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Synopsis 

Understanding the mode of action of different pollutants and xenobiotics in human and 
wildlife is a key step in environmental risk assessment. Omic technologies allow the study 
of the global status at different biological levels (transcriptome, metabolome, 
lipidome...) from a holistic and integrative point of view. The omic data fusion and 
integration of the effects at these different levels is an extremely useful method to 
elucidate the mode of action (MoA) of the pollutants and to propose adverse outcome 
pathways (AOPs). In this way, the aim of this thesis is to determine molecular and 
phenotypical signatures of exposure of several endocrine disrupting chemicals (EDCs) on 
zebrafish (Danio rerio) eleutheroembryos, which constitutes an excellent model for 
endocrine disruption. Morphometric and transcriptomic (RNA-Sequencing) studies were 
carried out in individuals exposed to bisphenol A (BPA), perfluorooctanesulfonate (PFOS) 
and tributyltin (TBT). Further metabolic, epigenetic (DNA methylation and miRNAs) and 
lipidomic (thin layer chromatography and high performance liquid chromatography – 
mass spectrometry) studies were performed only in BPA-exposed individuals. Main 
effects of BPA included lipid metabolism disruption, yolk sac malabsorption syndrome 

and lipid retention (obesogenicity), visual system alteration, and estrogenicity. Some of 
its effects were long-term persistent and could be mediated by epigenetic mechanisms. 
PFOS had immunosuppressive and anorexic-like properties, it disrupted the transcription 
of genes related to cell adhesion molecules (CAMs), and the exposed eleutheroembryos 
presented muscle-skeletal alterations (scoliosis and kyphosis). Finally, TBT disrupted the 
transcription of genes related to steroid and cell cycle metabolism, and elicited a general 
developmental delay (diapause-arrest effect) in the exposed individuals. Phenotypic 
observations were related to their transcriptomic alterations and their proposed 
molecular initiation event (MIE), allowing the design of an AOP for each of the studied 
EDCs. Overall, this thesis shows the usefulness of transcriptomics and of data integration 
at different biological levels to discern AOPs and MIE, therefore contributing to a deeper 
comprehension of the toxicity and the mode of action of BPA, PFOS and TBT. We 
consider that these results can be extrapolated to understand the toxic effects of these 
compounds in other animals, including humans. 
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Sinopsis 

Comprender el modo de acción de los diferentes contaminantes y xenobióticos en 
humanos y en la vida silvestre constituye un paso clave en la evaluación del riesgo 
ambiental. Las tecnologías “ómicas” permiten el estudio global de los diferentes niveles 
biológicos (transcriptoma, metaboloma, lipidoma...) desde un punto de vista holístico e 
integrado. La fusión de datos ómicos y la integración de los efectos observados a estos 
diferentes niveles es un método extremadamente útil para dilucidar el modo de acción 
(MoA) de los contaminantes y proponer “mecanismos explicativos de efectos adversos” 
(AOP). De este modo, el objetivo de esta tesis es determinar las firmas moleculares y 
fenotípicas de exposición a varios disruptores endocrinos (EDC) en eleuteroembriones 
de pez cebra (Danio rerio), el cual constituye un excelente modelo para estudiar la 
disrupción endocrina. Se realizaron estudios morfométricos y transcriptómicos (RNA-
Seq) en individuos expuestos a bisfenol A (BPA), perfluorooctanosulfonato (PFOS) y 
tributilestaño (TBT). Adicionalmente, otros estudios metabólicos, epigenéticos 
(metilación de ADN y miRNAs) y lipidómicos (mediante cromatografía de capa fina y 
cromatografía líquida de alta eficacia – espectrometría de masas) se realizaron 
específicamente en individuos expuestos a BPA. Los principales efectos causados por el 
BPA incluyeron la alteración del metabolismo de lípidos, síndrome de malabsorción del 
saco vitelino y retención de lípidos (obesogenicidad), alteración del sistema visual y 
estrogenicidad. Algunos de sus efectos fueron persistentes a largo plazo y podrían estar 
regulados por mecanismos epigenéticos. El PFOS presentó propiedades 
inmunosupresoras y pseudo-anoréxicas, alteró la transcripción de genes relacionados 
con las moléculas de adhesión celular (MAC) y los eleuteroembriones expuestos a él 
presentaron alteraciones músculo-esqueléticas (escoliosis y cifosis). Finalmente, el TBT 
alteró la transcripción de genes relacionados con el metabolismo de esteroides y del 
ciclo celular, y provocó un retraso general del desarrollo (efecto “pseudo-diapáusico”) 
en los individuos expuestos. Las observaciones fenotípicas se pudieron relacionar con las 
alteraciones transcriptómicas y el evento molecular de iniciación (MIE) propuesto para 
cada EDC estudiado, permitiendo así el diseño de un AOP específico para cada uno de 
ellos. En conclusión, esta tesis muestra la utilidad de la transcriptómica y de la 
integración de datos a diferentes niveles biológicos para la propuesta de AOPs y MIEs, 
contribuyendo a una comprensión más profunda de la toxicidad y el modo de acción del 
BPA, PFOS y TBT. Consideramos que estos resultados pueden extrapolarse para 
comprender los efectos tóxicos de estos compuestos en otros animales, incluidos los 
humanos. 
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Sinopsi 

Comprendre el mode d'acció dels diferents contaminants i xenobiòtics en humans i en 
la vida silvestre constitueix un pas clau en l'avaluació del risc ambiental. Les tecnologies 
"òmiques" permeten l'estudi global dels diferents nivells biològics (transcriptoma, 
metaboloma, lipidoma...) des d'un punt de vista holístic i integrat. La fusió de dades 
òmiques i la integració dels efectes observats a aquests diferents nivells és un mètode 
extremadament útil per dilucidar el mode d'acció (MoA) dels contaminants i proposar 
"mecanismes explicatius d'efectes adversos" (AOP). D'aquesta manera, l'objectiu 
d'aquesta tesi és determinar les signatures moleculars i fenotípiques d'exposició a 
diversos disruptors endocrins (EDC) a eleuteroembrions de peix zebra (Danio rerio), el 
qual constitueix un excel·lent model per estudiar la disrupció endocrina. Es van realitzar 
estudis morfomètrics i transcriptòmics (RNA-Seq) en individus exposats a bisfenol A 
(BPA), perfluorooctanosulfonat (PFOS) i tributilestany (TBT). Addicionalment, altres 
estudis metabòlics, epigenètics (metilació d'ADN i miRNAs) i lipidòmics (mitjançant 
cromatografia de capa fina i cromatografia líquida d'alta eficàcia - espectrometria de 
masses) es van realitzar específicament en individus exposats a BPA. Els principals 
efectes causats pel BPA van incloure l'alteració del metabolisme de lípids, síndrome de 
malabsorció del sac vitel·lí i retenció de lípids (obesogenicitat), alteració del sistema 
visual i estrogenicitat. Alguns dels seus efectes van ser persistents a llarg termini i 
podrien estar regulats per mecanismes epigenètics. El PFOS va presentar propietats 
immunosupressores i pseudo-anorèxiques, va alterar la transcripció de gens relacionats 
amb les molècules d'adhesió cel·lular (MAC) i els eleuteroembrions exposats a ell van 
presentar alteracions músculo-esquelètiques (escoliosi i cifosi). Finalment, el TBT va 
alterar la transcripció de gens relacionats amb el metabolisme d'esteroides i del cicle 
cel·lular, i va provocar un retard general de desenvolupament (efecte “pseudo-
diapàusic”) en els individus exposats. Les observacions fenotípiques es van poder 
relacionar amb les alteracions transcriptòmiques i l'esdeveniment molecular d'iniciació 
(MIE) proposat per a cada EDC estudiat, permetent així el disseny d'un AOP específic per 
a cada un d'ells. En conclusió, aquesta tesi mostra la utilitat de la transcriptòmica i de la 
integració de dades a diferents nivells biològics per a la proposta d'AOPs i MIEs, 
contribuint a una comprensió més profunda de la toxicitat i el mode d'acció de l'BPA, 
PFOS i TBT. Considerem que aquests resultats poden extrapolar-se per comprendre els 
efectes tòxics d'aquests compostos en altres animals, inclosos els humans. 
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“The saddest aspect of life right now is that science gathers p f f g

knowledge faster than society gathers wisdom” 

Isaac Asimov 
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I.1. Pollution and emerging contaminants 

Pollution can be understood both as the introduction of a new substance into the 

environment and as the artificial alteration of the concentration of naturally present 

compounds, like the anthropogenic increase of the CO2. The history of the anthropogenic 

pollution can be considered almost as long as the history of humankind at local or global 

scales. It probably started with soot contamination at the caves in prehistoric times [2], 

followed by massive forest clearance during the agricultural expansion [3–5] and heavy 

metal pollution due to the development of mining and metallurgy [6–8], the air and 

water pollution linked to the industrial revolution at 18th century [9], and, finally,  the 

current global pollution associated to present-time industrialization, manufacturing, and 

transport activities. This represents a historical continuum that leads to the actual global 

contamination of air, soil and water bodies [10–12].  

Although pollution can also be biological (pathogenic viruses and bacteria, invasive 

species…) or physical (noise, visual and light, thermal, and radioactive pollution), is the 

chemical pollution the one that currently acquire more diverse forms. Chemical 

contamination has been traditionally linked to inorganic elements and compounds. For 

example, to heavy metals (from industrial uses, mining, or electronic waste [13]), or to 

by-products of different combustion processes (mostly related to energy production) 

including several gases (NOx, SOx, CO, CO2…) [14,15] and particulate matter (PM0.1, PM2.5, 

PM10…) [16], which are becoming relevant pollution agents. The development of organic 

chemistry during the last two centuries added several large families of organic 

compounds (drugs, pesticides, fertilizers, plastics and microplastics, dioxins and furans, 

hydrocarbons, surfactants…) [17–23], which also end up in the environment, affecting 

the biosphere in new and unsuspected forms. Pollution has deep consequences for both 

health and economy. European Commission estimated in approximately 9 million the 

global deaths caused by total pollution in 2015 [24] while its global welfare economical 

losses were estimated in US$4.6 trillion per year (6.2% of global economic output) by the 

Lancet Commission on Pollution and Health [25]. 
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Several of these organic pollutants are persistent in the environment as they resist 

chemical, biological, and photolytic degradation: the so-called POPs, or persistent 

organic pollutants. Several POPs are known to be transported through air and water [26] 

and to bioaccumulate and to biomagnify throughout the food chain.  These 

bioaccumulative compounds may exert several toxic effects in the exposed wildlife, 

including neurotoxicity, behavioural changes, endocrine disruption, effects upon 

reproduction, immune dysfunction and genotoxicity [27]. Due to this potential risk for 

environmental and human health, their production and use have been restricted or 

banned in different international treaties, starting with the Stockholm Convention on 

Persistent Organic Pollutants in 2004, which mandates the cease or the limitation of the 

production of 12 POPs known as the “dirty dozen” [26]. Since then, more POPs have 

been added to the diverse annexes of the Convention, with different levels of restriction, 

which eventually include global bans.  

 

Text box I.1. 

· Bioconcentration: Process by which internal levels of a given compounds in an 
organism become higher than the environmental loads due to an imbalance between 
its passive intake (by respiration or skin absorption)  and excretion rates. [28–30]. 

· Bioaccumulation: Similar process as bioconcentration, but including all possible 
routes of chemical exposure (diet, respiration, absorption…) [28–30]. 

· Biomagnification: Process by which the compound concentration increases through 
the trophic chain due to the dietary input and the accumulation in the organisms [28–
30]. 

 

During the last decades, priority pollutants, including POPs, have been monitored in the 

environment, specifically in water bodies. Given to their known potential deleterious 

effects over the organisms, their modes of action (MoAs) have been well characterized. 

Oppositely to these “well-known villains” [31], a new group of contaminants of emerging 

concern (a.k.a. CECs) have arose during the last years. The categorization of a compound 

as “emerging” pollutant can be controversial. In general, they can be associated to two 
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groups: either new compounds for which no adequate toxicological data is available, or 

already known compounds for which either their environmental levels or toxic effects 

were insufficiently characterized. There are several circumstances that are fueling the 

growing concern for CECs. On one side, the restriction of undoubtedly toxic and 

hazardous chemicals results in their substitution by new compounds designed to have 

the same industrial properties, commonly with a lack of ecotoxicological information 

about their risks. In addition, the improvement of analytical chemistry technologies 

pushed the levels of detection of many CECs in the range of part per trillion (ppt) (ng/L) 

or even pg/L, allowing the monitoring of harmful chemical compounds that were 

certainly known but that remained undetected due to their low concentration. Finally, 

there is a growing list of pollutants already known to be environmentally present, but 

for which new information about their ecotoxicological risks, effects, or mode of action 

as xenobiotics is being discovered [31–34].  

 

Text box I.2. 

· POPs: persistent organic pollutants. Organic chemicals resistant to environmental 
degradation (chemical, biological or photolytic) which exert adverse impacts on 
exposed individuals [26]. 

· Contaminants of emerging concern (CECs) or emerging pollutants (EPs) / 
contaminants (ECs): pollutants of all chemical nature that have been recently detected 
in the environment or for which new adverse effects have been recently described 
[31–34]. 

· Xenobiotic: non-natural chemical present within an organism, or a natural one in 
much higher concentrations than physiological levels. 

 

All these sets of compounds’ classifications are not mutually exclusive and a specific 

chemical can be categorized or not at the same time as POP, CEC… considering its 

properties. Regardless that, xenobiotics exert a huge variety of effects, at different 

biological levels, in the organisms exposed to them [35] (see figure I.1.). The study of 

these adverse effects is a main subject of the modern environmental toxicology. 
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Figure I.1. (adapted from [36]): central dogma of biology including main regulatory mechanisms. 
Possible effects of xenobiotics (at different biological levels) are marked with a brown lightning. 
The environmental risk of a xenobiotic will mainly be determined by its concentration, its 
toxicity/mode of action, and its persistence/chemical reactivity/biodegradability. 
 

I.2. Environmental toxicology and risk assessment 

Text box I.3. 

· Environmental toxicology: multidisciplinary science that mainly focuses on the 
effects assessment of pollutants at organismal, organ, tissue, cell, organelle and 
biochemical pathway levels (“from organism to below”) [37,38]. 

· Ecotoxicology: multidisciplinary science that mainly focuses on the effects of the 
pollutants on individual organisms, species, populations, communities and 
ecosystems (“from organism to above”) [37,38]. 

· Environmental risk assessment (ERA): multidisciplinary science that not only studies 
the mode of action of xenobiotics in the living organisms and their dose-response 
adverse effects, but also the environment biomonitoring of the pollutants, the 
assessment of all possible hazards derived from the contamination (at the wildlife, 
human, economic... levels), the implementation of legal safe benchmark doses, and 
the identification of preventive and remediation measures (to avoid or remediate the 
detrimental effects of a possible contamination, respectively) [39–41]. 
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Environmental toxicology is the multidisciplinary science that study all these adverse 

effects of the pollutants, or of their mixes, on the living organisms. Environmental 

toxicology and ecotoxicology terms are often confused and equally used, although a 

main difference is accepted to exist between them (see box I.3.). Environmental 

toxicology is considered a relatively new field that is receiving particular public attention 

since the publication by Rachel Carson of the book Silent Spring [42,43]. It constitutes a 

substantial part of the  environmental risk assessment (ERA), which includes all the steps 

in the hazard identification, risk characterization (MoAs, environmental levels, etc.), risk 

management and communication plans [39]. 

Xenobiotics usually exert their effects through their interaction with one or more 

biological targets. For example, endocrine disruptors are known to interact with 

different nuclear receptors [44]; some psychotic drugs, like selective serotonin reuptake 

inhibitors or SSRIs, interact with neurotransmitter receptors and/or transporters [45]; 

and several genotoxic chemicals bind to  DNA either covalently or non-covalently [46].  

The first interaction of a xenobiotic with the organism at molecular level is the so-called 

molecular initiation event (MIE), which triggers different signalling cascades and 

alterations in several biological or physiological levels (key events or KEs) [47] that 

ultimately lead to a specific adverse outcome. 

 
Figure I.2. (based on [48,49]): general scheme of an adverse outcome pathway framework. 
Zebrafish larvae images (5 days post fertilization) are used in the examples. 
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Once these KEs, together with their relationships (KER), are strongly supported by 

several evidences, they may be further structured into an adverse outcome pathway 

(AOP) [47]. AOP is a framework that explains the mechanism of action of a given  

xenobiotic, including all the sequence of events from the MIE, the propagation of the 

signalling cascade across the affected pathways, up to all adverse outcomes across the 

different organization levels [47,50] (figure I.2.). The comprehension of the AOP of a 

xenobiotic is extremely useful in environmental risk assessment and its adequate 

regulation [51]. 

 

Text box I.4. 

· Adverse outcome pathway (AOP): “conceptual construct that portrays existing 
knowledge concerning the linkage between a direct molecular initiating event and an 
adverse outcome at a biological level of organization relevant to risk assessment” [51]. 

· Key event (KE): “An alteration in biological or physiological state that is essential to 
the progression of a perturbation leading to a specific adverse outcome” [48]. 

· Key event relationship (KER): causal and predictive linkage between one key event 
to another. It describes the likelihood and conditions by which a particular KE trigger 
the next KE [52,53]. 

· Molecular initiating event (MIE): “initial interaction between a molecule and a 
biomolecule or biosystem that can be causally linked to an outcome via a pathway” 
[50].  

 

The characterization of the consequences of exposure to pollutants can be based either 

in qualitative and quantitative observations of macroscopic phenotypes (to determine 

KEs and adverse outcomes), or in metabolic measurements and targeted biochemical 

determinations of different biomolecules (for MIE and KEs).  Classical phenotypic 

parameters include lethality, weight, length, reproductive impairment and 

morphological deformations in adults and hatching, teratogenesis, and delays in 

development for developing embryos. In fish embryos, specific parameters include 

timing of swim bladder inflation, edemas, heartbeat, and others [54,55]. Metabolic and 



I. General introduction 

32             PhD Thesis of R. Martínez 
 

molecular markers of toxicity include changes in metabolic rate, feeding or blood 

parameters, and alterations in protein and metabolite levels, in transcript abundance, in 

enzyme activities, and in the endocrine systems. 

Determination of these biomarkers that serve as warning indicators of exposure to 

certain pollutants has been extremely useful for environmental toxicology [56,57]. 

Nevertheless, the discovery of specific biomarkers for each pollutant has been 

traditionally a slow and meticulous process when the MoA of the xenobiotic is unknown. 

The common approach consists on linkages between qualitative and quantitative 

observations of phenotypes of exposed animals or humans and biochemical 

characteristics that would be consequently identified as biomarkers. The complexity of 

the identification of mechanisms of action for each pollutant, and the extremely large 

number of metabolic pathways, genes, proteins… makes the selection of potential 

biomarkers of exposure difficult for the environmental agencies. For that reason, hazard 

testing is based in rather general adverse effects complemented with a limited number 

of specific toxicological endpoints. For example, the OECD test guideline nº 236 

(zebrafish embryo toxicity test; ZFET [58]), widely used for acute toxicity testing, adds to 

the standard  LC50  determination four specific indicators of lethality:  coagulation of 

fertilized eggs,  lack of somite formation, detachment of the tail-bud from the yolk sac, 

and  heartbeat. The median lethal concentration (LC50), or the concentration required to 

kill 50% of exposed individuals after a specified time [59], has been traditionally used  to 

evaluate the toxicity of different compounds due to its simplicity, and the possibility to 

compare pollutants with very different mechanism of action. Although LC50 is still very 

useful to characterize the acute toxicity, other specific effects are also tested (using 

different model organisms) by several guidelines as the OECD test guideline nº 234 for 

sexual development [60], nº 424 for neurotoxicity [61], nº 451 for carcinogenicity [62], 

nº 493 for estrogenicity [63], or nº 456 for effects on steroidogenesis [64]. 

Nevertheless, the “targeted” design of these macroscopic and metabolic phenotypic 

assays limits the spectrum of toxic effects that can be covered. This can make the 

estimation of the mechanism of action of the pollutant difficult, since some toxic effects 
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could be overlooked if they occur at some biological level non-considered in the assays. 

In addition, these assays may not be adequate to characterize the biological effects at 

low environmentally relevant concentrations. At this point, the use of integrative and 

untargeted assays covering a wider range of endpoints at different biological levels could 

be considered as a milestone in environmental toxicology, especially with the 

development of non-targeted, high-throughput (a.k.a. omic) technologies [36,65] (see 

section I.6.). In this way, they are excellent approaches to study and characterize the 

AOP of a xenobiotic [36], including KEs and MIE. Although further targeted studies are 

usually required to truly confirm the key events [66], it extremely facilitates the multi-

scale assessment of the environmental risks derived from the exposure to xenobiotics.  

Text box I.5. 

· Targeted analytical method: a method in which the number of biological measured 
molecules are limited (usually in the order of tens of molecules). These molecules are 
pre-selected and their biochemical information is known (for example, the chemical 
structure in case of metabolites or lipids, or the sequence in case of genes or 
transcripts). In a targeted study, all information about non-pre-selected biomolecules 
is lost although the sensitivity of the measured ones can be increased compared with 
an untargeted method. 

· Untargeted analytical method: a method in which nearly the totality of a certain type 
of biomolecules present in the samples are measured. This usually represents tens to 
hundreds of metabolites [67,68], hundreds of lipid species [69], hundreds to 
thousands of proteins [70], or tens of thousands of transcripts and genes [36,71,72]). 
The complexity of the obtained data requires a highly-extensive computational 
processing although it allows to detect both known and unknown molecules. 

· Semi-targeted analytical method: in this case, a high-throughput methodology is 
used, obtaining the complete raw data of both known and unknown samples. 
Nevertheless, for simplicity, only the information of known pre-selected molecules 
are extracted. This strategy is usually performed in lipidomics and metabolomics [73–
75] and, based on the analysis depth, it allows the determination of a number of 
biomolecules between one order below or the same order of magnitude that an 
untargeted method. 
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A wide knowledge about all the biological levels of the studied species is essential to 

perform a proper functional analysis and AOP prediction of toxicological data 

(particularly from omic datasets). For that reason, environmental toxicology usually 

perform their assays in mice (Mus musculus) [76–78], or in zebrafish (Danio rerio) and 

their embryos [79–81] (see I.4. section) to determine MoA and draw AOPs for emerging 

pollutants. These species rank among the ones with better characterized and annotated 

genome, and for which more information about the transcriptome and the metabolome 

are available. In addition, the possibility to link xenobiotics’ effects and molecular 

functions across species and to humans increased enormously the utility of these model 

animals. 

 

I.3. Endocrine disruption and obesogenicity 

Both xenobiotics and their biotransformation-derived metabolites (mostly via 

cytochromes P450 [82]) can exert an enormous spectrum of effects in the exposed 

organisms. Among them, endocrine disrupting chemicals (EDCs) are particularly relevant 

as they are able to dysregulate the endocrine system, which includes all the biological 

pathways that regulates the biosynthesis, release and homeostasis of endogenous 

hormones. This negative effects can be brought about by a number of different 

mechanisms, being one of special concern the ability of many EDCs to mimic, inhibit or 

interfere with the action of natural hormones [83]. EDCs may be very structurally 

diverse, as compounds like organochlorines, polybrominated flame retardants, 

perfluorinated substances, alkylphenols, phthalates, pesticides, polycyclic aromatic 

hydrocarbons, solvents, and some metals were shown to have endocrine-disrupting 

properties [84]. In turn, the phenomenon of endocrine disruption can affect many 

different physiological activities, presenting properties and provoking effects/disorders 

as estrogenicity; androgenicity; obesity, and lipid and adipogenesis dysregulation; 

thyroid dysregulation; steroid-related pathways alteration; infertility; developmental 

problems; and several metabolic syndromes [84]. 
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EDCs effects in the endocrine system have been reported not only as metabolism 

alterations and disorders in studied animals, but also in human epidemiological studies 

[84,85]. As specific examples of putative EDC effects in humans,  bisphenol A (BPA) 

exposure has been linked to obesity and diabetes [86]; organophosphate pesticides to 

cognitive and behavioral deficits [87];  PCBs (polychlorinated biphenyls) to 

neurodevelopmental problems [88]; some phthalates to reproductive disorders [88]; 

perfluoroalkyl substances (PFASs) to fetal growth delays and immunosuppression [89]; 

and brominated flame retardants to lower IQ and increased attention deficit 

hyperactivity disorder (ADHD) [88]. It has been also postulated that the exposure to 

some endocrine disruptors increased the incidence of some types of cancer [88]. 

Classically, the mode of action of the EDCs has been attributed to their binding with 

nuclear receptors (NRs) related with the endocrine system, as androgen receptors (ARs), 

estrogen receptors (ERs), estrogen-related receptors (ERRs), pregnane X receptors 

(PXRs), glucocorticoid receptors (GRs), retinoid X receptors (RXRs), thyroid hormone 

receptors (TRs), peroxisome proliferator-activated receptors (PPAR), constitutive 

androstane receptors (CARs) or farnesoid X receptors (FXRs) [90,91]. At the time of the 

discovery of these nuclear receptors, most of their endogenous ligands were unknown 

and they were categorized as “orphan receptors” [65]. After the binding of an EDC to a 

nuclear receptor, it can act as a total or partial agonist or as an antagonist of the 

receptor, depending on whether the physiological response is the same or the opposite 

effect of the natural endogenous ligand(s). Nevertheless, although this is the most 

common and well-known mechanism of EDCs, they are also other MoAs that potentially 

lead to endocrine disruption [90,92–94] as: 1) interference with the biosynthesis, 

transport and/or elimination of the natural hormones; 2) direct disruption of the 

enzymes’ action; or 3) deregulation of the NRs transcription, increasing or decreasing in 

this way the concentration of nuclear receptor sites, a MoA that can be mediated via 

epigenetic mechanisms.  

Regardless of the MoA, the exposure to endocrine disruptors is a matter of concern, 

especially when occurring during sensitive time windows, like early developmental 
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stages, when several systems are still forming. It has been proposed that some of the 

consequences of exposure to EDC can be transmitted not only later in life but even 

inter/transgenerationally via epigenetic mechanisms [85,90,95]. 

Among the several alterations in the metabolism, behaviour, neural system and others 

induced by EDCs, those related with the lipid metabolism are of particular interest [96]. 

It has been reported that some EDCs can disrupt energy metabolic homeostasis, lipid 

accumulation, the adipose tissue and even the appetite and satiety in fish, rodents and 

humans [90,95,97]. These EDCs are called obesogens, a group of compounds that can 

exert lipid accumulation or induce obesity, regardless of their exact phenotypic 

manifestations (see text box I.6.). These different observed phenotypes rely in the 

different MoAs, receptor interactions, etc., exerted by each obesogen. 

 

Text box I.6. (adapted from [98]): possible phenotypic manifestation of obesogens 

· Increased number and/or size of adipocytes (fat cells that store energy as lipids: 
mainly triglycerides and cholesterol esters). 

· Decreased energy expenditure: reduced basal metabolic rate, movement… 

· Altered energy balance: increased adipogenesis and/or decreased lipolysis. 

· Increased body weight and/or body mass index. 

 

Classical phenotypic manifestations of humans exposed to obesogens are increased 

body weight and hunger, decreased satiety and other disorders related with obesity as 

type 2 diabetes, high blood pressure or increased risk of heart diseases [95,99,100]. In 

the aquatic crustacean Daphnia magna, the considered obesogen tributyltin (TBT) exert 

the accumulation of triacylglycerols in adults and impairment of their transfer to the eggs 

[101]. Similar accumulation of triacylglycerols were observed in the liver of exposed 

zebrafish [102]. In mammals, as rats and mice, exposure to different obesogens lead to 

higher body weight (both in adults and in their offspring), decreased mobilization of fat 

depots under fasting conditions, increased adiposity and food consumption [99,103–

106]. Studies in zebrafish, a novel preferred animal model in ecotoxicology, reported 
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several endpoints; for example: TBT seems to increase adipocyte differentiation in 

zebrafish larvae and modulate the gene expression of key lipid metabolism’ transcripts 

in liver and brain of chronic developmental exposed adults [102,107]; halogenated-BPAs 

(TBBPA and TCBPA) induced lipid accumulation in larvae and weight increase in juveniles 

[108]; and phthalates, triclosan and perfluorinated compounds reduced metabolic rate 

in embryos, and stimulates adipogenesis and increases the adipose tissue in larvae [109]. 

Regarding the key events that characterize the obesogens, it has been proposed that 

most of them act through the activation of the nuclear peroxisome proliferator activated 

receptors (PPARs) [94], which are key regulators in several processes related with lipid 

metabolism [110] and to be activated naturally by lipophilic hormones, fatty acids, and 

their metabolites [94]. Regardless of their involvement in different aspects of the lipid 

metabolism [111–114], the different isoforms of PPAR (PPAR-α/β/ϒ) form heterodimers 

with the 9-cis retinoic acid receptor (RXR) to become functionally active. The activation 

of PPAR-ϒ/RXR complex seems to be the master regulator of adipogenesis [94], as it 

binds to the peroxisome proliferators response elements (PPREs) in several target genes 

(apolipoproteins among them) to regulate their transcription [94,115,116]. The 

activation of PPAR-ϒ/RXR complex leads the increase of transcripts that encode for 

several apolipoproteins, therefore increasing the levels of lipoproteins after binding to 

different phospholipids [117], as it has been shown in different model organisms 

[113,118,119]. A general overview is shown in figure I.3. 

Lipoproteins encapsulate neutral lipids as triglycerides or cholesterol esters. They 

present several physiological roles [120] that are at least partially related to their 

density: high-density lipoproteins (HDL), intermediate-density lipoproteins (IDL), low-

density lipoproteins (LDL) or very low-density lipoproteins (VLDL). Nevertheless, their 

main biological function is to transport lipid molecules through the plasma to the 

different organs and tissues of the organism. They also play a key role at different 

developmental stages of development. For example, in fish embryos and 

eleutheroembryos, when endogenous feeding is still taking place, the production and 

secretion of lipoproteins by the yolk syncytial layer (YSL; membrane that enclose the yolk 
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cell) is essential for the transport of the yolk lipids to the rest of the organism and their 

utilization [121,122]. This function has been conserved among different fish species 

[117]. In adult stages, lipoproteins mainly transport the lipids either obtained in the 

digestive tract from the diet (exogenous pathway) or synthetized in the liver 

(endogenous pathway) [123]. Obesity has been related to a deregulation in 

apolipoproteins that could regulate the satiety, decreased levels of high-density 

lipoproteins (the ones that contain high levels of protein and low levels of triglycerides) 

and increased levels of low-density lipoproteins (low levels of protein and high levels of 

triglycerides) [123,124]. 

 
Figure I.3.: general overview of the action of PPAR-RXR system in the proliferation of lipoproteins. 
Proteins are named in green. HSP: heat-shock protein. Interrogation marks indicate different 
possible transport and mechanisms of ligands and receptors. 
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Among the different animal models, zebrafish (Danio rerio) is becoming a wide used 

option in ecotoxicology in the study of endocrine disruption (as exposed in section I.4.). 

MoAs and relevant KEs have bend defined in zebrafish for many potential EDCs, including 

perfluorooctanesulfonate (PFOS), 17α-ethinylestradiol (EE2), methoxychlor, endosulfan, 

heptachlor, DDT, bisphenol A (BPA), tetrabromobisphenol A (TBBPA), 2,4,6-

tribromophenol (TBP), tributyltin (TBT), octylphenol, nonylphenol, several polycyclic 

aromatic hydrocarbons (PAHs), mono-(2-ethylhexyl)phthalate (MEHP) [125]… among 

others. Characteristically, toxicological data from zebrafish can be usually generalized to 

other vertebrates, including humans. The main endocrine system of zebrafish is shown 

in figure I.4. 

 
Figure I.4. (modified from [125]): zebrafish endocrine system. Although hypothalamus-
pituitary gland-thyroid (HPT), hypothalamus-pituitary gland-gonads (HPG), and 
hypothalamus-pituitary gland-interrenal (HPI) axes represent the main targets of EDCs, 
other systems can be targeted [90]. 

 

I.4. Zebrafish as model organism 

The choice of an appropriate model organism in environmental toxicology is a crucial 

step, as the lack of information and references can trigger additional difficulties during 

data processing and functional interpretation of the results.  For example, de novo 

assembly is much more demanding that mapping against a reference sequence [126], 

and  functional annotation of deregulated genes is much easier if the reference genome 

is annotated in functionally-oriented databases as GO (http://geneontology.org/) or 
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KEGG (https://www.genome.jp/kegg/) [127]. In addition, the use of a well-characterized 

model allows extrapolating the observed effects to other species, including humans. 

Taking that into consideration, as previously mentioned, zebrafish represents an 

excellent animal model for this purpose. 

Zebrafish (Danio Rerio), first described by Francis Hamilton at 1822 [128], is an small 

freshwater teleost fish (adults of 3 - 5 cm and embryos of 3.5 - 4.0 mm) and natural of 

South Asia, that has been used in research since 80s and represent one of the most 

studied vertebrate animal models.  

 

Text box I.7. 

The taxonomic classification of zebrafish (Danio Rerio), retrieved (27/01/2020) from 
the Integrated Taxonomic Information System (ITIS) (http://www.itis.gov) is the next: 

· Kingdom:    Animalia   
     · Subkingdom:   Bilateria  
       · Infrakingdom:   Deuterostomia 
          · Phylum:    Chordata   
             · Subphylum:   Vertebrata   
                · Infraphylum:   Gnathostomata  
                   · Superclass:   Actinopterygii   
                      · Class:   Teleostei  
                         · Superorder:  Ostariophysi 
                            · Order:   Cypriniformes  
                               · Superfamily:  Cyprinoidea    
                                  · Family:  Cyprinidae 
                                    · Subfamily:  Danioninae 
                                        · Genus: Danio   
                                           · Species: Danio rerio  
 

Its use in environmental toxicology (as well as in other fields as medical research) has 

been extremely increased during these last decades due to great advantages as: 
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1) Zebrafish genome is totally or almost totally characterized, and it has been studied at 

many omic levels as genomics [129], epigenomics/epigenetics [130], transcriptomics 

[131,132], proteomics [133,134], metabolomics [135,136], lipidomics [74], glycomics 

[137], interactomics [138], morphometrics [139,140] and even proposed for fluxomics 

[141]. 

2) Its rearing and manipulation are effortless, due to its small size, allowing its aquatic 

facilities to be more cost-affordable, compact, and efficient. 

3) Their large offspring (usually in the range of 150-250 eggs per female [142,143]) and 

relatively short life cycle (see text box I.8.), allow to feasibly obtain high number of 

replicates and to reasonably easily perform inter/transgenerational studies. 

4) Even taking into consideration that zebrafish is not a mammal, their biological systems 

are very similar to human ones, allowing the extrapolation of the results and being 

considered as a model organism for several levels. As example, zebrafish is considered 

as an animal model for endocrine disruption [144,145], lipid metabolism [146], 

epigenetic mechanisms [130], general and environmental toxicology [58,79,147,148], 

and it shares the 70% of genes with humans [149]. 

5) Several knockout models (KO) has been generated [150–152]. This technique has been 

applied in the study of many pathologies in clinical research, and in the determination 

of MoA of different xenobiotics in environmental toxicology. 

6) Transparency of zebrafish larvae allows the non-invasive live observation of the 

internal organs and of their morphometrics [130,140]. 

 

Text box I.8.: zebrafish developmental stages 

· Zebrafish individuals are considered as embryos while they remain inside the chorion 
[153–155]). After hatching,  between 48 and 72 hpf [156–160], remain as free 
swimming, non-feeding embryos, the so-called  eleutheroembryo stage, during which 
swim bladder inflates (4-5 dpf) [159,161]. Yolk sac gets completely resorbed at 5-6 
dpf, when the animal starts exogenous feeding, being therefore considered as early 
larvae [156,159]. 
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· Zebrafish larvae suffer “metamorphosis processes” by which some of their organs 
develop to the “adult structure” between 15 and 30 dpf [156,159,162,163], being 
considered as juveniles [159–161]. 

· Zebrafish juveniles continue to growth and are considered as totally functional adults 
when they are able to have offspring, approximately at 3-4 months after fertilization 
[158–161]. Zebrafish adults can live usually up to 2-3 years [160]. 

 

Comparing the general use of zebrafish as animal model during the last 5 years to other 

species used in environmental toxicology as Daphnia or fish key species proposed by 

OECD [164], zebrafish achieves the highest number of scientific publications (based on 

Scopus -https://www.scopus.com/-): approximately 3400 per year. Their use is still far 

behind the numbers achieved by mice (Mus musculus; approximately 80000/y), largely 

and traditionally employed in drug development and pre-clinical assays, although the 

relative tendencies of their use seemed to be in opposite direction: for first time since 

90’s, the number of scientific publications on Mus musculus during past year (2019) was 

smaller than the previous year, while scientific publications on zebrafish is rapidly 

increasing (figure I.5.).  

 
Figure I.5.: total number of scientific documents (published per year) containing in the 
title, in the keywords or in the abstract, the terms zebrafish and/or Danio rerio. Based 
in Scopus document search (-https://www.scopus.com/-). 
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In summary, zebrafish is becoming a preferred animal model for experimentation, and 

specifically for environmental toxicology [79–81]. The Zebrafish Information Network 

(ZFIN; https://zfin.org/) has been stablished as a “central repository […] for zebrafish 

genetic, genomic, phenotypic and developmental data” [165]. 

 

I.5. Epigenetic mechanisms 

Epigenetics studies the heritable changes that do not involve DNA sequence 

modifications. Although epigenetics can study any heritable phenotypic change, it 

mainly focuses on the mechanisms by which gene activity and expression are regulated. 

These epigenetic mechanisms can take place before the transcription (pretranscriptional 

regulations, as DNA methylation or histone modifications) or after it (posttranscriptional 

regulations, as miRNAs expression) [166,167]. 

These are not only the main mechanisms by which the cells of an organism (which 

contain exactly the same genetic material) are able to present an extremely different 

characteristics at all biological levels (functions, shapes, sizes, gene expression, 

metabolites and protein amount…), but they also play a key role in the inheritance of 

this information allowing indeed the cellular differentiation and their “cellular memory” 

[168]. In addition to this somatic epigenetic inheritance, spontaneous and environment-

related epigenetic changes have been proposed to occur [169]. Environmental factors 

such as temperature, stress and nutrition or even exposures to certain xenobiotics are 

known to mediate epigenetic changes [169,170]. Indeed, these epigenetic changes 

contribute to the phenotypical plasticity that allow the organisms to better adapt to 

certain environmental conditions. In the last decades, researches have described a new 

concept named toxicoepigenetics to refer to the study of epigenetic mechanisms 

responsible of toxicological effects [65,171–173]. It has been proposed that 

modifications in the epigenome during exposures to xenobiotics are responsible, not 

only for the effects later in life when organisms are not exposed to xenobiotics any 

longer (so called long-term effects), but also for inter- and trans-generationally inherited 
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effects, affecting the next and unexposed generations of individuals [130,170,174,175]. 

For example, epigenetic effects are involved in the transgenerational inheritance of 

obesogenic properties in rats [176] or in heart disorders in zebrafish [177], both due to 

an exposure to bisphenol A (BPA). For that reason, it has been suggested the use of 

“epigenetic footprint” as a tool to evaluate the exposure of a given organisms to 

toxicants [65]. 

 

Text box I.9. 

· Inter- and trans-generational effects: those effects caused by different sources 
(stress, xenobiotic exposure…) mediated by one or more epigenetic mechanisms that 
affect the offspring of the exposed individuals. While intergenerational effects take 
place when the environmental exposure of first generation (F0) exerts a direct effect 
in the germinal cells that will become the offspring (F1), transgenerational effects are 
truly inherited across generations, being transmitted to F2, F3 or even more [175,178]. 

 

I.5.1. miRNAs 

MicroRNAs (miRNAs) are small non-coding RNAs (with a usual length of 22 nucleotides) 

that inhibit the expression of specific transcripts (mRNAs) by binding to certain regions 

in their sequence [179]. The miRNA-mRNA union usually starts with an exact base 

complementary of 8, 7 or 6 bases (called 8mer, 7mer, and 6mer, respectively) [180]. In 

animals, a relatively high number of miRNAs are high conserved and a full factorial 

pattern between miRNAs-mRNAs can be observed: a specific mRNA can be inhibited by 

several miRNAs at the same time, having different binding regions; and a specific miRNA 

can bind to more than one mRNA.  

When they attach to an mRNA, they cannot only repress their translation initiation by 

inhibiting the assembly with 80S complex in the ribosome, by promoting mRNA 

deadenylation or by other mechanisms [181], but they also trigger the degradation of 

the mRNA by forming the RNA-induced silencing complex (RISC) with the argonaute 

protein, which cleaves the mRNA. 
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Inter/transgenerational inheritance via miRNAs can be exerted via the parental 

deposition in the gametes, regulating the expression of certain transcripts at crucial early 

developmental stages. In addition, other epigenetic mechanisms may regulate the 

expression or maturation of the different pri-miRNAs [182–184]. Injection of miRNA has 

been used to assess the modification of gene expression during the first developmental 

stages, and the technique has been even proposed as possible therapy [185–187]. 

General overview of miRNA synthesis and action is shown in figure I.6.  

 
Figure I.6.: general overview of the biogenesis and mode of action of miRNAs. Enzymes are named 
in green. miRISC: miRNA-containing RNA-induced silencing complex. 
 

I.5.2. DNA methylation 

DNA methylation, which take place in the carbon 5 of the pyrimidine ring of cytosines 

(by DNA methyltransferases or DNMTs), can regulate DNA transcription. In mammals 

and zebrafish, this methylation mostly take place in the CG dinucleotides [188,189] (CpG 
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sites) constituting the “CpG Islands” when their frequency at certain genome region is 

notably high. Methylation mostly interferes with the binding of transcription factors in 

the promoter regions of the genes, which usually comprise 100-1000 base pairs and are 

placed close upstream to the transcription starting sites (TSSs) of its gene. Thus, the 

binding is inhibited and indeed, the transcription. In addition, highly methylated regions 

can also promoting their packaging and compacting, preventing in this way the access to 

them by polymerase [188,190]. The methylation level of the promoter and/or its 

surroundings and the gene expression are consistently inversely correlated [191]. 

Some compounds can trigger different methylation status at the DNA of several 

organisms [192]. For example, it has been reported that BPA exposure can change the 

methylation levels of zebrafish embryos, and of brain and testis in rats [193–195]. 

Toxicoepigenomics frequently takes advantage of the whole genome bisulfite 

sequencing (WGBS) to detect differentially methylated regions (DMRs) induced by the 

exposure [171,196] (see section II. Methodology). The transgenerational inheritance of 

DNA methylation status is other key point to be highlighted. It has been reported that in 

some organisms, like mammals, several reprogramming windows take place in 

germlines, allowing a totally new methylation status in the next generation. Thus, these 

processes of global erasure and re-establishment of the methylation should not allow 

toxicoepigenetic inheritances via DNA methylation. Conversely, it has been reported 

that the germline of other organisms, like zebrafish, does not suffer a global genome 

erasure of DNA methylation during development [197] so examples of epigenetic 

transmission via DNA methylation could be expected in zebrafish exposed to different 

environmental stressors.  

Nevertheless, toxicoepigenetic inheritances via DNA methylation take place both in 

mammals and zebrafish [174,198–200]. For those organisms where global erasure and 

re-establishment of the methylation take place, it has been proposed that complex 

mechanisms allow certain sequences to resist these waves of reprogramming (as the 

imprinting marks). In this way, they can act as the “carriers of epigenetic information 

across generations, leading to transgenerational epigenetic inheritance” [169,201,202].
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I.6. Integrated assays and omic technologies for environmental toxicology 

 
Figure I.7. (adapted from [36,203]): omic technologies, their target molecules, examples of the 
main methodologies used by each one and their typical measurements. Gb: gigabase; WGBS: 
whole genome bisulphite sequencing; SDS-PAGE: sodium dodecyl sulfate polyacrylamide gel 
electrophoresis; HPLC-MS: high performance liquid chromatography - mass spectrometry; Y2H: 
yeast two-hybrid screening; FBA: flux balance analysis; NMR: nuclear magnetic resonance; GC: 
gas chromatography. 

During the last decades, different untargeted technologies that allow an integrated 

analysis and fully characterization of biological samples have been developed for, 
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improved or applied to environmental toxicology. As the neo-suffix "-ome" was widely 

used in biology to describe the totality of certain entities at some biological level (for 

example genome, to refer to the set of all genes of an organism), these technologies 

received the name of omics (see figure I.7.). 

Different omics have already been, or are proposed to be, applied in environmental 

toxicological studies as genomics [204], epigenomics/epigenetics [205], transcriptomics 

[206], proteomics [207,208], metabolomics [66,209], lipidomics [210,211], and 

glycomics [212]. Other biological aspects related to biological processes have been 

aimed for their fully comprehension in an in toto approach. This is the case of 

interactomics [213], that seeks to describe the complete set of molecular interactions 

(usually focused in the protein - protein interactions or PPIs) or fluxomics [214], the goal 

of which is the determination of the metabolic rates of all the different reactions that 

take place in a particular biological system. 

These “relatively new” and fully comprehensive omics technologies have even inspired 

the adaptation of traditional qualitative and quantitative observations of animal 

phenotypes into integrated morphometric assays where all possible morphologic 

changes are combined to stablish a linkage between the macroscopic phenotype and the 

different omic changes in organisms exposed to several xenobiotics [139,140,215]. 

In this way, these different untargeted and holistic approaches not only triggered a 

revolution when applied to environmental toxicology (allowing to better characterize 

the mode of action of several xenobiotics and to detect effects or mechanisms previously 

uncharted) but also permitted to achieve a higher comprehension of all the set of 

xenobiotics’ effects in a biological system when the information was combined [36,65].  

Data fusion of different omics that covers several organization levels (genes, transcripts, 

proteins, metabolites…) raise itself as an excellent method to characterize and construct 

the adverse outcome pathway of a xenobiotic [36]. Several studies have already 

performed this omic integration [216–221], which can be carried out at three different 

levels [36]: 
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1) Integration at high level: the data management, clustering and functional analysis are 

performed individually for each individual omic dataset. At the end, the obtained 

information is integrated to develop a mechanistic interpretation. It is probably the 

easiest integration. 

2) Integration at medium level: data analyses are performed individually and their 

outputs are integrated to perform the functional analysis (and the mechanistic 

interpretation). It requires a compatible codification of the outputs. Performing a 

functional analysis from protein and transcripts datasets in DAVID (Database for 

Annotation, Visualization and Integrated Discovery), or from metabolites, proteins and 

metabolites in KEGG (Kyoto Encyclopedia of Genes and Genomes) are examples of this 

integration level. 

3) Integration at low level: in this case, the integration is performed from the first step 

(data integration and analysis). Although it could seem the preferred option for data 

fusion, it requires the same name of replicates (and preferably coming from the same 

sample), higher computational knowledge and a careful normalization of each dataset 

to consider the variability and structure of each biological level (for example, the up- or 

down-expression of a transcript can be even higher than 3 or 4 orders of magnitude 

while changes in lipids or metabolites amount usually only achieve 1 or 2 orders). 
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“Science, in the immediate, produces knowledge and, p g

indirectly, means of action. It leads to methodical action if y f

definite goals are set up in advance […]” 

Albert Einstein 
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II.1. Applied omics/integrative assays and background information 

This section is devoted to describe omic technologies and integrative analyses used in 

this thesis. It also provide background information beyond each technology and 

biological aspects involved in it. 

 

II.1.1. Transcriptomics 

Transcriptomic technologies are based mainly in the polymerase chain reaction (PCR) 

and DNA sequencing, processes both totally integrated in the prevailing two main actual 

techniques (microarrays and RNA-Seq). 

 

II.1.1.1. Polymerase chain reaction (PCR) and qPCR 

The practical application of the PCR, already envisaged by Kjell Kleppe in 1971, started 

in the middle 80's, when Kary Mullis introduced the use of thermostable DNA 

polymerases [222], therefore allowing the replication of a DNA template into millions or 

billions of copies. The PCR is based in a thermal cycling process, as illustrated in figure 

II.1.  

Each cycle (denaturation, alignment, and elongation) duplicates the number of copies of 

the DNA template, following the equation: 

 

being N the number of cDNA strand copies after certain number of thermal cycles (n), 

N0 the original number of copies, and E the efficiency (0-1) of the amplification.  

The introduction of a thermostable DNA polymerase (such as the widely used Taq 

polymerase) which was not needed to be added in each cooling-heating cycle, promoted 

the use of the technique. Moreover, the use of reverse transcriptases, already isolated 

during the 70’s [223], allowed the amplification of cDNA (DNA copy from a RNA 

molecule), therefore permitting the quantification of specific mRNA molecules by PCR.  
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Figure II.1.: General scheme of PCR (polymerase chain reaction) basics. Fluorescent DNA-
intercalating dye is used only in real time PCR. 
 

While classical PCR is essentially a preparative technique that allows the synthesis of a 

given DNA molecule, several protocols allow a semi-quantitative estimation of the 

concentration of the template DNA (or cDNA). These protocols rely in the quantification 

of amplicon bands separated by agarose gel electrophoresis, stained with appropriated 

dyes (e.g., ethidium bromide, RedSafe or GelGreen) and quantification of the 

fluorescence by densitometry. The quantitative real-time PCR (qPCR), uses a 

fluorophore, either in solution (as the SYBR Green) or attached to specific primers (as 
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the TaqMan probes) to monitor the amplification of the template DNA at each thermal 

cycle [224]. By this mechanism, the fluorescence exponentially increases in each thermal 

cycle, which can be measured to calculate the template DNA/cDNA amount. This 

measurement needs to be performed in the exponential phase of the amplification curve 

(see figure II.2.), since it is the only range in which the fluorescence is directly 

proportional to the original input transcript amount. Indeed, the quantification cycle 

(see box II.1.) of each sample is indicative of its DNA/cDNA concentration and could be 

used for comparisons. 

 
Figure II.2.: conventional amplification curves and melting peaks obtained in a real 
time quantitative PCR (qPCR). Cps: quantification cycles; Tm: melting temperatures; 
a.u.: arbitrary units. 

 

Text box II.1. 

· cDNA: copy DNA, obtained from the retrotranscription of RNA. 

· qPCR: real-time quantitative polymerase chain reaction. It allows the monitoring of 
the amplification reaction using a fluorophore, in contrast with the classical PCR. 

· Primer: short single-stranded oligonucleotide, complementary to a certain region of 
the target cDNA, which allows the adhesion of the DNA polymerase to this double 
strand and the initiation of the replication and elongation processes. 

· Fluorophore: fluorescent molecule that intercalates in any double-stranded DNA and 
allows the real time monitoring of the amplifications in a qPCR. 
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· Amplicon: a.k.a. PCR product, it is the cDNA fragment amplified by PCR/qPCR. 

· Reference gene: a.k.a. housekeeping gene, it is a gene which is involved in basic cell 
functions and which expression (transcript amount) are basically constant across all 
the tested conditions. It is commonly used for data normalization in qPCR but not in 
high-throughput transcriptomics.  

· Cq (quantitation/quantification cycle) / Ct (cycle threshold) / Cp (crossing point): cycle 
number at which the signal intensity rises above the threshold in a qPCR. 

· Tm (melting temperature): maximum temperature obtained in the fusion peak. It 
represents the denaturation of the double strand of the amplified PCR product. 

 

When the amplification of whole template DNA/cDNA is required, classical PCR (or a next 

generation sequencing technology; it depends on the final goal) is commonly used; 

meanwhile real time qPCR usually is kept for the amplification of only specific short 

regions of the DNA/cDNA, the so-called “amplicons”. With this goal, knowing the 

sequence, the use of a specific pair of primers (one forward and one reverse), purposely 

designed to be complementary to each cDNA strand, allow us to selectively amplify this 

specific region. In qPCR, each amplicon usually cover between 70 and 200 bp (nucleotide 

base pairs), although longer amplicons (up to 400-500 bp) can be also generated [225]. 

The specific and correct amplification of the desired amplicon can be qualitatively 

assessed in qPCR by the efficiency and the melting peak. On the one hand, the efficiency 

of the amplification needs to be ideally between 0.9 (90 %; to assure that the efficiency 

is not too low) and 1.1 (110%; to assure that only the desired amplicon is being 

amplified). On the other hand, qPCR performs a fusion curve at the end of the cycles, at 

which the temperature is increasing and the denaturation of the double strand take 

place. As each amplicon has a specific melting point (single peak), the observation of 

several melting peaks could indicate the amplification of undesired amplicons. 

Due to the fact that the Cq values are directly proportional to N0, and considering that 

not all the samples have the same initial total RNA amount (different extraction 

efficiency, number and size of individuals from which RNA is extracted…), these values 

needs to be normalized. If an absolute quantification is required (for example, in studies 
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of wild populations, to compare the amount of each specie), a standard is used (for 

example, a plasmid DNA of absolute known concentration). If only a relative 

quantification of any desired mRNA is needed (usually the goal of the studies based in 

exposure to different xenobiotics and concentrations), different normalization methods 

are used: ΔΔCp, Pffafl or AccuCal-D methods, sigmoidal models, NORMA-Gene approach 

[226–231] … among others. The two different normalization methods used in this thesis 

(ΔΔCp and NORMA-gene) are explained below: 

· ΔΔCp method [230] is widely used and relies on the measurement of a reference gene 

among all the others target genes. In this way, at specific Cp, the number of copies are: 

 

 

Thereby, the relationship between the copies of target and reference genes is:  

 

And normalized copies (NC) regarding the reference gene: 

 

If the efficiencies of the amplification of both genes are similar between them and close 

to 1 (100 %), then 1 + E ≈ 2, and: 

 

where ΔCp = Cp
ref- Cp

target 

Then, to calculate the relationship (fold-change; FC) between the mRNAs copies of two 

experimental groups (usually performed for control versus treatment), and assuming a 

uniform PCR amplification efficiency across all samples (K1≈ K2): 
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where ΔΔCp = ΔCp
treated- ΔCp

control 

This method is useful for the measure of any number of genes although requires a 

reference gene (stable among the experimental conditions tested). 

· NORMA-Gene approach [231] is based on a data-driven normalization, which takes into 

account the variation and amount of the several genes across all samples (for example, 

considering that a sample with a double amount of RNA would have an apparent double 

expression of all measured genes, at normal conditions). It is similar to the normalization 

performed with high-throughput data (see section II.1.1.3.1. RNA-Seq) although with a 

much more limited number of genes, relying on the assumption that a small sub-set of 

genes is representative of the whole transcriptome of a sample. Being less known and 

used than the ΔΔCp method, NORMA-Gene approach requires at least the measurement 

of 5 or more target genes although it does not need any reference gene. 

 

II.1.1.2. Sequencing 

The term sequencing includes any process by which the order of the nucleotides in a 

nucleic chain of DNA or RNA is determined. Both history of RNA and DNA sequencing 

started and developed during the 70’s, with the first sequenced gene (the one that 

codifies for bacteriophage MS2 coat protein) [232] and genome [233], and DNA 

sequencing with location-specific primers [234], adapted and enhanced by Frederick 

Sanger [235].  

The methodologies used for sequencing have been changing during the years, from the 

first sequences obtained by two-dimensional chromatography, up to radioactive 

labeling, fluorescence labeling and  pyrosequencing, among others [236–239]. 

Fluorescent Sanger’s method (a general scheme is shown in figure II.3.) was commonly 

used until the arrival of the next generation sequencing (NGS) techniques and was useful 

for DNA and also RNA sequencing, after conversion of the RNA into cDNA. It was fully 
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automatized using computerized base calling, process by which the fluorescence of the 

chromatogram peaks are assigned to the nucleobases.  

 
Figure II.3.: general scheme of automatized fluorescent Sanger’s method for sequencing. 
Different nucleotides are differently coloured. 

 

Nowadays, the sequencing process is integrated together with the amplification process 

in the next generation sequencing techniques, which has become not only easier and 

faster, but also economically more affordable. DNA sequencing prices fell faster than 

predicted by Moore’s law due to the introduction of NGS. As an example, while the 

sequencing price of a whole human genome was $100 million in 2001, it decreased up 

to $10 million in 2007, to $340,000 in 2008 and $4200 in 2015 and to $1000 in the past 

year (2019) [240–242]. Some commercial companies have even claimed to be ready to 

reach the price of $100 for a human genome [242,243]. As a result, the number of 

sequenced genomes and transcriptomes of different species have been rapidly 

increasing during the last years [240,244,245]. 

 

II.1.1.3. Next generation sequencing 

Transcriptome (as a whole set of transcripts) concept was introduced in late 90’s 

[65,246] and the possibility to measured it by NGS (90’s-2000’s) opened a new era, which 

can be considered to be opened by the introduction of the microarrays which are 

nowadays being substituted by RNA-Seq methods [247].  
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II.1.1.3.1. RNA-Seq 

While microarrays are based on short specific oligonucleotides (“probes”) attached to a 

solid-surface (“chip”) with a specific pattern, that allow the amplification of already 

known transcripts by relative fluorescence, RNA-Seq technologies allow the 

amplification of every possible strand in the samples and are based on a wider spectrum 

of methods that present many advantages: 1) no pre-knowledge of the sample is 

required; 2) an absolute count of the transcripts (after amplification) can be performed 

allowing a higher precision; 3) it allows the identification and quantification of rare 

transcripts, alternative splicing, mutations, etc. without previous knowledge; 4) lower 

amount of total RNA is needed; 5) it present a higher dynamic range (between very low 

and high expressed transcripts) [248]. 

Four of the most common RNA-Seq technologies are shown in the figure II.4. Among 

them, Illumina sequencing has been the method predominantly used during the last 

years. Advances of high throughput NGS technologies allow nowadays even the 

transcriptome sequencing of a single cell [249,250]. 

 

Text box II.2. 

· NGS: high-throughput next generation sequencing technology. 

· “Chip”: device based on a solid-surface with a collection of designed primers 
(attached to the surface) for a large number of different genes. It is used in 
microarrays technologies and usually only allows one sample per chip [251]. 

· RNA-Seq library: set of oligonucleotides (originally from the sample’s RNA) which 
have been cleaned (from gDNA contamination), retrotranscribed, fragmented and 
amplified. During the amplification process, certain adapters (designed to interact 
with a specific sequencing platform) are added to the fragments. 

· “Flow cell”: device used in RNA-Seq technologies. Similar to a microarray chip 
although it uses random primers (or primers complementary to the adapters added 
to the fragments in the amplification process) to bind every possible DNA/cDNA 
strand in the samples, which are introduced in different lanes, allowing the 
measurement of several samples per flow cell [248]. 
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· Transcriptome assembly: reconstruction of the transcripts sequence from the 
generated reads, either with a reference sequence (genome or transcriptome guided; 
usually called mapping or alignment) or without it (de novo assembly) [248,252]. 

· Multiplexing/demultiplexing: addition of barcodes (multiplexing or indexing) during 
the library preparation to each fragment regarding its origin (sample), to allow its 
identification and sort (demultiplexing) during the data analysis. It allows the 
measurement of different samples in the same flow-cell [253]. 

· Trimming: computational removal of adaptors sequences and low quality bases of 
the reads before the assembly [254]. 

 

 
Figure II.4.: four common examples of next generation sequencing methods. A) Illumina/Solexa 
technology is based on the amplification on a solid surface, forming several clusters (each one of 
a specific amplicon that has been locally amplified via bridge formation). B) Nanopore sequencing 
is based on the unwound of the DNA helix by a biological solid-state nanopore and the application 
of an electric current (which change will be used to identify the nucleotide). C) Pacific Biosciences 
single molecule real-time sequencing (SMRT) is based on the attachment of a polymerase at the 
bottom of a very small wells (ZMWs or zero-mode waveguides) where a single molecule is 
sequenced at a time. D) Roche 454 pyrosequencing is based on the attachment of the fragments 
to solid spheres which are deposited in holes, where sequencing will take place. 
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Different steps as the transcript enrichment (amplification), their fragmentation and 

library preparation, the sequencing reads (long or short, single o paired) and other 

characteristics can slightly vary between the different existing methods.  

 
Figure II.5.: common experimental and computational workflow of RNA-Seq technologies. In grey 
(inside green boxes), common softwares used in each computational step. Computation time 
from the raw FASTAQ reads until the obtaining of normalized counts can last several weeks 
depending on the total information amount generated in the sequencing and the complexity of 
the assembly. 
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The ability of RNA-Seq technologies to rapidly and cheaply produce enormous amounts 

of sequencing data also triggered the apparition of new methodologies and workflows 

necessary to process all this “big data”, which can reach the order of gigabytes-terabytes 

per run [248,255]. The usual workflow is schematized in figure II.5. [252,256]. 

 

II.1.2. Lipidomics 

II.1.2.1. Lipids 

 
Figure II.6.: the eight main lipid families. Fatty acids, glycerolipids, glycerophospholipids, 
sphingolipids, saccharolipids, and polyketides are derived from condensation of ketoacyl 
subunits. Sterol and prenol lipids are derived from condensation of isoprene subunits. 
Characteristic functional groups or sub-structures of each lipid family are differently coloured. 
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Study of lipids by environmental toxicology becomes particularly relevant when studying 

obesogens or endocrine disruptors able to deregulate lipid metabolism. Lipids are 

hydrophobic or amphiphilic small metabolites which can be dissolved in non-polar 

solvents. The main eight lipid families [257–259] are reported in the figure II.6. 

Their own chemical structure (most of them are amphiphilic and present one or more 

long non-polar hydrocarbon chains and a polar head) impedes their simultaneous 

extraction with other small and hydrophilic metabolites (as aminoacids or very small 

peptides, ATP, hormones, vitamins, hexoses, other amines, signaling molecules…) [260]. 

For this reason, although in metabolomic studies usually some lipids can be also 

measured, this term is kept for the high-throughput technology focused in the 

measurement in small and polar metabolites, while the term lipidomics are used for the 

exclusive study of lipids. Similarly, these different chemical characteristics among lipid 

families (figure II.6.) induce relevant biases in their quantification due both to the 

extraction and detection processes. 

They present several biological functions (with all range of importance and outreach) 

[261,262], which can be summarized in table II.1. 

Lipid family or subfamily Cellular, tissue and/or organismal functions 

Free fatty acids (FFA) 
- Main class, they are used for energy obtainment (via 
oxidation) or lipid synthesis (via esterification) [263]. 
- Second messengers and signalling [264]. 

Phospholipids (PL) as 
phosphatidylethanolamines 
(PE); phosphatidylglycines 
(PG); phosphatidylinositols 
(PI); phosphatidylserines 
(PS) or phosphatidylcholines 
(PC) 

- Main cell membrane lipids (PC and PE are the most abundant) 
[265]; including lipoproteins membrane lipids (PC is essential) 
[266]. 
- Calcium binding in bone growth (PS) [267]. 
- Protein anchorage and signalling molecules precursor (PI) 
[268,269]. 
- Activator of protein kinase C family, and precursor of 
cardiolipins (PG) [270]. 
- Implication in correct protein folding and chaperon-like 
processes (PE) [271]. 

Triglycerides (TG) 
- Main form of energy storage [272]. 
- Involved in thermal insulation [272]. 
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Diglycerides (DG) - Signalling functions [273]. 

Sphingolipids as 
sphingomyelins (SM) 

- Electric insulation: myelinisation by the Schwann cells [274]. 
- Lipid rafts (involved in many signal transduction processes) 
are enriched in sphingolipids, among others [275]. 

Prenol lipids - Precursors of vitamins [276]. 

Sterol lipids 
- Precursors of vitamins and steroids, including hormones (like 
estrogens, androgens…) [277]. 
- Signalling processes [277]. 

Cholesterol (Ch) 
- Essential cell membrane lipid: fluidity regulation [278]. 
- Precursor of sterol lipids [278]. 
- Lipid rafts are enriched in cholesterol, among others [278]. 

Cholesterol esters (CE) 
- Cholesterol homeostasis [279]. 
- Important in adrenal cortex steroid production [280]. 

Polyketides - Antibiotic, antifungal and cytostatic properties [276]. 
Saccharolipids - Cell membrane lipids in bacteria [276]. 

Table II.1.: Main lipid families and sub-families and examples of their functions at different 
biological levels. 
 

Chromatographic techniques have been extremely useful for the integrative analysis of 

lipids in a holistic approach. In this thesis we used two methods for lipid analysis, thin 

layer chromatography (TLC) and liquid chromatography coupled to mass spectrometry 

(LC-MS). They present different characteristics regarding the lipid identification and 

applications and have been widely used for lipidomic studies in aquatic organisms 

[121,281]. 

 

II.1.2.2. Thin layer chromatography (TLC) 

Thin layer chromatography (TLC), which has been in use for several decades [282], allows 

the separation of the different lipid families based on their different partitioning 

between the mobile and stationary phases. In TLC, the usual stationary phase is silica 

and the partition coefficient mostly depends on the hydrophobicity of the lipids. It allows 

the separation of the different lipid families, but not the individual lipid species. Indeed, 

after the loading, elution and charring of the plate, each individual spot represents a lipid 

family, whose relative amount can be calculated by densitometry [283,284]. Regarding 
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classical TLC, high performance TLC (HPTLC) incorporates a smaller silica particle size, 

thinner layer, plate loading automation and/or double plate elution (with different 

eluents), providing low-diffused, clean and better separated bands and increased 

sensitivity [283,285,286]. For aquatic organisms, modified Folch lipid extraction methods 

and double plate elution with polar and non-polar solvents are performed to measure 

all main lipid families [75,287,288]. An example of double eluted HPLTC is shown in figure 

II.7. 

 
Figure II.7.: example of a double eluted high performance thin layer chromatography (HPLTC) of 
lipids extracted from zebrafish eleutheroembryos and peak densitometric integration. CE: 
cholesterol esters; WE: wax esters; TG: triacylglycerols; Ch: cholesterol; PE: 
phosphatidylethanolamines; PG: phosphatidylglycines; PI: phosphatidylinositols; PS: 
phosphatidylserines; PC: phosphatidylcholines; SM: sphingomyelins. 
 

Indeed, HPTLC it is a powerful screening method for determination of xenobiotics’ 

effects over each lipid family, usually before engaging in a more exhaustive but cost- and 

time-expensive high-performance liquid chromatography - mass spectrometry (HPLC-

MS) study. Although its low economic and time cost, minimal sample cleaning 
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requirements, and high number or replicates per run, HPTLC can show higher matrix 

effects than HPLC-MS, and very low concentrated lipid families cannot be quantified. 

 

Text box II.3. 

· Stationary phase: adsorbent substance fixed in an inert solid surface. In HP/TLC 
plates composed by a thin layer of silica gel disposed on a glass surface are widely 
used.  

· Mobile phase: eluent used to carry the analytes (in this case, the lipids). In HP/TLC 
plates, it is in liquid state and usually a non-polar, polar and mixes of organic solvents 
are used (hexane, methyl acetate, diethyl ether, chloroform, isopropanol…). The 
partition coefficient of each analyte between stationary and mobile phase will define 
its elution across the plate. 

· Plate elution: process by which the mobile phase progresses across the plate, by 
capillarity, separating analytes by their properties. 

· Retardation factor (Rf): in HPLTC, it is defined (for each analyte) as the ratio between 
its migration distance (distance traveled by the analyte in the plate) and the migration 
distance of the eluent front. 

· Plate charring: in lipid HPTLC, is the process by which the plate is heated and lipids 
oxidized, revealing its position by the apparition of a brown spot in the plate. Classical 
charring reagents (which are sprayed on the plate surface before the charring) usually 
involve copper (II) salts in acid aqueous medium [75,289]. 

 

II.1.2.3. High-performance liquid chromatography - mass spectrometry (HPLC-

MS) 

A TLC version using columns instead of plates was developed in the 60s. The system, 

based on the gravity force to let a mobile phase go through the stationary phase, placed 

inside the column, was rapidly improved during the 70s, using smaller size particles in 

the stationary phase and higher pressures for the elution process, marking the birth of 

high-pressure liquid chromatography (HPLC) [290]. Further refinements as even higher 

pressures, smaller particle size, use of pumps and autosamplers, detector coupling, and 
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other improvements, allow actualizing the term to high-performance liquid 

chromatography and even to ultra high-performance liquid chromatography (UHPLC), 

which uses chromatographic columns with particle size lower than 2 μm and pressures 

higher than 400 bars (≈ 395 atm). This drastically reduces the time of analysis and 

increases the compounds separation [291,292]. UHPLC-MS couples the UHPLC to a mass 

spectrometer for detection, identification and quantification of the lipids. Although 

being more cost-expensive, it also presents lower limits of detection and quantification 

(LOD/LOQ, respectively), and also reduces sample matrix effects [75,293–295]. 

Moreover, the main advantage of the HPLC-MS is the possibility to detect the different 

individual lipid species inside a specific family (because of the different chain length of 

the fatty acids), due to the mass analyzer (which allow the separation of the analytes by 

their m/z ratio) and the detector. A scheme of UHPLC-MS is shown in figure II.8. 

 
Figure II.8.: scheme of the main components of a high performance liquid chromatography - mass 
spectrometry system. For clarification purposes, disposal waste is not represented. HPLC column 
is commonly placed in a column heater, for temperature control. 
 

Very briefly, when the sample is injected, it passes along with the mobile phase 

(methanol, acetonitrile, mixes…) through the chromatographic column (silica C8 or C18, 

HILIC…) where the analytes are separated. Due to the action of one or several pumps, 

the flow can be controlled as well as the composition of the solvent (being isocratic if it 

remains constant or using a gradient elution if it changes over time). When the separated 

analytes exit from the column, they are ionized by an ion source (matrix assisted laser 
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desorption ionization (MALDI), electrospray ionization (ESI) or atmospheric pressure 

chemical ionization (APCI), among others). Once ionized, these ions have a specific mass-

to-charge ratio (m/z) and can be separated/selected by the mass analyzer (quadrupole 

mass filter, several ion traps, Fourier transform ion cyclotron resonance (FT-ICR-MS), 

time of flight (TOF)…) depending on this m/z. When the ions arrive to the detector 

(electron multiplier, Faraday cup, microchannel plate…), electric signals are produced 

which will be computerized to intensities, generating the total ion current 

chromatogram and mass spectra, from which several software could extract the peak 

areas of each analyte. Data analysis can be untargeted (for example, using the regions 

of interest (ROI) [296]) or semi-targeted (searching for specific m/z values of known 

lipids) [74,75]. The last approach is indeed still considered as omic as long as the number 

of measured lipids would be considerably high and representative of the sample. 

 

Text box II.4. 

· m/z: mass-to-charge ratio of the ionized lipids (or analytes, in general). Relationship 
between its molecular mass (in unified atomic mass units (u)) and its electric charge. 

· Elution time: time that each lipid (or analyte, in general) requires to pass through the 
column, from injection to detection. Similar to Rf in HPTLC. 

· Mass analyzer: mass spectrometer component that uses static or dynamic electric 
and/or magnetic fields to separate ions by their different m/z ratio. MS instruments 
are usually called by the name of its mass analyzer. 

· Normal and reverse phase chromatography: in normal phase HPLC, stationary phase 
is polar and mobile phase is non-polar. Non-polar analytes will be the first to be 
eluted. Reverse phase HPLC uses a non-polar stationary phase and a polar mobile 
phase. Polar analytes will be the first to be eluted. 

 

II.1.3. Epigenomics 

Epigenomics represent the holistic approach of epigenetics (see section I.5. in the 

introduction). The study of chromatin modifications, DNA methylome or miRNAome are 

the common approaches for the identification of the epigenetic footprints, at different 



Applied omics/integrative assays - Lipidomics 

 

PhD Thesis of R. Martínez            69 
 

 

levels. The two techniques used during this thesis (analysis of DNA methylation and of 

miRNAs) are briefly explained below. 

 

Text box II.5. 

· DNA methylome: set of all cytosine methylations of the complete genome of an 
organism (or specific tissue or cell). 

· miRNAome: set of all miRNAs expressed in an organism (or specific tissue or cell).  

 

II.1.3.1. miRNAs 

The prediction of possible miRNAs candidates to be both affected by a xenobiotic or to 

mediate its effects can be difficult considering the complex multiple mRNAs-miRNAs 

interactions (see section I.5.1.). Indeed, the omic approach i.e. the measurement of the 

complete miRNAome (via RNA-Seq [297,298]) can be a powerful tool in 

toxicoepigenomics for stablishing the effects of a xenobiotic at this epigenetic level.  

Nevertheless, the development during the last years of some predictions tools to both 

predict the transcripts targeted by a specific miRNA and the miRNAs that can target a 

specific mRNA, in several organisms [299] (http://www.targetscan.org/vert_72/), allows 

to perform the study of several miRNAs via “classical” targeted real time qPCR approach 

(analogously as mRNAs). Essentially, same protocols are used although an addition of 

polyadenylation step is required for the amplification of miRNAs. In opposition to an 

mRNA qPCR, where a pair of primers are designed, in miRNAs qPCRs, a universal reverse 

primer is used for the polyA tail while the forward primer consists in the same miRNA 

sequence. 

 

II.1.3.2. DNA methylation 

Toxicoepigenomics frequently takes advantage of the whole genome bisulfite 

sequencing (WGBS) to detect differentially methylated regions (DMRs) induced by the 

exposure [171,196]. WGBS relies in the same high-throughput sequencing technologies 

explained in section II.1.1.3.1. although a previous genomic DNA treatment with bisulfite 
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is added. Bisulfite treatment converts all unmethylated cytosines to uracils but not both 

methylated cytosines (5mC) nor hydroxymethylated cytosines (5hmC) [300,301]. Thus, 

uracils will be converted to thymines in the amplification and sequencing process 

meanwhile 5mC and 5hmC will remain as cytosines after the amplification [300,301]. 

Indeed, the comparison of the obtained sequences with a reference genome and/or with 

a non-bisulfite-treated genome, allow us to determine the methylation status of each 

individual CpG position. Taking into account all the obtained reads, their percentage of 

methylation could be evaluated. 

Considering the sequence depth and the genome length, usually only few tens or 

hundreds of reads are obtained per each position. Thus, this approach only allow to 

detect changes in methylation higher than an specific percentage and usually 10% or 

higher values are used as cut-offs [193,302]. On the other hand, targeted analysis are 

also commonly performed, amplifying and sequencing only certain genome regions. 

That allows to achieve a higher sequence depth (thousands or tens of thousands of reads 

per position) and detect smaller percentage methylation changes [303].  

 

II.1.4. Morphometrics 

Morphometrics, which assess morphological abnormalities using automatable and 

repeatable methods, have been proposed to study phenotypic effects of exposure to 

pollutants in a holistic manner [139,215,304].  Transparent organisms (as zebrafish 

larvae) that allow the uncomplicated visualization of internal organs are extremely 

useful for morphometrics. In this way, as macroscopical phenotypes showed by the 

exposed individuals can be correlated with the effects of a given xenobiotic at different 

biological levels [139,215], morphometrics represents a powerful fast, cost-effective and 

easy method for screening. Indeed, the use of these integrative morphometric analyses 

has been proposed for the study of possible pathways or MoA of different xenobiotics 

[139]. Multivariate tests as principal components analyses (PCAs) are used to assess the 

“degree of affection” of each individual due to the exposure [305–307]. An example of 

morphometric and PCA analyses performed in zebrafish larvae is shown in figure II.9. 
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Figure II.9. (modified from [140]): example of morphometrics performed in zebrafish larvae 
and principal component analysis (PCA) for multivariate integration purpose. 

 

II.2. Selected endocrine disrupting chemicals (EDCs) used in this study  

Integrative analysis and omics technologies were used in this thesis to study the effects 

of a delimited set of compounds (figure II.10), reported to be endocrine disruptors, in 

zebrafish individuals, mainly at their first stages of development.  BPA (bisphenol A) was 

chosen as a representative of a loose family of EDC that includes other bisphenols and 

alkylphenols, mainly used as plasticizers, polymer precursors and flame retardants. PFOS 

(perfluorooctanesulfonate) was studied among the perfluorinated compounds, which 

are used in fire-fighting foams, metal electroplating industry or teflon production. TBT 

(tributyltin) was studied as an example of organotins, used as stabilizers in polyvinyl 

chloride, anti-fouling paints, antifungal agents, and wood preservatives. 

 
Figure II.10.: chemical structure of the three main EDCs studied in this thesis (BPA, TBT and 
PFOS). Abbreviations and common names are coloured in red, blue and green (for each 
compound). Systematic IUPAC names are expressed in black. 
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Even the legal restrictions in the production and uses of BPA, PFOS and TBT issued by 

many international agencies [308–314], they are still present in the environment, which 

can be explained by their low degradation (long half-lives), illegal uses, and wastes from 

their still authorized applications [315–319]. For that reason, environmental levels (at 

least, in some parts of the world) are found to be at the same order of magnitude that 

those found to exert certain adverse effects in living organisms, which is a cause of 

concern [320–322]. Table II.2. describes ranges of environmental concentrations found 

in water bodies. 

 
BPA 

[320,323–325] 
TBT 

[317,326,327] 
PFOS 

[328–330] 

Surface and 
effluents waters 

0-56 ppb 
Rivers: 0.10-0.16 ppb 

Coastal waters: 0.02-4.6 ppb 
0.00-0.3 ppb 

Landfill leachates 
and wastewaters 

0.001-17 ppm 0.06-0.22 ppb 0.00-0.64 ppb 

Table II.2.: environmental levels of bisphenol A (BPA), perfluorooctanesulfonate (PFOS) and 
tributyltin (TBT). Parts per million: ppm (mg/L); parts per billion: ppb (μg/L). 
 

While showing very different chemical structures, BPA, PFOS and TBT have been not only 

reported to have endocrine disrupting effects but specifically, to show obesogenic 

properties or affect lipid metabolism in some vertebrate models, including zebrafish 

[102,107–109,331–333]. Nevertheless, as they have been proposed to interact with 

different nuclear receptors [97,334–338], both their modes of action and their 

phenotypic manifestations probably differ. Several effects of BPA, TBT and PFOS in 

zebrafish have been reported during last decades, most of them derived from the 

measurement of a reduced dataset of analytes (transcripts, metabolites…) or phenotypic 

observations [339–344]. Although the implementation of omic technologies in some of 

these environmental toxicology studies took place, they were mostly limited to a single-

dose exposure, or on adult differentiated tissue, or using unhatched eggs, when several 

developmental processes were not yet taken place [341,344–350].  
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To our knowledge, to date, only a couple of studies had integrated a dose-response 

design with a full omic technology (regardless of the omic used) to study the effects of 

BPA, TBT or PFOS during zebrafish embryogenesis (0-5 dpf) [351,352]. Indeed, the 

novelty of this thesis relies on the use and combination of several omics and integrative 

analyses and a dose-response design exposure in the study of effects of BPA, TBT and 

PFOS in the zebrafish during its embryogenesis; and the implementation of the 

benchmark dose approach [353] to compare both the different omics (and/or integrative 

analyses) and the different EDCs. 

 
Text box II.6. 

· Benchmark dose (BMD): threshold reference value at which it can be considered that 
biological effects start to take place. It is computationally calculated adjusting the 
effects to different mathematical models and substitutes traditionally used values as 
NOEC (no observed effect concentration) or LOEC (lowest observed effect 
concentration). 
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“I have steadily endeavored to keep my mind free so as to give y p y f g

up any hypothesis […] as soon as the facts are shown to be p y yp

opposed to it” 

Charles Darwin 
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The fact that some EDCs can act as obesogens is well stablished. Although many 
advances have been reached to determine their mode of action, several aspects remain 
unclear as if all obesogens act through disruption of the same pathways, if they behave 
similarly under a dose-response scenario, or if there are any molecular signatures that 
could be used as biomarkers of exposure to any obesogen-like compound, 
independently of its nature. To answer these fundamental questions, we selected three 
compounds, BPA, PFOS, and TBT, known by their obesogenic properties in different 
systems, and zebrafish eleutheroembryos as animal model. In this context, the main 
hypothesis and goals in this thesis are: 
 

 General hypotheses 
- Obesogenic effects can be studied in zebrafish embryos at stages in which no proper 
adipose tissue is developed yet, by integrating morphometric, biochemical, lipidomic, 
and transcriptomic data. 

- At least some of the obesogenic-related alterations in zebrafish embryos can propagate 
to later developmental stages (eventually, up to the adult stage). 

- Despite their fundamental structural differences, BPA, PFOS and TBT should have 
common dysregulatory effects that account for their alleged obesogenic properties. 
 

 General objectives 
 - To study the endocrine disruption and other effects of BPA, PFOS and TBT at different 
biological levels in exposed zebrafish eleutheroembryos using omic technologies and 
integrative analyses. 

- To integrate the results from the different biological levels to increase the knowledge 
of the mode of action of BPA, PFOS and TBT in zebrafish eleutheroembryos exposed to 
these endocrine disruptors. 
 

 Specific objectives 
- To evaluate the morphological alterations exerted by BPA, PFOS and TBT in zebrafish 
eleutheroembryos and to define non-lethal concentrations to be used in transcriptomic 
studies. 

Article I: “Morphometric signatures of exposure to endocrine disrupting chemicals in 
zebrafish eleutheroembryos”. 
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- To evaluate (through RNA-Seq) and functionally interpret transcriptomic dose-
response effects of BPA, PFOS and TBT in zebrafish eleutheroembryos and to link them 
to other biological levels. 

Article II: “Dose-dependent transcriptomic responses of zebrafish eleutheroembryos to 
Bisphenol A”. 

Article III: “Unravelling the mechanisms of PFOS toxicity by combining morphological and 
transcriptomic analyses in zebrafish embryos”. 

Article IV: “Transcriptomic effects of tributyltin (TBT) in zebrafish eleutheroembryos. A 
functional benchmark dose analysis”. 

- To study lipid dysregulation in zebrafish eleutheroembryos through advanced lipidomic 
methodologies. 

Article V: “Changes in lipid profiles induced by bisphenol A (BPA) in zebrafish 
eleutheroembryos during the yolk sac absorption stage”. 

- To study long-term effects of obesogenic disruption and to investigate the possible role 
of epigenetic mechanisms. 

Article VI: “Acute and long-term metabolic consequences of early developmental Bisphenol 
A exposure in zebrafish (Danio rerio)”. 

Article VII: “Alterations of DNA methylation levels of key genes related to BPA exposures in 
zebrafish embryos” 

- To use advanced integrative techniques to propose an adverse outcome pathway (AOP) 
for BPA, PFOS and TBT in zebrafish eleutheroembryos, and to identify both common and 
specific mechanisms of toxicity. 

Discussion section. 
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“That all our knowledge begins with experience g

there can be no doubt” 

Immanuel Kant 
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Chapter I:  
Morphometric alterations in zebrafish eleutheroembryos 
induced by bisphenol A (BPA), perfluorooctanesulfonic acid 
(PFOS), tributyltin chloride (TBT), and 17-β-estradiol (E2). 
 
Morphological phenotypes of exposure to bisphenol A (BPA), perfluorooctanesulfonic 

acid (PFOS), tributyltin chloride (TBT), and 17-β-estradiol (E2) in zebrafish (Danio rerio) 

eleutheroembryos were assessed. The goal was to identify morphometric signatures that 

could be linked with the mode of action (MoA) of the above mentioned compounds as 

understanding the MoAs of the different pollutants in human and wildlife health is a key 

step in environmental risk assessment. At this point, these methodized morphometric 

analyses in zebrafish embryo model could represent an inexpensive and easy screening 

tool to predict these MoAs. Using a dose-response setup, morphological equitoxicity at 

equilethal concentrations were also assessed. No observed adverse effect levels (NOAELs) 

and lowest observed adverse effect levels (LOAELs) were determined, with the objective 

to perform the next transcriptomic assays at one of those concentrations. 
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Stock solution 
(mM)

Experimental solution 
(dose) (μM)

Equilethal dose 
(relative)

(DMSO) 0 (Control) 0 (Control)
0.22 0.44 0.01
2.19 4.38 0.10
4.38 8.76 0.20
8.76 17.5 0.40
13.14 26.3 0.60
17.52 35.0 0.80
21.90 43.8 1.00

109.50 219.0 5.00
219.00 438.0 10.00

(DMSO) 0 (Control) 0 (Control)
0.10 0.20 0.01
0.25 0.50 0.03
0.50 1.00 0.07
1.00 2.00 0.13
2.50 5.00 0.33
5.00 10.0 0.67
7.50 15.0 1.00
10.00 20.0 1.33

100.00 200.0 13.33
(DMSO) 0 (Control) 0 (Control)
1.5 · 10-4 3.0 · 10-4 2.0 · 10-3

1.5 · 10-3 3.0 · 10-3 0.02
0.015 0.03 0.20
0.050 0.10 0.67
0.075 0.15 1.00
0.100 0.20 1.33
0.125 0.25 1.67
0.150 0.30 2.00

(DMSO) 0 (Control) 0 (Control)
0.05 0.1 0.01
0.50 1.0 0.10
1.00 2.0 0.20
2.00 4.0 0.40
3.00 6.0 0.60
4.00 8.0 0.80
5.00 10.0 1.00
50.00 100.0 10.00

BPA

PFOS

TBT

E2

Supplemental table ST1. Summary of the stocks solutions and the exposures 
doses (μM and its equivalence in equilethality) used in this study.
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Treatment Concentration
total nº of 

larvae
nº of larvae 

with scoliosis
% of larvae 

with scoliosis
Significance

DMSO 48 2 4.2
0.44 μM 50 0 0.0
4.4 μM 50 2 4.0
8.8 μM 49 1 2.0

17.5 μM 49 4 8.2
26.3 μM 49 2 4.1
35.0 μM 50 8 16.0
43.8 μM - - -
DMSO 50 0 0.0
0.2 μM 50 0 0.0
0.5 μM 49 0 0.0
1.0 μM 50 0 0.0
2.0 μM 50 0 0.0
5.0 μM 50 1 2.0

10.0 μM 50 9 18.0 **
15.0 μM 45 18 40.0 ****
DMSO 50 2 4.0

3.0·10-4 μM 50 0 0.0

3.0·10-3 μM 48 1 2.1

3.0·10-2 μM 51 0 0.0
0.10 μM 48 1 2.1
0.15 μM 42 6 14.3
DMSO 58 1 1.7
0.1 uM 52 2 3.8
1 uM 60 1 1.7
2 uM 57 1 1.8
4 uM 61 1 1.6
6 uM 59 3 5.1
8 uM 59 1 1.7
10 uM 56 5 8.9

BPA

PFOS

TBT

E2

Supplemental table ST3. Scoliosis presence in the eleutheroembryos exposed to BPA, PFOS, 
TBT and E2. Fisher’s exact tests were performed to detect statistical differences between 
each group and its control group: * (p < 0.05), ** (p < 0.01), *** (p < 0.001), **** (p < 0.0001).
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Dose (μM) Mean ± SD (mm) Mean ± SD (mm2) Mean ± SD (mm2)

0 (Control) 3.56 ± 0.19 a 0.0 0.000 ± 0.017 a 5.0 0.056 ± 0.01 a 0.0
0.44 3.51 ± 0.19 ab -1.4 0.005 ± 0.027 a 4.8 0.054 ± 0.013 ab -3.6
4.38 3.55 ± 0.16 a -0.3 0.004 ± 0.023 a 4.8 0.058 ± 0.011 a 3.6
8.76 3.50 ± 0.15 ab -1.7 0.009 ± 0.021 ab 4.6 0.057 ± 0.008 a 1.8
17.5 3.44 ± 0.14 bc -3.4 0.035 ± 0.040 b 4.2 0.057 ± 0.011 a 1.8
26.3 3.46 ± 0.13 abc -2.8 0.082 ± 0.044 c 3.7 0.046 ± 0.021 b -17.9
35.0 3.38 ± 0.15 c -5.1 0.125 ± 0.069 c 3.4 0.033 ± 0.013 c -41.1
43.8 - - - - - -

0 (Control) 3.63 ± 0.17 a 0.0 0.000 ± 0.000 a 5.0 0.051 ± 0.008 a 0.0
0.20 3.61 ± 0.15 a -0.6 0.000 ± 0.000 a 5.0 0.050 ± 0.007 a -2.0
0.50 3.59 ± 0.16 a -1.1 0.000 ± 0.000 a 5.0 0.051 ± 0.007 a 0.0
1.00 3.59 ± 0.14 a -1.1 0.000 ± 0.000 a 5.0 0.050 ± 0.005 a -2.0
2.00 3.61 ± 0.15 a -0.6 0.000 ± 0.000 a 5.0 0.051 ± 0.009 a 0.0
5.00 3.56 ± 0.15 ab -1.9 0.001 ± 0.004 ab 4.9 0.046 ± 0.008 a -9.8
10.0 3.48 ± 0.16 bc -4.1 0.005 ± 0.011 bc 4.8 0.033 ± 0.005 b -35.3
15.0 3.30 ± 0.22 c -9.1 0.011 ± 0.017 c 4.6 0.032 ± 0.007 b -37.3

0 (Control) 3.47 ± 0.13 a 0.0 0.000 ± 0.010 a 5.0 0.063 ± 0.008 a 0.0

3.0 · 10-4 3.44 ± 0.13 a -0.9 0.003 ± 0.016 a 4.8 0.060 ± 0.008 a -4.8

3.0 · 10-3 3.42 ± 0.13 ab -1.4 0.000 ± 0.008 a 5.0 0.063 ± 0.008 a 0.0
0.03 3.40 ± 0.12 ab -2.0 0.000 ± 0.004 a 5.0 0.059 ± 0.009 a -6.3
0.10 3.44 ± 0.11 a -0.9 0.004 ± 0.014 a 4.8 0.057 ± 0.009 a -9.5
0.15 3.35 ± 0.16 b -3.5 0.039 ± 0.023 b 4.2 0.037 ± 0.005 b -41.3

0 (Control) 3.77 ± 0.10 a 0.0 0.000 ± 0.004 a 5.0 0.063 ± 0.006 a 0.0
0.1 3.82 ± 0.12 ab 1.3 0.001 ± 0.01 a 4.9 0.063 ± 0.006 a 0.0
1.0 3.83 ± 0.10 ab 1.6 0.000 ± 0.004 a 5.0 0.062 ± 0.006 a -1.6
2.0 3.85 ± 0.12 b 2.1 0.004 ± 0.015 a 4.8 0.060 ± 0.005 ab -4.8
4.0 3.85 ± 0.12 b 2.1 0.004 ± 0.011 a 4.8 0.057 ± 0.006 b -9.5
6.0 3.88 ± 0.12 b 2.9 0.012 ± 0.021 b 4.6 0.055 ± 0.009 b -12.7
8.0 3.82 ± 0.12 ab 1.3 0.023 ± 0.026 b 4.4 0.046 ± 0.011 c -27.0

10.0 3.82 ± 0.11 ab 1.3 0.048 ± 0.032 c 4.1 0.032 ± 0.008 d -49.2

3 dpf 3.23 ± 0.22 a -9.7 0.170 ± 0.032 a 3.0 0.031 ± 0.013 a -44.2
4 dpf 3.46 ± 0.12 b -3.3 0.039 ± 0.047 b 4.0 0.050 ± 0.007 b -9.1
5 dpf 3.57 ± 0.14 c 0.0 0.000 ± 0.004 c 5.0 0.055 ± 0.005 bc 0.0
6 dpf 3.65 ± 0.11 c 2.2 0.000 ± 0.001 c 6.0 0.056 ± 0.006 c 2.2

E2

Age 
control

Supplemental table ST4 (part I). Summary of the morphometric features measured in the eleutheroembryos. Absolute 
mean values ± SD (standard deviation) of each group are shown. Distances are measured in mm, HTA in arc degrees, and 
areas in mm2. In the case of EL and EW, values reflect the mean of the size of both eyes. Superscript letters indicate 
statistically different distributions (Kruskal-Wallis non-parametric test with pairwise multiple comparisons, p < 0.05). 
Fold changes regarding the control group are represented except for YSA (which change is shown as equivalent area 
regarding the age control). Equivalent area refers to the age (dpf) when eleutheroembryos show a similar value of YSA in 
absence of any pollutant) and it was calculated interpolating the YSA value in the polynomic regression explained in 
section 2.3. Arrows help the visualization of the direction (increase or decrease) of the fold change.

BPA

PFOS

TBT

Fold 
change (%)

Equivalent 
Area

Fold 
change (%)

BL (body length) YSA (yolk sac area) SBA (swim bladder area)
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Dose (μM) Mean ± SD    (mm) Mean ± SD    (mm) Mean ± SD    (mm)

0 (Control) 0.240 ± 0.018 ab 0.0 0.509 ± 0.036 a 0.0 0.293 ± 0.019 a 0.0
0.44 0.238 ± 0.015 ab -0.8 0.465 ± 0.036 b -9.8 0.288 ± 0.017 ab -1.7
4.38 0.243 ± 0.013 a 1.3 0.465 ± 0.024 b -9.8 0.290 ± 0.011 a -1.0
8.76 0.237 ± 0.012 ab -1.3 0.442 ± 0.019 c -13.7 0.280 ± 0.010 bc -4.4
17.5 0.233 ± 0.015 bc -2.9 0.438 ± 0.023 c -13.7 0.273 ± 0.014 c -6.8
26.3 0.220 ± 0.023 c -8.3 0.467 ± 0.034 b -7.8 0.269 ± 0.014 c -8.2
35.0 0.198 ± 0.024 d -17.5 0.474 ± 0.037 b -7.8 0.246 ± 0.017 d -16.0
43.8 - - - - - -

0 (Control) 0.233 ± 0.017 a 0.0 0.596 ± 0.029 a 0.0 0.320 ± 0.014 ab 0.0
0.20 0.229 ± 0.018 ab -1.7 0.593 ± 0.027 a -1.7 0.316 ± 0.011 ab -1.3
0.50 0.236 ± 0.019 a 1.3 0.585 ± 0.028 a -3.3 0.314 ± 0.012 b -1.9
1.00 0.233 ± 0.017 a 0.0 0.578 ± 0.028 a -3.3 0.313 ± 0.012 b -2.2
2.00 0.232 ± 0.016 a -0.4 0.590 ± 0.027 a -1.7 0.324 ± 0.011 a 1.3
5.00 0.228 ± 0.018 ab -2.1 0.544 ± 0.037 b -10.0 0.317 ± 0.011 ab -0.9
10.0 0.215 ± 0.023 b -7.7 0.484 ± 0.016 c -20.0 0.304 ± 0.011 c -5.0
15.0 0.197 ± 0.017 c -15.5 0.477 ± 0.025 c -20.0 0.291 ± 0.013 c -9.1

0 (Control) 0.243 ± 0.014 ab 0.0 0.541 ± 0.025 ab 0.0 0.290 ± 0.012 a 0.0

3.0 · 10-4 0.242 ± 0.015 ab -0.4 0.542 ± 0.023 ab 0.0 0.293 ± 0.012 a 1.0

3.0 · 10-3 0.238 ± 0.016 ab -2.1 0.534 ± 0.023 b -1.9 0.287 ± 0.011 a -1.0
0.03 0.247 ± 0.015 a 1.6 0.555 ± 0.025 a 3.7 0.285 ± 0.013 a -1.7
0.10 0.234 ± 0.016 b -3.7 0.534 ± 0.026 b -1.9 0.276 ± 0.011 b -4.8
0.15 0.211 ± 0.013 c -13.2 0.493 ± 0.018 c -9.3 0.255 ± 0.010 c -12.1

0 (Control) 0.248 ± 0.013 ab 0.0 0.597 ± 0.023 ab 0.0 0.350 ± 0.011 a 0.0
0.1 0.248 ± 0.014 ab 0.0 0.600 ± 0.026 ab 0.0 0.349 ± 0.011 a -0.3
1.0 0.253 ± 0.012 a 2.0 0.597 ± 0.031 ab 0.0 0.351 ± 0.010 a 0.3
2.0 0.242 ± 0.013 b -2.4 0.594 ± 0.026 b -1.7 0.350 ± 0.008 a 0.0
4.0 0.241 ± 0.011 b -2.8 0.610 ± 0.033 ab 1.7 0.347 ± 0.012 a -0.9
6.0 0.242 ± 0.013 b -2.4 0.610 ± 0.027 a 1.7 0.345 ± 0.009 ab -1.4
8.0 0.242 ± 0.015 b -2.4 0.595 ± 0.025 ab 0.0 0.340 ± 0.010 b -2.9

10.0 0.219 ± 0.017 c -11.7 0.567 ± 0.019 c -5.0 0.326 ± 0.011 c -6.9

3 dpf 0.185 ± 0.015 a -22.1 0.541 ± 0.036 a -3.3 0.306 ± 0.013 a -6.9
4 dpf 0.222 ± 0.015 b -6.2 0.528 ± 0.028 a -5.6 0.314 ± 0.013 a -4.5
5 dpf 0.237 ± 0.011 bc 0.0 0.559 ± 0.027 b 0.0 0.328 ± 0.009 b 0.0
6 dpf 0.248 ± 0.014 c 4.7 0.545 ± 0.022 ab -2.6 0.336 ± 0.008 b 2.2

E2

Age 
control

Supplemental table ST4 (part II). Summary of the morphometric features measured in the eleutheroembryos. Absolute 
mean values ± SD (standard deviation) of each group are shown. Distances are measured in mm, HTA in arc degrees, and 
areas in mm2. In the case of EL and EW, values reflect the mean of the size of both eyes. Superscript letters indicate 
statistically different distributions (Kruskal-Wallis non-parametric test with pairwise multiple comparisons, p < 0.05). Fold 
changes regarding the control group are represented except for YSA (which change is shown as equivalent area regarding 
the age control). Equivalent area refers to the age (dpf) when eleutheroembryos show a similar value of YSA in absence of 
any pollutant) and it was calculated interpolating the YSA value in the polynomic regression explained in section 2.3. 
Arrows help the visualization of the direction (increase or decrease) of the fold change.

BPA

PFOS

TBT

Fold 
change (%)

Fold 
change (%)

Fold 
change (%)

ESD (eye-snout distance) HW (head width) EL (eye length)
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Dose (μM) Mean ± SD    (mm) Mean ± SD     (mm)
Mean ± SD 
(degrees)

0 (Control) 0.202 ± 0.009 a 0.0 0.105 ± 0.023 bc 0.0 162.3 ± 3.9 ab 0.0
0.44 0.184 ± 0.008 bc -8.9 0.097 ± 0.027 cd -7.6 161.4 ± 3.5 ab -0.6
4.38 0.189 ± 0.007 ab -6.4 0.087 ± 0.016 de -17.1 158.6 ± 2.9 c -2.3
8.76 0.181 ± 0.007 c -10.4 0.080 ± 0.009 e -23.8 159.4 ± 3.3 bc -1.8
17.5 0.171 ± 0.007 d -15.3 0.095 ± 0.015 cd -9.5 155.1 ± 4.3 d -4.4
26.3 0.173 ± 0.007 d -14.4 0.123 ± 0.031 ab 17.1 156.8 ± 5.2 cd -3.4
35.0 0.172 ± 0.008 d -14.9 0.130 ± 0.033 a 23.8 163.7 ± 5.9 a 0.9
43.8 - - - - - -

0 (Control) 0.222 ± 0.011 a 0.0 0.156 ± 0.013 ab 0.0 163.6 ± 2.8 a 0.0
0.20 0.221 ± 0.010 a -0.5 0.159 ± 0.014 a 1.9 166.2 ± 2.6 a 1.6
0.50 0.221 ± 0.009 a -0.5 0.151 ± 0.017 abc -3.2 165.6 ± 2.6 a 1.2
1.00 0.221 ± 0.010 a -0.5 0.143 ± 0.019 bc -8.3 164.7 ± 2.4 a 0.6
2.00 0.219 ± 0.009 a -1.4 0.154 ± 0.015 ab -1.3 159.2 ± 2.8 b -2.7
5.00 0.208 ± 0.009 b -6.3 0.133 ± 0.027 c -14.7 157.3 ± 5.0 b -3.9
10.0 0.195 ± 0.009 c -12.2 0.101 ± 0.011 d -35.3 144.1 ± 5.8 c -11.9
15.0 0.188 ± 0.012 c -15.3 0.103 ± 0.011 d -34.0 144.8 ± 7.9 c -11.5

0 (Control) 0.194 ± 0.009 a 0.0 0.160 ± 0.016 ab 0.0 168.4 ± 2.4 a 0.0

3.0 · 10-4 0.195 ± 0.008 a 0.5 0.154 ± 0.014 ab -3.8 171.7 ± 2.6 b 1.9

3.0 · 10-3 0.193 ± 0.010 a -0.5 0.156 ± 0.012 bc -2.5 169.0 ± 2.6 a 0.3
0.03 0.196 ± 0.007 a 1.0 0.169 ± 0.018 a 5.6 171.2 ± 2.6 b 1.6
0.10 0.187 ± 0.009 b -3.6 0.168 ± 0.014 a 5.0 170.1 ± 3.5 ab 1.0
0.15 0.178 ± 0.006 c -8.2 0.149 ± 0.013 c -6.9 169.9 ± 3.9 ab 0.8

0 (Control) 0.232 ± 0.010 ab 0.0 0.133 ± 0.018 ab 0.0 160.0 ± 2.8 a 0.0
0.1 0.236 ± 0.010 a 1.7 0.129 ± 0.021 ab -3.0 159.4 ± 3.2 abc -0.4
1.0 0.235 ± 0.012 a 1.3 0.127 ± 0.019 a -4.5 159.6 ± 3.1 ab -0.3
2.0 0.232 ± 0.008 ab 0.0 0.131 ± 0.023 ab -1.5 156.3 ± 3.3 d -2.3
4.0 0.235 ± 0.011 ab 1.3 0.141 ± 0.023 bc 6.0 157.7 ± 3.9 bcd -1.4
6.0 0.230 ± 0.010 ab -0.9 0.151 ± 0.022 c 13.5 156.0 ± 4.3 d -2.5
8.0 0.229 ± 0.008 b -1.3 0.138 ± 0.017 abc 3.8 159.4 ± 4.1 abc -0.4

10.0 0.215 ± 0.007 c -7.3 0.135 ± 0.015 ab 1.5 157.1 ± 4.7 cd -1.8

3 dpf 0.208 ± 0.010 a -9.1 0.120 ± 0.018 a 8.4 164.0 ± 6.2 a 1.7
4 dpf 0.213 ± 0.009 a -7.1 0.102 ± 0.017 b -8.0 163.1 ± 4.3 ab 1.2
5 dpf 0.229 ± 0.013 b 0.0 0.110 ± 0.011 ab 0.0 161.2 ± 3.1 b 0.0
6 dpf 0.224 ± 0.009 b -2.0 0.103 ± 0.012 b -6.9 161.0 ± 3.2 b -0.2

E2

Age 
control

Supplemental table ST4 (part III). Summary of the morphometric features measured in the eleutheroembryos. Absolute 
mean values ± SD (standard deviation) of each group are shown. Distances are measured in mm, HTA in arc degrees, and 
areas in mm2. In the case of EL and EW, values reflect the mean of the size of both eyes. Superscript letters indicate 
statistically different distributions (Kruskal-Wallis non-parametric test with pairwise multiple comparisons, p < 0.05). 
Fold changes regarding the control group are represented except for YSA (which change is shown as equivalent area 
regarding the age control). Equivalent area refers to the age (dpf) when eleutheroembryos show a similar value of YSA 
in absence of any pollutant) and it was calculated interpolating the YSA value in the polynomic regression explained in 
section 2.3. Arrows help the visualization of the direction (increase or decrease) of the fold change.

Fold 
change (%)

Fold 
change (%)

Fold 
change (%)

BPA

PFOS

TBT

EW (eye width) IOD (interocular distance) HTA (head-trunk angle)
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Chapter II: 

Transcriptomic deregulation in zebrafish eleutheroembryos 
induced by BPA, PFOS and TBT. High-throughput sequencing 
analyses of the transcriptome: RNA-Seq. 

 
Once morphometric signatures of BPA, PFOS and TBT were assessed and their toxicity 

and lethality studied, zebrafish eleutheroembryos were exposed from 2 to 5 days post 

fertilization (dpf) to sub-lethal concentrations, far from their general toxicity, and 

transcriptomic analyses were performed. RNA-sequencing technology was used to 

sequence the whole transcriptome. Dose-response exposures ranged from 0.44 to 17.5 

μM of BPA, from 0.06 to 2.0 μM of PFOS, and from 0.0017 to 0.056 μM of TBT. 

Differentially expressed genes (DEGs) were determined, and functional analyses 

performed, with the goal to increase the knowledge of the mode of action of BPA, PFOS 

and TBT in the zebrafish eleutheroembryos. Most affected biological pathways were 

assessed. Transcriptomic dysregulations were compared and correlated with the 

morphometric signatures that took place at higher concentrations. 
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Dose-dependent transcriptomic responses of zebrafish eleutheroembryos to 
Bisphenol A 
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Status: Published 
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Supplementary methods 

Supp. method 1: RT-qPCR analysis 
Total RNA from 9 replicates (10 larvae per replicate) was extracted using the Trizol 
method following the manufacturer protocol (Ambion, Thermo Fisher Scientific). 
Extracted concentrations were assessed with a NanoDrop® 8000 UV-Vis 
Spectrophotometer (Thermo Scientific) and genomic undesirable DNA was removed 
with Ambion™ DNase I (Thermo Fisher Scientific). RNA was reverse-transcribed to cDNA 
using Transcriptor First Strand cDNa Sythesis Kit (Roche Diagnostics) following 
manufacturer's protocols. A no-RT negative controls were also prepared by replacing the 
RT enzyme with water. To measure the relative mRNA abundances of target genes, 
quantitative real-time polymerase chain reactions (qRT-PCR) were carry out, using a 
LightCycler® 480 Real-Time PCR System (Roche Diagnostics, Mannheim, Germany). The 
amplification program consisted of 10 min at 95 °C, followed by 45 cycles (10 s at 95 °C, 
30 s at 60 °C). After the amplification, a dissociation analysis was also programmed 
(obtaining a melting curve) to evaluate the specificity of the reaction. The amplification 
reaction efficiency for each gene was assessed (Supplementary Table ST3). Relative 
transcript abundance were calculated from maximum of the second derivative (Cp, 
calculated by technical duplicates) of their respective amplification curves. PPIAa was 
used as a reference gene. Cp values for target genes (Cptg) were normalized to the 
average Cp values of reference gene, following the equation: ΔCptg = CpPPIAa – Cptg. 
Transcript abundance changes in samples were calculated by the ΔΔCp method [1]: 
ΔΔCptg = ΔCptg (control group) − ΔCptg (exposed group). From those ΔΔCptg values, fold-
change ratios were obtained. 
 

[1] M. W. Pfaffl, “A new mathematical model for relative quantification in real-time RT-
PCR,” Nucleic Acids Res., 2001. 
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Supplementary Table ST4. David Functional Analysisa) results for both gene clusters, individual and combined (only results with FDR≤5%)
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KEGG compund ID Metabolite name Best Model BMD BMDL BMDU
C00157 PC(36:5) Power model 3.532E-06 3.532E-06 3.538E-06
C01835 Maltotriose Power model 9.162E-04 1.550E-07 5.691E-01
C06054 2-Oxo-3-hydroxy-4-phosphobutanoic acid Power model 2.474E-01 4.771E-09 1.916E+01
C00020 Adenosine monophosphate 3º order polynomial 3.096E-01 2.134E-01 5.405E-01
C00020 Adenosine monophosphate 4º order exponential 5.200E-01 2.394E-01 1.834E+00
C04230 LysoPC(18:0) 2º order polynomial 1.183E+00 8.585E-01 1.804E+00
C00157 PC(32:1) 4º order exponential 1.530E+00 7.137E-01 3.461E+00
D01947 Glyceryl 1-monostearate 2º order polynomial 1.736E+00 1.241E+00 2.746E+00

- Dehydrodiconiferyl alcohol 2º order polynomial 1.882E+00 1.339E+00 3.014E+00
- Methylhexadecanoic acid 2º order polynomial 2.152E+00 1.517E+00 3.522E+00

C11133 Estrone glucuronide 2º order polynomial 2.169E+00 1.527E+00 3.566E+00
C00294 Inosine 2º order polynomial 3.802E+00 2.482E+00 7.860E+00
C00431 5-Aminopentanoate 2º order exponential 5.023E+00 3.266E+00 9.272E+00
C02237 5-Oxo-D-proline 4º order exponential 5.063E+00 1.511E+00 1.929E+01
C00031 α-D-Glucose 4º order exponential 5.307E+00 2.497E+00 1.605E+01
C00064 L-Glutamine 2º order polynomial 5.501E+00 3.310E+00 1.524E+01
C03684 6-Pyruvoyltetrahydropterin 2º order exponential 8.730E+00 5.458E+00 1.756E+01
C05468 5β-Cyprinolsulfate 2º order exponential 1.184E+01 7.028E+00 2.656E+01
C04230 LysoPC(16:0) Linear model 1.198E+01 8.386E+00 2.008E+01
C00144 Guanosine monophosphate 2º order exponential 1.201E+01 7.375E+00 2.562E+01
C04230 LysoPC(22:6) 2º order exponential 1.361E+01 1.040E+01 1.893E+01
C00989 4-Hydroxybutanoic acid 2º order exponential 1.489E+01 1.119E+01 2.164E+01
C00127 Oxidized glutathione Linear model 1.489E+01 1.017E+01 2.679E+01
C00073 L-Methionine Linear model 1.507E+01 1.027E+01 2.724E+01

- 4-Aminohippuric acid Linear model 1.602E+01 1.083E+01 2.971E+01
C04230 LysoPC(18:1) 2º order exponential 1.622E+01 1.204E+01 2.447E+01
C00366 Uric acid Linear model 1.718E+01 1.148E+01 3.295E+01
C02237 5-Oxo-D-proline Linear model 1.719E+01 1.149E+01 3.297E+01
C05669 β-Nitropropanoate 2º order exponential 1.790E+01 1.032E+01 4.596E+01
C00064 L-Glutamine Linear model 1.819E+01 1.204E+01 3.597E+01
C00183 L-Valine 2º order exponential 1.820E+01 1.058E+01 4.620E+01
C00519 Hypotaurine 2º order exponential 1.905E+01 1.379E+01 3.115E+01
C02571 L-Acetylcarnitine Linear model 2.076E+01 1.339E+01 4.476E+01
C00334 4-Aminobutanoate Linear model 2.125E+01 1.364E+01 4.665E+01
C02737 PS(40:6) 2º order exponential 2.465E+01 1.346E+01 8.042E+01
C00025 L-Glutamate Linear model 2.509E+01 1.547E+01 6.440E+01

- 6-Succinoaminopurine Linear model 2.566E+01 1.573E+01 6.763E+01
C00318 L-Carnitine Linear model 2.693E+01 1.629E+01 7.541E+01
C05926 Neopterin 2º order exponential 2.871E+01 1.892E+01 6.916E+01
C02737 PS(44:12) 2º order exponential 2.923E+01 1.503E+01 1.281E+02
C00300 Creatine 2º order exponential 3.129E+01 1.581E+01 1.567E+02
C01596 Maleamic acid Linear model 3.190E+01 1.832E+01 1.198E+02
C00299 Uridine Linear model 3.288E+01 1.869E+01 1.325E+02
C00073 L-Methionine Linear model 3.383E+01 1.904E+01 1.467E+02
C00334 4-Aminobutanoate Linear model 3.470E+01 1.936E+01 1.621E+02
C00245 Taurine Linear model 3.711E+01 2.020E+01 2.201E+02
C00082 L-Tyrosine 2º order exponential 4.033E+01 2.388E+01 2.787E+02
C00300 Creatine Linear model 4.413E+01 2.239E+01 1.311E+03
C01401 Alanine 2º order exponential 4.593E+01 2.040E+01 5.610E+05
C00475 Cytidine Linear model 4.627E+01 2.300E+01 5.610E+07
C00082 L-Tyrosine Power model 5.129E+01 1.706E+01 5.335E+01
C00262 Hypoxanthine 3º order exponential 5.212E+01 2.275E+01 5.535E+01
C00148 L-Proline Power model 5.212E+01 1.484E+01 5.378E+01
C00043 Uridine diphosphate-N-acetylglucosamine Linear model 6.016E+01 2.633E+01 5.610E+07
C00262 Hypoxanthine 2º order exponential 6.606E+01 2.484E+01 5.610E+05

Supplementary Table ST4. Summary of the mathematical model chosen for the dose-response pattern of each metabolite amount, its 
calculated benchmark dose (BMD) and benchmark dose lower and upper confidence limits (BMDL and BMDU, respectively) used in the 
metabolomic point of departure (PoD) analysis. Data extracted from bibliography [1].

[1] E. Ortiz-Villanueva, J. Jaumot, R. Martínez, L. Navarro-Martín, B. Piña, and R. Tauler, “Assessment of endocrine disruptors effects on 
zebrafish (Danio rerio) embryos by untargeted LC-HRMS metabolomic analysis,” Sci. Total Environ., vol. 635, pp. 156–166, 2018.
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Name Sample
AB3127 Ctrl R1
AB3107 Ctrl R2
AB3111 Ctrl R3
AB3128 3 nM TBT R1
AB3108 3 nM TBT R2
AB3112 3 nM TBT R3
AB3129 30 nM TBT R1
AB3109 30 nM TBT R2
AB3113 30 nM TBT R3
AB3130 100 nM TBT R1
AB3110 100 nM TBT R2
AB3114 100 nM TBT R3

Name barcode flowcell library lane
AB3107.156W.0 AB3107 C9JKUANXX 156W 2
AB3107.629V.0 AB3107 C9HUVANXX 629V 4
AB3108.157W.0 AB3108 C9JKUANXX 157W 2
AB3108.630V.0 AB3108 C9HUVANXX 630V 3
AB3109.158W.0 AB3109 C9JKUANXX 158W 2
AB3109.631V.0 AB3109 C9HUVANXX 631V 2
AB3110.693V.0 AB3110 C9HUVANXX 693V 2
AB3111.694V.0 AB3111 C9HUVANXX 694V 4
AB3112.695V.0 AB3112 C9HUVANXX 695V 4
AB3113.696V.0 AB3113 C9FGAANXX 696V 4
AB3114.697V.0 AB3114 C9HUVANXX 697V 5
AB3127.710V.0 AB3127 C9FGAANXX 710V 6
AB3127.710V.1 AB3127 C9HUVANXX 710V 2
AB3128.934V.1 AB3128 C9JT7ANXX 934V 7
AB3129.712V.0 AB3129 C9FGAANXX 712V 6
AB3129.712V.1 AB3129 C9HUVANXX 712V 2
AB3130.713V.1 AB3130 C9JT7ANXX 713V 7

Name percent duplicates
AB3107.156W 11.177
AB3107.629V 22.129
AB3108.157W 18.283
AB3108.630V 23.363
AB3109.158W 19.776
AB3109.631V 24.066
AB3110.693V 23.405
AB3111.694V 22.472
AB3112.695V 25.79
AB3113.696V 22.896
AB3114.697V 25.263
AB3126.709V 25.286
AB3127.710V 23.923
AB3128.934V 28.763
AB3129.712V 25.123
AB3130.713V 28.201

Name total reads
paired 

mapped

percent 
paired 

mapped

single 
mapped

percent 
single 

mapped
unmapped

percent 
unmapped

split 
mapped

percent split 
mapped

AB3107.156W.0 29962712 28359952 100 0 0 1602760 5.349 3840238 14.232
AB3107.629V.0 88180284 83123764 100 0 0 5056520 5.734 10216031 13.846
AB3108.157W.0 47200368 44846336 100 0 0 2354032 4.987 5956057 14.656
AB3108.630V.0 67720506 63956758 100 0 0 3763748 5.558 8367412 15.026
AB3109.158W.0 51453278 49056156 100 0 0 2397122 4.659 6138770 14.234
AB3109.631V.0 80152074 76167552 100 0 0 3984522 4.971 9884032 14.76
AB3110.693V.0 82404600 78692866 100 0 0 3711734 4.504 9934359 14.562
AB3111.694V.0 80947298 76760856 100 0 0 4186442 5.172 10236503 14.879
AB3112.695V.0 88554360 84184422 100 0 0 4369938 4.935 11645064 15.659
AB3113.696V.0 65420440 62239030 100 0 0 3181410 4.863 8463945 15.47
AB3114.697V.0 75856448 71874108 100 0 0 3982340 5.25 10003588 15.392
AB3127.710V.0 46653386 43415088 100 0 0 3238298 6.941 5822440 15.043
AB3127.710V.1 30756348 28919232 100 0 0 1837116 5.973 3858649 14.952
AB3128.934V.1 128638644 122446476 100 0 0 6192168 4.814 18208412 15.911
AB3129.712V.0 46923230 44145302 100 0 0 2777928 5.92 6019838 15.32
AB3129.712V.1 30417042 28646796 100 0 0 1770246 5.82 3887322 15.225
AB3130.713V.1 95855960 90253826 100 0 0 5602134 5.844 12430271 15.416

Sample information FLI PCR duplicates 

Mapping Statistics 



Chapter II: article IV 

 

PhD Thesis of R. Martínez            177 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Read Annotation 

Genes 

Name genes detected genes 25 percent expression
AB3107.156W.0 24030 68
AB3107.629V.0 25129 46
AB3108.157W.0 24668 39
AB3108.630V.0 25020 33
AB3109.158W.0 24661 36
AB3109.631V.0 25116 37
AB3110.693V.0 25067 32
AB3111.694V.0 25252 37
AB3112.695V.0 25294 27
AB3113.696V.0 24949 32
AB3114.697V.0 24988 32
AB3127.710V.0 24640 28
AB3127.710V.1 24230 28
AB3128.934V.1 25719 32
AB3129.712V.0 24673 26
AB3129.712V.1 24193 26
AB3130.713V.1 25222 23

Name exonic percent exonic intronic percent intronic intergenic percent intergenic
AB3107.156W.0 23698462 87.827 769951 2.853 2598702 9.631
AB3107.629V.0 63759755 86.417 2223883 3.014 7991815 10.832
AB3108.157W.0 35701235 87.853 1304699 3.211 3748438 9.224
AB3108.630V.0 49053207 88.091 1734203 3.114 5029589 9.032
AB3109.158W.0 37418333 86.764 1488101 3.451 4338768 10.061
AB3109.631V.0 58777346 87.773 2164144 3.232 6184750 9.236
AB3110.693V.0 59668513 87.462 2094067 3.069 6629917 9.718
AB3111.694V.0 60161356 87.446 2694710 3.917 6122656 8.899
AB3112.695V.0 65817168 88.503 2706555 3.639 6018519 8.093
AB3113.696V.0 48579180 88.79 1617657 2.957 4646471 8.493
AB3114.697V.0 57945550 89.16 1973795 3.037 5232832 8.052
AB3127.710V.0 34269813 88.538 1259157 3.253 3271542 8.452
AB3127.710V.1 22819385 88.423 845882 3.278 2203761 8.539
AB3128.934V.1 103352293 90.31 3133126 2.738 8254608 7.213
AB3129.712V.0 34962557 88.975 1178853 3 3243799 8.255
AB3129.712V.1 22684846 88.847 773762 3.03 2132116 8.351
AB3130.713V.1 72178048 89.512 2345640 2.909 6288038 7.798
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Chapter III: 
Changes in zebrafish eleutheroembryos’ lipidome profile 
induced by bisphenol A. 

 
BPA was the compound, between the three studied endocrine disrupting chemicals 

(EDCs), which had the higher effect in lipid metabolism both in transcriptome and in 

phenotype (with an exerted yolk sac malabsorption syndrome). Although some studies 

included effects of BPA in lipid metabolism in zebrafish at different stages [108,354], to 

our knowledge, no complete lipidomic study had been carried out about the effects on 

the zebrafish eleutheroembryos at the level of the different lipid families. For that reason, 

a deeper lipidomic study was carried out in zebrafish eleutheroembryos exposed to BPA 

(from concentrations high enough to elicit an increase in the yolk sac area). High 

performance thin layer chromatography (HPTLC) was used to assess the effects of BPA 

on the different lipid families (triglycerides, phosphatidylcholines, cholesterol esters…). 

Ultra-high performance liquid chromatography – mass spectrometry (UHPLC-MS) 

analysis not only confirmed the lipid families’ results from HPTLC but also allowed us to 

discern the BPA effects on each specific lipid specie (considering each specific main  fatty 

acids chain length and number of double bonds). 
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Scientific article V 
 
Changes in lipid profiles induced by bisphenol A (BPA) in zebrafish 
eleutheroembryos during the yolk sac absorption stage 
 
Authors: R. Martínez, L. Navarro-Martín, M. van Antro, I. Fuertes, M. Casado, C. Barata, 
B. Piña 
 
Status: Published 
 
Journal: Chemosphere. 246 (2020) 125704. 
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Supplementary methods 

SM1. Solutions preparation 

a) Lipid extractant CHCl3:MeOH (2:1) (NO BHT): 133.3 ml CHCl3a and 66.6 ml MeOHb. 

b) Lipid extractant CHCl3:MeOH (2:1) (BHT): 66.6 ml CHCl3, 33.3 ml MeOH and 10 mg 

BHTc. 

c) Saline solution (0.88% KCl aqueous solution): 0.88 g KCld in 100 ml mili-Q water. 

d) Cleaning solution (for the TLCs): 170 ml C6H14e and 170 ml Et2Of. 

e) Polar lipids eluent: 100 ml AcOMeg, 100 ml iPrOHh, 100 ml CHCl3a, 40 ml MeOHb and 36 

ml of an aqueous solution (KCl 0,25%: 0,2 g KCld in 80 ml mili-Q water). 

f) Neutral lipids eluent: 340 ml C6H14e, 60 ml Et2Of and 6ml glacial AcOHi. 

g) Fewster solution (dye): 3% Cu(AcO)2j and 8% H3PO4k aqueous solution (3,297 g of 

Cu(AcO)2j and 9,41 ml H3PO4j 85%, fill up to 100 ml with mili-Q water). 
a Chloroform, b methanol, c Butilhydrotoluene, d Potassium chloride, e hexane, f diethyl ether, 
g methyl acetate, h 2-isopropanol, I glacial acetic acid, j copper (II) acetate, k phosphoric acid. 

 

SM2. Lipid extraction protocol (modified Folch method) 

a) Put the frozen samples (-80 °C) into dry ice. 

b) Add 0.75 ml of CHCl3:MeOH (2:1) + BHT to each one, add 2 iron beads and put them 

into ice. 

c) Homogenize the samples in the tissuelyzer (2 min, 50 Hz). 

d) Add 0.75 ml of CHCl3:MeOH (2:1) (NO BHT). 

e) Take the homogenized ( 1.5 ml) with a glass pipette and put it in a new 2ml-

Eppendorf. 

f) Add 0,375 ml of saline solution (0.88% KCl) and vortex the Eppendorfs. Two phases will 

separate (aqueous phase up, organic phase bottom). 

g) Centrifuge the tubes at 4 ºC during 5 min at maximum revolutions (≥ 12000 rpm). 

h) Take the organic phase (bottom) with a glass pipette and put it in a new Eppendorf. 

i) Evaporate it with a N2 stream. 

j) Resuspend the lipids in 0.8-1.0 ml of CHCl3:MeOH (2:1) (NO BHT). 

k) Vortex the Eppendorf very well to make sure that we collect all the lipids. 

l) Take the resuspended lipid solution and put it in a glass chromatography vial. 
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m) Evaporate it with a N2 stream. 

n) Resuspend the lipids in 100 μl of CHCl3:MeOH (2:1) (NO BHT). 

o) Vortex the glass vial ensuring the complete lipid recollection. 

p) Evaporate it with a N2 stream. 

q) Put the vials that have the dried lipids to the desiccator: at vacuum, overnight and in 

darkness. 

 

SM3. Thin layer chromatography protocol 

3.1. Plate cleaning: 

a) Put 60-80 ml of cleaning solution (hexane:ether) into the bucket and close it. 

b) Make a mark (a line) in the thin layer plate at 0,5 cm of one of the borders (it will be 

the upper border). 

c) Put gently the plate into the bucket and run the plate to eliminate the impurities. Make 

sure the eluent arrive to the upper border ( 45 min) and let it 5 additional minutes. 

d) Meanwhile, resuspend the dried lipids in 20 l of CHCl3:MeOH (2:1) (NO BHT). 

e) Once the elution is completed, take out the plate from the bucket and let it to dry in 

the fume hood for 10 min. 

f) Scratch with a scalpel the marked part of the plate where the impurities remains 

(perform it wearing a mask, gently and over a filter paper). 

g) Put the scratched plate into a heater at 110 ºC during 30 min. 

h) Take the plate off the heater and let it to cool down (a few minutes). 

 

3.2. Sample spotting in the plate: 

i) Turn 90  to the left the plate and mark it as follows: 
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j) Take 1.5 μl of each sample (vortex each one very well just before taking the 1.5 μl) and 

put it in the plate gently: 

I. Use a Hamilton pipette for make the spot. 

II. Make it in line (3-5 mm). 

III. Do not touch the plate (not so much) with the pipette (avoid to scratch the 

plate surface). 

IV. Make the line as thin as possible (it would be necessary to do a few passes). 

 

3.3. Plate running: 

k) Put 60-80 ml of polar lipid eluent in the bucket. 

l) Put the plate with the spotted samples into the bucket and run it to the first mark (5.5 

cm) ( 15 min). 

m) Take the plate off the bucket and put it into the desiccator during 5 min at vacuum. 

n) Put 60-80 ml of neutral lipid eluent in the bucket. 

o) Put the plate into the bucket and run it to the second mark (9.5 cm) ( 40 min). Make 

sure that the eluent does not pass the mark. 

p) Take away the plate and put it into the desiccator during 5 min at vacuum. 

 

3.4. Plate staining and charring: 

q) Place the plate into a big cork box and wet it abundantly with the Fewster Solution (use 

a sprayer inside an extraction chamber). 

r) Make sure, gently, that the back part of the plate are dry. The front part of the plate 

must not show water reflexes before start the next step. 

s) When the plate is dry, put into the heater at 160 ºC during 10 min*. 

* If the spots are weakly marked, let the plate more time, but making sure that the 

background does not char. 

t) Make a photo of the plate in the densitometer and keep it away from the light. 

 

SM4. HPTLC-TOF and HPTLC results comparison 

4.1. For HPLC-TOF results normalization: 

1)  
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where “x” is the sum of all the lipids inside one lipid family (“i") in an specific sample, “n” the 

number of measured lipids in this family and “yj” the absolute value (in pmol) of each specific 

lipid (PC 32:1, for example) measured in the sample. 

2)  

where “x” is the sum of all the lipids inside one lipid family (“i") in an specific sample, “n” is the 

number of phospholipid families (5: PE, PI, PC, PG and PS) which are represented by “j”, and “z” 

is the lipid amount (of one specific lipid family) normalized by sample. 

3)  

where “z” is the normalized lipid amount of one lipid family (“i") in an specific sample (“j”), “n” is 

the number of samples (all the different dpf ages) and “si,j” is the lipid amount (of an specific lipid 

family at an specific age) normalized by sample and lipid family. 

 

4.2. For HPTLC results normalization: 

4)  

where “t” is the intensity of the band corresponding to one lipid family (“i") in an specific sample, 

“n” is the number of phospholipid families (5: PE, PI, PC, PG and PS) which are represented by “j”, 

and “u” is the lipid amount (of one specific lipid family) normalized by sample. 

5)  

where “u” is the normalized lipid amount of one lipid family (“i") in an specific sample (“j”), “n” is 

the number of samples and “vi,j” is the lipid amount (of an specific lipid family “i” at an specific 

sample “j”) normalized by sample and lipid family. 

 

4.3. For comparison between HPTLC-TOF and HPTLC results: 

6)  

where “t” is the final normalized lipid amount of one lipid family (“i") at an specific age (“j”) and 

“s” and “v” are the normalized lipid amounts (coming from HPTLC-TOF and HPTLC techniques, 

respectively) of one lipid family (“i") at 5 dpf (the common age at both experiments). 
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4.4. HPTLC validation and lipids families tendency over time: 

Before performing the extensive lipidomic analysis, with the objective of validating the thin layer 

chromatography method for the study of zebrafish eleutheroembryos’ lipids and to confirm the 

relative tendencies (accumulation or usage) of the several lipid families, a comparison between 

our HPTLC results (only control groups) and bibliographic HPLC/MS data [1] was performed. The 

specific normalization carried out to perform the data integration can be found at supplementary 

method SM4. As can be observed in the supplementary methods figure SMF1, a good correlation 

(r2 ≥ 0.78; p ≤ 0.02; Pearson correlation test) between the relative amount of all the lipid families 

(except for the SM) and the time (1-6 dpf) could be stablished. The obtained tendencies (1-6 dpf) 

were equivalent with the ones obtained by thin layer chromatography (4-6 dpf): larvae were 

enriched over time in CE (and WE), Ch, PE, PG and PS meanwhile the total fraction of TAGs, PI and 

PC in the larvae (regarding the total amount of lipids) were decreased. We hypothesize that the 

uncorrelated tendency of the SM family is due to the low intensity of the band corresponding to 

the SM in HPTLC, allowing the increase of the variability in its measurements. Considering that 

the HPLC/MS results [1] corresponded to 1, 2, 3 and 5 dpf and the HPTLC results to 4, 5 and 6 dpf, 

that the day in common (5 dpf) was used to perform the normalization between techniques and 

that during the stages larvae do not have exogenous feeding that could alter drastically the lipid 

families relationship, we concluded that the above shown results revealed that the HPTLC 

methodology can reveal reliable results about the relative patterns of lipid families in zebrafish 

larvae samples and could be used as a non-expensive screening technique in lipidomic research 

(also generally confirmed by the comparison between our both HPTLC and UHPLC/TOFMS results, 

see supplementary table ST5). 
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SMF1. Comparison between our HPTLC results (only control groups) and bibliographic HPLC/MS 

data [1]. The specific normalization carried out to perform the data integration can be found at 

supplementary method SM4. Pearson correlation tests were performed for all the lipid classes. 

In general, a good correlation between the relative amount of all the lipid families (r2 ≥ 0.78; p ≤ 

0.02; except for the SM) and the time (1-6 dpf) could be stablished. Significant correlations were 

specified by asterisks (* for p<0.05, ** for p<0.01, *** for p<0.001 and **** for p<0.0001). 

Common lipid families were CE (cholesterol esters), TAGs (triacylglycerols a.k.a. triglycerides), Ch 

(cholesterol), PG (phosphatidylglycerols), PE (phosphatidylethanolamines), PI 

(phosphatidylinositols), PS (phosphatidylserines), PC (phosphatidylcholines) and SM 

(sphingomyelins). 
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Supplementary observations 

1. Lipid-related biological observations: 

1.1. Lipid species with odd and even number of carbon atoms 

Although the main and major fatty acid chains in the lipids of most species have an even number 

of carbon atoms, due to their biosynthetic processes (mostly between 16 and 22) [2], lipids with 

an average fatty acid chain length that implied some odd-numbered FA chain could be also 

detected (figure F4, supplemental table ST4). Their detection is in concordance with previous 

studies in zebrafish [1], their amount was mostly lower than the even-numbered lipids and their 

presence in zebrafish embryos can be mostly explained by maternal deposition which, in turn, 

can be justified by a dietary input (TetraMin Flakes -Tetra, Germany; http://www.tetra-fish.com-

, [2]). Furthermore, they were clustered (figure F4) analogously as their neighbouring lipids, 

showing that they were not differentially affected by the BPA exposure neither by the time. 

 

1.2. Lipid abundances patterns 

It can be highlighted that there are 3 different patterns regarding the preponderance of the lipid 

species (figure F4): a) lipids of the CE, TG, DG, PI and PC families exhibited a higher abundance 

when both unsaturation degree and the average FA chain length were at intermedium levels, 

decreasing when at least one of them (or both) were very low or very high; b) lipids in PE, PS and 

PC derivatives (LPC, PC-O and PC-P) presented high abundances when their unsaturation degree 

was very low or high and low abundances when they presented an intermediate unsaturation 

degree. Finally, c) SM lipids mostly presented only 1 unsaturation (present in the sphingosine 

chain) showing that they are regularly composed by a totally saturated second chain. No specific 

pattern-dependent clustering could be observed, suggesting the lack of relation with the age or 

BPA effects. Nevertheless, the high similarity in the clustering and the lipid abundances patterns 

of PS and PC derivatives needs to be highlighted (figure F4F, H). The reason of the existence of 

this pattern (that has been also observed in the bibliography [1], [3], [4]), as far as we know, has 

not been explained although it could be a consequence of the different degree of unsaturations 

present in the different tissues of the eleutheroembryos. Although the pattern similarity between 

PS and PE lipid abundances could be easily explained by their interconversion by the PS synthase-
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2 [5], the similarity with the PC derivatives (LPC, PC-O and PC-P) would need further studies as 

their conversion is not direct and it takes place via PE-PC-LPC [6], [7]. 

 

1.3. Vision/neural related lipid species 

CE (figure F4A) are together with LPE and LPC the only lipid family with a singular fatty acid in 

their structure and thus, where a FA could be undoubtedly identified. Interestingly, the most 

abundant CE was CE 22:6 which contain the docosahexaenoic fatty acid (DHA; C22:6), a LC-PUFA 

(long chain – polyunsaturated fatty acid) extremely important in new forming tissues in the brain 

and in the retina of the zebrafish eleutheroembryos. At these stages of the zebrafish larvae, their 

neurovisual systems are very important due to its relative size with the whole body, and there is 

a demand of a relatively high amount of LC-PUFAs  like EPA (eicosapentaenoic acid; C20:5) and 

DHA [8] compared with the rest of tissues. Both EPA and DHA could be not only detected in the 

CE lipid family but they were its 3rd and 1st most abundant fatty acids respectively (supplemental 

table ST5). DHA was also the 2nd and the 3rd most abundant fatty acid in the LPE and PLC lipid 

families, respectively (supplemental table ST5). Similarly, differences in the unsaturation degree 

and fatty acid chain length in the lipids (of the same family) of different tissues have been 

previously reported [9], [10]. In addition, in phosphatidylinositols, the major PI found in the 

eleutheroembryos was the 38:4 in concordance with the bibliography [10]. If it was mostly 

comprised by a stearic acid chain (C18:0) and arachidonic acid (20:4), similarly to the mammalians 

cells [9]–[12], should be further studied. It has been also reported that the PI of the brain are 

more enriched with stearoyl–arachidonoyl chains that the ones of the rest of the body and that 

the specific loss of arachidonic acid enrichment can lead to brain defects [12]. Nevertheless, 

although the BPA has been shown to affect vision-related genes [13], its effects over brain-related 

fatty acids needs to be further studied. As before, the lipid species clustered similarly as their 

neighbouring lipids suggesting that they are not differentially affected by the age nor BPA.  

 

1.4. Lipid patterns comparison 

In some families, the unsaturation degree and/or the average fatty acid chain length of their lipids 

exerted an effect over their classification in the PAM clustering analysis indicating that those 

factors could be relevant in their usage over the time and/or that those lipids could be 
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differentially affected by the BPA exposure. Similarly, the influence of the unsaturation degree 

and FA chain length in lipid processes like the lipid synthesis, degradation rate, serum 

concentration, oxidation, aging effects or the enzymatic activity over them have been previously 

described [14]–[19]. In this way, a creditable influence of these factors in the behavior 

(differentially affected by the time and/or the BPA exposure) of the lipids in our study could be 

taken into consideration (figure F4)). 

· TG: their differential behavior based mostly in the length of the fatty acid chain (figure F4B; 

except the totally saturated TAGs). Similarly, in other mammals and bird studies, the length of 

the triglycerides have been related with different oxidation rates, transport pathways and lipid 

retention [20]–[22]. 

· DG: conversely, the behavior of DG (figure F4C) were mainly influenced by the number of 

unsaturations. We interpret the two classifications of DG as two subpopulations with different 

metabolic and/or functional roles, probably consequence of their role as intermediate 

metabolites in the TG lipolysis [23] and their signaling function (PKC activation) [12]. In fact, it has 

been previously reported that only the polyunsaturated DG (derived from the PIP2 cycle) could be 

able to bind and activate PKC. On the other hand, low saturated DG could derived from the TG 

lipolysis. 

· PC: similarly to DG, the behavior of the phosphatidylcholines were mostly influenced by the 

number of unsaturations, specifically the totally saturated (PCXX:0; figure F4G) and some mono-

saturated species. Moreover, totally saturated PC presented a similar behaviour that saturated 

DG which showed a different behavior than the low-saturated lipids in their respective family. 

This concordance could be explained by their homeostasis [24]: de novo synthesis of 

phosphatidylcholines (the CDP-choline pathway, part of the Kennedy pathway [25], [26], which 

need a DG molecule) and/or their usage to the formation of new DG (by action of specific 

phospholipases [27]–[29]). As an example, as can be observed, the relative amount of the totally 

saturated DG (DG 32:0, 34:0 and 36:0) can be correlated with the correlative PC (PC 32:0, 34:0 

and 36:0). 

· PS and PC derivatives (LPC, PC-O and PC-P): their differential behavior based mostly in the length 

of the fatty acid chain (although its combination with the unsaturation degree needs to be 
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considered). Nevertheless, as far as we know, no biological processes affected differentially the 

PS based on their unsaturation degree or chain length. 
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Stock solution 
(mM)

Experimental 
solution (μM)

Experimental 
solution (mg/L)

% (Mean ± 
SD)

St. 
sign.

% (Mean ± 
SD)

St. 
sign.

% (Mean ± 
SD)

St. sign.
% (Mean ± 

SD)
St. 

sign.
(DMSO) 0 (Control) 0 (Control) 100.0 ± 0.0 n/a 100.0 ± 0.0 n/a 100.0 ± 0.0 n/a 100.0 ± 0.0 n/a

8.76 17.5 4.0 100.0 ± 0.0 98.8 ± 5.0 99.1 ± 3.0 100.0 ± 0.0
13.14 26.3 6.0 99.4 ± 2.5 100.0 ± 0.0 100.0 ± 0.0 96.8 ± 4.9
17.52 35.0 8.0 99.4 ± 2.5 100.0 ± 0.0 100.0 ± 0.0 88.0 ± 10.2

Stock solution 
(mM)

Experimental 
solution (μM)

Experimental 
solution (mg/L)

% (Mean ± 
SD)

St. 
sign.

% (Mean ± 
SD)

St. 
sign.

% (Mean ± 
SD)

St. sign.
% (Mean ± 

SD)
St. 

sign.
(DMSO) 0 (Control) 0 (Control) 86.4 ± 10.2 n/a 100.0 ± 0.0 n/a 100.0 ± 0.0 n/a 100.0 ± 0.0 n/a

8.76 17.5 4.0 94.4 ± 7.3 98.8 ± 5.0 100.0 ± 0.0 100.0 ± 0.0
13.14 26.3 6.0 89.0 ± 10.1 99.4 ± 2.5 100.0 ± 0.0 100.0 ± 0.0
17.52 35.0 8.0 67.5 ± 21.1 96.3 ± 6.2 100.0 ± 0.0 100.0 ± 0.0

Stock solution 
(mM)

Experimental 
solution (μM)

Experimental 
solution (mg/L)

% (Mean ± 
SD)

St. 
sign.

% (Mean ± 
SD)

St. 
sign.

% (Mean ± 
SD)

St. sign.
% (Mean ± 

SD)
St. 

sign.
(DMSO) 0 (Control) 0 (Control) - n/a 74.6 ± 13.4 n/a 99.1 ± 3.0 n/a 98.3 ± 4.1 n/a

8.76 17.5 4.0 - 30.6 ± 18.5 98.2 ± 4.0 98.3 ± 4.1
13.14 26.3 6.0 - 3.1 ± 4.7 *** 68.7 ± 23.0 70.9 ± 21.4
17.52 35.0 8.0 - 0.0 ± 0.0 *** 6.6 ± 8.5 *** 6.7 ± 8.2 **

Supplemental table ST1. Survival, hatching and swim bladder inflation rates (%). Mean values ± SD (standard deviation) of each group 
are shown (n=6). Mann-Whitney-Wilcoxon tests against each control group (one per day) were performed. Significant differences are 
marked with asterisks (* for p<0.05; ** for p<0.01; *** for p<0.001; n/a: not applicable).

Swim bladder inflation
3 dpf 4 dpf 5 dpf 6 dpf

6 dpf
Survival

Hatching
3 dpf 4 dpf 5 dpf 6 dpf

3 dpf 4 dpf 5 dpf

Lipid 
family

Internal Standard Ionization
Elemental 

composition
Measured 
mass (m/z)

Calculated 
mass (m/z)

RT 
(minutes)

Error 
(ppm)

DBE
pmol 

added
CE CE 17:0 [M + NH4]+ C44H82NO2 656.6368 656.6346 17.59 3.4 4.5 188.0

TAG TAG C51:0 (1,2,3-17:0) [M + NH4]+ C54H108NO6 866.8158 866.8177 18.13 -2.2 1.5 200.0

DAG DAG 1,3-17:0 D5 [M + NH4]+ C37NO51H71D5 619.6021 619.6037 11.23 -2.6 0.5 166.0

PE PE 16:0 D31-18:1 [M - H]- C39NO8P1H44D31 747.7159 747.7176 8.89 -2.3 3.5 133.0
LPE LPE 17:1 [M - H]- C22H43NO7P 464.2781 464.2777 2.46 0.9 2.5 200.0
PG PG 16:0 D31-18:1 [M - H]- C40O10P1H45D31 778.7120 778.7122 7.51 -0.3 3.5 125.0
PI as PG [M - H]- - - - - - - -
PS PS 16:0 D31-18:1 [M - H]- C40NO10P1H44D31 791.7046 791.7074 8.23 -3.5 4.5 123.0
PC PC 16:0 D31-18:1 [M + H]+ C42NO8P1H52D31 791.7832 791.7802 8.90 3.8 2.5 126.0
LPC LPC 17:0 [M + H]+ C25H53NO7P 510.3549 510.3560 2.95 -2.2 0.5 120.0
SM as PC [M + H]+ - - - - - - -

Supplemental table ST2. Used internal standards, used ionization mode for measurements of each family, their elemental 
composition, measured and calculated mass (m/z), retention time (RT) in minutes, error (in ppm) between the measured and 
calculated mass, DBE (double bond equivalents) and total pmol added of each internal standard to each sample.

System Specifications
UHPLC system Acquity UHPLC system (Waters Corp., Milford, MA, USA) 

Chromatographic column Acquity UPLC BEH C8 column (1.7mm particle size, 10x2.1 mm; Waters Ireland, Dublin, Ireland)
Ionization Electro spray ionization (ESI) in positive and negative mode
Detector Waters/LCT Premier XE time-of-flight (TOF) analyzer 

Column temperature 30 °C
Flow rate 0.3 ml/min

A) Methanol with 2 mM of ammonium formiate and 0.2% of formic acid
B) Water with 2 of mM ammonium formiate and 0.2% of formic acid

1) 80% of A --> 90% of A (in 3 min)
2) 90% of A (3 min)

3) 90% of A --> 99% of A (in 9 min)
4) 99% of A (3 min)

Mobile phases

Gradient

Supplemental table ST3. Relevant information about UHPLC-TOF characteristics, specifications and other chromatographic 



IV. Results 

218             PhD Thesis of R. Martínez 
 

  

Lipid family Ionization Lipid specie
Elemental 

composition
Calculated 
mass (m/z)

Measured 
mass (m/z)

RT 
(minutes)

Error (ppm) DBE
Mean lipid amount 

(pmol/larvae)
CE [M + NH4]+ 16:0 C43H80NO2 642.6189 642.6196 17.15 1.1 4.5 19.6

16:1 C43H78NO2 640.6033 640.6009 16.40 -3.7 5.5 5.2
17:1 C44H80NO2 654.6189 654.6201 16.81 1.8 5.5 2.8
18:0 C45H84NO2 670.6502 670.6519 18.25 2.5 4.5 11.0
18:1 C45H82NO2 668.6346 668.6365 17.28 2.8 5.5 68.6
18:2 C45H80NO2 666.6189 666.6215 16.59 3.9 6.5 46.1
18:3 C45H78NO2 664.6033 664.6018 16.03 -2.3 7.5 6.9
18:4 C45H76NO2 662.5876 662.5844 15.43 -4.8 8.5 0.6
20:1 C47H86NO2 696.6659 696.6679 18.25 2.9 5.5 11.0
20:2 C47H84NO2 694.6502 694.6495 17.47 -1.0 6.5 24.8
20:3 C47H82NO2 692.6346 692.6343 16.81 -0.4 7.5 41.5
20:4 C47H80NO2 690.6189 690.6176 16.27 -1.9 8.5 30.8
20:5 C47H78NO2 688.6033 688.6057 15.71 3.5 9.5 49.1
22:3 C49H86NO2 720.6659 720.6669 17.68 1.4 7.5 2.6
22:4 C49H84NO2 718.6502 718.6528 17.03 3.6 8.5 7.9
22:5 C49H82NO2 716.6346 716.6343 16.50 -0.4 9.5 30.0
22:6 C49H80NO2 714.6189 714.6185 15.96 -0.6 10.5 149.2
22:7 C49H78NO2 712.6033 712.6047 15.40 2.0 11.5 1.0
24:5 C51H86NO2 744.6659 744.6680 17.28 2.8 9.5 3.4
24:6 C51H84NO2 742.6502 742.6506 16.65 0.5 10.5 6.0

TAG [M + NH4]+ 44:0 C47H94NO6 768.7081 768.7076 15.57 -0.7 1.5 3.4
44:1 C47H92NO6 766.6925 766.6922 15.02 -0.4 2.5 1.7
44:2 C47H90NO6 764.6768 764.6741 14.52 -3.5 3.5 0.6
46:0 C49H98NO6 796.7394 796.7422 16.21 3.5 1.5 9.8
46:1 C49H96NO6 794.7238 794.7249 15.77 1.4 2.5 7.9
46:2 C49H94NO6 792.7081 792.7044 15.33 -4.7 3.5 3.1
46:3 C49H92NO6 790.6925 790.6917 14.86 -1.0 4.5 0.4
48:0 C51H102NO6 824.7707 824.7742 16.90 4.2 1.5 24.0
48:1 C51H100NO6 822.7551 822.7587 16.39 4.4 2.5 26.7
48:2 C51H98NO6 820.7394 820.7413 15.87 2.3 3.5 18.9
48:3 C51H96NO6 818.7238 818.7274 15.33 4.4 4.5 4.3
49:1 C52H102NO6 836.7707 836.7717 16.71 1.2 2.5 14.7
50:0 C53H106NO6 852.8020 852.8041 17.68 2.5 1.5 24.9
50:1 C53H104NO6 850.7864 850.7895 17.06 3.6 2.5 62.7
50:2 C53H102NO6 848.7707 848.7740 16.56 3.9 3.5 65.7
50:3 C53H100NO6 846.7551 846.7592 16.06 4.8 4.5 31.3
50:4 C53H98NO6 844.7394 844.7405 15.55 1.3 5.5 11.9
50:5 C53H96NO6 842.7238 842.7250 15.11 1.4 6.5 1.3
50:6 C53H94NO6 840.7081 840.7075 14.69 -0.7 7.5 0.6
51:1 C54H106NO6 864.8020 864.8043 17.44 2.7 2.5 17.2
51:2 C54H104NO6 862.7864 862.7897 16.90 3.8 3.5 19.7
51:3 C54H102NO6 860.7707 860.7733 16.40 3.0 4.5 11.5
51:4 C54H100NO6 858.7551 858.7576 15.90 2.9 5.5 4.3
51:5 C54H98NO6 856.7394 856.7421 15.65 3.2 6.5 1.6
51:6 C54H96NO6 854.7238 854.7263 15.27 2.9 7.5 0.3
52:0 C55H110NO6 880.8333 880.8364 18.62 3.5 1.5 10.9
52:1 C55H108NO6 878.8177 878.8219 17.84 4.8 2.5 53.4
52:2 C55H106NO6 876.8020 876.8063 17.28 4.9 3.5 93.8
52:3 C55H104NO6 874.7864 874.7897 16.71 3.8 4.5 102.9

Supplemental table ST4. All the identified lipids in the study and its elemental composition, ionization mode where they were 
measured, calculated and measured mass (m/z), retention time (RT), error (ppm), double-bond equivalent (DBE) and mean 
amount (in pmol/larvae). Observed lipid families by UHPLC were: CE (cholesterol esters), TAGs (triacylglycerols a.k.a. 
triglycerides), DAGs (diacylglycerols a.k.a. diglycerides), PE (phosphatidylethanolamines), LPE (lysophosphatidylethanolamines), 
PE-O (ether phosphatidylethanolamines), PE-P (phosphatidylethanolamine plasmalogens),   PG (phosphatidylglycerols), PI 
(phosphatidylinositols), PS (phosphatidylserines), PC (phosphatidylcholines), PC-O (ether phosphatidylcholines), PC-P 
(phosphatidylcholine plasmalogens) and SM (sphingomyelins). Each individual specie is annotated as <total fatty acyl chain 
length> : <total number of unsaturated bonds>.
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Lipid family Ionization Lipid specie
Elemental 

composition
Calculated 
mass (m/z)

Measured 
mass (m/z)

RT 
(minutes)

Error (ppm) DBE
Mean lipid amount 

(pmol/larvae)
TAG [M + NH4]+ 52:4 C55H102NO6 872.7707 872.7745 16.24 4.4 5.5 57.1

52:5 C55H100NO6 870.7551 870.7585 15.77 3.9 6.5 38.7
52:6 C55H98NO6 868.7394 868.7430 15.27 4.1 7.5 14.4
53:0 C56H112NO6 894.8490 894.8483 19.19 -0.8 1.5 1.5
53:1 C56H110NO6 892.8333 892.8349 18.28 1.8 2.5 7.0
53:2 C56H108NO6 890.8177 890.8199 17.62 2.5 3.5 15.4
53:3 C56H106NO6 888.8020 888.8044 17.06 2.7 4.5 13.9
53:4 C56H104NO6 886.7864 886.7897 16.59 3.7 5.5 9.4
53:5 C56H102NO6 884.7707 884.7731 16.23 2.7 6.5 7.3
53:6 C56H100NO6 882.7551 882.7596 15.96 5.1 7.5 8.2
53:7 C56H98NO6 880.7394 880.7422 15.46 3.2 8.5 1.8
54:0 C57H114NO6 908.8646 908.8729 19.19 9.1 1.5 0.6
54:1 C57H112NO6 906.8490 906.8497 18.75 0.8 2.5 21.9
54:2 C57H110NO6 904.8333 904.8369 18.06 4.0 3.5 41.8
54:3 C57H108NO6 902.8177 902.8138 17.44 -4.3 4.5 78.3
54:4 C57H106NO6 900.8020 900.8049 17.03 3.2 5.5 83.6
54:5 C57H104NO6 898.7864 898.7903 16.62 4.3 6.5 52.2
54:6 C57H102NO6 896.7707 896.7744 16.27 4.1 7.5 50.8
54:7 C57H100NO6 894.7551 894.7548 15.80 -0.3 8.5 36.0
54:8 C57H98NO6 892.7394 892.7428 15.30 3.8 9.5 8.7
54:9 C57H96NO6 890.7238 890.7278 14.77 4.5 10.5 1.3
56:1 C59H116NO6 934.8803 934.8813 19.41 1.1 2.5 0.4
56:2 C59H114NO6 932.8646 932.8676 18.94 3.2 3.5 9.7
56:3 C59H112NO6 930.8490 930.8519 18.22 3.1 4.5 19.8
56:4 C59H110NO6 928.8333 928.8346 17.79 1.4 5.5 31.0
56:5 C59H108NO6 926.8177 926.8220 17.15 4.6 6.5 52.4
56:6 C59H106NO6 924.8020 924.8066 16.68 5.0 7.5 84.8
56:7 C59H104NO6 922.7864 922.7908 16.21 4.8 8.5 20.9
58:3 C61H116NO6 958.8803 958.8784 19.19 -2.0 4.5 3.5
58:4 C61H114NO6 956.8646 956.8686 18.56 4.2 5.5 4.0
58:5 C61H114NO6 956.8646 956.8690 18.12 4.6 5.5 3.0

DAG [M + NH4]+ 32:0 C35H72NO5 586.5411 586.5404 9.97 -1.2 0.5 3.0
32:1 C35H70NO5 584.5254 584.5271 9.16 2.9 1.5 1.0
34:0 C37H76NO5 614.5724 614.5732 11.31 1.3 0.5 2.4
34:1 C37H74NO5 612.5567 612.5557 10.44 -1.6 1.5 7.5
34:2 C37H72NO5 610.5411 610.5431 9.60 3.3 2.5 2.8
34:3 C37H70NO5 608.5254 608.5262 8.75 1.3 3.5 0.7
36:0 C39H80NO5 642.6037 642.6047 12.48 1.6 0.5 0.6
36:1 C39H78NO5 640.5880 640.5879 11.70 -0.2 1.5 2.1
36:2 C39H76NO5 638.5724 638.5720 10.79 -0.6 2.5 4.1
36:3 C39H74NO5 636.5567 636.5571 9.94 0.6 3.5 3.4
36:4 C39H72NO5 634.5411 634.5397 9.60 -2.2 4.5 1.2
36:5 C39H70NO5 632.5254 632.5273 8.72 3.0 5.5 1.7
38:3 C41H78NO5 664.5880 664.5856 11.32 -3.6 3.5 1.1
38:4 C41H76NO5 662.5724 662.5708 10.82 -2.4 4.5 7.4
38:5 C41H74NO5 660.5567 660.5585 10.05 2.7 5.5 4.1
38:6 C41H72NO5 658.5411 658.5397 9.35 -2.1 6.5 7.5
40:6 C43H76NO5 686.5724 686.5725 10.62 0.1 6.5 4.5

PE [M - H]- 32:0 C37H73NO8P 690.5074 690.5049 4.97 -3.6 2.5 43.1
32:1 C37H71NO8P 688.4917 688.4974 4.97 8.3 3.5 386.7
34:1 C39H75NO8P 716.5230 716.5231 9.02 0.1 3.5 20.5
34:2 C39H73NO8P 714.5074 714.5079 8.08 0.7 4.5 5.6
35:1 C40H77NO8P 730.5387 730.5385 9.70 -0.3 3.5 2.5
36:1 C41H79NO8P 744.5543 744.5545 10.33 0.3 3.5 19.5
36:2 C41H77NO8P 742.5387 742.5366 9.49 -2.8 4.5 13.5
36:3 C41H75NO8P 740.5230 740.5266 8.52 4.9 5.5 6.6
36:4 C41H73NO8P 738.5074 738.5071 8.14 -0.4 6.5 15.5
36:5 C41H71NO8P 736.4917 736.4896 7.29 -2.9 7.5 16.3
38:1 C43H83NO8P 772.5856 772.5853 11.46 -0.4 3.5 2.9
38:2 C43H81NO8P 770.5700 770.5703 10.58 0.4 4.5 3.8
38:3 C43H79NO8P 768.5543 768.5521 9.93 -2.9 5.5 8.7
38:4 C43H77NO8P 766.5387 766.5375 9.55 -1.6 6.5 53.6
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Lipid family Ionization Lipid specie
Elemental 

composition
Calculated 
mass (m/z)

Measured 
mass (m/z)

RT 
(minutes)

Error (ppm) DBE
Mean lipid amount 

(pmol/larvae)
PE [M - H]- 38:4 C43H77NO8P 766.5387 766.5375 9.55 -1.6 6.5 53.6

38:5 C43H75NO8P 764.5230 764.5216 8.64 -1.8 7.5 41.8
38:6 C43H73NO8P 762.5074 762.5077 7.95 0.4 8.5 201.4
38:7 C43H71NO8P 760.4917 760.4951 6.73 4.5 9.5 3.8
40:4 C45H81NO8P 794.5700 794.5687 10.43 -1.6 6.5 7.0
40:5 C45H79NO8P 792.5543 792.5521 9.88 -2.8 7.5 26.7
40:6 C45H77NO8P 790.5387 790.5422 9.33 4.4 8.5 309.7
40:7 C45H75NO8P 788.5230 788.5202 8.36 -3.6 9.5 70.3

LPE [M - H]- 16:0 C21H43NO7P 452.2777 452.2811 2.62 7.5 1.5 0.9
18:0 C23H47NO7P 480.3090 480.3081 3.28 -1.9 1.5 2.7
18:1 C23H45NO7P 478.2934 478.2922 2.81 -2.5 2.5 0.5
22:6 C27H43NO7P 524.2777 524.2758 2.34 -3.6 7.5 2.0

PE-O [M - H]- 34:2 C39H75NO7P 700.5281 700.5251 9.93 -4.3 3.5 2.1
36:2 C41H79NO7P 728.5594 728.5616 11.05 3.0 3.5 12.8
36:5 C41H73NO7P 722.5125 722.5095 9.02 -4.2 6.5 1.2
36:6 C41H71NO7P 720.4968 720.4946 8.20 -3.1 7.5 0.3
38:5 C43H77NO7P 750.5438 750.5423 9.99 -2.0 6.5 2.1
40:6 C45H79NO7P 776.5594 776.5571 10.68 -3.0 7.5 1.7
40:7 C45H77NO7P 774.5438 774.5425 10.14 -1.7 8.5 1.2

PE-P [M - H]- 38:5 C43H75NO7P 748.5281 748.5262 9.61 -2.5 7.5 1.3
38:6 C43H73NO7P 746.5125 746.5134 8.83 1.2 8.5 18.0

PG [M - H]- 34:1 C40H76O10P 747.5176 747.5139 8.83 -4.9 3.5 21.8
36:1 C42H80O10P 775.5489 775.5461 10.14 -3.6 3.5 15.5
36:2 C42H78O10P 773.5333 773.5291 9.14 -5.4 4.5 5.1

PI [M - H]- 34:1 C43H80O13P 835.5337 835.5333 7.45 -0.5 4.5 4.8
34:2 C43H78O13P 833.5180 833.5211 6.57 3.7 5.5 3.5
36:1 C45H84O13P 863.5650 863.5647 8.86 -0.3 4.5 2.2
36:2 C45H82O13P 861.5493 861.5465 7.98 -3.2 5.5 5.2
36:3 C45H80O13P 859.5337 859.5347 6.98 1.2 6.5 10.1
36:4 C45H78O13P 857.5180 857.5185 6.67 0.6 7.5 18.8
36:5 C45H76O13P 855.5024 855.5026 6.01 0.2 8.5 6.6
38:3 C47H84O13P 887.5650 887.5626 8.45 -2.7 6.5 11.3
38:4 C47H82O13P 885.5493 885.5508 7.75 1.7 7.5 88.7
38:5 C47H80O13P 883.5337 883.5362 7.12 2.8 8.5 73.2
38:6 C47H78O13P 881.5180 881.5166 6.42 -1.6 9.5 33.0
40:5 C49H84O13P 911.5650 911.5614 8.23 -3.9 8.5 3.6
40:6 C49H82O13P 909.5493 909.5500 7.83 0.8 9.5 27.9
40:7 C49H80O13P 907.5337 907.5358 6.86 2.3 10.5 23.1
40:8 C49H78O13P 905.5180 905.5154 6.07 -2.9 11.5 2.9

PS [M - H]- 32:1 C38H71NO10P 732.4816 732.4874 8.14 7.9 4.5 1.1
34:0 C40H77NO10P 762.5285 762.5305 11.21 2.6 3.5 44.5
36:1 C42H79NO10P 788.5442 788.5431 9.77 -1.4 4.5 16.9
36:2 C42H77NO10P 786.5285 786.5305 8.86 2.5 5.5 2.2
38:0 C44H85NO10P 818.5911 818.5922 9.70 1.3 3.5 44.8
38:1 C44H83NO10P 816.5755 816.5726 8.83 -3.6 4.5 13.3
38:4 C44H77NO10P 810.5285 810.5286 8.92 0.1 7.5 5.7
38:5 C44H75NO10P 808.5129 808.5095 8.14 -4.2 8.5 6.4
40:0 C46H89NO10P 846.6224 846.6196 10.91 -3.3 3.5 5.2
40:5 C46H79NO10P 836.5442 836.5448 9.30 0.7 8.5 15.4
40:6 C46H77NO10P 834.5285 834.5315 8.73 3.6 9.5 155.2
42:5 C48H83NO10P 864.5755 864.5748 8.67 -0.8 8.5 30.7
42:6 C48H81NO10P 862.5598 862.5588 7.76 -1.2 9.5 14.7

PC [M + H]+ 28:0 C36H73NO8P 678.5074 678.5052 6.02 -3.2 1.5 0.7
29:0 C37H75NO8P 692.5230 692.5235 8.59 0.7 1.5 1.2
30:0 C38H77NO8P 706.5387 706.5400 7.18 1.8 1.5 22.4
30:1 C38H75NO8P 704.5230 704.5216 6.51 -2.0 2.5 4.9
31:0 C39H79NO8P 720.5543 720.5571 7.91 3.9 1.5 21.5
31:1 C39H77NO8P 718.5387 718.5413 7.12 3.6 2.5 6.3
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Lipid family Ionization Lipid specie
Elemental 

composition
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mass (m/z)

Measured 
mass (m/z)

RT 
(minutes)

Error (ppm) DBE
Mean lipid amount 

(pmol/larvae)
PC [M + H]+ 32:0 C40H81NO8P 734.5700 734.5721 8.59 2.9 1.5 183.2

32:1 C40H79NO8P 732.5543 732.5530 7.72 -1.8 2.5 94.1
32:2 C40H77NO8P 730.5387 730.5397 7.01 1.4 3.5 17.8
32:3 C40H75NO8P 728.5230 728.5272 6.24 5.8 4.5 1.9
33:0 C41H83NO8P 748.5856 748.5853 9.28 -0.4 1.5 20.1
33:1 C41H81NO8P 746.5700 746.5712 8.34 1.6 2.5 47.4
33:2 C41H79NO8P 744.5543 744.5561 7.65 2.4 3.5 13.7
33:3 C41H77NO8P 742.5387 742.5359 6.65 -3.8 4.5 1.8
34:0 C42H85NO8P 762.6013 762.5994 9.94 -2.5 1.5 46.3
34:1 C42H83NO8P 760.5856 760.5866 9.06 1.3 2.5 669.5
34:2 C42H81NO8P 758.5700 758.5726 8.09 3.4 3.5 223.8
34:3 C42H79NO8P 756.5543 756.5546 7.18 0.4 4.5 46.8
34:4 C42H77NO8P 754.5387 754.5405 6.56 2.4 5.5 10.4
34:5 C42H75NO8P 752.5230 752.5229 6.02 -0.1 6.5 3.0
35:0 C43H87NO8P 776.6169 776.6164 10.57 -0.6 1.5 3.4
35:1 C43H85NO8P 774.6013 774.6027 9.60 1.8 2.5 56.3
35:2 C43H83NO8P 772.5856 772.5844 8.80 -1.6 3.5 31.5
35:3 C43H81NO8P 770.5700 770.5709 7.88 1.2 4.5 6.8
35:4 C43H79NO8P 768.5543 768.5571 7.44 3.6 5.5 4.1
35:5 C43H77NO8P 766.5387 766.5391 6.62 0.5 6.5 5.1
36:0 C44H89NO8P 790.6326 790.6343 11.19 2.2 1.5 10.2
36:1 C44H87NO8P 788.6169 788.6190 10.38 2.7 2.5 208.5
36:2 C44H85NO8P 786.6013 786.6030 9.47 2.2 3.5 240.5
36:3 C44H83NO8P 784.5856 784.5884 8.53 3.6 4.5 156.1
36:4 C44H81NO8P 782.5700 782.5732 7.88 4.1 5.5 134.7
36:5 C44H79NO8P 780.5543 780.5544 7.31 0.1 6.5 150.2
36:6 C44H77NO8P 778.5387 778.5414 6.51 3.5 7.5 26.7
37:4 C45H83NO8P 796.5856 796.5880 8.78 3.0 5.5 9.3
37:5 C45H81NO8P 794.5700 794.5707 7.96 0.9 6.5 17.1
37:6 C45H79NO8P 792.5543 792.5566 7.25, 2.9 7.5 22.7
38:0 C46H93NO8P 818.6639 818.6675 12.35 4.4 1.5 1.7
38:1 C46H91NO8P 816.6482 816.6487 11.41 0.6 2.5 22.4
38:2 C46H89NO8P 814.6326 814.6339 10.63 1.6 3.5 40.0
38:3 C46H87NO8P 812.6169 812.6193 9.85 3.0 4.5 63.7
38:4 C46H85NO8P 810.6013 810.6039 9.34 3.2 5.5 106.7
38:5 C46H83NO8P 808.5856 808.5895 8.35 4.8 6.5 50.9
38:6 C46H81NO8P 806.5700 806.5728 7.94 3.5 7.5 510.9
38:7 C46H79NO8P 804.5543 804.5550 6.82 0.9 8.5 75.6
38:8 C46H77NO8P 802.5387 802.5410 6.02 2.9 9.5 6.9
39:6 C47H83NO8P 820.5856 820.5888 8.58 3.9 7.5 51.6
39:7 C47H81NO8P 818.5700 818.5703 7.75 0.4 8.5 16.8
40:1 C48H95NO8P 844.6795 844.6830 12.48 4.1 2.5 3.8
40:2 C48H93NO8P 842.6639 842.6632 11.70 -0.8 3.5 4.0
40:3 C48H91NO8P 840.6482 840.6486 10.85 0.5 4.5 3.6
40:4 C48H89NO8P 838.6326 838.6345 10.44 2.3 5.5 11.9
40:5 C48H87NO8P 836.6169 836.6195 10.15 3.1 6.5 50.1
40:6 C48H85NO8P 834.6013 834.6032 9.35 2.3 7.5 250.3
40:7 C48H83NO8P 832.5856 832.5892 8.34 4.3 8.5 221.2
40:8 C48H81NO8P 830.5700 830.5723 7.38 2.8 9.5 68.1
42:6 C50H89NO8P 862.6326 862.6287 10.13 -4.5 7.5 10.3
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Lipid family Ionization Lipid specie
Elemental 

composition
Calculated 
mass (m/z)

Measured 
mass (m/z)

RT 
(minutes)

Error (ppm) DBE
Mean lipid amount 

(pmol/larvae)
LPC [M + H]+ 14:1 C22H45NO7P 466.2934 466.2915 2.50 -4.1 1.5 15.9

15:0 C23H49NO7P 482.3247 482.3260 3.26 2.7 0.5 1.0
16:0 C24H51NO7P 496.3403 496.3398 2.57 -1.0 0.5 13.6
18:0 C26H55NO7P 524.3716 524.3703 3.26 -2.5 0.5 7.5
18:1 C26H53NO7P 522.3560 522.3541 2.73 -3.6 1.5 7.9
18:2 C26H51NO7P 520.3403 520.3414 2.38 2.1 2.5 2.6
20:0 C28H59NO7P 552.4029 552.4028 3.95 -0.2 0.5 0.5
20:1 C28H57NO7P 550.3873 550.3854 3.31 -3.5 1.5 1.1
20:3 C28H53NO7P 546.3560 546.3541 2.54 -3.5 3.5 0.6
20:4 C28H51NO7P 544.3403 544.3348 2.32 -10.1 4.5 0.9
20:5 C28H49NO7P 542.3247 542.3240 2.07 -1.3 5.5 1.3
22:6 C30H51NO7P 568.3403 568.3395 2.32 -1.4 6.5 10.8
24:0 C32H67NO7P 608.4655 608.4637 5.52 -3.0 0.5 0.4

PC-O [M + H]+ 16:0 C24H53NO6P 482.3611 482.3617 3.05 1.2 -0.5 0.6
18:0 C26H57NO6P 510.3924 510.3894 3.70 -5.9 -0.5 0.3
30:0 C38H79NO7P 692.5594 692.5587 8.12 -1.0 0.5 0.4
32:0 C40H83NO7P 720.5907 720.5883 9.53 -3.3 0.5 4.2
32:1 C40H81NO7P 718.5751 718.5714 7.65 -5.1 1.5 0.5
32:2 C40H79NO7P 716.5594 716.5576 6.56 -2.5 2.5 0.7
34:0 C42H87NO7P 748.6220 748.6202 10.38 -2.4 0.5 1.7
34:1 C42H85NO7P 746.6064 746.6042 9.94 -2.9 1.5 13.1
34:2 C42H83NO7P 744.5907 744.5928 9.91 2.8 2.5 5.1
36:1 C44H89NO7P 774.6377 774.6400 11.19 3.0 1.5 1.9
36:2 C44H87NO7P 772.6220 772.6255 10.25 4.5 2.5 2.1
36:3 C44H85NO7P 770.6064 770.6072 9.38 1.0 3.5 1.0
36:4 C44H83NO7P 768.5907 768.5901 9.13 -0.8 4.5 5.1
36:5 C44H81NO7P 766.5751 766.5784 8.28 4.3 5.5 10.2
38:4 C46H87NO7P 796.6220 796.6227 10.00 0.9 4.5 2.7
38:5 C46H85NO7P 794.6064 794.6082 9.22 2.3 5.5 4.2
40:6 C48H87NO7P 820.6220 820.6217 10.22 -0.4 6.5 9.1
40:7 C48H85NO7P 818.6064 818.6061 9.43 -0.4 7.5 15.3

PC-P [M + H]+ 30:0 C38H77NO7P 690.5438 690.5394 7.56 -6.4 1.5 0.7
36:5 C44H79NO7P 764.5594 764.5584 7.47 -1.3 6.5 3.6
38:5 C46H83NO7P 792.5907 792.5940 8.88 4.2 6.5 34.0
38:6 C46H81NO7P 790.5751 790.5776 8.81 3.2 7.5 8.0

SM [M + H]+ 32:1 C37H76N2O6P 675.5441 675.5458 6.15 2.5 1.5 1.4
33:1 C38H78N2O6P 689.5598 689.5616 6.68 2.6 1.5 3.3
34:0 C39H82N2O6P 705.5911 705.5904 7.91 -1.0 0.5 12.1
34:1 C39H80N2O6P 703.5754 703.5782 7.40 4.0 1.5 63.8
34:2 C39H78N2O6P 701.5598 701.5731 6.82 19.0 2.5 2.7
35:1 C40H82N2O6P 717.5911 717.5894 7.91 -2.4 1.5 5.2
36:1 C41H84N2O6P 731.6067 731.6088 8.81 2.9 1.5 12.0
38:1 C43H88N2O6P 759.6380 759.6409 10.16 3.8 1.5 10.9
39:1 C44H90N2O6P 773.6537 773.6542 10.55 0.6 1.5 4.3
40:1 C45H92N2O6P 787.6693 787.6709 11.41 2.0 1.5 23.5
40:2 C45H90N2O6P 785.6537 785.6489 10.71 -6.1 2.5 3.2
41:1 C46H94N2O6P 801.6850 801.6849 11.95 -0.1 1.5 7.5
41:2 C46H92N2O6P 799.6693 799.6639 11.01 -6.8 2.5 2.2
42:1 C47H96N2O6P 815.7006 815.7042 12.61 4.4 1.5 19.0
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Ctl 
4dpf

Ctl 
5dpf

Ctl 
6dpf

6 
mg/L 
BPA 
4dpf

6 
mg/L 
BPA 
5dpf

6 
mg/L 
BPA 
6dpf

Ctl 
4dpf

Ctl 
5dpf

Ctl 
6dpf

6 mg/L 
BPA 
4dpf

6 mg/L 
BPA 
5dpf

6 mg/L 
BPA 
6dpf

CE CE 16:0 1 16.0 0 37.2 0.897 1.025 1.069 0.903 1.157 1.094 0.104 0.993 0.523 0.118 0.092 0.336 n.s.
CE 16:1 1 16.0 1 13.6 0.988 0.966 1.043 0.819 1.015 0.963 0.746 0.999 0.286 0.069 0.486 0.973 n.s.
CE 17:1 1 17.0 1 6.2 0.955 1.029 1.012 0.934 1.057 1.095 0.127 0.663 0.968 0.052 0.238 0.050 *
CE 18:0 1 18.0 0 28.7 1.039 1.002 0.950 0.908 1.123 1.087 0.795 0.846 0.417 0.207 0.230 0.411 n.s.
CE 18:1 1 18.0 1 180.3 1.053 0.995 0.949 0.987 1.144 1.013 0.615 0.625 0.228 0.538 0.072 0.851 n.s.
CE 18:2 1 18.0 2 124.8 1.072 1.035 0.881 1.015 1.151 1.001 0.420 0.868 0.035 0.844 0.058 0.661 *
CE 18:3 1 18.0 3 25.0 1.181 0.954 0.824 0.953 1.068 0.891 0.048 0.772 0.107 0.769 0.315 0.327 *
CE 18:4 2 18.0 4 2.1 1.227 0.849 0.869 1.199 1.220 1.010 0.120 0.057 0.076 0.182 0.132 0.586 n.s.
CE 20:1 1 20.0 1 40.2 1.183 0.946 0.829 0.897 1.040 0.956 0.071 0.770 0.174 0.440 0.520 0.846 n.s.
CE 20:2 1 20.0 2 93.3 1.147 0.937 0.884 0.803 0.966 0.848 0.073 0.950 0.654 0.245 0.738 0.440 n.s.
CE 20:3 1 20.0 3 136.9 1.076 0.985 0.929 0.809 0.952 0.826 0.138 0.538 0.997 0.209 0.805 0.272 n.s.
CE 20:4 1 20.0 4 94.2 1.056 1.012 0.926 0.869 0.968 0.888 0.166 0.402 0.688 0.246 0.829 0.356 n.s.
CE 20:5 1 20.0 5 130.9 1.058 0.907 1.024 1.093 1.103 0.942 0.498 0.068 0.960 0.210 0.162 0.174 n.s.
CE 22:3 1 22.0 3 8.2 0.981 0.994 1.019 0.654 0.844 0.650 0.296 0.252 0.186 0.110 0.910 0.105 n.s.
CE 22:4 1 22.0 4 23.9 1.009 0.975 1.007 0.770 0.886 0.860 0.328 0.529 0.340 0.136 0.722 0.525 n.s.
CE 22:5 1 22.0 5 82.0 1.006 0.984 1.005 0.824 1.008 0.935 0.608 0.787 0.615 0.157 0.592 0.771 n.s.
CE 22:6 1 22.0 6 386.7 1.029 0.987 0.983 1.000 1.076 0.971 0.763 0.770 0.720 0.912 0.342 0.603 n.s.
CE 22:7 1 22.0 7 2.9 1.055 0.982 0.953 1.022 1.043 0.895 0.558 0.925 0.720 0.776 0.631 0.379 n.s.
CE 24:5 1 24.0 5 9.0 0.953 0.924 1.106 0.699 0.955 0.901 0.776 0.993 0.116 0.066 0.756 0.835 n.s.
CE 24:6 1 24.0 6 17.5 1.018 0.955 1.022 0.745 0.986 0.881 0.287 0.783 0.268 0.038 0.503 0.482 *

TAG TAG 44:0 1 14.7 0 6.3 0.897 0.999 1.081 0.841 1.207 1.155 0.369 0.827 0.720 0.216 0.243 0.396 n.s.
TAG 44:1 1 14.7 1 3.3 0.925 1.013 1.051 0.848 1.248 1.174 0.383 0.820 0.952 0.171 0.154 0.338 n.s.
TAG 44:2 1 14.7 2 1.1 0.898 0.924 1.145 0.802 1.239 1.187 0.306 0.402 0.385 0.104 0.137 0.247 n.s.
TAG 46:0 1 15.3 0 19.5 0.957 0.999 1.032 0.967 1.288 1.155 0.430 0.623 0.799 0.472 0.137 0.519 n.s.
TAG 46:1 1 15.3 1 14.9 0.952 1.001 1.037 0.967 1.342 1.183 0.428 0.615 0.782 0.479 0.132 0.521 n.s.
TAG 46:2 1 15.3 2 6.3 0.966 0.966 1.059 0.978 1.295 1.112 0.521 0.522 0.979 0.571 0.152 0.739 n.s.
TAG 46:3 1 15.3 3 0.8 0.962 1.047 0.961 0.984 1.240 1.019 0.726 0.957 0.722 0.804 0.344 0.936 n.s.
TAG 48:0 2 16.0 0 39.7 0.963 1.095 0.926 1.076 1.463 1.412 0.264 0.711 0.193 0.628 0.097 0.153 n.s.
TAG 48:1 3 16.0 1 58.3 1.143 1.001 0.810 1.284 1.531 1.443 0.660 0.164 0.021 0.542 0.041 0.106 *
TAG 48:2 3 16.0 2 46.6 1.219 0.894 0.834 1.392 1.577 1.230 0.884 0.162 0.104 0.323 0.084 0.842 n.s.
TAG 48:3 3 16.0 3 10.9 1.219 0.893 0.834 1.404 1.546 1.190 0.844 0.168 0.108 0.270 0.094 0.964 n.s.
TAG 49:1 3 16.3 1 37.7 1.151 0.975 0.834 1.106 1.398 1.235 0.833 0.402 0.122 0.950 0.123 0.478 n.s.
TAG 50:0 2 16.7 0 67.9 1.180 1.038 0.706 1.130 1.326 1.321 0.494 0.400 0.003 0.886 0.053 0.057 **
TAG 50:1 3 16.7 1 207.3 1.325 0.891 0.646 1.285 1.363 1.220 0.160 0.119 0.010 0.247 0.106 0.468 **
TAG 50:2 3 16.7 2 187.6 1.356 0.861 0.614 1.495 1.660 1.279 0.486 0.124 0.023 0.197 0.062 0.739 *
TAG 50:3 3 16.7 3 75.1 1.302 0.984 0.556 1.492 1.667 1.574 0.861 0.250 0.018 0.334 0.113 0.204 *
TAG 50:4 3 16.7 4 36.1 1.496 0.753 0.404 1.745 1.795 1.243 0.339 0.097 0.015 0.087 0.066 0.989 *
TAG 50:5 3 16.7 5 4.9 1.559 0.641 0.343 1.650 1.552 1.327 0.088 0.028 0.004 0.045 0.093 0.458 **
TAG 50:6 3 16.7 6 1.9 1.456 0.813 0.395 1.842 1.628 1.211 0.400 0.159 0.018 0.052 0.165 0.961 *
TAG 51:1 3 17.0 1 57.7 1.336 0.910 0.593 1.194 1.406 1.247 0.214 0.248 0.017 0.633 0.117 0.438 *
TAG 51:2 3 17.0 2 62.2 1.335 0.899 0.614 1.303 1.497 1.212 0.318 0.214 0.024 0.398 0.091 0.710 *
TAG 51:3 3 17.0 3 36.9 1.378 0.877 0.551 1.392 1.567 1.176 0.273 0.177 0.016 0.247 0.067 0.919 *
TAG 51:4 3 17.0 4 14.1 1.439 0.838 0.441 1.502 1.624 1.148 0.254 0.182 0.016 0.172 0.078 0.939 *
TAG 51:5 3 17.0 5 4.9 1.351 0.938 0.519 1.445 1.502 1.194 0.350 0.293 0.015 0.183 0.121 0.858 *
TAG 51:6 3 17.0 6 1.1 1.406 0.823 0.535 1.420 1.576 1.138 0.312 0.210 0.039 0.290 0.117 0.961 *
TAG 52:0 1 17.3 0 46.0 1.319 0.916 0.648 1.033 1.060 0.988 0.000 0.038 0.000 0.232 0.067 0.848 ***
TAG 52:1 3 17.3 1 192.3 1.350 0.928 0.525 1.172 1.317 1.210 0.140 0.359 0.012 0.594 0.187 0.450 *
TAG 52:2 3 17.3 2 346.7 1.403 0.811 0.582 1.341 1.434 1.061 0.114 0.118 0.018 0.194 0.088 0.793 *
TAG 52:3 3 17.3 3 319.0 1.392 0.840 0.548 1.488 1.633 1.254 0.348 0.122 0.017 0.183 0.065 0.765 *
TAG 52:4 3 17.3 4 171.7 1.352 0.968 0.468 1.462 1.636 1.059 0.345 0.356 0.011 0.160 0.045 0.622 *
TAG 52:5 3 17.3 5 94.5 1.317 1.024 0.437 1.369 1.857 1.469 0.760 0.365 0.012 0.605 0.035 0.361 *
TAG 52:6 3 17.3 6 45.4 1.437 0.898 0.311 1.568 1.618 1.283 0.277 0.219 0.006 0.119 0.085 0.660 **
TAG 53:0 1 17.7 0 5.2 1.155 0.977 0.840 0.935 1.031 0.980 0.005 0.827 0.010 0.243 0.304 0.874 **
TAG 53:1 3 17.7 1 26.6 1.354 0.920 0.540 1.083 1.258 1.203 0.083 0.362 0.010 0.875 0.211 0.349 *
TAG 53:2 3 17.7 2 56.0 1.403 0.878 0.482 1.266 1.435 1.188 0.134 0.224 0.010 0.391 0.104 0.656 *
TAG 53:3 3 17.7 3 48.7 1.404 0.865 0.504 1.341 1.485 1.158 0.165 0.188 0.012 0.268 0.088 0.864 *
TAG 53:4 3 17.7 4 33.4 1.419 0.874 0.438 1.364 1.484 1.181 0.148 0.201 0.008 0.226 0.088 0.768 **
TAG 53:5 3 17.7 5 25.3 1.370 0.931 0.461 1.285 1.384 1.212 0.172 0.338 0.009 0.335 0.153 0.559 **
TAG 53:6 1 17.7 6 21.7 1.100 0.936 0.933 0.987 1.201 1.212 0.798 0.412 0.402 0.620 0.365 0.330 n.s.
TAG 53:7 3 17.7 7 4.9 1.163 0.996 0.777 1.171 1.347 1.172 0.723 0.518 0.084 0.689 0.175 0.682 n.s.
TAG 54:0 3 18.0 0 2.3 1.242 1.053 0.524 0.950 1.228 0.887 0.138 0.654 0.024 0.847 0.157 0.563 *

Supplemental table ST5. Each individual lipid classification in the PAM (partition around medoids) clustering analysis, their average fatty acid chain 
length, total number of unsaturations, average pmol/sample, normalized abundances and p values (one-way ANOVA followed by a Tukey's post-
hoc test). Lipids are annotated as <lipid subclass> <total fatty acyl chain length> : <total number of unsaturated bonds>. Significant changes are 
specified by asterisks (* for p<0.05, ** for p<0.01, *** for p<0.001).

Signific
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Lipid 
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er
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TAG TAG 54:2 3 18.0 2 149.7 1.356 0.938 0.516 1.192 1.369 1.161 0.125 0.353 0.009 0.515 0.110 0.646 **
TAG 54:3 3 18.0 3 282.0 1.331 0.897 0.617 1.234 1.224 1.170 0.112 0.229 0.014 0.296 0.325 0.528 *
TAG 54:4 3 18.0 4 279.0 1.332 0.940 0.557 1.287 1.380 1.182 0.195 0.293 0.010 0.292 0.126 0.662 *
TAG 54:5 3 18.0 5 164.4 1.317 0.860 0.675 1.390 1.522 1.008 0.492 0.337 0.129 0.350 0.178 0.657 n.s.
TAG 54:6 3 18.0 6 179.3 1.331 0.927 0.578 1.152 1.351 1.090 0.285 0.538 0.067 0.728 0.253 0.935 n.s.
TAG 54:7 3 18.0 7 83.8 1.239 1.113 0.447 1.295 1.703 1.505 0.897 0.554 0.004 0.655 0.026 0.134 **
TAG 54:8 3 18.0 8 28.6 1.437 0.872 0.391 1.513 1.567 1.208 0.229 0.200 0.009 0.138 0.095 0.838 **
TAG 54:9 3 18.0 9 4.1 1.393 0.918 0.439 1.612 1.454 1.114 0.352 0.354 0.023 0.101 0.252 0.868 *
TAG 56:1 3 18.7 1 1.6 1.388 0.920 0.438 0.959 1.239 1.136 0.014 0.429 0.002 0.638 0.086 0.306 **
TAG 56:2 3 18.7 2 38.7 1.405 0.902 0.430 1.178 1.310 1.123 0.071 0.362 0.007 0.476 0.161 0.696 **
TAG 56:3 3 18.7 3 78.6 1.437 0.875 0.378 1.222 1.373 1.146 0.075 0.290 0.006 0.409 0.126 0.676 **
TAG 56:4 3 18.7 4 90.0 1.320 1.023 0.426 1.265 1.564 1.346 0.409 0.490 0.007 0.578 0.068 0.343 **
TAG 56:5 3 18.7 5 153.0 1.305 1.036 0.433 1.237 1.514 1.361 0.390 0.537 0.006 0.619 0.075 0.258 **
TAG 56:6 3 18.7 6 229.0 1.240 1.061 0.489 1.131 1.575 1.450 0.697 0.648 0.016 0.899 0.083 0.196 *
TAG 56:7 3 18.7 7 77.3 1.350 0.944 0.384 1.307 1.294 1.164 0.193 0.517 0.010 0.261 0.286 0.648 *
TAG 58:3 3 19.3 3 15.6 1.463 0.846 0.350 1.189 1.287 0.978 0.031 0.318 0.006 0.325 0.141 0.806 **
TAG 58:4 3 19.3 4 16.9 1.473 0.850 0.297 1.230 1.373 1.099 0.049 0.277 0.004 0.340 0.110 0.800 **
TAG 58:5 3 19.3 5 12.6 1.408 0.941 0.290 1.055 1.231 1.213 0.056 0.634 0.004 0.852 0.249 0.289 **

DAG DAG 32:0 1 16.0 0 12.6 1.293 0.901 0.698 1.064 1.063 0.859 0.014 0.422 0.021 0.388 0.395 0.232 *
DAG 32:1 2 16.0 1 3.7 1.307 0.877 0.700 1.267 1.170 0.908 0.052 0.196 0.022 0.084 0.278 0.286 *
DAG 34:0 1 17.0 0 10.1 1.275 0.903 0.742 1.030 1.023 0.906 0.007 0.329 0.017 0.517 0.572 0.351 **
DAG 34:1 2 17.0 1 29.3 1.337 0.861 0.634 1.238 1.216 0.943 0.091 0.278 0.035 0.228 0.276 0.544 *
DAG 34:2 2 17.0 2 11.5 1.388 0.839 0.569 1.284 1.242 0.906 0.024 0.139 0.007 0.080 0.131 0.300 **
DAG 34:3 2 17.0 3 2.7 1.396 0.874 0.505 1.340 1.329 0.952 0.010 0.075 0.001 0.022 0.026 0.250 ***
DAG 36:0 1 18.0 0 1.9 1.142 0.965 0.871 0.967 0.988 0.885 0.045 0.949 0.200 0.966 0.796 0.261 *
DAG 36:1 2 18.0 1 7.9 1.282 0.920 0.697 1.176 1.159 0.995 0.047 0.274 0.013 0.210 0.265 0.675 *
DAG 36:2 2 18.0 2 15.1 1.327 0.884 0.663 1.310 1.241 0.955 0.029 0.099 0.005 0.037 0.102 0.283 **
DAG 36:3 2 18.0 3 13.5 1.393 0.831 0.582 1.342 1.276 0.927 0.012 0.051 0.002 0.023 0.059 0.208 **
DAG 36:4 1 18.0 4 3.9 1.051 1.031 0.901 0.801 0.907 0.813 0.246 0.313 0.881 0.305 0.926 0.351 n.s.
DAG 36:5 1 18.0 5 5.9 1.161 1.044 0.709 0.979 1.008 0.838 0.252 0.609 0.176 0.892 0.759 0.490 n.s.
DAG 38:3 2 19.0 3 3.5 1.232 0.929 0.777 1.299 1.222 1.022 0.098 0.099 0.008 0.030 0.117 0.484 **
DAG 38:4 1 19.0 4 14.9 0.841 1.068 1.071 0.746 0.971 0.887 0.136 0.038 0.035 0.012 0.468 0.428 *
DAG 38:5 1 19.0 5 11.2 1.023 1.051 0.920 0.944 1.022 0.901 0.549 0.350 0.464 0.667 0.558 0.341 n.s.
DAG 38:6 1 19.0 6 24.0 1.126 0.992 0.827 0.962 1.094 0.915 0.400 0.968 0.344 0.881 0.513 0.662 n.s.
DAG 40:6 1 20.0 6 11.2 0.993 1.048 0.955 0.873 1.058 1.007 0.965 0.498 0.694 0.210 0.437 0.833 n.s.

PE PE 32:0 1 16.0 0 100.7 0.977 1.010 1.011 0.975 1.109 0.970 0.570 0.984 0.964 0.547 0.104 0.486 n.s.
PE 32:1 1 16.0 1 940.0 0.993 0.983 1.023 0.990 1.100 0.941 0.812 0.660 0.716 0.758 0.092 0.225 n.s.
PE 34:1 1 17.0 1 59.1 1.065 1.004 0.924 1.056 1.007 0.875 0.203 0.777 0.271 0.254 0.736 0.078 n.s.
PE 34:2 1 17.0 2 18.3 1.109 1.008 0.868 0.981 0.985 0.828 0.022 0.382 0.092 0.719 0.660 0.030 *
PE 35:1 1 17.5 1 5.8 0.950 1.062 0.982 0.919 1.081 0.909 0.599 0.245 0.978 0.325 0.161 0.264 n.s.
PE 36:1 1 18.0 1 46.1 0.979 1.025 0.994 1.005 1.070 0.960 0.604 0.704 0.827 0.996 0.237 0.387 n.s.
PE 36:2 1 18.0 2 37.3 1.060 1.002 0.933 1.021 1.073 0.941 0.300 0.956 0.189 0.751 0.211 0.233 n.s.
PE 36:3 1 18.0 3 20.2 1.128 1.008 0.841 1.103 1.101 0.902 0.078 0.919 0.018 0.149 0.156 0.082 *
PE 36:4 1 18.0 4 37.1 0.941 1.059 0.996 0.883 0.968 0.918 0.616 0.041 0.392 0.087 0.853 0.300 *
PE 36:5 1 18.0 5 43.1 1.029 1.057 0.906 1.017 1.007 0.961 0.629 0.383 0.211 0.757 0.870 0.606 n.s.
PE 38:1 1 19.0 1 7.6 1.021 1.013 0.963 0.991 1.088 0.869 0.410 0.542 0.451 0.993 0.029 0.011 *
PE 38:2 1 19.0 2 11.5 1.095 0.989 0.907 1.042 1.052 0.905 0.092 0.849 0.107 0.401 0.304 0.101 n.s.
PE 38:3 2 19.0 3 28.4 1.213 0.923 0.820 1.245 1.186 0.903 0.032 0.080 0.009 0.016 0.060 0.051 **
PE 38:4 1 19.0 4 115.9 0.908 1.053 1.032 0.914 0.988 0.947 0.129 0.078 0.167 0.161 0.721 0.505 n.s.
PE 38:5 1 19.0 5 104.8 1.023 1.047 0.925 1.081 1.059 0.988 0.956 0.590 0.085 0.241 0.438 0.511 n.s.
PE 38:6 1 19.0 6 505.0 1.014 1.021 0.964 1.012 1.080 0.973 0.951 0.852 0.414 0.984 0.244 0.514 n.s.
PE 38:7 1 19.0 7 13.8 1.234 1.089 0.537 1.168 1.053 0.898 0.083 0.448 0.007 0.184 0.639 0.420 **
PE 40:4 1 20.0 4 15.4 0.910 1.051 1.030 0.880 0.984 0.949 0.346 0.184 0.305 0.167 0.775 0.756 n.s.
PE 40:5 1 20.0 5 66.1 1.023 1.023 0.950 1.067 1.109 0.983 0.958 0.965 0.245 0.511 0.208 0.498 n.s.
PE 40:6 1 20.0 6 694.7 0.950 1.012 1.036 0.947 1.065 0.994 0.366 0.831 0.521 0.343 0.263 0.899 n.s.
PE 40:7 1 20.0 7 198.2 1.089 1.005 0.895 1.070 1.118 0.954 0.266 0.774 0.060 0.414 0.131 0.262 n.s.

LPE LPE 16:0 1 16.0 0 2.3 0.979 1.018 0.978 1.009 1.020 0.887 0.980 0.758 0.973 0.813 0.742 0.426 n.s.
LPE 18:0 2 18.0 0 7.5 1.201 0.898 0.841 1.414 1.323 0.956 0.347 0.069 0.030 0.016 0.059 0.161 *
LPE 18:1 1 18.0 1 1.3 1.038 0.967 0.990 1.181 1.107 0.948 0.993 0.427 0.588 0.141 0.446 0.324 n.s.
LPE 22:6 1 22.0 6 5.0 1.057 0.980 0.955 1.212 1.188 0.950 0.998 0.471 0.347 0.171 0.237 0.323 n.s.

PE-O
PE-O 38:5/ PE-

P 38:4
1 19.0 5 5.2 0.995 1.046 0.955 0.995 1.051 0.984 0.887 0.522 0.455 0.886 0.479 0.748 n.s.

PE-O 40:7/ PE-
P 40:6

1 20.0 7 28.5 0.909 1.078 1.005 0.821 1.020 0.904 0.494 0.110 0.486 0.084 0.367 0.455 n.s.

PE-O 34:2/ PE-
P 34:1

1 17.0 2 3.4 0.992 1.033 0.971 0.786 0.974 0.852 0.504 0.269 0.674 0.116 0.644 0.346 n.s.

PE-O 36:2/ PE-
P 36:1

1 18.0 2 0.8 1.064 0.981 0.952 0.948 1.146 0.944 0.515 0.775 0.547 0.519 0.146 0.489 n.s.
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PE-O
PE-O 36:6/ PE-

P 36:5
1 18.0 6 4.2 0.895 1.082 1.013 0.708 0.898 0.796 0.948 0.019 0.095 0.017 0.993 0.127 *

PE-O 40:6/ PE-
P 40:5

1 20.0 6 3.1 0.953 1.058 0.984 0.826 0.977 0.875 0.894 0.094 0.523 0.079 0.599 0.259 n.s.

PE-P
PE-P 38:5/ PE-

O 38:6
1 19.0 5 2.9 0.862 1.073 1.051 0.721 0.925 0.830 0.261 0.006 0.011 0.003 0.710 0.083 **

PE-P 38:6/ PE-
O 38:7

1 19.0 6 43.2 1.007 1.012 0.978 1.024 1.155 0.980 0.791 0.844 0.519 0.974 0.112 0.534 n.s.

PG PG 34:1 1 17.0 1 49.0 0.986 1.036 0.976 1.081 1.190 0.933 0.584 0.979 0.514 0.585 0.108 0.268 n.s.
PG 36:1 1 18.0 1 33.3 0.915 1.059 1.019 0.863 1.090 0.933 0.440 0.351 0.634 0.187 0.211 0.572 n.s.
PG 36:2 1 18.0 2 11.2 0.947 1.044 1.006 0.936 1.130 0.967 0.483 0.632 0.993 0.408 0.159 0.646 n.s.

PI PI 34:1 2 17.0 1 12.0 1.290 0.871 0.750 1.729 1.565 1.279 0.715 0.015 0.004 0.005 0.030 0.787 **
PI 34:2 2 17.0 2 10.6 1.388 0.831 0.618 1.736 1.534 1.095 0.017 0.001 0.000 0.000 0.001 0.116 ***
PI 36:1 2 18.0 1 5.0 1.161 0.929 0.877 1.451 1.562 1.185 0.814 0.098 0.058 0.106 0.035 0.947 *
PI 36:2 2 18.0 2 14.9 1.365 0.826 0.672 1.686 1.582 1.158 0.073 0.001 0.000 0.001 0.002 0.446 ***
PI 36:3 2 18.0 3 32.2 1.500 0.724 0.470 1.898 1.673 1.080 0.005 0.000 0.000 0.000 0.000 0.066 ***
PI 36:4 1 18.0 4 44.4 1.058 1.006 0.929 1.234 1.256 1.008 0.742 0.319 0.072 0.073 0.047 0.332 *
PI 36:5 2 18.0 5 15.6 1.114 0.985 0.882 1.333 1.323 1.147 0.875 0.193 0.047 0.089 0.102 0.875 *
PI 38:3 2 19.0 3 33.9 1.446 0.749 0.577 1.768 1.748 1.138 0.100 0.004 0.001 0.003 0.003 0.388 ***
PI 38:4 2 19.0 4 215.7 1.100 0.970 0.920 1.269 1.355 1.005 0.952 0.066 0.022 0.032 0.005 0.151 **
PI 38:5 2 19.0 5 191.1 1.212 0.928 0.814 1.527 1.421 1.047 0.479 0.018 0.003 0.002 0.010 0.166 **
PI 38:6 2 19.0 6 80.7 1.124 0.976 0.882 1.347 1.316 1.096 0.996 0.126 0.027 0.036 0.060 0.750 *
PI 40:5 2 20.0 5 9.7 1.291 0.855 0.769 1.601 1.536 1.164 0.296 0.004 0.001 0.002 0.005 0.633 **
PI 40:6 1 20.0 6 62.0 1.024 1.013 0.961 1.118 1.238 1.118 0.521 0.445 0.196 0.645 0.095 0.640 n.s.
PI 40:7 2 20.0 7 63.2 1.269 0.903 0.756 1.539 1.456 1.156 0.307 0.013 0.002 0.004 0.013 0.776 **
PI 40:8 2 20.0 8 8.2 1.312 0.863 0.730 1.689 1.458 1.153 0.209 0.005 0.001 0.001 0.017 0.565 ***

PS PS 32:1 1 16.0 1 2.3 0.978 0.961 1.046 1.083 1.124 1.067 0.417 0.315 0.971 0.614 0.323 0.760 n.s.
PS 34:0 1 17.0 0 109.3 1.013 1.017 0.970 1.055 1.051 1.025 0.647 0.806 0.030 0.119 0.167 0.870 *
PS 36:1 1 18.0 1 32.1 0.848 1.087 1.045 0.807 1.029 0.987 0.160 0.159 0.334 0.075 0.437 0.801 n.s.
PS 36:2 1 18.0 2 5.1 0.964 1.052 0.979 0.960 1.089 1.016 0.363 0.399 0.524 0.326 0.142 0.900 n.s.
PS 38:0 1 19.0 0 118.1 1.102 0.987 0.899 1.223 1.181 1.016 0.355 0.055 0.003 0.004 0.016 0.177 **
PS 38:1 2 19.0 1 36.8 1.221 0.952 0.774 1.477 1.341 1.062 0.051 0.002 0.000 0.000 0.001 0.068 ***
PS 38:4 1 19.0 4 10.6 0.758 1.094 1.101 0.557 0.800 0.846 0.254 0.027 0.024 0.009 0.488 0.876 **
PS 38:5 1 19.0 5 14.2 0.874 1.041 1.073 0.728 0.918 0.876 0.669 0.261 0.168 0.102 0.998 0.684 n.s.
PS 40:0 2 20.0 0 14.4 1.187 0.928 0.847 1.363 1.297 1.061 0.231 0.015 0.003 0.004 0.016 0.372 **
PS 40:5 1 20.0 5 31.9 0.886 1.068 1.032 0.843 1.004 0.979 0.313 0.234 0.429 0.145 0.656 0.898 n.s.
PS 40:6 1 20.0 6 365.9 0.955 1.027 1.013 0.880 1.052 0.958 0.718 0.523 0.650 0.186 0.335 0.752 n.s.
PS 42:5 2 21.0 5 78.3 1.189 0.957 0.817 1.451 1.350 1.177 0.299 0.000 0.000 0.000 0.001 0.502 ***
PS 42:6 2 21.0 6 41.0 1.238 0.920 0.787 1.489 1.353 1.095 0.038 0.001 0.000 0.000 0.001 0.177 ***

PC PC 28:0 2 14.0 0 1.7 1.261 0.923 0.737 1.569 1.374 1.321 0.602 0.054 0.007 0.018 0.175 0.322 **
PC 29:0 1 14.5 0 3.4 0.980 0.998 0.969 0.831 1.021 0.751 0.797 0.734 0.836 0.661 0.656 0.429 n.s.
PC 30:0 1 15.0 0 57.7 1.058 1.021 0.912 1.050 1.174 1.018 0.744 0.763 0.067 0.849 0.055 0.729 n.s.
PC 30:1 2 15.0 1 12.1 1.280 0.935 0.696 1.658 1.465 1.442 0.623 0.003 0.000 0.001 0.016 0.025 ***
PC 31:0 1 15.5 0 54.6 0.959 1.010 1.029 0.830 0.985 0.874 0.840 0.287 0.175 0.069 0.513 0.213 n.s.
PC 31:1 2 15.5 1 16.1 1.131 0.985 0.865 1.243 1.278 1.161 0.720 0.063 0.004 0.054 0.023 0.396 **
PC 32:0 1 16.0 0 488.1 0.993 1.019 0.986 0.890 1.006 0.854 0.608 0.387 0.682 0.336 0.488 0.162 n.s.
PC 32:1 2 16.0 1 237.9 1.103 0.997 0.887 1.261 1.216 1.069 0.769 0.099 0.005 0.011 0.036 0.681 **
PC 32:2 2 16.0 2 52.3 1.280 0.926 0.709 1.521 1.320 1.132 0.061 0.008 0.000 0.001 0.024 0.792 ***
PC 32:3 2 16.0 3 5.2 1.373 0.862 0.607 1.804 1.465 1.353 0.168 0.004 0.000 0.000 0.036 0.234 ***
PC 33:0 1 16.5 0 54.5 0.982 1.011 1.006 0.829 0.958 0.846 0.497 0.269 0.297 0.114 0.754 0.169 n.s.
PC 33:1 1 16.5 1 103.8 0.971 1.002 1.025 1.054 1.133 1.035 0.278 0.552 0.832 0.761 0.130 0.978 n.s.
PC 33:2 2 16.5 2 35.7 1.116 0.969 0.902 1.230 1.217 1.085 0.576 0.060 0.011 0.030 0.042 0.975 *
PC 33:3 2 16.5 3 5.4 1.274 0.921 0.726 1.474 1.309 1.124 0.033 0.005 0.000 0.000 0.013 0.781 ***
PC 34:0 1 17.0 0 127.1 1.041 1.018 0.937 0.997 1.047 0.907 0.345 0.601 0.307 0.914 0.296 0.136 n.s.
PC 34:1 1 17.0 1 1645.9 1.078 0.995 0.919 1.217 1.209 1.068 0.958 0.134 0.017 0.034 0.041 0.794 *
PC 34:2 2 17.0 2 654.3 1.254 0.922 0.759 1.419 1.356 1.098 0.060 0.006 0.000 0.002 0.005 0.501 ***
PC 34:3 2 17.0 3 159.3 1.353 0.882 0.623 1.369 1.421 1.086 0.007 0.006 0.000 0.005 0.002 0.550 ***
PC 34:4 2 17.0 4 32.3 1.375 0.861 0.607 1.724 1.367 1.112 0.026 0.004 0.000 0.000 0.031 0.402 ***
PC 34:5 2 17.0 5 9.1 1.369 0.860 0.621 1.713 1.331 1.228 0.022 0.001 0.000 0.000 0.051 0.513 ***
PC 35:0 1 17.5 0 9.7 1.041 1.003 0.954 0.933 1.030 0.890 0.215 0.579 0.668 0.407 0.290 0.123 n.s.
PC 35:1 1 17.5 1 142.0 1.072 0.978 0.944 1.129 1.190 1.070 0.846 0.084 0.028 0.167 0.023 0.889 *
PC 35:2 2 17.5 2 89.8 1.231 0.930 0.785 1.389 1.355 1.103 0.057 0.003 0.000 0.001 0.002 0.516 ***
PC 35:3 2 17.5 3 19.9 1.228 0.919 0.806 1.383 1.277 1.055 0.074 0.012 0.001 0.002 0.022 0.338 **
PC 35:4 1 17.5 4 9.9 1.039 1.021 0.936 1.083 1.162 1.121 0.709 0.504 0.065 0.691 0.115 0.317 n.s.
PC 35:5 2 17.5 5 12.6 1.119 1.005 0.856 1.299 1.213 1.186 0.924 0.146 0.007 0.028 0.174 0.301 **
PC 36:0 1 18.0 0 31.4 1.068 0.968 0.960 0.901 1.035 0.837 0.029 0.865 0.969 0.155 0.099 0.016 *
PC 36:1 2 18.0 1 508.7 1.121 0.975 0.890 1.350 1.299 1.102 0.968 0.008 0.001 0.001 0.003 0.598 ***
PC 36:2 2 18.0 2 664.4 1.255 0.939 0.736 1.517 1.410 1.121 0.091 0.003 0.000 0.000 0.002 0.389 ***
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PC 36:4 2 18.0 4 347.8 1.117 0.990 0.879 1.239 1.209 1.113 0.615 0.083 0.005 0.023 0.052 0.671 **
PC 36:5 2 18.0 5 383.7 1.131 1.007 0.839 1.300 1.248 1.116 0.707 0.156 0.005 0.020 0.062 0.887 **
PC 36:6 2 18.0 6 76.1 1.322 0.896 0.669 1.679 1.370 1.218 0.090 0.004 0.000 0.000 0.033 0.699 ***
PC 37:4 1 18.5 4 22.4 1.042 1.026 0.927 1.091 1.169 1.087 0.779 0.576 0.048 0.538 0.076 0.589 *
PC 37:5 2 18.5 5 45.2 1.173 0.977 0.817 1.356 1.277 1.138 0.460 0.062 0.003 0.011 0.052 0.822 **
PC 37:6 2 18.5 6 54.0 1.107 0.976 0.906 1.265 1.292 1.199 0.792 0.049 0.011 0.059 0.032 0.262 *
PC 38:0 1 19.0 0 5.2 1.083 0.965 0.944 0.935 1.053 0.818 0.009 0.976 0.503 0.345 0.031 0.003 **
PC 38:1 2 19.0 1 56.6 1.135 0.944 0.904 1.316 1.309 1.103 0.694 0.005 0.002 0.003 0.003 0.716 **
PC 38:2 2 19.0 2 99.5 1.123 0.955 0.909 1.374 1.276 1.041 0.843 0.016 0.005 0.002 0.014 0.183 **
PC 38:3 2 19.0 3 165.8 1.184 0.978 0.796 1.364 1.367 1.178 0.478 0.019 0.001 0.006 0.005 0.547 ***
PC 38:4 2 19.0 4 271.4 1.126 0.999 0.856 1.278 1.256 1.121 0.707 0.086 0.003 0.016 0.028 0.788 **
PC 38:5 2 19.0 5 137.4 1.157 0.939 0.879 1.242 1.303 1.082 0.490 0.083 0.029 0.118 0.040 0.816 *
PC 38:6 2 19.0 6 1276.4 1.126 0.976 0.883 1.279 1.295 1.133 0.849 0.042 0.005 0.024 0.016 0.752 **
PC 38:7 2 19.0 7 205.9 1.175 1.012 0.770 1.346 1.236 1.120 0.205 0.077 0.000 0.002 0.034 0.835 ***
PC 38:8 2 19.0 8 20.6 1.315 0.917 0.653 1.596 1.327 1.175 0.085 0.015 0.000 0.001 0.068 0.880 ***
PC 39:6 2 19.5 6 129.7 1.131 0.977 0.875 1.290 1.292 1.136 0.813 0.056 0.007 0.027 0.025 0.760 **
PC 39:7 2 19.5 7 44.3 1.207 0.936 0.816 1.437 1.376 1.147 0.336 0.006 0.001 0.002 0.005 0.904 ***
PC 40:1 1 20.0 1 9.7 1.102 0.948 0.939 1.203 1.245 1.034 0.645 0.037 0.029 0.044 0.014 0.400 *
PC 40:2 2 20.0 2 10.6 1.233 0.901 0.815 1.477 1.440 1.120 0.231 0.002 0.000 0.001 0.002 0.421 ***
PC 40:3 2 20.0 3 10.0 1.247 0.887 0.810 1.453 1.394 1.146 0.074 0.001 0.000 0.000 0.001 0.810 ***
PC 40:4 2 20.0 4 31.0 1.216 0.965 0.764 1.497 1.348 1.218 0.397 0.008 0.000 0.001 0.014 0.374 ***
PC 40:5 2 20.0 5 133.7 1.182 0.971 0.811 1.389 1.287 1.110 0.495 0.097 0.007 0.015 0.085 0.857 **
PC 40:6 2 20.0 6 632.3 1.161 0.954 0.861 1.363 1.346 1.155 0.566 0.002 0.000 0.001 0.001 0.687 ***
PC 40:7 2 20.0 7 570.9 1.203 0.952 0.803 1.466 1.372 1.173 0.422 0.005 0.000 0.001 0.005 0.815 ***
PC 40:8 2 20.0 8 173.0 1.151 0.902 0.927 1.365 1.306 1.120 0.580 0.001 0.002 0.001 0.004 0.834 ***
PC 42:6 2 21.0 6 28.8 1.246 0.864 0.834 1.437 1.378 1.147 0.133 0.002 0.001 0.002 0.006 0.942 **

LPC LPC 14:1 1 14.0 1 35.4 0.966 1.029 1.003 1.009 1.122 1.005 0.399 0.919 0.763 0.843 0.161 0.794 n.s.
LPC 15:0 2 15.0 0 2.9 1.234 0.883 0.800 1.468 1.311 0.947 0.293 0.088 0.032 0.017 0.114 0.197 *
LPC 16:0 1 16.0 0 36.7 1.107 1.003 0.856 1.120 1.256 1.022 0.631 0.556 0.068 0.545 0.078 0.687 n.s.
LPC 18:0 2 18.0 0 28.5 1.414 0.803 0.574 1.393 1.426 1.003 0.006 0.007 0.000 0.008 0.005 0.235 ***
LPC 18:1 2 18.0 1 26.2 1.338 0.847 0.693 1.571 1.292 0.998 0.012 0.004 0.000 0.000 0.031 0.083 ***
LPC 18:2 2 18.0 2 10.1 1.419 0.798 0.586 1.592 1.260 0.873 0.000 0.001 0.000 0.000 0.009 0.003 ***
LPC 20:0 2 20.0 0 1.3 1.290 0.896 0.720 1.499 1.628 1.353 0.357 0.001 0.000 0.004 0.001 0.084 ***
LPC 20:1 2 20.0 1 3.3 1.303 0.848 0.760 1.559 1.348 0.991 0.018 0.001 0.000 0.000 0.006 0.032 ***
LPC 20:3 2 20.0 3 2.2 1.333 0.882 0.658 1.497 1.267 0.992 0.011 0.012 0.000 0.001 0.042 0.123 ***
LPC 20:4 2 20.0 4 2.9 1.211 0.978 0.757 1.259 1.156 1.002 0.013 0.103 0.000 0.004 0.066 0.221 ***
LPC 20:5 2 20.0 5 5.1 1.339 0.873 0.655 1.394 1.160 0.938 0.012 0.056 0.002 0.006 0.251 0.173 **
LPC 22:6 2 22.0 6 39.7 1.411 0.785 0.622 1.574 1.295 0.974 0.001 0.001 0.000 0.000 0.011 0.036 ***
LPC 24:0 2 24.0 0 1.6 1.363 0.837 0.662 1.280 1.330 1.048 0.002 0.004 0.000 0.012 0.004 0.499 ***

PC-O PC-O 16:0 1 8.0 0 1.7 1.076 1.008 0.906 1.093 1.167 1.104 0.785 0.426 0.044 0.591 0.122 0.485 *
PC-O 18:0 1 9.0 0 0.7 1.138 0.955 0.887 1.164 1.206 1.076 0.418 0.188 0.055 0.277 0.134 0.952 n.s.
PC-O 30:0 1 15.0 0 1.1 0.990 1.005 1.000 0.923 1.066 0.941 0.979 0.836 0.882 0.465 0.381 0.594 n.s.
PC-O 32:0 1 16.0 0 10.0 0.910 1.036 1.044 0.774 0.909 0.862 0.859 0.139 0.118 0.067 0.847 0.396 n.s.

PC-O 32:1/ PC-
P 32:0

1 16.0 1 1.1 0.937 1.072 0.985 0.904 1.073 0.986 0.543 0.397 0.932 0.347 0.395 0.944 n.s.

PC-O 32:2/ PC-
P 32:1

1 16.0 2 1.4 0.841 1.100 1.036 0.802 1.156 0.860 0.414 0.382 0.641 0.295 0.231 0.484 n.s.

PC-O 34:0 1 17.0 0 5.5 1.126 0.935 0.921 0.932 1.058 0.984 0.170 0.526 0.436 0.504 0.477 0.925 n.s.
PC-O 34:1/ PC-

P 34:0
1 17.0 1 34.0 1.107 0.955 0.927 1.217 1.215 1.053 0.513 0.023 0.010 0.015 0.016 0.551 **

PC-O 34:2/ PC-
P 34:1

1 17.0 2 11.3 1.033 0.963 1.001 1.147 1.224 1.145 0.447 0.108 0.239 0.377 0.076 0.395 n.s.

PC-O 36:1/ PC-
P 36:0

2 18.0 1 4.8 1.200 0.884 0.872 1.614 1.301 1.108 0.646 0.011 0.009 0.001 0.121 0.498 **

PC-O 36:2/ PC-
P 36:1

2 18.0 2 6.0 1.244 0.879 0.818 1.461 1.310 1.076 0.133 0.008 0.003 0.002 0.033 0.426 **

PC-O 36:3/ PC-
P 36:2

1 18.0 3 2.7 1.016 0.929 1.039 0.982 1.001 1.020 0.845 0.469 0.659 0.866 0.973 0.813 n.s.

PC-O 36:4/ PC-
P 36:3

1 18.0 4 9.9 0.868 1.020 1.095 0.912 1.025 0.982 0.082 0.535 0.092 0.245 0.487 0.981 n.s.

PC-O 36:5/ PC-
P 36:4

1 18.0 5 21.2 0.897 1.058 1.035 0.906 1.028 0.961 0.276 0.313 0.469 0.327 0.526 0.787 n.s.

Average 
pmol/ 

sample

Normalized abundances p values

Signific
ance

Lipid 
family

Lipid specie
Clust

er

Average 
fatty acid 

chain 
length

Total 
number of 
unsaturati

ons
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Ctl 
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Ctl 
5dpf

Ctl 
6dpf

6 
mg/L 
BPA 
4dpf

6 
mg/L 
BPA 
5dpf

6 
mg/L 
BPA 
6dpf

Ctl 
4dpf

Ctl 
5dpf

Ctl 
6dpf

6 mg/L 
BPA 
4dpf

6 mg/L 
BPA 
5dpf

6 mg/L 
BPA 
6dpf

PC-O
PC-O 38:5/ PC-

P 38:4
1 19.0 5 13.0 1.052 1.074 0.840 0.977 0.800 0.872 0.252 0.182 0.335 0.667 0.189 0.511 n.s.

PC-O 40:6/ PC-
P 40:5

1 20.0 6 21.8 1.041 0.995 0.960 1.116 1.164 1.077 0.749 0.271 0.109 0.320 0.093 0.743 n.s.

PC-O 40:7/ PC-
P 40:6

1 20.0 7 37.0 1.059 0.970 0.966 1.137 1.226 1.074 0.840 0.147 0.131 0.325 0.046 0.971 *

PC-P
PC-P 30:0/ PC-

O 30:1
1 15.0 0 1.6 0.993 1.002 0.998 0.969 1.104 1.089 0.728 0.795 0.767 0.551 0.416 0.508 n.s.

PC-P 36:5/ PC-
O 36:6

1 18.0 5 9.2 1.037 0.996 0.965 1.041 1.117 0.958 0.748 0.677 0.340 0.688 0.108 0.285 n.s.

PC-P 38:5/ PC-
O 38:6

1 19.0 5 82.7 1.081 0.980 0.932 1.171 1.240 1.128 0.913 0.154 0.056 0.260 0.063 0.577 n.s.

PC-P 38:6/ PC-
O 38:7

2 19.0 6 19.0 1.090 0.954 0.949 1.244 1.356 1.035 0.891 0.205 0.191 0.234 0.055 0.534 n.s.

SM SM 32:1 2 16.0 1 4.0 1.290 0.886 0.735 1.506 1.399 1.206 0.148 0.007 0.001 0.003 0.019 0.635 ***
SM 33:1 2 16.5 1 8.7 1.149 0.961 0.867 1.233 1.258 1.145 0.429 0.043 0.005 0.054 0.030 0.463 **
SM 34:0 1 17.0 0 25.5 0.956 1.013 1.029 0.947 1.085 1.177 0.310 0.766 0.938 0.264 0.498 0.091 n.s.
SM 34:1 1 17.0 1 147.7 1.010 1.001 0.988 1.046 1.170 1.063 0.519 0.427 0.314 0.992 0.058 0.766 n.s.
SM 34:2 1 17.0 2 7.4 1.076 1.021 0.885 1.045 1.090 0.963 0.482 0.928 0.175 0.714 0.393 0.565 n.s.
SM 35:1 1 17.5 1 13.9 1.072 0.997 0.923 1.056 1.120 1.046 0.620 0.599 0.158 0.783 0.273 0.885 n.s.
SM 36:1 1 18.0 1 23.9 0.927 1.041 1.027 0.927 1.131 1.142 0.224 0.913 0.942 0.224 0.253 0.208 n.s.
SM 38:1 1 19.0 1 25.5 0.998 0.989 1.011 0.981 1.118 1.075 0.677 0.601 0.815 0.528 0.258 0.539 n.s.
SM 39:1 2 19.5 1 10.8 1.098 0.954 0.922 1.236 1.266 1.083 0.968 0.257 0.174 0.245 0.171 0.931 n.s.
SM 40:1 1 20.0 1 57.0 1.043 0.965 0.987 1.075 1.167 1.085 0.899 0.301 0.427 0.792 0.198 0.707 n.s.
SM 40:2 1 20.0 2 7.8 1.059 0.976 0.960 1.130 1.186 1.079 0.936 0.291 0.221 0.428 0.165 0.865 n.s.
SM 41:1 1 20.5 1 17.7 1.070 0.963 0.960 1.163 1.297 1.135 0.659 0.070 0.065 0.332 0.018 0.564 *
SM 41:2 1 20.5 2 5.5 1.079 0.967 0.940 1.187 1.216 1.089 0.988 0.168 0.101 0.185 0.108 0.898 n.s.
SM 42:1 1 21.0 1 42.4 1.015 1.003 0.980 1.078 1.234 1.117 0.334 0.246 0.138 0.896 0.022 0.425 *

Lipid 
family

Lipid specie
Clust

er

Average 
fatty acid 

chain 
length

Total 
number of 
unsaturati

ons

Average 
pmol/ 

sample

Normalized abundances p values

Signific
ance

Lipid family r2 p Significance
CE 0.918 0.0026 **

TAGs 0.426 0.1601 n.s.
PE 0.915 0.0028 **
PG < 0.001 0.9917 n.s.
PI 0.845 0.0095 **
PS 0.865 0.0072 **
PC 0.871 0.0065 **
SM 0.053 0.6617 n.s.

Supplemental table ST6. Comparison between our both HPTLC and UHPLC/TOFMS results. Specific 
normalization carried out to perform the data integration can be found at supplementary method SM4. 
Pearson correlation tests were performed for all the lipid classes. Significant correlations are specified by 
asterisks (* for p<0.05, ** for p<0.01, *** for p<0.001). Common lipid families were CE (cholesterol esters), 
TAGs (triacylglycerols a.k.a. triglycerides), PG (phosphatidylglycerols), PE (phosphatidylethanolamines), PI 
(phosphatidylinositols), PS (phosphatidylserines), PC (phosphatidylcholines) and SM (sphingomyelins).
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Pathway Gene Mean SEM Mean SEM Mean SEM Mean SEM
Biosynthesis agpat9l 1.00 0.23 1.11 0.21 1.23 0.30 1.37 0.23

anxa1c 1.00 0.12 1.24 0.12 0.56 0.08 0.48 0.15
cdipt 1.00 0.22 1.07 0.17 1.14 0.26 1.31 0.24
cga 1.00 0.23 1.31 0.31 1.71 0.38 2.30 0.49

chpt1 1.00 0.16 1.42 0.20 1.58 0.33 1.47 0.20
cyb5r2 1.00 0.13 1.88 0.25 2.68 0.72 2.37 0.41
cyp7b1 1.00 0.32 1.35 0.34 1.31 0.41 1.43 0.35
ddit3 1.00 0.15 1.01 0.18 0.88 0.13 0.81 0.10

dgat1a 1.00 0.23 1.42 0.30 1.87 0.58 1.22 0.25
dgat2 1.00 0.54 1.98 0.80 2.20 1.02 2.01 0.80
dhcr7 1.00 0.28 1.51 0.43 2.01 0.64 1.46 0.33
ebp 1.00 0.17 1.62 0.27 1.77 0.50 1.52 0.19

elovl5 1.00 0.30 1.32 0.33 1.24 0.36 1.54 0.36
elovl8b 1.00 0.15 1.78 0.23 1.67 0.41 1.99 0.50
fads2 1.00 0.21 1.71 0.28 1.00 0.27 0.52 0.14
faxdc2 1.00 0.22 1.63 0.41 1.99 0.53 1.63 0.37
fgf1a 1.00 0.22 1.28 0.20 1.12 0.25 1.02 0.19

gal3st2 1.00 0.21 1.08 0.16 0.85 0.21 1.12 0.17
gpaa1 1.00 0.23 1.32 0.24 1.33 0.35 1.49 0.29
hacd2 1.00 0.26 1.15 0.22 1.25 0.33 1.37 0.26

hsd17b12b 1.00 0.18 1.31 0.20 1.46 0.37 1.53 0.29
hsd3b7 1.00 0.24 1.23 0.24 1.49 0.39 1.67 0.31

lias 1.00 0.20 1.18 0.19 1.12 0.23 1.33 0.23
mecr 1.00 0.24 1.11 0.22 1.01 0.22 1.03 0.18

mid1ip1b 1.00 0.18 0.93 0.13 0.95 0.14 0.76 0.10
msmo1 1.00 0.17 1.46 0.22 1.42 0.34 1.08 0.15
mvda 1.00 0.32 1.99 0.65 1.97 0.69 1.95 0.48
mvk 1.00 0.19 1.52 0.24 1.36 0.38 1.59 0.22

pcyt1bb 1.00 0.34 1.98 0.54 2.52 0.85 1.95 0.57
pigb 1.00 0.21 1.21 0.18 1.21 0.27 1.25 0.19
pigf 1.00 0.24 1.27 0.23 1.22 0.29 1.43 0.27
pigs 1.00 0.25 1.35 0.27 1.37 0.34 1.71 0.40

rdh10b 1.00 0.29 1.43 0.34 1.31 0.31 1.46 0.30
rpe65a 1.00 0.39 0.67 0.20 0.87 0.32 1.03 0.29

sdr42e2 1.00 0.59 2.28 0.98 1.95 0.83 2.33 1.04
serac1 1.00 0.23 0.91 0.16 0.97 0.23 0.97 0.17
sqlea 1.00 0.30 1.87 0.54 1.86 0.66 1.38 0.31

st3gal4 1.00 0.22 1.18 0.21 1.30 0.32 1.26 0.20
tamm41 1.00 0.26 1.16 0.22 0.93 0.24 1.07 0.21

tecrb 1.00 0.17 1.18 0.18 1.26 0.25 1.12 0.14
tecrl2b 1.00 0.06 1.37 0.11 1.13 0.06 0.77 0.09
thnsl2 1.00 0.28 1.45 0.31 1.54 0.43 1.30 0.27
tle3a 1.00 0.25 0.89 0.18 0.95 0.22 1.14 0.21

tm7sf2 1.00 0.20 1.17 0.19 1.82 0.55 1.17 0.21
yy1b 1.00 0.17 1.00 0.14 0.97 0.18 1.02 0.13

zgc:162183 1.00 0.25 1.25 0.28 1.24 0.29 1.12 0.21

Supplemental table ST7. Fold-change gene expression values extracted from the previous studies (Martínez et al., 2018) 
of zebrafish eleutheroembryos (5 dpf) exposed to 0, 0.1, 1.0 and 4.0 mg/L of BPA from 2 up to 5 dpf. Mean values and 
standard error of the mean (SEM) of each group are presented. Chosen genes were the differentially expressed genes 
(DEGs) related in the lipid biosynthesis pathway and catabolism, including those which are common in both pathways. 
Gene selection was based in the gene classification of zfin database (Howe et al., 2012; http://zfin.org/).

Control 0.1 mg/L BPA 1.0 mg/L BPA 4.0 mg/l BPA
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Pathway Gene Mean SEM Mean SEM Mean SEM Mean SEM
Catabolism acat2 1.00 0.34 1.53 0.42 1.62 0.59 1.81 0.50

bco1l 1.00 0.20 1.96 0.32 3.05 0.97 2.57 0.55
crabp1b 1.00 0.24 1.37 0.25 1.33 0.27 1.32 0.23
cyp26b1 1.00 0.24 1.16 0.24 1.41 0.39 1.72 0.37
enpp6 1.00 0.20 1.17 0.21 1.32 0.25 1.27 0.19
gdpd1 1.00 0.27 1.47 0.30 1.72 0.52 1.88 0.43
gpcpd1 1.00 0.24 1.04 0.20 1.02 0.23 1.04 0.19
hao1 1.00 0.39 2.01 0.59 2.32 0.83 2.31 0.73
iah1 1.00 0.19 1.57 0.27 1.44 0.27 1.73 0.28
lipea 1.00 0.20 0.96 0.14 0.84 0.16 0.94 0.16
lipf 1.00 0.19 1.32 0.21 1.45 0.32 1.53 0.24

naga 1.00 0.22 1.24 0.23 1.16 0.27 1.53 0.25
neu1 1.00 0.25 1.24 0.24 1.29 0.31 1.56 0.28

neu3.3 1.00 0.17 1.66 0.42 1.92 0.46 1.05 0.18
pla2g12a 1.00 0.16 1.36 0.17 1.45 0.31 1.47 0.19

plcd3a 1.00 0.16 1.07 0.14 1.07 0.18 0.99 0.11
pnpla8 1.00 0.24 1.33 0.27 1.45 0.38 1.43 0.29
sgpl1 1.00 0.23 1.51 0.39 1.89 0.51 1.79 0.39

smpdl3b 1.00 0.16 1.62 0.37 2.18 0.56 1.73 0.35
Common abhd2a 1.00 0.27 1.00 0.22 1.01 0.25 0.83 0.26

apoa1a 1.00 0.13 2.42 0.43 2.50 0.65 3.92 0.70
apoa1b 1.00 0.14 1.72 0.35 1.90 0.45 1.82 0.15
apoa4a 1.00 0.32 2.34 0.04 2.01 0.42 2.58 0.10
apoea 1.00 0.13 2.02 0.28 1.72 0.20 1.88 0.24
cyp7a1 1.00 0.22 1.69 0.94 3.12 1.69 1.36 0.75

lipca 1.00 0.21 0.92 0.53 1.72 1.13 2.83 0.85
lpin1 1.00 0.20 0.90 0.33 0.90 0.22 0.67 0.07
pld1a 1.00 0.25 1.36 0.25 1.32 0.44 1.38 0.27

Control 0.1 mg/L BPA 1.0 mg/L BPA 4.0 mg/l BPA
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Chapter IV: 
Metabolism-related short- and long-term effects of BPA in 
zebrafish eleutheroembryos and juveniles. Implication of 
epigenetic mechanisms: DNA methylation and miRNAs. 

 
Following the study focused on BPA, short- and long-term metabolic effects were 

assessed in BPA exposed individuals, which were placed in clean media from 6 dpf. Non-

estrogenic effects of BPA were studied using an estrogenic control. Behavioral and gene 

expression were also assessed at both eleutheroembryo and juvenile stages. At the 

eleutheroembryo stage, two of the main epigenetic mechanisms were screened: DNA 

methylation and microRNAs (miRNAs). BisPCR2 method (targeted bisulfite sequencing) 

was used to measure the DNA methylation of 4 selected genes (based in the results of 

the previous performed transcriptomic study): 2 non-affected and 2 of the most affected 

genes (cyp19a1b and aldh1a2). DNA methylation of these genes was compared with both 

their general expression and BPA under/over-expression effect. In addition, the 

expression of specific miRNAs (involved in the inhibition of the translation of genes 

related to lipids and energy homeostasis; and tissue-specific miRNAs) was assessed by 

qPCR. 
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Abstract 

An emerging concern related to endocrine disrupting chemicals (EDCs) is their ability to modify 
cellular regulatory mechanisms long after the exposure occurred, via epigenetics. Previous 
studies showed BPA treatment elicit alterations in both DNA methylation and transcript levels for 
several genes in zebrafish embryos, although the possible functional relationship between both 
effects is still unknown. In the present study, we studied methylation patterns of four genes in 
zebrafish embryos exposed to 17.5 μM of BPA in a 0-5 dpf time window, using the BisPCR2 
method. Selected genes included  cytochrome P450a1b (cyp19a1b) and aldehyde dehydrogenase 
1a2 (aldh1a2), whose transcription levels were significantly increased upon BPA treatment, and 
two control genes, ppiaa and cyp19a1a, whose expression remained unaltered by the treatment. 
Our results revealed significant differences ranging from 0.1 to 2 % in the DNA methylation in 
several CpG positions. In BPA-exposed eleutheroembryos, we observed: 1) A significant aldh1a2 
hypomethylation (mostly in its promoter region), which correlated with its increased gene 
expression; 2) No effects in gene expression or DNA methylation in ppiaa; 3) Hypermethylation 
of cyp19a1b promoter region and hypomethylation of its first intron; 4) A general 
hypermethylation of cyp19a1a, which remained silent in both control and treated samples. Our 
results indicate a complex regulation mechanism for BPA-responsive genes, and suggest the need 
for integrative transcriptomic and epigenetic platforms to develop cost-effective high-throughput 
screenings to identify and better understand the epigenetic signatures of exposure to EDCs and 
their epigenetic mode of action. 
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1. Introduction 

An emerging interest related to substances of very high concern, such as the endocrine disrupting 
chemicals (EDCs), is that they are able to modify cellular regulatory mechanisms long after the 
actual exposure occurred. Long-term effects are thought to be mediated by epigenetics (Barouki 
et al., 2018; Csoka and Szyf, 2009), although is not clear if it happens through chromatin packaging 
changes (via DNA methylation or histone modifications) and/or modulation of miRNAs 
abundance. Commonly, epigenetic modifications are maintained after cell divisions and they 
exert a key role in the formation of natural phenotypes. When they are environmentally-induced 
(e.g. after the exposure to an endocrine disruptor or temperature changes), they can lead to 
several adverse effects and they can even be inherited between generations (Guerrero-Bosagna 
and Skinner, 2012; Kamstra et al., 2017; Navarro-Martín et al., 2011; Skinner et al., 2010). Indeed, 
changes in certain regions of the methylome has been reported after the exposure to several 
EDCs (Awada et al., 2019; Olsvik et al., 2019a; Senyildiz et al., 2017; T. Zhang et al., 2018; Zhang 
et al., 2012; Y. Zhang et al., 2018). This could lead, in turn, to changes in the transcriptome, as 
DNA methylation of a gene has been traditionally inversed related with its expression (Du et al., 
2012; Phillips Theresa, 2008). All these matters are studied by environmental epigenetics, field in 
which zebrafish (Danio rerio) has arisen itself during last years as an excellent model (Kamstra et 
al., 2015). 

Bisphenol A (BPA) is a monomer worldwide used in plastics, but its use has been progressively 
partially banned, due to its numerous adverse effects (estrogenicity, obesogenicity, reproductive 
functions disruption or effects on glucose homeostasis, among others) (Alonso-Magdalena et al., 
2010; Horan et al., 2018; Martínez et al., 2018; Mesnage et al., 2017; Moon, 2019; Rubin and 
Soto, 2009). Nevertheless, BPA is still used for some purposes and its production and release to 
the environment were estimated to be between 7.2 and 8.4 millions tons, and 450 tons/year, 
respectively (Grand View Research Inc, 2015; Kadasala et al., 2016; U S Environmental Protection 
Agency, 2010). After it was reported that BPA could induce obesity in mice via hypomethylation 
of agouti gene (Dolinoy et al., 2007), other studies demonstrated that BPA could affect DNA 
methylation also in other species (Mileva et al., 2014; Singh and Li, 2012). For example, 
developmental BPA exposure could be linked to changes in DNA methylation of grin2b (an 
important gene for neuronal function) in rats and humans in a sexual dimorphic fashion (Alavian-
Ghavanini et al., 2018), or to several genes in the hypothalamus and hippocampus of adult rats 
(Cheong et al., 2018). In fish, it was reported the hypermethylation of star and hsd11b2 and 
hypomethylation of hsd3b (steroids-related genes) in female rare minnow (Gobiocypris rarus), 
when exposed to 15 μg/L of BPA, were significantly correlated to their mRNA levels and to ER-
EREs (estrogen receptor - estrogen response elements) interactions (T. Zhang et al., 2018). Also, 
it was reported a reduction in global DNA methylation in zebrafish testes and ovaries following 
exposure to 1 mg/L BPA (Laing et al., 2016), and heavy alterations in the expression of dnmts 
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(transcripts that encoded for DNA methyltransferases, key proteins in methylation maintenance 
and de novo methylation) after exposure to 5 μg/L BPA (Santangeli et al., 2016). Zebrafish 
embryos exposed to 0.1 nM - 30 μM of BPA presented alterations of methylation patterns of 
genes associated with the nervous system development, which could be linked with abnormal 
swimming activity (Olsvik et al., 2019a). Interestingly, alteration of vison-related genes was also 
found in zebrafish embryos exposed to 0.1 - 4.0 mg/L BPA (Martínez et al., 2018), which in turn 
could explain the observed alterations in swimming behavior (Martínez et al., 2020; Olsvik et al., 
2019a). In addition, another study found that embryos exposed to 0.1 - 8.0 mg/L BPA showed 
alterations in craniofacial parameters (including eye size), and induced yolk sac malabsorption 
syndrome (Martínez et al., 2019a) which could be explained by a decreased energy expenditure 
due to the lower locomotor activity (Olsvik et al., 2019a).  

Methylome effects of exposures to EDCs can be studied following two approaches, which are 
both very valuable depending on which is the research question to answer. Whole genome 
bisulfite sequencing (WGBS) studies DNA methylation changes in a holistic manner, but offers low 
coverage at the CpG level, which in most cases means that evaluation of methylation levels needs 
to be performed at the region level. This approach results in the detection of methylation 
differences usually higher than 10% (Chandra et al., 2018; Olsvik et al., 2019b)) making it less 
sensitive to small changes. Conversely to WGBS, the use of the BisPCR2 method (Bernstein et al., 
2015), which is based in targeted bisulfite sequencing, permits higher sequence depth allowing 
for high individual CpG coverage and is capable to detect smaller percentage methylation change 
in very specific genomic regions (Kitraki et al., 2015).  

With the aim to better understand the model of action of BPA at the epigenetic level, we have 
studied DNA methylation levels of two key genes identified to be over-expressed in BPA exposed 
zebrafish embryos (Martínez et al., 2018; Ortiz-Villanueva et al., 2017): 1) cytochrome P450 a1b 
(cyp19a1b), responsible for the biosynthesis of estrogens from androgens, and involved in the 
response to estrogenic compounds (such as BPA); and 2) aldehyde dehydrogenase 1a2 (aldh1a2), 
which catalyzes the synthesis of retinoic acid (RA) from retinaldehyde and a key player in the 
retinol pathway. In addition, we also studied two genes that were not affected by BPA exposures 
at the transcriptomic level: 1) cyp19a1a (a cyp19a1b homologous and highly expressed in 
gonads), but which is not yet expressed at the studied stage (Yin et al., 2017); and 2) peptidylprolyl 
isomerase Aa (ppiaa), which is widely expressed through development and in adults stages, and  
which is generally used as a reference gene (Fuller-Carter et al., 2015; Sato and Takeda, 2013). 

2. Materials and methods 

2.1.  Animal maintenance and rearing conditions 

All adult wild-type zebrafish (Danio rerio, 12-18 months old), obtained eggs by natural mating, 
and developing embryos were kept and reared under controlled standard conditions 
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(28.5 ± 1.0 °C, 12 L:12D photoperiod) in fish water as has been previously described (Martínez et 
al., 2019b). Eggs were collected and rinsed at 2 hours post fertilization (hpf) and fertilized ones 
were randomly placed in 6 multi-well plates at a density of 10 individuals per well in 3 ml of 
exposure solution (see section 2.2.). Experimental procedures were carried out following the 
institutional guidelines under a license from the local government (DAMM 7669, 7964) and were 
approved by the Institutional Animal Care and Use Committee (IACUC) at the Research and 
Development Centre (CID) of the Spanish National Research Council (CSIC). 

2.2.  BPA solutions preparation, zebrafish eggs/embryos exposure and sample collection 

Bisphenol A (4,4'-(propane-2,2-diyl)diphenol; CAS-RN: 80-05-7; ≥99.0% purity) was provided by 
Sigma-Aldrich (St. Louis, MO, USA). High concentration stocks were performed in dimethyl 
sulfoxide (DMSO) and stored at 4 ºC. Fresh working solutions were newly prepared (by dilution 
of stocks in fish water) with a final DMSO concentration of 0.2% (v/v) and daily changed. In each 
6-multiplate well 3 ml of a BPA solution and 10 eggs were placed at 2 hpf. Indeed, zebrafish 
eggs/embryos were exposed to 0.2 % of DMSO (as control group) or to 4 mg/L (17.5 μM) of BPA 
(as treated group) from 0 to 5 days post fertilization (dpf). Treated group BPA concentration was 
chosen based on the lowest observed effect concentration (LOEC) of gross morphological effects 
previously reported in an analogous exposure (Ortiz-Villanueva et al., 2017). A total of 10 
biological replicates (8 zebrafish embryos per replicate) were collected, instantly frozen with dry 
ice and stored at -80 ºC.  

2.3.  Target genes and selected CpG positions 

Four genes were selected based on abundance and BPA effects at the mRNA levels (Martínez et 
al., 2018; Ortiz-Villanueva et al., 2017), expecting that they would reflect different methylation 
status: 1) cyp19a1b (lowly expressed in controls and affected by BPA), 2) aldh1a2 (highly 
expressed in controls and affected by BPA); 3) cyp19a1a (lowly expressed in controls and not 
affected by BPA); 4) ppiaa (highly expressed in controls and not affected by BPA). Promoter, first 
exon and first intron regions covering approximately 1500-3000 bp of each gene were selected 
and CpG positions located based in the Danio rerio reference genome GRCz10. Primers were 
designed on those regions using MethPrimer v1.1 software (Li and Dahiya, 2002) resulting in the 
analysis of a total of 25 amplicons, ranging from 133-348 bp, containing 141 CpG different 
positions (supplemental table ST1). A summary of the amplicons and CpG positions is shown in 
figure 1. 

2.4.  DNA extraction, sample preparation and deep sequencing 

Sample DNA was extracted with the AllPrep DNA/RNA Mini Kit (Qiagen). To evaluate bisulfite 
conversion, standards were generated following Kamstra and collaborators methodology 
(Kamstra et al., 2017). Briefly, a DNA pool (generated by mixing the DNA of several random 
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samples) was used to generate 0% and 100% methylated standards. 0% methylated standard was 
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generated by REPLI-g Mini Kit (Qiagen) while CpG Methyltransferase (M.SssI) (Thermo Fisher 
Scientific) was used to obtain the 100% methylated standard. A 50% standard was generated by 
mixing same amounts of 0 and 100% standards. Both standards and samples were treated with 
bisulfite (which transforms all non-methylated cytosines to uracils) with EZ DNA Methylation-
Gold™ Kit (Zymo Research). Afterwards, BisPCR2 method (Bernstein et al., 2015) adapted by 
(Kamstra et al., 2017) was used for targeted bisulfite next generation sequencing. Briefly, DNA 
sequencing libraries were carried out following two rounds of PCR (PCR#1 and PCR#2) for target 
enrichment and sample Illumina barcoding (Bernstein et al., 2015), respectively. PCR conditions, 
primers used, as well other specifications are reported in supplemental tables ST1 and ST2. See 
supplementary material for a more detailed protocol. The final generated pool was sequenced at 
the Center for Genomic Regulation-National Center for Genomics Analysis (CRG-CNAG). Paired-
end sequencing was performed on the Illumina MiSeq with a sequencing depth of 25.3 million. 
Pool of 25 libraries was sequenced with 15% PhiX Control v3 spike in (Illumina) using the 600-
cycle MiSeq Reagent Kit v3 (Illumina) sequencing kit format following the manufacturer’s protocol 
for paired end sequencing 2x300 with a simple 6bp index. Image analysis, base calling and quality 
scoring of the run were processed using the manufacturer’s software Real Time Analysis (RTA 
1.18.54) and followed by generation of FASTQ sequence files. 

2.5.  Bioinformatic analysis to determine methylation status of each CpG 

Both read ends were trimmed to 125 bp as the sequences after this point showed extensive 
adaptor contamination.  The trimmed reads were then mapped to the D. rerio reference genome 
(GRCz10) using the gem3 mapper in bisulfite mapping option (see (Merkel et al., 2019) for more 
details). Reads with mapping qualities (MAPQ) >=20 and that overlapped the target regions (given 
by the amplicons) were identified and each CpG methylation in these reads extracted using a 
custom script.  This script worked by generating a table of all CpGs in the target regions.  For each 
read overlapping a target region, the methylation status at each CpG position was recorded as 
methylated, non-methylated or unknown.  

2.6.  Statistics 

For each CpG position, methylation percentage was calculated and differences were assessed by 
an exact Fisher test using the sum of the counts for each condition (considering 
methylation/unmethylation and control/treated). Statistics were performed in R (R Development 
Core Team, 2008) with the packages factoextra and stats. SeqBuilder Pro ® (DNAStar v.15, 
Madison, Wisconsin, USA, www.dnastar.com) software was used to generate diagrams of 
genomic regions and CpG positions. Remaining figures were performed in R (with the packages 
gplots and ggplot2) or GraphPad Prism version 8.1.2 (GraphPad Software, San Diego, California 
USA, www.graphpad.com). 



Chapter IV: article VII 

 

PhD Thesis of R. Martínez            269 
 

3. Results 

3.1. BPA effects on DNA methylation levels of individual CpG positions 

Counts of methylated and unmethylated cytosine per each CpG position can be found in 
supplementary table ST3 for all samples and standards. First of all, we verified a high performance 
on the bisulfite conversion since DNA methylation average levels for all tested regions of the 0, 
50 and 100% methylated standards were 0.56, 50.2 and 95.7%, respectively. DNA methylation 
levels were generally uniform across the entire gene regions, with some exceptions (Figure 2 
upper panel per gene and supplementary figure SF1) : 1) In the case of cyp19a1a, DNA 
methylation ranged from 85.8 to 95.7% in all positions except for CpG position +315 (the very 
first CpG position of the first intron) that presented a methylation around 24%; 2) Methylation 
levels of cyp19a1b were a little more variable ranging from 79.2 to 95.2%, with position -113 
showing a drop on DNA methylation to 62.6%. In general, variability in methylation percentage 
of aldh1a2 was higher in the positions found in the promoter region (values ranging from 0.8 to 

 
Figure 2. Percentage of methylation of each individual CpG position in the aldh1a2, cyp19a1a, cyp19a1b and 
ppiaa genes (upper panels). Continuous lines separates not consecutives CpGs. Red and blue bars (bottom 
panels) represent a hypermethylation in the treated and in the control group, respectively. Statistical 
differences (marked by an asterisk) were assessed by an exact Fisher test using the sum of the counts for 
each condition (10 replicates per condition, considering methylation/unmethylation and control/treated). 
Promoters, exons and introns are labelled in green, orange and blue, respectively, and are separated by 
dotted lines. 
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6.2%) than in the rest of the gene (ranging from 0.3 to 3.3%). Similarly, DNA methylation levels 
for ppiaa were slightly higher in the first part of the promoter region (with CpGs that reached 
methylation levels up to 3.1%) while the rest of the gene showed very low levels of methylation, 
from 0.2 to 1.2%. 

Our results also revealed significant differences between control and BPA exposed 
eleutheroembryos mostly ranging from 0.1 to 2.2% of DNA methylation in several CpG positions 
(figure 2, bottom panel per gene). As it can be observed, BPA-exposed individuals presented a 
general cyp19a1a hypermethylation across the promoter, first exon and intron regions (6 
significantly hypermethylated CpGs and only one hypomethylated CpG). Similarly, most of the 
significant differences in the DNA methylation levels of the cyp19a1b promoter corresponded to 
hypermethylated CpGs (8 out of 9) in the treated individuals. Nevertheless, DNA methylation 
levels of CpGs located close to the start of the first intron were mostly hypomethylated. On the 
other hand, BPA exposed individuals showed a general hypomethylation of aldh1a2 (9 of the 11 
significantly altered CpGs were hypomethylated), mostly in the promoter region. Interestingly, 
only a single CpG position in the ppiaa far promoter was differentially hypomethylated in BPA-
treated samples, even considering that the high occurrence CpG of the ppiaa gene allowed us to 
study up to 55 different positions. 

 
Figure 3. Gene expression (A, normalized counts, three replicates per condition) by RNA-Seq of aldh1a2, 
cyp19a1a, cyp19a1b and ppiaa (Ortiz-Villanueva et al., 2017) and their methylation status (B, percentage 
levels, 10 replicates per condition) both for control and BPA-exposed groups. Asterisk indicates statistically 
significant differences (t-test, p < 0.05) between treatments. 
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3.2. Correlation between averaged methylation levels and transcript abundance 

Transcriptomic data obtained simultaneously in our laboratory (Ortiz-Villanueva et al., 2017) was 
used to test possible correlations between DNA methylation and transcript abundance (see 
figures 3 and 4). A general inverse relationship between gene expression and DNA methylation 
was observed (figure 3). For example, the studied regions of ppiaa and aldh1a2 were found 
largely unmethylated (methylation average levels were 0.6% and 1.5%, respectively), whereas 
their basal transcript amount were extremely high (approximately 55000 and 1200 normalized 

Figure 4. Linear regressions between gene expression (x axis) of aldh1a2, cyp19a1a, cyp19a1b and ppiaa 
(Ortiz-Villanueva et al., 2017) and their methylation levels (y axis) by promoter, exon and intron regions. 
Blue and red circles indicate control and BPA-exposed replicates, respectively. Only the three corresponding 
replicates in both studies (which were simultaneously DNA/RNA extracted) were considered. 
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counts, respectively, considering both control and BPA conditions). On the other hand, both 
cyp19a1b and cyp19a1a were highly methylated (86.5% and 86.6% of methylation, respectively) 
while their transcript abundance in control samples was very low. Gene expression of cyp19a1a 
was virtually null, both in controls and exposed individuals (less than one normalized count per 
sample). In the case of cyp19a1b, its expression was also extremely low in control samples 
(average of 11 normalized counts per sample) although it was highly increased in the exposed 
ones (around 700 normalized counts per sample). Nevertheless, the increased expression of 
neither aldh1a2 nor cyp19a1b could be correlated by a statistically significant change in the 
general methylation levels of the respective genes. Only when the analysis was focused on 
specific genome regions, some significant correlations between methylation levels and transcript 
abundance could be reported, as for the aldh1a2 promoter and ppiaa first intron (figure 4, p < 
0.05). 

4. Discussion 

4.1. Usefulness of targeted bisulfite sequencing 

Our results revealed significant differences mostly ranging from 0.1 to 2 in the % of DNA 
methylation in several CpG positions of the four analyzed genes (aldh1a2, ppiaa, cyp19a1a and 
cyp19a1b). These differences might seem small when compared to other WGBS studies (Chandra 
et al., 2018; Kitraki et al., 2015; Olsvik et al., 2019a), but it needs to be considered the higher 
sequence depth achieved by the BisPCR2 method used in the present study, which permits a high 
sequencing coverage for each CpG and allows to detect lower methylation differences. Indeed, 
detection of small differences in methylation data and at specific CpGs (DMC) using small sample 
size still remain a challenge using whole genome sequencing technologies, due to the low 
achieved sequence depth (Lee and Morris, 2016). In addition, as pools of whole embryo samples 
were analyzed (containing many different tissues and cell types), the use of a targeted sequencing 
method permits to detect effects which might be masked by the complexity of the sample using 
untargeted approaches. This highlights the usefulness of studies looking for the effects of 
pollutants on DNA methylation levels of key genes involved in the mode of action of these 
pollutants.  

4.2. Gene expression and methylation status relationships 

4.2.1. aldh1a2 

BPA exerts methylation changes in genes related to axons, synaptic development and neurons 
(Olsvik et al., 2019a). Retinoid metabolism appears to be crucial in several of these systems, like 
nervous system development or vision, in addition to more general functions, like embryonic 
development or apoptosis in many animals (Blomhoff and Blomhoff, 2006; Maden, 2001), 
including zebrafish (Grandel et al., 2002). Indeed, BPA was also shown to alter the retinoid 
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metabolism (Ortiz-Villanueva et al., 2017), probably via RXR-RAR (le Maire et al., 2009; Sharma et 
al., 2018). In previous studies from our group (Martínez et al., 2019a, 2018; Ortiz-Villanueva et 
al., 2017), BPA-exposed zebrafish eleutheroembryos showed alterations in the visual system as 
well as decreased whole body total retinol levels and an increased abundance of transcripts 
involved in the pathway that catalyzes the synthesis of retinoic acid (RA) from retinol, including 
aldh1a2. aldh1a2 is a widely expressed transcript found in several tissues of the zebrafish 
eleutheroembryos, including the yolk, intestine, swim bladder, fins or spinal cord, among others 
(Alexa et al., 2009; Pittlik and Begemann, 2012). Therefore, considering that we are studying pools 
of whole-body embryos, the presence of this transcript in several tissues seems to be reflected 
by relatively high transcript abundance (approximately 800 counts in controls) associated with a 
very low DNA methylation (1.6%). On the other hand, several CpGs of aldh1a2 were 
hypomethylated in the BPA-exposed samples especially in the promoter region, which 
methylation could be inversely correlated with the increase in aldh1a2 transcript levels. This 
relationship (an overexpression of a gene mediated by a decreased methylation in its promoter) 
has been widely described and has constituted the standard model for the effects of DNA 
methylation in gene transcription during several years (Anastasiadi et al., 2018; Du et al., 2012; 
Farthing et al., 2008; García-Cardona et al., 2014; Phillips Theresa, 2008). Our results suggest that 
BPA could be modulating aldh1a2 transcription through changes in its promoter methylation, but 
further studies are needed to confirm this result at a functional level.  

4.2.2. ppiaa 

It has been found that ppiaa is widely expressed across different organs in zebrafish individuals 
and that its transcript abundance remains constant when those are exposed to different 
experimental conditions, to the point of being commonly used as a housekeeping gene in qPCR 
analyses (Castanheira Néia et al., 2018; Fuller-Carter et al., 2015; Martínez et al., 2019b; Sato and 
Takeda, 2013). Our results confirmed that its expression was extremely high in eleutheroembryos 
(approximately 55000 counts) and that it was not altered by BPA exposure, while its general 
methylation was extremely low (0.6%). We also observed no changes in DNA methylation levels 
after BPA exposure in any of the regions studied (promoter, first exon, first intron), except for 
one hypomethylated CpG position found in the promoter. Interestingly, we found an inverse 
correlation between gene expression levels and first intron methylation in all studied samples 
(BPA exposed and controls). Previous studies demonstrated that, in some cases, the inverted 
correlation between gene expression and DNA methylation levels is not observed in the promoter 
region, but rather in the gene body (Lou et al., 2014) or the first intron (Anastasiadi et al., 2018). 
This suggests that the expression of ppiaa could be mediated by the methylation of its first intron, 
which is not altered by environmental stressors. To our knowledge, no study has previously 
reported the correlation between the methylation of ppiaa and its transcript abundance in any 
organism. Further studies should be carried out to discard or confirm this observation. 
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4.2.3. Brain and gonad aromatases (cyp19a1b and cyp19a1a) 

Estrogenicity and induction of aromatase in zebrafish are widely known effects of BPA (Awada et 
al., 2019; Pinto et al., 2019). Zebrafish (as other teleost fish) possess two isoforms of the 
cytochrome P450 aromatase, cyp19a1a and cyp19a1b, which are mainly expressed in gonads and 
brain, respectively, and codify for two structurally different proteins (Piferrer and Blázquez, 
2005). Aromatase is a key enzyme responsible for the conversion of androgens to estrogens, 
hormones that play an important role in neurogenesis and control of reproduction. Thus, a thigh 
control in the regulation of transcription of these two genes that share the same function is 
crucial. The first study that showed differences on methylation levels of cyp19a1a and cyp19a1b 
between gonads and brains, also demonstrated that environmental factors, such as temperature, 
can modulate specific changes in DNA methylation of cyp19a1a, but not cyp19a1b (Navarro-
Martín et al., 2011). On the other hand, it has been also reported that BPA can bind estrogen 
receptors (ERs), interacting with the estrogen responsive elements (EREs) in promoter regions of 
genes which are naturally regulated by estradiol (E2), like cyp19a1b, increasing, in this way, their 
expression (Acconcia et al., 2015; Menuet et al., 2005). In turn, both ER and cyp19a1b increase 
their expression by activation of ER by estrogens and several estrogenic endocrine disruptors 
(including BPA), resulting in a positive auto-regulatory loop (Acton, 2013; Brion et al., 2012). 

At the transcriptomic level, cyp19a1b was found to be the most affected transcript (increased up 
to 64 times) by 17.5 μM BPA in zebrafish exposed from 0 to 5 dpf (Ortiz-Villanueva et al., 2017). 
It is well known that expression of cyp19a1b in zebrafish is mainly located in brain glial cells (Brion 
et al., 2012; Le Page et al., 2006; Menuet et al., 2005; Pellegrini et al., 2007), which, in the case of 
zebrafish start differentiating between 36-50 hpf and are active, at least at 4 dpf (Baraban et al., 
2019; Brösamle and Halpern, 2002). Indeed, profiles of cyp19a1b transcript abundance show that 
it starts to get expressed between 24 and 48 hpf (Brion et al., 2012; Lassiter and Linney, 2007; 
Mouriec et al., 2009). Our results showed that whole-body eleutheroembryos had elevated 
average DNA methylation levels (86.5%) along with very low transcript cyp19a1b abundance in 
control individuals. Considering that we analyzed pools of whole-body eleutheroembryos, which 
contain many different tissues, we propose that resulting averaged methylation levels arise from 
highly methylated cyp19a1b copies in the majority of the tissues except for glial cells, where we 
would expect lower methylation levels permitting its expression. Our results shown that exposure 
to BPA highly increased cyp19a1b expression, as has been previously reported for other 
estrogenic compounds (Brion et al., 2012). We propose that BPA-induced increase in transcript 
levels might be possible by a combination of the presence of the active transcriptional machinery 
(transcription factors and cofactors) as well as low gene DNA methylation levels in zebrafish glial 
cells at this developmental stage (5 dpf). Differentially methylated cytosines after exposure to 
BPA were observed in our study for the case of cyp19a1b, with promoter hypermethylation and 
first intron hypomethylation. As exposed in section 4.2.2., it has been reported that in some cases 
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the inverted correlation between gene expression and DNA methylation is better observed in first 
intron (Anastasiadi et al., 2018), but also that promoter hypermethylation could be associated to 
increased transcriptional activity and gene expression (Smith et al., 2020). Our results suggest 
that this could be an alternative mechanism of BPA-mediated transcription regulation of this 
gene. Nevertheless, no significant correlation was found between changes in cyp19a1b transcript 
abundance and methylation levels in any of the regions studied (promoter, first exon and intron). 
We suggest that the implication of other mechanisms that regulate the transcription (for 
example, via ER-ERE activation) and the low number of cells that express cyp19a1b prevent to 
stablish significant linear correlations. 

Similar to cyp19a1b, averaged DNA methylation levels of cyp19a1a were found to be around 
86.6%. It is known that cyp19a1a, unlike cyp19a1b, does not contain ERE binding sites in its 
promoter (Gupta, 2017), which impedes transcription activation mediated by the binding of BPA 
with ERs (Acconcia et al., 2015). Similarly, early larval estrogen exposure in the European sea bass 
(Dicentrarchus labrax) did not affect cyp19a1a expression levels neither promoter DNA 
methylation in adult gonads suggesting that a possible change in cyp19a1a by estrogens could be 
indirectly mediated due a feminization process (Navarro-Martín et al., 2011, 2009) rather than to 
a direct mechanism. Transcription of cyp19a1a is accepted to occur mainly in the granulosa cells 
of the follicle of the ovaries and its expression in zebrafish does not start until 10-12 dpf (Lau et 
al., 2016; Yin et al., 2017). Although primordial germ cells (PGC) migrate to the gonadal ridge in 
zebrafish during the first 24 hpf, their number is negligible and the transcripts involved in sex 
determination, PGC meiosis, and gonad differentiation do not start until 8-13 dpf (Mcarthur et 
al., 2020; Pandian, 2012; Schartl and Herpin, 2018; Wang et al., 2017), indicating that gonadal 
formation hasn’t start yet at 5 dpf. In our study, we observed that exposure to BPA provoked a 
general hypermethylation of cyp19a1a, but that this was not translated to changes in transcript 
abundance (which was virtually null) as shown by (Ortiz-Villanueva et al., 2017). All together (lack 
of EREs in cyp19a1a, lack of the existence of any cell types with an active transcription machinery 
for cyp19a1a…) may explain the lack of the effects of BPA in cyp19a1a transcript abundance. On 
the other hand, and since cyp19a1a is key gene during gonadal differentiation, whether or not 
the observed DNA methylation changes in cyp19a1a are maintained and could lead to changes in 
transcript abundance later in development is an interesting matter for further study. For example, 
estrogen-independently hypermethylation of cyp19a1a promoter could be related with 
decreased expression in sea bass (Navarro-Martín et al., 2011). Finally, whether the methylation 
changes in cyp19a1a exerted by BPA in the present study are triggered by its estrogenic effects 
or by other of its mechanisms of action is still unclear. 

4.3. Gene expression regulatory mechanisms via DNA methylation 

Cell studies have reported how, in general terms, genes rich in CpG islands (CGI+) are more 
expressed than the ones with low (CGI−) (Beck et al., 2018). These CGIs serve as “landing sites” 
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for the transcription factors (TF) as most of the TF binding sites are rich in CpGs  (Deaton and Bird, 
2011; Illingworth and Bird, 2009). It has been reported  that most targets for each TF are CGI+ 
genes, not CGI− genes (Beck et al., 2018), suggesting that CGI+ genes could initiate the 
transcription from multiple positions and be less sensible to changes than CGI− genes (Beck et al., 
2018; Illingworth and Bird, 2009). CGI+ genes are located predominantly in the center of the 
nucleus, together with the transcription factories, but also with Polycomb bodies, which can 
regulate their transcription via methylation and/or Polycomb repressive complex (PRC) (Beck et 
al., 2018; Deaton and Bird, 2011). In the other hand, CGI− genes are mainly located in the 
periphery (forming heterochromatin), they are less expressed, and their transcription seems to 
be mediated via internalization to the nuclear center by local enhancer–promoter interactions 
(Beck et al., 2018).  

Related to these findings, we can suggest that this is the case for the genes analyzed in the present 
study, as global gene expression and number of CpGs seemed to have a direct relationship: ppiaa 
(a gene found to be highly expressed and stable during development and under different 
experimental conditions), is by far the one most enriched in CpG positions when compared to the 
rest. Enrichment in CpG positions was followed by aldh1a2, which had intermediate expression 
levels that were affected by BPA exposure. Finally, cyp19a1b and cyp19a1a presented only a third 
of the CpG positions than ppiaa (covering a similar size on the genome) and a very low basal gene 
expression. Although only cyp19a1b presented differences at the gene expression level, we 
suggest that BPA-, hormonal- or developmental-mediated regulation of transcription of both 
genes might be also mediated by local enhancer-promoter interactions.  

A recently published study have shown that exposure to BPA did not alter global methylation 
levels in zebrafish embryos but did show methylation changes in certain sites of the genome 
(Olsvik et al., 2019a). While other studies reported poor correlations between gene expression 
levels and the global methylation of entire CpG islands (Illingworth and Bird, 2009), several linear 
correlations could be stablished with the methylation of certain CpGs of particular gene regions 
(Simó-Mirabet et al., 2020). This suggests that environmental stressors could also modulated 
gene expression via methylation of only certain regions or even only some CpGs of the target 
genes, in addition to a general hypo/hypermethylation mechanism. Further studies should be 
carried out to increase the comprehension of these phenomena, as probably it would depend on 
each specific gene and its transcription factors.  

5. Conclusions 

Based on our results, we can conclude that BPA-mediated effects of aldh1a2 expression might be 
regulated by changes in methylation levels, but further studies are needed to evaluate its 
causality. Furthermore, the fact that changes in DNA methylation and transcriptomic levels 
caused by exposure to EDCs, are not always correlated, suggests that gene transcription is 
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regulated at different levels (epigenome, expression of transcription factors…), which may explain 
this variability in the observed effects.  
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Supplementary methods 

SM1. BisPCR2 method (PCR#1 and PCR#2 rounds) 

h) A 0 % methylated standard was prepared from a sample pool using the REPLI-g Mini Kit 

(Qiagen) following the manufacturer’s protocol. 

i) A 100 % methylated standard was prepared from a sample pool using a CpG 

Methyltransferase (M.SssI) (Thermo Fisher Scientific) following the manufacturer’s 

protocol. 

j) Both 0 and 100 % methylated standards were cleaned with the Genomic DNA Clean & 

Concentrator™-10 kit (Zymo Research) following the manufacturer’s protocol. 

k) A 50 % methylated standard was prepared by mixing 0 and 100 % standards (1:1). 

l) A sodium bisulfite conversion was applied over 500 ng of each sample and standard 

(where all non-methylated cytosines are converted to uracils) with EZ DNA Methylation-

Gold™ Kit (Zymo Research).  

m) PCR#1 round was performed over each sample and standard for each one of the selected 

amplicons (supplemental table ST1). 

n) Gross amplicon amount per sample was measured by gel densitometry: 

a. Gel: 2 % of agarose in 1X TAE (Tris-acetate-EDTA) buffer. RedSafe™ Nucleic Acid 

Staining Solution (iNtRON Biotechnology) was used as loading dye. MassRuler 

DNA Ladder Mix (Thermo Fisher Scientific) was used as a reference for the size 

of the bands. 

b. Measurements: gels were photographed on a Kodak Gel Logic 200 imaging 

system under UV light and the intensities of the bands corresponding to the 

amplicons were measured using the imaging free software GelAnalyzer 2010a 

(www.gelanalyzer.com). 

o) For each sample and standard, a mix of all of its amplicons was performed considering 

the above measured intensities, with the goal to have the same amount of each 

amplicon in the amplicon pool. A total of 23 pools (20 samples and 3 standards were 

obtained). 

p) Each pool was cleaned using the DNA Clean & Concentrator™-5 kit (Zymo Research) 

following the manufacturer’s protocol. 
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q) PCR#2 round was performed over each sample and standard pool (see primers and 

temperature conditions at supplemental tables ST1 and ST2). 

r) Each sample and standard pool amplification products from the PCR were cleaned as in 

i) and their concentration measured by a NanoDrop® 8000 UV-Vis Spectrophotometer 

(Thermo Scientific). 

s) A final pool was generated by mixing all samples and standards pool amplification 

products considering their concentrations (with the goal to have the same DNA amount 

coming from each sample in the pool). 

t) Final pool was sequenced at the Center for Genomic Regulation-National Center for 

Genomics Analysis (CRG-CNAG) with a sequencing depth of 25.3 million and the counts 

for every CpG position and for every methylation pattern were obtained. 

 

Supplementary figures 
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aldh1a2

Amplicon
CpG 

number
PCR 
size

PCR size 
(PCR#1, with 
overhangs)

PCR size 
(PCR#2, with 
barcoding)

T of 
PCR#1

[primers] 
(nM) in 
PCR#1

T of PCR#2
[primers] 

(nM) in the 
PCR#2)

aldh1a2 P1 8 263 330 385 58 250 68-->56 ºC 250
aldh1a2 P2 5 237 304 359 58 250 68-->56 ºC 250
aldh1a2 E1 8 153 220 275 58 250 68-->56 ºC 250
aldh1a2 I1 6 174 241 296 58 250 68-->56 ºC 250
aldh1a2 I2 6 152 219 274 58 250 68-->56 ºC 250
aldh1a2 I3 4 176 243 298 58 250 68-->56 ºC 250
aldh1a2 I4 5 185 252 307 54 150 68-->56 ºC 250

PPIAa

Amplicon
CpG 

number
PCR 
size

PCR size 
(PCR#1, with 
overhangs)

PCR size 
(PCR#2, with 
barcoding)

T of 
PCR#1

[primers] 
(nM) in 
PCR#1

T of PCR#2
[primers] 

(nM) in the 
PCR#2)

PPIAa P1 5 252 319 374 58 250 68-->56 ºC 250
PPIAa P2 6 221 288 343 58 250 68-->56 ºC 250
PPIAa E1 10 223 290 345 58 250 68-->56 ºC 250
PPIAa E2 9 195 262 317 62 200 68-->56 ºC 250
PPIAa I1 9 195 262 317 58 250 68-->56 ºC 250
PPIAa I2 7 192 259 314 58 250 68-->56 ºC 250
PPIAa I3 10 184 251 306 62 200 68-->56 ºC 250

cyp19a1a

Amplicon
CpG 

number
PCR 
size

PCR size 
(PCR#1, with 
overhangs)

PCR size 
(PCR#2, with 
barcoding)

T of 
PCR#1

[primers] 
(nM) in 
PCR#1

T of PCR#2
[primers] 

(nM) in the 
PCR#2)

cyp19a1a P1 5 206 273 328 58 250 68-->56 ºC 250
cyp19a1a P2 4 172 239 294 58 250 68-->56 ºC 250
cyp19a1a E1 7 199 266 321 60 250 68-->56 ºC 250
cyp19a1a E2 5 268 335 390 58 250 68-->56 ºC 250
cyp19a1a I1 4 245 312 367 58 250 68-->56 ºC 250

cyp19a1b

Amplicon
CpG 

number
PCR 
size

PCR size 
(PCR#1, with 
overhangs)

PCR size 
(PCR#2, with 
barcoding)

T of 
PCR#1

[primers] 
(nM) in 
PCR#1

T of PCR#2
[primers] 

(nM) in the 
PCR#2)

cyp19a1b P1 4 142 209 264 58 250 68-->56 ºC 250
cyp19a1b P2 6 133 200 255 54 150 68-->56 ºC 250
cyp19a1b P3 4 210 277 332 58 500 68-->56 ºC 250
cyp19a1b P4 6 348 415 470 58 250 68-->56 ºC 250
cyp19a1b I1 4 189 256 311 58 250 68-->56 ºC 250
cyp19a1b I2 4 293 360 415 58 250 68-->56 ºC 250

Supplemental table ST1. BisPCR conditions, CpG number, size and used primers for each measured amplicon. 
For the primers, complementary sequence to the amplicon is expressed in black, and overhangs in 
blue/green. Dark blue/green sequence express complementarity with the primers used in PCR#2.
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aldh1a2
Amplicon Forward PCR#1 primer Reverse PCR#1 primer

aldh1a2 P1
ACACTCTTTCCCTACACGACGCTCTTCCGATCTGAGTGTTAAAAGTTT

TTTTAGATGGTTTT
GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTATCAACCAATATTTCT

CTCCACCTA

aldh1a2 P2
ACACTCTTTCCCTACACGACGCTCTTCCGATCTTAGTGTTGGTTTATTG

TGGTTGAAA
GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTCTAAAATACAATTTCC

ATACTTTATTAACA

aldh1a2 E1
ACACTCTTTCCCTACACGACGCTCTTCCGATCTTATAGGAAGGATTTT

AAAGTTGTAAT
GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTCATCAAATAAAAAAA

TACCATAAAC

aldh1a2 I1
ACACTCTTTCCCTACACGACGCTCTTCCGATCTTGGTATTTTTTTATTT

GATGTTTTTAT
GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTATTTAAATCTCTCATA

TACTTTCCCCTC

aldh1a2 I2
ACACTCTTTCCCTACACGACGCTCTTCCGATCTTAGATTTGTTTTTGGA

TATGTTTTTG
GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTAATTAACACAAATAA

AATTTATTTAACATT

aldh1a2 I3
ACACTCTTTCCCTACACGACGCTCTTCCGATCTAATGGAGTTATATAG

ATTATTGAAGTTTAT
GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTATATTTTAATCACAAA

TATTAATCTTATCC

aldh1a2 I4
ACACTCTTTCCCTACACGACGCTCTTCCGATCTGATAAGATTAATATT

TGTGATTAAAATATA
GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTAATAAATTAACTATCT

TACATTCCTTC

PPIAa
Amplicon Forward PCR#1 primer Reverse PCR#1 primer

PPIAa P1
ACACTCTTTCCCTACACGACGCTCTTCCGATCTTATATGTAGTTTTGA

AAATATTGAAATATT
GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTATAATAACAAACAAA

CACTAACACAC

PPIAa P2
ACACTCTTTCCCTACACGACGCTCTTCCGATCTTTTTAAATTTTGGAA

AATTATTGAATAAAA
GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTAACACATAAATAAAC

CAATCAAATATCC

PPIAa E1
ACACTCTTTCCCTACACGACGCTCTTCCGATCTGGATATTTGATTGGT

TTATTTATGTGTTAT
GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTAAAAACACTTTAAAC

CTTACCATAACTTTA

PPIAa E2
ACACTCTTTCCCTACACGACGCTCTTCCGATCTAAAGAATTTAAAGTT

ATGGTAAGGTTTAAA
GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTACAAAACAACTTCCT

CAAAAAAAAC

PPIAa I1
ACACTCTTTCCCTACACGACGCTCTTCCGATCTGTTTGTGATTTTTGTA

AGTTAGAAGTTAAG
GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTATACACATTATTAAA

CAACCCTTTTT

PPIAa I2
ACACTCTTTCCCTACACGACGCTCTTCCGATCTAAAGGGTTGTTTAAT

AATGTGTATT
GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTCATTACAATAAACCC

ATAAAATAACTACAA

PPIAa I3
ACACTCTTTCCCTACACGACGCTCTTCCGATCTTATTTTATGGGTTTAT

TGTAATGTG
GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTACTACTAATTAAAAA

CAAATTCAACTC

cyp19a1a
Amplicon Forward PCR#1 primer Reverse PCR#1 primer

cyp19a1a P1
ACACTCTTTCCCTACACGACGCTCTTCCGATCTTATTTTTTGTTTGTTT

GTAGGTTTGAT
GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTCCTTATATACTCCTTT

ATATCCTTCAAC

cyp19a1a P2
ACACTCTTTCCCTACACGACGCTCTTCCGATCTTTGAAGTTTTGATGA

AAATTTAGAGAT
GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTCCCAACAACTACATA

AAACTCAATC

cyp19a1a E1
ACACTCTTTCCCTACACGACGCTCTTCCGATCTTGATTGAGTTTTATGT

AGTTGTTGG
GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTCATTATCCTAAACCCT

TTCAATACC

cyp19a1a E2
ACACTCTTTCCCTACACGACGCTCTTCCGATCTGTATTGAAAGGGTTT

AGGATAATG
GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTCCTATAACAATAAAA

ATAAATTTACC

cyp19a1a I1
ACACTCTTTCCCTACACGACGCTCTTCCGATCTTTAGGTTAGTTGGAT

TTGTTTTAGA
GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTTCCTTTTATTAACATA

TAATTAAATTCATT

cyp19a1b
Amplicon Forward PCR#1 primer Reverse PCR#1 primer

cyp19a1b P1
ACACTCTTTCCCTACACGACGCTCTTCCGATCTGGATTTTTATTTTGAA

AAATAATTAGTTA
GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTATAAACAAAAAACTA

ACAAAAAACC

cyp19a1b P2
ACACTCTTTCCCTACACGACGCTCTTCCGATCTTTTATTAGGTTTAAA

GTTTTTTTAAATAAA
GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTACCAAAAATATAAAA

AATAAAAACAATATT

cyp19a1b P3
ACACTCTTTCCCTACACGACGCTCTTCCGATCTATGAAAGATTGGATT

TGGAATTAAG
GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTAAAAACTCAAAACAA

TCCAACAAAC

cyp19a1b P4
ACACTCTTTCCCTACACGACGCTCTTCCGATCTATGAAAGATTGGATT

TGGAATTAAG
GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTTCTAAACATACAACT

CAAACCTACC

cyp19a1b I1
ACACTCTTTCCCTACACGACGCTCTTCCGATCTTGGATATTTTTGTTTT

ATAGAATTAAAATA
GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTAAAAAAAACTACACT

ATATCCTACCC

cyp19a1b I2
ACACTCTTTCCCTACACGACGCTCTTCCGATCTTTGAGTTTAAGTATA

TTAAATTTAAAG
GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTACTAATAATACACTA

CTCTATAAATCCC

Supplemental table ST1 (continuation). BisPCR conditions, CpG number, size and used primers for each measured amplicon. For the primers, 
complementary sequence to the amplicon is expressed in black, and overhangs in blue/green. Dark blue/green sequence express 
complementarity with the primers used in PCR#2.
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“Research is to see what everybody has seen and think what 

nobody has thought" 

Albert Szent-Györgyi 
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The integration and data fusion of the results (of BPA, PFOS and TBT) from this Thesis at 

different possible levels allow us not only to discern new aspects of their specific 

endocrine disruption from a general toxicity, but also to identify the early affected 

pathways and the degree of endocrine disruption (regarding other adverse effects) 

exerted by each of them. It also allows comparison between the different modes of 

action of these three compounds that, while all altering the lipid metabolism, they exert 

very different phenotypical manifestations in the zebrafish eleutheroembryos. 

 

I. Endocrine disruption and general toxicity 

A crucial question needs to be considered when endocrine disruption is studied: if the 

endocrine disruptor concentration is too high, the EDC could transcriptomically affect a 

large number of biological pathways, either directly (those ones deregulated due to the 

mode of action of the EDC) or indirectly (via compensation mechanisms or simply general 

toxicity).  In this situation, how to assess the MIE and the truly mechanism of action of 

an endocrine disruptor? 

The main difference between an endocrine disruptor and other xenobiotics lacking 

endocrine disrupting properties is their capacity to affect the endocrine systems at very 

low concentrations regarding its lethality and independently from its general toxicity. 

Therefore, if a given xenobiotic only “disrupts” the endocrine system at concentrations 

close to its lethal dose, it could not be considered an endocrine disrupting chemical, 

since its main mechanism of action does not imply the direct disruption of endocrine-

related pathways. The benchmark dose (BMD) concept is a very useful approach to 

discern between the different mechanisms of action of an endocrine disruptor and its 

side effects due to a general toxicity. The determination of the point of departure of the 

different affected pathways (combining the individual calculated BMD for each gene in 

those pathways) would allow us to assess which are the first ones to be deregulated, and 

therefore, to propose a possible MOA and/or MIE for a given or suspected endocrine 

disruptor. For that reason, and since the functional analysis of the DEGs using a BMD 
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approach was only carried out for TBT (chapter II, article IV), we show here a similar 

analysis for BPA and PFOS.  

 
Figure V.1.: BMDL values for individual DEGs, classified by their annotation to functional modules, 
in BPA exposure (chapter II, article II). For each module, grey-blue box includes values between 
the 1st and 3rd quartiles and a thick bar indicates the mean. For helping visualization, green 
vertical line indicates the median BMDL considered as the transcriptomic point of departure (PoD) 
for BPA exposure (chapter II, article II). Green dotted horizontal line separates the functional 
modules with median BMDL values higher or lower than global transcriptomic PoD. On the right, 
distribution of DEGs among the different functional modules (rows) and clusters (columns). 
Numbers express the absolute number of DEGs in each functional module and cluster, box colors 
indicate the relative importance of DEGs associated to each pathway for each cluster (from light-
yellow -most- to red -less-; two cells of the same color correspond to an identical relative fraction 
of DEGs in both clusters). For simplification, only functional modules with at least 5 DEGs in at 
least one of the clusters were represented. Redundant functional modules were simplified to the 
one with the highest number of hits. 
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In the case of BPA (figure V.1.), results from the BMD analysis showed that the pathways 

affected at the lowest concentrations were the ones related with lipids (cholesterol, 

phospholipids, lipoproteins, triglycerides, lipid transport and metabolism…) and visual 

perception. Retinol and steroid-related processes were altered by BPA even at the 

lowest tested dose (0.44 μM). These observations agree with the proposed mode of 

action of BPA, implicating not only signalling by PPAR-γ and ER, but also acting via RAR 

and/or RXR, among others. They are also consistent with the phenotypical effects 

observed by us and others. For example, we observed that eleutheroembryos exposed 

to BPA from 2 to 5 dpf presented yolk sac malabsorption syndrome, lipidome disruption 

and the decrease of eye width (chapter I, II and III, articles I and II and V). A possible 

visual impairment should be further studied and its relationship with the decreased 

mobility presented by the exposed eleutheroembryos (chapter IV, article VI; [193]). 

Thus, our results are consistent with the endocrine disruption and obesogenic properties 

reported for BPA (chapter II, article II; [145,355,356]). Other processes affected at higher 

doses were those related with energy balance, muscle development or heart 

contraction. That was confirmed by the dysregulation of several transcripts involved in 

energy homeostasis and miRNA(s) involved in muscle and heart (chapter IV, article VI).  

The most sensitive pathways to PFOS were those related to cell-cell interactions, cell 

adhesion, immune response, zinc fingers, apoptosis, cytokines, and others (figure V.2.). 

Lipid transport and glycerophospholipid metabolism pathways were also affected at 

PFOS concentrations clearly below lethality levels. Our results showed that scoliosis and 

kyphosis were among the main morphological effects of PFOS in the eleutheroembryos 

(chapter I, article I). This could be related to the observed deregulation of transcripts 

involved in muscle structure and functioning, like myosin or actin genes (chapter II, 

article III). Although it could be considered as a wide spectrum of effects, many 

transcriptional changes seem to have a common origin. Cell adhesion, the affected 

pathway with the lowest PoD, is commonly mediated by four major protein 

superfamilies (immunoglobulins, selectins, cadherins and integrins) globally known as 

cell adhesion molecules or CAMs, and located on the cell surface. They have been related 
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to processes like immune response, actin fibers linkage, and signal transduction 

(including apoptosis signals). Other affected pathways with low PoD are related to lectins 

-also involved in immune response-, lipid regulation and skeletal muscle (chapter II, 

article III). All these CAMs-related pathways were affected by PFOS.  

 
Figure V.2.: BMDL values for individual DEGs, classified by their annotation to functional modules, 
in PFOS exposure (chapter II, article III). Graphical features are analogous to the ones explained 
in figure V.1. legend. 
 

While PFOS can partially bind/activate several nuclear receptors (androgen receptors -

AR-, ER, TR, PPAR- γ...) [357,358], it has been proposed that its binding to PPAR-α is the 

most important molecular event to explain its dysregulatory effects [357,359,360]. 

Natural ligands of PPAR-α are fatty acids, with which PFOS shares many structural 

chemical features, like amphiphilicity (polar head and a large non-polar carbon chain). It 

has been reported in different models that PPAR-α activators can not only inhibit cell 
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adhesion via cytokines [361], but  that they are also involved in immune response and 

changes in immunoglobulins, selectins and integrins [362–364]. Moreover, it has been 

also observed that PPAR-α activation induces lipid catabolism (free fatty acid oxidation 

and supressed lipogenesis) via heterodimerization with FXR receptors [362,365]. A 

further, non-receptor mediated direct mechanism for PFOS toxicity needs to be also 

considered, as  PFOS may integrate directly into cell- and mitochondrial membranes, 

altering their fluidity and permeability [366]. These mechanisms and effects agree with 

both functional transcriptomic analysis and phenotypic results. PFOS exposed individuals 

presents lower yolk sac area (YSA) than they should have considering their size (chapter 

I, article I), indicating a higher nutrient expenditure. Similarly, in mammals, PFOS elicits 

an unwarranted extra heat production via uncoupling protein 1 (UCP1) in brown adipose 

tissue, resulting in a higher energy expenditure [367]. Nevertheless, although zebrafish 

has UCP1 orthologue, its lack of brown adipose tissue and of both general and specific 

cranial heat production (observed in some fish), suggest that the energy expenditure is 

used for other purposes [368]. 

In summary, we consider that endocrine disrupting properties of PFOS seem to be 

limited to lipid metabolism in our experimental conditions. Moreover, its effects would 

not be truly obesogenic-like, but rather “pseudo-anorexic", via the suggested increase in 

lipid oxidation and energy expenditure. 

Finally, TBT exerted a clear disruption in the steroid biosynthesis and metabolism since 

these pathways showed the lowest PoD in exposed eleutheroembryos (chapter II, article 

IV; figure V.3.). Most of other affected pathways were related with cell division 

(microtubule, cell cycle, mitotic cell cycle, chromosome, methylation…), which can be 

correlated with a general developmental delay at phenotypic level. As previously 

reported (chapter II, article IV), all these transcriptomic effects can be explained by the 

binding of TBT to RXR receptors, which heterodimerize with VDR and RAR, affecting in 

this way steroid production (via cholesterol and vitamin D3 pathways) and immune 

response (in this last case, only disrupted at higher doses). Phototransduction pathway, 

also disrupted at relatively low concentrations, can also be explained by RAR-RXR 
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heterodimers [369,370]. On the other hand, lipid related disruption, which could 

originate via heterodimerization with PPAR-γ, is only affected at relatively high TBT 

concentrations and, consistently, its lipid-related morphological effects were mainly 

non-specific (chapter II, article IV). Yolk sac area increased in the individuals exposed to 

TBT in a way that could be explained by a mere developmental delay (chapter I, article 

I).  

 
Figure V.3. (adapted from [371]): BMDL values for individual DEGs, classified by their annotation 
to functional modules, in TBT exposure (chapter II, article IV). Graphical features are analogous 
to the ones explained in figure V.1. legend. 
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Therefore, in our conditions, obesogenic properties exerted by TBT are limited to 

transcriptomic level and at high TBT concentrations, suggesting that the activation of 

RXR receptors could be less important for the lipidomic effects than the activation of 

PPAR-γ receptors (like BPA) via the PPAR-RXR complex.

 

II. Integrative analysis of BPA, PFOS, and TBT 

 a) Transcriptomic, metabolomic and morphometric point of departure (PoD) analysis 

When an organism is exposed to any xenobiotic, including endocrine disruptors, the 

magnitude of the effects depends on the studied endpoint at a specific biological level, 

with further influence from other variables like dose and time of exposure. In many 

cases, and after the molecular initiation event (MIE) takes place, subsequent molecular 

interactions result in the deregulation of different transcripts. Consequently, the levels 

of the codified proteins may also change when translation rate becomes adapted to the 

new transcriptome situation. As a general rule, transcript and protein amounts can 

change by even several orders of magnitude [36], showing log2 fold changes values 

between -5 and +5 [372–375]. Finally, the subsequent changes in enzyme levels and 

activities would modify the synthesis and degradation pathway rates for different 

metabolites, the concentration of which becomes also deregulated. Conversely to 

transcripts or proteins, metabolites usually change by relative small factors, showing log2 

fold changes values between -2 and +2 [36,68,135,376,377]. As a rule, these three 

molecular levels (transcripts, proteins, metabolites) are the first ones to be affected and 

detected both in time and/or concentration. Next, sometimes almost simultaneously, 

specific directly-related endpoints as behaviour, via neurotransmitters, become altered. 

Subsequently, cell and tissue deregulations take place and physiologic effects can be 

detected. Finally, organ and organism effects (known as apical phenotypes) become 

evident at different levels, ending up with severe, vital effects, like malformations or 

mortality, if the exposure dose is high enough. Morphological alterations commonly 

change in one order of magnitude or less [140]. 

 



Integrative analysis of BPA, PFOS, and TBT 

 

PhD Thesis of R. Martínez            297 
 

 
Figure V.4.: BPA, PFOS and TBT cumulative plots indicating the number of affected parameters 
(genes, metabolites and morphological traits) by exposure doses. This analysis has been done 
following the benchmark dose (BMD) approach. Transcripts, metabolites and morphological traits 
are shown in blue, purple and orange, respectively. Point of departure values (PoD) were 
calculated as the median of all the benchmark dose lower limits (BMDLs) in each biological level, 
as described herein [378–380]. 
 
Consistent with these general principles, we have compared transcriptomic and 

metabolomic points of departure (PoD) from our studies (chapter I and II: articles I, II, III 

and IV; [68]), and have found that they are similar, differing a maximum of one order of 

magnitude for all three cases (BPA, PFOS and TBT, figure V.4.). On the other hand, 
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adverse effects at morphological level required significantly higher exposure doses. The 

ratio between the smaller molecular PoD (characteristically, the transcriptomic one) and 

the morphologic PoD varies 126 times for BPA, 237 times for PFOS and 7 times in the 

case of TBT. Although that could indicate a different mechanism of toxicity for TBT 

(related to a heavy metal poisoning by Sn), further research on this matter should be 

carried out (chapter II; article IV). 

 

Text box V.1. 

· Apical endpoint: traditionally, gross whole-organism adverse outcome of exposure 
to a toxic, as developmental anomalies, reproduction problems, organ malformations, 
or death. 

· Point of departure (PoD): regarding a biological level or endpoint, threshold 
reference value at which it can be considered that adverse effects start to take place. 
Also known as the general BMD (benchmark dose) for this specific endpoint. PoD are 
commonly calculated using the median of the BMDL (lower limit of the BMD 
calculations) obtained for each variable in a certain biological level. 

 

Among the three studied compounds, TBT was the most toxic one: LC50 values (2-5 dpf 

of exposure; at 5 dpf) for TBT was 0.17 μM, while the corresponding values were 18.2 

and 79.9 μM for PFOS and BPA, respectively. Similarly, the lowest concentration for 

adverse effects to occur at any of the three studied biological levels (figure V.5., A) 

corresponded to TBT, followed by PFOS and BPA, in that order. Nevertheless, when 

comparing results using equilethal concentrations as reference (x % of the LC50), we 

observed that PoDs at all tested biological levels were higher for TBT than in BPA and 

PFOS, which in fact were both very similar to each other (figure V.5., B). This indicates 

that the individuals exposed to TBT only started to present adverse effects at 

concentrations closer to lethality, compared with BPA and PFOS, which elicited adverse 

effects at much lower relative concentrations, especially at transcriptomic and 

metabolomic levels. At this point, it needs to be highlighted the difference between 

equilethal and equitoxic concentrations. By definition, while the first term refers to the 

concentrations of different compounds exerting the same mortality level, the second 



Integrative analysis of BPA, PFOS, and TBT 

 

PhD Thesis of R. Martínez            299 
 

one indicates those concentrations that exerted the same severity of a given specific 

adverse effect. Absolute values of equilethal and equitoxic doses, as well as the ratio 

between them, may be very different for certain endocrine disruptors and other 

stressors [381–383]. Indeed, a recent study demonstrates how equilethal concentrations 

of certain perfluorinated compounds (PFOS among them), exert very different degrees 

of affection in the several studied endpoints [384]. That is not only affected by the 

mechanism of action of each EDC, but also by their relative potency as agonist or 

antagonist of the target receptor(s). Indeed, in our case, the TBT was the one with lower 

equitoxicity at same equilethal concentrations. 

 
Figure V.5.: BMD cumulative plots of the affected parameters (transcripts, metabolites and 
morphological traits) regarding the absolute (A) and equilethal (B) dose of BPA, PFOS and TBT. 
BPA, PFOS and TBT values are shown in red, green and blue, respectively. 
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b) Comparative functional analysis 

A deeper view of the differences between toxic mechanisms for the three compounds 

came from combined comparative functional analysis of transcriptomic data. Figure V.6. 

shows the hierarchical clustering of differentially expressed genes (DEGs; VIII.2.annex 

table 1) after the combined normalization of the three datasets.  

 
Figure V.6.: Heatmap of the differentially expressed genes (DEGs) of the BPA, PFOS and TBT 
exposed groups’ samples. Transcripts counts were normalized by pqn (probabilistic quotient 
normalization) and fold-changes regarding the mean of the control groups for each dataset (BPA, 
PFOS and TBT) were calculated (to avoid any possible bias due to zebrafish batches). Then, an 
ANOVA-PLS was performed and genes with p adjusted values < 0.001 were considered as DEGs 
(3132 genes). Hierarchical clustering of both samples and DEGs are shown in the columns and 
rows, respectively. Data are represented as fold-changes values, log transformed and scaled 
relative to control mean values. L, M and H correspond to the low, medium and high exposure 
concentration of each EDC, respectively. 
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A principal component analysis (PCA) of the normalized transcriptomic data defined two 

components explaining 50.9 % of the total variability. The score plot in figure V.7. shows 

the separation of samples from all three treatments, and the separation of the highest 

dose treatments from control samples. PC1 (34.9% of observed variation) separates TBT 

from the rest of samples, whereas PC2 (16.0% of observed variation) separates all three 

compounds (figure V.7.). 

 
Figure V.7.: principal component analysis (PCA) of the obtained DEGs (3132). Scores of the 
samples in the first two components (which explain 50.9% of the total variability) are shown. L, 
M and H correspond to the low, medium and high exposure concentration of each EDC, 
respectively. 
 

Text box V.2. 

· Hierarchical clustering: method of cluster analysis which goal is to build a hierarchy 
of clusters, obtaining a dendrogram-like classification. Briefly, hierarchical clustering 
assigns each sample/variable (the classification is performed for both samples and 
variables) to its own group. Iteration process is then performed, where the two most 
similar groups are joined in each step, and that continues until only one final cluster 
is obtained.  
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· PAM (partition around medoids) clustering: clustering algorithm that classifies the 
datapoints in several medoids (or clusters). Briefly: after performing a PCA, the PAM 
algorithm analyzes the covariance matrix to search k representative objects (medoids 
or clusters) that explain the structure of the data. Each observation is assigned to its 
nearest cluster. Iteration process is then performed to choose the number and 
position of medoids that minimizes the sum of pairwise dissimilarities. 

· Transcript amount: quantity of mRNAs in a cell, tissue or organism at a specific time. 

· Gene expression: all the processes by which a functional product (usually a protein) 
is synthesized from the information contained in the genes. Nevertheless, the term is 
commonly confused with “transcript amount” and indistinctly used, and some terms 
like “differentially expressed genes” are used to refer to significant changes in 
transcript amount. 

 

PAM (partition around medoids) clustering of the genes reports the group of transcripts 

that similarly change, and their comparison among exposure groups can provide us 

valuable information. Cluster A includes those genes overrepresented in BPA-treated 

samples, not affected by PFOS exposure and underrepresented in TBT-treated samples 

(figure V.8.).  It includes a vast collection of genes involved in growth and development 

(VIII.2.annex table 2): DNA replication, cell cycle, cell division, chromosome, mitosis, 

microtubules… As previously reported (chapter I and II; articles I and IV; [140,371]), TBT 

morphological effects could be correlated to a general developmental delay. The 

transcriptomic results from TBT-treated samples showed deregulation of cholesterol and 

vitamin D3-related pathways, and it is known that D3 signaling is crucial for the normal 

development of the zebrafish during embryo stage, which would support the conclusions 

from the morphological data. The deregulation of this pathway can be explained by the 

binding of TBT to retinoid X receptors (RXR) which can heterodimerize with vitamin D 

receptors (VDR) [385–387]. On the other hand, it has been reported the binding of BPA 

to the estrogen receptor alpha (ERα) [388]. This binding can activate the extra-nuclear 

signaling pathways of kinase/mitogen-activated protein kinase (ERK/MAPK) and 

phosphatidyl-inositol-3-kinase/AKT (PI3K/AKT), which can enhance cell proliferation 

[388–391], and could explain the activation of its related transcriptomic pathways. 
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Figure V.8.: A) Score plot of the partition around medoids (PAM) clustering. Two first components 
explained 34.24% of the total variability. Yellow crosses, red triangles and blue circles indicates 
the genes of the clusters A, B and C, respectively. B) PAM clusters and boxplots of differentially 
expressed genes (3132) from all combined datasets (BPA, PFOS and TBT). Data are represented 
as fold-change values, log transformed and scaled relative to control mean values. L, M and H 
correspond to low, medium and high exposure concentrations of each EDC, respectively. 
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Cluster B grouped genes overrepresented in eleutheroembryos exposed to BPA and TBT, 

with small changes in PFOS-exposed ones. Genes in this cluster were mainly involved in 

oxygen transportation and energy homeostasis (globins, heme binding, mitochondrion, 

cell redox, carbohydrate metabolism…) and lipids (lipid binding and transport, 

cholesterol, low and high density lipoproteins, chylomicrons, cholesterol, 

triglycerides…), among others. While up-regulation of lipid-related pathways can be 

simply explained by the activation of the PPAR-γ-RXR complex, the energy homeostasis 

involves many biological pathways and several nuclear receptors have been reported to 

be implied, as PPAR (α, β, γ), ER, estrogen-related receptors (ERR), thyroid receptors 

(TR), liver X receptors (LXR), farnesoid X receptors (FXR), or constitutive androstane 

receptors (CAR) [392–395]. As previously reported, both BPA and TBT can activate PPAR-

γ-RXR complex via PPAR-γ and RXR, respectively, while PFOS has been proposed to bind 

PPARα, CAR, pregnane X receptor (PXR) or FXR (chapter II, articles II, III and IV).  

Cluster C includes genes strongly overrepresented in TBT-treated samples and 

underrepresented in PFOS-treated ones. Most of the genes in this cluster were related 

to glycolysis, cell adhesion, immune response and cytokines, among other functions. The 

ability of PFOS to down-regulated these pathways has been already shown and agrees 

with the bibliography (chapter II, article III). Nevertheless, it can be also observed a dose-

response down-regulation of these genes in the case of BPA exposed individuals and up-

regulation for those exposed to TBT. It has been reported that both PPAR (activated by 

BPA) and LXR (activated by PFOS) receptors can repress the inflammatory response and 

thus, the immune response [396,397]. On the other hand, different cell and mice studies 

reported that the activation of RXR receptors (proposed molecular initiation event of 

TBT) activates inflammatory and immune responses and upregulates chemokine 

expression. Nevertheless, it has been proposed that this effect is not mediated by PPAR-

RXR heterodimer but by others, like retinoid acid receptor (RAR)-RXR or RXR-VDR 

heterodimers [398–402]. This fact could explain the general upregulation of the cluster 

C genes by TBT. 
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c) Identification by omics of endocrine disruption taking place at early life stages 

and at low EDC doses 

Phenotypic alterations by EDCs at different biological levels and developmental stages, 

and/or at high effector concentrations may be traced down to transcriptomic alterations 

at early life stages and at lower doses. Table V.1. shows a list of several of these possible 

correlations for zebrafish embryos exposed to BPA, PFOS, or TBT. 

Endocrine 
disruptor 

Early transcriptomic 
alteration Phenotype at higher concentrations or later in life 

BPA Lipid metabolism 
(chapter II, article II). 

- Yolk sac malabsorption (chapter I, article I). 
- TG, DG, PC and PI decreased consumption (chapter 

III, article V). 
- Higher body weight and body mass index in juveniles 

(chapter IV, article VI). 

 Visual perception 
(chapter II, article II). 

- Decreased eye width (chapter II, article II). 
- Decreased mobility (likely related) (chapter IV, article 

VI). 

 
Steroid hormone 

biosynthesis (chapter 
II, article II). 

- Bibliography (adult exposure): decreased 
testosterone and increased 17β-estradiol and 

vitellogenin levels [403]. 

PFOS Apoptosis (chapter II, 
article III). - Bibliography: Increased apoptotic cells [404]. 

 Immune response 
(chapter II, article III). 

- Bibliography (similar doses but chronic exposure): 
disrupted activities of immune-related enzymes [405]. 

 
Myosins, actins and 

tropomyosins (chapter 
II, article III). 

- Scoliosis and kyphosis (chapter I, article I). 

 

Lipid transport (at 
slightly higher 

concentrations) 
(chapter II, article III). 

- Decreased relative yolk sac area regarding 
eleutheroembryo size (suggested increased energy 

consumption) (chapter I, article I). 

TBT Steroid metabolism 
(chapter II, article IV). 

- Bibliography (adult exposure): decreased plasma 
level of 17β-estradiol, increased cortisol levels [406]. 

- Bibliography (chronic exposure): masculinization 
(male biased population) [407]. 

 Cell cycle (chapter II, 
article IV). - Developmental delay (chapter I, article I). 

Table V.1.: summary of the main transcriptomic disruptions exerted by BPA, PFOS and TBT in 
zebrafish eleutheroembryos (exposed from 2-5 dpf) and phenotype alterations observed later in 
life and/or at higher doses. 
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A fundamental question is whether or not the alterations due to EDCs may propagate in 

time even when the effector has been removed. In the case of BPA, we observed mid-

range persistence of the increase of weight and body mass index, of behaviour changes 

and of transcript dysregulation in juveniles exposed during the period from 2 to 5 dpf, 

and led in clean water from 6 dpf until 29-47 dpf (chapter IV, article VI). As explained in 

the introduction, these long-term effects can be, at least partially, mediated by 

epigenetic mechanisms (as miRNAs or DNA methylation). Consistently with this 

hypothesis, exposed eleutheroembryos (5 dpf) showed an increase of miR-23b and a 

decrease of miR-1 (chapter IV, article VI). miR-1 is involved in muscle and heart 

[408,409], and although no effects in eleutheroembryonic muscle structure could be 

observed, their motility was decreased. miR-23b is predicted to target 

proopiomelanocortin A (pomca), which has been related with food intake and obesity 

[410]. Nevertheless, its role in adiposity in zebrafish is unclear [411]. On the other hand, 

we investigated the correlation between the general methylation status of a gene and 

its expression levels (chapter IV, article VII). The effects of the BPA exposure in the 

expression of some of the most affected genes (cyp19a1b and aldh1a2) could be partially 

explained by its exerted changes in the methylation of those gene, although other 

mechanisms needed also to be considered (chapter IV, article VII). If these epigenetic 

changes remain altered at later developmental stages and whether they could explain 

the observed phenotypical alterations, it is a matter that should be further studied. 

Regarding the integration of data from several organismal levels, although the early 

detection of adverse effects, classically by transcriptomics, is usually the most 

informative analysis (even before more evident alterations can be noticed), phenotypic 

effects can be eventually used to clarify the functional analysis of the transcriptomic 

data. This exemplifies the usefulness of the combination of different omics and/or 

integrative analyses’ information in environmental risk assessment, for the study of the 

different EDC mechanisms of action. For example, the potential biological meaning of 

the dysregulations of muscle-related transcripts by PFOS treatment may be easily 

understood after the observed scoliosis and kyphosis presented by the treated 

individuals (chapter II, article III).  
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III. Proposed adverse outcome pathways for BPA, PFOS and TBT 

Considering all the results obtained in this thesis and bibliographic information, we 

summarize and/or propose the adverse outcome pathways of BPA, PFOS and TBT in the 

figures V.9., V.10. and V.11., respectively. 

 

 
Figure V.9. (adapted from [75]): adverse outcome pathway (AOP) for BPA in zebrafish 
eleutheroembryos. Red and blue arrows connecting observations represent an exerted 
agonism/activation/increase and antagonism/inhibition/decrease, respectively (predicted by 
logic and/or observed in any animal model). Red and blue arrows in each observation represent 
an observed decrease/increase in this endpoint (observed in zebrafish). Yellow arrows both 
between observations and in at observation itself, represent uncertain effect and/or non 
monotonic effect. Numbers in purple indicate the references that reported: the interaction of 
BPA with nuclear receptors (in general), relation between receptors and biological pathways (in 
general), and direct effects of BPA (specifically in zebrafish embryos/larvae). References: 1) [71]; 
2) [412]; 3) [413]; 4) [414]; 5) [415]; 6) [335]; 7) [416]; 8) [351]; 9) [417]; 10) [418]; 11) [419]; 12) 
[392]; 13) [393]; 14) [394]; 15) [395]; 16) [420]; 17) [97]; 18) [388]; 19) [389]; 20) [390]; 21) [391]; 
22) [421]; 23) [140]; 24) [75]; 25) [193]; 26) [422]; 27) [423]; 28) [424]; 29) [425]. 
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Figure V.10.: adverse outcome pathway (AOP) for PFOS in zebrafish eleutheroembryos. Red and 
blue arrows connecting observations represent an exerted agonism/activation/increase and 
antagonism/inhibition/decrease, respectively (predicted by logic and/or observed in any animal 
model). Red and blue arrows in each observation represent an observed decrease/increase in this 
endpoint (observed in zebrafish). Yellow arrows both between observations and in at observation 
itself, represent uncertain effect and/or non monotonic effect. Numbers in purple indicate the 
references that reported: the interaction of PFOS with nuclear receptors (in general), relation 
between receptors and biological pathways (in general), and direct effects of PFOS (specifically in 
zebrafish embryos/larvae). References: 1) [426]; 2) [357]; 3) [359]; 4) [360]; 5) [366]; 6) [427]; 7) 
[428]; 8) [429]; 9) [430]; 10) [358]; 11) [392]; 12) [393]; 13) [394]; 14) [395]; 15) [361]; 16) [72]; 
17) [362]; 18)[363]; 19) [364]; 20) [365]; 21) [114]; 22) [431], 23) [432]; 24) [433]; 25) [434]; 26) 
[384]; 27) [140]; 28) [435]; 29) [436]; 30) [437]; 31) [438]; 32) [439]; 33) [440]; 34) [441]; 35) [442]; 
36) [443]; 37) [444]. *Yolk resorption: although the yolk sac area of PFOS-exposed individuals is 
higher than the one of control group, it is far lower than the one that should correspond for their 
size, indicating a higher consumption of the yolk sac. 
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Figure V.11.: adverse outcome pathway (AOP) for TBT in zebrafish eleutheroembryos. Red and 
blue arrows connecting observations represent an exerted agonism/activation/increase and 
antagonism/inhibition/decrease, respectively (predicted by logic and/or observed in any animal 
model). Red and blue arrows in each observation represent an observed decrease/increase in this 
endpoint (observed in zebrafish). Yellow arrows both between observations and in at observation 
itself, represent uncertain effect and/or non monotonic effect. Numbers in purple indicate the 
references that reported: the interaction of TBT with nuclear receptors (in general), relation 
between receptors and biological pathways (in general), and direct effects of TBT (specifically in 
zebrafish embryos/larvae). References: 1) [445]; 2) [446]; 3) [385]; 4) [386]; 5) [387]; 6) [398]; 7) 
[399]; 8) [400]; 9) [401]; 10) [402], 11) [417]; 12) [447]; 13) [448]; 14) [449]; 15) [91]; 16) [369]; 
17) [370]; 18) [450]; 19) [451]; 20) [114]; 21) [371]; 22) [140]; 23) [452]; 24) [453]; 25) [454]; 26) 
[455]; 27) [456]; 28) [457]; 29) [424]; 30) [458]; 31) [340]; 32) [459]; 33) [460]; 34) [461]. *Lipid 
metabolism: only at very high concentrations and/or later in life. *Eye width: higher eye width 
regarding the one that they should have considering the developmental delay. *Steroid 
biosynthesis: hormetic response based on the concentration. 
 

Although there are evidences that all BPA, PFOS and TBT can alter lipid metabolism, they 

show very diverse spectra of effects on the lipid-related pathways. These differences 

could be explained by their proposed different molecular initiation events. A summary 
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of the effects of BPA, PFOS and TBT in lipid metabolism of zebrafish eleutheroembryos 

is shown in figure V.12.  

 
Figure V.12.: summary of the effects of BPA, PFOS and TBT in lipid metabolism of zebrafish 
eleutheroembryos. Orange and cyan arrows connecting observations represent an exerted 
agonism/activation/increase and antagonism/inhibition/decrease, respectively (predicted by 
logic and/or observed in any animal model). Yellow arrows between observations represent 
uncertain effect and/or non-monotonic effect. In each observation, red, green and blue arrows 
represent the direct observed effect of BPA, PFOS and TBT, respectively: up-arrow indicates an 
increase, down-arrow indicates a decrease, and a rectangle indicates no effect. Not known effects 
are indicated by an interrogation mark. Numbers in purple indicate the references that reported: 
the interaction of BPA with nuclear receptors (in general), relation between receptors and 
biological pathways (in general), and direct effects of BPA (specifically in zebrafish 
embryos/larvae). References: 1) [428]; 2) [357]; 3) [359]; 4) [360]; 5) [362]; 6) [365]; 7) [426]; 8) 
[114]; 9) [431]; 10) [71]; 11) [412]; 12) [335]; 13) [416]; 14) [413]; 15) [414]; 16) [418]; 17) [419]; 
18) [420]; 19) [97]; 20) [445]; 21) [446]; 22) [385]; 23) [386]; 24) [387]; 25) [371]; 26) [72]; 27) 
[140]; 28) [75]; 29) [68]; 30) [425]; 31) [384]; 32) [444]; 33) [461]. *Growth: in case of BPA and 
PFOS, the decrease is nonspecific, due to general toxicity at high doses. *Yolk sac resorption: BPA 
elicits yolk sac malabsorption syndrome; PFOS-exposed individuals present a YS lower than they 
should by their size; and TBT triggers a decrease of the consumption that could be explained by 
a mere developmental delay. 
 

In our system, PFOS inhibits lipid accumulation, which could be related to the activation 

of lipid catabolism through inhibition of PPAR-γ and activation of PPAR-α and, probably, 

FXR. The macroscopic effects of BPA are the opposite, exerting a yolk sac malabsorption 

syndrome and lipid accumulation in the embryos. We propose that these effects are 

brought about by activation of PPAR-γ, together with the simultaneous activation of RXR, 
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ERR and ER. Finally, TBT seems to act as a pure RXR activator, although its simultaneous 

activation of PPAR-γ needs to be also considered [459,460]. The obesogenic effects of 

TBT exposed embryos is relatively mild and, in any case, far weaker than the effects 

triggered by BPA. It is thus possible that the simultaneous activation of independent 

signalling cascades by BPA (RXR + PPAR-γ; ERR; ER) may be the responsible for its strong 

obesogenic effects in zebrafish embryos. All the proposed involved regulatory elements 

are present in all vertebrates and functional through all life stages, so these findings may 

be relevant for the obesogenic effects of these compounds in other species, including 

humans. 

 

IV. Impacts and future research 

The integration of transcriptomic and integrative analyses at other biological levels 

allowed us to propose adverse outcome pathways for endocrine disruption mediated by 

BPA, PFOS and TBT. The analysis can be used to define a reduced number of specific 

targeted assays to either confirm or disprove different aspects of the AOPs, like the 

identification of MIE or key events. The use of transcriptomic data for routine screening 

assays has been considered to complement current methods in human and 

environmental risk assessment and regulatory toxicology  [206,462,463]. Dose-response 

transcriptomic assays for mandatory compounds’ toxicity tests (as OCDE guidelines) are 

considered for both substituting different animal tests and detecting unexpected 

adverse effects. For example, the existing bans and restrictions on the use of BPA and 

PFOS has fuelled their substitution by different alternatives, like BPF, BPAF, and BPS, or 

F53-B and Cl-PFESAs, respectively. Nevertheless, the toxic and endocrine disruptive 

effects of some of these alternatives are similar to, or even worse than the ones elicited 

by the restricted compounds [308–310,314,384,464]. Therefore, transcriptomic 

analyses (and its data fusion with other omics or integrative analyses) may represent a 

good alternative to complement the lack of toxicological information from new products 

or their mixes or to characterize adverse effects of environmental samples with 

unknown composition. As they provide mechanisms of action, possible target receptors, 
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and biological pathways, they may facilitate the development of suitable phenotypic 

approaches that could be ultimately be used at large scale.   

Considering the results obtained in this thesis, we propose the next goals to be achieved 

in future research: 

- Assessment of lipidomic and long-term metabolic effects of PFOS and TBT in 

eleutheroembryos to complete the characterization of their metabolic toxicity.   

- Determination of epigenetic changes exerted by BPA at later developmental stages and 

elucidation of whether or not they could explain the observed phenotypical alterations. 

The analysis could be extended to PFOS and TBT. 

- Inter- and trans-generational untargeted omic studies performance to complement the 

bibliographic information from the targeted inter/transgenerational studies that have 

been performed during last years. 

- Integration of omic technologies with dose-response experimental setups and 

benchmark dose analyses to stablish reference safety concentrations of exposure of 

other endocrine disruptors. 
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“There are two possible outcomes: if the result confirms the p f f

hypothesis, then you've made a measurement. If the result is yp y f

contrary to the hypothesis, then you've made a discovery”  

Enrico Fermi 
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This thesis contributed to the understanding of the modes of action and effects of BPA, 

PFOS and TBT in zebrafish eleutheroembryos, which could be also extrapolated to other 

animal models and to humans. Information at different biological levels was integrated 

to achieve a higher comprehension of observed different phenomena. The study was 

also further focused in BPA. The conclusions of the thesis could be summarized as 

follows: 

1) BPA, PFOS, and TBT elicited specific effects in exposed zebrafish eleutheroembryos 

that can be referred to their respective modes of action and molecular initiation events. 

2) BPA effects were far beyond its alleged estrogenic potential, showing a very complex 

pattern of toxic effects that also included lipid and visual disruption, obesogenic effects, 

and yolk sac malabsorption (retention of lipids mainly related with energy obtainment). 

3) Macroscopic and molecular effects of PFOS included muscle-skeletal alterations 

(scoliosis and kyphosis), immunosuppression, and disruption of the system related to 

cell adhesion molecules (CAMs). 

4) TBT appeared as a strong toxicant, with a low median lethal concentration, and 

inducing a general developmental delay (diapause-arrest effect). At very low 

concentrations, it affected steroids' and cell cycle metabolic pathways. 

5) All three toxicants altered lipid metabolism, although with a different extension and 

consequences. The strongest obesogenic effect was exerted by BPA, whereas PFOS 

seemed to have “anti-obesogenic”, anorexic-like properties. Comparatively TBT exerted 

mild effects on lipid metabolic pathways and were only observed at concentrations close 

to lethality. 

6) Persisting effects of BPA, including higher body weight and body mass index, impaired 

behaviour, and specific changes in gene expression, were observed later in development 

after exposure cessation. At the molecular level, alterations in the epigenome were 

observed by a decrease of miR-1 and increase of miR-23b amounts, and differential DNA 

methylation of certain regions of aldh1a2, cyp19a1a and cyp19a1b. 
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7) The integration of data at the different biological levels allowed to propose AOPs for 

each toxicant, showing the intricate network of molecular and macroscopic effects 

leading to their respective adverse outcomes.   

8) Analysis of the proposed AOPs identified the interaction of the tested compounds 

with different nuclear receptors as the likely MIE for all three compounds. In general 

terms, the proposed molecular targets can be divided into different broad categories: 

those related to estrogenic effects (ER, ERR), those interacting with PPAR and/or RXR 

systems (PPARα, PPARγ, RXR, RAR, VDR) and those related with energy homeostasis 

(CAR, LXR, PXR). The differential affinity of the three compounds for these receptors may 

determine their toxic effects at molecular, structural, and behavioural levels.  
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“Be less curious about people and more curious 

about ideas” 
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Due to their size, large supplementary tables both from results and discussion sections 
are linked below to external data files. At least three links are provided for each table to 
assure the access to the information across time. 

VIII.1. Annexes from results section 

VIII.1.1. Chapter II, article II 

Supplementary Table ST2. Results from DAVID Functional Analysis a), FDR≤5% 

https://www.dropbox.com/s/z8ikklbi6v7oa41/1-s2.0-S0269749118319948-mmc3.xlsx?dl=0 

https://drive.google.com/file/d/1ZH1Hnk7T3LLUCDiORwyTHI7y4csnW118/view?usp=sharing 

https://mega.nz/file/tlwBHB6a#-S9yiMhbp1hT7_5Ev1l8VUV-GsLZU5p1mpUjWCTxXdc 

VIII.1.2. Chapter II, article IV 

Supplementary Table ST2. Summary of the fold-changes regarding the control group, p values 
and the cluster classification of the determined as differentially expressed genes (DEGs; 3238 
genes) by ANOVA-PLS analysis. 

https://ars.els-cdn.com/content/image/1-s2.0-S0304389420308700-mmc2.xlsx (ST2) 

https://www.dropbox.com/s/xdj1ul0u9projcn/1-s2.0-S0304389420308700-mmc2.xlsx?dl=0 (ST2) 

https://drive.google.com/file/d/1Z6RlMJ9f4-DINvb3oox2tIvDzbVDgyKc/view?usp=sharing 

https://mega.nz/file/phR2XQIA#zczFWR2F9q-UGxU4PjPsI2rieb_U8p90lVBDJvQoNhQ 

Supplementary Table ST3. Summary of the mathematical model chosen for the dose-response 
pattern of each gene expression, its calculated benchmark dose (BMD) and benchmark dose 
lower and upper confidence limits (BMDL and BMDU, respectively) used in the transcriptomic 
point of departure (PoD) analysis. 

https://ars.els-cdn.com/content/image/1-s2.0-S0304389420308700-mmc2.xlsx (ST3) 

https://www.dropbox.com/s/xdj1ul0u9projcn/1-s2.0-S0304389420308700-mmc2.xlsx?dl=0 (ST3) 

https://drive.google.com/file/d/1ebZrk999JWSCOR2ptpVOgtZbl1xBC0Jt/view?usp=sharing 

https://mega.nz/file/UpBEyAoL#OfZa80-hqTY4khaao50puB-pw_k20MHNxmLCsMOgUgE 

Supplementary Table ST6. Results from DAVID Functional Analysis a), FDR≤5% 

https://ars.els-cdn.com/content/image/1-s2.0-S0304389420308700-mmc2.xlsx (ST6) 

https://www.dropbox.com/s/xdj1ul0u9projcn/1-s2.0-S0304389420308700-mmc2.xlsx?dl=0 (ST6) 

https://drive.google.com/file/d/1UMzuWSlA6_t6tAaopU4OJE-Xt8uVIuLH/view?usp=sharing 

https://mega.nz/file/Z1REgC5L#wvHeYafwL1Gw6e9ifSrds1H394hFOO6Poo-UafVJtag 



 

 

PhD Thesis of R. Martínez            353 
 

VIII.1.3. Chapter IV, article VII 

Supplementary table ST3. Raw counts of methylated and no methylated CpGs of samples (control 
and BPA exposed) and standards. Number of chromosome of each gene are indicated, as well as 
the position in the genome of each CpG, and its shorcut and amplicon where it was amplified. 

https://www.dropbox.com/s/m4h6uftiygvc8ol/Martinez%20et%20al%202020%20BPA%20DNA%20
methylation_supplementary%20table%203.xlsx?dl=0 

https://drive.google.com/file/d/1Mqs3wnrdNqWGRsiKg4QP_XMvytga9ncC/view?usp=sharing 

https://mega.nz/file/gsIkyKTY#NB-G1oKIEqDYy_54lwTUz3UnZQ7pvyqYUXwK4dCArUY 

VIII.2. Annexes from discussion section 

Annex table 1. Differentially expressed genes (DEGs) of the BPA, PFOS and TBT exposed groups’ 
samples. 

https://www.dropbox.com/s/6m8o0hv3hinptwx/Thesis_supp.tables_links.xlsx?dl=0 (DEGs) 

https://drive.google.com/file/d/1x5l3rwaIIHFNKNiUiPaVmkj-wke8AD1I/view?usp=sharing 

https://mega.nz/file/pl5myaib#JQw0nYVGPKPmmSSdOjCBR7uhle2udDoCe_UQfTQ-gKU 

Annex table 2. DAVID functional analysis of the differentially expressed genes (DEGs) classified in 
clusters A, B and C in the performed partition around medoids (PAM) analysis. 

https://www.dropbox.com/s/6m8o0hv3hinptwx/Thesis_supp.tables_links.xlsx?dl=0 (Cluster A, B, C) 

https://drive.google.com/file/d/1XmN5n8Fr04RFeaVFtaim6SDL6DtDufp2/view?usp=sharing 

https://mega.nz/file/E140SCDY#jSBrrTHMsDV4fFdBB-E10JDN8Qq9R-FfWpLoH3S6RNw 
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