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Highlights 

• Developmental BPA exposure results in acute, transient and long-term changes in 

zebrafish metabolism. 

• Embryonic BPA exposure and juvenile nutritional challenge interact to affect locomotor 

behaviour. 

• Most developmental BPA exposure effects are not mimicked by an estrogenic control. 
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Abstract 

Bisphenol A (BPA) is an estrogenic contaminant linked to metabolic disruption. 

Developmental BPA exposure is of particular concern, as organizational effects may 

irreversibly disrupt metabolism at later life-stages. While BPA exposures in adult fish 

elicit metabolic perturbations similar to effects described in rodents, the metabolic effects 

of developmental BPA exposure in juvenile fish remain largely unknown. Following 

embryonic zebrafish exposure to BPA (0.1, 1 and 4 mg/L) and EE2 (10 ng/L) from 2 to 5 

dpf, we assessed the metabolic phenotype in larvae (4–6 dpf) and juveniles (43–49 dpf) 

which had been divided into regular-fed and overfed groups at 29 dpf. Developmental 

BPA exposure in larvae dose-dependently reduced food-intake and locomotion and 

increased energy expenditure. Juveniles (29 dpf) exhibited a transient increase in body 

weight after developmental BPA exposure and persistent diet-dependent locomotion 

changes (43–49 dpf). At the molecular level, glucose and lipid metabolism-related 

transcripts abundance clearly separated BPA exposed fish from controls and EE2 exposed 

fish at the larval stage, in juveniles on a regular diet and, to a lesser extent, in overfed 

juveniles. In general, the metabolic endpoints affected by BPA exposure were not 

mimicked by EE2 treatment. We conclude that developmental BPA exposure elicits acute 

metabolic effects in zebrafish larvae and fewer transient and persistent effects in juveniles 

and that these metabolic effects are largely independent of BPA's estrogenicity. 

 

 

 

 

 

 

 



1. Introduction 

Bisphenol A (BPA) is a high production chemical with a global annual production volume 

of 9 million tonnes due to its wide use as a precursor in the fabrication of important 

plastics (Corrales et al., 2015; Gerona et al., 2020). Because of its high production 

volume, BPA is frequently detected in environments as well as wildlife and humans 

(Corrales et al., 2015; Gerona et al., 2020). To date, BPA is one of the most studied 

endocrine disrupting chemicals (EDCs) with well-described estrogenic effects affecting 

development of the adult reproductive phenotype (Howdeshell et al., 1999). Indeed, BPA 

exposure has raised concerns because of described developmental effects of BPA at 

concentrations below published regulatory limits, which has led to banning of BPA from 

infant plastic bottles in several countries (Onghena et al., 2014; Beal, 2018). In addition 

to early reports of effects of developmental BPA exposure on body weight in rodents 

(Howdeshell et al., 1999; Vom Saal et al., 2012), experimental evidence from rodent 

models as well as epidemiological evidence from human cohorts suggest wide-spread 

metabolism-disrupting effects of BPA, encompassing organizational as well as acute 

effects in central and peripheral regulation of organismal energy balance (Mackay et al., 

2013; Ke et al., 2016; Stahlhut et al., 2018; Desai et al., 2018). Thus, given the well-

described role of estrogen in the regulation of organismal energy balance (Segner, 2009), 

it has been postulated that BPA may act as metabolic disruptor via estrogenic signalling 

pathways (Vom Saal et al., 2012). (see Table 1) 

In recent years, zebrafish are increasingly used as models for (estrogenic) EDCs (Segner, 

2009), ecotoxicology (Dai et al., 2014) and human metabolic disease (Seth et al., 2013), 

as they allow for combining high-throughput organismal level metabolic phenotypization 

approaches with genetic and developmental tools available in zebrafish (Horzmann and 

Freeman, 2018). Here we take advantage of the zebrafish model to investigate the 

hypotheses that 1) developmental exposure to BPA in zebrafish alters the metabolic 

phenotype acutely 2) that developmental exposure to BPA alters developmental 

trajectories of metabolic phenotype emergence at baseline or in response to a subsequent 

metabolic challenge and 3) that metabolic effects of BPA in zebrafish are mediated by an 

estrogenic mode of action. 

2. Materials and methods 

2.1. BPA and EE2 stock preparation and eleutheroembryo exposure 

Bisphenol A (BPA, CAS-RN: 80-05-7, ≥99.0% purity) and 17α-ethynylestradiol (EE2, 

CAS-RN: 57-63-6, ≥98.0% purity) were provided by Sigma-Aldrich (St. Louis, MO, 

USA). Stock solutions were prepared in DMSO and stored at 4 °C. Exposure solutions 

were prepared daily by dilution of stock solutions in system water with final DMSO 

concentration of 0.2% (v/v). Approximately 400 individuals were exposed in each 

treatment group (DMSO vehicle control, 0.1, 1.0 and 4.0 mg/L of BPA and 10 ng/L of 

EE2) in eight replicate Petri dishes from 2 to 5 dpf, after which the larvae were raised in 

clean system water. In a recent global assessment of BPA concentrations in the 

environment, aquatic BPA concentrations up to 56 μg/L BPA have been reported in 

surface waters, while waste-water treatment plant (WWTP) effluent concentrations 

reached BPA concentrations up to 370 μg/L (Corrales et al., 2015). While the lowest BPA 

concentration of 0.1 mg/L used in our study therefore falls within the range of 

concentrations observed aquatic environments, it is to be noted that this reflects a high 

environmental concentration, as most BPA concentrations reported in surface waters and 
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WWTP effluent are below 5 μg/L (Corrales et al., 2015). The remaining BPA 

concentrations used in our study (1 mg/L and 4 mg/L BPA lie in the same range as BPA 

concentrations reported from specific point sources, such as landfill leachates (Flint et al., 

2012; Canesi and Fabbri, 2015). EE2 was chosen as a positive estrogenic control to 

differentiate estrogenic effects of BPA from effects linked to non-estrogenic pathways, 

as it has been shown to exert its estrogenic effects at 10 ng/L in early stages of zebrafish 

individuals (Flint et al., 2012; Canesi and Fabbri, 2015; Thorpe et al., 2003). EE2 is a 

highly potent and selective agonist of estrogen receptor in fish, exhibiting higher potency 

than the natural ligand estradiol (E2) (Thorpe et al., 2003; Brion et al., 2012). Indeed, the 

10 ng/L of EE2 concentration used in our study represents a 5 fold higher concentration 

than the EE2 estrogenic EC50 assessed in a transgenic zebrafish cyp19a1b GFP-based 

reporter assay (Brion et al., 2012), but falls well below (10-fold) EE2 concentrations 

triggering adverse developmental effects on hatching in this model (Versonnen and 

Janssen, 2004). EE2 is, in its own right, a pharmaceutical of concern in aquatic 

environments, with reported WWTP effluent concentrations up to 67 ng/L (Aris et al., 

2014) and river water concentrations up to 15 ng/L (Shved et al., 2008). Therefore, in 

addition to serving as positive estrogenic control, EE2, at the chosen concentration of 

10 ng/L, also lies within an environmentally relevant range, allowing for an assessment 

of metabolic effects following developmental exposure to this aquatic contaminant. 

Finally, exposure concentrations of BPA and EE2 and exposure duration replicate 

previously published studies in early developing zebrafish (Martínez et al., 2018, 2019a), 

allowing for better comparison. 

Exposures started at 2 dpf to avoid potential effects of BPA and EE2 on very early 

embryonic development (Tse et al., 2013), and to focus the study on effects on the already 

differentiated tissues of the larvae. From 6 dpf until the end of the study, larvae were fed 

twice daily with GEMMA Micro 75 food (Skretting, NB, Canada). From 30 dpf on, 

zebrafish of each treatment group were split in two subgroups and fed twice daily (normal 

diet, ND) or four times daily (high feeding diet, HFD) until the end of the study. 

Developmental stages of zebrafish described in this study are classified as embryonic (0–

3 dpf), eleutheroembryonic (3–6 dpf), larval (6–30 dpf) and juvenile stages (>30dpf). All 

procedures performed in this study followed the guidelines of the Canadian Council on 

Animal Care (CCAC) for the use of animals in research approved by the University of 

Ottawa Animal Care Protocol Review Committee under protocol BL-3057. 

 

2.2. Organismal-level metabolic phenotypization 

2.2.1. Energy expenditure assay 

A zebrafish energy expenditure assay was performed as previously described (Williams 

and Renquist, 2016; Reid et al., 2018; Tu et al., 2019). Briefly, zebrafish 

eleutheroembryos and juveniles were placed in 96- or 24-multiwell plates with 200 μL or 

1.3 mL of Alamar Blue stock solution (AlamarBlue™ Cell Viability Reagent, Life 

Technologies, Eugene, OR, USA) per well, and fluorescence emission was measured over 

time to quantify cumulative NADH2/NADPH2 production as approximate measure of 

zebrafish oxidative metabolism (Williams and Renquist, 2016; Reid et al., 2018). Alamar 

Blue solution fluorescence was measured at 0, 24 and 48 h using a SpectraMax Gemini™ 

fluorescence reader (Molecular Devices, San Jose, CA, USA) with excitation and 

emission wavelengths of 530 and 590 nm, respectively. 
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2.3. Locomotor behaviour test 

The locomotor behaviour of eleutheroembryos (5 dpf) and juveniles (43 dpf) were 

assessed in a 48 or 24-multiwell plate using ZebraBox® instrument (ViewPoint Life 

Science, Montreal, QC, Canada). Zebrafish were first incubated for 30–60 min to reduce 

sampling stress and then exposed to instantaneous 100% light/dark intensity changes with 

the following pattern (times in min, L, light, D, darkness): 20L-5D-5L-5D-5L-5D-5L. 

The Viewpoint Zebralab® v3 quantization software was used to track the individual's 

movements and to perform the automated behavioural analysis to obtain the movement 

time and distance of a given larvae within three defined movement ranges (inactivity 

(<3 mm/s), small- (3–6 mm/s), and large- (6 mm/s) movements). The number of times 

that an individual transferred from one assigned movement range to another was also 

recorded. 

 

2.3.1. Birefringence assay 

To assess muscle sarcomere morphology in 5 dpf eleutheroembryos (n = 5 per treatment 

group), a birefringence assay was used as previously described (Berger et al., 2012; Smith 

et al., 2013). Briefly, 5–6 embryos of each treatment group were placed on a dissecting 

microscope (Olympus SZ61, Olympus Canada, Richmond Hill, ON, Canada) and an 

image obtained using a Lumenera Infinity 2 camera and Infinity Capture software 

(Teledyne Lumenera, Ottawa, ON, Canada) to measure animal surface. A subsequent 

second picture of the eleutheroembryos was taken immediately afterwards using two 

perpendicularly placed 77 mm circular polarizing lenses (77 mm circular polarizing lens 

(Amazon Basics, Amazon, Seattle, USA) to visualize and image birefringence created by 

sarcomeres. Care was taken to maintain eleutheroembryo position. Birefringence 

intensity was quantified using ImageJ software and normalized by larval surface area. 

 

2.3.2. Feed-intake quantification 

Feed-intake in 6 and 45 dpf zebrafish was measured as previously described (Tu et al., 

2019). Briefly, zebrafish larvae or juveniles were fed ad-libitum with fluorescently 

labelled (4-(4-(didecylamino)styryl)-N-methylpyridinium iodide, Sigma-Aldrich, 

Canada) GEMMA Micro 75 food (Skretting, Saint Andrews Parish, NB, Canada). After 

a 1 h feeding period in darkness, individuals were collected, washed and homogenized in 

300 μL of distilled water. 250 μL of each sample homogenate was transferred to a black 

96-multiwell plate and the fluorescence was measured in a SpectraMax Gemini™ 

fluorescence reader (Molecular Devices, USA). Excitation and emission wavelengths 

(λexc, λem) were 485 nm and 535 nm, respectively. Zebrafish fed with unlabelled food were 

used in assays to obtain background fluorescence values used to normalize fluorescence 

readings. 

 

2.3.3. Morphometric measurements 

At 29 and 45 dpf, zebrafish were anesthetized with tricaine, slightly dried, weighed to 

determine body weight (BW), and body length (BL) measured by following the notochord 

of laterally positioned individuals on acquired images, and subsequently allowed to 

recover in an anesthetic-free system water filled tank. Individual body mass index (BMI) 

was calculated dividing its BW by the cube value of its BL. 
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2.3.4. Fluorescence imaging of neutral lipid deposition 

Neutral lipid deposition was labelled and measured by Nile Red fluorophore (Minchin 

and Rawls, 2017). At 48 dpf, four juvenile zebrafish from each treatment group were 

placed in 5 mg/L Nile Red exposure solution for 30 min at 28.5 °C in darkness. 

Afterwards, individuals were rinsed twice with system water, anesthetized with tricaine 

and placed under a Nikon SMZ 1500 to obtaining capture images of the stained neutral 

lipids using the NIS Elements F software (Mississauga, ON, Canada). Fluorescence 

quantification was performed using ImageJ (National Institutes of Health, Bethesda, MD, 

USA). 

 

2.4. Molecular profiling 

2.4.1. Relative mRNA transcript quantification 

Total RNA was extracted using the Trizol method following the manufacturer's protocol 

(Invitrogen, Oakville, ON, Canada) and retrotranscribed with the QuantiTech Reverse 

Transcription Kit (Qiagen, Toronto, ON, Canada) following the manufacturer's protocol. 

A negative control (noRT) was also generated to confirm the absence of genomic DNA. 

qRT-PCR reactions were performed in a CFX96 PCR instrument (Bio-Rad, Mississauga, 

ON, Canada) using the iTaq Universal SYBR Green Supermix (Bio-Rad Laboratories, 

Mississauga, ON, Canada). Relative changes in mRNA abundance of brain aromatase 

(cyp19a1b) was measured as a molecular marker of estrogenicity in larval zebrafish. In 

order to assess metabolic consequences of developmental BPA exposure at the molecular 

level, relative transcript abundance of transcripts involved in (glucose and lipid-

dependent) energy metabolism were quantified, as these molecular metabolic pathways 

have been described as being disrupted at the transcript-level in acute exposure studies 

using mammalian models (Mackay et al., 2013; Chevalier et al., 2015; Marmugi et al., 

2014; Tudurí et al., 2018; Shu et al., 2019). More specifically, several of the selected 

transcripts within these pathways also have well-described functions in energy 

metabolism by affecting central regulation of energy balance 

(proopiomelanocortins pomca and pomcb) (Löhr et al., 2018), lipid transport 

(apolipoproteins (apo1a; apoba; apobb1; apoc2) (Otis et al., 2015, 2019; Quinlivan and 

Farber, 2017), glycolysis (hexokinase domain containing 1 (hkdc1), glucose-6-phosphate 

isomerase b (gpib), phosphofructokinase muscle a (pfkma); phosphoglycerate mutase 2 

muscle (pgam2) (Tixier et al., 2013; Lin et al., 2009; van Steijn et al., 2019), and 

gluconeogenesis (glucose-6-phosphatase (gpca2), NAD+/NADH homeostasis (aldehyde 

dehydrogenase 9 family, member A1b (aldh9a1b), and had previously been identified as 

candidate BPA responsive genes in developing zebrafish using a transcriptome-level 

screen using the same experimental design 24, thus allowing to not only validate, but also 

to assess the robustness of specific metabolic transcript changes across laboratories in this 

model. Finally, given the importance of miRNAs in teleost metabolic tissue 

differentiation and energy metabolism (Mennigen, 2016), transcripts of genes involved 

in canonical miRNA biogenesis (drosha ribonucleause 3 (drosha); argonaute 2 (ago2)) 

and tissue-specific miRNAs (see section below) were additionally quantified. Indeed, if 

and how developmental BPA exposure affects miRNA biogenesis and/or the expression 

of metabolic tissue-specific miRNAs is largely unknown and has not been characterized 

in non-mammalian species. Following the identification of a robust downregulation of 

muscle-specific miRNA-1, we secondarily decided to profile zebrafish validated miR-

1 target gene expression (calponin 3, acidic a (cnn3a); profilin 2 like (pfn2l), ATPase, H+ 

transporting, lysosomal, V1 subunit B, member a (atp6v1ba) all of which have been 

implicated in zebrafish muscle development (Mishima et al., 2009). Functions and/or 
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related pathways of each transcript, and their specific primer sequences, efficiency and 

calibration curve correlation coefficients can be found in Table T1. Gene expression data 

were normalized using the NORMA-Gene approach as described by Heckmann et al. 

(2011). 

 

2.4.2. Relative quantification of miRNAs 

Reverse transcription of miRNAs was performed with the extracted total RNA using the 

miScript II reverse transcription kit (Qiagen, Toronto, ON, Canada) following the 

manufacturer's protocol. A RT-negative control was included. The specific miRNAs were 

quantified using the miRScript SYBR Green PCR kit (Qiagen, Toronto, ON, Canada) 

with miRNA-specific forward primers and a universal reverse primer (Supplemental File 

SF1). In order to identify miRNAs that could be involved in the inhibition of the 

expression of genes related to lipid transport and glycolysis and gluconeogenesis 

pathways, zebrafish TargetScan algorithm (http://www.targetscan.org/fish_62/) was used 

to predict those miRNAs able to bind the 3′UTR of the above mentioned genes. miRNAs 

with higher scores in the prediction were selected for quantification (Supplemental File 

SF2). Additionally, we measured the expression of several metabolic tissue-specific 

miRNAs to monitor potential direct effects of BPA on zebrafish tissues with particular 

importance for energy metabolism: miR-1 and miR-133 for the skeletal muscle (Mishima 

et al., 2009), miR-122 for the liver (Jopling, 2012) and miR-375 for pancreas 

(Kloosterman et al., 2007). Relative fold changes in miRNA abundances were normalized 

using the NORMA-Gene approach as described by Heckmann et al. (2011). 

 

2.5. In silico analysis of BPA and EE2 molecular docking in zebrafish 

To further assess potential differences in BPA and EE2 estrogenicity, and to explore both 

compounds possible interactions with non-estrogenic receptors in the zebrafish model 

(estrogen-related receptor gamma (esrrg), molecular docking analyses were performed to 

investigate binding affinities in silico. The three-dimensional structures of zebrafish essrg 

a and b (esrrga/esrrgb; UniProtKB entries Q6Q6F4/Q5RJ38) and estrogen receptor 1 

(esr1; UniProtKB entry P57717) were built by homology modelling strategy (PDB 

IDs 2GPU and 3ERT, respectively) using Modeller 9.14 software (Eswar et al., 2006). 

Docked active sites were defined as the ligand location of the template proteins and BPA 

and EE2 were docked into them using AutoDock Vina (Trott and Olson, 2010). AutoDock 

Tools 1.5.6 package was used for generating the docking input files and the identification 

of the grid center. The superior pose with the lowest docked energy was selected and 

visually analyzed by Discovery Studio Visualizer 4.5 (San Diego, CA, USA). 

 

2.6. Statistical analysis 

All statistical analyses and the associated graphs were performed with the software 

GraphPad Prism version 8.1.2 (GraphPad Software, San Diego, California 

USA, www.graphpad.com). Partition around medoids (PAM) clustering analyses (Jin et 

al., 2010; Van der Laan et al., 2003) were performed for the transcripts and miRNAs 

datasets as well as partial least squares (PLS) regression analyses (Handbook of Partial 

Least, 2825; Helland, 1990). A principal component analysis (PCA) (Wold, Esbensen, 

Geladi; Abdi and Williams, 2010) was performed integrating within-individual 

measurements at both ages (4–6 dpf and 43–49 dpf). PAM clustering, PLS and PCA 

analyses and their associated graphs as well as heatmaps were generated using the 

packages gplots, ggplot2, fpc, cluster, factoextra, FactoMineR, stats, corrplot and fmsb i
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n R (R Development Core Team, 2008; Hennig, 2014; Warneset al., 2015; Maechleret 

al., 2019; Kassambara and Mundt, 2017; Lê et al., 2008; Mevik and Wehrens, 

2015; Wickham, 2011; Nakazawa, 2018; Wei et al., 2017). 

3. Results 

3.1. BPA exposure acutely modulates the metabolic phenotype in 

eleutheroembryonic and larval zebrafish 

3.1.1. Organism-level effects 

3.1.1.1. Acute BPA exposure reduces feed intake and increases oxidative metabolism-

related energy expenditure 

Acute BPA exposure resulted in a dose-dependent reduction in feed intake in 6 dpf larvae 

treated with 4 mg/L of BPA compared to control (Fig. 1A; p < 0.05). No significant 

decrease in feed-intake was observed in the EE2 treated group compared to control. 

Conversely, larvae exposed to either 1.0 or 4.0 mg/L of BPA, but not EE2 increased their 

oxidative metabolism-related energy expenditure compared to the control (Fig. 

1B; p < 0.05). Both feed intake and energy expenditure of control and BPA exposed 

zebrafish individuals (5–6 dpf) were not only linearly correlated with each other (Fig. 1C; 

p = 0.016), but also with increasing BPA exposure concentrations (Supplemental File 

SF3A-B; p = 0.047 and p = 0.015, respectively). As can be observed, individuals exposed 

to EE2 did not follow this BPA concentration-dependent correlation. 

 

3.2. BPA and EE2 exposure reduce eleutheroembryo locomotion 

Exposure to BPA and EE2 decreased the total distance that 5 dpf eleutheroembryos 

moved during light and dark periods in the behavioural testing (Fig. 1D). While exposure 

to the lowest dose of BPA (0.1 mg/L) did not significantly change the total distance 

travelled by eleutheroembryos compared to the control group under light or dark 

conditions, 1.0 and 4.0 mg/L of BPA significantly decreased the total distance. Exposure 

to increasing BPA concentrations were only correlated with the observed decrease in 

swimming distance in the dark period (Supplemental File SF3D; 2° order polynomial, 

p = 0.038). Individuals exposed to 10 ng/L of EE2 exhibited significantly decreased 

movement only during the dark periods. 

 

3.2.1. Molecular-level effects 

3.2.1.1. Molecular profiling of mRNA and miRNA transcripts reveals distinct clusters 

for exposure groups 

PAM clustering analysis of mRNAs and miRNA expression in 5 dpf eleutheroembryos 

classified the replicates into three different expression clusters (Fig. 2A). Cluster A was 

characterized by slight or no changes in the expression of most genes and miRNAs. Both 

clusters B and C showed a high increase in the expression of cyp19a1b. Cluster B was 

additionally characterized by low expression 

of ago2, atp6v1ba, g6pca.2, cnn3a1, drosha, pfkma, pgam2, gpib, miR-142a-

3p and miR-1, and high expression of apoa1a and apoba. Cluster C was characterized by 

low expression of ago2, g6pca.2, atp6vba, pomca and miR-1. Analysis of the data by 

hierarchical clustering closely reflected the experimental setup: All control, 0.1 mg/L 

BPA and 1.0 mg/L BPA exposure group replicates were represented in cluster A, all 
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4.0 mg/L of BPA exposure group replicates in cluster B, and all 10 ng/L EE2 exposure 

group replicates were classified in cluster C (Fig. 2A and B). The specific clusters 

identified by PAM analysis effectively allow to separate cluster B from clusters A and C 

(Fig. 2C). Individual bar plots of mRNA and miRNAs expression profiles are reported 

in Supplemental File SF4A and B, respectively. Exposure to BPA reduced expression 

of gpib, pgam2, ago2, drosha, atp6v1ba, and miR-1 and increased expression of apoa1a, 

apoba, hkdc1, cyp19a1b and miR-23b. Exposure to EE2 reduced the expression of ago2, 

atp6v1ba, g6pca.2, pomca and miR-1, and increased the expression of cyp19a1b, miR-

122 and miR-142a-5p. Differential effects of BPA and EE2 on mRNA and miRNA 

transcripts are reflected in the performed partial least square (PLS) analysis 

(Supplemental File SF5A-C). Gene expression profiling not only allows for a dose-

dependent separation of BPA exposed groups from controls (component 1), but also 

reveals a separation of EE2 exposed animals from other treatment groups (component 2). 

 

3.3. Transient and persistent metabolic effects of developmental BPA and 

EE2 exposures in juvenile zebrafish and responses to nutritional challenge 

3.3.1. Organism-level effects 

3.3.1.1. Developmental BPA exposure increases body weight and body mass index in 

29 dpf juveniles 

Juveniles which had been developmentally exposed to BPA exhibited a significant 

increase in body weight compared to the control group at 29 dpf, irrespective of BPA 

exposure concentration (Fig. 3A). Individuals which had developmentally been exposed 

to EE2 did not exhibit significant changes in body weight compared to either control 

groups. No significant difference in body length (BL) was identified between treatment 

groups (Fig. 3A). Body mass index (BMI) increased significantly only in individuals 

which had developmentally been exposed to 1 and 4.0 mg/L of BPA compared to control, 

while the BMI in EE2 exposed fish was not significantly different from control group fish 

(Fig. 3A). 

 

3.3.1.2. Developmental BPA or EE2 exposure do not affect morphometric parameters 

in 45 dpf juveniles under different dietary regimes 

The 14 d nutritional challenge (doubling of feeding) resulted in significant increases in 

BW, BL and BMI compared to fish maintained on a continuation of their regular dietary 

regime (p < 0.0001 in all cases, Fig. 3B). In 45 dpf juveniles neither an overall effect of 

developmental exposure, nor an interaction between developmental exposure and dietary 

regime were observed (Fig. 3B). No significant mortality was observed during the 

nutritional challenge (Supplemental File SF6), and juvenile zebrafish followed a 

common growth pattern (BW = a · BLb; b = 3.26), irrespective of developmental exposure 

in both dietary treatment groups (Supplemental File SF7). 

 

3.3.1.3. Developmental BPA or EE2 exposures do not affect feed-intake or oxidative 

metabolism-related energy expenditure in 45 dpf juveniles under different dietary 

regimes 

Neither developmental exposure to BPA or EE2 by itself (p > 0.05) nor developmental 

exposure in interaction with diet (p > 0.05) had any significant effect on juvenile feed-

intake or oxidative metabolism related energy expenditure (Fig. 4A and B). As expected, 
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in juveniles (45–48 dpf), significant increases in feed-intake and oxidative metabolism-

related energy expenditure were observed in fish maintained on HFD compared to fish 

on the ND regime (p < 0.05). As in 5 dpf eleutheroembryos, a strong linear correlation 

(p = 0.0001) between the feed-intake and oxidative metabolism-related energy 

expenditure was evident in 45–47 dpf developmentally unexposed control and BPA 

exposed groups, but not EE2 exposed groups (Fig. 4C). In order to account for diet-

induced size differences on either parameter, feed-intake and oxidative metabolism-

related energy-expenditure data (Fig. 4C) were normalized as previously described 

(Martínez et al., 2019a). Briefly, linear regressions were performed for the raw 

fluorescence readings of either dietary treatment control group values (ND and HFD 

separately) plotted over the body size of the individuals. Using the linear regression 

equations, theoretical values of feed-intake and oxidative metabolism-related energy 

expenditure were interpolated from BPA and EE2 group fluorescence readings in either 

assay for ND and HFD groups. Finally, the differences between actually measured and 

interpolated values were calculated and results were centered to the mean of ND and HFD 

control groups, resulting in a value of 0 for each group. Following normalization, BPA 

exposed individuals challenged with HFD showed, in contrast to groups fed ND, a 

tendency for decreased feed intake and oxidative-metabolism related energy expenditure 

compared to control. Nevertheless, this effect was not significant (p > 0.05) and only 

revealed when the linear correlation was considered (p = 0.0001). No significant 

correlations between developmental BPA exposure concentration and feed-intake or 

oxidative-metabolism related energy expenditure was identified (Supplemental File 

SF8A-D). 

 

3.3.1.4. Persistent effects of developmental BPA and EE2 on juvenile zebrafish 

locomotion 

In 43 dpf juveniles, differences in locomotion parameters could be observed in response 

to developmental exposure to BPA and EE2, which were furthermore dependent on diet 

and lighting conditions: ND-fed individuals exposed to 0.1 and 4.0 mg/L BPA travelled 

longer distances than the control group (p < 0.05), and this effect was significant during 

light and dark periods (Fig. 4D). Conversely, HFD-fed individuals which had 

developmentally been exposed to any BPA concentration had a decreased movement rate 

compared to control group individuals (p < 0.05), an effect which was, however, restricted 

to dark conditions. No significant effect of developmental EE2 exposure on juvenile 

locomotion parameters was observed under any condition. No linear correlation between 

developmental BPA exposure concentration and swimming distance under light or dark 

periods was observed under ND or HFD, respectively (Supplemental File SF8E-H). 

 

3.3.2. Molecular profiling 

3.3.2.1. mRNAs and miRNAs expression of ND and HFD juveniles allows different 

clustering of exposure groups 

In 49 dpf juveniles, PAM clustering analysis of the mRNAs classified the samples in three 

different groups (Fig. 5A). Clustering reflected the experimental setup as follows: ND 

and HFD control groups were classified mostly in clusters A and B, ND and HFD 

0.1 mg/L of BPA were classified in clusters A and B (and partially C for the ND), ND 

and HFD 1.0 mg/L of BPA were mostly classified in clusters B and C, meanwhile both 

ND and HFD 4.0 mg/L of BPA replicates were classified all in cluster C (Fig. 5B). 

EE2 replicates were classified mostly in cluster C (and some HFD replicates in B). 
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Individual bar plots of the 49 dpf juvenile mRNAs abundances are reported 

in Supplemental File SF9. Exposure to BPA reduced mRNA abundance of apoa1a, 

apoba, hkdc1, drosha, atp6v1ba, and ago2 within at least one concentration/diet group. 

Exposure to EE2 reduced expression of apoa1a, hkdc1, drosha, atp6v1ba, and ago2 in at 

least one of concentration/diet groups compared to controls). 

 

3.4. Molecular docking analysis of BPA and EE2 with zebrafish estrogen receptors 

and estrogen-related receptors 

Results from our in silico molecular docking analysis between BPA and EE2 and 

zebrafish estrogen and estrogen-related receptors are visualized in Fig. 6A. Predicted key 

amino acid residues of ligand-receptor interactions (salt bridges, hydrogen bonds, dipole 

interactions, van der Waals forces) are visualized in Fig. 6B. Gibbs free energy of binding 

(ΔGbind) were generally lower (more favorable) for EE2 compared to BPA (Fig. 6C). 

Indeed, in the active site of the estrogen receptor (ERα), there were 11 amino acids (Leu44, 

Met47, Ala48, Glu51, Leu82, Leu85, Leu89, Phe102, Met119, Hie222 and Leu223) whose 

individual interaction with the EE2 were lower than −1.0 kcal/mol meanwhile they were 

only five in case of the BPA (Leu44, Met47, Ala48, Met119 and Leu223). Five amino acids 

that interacted with BPA also interacted with the EE2 whose higher affinity for the 

receptor is determined by additional interactions with other amino acids. Conversely, in 

case of the estrogen-related receptor gamma a (ESRRga), the affinity of the BPA and 

EE2 is approximately the same, characterized by seven main interactions with amino 

acids for each of them. The amino acid residues Leu35, Leu38, Leu76, Tyr93 and 

Phe202 were common for BPA and EE2 binding. The BPA binding model for ESRRγa is 

specifically characterized by additionally established interactions with Cys36 and Ala39, 

while the EE2 binding model for ESRRγa predicts involvement of amino acid residues 

Met73 and Ile77. Finally, in case of the estrogen-related receptor gamma b (ESRRγb), the 

predicted binding affinity for EE2 is again higher compared to BPA with eight and three 

main identified amino acid residue interactions, respectively. Leu42, Ala46 and Leu83 were 

the amino acid residues predicted to interacted with both ligands, Glu49, Val87, Phe100, 

Leu116 and Leu119 were predicted to additionally interact with EE2 only (Supplemental 

File SF10). 

 

4. Discussion 

4.1. Medium and high BPA as well as EE2 exposures induce the estrogen-responsive 

cyp19a1b gene in acutely exposed eleutheroembryos 

A strong and significant induction of brain aromatase cyp19a1b, a well-characterized 

molecular marker of estrogenic pathway activity exposure in zebrafish, was observed in 

zebrafish exposed to 4 mg/L BPA and 10 ng/L EE2, but not 0.1 mg/L or 1 mg/L BPA, 

compared to control. The observed relative cyp19a1b transcript abundance not only 

strengthens between laboratory robustness of the observed estrogenic molecular response 

in eleutheroembryos under this experimental design (Martínez et al., 2018), but 

importantly validates that estrogenic signalling is activated in eleutheroembryos exposed 

to 4 mg/L and, to a lesser extent, in eleutheroembryos exposed to the positive estrogenic 

control (10 ng/L EE2) in our experiment. The finding that much lower concentrations of 

EE2 compared to BPA are sufficient to induce an estrogenic response is in line with 

previously reported weaker estrogenic activity of BPA compared to EE2 in zebrafish 
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embryos (Brion et al., 2012; Martínez et al., 2018) which may be linked to reported lower 

bioconcentration of BPA compared to EE2 in zebrafish embryos at equal concentrations 

on the one hand (Wu et al., 2017; Souder and Gorelick, 2018), and the comparatively 

lower potency of BPA to activate zebrafish nuclear estrogen receptor α (Cosnefroy et al., 

2012), which mediates estrogenic regulation of cyp19a1b in zebrafish (Cano-Nicolau et 

al., 2016), on the other. Together, the expression profile indicates the suitability of the 

experimental design to extrapolate potential estrogenic effects of BPA by dissociating 

metabolic effects in BPA groups without estrogenic response (0.1 mg/L and 1 mg/L) from 

metabolic effects in BPA groups with estrogenic response (4 mg/L BPA) as well as the 

positive estrogenic control group (10 ng/L EE2). 

 

4.2. BPA and EE2 acute exposures differentially alter eleutheroembryo metabolism 

at the organismal and molecular level 

Acute organismal-level metabolic effects in BPA exposure eleutheroembryos were 

largely concentration-dependent, reaching significant differences compared to control 

groups in the high BPA exposure groups. The BPA-induced metabolic effects were not 

observed in EE2 exposed animals, suggesting a contribution of non-estrogenic modes of 

action of BPA to eleutheroembryonic metabolic changes. The overall observed decrease 

in feed-intake which is inversely correlated increase in oxidative metabolic energy 

expenditure suggests that BPA, in a dose-dependent manner, promotes a negative energy 

balance in zebrafish exposed within the first week post-fertilization (2–5 dpf), at least in 

the final stages of yolk-sac resorption (5–6 dpf). It is important to note that the 

NADH/NADPH-based oxidative metabolism energy expenditure assay used in this study 

may be affected by additional (non-mitochondrial) cellular components affecting redox 

state, such as antioxidants (Rampersad, 2012). Because previous studies reported that 

BPA exposure in eleutheroembryos in the concentration range used in the current study 

reduced antioxidants (Wu et al., 2011), it is possible that such processes may have 

contributed to the increase in oxidative metabolism-related energy expenditure observed 

in BPA treated zebrafish to some extent. With regard to organism-level energy 

expenditure, we also observed a reduction of locomotor activity, although whether this 

represents a direct response to a negative energy balance cannot be causally resolved in 

the current study. It is plausible that the observed acute effects of BPA exposure on 

organismal energy expenditure are secondary to recently reported modes of action of BPA 

in developing zebrafish, which affect many components involved in eleutheroembryonic 

locomotion, such as brain neurogenesis (Kinch et al., 2016), motoneuronal (Morrice et 

al., 2018) and muscular (Tse et al., 2013; Wang et al., 2013) development. Interestingly, 

the experimental BPA exposure protocol resulted in a reduced yolk sac resorption 

(Martínez et al., 2019b), suggesting that metabolic substrate utilization from endogenous 

and exogenous feeding stages is potentially stage-dependently altered in 

eleutheroembryos exposed to 4 mg/L BPA. 

The profiles of the underlying molecular mechanisms, specifically of protein-coding and 

non-coding (miRNA) transcripts relevant to energy metabolism in eleutheroembryos, are 

consistent with the proposed acute and specific metabolism-disrupting effects of BPA. 

The molecular-level effects in BPA-exposed eleutheroembryos were, once again, largely 

concentration-dependent, with the strongest effects observed in the highest BPA exposure 

group, and distinct from EE2-dependent effects paralleling BPA exposure effects 

observed at the organismal level. Indeed, both groups with increased expression of the 

estrogenic marker cyp19a1b, 4 mg/L BPA and 10 ng/L EE2, were characterized by 

separate expression clusters, while groups which did not display cyp19a1b induction 

compared to control (0.1 mg/L and 1 mg/L BPA) were found in the same expression 
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cluster as the control group. This global pattern is based on changes at the individual gene 

expression level, as changes in several glucose and lipid metabolism-related transcript 

expression were specific to the 4 mg/L BPA exposure group. Specifically, 

eleutheroembryos exposed to 4 mg/L BPA significantly induced 

apolipoproteins apoa1a, apoba and the glycolytic enzyme hkdc1 on the one hand and 

significantly reduced expression of muscle-specific glycolytic enzmyes glucose gpib and 

pgam2 compared to control groups on the other. Interestingly, these targets not only 

confirm reported expression patterns in a recent transcriptomic screen under parallel 

exposure conditions in a different zebrafish strain (Martínez et al., 2018), but also point 

to potential specific metabolism-disrupting effects at the level of the yolk sac, digestive 

system, liver and muscle. The high-density lipoprotein and chylomicron 

component apoa1a is expressed in eleutheroembryo yolk sacs, intestine and liver, where 

it is functionally involved in lipid trafficking (Otis et al., 2015, 2019). Similarly, apoba is 

directly linked to microsomal triglyceride transfer protein lipid mobilization from 

eleutheroembryo yolk sacs (Quinlivan and Farber, 2017). While not measured in the 

current study, yolk sac dynamics and lipid profiles have indeed been shown to be affected 

by BPA in acutely exposed eleutheroembryos (Martínez et al., 2019b), suggesting that 

BPA exerts robust acute effect on eleutheroembryo lipid metabolism. Among BPA-

responsive glucose-metabolism targets hkdc1 are a recently characterized novel fifth 

hexokinase involved in embryonic whole body glucoregulation by promoting peripheral 

glucose uptake in mice (Ludvik et al., 2016), while pgam2 encodes a muscle-specific 

phosphoglycerate mutase, a glycolytic enzyme linked to muscle development in zebrafish 

embryos (Tixier et al., 2013). Similarly, gpib, a glucosephosphate isomerase paralogue is 

predominantly expressed in zebrafish eleutheroembryonic muscle (Lin et al., 2009). 

Therefore, our study provides additional evidence for muscle (energy metabolism)-

specific effects of BPA, as recently reported (Carnevali et al., 2019; Ahmed et al., 

2020; Moreman et al., 2018). 

In addition to these dose-dependent BPA-specific transcript changes, expression changes 

of components of the canonical miRNA biogenesis pathway was significantly reduced in 

all treatment groups compared to control. More specifically, the effects on the expression 

of argonaute protein 2 (ago2), a key mediator of the RISC-complex dependent 

posttranscriptional regulation of mRNAs, suggest that both BPA and EE2 globally affect 

embryonic posttranscriptional regulation of gene expression by miRNAs. A similar 

pattern was observed for drosha, the rate-limiting enzyme in miRNA biogenesis (Kim et 

al., 2016), which exhibited significantly decreased abundance compared to controls, but 

only in 0.1 mg/L BPA treated eleutheroembryos. Together, these findings led us to 

investigate regulation of specific miRNAs, which were selected based on their known 

roles in metabolically important tissue-specific development (Mennigen, 2016), as well 

as from in silico predicted targeting of differentially regulated metabolic protein-coding 

transcripts. We observed a significant reduction of miRNA-1 abundance in 

eleutheromebryos exposed to medium and high concentrations of BPA and EE2. miRNA-

1 is a muscle-specifically expressed miRNA, which is critically involved in zebrafish 

muscle development (Mishima et al., 2009). Therefore, the miRNA-1 expression profile, 

together with the identified gene expression changes in validated zebrafish miRNA-

1 targets (pgam2, atp6v1ba) involved in promoting muscle growth (Mishima et al., 2009) 

form a molecular expression profile indicative of BPA effects on muscle development. 

However, neither the birefringence assay to assess eleutheroembryonic muscle structure 

(Berger et al., 2012; Smith et al., 2013), nor the Seahorse assay to profile embryonic 

glycolysis via the extracellular acidification rate (ECAR) (Kumar et al., 2016; Bond et 

al., 2018), revealed significant effects of BPA or EE2 treatments compared to control 
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(Supplementary File SF11A-B), suggesting that in both cases observed molecular level 

effects do not translate into overt organismal level effects linked to gene-specific 

functions. 

Finally, specific EE2-dependent transcript responses were identified at the mRNA and 

miRNA transcript level, exemplified by a significant decrease in proopiomelanocortin b 

(pomcb) compared to control eleutheroembryos. Pomc neurons are, in addition to its role 

in the endocrine stress axis, critically involved in central feed-intake regulation and have 

been shown to be supressed by prenatal BPA and estrogen exposure in mice, leading to 

organizational re-programming of the central feeding circuitry (Mackay et al., 2013). In 

developing zebrafish, pomcb expression is restricted to the hypothalamus and pituitary 

(Liu et al., 2003), and our study indicates an estrogen-dependent regulation of pomcb in 

early development in zebrafish, also observed in mammalian models (Stincic et al., 2018). 

However, our study shows that, in contrast to mammals, this effect was neither mimicked 

by the weaker estrogen BPA, nor did it correlate with observed to acute or long-term feed-

intake in zebrafish. It is however possible that hypothalamus-specific regulation 

of pomcb may be masked in whole embryo profiling. 

At the miRNA level, we observed the estrogen-specific induction of miRNA-122, a liver-

specific miRNA involved in zebrafish hepatic development and lipid metabolism 

(Laudadio et al., 2012). This effect has been previously observed in adult zebrafish liver 

(Cohen and Smith, 2014), suggesting that this regulation occurs across different zebrafish 

life stages. Similar to the situation for muscle-specific miRNA-1 43, it is important to bear 

in mind that our experimental design cannot distinguish between allometric and 

physiological regulation dependent changes in liver-specific miRNA-122 transcript 

abundance in the context of whole eleutheroembryos (Wienholds et al., 2005), and more 

detailed in situ hybridization studies would be necessary to differentiate between these 

possibilities. 

Overall, consistent changes at both organismal and molecular level are clearly indicative 

of acute metabolic disruption in response to BPA exposure eleutheroembryos, with strong 

effects observed at the highest BPA exposure levels. These effects are, however, not 

mimicked by EE2, as illustrated by integrated analysis of measured parameters, which not 

only differentiate BPA groups from controls in a dose-dependent manner, but also 

differentiate the highest BPA group from the positive estrogenic control group, both of 

which induced estrogenic reporter cyp19a1b expression. 

 

4.3. Developmental BPA, but not EE2 exposure induces significant transient weight 

gain in zebrafish larvae 

At 29 dpf, developing zebrafish larvae exposed to any BPA concentration, but not 

EE2 revealed a significant increase in bodyweight compared to controls. Without any 

noticeable changes in standard length, this translated into a dose dependent increase in 

BMI compared to controls, reaching a significant increase in zebrafish larvae 

developmentally exposed to 1 and 4 mg/L BPA. These findings show that developmental 

exposure to BPA at any concentration tested, but not EE2 increases body weight, 

indicative of an estrogen-independent mechanism. While not reported for BPA in 

zebrafish, this phenotype is in line with reported increases in body weight in zebrafish 

exposed to halogenated BPAs linked to PPARg-dependent increase in neutral lipid 

storage at 30 dpf (Riu et al., 2014). This finding is also in line with reported transient 

increase in the condition factor of rainbow trout reared from the highest BPA exposed 

eggs (nominal exposure 30 μg/mL, measured concentration 40 ng/egg) which was 

observed at 85 but not 112 dpf (Birceanu et al., 2015). However, it is opposite to reported 

decreases in body weight in the same species (Aluru et al., 2010). Directional differences 
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in weight change in response to developmental BPA exposure are well-described in 

mammalian models (Le Corre et al., 2015; Rubin et al., 2009), and may be related to 

differences in exposures, species, sex or a receptor-based mode(s) of action, which may 

involve BPA-dependent sensitization to additional positive or negative developmental 

stimuli affecting subsequent body weight and growth trajectories. 

 

4.4. Developmental BPA and EE2 exposures differentially and diet-dependently 

affect locomotion parameters in zebrafish juveniles 

Juveniles maintained on ND or HFD showed only few organismal level effects related to 

developmental BPA exposure. Animals under the HFD showed a significant increase in 

body weight, body length and BMI, but both parameters appeared unaffected by 

developmental BPA or EE2 exposure under both dietary regimes. This suggests that 

previously observed increases in body weight related to BPA or EE2 exposure were 

transitory in nature, and that they may indeed represent a period of compensatory growth, 

especially given the previously described negative effects on organismal and molecular 

parameters of energy balance during the acute BPA exposure period in 

eleutheroembryonic stages. A notable exception to the lack of long-term organism-level 

metabolic effects in juvenile zebrafish with developmental BPA exposure history is 

locomotion, which was significantly increased in juveniles with low and high BPA 

exposure history compared to the control group in light and dark conditions in the ND 

group, and significantly decreased in all BPA exposure juveniles under dark conditions 

in the HFD group. These results suggest that developmental BPA exposure consequences 

on locomotion behaviour are long-lasting, modulated by a nutritional challenge 

experienced in juveniles and manifest themselves in a light/dark-dependent fashion. 

Interestingly, recently reported transcriptomic responses in zebrafish eleutheroembryos 

exposed to the same exposure paradigm as in the current study revealed a significant 

enrichment for neurological and visual functions (Martínez et al., 2018) in line with 

recently reported effects of BPA on colour and light preference the same species (Li et 

al., 2017). Because zebrafish locomotion is an output dependent on multiple systems 

including sensory perception (The Behavioral Repertoire, 1007), it is feasible that 

developmental BPA exposure may lead to long-term alterations in sensory perception to 

affect locomotion. While BPA and estrogen-dependent effects on zebrafish locomotion 

have been described in response to acute and or chronic exposures across different life-

stages in zebrafish (Wang et al., 2013; Li et al., 2017; Saili et al., 2013; Goundadkar and 

Katti, 2017; Olsvik et al., 2019), this study is, to our knowledge, the first to indicate long-

lasting (1.5 mpf) consequences of developmental BPA exposure on zebrafish locomotion. 

While (estrogen-dependent) zebrafish and teleost neurogenesis is generally considered to 

be more plastic compared to mammalian model organisms (Diotel et al., 2013), the 

question of whether developmental BPA exposure has the potential to differentially 

organize neurocircuitry to mediate such long-lasting effects or whether central sensory or 

peripheral neuromuscular mechanisms are involved warrants further study. This is 

especially true in the light of recent finding that developmental exposure of zebrafish to 

estrogens has the potential to alter estrogen-responsiveness in adult zebrafish (Green et 

al., 2018). Interestingly, recent evidence does indeed suggest that developmental BPA 

exposure differentially affects methylated target genes with potential function in 

neurogenesis (Olsvik et al., 2019), and further longitudinal studies in zebrafish probing 

epigenetic mechanisms (Best et al., 2018) will likely provide additional insight into 

molecular underpinnings of the observed long-term effects following developmental BPA 

exposure on locomotion. In addition to these effects of BPA on zebrafish neurogenesis, 

high caloric intake in zebrafish has recently been demonstrated to impair neurogenesis in 
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the adult zebrafish brain (Stankiewicz et al., 2019), raising the intriguing possibility that 

developmental BPA exposure interacts with caloric intake modulation at later life stages 

to alter neuronal plasticity and subsequent locomotion behaviour. This emerging 

hypothesis warrants additional rigorous testing in the zebrafish model. 

 

4.5. Developmental BPA and EE2 induce acute and long-term gene expression 

changes in transcripts involved in energy metabolism and miRNA biogenesis 

At the molecular level, lipid- and carbohydrate-metabolism-related gene expression 

decreased in zebrafish developmentally exposed to 1 mg/L and 4 mg/L BPA and EE2 with 

differential effects in normally-fed and over-fed juveniles. While molecular changes in 

apolipoproteins in particular are indicative of alterations in lipid transport, they did not 

translate into organism-level effects on stored neutral lipids (Supplementary File 

SF11C). Components of the canonical miRNA biogenesis pathway were significantly 

reduced compared to control in all zebrafish with developmental BPA and EE2 exposure 

history under a regular dietary regime, matching the profile in eleutheroembryos. 

Because ago2 is a key component in mediating miRNA-dependent post-transcriptional 

repression, possible long-term modulation of this pathway by estrogenic contaminants 

warrants further study. Collective analysis of protein-coding transcripts revealed a less 

divergent exposure group-specific cluster differentiation compared to acutely exposed 

eleutheroembryos, indicating a reduced impact of developmental exposure on metabolic 

gene expression in zebrafish over time. 

 

4.6. Molecular modelling reinforces contribution of non-estrogenic modes of action 

of BPA on zebrafish metabolism 

Because organismal and molecular level endpoints at different life-stages were appeared 

to both estrogen-dependent and independent, we used an in silico modelling approach to 

identify potential additional, non-estrogenic molecular modes of action of developmental 

BPA exposure in the zebrafish model. Indeed, while binding of BPA to zebrafish estrogen 

receptor α in particular has been confirmed experimentally (Cano-Nicolau et al., 2016; Le 

Fol et al., 2017; Pinto et al., 2019), albeit at a weaker affinity compared to the potent 

teleost estrogen receptor agonist EE2, it is largely unknown whether additional receptor 

subtypes may be differentially affected by BPA and EE2 in zebrafish. In mammalian 

model-systems, it is well known that BPA has the ability to bind to additional receptors 

(MacKay and Abizaid, 2018). A particularly interesting example is ERRg, which has not 

only been shown to bind to BPA with high affinity (Tohmé et al., 2014), but also to be 

critically involved in energy metabolism regulation (Stincic et al., 2018). Possible roles 

for ERRg (or other non-estrogen receptor targets) in mediating metabolic effects of BPA 

are furthermore supported by comparative studies revealing effects of BPA on lipid 

metabolism in the fruitfly (Drosophila melanogaster) (Williams et al., 2014), an 

invertebrate species which does not possess nuclear estrogen receptors but does possess 

a single estrogen-related receptor orthologous to human ERRg (Tennessen et al., 2011). 

Therefore, we comparatively analyzed BPA and EE2 binding potential not only to 

zebrafish estrogen receptor α, the main postulated BPA target in zebrafish (Pinto et al., 

2019), but also both paralogues of ERRg. This analysis supported experimentally 

established stronger binding between estrogen receptor alpha and EE2 compared to BPA 

(Helland, 1990), confirming adequacy of the modelling approach. While the approach 

predicts less differential binding between EE2 for ERRga (but not ERRgb), it does not 

provide evidence for likely BPA specific-activation of ERRg in zebrafish and can 
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therefore not provide a single-receptor based explanation for the observed BPA-specific 

metabolic effects descried in our study. 

 

4.7. Environmental implications 

Although metabolic consequences of developmental BPA exposure manifested 

themselves at mg/L concentrations which exceed environmental concentrations in aquatic 

systems as such BPA concentrations are only found point source leachates (Jopling, 

2012), several effects were observed following developmental BPA exposure 

concentrations of 0.1 mg/L, which lies within the range between the highest reported BPA 

surface (56 μg/L) and WWTP effluent concentrations (up to 370 μg/L) (Corrales et al., 

2015) and therefore is informative in the discussion of environmental implications of this 

study. Importantly, the lowest dose of BPA tested was not sufficient to elicit a response 

in the estrogenic marker cyp19a1b, suggesting that metabolic effects observed were likely 

not mediated by transient developmental activation of estrogenic signalling pathways. 

Indeed, while metabolic consequences to developmental BPA exposure were generally 

dose-dependent, metabolic effects observed following developmental exposure to higher, 

estrogenic concentrations of BPA were not mimicked by EE2 in early development, 

suggesting that metabolic effects following developmental BPA exposure in general were 

not dependent on estrogenic mode-of action. This is of importance for environmental risk 

assessment, as additive or synergistic effects of estrogenic contaminants have been 

reported in fish (Silva de Assis et al., 2013). 

Irrespective of the mode of action, developmental exposure to 0.1 mg/L BPA was, similar 

to developmental exposure to higher BPA concentrations, sufficient to transiently 

increase larval body weight and differentially affect the locomotor phenotype in juveniles 

depending on nutrition and lighting conditions, two key environmental parameters. The 

observed transient increase on body weight warrants future investigation, as even 

moderate increases in fish bodyweight comparable to the transient increases in 

bodyweight (+20%) observed following developmental BPA exposure in our study, may 

affect interaction between conspecifics (Dai et al., 2014), interspecific competition and 

predator-prey dynamics (Nunn et al., 2012), as well as trophic network dynamics in 

aquatic ecosystems (Nunn et al., 2012). For example, bodyweight increases in male 

(+10%) and female (+20%) zebrafish were significantly associated with dominance status 

and increased reproductive success (Paull et al., 2010). Increased bodyweight in fish 

larvae has been linked to altered predation risk, as specific predator to prey mass ratios 

are widely observed and optimal foraging theory predicts that energetic gains, which 

increases with prey size, should be maximized in relation to energetic cost of capturing 

and handling, which also increases with prey size (Nunn et al., 2012). Conversely, 

increased larval size can affect selection of their prey, thus affecting multiple levels of 

trophic networks (Nunn et al., 2012). 

In addition to body weight, locomotor behaviour of larval fish represents another 

important factor in predator-prey interactions, and many fish larvae of many species 

exhibit locomotor behaviour patterns influenced by specific environmental factors such 

as nutritional availability and daylight (Nunn et al., 2012). Therefore, the observed 

increase in locomotor activity in zebrafish developmentally exposed to 0.1 mg/L BPA 

and maintained on a normal diet, and the observed decrease in locomotor activity in the 

absence of light observed in zebrafish developmentally exposed to 0.1 mg/L BPA and 

maintained on a high feeding diet, suggest that transient BPA exposure may disrupt key 

locomotor behavioural responses important in predator-prey interactions. Disruption of 

increased zebrafish locomotion responses in dark phases of rapidly alternating light/dark 

tests have been interpreted as a potential interruption of the tendency of light seeking 
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behaviour modulated by the stress axis. Given that decreased locomotion in 

developmentally contaminant exposed larvae of an environmental indicator fish larvae, 

the inland silverside (Menidia beryllina), has been shown to translate into differences in 

foraging success (Kasumyan, 2001) or predator evasion (Frank et al., 2019), future studies 

should explore this possibility for environmental concentrations of BPA. Foraging 

behaviour and predator evasion can be disrupted by contaminants at the level of 

locomotion capacity and sensory stimulus perception and integration (Kasumyan, 2001), 

and while our and previous studies (Martínez et al., 2018) have shown early 

developmental molecular signatures indicative of altered muscle development, such 

changes did not translate into morphological alterations in sarcomere structure as 

determined by birefringence assay. Therefore, in line with previously reported effects on 

genes enriched for neurological and visual functions (Martínez et al., 2018), and recently 

reported developmental consequences of low concentration BPA exposure on 

neurogenesis and behaviour (Kinch et al., 2016), evidence suggests that observed 

locomotor changes may rather be linked to central integration and control of locomotion 

in response to environmental stimuli. 

While our study focused on molecular and organismal level effects pertaining to the 

metabolic phenotype in larval zebrafish, the observed non-estrogen dependent transient 

increase in body weight and differential effects on locomotion in response to 

developmental BPA exposure raise concerns regarding possible impacts on organismal 

fitness at higher levels of biological organisation. We therefore propose that potential 

consequences of developmental BPA exposure on intra- and interspecific dynamics, as 

well as on trophic foodwebs should be prioritized both in laboratory settings, as well as 

in wild fish species in mesocosm settings to further link observed molecular and 

organismal level changes to possible ecological consequences. This is of particular 

importance for early fish development, when larvae are invariably most vulnerable to 

predation, competition, and environmental perturbations (Nunn et al., 2012). 

5. Conclusions 

Overall, our study supports both acute as well as long-term metabolism disrupting effects 

of BPA in zebrafish across development. As several organismal- or molecular-level 

metabolic effects in response to developmental BPA are largely different from effects in 

fish developmentally exposed to the positive estrogenic control EE2, our study is 

suggestive of an involvement of receptors other than nuclear estrogen receptors. Our 

study reveals the strongest metabolic impact of BPA during acute eleutheroembryonic 

exposure, which is characterized by organismal level indices suggestive of negative 

influence on energy balance and alterations in lipid and carbohydrate metabolism. 

Observed longer-term effects following developmental BPA exposure are transitory 

(body weight) and generally less pronounced, with the exception of a persistent 

locomotory phenotype suggesting increased energy expenditure. Interestingly, this 

phenotype is differentially modulated by a nutritional challenge, revealing that 

developmental exposure history shapes adult metabolic challenge responses. 

Developmental BPA exposure-dependent changes in the expression of specific lipid- and 

carbohydrate metabolism-related genes persist in juveniles but compared to 

eleutheroembryonic patterns differ in directionality and their likely dependency on 

estrogenic signalling mechanisms. When analyzed integratively, the study of organismal 

and molecular-level parameters used to metabolically profile zebrafish allows for a clear 

separation of developmental exposure groups in a 70% confidence interval. This 

separation is strongest in acutely exposed eleutheroembryos where medium and high 
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BPA exposure groups are dose-dependently separated from both negative vehicle control 

and positive estrogenic control groups (Fig. 7A). This result indicates that the 

eleutheroembryonic metabolic phenotype is differentially affected by estrogenic-

response inducing BPA concentrations and EE2, suggesting non estrogenic modes of 

action of BPA on the metabolic phenotype at these concentrations. ND-fed juvenile fish, 

all developmental exposure groups are distinguishable from the group developmentally 

exposed to negative vehicle control, but not each other, suggesting that developmental 

BPA exposure-dependent long-term affected parameters, such as locomotion behaviour 

and gene expression, are likely estrogen-dependent (Fig. 7B). Finally, in HD juveniles 

developmentally exposed to medium and high BPA are distinguishable from the negative 

vehicle control group, while juveniles developmentally-exposed to the positive estrogenic 

control are not distinguishable from any group with a 70% confidence interval (Fig. 7C). 

This suggests a slight interaction between developmental BPA exposure and juvenile 

dietary regime in low BPA and EE2 groups. 
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Figure captions 

Figure 1. Organismal-level metabolic phenotype parameters in eleutheroembryos 

exposed to negative vehicle control, increasing concentration of BPA and a positive 

estrogenic control. Mean values and standard errors of the mean (S.E.M.) are shown: (A) 

Feed-intake (fold-change relaative to the control group) of 6 dpf eleutheroembryos. 

Asterisks represent groups statistically different from the control (ANOVA and Tukey's 

post-hoc test (p ≤ 0.05). (B) Oxidative metabolism-related energy-expenditure (fold-

change relative to control group values at 24 h) measured over 24 and 48 h time periods 

in 5/6 dpf eleutheroembryos/larvae. Asterisks represent groups statistically different from 

the control (repeated measurements ANOVA and Tukey's post-hoc test (p ≤ 0.05)). (C) 
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Linear regression between feed-intake and oxidative metabolism related energy 

expenditure in 5/6 dpf eleutheroembryos. (D) Total moved distance (mm) of 5 dpf 

eleutheroembryos White and black bars in the x-axis reflects light and dark conditions, 

respectively. Asterisks represent groups statistically different from the control (repeated 

measurements ANOVA and Tukey's post-hoc test (* for p ≤ 0.05, ** for p ≤ 0.01, *** for 

p ≤ 0.001, and **** for p ≤ 0.0001)). 

 

Figure 2. (A) PAM clustering analysis-based heatmaps depicting expression clusters of 

relative mRNA and miRNA transcript abundance (fold-change values) in 5 dpf 

eleutheroembryos exposed to vehicle control, different concentrations of BPA or a 

positive estrogenic control. Higher or lower abundance (relative to control group) are 

indicated in red and blue, respectively. (B) Percentage of replicates within each 

experimental group classified in each cluster. (C) PAM clustering analysis results show 

two components which explain 31.69 % of the variability. Transcripts classified in cluster 

A, B and C are represented by blue circles, green triangles and red crosses, respectively. 

 

Figure 3. Two dimensional plots of the body weight (BW) and body length (BL) of 29 

dpf zebrafish juveniles (A) and 45 dpf juveniles (B). Mean values and standard errors of 

the mean (S.E.M.) are shown for BW and BL. For data obtained from 29 dpf zebrafish, 

asterisks represent groups statistically different from the control (ANOVA + Tukey's 

post-hoc test (* for p ≤ 0.05, ** for p ≤ 0.01, *** for p ≤ 0.001, and **** for p ≤ 0.0001)). 

For data obtained from 45 dpf zebrafish statistically differences were analyzed by two-

way ANOVA to account for developmental exposure history and dietary treatment. P-

values for each factor, as well as their interaction are reported, with a significance 

threshold of p ≤ 0.05. For both developmental timepoints, body mass index (BMI) values 

were calculated from BW and BL values of each individual. 

 

Figure 4. Organismal-level metabolic phenotype parameters in juvenile zebrafish which 

had been developmentally exposed to negative vehicle control, different concentration of 

BPA or a positive estrogenic control. Mean values and standard errors of the mean 

(S.E.M.) are shown: feed-intake (normalized to the size of each individual and 

represented as fold-change relative to the ND control group) in 45 dpf juveniles (A). Data 

were analyzed by two-way ANOVA to account for exposure history and dietary groups. 

p-values for each factor, as well as their interaction are reported, with a significance 

threshold of p ≤ 0.05. Normalized oxidative metabolism-related energy-expenditure 

(normalized to the size of each individual; fold-change relative to the ND control group 

at 24 h) measured over 24 and 48 h time periods in 47-48 dpf juveniles (B). Data were 

analyzed by three-way ANOVA to account for exposure history, dietary groups and assay 

length. p-values for each factor, as well as their interaction are reported, with a 

significance threshold of p ≤ 0.05. Linear regression between feed-intake and oxidative 

metabolism related energy expenditure in juvenile zebrafish groups (C). In order to 

account for diet-induced size differences on either parameter, feed-intake and oxidative 

metabolism-related energy-expenditure data (Figure 4C) were normalized as previously 



described. Briefly, linear regressions were performed for the raw fluorescence readings 

of either dietary treatment control group values (ND and HFD separately) plotted over 

the body size of the individuals. Using the linear regression equations, theoretical values 

of feed-intake and oxidative metabolism-related energy expenditure were interpolated 

from BPA and EE2 group fluorescence readings in either assay for ND and HFD groups. 

Finally, the differences between actually measured and interpolated values were 

calculated and results were centered to the mean of ND and HFD control groups, resulting 

in a value of 0 for each group. Total moved distance (mm) of 43 dpf juvenile groups 

maintained on ND or HFD regimes (D). White and black bars in the x-axis reflects light 

and dark conditions, respectively. Within each diet and light condition, asterisks represent 

statistically groups statistically different from the control (repeated measurements 

ANOVA + Tukey's post-hoc test ((* for p ≤ 0.05, ** for p ≤ 0.01, *** for p ≤ 0.001, and 

**** for p ≤ 0.0001)). 

 

Figure 5. PAM clustering analysis-based heatmaps depicting expression clusters of 

relative mRNA and miRNA transcript abundance (fold-change values) in 49 dpf juveniles 

which had been developmentally exposed to vehicle control, different concentrations of 

BPA or a positive estrogenic control (A). Higher or lower abundance (relative to control 

group) are indicated in red and blue, respectively. Percentage of replicates within each 

experimental group classified in each cluster (B). PAM clustering analysis results show 

two components which explain 51.87 % of the variability (C). Transcripts classified in 

cluster A, B and C are represented by blue circles, green triangles and red crosses, 

respectively.  

 

Figure 6. Molecular docking of BPA and EE2 with the estrogen receptor α and estrogen-

related receptors γa and γb (A). Principal interactions of the ligand (BPA or EE2) with 

the amino acid residues in the binding site of the receptor (B). Gibbs free energy of 

binding (ΔGbind) per amino acid ordered by its residue number (C). Hie refers to histidine 

neutral ε-protonated. 

 

Figure 7. Principal component analysis (PCA) at developmental stages (4-6 dpf and 43-

49 dpf) used to integrating different organism-level and molecular-level parameters 

quantified in this study to assess effects on the metabolic phenotype. Oxidative 

metabolism-related energy expenditure, feed-intake, locomotion behaviour and gene 

expression data were used for both developmental stages. Oxygen consumption rate 

(OCR), extracellular acidification rate (ECAR), muscle bi-refringence were additionally 

used at the 4-6 dpf stage and body weight (BW), body length (BL) and neutral lipids stain 

intensity were additionally used at 43-49 dpf stage. In each case, two first components 

explained: 64.8 % for 4-6 dpf eleutheroembryos (A); 50.6 % for the 43-49 dpf juveniles 

maintained on ND (B); 57.9 % for the 43-49 dpf juveniles maintained on HFD (C). In all 

cases, 5 replicates were generated by randomization using mean ± 2 S.E.M. for each 

parameter as limits. 70 % confidence ellipses are shown. 

 



Table 1. Related pathways and/or functions of the measured transcripts; primer 

sequences and SYBR-Green ™-based real-time RT-PCR assay conditions used to 

quantify their relative abundance changes. 

 

Supplemental File SF1. Primer sequences and SYBR-Green™-based real-time RT-PCR 

assay conditions used to quantify relative miRNA transcript abundance changes. 

 

Supplemental File SF2. Target-scan fish predictions of interactions between mRNA 

transcripts and miRNAs profiled in this study. 

 

Supplemental File SF3. Correlations between BPA exposure concentration and 

organism-level metabolic phenotype parameters in 5 dpf eleutheroembryos: feed-intake 

(A), oxidative metabolism-related energy expenditure (B), locomotion in light (C) and 

locomotion in dark (D). Four different dose-response curves for monotonic and non-

monotonic patterns were considered (linear, 2º order polynomial, sigmoidal and 

Gaussian) to account for non-monotonic dose responses as previously described 113. A 

likelihood ratio test (LRT) against an intercept-only null model was used to examine the 

better fit-model, which is reported in each graph, as its correlation coefficient r2 and p-

values. p ≤ 0.05 identifies correlations with significantly better fits than the null model. 

 

Supplemental File SF4. Individual relative mRNA (A) and miRNA (B) transcript 

abundance changes (fold-change) in exposure groups normalized to control group in 5dpf 

eleutheroembryos. Individual datapoints as well as average abundance is shown in 

addition to S.E.M. Data were analyzed by ANOVA and Tukey’s post-hoc tests were used 

to identify identify significant differences relative to the negative control group: * for p ≤ 

0.05; ** for p ≤ 0.01; *** for p ≤ 0.001; **** for p ≤ 0.0001. 

 

Supplemental File SF5. Heatmap of mRNA and miRNA transcripts in different 

developmental exposure groups of 5 dpf eleutheroembryos (A) and 49 dpf juveniles with 

different developmental exposure history and dietary treatment (B). Fold-change values 

compared to the control group are represented, and higher or lower relative abundance 

indicated in red and blue, respectively. Partial Least Squares (PLS) analyses of 5 dpf 

eleutheroembryos (C), and ND-fed (D) or HFD-fed (E) 49 dpf juveniles. Gene expression 

of each dataset was used as observable variables (matrix X) and the group classification 

as predicted variables (matrix Y). The first two components explained 26 % of the X-

matrix and an 85 % of the Y-matrix (C); 49 % of the X matrix and 86 % of the Y-matrix 

(D), and a 52 % of the X-matrix and a 34 % of the Y-matrix (E). Small colored features 

represent the individual replicates; bigger features represent the mean of each condition. 

 

Supplemental File SF6. Average survival (%) before (29 dpf; A) and following (37 dpf; 

B) dietary treatments. Data were analyzed by ANOVA and two-way ANOVA 

respectively, with a significance threshold set at p ≤ 0.05. 

 



Supplemental File SF7. Overall (A) and group-dependent (B) exponential correlations 

between body weight and body length in juvenile zebrafish. Individual fish data are 

represented. 

 

Supplemental File SF8. Correlations between BPA exposure concentration and 

organism-level metabolic phenotype parameters in juvenile zebrafish on ND and HFD 

diets: oxidative metabolism-related energy expenditure (A-B), feed intake (C-D), 

locomotion in light (E-F) locomotion in dark (G-H). Four different dose-response curves 

for monotonic and non monotonic patterns were considered (linear, 2º order polynomial, 

sigmoidal and Gaussian) as previously described 113. A likelihood ratio test (LRT) against 

an intercept-only null model was used to examine the better fit-model, which is reported 

in each graph, as its correlation coefficient r2 and p-values. p ≤ 0.05 identifies correlations 

significantly better fits than the null model. 

 

Supplemental File SF9. Individual relative mRNA transcript abundance changes (fold-

change) in exposure groups normalized to control group in 49 dpf juvenile zebrafish. 

Individual datapoints as well as average abundance is shown in addition to S.E.M. Data 

were analyzed by ANOVA and Tukey’s post-hoc tests were used to identify significant 

differences relative to the negative control group. Signifcant differences were indicated 

as follows: * for p ≤ 0.05; ** for p ≤ 0.01; *** for p < 0.001; **** for p < 0.0001. 

 

Supplemental File SF10. Root-mean-square deviation of atomic positions (RMSD) used 

to validate the molecular docking of the different receptors with BPA (in red) and EE2 

(in black). Values were below 3 Ångstroms indicating appropriateness of calculations. 

 

Supplemental File SF11. Additional assays conducted in eleutheroembryos and juvenile 

zebrafish: Relative muscle birefringence / surface area normalized to control in 5 dpf 

eleutheroembryos (A). Average data and S.E.M. are shown and data was analyzed by 

ANOVA (p > 0.05; no statistical difference). Two- dimensional plot of oxygen 

consumption rate (OCR) and extracellular acidification rate (ECAR) in 5 dpf 

eleutheroembryos (B). Individual ANOVAs were performed for OCR and ECR (p > 0.05; 

no statistical differences). Nile red-stained neutral lipid / surface area in 45 dpf juvenile 

zebrafish (C). A two-way ANOVA was performed against control group (p > 0.05; no 

statistical differences for developmental exposure history, dietary treatment and their 

interaction). 
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