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Abstract 24 

Bisphenol A (BPA; 4,4'-(propane-2,2-diyl)diphenol) has been shown to act as an 25 

obesogen and to disrupt lipid metabolism in zebrafish eleutheroembryos (ZE). To 26 

characterize the consequences of this disruption, we performed a detailed lipidomic 27 

study using ZE exposed to different BPA concentrations (0, 4, 6 and 8 mg/L of BPA) 28 

from day 2 to up to day 6 post fertilization (dpf). Total lipids at 4, 5 and 6 dpf were 29 

extracted by Folch method and analyzed by high-performance thin layer 30 

chromatography (HPTLC) as wide-range preliminary screening. Selected conditions (0 31 

and 6 mg/L of BPA) were used to obtain a high-quality lipid profile using ultra high-32 

performance liquid chromatography/time-of-flight mass spectrometry (UHPLC-33 

TOFMS). BPA exposed ZE exhibited increased amounts of triglycerides (TG), 34 

diglycerides (DG), phosphatidylcholines (PC) and phosphatidylinositols (PI), regarding 35 

the control group. Analysis of time- and BPA exposure-related patterns of specific lipid 36 

species showed a clear influence of unsaturation degree (mostly in DG and PC) and/or 37 

fatty acid chain length (mostly in TG and PC derivatives) on their response to the 38 

presence of BPA. A decreased yolk-sac and energy consumption in exposed individuals 39 

appeared as the main reason for the observed BPA-driven effects. Integration of these 40 

results with previous morphological, biochemical, transcriptomic, metabolomic and 41 

behavioral data suggests a disruption of different signalling pathways by BPA that 42 

starts at very low BAP concentration, whose effects propagate across different 43 

organization levels, and that cannot be only explained by the relatively week 44 

estrogenic effect of BPA.  45 

 46 
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Introduction 49 

Bisphenol A (BPA; 4,4'-(propane-2,2-diyl)diphenol) is a monomer used in the 50 

production of several plastics. Its estimated worldwide production for the past year 51 

(2018) was between 7.2 to 8.4 millions tons (Grand View Research Inc, 2015; Kadasala 52 

et al., 2016) and its release in the environment quantified in 450 tons/year (U S 53 

Environmental Protection Agency, 2010). Environmental BPA levels are usually low in 54 

surface waters (0 - 56 µg/L)(Corrales et al., 2015), although they can reach parts per 55 

million (ppm) levels in some landfill leachates or mill effluents (0 - 17 mg/L)(Canesi and 56 

Fabbri, 2015; Flint et al., 2012; Kolpin et al., 2002). BPA is classified as an endocrine 57 

disrupting chemical (EDC), in the TEDX list (https://endocrinedisruption.org/) as well, 58 

by the ECHA (European Chemicals Agency), WHO (World health Organization) and EPA 59 

(U.S. Environmental Protection Agency) (Bergman et al., 2013; European Chemicals 60 

Agency, 2017; U S Environmental Protection Agency, 2010). Traditionally, the research 61 

about its effects have been focused on its estrogenicity (Chen et al., 2002; Eramo et al., 62 

2010; Moon, 2019) due to the fact that it acts as an agonist of estrogen receptors (ERs) 63 

(Heindel and Blumberg, 2019; Mu et al., 2018). Nevertheless, BPA is also known to 64 

interact with other receptors like the RXRs (retinoid X receptors) (Martínez et al., 65 

2018), ERR-ϒ (estrogen-related receptor gamma) (Bergman et al., 2013; Tohmé et al., 66 

2014) or the PPAR-ϒ (peroxisome proliferator-activated receptor gamma) (Martínez et 67 

al., 2018). Alteration of these non-estrogenic pathways by BPA has been also related to 68 

alterations in adipogenesis and obesity (Santangeli et al., 2018; vom Saal et al., 2012). 69 

Indeed, BPA has been considered as an obesogen not only in fish but also in rodents, 70 

aquatic invertebrates as Daphnia magna,  and possibly even in humans (Jordão et al., 71 

2016; Kim et al., 2019; Legeay and Faure, 2017; Maradonna and Carnevali, 2018; Rubin 72 

https://endocrinedisruption.org/
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et al., 2019; Wang et al., 2013). Due to these disruptive effects, BPA has been banned 73 

for some uses and substituted during the past years by other compounds (mostly its 74 

derivatives which present similar adverse effects (Horan et al., 2018; Mesnage et al., 75 

2017; Moon, 2019)). Regardless, it can be still found, among others, in bottles, food 76 

packaging, adhesives, beverage cans and epoxy resins (Almeida et al., 2018; Huang et 77 

al., 2012; Wang et al., 2015). 78 

 Zebrafish (Danio rerio) is considered a vertebrate model for the study of lipids 79 

and endocrine disruption because of its short life cycle, easy rearing, relatively large 80 

offspring, and its highly evolutionary conserved endocrine system and lipid metabolism 81 

compared with mammals (Hölttä-Vuori et al., 2010; Kimmel et al., 1995; Löhr and 82 

Hammerschmidt, 2011). Different aspects of lipid metabolism in zebrafish 83 

eleutheroembryos has been previously reported, including general lipidomic analyses 84 

(Fraher et al., 2016; Gorrochategui et al., 2017; Pirro et al., 2016) and studies on lipid 85 

trafficking from the yolk sac and on the expression of associated apolipoproteins 86 

(Hölttä-Vuori et al., 2010; Otis et al., 2015). Although some of these studies included 87 

the lipidomic effects of BPA in zebrafish at different stages (Riu et al., 2014; Santangeli 88 

et al., 2018), to our knowledge, no complete lipidomic study has yet been carried out 89 

about the effects of BPA on the early development of zebrafish at the level of the 90 

different lipid families.  91 

 Methodologies as HPTLC (high performance thin layer chromatography) or 92 

HPLC-MS (high performance liquid chromatography - mass spectrometry) are useful 93 

tools for lipidomic studies (Gorrochategui et al., 2017; Miyares et al., 2014). HPTLC 94 

exhibits better separation and resolution than the traditional thin layer 95 

chromatography and it is a cost-effective method with minimal sample cleaning 96 
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requirements that allows an integrative quantitative analysis per each lipid family 97 

(Attimarad et al., 2011; John et al., 2015; Touchstone, 1995). Thus, it is an excellent 98 

screening tool before the performance of a more exhaustive lipidomic analysis as the 99 

HPLC-MS, which, although being more cost-expensive, allows the identification of each 100 

individual lipid inside each family, and it discriminates different fatty acids length and 101 

unsaturation number, exhibits lower limits of detection and quantification (LOD/LOQ, 102 

respectively), and reduces sample matrix effects (Cajka and Fiehn, 2014; Jurowski et 103 

al., 2017; Lydic and Goo, 2018). 104 

 The goal of the present study was to fill in the lack of information about the 105 

effects of BPA exposures on the lipidome profile during zebrafish early development, 106 

focusing on the behaviour of different lipid families and of individual lipid species, 107 

using both HPTLC and HPLC-MS to perform a detailed lipidomic analysis. With this 108 

purpose, zebrafish eleutheroembryos were exposed to different concentrations of BPA 109 

(0, 4, 6 and 8 mg/L) using as the lowest concentration the first one reported to have 110 

effects in yolk sac resorption (Martínez et al., 2019a) and in a specific time window, 111 

from 2 to 6 days post fertilization (dpf), in which embryos use the yolk sac as a 112 

reservoir of energy and proteins for its development. Combining this information with 113 

previously reported transcriptomic, metabolomic and morphometric data, we aim to 114 

characterize the obesogenic effects of BPA in fish and other vertebrates.  115 

 116 

Materials and methods 117 

2.1.  Animals and rearing conditions 118 

Zebrafish eggs, embryos and adult rearing and maintenance, as well as adult mating 119 

and eggs obtainment were performed as previously described (Martínez et al., 2019b). 120 
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At 2 hours post fertilization (hpf), the eggs were collected, rinsed and the fertilized 121 

ones were placed in 6-well multiplates at a density of 2 embryos/ml (10 individuals 122 

were placed in 5.0 ml of fish water per well). Embryos were kept in clean fish water 123 

until the start of the BPA exposures. All experimental procedures were performed 124 

under a license obtained from the local government (DAMM 7669, 7964), in 125 

accordance with the institutional guidelines and they were approved by the 126 

Institutional Animal Care and Use Committees of the Research and Development 127 

Centre (CID) of the Spanish National Research Council (CSIC). Although zebrafish 128 

developmental stages can be designated with different names (Belanger et al., 2010; 129 

Embry et al., 2010; Hahn et al., 2014; Parichy et al., 2009; Reed and Jennings, 2011; 130 

Wilson, 2012), in the present study we used the term “eleutheroembryos” indistinctly 131 

to refer to individuals at 4, 5 and 6 dpf, for clarity purposes. 132 

 133 

2.2.  Zebrafish eleutheroembryos exposure to BPA 134 

2.2.1. Stocks solutions preparation 135 

Bisphenol A (BPA, CAS-RN: 80-05-7, ≥99.0% purity, Sigma-Aldrich (St. Louis, MO, USA)) 136 

stock solutions were prepared in dimethyl sulfoxide (DMSO) and stored at -20 qC. 137 

Fresh experimental working solutions (final DMSO concentration: 0.2% (v/v)) were 138 

prepared daily by diluting the stock solutions with fish water until a final BPA 139 

concentration of 0 (control), 4, 6 and 8 mg/L was obtained. BPA concentration range 140 

was selected based in the minimum dose needed to affect the area of the yolk sac (4 141 

mg/L) and the maximum acceptable dose in terms of lethality/malformations (8 mg/L) 142 

according to our previous studies (Martínez et al., 2019a). 143 

 144 
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2.2.2. Eleutheroembryos exposure and sampling 145 

Zebrafish eleuthero/embryos were exposed to 0 (control), 4.0, 6.0 and 8.0 mg/L of BPA 146 

from 2 to 6 dpf. The exposure was initiated at 2 dpf to avoid the effect of the BPA on 147 

early embryonic developmental processes, allowing us to focus on its effects in the 148 

already differentiated tissues. To assure that zebrafish eleuthero/embryos were 149 

exposed appropriately to each BPA concentration and to avoid that BPA concentration 150 

decrease over time (which could occur due to the uptake and bioaccumulation of the 151 

pollutant by the individuals), all of the exposure media (including control group) were 152 

daily renewed. To avoid possible “tank” effects, the assignment of treatments was 153 

randomized in the 6-well multiplates.  154 

 Control and BPA exposed eleutheroembryos (4, 6 and 8 mg/L of BPA) were 155 

sampled at 4, 5 and 6 dpf, frozen in dry ice and stored at -80 °C until lipidomic analysis. 156 

The above sampling periods were selected to account for the period where the yolk 157 

sac (main lipid reservoir of the embryo) is almost completely depleted at 5 dpf in 158 

normal conditions (Flynn et al., 2009; Fraher et al., 2016). After the exposure, ten 159 

replicates per day and condition (5 eleutheroembryos per replicate) were collected for 160 

thin layer chromatography (see 2.4.2.). Additionally, for the study of the yolk sac, 5 161 

replicates (individual eleutheroembryo per replicate) per day and condition were 162 

sampled and fixed (see 2.3.). During the exposure, mortality (3, 4, 5 and 6 dpf), 163 

hatching (3, 4, 5 and 6 dpf) and swim bladder inflation (4, 5 and 6 dpf) rates were 164 

recorded for each concentration (supplementary table ST1).  165 

 A detailed lipidomic study using mass spectrometry was performed in 166 

eleutheroembryos exposed to 6.0 mg/L of BPA, considered as the phenotypical lowest 167 

observed effect concentration (LOEC; see section 3.1.). Control and treated animals 168 
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were sampled in duplicated (5 eleutheroembryos per replicate) at 4, 5, and 6 dpf, and 169 

stored as above.  170 

 171 

2.3. Eleutheroembryo fixation and yolk sac measurements 172 

Five replicates (individual larva) per each time (4, 5 and 6 dpf) and condition (control, 173 

4.0, 6.0 and 8.0 mg/L of BPA) were sampled, fixed and analyzed. Eleutheroembryos 174 

were fixed in 4% paraformaldehyde (PFA) in PBS at 4°C and gradually transferred to 175 

90% glycerol for conservation and facilitation of eleutheroembryo placement under 176 

the microscope (Martínez et al., 2019a; Raldúa et al., 2008). Lateral image of each fixed 177 

larva was taken using a stereomicroscope Nikon SMZ1500 (Nikon Co., Tokyo, Japan) 178 

coupled with a Nikon digital Sight DS-Ri1 camera and the yolk sac area (YSA) was 179 

measured using the free graphical image analysis software ImageJ (National Institutes 180 

of Health, Bethesda, Maryland, USA) (Martínez et al., 2019a; Raldúa et al., 2008). 181 

 182 

2.4. Lipidomic analysis 183 

2.4.1. Lipid extraction 184 

Zebrafish eleutheroembryos’ total lipids were extracted using a modified Folch method 185 

(Christie and Han, 2010; Folch et al., 1957) with CHCl3:MeOH (2:1 v/v) solution 186 

(containing 0.01% of BHT (dibutylhydroxytoluene) to avoid lipid oxidation). Extracted 187 

and dried lipid samples were stored for not more than 4 weeks at -80 °C until further 188 

analysis. A detailed and exhaustive protocol can be found in the supplementary 189 

methods SM1 and SM2. 190 

 191 

2.4.2. High performance thin layer chromatography (HPTLC) 192 
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The analysis of lipid samples by high performance thin layer chromatography (HPTLC) 193 

was performed as previously described (Fuertes et al., 2018; Olsen and Henderson, 194 

1989). Briefly, extracted samples were reconstituted in CHCl3:MeOH (2:1 v/v) and 195 

spotted onto a thin 4 mm-length line in a pre-coated glass HPTLC silica gel 60 F254 plate 196 

(Merck; Darmstadt, Germany). Then, the HPTLC plate was double developed (firstly 197 

with a polar lipid eluent; and secondly with a neutral lipid eluent). The plate was dried, 198 

stained with the Fewster’s dye and charred in a heater until visualization of the 199 

different lipid families occurred. A complete step to step protocol of the HPTLC loading 200 

performance, development and charring can be found in the supplementary method 201 

SM3. The quantitative analysis of the various lipid families represented by different 202 

brown-black spots in the plate was carried out by scanning densitometry. The plates 203 

were photographed on a Kodak Gel Logic 200 imaging system under white light and 204 

the intensity of the lipid spots from the corresponding chromatogram were measured 205 

using the imaging free software GelAnalyzer 2010a (http://www.gelanalyzer.com/). 206 

The identification of each lipid family in the plate was carried out according to the 207 

bibliography (Fuertes et al., 2018; Olsen and Henderson, 1989) as shown in figure F1A. 208 

Samples analyzed by HPTLC corresponded to 4, 5 and 6 dpf eleutheroembryos exposed 209 

to 0 (control), 4.0, 6.0 and 8.0 mg/L of BPA (n = 10 replicates per day and condition, 5 210 

individuals per replicate). 211 

 212 

2.4.3. Ultra-high performance liquid chromatography/time-of-flight mass 213 

spectrometry (UHPLC/TOFMS) 214 

Lipidomic analyses of the lipid samples by Ultra-High Performance Liquid 215 

Chromatography/Time-Of-Flight Mass Spectrometry (UHPLC/TOFMS) were performed 216 

http://www.gelanalyzer.com/
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as previously described (Fuertes et al., 2018; Gorrochategui et al., 2014). Briefly: each 217 

sample was reconstituted in 300 µl of HPLC-grade methanol, vortexed and centrifuged 218 

during 5 min at 4 °C. 150 µl of the resultant solution was transferred to a mass 219 

chromatography vial with 20 µl of a lipid standard mix (final volume: 170 µl). Final 220 

amount of each lipid standard is reported at supplementary table ST2. Details about 221 

the instrumental, C8 column used, mobile phases and other chromatographic 222 

conditions and specifications can be found in supplementary table ST3. Individual lipid 223 

search was chosen roughly based in the detected lipids in previous lipidomic studies in 224 

zebrafish eleutheroembryos (Fraher et al., 2016) and the past experience of our group. 225 

The MassLynxTM V4.1 software (Waters, Massachusetts, USA) was used to perform the 226 

analyses, using the exact mass of each individual lipid as the searching motif, using a 227 

0.05 Da window. Each lipid family was measured as a specific adduct and in a specific 228 

electro spray ionization (ESI) mode (positive or negative) chosen distinctly for each of 229 

them (reported at supplementary table ST2). The measured m/z ratio of the adduct, 230 

its retention time and its isotopic distribution were used for the identification. 231 

Generally, the accepted mass error in the m/z was 5 ppm; exceptionally, a slight higher 232 

error was accepted for the ones with the correct retention time pattern regarding its 233 

length and unsaturation degree and a correct isotopic distribution. All the identified 234 

lipids and its elemental composition, calculated and measured mass (m/z), retention 235 

time, error (ppm), double-bond equivalent (DBE) and mean amount (in 236 

pmol/eleutheroembryo) can be found at supplementary table ST4. Observed lipid 237 

families by UHPLC were: cholesterol esters (CE), triacylglycerols a.k.a. triglycerides 238 

(TG), diacylglycerols a.k.a. diglycerides (DG), phosphatidylethanolamines (PE), 239 

lysophosphatidylethanolamines (LPE), ether phosphatidylethanolamines (PE-O), 240 
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phosphatidylethanolamine plasmalogens (PE-P), phosphatidylglycerols (PG), 241 

phosphatidylinositols (PI), phosphatidylserines (PS), phosphatidylcholines (PC), ether 242 

phosphatidylcholines (PC-O), phosphatidylcholine plasmalogens (PC-P) and 243 

sphingomyelins (SM). A scheme of the different lipid classes’ chemical structures can 244 

be found in supplementary figure SF1. The lipid annotation used consisted in the 245 

name of the lipid class followed by the number of the total number of C atoms (taking 246 

into account all the fatty acid chains of the lipid) and the total number of 247 

unsaturations. Duplicate lipidomic analyses were performed per each time (4, 5 and 6 248 

dpf) and condition (control and 6 mg/L of BPA). 249 

 250 

2.5. Statistical analysis 251 

2.5.1. Survival, hatching, swim bladder inflation and yolk sac area 252 

With the aim to detect effects of the exposure to BPA in the survival, hatching and 253 

swim bladder inflation of the eleutheroembryos, individual non-parametric Mann-254 

Whitney-Wilcoxon tests against each control group (one per day) were performed over 255 

the percentages obtained (6 replicates per condition, 10 eleutheroembryos per 256 

replicate, p ≤ 0.05). Lipidomic responses across BPA treatments and time periods were 257 

analyzed by two way ANOVA, followed by a Tukey's post-hoc test (all pairwise 258 

comparisons, p ≤ 0.05). Yolk sac area was expressed in mm2. All the statistical analyses 259 

and the associated graphs were performed using GraphPad Prism version 8.1.2 for 260 

Windows (GraphPad Software, San Diego, California USA, www.graphpad.com). 261 

 262 

2.5.2. HPTLC and UHPLC analyses 263 

http://www.graphpad.com/
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Lipid intensities (a.u.; arbitrary units) from the scanning densitometry (HPTLC) were 264 

normalized by sample (using the total phospholipids amount as reference value) and 265 

by lipid family (mean lipid family amount considering all the samples = 1.0). A more 266 

detailed description of the performed normalization can be found at supplementary 267 

method SM4. Differences in lipid intensities between the different conditions and days 268 

were analyzed by non-parametric Kruskal-Wallis tests with pairwise multiple 269 

comparisons. Differences were considered to be significant when p < 0.05. All the 270 

statistical analyses were carried out with SPSS 24.0 (Armonk, NY: IBM Corp., 2016) and 271 

the associated graphs were performed using GraphPad Prism version 8.1.2 for 272 

Windows (GraphPad Software, San Diego, California USA, www.graphpad.com). 273 

For the mass spectrometry (UHPLC) analysis, each lipid total amount (pmol) per 274 

sample was calculated by comparison with its internal standard (using the relation of 275 

the peak areas extracted from the ion chromatograms). Afterwards, relative values 276 

were obtained by dividing the absolute values of each lipid and age by the mean of the 277 

control groups (each lipid independently; considering the three ages: 4, 5 and 6 dpf). 278 

Then, relative values were normalized by square-root transformation. Hierarchical 279 

clustering and PAM (partition around medoids) clustering analyses were performed to 280 

identify clusters of lipids with similar behavior both during development and upon BPA 281 

exposure. Differences in the average amount of the lipids inside each cluster along the 282 

different groups were analyzed by a one-way ANOVA followed by a Tukey's post-hoc 283 

test with all pairwise comparisons, at the 5% confidence level. Those analyses, 284 

heatmap representations, and other statistics were performed in R using the R 285 

packages stats, pheatmap, factoextra, FactoMineR, gplots, ggplot2, corrplot, fpc, fmsb, 286 

multcomp and cluster (Bretz and Westfall, 2011; Hennig, 2014; Kassambara and 287 

http://www.graphpad.com/
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Mundt, 2017; Lê et al., 2008; Maechler et al., 2019; Mevik and Wehrens, 2015; 288 

Nakazawa, 2018; R Development Core Team, 2008; Warnes et al., 2015; Wei et al., 289 

2017; Wickham, 2011). 290 

To study the correlation between the thin layer chromatography and mass 291 

spectrometry data, an analogous normalization was performed. The sum of all lipids 292 

from the same family obtained after UHPLC/TOFMS was obtained and afterwards, the 293 

normalization was performed similarly as done for the HPTLC data (supplementary 294 

method SM4).  295 

Linear correlations between the HPTLC and UHPLC/TOFMS results, the yolk sac area 296 

(YSA) and the lipids amount, and YSA and lipid-related gene expression (extracted from 297 

the bibliography (Martínez et al., 2018)) were performed using Pearson correlation 298 

tests, at 5% confidence level. Gene expression values were obtained from reference 299 

(Martínez et al., 2018). 300 

 All statistical analyses and the associated graphs of the correlations were 301 

performed using GraphPad Prism version 8.1.2 for Windows (GraphPad Software, San 302 

Diego, California USA, www.graphpad.com). Raw and normalized data used in this 303 

study are reported in supplementary material and can be freely accessed at the 304 

repository digital.csic.es: https://digital.csic.es/handle/10261/192701?locale=en. 305 

 306 

Results 307 

3.1. Anatomical assessment of zebrafish eleutheroembryos 308 

No statistical differences on survival or hatching rates were detected between control 309 

and BPA-exposed groups at any age or BPA concentration (supplementary table ST1). 310 

In contrast, a significant decrease in the swim bladder inflation rates were observed in 311 

http://www.graphpad.com/
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the highest exposure group (8 mg/L of BPA) at 4, 5 and 6 dpf, and in the 6 mg/L group 312 

at 4 dpf, being consistent with our previous findings (Martínez et al., 2018). Exposure 313 

to BPA at concentrations of 6 mg/L or higher also resulted in a significant increase in 314 

yolk sac area (figure 1C), and for that reason was considered to be the lowest observed 315 

effect concentration (LOEC),  in agreement with previous observations ((Martínez et 316 

al., 2018), Pearson correlation test: r2 = 0.99, p=0.006).  317 

 318 

3.2. HPTLC results 319 

Up to ten lipid families were identified by HPTLC in 4, 5 and 6 dpf eleutheroembryos 320 

treated  with 0, 4, 6 and 8 mg/L BPA: cholesterol esters (CE) that eluted together with 321 

wax esters (WE), triglycerides (TG), cholesterol (Ch), phosphatidylethanolamines (PE), 322 

phosphatidylglycerols (PG), phosphatidylinositols (PI), phosphatidylserines (PS), 323 

phosphatidylcholines (PC) and sphingomyelins (SM) (Figure F1). The amount of free 324 

fatty acids (FFA), which indicate lipid degradation, was negligible in all samples. 325 

 Total lipid analysis showed a relative decrease over time of the total fraction of 326 

PC, PI and TG in eleutheroembryos between 4 and 6 dpf and a relative enrichment in 327 

PE, Ch, PS, CE+WE, and PG (Figure F1B) (Kruskal-Wallis test with pairwise multiple 328 

comparisons; p ≤ 0.05). These results are in concordance with previously published 329 

mass spectrometry data ((Fraher et al., 2016), supplementary material, r2 ≥ 0.78; p ≤ 330 

0.02; except for the SM).   331 

 Exposure to BPA altered the lipid profile of the eleutheroembryos, as PC, PI and 332 

TG increased their relative abundances, henceforth reducing the relative amounts of 333 

other lipid groups (PE, PS, CE and SM; Figure F1B). Note the differential effect of BPA 334 

on the TG relative amount at the 4 dpf age group (Figure F1B). PG and the combined 335 
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amount of CE+WE showed only minor changes both during development and upon 336 

BPA exposure (figure F1B). 337 

 338 

3.3. Lipid analysis by UHPLC/TOFMS  339 

A total of 267 individual lipids were identified and quantified by UHPLC/TOFMS high-340 

throughput lipidomic analysis in control and 6 mg/L BPA exposed samples 341 

(supplementary table ST4). They could be divided into 15 different lipid families 342 

(ordered by number of measured lipids): 60 TGs, 56 PC, 21 PE, 20 CE, 18 PC-O, 17 DG, 343 

15 PI, 14 SM, 13 PS, 13 LPC, 7 PE-O, 4 LPE, 4 PC-P, 3 PG and 2 PE-P. Considering the 344 

average molecular weight of the measured lipids (approximately 765 g/mol), the total 345 

lipid amount obtained per individual (6.5 µg/eleutheroembryo) was very similar to 346 

other previously reported values for zebrafish embryos (Hachicho et al., 2015; 347 

Petersen and Kristensen, 1998); therefore, we can conclude that all the major lipids 348 

were measured.  349 

Figure F2A presents relative abundances for all 267 individual lipids in each sample. 350 

Hierarchical clustering analysis of these data reflected the experimental design, 351 

separating samples by age groups. Notably, control 5 dpf samples were grouped with 352 

the 6 dpf age group, whereas BPA-treated samples grouped with 4 dpf age group 353 

(Figure F2A). Hierarchical clustering analysis of the lipid abundance by family (Figure 354 

F2B) revealed 3 groups: the most abundant (PC, TG and PE); those with intermediate 355 

abundance (CE, PS, PI and SM) and the ones with minor contribution (PC-O, LPC, DG, 356 

PC-P, PG, PE-O, PE-P and LPE). PAM clustering analysis grouped the lipids into three 357 

clusters (Figure F3A). Cluster A (130 lipids) corresponds to lipids that showed relatively 358 

minor variations between age groups and between treated and control samples 359 



 17 

(boxplots in Figure F3B). Most CE (95.0 %), DG (52.9 %), PE (95.2 %), LPE (75.0 %), PE-O 360 

(100.0 %), PE-P (100.0 %), PG (100.0 %), PS (69.2%), PC-O (83.3 %), PC-P (75.0 %) and 361 

SM (78.6 %) were included in this cluster (Figure F3C). Cluster B (89 lipids) includes 362 

lipids whose concentrations decrease with age, both in control and in treated samples, 363 

although the decrease was significantly weaker in the BPA-exposed groups (Figure 364 

F3B). In fact, lipid concentrations were higher in BPA exposed individuals than in their 365 

control counterparts at any age. This cluster included most PI (86.7 %), PC (73.2 %) and 366 

LPC (84.6 %), and a significant percentage of DG (47.1 %) (Figure F3C). Finally, cluster C 367 

(48 lipids) corresponds to lipids whose concentration decreased to almost 368 

undetectable levels at 5 and 6 dpf in control animals, and remained essentially stable 369 

in BPA-treated samples (Figure F3B). It is remarkable that this cluster is exclusively 370 

composed by TG (80% of total TG, Figure F3C). The classification of each individual lipid 371 

as well other detailed statistical analysis can be found in the supplementary table ST5. 372 

These results were in close agreement with the relative abundance data from both the 373 

HPTLC results and bibliographic HPLC/MS data ((Fraher et al., 2016), supplementary 374 

material, supplementary table ST6). 375 

 The tight distribution of the different lipid families among the three clusters 376 

was remarkable. Except for DG, at least 69% of the members of each family were 377 

included in a single cluster, and only four families (TG, DG, PC and PS) showed more 378 

than three members in more than one cluster (supplementary table ST5). A close 379 

inspection of the average fatty acid chain length and unsaturation degree show that 380 

the different clusters grouped lipids with similar characteristics within each family, as it 381 

is shown in Figure F4.  382 
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The data suggests that the average fatty acid chain length and the level of unsaturation 383 

were the main factors to determine at which cluster a member of a given family 384 

belonged, driving the observed changes in its relative amount in any given condition 385 

(supplementary figure SF2). For example, almost all TG included in clusters A and B (11 386 

of 12 total species, respectively) contained either small-chain fatty acids (less than 16 387 

carbons, on average) or totally saturated ones (Figure F4). Similarly, most PC in cluster 388 

A contained fatty acids either totally saturated or with a single unsaturation (14 of 19 389 

species with those characteristics; Figure F4G, considering that the Y-axis represents 390 

the number of double bonds). DG clearly showed two subgroups of members (Figure 391 

F4C) belonging to cluster A those fully saturated or with high levels of saturations (8 of 392 

8 species), and to cluster B those with an intermedium unsaturation degree (1, 2 or 3 393 

double bonds; 9 of 9 species). The pattern for PS is somewhat complicated, but the 394 

adscription of the different members in cluster A or B is clearly determined by 395 

combination of the average FA chain length and the unsaturation degree (Figure F4F). 396 

Interestingly, the abundance of PS lipids with very low or high unsaturation degree (0, 397 

1, 5 or 6 double bonds) were much higher than those with an intermediate 398 

unsaturation degree (2, 3 or 4 double bonds). In addition, it could be observed that the 399 

phosphatidylcholine derivatives (LPC, PC-O and PC-P) exhibited a similar behaviour to 400 

that of PS lipids (Figure F4H).  401 

 402 

3.4. Lipid-related gene expression 403 

Analysis of previous reported transcriptomic data (Martínez et al., 2018) from 404 

zebrafish eleutheroembryos treated with BPA (2-5 dpf) showed a clear dysregulation 405 

of genes related to lipid biosynthesis and catabolism (supplementary figure SF3A and 406 
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table ST7). This effect took place even at lower concentrations (0.1 - 1 mg/L) than 407 

those that elicit a statistically significant increase of the yolk sac area (YSA), the main 408 

reservoir of the lipids (supplementary figure SF3A). The transcriptomic data suggests  409 

a general upregulation of the lipid metabolism, including both the biosynthesis and 410 

catabolism, but that the imbalance in lipid metabolism by BPA was favorable to 411 

anabolic pathways. Forty-six differentially expressed genes (DEGs) were related to the 412 

lipid biosynthesis, compared with nineteen DEGs related to their catabolism and nine 413 

genes were involved in both pathways (supplementary figure SF3A and table ST7). 414 

The transcriptomic changes could be linearly correlated with the area of the yolk sac 415 

(supplementary figure SF3B) which, in turn, correlated with the amount of remaining 416 

TG and PC (figure F1D-E). Transcripts involved in the lipid transport (essentially 417 

apolipoproteins) were also upregulated and their expression could be linearly 418 

correlated to the area of the yolk sac (r2 = 0.554; p < 0.0001; Pearson correlation test; 419 

data not shown), which was extremely notable in case of the apoa1a and apoba (r2 = 420 

0.893; p = 0.0004). 421 

 422 

Discussion 423 

The major morphological effect of non-lethal BPA exposure in zebrafish 424 

eleutheroembryos was the permanence of a significant amount of yolk sac at up to 6 425 

dpf, stage at which the yolk sac should have been completely reabsorbed in normal 426 

conditions. This effect has been previously observed (Martínez et al., 2019a, 2018) and 427 

it can be related to the presence of high amounts of TG, DG, PI, PC and LPC in BPA 428 

treated animals. Most of them are yolk sac-related lipids, as can be observed by their 429 

relative amount in the yolk sac and the rest of the body in unexposed conditions 430 
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(Fraher et al., 2016). The yolk sac is the major reservoir of maternally deposited lipids 431 

and vitellogenin in the zebrafish eleuthero/embryo before reaching the self-feeding 432 

stage at 6 dpf, serving as main sources for energy and precursors for proteins, 433 

including  lipoproteins (Babin et al., 2007; Fraher et al., 2016; Matsuda et al., 2011).  434 

Therefore, we interpret this apparent increase as a consequence of the inhibition of 435 

the consumption of the yolk sac lipids in the BPA exposed individuals and thereby, 436 

their reduced energy expenditure during these crucial embryonic stages. These results 437 

are in accordance with very recent studies in BPA-treated zebrafish (Ortiz-Villanueva et 438 

al., 2018; Santangeli et al., 2018). We also propose that part of the fatty acids from PC, 439 

LPC and PI are being consumed for energy acquirement, as: 1) their behaviour is 440 

similar to the one presented by the energy storage lipid families; 2) the lipid re-441 

conversion both in the yolk sac and yolk syncytial layer is already activated (Miyares et 442 

al., 2014); and 3) their decrease in the yolk sac in normal conditions is not 443 

compensated by a similar increase in the rest of the body (Fraher et al., 2016).  444 

 In contrast, BPA exposure did not affect (or did it only slightly) the levels of CE, 445 

PE, PS, LPE, PE-O, PE-P, PG, PC-O, and SM. Most of these lipids are structural 446 

constituents of the biological membranes, whereas some of them are implicated in 447 

signalling or, in the case of SM,  in myelination (Braverman and Moser, 2012; Dean and 448 

Lodhi, 2018; Lee et al., 2017; Nagan and Zoeller, 2001; Olsen and Færgeman, 2017; 449 

Pike, 2003; Quinn, 2014). This general lipid profile of BPA-exposed individuals, with 450 

only minor effects in the main “structural” lipid families (including those related to 451 

signalling or myelination) and larger effects in energy-storage lipids, does not 452 

correspond to a mere developmental delay. A previous detailed morphometric analysis 453 

reached the same conclusion, indicating that the exposed eleutheroembryos could 454 
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also present a lower energy consumption (Martínez et al., 2019a). In addition, partial 455 

lipid results from a related metabolomic study (Ortiz-Villanueva et al., 2018) at lower 456 

BPA concentrations showed similar increase in some PC, DG and LPC, indicating that 457 

these effects are more related to a specific BPA mode of action than to a general toxic 458 

effect. Analysis of the behavior of different molecular species within each lipid family 459 

revealed the presence of distinct subpopulations of TG, DG, PS, PC and 460 

phosphatidylcholine derivatives (LPC, PC-O and PC-P). We propose that these 461 

differential effects on the lipid subpopulations likely reflect the specific effect of BPA 462 

on storage lipids over structural ones. These subpopulations present different fatty 463 

acid chain lengths and/or unsaturation levels, reflecting the differential 464 

physicochemical requirements (fluidity, molecular weight) for structural and storage 465 

lipids. For example, we consider it likely that the fraction of low fatty acid length or 466 

fully saturated TG that show a differentiated behaviour relative to the bulk TG may 467 

correspond to structural TG that do no form part, or do it only partially, to the yolk sac. 468 

In the same way, we propose that the subpopulations of PS, PC and PC derivatives that 469 

belonged to cluster A corresponded to structural lipids, whereas cluster B included 470 

molecular species mainly present in the yolk sac. It is revealing the case of DG, as they 471 

are intermediaries of both TG degradation and PC synthesis (Duncan et al., 2007; 472 

Gibellini and Smith, 2010; Kennedy and Weisst, 1956). This dual catabolic and anabolic 473 

role may be the reason for the peculiar distribution of DG molecular species between 474 

clusters A and B. Following this line of reasoning, we propose that cluster C 475 

corresponds to species exclusively present in the yolk sac and are only used for energy 476 

purposes, in this case, only TG.  477 
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 In addition to the unsaturation degree and average FA length that triggered the 478 

clustering of the lipids, other differential physicochemical observations could be 479 

highlighted (see supplemental material for more information). For example, the lower 480 

abundance of the lipid species with an odd number of carbon atoms, the presence of 481 

neural/vision-related lipid species, or the different abundance patterns present in the 482 

lipid families did not trigger a different clustering of the lipids, indicating the lack of 483 

effects of the BPA exposure and/or the developmental stage over these 484 

characteristics.  485 

 The effects of BPA on both YSA and the levels of yolk sac-related lipids could be 486 

related to specific transcriptomic changes in genes implicated in lipid metabolism 487 

observed in a previous study (Martínez et al., 2018). BPA concentrations between 1 488 

and 2 orders of magnitude below the ones required to induce morphological 489 

alterations (0.1 mg/L and 4.0 mg/L of BPA, respectively) induced a general 490 

upregulation of genes involved in lipid metabolism (Martínez et al., 2018), particularly 491 

those involved in lipid anabolism. This imbalance in favor of the biosynthesis and 492 

against lipid degradation could partially explain the reduction of lipid consumption in 493 

BPA-exposed zebrafish eleutheroembryos. We therefore propose that the 494 

dysregulation in gene expression may be part of the cause, rather than a consequence, 495 

of the effects of BPA on lipid levels and yolk sac resorption.  496 

 Gene ontology enrichment analysis (supplementary figure SF4) identified genes 497 

involved in lipid transport, particularly in low and very-low density-lipoproteins, as 498 

strongly affected by BPA. These kind of lipoproteins contains a higher percentage of 499 

triglycerides (Feingold and Grunfeld, 2000; Garrett and Grisham, 2016) than high 500 

density lipoproteins, and therefore, they are supposed to be more implicated in energy 501 
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metabolism. The apoba gene, one of the most affected apolipoproteins by BPA, 502 

codifies for the key protein implicated in formation of VLDL lipoproteins and 503 

chylomicrons (Cindrova-Davies et al., 2017; Young et al., 1995). In parallel, PC lipids, 504 

one of the families more retained in the BPA exposed individuals, are the major 505 

phospholipid component of the lipoproteins and the only one that is currently known 506 

to be essential for their assembly and secretion (Cole et al., 2012). In zebrafish 507 

eleutheroembryos, the apolipoprotein release by yolk syncytial layer (YSL) has been 508 

reported to be a key step for the transport of yolk lipids to the rest of the organism 509 

(Otis et al., 2015). In our case, the upregulation of apolipoproteins and its correlation 510 

with the increase of YSA at 5 and 6 dpf supports the idea that BPA did not impair lipid 511 

transport from the yolk to the rest of the body, and that the YS resorption impairment 512 

is more related to the lower eleutheroembryo's energy consumption rate.  513 

 The observed lipidomic and transcriptomic effects of BPA in zebrafish embryos 514 

can be related to its known interaction with several nuclear receptors. BPA has been 515 

proposed to interact with the RXR/PPAR-ϒ receptor complex (cis-retinoic acid 516 

receptor/peroxisome proliferator-activated receptor gamma) (Huang and Chen, 2017; 517 

Riu et al., 2011) which is considered the master regulator of adipogenesis and lipid 518 

metabolism (Lempradl et al., 2015), activating transcription of apo- and lipoproteins in 519 

different model organisms (Dahabreh and Medh, 2012; Hai et al., 2015; Kersten, 2008; 520 

Shah et al., 2010). Similarly, zebrafish eleutheroembryos exposed to tributyltin (TBT), 521 

also considered as an obesogen and able to activate PPAR via RXR (Grün, 2014; le 522 

Maire et al., 2009) showed increased levels of some LPC and PC lipid species (Ortiz-523 

Villanueva et al., 2018). In addition, the interaction of BPA with ERs (estrogen 524 

receptors) (Heindel and Blumberg, 2019; Mu et al., 2018) and ERR-ϒ (estrogen-related 525 
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receptor gamma) (Bergman et al., 2013; Tohmé et al., 2014) could also participate in 526 

the effects of BPA on the lipid metabolism (Hao et al., 2013; Tohmé et al., 2014). All 527 

these signalling pathways are altered by BPA in zebrafish embryos (Martínez et al., 528 

2018; Ortiz-Villanueva et al., 2017; Riu et al., 2011) and could be at least partially 529 

responsible for its obesogenic properties (Grün and Blumberg, 2007; Janesick and 530 

Blumberg, 2011).  531 

 The molecular and physiological mechanism of environmental obesogenicity 532 

are not completely understood yet (Heindel and Blumberg, 2019). Some of the 533 

proposed mechanisms include the differentiation and stimulation of adipocytes, 534 

increase lipid accumulation in liver, alteration of thermoregulation,  or disruption of  535 

the hormonal regulation of appetite and satiety (Heindel and Blumberg, 2019). 536 

Adipocyte proliferation and activation is a common endpoint in laboratory tests for 537 

obesogenicity in animal models, including zebrafish (Riu et al., 2011; Maradonna and 538 

Carnevali, 2018).  However, lipid accumulation in adipocytes does not occur in 539 

zebrafish larval after days 11-15 dpf, when adipocytes start differentiating (Riu et al., 540 

2011; Imrie and Sadler, 2010). It is likely that the retention of yolk sac could not be 541 

assimilated to the accumulation of lipids in adipocytes, as the former only occur at BPA 542 

concentrations (from 4 mg/L on) far higher than the latter (0.1-0.2 mg/L BPA, Riu et al., 543 

2011). Rather, we propose that the retention of the yolk sac may be related to a 544 

reduction of the energy consumption in treated embryos, an obesogenic mechanism 545 

also proposed for mammals,  including humans (Heindel and Blumberg, 2019). 546 

Zebrafish eleutheroembryos exposed to BPA display a reduction on behavioral 547 

movement, which likely results in a lower energy consumption  (Olsvik et al., 2019), as 548 

well as  a specific reduction in eye development (Martínez et al., 2019a), being vision 549 
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another important energy consumer (Emran et al., 2010). In this regard, one can 550 

hypothesize that yolk sac retention is a late manifestation of a series of toxic events 551 

that start by the activation of different nuclear receptors (RXR, PPARJ, ER) at low BPA 552 

concentrations (0.1 mg/L, Martínez el at, 2018), which progress through different 553 

molecular, biochemical, cellular, and behavioral events that finally result in 554 

macroscopic negative outcomes (yolk sac retention, swim bladder inflation, and, 555 

ultimately, death).    This network of potential implications between the effects of BPA 556 

at the different complexity levels is shown in Figure 5, which combines data from 557 

different sources and at different levels of organization. The figure is organized 558 

following an AOP (Adverse Outcome Pathway, Ankley et al., 2010) scheme, in which 559 

initial molecular events (interaction of BPA with different receptors) propagate the 560 

adverse responses to biochemical, cellular, tissue and organism levels.  561 

 562 

Conclusions 563 

BPA-treated eleutheroembryos showed higher retention of yolk sac and yolk-related 564 

lipids (mostly TG, DG, PI and PC) that their non-treated counterparts. On the other 565 

hand, CE, PE, PS, LPE, PE-O, PE-P, PG, PC-O, and SM lipid families (mostly related with 566 

structural membranes and signalling functions) were only slightly or not affected both 567 

over the age or upon BPA exposure. Moreover, it could be observed that the 568 

differences in some lipid families’ time- and BPA exposure-related patterns depended 569 

mostly on the unsaturation degree (mostly DG and PC) and fatty acid chain length 570 

(mostly TG and PC derivatives) of the lipids.  571 

 The presence of a significant portion of yolk sac in BPA-treated 572 

eleutheroembryos, and of its associated lipids, at developmental stages at which the 573 
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feeding behaviour should be already activated appears as a major potential negative 574 

effect, as it interferes with other physiological key events, like swim bladder inflation. 575 

This specific  “energy-storage” lipid retention in BPA exposed eleutheroembryos seems 576 

to be more related to a lower energy consumption and/or a favorable balance of the 577 

lipid dysregulation into the biosynthesis direction than to a lipid transport problem 578 

from the yolk sac. Energy-consuming functions like general motility or eye 579 

development have also been reported to be affected by BPA in similar studies and they 580 

may even be interconnected (low visual function may lead to low motility, for 581 

example).  582 

 In summary, the effects in lipid profile exerted by BPA in zebrafish 583 

eleutheroembryos seemed to be specific and not related to general baseline toxicity. 584 

The data also suggests that they are at least partially independent from estrogenic 585 

effects, which are the current basis for legal restrictions on BPA and on its derivatives. 586 

While other cellular targets, including different nuclear receptors, could not be 587 

discarded, activation of the PPAR/RXR complex and the downstream lipid metabolism 588 

genes appeared as good candidates to explain these estrogenic-independent effects. 589 

These conclusions are also based in previously reported transcriptomic, metabolomic 590 

and morphometric analyses of the effects of BPA in zebrafish eleutheroembryos, as 591 

well as in behavioural and molecular in vitro studies. In summary, the present study 592 

contributes in the understanding of the obesogenic properties of the BPA and its 593 

intercorrelated factors with the lipid metabolism.  594 
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 609 

Figure Legends 610 

Figure 1. A) Example of a high performance thin layer chromatography (HPTLC) 611 

analysis and the identification of each lipid family in the plate which was carry out 612 

according to the bibliography (Fuertes et al., 2018; Olsen and Henderson, 1989). Lipid 613 

classes detected by HPTLC were cholesterol esters (CE) that eluted together with wax 614 

esters (WE), triacylglycerols a.k.a. triglycerides (TG), cholesterol (Ch), 615 

phosphatidylethanolamines (PE), phosphatidylglycerols (PG), phosphatidylinositols (PI), 616 

phosphatidylserines (PS), phosphatidylcholines (PC) and sphingomyelins (SM). An 617 

unidentified spot and the pigments were not taken into account because their low 618 

interest in this study. Free fatty acid (FFA) amount were negligible indicating a low 619 

degradation of the samples. B) Relative lipid intensities of each lipid family obtained by 620 

high performance thin layer chromatography (HPTLC) for 0, 4, 6 and 8 mg/L of BPA 621 
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exposed zebrafish eleutheroembryos at 4, 5 and 6 dpf. It needs to be highlighted the 622 

fact that due to the needed performed normalization in HPLTC, the intensities do not 623 

reflect the absolute effect of the time/treatment over each lipid family but the 624 

enrichment (lipid accumulation) or the decrease (lipid usage for energy or other 625 

purposes) of this lipid family regarding the total amount of lipids in the 626 

eleutheroembryos. Non-parametric Kruskal-Wallis test with pairwise multiple 627 

comparisons; p ≤ 0.05) were performed for both factors (time and BPA exposure) and 628 

statistically different groups are indicated with different letters (low case or capital 629 

letters for differences between the exposure groups or the different ages, respectively, 630 

and italics for those which present main factors interaction). C) Yolk sac area (YSA) 631 

measurements of the eleutheroembryos exposed to BPA concentrations of 0 (control), 632 

4.0, 6.0 and 8.0 mg/L at 4, 5 and 6 dpf. A parametric two-way ANOVA test (regarding 633 

time and exposure) followed by a Tukey's post-hoc test with all pairwise comparisons; 634 

p ≤ 0.05) was performed and statistically different groups are indicated with different 635 

letters (low case or capital letters for BPA exposure and age groups’ differences, 636 

respectively). D-E) Pearson correlation tests (p<0.05) between the obtained absolute 637 

values of the YSA and the relative amount of TG and PC (respectively) measured by 638 

HPTLC. 639 

 640 

Figure 2. A) Heatmap of the all the individual measured lipids by UHPLC/TOFMS: 267 641 

lipids divided into 15 different lipid families: 60 TG, 56 PC, 21 PE, 20 CE, 18 PC-O, 17 642 

DG, 15 PI, 14 SM, 13 PS, 13 LPC, 7 PE-O, 4 LPE, 4 PC-P, 3 PG and 2 PE-P. Hierarchical 643 

clustering for both lipids and samples cab be observed at the top and left of the graph, 644 

respectively. The data represent the square root of the fold-changes regarding the 645 
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control groups’ average (for each lipid): in red and blue, those lipids with fold-change 646 

higher or lower than 1.0, respectively. B) Heatmap of the absolute amount of each 647 

lipid family measured by UHPLC/TOFMS (obtained by summation of all specific lipid 648 

species inside the same family). Hierarchical clustering analysis of the lipid families are 649 

presented at the top of the heatmap. Square roots of the lipid total amounts (pmol) 650 

are represented and colored in a non-linear rainbow scale for helping the visualization 651 

of the lipid decreases in the different lipid families. 652 

 653 

Figure 3. A) PAM (partition around medoids) clustering analysis showing the presence 654 

of 3 different patterns in the lipids. Cluster A is shown in blue, cluster B in green and 655 

cluster C in red. First two principal components explained 74.82% of the total dataset 656 

variance. B) Heatmap and boxplots of the fold-changes normalized abundances and pie 657 

charts of the lipid families percentages for each of the three clusters defined in the 658 

PAM clustering analysis. In boxplots, differences in the average amount of the lipids 659 

inside each cluster along the different groups were analyzed by a one-way ANOVA by a 660 

Tukey's post-hoc test with all pairwise comparisons, p ≤ 0.05. Different low case letters 661 

indicate statistically different groups. Average values and the 1st and 3rd quartiles are 662 

indicated by the thick bars, and the boxes, respectively. Total distribution is covered by 663 

the whiskers, except for the outliers (circles). C) Classification of the different lipid 664 

families’ species (in percentage) among the three clusters defined in the PAM cluster 665 

analysis. Cluster A, B and C percentages are shown in blue, green and red, respectively. 666 

 667 

Figure 4. Graphical representation of the lipid distribution regarding their unsaturation 668 

degree (Y-axis) and average FA chain length (X-axis) of the HPLC-TOFMS lipidomic 669 
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dataset (lipids in control and 6 mg/L of BPA groups at 4, 5 and 6 dpf), divided per lipid 670 

family. Specific lipid species classified in the PAM clustering analysis (Figure F3, 671 

supplemental table ST5) in cluster A, B and C are represented in blue, green and red 672 

color, respectively. The circumference size indicates the log-transformed total amount 673 

of each lipid (all samples average, in pmol). LPE, PE-O, PE-P and PG were not 674 

represented due to the low number of lipids in these families. 675 

 676 

Figure 5. Summary of potential adverse output pathways of BPA. The diagram 677 

summarizes the different outputs observed for the exposure to BPA of zebrafish 678 

embryos and their putative interconnections. We propose that BPA interact with ER, 679 

PPAR and RXR receptors, and that these interactions affects lipid metabolism, 680 

estrogenic responses and developmental processes, particularly in the eye 681 

development. These combined effects affect energy storage lipid consumption, by 682 

either disrupting lipid metabolism, reducing motility, reduction of vision function, or a 683 

combination of these. As a final consequence, there is a large excess of storage lipids 684 

(and of yolk sac) at the end of the eleutheroembryo stage, at which the early larva 685 

should be start actively feeding. We propose that the combined result should affect 686 

significantly the survival of the affected individuals. References: 1) (Martínez et al., 687 

2018); 2) (Mu et al., 2018); 3) (Lam et al., 2011); 4) (Martínez et al., 2019a); 5) Present 688 

work; 6) (Olsvik et al., 2019); 7) (Emran et al., 2010); 8) (Sant and Timme-Laragy, 2018); 689 

9) (Raldúa et al., 2008); 10) (Goolish and Okutake, 1999). Red and blue arrows show 690 

activation or inhibition of BPA in the pathway/effect/observation. 691 
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