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72 Maintenance of Zebrafish.

73 AB strain wild-type zebrafish (4–5 months old) were maintained in purified aquaculture 

74 water (pH of 7.2 ± 0.2) at 27 ± 1°C with a photoperiod of 14/10 (light/dark), and were fed twice 

75 daily with live brine shrimp (Artemia nauplii). Adult male and female zebrafish were paired at 

76 a ratio 2:1 in a breeding tank overnight and separated with a mesh screen before spawning. 

77 Spawning and fertilization started within 30 min after removal of the screen. Embryos were 

78 collected at 2 hours post-fertilization (hpf) and rinsed twice with purified aquaculture water. 

79 Normally developed embryos were screened under a stereomicroscope (M165FC, Leica) and 

80 collected for exposure experiments. 

81 Sample Preparations.

82 First, 800 μL of iced methanol was added to the collected embryos, which were then 

83 homogenized in the lysing matrix tubes at a speed of 6.0 m/s for 30 s. The sample mixtures 

84 were, then divided into two equal portions and transferred into 4-mL vials for separate 

85 extraction of polar (fraction 1, F1) and non-polar (fraction 2, F2) components. F1 was fully 

86 deproteinized with 1.1 mL of ice-cold methanol. To F2, 100 μL of ultrapure water was added 

87 and vortexed for 2 min to precipitate proteins before the addition of 1.4 mL of ice-cold MTBE. 

88 All F1 and F2 fractions were sonicated at 4°C for 30 min and then centrifuged for 20 min (4°C, 

89 7,500 rpm). The supernatants of F1 and F2 were collected and then lyophilized to dryness. The 

90 residues were re-dissolved in 200 μL of methanol/water (1:1, v:v) (F1) or 

91 chloroform/methanol/water (1:2:0.8, v:v:v) (F2), and filtered through a hydrophobic PTFE 

92 filter (13 mm, 0.22 μm) for Ultraperformance Liquid Chromatography Quadrupole Time-of-

93 flight Mass Spectrometry (UPLC-QTOF-MS) analysis. The extraction processes have been 
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94 validated by analysis of embryos spiked with 13C-labeled Lauric acid, D7-SPH, 16:0-D31 SM, 

95 16:0 D31-18:1 PI, 16:0 D31-18:1 PC, and 16:0 D31-18:1 PG, and the recoveries were in the 

96 range of 73-102% and 65-91% for polar and non-polar fractions, respectively.

97 Screening by High Resolution Mass Spectrometry.

98 A UPLC-QTOF-MS system (Xevo G2, Waters) operating in both the positive (ESI+) and 

99 negative (ESI−) electrospray ionization modes was used to obtain the full mass spectra of the 

100 metabolites in the zebrafish embryos. Chromatographic separation was performed on 5-μL 

101 samples via an ACQUITY UPLC BEH C8 column (2.1 mm × 50 mm, 1.7 μm particle size) at 

102 40°C: solvent A was 10 mM ammonium acetate in ultrapure water, solvent B was acetonitrile, 

103 and the flow rate was 0.3 mL/min. The chromatographic elution programs in both the positive 

104 and negative modes were as follows: 30% B was initially held for 0.5 min, and the eluent was 

105 then ramped to 80% B by 3.5 min and 100% B by 6.0 min, and then held for 0.5 min, before 

106 being returned to the initial conditions by 6.5 min and equilibrated for 1.5 min before injection 

107 of the next sample. The UPLC-QTOF-MS was operated at a resolution of 25,000 and 1 s scan 

108 time. The high-accuracy MSE data were acquired in continuum mode with an m/z range of 50–

109 1,600 for the precursor ions and corresponding fragments. In low energy mode, data were 

110 collected with a constant collision energy of 3 V, and in elevated energy mode, the collision 

111 energy was ramped from 15 to 55 V. The other optimized MS parameters were as follows: 

112 source capillary voltage, 3 kV (ESI+) or 2 kV (ESI-); sampling cone voltage, 30 V (ESI+) or 45 

113 V (ESI−); extraction cone voltage, 4 V; source temperature, 150°C; desolvation temperature, 

114 350°C (ESI+) or 450°C (ESI−); cone gas flow, 50 L/h; and desolvation gas flow, 600 L/h (ESI+) 

115 or 800 L/h (ESI−). 
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116 The UHPLC-Orbitrap MS (Q-Exactive system, Thermo Fischer Scientific) was further used 

117 to confirm and/or identify the screened metabolites in embryos. In the mode of full scan 

118 MS/data-dependent (dd) MS2, the full scan resolution was set at 70,000, and the ddMS2 

119 resolution was set at 17,500. The adjusted parameters for electrospray ionization mode were set 

120 as follows: spray voltages of 3.5 kV and 2.8 kV were used for positive and negative modes, 

121 respectively; the capillary temperature was maintained at 325°C; and the sheath gas flow and 

122 auxiliary gas flow were set to 40 Arb and 10 Arb, respectively. The S-lens RF level was 50.

123 Visualized Networking of Mass Signals.

124 A visualized network of all screened mass signals was automatically generated through 

125 correlation network analysis.1 A correlation matrix was constructed through analysis of unique 

126 signal-signal pairs on the basis of all mass signals detected in samples from different exposed 

127 groups. The correlated pairs were selected with absolute values of the Pearson correlation 

128 coefficient (R) higher than 0.72 and further processed in Gephi 0.9.2 (Gephi Consortium, France) 

129 to generate the correlation network. Each discrete molecule was represented as a node, and the 

130 corresponding pairwise connections were represented as links between two paired compounds 

131 in the network. The layout algorithms of OpenOrd and Force Atlas were used to automatically 

132 generate the core clusters of the compounds. The sizes of nodes were set according to the signal 

133 abundances for embryos from the control group. The nodes were shaded in different colors 

134 showing the degrees of signal intensity: warm colors from yellow to purple represented a 

135 gradual increase in intensity, and cool colors from blue to green represented a corresponding 

136 decrease.

137 Identifications of Mass Signals.
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138 Preliminary analysis of embryos was used to determine the general ionizations of 

139 metabolites molecules in zebrafish embryos. The adduct ion forms in ESI+ mode were selected 

140 as [M+H]+, [M+NH4]+, [M+Na]+, [M+K]+, [M+H−H2O]+, [M+H−2H2O]+, [M+CH3OH+H]+, 

141 [M+ACN+H]+, [M+ACN+Na]+, [2M+H]+, [2M+Na]+, [M+2H]2+, and [M+2H-2H2O]2+; and 

142 those in ESI− mode were [M−H]−, [M−H2O−H]−, [M+FA−H]−, [M+CH3COO]−, [M+Cl]-, [2M-

143 H]-, [M-2H]2-, [M+Na-2H]2-, and [M+K-2H]2-. In peak identification, mass signals were 

144 identified by software-based searching the following databases: the Human Metabolome 

145 Database (HMDB), Kyoto Encyclopedia of Genes and Genomes (KEGG), Lipid Maps, Mass 

146 Bank, PubChem, and PubMed.1 The remaining unmatched mass signals were then identified 

147 by searching the National Institute of Standards and Technology (NIST), BioCyc, Cayman 

148 chemical, Small Molecule Pathway Database (SMPDB), and the Manchester Centre for 

149 Integrative Systems Biology (MCISB) databases.3-5 The mass tolerances for precursors and 

150 corresponding fragment ions were set to 10 ppm.

151 The identified and unknown signals were further confirmed and/or identified with 

152 UHPLC-Orbitrap HRMS with higher resolutions and sensitivities. The raw data obtained from 

153 the UHPLC-Q-ExactiveTM were processed in Compound Discoverer 2.1 software (Thermo 

154 Fisher, Waltham, MA). Mass signals were identified by software-based searching the 

155 corresponding database mzCloud.6 The mass tolerance was set to 5 ppm, and peaks with 

156 MS/MS spectra containing at least two product ions matched with the database were selected. 

157 The final identification results retained the peaks with higher abundances and matching rates. 

158 The auto-generated network enhanced the confidence of metabolite identifications, since 

159 signals that belonged to the same cluster generally have close metabolic relationships. The 
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160 optimal identification was achieved under the guidance of signals with high identification levels 

161 in each cluster. The duplicate identified results were manually screened in ESI+ and ESI− modes 

162 for both F1 and F2 fractions.

163 Validation of Identified Metabolites.

164 All metabolites were identified on the basis of the MS and corresponding fragmentation 

165 information recorded in online databases, which were classified as a second level of 

166 identification.7 A network was generated, and the metabolites were divided into several clusters. 

167 Approximately 77 major metabolites from each core cluster with important metabolic 

168 significance or high detection frequency were selected for further validation. The corresponding 

169 77 commercial standards with the same or similar structures were purchased. The MS and 

170 fragmentation patterns generated by collision-induced dissociations in the MSE analysis were 

171 compared between samples and standards to achieve first-level identification of the crucial 

172 metabolites.

173 Quantification of Chemicals in Exposed Embryos.

174 Concentrations of chemicals were determined in the exposed embryos. The protocols of 

175 sample preparations for determining chemical concentrations were based on previous studies.8-

176 12 After 96 h exposure, embryos were collected and rinsed with deionized water for three times. 

177 The embryos were transferred into 2 mL pre-weighed glass bottles, weighted after removing 

178 excess water, and stored at -80 ℃ until analysis. 10 embryos were homogenized as one sample 

179 in 400 μL deionized water, and four replicate samples were analyzed per treatment. The polled 

180 samples were added with surrogate standards and underwent liquid-liquid extraction for gas 

181 chromatography coupled with mass spectrometry (GC-MS) or UPLC-MS/MS analysis. 
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182 Phenolic compounds including BPA, 6OHBDE47, and TCS were quantified relative to 13C-

183 BPA; TPHP and TPT were quantified relative to TPHP-d15; PCB153 and pp´-DDE were 

184 quantified relative to PCB121; B(a)P was quantified relative to perylene-d14; and PFOS, PFOA, 

185 and DEHP were quantified relative to 13C-PFOS, 13C-PFOA, and DEHP-d4, respectively.

186 Pooled embryo samples used for analysis of BPA, 6OHBDE47, TCS, TPT, PCB153, pp´-

187 DDE, and B(a)P were extracted with 1 mL hexane four times. The aquatic fraction was then 

188 passed through sodium sulfate to remove any moisture and eluted with 1 mL of hexane and 1 

189 mL of dichloromethane. The extracts were dried and re-dissolved in 100 μL hexane for GC-

190 MS analysis of PCB153, pp´-DDE, and B(a)P, or re-dissolved in 100 μL methanol for UPLC-

191 MS/MS analysis of BPA, 6OHBDE47, TCS, and TPT.

192 Pooled samples used for quantification of PFOS and PFOA were added with 1 mL TBAS 

193 and 2 mL Na2CO3, and then extracted with 5 mL MTBE. Supernatant extracts were transferred 

194 after vigorously shaking at 3000 rpm for 15 min, sonicating for 15 min, and centrifuging at 

195 3500 rpm for 15 min. Samples used for quantification of DEHP were firstly added with 800 μL 

196 acetonitrile and then extracted with 1 mL hexane. Supernatant extracts were transferred after 

197 sonicating for 20 min, and centrifuging at 2500 × g for 5 min. Samples used for quantification 

198 of TPHP were extracted with 3 mL acetonitrile. Supernatant extracts were transferred after 

199 centrifuging at 400 rpm for 10 min. The extraction of PFOS, PFOA, DEHP, and TPHP repeated 

200 three times, and the extracts were dried and concentrated to 100 μL (methanol) for UPLC-

201 MS/MS analysis. Recovery experiments were conducted to checked the analytical procedures, 

202 and recovery rates of target compounds were in the range of 78.6-100.4% in zebrafish embryos.
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203 PCB153, pp´-DDE, and B(a)P were determined by a GC-MS (6890/5973, Agilent) 

204 equipped with a fused silica capillary column (DB-5MS, 30 m × 250 μm, 0.25 μm). The injector 

205 was maintained at 250 ℃ at a splitless mode. The column oven temperature was programmed 

206 to increase from 70 ℃ to 220 ℃ (held 3 min) at the rate of 20 ℃/min, to 300 ℃ (held 5 min) at 

207 the rate of 20 ℃/min. The interface temperature and ion source were held at 280 ℃ and 250 ℃, 

208 respectively. The carrier gas was helium at a constant flow rate of 2 mL/min. 

209 A UPLC-MS/MS system (Xevo TQ-XS, Waters) operating in both the positive (ESI+) and 

210 negative (ESI−) electrospray ionization modes was used to determine the concentrations of BPA, 

211 6OHBDE47, TCS, TPT, PFOS, PFOA, DEHP, and TPHP according to previous studies.10-13 

212 DEHP, TPHP, and TPT were determined in positive mode and BPA, 6OHBDE47, TCS, PFOS, 

213 and PFOA were analyzed in negative mode. Chromatographic separation was conducted using 

214 an ACQUITY UPLC BEH C8 column (2.1 mm × 50 mm, 1.7 μm particle size) at 40°C, and 

215 the flow rate and injection volume were 0.3 mL/min and 5 μL, respectively. 5 mM ammonium 

216 acetate in ultrapure water (A) and acetonitrile (B) were used as mobile phases. 25% B was 

217 initially held for 0.5 min, and the eluent was then ramped to 95% by 6.0 min, and then held for 

218 2 min, before being returned to the initial condition by 8.1 min and equilibrated for 1.9 min 

219 before injection of the next sample. The optimum conditions in the ESI source were: source 

220 temperature, 150 ℃；desolvation temperature, 500 ℃; capillary voltage, 3.00 kV (ESI+) or 

221 1.00 kV (ESI-); desolvation gas flow, 1000 L/h (ESI+) or 600 L/h (ESI-); and cone gas flow 150 

222 L/h. Quantitative analysis of the target chemicals was performed in multi-selected reaction 

223 monitoring (MRM), and the dwell time were automatically selected at 20 ms (ESI+) and 60 ms 

224 (ESI-). The optimized MRM conditions of target chemicals were provided in Table S3.
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225 Stable Isotope Tracing.

226 13C-labeled linoleate was used to track the pathways between linoleate related PUFAs and 

227 CLs. Zebrafish embryos were co-exposed to pp´-DDE and linoleate or 13C-labeled linoleate 

228 according to the exposure conditions listed above. The exposure concentrations of pp´-DDE 

229 and linoleate/13C-linoleate were 100 and 1000 ng/mL, respectively. Samples from the groups 

230 exposed to linoleate and 13C-linoleate were screened with UHPLC-Orbitrap HRMS, and the 

231 differences in signals from the two groups were compared. Only the signals with differences of 

232 1.0034 (MW difference between 13C-labeled Lin and Lin) from the two groups were selected 

233 and identified. The identified 13C-labeled metabolites provided pathway information allowing 

234 us to link the metabolism of linoleate to that of CLs.

235 Rescue Experiments.

236 Rescue experiments were conducted for further validation of the associations between 

237 linoleate related PUFAs and CLs. Four chemicals including pp´-DDE, TPHP, PFOS, and TCS 

238 were found to elevate the levels of CLs and to decrease the levels of linoleate/arachidonate/α-

239 linoleate. Thus, pp´-DDE and TCS were selected and used for zebrafish embryo co-exposure 

240 with linoleate/arachidonate/α-linoleate separately. Levels of CLs in embryos were determined 

241 and compared between the pp´-DDE/TCS single exposure group and pp´-

242 DDE/TCS+linoleate/arachidonate/α-linoleate co-exposed groups. The associations between 

243 linoleate related metabolites and CLs could be theoretically validated if the addition of 

244 linoleate/arachidonate/α-linoleate significantly inhibited the increase in CLs induced by 

245 exposure to selected chemicals. The exposure concentrations of pp´-DDE, TCS, and 

246 linoleate/arachidonate/α-linoleate were 100 ng/mL, 50 ng/mL, and 1000 ng/mL, respectively.
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247 The same method was also used to verify the relationship between ISO and CLs. TCS was 

248 selected because it is the only chemical that simultaneously induced a decrease in ISO and an 

249 increase in CLs. The exposure concentrations of ISO and TCS were 2000 and 50 ng/mL, 

250 respectively. The relationship between ISO and CLs could be theoretically validated if the 

251 addition of ISO significantly inhibited the increase in CLs induced by TCS.

252 Enzyme-linked Immunosorbent Assay (ELISA) Tests.

253 The catalysis of the metabolic reactions is governed by the enzymes of the regulatory 

254 network, and ELISA has been widely used to assess the activities of enzymes in the metabolic 

255 conversion of lipids.14-18 In this study, the enzymes including LPLAT, LCLAT, PLA2, CLS, 

256 TAZ, and XOD, which catalyzes the synthesis and/or metabolism of PLs, LPLs, and CLs, have 

257 been validated based on the reported studies.19-22 The levels of ACA antibodies including IgA, 

258 IgG, and IgM, and prostaglandins (PGI2 and TXA2) associated with thrombosis were generally 

259 measured by a standardized ELISA.23-25 The analyses were conducted with kits designed for 

260 zebrafish. The embryos exposed to the 11 target chemicals were collected for the ELISA tests, 

261 and the embryos exposed to CL (18:1 CL) at different concentrations were also subjected to the 

262 ELISA tests. A total of 100 exposed embryos were uniformly collected per sample. ELISA tests 

263 were conducted according to the instructions provided by the kits. The materials in the kits were 

264 shown in Table S4. All reagents were prepared before starting the assay procedure. About 50 

265 µL of standard was added to the standard well. 10 µL of testing sample was added to the sample 

266 wells and then added with 40 µl sample diluent. No reagents were added to the blank wells. 100 

267 µL of HRP-conjugate reagent were then added to each well, covered with an adhesive strip, and 

268 incubated for 60 min at 37 °C. After incubation, each well was aspirated, and rinsed with wash 
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269 solution (400 µL), which were repeated for four times. After the last wash, remaining wash 

270 solutions were completely removed in each well. 50 µL chromogen solution A and 50 µL 

271 chromogen solution B were added to each well, and gently mixed and incubated for 15 min at 

272 37°C. 50 µL stop solution was finally added to the well, and the optical density at 450 nm were 

273 determined with a microplate reader (Multiskan FC, Thermo Scientific) within 15 min.

274 Assessment of Thrombotic Symptoms.

275 Determining the amount of heart red blood cells (RBCs) has been demonstrated to be a 

276 promising method for quantification of thrombosis.26,27 pp´-DDE, TPHP, PFOS, and TCS 

277 were selected because of their potential to elevate the levels of CLs. Embryos were exposed 

278 to three levels (low, medium, and high) of each chemical, as described above. Embryos were 

279 also exposed to 18:1 CL at concentrations of 100 ng/mL, 500 ng/mL, and 2000 ng/mL. After 

280 exposure, all zebrafish were stained with O-dianisidine to quantify the heart RBCs in 

281 zebrafish.26,27 A total of 25 zebrafish from each group were randomly chosen to be 

282 immobilized in 3% methyl cellulose. The heart RBC images were acquired in the identical 

283 lighting intensity at 80× magnification under a dissecting stereomicroscope (SZX7, 

284 OLYMPUS, Japan) with a high-speed video camera (VertA1, China). NIS-Elements D3.10 

285 image analysis software (Nikon) was subsequently used to estimate the average RBCs 

286 intensity for erythrocyte positive staining in the cardiac region. To confirm that PHZ-induced 

287 thrombus formation in the caudal vein was accompanied by a reduction of heart RBCs 

288 intensity, we performed histopathological examination after treatment. Zebrafish were first 

289 fixed in 4% paraformaldehyde (in 0.1 M phosphate-buffered saline) for 4 h at 4°C, and then 

290 dehydrated in graded series of ethanol solutions. Embedded zebrafish were longitudinally 
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291 sectioned at 5 μm and stained with hematoxylin and eosin to acquire histological images at a 

292 400× magnification under a histological microscope (Leica, Germany). Because tachycardia 

293 is another critical thrombotic symptom, the heart rate was measured in 96-hpf exposed 

294 embryos randomly selected from each group. The heart rates were counted and recorded under 

295 a stereomicroscope (M165FC, Leica).

296
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297 Table S1. Chemicals, enzyme-linked immunosorbent assay kits, software, and standards of 
298 metabolites used for method optimization, metabolite identification, rescue experiments, and 
299 isotope tracing. 

REAGENT or RESOURCE SOURCE IDENTIFIER

Exposure chemicals

Bisphenol A (BPA) Sigma-Aldrich Cat#239658

Benzo(a)pyrene (B(a)P) Sigma-Aldrich Cat#51968

Bis(2-ethylhexyl) phthalate (DEHP) Sigma-Aldrich Cat#36735

1,1-bis-(4-chlorophenyl)-2,2-

dichloroethene (pp´-DDE)

Sigma-Aldrich Cat#35487

Perfluorooctanoate (PFOA) Dr. Ehrenstorfer GmbH Cat#C15987150

Perfluorooctane sulfonate (PFOS) Dr. Ehrenstorfer GmbH Cat#C15987120
2,2,4,4,5,5´-hexachlorobiphenyl 
(PCB153)

Dr. Ehrenstorfer GmbH Cat#C20015300

Triphenyl phosphate (TPHP) Dr. Ehrenstorfer GmbH Cat#C17893000
6-hydroxy-2,2,4,4-tetrabromodiphenyl 
ether (6OHBDE47)

AccuStandard Cat#HBDE-4005S-
CN-0.2X

Triphenyltin chloride (TPT) AccuStandard Cat#P-526N

Triclosan (TCS) Wellington Laboratories Cat#3380-34-5

Internal/Surrogate standards

Bisphenol A-13C (13C-BPA) Santa Cruz Cat#sc-217773

Triphenyl-d15 phosphate (TPHP-d15) Bioruler Cat#RH136701

2,3-Pentachlorobiphenyl (PCB121) Cambridge Isotope 

Laboratories

Cat#PCB-121

2,3-Benzoperylene-d14 (perylene-d14) AccuStandard Cat#B204902

D4- Bis(2-ethylhexyl) phthalate (DEHP-

d4)

ANPEL Laboratory Cat#CDAA-

320013D4
13C4-perfluorooctane sulfonate (13C-

PFOS)

Wellington Laboratories Cat#MPFCA-MXA

13C4-perfluorooctanoate (13C-PFOA) Wellington Laboratories Cat#MPFCA-MXA

Reagents

Methanol Thermo Fisher Scientific Cat#A452-4

Acetonitrile Thermo Fisher Scientific Cat#A998-4

Hexane Adamas Cat#01226748

Dichloromethane Adamas Cat#01226780

Sodium sulfate Acros Cat#C19410

Tetra-n-butyl ammonium hydrogen sulfate 

(TBAS)

Energy Chemical Cat#A01A0100220

250

Sodium carbonate (Na2CO3) Sigma-Aldrich Cat#V900801
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Ammonium acetate Dima-Tech Cat#50138

Formic acid Dikma Technology Cat#50144

Methyl tert-butyl ether Aladdin Reagent Cat#B108115

Chloroform Xilong Scientific Cat#QC2182

Dimethyl sulfoxide Aladdin Reagent Cat#D103273 

PBS (pH of 7.4) Thermo Fisher Scientific Cat#C10010500BT

O-dianisidine Sigma-Aldrich Cat#D3252

Methyl cellulose Sigma-Aldrich Cat#M6385

Paraformaldehyde Sigma-Aldrich Cat#158127

Ethanol Aladdin Reagent Cat#E111962

Phenylhydrazine Aladdin Reagent Cat#P108563

Enzyme-linked immunosorbent assay (ELISA) kit for zebrafish

Zebrafish LPLAT ELISA kit Meibiao Biotechnology Cat#MB-21297A

Zebrafish LCLAT ELISA kit Meibiao Biotechnology Cat#MB-21311A

Zebrafish PLA2 ELISA kit Meibiao Biotechnology Cat#MB-21294A

Zebrafish CLS ELISA kit Meibiao Biotechnology Cat#MB-21278A

Zebrafish XOD ELISA kit Meibiao Biotechnology Cat#MB-21290A

Zebrafish TAZ protein ELISA kit Meibiao Biotechnology Cat#MB-21296A

Zebrafish ACA-IgA ELISA kit Meibiao Biotechnology Cat#MB-21220A

Zebrafish ACA-IgG ELISA kit Meibiao Biotechnology Cat#MB-21233A

Zebrafish ACA-IgM ELISA kit Meibiao Biotechnology Cat#MB-21228A

Zebrafish PGI2 ELISA kit Meibiao Biotechnology Cat#MB-21260A

Zebrafish TXA2 ELISA kit Meibiao Biotechnology Cat#MB-21262A

Hematoxylin and eosin (H&E) kit Yihe Biological Cat#517-28-2; 
Cat#YH00606

Metabolite standards

Optimization of screening method, metabolite identification and validation

16:0 D31-18:1 Phosphatidylcholine (D-
PC)

Avanti Polar Lipids Cat#860399

14:1-14:1 Phosphatidylcholine (PC) Avanti Polar Lipids Cat#330708
16:0 D31-18:1 Phosphatidylethanolamine 
(D-PE)

Avanti Polar Lipids Cat#860374

14:1-14:1 Phosphatidylethanolamine (PE) Avanti Polar Lipids Cat#330708

16:0 D31-18:1 Phosphatidylserine (D-PS)

14:1-14:1 Phosphatidylserine (PS)
16:0 D31-18:1 Phosphatidylinositol (D-PI)

Avanti Polar Lipids

Avanti Polar Lipids

Avanti Polar Lipids

Cat#860403

Cat#330708

Cat#860042

14:1-14:1 Phosphatidylinositol (PI)
16:0 D31-18:1 Phosphatidylglycerol (D-
PG)

Avanti Polar Lipids

Avanti Polar Lipids

Cat#330708

Cat#860384
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14:1-14:1 Phosphatidylglycerol (PG)

18:1 Lysophosphatidylcholine (LPC)

14:1 Diacylglycerol (DG)

D-erythro-sphingosine-d7 (D-Sph)

D-erythro-Sphingosine (Sph)

16:0-D31 Ceramide (D-Cer)

18:1-18:1 Ceramide (Cer)

18:1-18:1 Sphingomyelin (SM)

16:0-D31 Sphingomyelin (D-SM)

18:1-17:0 Glucosylceramide (GlcCer)

18:1-18:1 Lactosylceramide (LacCer)

18:1-12:0 Sulfatide (Sul)

Ganglioside GM3 (d40:1) 

Ganglioside GM3 (d38:1)

Ganglioside GM3 (d39:1)

Ganglioside GM3 (d41:1)

Ganglioside GM3 (d42:1) 

Ganglioside GM1 (d36:1) 

Ganglioside GM1 (d38:1) 

Ganglioside GD3 (d34:1)
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Cat#860058
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Cat#860058

AN#H20046213

AN#H20046213

Cat#860060

Metabolite identification and validation

Cardiolipin (CL, 18:1)

Cardiolipin (CL, 14:0)

Cardiolipin (CL, 16:0)

Sepiapterin (Sep)

Isoxanthopterin (ISO)

Neopterin (Neo)

Avanti Polar Lipids

Avanti Polar Lipids

Avanti Polar Lipids

Toronto Research Chemicals

Cayman Chemical

Cayman Chemical

Cat#710335P

Cat#750332P

Cat#710333P

Cat#S258913

Cat#17564

Cat#12057

Folate (VB9)

Pyridoxine (VB6)

Nicotinic acid (VB3)

Guanine

Mesaconic acid (Mesaconate)

2-Amino-Succinic acid 4-Ethyl Ester

L-(-)-Malic acid (Malate)

L-Threonate

L-Aspartate

UDP-α-D-Glucose
Nicotinamide Adenine Dinucleotide 
(NAD+)

Sigma-Aldrich

Sigma-Aldrich

Sigma-Aldrich

Sigma-Aldrich

Sigma-Aldrich

Sigma-Aldrich

Sigma-Aldrich

Toronto Research Chemicals

Sigma-Aldrich

Biosynth

Cayman Chemical

Cat#47866

Cat#P5669

Cat#47864

Cat#PHR1243

Cat#131040

Cat#S334383

Cat#09172

Cat#T404990

Cat#51572

Cat#15602

Cat#16077
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UDP-N-acetyl-D-Glucosamine (UDP-
GlcNAc)
Cholate (BAs)

L-Cystathionine

Betaine

Stearidonoyl glycine

L-Pyroglutamic acid (5-Oxoproline)

DL-β-Leucine (β-Leucine)

L-Glutamate 

L-Tyrosine

Phenylpyruvic acid (Phenyl-pyruvate)

L-Phenylalanine (Phenylalanine)

L-Glutathione Oxidized (GSSG)

L-Histidine

L-Tryptophan

2-Aminobenzimidazole (BAMs)

1-(2-Pyrimidyl) piperazine (BAMs)

2,4-Dimethylbenzaldehyde

β-Carotene

Adenosine 5’-Monophosphate (AMP)

Inosine-5’-Monophosphate (IMP)

Adenosine 5’-Diphosphate (ADP)

Adenosine 5’-Triphosphate (ATP)

18:1 Lysophosphatidylinositol (LPI)

Octadecyl Amine

Nonanoic acid

Homogamma-Linolenic acid (Diho-γ-Lin) 

Gamma-Linolenic acid (γ-Lin)

Linoleate (Lin)

α-linoleate (α-Lin)

Eicosapentaenoic acid (EPA)

Arachidonate (Ara)

Cayman Chemical

ANPEL Laboratory 

Cayman Chemical

Toronto Research Chemicals

Cayman Chemical

Sigma-Aldrich

Sigma-Aldrich

Dr. Ehrenstorfer GmbH 

Sigma-Aldrich

Sigma-Aldrich

Sigma-Aldrich

Sigma-Aldrich

Sigma-Aldrich

Sigma-Aldrich

Sigma-Aldrich

Sigma-Aldrich

Sigma-Aldrich

Sigma-Aldrich

Toronto Research Chemicals

Toronto Research Chemicals

Cayman Chemical

Sigma-Aldrich

Avanti Polar Lipids

Sigma-Aldrich

Larodan

Larodan

Larodan

Larodan

Yuanye Bio-Technology

Larodan

Larodan

Cat#20353

Cat#CDAA263004

Cat#16061

Cat#B325005

Cat#9000327

Cat#83160

Cat#L8000

Cat#C14034400

Cat#91515

Cat#74346

Cat#P2126

Cat#V900363

Cat#73767

Cat#T0254

Cat#31189

Cat#421235

Cat#8.21461.0010

Cat#PHR1239

Cat#A281780

Cat#I665005

Cat#16778

Cat#A1852

Cat#850100P

Cat#74750

Cat#10-0900-9

Cat#10-2013-7

Cat#10-1830-9

Cat#10-1802-13

Cat#B21967

Cat#10-2005-7

Cat#10-2004-7

Rescue experiments

Linoleate (Lin)

Arachidonate (Ara)

Larodan

Larodan

Cat#10-1802-13

Cat#10-2004-7

α-linoleate (α-Lin)

Isoxanthopterin (ISO)

Yuanye Bio-Technology

Cayman Chemical

Cat#B21967

Cat#17564
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Isotope tracing

Linoleate (Lin)
13C-labeled linoleate (13C-Lin)

Larodan

Toronto Research Chemicals

Cat#10-1802-13

Cat#L467500

Software

Progenesis QI 2.3 Waters http://www.nonline
ar.com/progenesis/
qi/

Compound Discoverer 2.1 Thermo Fisher https://planetorbitra
p.com/compound-
discoverer

Gephi 0.9.2 Gephi https://gephi.org/

NIS-Elements D3.10 Nikon https://www.nikon.
com/products/micr
oscope-
solutions/lineup/im
g_soft/nis-
elements/

SPSS IBM https://www.ibm.co
m/analytics/spss-
statistics-software
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301 Table S2. The major affected metabolic processes, including major metabolites with statistically different levels compared with those of the 
302 control group and the corresponding exposure chemicals. All listed endogenous metabolites were identified and validated with referenced 
303 standards.

304

Region Metabolic process Affected metabolites Effective chemicals Effects
Ⅰ Cardiolipin biosythesis Cardiolipin p,p’-DDE, TPHP, PFOS, TCS Increase

Lysophospholipid metabolism LPC, LPE p,p’-DDE, TPHP, PFOS, TCS Decrease
Metabolism of cofactors and vitamins Isoxanthopterin; Vitamin B6 analogue, Vitamin B3 analogue TCS Decrease
Glycerophospholipid metabolism PE, PS p,p’-DDE, TPHP, PFOS, TCS Decrease

PC, PE, PS, PI p,p’-DDE, TPHP, PCB153, TPT Increase
Bile acid biosynthesis 5β-Cyprinosulfate, 5β-Cyprinosulfate-OH, Cholestane-pentol p,p’-DDE, TPHP, PCB153, TPT, BPA, 6OHBDE47, TCS, 

PFOS, PFOA
Decrease

Fatty acid biosynthesis Linoleate, γ-Linoleate, Dihomo-γ-Linoleate, Arachidonate, Adrenic acid, 
Eicosanoic acid, 11,12-EET, α-Linoleate, EPA, DPA, α-Eleostearic acid,  
Hexadecenoic acid

p,p’-DDE, TPHP, PFOS, TCS, BPA, PCB153, TPT Decrease

Ⅱ Amino acids metabolism L-Cystathione, Betaine, N-Methylglycine, Stearidonoyl glycine, Phenyl-
alanine, Phenyl-pyruvate, 5-Oxoproline, GSSG, L-Glutamine, L-Histidine 

p,p’-DDE, TPHP, POFS, 6OHBDE47, PCB153, TPT Decrease

Nucleotide metabolism Hypoxanthine, Guanine, Purines p,p’-DDE, TPHP, PFOS, 6OHBDE47, PCB153, TPT Decrease
Pyrimidines TCS, DEHP

PFOS, p,p’-DDE, TPHP
Decrease
Increase

Acylamide biosynthesis Peptides p,p’-DDE, TPHP Increase
Secondary metabolites biosynthesis O-Heterocyclic compounds, N-Heterocyclic compounds p,p’-DDE, PFOS, PFOA, TCS, BPA, B(a)P, DEHP Increase

305
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306 Table S3. Optimized instrumental and MRM conditions of the target chemicals.
Analyte MRM transition Cone voltage 

(kV)
Collision 

energy (eV)
BPA 227.10 > 211.95 38.0 18.0

227.10 > 132.90 38.0 28.0
6OHBDE47 500.63 > 78.46 16.0 14.0

500.63 > 81.32 16.0 22.0
TCS 286.85 > 34.99 18.0 4.0

286.85 > 141.95 18.0 28.0
288.85 > 34.99 18.0 4.0

13C-BPA 229.13 > 212.92 38.0 18.0
229.13 > 134.96 38.0 28.0

PFOS 498.83 > 98.74 5.0 44.0
498.83 > 129.76 5.0 44.0
498.83 > 79.82 5.0 56.0

13C-PFOS 502.94 > 98.96 5.0 44.0
502.94 > 79.82 5.0 56.0

PFOA 412.88 > 368.79 4.0 10.0
412.88 > 218.80 4.0 16.0
412.88 > 168.82 4.0 18.0

13C-PFOA 416.90 > 221.99 4.0 16.0
416.90 > 168.95 4.0 18.0

DEHP 391.06 > 70.98 18.0 8.0
391.06 > 166.87 18.0 12.0

DEHP-d4 395.23 > 171.04 12.0 12.0
395.23 > 152.97 12.0 36.0

TPHP 326.97 > 214.92 42.0 24.0
326.97 > 76.90 42.0 46.0
326.97 > 151.87 42.0 46.0

TPT 428.86 > 350.85 40.0 18.0
350.90 > 196.79 72.0 24.0
350.90 > 119.75 72.0 28.0

TPHP-d15 342.04 > 81.98 18.0 42.0

307
308
309
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310 Table S4. List of materials and calibration standards in the kits. 

Reagents Amount needed for 96 samples
Standards (for Different Indicators) 0.3 mL x 6 tubes
Sample Diluent 6.0 mL
HRP-Conjugate Reagent 10.0 mL
20X Wash Solution 25.0 mL
Chromogen Solution A 6.0 mL
Chromogen Solution B 6.0 mL
Stop Solution 6.0 mL
ELISA Kit for Zebrafish Standard concentration (from S0 to S5)
LPLAT 0, 50, 100, 200, 400, 800 U/L
LCLAT 0, 30, 60, 120, 240, 480 U/L
PLA2 0, 3, 6, 12, 24, 48 U/L
CLS 0, 25, 50, 100, 200, 400 U/L
XOD 0, 0.25, 0.5, 1, 2, 4 U/L
TAZ 0, 2.5, 5, 10, 20, 40 ng/mL
ACA-IgA 0, 3, 6, 12, 24, 48 APL U/mL
ACA-IgG 0, 3, 6, 12, 24, 48 GPL U/mL
ACA-IgM 0, 3, 6, 12, 24, 48 MPL U/mL
PGI2 0, 10, 20, 40, 80, 160 pg/mL
TXA2 0, 15, 30, 60, 120, 240 pg/mL

311
312
313
314
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315

316 Figure S1. A workflow diagram of this study.
317
318
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319

6 hpf120 hpf

6 hpf
16 hpf
24 hpf
36 hpf
48 hpf
72 hpf
96 hpf

120 hpf

Sphingolipid: 
Cer (C36H71NO3)

Glycerolipid: 
DG (C39H64O5)

Cardiolipin: 
CL (C81H156O17P2)

Lysophospholipid: 
LPC (C36H74NO7P)

Lysophospholipid: 
LPI (C27H53O12P)

Phospholipid: 
PS (C40H78NO10P)

Sphingolipid: 
SM (C37H75N2O6P)

Glycerolipid: 
TG (C61H102O6)

Pterin: 
ISO  (C6H5N5O2)

Vitamin: 
VB3 analogue
(C6H8N2O3)

Amino acid: 
5-Oxoproline 
(C5H7NO3)

Fatty acid: 
EPA (C20H30O2)

Pterin: 
Sep  (C9H11N5O3)

Phospholipid: 
PI (C45H81O13P)

320 Figure S2. PCA analysis of screened metabolites during the developing stages of zebrafish 
321 embryos (6 to 120 h post fertilization), and concentration changes of representative molecules 
322 of the screened metabolites. 
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323
324 Figure S3. Selected molecules obtained by network analysis and OPLSDA exemplified by zebrafish embryos exposed to TCS (a), PFOS (b), 
325 pp´-DDE (c), and TPHP (d).
326
327
328
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329
330 Figure S4. Distributions of exposure chemicals and their metabolites detected in the auto-
331 generated network.
332
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334 Figure S5. Mass spectra of standards of CL (a: C81H149O17P2), Sep (e), and ISO (f). Mass 
335 spectra of CLs (b: C83H142O17P2, c: C79H138O17P2, d: C79H142O17P2), Sep (g), and ISO (h) 
336 detected in zebrafish embryo.
337
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339 Figure S6. Mass spectra of standards of D-PC (a), D-PE (b), PC (e), and PE (f). Mass spectra 
340 of PC (c: C46H84NO8P, g: C46H78NO8P) and PE (d: C38H74NO8P, h: C41H76NO8P) detected in 
341 zebrafish embryo. 
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343 Figure S7. Mass spectra of standards of D-PS (a), D-PI (b), PS (e), and PI (f). Mass spectra of 
344 PS (c: C41H78NO10P, g: C46H76NO10P) and PI (d: C49H81O13P, h: C49H83O13P) detected in 
345 zebrafish embryo. 
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347 Figure S8. Mass spectra of standards of D-PG (a), LPC (b), and PG (e). Mass spectra of PG (c: 
348 C44H79O10P, g: C40H77O10P), LPC (d: C26H52NO7P, f: C26H54NO7P) and LPE (h: C23H48NO7P) 
349 detected in zebrafish embryo. 
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351 Figure S9. Mass spectra of standards of DG (a), D-Sph (b), and Sph (d). Mass spectra of DG 
352 (c: C39H66O5, e: C43H68O5, g: C41H68O5), Sph (f: C18H37NO2) and dhS-1-P (h: C18H40NO5P) 
353 detected in zebrafish embryo. 
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355 Figure S10. Mass spectra of standards of D-Cer (a), Cer (e), and D-SM (f). Mass spectra of 
356 dhCer (b: C36H71NO3, d: C36H71NO3), OH-Cer (c: C34H69NO4), Cer (g: C40H79NO3) and SM (h: 
357 C39H79N2O6P) detected in zebrafish embryo. 
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358
359 Figure S11. Mass spectra of standards of GM3 (d40:1) (a), LacCer (b), GlcCer (e) and Sul (f). 
360 Mass spectra of GM3 (c: C63H116N2O21), LacCer (d: C48H89NO13), GlcCer (g: C41H79NO8) and 
361 Sul (h) detected in zebrafish embryo.
362
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363
364 Figure S12. Mass spectra of standards of GD3 (d34:1) (a), Neo (b, m/z 160-260; f: m/z 110-
365 170), CL (14:0) (e) and CL (16:0) (g). Mass spectra of GD3 (c: C63H116N2O21), Neo (d), and 
366 7,8-Dihydroxanthopterin (7,8-Dixa) (h) detected in zebrafish embryo. Mass spectra of CLs 
367 detected in embryo were shown in Figure 3.
368
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369
370 Figure S13. Mass spectra of standards of VB9 (a), VB3 (b), VB6 (c), and Guanine (f). Mass 
371 spectra of VB3 analogue (d), VB6 analogue (e), Hypoxanthine (g), and Guanine (h) detected in 
372 zebrafish embryo.
373



S37

374
375 Figure S14. Mass spectra of standards of Mesaconate (a), 2-Amino-Succinic acid-4-Ethyl ester 
376 (b), Malate (e), and L-Threonate (f). Mass spectra of Mesaconate (c), 2-Amino-Succinic acid-
377 4-Ethyl ester (d), Malate (g), and L-Threonate (h) detected in zebrafish embryo.
378
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379
380 Figure S15. Mass spectra of standards of L-Aspartate (a), UDP-α-D-Glucose (b), NAD+ (e), 
381 and UDP-GlcNAc (f). Mass spectra of H-Asp(OMe)-OH (c), UDP-α-D-Glucose (d), NAD+ (g), 
382 and UDP-GlcNAc (h) detected in zebrafish embryo.
383
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384

385 Figure S16. Mass spectra of standards of Cholate (a, ESI- ion mode), Cholate (b, ESI+ ion 
386 mode), L-Cystathionine (e), and Betaine (f). Mass spectra of Cholate (c, ESI- ion mode), 
387 Cholestane-pentol (d), L-Cystathionine (g), and Betaine (h) detected in zebrafish embryo. 
388
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389
390 Figure S17. Mass spectra of standards of Stearidonoyl glycin (a), 5-Oxoproline (b), β-Leucine 
391 (e), and L-Glutamate (f). Mass spectra of Stearidonoyl glycin (c), 5-Oxoproline (d), β-Leucine 
392 (g), and L-Glutamine (h) detected in zebrafish embryo.  
393
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394

395 Figure S18. Mass spectra of standards of L-Tyrosine (a), Phenyl-pyruvate (b), Phenylalanine 
396 (e), and GSSG (f). Mass spectra of L-Tyrosine (c), Phenyl-pyruvate (d), Phenylalanine (g), and 
397 GSSG (h) detected in zebrafish embryo.
398
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399
400 Figure S19. Mass spectra of standards of L-Histidine (a), 2-Aminobenzimidazole (b), L-
401 Tryptophan (e), and 1-(2-Pyrimidyl)piperazine (f). Mass spectra of L-Histidine (c), 2-
402 Aminobenzimidazole (d), L-Tryptophan (g), and 1-(2-Pyrimidyl)piperazine (h) detected in 
403 zebrafish embryo.
404
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405

406 Figure S20. Mass spectra of standards of 2,4-Dimethylbenzaldehyde (a), β-Carotene (b), AMP 
407 (e, ESI+ ion mode), and AMP (f, ESI- ion mode). Mass spectra of 2,4-Dimethylbenzaldehyde 
408 (c), β-Carotene-Glucopyranoside (d), AMP analogue (g), and AMP (h, ESI- ion mode) detected 
409 in zebrafish embryo. 
410
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411
412 Figure S21. Mass spectra of standards of IMP (a), ADP (b), ATP (e), and LPI (f). Mass spectra 
413 of IMP (c), ADP (d), ATP (g), and LPI (h) detected in zebrafish embryo.
414
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415
416 Figure S22. Mass spectra of standards of Octadecyl amine (a), Diho-γ-Lin (b), Nonanoic acid 
417 (e), and γ-Lin (f). Mass spectra of Octadecyl amine (c), Diho-γ-Lin (d), Nonanoic acid (g), and 
418 γ-Lin (h) detected in zebrafish embryo.
419
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420
421 Figure S23. Mass spectra of standards of Lin (a), and EPA (b). Mass spectra of Lin (c), EPA 
422 (d), α-Lin (e), DPA (f), α-Eleostearic acid (g) and Docosahexaenoic acid (DHA), (h) detected 
423 in zebrafish embryo.
424
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425

426 Figure S24. Mass spectra of standards of Ara (b). Mass spectra of Hexadecenoic acid (a), 
427 Adrenic acid (c) Ara (d), and 11,12-EET (e) detected in zebrafish embryo.
428
429
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431 Figure S25. Dose-response of LPCs (a-b), LPEs (c-d), linoleate related PUFAs (e-f), PLs (g-j), CL (k) and Sep (l) in zebrafish embryos after 
432 exposures to pp´-DDE, TPHP, PFOS, and TCS.
433
434
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436 Figure S26. Metabolic pathways between CLs and linoleate related PUFAs. a) The detected 13C-labelled metabolites and their metabolic 
437 relationships in zebrafish embryos exposed to 13C-labeled linoleate. Mass spectra of endogenous EPA (C20H30O2, b), PE (C43H78NO8P, c), and 
438 CL (C87H148O17P2, d) in zebrafish embryos, and their corresponding 13C-labeled compounds (13CC19H30O2, e; 13CC42H78NO8P, f; 
439 13CC86H148O17P2, g).
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441 Figure S27. Mass spectra of endogenous CL (C84H156O18P2) in zebrafish embryos, and their 
442 corresponding 13C-labeled compounds (13CC83H156O18P2).
443
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445 Figure S28. Variations in CL levels in zebrafish embryos exposed to individual chemicals (pp´-
446 DDE or TCS) or co-exposed to chemicals and linoleate (pp´-DDE+ linoleate or TCS+ linoleate).
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450 Figure S29. Variations in CL levels in zebrafish embryos exposed to individual chemicals (pp´-
451 DDE or TCS) or co-exposed to chemicals and arachidonate (pp´-DDE+ arachidonate or TCS+ 
452 arachidonate).
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457 Figure S30. Variations in CL levels in zebrafish embryos exposed to individual chemicals (pp´-
458 DDE or TCS) or co-exposed to chemicals and α-linoleate (pp´-DDE+α-linoleate or TCS+α-
459 linoleate).
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463 Figure S31. Levels of TAZ in zebrafish embryos exposed to the 11 chemicals.
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467 Figure S32. Variations in CL levels in zebrafish embryos exposed to TCS or co-exposed to 
468 TCS and ISO.
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472 Figure S33. Levels of ACAs (a-c), PGI2 (d), and TXA2 (e) in zebrafish embryos exposed to the 
473 CL disrupting chemicals (pp´-DDE, TPHP, PFOS, and TCS) and CL at different concentrations.
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475 Figure S34. Metabolic disorders of CLs promote thrombosis. O-dianisidine staining of heart 
476 RBCs in zebrafish embryos exposed to pp´-DDE (a), TPHP (b), PFOS (c) and PHZ (d) at 
477 different concentrations. Histopathological examination of thrombus in blood vessels of 
478 zebrafish embryo exposed to PHZ (i). RBC intensities in response to exposure to pp´-DDE (f), 
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479 TPHP (g), PFOS (h) and PHZ (i) at different concentrations. (j) Heart rates in zebrafish embryos 
480 exposed to PHZ. 
481
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