can easily
leak into the environment from applications (Lassen and Lokke, 1999),
occurrences of TPhP have been ubiquitously detected in various environmental abiotic and biotic samples (Greaves and Letcher, 2017).
For example, concentrations of TPhP range from several ng/L to tens of

∗

μg/L in river waters (Andresen et al., 2004; Lassen and Lokke, 1999;
Green et al., 2007; Zha et al., 2018). TPhP has even been detected in
drinking water from eight cities of China, which concentrations vary
between 19.8 ng/L and 84.1 ng/L (Li et al., 2014). In sediment samples
from the large river basin estuaries/deltas in Europe, TPhP can reach a
concentration as high as 9553 pg/g (Wolschke et al., 2018). Furthermore, TPhP is hydrophobic and possesses the bioaccumulative capability in animals (Hou et al., 2016). Previous monitoring studies report
that concentrations of TPhP reach 21−180 μg/kg lipid weight in perch
from Swedish lakes and coastal areas (Sundkvist et al., 2010), and
280 μg/kg lipid weight in lake trout (Salvelinus namaycush) (Guo et al.,
2017). Up to 45.7 μg/kg lipid weight of TPhP has also been reported in
muscle samples of freshwater ﬁshes from the Pearl River Delta region in
South China (Ma et al., 2013; Y. Liu et al., 2018).
TPhP exposure can induce multiple toxic eﬀects, including
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were ﬁxed in 4% methyl cellulose to count heart beats within 1 min
under stereomicroscope (n = 20). Body length of zebraﬁsh larvae were
also measured. After exposure until 144 hpf, the larvae were anesthetized using 0.03% MS-222 and randomly collected from exposure
beakers for each separated bioassay, which were immediately frozen in
liquid nitrogen and stored at −80 °C.

neurotoxicity (Jarema et al., 2015; Noyes et al., 2015; Sun et al., 2016a;
Hong et al., 2018), thyroid endocrine disruption (Kim et al., 2015; Liu
et al., 2013a), reproductive impairment (Chen et al., 2015; Ding et al.,
2017; Liu et al., 2013b) and cardiotoxicity (Du et al., 2015; McGee
et al., 2013; Mitchell et al., 2018). Transcriptomic and metabolomic
proﬁling in adult zebraﬁsh show that TPhP exposure mainly aﬀects
carbohydrate metabolism, lipid metabolism and DNA damage repair
system (Du et al., 2016). TPhP exposure also leads to developmental
cardiac impairments in zebraﬁsh larvae, which is speculatively mediated by retinoic acid receptor (Isales et al., 2015). Soubry et al. (2017)
reports that urinary metabolites of TPhP are associated with increased
DNA methylation aberrancies in sperm. After combined consideration
of environmental occurrences, bioaccumulation and toxicities, TPhP
exposure will pose a rising hazard to environmental and human health.
Although multiple toxicities have been reported for TPhP, molecular
mechanisms underlying the developmental toxicity of TPhP are still
underestimated. Therefore, the objectives of the present study were to
elucidate the aﬀected biological processes and reveal the mechanistic
changes for TPhP's developmental toxicity by using high-throughput
proteomic analyses. An acute exposure to 0, 4 and 100 μg/L TPhP was
performed using zebraﬁsh embryos (Danio rerio) until 144 h post-fertilization (hpf). Based on endpoints of developmental toxicities, a
shotgun proteomic assay was employed here to proﬁle the diﬀerentially
expressed protein, aiming to provide preliminary insights into the toxic
mechanisms of TPhP. Bioinformatic analyses of diﬀerential proteins
further identiﬁed the concerning eﬀects, which were veriﬁed by a suite
of molecular assays at gene, protein and histological levels.
Employment of proteomic proﬁling in this study can provide a comprehensive screening of developmental toxicity-related pathways,
which will serve as inspiring clues for future targeted research.

2.3. Proteomic proﬁling and bioinformatic analyses
A shot-gun proteomic experiment was conducted to proﬁle the
diﬀerentially expressed proteins in zebraﬁsh larvae according to a
previously published method (Chen et al., 2016a). Brieﬂy, 300 larvae at
144 hpf were collected from each beaker of control, 4 and 100 μg/L
groups (n = 3), and homogenized in lysis buﬀer (8 M urea and 40 mM
HEPES, pH 7.4) on ice using a tissue tearer (BioSpec Products). The
homogenates were subsequently sonicated vigorously on ice using a
Misonix Sonicator-XL2020 (Misonix, NY, USA). After centrifugation,
the supernatant was transferred and cleaned using methanol and
chloroform to remove lipids, carbohydrates and salts (Wessel and
Flügge, 1984). Protein pellets were then reconstituted in 100 μL of lysis
buﬀer and quantiﬁed using a RC-DC assay kit (Bio-Rad, Hercules, CA,
USA). An aliquot of 150 μg protein from each sample was separated by
12% SDS-PAGE electrophoresis. After staining by Coomassie brilliant
blue, each lane of the gel was cut into three pieces according to the
band density and the proteins were in-gel reduced, alkylated and digested. The resulting peptides were extracted and characterized on a
Thermo Scientiﬁc LTQ Velos platform (Thermo Fisher Scientiﬁc,
Bremen, Germany). Generated MS data were searched against the
protein database of D. rerio on MASCOT platform (version 2.3, Matrix
Sciences Ltd., London, UK) to determine the identity and quantity of
each protein. Searching criteria were set as follows: trypsin speciﬁcity;
two maximum missed cleavages; carbamidomethylation on cysteine
and oxidation on methionine as variable modiﬁcations; peptide and
fragment mass tolerance at 1.0 Da and 0.2 Da, respectively. Search results were merged for each sample. Cutoﬀ of false discovery rate during
MASCOT search was controlled at 1%.
Diﬀerentially expressed proteins were ﬁltered using one-tailed
Student's t-test or Mann Whitney U test according to following thresholds: detected in at least two replicates with spectral counts ≥5; fold
change relative to control > 1.4, and P < 0.05 compared with the
control group. Hierarchical clustering analysis with the input of differential proteins was performed using Gene Cluster 3.0 software, employing Spearman Rank Correlation for the calculation of similarity
metric and centroid linkage as the cluster method. Gene ontology (GO)
analysis was conducted using the g:GOSt module of a web server
g:Proﬁler (Reimand et al., 2016). Statistically signiﬁcant enrichment of
GO terms (Biological process, Cellular component and Molecular
function) was determined against the database of D. rerio (P < 0.05).
Signiﬁcantly represented pathways and diseases of diﬀerential proteins
(Benjamini and Hochberg's corrected P value < 0.05) were annotated
and identiﬁed on a web server KOBAS 3.0 using hypergeometric test
and Fisher's exact test (Xie et al., 2011). Based on the list of diﬀerential
proteins from all exposure groups, principal component analysis (PCA)
was conducted according to the variance-covariance matrix in PAST
software to observe the grouping and separation of samples on PCA
plot.

2. Materials and methods
2.1. Chemicals
TPhP (CAS#115-86-6; > 99% purity), dimethyl sulfoxide (DMSO;
CAS 67–68-5; ≥99.5% purity), methanesulfonate (MS-222), methionine, DL-homocysteine, sulfonylsalicylic acid and betaine were purchased from Sigma-Aldrich (St. Louis, MO, USA). Rabbit primary antibody to betaine-homocysteine S-methyltransferase (BHMT) was
obtained from Abcam (Cambridge, UK). Mouse myosin heavy chain
antibody (F59) was obtained from DSHB (University of Iowa, Iowa City,
IA, USA). All other chemicals used in the present study were of analytical grade or high-performance liquid chromatography grade.
2.2. Zebraﬁsh maintenance and embryo exposure
The culture of adult zebraﬁsh (Wild type, AB strain, four-month-old)
and embryo exposure were carried out as previously described (Chen
et al., 2013). Brieﬂy, 500 embryos that developed normally and
reached the blastula stage (2 hpf) were randomly distributed in glass
beakers, each of which contained 500 mL exposure solution with
nominal concentrations of TPhP at 0, 4 and 100 μg/L. The choice of
TPhP exposure concentrations was based on environmentally realistic
concentrations (7.9 μg/L; Lassen and Lokke, 1999) and our previous
toxicological observations (Shi et al., 2018), facilitating both ecological
relevance and elucidation of toxicological mechanisms. All groups received equal amounts of DMSO (0.01% v/v). Actual waterborne concentrations of TPhP were measured at 4.4 and 109.2 μg/L, respectively,
after the water renewal (Shi et al., 2018). Because the measured concentrations were close to nominal concentrations, current study used
nominal concentrations as previous study did. There were 4 replicates
for each group (n = 4). During exposure period, the solutions were
renewed daily. Embryonic development was monitored and recorded
every day, including survival, hatching and malformation (e.g., pericardial edema and axial spinal curvature). Zebraﬁsh larvae at 144 hpf

2.4. Quantitative real-time polymerase chain reaction (qRT-PCR)
Isolation of total RNA, synthesis of ﬁrst-strand cDNA and qRT-PCR
assay were performed as previously described (Chen et al., 2012).
Brieﬂy, 30 zebraﬁsh larvae were collected from each beaker (n = 4 per
group) and homogenized to extract total RNA using Trizol reagent
(Invitrogen Corp., Carlsbad, CA). Quality and purity of RNA extracts
were assessed by 1% agarose-formaldehyde gel electrophoresis and
measuring 260/280 nm ratio on a NanoDrop 2000 spectrophotometer
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(Thermo Fisher Scientiﬁc). The ﬁrst-strand cDNA was synthesized using
a PrimeScript® RT Reagent Kit (Takara, Dalian, China). The qRT-PCR
assay was carried out using SYBR® Real-time PCR Master Mix-Plus Kits
(Toyobo, Osaka, Japan) and analyzed on an ABI 7300 system (PerkinElmer Applied Biosystems, Foster city, CA, USA). The primer sequences of opsin genes (zfrho, zfred, zfgr1, zfuv and zfblue) were obtained from previous research (Chen et al., 2013). The ribosomal
protein L8 (rpl8) was selected as a reference gene, which transcription
did not vary upon TPhP exposure (data not shown). We have veriﬁed
the stability of rpl8 by using geNorm software. List of primer pairs was
provided in Table S1 of Supplementary materials. The transcriptional
levels of opsin genes were normalized to that of rpl8 using the 2−ΔΔCt
method.

larvae were randomly collected from each replicate beaker (n = 4 per
group). After anesthetized using 0.03% MS-222, larvae were ﬁxed with
4% paraformaldehyde and decolorized in 10% H2O2 overnight. Subsequently, zebraﬁsh larvae were washed, blocked with 1% Triton X-100
for at least 4 h, and incubated with primary mouse myosin heavy chain
antibody (F59) overnight at 4 °C in 1% non-immune goat serum in
PBST. After incubation with a DyLight488-conjugated secondary antibody (Abbkine, Redlands, CA, USA) for 1 h at room temperature,
images of larval zebraﬁsh were recorded using a laser scanning confocal
microscope (Zeiss, LMS710, Jena, Germany).
2.9. Statistical analyses
All data were presented as means ± SEM of replicates. After initial
veriﬁcation of normal distribution and homogeneity of variance using
the Kolmogorov–Smirnov and Levene's tests, respectively, signiﬁcant
diﬀerences between the control and exposure groups were evaluated by
one-way analysis of variance (ANOVA), followed by the post-hoc LSD
test. Unless speciﬁed (e.g., proteomic bioinformatics), all statistical
analyses were performed using SPSS 18.0 software (IBM SPSS Statistics,
IBM Corporation, Armonk, New York). Statistically signiﬁcant diﬀerence is indicated by P < 0.05.

2.5. Western blot assay
Abundances of BHMT proteins in zebraﬁsh larvae were examined
using Western blot assay as previously described (Chen et al., 2012).
Approximately 100 larvae were collected for each replicate (n = 4 per
group). Brieﬂy, 50 μg of protein was separated by running on 12% SDSPAGE, and then transferred to polyvinylidene diﬂuoride membranes.
The membranes were blocked with 5% fat-free milk for 2 h, and then
probed with rabbit primary antibodies against BHMT (1: 1000) and
GAPDH (1: 1000) at 4 °C overnight. After repeated washes, the blots
were incubated with HRP-conjugated secondary antibody (1: 50,000)
for 2 h at 37 °C, and then visualized by enhanced chemiluminescence.
Relative optical density of each band was analyzed using Kodak ﬁlm
(Eastman Kodak Co., Rochester, NY) and Quantity One version 4.3
software (Bio-Rad, USA).

3. Results
3.1. Developmental toxicities
Acute TPhP exposure did not change the survival rate of zebraﬁsh
larvae (Table 1). However, larval hatching at 48 hpf was signiﬁcantly
delayed by 4 and 100 μg/L TPhP. This hatching delay continued at 72
hpf in 100 μg/L exposure group relative to the control (Table 1). A
signiﬁcant increase in malformation rate (1.5%) was observed after
acute exposure to 100 μg/L TPhP compared to the control level at 0.3%
(Table 1). The major malformation symptom was pericardial edema in
exposed larvae. Furthermore, heat rate and body length of zebraﬁsh
larvae were signiﬁcantly decreased in exposure groups compared to the
control group (Table 1).

2.6. BHMT enzymatic activity
The enzymatic activity of BHMT in zebraﬁsh larvae was measured
according to descriptions in a previous study (Yagisawa et al., 2006).
Brieﬂy, 50 larvae from each beaker (n = 4) were homogenized in
500 μL of PBS buﬀer (pH 7.4) and then centrifuged at 12,000×g at 4 °C
for 10 min. An aliquot of 100-μl supernatant was mixed with 350 μl of
50 mM K-phosphate buﬀer (pH 7.3), 50 μl of 50 mM DL-homocysteine
and 50 μl of betaine. The reaction mixture was incubated at 37 °C for
30 min. After cooling on ice, reaction was terminated by adding 500 μl
of 0.15 M HCl. The reaction mixture was further ﬁltered through
0.45 μm ﬁlters (Whatman) and subsequently examined by an automatic
amino acid analyzer (Membrapure A300, Germany). Total protein
concentration was measured by Bradford method. A unit of BHMT activity is deﬁned as the amount of synthesized methionine per microgram protein per min.

3.2. Proteomic proﬁling of diﬀerentially expressed proteins
Shotgun proteomics identiﬁed the proﬁle of diﬀerential proteins in
zebraﬁsh larvae after 144-hpf exposure to 4 and 100 μg/L TPhP relative
to the control expressions (Figs. S1 and S2). Among the list of diﬀerential proteins in 4 μg/L exposure group, 17 proteins had decreased
abundances, while 28 proteins had increased abundances (Fig. 1A). In
zebraﬁsh larvae exposed to 100 μg/L TPhP, the number of diﬀerential
proteins (133) was remarkably increased compared to that in 4 μg/L

2.7. Methionine content

Table 1
Developmental toxicities in zebraﬁsh larvae after acute exposure to TPhP at 4
and 100 μg/L.a.

Methionine concentrations in zebraﬁsh larvae at 144 hpf were
measured using an automatic amino acid analyzer (Membrapure A300,
Germany). Approximately 50 larvae from each beaker (n = 4 per
group) were homogenized in 300 μL of PBS buﬀer (pH 7.4) and centrifuged at 12,000×g at 4 °C for 10 min. The supernatant were mixed
with 20% sulfonylsalicylic acid for 15 min at room temperature, and
then centrifuged at 14,000×g at 4 °C for 30 min. The reaction mixture
was ﬁltered through 0.45 μm ﬁlters (Whatman) and subjected to an
automatic amino acid analyzer to determine methionine concentrations
(mg/g protein). Total protein concentration was measured by Bradford
method.

TPhP (μg/L)
Survival rate (%)b
Hatching rate (%)b

48-hpf
72-hpf

Malformation rate (%)b
Heart rate (beats/min)c
Body length (mm)c

Control

4

100

93.8 ± 0.4
16.0 ± 2.6
95.2 ± 1.6
0.3 ± 0.0
169.9 ± 1.1
3.0 ± 0.0

93.9 ± 0.6
8.7 ± 0.8 *
92.3 ± 2.0
0.8 ± 0.4
169.1 ± 3.6
2.9 ± 0.0 **

92.9 ± 0.7
5.4 ± 1.0 **
87.6 ± 3.0 *
1.5 ± 0.4 **
160.3 ± 3.6 *
2.8 ± 0.0***

a
The asterisks denote signiﬁcant diﬀerences in exposure groups compared
with the control group: *P < 0.05, **P < 0.01 and ***P < 0.001.
b
Values represent the mean ± SEM of four replicates; Survival rate
% = numbers of living larvae/total numbers of embryos; Hatching rate
% = numbers of hatched larvae/total numbers of embryos; Malformation rate
% = numbers of malformed larvae/numbers of living embryos.
c
Values represent the mean ± SEM of approximately twenty larvae.

2.8. Immunostaining of muscle ﬁber patterning
Alterations in muscle ﬁber assembly by TPhP exposure were examined by whole-ﬁsh immunostaining of zebraﬁsh larvae at 144 hpf
from the control and 100 μg/L exposure group (He et al., 2011). Six
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Fig. 1. Summary and analysis of diﬀerentially expressed proteins in zebraﬁsh larvae after exposure to 4 and 100 μg/L TPhP until 144 hpf. (A) Number of
diﬀerentially expressed proteins with increased or decreased abundances. (B) Venn diagram showing common and unique diﬀerential proteins in 4 and 100 μg/L
exposure groups. (C) A heatmap showing the overall distribution of diﬀerential proteins; Red coloring indicates up-regulation and blue coloring indicates downregulation; Color intensity is proportional to the magnitude of changes. (D) PCA plot based on diﬀerential proteins; Samples of control, 4 and 100 μg/L groups are
separately grouped along PC1 and PC2 axes. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the Web version of this
article.)

exposure group (45). Majority of diﬀerential proteins in 100 μg/L group
were up-regulated in expressions (106 up-regulated proteins and 27
down-regulated proteins). A venn diagram demonstrated the overlapped and speciﬁc proteins in 4 and 100 μg/L TPhP exposure groups
(Fig. 1B). It was found that each exposure group (4 μg/L or 100 μg/L)
possessed a large part of speciﬁc diﬀerential proteins, especially in
100 μg/L TPhP group. Heatmap also showed that 4 and 100 μg/L
groups had a distinct proﬁle of diﬀerential proteins (Fig. 1C). Based on
the proﬁles of diﬀerentially expressed proteins, PCA plot grouped and
separated samples of control, 4 and 100 μg/L groups (Fig. 1D). PC1 axis
explained 77.2% of total variation, while PC2 axis explained 9.1% of
total variation. Each exposure group was separated clearly on PCA plot,
implying their diﬀerent toxic mechanisms.
GO analysis annotated the signiﬁcantly overrepresented terms in
biological process (BP), cellular component (CC) and molecular function (MF) for each exposure group (Table S2 in Supplementary materials). In 4 μg/L exposure group, eﬀects of TPhP concentrated on primary lysosome (i.e., dense body) and aﬀected the enzymatic activities,
including hydrolase, pyrophosphatase, nucleoside-triphosphatase and
ATPase (Table S2). In 100 μg/L exposure group, much more biological
processes were aﬀected by TPhP acute exposure, especially for muscle

contraction, carbohydrate metabolism and primary lysosome activities
(Table S2).
KEGG pathway analysis showed that diﬀerential proteins in 4 μg/L
exposure group were predominantly enriched in biological processes
about phagosome (P < 0.001) and Salmonella infection (P < 0.001;
Fig. S3). In zebraﬁsh larvae exposed to 100 μg/L TPhP, top 10 processes
of signiﬁcant enrichment were phagosome (P < 0.001), tight junction
(P < 0.001), regulation of actin cytoskeleton (P < 0.001), carbon
metabolism (P < 0.001), oocyte meiosis (P < 0.001), biosynthesis of
amino acids (P < 0.001), protein processing in endoplasmic reticulum
(P < 0.001), ribosome (P = 0.001), Salmonella infection (P = 0.002)
and adrenergic signaling in cardiomyocytes (P = 0.003; Fig. S3).

3.3. Disturbances in visual development
Proteomic analysis identiﬁed several critical visual proteins of differential abundances in zebraﬁsh larvae after TPhP exposure (Fig. 2A),
including retinoschisin 1a, rhodopsin and two crystallin proteins
(crystalline, beta B1 and crystallin, beta B1, like 1). Retinoschisin 1a
had a signiﬁcantly decreased abundance in 4 μg/L exposure group,
while rhodopsin expression was signiﬁcantly decreased by 100 μg/L
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Fig. 3. Alterations in BHMT protein expressions in zebraﬁsh larvae after
exposure to 4 and 100 μg/L TPhP until 144 hpf. (A) Proteomic and Western
blot analysis show increased abundances of BHMT proteins. (B) Representative
graph of Western blot against BHMT protein with GAPDH as a reference.
Signiﬁcant diﬀerences between exposure and control groups are indicated by
*P < 0.05 and ***P < 0.001.

Fig. 2. Disturbances in visual development in zebraﬁsh larvae after exposure to 4 and 100 μg/L TPhP until 144 hpf. (A) Proteomic analysis identiﬁes visual proteins of diﬀerential abundances. (B) Overrepresentation of retinoschisis disease in larvae from 4 μg/L exposure group. (C) Alterations in gene
transcriptions of opsins (zfrho, zfred, zfgr1, zfuv and zfblue). Signiﬁcant diﬀerences between exposure and control groups are indicated by *P < 0.05,
**P < 0.01 and ***P < 0.001.

TPhP. Two crystalline proteins were signiﬁcantly up-regulated in zebraﬁsh larvae from 100 μg/L exposure group. Human Phenotype Ontology of g:Proﬁler server found signiﬁcant enrichment in an eye disease, namely retinoschisis (P < 0.001), by retinoschisin 1a, actin,
cytoplasmic 1 and actin, cytoplasmic 2 (Fig. 2B).
Transcriptional levels of ﬁve opsin genes were also examined by
qRT-PCR tests in exposed zebraﬁsh larvae (Fig. 2C). Similar to decreased protein abundances of rhodopsin, transcriptions of zfrho, zfred,
zfgr1, zfuv and zfblue genes, which encode rhodopsin, red, green, ultraviolet and blue opsins, respectively, were signiﬁcantly and consistently down-regulated to 0.6-, 0.6-, 0.7-, 0.7- and 0.7-fold in the
100 μg/L group relative to the control.

3.4. Alterations in BHMT activity
According to proteomic results, protein abundances of BHMT 1
(A0A2R8PWR1 and Q32LQ4) were signiﬁcantly up-regulated in 4 and
100 μg/L exposure groups compared to the control group (Fig. 3A),
which was further veriﬁed by Western blot assay of BHMT (Fig. 3A and
B).
In contrast to increase in protein abundances, enzymatic activity of
BHMT protein was signiﬁcantly inhibited by 16.4% in zebraﬁsh larvae
exposed to 100 μg/L TPhP relative to that in the control larvae
(Fig. 4A). Consequently, total concentration of methionine, which is the
synthesis product of BHMT, was also remarkably lowered by 69.7% in
zebraﬁsh larvae from 100 μg/L exposure group in comparison with the

Fig. 4. Disturbances in BHMT-mediated process in zebraﬁsh larvae after
exposure to 4 and 100 μg/L TPhP until 144 hpf. (A) BMHT enzymatic activity. (B) Methionine content. Signiﬁcant diﬀerences between exposure and
control groups are indicated by *P < 0.05 and **P < 0.01.
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Fig. 5. Disorganization of muscular assembly in
zebraﬁsh larvae after exposure to 4 and 100 μg/L
TPhP until 144 hpf. (A) A heatmap showing the
overall distribution of muscular proteins of diﬀerential abundances; Red coloring indicates up-regulation and blue coloring indicates down-regulation;
Color intensity is proportional to the magnitude of
changes. (B and C) Staining of myoﬁbril pattern
showing the loosely packed and ruptured ﬁbers (arrows) in zebraﬁsh larvae from 100 μg/L exposure
group. (D) Signiﬁcantly enriched GO terms associated with muscle development and function in
100 μg/L exposure group (BP, Biological process; CC,
Cellular component; MF, Molecular function); Rich
factor (%) is calculated by dividing mapped query
protein against total background protein in each
term. (For interpretation of the references to color in
this ﬁgure legend, the reader is referred to the Web
version of this article.)

low and high exposure concentrations (i.e., 4 and 100 μg/L) aﬀected
distinct biological processes in the induction of embryonic anomalies.
TPhP at 4 μg/L targeted primary lysosome (i.e., dense body) and affected the enzymatic activities, while high concentration of TPhP at
100 μg/L mainly aﬀected muscle contraction, carbohydrate metabolism
and primary lysosome activities. At gene and protein levels, TPhP acute
exposure signiﬁcantly changed the expressions of critical ocular proteins, which play important roles in the maintenance of visual functions. Consistent with protein expression proﬁle, assembly of muscular
ﬁbers was disordered by 100 μg/L TPhP. In zebraﬁsh larvae exposed to
100 μg/L TPhP, biosynthesis of amino acids was signiﬁcantly altered, as
veriﬁed by diﬀerential protein abundances and enzyme activity of
BHMT as well as decreased methionine content. By combining developmental endpoints, proteomic proﬁling and other bioassays (e.g., qRTPCR, Western blot, enzyme activity and immunostaining), current study
is expected to provide mechanistic clues in the developmental toxicities
of TPhP.
TPhP at both low and high exposure concentrations signiﬁcantly
aﬀected the phagosome and lysosome activities in zebraﬁsh larvae. A
previous transcriptomic study also ﬁnd signiﬁcant enrichment in

control level (Fig. 4B).
3.5. Disorganized pattern of muscular ﬁber
Heatmap clustering showed that expression proﬁle of diverse muscular proteins was dramatically modiﬁed in zebraﬁsh larvae of 100 μg/
L group, being signiﬁcantly consistently up-regulated (Fig. 5A). Compared to the control larvae (Fig. 5B), immunostaining of myosin observed a disorganized assembly of muscle ﬁbers in larvae from 100 μg/L
exposure group, as characterized by loosely packed ﬁbers and ruptured
ﬁbers (Fig. 5C). Furthermore, GO enrichment of diﬀerential proteins
found that muscle organization and contraction activity of zebraﬁsh
larvae were signiﬁcantly aﬀected by 100 μg/L TPhP (Fig. 5D).
4. Discussion
Employing a shotgun proteomic assay, the present study investigated the molecular mechanisms underlying acute developmental
toxicities of TPhP in zebraﬁsh larvae. According to the list of diﬀerentially expressed proteins, bioinformatic analyses found that TPhP at
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TPhP at 4 μg/L targeted lysosome activity and caused Salmonella infection, while TPhP at 100 μg/L mainly aﬀected carbohydrate metabolism, muscular contraction and lysosome. Expressions of critical visual proteins were signiﬁcantly changed by TPhP, implying impaired
development and function of eyes. TPhP exposure at 100 μg/L also
disturbed the abundances of muscular proteins, disordered the myoﬁbril pattern and aﬀected muscle contraction. Toxic eﬀects on visual
perception, neural signaling and muscle contraction may be combined
to induce abnormal swimming, which will impact individual survival
and population sustainability in wild. Results of current study are expected to provide mechanistic clues for future research, targeting speciﬁc proteins and pathways.

phagosome in liver tissues of adult zebraﬁsh after 7 days exposure to
0.05 mg/L and 0.3 mg/L TPhP (Du et al., 2016). Acute exposure to
TPhP also induced the infection of Salmonella bacteria, certain species
of which are intracellular pathogens (Jantsch et al., 2011). Normally,
phagocytes will engulf pathogens to form phagosome, which will fuse
with lysosome to degrade pathogens by hydrolytic enzymes (Aderem,
2003). Because phagocytosis and lysosomal activities are crucial to
prevent harms from pathogenic bacteria, targeted eﬀects of TPhP on
phagosome and lysosome may place the organisms under a higher risk
of bacterial infection.
It is increasingly realized that ocular development and function are
sensitive targets of environmental pollutants, which can accumulate in
the eyes (Chen et al., 2018), change the expressions of critical visual
proteins (Chen et al., 2013), disorganize retinal structure (Carvalho and
Tillitt, 2004; W. Liu et al., 2018) and disturb visually-mediated behavior (Sun et al., 2016b; Xu et al., 2017). In this study, TPhP acute exposure is also found to disrupt the expressions of visual proteins in
zebraﬁsh larvae. Expression of retinoschisin 1a was signiﬁcantly downregulated by 4 μg/L TPhP. Retinoschisin protein plays an important role
in the maintenance of retinal structure by facilitating cell adhesion
(Vijayasarathy et al., 2012). Mutation of retinoschisin will cause degeneration of retinal macula and lead to a loss of vision (Kotova et al.,
2010). Furthermore, decreased abundance of retinoschisin in zebraﬁsh
larvae was associated with retinoschisis disease, which symptom is
characterized by abnormal splitting of retinal neurosensory layers
(Cassin and Solomon, 1990). TPhP at 100 μg/L decreased opsin expressions, but increased the abundances of crystallins in current exposure. Previous toxicological studies also ﬁnd inverse changes in opsin
and crystallin expressions by environmental pollutants, which are
characterized by decreased expression of opsins (Zhang et al., 2015),
but increased abundances of crystallins (Chen et al., 2016b and 2017).
Opsin proteins are synthesized in cone and rod photoreceptor cells and
determine the spectral speciﬁcity of visual pigments (Vihtelic et al.,
1999). Crystallins are integral structural components of eyes to regulate
the transparency and function of lens and cornea (Jester, 2008).
Therefore, abnormal expressions of opsin and crystallin proteins should
be tightly involved in the impairment of ocular development and
function by toxic pollutants. The opposite changing direction of opsins
and crystallins may imply a self-adaptive response to increase light
perception after photoreceptor impairment. Considering the sensitivity
and importance, opsin and crystallin can be used as indicators of visual
toxicity.
In addition, acute exposure to 100 μg/L TPhP signiﬁcantly disturbed
carbohydrate metabolisms in larval zebraﬁsh. Disturbances in carbohydrate metabolism and TCA cycles are speculated as general eﬀects of
TPhP on cell metabolism (Alam et al., 2012; Scanlan et al., 2015; Du
et al., 2016), which may result in deﬁciency of energy supply for cellular activities, especially for muscle contraction of high energy demand. Expression of multiple muscular proteins and assembly of muscle
ﬁbers were also disordered after TPhP exposure, thus aﬀecting motor
activity of zebraﬁsh larvae. Lethargic swimming is previously observed
in TPhP-exposed larvae of zebraﬁsh (Shi et al., 2018), which is likely
caused by the combined eﬀects of visual reception, neural transmission,
muscular contraction and energy supply. Additionally, TPhP exposure
also signiﬁcantly decreased the rate of heart beats in larval zebraﬁsh.
Our proteomic analysis found that TPhP developmental exposure
caused interference with cardiac muscle contraction and adrenergic
signaling in cardiomyocytes, which may be the responsible cause of
impaired heart functions (Lohse et al., 2003).
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