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RESUM

RESUM

La lipidomica és una de les ciéncies Omiques més recents, que s’ha aplicat amb
exit en estudis medics per el descobriment de biomarcadors i d’alteracions en
vies metaboliques associades a malalties. La seva aplicacié en ciéncies
ambientals esta adquirint rellevancia a causa de I'important paper dels lipids
en el desenvolupament, creixement i reproduccié dels metazous. A nivell
cel-lular, els lipids estan implicats en I'emmagatzematge d’energia, la
senyalitzacid i presenten funcions estructurals. Els organismes contenen milers
d'espécies de lipids diferents amb estructures bastant semblants. Els darrers
avencos en |'espectrometria de masses han impulsat el camp de la lipidomica,
permetent una millor anotacié de les espécies lipidiques de diferents matrius
biologiques (cel-lules, biofluids, teixits), perdo també la deteccié d’alteracions
com a resposta a I'exposicidé a contaminacié quimica.

En el marc d'aquesta tesi, s'han utilitzat tres técniques analitiques diferents
basades en espectrometria de masses d'alta resolucio per a la caracteritzacié
del perfil lipidic de diferents models bioldgics. EI primer metode, analisi per
injeccio en flux acoblat a ['espectrometria de masses d'alta resoluciod,
representa una eina molt potent ja que, en només dos minuts, proporciona el
cribratge del perfil lipidic dels lipids cel-lulars. Els altres dos meétodes, que
incorporen una cromatografia de liquids d’ultra alta eficacia per a la separacié
previa dels lipids, han permeés la deteccié d’espécies minoritaries, i I'aplicacid
de I'espectrometria de masses en tandem juntament amb un enfocament no
dirigit per al processament de dades va proporcionar un perfil de lipids més

exhaustiu, juntament amb la confirmaciod de la identitat dels lipids.
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Aquestes técniques analitiques s’han utilitzat per a I'estudi de I'impacte de
diversos contaminants ambientals, sobre el metabolisme de lipids tant en
cél-lules humanes com de peix. Entre els compostos quimics estudiats
s'inclouen additius de plastics i els seus derivats (BPA, BPF, BADGE,
BADGE-H,0, BADGE-2HCI), el compost obesogenic tributil d’estany, all-trans
acid retinoic, el progestagen sintéetic drospirenona i una mescla complexa de
contaminants ambientals (estudi de camp). Els models cel-lulars utilitzats en
aquesta Tesi son cél-lules de placenta humana (JEG-3), cél-lules hepatiques de
peix zebra (ZFL) i/o en carcinoma hepatocel-lular de Poeciliopsis lucida (PLHC-
1), mentre que per a la mescla complexa, es van mostrejar dues espécies de
peixos sentinella en un riu seguint un gradent de contaminacié. La lipidomica,
juntament amb la realitzacié d'alguns assaigs toxicologics i I'Us de reaccid en
cadena de la polimerasa en temps real han permés tracar un escenari més
complet dels efectes toxicologics dels productes quimics estudiats. En general,
aquesta Tesi pretén contribuir a la implementacié de la lipidomica en
investigacid mediambiental proposant models biologics utils i fluxos de treball
per a la caracteritzacié del mecanisme d’accié de contaminants ambientals

amb la capacitat d’actuar com a disruptors lipidics.
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ABSTRACT

Lipidomics is one of the newest omics sciences, which has proven their utility
in medical research for the discovery of biomarkers and altered metabolic
pathways related to disease. Its application in environmental sciences is
becoming relevant due to the important role of lipids in development,
maintenance, and reproduction of metazoans. At the cellular level, lipids are
involved in energy storage, signaling, and exhibit structural functions.
Organisms contain thousands of different lipid species with rather similar
structures. The latest advances in mass spectrometry have prompted the field
of lipidomics, allowing a better annotation of the lipid species of different
biological matrices (cells, biofluids, tissues), but also the detection of
alterations as a response to chemical pollution exposure.

Within the context of this thesis, three different analytical techniques based
on high-resolution mass spectrometry have been used for the characterization
of the lipid profile of different biological models. The first method, flow
injection analysis coupled to high-resolution mass spectrometry represents a
powerful tool since, just in two minutes, it provides a quick screening of the
lipid profile of cellular lipids. The other two methods, which incorporate ultra-
high performance liquid chromatography for the previous separation of the
lipids, have allowed the detection of minority species, and the application of
tandem mass spectrometry together with an untargeted approach for data
processing provided a more comprehensive lipid profile, together with the
confirmation of lipid identities.

These analytical techniques have been used for the study of the impact of

several widespread environmental pollutants on the lipid metabolism of both



ABSTRACT

human and fish cell models. The chemical compounds studied comprise plastic
additives and their derivatives (BPA, BPF, BADGE, BADGE-H,0, BADGE-2HClI),
the obesogenic compound tributyltin, all-trans retinoic acid, the synthetic
progestin drospirenone and a complex mixture of environmental pollutants
(field study). The cellular models used in this thesis comprise human placenta
cells (JEG-3), zebrafish liver cells (ZFL) and/or Poeciliopsis lucida hepatocellular
carcinoma cells (PLHC-1), while for the field study, two sentinel fish species
were sampled in a river following a pollution gradient. Lipidomics, together
with some toxicological assays and the use of real-time polymerase chain
reaction have allowed drawing a more complete scenario of the toxicological
effects of the chemicals under study. Overall, this dissertation aims to
contribute to the use of lipidomics in environmental research by proposing
useful biological models and workflows for the characterization of the mode of

action of environmental pollutants with the capability to act as lipid disruptors.
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AcCar

AO

AOP

ATRA
BADGE
BADGE-2HCI

BADGE-H,0

BPA
BPF
CE
Cer
ddMS2
DESI
DG
DRO
ER
FA
FIA
GC
GL
GP
HILIC

HPLC
HRMS
KE

LPC
LXR
m/z
MALDI

MG
MIE

Acilcarnitina, acylcarnitine

Resposta adversa, adverse outcome

Via de resposta adversa, adverse outcome pathway
All-trans-RA, all-trans-RA

Bisfenol A diglicidil eter, bisphenol A diglycidyl ether

Bisfenol A bis (3-cloro-2-hidroxipropil) éter, bisphenol A bis(3-chloro-2-
hydroxypropyl) ether

Bisfenol A (2,3-dihidroxipropil) glicidil eter, bisphenol A (2,3-dihydroxypropyl)
glycidyl ether

Bisfenol A, bisphenol A

Bisfenol F, bisphenol F

Ester de colesterol, cholesteryl esther

Ceramida, ceramide

Fragmentacio depenent de les dades, data-dependent fragmentation
lonitzacid per desorcid per electroesprai, desorption electrospray ionization
Diacilglicerid, diacylglyceride

Drospirenona, drospirenone

Receptor d'estrogens, estrogen receptor

Acid grass, fatty acid

Analisi per injeccié en flux, flow injection analysis

Cromatografia de gasos, gas chromatography

Glicerolipid, glycerolipid

Glicerofosfolipid, glycerophospholipid

Cromatografia de liquids d’interaccié hidrofilica, hydrophilic interaction liquid
chromatogry
Cromatografia de liquids d’alta eficacia, high performance liquid chromatography

Espectrometria de masses d'alta resolucid, high-resolution mass spectrometry
Esdeveniment clau, key event

Liso-fosfatidilcolina, lyso-phosphatidylcholine

Receptor X de fetge, liver X receptor

Relacié massa carrega, mass-to-charge ratio

lonitzacid per desorcid per laser assistida per la matriu, matrix-assisted laser
desorption ionization
Monoacilglicerid, monoacylglyceride

Esdeveniment d'inici molecular, molecular iniciating event

Vil
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MRM Monitoritzacié de reaccions multiples, multiple reaction monitoring

MS Espectrometria de masses, mass spectrometry

MS/MS Espectrometria de masses en tandem, tandem mass spectrometry

Mms" Espectrometria de masses en etapes miultiples, multistage mass spectrometry

NR Receptor nuclear, nuclear receptor

PA Acid fosfatidic, phosphatidic acid

PC Fosfatidilcolina, phosphatidylcholine

PE Fosfatidiletanolamina, phosphatidylethanolamine

PG Fosfatidilglicerol, phosphatidylglycerol

Pl Fosfatidilinositol, phosphatidylinositol

PK Policetid, poliketide

PPAR Receptor activat per proliferadors de peroxisomes, peroxisome proliferator-
activated receptor

PR Prenol, prenol

PS Fosfatidilserina, phosphatidylserine

PUFA Acid gras poliinsaturat, poliunsaturated fatty acid

QqQ Triple quadrupol, triple quadrupole

RA Acid retinoic, retinoic acid

RAR Receptor d'acid retinoic, retinoic acid receptor

R: Temps de retencid, retention time

RXR Receptor X de retinoides, retinoid X receptor

SIM Monitoritzacié d’i6 seleccionat, selected ion monitoring

SL Sacarolipid, sacarolipid

SM Esfingomielines, sphingomyeline

SML Limit de migracio especific, specific migration limit

SP Esfingolipid, sphingolipid

SRM Monitoritzacié de reaccié seleccionada, selected reaction monitoring,

ST Esterol, sterol

TBT Tributil d’estany, tributyltin

TDI Ingesta diaria tolerable, tolerable dayly intake

TG Triacilglicerid, triacylglyceride

TLC Cromatografia en capa fina, thin layer chromatography

ToF Temps de vol, time-of-flight

UHPLC Cromatografia de liquids d’ultra alta eficacia, ultra high performance liquid
chromatography

XCMS Varies formes de cromatografia (X) acoblada a I’espectrometria de masses, various

forms (X) of chromatography coupled to mass spectrometry

Vil
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Objectius

Entendre els mecanismes implicats en les respostes biologiques dels
organismes exposats a xenobiotics i a les seves mescles és un aspecte
fonamental de la Toxicologia Ambiental. El rapid desenvolupament de les
tecnologies d’analisi ha obert la possibilitat d’utilitzar aproximacions -Omiques
per investigar la complexitat molecular dels sistemes biologics i les alteracions
gue pateixen com a conseqlieéncia de |'exposicié a xenobiotics. En aquest

context, els objectius principals d’aquesta Tesi sén:

- L'aplicacié d’una aproximacié lipidomica, basada en |'espectrometria de
masses d’alta resolucio, per avaluar els efectes dels contaminants, tant en
salut humana —model cel-lular de placenta— com en models cel-lulars i

organismes aquatics.

- Investigar l'efecte sobre el lipidoma d’'un nombre preseleccionat de
compostos quimics, reconeguts com a disruptors endocrins o obesogens,
juntament amb |'Us de tecniques toxicologiques tradicionals amb la finalitat

de caracteritzar la complexitat de les respostes biologiques.

Per assolir aquests objectius principals, aquesta Tesi presenta els seglients

objectius especifics:

I: Investigar la capacitat del bisfenol A diglicidil eter (BADGE) i dels seus
derivats d’actuar com a disruptors endocrins i alterar el metabolisme de lipids

en cél-lules de placenta humana JEG-3.
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Avaluar la utilitat dels models cel-lulars PLHC-1 i ZFL com a eines per el

cribratge de compostos capacgos d’alterar-ne el lipidoma mitjancant la deteccié

d’empremtes lipidiques com a resposta de I'exposicié a compostos models —

TBT, acid retinoic—, additius plastics i al progestagen sintétic drospirenona.

lll: Deteccidé d’empremtes lipidiques diferencials, en peixos exposats a mescles

complexes de contaminants mitjangant la realitzacié d’un estudi de camp en el

riu Ripoll, afectat per abocaments d’origen urba i industrial.

Estructura de la Tesi

La present memoria es troba dividida en tres capitols principals.

El primer capitol consta d’una introduccié general en la que es posa en
context el treball de la Tesi; es fa una breu introduccié de les técniques
omiques i en especial de la lipidomica, s’expliquen les principals
metodologies de treball, es presenten els compostos quimics estudiats, i els
models biologics escollits.

En el segon capitol es mostren el treball experimental i els resultats
obtinguts, recopilats com a compendi d’articles cientifics. Aquest capitol, es
troba dividit en tres seccions diferents:

A) Caracteritzacidé i utilitzacié d’'un model biologic in vitro de placenta
humana, per avaluar la capacitat dels monomers BADGE, BADGE-H,0 i

BADGE-2HCI d’induir disrupcié endocrina i produir alteracions lipidiques.

Article cientific I: A. Marquefio, E. Pérez-Albaladejo, C. Flores, E. Moyano, C.
Porte, 2019. Toxic effects of bisphenol A diglycidyl ether and derivatives in

human placental cells. Environmental Pollution 244, 513-521.
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B) Caracteritzacié del lipidoma dels models cel-lulars hepatics de peix, ZFL i
PLHC-1 i de les alteracions produides per exposicid a additius plastics,
tributil d’estany, acid retindic i drospirenona; aixi com canvis en I'expressio
de gens involucrats en el metabolisme dels lipids i de retinoides en la linia

ZFL. Els resultats es reporten en tres articles cientifics.

Article cientific Il: A. Marqueiio, C. Flores, M. Casado, C. Porte.
Dysregulation of lipid metabolism in PLHC-1 and ZFL cells exposed to
tributyltin an all-trans retinoic acid. Enviat a Ecotoxicology and

environmental safety.

Article cientific lll: A. Marquefio, E. Pérez-Albaladejo, N. Denslow, J.A.
Bowden, C. Porte. Untargeted lipidomics shows the ability of bisphenol A
and derivatives to alter lipid metabolism in zebrafish liver cells (ZFL). Enviat

a Environmental Science and Technology.

Article cientific IV: A. Marqueiio, E. Pérez-Albaladejo, C. Porte, 2019.
Drospirenone induces the accumulation of triacylglycerides in the fish

hepatoma cell line, PLHC-1. Science of the total environment 692, 653—659.

C) Estudi de camp en el que es caracteritza el lipidoma del teixit muscular de
dos especies de peixos autoctons dels rius mediterranis i s’apliquen els
coneixements adquirits en les seccions previes per comparar el lipidoma
dels individus mostrejats en zones de referencia i en zones impactades per

abocaments industrials i de plantes de depuracid.

Article cientific V:_A. Marqueno, M. Blanco, A. Maceda-Veiga, C. Porte,

2019. Skeletal muscle lipidomics as a new tool to determine altered lipid

Xl
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homeostasis in fish exposed to urban and industrial wastewaters.

Environmental Science and Technology 53, 8416—8425.

[1l. El capitol 3 conté la discussid de la Tesi on es tracten transversalment totes les
publicacions incloses en aquesta memoria. Es discuteixen les metodologies
analitiques utilitzades per als estudis lipidomics, els modes d’accié dels
xenobiotics estudiats, I'estudi d'empremtes lipidiques de contaminacié
ambiental mitjancant estudi de camp i la implimentacié dels estudis lipidomics

en processos d'avaluacidé del risc quimic.

Per ultim, s’exposen les conclusions extretes dels resultats obtinguts en

aquesta Tesi i es llisten les referencies citades en tots els capitols.
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Cinta Porte Visa, directora de la Tesi doctoral presentada per I’Anna Marquefio
Bassols, exposa que la doctoranda ha participat activament en la realitzacié de
tots els articles presentats en aquesta memoria, tal i com queda reflectit en la
distribucié dels autors, com a primera autora en totes els articles presentats.
En general, ha participat en la discussio del disseny experimental i ha contribuit
de manera significativa en I'analisi de mostres, I'elaboracié i la redaccio dels
treballs.

A continuacié es detallen els articles que formen part de la Tesi, el grau de
participacié de la doctoranda i el factor d’impacte (F.l.) de les revistes en les

quals s’han publicat els articles o han estat enviats per a la seva publicacid.

1. A. Marqueio, E. Pérez-Albaladejo, C. Flores, E. Moyano, C. Porte, 2019.
Toxic effects of bisphenol A diglycidyl ether and derivatives in human
placental cells. Environmental Pollution 244, 513-521. F.l.: 6.792
Grau de participacio: Realitzacié de tot el treball experimental. Realitzacié
del tractament de dades. Discussid dels resultats. Elaboracié del

manuscrit.

2. A. Marqueiio, C. Flores, M. Casado, C. Porte. Dysregulation of lipid
metabolism in PLHC-1 and ZFL cells exposed to tributyltin an all-trans
retinoic acid. Enviat a Ecotoxicology and environmental safety. F.l.: 4.872
Grau de participacid: Realitzacid de tot el treball experimental. Realitzacid
del tractament de dades. Discussido dels resultats. Elaboracié del

manuscrit.
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XV

A. Marqueio, E. Pérez-Albaladejo, N. Denslow, J.A. Bowden, C. Porte.
Untargeted lipidomics shows the ability of bisphenol A and derivatives to
alter lipid metabolism in zebrafish liver cells (ZFL). Enviat a Environmental
Science and Technology. F.l.: 7.270

Grau de participacié: Realitzacié de tot el treball experimental excepte
assajos de citotoxicitat del compost bisfenol A. Realitzacié del tractament

de dades. Discussio dels resultats. Elaboracié del manuscrit.

A. Marqueno, E. Pérez-Albaladejo, C. Porte, 2019. Drospirenone induces
the accumulation of triacylglycerides in the fish hepatoma cell line, PLHC-
1. Science of the total environment 692, 653-659. F.l.: 6.551

Grau de participacid: Realitzacié de tot el treball experimental excepte
assajos d’estres oxidatiu de la drospirenona. Realitzacié del tractament de

dades. Discussio dels resultats. Elaboracié del manuscrit.

A. Marqueiio, M. Blanco, A. Maceda-Veiga, C. Porte, 2019. Skeletal muscle
lipidomics as a new tool to determine altered lipid homeostasis in fish
exposed to urban and industrial wastewaters. Environmental Science and
Technology 53, 8416—8425. F.l.: 7.270

Grau de participacid: Realitzacio del tractament de dades. Discussié dels

resultats. Elaboracio del manuscrit.
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CAPITOL 1

1.1 LIPIDOMICA A L’ERA DE LES OMIQUES

fou
[

Les ciéncies omiques, neologisme que prové del sufix en llati “ome” que
significa “conjunt de”, es centren en I'exploracié simultania d’'un gran nombre
d’analits, ja siguin gens, transcrits, proteines o metabolits, adoptant una visié
holistica dels analits que conformen les cel-lules, els teixits o els organismes
(Horgan and Kenny, 2011). Aquesta aproximacid holistica permetent |’analisi
global de les dades i pot conduir a a formulacié de noves hipotesis, a diferéncia
dels estudis previs, que acostumaven a tenir per objectiu donar resposta a una
hipotesis previament preconcebuda des d’una perspectiva reduccionista. El
conjunt de cieéncies omiques s’ha denominat systems biology, i pretén definir
els mecanismes bioquimics i biologics presents en els organismes vius. Les
ciéncies omiques més tradicionals sén la genomica, la transcriptomica, la
proteomica i la metaboldomica, que, en aquest ordre constitueixen la cascada
Oomica, des de la codificacié genética fins a I'obtencié d’un fenotip determinat.
El darrer eslavd de la cascada dmica és la metabolomica, que estudia el conjunt
de metabolits presents en una determinada mostra biologica en unes
condicions concretes i s’Tha proposat que el seglient pas en I'evolucié de les
omiques vindria donada per l'obtencié d’'un mapa minucids de tots els
metabolits que conformen les cél-lules (Jurowski et al., 2017). Sent el ventall de
metabolits tant ampli, incloent diferents families amb propietats fisico-
guimiques molt diverses com els carbohidrats, els aminoacids, els acids
nucleics o els lipids, no és d’estranyar que hagin sorgit subdisciplines de la
metabolomica orientades a I'analisi d’un tipus de metabolit en exclusiu. Aixi,

han sorgit disciplines com la glicomica, que pretén definir o quantificar el
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conjunt de glicans i glicoconjugats de la mostra biologica (Hart and Copeland,

2010), o la lipidomica, dedicada a I’estudi dels lipids (Figura 1.1).

Genamica Transcriptomica Proteamica Metabolamica
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Figura 1.1 Conjunt de les ciéncies dmiques principals que conformen la cascada Omica. A les quatre
omiques principals, genomica, transcriptomica, protedomica i metabolomica s’hi afegeix
algunes de les subdisciplines principals de la metabolomica, entre les quals es troba la
lipidomica.

Aixi doncs, tot i que la lipidomica va sorgir com a una subdisciplina dins la
metabolomica, degut a I'elevada rellevancia biologica dels lipids i I'elevat
nombre d’especies lipidiques, aquesta ha emergit com a una branca
independent de la metabolomica. Sent una de les ciéncies omiques més
recents, els primers estudis lipidomics daten de 2003 i el nombre d’articles

cientifics en aquest camp no ha deixat de créixer des de llavors (Figura 1.2).
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Figura 1.2 Nombre de publicacions en el camp de la lipidomica ordenades per any. Dades obtingudes de
la base de dades Web of Science sota la cerca “lipidomics” [14 d’octubre de 2019].
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De manera analoga a les altres ciencies omiques, la lipiddomica s’ha definit
com la caracteritzacié completa de les especies lipidiques (lipidoma) i de les
seves funcions biologiques, aixi com la seva interaccié amb altres molécules
(Spener et al., 2003). Es a dir, la lipiddmica és I'estudi a gran escala de les vies
metaboliques i funcions dels lipids cel-lulars en sistemes biologics (Yang and
Han, 2016) i té I'objectiu d'obtenir un perfil lipidic, que contingui informacio
sobre la composicié i I'abundancia de les espécies de lipids presents al material
de partida (cel-lules, teixits o fluids biolodgics). Tot i que tradicionalment la
majoria d’estudis s’han dut a terme dins el camp de la medicina humana i
ciencies cliniques, per al descobriment de biomarcadors i pertorbacions de vies
associades a malalties, els estudis lipidomics estan prenent importancia en
besants més ambientals, ja que la homeostasis dels lipids és vital per a un
correcte desenvolupament, manteniment i reproduccié dels metazous (Capitao

et al.,, 2017).
1.2 LIPIDS: FUNCIO I METABOLISME

L’etimologia de la paraula lipid prové del mot grec “lipos”, que vol dir “greix”, i
del sufix “eidos”, que fa referéncia a “aparencga”. Els lipids han rebut diferents
classificacions al llarg de la historia, per exemple catalogant-los de
saponificables o insaponificables, en funcié de si tenien acids grassos o no, i
dins dels primers, de simples, formats per acids grassos i un alcohol, o
complexes, formats a més per una tercera molécula que pot ser de diferent
naturalesa (glicerina, acid fosforic, glucids o esfingosines entre altres). Amb la
voluntat de facilitar la comunicacié internacional i degut al creixent nombre
d’estudis lipidomics, el comité internacional de classificacié i nomenclatura de

lipids (The International Lipid Classification and Nomenclature Committee),
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sota el patrocini del consorci LIPID MAPS, va crear i establir una nova forma de
classificacid recollida al “Comprehensive Classification System for Lipids”,
publicada al 2005 (Fahy et al., 2005), on es classifiquen els lipids en vuit
categories, acids grassos (FA), glicerolipids (GL), glicerofosfolipids (GP),
esfingolipids (SP), esterols (ST), prenols (PR), sacarolipids (SL) i policetids (PK), i
gue cobreix tant fonts eucariotes com procariotes, naturals i sintetics (Figura
1.3). Des d’aquesta primera catalogacid, el sistema de classificacié s’ha revisat
en diverses ocasions fins a publicar I'article titulat “Update of the LIPID MAPS
comprehensive classification System for lipids” al 2009 (Fahy et al., 2009), el
qual inclou revisions de la nomenclatura suggerida dels lipids i recomanacions
a I’hora de dibuixar-ne les estructures.

Aquestes vuit categories generals (classe lipidica) estan al seu torn
dividides jerarquicament en subcategories anomenades subclasse lipidica
[https://www.lipidmaps.org/data/classification/]. A dia d’avui LIPID MAPS
recull informacié de més de 40.000 lipids. Les classes de lipids que han
estat majoritariament analitzades en aquesta Tesi sén els FA, GL, GP, SP i
ST, i les seves estructures s’expliquen a continuacié.

Els FAs sén molécules formades per un grup carboxil (-COOH) i una cadena
alifatica o cadena hidrocarbonada lineal. El seu grau d’insaturacié pot ser molt
divers, des d’acids grassos saturats fins a presentar varis graus d’insaturacié
gue es poden trobar en diferents posicions al llarg de la cadena alifatica. Els
acids grassos més comuns en vertebrats son de cadena parell, especialment els
gue contenen 16 i 18 atoms de carboni. Els acids grassos sén constituents

importants d’un gran nombre de lipids més complexes.
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o

Figura 1.3 Sistema de classificacié dels lipids en 8 categories d’acord amb ILCNC (Fahy et al., 2005) i
exemple d’estructura molecular per cada classe. Estructures obtingudes de
www.lipidmaps.org.
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Els GLs sén lipids que contenen un grup glicerol i els més comuns poden
incorporar un, dos o tres acids grassos a la seva estructura: monoacilglicerol
(MG), diacilglicerol (DG), triacilglicerol (TG) (Fahy et al., 2005, 2009). Pero
també poden estar substituits per alcohols grassos, amb o sense enllag vinilic
(ex. TG-P o TG-0O, respectivament). Els GLs també poden tenir un o més sucres
units per enllagos glicosidics a la columna vertebral del glicerol que
s’anomenen gliceroglicolipids.

Els GPs sén una classe de lipids formada per un glicerol amb un grup fosfat a
la posicid sn-3. A les posicions sn-1 i sn-2 contenen dos acils grassos. Si
I’estructura no conté un dels dos grups acils, aleshores el lipid s"Tanomena “liso”
(Fahy et al., 2005). Tanmateix, les diferents subclasses de GPs es diferencien
en el grup polar enllagat al grup fosfat: colina (PC), etanolamina (PE), serina
(PS), glicerol (PG), inositol (Pl) o sense cap grup com a acid fosfatidic (PA)
(Figura 1.4). A més, en la posicié sn-1 hi pot haver un enllag eter o eter vinilic
en lloc de I'enllag éster ("O-" (alquil o plasmanil) o "P-" (alquenil, plasmenil o
plasmalogen)), respectivament.

Els SPs contenen una base esfingoide de cadena llarga com a estructura
principal. Les principals bases esfingoides en mamifers sén Ia
dihidroesfingosina i I'esfingosina. Hi ha moltes addicions potencials a les bases
esfingoides que inclouen un fosfat (esfingosina-1-fosfat), un acid gras
relacionat amb |'amida (ceramida, Cer), un acid gras i fosfat relacionat amb
amida (Cer- 1-fosfat), un acid gras relacionat amb I'amida i un grup fosfocolina
(esfingomielina) i variacions més complexes com els gangliosids (Fahy et al.,
2005, 2009).

Els STs inclouen el colesterol i els seus derivats. Els esters de colesterol (CE)

son un tipus de lipid esterol amb un nucli de colesterol unit a un acid gras
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mitjangant un enllag éster substituit pel grup hidroxil carboni-3. Altres derivats
dels ST sén els esteroides C18 (estrogens), els esteroides C19 (androgens), els
esteroides C21 (progestogens, glucocorticoides i mineralocorticoides), variants

de la vitamina D i derivats oxidats (acids biliars).
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Figura 1.4 Estructura basica dels glicerofosfolipids (GP), indicant alguns dels grups polars que formen les
diferents subclasses de GP. R1 i R2 corresponen a les cadenes hidrocarbonades dels acids
grassos. Estructures extretes de www.lipidmaps.org.

Aqguesta breu descripcido de les classes majoritaries dels lipids deixa de
manifest I'elevat nombre d’espécies lipidiques existents que a més, estaran
dotades de propietats fisicoquimiques molt diverses. No és d’estranyar doncs,
que els lipids estiguin involucrats en multitud de funcions biologiques, tant a
nivell cel-lular, com de teixit i d‘organisme. Una de les seves funcions més
reconegudes és la de components estructurals de la bicapa lipidica de les
membranes cel-lulars, model que es va formular per primera vegada al 1925 i

gue encara segueix vigent. La distribucio dels lipids a la bicapa no és aleatoria;
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la capa externa esta majoritariament formada per PCs i SPs, la capa interna per
PSs i PEs, mentre que les molécules de colesterols estan incorporades de
manera aleatoria a les dues capes, creant, juntament amb els SP, microdominis
qgue modulen el comportament de les proteines de membrana (Figura 1.5)
(Pande, 2000). Aixi doncs, diferents balancos de lipids aportaran diferent

permeabilitat, fluidesa i curvatura a les membranes.

ol /
)| Fosfatidilcolina e \ Fosfatidilserina Z Colesterol
() () '
af
| Fosfatidiletanolamina

(] Esfingolipid

Capaintena Capaexterna

Figura 1.5 Representacio de la bicapa lipidica i prediccié d’una distribucié tipica dels lipids, adaptada de
Pande (2000).

A més, els lipids sén la principal forma d’emmagatzematge energétic en la
cel-lula. Els TGs sén els principals lipids utilitzats per a I'emmagatzematge
d’energia en gotetes de lipids (lipid droplets), generant energia en forma d’ATP
mitjancant la oxidacié B dels acids grassos (Tocher, 2003).

Els lipids amb activitat biologica juguen un paper important en processos de
senyalitzacié (Hannun and Obeid, 2008). Aixi, s’"ha descrit que la hidrolisi de PI-
4,5-bifosfat genera DG i inositol-1,4,5-bifosfat, dos missatgers secundaris que
regulen l'activaci6 de la proteina-kinasa C i lalliberament de ca*?,
respectivament (Wymann and Schneiter, 2008). Els eicosanoides i les liso-PA

son molecules clau de senyalitzacié inter- i intra-cel-lular, que participen en
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respostes inflamatories (Hannun and Obeid, 2008; Wymann and Schneiter,
2008). Les Cer i esfingosines sén lipids que tenen propietats proapoptotiques i
antiproliferatives. Tanmateix, quan és fosforilada, I'esfingosina es converteix
en esfingosina-1-fosfat que promou el creixement i la proliferacié cel-lular.
D’altra banda, la concentracié de Cer augmenta en resposta a I'estrés cel-lular,
com ara danys en l'acid desoxiribonucleic (ADN), o exposicié a estimuls
apoptotics (Wymann and Schneiter, 2008). A més, I'activacié de cascades de
senyalitzacid pot estar causada per alteracions del balang de lipids que formen
els microdominis de les membranes plasmatiques, afavorint interaccions
especifiques proteina-proteina (Simons and Toomre, 2000). Els desequilibris
d’aquestes vies de senyalitzacié contribueixen a la progressié de diferents
malalties (inflamatories, autoimmunes, al-lergia, cancer, metaboliques i
degeneratives, entre altres).

Degut a la importancia de les funcions biologiques dels lipids, els seus nivells
han d’estar ben regulats. L’homeaostasi dels lipids es pot definir com I'equilibri
entre la captacid, el transport, lI'emmagatzematge, la biosintesis, el
metabolisme i el catabolisme de lipids (Tocher, 2003). Tots aquests processos
es poden regular (a) per I'accié de diversos factors de transcripcié entre els
guals trobem receptors nuclears (NR), com el receptor X de retinoides (RXR),
els receptors activats per proliferadors de peroxisomes (PPARs) o el receptor X
de fetge (LXR), (b) per modificacions posteriors a la traduccid
activant/desactivat I’enzim o (c) per control al-lostéric de I'activitat de I'enzim
al llarg d’una via metabolica mitjancant la unié d’un activador (Capitdo et al.,
2017). Com a factors de transcripcid, els receptors nuclears es basen en la unié

especifica de la seqliencia de |'acid desoxiribonucleic (DNA) per transactivar els

10
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seus gens diana. A continuacié s’expliquen tres dels receptors més rellevants

involucrats en la homeostasi dels lipids:

+*

El PPAR, amb tres isoformes diferents (a, B/, y), s’activa per acids grassos
poliinsaturats (PUFAs) i eicosanoids, entre altres (Chawla et al., 2001).
Cadascuna de les isoformes exerceix una funcié especifica en la
homeostasi dels acids grassos. Mentre que el PPARa regula enzims
implicats en la captacio, esterificacid i oxidacid B dels acids grassos en
teixits amb un elevat index de catabolisme de acids grassos com sén el
fetge, el ronyd, el cor i el muscul, el PPARB regula la seva oxidacié al
muscul, i el PPARy s’expressa al teixit adipds jugant un paper essencial en
I'adipogénesi, contribuint aixi a I'emmagatzematge energétic (Feige et al.,
2006; Capitao et al., 2017). Els PPARs formen heterodimers amb RXR, al
qgual es poden unir lligands d’ambdds NRs.

El RXR és el NR orfe més estudiat i del qual també se’n coneixen tres
isoformes (a, B, y) fins al moment. El seu principal lligant natural és el 9-
cis-acid retinoic. S’ha vist que els RXRs funcionen tant com a homodimers,
com a heterodimers amb altres NRs, com el receptor d’acid retinoic (RAR) i
el PPAR. De fet, que es conegui a dia d’avui, tots els receptors involucrats
en senyalitzacié lipidica son RXR heterodimers. Alguns heterodimers RXR
son permissius a l'activacio per part de lligands de RXR, fet que constata
gue potents agonistes de RXR tenen efectes dramatics sobre ’lhomeostasi
dels lipids (Chawla et al., 2001).

El LXR és un NR amb un paper important en el control transcripcional del
metabolisme de lipids, que forma un heterodimer obligat amb RXRa. La
seva transcripcio és induida com a resposta a nivells elevats de colesterol i

regula gens que codifiquen proteines involucrades en l'absorcid, el

11
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transport, I'eflux, I’excrecid i la conversid del colesterol a acids biliars. A
més, LXR regula gens que codifiquen proteines implicades en elongacié i
dessaturacié d’acids grassos i la seva activacié porta a la incorporacié de

PUFAs als GPs (Wang and Tontonoz, 2018).
1.3 ANALISI DE LIPIDS

Des del naixement de la lipidomica I’analisi de lipids ha patit una gran evolucid,
i una eleccié de procediments i técniques analitiques adequada és crucial, ja
gue s’ha de seguir un procediment analitic i un flux de treball ben fonamentats
(Figura 1.6). Amb la voluntat d’harmonitzar I'analisi de lipids i crear unes
directrius clares en els principals fluxos de treball de la lipiddmica, al 2018 neix
la Lipidomics Standards Initiative [https://lipidomics-standards-initiative.org/],
a mans dels doctors K. Ekroos i G. Liebisch, on es poden trobar recomanacions
de recollida de mostra, emmagatzematge, processos d’extraccié de lipids, aixi

com de desconvolucié de dades i generacié d’informes.
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Figura 1.6 Flux de treball en els estudis lipidomics
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1.3.1 Extracci6 de lipids de mostres biologiques

Segons I'objectiu de I'estudi, I'analisi d’'una classe especifica de lipid o I'analisi
del total de lipids, s’emprara un tipus d’extraccié o un altre. Lipidmaps recopila
els metodes d’extracci6 més adients per a cada classe lipidica
[http://www.lipidmaps.org/resources/tutorials/index.html]. En general, com
I'objectiu dels estudis lipidomics és I'analisi del maxim d’espécies lipidiques
possible per tal d’obtenir un perfil lipidic representatiu del lipidoma del teixit,
del fluid o de les cél-lules, interessa extreure a la vegada tant els lipids apolars
(MGs, DGs, TGs i STs) com els lipids més polars (acids grassos lliures, GPs i SPs),
i per tant, és important controlar el procés d’extraccid incorporant solvents de
diferents polaritats per tal de solubilitzar el maxim d’especies lipidiques.
Tanmateix, I'extraccié amb dissolvents organics no polars proporciona nivells
baixos de metabolits polars, proteines i sals, la qual cosa redueix la complexitat
de les mostres i el posterior analisi de I'espectre de masses. D’entre els
protocols més emprats s’hi troben el metode Folch (Folch et al., 1957) i el Bligh
and Dyer (Bligh, E.G. and Dyer, 1959). El métode Folch consisteix en una mescla
cloroform:metanol (2:1) per la fase d’extraccié i una fase de rentat amb aigua
(proporcionalment, 0.2). Per obtenir una millor eficiéncia, la mescla de solvents
ha de ser 20 vegades el volum de la mostra (p. ex. per 1 mL de mostra, 20 mL
de solvents). Per altra banda, el metode Bligh and Dyer és un sistema ternari
gue utilitza una mescla de cloroform:metanol:aigua (1:2:0.8) (si el teixit conté
aigua, aproximadament en un 80%, aquesta no s’afegeix). Posteriorment
s’addiciona cloroform i aigua obtenint una distribucié final corresponent a
2:2:1.8 cloroform:metanol:aigua. Ambdds métodes proporcionen molt bona
recuperacié en l'extraccid de lipids, ja que la mescla de la mostra amb el

metanol ajuda en la separacié dels lipids de les proteines de la mostra, i la
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posterior addicié de cloroform genera dues fases ben diferenciades que
faciliten I'obtencid de la fracciéd més lipofilica de I'extracte.

Tot i els bons resultats que donen aquests tipus d’extraccions, s’ha
glestionat I'ds indiscriminat del cloroform, ja que és un agent carcinogen i
s’han comengat a emprar métodes alternatius. Un d’aquests metodes és el
Bligh and Dyer modificat (Smedes, 1999), que consisteix en la substitucié del
metanol per propan-2-ol i del cloroform per ciclohexa. A part de reduir la
toxicitat dels solvents, aquest metode presenta I'avantatge que el ciclohexa és
menys dens que el cloroform i roman a la capa superior de I'extraccio,
facilitant-ne la obtencié. EIl metode MTBE, que incorpora metil-tert-butiléter i
metanol (Matyash et al., 2008) s’ha proposat com a una bona alternativa per
mostres molt riques en lipids, donant factors de recuperacié dels lipids més
abundants semblants a aquells obtinguts mitjancant el metode Folch. Un altre
extraccié liquid-liquid amb resultats similars als obtinguts amb el métode Folch
és la mescla d’acetat d’etil:etanol (1:1 o 2:1, v/v). Per ultim, I'extraccié amb el
metode soxhlet es recomana per I'extraccid de lipids de mostres solides
(Manirakiza et al., 2001).

A més, l'addicid d’agents estabilitzadors, com el butil-hidroxitolue o
I’hidroxibutilanisol, és una practica comu per evitar I'oxidacié no desitjada dels

lipids durant el procés d’extraccid.
1.3.2 Analisi instrumental

Els avencos de les tecniques de separacid i sobretot de I'espectrometria de
masses han comportat un progrés notable en el camp de la lipidomica, ja que
aquesta necessita de I'Us de técniques molt robustes i fiables per I'analisi dels

lipids ja que com s’ha vist, els lipids sén una familia de metabolits amb un gran
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nombre de molécules amb estructures molt semblants. Aixi, en aquest
subapartat es dona una visid de les principals técniques de separacio aplicades
en l'analisi de lipids i s’expliquen en quins casos s’han emprat alguns dels
analitzadors de masses existents en el mercat.

Les técniques de separacio per excel-lencia en el camp de la lipidomica sén
les técniques cromatografiques. La més classica, la cromatografia en capa fina
(TLC), és una técnica rapida, economica i que, amb I'eleccié d’estandards
adients pot ser emprada per analisis quantitatius (Jurowski et al., 2017), no
obstant, només proporciona informacié de la suma de les classes lipidiques.
Per I'obtencié del perfils d’acids grassos, tradicionalment s’ha utilitzat la
cromatografia de gasos (GC), tant per I'analisi dels acids grassos lliures, com els
gue es troben integrats en lipids complexes. En aquest darrer cas, per tal
d’analitzar els acids grassos d’una Unica classe lipidica, abans de I'analisi
mitjancant GC, es requereix d’'una fase de fraccionament de la mostra
(separacié en fase solida (SPE), TLC o cromatografia de liquids d’alta eficacia
(HPLC)) per separar les classes de lipids, i la hidrolisi o trans-esterificacié dels
lipids per obtenir acids grassos lliures. En GC, la derivatitzacié de la mostra
mitjangant agents alquilants ajuda a millorar la volatilitzacié dels acids grassos i
a obtenir una millor cromatografia. Es interessant remarcar que mitjancant
aquest tipus de técnica és possible separar isomers geometrics i posicionals
dels acids grassos insaturats, p. ex. amb una correcta eleccié de la columna
(fases estacionaries poc polars) i de la programacié de temperatura s’obté una
elevada resolucid cromatogafica que facilita la separacié de regioisomers.
També es poden emprar etapes previes de purificacié (p. ex. SPE amb silice
impregnada amb ions d’argent) per tal de fraccionar isomers cis i trans

(Quehenberger et al., 2011). Altres técniques s’han emprat amb éxit en la
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separacio de lipids, com I’electroforesi capil-lar, tecnica on la for¢ca motora de
la separacid és la mobilitat que els ions en el solvent electroforetic
experimenten al aplicar un camp eléctric intens (Otieno and Mwongela, 2008),
o la cromatografia de fluids supercritics, técnica on la fase mobil és un fluid
supercitic (p. ex. dioxid de carboni supercritic) amb propietats que sén a mig
cami entre un gas i un liquid (baixa viscositat i elevada difusié) (Bamba et al.,
2012).

Pero la técnica de separacid més ampliament utilitzada en els darrers anys
és 'HPLC. Aquesta técnica es pot automatitzar facilment i és igualment valida
tan per analisis qualitatives com quantitatives. Durant aquesta darrera década,
el desenvolupament de la cromatografia de liquids d’ultra alta eficacia (UHPLC)
ha desbancat en gran mesura I'ds del HPLC més classic, ja que 'UHPLC permet
desenvolupar separacions cromatogragiques amb temps d’analisis més curts i
amb una major resolucié cromatografica.

En quan a les fases estacionaries de cromatografia de liquids emprades en el
camp de la lipidomica, la cromatografia de fase normal i la seva variant,
cromatografia de liquids d’interaccid hidrofobica (HILIC) (fases estacionaries
polars) separen els lipids en funcié de la seva polaritat, separant-los, per tant,
per subclasses lipidiques. En canvi, en la cromatografia de fase inversa (fases
estacionaries hidrofobiques) el mecanisme de retencio dels lipids es basa en la
polaritat/hidrofobicitat general, la llargada dels acids grassos, aixi com en el
grau d’insaturacio dels mateixos (Sandra and Sandra, 2013). Els dos tipus de
fases estacionaries s’han combinat per fer possible el desenvolupament de
separacions cromatografigues multidimensionals 2D, que ajuden a

incrementar la deteccid de lipids minoritaris en mescles complexes, pero
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I’'acoblament dels dos tipus de columna de manera online segueix sent una
tasca complexa a dia d’avui.

L'espectrometria de masses (MS) es pot utilitzar de forma individual o
acoblada amb una de les tecniques de separacid mencionades al paragraf
anterior. En el primer cas, els extractes de lipids s’introdueixen a
I'espectrometre de masses per infusid directe o injeccié en flux (FIA),
generalmente emprant electrosprai com a font de ionitzacié (ESI), metodologia
anomenada shotgun lipidomics. Aquesta técnica, presenta I'avantatge de ser
una metodologia amb temps d’analisis molt curts i és altament utilitzada en la
generacié de perfils lipidics, perd amb I'inconvenient de que tots els compostos
arriben a la vegada a la font d’ionitzacid i per tant, si s’esta utilitzant ESI, la
supressiod ionica és bastant elevada. Tot i aixi, el fet de que estandards interns
(en molts casos marcats isotopicament) i analits s’ionitzin a la vegada
proporciona analisis quantitatives fiables. La seva aplicabilitat es pot
comprovar en estudis recents com el de Grzybek et al. (2019), que mitjangant
shotgun lipidomics emprant un quadrupol-Orbitrap com a espectrometre de
masses, obté un perfil lipidic caracteristic del teixit adipds de ratolins obesos.
En aquest tipus d’analisis, es pot utilitzar I'estratégia addicional d’ionitzacié
selectiva; gracies a les diferents estructures dels lipids aquests presenten
carregues diferents en solucid, caracteristica que permet, mitjancant diferents
condicions, realitzar una separacié a dins de la font d’ionitzacid, semblant a
I’electroforesis (Wang et al., 2019).

Pero I'acoblament més comu i versatil és el d’"HPLC-MS i 'UHPLC-MS. La
separacid cromatografica previa a l'analisi de masses presenta alguns
avantatges. La separacio cromatografica dels lipids en temps de retencié (Ry)

diferents redueix la supressio ionica i I'efecte matriu que s’observa en la infusié
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directe ja que els analits arriben seqiiencialment (separats) al detector. A part,
facilita la separacio d’espécies isobariques i isomeériques, que sén dificiles de
resoldre per espectrometria de masses d'alta resolucid, i garanteix
enormement la qualitat de resultats qualitatius i quantitatius perquée cada pic
cromatografic es troba en un espai 2D amb un R; caracteristic enfront d’una
relacié massa carrega (m/z) especifica (Yang and Han, 2016; Jurowski et al.,

2017).

Alternativament, seccions de teixit poden ser directament analitzats per
tecniques com la ionitzacié per desorcid per laser assistida per matriu (MALDI)
i la desorcié per electroesprai (DESI) (Goto-lnoue et al., 2011), que permet
analisi in situ dels lipids. Tanmateix, els lipids es poden analitzar mitjancant
ressonancia magneética nuclear (RMN), donant lloc a dades inherentment
guantitatives i altament reproduibles, pero amb limits de deteccié molt elevats
(Melvin et al., 2019).

Els estudis lipidomics es poden dur a terme des de diferents enfocs:

+ L’analisi dirigida (targeted) es centra en una ruta metabdlica concreta o en
I'estudi d’una classe de lipids en particular. Pretén corroborar una
hipotesis preconcebuda mitjangant la determinacié de les seves
concentracions o abundancies relatives (Yang and Han, 2016). Aquests
tipus d’estudis s’acostumen a dur a terme amb instruments de baixa
resolucié com el triple quadrupol (QqQ) o l'instrument hibrid quadrupol-
ion trap lineal. Els modes d’adquisicié més comuns en aquests instruments
son la monitoritzacido d’'ié seleccionat (SIM), monitoritzacié de reaccid
seleccionada (SRM) o monitoritzaci6 de multiples reaccions (MRM).
Aguests metodes d’adquisicié presenten una gran especificitat i

proporcionen una elevada sensibilitat. Per exemple, Patterson et al. (2011)
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analitza 8 espécies de LPCs mitjancant UHPLC-MS/MS emprant un Xevo TQ
com a analitzador en mode MRM per I'estudi del metabolisme de lipids de
carcinoma hepatocel-lular. Wang et al. (2019) empra un metode UHPLC-
MS/MS amb un analitzador SCIEX QTrap 6500 en mode MRM per analitzar
26 PCs per estudiar I'accié que exerceix el policlorobifenil PCB153 sobre el
metabolisme dels GPs de les cél-lules PC12. Cal tenir en compte que el
desenvolupament d’aquests metodes requereix d’un coneixement previ
de les relacions m/z de tots els lipids que es volen estudiar i del seu patré
de fragmentaci6. A part és una metodologia que no permet el
descobriment de nous biomarcadors ja que totes les m/z que no
s'incloguin en el métode d’adquisicié no s’analitzaran. Aquests estudis
s’acostumen a centrar en un nombre reduit d’analits (lipids), perd hi ha
hagut estudis dirigits que han abastat un gran nombre de lipids, com és el
cas de I'estudi de Lee et al. (2017), que mitjangant UHPLC-MS/MS en mode
MRM emprant un triple quadrupol com a analitzador, van aconseguir
detectar 523 espécies lipidiques (25 subclasses) en la linia cel-lular
RAW264.7, amb la finalitat de detectar inflamaci6 com a resposta a
I’exposicio a lipopolisacarids.

L’analisi no-dirigida o global (untargeted), analitza de forma exhaustiva el
lipidoma cel-lular complet o parcial i té com a objectiu detectar totes les
especies de lipids presents a la mostra. Representa una eina molt potent
en I'estudi del metabolisme lipidic, mecanismes moleculars i descobriment
de nous biomarcadors (Wenk, 2010). A més, quan es desconeixen les
possibles alteracions que poden patir els lipids per efecte d’un factor
estressant, serveixen com a métode exploratori. Aquests metodes han de

tenir una gran precisié i resolucié de masses, aixi, els analitzadors que
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s'uilitzen en aquests tipus d’aproximacions sén el temps de vol (ToF) i
I’Orbitrap, tot i que s’ha proposat que una resolucido de massa superior a
75.000 FWHM (full width at half maximum) (a m/z 800) és aconsellable per
aconseguir una identificacié acurada de les especies lipidiques (Yang and
Han, 2016), i com es veura en el seglient apartat, el ToF no arriba a
aquests valors de resolucié de massa. A mode d’exemple, Criscuolo et al.
(2019) han desenvolupat un métode LC-MS/MS emprant un Q Exactive™
HF Hybrid Quadrupole-Orbitrap™ com a analitzador en mode data-
dependent MS/MS (ddMS2), que és capac¢ d’analitzar més de 600 lipids
pertanyents a 18 subclasses diferents en mostres de sang. Actualment hi
ha una gran varietat de métodes, que reporten des de centenars fins a
milers d’espeécies lipidiques, aixi doncs, quan més lipids es cobreixin, major
sera la informacié que es tindra a I'hora d’interpretar el metabolisme
lipidic.

L’analisi de sospitosos (suspected screening) és una aproximacié en la que
I'analisi de dades es du a terme de forma retrospectiva. En aquests
estudis, les dades s’adquireixen com en un analisi no dirigit, pero es
processen com en un estudi dirigit. Per tant, s’empren espectrometres de
masses d’alta resoluci6 (HRMS) per I'analisi dels analits, perd enlloc
d’utilitzar estandards de referencia, com es faria en un analisis dirigit,
s’utilitzen caracteristiques intrinseques del compost, com sén la precisid
de massa, el patré isotopic o el R; per determinar-ne la preséncia a la

mostra.
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1.3.2.1 Analitzadors dels espectrometres de masses

Els espectrometres de masses estan formats per tres moduls, la font

d’ionitzacid, I'analitzador de masses i el detector. En aquesta Tesi, la font

d’ionitzacid utilitzada per I'analisi de lipids ha estat sempre I’electrosprai (ESI),

ja que com a font d’ionitzacié “tova”, manté practicament intacte els ions

moleculars o pseudomoleculars que posteriorment sén seleccionats com a ions

precursor. Pel que fa a I'analitzador, la funcié del qual és la de separar els ions

en funcié de la seva relacié m/z, s’han utilitzat tres tipus d’analitzadors

diferents, en aquest apartat s’explicaran les principals caracteristiques de

cadascun d’ells.

+*

L’analitzador de temps de vol (ToF) es basa en el temps que
necessiten els ions d’'una determinada m/z per a recérrer la distancia
entre la font d’ionitzacid i el detector al aplicar un camp eléctric. Un
cop accelerats, la velocitat dels ions es manté constant, ja que la
distancia que han de recérrer fins al sistema de deteccid es troba lliure
de camp, per tant, I'ordre d’arribada dels ions al detector sera en
funcié del seu valor m/z, de més petits a més grans. El
desenvolupament de la tecnologia d’acceleracié ortogonal i dels
sistemes de reflectré han millorat considerablement tant la resolucié
com I'exactitud de massa d’aquests analitzadors; els ions soén
accelerats enviats en paquets cap al reflectré que es troba a mig cami
per invertir la direccié de vol dels ions i focalitzar aquests ions amb
igual m/z amb una petita dispersié d’ energies cinétiques (Figura 1.7).
Aixi, les principals caracteristiques dels analitzadors ToF sén les de
proporcionen un rang de masses gairebé il-limitat, permetre mesures

de massa exacta amb errors relatius inferiors a 1-5 ppm treballant a
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elevada resolucié (5.500 FWHM a m/z 500), proporcionar una elevada

velocitat d’adquisicid (20-500 espectres) i una elevada sensibilitat

(maxima transmissié dels ions formats).
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Figura 1.7 Representacié esquematica de I'analitzador Waters/LTC Premier XE i de la separacié dels ions
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*

en un analitzador ToF ortogonal.

L’analitzador Orbitrap consta d’un eléctrode central amb forma de fus
i un electrode extern (Figura 1.8). Els ions sén transferits des de la font
d’ionitzacié a una trampa d’ions (C-Trap) on sén emmagatzemats i
estabilitzats. Els ions sén injectats tangencialment dins d’un camp
eléctric generat entre els dos eléectrodes mencionats on queden
atrapats, i per contrarestar |'atraccid electrostatica que exerceix
I'eléctrode central, els ions realitzen un moviment oscil-latori
harmonic al seu voltant, la freqiéncia axial dels quals permet
determinar el valor m/z dels ions. A més, la preséncia d’una cel-la de

dissociacié (HCD) permet realitzar la fragmentacié de tots els ions
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generats a la font d’ionitzacié (all-ion fragmentation, AIF).
L'analitzador Orbitratp, tot i ser un dels més recents, proporciona
prestacions molt bones ja que permet treballar en un gran interval de
masses (50-6000 m/z), proporciona elevada exactitud de massa
(errorelipratge extern < 3 PPM; €rrOrcaiibratge intern < 1 ppm), treballa a
elevada resolucié (140.000 FWHM, a m/z 200) i té una elevada

sensibilitat.

- Sistema de lents s
. B
Electrode extern =
Electrode intern @ Analizador de masses j
vV Orbitrap

Cella HCD C-Trap Multipal

Figura 1.8 Representacio esquematica de I'analitzador Exactive Plus Orbitrap (Thermo Fisher Scientific).

*

L’analitzador hibrid Q-Exactive Orbitrap, és un sistema MS/MS que
combina la seleccié d’ions precursors al quadrupol amb la deteccié de
massa exacte d’alta resolucio a I'Orbitrap. La seva configuracié és la
mateixa que s’observa a la Figura 1.8, substituint el multipol per un
guadrupol, caracteristica que permet I'analisi de les mostres en mode
data-dependentMS2 (ddMS2). Les especificacions que mostra la casa
comercial coincideixen amb les descrites en el paragraf anterior per

I’analitzador Orbitrap.
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1.3.3 Tractament de dades

Els estudis dirigits habitualment fan servir el software integrat en el mateix
instrument (com Xcalibur o Tracefinder en instruments Thermo Fisher
Scientific, o MassLynx en instruments Waters) per el tractament de les dades,
ja que s’analitzen un nombre limitat d’analits i de mostres. Mitjancant aquests
programes no es pot analitzar el gran volum d’informacié generat en els
estudis no dirigits. Per tant, en els darrers anys s’han desenvolupat un llarg
llistat de programes, tant d’accés lliure com amb llicencia, que permeten la
identificacid i/o quantificacid dels lipids presents en mostres biologiques d’una
manera més o menys automatitzada. Tot i que alguns dels programaris
permeten |'analisi de dades obtingudes per FIA, la gran majoria només és
capac¢ d’analitzar dades obtingudes per LC-MS com és el cas de lipid data
analyzer (LDA) (Hartler et al.,, 2011), que crea un objecte 3D on descriu
I'espectre de masses en la dimensié m/z, el R; i la distribucié isotopica teorica
dels composts; o el LIMSA (Haimi et al., 2006) que relaciona els pics amb una
llista de possibles lipids que ha de ser proporcionada per l'usuari. A diferéncia
dels dos softwares anteriors, que generen el llistat de lipids després d’uns
processos de desconvolucid i alineament dels cromatogrames, LipID (Hiibner et
al., 2009) realitza I’anotacid de lipids a partir d’un llistat de m/z que 'usuari ha
d’haver generat préeviament i només cobreix GPs, SPs i acids grassos. Altres
programaris van un pas més enlla en la confirmacié de les identitats i permeten
el tractament tant de dades obtingudes en full scan com de prouct ion scan, és
el cas del programari amb llicencia de Thermo lipidSearch, que és capacg
d’analitzar dades de fragmentacid en etapes successives (MS") adquirida
emprant data-dependent analisis. Per altra banda, MS-DIAL (Tsugawa et al.,

2015), d’accés lliure, esta dissenyat especificament per I'analisi de data-
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independent LC-MS/MS i utilitza la base de dades lipidBlast (Kind et al., 2013),
una llibreria in silico d’espectres de masses en tandem, per I'anotacié dels
lipids. Altres programes d’accés lliure sén capacos d’analitzar dades d’ions
producte/fragment, obtingudes emprant data-dependent o all ion
fragmentation (AIF), respectivament, com és el cas de lipidMatch (Koelmel et
al., 2017), que incorpora una base de dades de fragmentacions tipiques in silico
de més de 500.000 especies (60 subclasses) per a la identificacido temptativa
dels lipids i a més admet llibreries creades per |'usuari. Altres programaris
menys especifics per lipids, pero0 amb gran rellevancia al mon de Ia
metabolomica es poden emprar per a una identificacié temptativa, com és el
cas de I'MZmine 2 (Pluskal et al., 2010) o del XCMS, tant en la versié de R com
online (Gowda et al., 2014). Aquest darrer, proporciona un llistat de features,
gue poden ser agrupades per perfil isotopic i adductes en compostos amb el
paquet de R CAMERA (Kuhl et al., 2012), i emprant la base de dades METLIN
per I'anotacié en la versié online.

Tot i que alguns dels programaris mencionats suporten els formats dels
arxius dels venedors, la gran majoria d’ells necessiten una conversié prévia a
formats d’accés obert com sén .mzML o .mzXML, els quals es poden obtenir
amb el programa MSConvert de Proteowizard (Adusumilli and Mallick, 2017). A
més, molts dels programes només poden treballar amb espectres de masses
adquirits en mode centroid, per tant, tots aquells fitxers que s’hagin adquirit en
mode profile han de ser transformats (Figura 1.9), procés que també es pot dur

a terme mitjangant MSConvert.
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Figura 1.9 Representacié d’un espectre de masses adquirit en mode profile i en mode centroid.

1.3.4 Interpretacio biologica

Una vegada analitzats i identificats els lipids que pateixen una desregulacié
sota un factor estressant (com pot ser la preséncia d’un xenobiotic), el seglient
pas és elaborar una hipotesis i donar-li un significat biologic a I'alteracié. Aixo
és particularment dificil ja que les concentracions mesurades reflecteixen
multiples escales dinamiques i espacials, que van des de la composicié de
membranes fins a reaccions bioquimiques o de senyalitzacié. Tot i aixi, sabent
els lipids que es troben desregulats es poden identificar temptativament les
rutes metaboliques afectades. La base de dades KEGG proporciona informacié
detallada de moltes rutes metaboliques en diferents organismes, entre elles,
s’hi poden trobar les vies implicades en el metabolisme de lipids. Pero aquests
no sén de facil visualitzacié ja que les diferents classes lipidiques poden
aparéixer en rutes diferents. A la Figura 1.10, es mostra una proposta
d’esquema de les principals rutes metaboliques dels lipids d’interés en aquesta
Tesi, creada a partir de la base de dades KEGG.

Tot i que I'esquema proposat té algunes mancances, com per exemple que
no contempla el grau d’insaturacid o la llargada dels acids grassos, els lipids

pertanyents a una mateixa classe estan, en part, regulats per els mateixos
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enzims, per tant s’esperara un elevat grau de coregulacié dins de cada classe

lipidica (Yetukuri et al., 2011).
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Figura 1.10 Proposta d’esquema del metabolisme dels lipids a partir d’informacié extreta de la base de
dades KEGG (www.kegg.jp). Els cercles s’han inclos per generar un codi de colors, per indicar
acumulacié o reduccié del contingut de cada classe lipidica en la mostra bioldgica analitzada
al patir un factor estressant i veure la relacio de les vies metaboliques alterades.

1.4 NOMENCLATURA DELS LiPIDS

La nomenclatura dels lipids dependra del grau d’identificacié de |'espécie
lipidica en concret, i aquesta estara condicionada per la instrumentacié
utilitzada.

La manera més general de referir-se als lipids segueix la seglient estructura:
‘Classe lipidica’ ‘nombre d’atoms de carboni’ ’ ‘nombre de dobles enllagos’.
Per exemple, una PC 36:1 seria una PC amb 36 atoms de carboni i un doble

enllac. En aquest cas només es coneix la suma final d’atoms de carboni i de

dobles enllacos, perd no quins sdn els acids grassos que la formen. Aquest
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tipus d’informacié s’obté a partir de I'analisi de lipids utilitzant un instrument
d’alta resolucido en mode full scan. Si és possible identificar els acids grassos
gue conformen la moléecula lipidica perd no en quin ordre van units al glicerol,

o on

aleshores, els dos acids grassos van separats per i la nomenclatura correcte

seguint amb I'exemple anterior, seria PC-[16:0_20:1]. Si es coneix I'ordre
d’unié dels acids grassos al glicerol aleshores aquests van separats per “/”, i
quedaria PC-[16:0/20:1], indicant que I'acid gras 16:0 va en posicié sn-1 i el
20:1 en posicié sn-2. Aquests dos escenaris s’assoleixen aplicant fragmentacio;
amb un analitzador hibrid es poden obtenir dades adquirides en mode data-
dependentMS2, mentre que el mode data-independentMS2 podria ser d’utilitat
sempre que la cromatografia prévia presentés baixa coel-lucié dels analits. Per
ultim, per tenir una identificacid inequivoca de I'espécie lipidica, caldria
coneixer la posicié del doble enllag¢ dins de I'acid gras; si aquest es trobés en
posici6 7 contant des del carboxil, s’indicaria com PC-[16:0/20:1,n-7].
Alternativament, es pot indicar la posicié del doble enllagc comencgant a contar
des del carboni terminal de la cadena alifatica, aquest s’indica com a omega
(w). A diferéncia dels estereoisomers, els regioisomers, que es diferencien en la
posicio de l'enllag doble, sén més complicats de diferenciar, perdo s’han
desenvolupat diversos metodes per distingir-los; com ara l'aplicacié de
diferents energies de col:lisid per fragmentar els acids grassos i establir-ne la
linearitat, o la dissociacié induida per oz6 (0OzID), ja que la reaccié selectiva
entre 'ozd i els dobles enllacos carboni-carboni poden generar espectres de
masses en tandem especifics (Li et al., 2014). En aquesta Tesi no s’han arribat a
diferenciar regio-isomers i la nomenclatura usada correspon als dos primers

casos (p. ex. PC36:1i PC-[16:0_20:1] o PC-[16:0/20:1]).
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1.5 OBESOGENS I DISRUPTORS LIPIDICS

Un dels principals objectius dels estudis lipidomics és la identificacié de canvis
en els perfils lipidics en un determinat sistema biologic per accié d’un factor
extern estressant. Aquests poden ser de caracter molt divers, des de canvis en
les propietats fisicoquimiques de I'entorn de I'organisme (p. ex. pH, salinitat,
exposicié solar, temperatura), com canvis alimentaris, reproductius,
envelliment o presencia de contaminants ambientals.

Va ser al 2002, quan Baille-Hamilton va suggerir per primera vegada que
I’epidémia d’obesitat actual podria estar associada a I'augment exponencial de
la produccié de productes quimics. Partint d’aquesta hipotesis va aconseguir
relacionar I'augment de pes amb I'exposicié a contaminants ambientals,
inclosos alguns pesticides, dissolvents, plastics, retardants de flama i metalls
pesants (Baillie-Hamilton, 2002). Perd van ser Griin i Blumberg (2006) els que
van encunyar el terme “obesogen” en el seu ja classic estudi. Molts d’aquests
obesogens han estat classificats préviament com a disruptors endocrins. De
fet, el teixit adipds és també un organ endocri i la seva alteracié pot tenir
consequiencies a nivell sistémic, amb implicacions en malalties com la diabetis
o l'obesitat (Janesick and Blumberg, 2016). Val a dir, pero, que la gran majoria
d’estudis lipidomics realitzats fins al moment responen a un objectiu de
recerca biomedica, i tot i la gran implicacié que tenen els lipids en la fisiologia
dels metazous, la lipidomica ambiental encara és un camp a explorar i amb un
gran potencial.

D’entre els contaminants ambientals, en aquesta Tesi s’han seleccionat
alguns compostos model, com ara alguns additius plastics, el tributil d’estany

(TBT), I'acid retinoic (RA) i el progestagen sintétic drospirenona (DRO).
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1.5.1 Bisfenol A i derivats

Els objectes fets de plastic contenen additius per dotar-los de diferents
propietats, com poden ser flexibilitat, propietats ignifugues, color, resisténcia o
durabilitat. Un dels principals additius de la industria del plastic és el bisfenol A
(BPA), emprat en la produccié de plastics epoxi i policarbonats, en
recobriments d’envasos d’aliments, papers termics, electrodomestics i
adhesius (Lv et al., 2019). El BPA actua com a disruptor endocri, imitant les
funcions del 17-B-estradiol i actuant com a lligant del receptor d’estrogens (ER)
(Srivastava et al., 2015). S6n nombrosos els estudis que atribueixen alteracions
en el desenvolupament del sistema reproductiu tant de vertebrats com
d’organismes aquatics deguts a I'exposicié a BPA. El BPA indueix I'expressié de
vitelogenina en carpes juvenils (Mortazavi et al., 2019), redueix la maduracio
dels ovaris en femelles (Wang et al., 2019) i la qualitat de I'esperma en mascles
de carpi daurat (Hatef et al.,, 2012). Tanmateix, I'exposici6 a BPA també
produeix efectes transgeneracionals alterant la fertilitat de peix zebra
(Santangeli et al., 2019), provocant danys histologics en testicles de ratolins (S.
Zhang et al., 2019) i estrés oxidatiu en testicles de rates (Olukole et al., 2019).
En humans, I'exposicié a BPA s’ha associat amb malalties cardiovasculars,
diabetis i disfuncions sexuals en treballadors exposats (Schecter et al., 2010).

Al 2010, Canada es converteix en el primer pais en prohibir la utilitzacié de
plastics que continguin BPA en la produccio de biberons i tot seguit, al 2011
I’'EFSA publica una re-avaluacié on manté la ingesta diaria tolerable (TDI) en 50
ug/Kg bw/dia i el limit de migracié especific (SML) en 0.6 mg/Kg menjar, pero
amb la restriccié de que el BPA no es pot emprar en la fabricacié de biberons.
Posteriorment, al 2015, el TDI es redueix a 4 pg/Kg bw/dia temporalment, fins

a la seguient re-avaluacio, que va comengar al 2018 i es preveu que finalitzi al
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2020 (https://www.efsa.europa.eu/). Arran de la prohibicid en la utilitzacié del
BPA, s’han introduit compostos analegs com el bisfenol F (BPF), el bisfenol AF
(BPAF), el bisfenol B (BPB) i el bisfenol S(BPS) en la produccié de plastics. Tot i
gue en un principi aquests composts haurien de representar alternatives més
segures al BPA, s’ha descrit que el BPF és igual d’actiu que el BPA a nivell de
disrupcié endocrina (Rochester and Bolden, 2015). L’exposicié a BPF produeix
despigmentacid, neurotoxicitat i alteracions en el desenvolupament cardiac en
embrions de peix zebra (Mu et al.,, 2019). També actua com a un compost
estrogenic en la linia de cancer de mama MCF-7 causant proliferacié
mitjancant unié al receptor d’estrogens ERa (Lei et al., 2018).

En I'industria alimentaria, el BPA s’utilitza com a reactiu en la produccié de
resines per aillar la cara interna d’envasos de menjar i llaunes, creant una capa
protectora per evitar la degradacioé tant del menjar com del propi envas (Poole
et al., 2004). El bisfenol A diglidicil éter (BADGE) és el monomer resultant en la
produccié d’aquestes resines que, igual que el BPA, acaba migrant als aliments
envasats ja que no estan units covalentment a la resina. El BADGE conté dos
grups epoxi, eters ciclics altament reactius, que s’hidrolitzen facilment en
contacte amb matrius aquoses, produint diferents compostos derivats.

A nivell toxicoldgic aquests compostos han estat molt menys estudiats que
el BPA, pero hi ha indicis que assenyalen que el BADGE pot actuar com a
disruptor endocri ja que s’ha associat positivament el nivell de BADGE en
sérum d’homes adults amb I’"hormona fol-liculostimulant (FSH) i negativament
amb el contingut d’estradiol (Kim et al., 2015).

A diferéncia del que s’ha reportat per BPA i BPF, BADGE i els seus
clorohidroxyderivats, tot i desencadenar la proliferacié cel-lular en cel-lules

T47D de cancer de mama humanes, no mostren afinitat pel ER (Nakazawa et

31



CAPITOL 1

al., 2002). BADGE i BADGE-2HCI tampoc van mostrar activitat agonista amb el
receptor d’androgens (Satoh et al., 2004).

A nivell de metabolisme lipidic, el BPA s’ha classificat com a obesdgen en
mamifers, promovent l'adipogénesi, la desregulacié de lipids i glucosa i la
inflamacié de teixit adipds (Legeay and Faure, 2017). Aquest efecte obesogénic
observat en mamifers també és patent en peixos, ja que I'exposicié a BPA va
produir acumulacié de lipids en el fetge de juvenils de Sparus aurata
(Maradonna et al., 2015). En peix zebra, pero, I'efecte en els lipids hepatics
exercit pel BPA va seguir una tendéncia no monotonica, promovent la sintesi
d’acids grassos i TGs a dosis baixes i induint la lipogénesis de novo i
colesterogenesis a concentracions més elevades (Santangeli et al., 2018).

Recentment, també s’ha estudiat I'accié del BPF sobre el metabolisme dels
lipids. Exposicié a BPF va induir apoptosis en macrofags de ratoli per mitja de
I’activacié de vies de senyalitzacié d’esfingomielines (SM) i de Cer (Zhao et al.,
2019). En teixits renals de ratoli, I'exposicid a BPF va desregular nivells de GP i
GL, produint alteracions en les seves membranes i en la seva funcionalitat
(Zhao et al., 2018). També s’ha descrit una disminucié de GL i GP, incloent
plasmaldgens, que son lipids que exerceixen un paper protector enfront
d’estres oxidatiu, en cél-lules de fetge de peix (PLHC-1) exposades a BPF (Pérez-
Albaladejo et al. dades no publicades).

Fins ara, I'Unic estudi mostrant alteracid lipidica causada per el BADGE
reporta induccié d’adipogenesis en pre-adipocits de ratoli (Chamorro-Garcia et
al., 2012). Pel que fa als derivats del BADGE, BADGE-H,0 i BADGE-2HClI, a dia
d’avui no hi ha cap estudi que n’hagi investigat |'efecte sobre el metabolisme

lipidic.
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1.5.2 Tributil d’estany

El tributil d’estany (TBT) és un compost organometal-lic que consisteix en tres
grups butil units covalentment a un atom d'estany (IV) ((C4H9)3Sn). EI TBT va ser
introduit al mercat al voltant dels anys 60 i ha estat ampliament utilitzat durant
les darreres decades com a desinfectant en sistemes de refrigeracio industrial,
en el control de la proliferacié de floridura en la industria paperera, en
preservacido de materials com la fusta i com a agent antiincrustant en pintures
de vaixells (Antizar-Ladislao, 2008). La seva aplicacié en els cascs dels vaixells
per prevenir 'acumulacié de mol-luscs, va comportar I’entrada del compost en
la columna d’aigua, sediments i biota. L'exposici6 a TBT ha comportat
nombrosos problemes de reproduccio, majoritariament en mol-luscs (Morcillo
and Porte, 1999; Morcillo et al.,, 1999), al induir el fenomen d’imposex, que
consisteix en [l'aparicié de caracters sexuals masculins en femelles de
gasteropode, les quals desenvolupen organs sexuals masculins (penis i vasos
deferents) i pot conduir a I'esterilitzacié de I'espécie. Per aixd, al 2003, The
International Maritime Organization (IMQO) (imo.org) demana una prohibicié
global de I'aplicacid de compostos organotins que actuen com a biocides en
pintures antiincrustants als vaixells i una prohibicié total a 2008. No obstant, el
TBT segueix sent emprat com a biocida i conservant de diversos materials com
la fusta, especialment en paisos en vies de desenvolupament i en aquells que
no pertanyen a I'lMO (Antizar-Ladislao, 2008).

Recentment, el TBT torna a estar en el punt de mira ja que s’ha catalogat
com a un potent obesdogen ambiental (Grin and Blumberg, 2006). En
mamifers, I'exposicié prenatal a TBT produeix una alteracié del comportament
de les cel-lules mare, sensibilitzant les cél-lules estromals multipotents per

diferenciar-se en adipocits, un efecte que podria augmentar la massa adiposa
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en l'organisme adult (Kirchner et al., 2010); i s’ha descrit que la induccié de
I'adipogénesis succeeix via activacido del PPARy (Li et al.,, 2011). Per tant,
I'exposici6 a TBT pot ser considerat com un factor de risc en el
desenvolupament d’obesitat. Tanmateix, a causa de la seva gran distribucié en
el medi aquatic, I'efecte del TBT sobre el metabolisme de lipids en organismes
aquatics també ha estat estudiat. En peix zebra s’ha observat el mateix efecte
gue en mamifers; individus adults exposats al compost durant la fase larval,
presentaven un nombre d’adipocits superior a aquells individus que no havien
estat préviament exposats (Broeder et al., 2017). A més, I'exposicio d’individus
de peix zebra adults va causar un increment de I'acumulacié de lipids al fetge,
juntament amb un increment en I'expressid de gens implicats en el transport i

emmagatzematge de lipids (Zhang et al., 2016).
1.5.3 Acid retinoic

L'acid retinoic (RA) és un metabolit actiu de la vitamina A essencial en el
desenvolupament embrionari perd que en excés, pot causar defectes en el
naixement (Pennimpede et al, 2010). Per aixd, els organismes han
desenvolupat un seguit de mecanismes per ajudar a mantenir els nivells de
vitamina A i RA estables. En vertebrats, els nivells endogens de RA estan
regulats per receptors nuclears. El 9-cis-RA és el lligant natural de I'RXR i tant
el 9-cis-RA com l'all-trans-RA (ATRA) presenten afinitat per el RAR. Entre les
moltes funcions atribuides als retinoides, es reconeix el seu paper en el control
del metabolisme de lipids i energia amb possibles implicacions en trastorns
cronics com I'obesitat, la diabetis, I'esteatosi hepatica i I'aterosclerosi (Bonet et
al.,, 2012). A més, el fetge i el teixit adipds, que sén oOrgans importants en

I'emmagatzematge i el metabolisme dels retinoides, també estan implicats en
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I’hnomeostasi lipidica (Bonet et al., 2012). No obstant, els efectes d’ATRA sobre
el metabolisme de lipids no es troben exempts de controvérsia. Si bé es cert
gue ATRA s’ha descrit com un compost supressor d’obesitat en mamifers
(Bonet et al., 2000; Berry and Noy, 2009; Manolescu et al., 2010) mitjancant la
unidé al receptor PPARB/S i per I'activacié de RARs (Berry and Noy, 2009)
arribant a proposar-se com a agent en la prevencié de la sindrome metabolica,
altres estudis mostren que el tractament amb RA exogen promou I'acumulacio
intracel-lular de lipids i la diferenciaci6 de preadipocits humans AML-l en
adipocits (Morikawa et al., 2013) i indueix I'adipogenesi en peix zebra (Li et al.,

2010).
1.5.4 Progestagens: Drospirenona

La drospirenona (DRO; 68B,7B,15pB,16B-dimetilen-3-oxo-17a-pregn-4-ene-21,17-
carbo-lactona) és un progestagen sintéetic derivat de la 17-a-espirolactona que
mostra un perfil farmacolodgic molt semblant a la progesterona, amb propietats
antimineralocorticoides i antiandrogéniques (Krattenmacher, 2000; Palacios et
al., 2006). La DRO forma part dels progestagens de quarta generacié i s'utilitza
en anticonceptius orals en combinacié amb estrogens com [l'estradiol o
I'etinilestradiol. La DRO entra al medi aquatic mitjancant els efluents de les
plantes de tractament d’aiglies residuals, on la seva preséncia s’ha reportat a
concentracions en el rang de ng-L‘l (Avar et al., 2016; Golovko et al., 2018;
Sauer et al., 2018), concentracions que poden suposar un risc per biologic per
els organismes aquatics (Maasz et al., 2017). De fet, s’ha descrit que la DRO pot
actuar com un disruptor endocri en organismes aquatics. Entre els estudis que
suporten aquesta hipotesi trobem els de Blanco et al. (2016) reportant un

augment dels nivells plasmatics de 17-hidroxipregnenolona, 17-
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hidroxiprogesterona i androstenediona en juvenils de llobarro i un increment
de I'expressié de cypl7al en ovaris; o el de Zucchi et al. (2014) que descriu
inhibicié de I'ARNm i de la proteina vitelogenina, alteracions histologiques als
ovaris i alteracions transcripcionals de gens involucrats en les vies del ritme

circadia i de 'activitat de receptors d’hormones esteroidals.
1.6 SISTEMES BIOLOGICS

1.6.1 Linies cel-lulars

Els cultius cel-lulars s6n models que consisteixen en mantenir entitats d’un
organisme fora del cos viu en un entorn artificial (Schirmer, 2006). Les cél-lules
s’obtenen a partir d’un teixit o organ d’un organisme viu obtenint aixi cultius
primaris. Si aquestes son capaces de reproduir-se indefinidament, bé perque
hagin estat extretes de teixit cancerigen o hagin estat immortalitzades,
esdevenen una linia cel-lular. A dia d’avui, hi ha disponibles més de 4000 tipus
de linies cel-lulars diferents a I'American Type Culture Collection (ATCC)
incloent linies humanes, d’animals, d’insectes, de peixos i cél-lules mare.
Comparats amb els assajos in vivo, els cultius cel-lulars sén metodes que
permeten un major control dels parametres, disminuint la variabilitat
individual. S6n metodes més economics que permeten testar un major nombre
de condicions (ex. més contaminants a més concentracions) i a nivell étic
responen a la voluntat social de reduir I'experimentacié animal.

Els cultius cel-lulars sén sistemes ideals per a I'estudi de mecanismes d’accid
dels xenobiotics, ja que qualsevol pertorbacio exercida per un factor estressant
s’iniciara a nivell cel-lular, sovint, provocant efectes adversos a nivells més
elevats d’organitzacié biologica (organisme < poblacié < ecosistema) (Fent,

2001).

36



INTRODUCCIO

Amb I'objectiu de que els efectes que s’observen en assajos in vitro siguin
comparables i extrapolables a nivells més elevats d’organitzacié biologica, és
recomanable utilitzar la concentracié al lloc diana ja que és aquesta la dosis
que exerceix l'efecte, pero tradicionalment en els estudis toxicologics s’ha
utilitzat la concentracié nominal dels compostos estudiats per a I'obtencié de
la relacid concentracid-efecte. Per compostos que es transporten per
processos de difusid, la concentracié biodisponible al medi és una bona
aproximacié de la concentracid al lloc diana (Groothuis et al., 2015). Pero la
biodisponibilitat dels compostos quimics en un sistema in vitro es pot veure
afectada per diferents processos, com I'evaporacié dels compostos més
volatils, la baixa solubilitat dels compostos hidrofobics, adsorcié dels
compostos tant a les parets de la placa com a la superficie de les membranes
cel-lulars, conjugacié dels compostos amb components del medi de cultius
utilitzat (p. ex. proteines del sérum bovi fetal) o fins i tot degradacié dels
mateixos durant el temps d’exposicié (Figura 1.11) (Heringa et al., 2004
Groothuis et al., 2015). Tots aquests processos poden conduir a una disminucio
de la biodisponibilitat del compost, trobant-se a concentracions molt inferiors
a la concentracié nominal, i per tant, acabar subestimant els efectes dels
compostos estudiats. Per tant, la practica de mesurar la concentracié
d’exposicié real en el medi de cultiu és clau per incrementar la fiabilitat i

precisio de les dades toxicologiques obtingudes en els assajos in vitro.
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Figura 1.11 Representacié esquematica dels diversos processos que disminueixen la disponibilitat en el
medi de cultiu dels compostos en els assajos in vitro. |l-lustracions similars es poden trobar a
Heringa et al. (2004) i a Groothuis et al. (2015).

Els cultius cel-lulars també s’han utilitzat amb exit al camp de la lipidomica
per I'estudi d’alteracions del perfil lipidic des d’una perspectiva toxicologic. Per
exemple, models com els preadipocits 3T3-L1, les cel-lules de rata PC12, o les
cel-lules humanes Hela, LO2 i HepG2 s’han utilitzat per dilucidar I’activitat
biologica de diversos farmacs, agents microbians i altres xenobiotics (Rebollo-
Ramirez et al., 2018; H. Zhang et al., 2019; T. Zhang et al., 2019; X. Wang et al.,
2019).

En aquesta Tesi, s’han utilitzat diferents models cel-lulars: la linia cel-lular
JEG-3 de placenta humana, s’ha emprat com a model de disrupcié endocrina
en toxicologia humana, mentre que les linies de fetge de peix PLHC-1 i ZFL

s’han emprat com a models d’espécies aquatiques (Figura 1.12).
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Figura 1.12 Imatge de les diferents linies cel-lulars emprades en aquesta Tesi. (Escala grafica=100 pum)

1.6.1.1 Cél-lules de placenta humana

Les cél-lules JEG-3 sén derivades d’un cancer de placenta, obtingudes al
American Type Culture Collection (ATCC HTB-36). Han estat extensament
utilitzades com a model per estudiar I'activitat endocrina en la placenta i la
seva alteracié per factors exogens degut a I'elevada activitat aromatasa que
presenten. L'aromatasa placental esta codificada per I'enzim CYP19, que
catalitza I'aromatitzacié d’androgens, tant fetals com materns, en estrogens,
sent essencial en un embaras saludable (Lephart and Simpson, 1991). A més, la
placenta regula el transport de nutrients de la mare al fetus, fonamentalment
aminoacids essencials i no essencials, proteines i lipids (com els PUFAs de
cadena llarga). El contingut en lipids de la placenta és bastant reduit (~1% del
pes total) i a diferencia d’altres organs com el fetge o el teixit adipds té una
capacitat limitada de sintetitzar-los (Delhaes et al., 2018). Tanmateix, s’ha vist
gue aquesta és capa¢ de sintetitzar alguns acids grassos com els acids
palmitoleic (16:1, w-7), palmitic (16:0) i oleic (18:1, w-9) i en menor mesura
lauric (12:0), miristic (14:0) i estearic (18:0), ja sigui a partir de

glicerofosfolipids o mitjangant sintesi de novo (Coleman and Haynes, 1987). Els
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acids grassos que arriben al citoplasma del trofoblast de la placenta s’uneixen a
proteines citosoliques per tal de ser eliminats, oxidats o esterificats. A més, els
microsomes de la placenta contenen els enzims necessaris per la sintesi de
glicerolipids a partir de glicerol-3-fosfat, acids grassos lliures i altres precursors
(Gude et al., 2004). S’ha vist que en casos d’excés d’acids grassos, com podria
ser en un cas d’obesitat materna durant I'embaras, la placenta tendeix a
acumular elevats nivells de TGs, dificultant el transport i el metabolisme de
lipids i generant, com a conseqliéncia, un augment de lipids en la circulacié
fetal, produint un desenvolupament fetal indegut amb alteracions en
I’emmagatzematge de greix fetal (Delhaes et al., 2018).

No només 'estil de vida de la mare, o la predisposicié genética, sind també
I'exposicio a diversos xenobiotics poden conduir al desenvolupament
d’obesitat o a I'alteracio de ’lhomeostasi dels lipids i afectar la funcionalitat de
la placenta. Per motius étics la informacié que hi ha fins al moment sobre
I’efecte que aquests xenobidtics poden tenir sobre la placenta és limitada, per
tant I’Gs de les cél-lules de placenta humanes JEG-3 com a model biologic pot
oferir informacié util per el descobriment dels contaminants que poden actuar

como a disruptors lipidics.
1.6.1.2 Cel-lules hepatiques de peix

L’eleccid de linies cel-lulars provinents de fetge de peix per a la deteccié de
disruptors lipidics en el medi aquatic ha estat basada en la importancia que té
el fetge en el manteniment de la homeodstasi sistemica dels lipids en els
vertebrats. El fetge és el principal organ on té lloc la lipogénesi de novo,
sintetitzant acids grassos els quals sén esterificats mitjancant glicerol-3-fosfat

per format TGs, que abandonaran el fetge formant part de lipoproteines i
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seran transportats al muscul (on s’oxiden per obtenir energia) o al teixit adipds
(on sén re-esterificats i emmagatzemats en forma de TGs) (Bonet et al., 2012).
A més, l'alteracio de la composicid lipidica en hepatocits pot desencadenar el
desenvolupament d’obesitat, dislipidemia i esteatosis hepatica, tres condicions
intimament relacionades amb la patologia de la sindrome metabodlica (Torres
et al., 2006; Bonet et al., 2012).

En aquesta Tesi s’ha treballat amb la linia cel-lular ZFL (ATCC CRL-2643),
cél-lules epitelials extretes del fetge de peix zebra (Danio rerio) i la linia cel-lular
PLHC-1 (ATCC CRL-2406), que deriven d’un cancer hepatocel-lular de
Poeciliopsis lucida. El peix zebra ha estat ampliament usat com a model de
desenvolupament d’especies vertebrades aixi com per a I'estudi de diferents
malalties, sent també un bon model en toxicologia ambiental. Al no tractar-se
de cél-lules d’origen tumoral es preveu una bona conservacid tant del
metabolisme lipidic com de detoxificacié de xenobidtics. Tanmateix, les
cel-lules PLHC-1 presenten una activitat CYP1A elevada, activitat o proteina

ampliament utilitzada com a biomarcador en estudis de toxicologia ambiental.
1.6.1.3 Assajos

Avaluacio de la citotoxicitat

La citotoxicitat dels compostos seleccionats s’ha estudiat mitjancant dos

assajos complementaris:

A) El métode AlamarBlue esta dissenyat per mesurar proliferacié cel-lular i
per determinar la citotoxicitat d’una gran varietat de compostos quimics
(Page et al.,, 1993). Es tracta d’un meétode fluorimeétric/colorimétric que
incorpora un indicador REDOX. El compost resazurin (no fluorescent i blau)

s’addiciona a les cel-lules i el seu metabolisme el redueix a resorufin
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(fluorescent i rosa). Una disminucio en la fluorescéncia mesurada (o canvi
en el color) equival a la disminucié de I'activitat metabolica de les cél-lules.
L’AlamarBlue és una solucié aquosa ja preparada, que presenta una gran
estabilitat si es guarda a la foscor. Com és soluble en aigua, no requereix
els passos de rentat i fixacid, permetent la reutilitzacié de les cél-lules per
altres assajos (Figura 1.13A).

B) La viabilitat cel-lular també s’ha mesurat com a activitat enzimatica i
integritat de la membrana cel-lular mitjancant el substrat d’esterases 5-
carboxifloresceina diacetat acetoximetil eéster (CFDA-AM; no fluorescent)
(Schreer et al., 2005). Les membranes cel-lulars sén permeables al
substrat, i un cop dins la cél-lula és hidrolitzat per esterases intracel-lulars
a carboxifloresceina (fluorescent). Les cél-lules no viables perden I'enzim

esterasa, i es detecta una disminucié de la florescencia (Figura 1.13B).

Generacio d’estres oxidatiu (ROS)

L’habilitat dels compostos estudiats de generar ROS s’ha avaluat mitjancant el
reactiu 2’,7'-diclorodihidrofluoresceina diacetat (H,DCFDA) (Keston et al.,
1964). Aquest difon a l'interior de la cél-lula on és desacetilat per mitja de les
esterases cel-lulars i es forma 2',7'-diclorodihidrofluoresceina compost no
fluorescent que en preséncia d’hidroxil, peroxil i d’altres espécies reactives
d’oxigen és oxidat a 2’,7'—diclorofluoresceina (DCF), compost altament

florescent (Figura 1.13C).

Avaluacio de I'activitat CYP19

La capacitat dels compostos d’actuar com a disruptors endocrins s’ha estudiat

mitjangant la seva habilitat d’inhibir I'activitat CYP19. El gen cyp19 codifica
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I'activitat aromatasa i juga un paper important en el balang hormonal i en la
conversio irreversible d’androgens a estrogens. En aquesta Tesi s’ha treballat
amb un substrat marcat amb triti, [1B-3H]androstenediona (3H—AD) que
s’addiciona a les ceél-lules, on [I'activitat aromatasa catalitza la seva
metabolitzacid a estrona, alliberant aigua tritiada durant la reaccid, la qual pot

ser posteriorment mesurada (Lephart and Simpson, 1991) (Figura 1.13D).
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Figura 1.13 Reaccions quimiques monitoritzades en les cél-lules per mesurar la citotoxicitat dels
xenobiotics A) AlamarBlue, i B) CFDA-AM; C) la generacié de ROS i D) I'activitat CYP19. Els
productes de reaccié mesurats estan pintats; els que emeten fluorescéncia estan marcats
en blaui el producte tritiat esta marcat en vermell.

1.6.2 Especies sentinella

Una especie sentinella o indicadora és un organisme que permet realitzar el

seguiment biologic (monitoritzacid) de la qualitat del seu habitat. Es tracta
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d’especies considerades sensibles a les pertorbacions ambiental, i per tant, sén
capaces de donar una senyal d’alarma o resposta primerenca a un perill, com
per exemple la presencia de contaminants ambientals. Aquests organismes
han de complir un seguit de requisits; han de ser espécies comuns a l'area de
monitoritzacio, que no estiguin en perill d’extincio, facils de censar i capturar,
de facil maneig i que responguin de manera consistent als factors estudiats.
L'Gs d’espécies sentinella en estudis de camp permet tenir en compte la
influencia de multiples parametres presents al medi que intervenen en
condicions naturals afectant la toxicitat dels compostos, com factors abiotics
(la temperatura, la salinitat, el pH, o les condicions d’oxigenacid), I'alimentacid,
les interaccions entre especies, I'heterogeneitat en la interaccié de les

poblacions amb els contaminants i possibles interaccions entre contaminants.
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2.1 DISRUPCIO LIPIDICA EN MODELS HUMANS

S’ha investigat la capacitat dels derivats epoxi- del bisfenol A (bisfenol A
diglicidil éter (BADGE), bisfenol A (2-3-dihidroxipropil) glicidil éter (BADGE-H,0)
i bisfenol A bis(3-cloro-2-hidroxipropil) éter (BADGE-2HCIl)) d’actuar com a
disruptors endocrins i alterar el metabolisme dels lipids en cél-lules de placenta
humana JEG-3. Mitjancgant la técnica analitica FIA-ESI(+/-)-HRMS emprant un
Orbitap-Exactive com a analitzador, aplicada per primera vegada en aquest
tipus d’estudis, s’han identificat 93 espécies lipidiques en només dos minuts de
temps d’adquisicié, permetent aixi desenvolupar una metodologia rapida i
robusta que pot ser aplicada per al cribratge de compostos sospitosos d’actuar
com a disruptors endocrins i alteradors del metabolisme dels lipids. Els
resultats de I'estudi es troben publicats a 'article | sota el titol “Toxic effects of
bisphenol A diglycidyl ether and derivatives in human placental cells” (Apartat

2.1.1).
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BADGE (bisphenol A diglycidyl ether) is a synthesis product of bisphenol A (BPA), which, like other
plasticizers, can cross the human placenta and reach the foetus. However, compared to BPA, there is
almost no toxicological information. This work investigates the toxicity, endocrine and lipid disruption
potential of BADGE and its hydrolysed and chlorinated derivatives (BADGE-H0 and BADGE-2HCl) in
human placental JEG-3 cells. The analysis of culture medium by HPLC-ESI(+)-QqQ evidenced a good
bioavailability of BADGE-2HCl and BADGE - H,0, but low stability of BADGE. Regardless, BADGE-2HCl and
BADGE showed higher cytotoxicity than BADGE-H,0, which was the only compound that significantly
inhibited CYP19 activity (ICso 49 + 5 uM). JEG-3 cells lipidome analyzed by FIA-ESI(+/-)-Orbitrap was
significantly altered by exposure to BADGE-2HCI and BADGE at concentrations at the low uM range.
BADGE-2HCI lead to a strong decrease of diacyl- and triacyl-glycerides (DGs,TGs) together with some
membrane lipids, while BADGE lead to an accumulation of TGs. The results evidence the ability of BADGE
and derivatives to affect placental lipid handling and to modulate placental CYP19 activity (BADGE- H,0)
and highlights the need to monitor human exposure to these compounds, at least as intensely as BPA is

monitored.

© 2018 Elsevier Ltd. All rights reserved.

1. Introduction

Bisphenol A diglycidyl ether (BADGE) is an epoxy resin produced
through the reaction of bisphenol A (BPA) and epichlorohydrin. It
has been used in the industry for over 50 years as an internal lac-
quer to prevent degradation of canned food and beverages, but also
in paints and adhesives (Poole et al, 2004). During the
manufacturing process, residual BADGE remains unbounded to the
epoxy-resin and can easily migrate from the container and
contaminate food and beverages. BADGE can be easily hydrolysed
in contact with aqueous and acidic matrices, leading to the for-
mation of hydrolysed derivatives (BADGE-H,0 and BADGE-2H,0).
In addition, the presence of hydrochloric acid in the organosol
lacquers (PVC-based) promotes the formation of chlorohydroxy
derivatives, namely BADGE-2HCI, BADGE-HCl and BADGE-H,0-HCl
(Hammarling et al., 2000).

* This paper has been recommended for acceptance by Charles Wong.
* Corresponding author.
E-mail address: cinta.porte@cid.csices (C. Porte).

hitps://doiorg/10.1016/1.envpol 2018.10.045
0269-7491/© 2018 Elsevier Ltd. All rights reserved.

BADGE migration in canned beverages is rather low in com-
parison to canned food, due to much milder sterilization condi-
tions. Thus, BADGE-2H,0 was the only compound detected in soft
drinks (5 pg kg '), but the predominant in aqueous matrix food (up
to 675 ug kg '), followed by BADGE-H,0-HCI (up to 274 pgkg ')
(Gallart-Ayala et al, 2011). BADGE has been detected in oil pre-
served tuna (2490 pgkg '), but it was below detection limit in
natural tuna cans (Fattore et al., 2015). Generally, human exposure
to BADGE and derivatives is almost exclusive from can coatings.
Several biomonitoring studies have reported the presence of
BADGE, BADGE-H,;0 and BADGE-2H,0 in urine samples at con-
centrations up to 18.7 ng mL"", being BADGE-2H,0 the predomi-
nant compound accounting for 45-80% of the total BADGEs
concentration (Wang et al., 2012, 2015; Asimakopoulos et al., 2014).
Besides, the presence of BADGE-2H,0 was reported in blood
samples at concentrations up to 304ngmL~’, followed by
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BADGE-H;0 and BADGE-H;0-HCI at a concentrations up to 9.5 and
14ngmL" respectively (Chang et al, 2014, Wang et al., 2015).
Interestingly, a positive correlation between concentrations of BPA
and BADGE in urine has been reported, which indicates similar
sources of human exposure. Moreover, the concentration of BADGE
in urine of adults volunteers from United States was 3—4-fold
higher than the corresponding concentrations of BPA, indicating
the need of BADGEs monitoring in future studies (Wang et al.,
2012).

While the toxicity of BPA has been widely studied, current in-
formation on toxicological effects of BADGE is still scarce, and most
of the studies do not consider BADGE derivatives (Poole et al.,
2004). BADGE (200 uM) has been reported to decrease cell prolif-
eration and to induce morphological changes and cell detachment
in human colorectal adenocarcinoma Caco-2cells after 24 h of
exposure (Ramilo et al, 2006). BADGE and chlorohydroxy-
derivatives triggered proliferation in human breast cancer T47D
cells, but no affinity for the estrogen receptor was observed
(Nakazawa et al., 2002). Satoh et al. (2004) reported no androgen
agonistic activity for BADGE and BADGE-2HCI, although the latter
exhibited some androgen antagonist effect. More recently, Kim
et al. (2015) observed a positive association between the amount
of BADGE in serum (0.44—0.63 ngmL ") and the levels of follicle-
stimulating hormone, and an inverse relationship between BADG-
E-2H;0 and estradiol, in adult Korean men, suggesting that BADGE
was able to act as endocrine disruptor.

Plasticizers, including BPA, can cross human placenta and reach
the foetus (Vandenberg et al., 2007; Balakrishnan et al, 2010).
Although, there is no information for BADGE and derivatives,
BADGE-2H;0 has been detected in cord blood samples (Chang et al.,
2014). The human placental choriocarcinoma JEG-3 cell line is a good
model for investigating possible endocrine disrupters, since it ex-
presses the steroidogenic enzymes found in placenta and has a very
high aromatase activity, which is a target for endocrine disrupters
(Vinggaard et al,, 2000; Samson et al., 2009). Placental aromatase,
encoded by CYP19, catalyses the aromatization of fetal and maternal
androgens into estrogens, which are essential for a healthy preg-
nancy. Moreover, oxidative stress, a state often induced by exposure
to certain pollutants and characterized by an imbalance between
pro-oxidant molecules, has been associated to inhibition of placental
aromatase, reproductive failure and decreased fertility (Mathieu-
Denoncourt et al., 2015; Pérez-Albaladejo et al., 2017).

Additionally, lipid metabolism in placental cells ensures the
correct progress of pregnancy, since the placenta plays an active
role in the transport of lipids and other nutrients from the mother
to the foetus (Delhaes et al., 2018). Lipids play an essential role in
the maintenance of cell structure and organization, signalling
events and protein regulation and trafficking. Therefore, aberrant
lipid metabolism is directly linked to many physiological and
pathological conditions and diseases, such as obesity, diabetes,
cancer and related metabolic diseases (Wenk, 2005). Chamorro-
Garcia et al. (2012) reported that BADGE induced adipogenesis in
mouse 3T3-L1 preadipocytes and in human mesenchymal stromal
stem cells at low nanomolar concentrations.

Human exposure to BADGE and derivatives is comparable to
that of BPA, however, toxicological effects are poorly described.
Thus, the aim of this study was the evaluation of the cytotoxicity
and ability of BADGE and two of its derivatives, BADGE-H,0 and
BADGE-2HCI to disrupt CYP19 activity, to produce oxidative stress
and to disrupt lipid composition in the human placental chorio-
carcinoma cell line JEG-3. Moreover, concentration of BADGE and
its derivatives in culture medium were monitored right after dosing
(tp) and after 24 h (ty4) of exposure in order to evaluate their sta-
bility over the exposure period, and to improve the sensitivity and
accuracy of the in-vitro tests,
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2. Materials and methods
2.1. Cell culture

JEG-3 cells (ATCC HTB- 36) derived from a human placental
carcinoma were cultured in Eagle's MEM supplemented with 5%
fetal bovine serum, 2mM L-glutamine, 1 mM sodium pyruvate,
0.1 mM nonessential amino acids, 1.5 gL' sodium bicarbonate, 50
U/mL penicillin and 50pgmL~' streptomycin (Gibco, UK) as
described in Perez-Albaladejo et al. (2017). Experiments were car-
ried out on confluent cell monolayers from passages 4 to 23.

2.2, Cell viability

Cells were seeded in 96-well plates (2.5 x 10* cells per well) and
allowed to attach overnight, before the addition of BADGE and its
derivatives (Sigma Aldrich, Steinheim, Germany) at concentrations
ranging from 5 to 200uM dissolved in DMSO (0.5% v/v). Cell
viability was assessed using the fluorescent dyes Alamar Blue (AB)
(Biosource, Solingen, Germany) and 5-carboxyfluorescein diacetate
acetoxymethyl ester (CFDA-AM) (Molecular Probes, Eugene, OR,
USA) in three different plates (seven replicates per plate) after 24 h
exposure (Pérez-Albaladejo et al, 2017). Fluorescence was
measured at 530/590 nm for AB, and 485/530 nm for CFDA-AM and
cell viability was expressed as a percentage of control cells (0.5%
DMSO).

2.3. ROS generation

The production of ROS in JEG-3cells was determined as
described in Lebel et al. (1992), with some modifications (Perez-
Albaladejo et al., 2017). Briefly, cells were seeded at 4 x 10% cells/
well in 96-well plates, allowed to attach overnight and incubated
with 20 pM H,DCF-DA (Sigma Aldrich, Steinheim, Germany)in 1:10
DPBS and 10mM glucose for 30 min, washed and exposed to
BADGE and derivatives for 1 h. 3-Morpholinosydnonimine (SIN-1;
5uM) (Sigma Aldrich) was used as a positive control. The fluores-
cence of oxidized DCF was measured at 485/528 nm, and results
were expressed as percentage of fluorescence in control wells.

2.4. CYP19 activity

CYP19 activity was determined by measuring the amount of
3H,0 formed during the aromatization of 1B-*H-androst-4-ene-
3,17-dione (*H-AD) (PerkinElmer, USA) (Pérez-Albaladejo et al.,
2017). Cells were seed in a 24-well plate (10° cellsjwell). After
24 h exposure, cells were rinsed with PBS and incubated for 30 min
with 40 nM *H-AD in DPBS-glucose. *H;0 was determined in an
aliquot of the culture medium previously extracted with dichloro-
methane (Tri-Carb 2100TR, Packard). Cell proteins were deter-
mined with fluorescamine using bovine serum albumin {BSA) as
standard (Lorenzen and Kennedy (1993). CYP19 activity was
expressed in fmol/min/mg protein or as percentage of activity
respect to control cells.

2.5. Analysis of BADGEs in culture medium

JEG-3 cells seeded in 96-well plates were exposed to BADGE and
derivatives at concentrations of 10, 20, 50 and 100 uM dissolved in
culture medium (0.5% DMSQ). An aliquot of the culture medium
(90 uL) was analyzed after dosing (to) and 24 h after (ty4). Each
sample consisted in a pool of three wells, and three samples
(different plates and passages) were analyzed per time and dose.
Samples were extracted with ethyl acetate (x3), evaporated to
dryness, and reconstituted in 500 pL of MeOH:H;0 (1:1) (Merck,
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Darmstadt, Germany). All extractions were performed right before
instrumental analysis to reduce sample degradation.

The chromatographic system consisted of an Accela 1250 Pump
and a self-injection system supplied by AS Accela Open House
commercial Thermo Fisher Scientific (San Jose, CA, USA) and a
Hypersil Gold C18 column (50 x 2.1 mm; 3 um) (Thermo Fisher
Scientific). The mobile phase was (A) 25mM formic acid:-
ammonium formate (1:1) and (B) methanol at a flow rate of
300 uL min ', at a column temperature of 25 °C. Gradient elution
started at 50% of B (1 min), followed by a lineal gradient up to 75% B
in 2.5 min which was kept for 5.5 min, and a second gradient up to
100% B in 1 min, before going back to the initial conditions. The
injection volume was 10 pL. The analysis was carried out in a triple
quadrupole mass analyzer (TSQ Quantum Ultra AM, Thermo Fisher
Scientific) using electrospray in positive mode (+ESI) as ionization
source. The ammonium adducts [M+NH4]™ generated in the ioni-
zation source were used as precursor ions in tandem mass spec-
trometry and acquisition was performed in SRM (selected reaction
monitoring) mode, using two transitions ( precursor to product ion)
for each compound, one for quantitative analysis and the other for
confirmatory purposes. Elution time, collision energy, MS/MS
transitions, tube lens, as well as limits of detection of the method
and limits of quantification are shown in Table 51 (supplementary
information). Standard curves of BADGE, BADGE-2H,0, BADG-
E-H,0, BADGE-H,0-HCl, BADGE-HCl and, BADGE - 2HCl prepared in
sample matrix were used to quantify the concentrations of the
compound in culture medium.

2.6. Analysis of cellular lipids

JEG-3 cells seeded in 24-well plates (2.5-10% cells/well) were
allowed to attach overnight before exposure to BADGE and de-
rivatives at concentrations below the ECyp and close to the ECsg
value for cytotoxicity, namely, 20—40 uM for BADGE and BADG-
E-2HCI and 40—80 pM for BADGE-H,0. After 24 h of exposure, the
culture medium was removed, cells were rinsed with PBS, trypsi-
nized, centrifuged (6000-g, 10 min), and the cell pellets stored
at —80 “C under argon atmosphere until extraction. The experiment
was carried out in quadruplicate using cells from different passages.

Lipids were extracted three times with ethyl acetate in an ul-
trasonic bath for 2 min. The extracts were evaporated to dryness
and stored at —20°C under argon atmosphere. FIA-Orbitrap-
Exactive (Thermo Fisher Scientific, Bremen, Germany) was used
to analyse the samples as described in Vichi et al, (2012), with some
modifications, Samples were reconstituted in methanol and 5 pL
injected to a continuous flow rate set at 50 uL min~". The mobile
phase was methanol:dichloromethane 80:20 (Merck, Darmstadt,
Germany). Mass spectra were alternately acquired in full scan
positive and negative ionization modes in an only run. The in-
strument was daily calibrated in both ionization modes. Capillary
and heater temperatures were set at 400 and 30 °C, respectively. A
mass range of m/z 200—-2000 was selected, and the total analysis
time was 2 min. Mass accuracy in all mass range (m/z 200-2000)
was <5 ppm. So a maximum of +5 ppm extraction window was
allowed for peak identification.

Identification of the lipids was performed by matching their
molecular formulae, experimental mass and isotopic profile with
the theoretical one generated by Xcalibur 2.2 software (Thermo
Fisher Scientific, Bremen, Germany). Heuristic criteria based on
accuracy in mass measurement (error < 5 ppm), the number of ring
plus double bond equivalents (RDBE), the charge, the adducts
formed ([M+Na]" and [M-H] in positive and negative ionization
mode, respectively) and the elements in use were applied. Lipid
quantification was performed through comparison of ion peak in-
tensities to that of representative internal standards (200 pmol) of

each lipid family: 123-17:0 triacylglycerol, 13-17:0D5 diac-
ylglycerol, 16:0D31-18:1 phosphatidylcholine, 16:0D31-18:1
phosphatidylethanolamine, 16:0D31-18:1 phosphatidylserine,
16:0D31-18:1 phosphatidyl-inositol {Avanti Polar Lipids, USA).
Repeatability expressed as intra-day relative standard deviation
(RSD) was calculated for all lipid standards relative intensity in the
samples. RSD values were lower than 30% in all cases (tri-
acylgliceride (TG): 26%, diacylglyceride (DG): 23%, phosphatidyl-
choline (PC): 17%, phosphatidylethanolamine (PE): 15%,
phosphatidylinositol (PI): 18%, phosphatidylserine (PS): 13%).

2.7. Statistical analysis

Dose-response curves and concentrations which caused a 50%
decline of cell viability (ECsq) and inhibition of enzymatic activity
(ICsp) were calculated by using Sigmaplot 11.0 software. One-way
ANOVA followed by Dunnett post-hoc test were used to detect
significant differences from contrel in ROS assays (SPSS 15.0 soft-
ware package, Chicago, IL). Level of significance was set at p < 0.05.
For the analysis of lipids, multivariate an univariate analysis were
carried out using the online software Metaboanalyst 3.5 (Xia and
Wishart, 2016). Partial least square-discriminant analysis (PLS-
DA) was applied to identify discriminant lipids in control and
exposed groups, and VIP (variable importance in the projection)
values higher than 1 were selected. Volcano plots were applied to
visualize the significance and the magnitude of the changes
detected in the cell lipidome (fold change > 1.5; p < 0.05, Student -
test).

3. Results
3.1. Cytotoxicity and ROS generation

BADGE, BADGE-Hz0 and BADGE-2HClI showed significant
cytotoxicity in JEG-3cells after 24h exposure. Dose-response
curves and the concentrations leading to 50% decline in cell
viability (ECsgp) are shown in Fig. 1 and Table 1, respectively.
BADGE- 2HCl and BADGE were the most cytotoxic compounds, with
ECs0 in the range of 32—-43 uM, whilst BADGE-H,0 was less cyto-
toxic (81101 uM).

BADGE and BADGE-H;0 weakly induced ROS generation at a
nominal concentration of 100 uM (below 1.4-fold), while BADG-
E-2HCl did not have a significant effect (Fig. 2). 3-
Morpholinosydnonimine (5 pM; SIN-1), which was used as a pos-
itive control, lead to 10-fold increase of ROS production after
60 min exposure,

3.2. CYP19 activity

Human placental JEG-3 cells exposed to BADGE, BADGE-2HCI
and BADGE-H,0 at the concentration range of 10-200 uM for 24 h
showed a dose-dependent decrease of CYP19 activity. The inhibi-
tory effect was similar for the three compounds, with ICsg of
31-49 uM (Table 1). For BADGE and BADGE-2HCI, dose response
curves of cytotoxicity and inhibition of CYP19 activity were closely
related, and the inhibition of placental CYP19 was mostly attributed
to cytotoxicity (Fig. 1, Table 1).

3.3. Analysis of BADGE and derivatives in culture medium

Experimental concentrations of BADGE and derivatives detected
in culture medium right after dosing (tp) and after 24 h (ty4) of
exposure are shown in Fig. 3. Blank samples, which consisted on
medium taken from solvent control cells (0.5% DMSO), were
analyzed; the concentration of the analytes was below LOQ (limit of
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120 quantification). Experimental concentration of BADGE right after
BADGE dosing (tp) was 64 + 3% of nominal concentration, but it drastically
100 decreased to ~5% after 24 h (tz4), when a mixture of hydrolysed and
— chlorinated derivatives (BADGE-2H,0, BADGE-H,0, BADG-
g E-H,0-HCl, BADGE-HCI and BADGE-2HCI) was detected at con-
§ 60 centrations of 0.2—3.5 uM (Fig. 3A). The presence of chleride salts in
5 the culture medium may have promoted the chlorination of BADGE.
® 40 Similarly, the experimental concentration of BADGE - H»0 right after
dosing was very close to nominal concentration (92 + 7%), but
20 drastically decreased to 16 + 2% after 24 h. At ty4, the hydrolysis and
0 chlorination of the epoxy group of BADGE-H;0 occurred and a
significant amount of BADGE-2H,0 and BADGE -H,0-HCl
10 L .60 AW (29 +3uM and 21 + 2 uM, respectively) was detected in culture
log (uM] medium of cells exposed to 100 uM BADGE-H,0 (Fig. 3B). In
contrast, BADGE - 2HCI remained stable in culture medium (70% of
120 nominal concentration, both at tg and tp4), although small amounts
of BADGE-H,0-HCl and BADGE-HCI (1.41-2.98 pM) were detected
100 — BADGEH,0 after 24 h of exposure (Fig. 3C).
N ™
B % %
z % 3.4. Analysis of cellular lipids
8 60
s % The flow injection analysis of lipid extracts allowed the identi-
R 40 \\ fication of 73 different lipids in JEG-3 cells, including 18 PCs, 19
20 . plasmanyl/plasmalogen phosphatidylcholines (PC-O/PC-Ps), 10 TGs
b 3 and 9 DGs in positive ionization mode (ESI+) and 11 PEs, 2 PSs and
0 - . . — e 4 Pls in negative ionization mode (ESI-). PCs represented 59% of the
total lipids, being the most abundant class, followed by PC-O/PC-Ps
1 0 =0 100 200 (18%) and TGs (12%) (for details on the lipid species analyzed see
log [uM] Table 52, Supplementary Information). In addition, 12 fatty acids
(FA 16:0, 16:1, 18:0, 18:1, 18:2, 20:0, 20:1, 20:2, 20:3, 20:4, 22:0,
140 24:0) were identified.
BADGE-2HCI PLS-DA scores plot revealed differences between the lipidic
120 patterns of control cells and those exposed to non-toxic concen-
_ 100 trations of the compounds (<ECyg). 20 uM BADGE (48.3% of the
£ covariance explained with two components; R®=0901;
£ 80 Q*=0.625) and 40uM BADGE-H,0 (48.7% of the covariance
..‘.; 60 explained; R?=0.938; Q°=0.744); 28 and 29 VIPs> 1.0 were
= generated. After exposure to BADGE, mainly membrane lipids (PCs,
40 PC-O/PC-Ps) and DGs were down-regulated, while TGs (48:2, 50:2)
20 were up-regulated. A higher predictive power was obtained for the
S BADGE-2HCl model (R2 =0.987; QZ =0.914), with 41 VIPs (>1.0)
0 - - generated (Fig. 4). The lipidome of cells exposed to 20 uM BADG-
5 10 20 50 100 E-2HCl was characterized by a general decrease of both, membrane
log [uM] lipids, mostly PCs (32:0, 36:2-3, 38:2-5, 40:4-7), several PC-O/PC-

Fig. 1. Dose-response curves of cytotoxicity (solid line) and CYP19activity (dotted line)
in JEG-3 cells exposed to BADGE, BADGE-H,0 and, BADGE-2HCI for 24 h. Results are
expressed as percentage of activity in control cells {mean + SEM of at least three
different assays). Specific activity of CYP19 in control cells was 137 + 24 fmol/min/mg
of protein.

Table 1

Concentrations which caused 50% cytotoxicity (ECsq) and 50% inhibition of CYP19
activity (ICsg) in JEG-3 cells exposed to BADGE and its derivatives for 24 h. AB and
CFDA-AM are the toxicity probes used. Results are expressed in uM as mean + SEM of
at least 3 assays.

Compound Cytotoxicity cYra
AB CFDA-AM

BADGE 43 +2 38+3 39+6

BADGE-H;0 101 +6 81+6 49 +5

BADGE-2HCI 32+6 39+5 31+4

52

Ps, PSs (34:1, 36:2), and neutral lipids, such as TGs (48:1-2, 50:0-
1-2, 52:2-3-4, 54:3-4) and DGs (32:0-1, 34:1-2-3, 36:1-2-3);
whereas PC 36:5 and 38:5 were slightly accumulated (Fig. 4C).

Volcano plots (fold change > 1.5; p <0.05) were applied to
highlight those lipids species that were significantly altered in JEG-
3 cells as a consequence of exposure to BADGE and derivatives and
to visualize the magnitude of the change (Fig. 5). The univariate
analysis evidenced a significant decrease of PCs (38:2-3, 40:7) in
cells exposed to 20 uM BADGE in comparison to control cells, while
a higher effect was evidenced in cells exposed to 40 uM BADGE, a
concentration close to its ECsg: decrease of some PCs (38:3-4) and
DGs (34:1, 34:3, 36:2) and accumulation of TGs (48:2, 50:2). In
contrast, no significant changes were detected in cells exposed to
40 uM BADGE-H;0, while those exposed to a concentration close to
the ECsp of the compound (80 pM) were characterized by a deple-
tion of DGs (1.5 to 3- fold change), PC 32:0, and some PC-0Os, while
TG 48:2 (1.5 fold) and some PEs (3—4 fold change) were increased.
Alarge number of lipids were significantly depleted after exposure
to 20-40 uM BADGE-2HCI, including TGs (2-9 fold), DGs (2—4
fold), PC-O/PC-Ps (2—4 fold), PCs and PSs (1.5-2 fold).
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Fig. 2. ROS production in JEG-3 cells after 60 min of exposure to BADGE, BADGE-H,0 and BADGE- 2HCI. Values are expressed as percentage of control cells as mean + SEM of at least
six different plates assayed. Black line is control value (100%). *Statistically significant differences from control (p < 0.05).

4. Discussion

This study highlights the higher cytotoxicity of BADGE and
BADGE-2HCl (ECsg: 30—40uM) in comparison to BADGE-H,O
(ECsg: 100 uM) in JEG-3 cells. Epoxy groups are particularly reactive
with cellular macromolecules; therefore, the compounds with
epoxy groups (BADGE, BADGE-H,0) were expected to be more
toxic (Suarez et al, 2000). However, BADGE-2HCI (no epoxy
groups) showed a toxicity comparable to BADGE in placental cells,
probably due to the higher stability of the compound in culture
medium and its higher availability to the cells. In fact, one impor-
tant limitation of in vitro studies is the often poor biocavailability of
the compounds in culture medium, due to low aqueous solubility,
low stability or volatility (Pérez-Albaladejo et al,, 2017). The anal-
ysis of free concentrations of BADGEs in culture medium evidenced
significant discrepancies between the theoretical/nominal con-
centrations and the experimental ones, with the exception of
BADGE- 2HCI, for which the experimental and nominal concentra-
tions were fairly close (~70%). When cells were exposed to BADG-
E-H;0, a mixture of BADGE-H,0, BADGE-2H;0 and
BADGE H,0-HCl was detected in culture medium after 24h.
Consequently, the toxicity of BADGE-H20 cannot be directly asso-
ciated to the compound itself, but to the mixture of derivatives that
together reached a concentration of ~65% of the nominal one. By
contrast, BADGE showed the lowest stability in the culture me-
dium, since many different hydrolysed and chlorinated derivatives
were detected after 24 h exposure, but the sum of all them only
reached ~13% of the nominal concentration. Thus, the hydrolysis
and chlorination of epoxy groups of BADGE and BADGE-H30 is
favoured in aqueous medium. Additionally, the reaction of the
compounds with other components (e.g. glucose, amino acids and
proteins) or even its metabolism by placenta cells, can also occur
(Bentley et al., 1988; Petersen et al., 2008; Coulier et al., 2010).

Therefore, the toxicological effects detected for BADGE and
BADGE-H;0 should be attributed to the mixture of compounds
present in culture medium instead of the concentration of the
parental compound. In addition, EC5y values based on nominal
concentrations underestimate the toxicity of these compounds.
When the experimental concentrations were used to calculate the
cytotoxicity, BADGE was the most toxic compound (ECsg: ~25-fold
lower than the nominal one, considering the sum of derivatives)
followed by BADGE-2HCI (ECsp: 26 +3 (Alamar Blue); 22 +5uM

(CFDA-AM)) and BADGE-H;0 (ECsp: ~1.5-fold lower than the
nominal one considering the sum of derivatives). Similarly, recal-
culated ICsq for CYP19 inhibition for BADGE-H,0 based on experi-
mental concentrations decreased to ~18 + 1 pM.

Consequently, taking into account the experimental concen-
trations of the compounds instead of the nominal ones, BADGE and
derivatives showed a much higher cytotoxicity and a greater ability
to inhibit CYP19activity (BADGE-H»0) in JEG-3 cells than the pre-
cursor BPA (ECsp: 138218 uM; ICs0: 71 + 7 Perez-Albaladejo et al.,
2017).

In addition to the endocrine function, placental cells play a key
role in lipid metabolism and transfer of lipids, which is essential for
a healthy pregnancy and for foetal growth (Herrera et al, 2006).
Dysregulation of lipid metabolism in the placenta of pregnant
women has been associated to different diseases and pathologies,
such as preeclampsia and recurrent miscarriages (Baig et al., 2013).
Therefore, this work explores the use of JEG-3 cells as a tool for the
detection of contaminants that can interfere with lipid metabolism
and alter the cell lipidome, giving rise to specific lipidic finger-
prints, which may eventually be associated with pathologies. The
analysis of the lipid extracts by FIA-Orbitrap allowed the identifi-
cation of 85 lipid species and obtaining a fingerprint of JEG-3 cell
lipids in only 2 min acquisition time. Although human placental
lipidome has been previously investigated (Dunn et al., 2012;
Brown et al,, 2016), to the best of our knowledge, this is the first
study showing alterations in placenta cell lipids after exposure to
BADGE derivatives. BADGE - 2HCl was the most active compound, at
a concentration of 20 uM caused a significant reduction of DGs
(1.5—4-fold), and PC-O/PC-P (1.5-fold), PC 32:0, but particularly TGs
with a relatively low number of carbons and double bonds (TG 48:1,
50:0, 50:1, 52:2, 52:3, 54:3, 54:4) that decreased up to 10-fold,
without any significant alteration of cell viability (-90% of control
cells). Placental TGs are considered FA depots that act as interme-
diate pools in the transfer of FA across the placenta from mother to
foetus (Lewis and Desoye, 2017). Thereby, a depletion of TG depots
can have harmful consequences during pregnancy. Increased hy-
drolysis of TGs in cells exposed to BADGE-2HCI can be anticipated;
however, the intracellular increase in FA seems too small to support
the hypothesis (see supplementary info; Fig. S1). Other mecha-
nisms, such as increased lipoprotein formation and transfer of TGs
to the developing foetus, should be further investigated.

In contrast, exposure to 20—40 pM BADGE lead to a significant
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Fig. 3. Concentrations of BADGE and derivatives detected in culture medium right after dosing (tg) and 24 h (ty4) after exposure to BADGE, BADGE -H;0 and, BADGE- 2HCI. Con-

centrations are expressed in uM, as mean of three replicates.

decrease of some long chain unsaturated PC 38:2, 38:3, 40:7,
together with an accumulation of TG 48:2, 50:2 (1.5-fold change;
p<0.05) and a depletion of DGs (34:1, 34:3, 36:2). Likewise,
Chamaorro-Garcia et al. (2012} reported the ability of BADGE at
nanomolar concentrations to induce adipogenesis in both, multi-
potent mesenchymal stromal stem cells MSCs and 3T3-L1 pre-
adipocytes, after 14 days of exposure. Elevated placental
triglyceride storage has been reported in maternal diabetes and
obesity, but also in placentas with preeclampsia (Brown et al,
2016). It is important to stress that the observed lipidic changes
occurred at experimental concentrations of BADGE well below
1 uM, and they are likely to affect placental nutrient handling and
ultimately, induce pro-adipogenic changes in the foetus (Lewis and
Desoye, 2017).

Comparatively, BADGE-H;0 was the less effective compound in
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terms of inducing alterations of intracellular lipids. A depletion of
DGs (1.5 to 3 fold change), PC-O 32:0, PC-O 38:4/PC-P 38:3 and PC
32:0 (1.5 fold) was observed, while TG 48:2 (1.5 fold) and some PEs
(3—4 fold) increased. The alterations were observed at a nominal
concentration of 80 uM (~-50uM experimental concentration, as
sum of hydrolysed derivatives) that corresponded to the ECsq for
cytotoxicity. The strong increase of PEs (inner membrane lipids)
and consequently, the altered ratio PCs/PEs (1.5-fold decrease) is an
indication of altered membrane functionality (Li et al, 2006). PEs
can be directly synthetized from DGs through the action of the
enzyme CEPT1 (choline/ethanolamine phosphotransferase) that
catalyses the incorporation of an activated alcohol to DGs (Carrasco
and Merida, 2007) and this was supported by the observed
decrease in DGs (34:1, 36:2), and the concomitant increase in the
same PEs (Fig. 5).
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Additionally, PC-O/PC-Ps were among the down-regulated VIPs
detected after exposure of JEG-3 cells to BADGE, BADGE-H20 and
BADGE-2HCl. The decrease was quantitatively significant after
exposure to BADGE-2HCl. Among other functions, PC-Ps act as
endogenous antioxidants, protecting other lipids from oxidative
stress because the vinyl ether bond is preferably oxidized, while
protecting from oxidation the polyunsaturated fatty acids present
in the sn-2 position (da Silva et al.,, 2012; Braverman and Moser,
2012). However, accurate mass measurements did not allow
discerning PC-Ps from isobaric alkyl ether lipids (PC-Os), both
ether-lipids whose involvement in different human diseases has
recently been described. Thus, a lipidomic study on breast cancer
patients identified increased PC-Os as a diagnostic marker for
breast cancer (Chen et al., 2016). Also, altered PC-P levels are often
reported in cancer patients, although the mechanisms that lead to
these changes are not yet understood (Messias et al,, 2018).

Apart from the ability of BADGE and derivatives to disrupt
placenta cells lipidome, this work evidences the comparatively
higher toxicity and endocrine disruption potential of these
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chemicals in comparison to BPA (ECsp: 138-218 uM 1Csg:
71+ 7 uM; Perez-Albaladejo et al., 2017). During the last years, the
hazardous effects of BPA in human health have been deeply
investigated. Consequently, EFSA fixed a tolerable daily intake (TDI)
of 4 ugkg ! of body weight per day and specific migration limits
(SML) of 0.6mgkg ' of food (EFSA supporting publication
2015:EN-740). Moreover, due to the potential toxicity of BADGE
and its derivatives, the European Commission has established a TDI
of 150 ug kg ' of body weight per day and a SML of 9mgkg ' of
food for the sum of BADGE and its hydrolysed derivatives (BADG-
E-2H,0, BADGE-H;0), whereas for the sum of the chlorinated de-
rivatives (BADGE-HCl, BADGE-2HCl, BADGE-HCI-H;0) a SML of
1 mg kg~ ! has been established (EC regulation No. 1895/2005). This
limits are lower (~0.5—2.5 uM) than the ECs0/ICso found in this
study based on nominal concentrations of the compounds in cul-
ture medium (32—100 pM). However, when experimental concen-
trations are taken into account (ECsg for BADGE: ~1.7 uM) some
concern is raised. Moreover, considering that the concentrations of
BADGEs reported in urine, plasma and adipose tissue (up to 1500 ng
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mL!, 65ng mL~" and 45 ng g*' respectively) are in the range or
even higher than those reported for BPA (40ng mL™', 5ng mL "’
and 20 ng g 1) (Wang et al., 2015; Xue et al., 2015), and taking into
account the higher toxicity of BADGE and derivatives in comparison
to BPA, the present study evidences the need to review TDI and SML
limits for BADGE and its derivatives and to monitor human expo-
sure to these compounds, at least as intensely as BPA is monitored.
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Informacié suplementaria de l'article “Toxic effects of bisphenol A

diglycidyl ether and derivatives in human placental cells”

A. Marqueno, E. Pérez-Albaladejo, C. Flores, E. Moyano, C. Porte
Environmental Pollution 244 (2019), 513-521

Table S1. Quality parameters for the BADGE derivatives analysed, elution time,
SRM monitored transitions, optimized tube lens and collision energies.

Elution time Collision energy  Tube Lop* Loa’
Compound Transition
(min) (ev) lens (V) (ppb) (ppb)
BADGE-2H,0 2.21 394>209* 13 63 13 41
394>135" 31
BADGE-H,0 3.23 376>209 16 63 13 41
376>135 27
BADGE-H,0-HCI 3.48 412>227 14 70 9 28
412>135 33
BADGE 3.81 358>191 16 65 7 22
358>135 29
BADGE-HCI 4.02 394>227 16 70 10 33
394>135 31
BADGE-2HCI 4.24 430>227 16 70 25 81
430>135 31

*Quantification transition.
*|dentification transition.
® Limit of detection and limit of quantification for quantification transitions.
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Table S2. Lipid species identified in human placental choriocarcinoma JEG-3
cells using an Orbitrap-Exactive system. PCs, TGs, DGs and PC-O/PC-Ps were
mainly ionized in ESI(+) as adducts of [M+Na] +, whilst PEs, PSs and Pls in ESI(-)
as [M-H] -. All identified lipids in accordance to criteria of a maximum
permissible mass error of 4 ppm and 0.5 < RDB < 15. RDB: rings plus double

bonds.
. %

- . Molecular LU Measured mass A pmol/10° % total

Lipid specie Formula al mass (Da) RDB m cells lipid liid
(Da) PP class ps
PC32:0 C40H8ONO8PNa  756.5514 756.5508 1.5 -0.75 949+67 5.3 3.1
PC32:1 C40H78NO8PNa  754.5357 754.5348 25 -1.27 2992+263 16.8 9.9
PC32:2 C40H76NO8PNa 752.5201 752.5189 3.5 -1.54 549 *+ 62 3.1 1.8
PC34:1 C42H82NO8PNa 782.5676 782.5658 2.5 -1.57 5701+382 32.0 18.8
PC34:2 C42H8ONO8PNa  780.5514 780.5503 3.5 -139 2078+246 11.7 6.8
PC34:3 C42H78NO8PNa 778.5357 778.5344 4.5 -1.72 209 £ 15 1.2 0.7
PC 36:2 CA4H84NO8PNa  808.5827 808.5814 3.5 -158 3264+139 18.3 10.8
PC 36:3 C44H82NO8PNa  806.5670 806.5660 45 -129 581+55 3.3 1.9
PC36:4 CA4H80NO8PNa  804.5514 804.5505 5.5 -1.1 231+20 13 0.8
PC 36:5 CA4H78NO8PNa  802.5357 802.5345 6.5 -1.53 7516 0.4 0.2
PC 38:2 C46H88NO8PNa  836.6140 836.6129 35 -1.26 156 +11 0.9 0.5
PC 38:3 C46H86NO8PNa  834.5983 834.5977 45 -0.75 209+20 1.2 0.7
PC 38:4 C46H84NO8PNa 832.5827 832.5814 5.5 -1.49 362+24 2.0 1.2
PC 38:5 C46H82NO8PNa  830.5670 830.5662 6.5 -0.96 75+6 0.4 0.2
PC 38:6 C46H80ONO8PNa  828.5514 828.5511 7.5 -0.39 133+10 0.7 0.4
PC40:4 CA8H88NO8PNa  860.6140 860.6120 5.5 -2.27 69+6 0.4 0.2
PC 40:6 CA8H84NO8PNa  856.5832 856.5841 7.5 1.62 75+5 0.4 0.2
PC 40:7 C48H82NO8PNa  854.5670 854.5660 85 -1.17 103+9 0.6 0.3
TOTAL PCs 17811 + 58.7
1447

PC-0 30:0 C38H78NO7PNa  714.5408 714.5395 0.5 -1.81 139+19 2.6 0.5
PC-032:0 C40H82NO7PNa  742.5721 742.5713 0.5 -1.07 434+65 8.0 1.4
PC-032:1 CAOH80NO7PNa  740.5565 740.5555 1.5 -1.35 656+50 121 2.2
PC-0 32:2/PC-P C40H78NO7PNa  738.5408 738.5400 25 -1.06 174+16 32 06
32:1
PC-0 34:1 C42H84NO7PNa 768.5878 768.5868 1.5 -1.24 1370*167 25.2 4.5
PC-0 34:2/PC-P C42H82NO7PNa 766.5721 766.5712 2.5 -1.23 429 + 39 7.9 1.4
34:1
PC-O 34:3/PC-P CA2H80NO7PNa  764.5565 764.5554 35 -141 99+3 1.8 0.3
34:2
PC-0 36:1 C44H88NO7PNa  796.6191 796.6188 1.5 -0.33 101+11 1.9 0.3
PC-O 36:2/PC-P C44H86NO7PNa  794.6034 794.6023 25 -145 30441 5.6 1.0
36:1
PC-O 36:3/PC-P C44H84NO7PNa  792.5878 792.5870 3.5 -097 294+19 5.4 1.0
36:2
PC-0O 36:4/PC-P C44H82NO7PNa  790.5721 790.5710 45 -144  188+21 3.5 0.6
36:3
PC-0 36:5/PC-P C44H8ONO7PNa 788.5565 788.5554 5.5 -1.37 84 +14 1.6 0.3
36:4
PC-O 38:3/PC-P C46H88NO7PNa  820.6191 820.6186 35 -054 125%14 2.3 0.4
38:2
PC-O 38:4/PC-P C46H86NO7PNa  818.6034 818.6025 45 -111  274%25 5.0 0.9
38:3
PC-0 38:5/PC-P C46H84NO7PNa 816.5878 816.5863 5.5 -1.79 341+25 6.3 1.1

38:4

60



TREBALL EXPERIMENTAL | RESULTATS

PC-O 38:6/PC-P C46H82NO7PNa  814.5721 814.5707 6.5 -1.76 204 +19 3.7 0.7
38:5

PC-P 38:6 C46H80NO7PNa 812.5565 812.5566 7.5 0.12 49+5 0.9 0.2
PC-O 40:6/PC-P C48H86NO7PNa  842.6034 842.6043 6.5 0.99 73+9 1.3 0.2
40:5

PC-P 40:6 C48H84NO7PNa 840.5878 838.5745 7.5 2.85 102 +£13 1.9 0.3
TOTAL PC-O + PC- 5441 + 574 17.9
Ps

PE 34:1 C39H75N0O8P 716.5225 716.5240 3.5 2.05 425+ 63 19.7 1.4
PE 34:2 C39H73N0O8P 714.5068 714.5081 4.5 1.79 174 + 39 8.1 0.6
PE 36:2 CA1H77NO8P 742.5381 742.5396 4.5 199 468+135 21.7 15
PE 36:3 CA1H75NO8P 740.5225 740.5239 5.5 1.96 142+ 29 6.6 0.5
PE 36:4 C41H73N0O8P 738.5068 738.5079 6.5 1.46 96 + 14 4.4 0.3
PE 38:4 CA3H77NO8P 766.5381 766.5398 6.5 2.22 256+ 21 119 0.8
PE 38:5 C43H75NO8P 764.5225 764.5237 7.5 1.58 302+24 140 1.0
PE 38:6 CA3H73NO8P 762.5068 762.5079 8.5 1.39 87115 4.1 0.3
PE 40:5 CA5H77NO8P 790.5381 790.5405 8.5 3.01 59+4 2.7 0.2
PE 40:6 CA5H75NO8P 788.5225 788.5226 9.5 0.2 73+13 34 0.2
PE 40:7 CA5H73NO8P 786.5068 786.5069 10.5 0.05 75+5 3.5 0.2
TOTAL PEs 2157 £ 362 7.1
Pl 34:1 C43H80013P 835.5331 835.5348 4.5 1.99 66+ 17 141 0.2
PI36:2 C45H82013P 861.5488 861.5505 5.5 1.98 92+16 199 03
P138:3 C47H84013P 887.5644 887.5665 6.5 2.32 170+ 8 36.5 0.6
PI38:4 C47H82013P 885.5488 885.5507 7.5 2.16 137 +32 29.5 05
TOTAL Pls 465 + 74 1.5
PS 34:1 C40H75NO10P 760.5123 760.5129 4.5 0.75 103+ 16 55.4 0.3
PS 36:2 C42H77NO10P 786.5280 786.5291 5.5 1.41 83+16 44.6 0.3
TOTAL PSs 187 + 32 0.6
DG 32:0 C35H6805Na 591.4959 591.4951 1.5  -1.31 39+8 6.3 0.1
DG 32:1 C35H6605Na 589.4802 589.4796 25  -1.16 87+19 139 03
DG 34:1 C37H7005Na 617.5115 617.5107 2.5 -1.32 175+31 28.1 0.6
DG 34:2 C37H6805Na 615.4959 615.4950 3.5 -141 79+21 126 0.3
DG 34:3 C37H6605Na 613.4802 613.4797 45 -0.89 26+5 4.1 0.1
DG 36:1 C39H7405Na 645.5428 645.5435 2.5 0.98 30+7 4.8 0.1
DG 36:2 C39H7205Na 643.5272 643.5266 3.5 -0.99 110+ 20 17.6 0.4
DG 36:3 C39H7005Na 641.5115 641.5116 4.5 0.02 26+5 4.1 0.1
DG 38:3 CA1H7405Na 669.5428 669.5410 45  -2.79 52+8 8.4 0.2
TOTAL DGs 622 +123 2.0
TG 48:1 C51H9606Na 827.7099 827.7089 3.5  -1.17 233 +25 6.3 0.8
TG 48:2 C51H9406Na 825.6943 825.6929 4.5 -1.7 193 +37 5.3 0.6
TG 50:0 C53H10206Na 855.7412 855.7413 3.5 0.14 300 + 45 8.2 1.0
TG 50:1 C53H10006Na 855.7412 855.7424 3.5 1.42 595 + 105 16.2 2.0
TG 50:2 C53H9806Na 853.7256 853.7258 4.5 0.26 219+ 40 6.0 0.7
TG 52:2 C55H10206Na 881.7569 881.7554 45 -147 732197 200 24
TG 52:3 C55H10006Na 879.7412 879.7395 5.5 -1.7 478 + 86 13.0 1.6
TG 52:4 C55H9806Na 877.7256 877.7238 6.5 -1.76 157 +34 4.3 0.5
TG 54:3 C57H10406Na 907.7725 907.7709 5.5 -1.59 535198 146 1.8
TG 54:4 C57H10206Na 905.7569 905.7556 6.5 -1.22 223+ 45 6.2 0.8
TOTAL TGs 3668 + 100 12.1
TOTAL LIPIDS 30351 100

2711 %
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Figure S1. Relative intensity of identified fatty acids (FA) in control and cells

exposed to 20 and 40uM BADGE-2HCI. Levels are expressed as mean = SEM
(n=4).
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2.2 DISRUPCIO LIPIDICA EN MODELS AMBIENTALS

Durant les darreres décades, hi ha hagut un creixement exponencial en la
produccié i I'is de compostos quimics, i I'alliberament d’aquests compostos al
medi aquatic esta ocasionant un augment de la contaminacidé aquatica a nivell
mundial. S’ha descrit que alguns compostos sén capagos d’alterar la sintesi i el
metabolisme de lipids induint-ne I'acumulacié intracel-lular promovent
processos d’obesogenesis. En aquest apartat, s'avalua I'Us de linies cel-lulars
hepatiques de peix com a métodes de cribratge per detectar els xenobiodtics
gue poden alterar el metabolisme de lipids en organismes aquatics.

En aquest context, s’Tha dut a terme la descripcié del perfil lipidic de les
cel-lules PLHC-1 i ZFL utilitzant la tecnica FIA-HRMS i s’ha caracteritzat la seva
resposta a I'exposicié a dos compostos model, TBT, compost classificat com a
obesogen en models humans, i ATRA, compost agonista del receptor RXR. Els
resultats obtinguts es troben recollits a l'article 11, titulat “Dysregulation of lipid
metabolism in PLHC-1 and ZFL cells exposed to tributyltin an all-trans retinoic
acid” (apartat 2.2.1).

Per altra banda, s’ha avaluat I'efecte de diversos additius plastics sobre el
lipidoma de les cél-lules ZFL mitjancant la técnica UHPLC-HRMS/MS i s’ha
estudiat I'expressié d’alguns gens d’interes involucrats en el metabolisme dels
lipids mitjancant reaccié en cadena de la polimerasa en tems real (RT-PCR). Els
resultats de I'estudi es troben recopilats en I'article lll, titulat “Untargeted
lipidomics shows the ability of bisphenol A and derivatives to alter lipid
metabolism in zebrafish liver cells (ZFL)” (apartat 2.2.2).

Per ultim, s’ha estudiat I'habilitat del progestagen sintétic drospirenona

(DRO) d’alterar el lipidoma de les cél-lules PLHC-1 a diferents temps
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d’exposicid, mitjangant la técnica FIA-HRMS. Els resultats han estat publicats a
I'article 1V, titulat “Drospirenone induces the accumulation of triacylglycerides

in the fish hepatoma cell line, PLHC-1" (apartat 2.2.3).
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Dysregulation of lipid metabolism in PLHC-1 and ZFL cells exposed to
tributyltin an all-trans retinoic acid

Anna Marqueno, Cintia Flores, Marta Casado, Cinta Porte

Environmental Chemistry Department, IDAEA —CSIC-, C/ Jordi Girona 18-26, 08034
Barcelona, Spain

ABSTRACT

There is increasing awareness that exposure to endocrine disrupters interferes with lipid
homeostasis in vertebrates, including fish. Many of these compounds exert their action by
binding to nuclear receptors, such as peroxisome proliferator-activated receptors (PPARs)
and retinoid X receptor (RXR). This work investigates the use of fish liver cells (PLHC-1 and
ZFL cells) for the screening of metabolic and lipid disruptors in the aquatic environment by
assessing changes in the cells lipidome after exposure to the model compounds, tributyltin
chloride (TBT) and all-trans retinoic acid (ATRA). Lipid extracts, analyzed by FIA-ESI(+/-
)Orbitrap, evidenced the accumulation of triglycerides (TG) and diglycerides (DG) in both
cell models after exposure 100 and 200 nM TBT for 24 h. Exposure to 1 uM ATRA led to a
significant accumulation of TGs in PLHC-1 cells, while few TGs were accumulated in ZFL
cells. Retinoic metabolism (cyp26bl, cyp3a65, Irata) and lipid metabolism related genes
(fasn, scd, elovl6) were up-regulated by both TBT and ATRA exposure, but only ATRA up-
regulated the expression of cypla and down-regulated dgatla. This study (a) highlights the
similar mode of action of TBT in both cell models and shows comparable sensitivity and
responses to those previously reported in mammalian models, and (b) proposes the used of
fish liver cell lines as an alternative model for the screening of lipid and metabolic
disrupters in aquatic organisms.

Keywords: fish cells, liver, lipid metabolism, gene expression, triglycerides.
1. Introduction

Currently, there s
awareness that
pollutants can interfere with lipid

homeostasis in wildlife populations. A regulated genes

increasing 2015; Ouadah-Boussouf and Babin,
environmental 2016; Zhang et al., 2016, 2017).
Exposure to warfarin, a PXR agonist, up-
involved in lipid

growing number of studies have metabolism in  zebrafish embryos
reported alterations in the metabolism (Granadeiro et al., 2019), while
and accumulation of lipids in aquatic exposure to diesel water-

organisms caused by external stressors,
including herbicides, organotins,
pharmaceuticals and others
(Lyssimachou et al., 2009; Jordao et al.,
2016; Tang et al., 2019). Increased lipid
and TG content, increased adiposity and
altered body weight are among the
effects reported in fish exposed to the
well-known obesogenic compound, TBT
(Meador et al., 2011; Lyssimachou et al.,

accommodated fraction down-regulated
the transcription of genes involved in
cholesterol and fatty acid (FA) synthesis
and lead to decreased levels of several
lipids, including cholesteryl esters (CE),
FAs, diglycerides (DG) and triglycerides
(TG) (Mu et al., 2018). Field studies have
also evidenced alterations of lipid
homeostasis in organisms inhabiting
polluted environments. Thus, high
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abundance of lipids associated to energy
storage, including TGs, were reported in
mosquitofish ~ (Gambusia  holbrooki)
collected in metal and metalloid-
contaminated wetlands (Melvin et al.,,
2019). The skeletal muscle of fish
collected in polluted areas showed a
dysregulation of cholesterol
homeostasis and a lipid signature which
was characteristic of oxidative stress,
with decreased levels of plasmalogen
phosphatidylcholine species (PC-P) and
hydrolysis of PCs containing PUFAs with
the concomitant formation of lyso-PCs
(LPCs) (Marquefio et al., 2019a).

In fish, as in other vertebrates, lipid
homeostasis is tighly regulated by
complex networks involving
transcription factors (e.g. nuclear
receptors), enzymes, hormones and
nutrients. The liver plays a central role
in the maintenance of lipid homeostasis
(Postic et al., 2004), and alterations of
its lipid composition can have harmful
consequences, leading to the
development of metabolic syndrome
and other disorders. Thus, we
hypothesize that hepatic fish cell lines
may represent a valuable model for the
detection of environmental lipid
disrupters through a lipidomic
approach. In fact, hepatic fish cell lines,
namely PLHC-1, derived from a
topminnow (Poeciliopsis lucida), and ZFL
cells, derived from zebrafish (Danio
rerio), have been extensively used in
ecotoxicology studies (Yang and Chan,
2015; Blanco et al., 2018), obtaining
comparable results with those detected
in vivo (Schirmer, 2006).

To test this hypothesis, tributyltin
chloride (TBT) and all-trans retinoic acid
(ATRA) were selected as model
compounds. TBT is a well-known
obesogen that alters lipid metabolism
through interaction with the nuclear
receptors PPARy/RXR (Ouadah-Boussouf
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and Babin, 2016). Primary cultures of
rainbow trout preadipocytes
differentiated into adipocytes in the
presence of TBT (Lutfi et al., 2017).
Accordingly, exposure of zebrafish to
TBT at the low nM range stimulated
adipocyte differentiation, together with
an up-regulation of the expression of
liver X receptor (Ixr) and a down-
regulation of fatty acid binding protein
11a (fabplla) (Broeder et al.,, 2017),
and an accumulation of lipid droplets in
the liver, consistent with steatosis, was
observed in adult zebrafish after 90 days
exposure (Zhang et al., 2016). All-trans
retinoic acid (ATRA) is an endogenous
active metabolite of vitamin A, which
has a key role in lipid and energy
metabolism. ATRA binds to RARs, and an
excess of ATRA can isomerize to 9-cis
retinoic acid in vivo, which binds both to
RAR and RXR (Bonet et al., 2012).
Evidence shows that retinoic acid
reduce body fat by inhibiting lipid
metabolism, but exogenous ATRA
treatment increased adipocyte-related
gene expression in zebrafish embryos (Li
et al., 2010). In addition, ATRA has been
found to induce intracellular lipid
accumulation and promote
differentiation in  human  AML-I
preadipocyte cells, together with up
regulation of the expression of leptin,
adipoleptin and lipoprotein lipase (/p/)
(Morikawa et al., 2013). Retinoic acid
influence on lipid metabolism has
mostly been studied in human models,
nevertheless, a study investigating the
effect of ATRA in late zebrafish embryos
found out over-representation of genes
involved in sphingolipid metabolism
(Navarro-Martin et al., 2018).

The aim of this study was to evaluate
the use of PLHC-1 and ZFL cell lines as an
alternative in vitro model for the
detection of lipid disrupters in the
aquatic environment by assessing
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changes in the cell’'s lipidome after
exposure to the model compounds, TBT
and ATRA. Additionally, the expression
of several genes involved in retinoid and
lipid metabolism (Table S1,
Supplementary material) related genes
was measured in ZFL cells. This
approach may be useful for feeding
adverse outcome pathways and may
help link cellular changes to effects at
higher levels of biological organization in
future studies.

2. Materials and methods
2.1 Chemicals and reagents

Eagle’s Minimum Essential Medium
(MEM), fetal bovine serum, L-glutamine,
sodium pyruvate, nonessential amino
acids, penicillin, streptomycin,
phosphate-buffered saline (PBS),
Dulbecco’s PBS (DPBS) and trypsin-EDTA
were purchased from Gibco BRL Life
Technologies (Paisley, Scotland, UK).
TBT chloride and ATRA were from
Sigma—Aldrich (Steinheim, Germany). All
stock solutions were prepared in 0.1%
(v/v) dimethyl sulfoxide (DMSO, Sigma—
Aldrich). LC-MS grade methanol and
dichloromethane (299 %) were
purchased from Merck (Darmstadt,
Germany). Lipid standards, consisting of a
mixture of 17:0 triacylglyceride, 1,3-17:0 ds

diacylglyceride, 16:0 dj;-18:1
phosphatidylcholine, 17:0
lysophosphatidylcholine, 16:0  d3-18:1
phosphatidylserine, 16:0 d;;-18:1

phosphatidylethanolamine, and 16:0 ds;-
18:1 phosphatidylinositol were from Avanti
Polar Lipids (Alabaster, AL, USA).

2.2 Cell culture and cell viability

ZFL and PLHC-1 cell lines were
obtained from American Type Culture
Collection (ATCC® CRL-2643™ and CRL-
2406™, respectively). They were grown
in Eagle’s MEM supplemented with 5%

fetal bovine serum, 2 mM L-glutamine, 1
mM  sodium pyruvate, 0.1 mM
nonessential amino acids, 1.5 g-L‘1
sodium bicarbonate, 50 U/mL penicillin
and, 50 ug-mL'1 streptomycin. Cells were
routinely cultured in 75 cm’ culture
flasks (Corning; NY, USA) in a humidified
incubator with 5% CO, at 30°C. When
confluence was reached, cells were
dissociated with 0.25% (ZFL) or 0.05%
(PLHC-1) trypsin. Experiments were
carried out on confluent cell monolayers
from passages 5 to 20.

For the assessment of cytotoxicity,
cells were seeded at a density of 7.5-10"
cells per well (PLHC-1) and 6-10* cells
per well (ZFL) in 96 well-plates and
exposed to TBT and ATRA for 24 hours.
Each treatment was performed in three
different plates with cells from different
passages. Measurement of cytotoxicity
was performed using AB
(excitation/emission: 530/590 nm) and
CFDA-AM (485/530 nm) as described in
Pérez-Albaladejo et al. (2016).

2.3 Analysis of cellular lipids

Cells were seed in 24-well plates at a
density of 5-10° and 6-10° cells per well
(ZFL and PLHC-1, respectively) and
allowed to attach overnight. Cells were
exposed to TBT (50, 100 and 200 nM),
and ATRA (0.2 and 1 uM). After 24 h of
exposure, the culture medium was
removed and cells were rinsed with PBS,
trypsinized, centrifuged, and the pellets
stored at -80 °C under argon
atmosphere until extraction. Three
experiments with cells from different
passages were carried out and three
replicates per experiment were analysed
(n=9), except for 50 nM TBT, where only
two replicates per experiment were
analyzed (n=6).

Cell pellets were extracted with ethyl
acetate (x3) in an ultrasonic bath and
the lipid extracts were analyzed by FIA-
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(+#/-  H-ESI)  Orbitrap-Exactive  as
described in Marquefio et al. (2019).
Briefly, 5 uL of the reconstituted extract
(methanol) were infused into the
instrument at a flow rate of 50 uL-min’l.
The mobile phase was
methanol:dichloromethane (80:20). The
acquisition was performed in full scan
mode. Positive identification of the
lipids was based on the accurate mass
measurement (error < 5 ppm), isotopic
distribution, charge, adduct formation,
number of rings plus double bonds
(RDB=0.5-15) and elements in the
molecular formula. Quantification of the
lipids was performed by using an
internal standard that consisted in a
mixture of representative lipids for each
lipid family, with the exception of
plasmenyl/plasmanyl
phosphatidylcholines (PC-P/PC-0),
lysophosphatidylcholines  (LPC) and
sphingomyelins  (SMs) that were
calculated respect to the
phosphatidylcholine (PC) standard; and
plasmenyl/plasmanyl
phosphatidylethanolamines  (PE-P/PE-
0), lysophosphatidylethanolamine (LPE)
and phosphatidylglycerols (PG) referred
to the phosphatidylethanolamine (PE)
standard. Repeatability, expressed as
intra-day relative standard deviation
calculated for internal standards was
satisfactory (TG: 17%, DG: 12%, PC: 8%,
LPC: 12%, PE: 12%, P1: 12%, PS: 15%).

2.4 Real-time PCR

ZFL cells were seeded in 6-well
plates at a density of 106 cells per well
and allowed to attach overnight. Cells
were exposed to 100 nM of TBT and 1
UM of ATRA using 0.1% (v/v) of DMSO.
After 24 h of exposure, the culture
medium was removed and total RNA
was isolated by using TRIzol reagent
(Invitrogen Life Technologies, Carlberg,
Denmark). Six biological replicates from
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different cell passages (from 5 to 20)
were used. The quantity and quality of
isolated RNA were measured by
spectrophotometric absorption at 260
nm in a NanoDrop  ND-8000
Spectrophotometer (NanoDrop
Technologies, Wilmington, DE). The
obtained RNA was treated with DNasel
(Ambion, Austin, TX, USA) and retro-
transcribed into cDNA using Transcriptor
First Strand cDNA Synthesis Kit (F.
Hoffmann-La Roche, Basel, Switzerland),
following manufacturer’s instructions.
The cDNA obtained was diluted 1:2 and
two aliquots were stored at -80 °C for
gRT-PCR.

Primer sequences for genes involved
in lipid metabolism (elovl6, fasn, gpat2,
gpat3, Ipl, scd, abcalb, cd36, dgatla,
dgat2), retinoic metabolism (cyp26b1,
Irata, rdhl, ugtlal), xenobiotic
metabolism  (cyp3a65, cypla) and
nuclear receptors (ppara, pparB, ppary,
Ixr (nr1h3)) were designed using Primer
Express 2.0  software (Applied
Biosystems, Foster City, CA).
Quantification of transcripts abundance
was carried out in a LightCycler 480
Real-Time PCR System (F. Hoffmann- La
Roche) with SYBR-Green Mix (Roche
Applied Science, Mannheim, Germany).
PCR amplification efficiency for each
gene was determined by the serial
dilution method (Pfaffl, 2001). Primers
accession number, sequences, amplicon
lengths, and efficiency are described in
Table S2 (Supplementary material).
Housekeeping gene ppiaa was selected
as reference gene due to the high

stability of mRNA levels upon
treatments.
Relative mRNA abundances of

different genes were calculated from
the second derivative maximum of their
respective amplification curves (Cp, in
duplicates). To minimize errors in RNA
quantification among different samples,
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Cp values of target genes (Cptg) were
corrected to the correspondent Cp
values of the reference ppia gene:
corrCptg=Cptg-Cpppia. = Changes in
mRNA abundance in treated samples
were calculated by the AACp method
(Pfaffl, 2001) using corrected Cp values:
AACp=corr Cptg_untreated -
Cptg_treated).

2.5 Statistical analysis

Concentrations causing a 50%
decline of cell viability (EC50) were
calculated using  Sigmaplot 13.0
software. Lipid profiles were analyzed
with MATLAB R2016a (MathWorks,
Natick, Massachusetts). Unsupervised
principal component analysis (PCA) was
performed to explore the differences of
the lipid profiles within the datasets;
loading plots described the relative
importance of each variable to the
model. Lipid profiles were analyzed by
using the online software
Metaboanalyst 4.0 (Xia and Wishart,
2016). Volcano plots were applied to
visualize the significance and the
magnitude of the changes detected in
the cellular lipidomes (fold change > 1.5;
p < 0.05 Student t-test). Lipid
concentrations expressed as pmol per
mg of protein were autoscaled prior to
statistical analysis. Lipid data obtained
for PLHC-1 exposed to 200 nM TBT was
autoscaled and normalized by the sum
in order to minimize the effect of the
decrease in cell viability. For gene
expression, statistical significance was
assessed using one-way ANOVA with
Dunnett’s post hoc test (SPSS Statistics
v.21Chicago, IL). p<0.05 was considered
statistically significant.

3. Results

3.1 Cell viability

TBT showed significant cytotoxicity
in PLHC-1 and ZFL cells. Dose-response
curves are shown in Figure S1
(Supplementary material).
Concentration leading to 50% decline in
cell viability (EC50) was 0.16 + 0.01(AB)
and 0.24 + 0.01 pM (CFDA) in PLHC-1
cells and 0.63 + 0.03 (AB) and 0.44 +
0.02 uM (CFDA) in ZFL cells. No
significant cytotoxicity was detected for
ATRA at the selected concentrations (0.2
and 1 pM).

3.2 Lipid profiles of PLHC-1 and ZFL
cells

About 156 (PLHC-1) and 120 (ZFL)
lipid species, including TG, DG, PC, LPC,
PC-O/PC-P, PE, LPE, PE-O/PE-P, PG, PI,
PS, and SM, were identified (Fig. S2 &
S3, supplementary material). The more
abundant lipid subclasses were PCs
(~35% of the analyzed lipids) and PEs
(30-32%) in both cell lines, followed by
PE-O/PE-Ps (14-18%), which were more
abundant in ZFL cells. The other lipid
subclasses accounted for less than 6% of
the analyzed lipids in both cell lines.
Comparatively, the lipid profile of PLHC-
1 cells was significantly enriched in TGs,
DGs, Pls, and SM, while a higher
abundance of PC-P/PC-Os and LPCs was
detected in ZFL cells (Fig. 1).

ELE
W FLHC-T

ZFL

% lipid profile

__l'_-'_
CEELPFLLEFTLES
b 4

Fig 1. Percentage of each lipid subclass from the
total of lipids analyzed, detected in PLHC-1 and ZFL
cells (mean + SD; n=9). *Indicates statistically
significant differences (p < 0.05; Student t-test).
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3.3 Changes in the lipid profile after
exposure to TBT and ATRA.

Unsupervised principal component
analysis (PCA) scores plot of the lipid
profile of control and TBT-exposed
PLHC-1 cells and the corresponding
loadings are shown in Supplementary
material (Fig S4). No segregation
between the lipid profile of control and
exposed cells was detected after
exposure to 50 nM TBT. Differences
among control and exposed groups
became clearer as the concentration of
TBT increased. For PLHC-1 cells exposed
to 100 nM TBT, the PCA model
explained 66% of the variance among
groups giving the higher segregation
along principal component 2 (PC2),
which accounted for 21% of the
explained variance. The main variables
responsible  for  the  differential
clustering of samples were TG and DG
species. For cells exposed to the highest
concentration of TBT (200 nM), the
model explained 55% of the variance,
the highest segregation of the samples
was observed along principal
component 1 (PC1), which accounted
for 44% of the explained variance.
Examination of the loadings plot
revealed that the main variables
responsible for the separation between
groups were scattered in several
subclasses, such as TGs, DGs, PC-P/PC-
Os, positively correlated with PC1 space,
while PE-P/PE-Os and PSs were
negatively correlated. The volcano plots
highlighted the accumulation of TG
species in PLHC-1 cells exposed to TBT in
a concentration-dependent manner (Fig.
2). The increase of TGs ranged from 2-
fold at 50 nM TBT to 5-fold in cells
exposed to 200 nM TBT.
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An accumulation of DG species was
observed at the two highest
concentrations (up to 3-fold).

Additionally, a decrease of some
phospholipids, mainly PE-P/PE-Os and
PSs (up to 3-fold) was observed in cells
exposed to the highest concentration of
TBT, which was associated to a 50%
decline in cell viability.

The PCA scores plots and the
corresponding loadings for ZFL cells
exposed to TBT are shown in Fig. S5
(supplementary material). The PCA did
not display segregation among control
and exposed cells at the lowest
concentration tested (50 nM TBT). At
higher concentrations (100 & 200 nM
TBT), the PCA scores plot, build with a
model  considering two  principal
components, explained 65 and 71% of
the variance within control and exposed
cells. The mayor group segregation was
obtained along PC2 in both cases, with
exposed samples in the positive PC2
space and characterized by increased TG
and DG -only at 200 nM TBT- species.
These results are consistent with the
univariate analysis -volcano plots that
showed the accumulation of TGs in ZFL
cells after exposure to low TBT
concentrations (50, 100 nM), and the
increase of some DGs in cells exposed to
100 nM TBT. ZFL cells exposed to the
highest concentration of TBT showed
changes in the lipid profile comparable
to those observed in PLHC-1 cells: a
strong accumulation of TGs (up to 9-
fold), a moderate increase of DGs (up to
2-fold) and a concomitant decrease of
membrane lipids, mainly PC-P/PC-Os.
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Fig. 2. Volcano plots showing differences in the lipid profile of PLHC-1 cells exposed to 50 (A), 100 (B) and
200 nM of TBT (C) vs. control cells. The x-axis reflects the magnitude of the change (—log(fold change)) whilst
the y-axis reflects the significance of change (—log(p-value)). Significantly altered lipids (fold change > 1.5; p <
0.05) are colored in red.
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Nonetheless, the impact of TBT
exposure in ZFL phospholipids was
lower than the observed in PLHC-1 cells,
which is in agreement with the low
cytotoxicity of TBT in ZFL cells (15%
decline in cell viability) in comparison to
PLHC-1 (50% decline in cell viability after
24 h exposure to 200 nM TBT).

Regarding exposure to ATRA, only
the highest concentration tested (1 uM)
induced significant changes in the lipid
profile of PLHC-1 cells. The PCA scores
plot displayed a moderate separation
within samples, explaining 59% of the
variance using two principal
components (Fig. S6A, supplementary
material). Sample segregation occurs
along PC2, with the exposed samples in
the positive part of the component. PC2
is strongly influenced by the variables
corresponding to TGs and PEs, and
poorly influenced by PC and PC-P/PC-O
species. The univariate analysis volcano
plot evidenced a strong increase of TGs
(1.5 to 3-fold) in PLHC-1 cells exposed to
ATRA (Fig. 4A). In contrast, ZFL cells
were less responsive to ATRA exposure.
At the highest dose tested (1 uM), the
PCA scores plot (Fig. S6B,
supplementary material) did not show
separation of the samples. Nevertheless,
the univariate analysis was able to
highlight the accumulation of some TGs
in exposed cells (Fig. 4B).

3.5. Expression of mRNA of target
genes in ZFL cells

Among the genes selected for the
study, pparB, ppary, cd36, Ipl and dgat2
were not further considered for gene
expression analysis since pparf and
ppary showed low expression in ZFL
cells, while for cd36, Ipl and dgat2 good
primer efficiency was not achieved
either due to low expression in the cells
or due to issues during primer design
(Table S2, supplementary material). For
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the rest of the genes, a detection range
with cut-off at >37 cycles was adopted
since negative controls were not
interfering in this concentration range.
Both, TBT (200 nM) and ATRA (1 pM)
altered the expression of some lipid
metabolism related genes (Fig. 5).
Particularly, the expression of the
ATP-binding cassette transporter
abcalb, responsible for major regulation
of cellular cholesterol and phospholipid
homeostasis, was up-regulated after
TBT exposure (2.1-fold). Both, TBT and
ATRA, up-regulated the expression of
genes encoding lipogenic enzymes,
mainly (a) fatty acid synthase (fasn)
(TBT: 3.3-fold; ATRA: 2.4-fold), which is
responsible for the synthesis of
palmitate from acetyl-CoA and malonyl-
CoA into long-chain saturated fatty
acids; (b) stearoyl-CoA desaturase (scd)
(TBT: 3.8-fold; ATRA: 4.0-fold), which
catalyzes the conversion of 16:0-CoA to
16:1-CoA and 18:0-CoA to 18:1-CoA; and
(c) elongase 6 (elovi6) (TBT: 1.6-fold;
ATRA: 2.2-fold), which elongates 16:0,
16:1 and 18:1 to 18:0, 18:1 and 20:1,
respectively. In addition, ATRA exposure
significantly down-regulated the
expression of  diacylglycerol 0O-
acyltransferase 1a (dgatla), which
catalyzes the conversion of DGs and
fatty acyl-CoA to TGs (2.5-fold).
Regarding the expression of retinoic
acid metabolism related genes, ATRA,
but also TBT, wup-regulated the
expression of cyp26bl (397- and 5.1-
fold, respectively) in ZFL cells. The
enzyme encoded by this gene is involved
in the specific inactivation of ATRA to
oxidized forms, such as 4-oxo-, 4-
hydroxy, and 18-hydroxy-ATRA. An up-
regulation of the expression of cyp3a65
(1.5-fold) and cypla (2.4-fold), both
involved in the response to xenobiotic
stimulus, was observed after exposure
to ATRA, while TBT only up-regulated
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cyp3a65 expression. Lecithin retinol ester was up-regulated by both TBT
acyltransferase a (lrata), the encoded (2.0-fold) and ATRA (9.1-fold) (Fig. 6).
enzyme catalyzes the esterification of

all-trans-retinol into  all-trans-retinyl
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Fig. 3. Volcano plots showing differences in the lipid profile of ZFL cells exposed to 50 (A), 100 (B) and 200
nM of TBT (C) vs. control cells. The x-axis reflects the magnitude of the change (—log(fold change)) whilst the

y-axis reflects the significance of change (—log(p-value)). Significantly altered lipids (fold change > 1.5; p <
0.05) are colored in red.
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4. Discussion

In the present study, we have
characterized the lipid signature of TBT
and ATRA on the fish liver cell lines
PLHC-1 and ZFL, together with changes
in  mRNA transcripts in ZFL. The
lipidomic analysis evidenced differences
between the two cell lines, mainly
regarding the number and
concentration of TG species: 29 TGs
were identified in PLHC-1 (2.6% of
detected lipids) while only 13 (0.5%) in
ZFL. These differences can be attributed
to inter-species differences, but also to

A)

B)

the carcinogenic origin of PLHC-1 cells,
as cancer cells are enriched in
triglycerides and cholesterol to satisfy
the energy demands to proliferate and
build new cell membranes (Santos and
Schulze, 2012). In addition, TG species
conformed by 56 or more carbons were
only detected in PLHC-1 cells (Fig. S2-3),
a characteristic also described in human
metastatic cancer cell lines (Fhaner et
al., 2012). (Fig. S2-3), a characteristic
described in human metastatic cancer
cell lines (Fhaner et al., 2012).
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Regardless of the different origin of
PLHC-1 (derived from hepatocellular
carcinoma) and ZFL (immortalized from
a healthy liver) cells and its different
lipid composition, exposure to TBT led
to a dose-dependent accumulation of
TGs and a concomitant increase of DGs
at the medium and high exposure
concentrations (100 and 200 nM TBT) in
both cell models. The intracellular
accumulation of TGs is in agreement
with previous works that reported the
accumulation of TGs in lipid droplets in
fish and mammalian models through the
activation of the peroxisome
proliferator activated receptor PPARy
and retinoid X receptor (Kanayama et
al., 2004; Grin and Blumberg, 2006;
Capitdo et al., 2017). DGs are small size
lipids present in biological membranes,
which act as intermediates in lipid
metabolism (e.g. synthesis of THs), but
also play a role in signaling processes as
second messengers (Carrasco and
Mérida, 2007). The intracellular
accumulation of TGs is in agreement
with previous works that reported the
accumulation of TGs in lipid droplets in
both fish and mammalian models by the
activation of the peroxisome
proliferator activated receptor (PPAR)y
and retinoid X receptor (Kanayama et
al., 2004; Grin and Blumberg, 2006;
Capitdo et al., 2017).

Another common feature detected
in both cell lines after exposure to the
highest concentration of TBT (200 nM)
was a significant decrease of ether-

glycerophospholipids (PC-P/PC-O, PE-
P/PE-O). The analytical approach used
did not allow differentiating between
plasmanyl- (PC-O, PE-O) and plasmenyl-

/plasmalogen (PC-P, PE-P) isomeric
species. Nevertheless, a large
proportion of PC-P/-O species,

particularly the highly unsaturated ones
were tentatively annotated as PC-Ps
after derivatization of PLHC-1 lipid
extracts with iodine (Pérez-Albaladejo et
al., unpublished results). Similarly, the
lipid profile of ZFL cells has been
analysed by UHPLC-HRMS/MS
identifying a larger number of ether-GPs
as plasmalogens (56 plasmalogens vs 37
plasmanyls)(Marquefio et al.,
unpublished results). Plasmalogens act
as scavengers by protecting unsaturated
phospholipids from oxidation
(Braverman and Moser, 2012). We have
observed a strong decrease of PE-P/PE-
Os in PLHC-1 and PC-P/PC-Os in ZFL cells
after exposure to 200 nM TBT, probably
due to oxidation of the vinyl-ether bond
of plasmalogens, which is particularly
susceptible to  oxidative  attack.
Moreover, the relatively higher
abundance of PC-P/-Os in ZFL cells
(5.6%) in comparison to PLHC-1 (3.2%)
may have conferred protection of
membrane lipids against oxidative
stress, and consequently, few
glycerolipids were altered in ZFL cells
after exposure to the highest
concentration of TBT.
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(p <0.05).

Similar to TBT, ATRA disturbed the
lipidome of PLHC-1 cells by greatly
inducing the accumulation of TGs. The
same effect was observed in ZFL cells, but
less strong. The down regulation of dgatla

78

expression by ATRA may have contributed
to the relatively low accumulation of TGs
in exposed cells. The effect of retinoic acid
on lipid homeostasis is controversial since,
typically, ATRA induces the loss of body fat
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with the concomitant reduction in
circulating TG levels in mammals (Bonet et
al., 2012). RA induced lipid accumulation in
zebrafish embryos, but it inhibited
adipocyte differentiation in mouse 3T3-L1
fibroblasts (Fraher et al., 2015) However,
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increased amount of intracellular lipid
droplets were detected in human AML-1
preadipocytes exposed to ATRA for 4 to 6
days and Ob1771 cells that acquired an
adipocyte-like phenotype (Safonova et al.,
1994; Morikawa et al., 2013).
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Fig. 6. Expression induction of hepatic genes related to retinol metabolism pathway in response to TBT and ATRA
exposure in ZFL cells. The red dotted line indicates control value. *Statistically significant differences from control

(p <0.05).
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Metabolic regulation of lipid
homeostasis can occur through different
mechanisms, such as allosteric control of
enzyme activity, post-translational
modifications and transcriptional regulation
(Capitdo et al.,, 2017). TBT activates RXRa
and  peroxisome  proliferator-activated
receptor gamma (PPARy) in mammals, and
the corresponding orthologues in fish
(Lyssimachou et al., 2015). While ATRA binds
to RAR and PPAR B/6 both of them forming
a heterodimer with retinoic X receptor
(RXR). Thus, several genes involved in lipid
metabolism  are regulated at the
transcriptional level by RAR-dependent
pathways (Bonet et al., 2012; Samarut et al.,
2015). Regarding nuclear receptors, TBT and
ATRA exposure did not modulate the
expression of ppara or Ixr, while pparf3 and
ppary were almost not expressed in ZFL
cells.

Nevertheless, we hypothesize that ligand
activation of the RXR receptor by TBT and
ATRA induced the transcription of genes
encoding lipogenic enzymes, such as fasn,
scd and elovl6 in ZFL cells, as previously
described in other models (Weiss et al.,
2011). The expression of fasn and abcal
were also significantly up-regulated in RTL-
W1 cells exposed to 100 nM TBT
(Dimastrogiovanni et al., 2015). Comparable
responses were observed in-vivo, increased
expression of the genes encoding lipogenic
enzymes, fas (9.4-fold) and scdl (3-fold)
were found in the liver of zebrafish exposed
to 100 ng-L-1 TBT for 90 days together, and
a concomitant increase in hepatic TG
synthesis and development of steatosis
(zhang et al., 2016 On the other hand, the
expression of genes involved in retinoic acid
metabolism (cyp26bl, Irata) was highly up-
regulated, indicating RAR activation by TBT
and ATRA. Similarly, an up-regulation of
cyp26bl, Irata, rdhl and ugtlal was
reported in zebrafish embryos exposed to
ATRA (Navarro-Martin et al., 2018).
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However, basal expression of rdhl and
ugtlal in ZFL cells was very low, and even
though some replicates showed an up-
regulation, a high variability was observed.
Interestingly, exposure to TBT increased the
expression of the same genes in the present
study, which suggests its ability to interfere
with retinoids homeostasis.

The up-regulation of cypla expression by
ATRA was also detected in-vivo in juvenile
Atlantic salmon exposed to a mixture of
ATRA and 9-cis RA, and suggests an
interaction between retinoids and the Aryl
hydrocarbon receptor (AhR) (Arukwe and
Nordbg, 2008). On the contrary, cypla
expression was not altered TBT, which acts
as a CYP1A inhibitor in fish cells by direct
inhibition of the enzyme activity without
altering CYP1A synthesis (Brischweiler et
al., 1996), The expression of cyp3a65, which
is under regulation of Pxr and Ahr2 (Kubota
et al., 2019), was only slightly up-regulated
by TBT and ATRA exposures. This is in
contrast with the down-regulation detected
in the liver of rare minnow exposed to TBT
(zhang et al.,, 2017b) and in zebrafish
embryos exposed to RAs (Navarro-Martin et
al., 2018). Eide et al. (2014) reported that
Pxr signaling pathway was expressed in ZFL
cells, but exposure to clotrimazole, a
zebrafish Pxr ligand, did not change cyp3a65
expression in these cells, whereas a
significant up-regulation was detected in
primary hepatocytes.

Overall, PLHC-1 and ZFL cells showed
comparable responses to TBT and ATRA to
those previously reported in vivo in different
fish models, both in terms of lipidomic
signatures (accumulation of DGs and TGs)
and changes in gene expression (up-
regulation of lipid transcripts, scd, fasn, and
elovl6). These finding support the use of the
two fish models in combination with
lipidomic techniques as alternative models
for the screening of lipid disrupters in
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aquatic organisms, particularly considering
that the liver is the main organ involved in
lipid metabolism and homeostasis.
Additionally, these results show the
usefulness of the ZFL cell line as a tool to
study retinoid (cyp26bl, Irata) and
xenobiotic metabolic processes (cypla) and
for the identification of underlying
mechanisms.
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Table S1. Symbol and name of the genes selected in the study for gene
expression analysis, classified by metabolic pathway.

Metabolic pathway Gene symbol

Gene name

lipid metabolism abcalb ATP-binding cassette, sub-family A member 1b
fasn Fatty acid synthase
elovl6 Long chain fatty acid elongase 6
scd Stearoyl-CoA desaturase
dgatla Diacylglycerol O-acyltransferase 1a
dgat2 Diacylglycerol O-acyltransferase 2
Inl Lipoprotein lipase
gpat3 Glycerol-3-phosphate acyltransferase 3
Retinoic cyp26b1 Cytochrome P450, family 26, subfamily b, polypeptide 1
metabolism Irata Lecithin retinol acyltransferase a
rdh1 Retinol dehydrogenase 1
ugtlal UDP glucuronosyltransferase 1 family, polypeptide Al
Receptors cypla Cytochrome P450, family 1, subfamily A
cyp3a65 Cytochrome P450, family 3, subfamily A, polypeptide 65
ppara Peroxisome proliferator-activated receptor alpha
pparB8 Peroxisome proliferator-activated receptor beta
ppary Peroxisome proliferator-activated receptor gamma
cd36 CD36 molecule (thrombospondin receptor)
Ixr(nrih3) Nuclear receptor subfamily 1, group H, member 3
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Table S2. Zebrafish primer sequences for quantitative RT-PCR analysis and
primer efficiency. Amplicon length is of 81 bp for all the studied genes.

Gene Acession number Primer sequence (5’-3’) Efficiency (%)
abcalb NM_001114586.2 FW: AGCTCAATCAGCCGTAAAGGG

RV: GGGCTTCTCCAGGCTGTCTT ot
fasn XM_021472581.1 FW: CGACCGCTACGTTCCCACT

RV: CCATCTCCGTACTCGCTGCT o
elovl6 NM_199532.1 FW: CTATGCTCTTCGGGCAGCC

RV: ACCATCTGGGTGATCTGTGTCA 1o
scd NM_198815.2 FW: CACCACACGTTTCCCTACGA

RV: CATGGTGTCCACGAAGATGG ¥
dgatla NM_199730.1 FW: CTGGGCGTTTCTGGGTATGA 94

RV: GCGTTGCCATAGTTACCCCTC
dgat2 NM_001030196.1 FW: ACCCGCTTCGGTCTGAATG

RV: TTCCAGAGTGTTCGTTTGGACA ®
Ipl NM_131127.1 FW: TCCAGATCGTAGCATTGGGAT

RV: CAGCCAGGTTGGAAGGTCC )
gpat3 NM_001002685.1 FW: TGACATTGTCATCTTGGCGAA

RV: CTCTGGATGACCCCCATGAG >
cyp26b1 AY321366.1 FW: GCTGTCAACCAGAACATTCCC

RV: GGTTCTGATTGGAGTCGAGGC 100
Irata NM_001204131.2 FW: TTTTGTGGATGGCTGGTTGA

RV: GTTGGACCGATGCATTTGAA 102
rdhi NM_198069.1 FW: CGCACTTTCTGCACGTCATC

RV: TGTCCACTACACACGTGGGC 8
ugtlal NM_001037428.2 FW: CGTTTGATTCCTTGTCGTCTTG o

RV: AACCACTGGAGTAGCGAGGC
cypla NM131879.2 FW: GGTTAAAGTTCACCGGGATGC

RV: CTGTGGTGTGACCCGAAGAAG %
cyp3a65 NM_001037438.1 FW: CGGAGAGCTTCAAACCCGA

RV: CCAGACCGAACGGCATGTAC o
ppara DQ839548.1 FW: ATCCAAAGCACGAACCATCC 107

RV: TGGCCACAAATGTCTGTTCTG
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ppar8 AF342938.1 FW: GCGTAAGCTAGTCGCAGGTC

RV: TGCACCAGAGAGTCCATGTC )
ppary NM_131467.1 FW: TCCCTCTGACCAAAGCCAAG

RV: CTCGCCTTCCACCAGAGACT )
cd36 NM_001002363.1 FW: TGAGGCCACTGTGAACCTGA

RV: TTGGAAACTGGAGAAGCCAGA )
Ixr(nr1h3) NM_001017545.3 FW: GACTAGGCAAATGAGAGCAATTTG

95
RV: AACCTGAATTGTGCATGCTCAC
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Figure S1. Cytotoxicity measured with Alamar blue (solid line) and CFDA-AM
(dotted line) in PLHC-1 and ZFL cells exposed to TBT for 24 h. Results are
expressed as the percentage of viability in control cells (mean £ SEM of three
different assays).
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Figure S2. Lipid profile of PLHC-1 cells indicating the total amount of the different lipid species detected. Values are

mean £ SD (n=9). Lipid species are annotated as lipid class followed by 3 digits that indicate the number of carbons
(2 digits) and number of double bonds (1 digit).
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Figure S3. Lipid profile of ZFL cells indicating the total amount of the different lipid species detected. Values are
mean + SD (n=9). Lipid species are annotated as lipid class followed by 3 digits that indicate the number of carbons
(2 digits) and number of double bonds (1 digit).
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Figure S4. Principal component analysis (PCA) and loading plots of the variables
generated (PC1 versus PC2) comparing the lipid profiles of PLHC-1 cells
untreated and exposed to A) 50 B) 100 and C) 200 nM TBT.
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Figure S5. Principal component analysis (PCA) and loading plots of the variables
generated (PC1 versus PC2) comparing the lipid profiles of ZFL cells untreated
and exposed to A) 50 B) 100 and C) 200 nM TBT.
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Figure S6. Principal component analysis (PCA) and loading plots of the variables
generated (PC1 versus PC2) comparing the lipid profiles of control cells and
cells exposed to 1uM ATRA in the cellular models A) PLHC-1 and B) ZFL.
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Untargeted lipidomics shows the ability of bisphenol A and derivatives
to alter lipid metabolism in zebrafish liver cells (ZFL)

Anna Marquefio’, Elisabet Pérez-Albaladejo’, Nancy D. Denslow?, John

A. Bowdenz, Cinta Porte’
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Barcelona, Spain.

’ Department of Physiological Sciences, Center for Environmental and Human
Toxicology, College of Veterinary Medicine, University of Florida, Gainesville, FL, USA.

ABSTRACT

Zebrafish liver (ZFL) cells are used as an alternative in vitro method to detect the ability
of bisphenol A (BPA) and its derivatives bisphenol F (BPF) and bisphenol A bis(3-chloro-
2- hydroxypropyl) ether (BADGE-2HCI) to alter hepatic lipid homeostasis in fish. Marine
organisms are widely exposed to these compounds, however, there is limited
information about their lipid disruptive effect in aquatic organisms. A lipidomics
approach was applied to decipher the effect of these compounds in ZFL cells. As a
common feature, all three compounds increased intracellular levels of
dihydroceramides and ether-triacylglycerols (TGs). However, while BPA and
BADGE-2HC| caused the increase of saturated and lower unsaturated TGs, BPF
decreased a large number of TGs containing polyunsatured fatty acids (PUFAs). On the
other hand, BPA and BPF generated significant levels of reactive oxygen species (ROS)
in ZFL cells and led to an increase of lysophosphatidylcholines (LPCs) and
lysophosphatidylethanolamines (LPEs) in culture medium. Analysis by gPCR highlighted
the up-regulation of the lipogenic genes scd and elovl6 by BPA and BPF. This study
shows the ability of BPA, BPF and BADGE-2HCI at the low uM range to target lipid
homeostasis of ZFL through different mechanisms.

Keywords: BPA, BPF, BADGE-2HClI, plastic additives, qPCR, lipidomics

and contaminate water and biota. Flame
retardants, phthalates, alkylphenols and
bisphenol A (BPA) are among the most
common plastic additives found in the

1. Introduction

The world plastic production almost
reached 350 million tons in 2017, 64

million tones in Europe, from which only
8.4 million tons were collected in order
to be recycled (PlasticsEurope, 2018).
These plastic products contain complex
mixtures of chemicals, including residual
or unreacted monomers, and different
plastic additives that confer flexibility,
elasticity, color, resistance or durability
to polymers, and often make up a large
proportion of the plastic product. They
are not chemically bound to the
polymer and once in the aquatic
environment, they can easily leach out

aquatic environment (Ludovic et al,,
2017).

BPA occurrence in aquatic systems
has been documented at concentrations
in the range of ng-L" (Lv et al., 2019;
Yang et al., 2014). BPA is an endocrine
disrupting chemical (EDC) with adverse
effects on fish reproduction. BPA altered
male germ cell maturation and reduced
ovarian maturation in goldfish (Wang et
al.,, 2019). It decreased sperm quality
(motility and  velocity)  through
modifications of testicular
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steroidogenesis in  exposed male
goldfish (Hatef et al., 2012), and down-
regulated oocyte maturation-promoting
signals and caused apoptosis in mature
follicles in female zebrafish (Santangeli
et al.,, 2016). Moreover, BPA has been
classified as an obesogenic compound in
mammalian models (Legeay and Faure,
2017), it induced hepatic lipid
accumulation and steatosis in Sparus
aurata juveniles after 3 weeks exposure
(Maradonna et al, 2015), and
dysregulated lipid metabolism following
a non-monotonic trend, it promoted
fatty acid (FA) synthesis and
triacylglycerides (TGs) storage at low
doses, and induced de novo lipogenesis
and cholesterogenesis at the highest
concentration in  zebrafish liver
(Santangeli et al., 2018).

Due to toxicological concerns, the
use of alternative BPA analogs (e.g. BPF)
has increased in the last years. BPF has
been detected in waste water treatment
plant effluents and in seawater at
concentrations slightly higher than BPA
itself (Xue and Kannan, 2019; Zhao et
al., 2019). The presence of both, BPA
and BPF has been registered in marine
organisms, specifically in molluscs and
fish at the low ng-g™ level (Xue and
Kannan, 2019). BPF is as hormonally
active as BPA, causing endocrine
disrupting-effects, viz. it induced uterine
growth and an increment of the testis
weight in rats (Rochester and Bolden,
2015). As other endocrine disrupting
compounds, BPF is able to disrupt lipid
homeostasis. Zhao et al. (2018) showed
the ability of BPF to perturbate the
biosynthesis and the degradation of
glycerophospholipids (GPs) and
glycerolipids (GLs) in the kidney of mice
subcotaniously implanted with breast
cancer cells, altering membrane
homeostasis and cellular function. BPF
did not alter the lipid content of mature
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adipocytes but mice treated through the
diet with BPF gained less weight than
controls (Drobna et al.,, 2019). BPF
induced a strong decrease in GLs and
GPs, including plasmalogens, lipids
involved in cell protection against
oxidative stress in PLHC-1 cells (Pérez-
Albaladejo et al. Data not published).

Xue and Kannan (2016) reported the
accumulation of BPA derivatives in
marine mammal, particularly bisphenol
A bis(3-chloro-2-hydroxypropyl) ether
(BADGE-2HCI), which was detected at
levels up to ~ 3000 ng-g™ in found in the
liver of a sea otter from Kachemak Bay,
Alaska. Its high abundance in the marine
ecosystem can be explained due to the
use of epoxy-based resines in marine
infraestructures, as paints used on ships
and oil platforms, and the reaction of
BADGE with chloride ions presen in
seawatter. BADGE-2HCI was shown to
interfere with lipid metabolism by
significantly decreasing diacylglycerides
(DGs) and TGs together with some
membrane lipids (GPs) in the human
placental in vitro model JEG-3
(Marquefio et al., 2019). A strong
depletion of TGs was observed in the
fish cell model PLHC-1 (Pérez-Albaladejo
et al. Data not published).

In vitro methods have been
described as suitable alternatives to in
vivo assays to discover key events within
adverse outcome pathways (AOP),
which are conceptual frameworks that
organize biologically plausible and
empirically  supported knowledge,
linking molecular-level perturbations
(key events) of a biological system with
adverse outcomes (Villeneuve et al.,
2014). As an example, the AOP for
chemical-induced liver steatosis shows
as a key event the accumulation of TGs
within the molecular effects (Vinken,
2013), an effect that could easily be
screened using in vitro models. In in
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vitro lipidomics, both cellular lipids and
lipids present in the culture medium can
potentially be analyzed. Alterations of
cellular lipids mainly provide
information on changes in cell
membrane conformation and energy
storage lipids, while the analysis of the
lipids excreted into the culture medium
could provide additional information,
giving insights into the catabolism and
signaling pathway of lipids. Similarly, the
content of glycerol in the culture
medium has been used as a measure to
evaluate lipolytic activity in adipocytes,
linking the decrease on TGs in the cells
with a concomitant increase of free
glycerol in the medium (Lee et al.,
2011).

The zebrafish liver cell line ZFL has
been successly used to assess the
cytotoxicity and changes in gene
transcription associated to xenobiotic
exposure. The election of this cell line
for the study of lipid disruption is
supported by tha fact that liver is a key
organ for lipid homeostasis, were de
novo lipogenesis takes place (Bonet et
al., 2012).

Within this context, the aim of this
work was to evaluate the ability of BPA
and derivatives (BPF and BADGE-2HCI)
to alter the lipid homeostasis of fish
hepatic cells by using the zebrafish liver
cell line ZFL as a model. A lipidomic
approach was used to characterize the
cellular lipid profile, and several
transcripts involved in lipid and
xenobiotic metabolism were measured
as a complementary tool. The analysis of
lipids in culture medium was performed
to assess lipid catabolism and signaling
events.

2. Materials and Methods

2.1 Cell culture

ZFL cells, obtained from American
Type Culture Collection (ATCC HTB- 36),
were grown in Eagle’s Minimum
Essential Medium (MEM) supplemented
with 5 % fetal bovine serum, 2 mM L-
glutamine, 1 mM sodium pyruvate, 0.1
mM nonessential amino acids, 1.5 g-L'1
sodium bicarbonate, 50 U/mL penicillin
and, 50 ug-mL'1 streptomycin (Gibco,
UK). Cells were routinely cultured in 75
cm’ culture flasks (Corning; NY, USA) in
a humidified incubator with 5% CO, at
302C. When confluence was reached,
cells were dissociated with 0.25% (w/v)
trypsin. Experiments were carried out
on confluent cell monolayers from
passages 10 to 35. Exposure to
xenobiotics was done in serum free
medium (SFM). Control cells received
0.5% DMSO, which was used as a carrier
in exposed cells.

2.2 Cytotoxicity and ROS generation

assays

For the assessment of cytotoxicity,
ZFL cells were seed at a density of 6-10*
cells per well in 96-well plates and
allowed to attach overnight. Cells were
exposed to different doses of BPA, BPF,
and BADGE-2HCl  (Sigma  Aldrich,
Steinheim, Germany) for 24 hours. Each
treatment was performed in three
different plates with cells from different
passages. Measurement of cytotoxicity
was performed using Alamar Blue (AB;
excitation/emission: 530/590 nm)
(Biosource, Solingen, Germany) and 5-
carboxyfluorescein diacetate
acetoxymethyl ester (CFDA-AM; ex/em:
485/530 nm) (Molecular Probes,
Eugene, OR, USA).

For measuring the production of
reactive oxygen species (ROS) in ZFL
cells, cells were seeded at a density of
810" cells per well in 96-well plates,
allowed to attach overnight and
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incubated with 20 mM H,DCF-DA (Sigma
Aldrich, Steinheim, Germany) in 1:10
DPBS and 10 mM glucose for 30 min,
washed and exposed to different doses
of BPA, BPF and BADGE-2HClI for 15 min.
3-Morpholinosydnonimine  (SIN-1; 5
mM) (Sigma Aldrich) was used as a
positive control. The fluorescence of
oxidized DCF was measured at ex/em
485/528 nm, and results were expressed
as fold change of fluorescence respect
to control wells.

2.3 Cells exposure for lipid analysis

Cells were seed in 24-well plates at a
density of 9-10° cells per well in
complete growth medium and allowed
to attach overnight. Cells were exposed
to three no cytotoxic concentrations of
each compound, namely, 5, 20 and 50
UM of BPA and BPF and 1, 5 and 10 uM
of BADGE-2HCI . After 24 h of exposure,
the culture medium was collected and
cells were rinsed with PBS, trypsinized
and collected. Cell pellets and medium
were stored at -80 2C under argon
atmosphere until extraction. The
experiment was carried out using eight
replicates with cells from four different
passages.

Lipids from both, culture
medium and cells, were extracted using
the Folch method (methanol:chloroform
(1:2  v/v) + 0.01%  butylated
hydroxytoluene) (Folch et al., 1957). An
internal standard mixture, containing
17:0 triacylglycerol (TG), 1,3-17:0 ds
diacylglycerol (DG), 17:0
lysophosphatidylcholine (LPC), 16:0 ds;-
18:1 phosphatidylcholine (PC), 16:0 ds;-
18:1 phosphatidylserine (PS), 16:0 di;-
18:1 phosphatidylethanolamine (PE),
16:0 ds;-18:1 phosphatidylinositol (Pl),
16:0 d3; sphingomyelin (SM) and 17:0
cholesteryl ester (CE) prepared in
methanol, was added to the samples (at
concentrations between 100 and 200

100

pmol, depending on the cel-lular
abundance of the lipid subclasses) pre-
extraction (Avanti Polar Lipids,
Alabaster, AL, USA). The extracts were
evaporated to dryness and stored at -20
°C under argon atmosphere and
reconstituted in  isopropanol for
analysis.

2.4 Analysis of cellular lipids

Cellular lipids were analyzed by an
ultra-high pressure liquid
chromatograph (UHPLC) coupled to a
high resolution orbitrap mass
spectrometer (MS; Q-Exactive, Thermo
Fisher) operating with heated
electrospray ionization operating in
both positive and negative polarity
modes. Extracts were injected onto a
Waters Acquity BEH C18 column (50 mm
x 2.1 mm, 1.7 um, Waters, Milford, MA,
USA) maintained at 30 °C. The mobile
phases employed were A) 60:40
acetonitrile:water, volume fraction; and
B) 90:10 isopropanol:acetonitrile
(volume fraction), both containing 5 mM
ammonium formate and 0.1% formic
acid. The programmed gradient was:
40% B at 0 min, 55% B at 7 min, 65% B
at 8 min, 65% B at 12 min, 95% B at 20
min, 100% B at 22 min, 100% B at 27
min, 40% B from 27 to 30 min. at 27.1
min and stay at 40 % B until 30 min. The
flow rate was set to 400 uL-min'l. Spray
voltage was set to 3.5 and 2.5 kV for
positive and negative polarities,
respectively; and the capillary
temperature was 320 2C and 350 C (+/-
), sheath gas was set to 50 arbitrary
units (a.u.) and auxiliary gas was set to
12 a.u. in both polarities. Acquisition of
mass spectra was performed in full scan
mode for all samples with a mass
resolution of 70.000 FWHM, (m/z 200)
and data dependent tandem mass
spectrometry  (ddMS2-top10)  was
performed  with pooled samples
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representative  of each different
treatment, in both positive and negative
polarities with a mass resolution of
35.000 FWHM, (m/z 200). For ddMS2-
topl10, iterative exclusion was also
applied. In brief, an exclusion list
containing lipids selected for
fragmentation in the first ddMS2
injection were iteratively included in the
acquisition method for subsequent
injections. In this study, two iterations
beyond the first ddMS2 analysis were
performed, leading to MS/MS spectra
for the top-30 lipids. The exclusion lists
were generated using the open-source
software IE-Omics (Koelmel et al.,
2017a).

Instrument performance over time
was evaluated by including technical
quality controls (internal standard mix
solution) every 20 samples. Extraction
quality controls (National Institute of
Standards and Technology Standard
Reference  Material (SRM) 1950,
Metabolites in Frozen Human Plasma)
were injected every 20 samples and the
final quantification of lipids in the SRM
extracts was compared with consensus
values available via literature in a
previous community-based
interlaboratory comparison exercise
using an open-source program called
LipidQC (Ulmer et al., 2017). Sample
acquisition was randomized to reduce
variability occurring from injection
sequence.

Putative identification of lipids was
performed using LipidMatch Flow
software (Koelmel et al., 2017b). The
workflow includes MSConvert that
converts .RAW files into an .mzXML
format, MZmine for peak picking, and
LipidMatch for identification using the
most comprehensive open-source in-
silico MS/MS library to date, which
combines resulting lipid adducts and
polarities into a single file.

Quantification of the lipids was
performed using internal standards
representative for each lipid subclass
(see Sl for details)..

2.5 Lipid analysis in the culture medium

Lipids present in the culture medium
were analyzed using the method
described elsewhere (Marquefio et al.,
2019). Briefly, flow injection analysis
(FIA) was used to introduce five pL of
sample (extract reconstituted in
methanol) into the mass spectrometer
(Orbitrap-Exactive) at a flow rate of 50
},lL-min'l using
methanol:dichloromethane (80:20)
(Merck, Darmstadt, Germany) as mobile
phase. The acquisition was performed in
full scan mode using polarity switching.
Positive identification of the lipids was
based on the accurate  mass
measurement (error < 5 ppm), its
characteristic  isotopic  distribution,
charge, adduct formation, number of
rings plus double bonds (RDB=0.5-15)
and elements in the molecular formula.
Quantification of the lipids was
performed by using the internal
standard, which consisted in a mixture
of representative lipids for each lipid
subclass.

2.6 Real-time PCR

ZFL cells were seeded in 6-well
plates at a density of 1.6-10° cells per
well and allowed to attach overnight.
Cells were exposed to 20 uM BPA, 20
UM BPF and 5 uM BADGE-2HCI. After 24
h of exposure, the culture medium was
removed and total RNA was isolated by
using the TRIzol reagent protocol
(Invitrogen Life Technologies, Carlberg,
Denmark). Six biological replicates from
different cell passages were used.

The quantity and quality of isolated
RNA were measured by
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spectrophotometric absorption at 260
nm in a NanoDrop ND-8000
Spectrophotometer (NanoDrop
Technologies, Wilmington, DE). The
obtained RNA was treated with DNasel
(Ambion, Austin, TX, USA) and retro-
transcribed into cDNA using Transcriptor
First Strand cDNA Synthesis Kit (F.
Hoffmann-La Roche, Basel, Switzerland),
following the manufacturer’s
instructions. The cDNA obtained was
diluted 1:2 and two aliquots were stored
at -80 oC for qRT-PCR.

Primer sequences for liver X receptor
(Ixr; nr1h3), fatty acid synthase (fasn),
stearoyl-CoA desaturase (scd), long
chain fatty acid elongase 6 (elovl6),
diacylglycerol  O-acyltransferase  la
(dgatla), glycerol-3-phosphate
acyltransferase 3 (gpat3), peroxisome
proliferator-activated receptor o
(ppara), ATP-binding cassette, sub-
family A member 1b (abcalb),
cytochrome P450 family 1 subfamily A
(cypla) and, cytochrome P450 family 3
subfamily A polypeptide 65 (cyp3a65)
were designed using Primer Express 2.0
software (Applied Biosystems, Foster
City, CA). Primers accession number,

sequences, amplicon lengths and
efficiency are described in Table S1
(Supporting Information, SI).

Quantification of transcripts abundance
was carried out in a LightCycler 480
Real-Time PCR System (F. Hoffmann- La
Roche) with SYBR-Green Mix (Roche
Applied Science, Mannheim, Germany).
Housekeeping gene ppiaa was selected
as reference gene due to the high
stability of mRNA levels upon
treatments. A detection range with a
cut-off at >37 cycles was adopted since
negative controls were not interfering in
this concentration range.

Relative mRNA abundances of
different genes were calculated from
the second derivative maximum of their
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respective amplification curves (Cp, in
duplicates). To minimize errors in RNA
quantification among different samples,
Cp values of target genes (Cptg) were
corrected to the correspondent Cp
values of the reference ppia gene:
corrCptg=Cptg-Cpppia.  Changes in
mRNA abundance in treated samples
were calculated by the AACp method
(Pfaffl, 2001) using corrected Cp values:
AACp=corr Cptg_untreated -
Cptg_treated).

2.7 Statistical analysis

Dose-response curves and
concentrations causing a 50% decline in
cell viability (ECso) were generated by
using Sigmaplot 13.0 software. One-way
ANOVA followed by Dunnett post-hoc
test was used to detect significant
differences from control in ROS assays
and gene expression (SPSS 25.0
software package, Chicago, IL). The level
of significance was set at p < 0.05. Lipid
profiles were analyzed by using the
online software Metaboanalyst 4.0 (Xia
and Wishart, 2016). Lipid concentrations
detected in culture medium were
autoscaled prior to univariate analysis,
and volcano plot was obtained to
visualize the lipids that significantly
changed after exposure (fold change >
1.5; p < 0.05, Student t-test).

3. Results
3.1 Cytotoxicity and oxidative stress

Dose-response curves for BPA, BPF,
and BADGE-2HCl and the concentrations
leading to 50% decline in cell viability
(ECso) are shown in Table 1 and Fig. S1
(SI). Among the tested plasticizers,
BADGE-2HCI was the most cytotoxic as it
induced a 50% decline in cell viability at
a concentration of 15.7-16.0 uM. BPA
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was the less cytotoxic (ECso: 132 uM),
followed by BPF (ECsq: 343-387 uM).

Table 1. Concentrations leading to a 50% decline
in cell viability (EC50) in ZFL cells exposed to BPA,
BPF and BADGE-2HCI for 24 h. Values are mean *
SEM of six replicates in three different plates. AB:
Alamar Blue assay. CFDA-AM: 5-
carboxyfluorescein diacetate acetoxymethyl ester

assay.
Compound AB CFDA-AM
BPA 132+6 132 +12
BPF 387+13 343+15
BADGE-2HCI 16.0+0.2 15.7+0.4

Even though BPF was the less
cytotoxic compound, it significantly
induced the generation of ROS after 15
min exposure at the range of
concentrations tested (5-500 uM); the
maximum induction was of 3.2-fold at
50 uM BPF. BPA weakly induced ROS
generation (up to 1.4-fold) from 20 to
200 pM, while BADGE-2HCI did not
produce a significant increase of ROS in
exposed cells (Fig. 1).

3.2 Cellular lipids

The lipidomic analysis identified 553
lipid species across 27 lipid subclasses in
the ZFL cell line. The molecular formula
of each lipid species is listed in the
supplementary material (Table Excel S2),
which includes an ID ranked, with the
selected identity and the other
alternative identifications of the lipids,
albeit less likely and/or intense.

The unsupervised principal
component analysis (PCA) showed an
evident segregation among lipid profiles
of control cells and those exposed to the
highest concentration of each of the
compounds (50 uM BPA, 50 uM BPF and
10 uM  BADGE-2HCI), explaining
between 54.2% and 57.6% of the

variance with two principal components
(Fig. S2).

Even though the multivariate
analysis only showed a differential lipid
profile in cells exposed to the highest
concentration of the tested compounds,
the univariate analysis was able to
highlight some lipid species being
dysregulated at at the highest exposure
concentrations (50 uM BPA and BPF; 10
UM BAGDE-2HCI; Figure 2). In addition,
even though the multivariate analysis
did not show segregation of samples at
lower concentrations, the univariate
analysis highlighted some significantly
dysregulated lipids (5-10 uM BPA and
BPF; 1-5 uM BADGE-2HCI; Figure S3, S4
and S5). Annotations of the disregulated
lipid species are reported in S| (Table
S3). Cellular TGs were significantly up-
regulated from 2- to 5-fold after
exposure to BPA (5 and 50 uM),
although this effect was not observed
after exposure to 20 uM BPA.
Interestingly, TGs that accumulated
after 5 and 50 uM BPA exposure were
enriched in saturated and
monounsaturated FAs, and specially TGs
containing the FA 24:1 showed the
highest fold change. In addition, a
concentration dependent accumulation
of ether-link TGs (both plasmanyl- and
plasmenyl-species; TG-O, TG-P) (3 to 9-
fold) was detected in ZFL cells after
exposure to BPA. At the highest
concentration tested (50 uM BPA), an
additional increment of Cer-NDS with
the saturated alkyl chain 18:0 as one of
the FA substitutes, and accumulation of
LPCs and LPEs, which are involved in
lipid mediated signaling, was observed
(Table S2, Sl). On the other hand, only at
the highest dose of BPA, a significant
decrease of TGs containing PUFAs and
some GPs were detected.
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Figure 1. ROS production in ZFL cells after 15 min of exposure to different concentrations of BPA, BPF, and
BADGE-2HCI (uM) expressed as fold induction + SEM of six replicates per plate and three different plates.
The dotted line represents levels of ROS in solvent control cells. 5 uM SIN-1 was used as positive control
leading to 2.5 % 0.3-fold induction. *Statistically significant differences from control (p < 0.05).

Exposure to BPF resulted in a
concentration dependent decrease of
TGs containing PUFAs (up to 3-/4-fold
at 20 and 50 uM, respectively) and an
accumulation of Cer-NDS 2-/10-fold at
20 and 50 uM BPF, respectively). At the
highest concentration (50 uM BPF), a
decrease of PCs and PEs (~ 2.5-fold)
and a concomitant increase of ether-
TGs (9-fold) and LPCs (4-fold) was also
observed.

Exposure to BADGE-2HC| altered
cellular lipids in a concentration-
dependent manner. At the lowest
concentration (1 uM), an increment of
some TGs (2.6-fold) was observed.
Exposure to 5 uM BADGE-2HCI lead to
an accumulation of TGs (3-fold)
together with the accumulation of
saturated or poorly unsaturated ether-
TGs (2.5-fold). While at the highest
concentration (10 uM BADGE-2HCI), an
accumulation of TGs (up to 5-fold),
ether-TGs (up to 6-fold), Cer-NDS (up
to 8-fold), AcCar (4-fold), SM (5-fold),
with a concomintant decrease of PC
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containing PUFAs (2-fold) and ether-TG
containing  PUFAs  (2-fold) was
observed.

3.3 Lipids in culture medium

The lipid composition of the culture
medium after 24 h of exposure of the
cells to the selected compounds was
also analyzed. The medium incubated
with cells for 24 h was characterized by
a higher content of membrane lipids,
mainly PCs, and to a lesser extent PEs,
LPCs, LPEs and PC-O/PC-Ps, indicating
that cells secreted these lipids to the
extracellular environment. The low and
medium concentrations of BPA (5 and
20 uM), BPF (5 and 20 upM) and
BADGE-2HCI (1 and 5 uM) did not alter
the lipid composition of the culture
medium after 24 h exposure, however,
the high concentration of all three
compounds (50 uM for BPA and BPF
and 10 uM for BADGE-2HCI) produced
significant alterations of the lipid
composition of the medium (Fig. S6).
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Figure 2. Volcano plots color-coded by lipid class showing differences in the lipid profile of ZFL cells
exposed to A) 50 uM BPA, B) 50 uM BPF and C) 10 pM BADGE-2HCI| compared to control cells. The x-axis
reflects the magnitude (log2(fold change)) whilst the y-axis reflects the significance of change (—log(p-
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105



CAPITOL 2

Both, BPA and BPF (50 uM) resulted in
a significant increase of LPE 18:1 and
LPC 18:1 (Fig. 3). However, while
exposure to 50 uM BPF significantly
reduced the levels of few DGs (36:1,
38:4) and GPs (PC 34:1, 36:1 and PE-P
36:4/PE-O 36:5) (Fig. 4; S6B), a higher
number of lipids, including neutral
lipids (TGs, DGs) and GPs (PE-P/PE-Os,

e S ——— 0

LPE 18 LPE 181

~ - 1
sof - 30
B - i 20{ ¢
10 10
== =

LPC 181 LPC 18:1

BPA
F i = covo
BPA 5 M £
M — I R
3 o B BPA SO uM
£ s l 4 .
&
204 0] i ,.-.:_}
(— o

PC-P/PC-Os, PCs, PIs and PSs) were
depleted in the culture medium of cells
exposed to 50 uM BPA (Fig. 4; S6A).
Similarly, exposure to 10 uM
BADGE-2HCI significantly reduced the
amount of lipids in culture medium (PE-
P/PE-Os, PC-P/PC-Os, PCs, PEs, PSs, Pls,
and DGs) (Fig. 4; S6C).
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Figure 3. Amount of LPE 18:1 and LPC 18:1 in the culture medium of ZFL cells after exposure to BPA (5,20
,50 uM), BPF (5,20 ,50 uM) and BADGE-2HCI (1, 5, 10 uM) for 24 h. *Indicates statistically significant

differences (p < 0.05; Student t-test).
3.4 Expression of mRNA of target

genes in ZFL cells

Results from gPCR showed that 20
MM BPA, 20 uM BPF and 5 uM
BADGE-2HCI altered the expression of
genes involved in lipid metabolism (Fig.
5). Both, BPA and BPF, significantly
induced the expression of genes
encoding lipogenic enzymes: scd (1.9
and 2.2-fold, respectively), which
desaturates fatty acids 16:0 to 16:1 and
18:0 to 18:1; and elovi6 (1.3 and 1.5-
fold), responsible for the elongation of
fatty acids 16:0, 16:1 and 18:1 to 18:0,
18:1 and 20:1, respectively. The
expression of ppara was significantly
down-regulated after BPF (1.3-fold)
and BADGE-2HCI (3.5-fold) exposure,
while the expression of the abcalb
transporter, involved in the regulation
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of cellular cholesterol and GP
homeostasis, was up-regulated after
BPF exposure (1.4-fold) and down-
regulated by BADGE-2HCI (1.5-fold).
Transcript levels of fasn (responsible
for the the synthesis of palmitate from
acetyl-CoA and malonyl-CoA, into long-
chain saturated fatty acids), Ixr (nrih3;
involved in the metabolism of
carbohydrates and lipids), dgatia,
which catalyzes the conversion of DGs
and fatty acyl-CoA to TGs, and gpat3,
which catalyzes the conversion of
glycerol-3-phosphate to
lysophosphatidic acid in the synthesis
of TGs, were not altered after exposure
to the tested compounds. In addition,
BPF exposure produced a slight up-
regulation of the expression of cyp3a65
(1.3-fold), which is involved in response
to xenobiotic stimulus, whereas BPA
and BADGE-2HCI did not alter the
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expression of cypla or cyp3a65) (Fig.
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Figure 4. Total amount of A) PC-P/PC-Os, B) PE-P/PE-Os and C) TGs in the culture medium of ZFL cells after
exposure to BPA (5, 20, 50 uM), BPF (5, 20, 50 uM) and BADGE-2HCI (1, 5, 10 uM) for 24 h. *Indicates
statistically significant differences (p < 0.05; Student t-test).

4. Discussion

The present study illustrates that BPA
and its derivatives, BPF and
BADGE-2HCI, interfere with lipid
homeostasis in ZFL cells by modulating
the lipid profile of exposed cells and
the expression of genes involved in the
regulation of lipid metabolism. A
common effect for all three bisphenols
was the increased concentration of
dihydroceramides and  ether-TGs,
predominatly plasmanyl-TG species, in
exposed ZFL cells. Non-hydroxy acyl
dihydro-sphingosine ceramides
(CER[NDS]) or dihydroceramides are
converted to ceramides by
dihydroceramide desaturases (DES1
and DES2) through de novo synthesis of
sphingolipids. Thus, we hypothesize
that an inhibition of DES by BPA, BPF
and BADGE-2HCI would lead to an
accumulation of endogenous CER[NDS]
in ZFL cells. Actually, several studies
have shown that compounds like

fenretinide, a synthetic retinoid
derivative (Wang et al.,, 2008),
resveratrol (Signorelli et al., 2009) and
the anti-inflammatory drug celecoxib
(Schiffmann et al.,, 2009), induced a
dramatic increase of dihydroceramides
content in mammalian cells by
inhibiting DES activity. Even though
dihydroceramides were once thought
to be inert, recent studies have
demonstrated their importance in
some biological processes. Its function
is different from that of ceramides
(CER[NS]), which are known to mediate
cellular stress response, with
implications in apoptosis, survival,
growth and anabolism. In contrast,
dihydroceramides exert their action
mainly on proliferation and autophagy
processes (Siddique et al., 2015). Thus,
the intracellular accumulation of
dihydroceramides  observed  after
exposure to the highest concentrations
of all three compounds is suggestive of
inhibited cell growth and possibly the
induction of autophagy, which may be
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a mechanism for ZFL cells to survive
under the highest concentrations of
bisphenols through recycling and
degradation of cell organelles.

On the other hand, ether analogues of
TGs, which represented 0.3 % of the
detected neutral lipid fraction in ZFL
cells, were up-regulated, particularly in
cells exposed to the highest
concentration of all three bisphenols.
Ether-TGs are present at trace levels in
most animal tissues, where they are
important energy sources that can be
metabolized to form ATP in high yields;
while TGs are more relevant for
processes requiring short-term energy,
ether-TGs are useful for long-term
events (e.g. overwintering, starvation)
(Boer et al., 2007). Ether-TGs have also
been described as bioactive lipis that
may promote the inhibition of certain
protein kinase C isoforms, presumably
involved in tumour growth, and
increased levels of plasmanyl- and
plasmenyl-TGs (TG-O, TG-P) have been
described in mammalian cancer cells
(Magnusson and Haraldsson, 2011).
Up-regulation of ether-TGs by all three
bisphenols in ZFL cells and the
consequences for cell functioning
should be further investigated.

BPA and its monomer BADGE-2HCI
induced the intracellular accumulation
of TGs with a shift towards increased
TGs saturation, while at the highest
concentration tested, a concomitant
decrease of some TGs containing
PUFAs (20:4, 22:5 and 22:6) was
observed. TGs act as buffers for cellular
lipid homeostasis through hydrolysis
and release of PUFAs that can be
incorporated into other lipid types,
such as PLs, or by sequestering
monounsaturated oleate (C18:1), the
principal product of stearoyl-CoA
desaturase, in lipid droplets (Ackerman
et al,, 2018). Althoug different studies
have reported alterations of the TG
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pool in the liver of various fish species
exposed to BPA (Maradonna et al.,
2015; Guan et al., 2016, 2019), detailed
information on the specific TGs that are
up- or down-regualted is still lacking.
Often, controversial results are
reported for BPA, which can both
increase and decreasae the total lipid
content in the liver of zebrafish,
depending on the exposure
concentration and the balance
between FA synthesis and oxidation
(Santangeli et al., 2018). Likewise, our
study shows a non-monotonic effect of
BPA on ZFL cells, leading to a significant
intracellular accumulation of TGs at low
(5 upM) and high (50 uM)
concentrations, and no response at 20
UM. In fact, the expression of fasn after
20 uM BPA was not up-regulated,
supporting the absence of TG
accumulation at this dose.

Although, the transcriptional analysis
was carried out after exposure of the
cells to a single concentration of the
selected compounds, it was possible to
detect that BPA and BPF up-regulated
the expression of the lipogenic genes
scd and elovl6, while ppara expression
was down-regulated by BPF and
BADGE-2HCI. This receptor functions as
a lipid sensor in the liver, responding to
the influx of FAs and controlling
expression of genes involved in
mitochondrial and peroxisomal -
oxidation, FA uptake, and lipoprotein
assembly and transport (Contreras et
al.,, 2013). Thus, among other factors,
the down-regulation of ppara by
BADGE-2HCI may have resulted in a
reduced hydrolysis of TGs, and their
consequent accumulation in ZFL cells.
In fact, this is the first study that
reports an effect of this BPA monomer
in  fish lipid homeostasis  at
concentrations in the range of those
reported in the liver of marine
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mammals (1- 2.5 uM) (Xue and Kannan,

2016).
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Figure 5. Changes in the expression of hepatic genes related to lipid metabolism pathway in response to
BPA, BPF and BADGE-2HCI exposure in ZFL cells. The red dotted line indicates control value. *Statistically
significant differences from control (p < 0.05).
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differences from control (p < 0.05).

BPF induced the generation of ROS at
levels higher than BPA in ZFL cells, and
a lipid signature characteristic of
oxidative stress, which was particularly
evident after exposure to 50 uM BPF
(3.2-fold ROS induction). This lipid
pattern consisted of (a) a significant
decrease of highly unsaturated TGs,
which can be a source of FAs for the
synthesis of damaged/oxidized GPs to
restore their basal levels, and (b) a
significant increment of LPCs and LPEs
and the concomitant decrease of highly
unsaturated (3-9 double bounds) PCs
and PEs (Fig. 2A, 2B; SI excel). This
latter effect could also be depicted in
cells exposed to the  higest
concentration of BPA and in the culture
medium, where an increment of LPE
18:1 and LPC 18:1 was observed after
BPA and BPF exposure. Although the
role of extracellular LPCs and LPEs has
not been elucidated, recent studies
indicate that they are bioactive lipids
that may regulate fundamental cellular
activities by modulating multiple
molecular targets. They act as signaling
molecules in inflammatory processes,
particularly LPC 18:1, which increases
in anti-inflamatory signaling, but they
also have an influence on different
processes such as carcinogenesis,
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immunity or regulation of metabolic
diseases (Chen et al., 2008; Grzelczyk
and Gendaszewska-Darmach, 2013).
Additionally, the analysis of the lipids in
culture medium evidenced a general
inhibition of the synthesis/transport of
lipids at the highest concentrations
tested (50 uM BPA and BPF; 10 uM
BADGE-2HCI), which can be observed in
the volcano plots, where a shift
towards the left side of most of the
detected lipids was observed (Fig. S5).
Moreover, lipids measured in culture
medium probably include those of
extracellular vesicles, like exosomes
and apoptotic bodies (Skotland et al.,
2017), whose excretion and lipidome
has probably been altered by exposure.

The transporter abcalb was up-
regulated by BPF and down-regulated
by BADGE-2HCl. In processes of
steatosis, abcalb activation can
decrease lipid accumulation by
modifying lipid transport, but also
inhibiting FA synthesis in hepatocytes
(Ma et al., 2014). Additionally, abcalb
could be part of the cell’'s defensome
together with cypla and cyp3a65,
examined in this study. The up-
regulation of  abcalb, cypla and
cyp3a65 by BPF may have contributed
to BPF detoxification and to the
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comparatively low  toxicity and
intracellular concentration of BPF in
fish liver cells, while the down-
regulation of abcalb by BADGE-HCl and
no response of cytochrome P450
isoforms agrees with its highest toxicity
and high bioconcentration in PLHC-1
cells in comparison to other bisphenols
(Pérez-Albaladejo et al., unpublished
results).

Overall, this study shows the ability
of BPA, BPF and BADGE-2HCI to alter
the lipid homeostasis of the zebrafish
hepatic cell line ZFL. BPA and
BADGE-2HCI produced similar
alterations in  ZFL lipids, mainly,
accumulation of saturated and lesser
unsaturated TGs, whilst BPF reduced
the intracellular accumulation of TGs
containing PUFAs and shows a clear
pattern of oxidative stress, translated
into the depletion of GPs containing
PUFAs and concomitant formation of
lyso-forms, also with direct implications
in the cells bilayer thickness. In
addition, the same trend of increasing
dihydroceramides could signify that the
three compounds are able to
knockdown the des gene.
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Informacié suplementaria de l'article “Untargeted lipidomics shows
the ability of bisphenol A and derivatives to alter lipid metabolism in

zebrafish liver cells (ZFL)”

A. Marqueno, E. Pérez-Albaladejo, N. Denslow, J.A. Bowden, C. Porte

Submited to Environmental Science & Technology

Analysis of cellular lipids

Quantification of the individual lipids was performed using internal standards
representative for each lipid subclass. TG, oxTG, TG-O and TG-P were
qguantified using 17:0 TG; DG and MG using 1,3-17:0 d5 DG; PC, PC-O, PC-P,
AcCar, Cer-NDS, Cer-NS, HexCer and Co using 16:0 d31-18:1 PC; PS and PS-P
using 16:0 d31-18:1 PS; PE, LPE, PE-O, PE-P, PEtOH, DMPE, PG and LPE-P using
16:0 d31-18:1 PE; Pl using 16:0-d31-18:1 PI; SM using 16:0 d31 SM; CEs using
17:0 CE; LPC, oxLPC, LPC-O and LPC-P using 17:0 LPC.
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Table S1. Zebrafish primer sequences for quantitative RT-PCR analysis and

primer efficiency. Amplicon length is of 81 bp for all the studied genes.

Gene Acession number Primer sequence (5’-3’) Efficiency (%)
abcalb NM_001114586.2 FW: AGCTCAATCAGCCGTAAAGGG

RV: GGGCTTCTCCAGGCTGTCTT 1ot
fasn XM_021472581.1 FW: CGACCGCTACGTTCCCACT

RV: CCATCTCCGTACTCGCTGCT o
elovl6 NM_199532.1 FW: CTATGCTCTTCGGGCAGCC

RV: ACCATCTGGGTGATCTGTGTCA 1o
scd NM_198815.2 FW: CACCACACGTTTCCCTACGA

RV: CATGGTGTCCACGAAGATGG ¥
dgatla NM_199730.1 FW: CTGGGCGTTTCTGGGTATGA 94

RV: GCGTTGCCATAGTTACCCCTC
gpat3 NM_001002685.1 FW: TGACATTGTCATCTTGGCGAA

RV: CTCTGGATGACCCCCATGAG -
cypla NM131879.2 FW: GGTTAAAGTTCACCGGGATGC

RV: CTGTGGTGTGACCCGAAGAAG %
cyp3a65 NM_001037438.1 FW: CGGAGAGCTTCAAACCCGA

RV: CCAGACCGAACGGCATGTAC o
ppara DQ839548.1 FW: ATCCAAAGCACGAACCATCC

RV: TGGCCACAAATGTCTGTTCTG 107
Ixr(nrih3) NM_001017545.3 FW: GACTAGGCAAATGAGAGCAATTTG o

RV: AACCTGAATTGTGCATGCTCAC

Table Excel S2. Lipids identified in the ZFL cells using UHPLC-HRMS/MS and
LipidMatch flow for data treatment. (ID Ranked 1 = Data-Dependent (top 30)
MS/MS fragment m/z match, 3 = Headgroup m/z match (class-1D))

Available online: http://hdl.handle.net/10261/204413
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Table S3. Lipid species significantly disregulated in ZFL cells after exposure to
A) BPA (50, 20, 5 uM), B) BPF (50, 20, 5 uM) and C) BADGE-2HCI (10, 5, 1 uM)
obtained from volcano plots.

A)
Decreased Increased
Exposure Lipid species Fold p value | Lipid species Fold p value
change change
BPA 50 | CE(18:1) 0.06 1.1E-02 Cer-NDS(d18:0/16:0) 3.39 8.2E-05
M
Cer-NS(d18:1/24:2) 0.43 2.7E-09 | Cer-NDS(d18:0/18:0) 3.38 1.8E-08
OxTG(18:0_18:0_9:0(CH 0.18 3.2E-04 | Cer-NDS(d18:0/22:1) 3.33 1.7E-07
0))
PC(16:0_16:0) 0.49 1.4E-02 | Cer-NDS(d18:0/24:1) 491 2.2E-03
PC(16:0_18:0) 0.39 6.1E-03 | Cer-NDS(d18:0/26:1) 4.59 4.1E-06
PE(20:2_20:4) 0.46 3.1E-02 | DG(16:1_18:1) 232 3.0E-03
PE(20:3_20:3) 0.48 8.2E-03 | LPC(14:0) 430 1.5E-06
PE(39:3) 0.39 9.4E-04 | LPC(16:1) 2.30 3.6E-04
Plasmenyl-PE(P- 0.47 4.2E-02 LPC(20:1) 2.18 4.7E-06
18:0/22:3)
TG(10:0_10:0_8:0) 0.20 6.4E-06 | LPE(16:0) 2.45 1.0E-02
TG(10:0_8:0_8:0) 0.19 9.2E-06 | LPE(18:0) 2.47 8.5E-05
TG(16:0_20:4_22:5) 0.44 1.5E-03 | LPE(18:2) 2.35 1.5E-02
TG(16:1_18:3_22:5) 0.28 1.4E-04 | PC(14:0_16:1) 4.81 7.7E-04
TG(17:0_20:4_20:4) 0.47 2.4E-03 | PC(14:0_18:2) 2.06 7.4E-05
TG(18:0_18:0_22:6) 0.39 2.1E-03 PC(16:1_16:1) 2.00 2.3E-02
TG(18:0_20:4_22:6) 0.33 1.9E-04 | PI(16:0_18:1) 467 6.3E-03
TG(8:0_8:0_8:0) 0.15 3.4E-05 PI(18:1_18:1) 2.47 4.1E-02
PI(36:2) 2.58 3.8E-02
Plasmanyl-PC(O- 2.74 1.7E-05
16:1/14:0)
Plasmanyl-PC(O- 2.25 4.3E-03
16:1/16:1)
plasmanyl-TG(O- 7.47 5.2E-04
16:0_16:0_18:1)
plasmanyl-TG(O- 3.18 1.3E-03
16:0_18:1_18:2)
plasmanyl-TG(O- 5.56 5.9E-04
16:1_18:0_18:0)
plasmanyl-TG(O- 2.73 4.3E-03
16:1_18:1_18:2)
plasmanyl-TG(O- 9.60 1.2E-03
18:0_14:0_16:0)
plasmanyl-TG(O- 2.77 1.3E-02
18:1_15:0_18:1)
plasmanyl-TG(O- 5.74 1.9E-04
18:1_16:0_16:1)
plasmanyl-TG(O- 2.84 1.6E-02
20:1_16:1_18:1)
Plasmenyl-PC(P-16:0/16:1) 2.21 3.3E-04
plasmenyl-TG(P- 4.56 6.5E-04
16:1_18:0_18:0)
plasmenyl-TG(P- 3.81 2.9E-03

18:1_16:1_16:1)
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Decreased Increased
Exposure Lipid species Fold p value | Lipid species Fold p value
change change
TG(15:1_16:0_18:2) 2.10 1.7E-03
TG(16:0_16:0_18:1) 2.54 1.2E-04
TG(16:0_18:1_18:1) 217 4.5E-03
TG(16:0_18:1_22:0) 2.04 3.6E-05
TG(16:0_18:1_22:1) 3.19 2.6E-05
TG(18:0_18:1_18:1) 2.29 1.5E-02
TG(18:0_18:1_20:0) 217 1.9E-04
TG(18:1_18:1_20:1) 2.24 7.5E-04
TG(18:1_18:1_22:1) 3.76 2.3E-05
TG(18:1_18:1_24:1) 3.81 2.3E-05
TG(18:1_18:2_22:1) 2.27 4.9E-04
TG(18:1_18:2_24:1) 4.68 3.2E-05
TG(18:1_18:3_26:0) 233 5.0E-03
TG(18:1_20:0_22:4) 2.70 6.2E-03
TG(18:2_18:2_23:0) 2.30 5.4E-05
TG(18:2_20:2_24:0) 4.82 1.5E-05
BPA 20 | CE(18:1) 0.27 4.5E-02 LPC(14:0) 2.40 6.4E-03
M
OxTG(18:0_18:0_9:0(CH 0.50 2.6E-02 | PC(14:0_16:1) 3.46 4.1E-03
0))
PE(39:3) 0.48 3.6E-03 | Plasmanyl-PC(O- 2.05 1.5E-03
16:1/14:0)
Plasmanyl-PC(O- 2.14 2.0E-02
16:1/16:1)
plasmanyl-TG(O- 2.10 7.0E-03
16:0_16:0_18:1)
plasmanyl-TG(O- 3.02 1.6E-03
18:0_14:0_16:0)
plasmanyl-TG(O- 2.19 2.4E-03
18:1_16:0_16:1)
plasmenyl-TG(P- 2.25 1.2E-02
18:1_16:1_16:1)
BPA 5 uM plasmanyl-TG(O- 2.33 2.1E-03
18:0_14:0_16:0)
TG(15:0_16:0_24:0) 2.14 1.9E-04
TG(15:1_16:0_18:2) 2.44 6.6E-03
TG(16:0_16:0_18:1) 2.23 9.5E-03
TG(16:0_16:1_18:1) 2.04 7.1E-04
TG(16:0_18:0_22:0) 2.13 2.3E-04
TG(16:0_18:0_25:0) 2.17 3.5E-04
TG(16:0_18:1_22:0) 2.02 3.7E-04
TG(16:0_18:1_22:1) 2.07 9.2E-04
TG(18:0_18:0_20:3) 2.25 4.2E-02
TG(18:0_18:1_23:0) 2.19 3.5E-04
TG(18:0_18:1_24:0) 2.29 4.3E-04
TG(18:0_20:4_24:0) 3.02 3.7E-03
TG(18:1_18:1_18:2) 2.49 4.5E-02
TG(18:1_18:1_25:0) 2.32 3.7E-04
TG(18:1_18:2_24:0) 2.09 1.5E-03
TG(18:1_19:0_20:2) 2.02 3.4E-03
TG(18:1_20:1_24:0) 2.32 4.2E-04
TG(18:2_18:2_23:0) 2.25 6.9E-04
B)
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Decreased Increased
Exposure Lipid species Fold p value | Lipid species Fold p value
change change
BPF 50 OxTG(18:0_18:0_9:0(CH 0.35 3.5E-03 | Cer-NDS(d18:0/16:0) 3.81 8.2E-04
um 0))
PC(16:0_16:0) 0.43 9.5E-03 | Cer-NDS(d18:0/18:0) 6.26 4.7E-05
PC(17:0_20:4) 0.34 6.0E-05 | Cer-NDS(d18:0/22:1) 4.86 4.6E-05
PE(20:2_20:4) 0.37 1.4E-02 | Cer-NDS(d18:0/24:1) 5.61 1.2E-02
PE(20:3_20:3) 0.38 1.6E-03 | Cer-NDS(d18:0/26:1) 10.81 2.7E-04
PE(20:3_22:5) 0.43 6.5E-03 | LPC(14:0) 4.75 8.2E-05
PE(39:3) 0.43 1.86-03 | LPC(16:1) 2.09 1.9E-02
PE(42:3) 0.42 1.6E-02 | LPC(20:1) 2.11 3.8E-05
PE(42:9) 0.41 2.9E-03 | LPE(18:0) 2.14 1.4E-02
plasmanyl-TG(O- 0.44 1.7E-02 | PC(14:0_16:1) 3.36 5.5E-03
18:0_20:3_20:3)
TG(10:0_10:0_8:0) 0.30 2.7E-05 | PI(36:2) 2.56 2.7E-02
TG(10:0_8:0_8:0) 0.26 2.8E-05 | Plasmanyl-PC(O- 2.53 1.0E-04
16:1/14:0)
TG(16:0_16:0_22:6) 0.38 2.1E-04 | Plasmanyl-PC(O- 2.05 2.7E-02
16:1/16:1)
TG(16:0_16:1_20:5) 0.39 9.2E-04 | Plasmanyl-PE(38:1) 2.74 1.0E-02
TG(16:0_18:1_20:5) 0.43 2.9E-04 | plasmanyl-TG(O- 5.22 1.96-03
16:0_16:0_18:1)
TG(16:0_18:1_22:6) 0.44 1.5E-04 | plasmanyl-TG(O- 211 6.7E-03
16:0_18:1_18:2)
TG(16:0_18:2_18:4) 0.42 4.3E-02 | plasmanyl-TG(O- 3.64 2.1E-03
16:1_18:0_18:0)
TG(16:0_18:2_20:4) 0.43 1.4E-04 | plasmanyl-TG(O- 6.98 5.8E-03
18:0_14:0_16:0)
TG(16:0_20:4_22:5) 0.34 2.2E-04 | plasmanyl-TG(O- 4.34 6.8E-04
18:1_16:0_16:1)
TG(16:1_18:1_22:6) 0.41 3.5E-05 | plasmanyl-TG(O- 2.36 7.3E-03
20:1_16:1_18:1)
TG(17:0_18:1_20:4) 0.46 3.1E-04 | plasmenyl-TG(P- 3.71 1.3E-03
16:1_18:0_18:0)
TG(17:1_18:1_20:4) 0.34 8.3E-04 | SM(42:1) 2.30 3.6E-02
TG(18:0_18:2_20:4) 0.46 1.8E-04 | TG(18:1_18:1_24:1) 2.12 6.2E-05
TG(18:0_20:4_22:6) 0.25 3.0E-05 | TG(18:2_18:2_23:0) 2.02 3.6E-02
TG(18:0_20:4_24:0) 0.29 5.4E-05
TG(18:1_18:1_22:4) 0.42 7.6E-05
TG(18:1_18:1_22:5) 0.45 1.4E-04
TG(18:1_18:1_22:6) 0.44 5.9E-04
TG(18:1_18:2_20:4) 0.38 1.7E-04
TG(18:1_19:0_20:4) 0.48 3.0E-02
TG(18:1_20:3_20:4) 0.32 4.3E-04
TG(18:1_20:4_22:1) 0.48 5.9E-04
TG(18:2_20:2_22:4) 0.46 2.6E-04
TG(8:0_8:0_8:0) 0.25 1.2E-04
BPF 20 OxTG(18:0_18:0_9:0(CH 0.20 3.9E-04 | Cer-NDS(d18:0/16:0) 2.20 2.9E-02
um 0))
PC(17:0_20:4) 0.45 2.6E-03 | Cer-NDS(d18:0/18:0) 3.03 4.5E-03
PE(42:9) 0.46 5.2E-03 | Cer-NDS(d18:0/22:1) 2.45 2.0E-03
plasmanyl-TG(O- 0.43 7.7E-03 | Cer-NDS(d18:0/24:1) 2.91 4.7E-02
16:0_20:3_20:3)
plasmanyl-TG(O- 0.38 5.5E-03 | Cer-NDS)d18:0/26:1) 3.28 1.9E-03
18:0_20:3_20:3)
plasmanyl-TG(O- 0.43 7.6E-03 | LPC(14:0) 2.90 3.2E-03

18:1_18:1_22:3)
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Decreased Increased
Exposure Lipid species Fold p value | Lipid species Fold p value
change change
TG(10:0_10:0_8:0) 0.47 1.6E-02 | PC(14:0_16:1) 2.29 2.4E-02
TG(16:0_16:0_22:6) 0.41 1.86-03 | plasmanyl-TG(O- 2.16 1.6E-02
16:0_16:0_18:1)
TG(16:0_18:1_22:6) 0.49 2.76-03 | plasmanyl-TG(O- 3.02 8.1E-03
18:0_14:0_16:0)
TG(18:0_18:0_22:6) 0.35 1.2E-03
TG(18:0_18:2_20:4) 0.46 1.8E-03
TG(18:0_20:4_22:6) 0.33 1.6E-04
TG(18:1_18:1_22:2) 0.46 3.7E-03
TG(18:1_18:1_22:4) 0.48 1.1E-03
TG(18:1_18:1_22:5) 0.47 6.2E-03
TG(18:1_20:2_22:5) 0.46 1.2E-02
TG(18:1_20:4_22:1) 0.48 9.5E-04
BPF 5 uM OxTG(18:0_18:0_9:0(CH 0.19 3.7E-04
0))
TG(10:0_10:0_8:0) 0.19 6.9E-06
TG(10:0_8:0_8:0) 0.17 8.0E-06
TG(14:0_18:2_18:4) 0.47 4.3E-02
TG(8:0_8:0_8:0) 0.18 4.4E-05
Q)
Decreased Increased
Exposure Lipid species Fold p value | Lipid species Fold p value
change change
BADGE-2HCI | plasmanyl-TG(O- 0.18 2.5E-04 | AcCar(16:0) 3.59 2.1E-07
10 uM 18:0_20:3_20:3)
CE(18:1) 0.21 3.4E-02 | AcCar(18:1) 4.34 1.1E-09
Cer-NS(d18:1/24:2) 0.42 5.0E-07 | Cer-NDS(d18:0/16:0) 2.88 1.6E-03
PC(16:0_22:6) 0.50 2.8E-02 | Cer-NDS(d18:0/18:0) 8.09 2.9E-09
PC(18:1_22:6) 0.44 8.7E-03 | Cer-NDS(d18:0/22:1) 5.47 2.9E-07
PC(20:4_20:4) 0.43 3.4E-05 | Cer-NDS(d18:0/24:1) 6.82 3.6E-03
PE(20:2_20:4) 0.44 2.5E-02 | Cer-NDS(d18:0/26:1) 3.99 6.6E-06
plasmanyl-TG(O- 0.40 3.4E-03 | Cer-NS(d18:1/22:0) 2.17 1.2E-09
16:0_20:3_20:3)
plasmanyl-TG(O- 0.44 9.9E-03 | Cer-NS(d18:1/24:0) 2.02 3.2E-02
18:1_16:0_20:4)
plasmanyl-TG(O- 0.40 5.1E-03 | LPC(14:0) 3.97 1.4E-06
18:1_18:1_22:3)
TG(10:0_10:0_8:0) 0.39 1.1E-03 | PC(14:0_16:1) 2.75 1.7E-03
TG(10:0_8:0_8:0) 0.36 6.0E-04 | PI(16:0_18:1) 3.73 1.2E-02
TG(16:0_20:4_22:5) 0.43 2.4E-03 | PI(36:2) 2.19 4.4E-02
TG(16:1_18:3_22:5) 0.44 1.3E-03 | Plasmanyl-PC(O- 3.25 1.5E-06
16:1/14:0)
TG(17:0_20:4_20:4) 0.44 7.5E-04 | Plasmanyl-PE(36:1) 2.01 1.6E-02
TG(18:0_18:0_22:6) 0.26 3.8E-05 | Plasmanyl-PE(38:1) 211 8.9E-03
TG(18:0_20:4_22:6) 0.19 9.6E-06 | plasmanyl-TG(O- 3.96 5.9E-04
16:0_16:0_18:1)
TG(8:0_8:0_8:0) 0.29 3.5E-04 | plasmanyl-TG(O- 2.84 3.3E-03
16:1_18:0_18:0)
plasmanyl-TG(O- 5.65 7.6E-04
18:0_14:0_16:0)
plasmanyl-TG(O- 2.09 2.5E-02

120




TREBALL EXPERIMENTAL | RESULTATS

Decreased Increased
Exposure Lipid species Fold p value | Lipid species Fold p value
change change
18:1_15:0_18:1)
plasmanyl-TG(O- 3.00 8.0E-04
18:1_16:0_16:1)
plasmenyl-TG(P- 2.47 6.0E-03
16:1_18:0_18:0)
plasmenyl-TG(P- 2.30 2.6E-02
18:1_16:1_16:1)
SM(42:1) 3.30 5.4E-04
SM(d18:2/20:1) 3.91 5.0E-08
SM(d18:2/22:1) 4.64 7.2E-07
TG(16:0_16:0_18:1) 2.99 4.7E-08
TG(16:0_18:0_18:1) 3.16 5.7E-07
TG(16:0_18:1_18:1) 2.36 3.5E-07
TG(16:0_18:1_22:0) 2.11 2.6E-07
TG(16:0_18:1_22:1) 3.41 5.4E-08
TG(17:0_18:1_18:1) 2.01 7.6E-05
TG(17:1_18:1_20:1) 2.06 4.1E-05
TG(18:0_18:1_18:1) 2.83 1.3E-07
TG(18:0_18:1_20:0) 2.47 7.3E-07
TG(18:0_20:0_20:4) 2.71 1.9E-08
TG(18:1_18:1_19:0) 2.35 1.7E-06
TG(18:1_18:1_20:1) 2.67 7.3E-07
TG(18:1_18:1_22:1) 3.71 3.2E-07
TG(18:1_18:1_24:1) 2.69 1.5E-05
TG(18:1_18:2_21:0) 2.15 6.6E-05
TG(18:1_18:2_22:1) 2.61 7.3E-07
TG(18:1_18:2_24:1) 4.88 7.3E-07
TG(18:1_20:0_22:4) 3.13 9.9E-06
TG(18:2_18:2_22:0) 2.00 8.7E-07
TG(18:2_18:2_23:0) 2.47 3.0E-08
TG(18:2_20:2_24:0) 3.23 1.5E-05
BADGE-2HC | plasmanyl-TG(O- 0.46 1.2E-02 | Cer-NDS(d18:0/18:0) 2.23 2.3E-04
15 uM 18:0_20:3_20:3)
TG(10:0_10:0_8:0) 0.28 1.3E-05 | LPE(22:5) 2.57 1.2E-02
TG(10:0_8:0_8:0) 0.25 2.0E-05 | plasmanyl-TG(O- 2.51 6.0E-03
16:0_16:0_18:1)
TG(8:0_8:0_8:0) 0.22 7.0E-05 | plasmanyl-TG(O- 2.08 7.2E-03
16:0_18:1_18:2)
plasmanyl-TG(O- 2.34 1.6E-02
16:1_18:0_18:0)
plasmanyl-TG(O- 2.75 2.1E-03
18:0_14:0_16:0)
plasmanyl-TG(O- 2.54 2.4E-03
18:1_15:0_18:1)
plasmanyl-TG(O- 2.23 4.3E-03
18:1_16:0_16:1)
plasmenyl-TG(P- 2.18 1.1E-02
16:1_18:0_18:0)
plasmenyl-TG(P- 2.24 8.6E-03
18:1_16:1_16:1)
SM(d18:2/20:1) 2.02 1.1E-06
SM(d18:2/22:1) 2.11 5.1E-04
TG(16:0_18:0_18:1) 2.06 8.3E-05
TG(16:0_18:1_22:1) 237 1.4E-06
TG(17:1_18:1_20:1) 2.01 1.4E-04
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Decreased Increased
Exposure Lipid species Fold p value | Lipid species Fold p value
change change
TG(18:0_18:1_18:1) 2.40 6.4E-06
TG(18:0_18:1_23:0) 2.03 1.0E-02
TG(18:0_18:1_24:0) 2.02 2.3E-02
TG(18:1_18:1_19:0) 2.04 1.4E-05
TG(18:1_18:1_20:1) 2.26 1.8E-05
TG(18:1_18:1_22:1) 2.54 3.7E-06
TG(18:1_18:1_24:1) 2.21 1.2E-05
TG(18:1_18:2_22:1) 2.31 6.8E-06
TG(18:1_18:2_24:1) 2.98 2.8E-07
TG(18:1_20:0_22:4) 2.55 2.8E-04
TG(18:2_18:2_23:0) 2.24 1.7E-08
TG(18:2_20:2_24:0) 2.50 1.1E-06
BADGE-2HC LPC(20:4) 0.49 1.1E-03 | LPE(22:5) 2.52 6.9E-03
11uM
MG(22:4) 0.45 4.7E-03 | OxTG(18:1_18:1_18:1(OH) 2.76 3.4E-02
)
OxTG(18:0_18:0_9:0(CHO) 0.43 1.1E-02 | plasmanyl-TG(O- 2.10 3.4E-02
) 18:1_15:0_18:1)
TG(10:0_10:0_8:0) 0.31 4.4E-05 | plasmenyl-TG(P- 2.03 4.8E-02
18:1_16:1_16:1)
TG(10:0_8:0_8:0) 0.31 6.5E-05 | TG(16:0_18:1_22:1) 2.14 2.4E-03
TG(8:0_8:0_8:0) 0.27 1.7E-04 | TG(16:1_18:1_20:1) 2.67 8.0E-03
TG(18:0_18:0_20:3) 2.19 4.3E-03
TG(18:0_18:1_18:1) 231 5.4E-03
TG(18:0_20:2_20:2) 2.20 2.8E-03
TG(18:0_20:4_24:0) 2.33 3.5E-02
TG(18:1_18:1_18:2) 2.30 3.5E-02
TG(18:1_18:1_22:1) 2.12 1.7E-03
TG(18:1_18:1_24:1) 2.06 2.9E-03
TG(18:1_18:2_21:0) 2.01 4.9E-03
TG(18:1_18:2_24:0) 2.37 2.3E-02
TG(18:1_20:1_24:0) 2.00 7.1E-03
TG(18:2_18:2_23:0) 2.48 4.7E-03
TG(18:2_20:2_24:0) 2.09 2.8E-03

122




TREBALL EXPERIMENTAL | RESULTATS

Figure S1. Cytotoxicity measured with Alamar Blue and CFDA-AM in ZFL cells
exposed in serum-free medium to A) BPA, B) BPF and C) BADGE-2HCI for 24 h.
Results are expressed as the percentage of viability in control cells (mean %
SEM of six replicates in three different assays).
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Figure S2. Principal component analysis (PCA) scores plot of the lipid profile of
ZFL cells exposed to A) 5, 20, 50 uM BPA, B) 5, 20, 50 uM BPF and C) 1, 5, 10
MM BADGE-2HCI compared to control cells.
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Figure S3. Volcano plots showing the altered cellular lipids after ZFL exposure
to A) 5 uM and B) 20 uM of BPA. The x-axis reflects the magnitude of the
change (—log(fold change)) and the y-axis reflects the significance of change (—
log(p-value)). Dotted lines delimit significantly altered lipids (fold change > 2.0;
p <0.05).
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Figure S4. Volcano plots showing the altered cellular lipids after ZFL exposure
to A) 5 uM and B) 20 uM of BPF. The x-axis reflects the magnitude of the
change (—log(fold change)) and the y-axis reflects the significance of change (-
log(p-value)). Dotted lines delimit significantly altered lipids (fold change > 2.0;
p <0.05).
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Figure S5. Volcano plots showing the altered cellular lipids after ZFL exposure
to A) 1 uM and B) 5uM of BADGE-2HCI. The x-axis reflects the magnitude of the
change (—log(fold change)) and the y-axis reflects the significance of change (—
log(p-value)). Dotted lines delimit significantly altered lipids (fold change > 2.0;

p <0.05).
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Figure S6. Volcano plots showing the changes in the lipids present in the
culture medium after ZFL exposure to A) 50 uM BPA, B) 50 uM BPF and C) 10
UM BADGE-2HCI. The x-axis reflects the magnitude of the change (—log(fold
change)) and y-axis reflects the significance of change (—log(p-value)). Dots
representing significantly altered lipids (fold change > 1.5; p < 0.05) are colored
in red. Annotation in red refers to the decreased lipids while in green refer to
the increased lipids.
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HIGHLIGHTS GRAPHICAL ABSTRACT

Drospirenone induces the accumulation
of specific triglycerides in PLHC-1 cells.
Increased TG/DG ratio was detected in
cells exposed to drospirenone for 24
and 48 h.

The lipidome was altered at a DRO inter-
nal concentration of 83 ng-mg~'
protein.

PLHC-1 cells et

Rl

Drospirenone /\fo
“ a0

SRt
* i

ARTICLE INFO ABSTRACT

Article history: Drospirenone (DRO) is one of the most commonly used progestins reaching the aquatic environment through
Received 6 May 2019 wastewater treatment plant effluents. It is a progesterone receptor agonist, and as such, can act primarily in
Received in revised form 19 July 2019 the brain and reproductive organs of fish. In order to better understand and predict its effects, this work evaluates
Accepted 21 July 2019

Available online 22 July 2019

Editor: Henner Hollert

the lipidomic changes induced in PLHC-1 cells after exposure to drospirenone at concentrations below the ECyq
(1 and 10 M) by direct injection of the lipid extracts into a ESI(+/— ) Orbitrap mass spectrometer. A significant
accumulation of triacylglycerides, particularly long chain ones with unsaturated fatty acid moieties (TGs 46:2,
56:4-7: 58:5-8) and a concomitant decrease of diacylglycerides (DGs 32:1, 34:1-2, 36:1-2, 38:2-4) was ob-

Keywords: served after 48 h exposure to 10 pM DRO, which corresponded to an intracellular concentration of
Drospirenone 8.3 ng-mg ' protein. No significant alteration of PLHC-1 cell lipids was observed following exposure to 1 M
Lipidomics DRO. ECs, for the cytotoxicity of DRO ranged from 105 to 119 uM (24 h exposure) to 51-58 uM (48 h exposure).
PLHC-1 cells The study evidences a dysregulation of neutral lipid metabolism and increased TG/DG ratio in fish hepatic cells
Mass spectrometry exposed to DRO.

© 2019 Elsevier BV. All rights reserved.
1. Introduction structurally related to testosterone and with a pharmacologic profile

Drospirenone (DRO, 6,7,15,16-dimethylene-3-oxo-17-pregn-4-ene-
21,17-carbolactone) is one of the most commonly used contraceptives
of the so called fourth generation progestins, which were developed to
bind with greater specificity to the progesterone receptor and, unlike
previous generations, to lack androgenic or estrogenic actions (Sitruk-
Ware, 2000; Fent, 2015). DRO is an analogue of 17«-spironolactone,

* Corresponding author.
E-mail address: cpvgam@cid.csices (C. Porte ).

hittps: //dotorg/10.1016/ . scitotenv.2019.07.347
0048-9697/© 2019 Elsevier BV. All rights reserved.

closely related to progesterone, which combines potent progestogenic
and antiandrogenic activities. It is included in oral contraceptives
and in hormonal replacement therapies in combination with
ethinylestradiol or estradiol, respectively (Rapkin and Winer, 2007).
DRO reaches the aquatic environment through the effluents of waste
water treatment plants. The number of studies that analyse the occur-
rence of this compound in the aquatic environment is still limited, but
concentrations in the ng-L~ ' range have been reported in effluents
and fresh water samples (Avar et al., 2016; Golovko et al., 2018; Sauer
et al, 2018); the presence of DRO in sediments and biota is still poorly
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documented. Some studies have suggested that progestins at the low
ng-L~" may pose a biological risk to fish (Maasz et al., 2017). As a key
initiating event, DRO transactivated the fathead minnow nuclear Pro-
gesterone Receptor (PR) and acted as a weak agonist of rainbowfish
PR (Ellestad et al., 2014; Bain et al., 2015). Gene expression analyses
in brain and ovary of female zebrafish showed a down-regulation of
vitellogenin mRNA and an enrichment of genes involved in
steroid hormone receptor activity and circadian rhythm (Zucchi et al,,
2014). Increased plasma levels of 17-hydroxypregnenolone, 17-
hydroxyprogesterone and androstenedione and an up-regulation of
cypl7al were detected in juvenile sea bass exposed to 10 ng-g~' DRO
through the food (Blanco et al., 2016). Zeilinger et al. (2009) reported
reduced fertility of fathead minnow exposed to DRO (6.5 ug-L '),
while no effect on reproduction or alteration in plasma steroid concen-
trations was observed after 21 days exposure to 100 ng-L~' DRO
(Runnalls et al., 2013).

Some progestins, particularly those with androgenic properties, are
reported to alter blood levels of lipids and to diminish the beneficial ef-
fects of estrogens on lipoprotein metabolism (Jiang and Tian, 2017). The
natural steroid progesterone was found to stimulate adipogenesis in
3T3-L1 cells (Rondinone et al., 1992). Progesterone also induced the up-
regulation of lipogenic enzymes in adipose tissue and hyperplasia of the
smooth endoplasmic reticulum (SER) in the liver of rats; SER partici-
pates in lipid biosynthesis, detoxification processes and calcium regula-
tion, among other functions (Boada et al., 2002; Stelmanska and
Swierczynski, 2013). Although DRO was developed to minimize the im-
pact on lipids when used for hormonal replacement therapies, in-
creased levels of TGs and y-glutamyltransferase, a biomarker of
oxidative stress, has been detected in the serum of healthy women
using oral contraceptives containing estradiol and DRO (Kowalska
et al., 2017). Other studies have reported a marked dose-dependent in-
hibition of adipose differentiation and TGs accumulation in 3T3-L1 cells
through the antagonistic effect of DRO on the mineralocorticoid recep-
tor (Caprio et al., 2011). Nevertheless, despite of these evidences, the
role of progestins in the regulation of lipid metabolism is not well
established, and so far, information for aquatic vertebrates is lacking.

In recent years, advances in mass spectrometry have accelerated the
development of lipidomics and have allowed characterizing the entire
lipid content or lipidome of cells and tissues. The application of
lipidomics to study the interaction of progestins with cell lipid dynamics
will be extremely powerful in detecting and quantifying changes not
only in lipid classes (i.e. TGs), but also in individual lipid molecules,
allowing the detection of subtle changes in lipid metabolism and the re-
sponsible molecular mechanisms (Han, 2016).

In this work, we applied a lipidomic-based approach to identify
changes in the lipidome of the topminnow liver cells PLHC-1 exposed
to non-cytotoxic concentrations of DRO for 24 and 48 h. The intracellu-
lar concentration of DRO and the concentration in culture medium were
determined to improve the sensitivity and accuracy of the in-vitro ap-
proach, and to detect the minimum internal concentrations of DRO nec-
essary to alter the lipidome of hepatic cells.

2. Materials and methods
2.1. Chemicals and reagents

Drospirenone was purchased from Sigma-Aldrich (Steinheim,
Germany). Alamar Blue (AB) and 5-carboxyfluorescein diacetate
acetoxymethyl ester (CFDA-AM) were from Invitrogen (Life Technolo-
gies; Eugene, OR, USA). Fluorescamine was obtained from Sigma
(Steinheim, Germany). LC-MS grade water, methanol, dichloromethane
and acetonitrile (299%) were purchased from Merck (Darmstadt,
Germany). Formic acid was from J.T. Baker® (Deventer, Netherland).
Nitrogen (purity »99.999%) was supplied by Air Liquide (Madrid,
Spain). Lipid standards were purchased from Avanti Polar Lipids (Ala-
baster, AL, USA).
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2.2, Cell culture and cytotoxicity assays

PLHC-1 cells (Poeciliopsis lucida hepatocellular carcinoma; ATCC®
CRL-2406™) were routinely cultured in supplemented Eagle's Mini-
mum Essential Medium (Gibco, Paisley, UK) at 30 °C and 5% CO, as de-
scribed in Pérez-Albaladejo et al. (2016). Experiments were performed
in confluent cell monolayers (passage 7-26).

For the assessment of cytotoxicity, cells were seeded at a density of
7.5-10% and 6-10°% cells per well in 96 well-plates and exposed to DRO
for 24 and 48 h, respectively. For the 48 h experiments, the medium
was replaced with freshly spiked medium after 24 h exposure. Each
treatment was performed in three different plates (six replicates per
plate) with cells from different passages. The cytotoxicity of DRO was
measured using AB (excitation/emission: 530/590 nm) and CFDA-AM
(485/530 nm) as described in Pérez-Albaladejo et al. (2016).

2.3. Analysis of DRO in culture medium and cells

Cells were seeded in 24 well-plates at a density of 6- 10 cells per
well, allowed to attach overnight, and exposed to 10 uM DRO for 24 h.
For the 48 h exposure experiment, cell density at seeding was 4.5-10°
cells per well, and cells were exposed to 1 and 10 pM DRO, replacing
the medium after 24 h with freshly spiked medium. Each treatment
was performed in three different plates (3 replicates per plate) with
cells from different passages. Solvent control samples consisted in
cells grown with culture medium containing 0.5% DMSO. After expo-
sure, an aliquot of 200 L of medium was taken from each well, and
the three replicates from the same plate were pooled (n = 3). Cells
were washed with PBS, trypsinized, centrifuged, and the pellets stored
at —80 °C under argon atmosphere until extraction. One replicate per
plate was used for intracellular analysis (n = 3), while the other two
wells were used for lipid analysis (n = 6). Intracellular concentration
of DRO was measured for cells exposed to the higher concentration
(10 uM).

For the analysis of DRO in culture medium, samples were
extracted with ethyl acetate (x3), evaporated to dryness and
reconstituted in acetonitrile, DRO was analyzed by high-
performance liquid chromatography coupled to a diode array detec-
tor (HPLC-DAD). The chromatographic system consisted of an
Agilent Technologies 1200 series equipped with a Zorbax Eclipse
XDB-C18 column (4.6 = 150 mm, 5 um) (Agilent, USA) protected
with a guard column (C18, 4.0 x 3.0 mm) (Phenomenex, USA) at a
flow rate of 1 mL-min . The injection volume was 20 pL. The col-
umn was maintained at 30 °C and the mobile phase consisted of a
gradient of water (A) and acetonitrile (B), which started at 50% of B
and increased to 100% in 7 min, where was kept for 3 min, and
reached initial conditions in 2 min, where it was maintained for 2
more minutes, with a total acquisition time of 14 min. Elution of
DRO was monitored at 252 nm with a G1315D DAD model (Agilent
1200 series). Quantification was carried out by preparing external
calibration curves in culture medium, which were extracted with
ethyl acetate and reconstituted in acetonitrile. The extraction effi-
ciency calculated with an external calibration curve prepared in ace-
tonitrile was of 84 4 2% (n = 3; 5 uM DRO).

The intracellular concentration of DRO after 24 and 48 h exposure
was determined by UHPLC-MS/MS. Cells were extracted with ethyl ace-
tate (x3) in an ultrasonic bath for 2 min, the extracts taken to dryness
under nitrogen and reconstituted in acetonitrile for the analysis. The
analysis was performed in an Ultra Acquity LC System, TQ Detector,
(Waters, USA) using multiple reaction mode (MRM) as acquisition
mode as described in Blanco et al. (2016). To determine the cells protein
content, fluorescamine was added to each well and the fluorescence
was read at the excitation/emission wavelengths of 360/460 nm as de-
scribed by Lorenzen and Kennedy (1993). Bovine serum albumin was
used as standard.
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2.4. Analysis of cell lipidome

Lipids from cells exposed to DRO as described above were extracted in
an ultrasonic bath for 2 min using ethyl acetate (x3). Extracts were dried
and stored at —20 “C under argon atmosphere. Lipid extracts were ana-
lyzed by FIA-Orbitrap-Exactive (Thermo Fisher Scientific, Bremen,
Germany) as described in Marquenio et al. (2019a). Briefly, 5 uL of the
lipid extract conveniently diluted were infused to the instrument with a
flow rate of 50 pL-min ' of methanol:dichloromethane (80:20). Mass
spectra were acquired in full scan alternating positive and negative ioni-
zation polarity in a single run. LIPID MAPS, exact mass, isotopic distribu-
tions, charge, adducts formed, number of ring plus double bond (RDB =
0.5-15), and elements in molecular formula, were used for the identifica-
tion of the lipid molecules with a maximum permitted mass error fixed at
<5 ppm. Mass spectra were processed using Xcalibur 2.1 (Thermo Fisher
Scientific, Bremen, Germany). Lipid species were annotated as <lipid
class> — <total fatty acyl chain>:<total number of double bonds>, and
quantified (pmol-mg " protein) relative to an internal standard mix
added to the samples before the analysis that consisted of 1,23-17:0 TG
(100 pmol), 1,3-17:0D5 diacylglyceride (50 pmotl), 16:0D31-18:1 phos-
phatidylcholine (200 pmol), 17:0 lysophosphatidylcholine (50 pmol},
16:0D31-18:1 phosphatidylethanolamine (200 pmol), 16:0D31-18:1
phosphatidylinositol (50 pmol), 16:0D31-18:1 phosphatidylserine
(200 pmol). Repeatability, expressed as intra-day relative standard devi-
ation calculated for all lipid standards, was satisfactory (TG: 26%,
diacylglycerides (DG): 16%, phosphatidylcholines (PC): 19%,
lysophosphatidylcholines (LPC): 24%, phosphatidylethanolamines (PE):
23%, phosphatidylinositol (P1): 17%, phosphatidylserines (PS): 21%).

2.5. Statistical analysis

Daose-response curves and concentrations which caused a 50% de-
cline of cell viability (ECso) were calculated using Sigmaplot 11.0 soft-
ware. Lipid profiles were analyzed with the on-line software
Metaboanalyst 4.0 (Xia and Wishart, 2016). Partial least square-
discriminant analysis ( PLS-DA) was applied to compare control and ex-
posed samples, and to identify the discriminant lipids based on the var-
iable importance in the projection (VIP) parameter. Volcano plots were
applied to visualize the significance and the magnitude of the changes
detected in the cellular lipidome (fold change 2 1.5; p < 0.05, Student
t-test).

A) B)
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3. Results

The cytotoxicity of DRO in PLHC-1 cells after 24 and 48 h exposure is
shown in Fig. 51 (Supplementary info). Effective concentrations causing
a 50% decline in cell viability (ECsq) for CFDA-AM and Alamar Blue were
119 + 3 and 102 & 2 uM, respectively after 24 h exposure. ECsq signif-
icantly decreased after 48 h exposure to DRO (58 + 4 and 51 &+ 1 uM,
respectively). Estimated EC,, were of 42 and 23 uM after 24 and 48 h ex-
posure, respectively. Concentrations below the EC,q (1 and 10 uM) were
selected to investigate the effect of DRO in cellular lipids.

ROS production reached a maximum of 1.5-fold increase in cells ex-
posed to 200 uM DRO for 15 min; no induction of ROS was observed at
concentrations below 10 uM DRO. Basal levels of ROS were almost
achieved after 120 min of exposure. (Fig. S2, Supplementary info).

The analysis of DRO in culture medium evidenced good stability and
availability of the compound under the assay conditions. After 24 h ex-
posure, 9.1 + 0.2 uM of DRO was detected dissolved in culture medium
(10 uM nominal concentration), while for the 48 h exposure experi-
ment, concentrations of DRO of 0.7 4 0.1 and 9.0 & 0.4 uM were mea-
sured, which were well in agreement with the nominal concentrations
(1 and 10 uM). Consequently, ECsp values calculated using nominal
and experimental concentrations were not significantly different.

The intracellular concentration of DRO was determined for cells ex-
posed to 10 uM DRO. After 24 h exposure, intracellular concentration
was 9.5 + 2.4 ng-mg ' protein, while a concentration of 8.3 +
1.1 ng-mg~"' protein was measured after 48 h exposure. The
bioconcentration factor (BCF) calculated as the ratio between the con-
centration of DRO in the cells (in ng-mL~'; assuming a cellular volume
of 0.001 mL) and the concentration in the culture medium (ng-mL '),
was 0.23-0.25, after 24-48 h exposure, which indicates no significant
bioaccumulation of DRO.

The analysis of lipids in PLHC-1 cells allowed the identification of
154 lipid species. The most abundant lipid subclasses were PCs (45%)
followed by PEs (22%) and plasmalogen/plasmanyl PEs (PE-P/PE-Os;
11%). Additionally, 17 fatty acids (FA 16:0, 16:1, 18:0, 18:1, 18:2, 20:0,
20:1, 20:2, 20:3, 20:4, 22:0, 22:2, 22:3, 22:4, 22:5, 22:6, 24:0) were
identified.

Statistical analysis revealed differences between the lipid pattern of
control and exposed cells. PLS-DA scores plot showed a segregation be-
tween the lipidome of control cells and those exposed to 10 uM DRO for
24 h (65.4% of variance explained, R? = 0.84, Q” = 0.49) and 48 h (57.3%
of variance explained, R* = 0.97, Q* = 0.81) (Fig. 1A-C). A segregation
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was also observed for the lipidome of cells exposed to 1 M DRO for 48 h
and control cells (R? = 0.79; Q° = 0.08) (Fig. 1B). However, the large
discrepancy between R and Q? for this experimental condition clearly
indicated an overfitting of the model and a low predictability. For cells
exposed to 10 pM DRO for 24 h, 61 VIPs >1.0 were generated. The hier-
archical cluster analysis showed an accumulation of TGs in the cells ex-
posed to DRO (TGs 46:1-2,48:1-3, 52:5, 54:3-4-5, 56:3-4-5-6, 58:5-6-7-
8), but not a good grouping of the control and exposed samples
(Fig. 2A). In contrast, when cells were exposed to 10 M DRO for 48 h,
the PLS-DA analysis generated 51 VIPs =1.0; and the hierarchical cluster
analyses perfectly assembled the samples in two groups that
corresponded to control and exposed cells (Fig. 2B). Cells exposed to
DRO showed an accumulation of TGs (52:4-5, 54:4-5-6, 56:4-5-6-7)
with a relatively high number of double bonds, and a down-regulation
of some DGs (30:0, 32:0-1, 34:0-1-2, 36:1-2, 38:2-3-4). Consequently,
the ratio TG/DG increased from 29.5 + 3.5 (control cells) to 43.3 +
5.0 after exposure to 10 uM DRO,

In agreement with the PLS-DA results, volcano plots showed a signif-
icant accumulation of TGs of 46, 56 and 58 carbon atoms containing
from 4 to 8 double bonds, after both, 24 and 48 h exposure (fold change
>1.5; p< 0.05) (Fig. 3). The magnitude of the changes is comparable in
the two studied scenarios, ranging from 1.5 to 3-fold, but with greater
significance after 48 h exposure. In addition, an increase of LPC 18:1,
PSs (38:3, 40:7), and PI 40:4 were observed after 24 h exposure, while
PE-P 40:6 decreased after 48 h exposure. Fig. 4 depicts the TG profile
in PLHC-1 cells and the quantitative changes experienced after 48 h ex-
posure to 10 uM DRO. TGs of 56 and 58 carbon atoms and 4 to 8 double
bonds were significantly increased. Overall, this represents a 20% in-
crease in the total TG content of exposed cells.

4. Discussion

This work evidences the potential of DRO to alter the lipid composi-
tion of liver cells and consequently, elicit biological impacts in fish
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Fig. 3. Volcano plots evidencing differences in the lipid profile of control cells and cells exposed to 10 uM DRO for 24 h (A) and 48 h (B). Significantly altered lipids (fold change 21.5; p =
0.05) indicated in red. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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beyond those previously described. DRO induced the accumulation of
TGs, mostly long chain ones with a high number of double bonds, and
a concomitant depletion of DGs in liver cells. From a quantitative point
of view, total TG content increased from 820 + 132 to 1225 +
128 pmol/10° cells after 24 h exposure; and from 949 + 40 to 1122
+ 36 pmol/10° cells after 48 h.

At present, it is uncertain whether the change in the lipid profile and
the accumulation of TGs in liver cells is indicative of lipid associated tox-
icity or if, on the contrary, may play a beneficial role. Although, no infor-
mation is available for fish, TG species with more than four double
bonds were high in obesity resistance mice, showing that differences
in the degree of saturation of TG species in the liver affect the individual
response to high-fat-diet (Nam et al, 2015). Additionally, the increase
of TGs could serve to store polyunsaturated FAs as a protective measure
against peroxidation (Ackerman et al., 2018), but this is unlikely, con-
sidering the relatively low levels of ROS generated after 15 min expo-
sure to DRO (Fig. 25). On the other hand, the increase of the TG/DG
ratio revealed increased metabolism of DGs to TGs in DRO exposed
cells, and it is and index of hepatic steatosis (Puri et al., 2007). Liver
steatosis, which is defined as an excessive accumulation of TGs and
other fats inside liver cells, has been described in fish after handling
stress and after dietary exposure to endocrine disrupters that can alter
lipid homeostasis by interacting with nuclear receptors signaling path-
ways (Naour et al,, 2017; Carnevali et al,, 2017).

Although, an increasing number of studies report that xenobiotics,
including organotins, alkylphenols, phthalates, fibrates and others,
alter lipid homeostasis in fish (Capitao et al,, 2017), no such information
is available for progestins, apart from a laboratory study, where Rutilus
rutilus exposed to 500 ng-L ™" of a mixture of progestins (DRO, proges-
terone and levonorgestrel) for 42 days showed no significant changes in
TG serum levels (Maasz et al., 2017). Thus, this is the first report of a
lipid disruptive effect of DRO in fish liver cells. The functional conse-
quences of an increase of only TGs with long chain highly unsaturated
fatty acid moieties (TGs 56:4-7; 58:5-8) are unknown and should be
further investigated.

The biological action of progestins is primarily determined by its in-
teractions with steroid receptors, and although DRO is devoid of estro-
genic, androgenic, glucocorticoid and mineralocorticoid activity,
studies carried out in murine preadipocyte cell lines and primary
cultures of human preadipocytes exposed to DRO reported an
antiadipogenic effect that was attributed to the antagonistic effect of
DRO on the mineralocorticoid receptor (Caprio et al.,, 2011). More re-
cently, Louw-du Toit et al. (2016) showed that DRO modulates the
synthesis of steroids in the human adrenocortical carcinoma cell line

A Marquerio et al. / Science of the Total Environment 692 (2019) 653-659

H295R by increasing the synthesis of progesterone and 17-
hydroxyprogesterone and reducing the synthesis of androgens and glu-
cocorticoids. Similarly, exposure to DRO changes plasmatic levels of ste-
roids in juvenile sea bass by decreasing the concentrations of 17-
hydroxypregnenolone, 17-hydroxyprogesterone and androstenedione
after 30 days exposure to 10 ng-g~' DRO through the diet (Blanco
et al., 2016). Thus, although further research is needed, one may hy-
pothesize that DRO and other endocrine disrupters, by modulating the
synthesis of androgens and other endogenous steroids may interfere
with lipid and TG homeostasis as described by Damsteegt et al.
(2016), who revealed androgens as major regulators of TG physiology
in eels.

Cytotoxic effects for DRO were observed at concentrations of
102-119 uM and 51-58 uM after 24 and 48 h exposure, respectively.
These are high concentrations, with no environmental relevance. As
no discrepancies between nominal and experimental concentrations
of DRO in culture medium were observed, we can assure that no signif-
icant loses of the compound due to binding to serum proteins or plastic
wells occurred, and that there was a good bioavailability of the com-
pound to the cells. Moreover, our results evidenced the uptake of DRO
by the cells, with no significant bioconcentration factor (BCF < 1). In
fact, only a 0.09 to 0.14% of the compound was detected in the cells
under our assay conditions. These results are well in agreement with
previous studies that showed no significant bioaccumulation of DRO
in fish (Blanco et al., 2016).

Additionally, the alteration of the cells lipidome was observed at a
concentration of 9 uM DRO in culture medium (~3.3 pg-mL '), which
is several orders of magnitude higher than the environmental concen-
trations (Avar et al., 2016; Golovko et al., 2018). Nonetheless, this expo-
sure resulted in intracellular concentrations of 8.4 to 9.5 ng-mg '
protein. Considering that the entrance of DRO in the aquatic environ-
ment through waste water treatment plants is constant, it is likely
that long-term exposures to low doses of DRO could lead to a similar in-
ternal concentration in the liver of exposed fish, and consequently, sig-
nificant dysregulation of the lipidome of hepatic cells. However, in the
aquatic environment, fish are not exposed to single compounds, but to
mixtures of pollutants, and the alteration of liver lipidome of wild fish
will be the result of a combination of different exposures to xenobiotics
and natural factors (nutrition, reproduction). Thus, the very particular
lipidic fingerprint detected for DRO in PLHC-1 cells will probably not
be observed in wild fish. In a recent study, we analyzed the lipidome
of the skeletal muscle of fish in a Mediterranean river and the lipid pro-
files of fish sampled at the polluted sites, exposed to complex mixtures
of endocrine disrupters of urban and industrial origins, were indicative

iy I DVSO
B3 DRO 10 uM
1500
£
8
Ennum é é E .
H Hl : i
500 D. Hi é‘ E* i éi oL
‘ﬁﬂlgi 3| " ¥ ool EO‘iiI‘i‘
Bl Tpy et ey et b
R R S P e NN R U0 S PR

A A AN A A R R A SRR S S I A A A R A A A A I G A A

Fig. 4. Increased concentration of triacylglycerides (pmol-mg ' protein) in PLHC-1 cells after exposure to 10 uM DRO for 48 h. The box extends from 25th to 75th percentiles; the
horizontal bar within the box is the median and whiskers represent 5-95th percentiles. *Significantly altered lipid species (p < 0.05).
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of oxidative stress and deregulation of cholesterol homeostasis, but
could not be directly associated to a single contaminant or class of con-
taminants (Marquenfo et al., 2019b).

Overall, this study shows a significant accumulation of TGs with a
concomitant decrease of DGs in PLHC-1 cells, and detects the minimal
internal concentration of DRO necessary to produce this alteration
(low ng/mg protein range). These results contribute to better under-
stand and predict the toxicity of DRO in fish.
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Figure S1. Percentage of cell viability of PLHC-1 cells exposed to
drospirenone in the range of 10 to 150 uM (nominal concentration) for
24 h (black) and 48 h (blue). Results are mean £ SEM of 6 replicates in 3
different plates.
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Figure S2. Intracellular ROS production in PLHC-1 cells after 15, 30, 60
and 120 min of exposure to DRO at concentrations of 5 to 200 uM.
Results expressed as mean of fold induction + standard deviation
(n=18). *Statistically significant differences from control cells (SC) were
analyzed by one-way ANOVA with Dunnett’s test, using SPSS 23.0. Level
of significance was set at p < 0.05.
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2.3 ESTUDI DE CAMP PER A LA DETECCIO DE DISRUPCIO
LIPIDICA AL MEDI AQUATIC

En aquest apartat s’ha estudiat l'alteraci6 del metabolisme de lipids
d’organismes aquatics, per exposicié a mescles de contaminants ambientals
mitjancant un estudi de camp. L'exposicid a xenobiotics pot afectar les
reserves energetiques dels organismes aquatics, i els peixos es troben entre els
taxons més afectats per l'activitat humana. A més, el teixit muscular
representa un gran percentatge de la massa corporal dels peixos, i és I'organ
principal per la deposicio de lipids en algunes espécies. Aixi, s’ha analitzat el
lipidoma del muscul de dues especies de peixos autoctones dels rius
mediterranis, el barb de riera o de muntanya (Barbus meridionalis) i la bagra
catalana (Squalius laietanus), mostrejats en zones de referéncia i en zones
afectades per descarregues de depuradores, mitjancant la técnica UHPLC-
ESI(+)-HRMS amb un analitzador de temps de vol (ToF). Els resultats d’aquest
estudi han estat publicats i es troben recollit a I'article V, titulat “Skeletal
muscle lipidomics as a new tool to determine altered lipid homeostasis in fish

exposed to urban and industrial wastewaters” (Apartat 2.3.1).
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Skeletal muscle lipidomics as a new tool to determine altered lipid homeostasis

in fish exposed to urban and industrial wastewaters.
A. Marqueno, M. Blanco, A. Maceda-Veiga, C. Porte
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Wastewaters
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© Supporting Information
ABSTRACT: This work applies ultrahigh performance liquid

chromatography coupled with high-resolution mass spectrom-
etry (UPLC-HRMS) to characterize for the first time the

Dysregulated lipids

iy

lipidome of the skeletal muscle of two fish species (Barbus ] ._% ;_.
meridionalis, Squalius laictanus) collected in a Mediterranean e MR et
River affected by urban and industrial wastewater outflows. i s “,, e :
The untargeted analysis allowed a clear separation of the 145

lipidome of fish from polluted and reference sites;
phosphatidylcholines (PCs), phosphatidylethanolamines
(PEs), and their lyso and ether-linked forms were among
the distinctive features. The targeted analysis consistently
detected a decrease in PC-plasmalogens (36:4, 36:6, 38:6) and
highly unsaturated PCs (36:5, 36:6, 38:6, 40:6, 40:7) and an
increase in plasmanyl-PCs (36:5, 38:5), lyso-PCs (16:1, 18:1, 22:4) and cholesteryl esters (CEs) (16:0, 18:0, 20:4) in fish from
polluted sites, These lipid profiles were indicative of oxidative stress and dysregulation of cholesterol homeostasis in fish from
polluted sites. This methodology represents a promising tool for the development of novel noninvasive diagnostic methods
based on muscle tissue biopsies to assess the effects of water pollution in wildlife.

B INTRODUCTION disruption in wild organisms exposed to a combination of natural
and anthropogenic stressors are still few.”

Freshwater scarcity affects two-thirds of the world's
population, and half a billion people face severe water shortages
throughout the year." Rivers from semiarid regions, like many
Mediterranean rivers, exemplify this problem by being aquatic
ecosystems with low water flow and often poor water quality.
During the dry seasons, these rivers receive urban and industrial
effluents with a very low dilution factor and experience a
significant reduction of water quality.” Fish, which are good

Recent advances on mass spectrometry have allowed the
characterization of complex lipidomes of tissues, cells, and
biofluids and have been applied successfully in the investigation
of human diseases and in the development of biomarkers of
cancer, inflammation, and neuropathic diseases.’ However,
lipidomic profiling has rarely been applied to investigate
environmental disturbances and the response to environmental
stressors in aquatic organisms, where lipids are involved in many

essential biological functions, including signal tmmd“‘:tio,“{ indicators of river health, are among the most affected taxa. The
hormonal regulation, energy balance, and cell-signaling.™ decline of riverine fish diversity throughout the world and the
Natural factors, including temperature, nutrition, aging, decrease of native cyprinids in the northeast of Spain in particular
reproduction, but also exposure to pollutants (e.g, endocrine are examples of this situation.'” In a previous study, we
disrupters) may alter lipid metabolism and, consequently, lipid investigated the health status of these two cyprinids (Barbus
composition.” Indeed, Griin and Blumberg” pointed out at the meridionalis and Squalius laietanus) in a Mediterranean river
existence of some chemicals, termed obesogens, which (Ripoll River) after a major investment in sewage treatment
dysregulated lipid metabolism and promoted adipogenesis in plants (STPs) and restoration policies. Although the water
murine preadipocytes. Since then, the obesogenic properties of quality and ecological state of the river improved substantially,
tributyltin (TBT) and the ability of phthalates, bisphenol A

(BPA), and BPA analogues, among others, to interfere with lipid Received: April 5, 2019

metabolism in fish have been described.” However, these studies Revised:  June 14, 2019

were performed in captive-reared animals or isolated tissues and Accepted: June 17, 2019

cells exposed to single compounds, while evidences of lipid Published: June 17, 2019
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fish collected in areas affected by STP effluents showed exposure
to metals, alkylphenols, and other organic pollutants, along with
induction of liver enzymes, endocrine alterations, and genotoxic
effects.”'" Certainly, urban and industrial wastewater effluents
are a major source of endocrine disruptors in the aquatic
environment; they cause significant alterations of the endocrine
system in exposed organisms and often reproductive impaire-
ment.'” The endocrine system plays a fundamental role in the
regulation of the metabolism of lipids, carbohydrates, and
proteins, and any alteration of the endocrine system can lead to
an imbalance of these hormonally driven processes, including
changes in the metabolome and lipidome of the exposed
organisms. ™

Here, we examine the lipid profile of a small portion of the
white skeletal muscle of two native fish species (B. meridionalis
and S. laietanus) collected along a highly impacted Mediterra-
nean river by using both untargeted and targeted lipidomic
approaches. By building on a previous study,'’ our main
objective was to investigate if it is possible to discriminate
between the lipidome of fish exposed to STP effluents from those
collected at reference sites and, if so, to discuss the potential that
lipidomics has for environmental wildlife monitoring, through
the development of new biomarkers of fish health status.

B MATERIAL AND METHODS

Chemicals. LC-MS grade water (299%) and methanol
(299%) were from Merck (Darmstadt, Germany). Nitrogen
(purity >99.999%) supplied by Air Liquide (Madrid, Spain) was
used for the ESI source. Formic acid was purchased from ].T.
Baker (Deventer, Netherland), and ammonium formate
(299.0%) was from Sigma-Aldrich. Lipid standards, namely,
16:0 D31—18:1 phosphatidylcholine (16:0 D31—18:1 PC), 17:0
lyso-PC (17:0 LPC), 16:0 D31-18:1 phosphatidylethanol-
amine (16:0 D31—18:1 PE), 16:0 D31—18:1 phosphatidylserine
(16:0 D31—18:1 PS), 16:0 D31—18:1 phosphatidic acid (16:0
D31-18:1 PA), 16:0 D31—18:1 phosphatidylinositol (16:0
D31-18:1 PI), 16:0 D31—18:1 phosphatidylglycerol (16:0
D31-18:1 PG), 1,2,3—17:0 triglyceride (1,2,3—17:0 TG), 1,3—
17:0 DS diglyceride (1,3—17:0 DS DG), and 17:0 cholesteryl
ester (17:0 CE), were from Avanti Polar Lipids (Alabaster, AL,
U.SA).

Sample Collection. Sampling sites were selected following a
pollution gradient to include upstream reference sites (R1, R2,
R3) and downstream areas affected by urban and industrial
wastewater effluents (P1, P2, P3) in the Ripoll River. Two STP,
treating approximately 30000 m*-day™", are located in P1 and P3
(Figure S1, Supporting Information). The maximum flow of the
river is 4800 m*-day " in the summer. Over the sampling period
(July 2012), STP effluents mainly determined the river flow. Fish
(B. meridionalis and S. laictanus) were sampled with a portable
electrofishing unit by following an international standardized fish
sampling method (CEN standards EN 14962 and EN 14011).
Immediately after collection, a small piece of the white skeletal
muscle (0.2—0.3 g) was dissected below the dorsal fin, frozen in
liquid nitrogen, and stored at —80 °C."'

Lipid Analysis. The muscle sample was homogenized, and a
subsample (20 mg) was taken per fish; four different individuals
were pooled and freeze-dried. Three pools made of different fish
were prepared per sampling site, so that 12 individuals per site
were analyzed. Lipids were extracted (5 mg freeze-dried tissue)
with methanol/chloroform (1:2) containing 0.01% of butylated
hydroxytoluene (BHT) in an ultrasonic bath for § min (x2) after
the addition of 200 pmol of the internal standard mix."*

8417

To identify plasmanyl-PC (PC-O) and plasmalogen-PC (PC-
P) isomeric species, a group of extracts were derivatized right
before analysis as described in Lydic et al.'* Briefly, a daily
prepared solution of 0.4 mM iodine in chloroform was mixed
with 6 mM ammonium bicarbonate in methanol (2:1); 500 uL of
the resulting mixture were added to the dry lipid extracts and
incubated for 5 min in an ice bath. The extracts were evaporated
under nitrogen and reconstituted in methanol for injection.
Under these conditions, the plasmalogen species containing an
alkenyl double bound are hydrolyzed and only the alkyl forms are
detected in the chromatograms of the derivatized samples,

Lipid extracts were injected in an ultrahigh performance liquid
chromatography (UHPLC) Waters Acquity UHPLC system
fitted with a 100 mm X 2.1 mm id, 1.7 ym C8 Acquity UPLC
BEH column (Waters, Ireland), which was coupled to a Waters
LCT Premier XE Time of Flight Mass Spectrometer (Waters,
Millford, MA), operated in positive electrospray ionization
mode (ESI+)."® Full scan spectra from 200 to 1000 Da were
obtained. Mass accuracy and reproducibility were maintained by
using an independent reference spray via LockSpray. The mass
resolving power of the ToF-HRMS (determined from the [M +
H]" ion of leucine at m/z 556.2771) was 10000 fwhm (full with
at half-maximum). The capillary voltage was 3.0 kV, with a
desolvation temperature of 350 °C and a desolvation gas flow of’
600 L+h™". The mobile phases were 1 mM ammonium formate in
methanol (phase A) and 2 mM ammonium formate in H,O
(phase B), both phases were with 0.2% of formic acid. The
programmed gradient was: 0 min, 80% A; 3 min, 90% A; 6 min,
90% A; 15 min, 99% A; 19 min, 99% A; 21 min, 80% A held for 2
min. The flow rate was 0.3 mL/min, and the injection volume
was 8 pl.

Untargeted Analysis. The data was processed with an
untargeted approach using the XCMS online platform to detect
the most dysregulated features between samples P and R. Raw
data was converted to mzXML using MSConvert and further
analyzed by using pairwise job on the web interface XCMS.
CentWave was the algorithm used for feature detection using 30
ppm as the maximum m/z deviation tolerated and a range of 2 to
25 s for the chromatographic peak widths. As prefiltering, mass
traces were only retained if they contained at least 3 peaks with
intensities equal or greater than 1000, with a signal-to-noise
threshold higher than 6. The obiwarp algorithm was chosen for
retention time correction. For the alignment of the chromato-
grams, a deviation of 5 s in the retention time was allowed, while
0.025 amu was selected as width of overlapping in m/z slices, and
0.5 was the minimum fraction of samples necessary within a
sampling class (P or R) to be a valid group.

Targeted Analysis. Data was also analyzed using suspected
targeted screening, A homemade referential lipid database was
built by obtaining theoretical exact masses using a spectrum
simulation tool of MassLynx software and LIPID MAPS online
database, obtaining an inventory of lipids, including PC, PC-O,
PC-P, LPC, TG, DG, CE, and sphingomyelin (SM). Lipids were
identified under the criteria of accurate mass measurement
(error <5 ppm) and isotopic distribution. Individual peaks were
isolated from full-scan MS spectra, and a list of candidates for
that specific exact mass was generated by a formula
determination tool (Micromass MassLynx softwate). Quantifi-
cation was carried out using the corresponding extracted ion
chromatograms; the linear dynamic range was determined by an
injection of standard mixtures. Lipid species belonging to a
specific lipid subclass were referred to different internal
standards. Thus, TGs were referred to 1,2,3—17:0 TG; DGs to

DOI: 101021/ acs.est 902064
Enviran, Sci, Technol, 2019, 53, B416-8425
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Figure 1. PCA score plot of the skeletal muscle lipid extracts of (A) B. meridionalis and (B) S. laietanus obtained with XCMS online platform after

pairwise analysis comparing polluted and reference sites.

1,3—17:0 D5 DG; PCs, PC-Os, PC-Ps, and SMs to 16:0 D31—
18:1 PC; CEs to 17:0 CE; and LPCs to 17:0 LPC. Repeatability,
expressed as intraday relative standard deviation (RSD)
calculated for all lipid standards relative abundance in the
samples, was lower than 30% in all cases (TG: 26%, DG: 21%,
PC: 13%, LPC: 12%).

Statistical Analysis. A multivariate statistical analysis was
performed using the XCMS online platform'® to study whether
the muscle of fish from polluted sites presented a differential
signature in their lipid profile. A principal component analysis
(PCA) was first performed, followed by the generation ofa cloud
plot that shows data characteristics such as retention time, mass-

8418

to-charge ratio, signal intensity of features, fold change, and p-
value (Welch t test). This was used to visualize the ion features
causing the group segregation. For the targeted analysis,
multivariate and univariate approaches were applied using the
online software Metaboanalyst 4.0.'” Data was normalized by
sum and autoscaled. First, unsupervised principal component
analysis (PCA) of the data set was performed to explore
differences of the lipid profiles between reference and polluted
sampling sites. Thereafter, partial least-squares-discriminant
analysis (PLS-DA) was performed in order to obtain the
maximum segregation between lipid profiles of fish collected in
the different stations. Heatmap cluster analysis for the lipids of

DOk 10.1021/acs est.9b02064
Environ. 5¢i, Technol, 2019, 53, B416-8425
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Figure 2. Cloud plot for (A) B. meridionalis and (B) 8. lietanus displaying the dysregulated features (p < 0.01, fold change >1.5) in the skeletal muscle
of fish from polluted sites compared to reference sites. The X axis represent retention time (min) while m/z is displayed in the Y axis. Up-regulated
features in polluted samples are shown in green, and down-regulated features are shown in red. The size of the circles corresponds to the log-fold change
of that feature, while the shade of color is proportional to changes in p-value (high contrast colors belong to lowest p and vice versa). Data was obtained

using XCMS online platform (pairwise analysis).

interest (variables important in projection (VIPs) > 1.0) was
used to arrange lipids according to similarity and to retain the
more contrasting variables. Finally, volcano plots were applied to
visualize the significance and the magnitude of the changes
detected in the lipidome of fish from P and R sites (fold change
>1.5/2.0; p < 0.05, Student f-test).
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B RESULTS AND DISCUSSION

Differential Exposure. Size, weight, and condition factor of
the sampled individuals of B. meridionalis and S. laietanus are
summarized in Table $1 (Supporting Information, SI). Water
parameters (dissolved oxygen, temperature) were consistent
across all the sampling sites; although, higher conductivity was
detected in the P sites."" Biliary levels of organic pollutants (viz.,

DO: 10,1021 /3¢ 5251, 9002064
Environ. Sci. Technol. 2019, 53, 8416-8425
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lisand (B) S. laietanus muscle lipidome comparing polluted sites

naphthol, galaxolide, alkylphenols) and induction of the hepatic
CYPIA and CYP3A catalyzed activities were detected in B.
meridionalis and S, laietanus collected downstream of STPs,
indicating significant exposure to urban and industrial pollutants
together with metabolic and endocrine alterations and a
differential exposure pattern in fish from P and R sites (Table
$2, Supporting Information).

8420

Untargeted Analysis. The preprocessing of chromato-
grams of B. meridionalis and S. laietanus lipid extracts using the
XCMS online platform reported the detection of 659 and 641
features, respectively. PCA scores plot explained up to 39 and
41% of the variance, with good segregation of polluted and
reference site samples (Figure 1A,B). Some features clearly
differentiated samples from R and P sites, indicating a specific

DO 10,1021 /acs.e5t.9b02064
Environ. Sci. Technol. 2019, 53, 8416-8425
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A)

Figure 4. Heatmap cluster analysis of the lipidome of (A) B. meridionalis
and (B) 8. laietanus from polluted sites (P1, P2, P3) vs reference sites
(R1, R2, R3). The color of each section is proportional to the
significance of the lipid change (red, increased levels; green, decreased
levels).

lipidomic signature in the muscle of fish collected in those areas.
The cloud plot highlighted 117 (B. meridionalis) and 104 (8.
laietanus) features that were significantly different among the
groups (fold change >1.5; p-value <0.01) (Figure 2). The major
part of altered features were found between 3 and 12 min, the
area of the chromatogram where phospholipids and lyso-
phospholipids are eluted. For retention times between 14 and 20
min (region of the chromatogram where TGs, DGs, and CEs

8421

elute), the number of dysregulated features was comparatively
low. Some up-regulated features were detected in B. meridionalis
(Figure 2A), while no features were observed in this region for 8.
laietanus (Figure 2B). This may indicate a low sensitivity of the
XCMS platform for sterol lipids and triglycerides (low intensity
ions) but also no significant alteration of these lipid subclasses,
particularly in 8. laietanus.

For further filtering of the selected features, only the lipids
formed by fatty acids with an even number of carbons and the
most probable adducts formed during ionization ([M + H]*, [M
+NH4]"), detected after analysis of the internal standards, were
kept. The tentative identification of the different dysregulated
features indicated PCs, PEs, Pls, PSs, PAs, PGs, CEs, SM, Cer
(ceramides), and ether and lyso forms of the mentioned
phospholipids as the compounds that allowed a significant
differentiation of the skeletal muscle lipidome of fish from P and
R sites (S1).

Targeted Analysis. Individual lipid species unresolved in
the total ion chromatogram were successfully isolated when
selecting their exact masses. PC, PC-O, PC-P, and SM were the
first lipid subclasses to elute and appeared in the initial 10 min
span of the chromatogram. These lipids were totally resolved
from DG, TG, and CE which eluted in the subsequent 15—20
min. TG, DG, and CE were mainly detected as ammonium
adducts [M+NH,]*, whereas the rest of lipids were identified in
the protonated form, [M + H]*. About 119 lipids, including PC,
PC-0, PC-P, LPC, CE, TG, DG, and SM were identified under
the criteria of molecular formula, accurate mass with an error <5
ppm, retention time, and isotopic distribution (Table S$3
Supporting Information). Quantitative analysis of the detected
lipids evidenced that the most abundant lipids in muscle tissue of
B. meridionalis from R sites were PCs representing 49% of the
lipids analyzed, with PC 34:1, 36:5, 38:6 as the most abundant
species. LPCs represented 22% of the lipids analyzed, with LPC
20:5 comprising half of the LPCs content. TGs were the third
more abundant group (18%) with TG 50:2 as the most abundant
species.

Likewise, PCs were the most abundant lipids in S. laietanus
from R sites representing 39% of the lipids analyzed; the most
abundant PC species were similar to those reported for B.
meridionalis. TGs were also very abundant (31% of lipids
analyzed), particularly TGs 52:2, 50:2, 52:3, and 50:1; followed
by LPCs (20%), with LPC 20:5 and 18:1 being predominant.
The rest of the lipid subclasses represented less than 5% of the
lipids analyzed in both species (51 Table S3).

The PCA score plot of the lipidomic profile of B. meridionalis
collected in the different sampling sites resulted in a model with 3
principal components, which explained 70% of the variance (SI,
Figure $2A). The plot displayed a good separation between P
and R sites by PC2, demonstrating the significant changes of
lipids depending on the sampling site. Partial least-squares-
discriminant analysis (PLS-DA) of the B. meridionalis lipidome
explained 47% of the covariance (R 0.89, Q*: 0.79) within
sampling sites (Figure 3A). The scores plot differentiated P sites,
with no evident segregation among them from R sites. Within R
sites, only R3, the most upstream station, was completely
resolved. From the PLS-DA, 50 VIP scores >1.0 were generated.
Among the up-regulated variables in P sites, PC-Os (30:0, 32:0/
1, 34:1, 36:5, 38:5/6), some saturated and poorly unsaturated
PCs(32:0—1,34:0/2/3,38:0/2,36:1),and CEs (16/18:0) were
found, while decreases in LPC 20:5, PC-P 34:1, and PC 36:6
were detected. On the basis of the selection of VIPs > 1.0, the
heatmap cluster analysis grouped the reference and polluted sites

DOk 10.1021/acs.est 9602064
Environ. Sci. Technal, 2019, 53, B416=8425
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Figure 5. Volcano plots showing lipid significant differences between the lipidome of (A) B. meridionalis and (B) 8. laietanus from P sites vs R sites with a
fold change >2.0 and 1.5 and p < 0.05 t-test. Significantly altered lipids are colored in red.

separately, despite no clear clustering within the polluted
stations (Figure 4A). High levels of unsaturated TGs were
observed in the lipidome of B. meridionalis from R3, while LPCs
20:4,5, PC 36:6, and SM 24:2 were accumulated in all reference
sites.

Similarly, the PCA score plot explained 71% of the variance
with 3 principal components and showed a segregation of the
lipid profile of S. laietanus with sampling sites (SI, Figure S2B). P
sites were located in the upper quadrant of PC2 while most of the
R samples were located in the lower quadrant. PLS-DA explained
up to 54% of the covariance (R%: 0.89, Q%: 0.60) (Figure 3B) for
8. laietanus. It showed a segregation between P and R sites,
although P sites were not resolved between them, while for R
sites, only R1 was successfully segregated from R2 and R3. R1
corresponds to the reference site located closer to P sites along
the river, with it being the closest to the polluted sites in the PLS-
DA. 41 VIP scores >1.0 were generated from PLS-DA,
evidencing high levels of PC 30:0, LPCs with low number of
double bonds (16:1, 18:1/2, 20:1/2), PC-Os (30:0, 32:1, 34:1,
36:1/5, 38:5), and a decrease of SM 16:1 and unsaturated PCs
(34:3, 36:4/5/6, 38:5/6, 40:5) in P stations. The heatmap
cluster analysis allowed a clear observation of the dysregulated
lipids; most samples were grouped into two differentiated
clusters corresponding to R and P sites.

For both fish species, the cluster analysis separately arranged
the polluted and reference areas; therefore, P and R sites were
grouped for further analysis with a volcano plot (Figure 5). When
setting a fold change >2.0 and p-value <0.05, the lipidome of B.
meridionalis from P sites was characterized by low levels of PC
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40:5 and PC-P 36:2/4 and an accumulation of PC-O 32:0, 36:5,
38:5,LPC 18:2,20:2, CE 18:0/2, 20:4, and PC 34:0, 36:3. When
a lower fold change was set (fold change >1.5), the lipid
subclasses suffering dysregulation did not vary but increased the
number of lipid species.

In contrast, very few lipids showed a fold change >2.0 (p-value
<0.05) when comparing the lipidome of 8. laietanus from Pand R
sites. Mainly, an accumulation of LPC 20:1/2, 22:4 and a
reduction of PC 36:6 was observed in P sites. In order to observe
the more subtle lipid changes, the fold change was set to >1.5; an
increment of the number of LPC species up-regulated was
detected together with an increase of PC-Os 32:0/1, 34:1, CEs
20:1/4, and TG 50:0 and a concomitant decrease of highly
unsaturated PCs, DGs (34:3, 36:4/5) and SM 16:1.

The combined application of the untargeted and targeted
approaches to investigate the lipidomes of the skeletal muscles of
B. meridionalis and S. laietanus provided complementary
information. The untargeted strategy evidenced a clear
segregation of the lipidome of fish habitats impacted by
wastewater effluents in comparison to individuals sampled at
reference sites. Some of the down-regulated features were
putatively identified as long chain highly unsaturated fatty acid
phospholipids, while a number of features exhibiting up-
regulation were identified as saturated or poorly unsaturated
phospholipids (from one to four double bounds) (SI Excel). An
alteration of the composition of the lipids conforming the
cellular membranes can have harmful consequences, since
polyunsaturated phospholipids confer higher melting point
and fluidity to the membranes than saturated phospholipids,

DOk 10,1021 /acs.est 9b02064
Environ, Sci. Technal, 2019, 53, B416-8425
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altering their structure and functionality.'® The targeted analysis
confirmed a decrease of PCs with a high number of double bonds
(5—9) in individuals collected in P sites; this decrease was more
evident for S. laietanus. Reactive oxygen species (ROS),
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generated as subproducts of normal metabolism, increased
after exposure to different xenobiotics as pharmaceuticals,
personal care products, and other contaminants were often
detected in wastewater treatment plant effluents and induced

DOI: 10,1021/ acsest 9b02064
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oxidative stress in fish."”*" In our study, 100 to 1000 fold higher
levels of 2-naphthol, galaxolide, and alkylphenols were detected
in fish collected in P sites in comparison to those from R sites
(Table S2, Supporting Information). Thus, we hypothesize that
a greater exposure to pollutants (urban/industrial origin) may
lead to increased generation of ROS and consequently, a higher
oxidation of phospholipids containing PUFAs, which are the
most susceptible to peroxidation and ROS attack.”' This
hypothesis is further supported by previous results observed in
vitro, where a general depletion of polyunsaturated lipids,
namely, PCs (36:5, 38:5, 38:6), PC-Ps, and PEs/PE-Ps were
detected both in PLHC-1 and JEG-3 cells exposed to
ccmpounds that significantly induced the generation of
ROS.”” However, an other hypoth&sm like the reduced
biosynthesis of highly unsaturated lipids in fish from polluted
sites cannot be discarded.

Despite the com?aratively lower exposure to xenobiotics by
Squalius laietanus," the decrease of highly unsaturated PCs
(36:5,6; 38:5,6; 40:3) was more significant than that in B.
mediterraneus (PC 40:5). Interestingly, levels of PC-Ps were up
to 1 order of magnitude higher in B. meridionalis than in 5.
laietanus (Figure 6). Plasmalogens act as endogenous anti-
oxidants because the vinyl-ether bond at the sn-1 position of the
glycerol moiety makes them more susceptible to oxidative attack
than other phospholipids.”® Thus, plasmalogens function o
scavengers by protecting other phospholipids from oxidation,”*
and a deficiency of plasmalogens has been associated with
increased lipid oxidation and an imbalance of the major lipid
signaling pathways.”* Consequently, the lower content of PC-Ps
of 8. laietanus led to a higher susceptibility to oxidative stress and
a comparatively higher depletion of highly unsaturated PCs in
polluted sites.

Linked to the decrease of highly unsaturated PCs, a significant
increase of LPCs was detected in the skeletal muscle of §.
laietanus. Although no previous data has been obtained in fish,
increased levels of LPCs are indicative of (a) increased
hydmlys:s of PCs by phospholipases in different vertebrate
models,”>*° and/or (b) increased activity of the enzyme
lecithin:cholesterol acyltransferase, which catalyzes the transfer
of the fatty acid of position sn-2 of phosphatidylcholine to free
cholesterol, with formation of cholesterol esters and lysophos-
phatidylcholine.”” Accordingly to these hypotheses, another
characteristic feature of the fish collected at P sites was the
enrichment of the skeletal muscle lipidome in cholesteryl esters.
Cholesterol regulates cell membrane properties by maintaining
the sphingolipids rafts in a functional state, and it is a
biosynthetic precursor of steroid hormones; therefore, levels of
free cholesterol are tightly regulated through esterification and
accumulation in cytosolic lipid drop]ets.m Exposure to metabolic
disrupting compounds, including bisphenol A, phthalates, and
perfluoro alkyl substances, significantly altered cholesterol
homeostasis in the fish. Thus, bisphenol A upregulated mRNA
expression of genes related to cholesterol metabolism, including
acyl-coenzime A cholesterol acyltransferase, in marine medaka
and zebra fish.*”*" Phthalates and flame retardants increased the
concentration of total cholesterol and triglycerides in gilthead
sea bream hepatocytes.” Similarly, transcripts involved in
cholesterol metabolism and mitochondrial function were altered
in fathead minnows exposed to perfluoro alkyl substances,™ and
exposure to perfluorononanoic acid increased cholesterol levels
in the liver of zebra fish.® Also, tributyltin induced lipid
accumulation and an increase in total chnlestercl and
triglycerides in muscles of rare minnows.* Accordingly to
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these observations, the muscle lipidome of B. meridionalis and 5.
laietanus collected in sites affected by urban and industrial
wastewater outflows was enriched in CEs. This increment of CEs
is often accompanied by an induction of the synthesis of
TGs.**' However, in fish, adipose tissue is located in the intra-
abdominal region and is not widely distributed throughout the
body as in mammals;® thus, no significant enrichment of TGs
was observed in the skeletal muscle of fish collected in P sites.

Additionally, the muscle lipidome of both B. meridionalis and
S. laietanus collected in polluted areas was enriched in PC-Os.
PC-Os and PC-Ps are isobaric species; the functional role of PC-
Os is not well understood even though the function of the latter
has been widely described. Increased levels of PC-Os have been
reported in human tumor tissues.”> While the accumulation of
the PC-O selected species was present in the lipidome of both
fish species from polluted sites, the increment was greater for B.
meridionalis.

Overall, the number of significantly altered lipids highlighted
by the volcano plots was higher for B. meridionalis than S.
laietanus, suggesting a higher sensitivity of the former to
endocrine and metabolic disruptors. This tendency was
confirmed by the untargeted analysis, where a greater number
of up-regulated features in P sites were obtained for B.
meridionalis. This is in agreement with our previous study,''
where B. meridionalis showed a greater exposure to pollutants
and a higher sensitivity to estrogenic exposure than S. laietanus,
an omnivorous water-column dweller, with greater resistance
and adaptability to water pollution.”

Although the magnitude of the lipid changes was different for
the two species examined, the fish collected at P sites showed
some common alterations, which could be further investigated as
potential biomarkers of exposure/impact of urban and industrial
discharges, namely, an enrichment in PC-Os, CEs, and LPCs and
a depletion of highly polyunsaturated PCs. Overall, this study
demonstrates the potential of lipidomic approaches in toxicology
and risk assessment studies to provide a specific signature of the
impact of contaminants (e.g., oxidative stress, inflammation,
metabolic disturbance). In addition, the applied methodology
represents a promising tool for the development of novel
noninvasive monitoring methods based on muscle tissue
biopsies.
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Table Excel. Putative identifications of the lipid species from muscle tissue of
Barbus meridionalis and Squalius laietanus using an untargeted analysis (XCMS
online).

The reader is referred to the web version of this article
(https://pubs.acs.org/doi/abs/10.1021/acs.est.9b02064).

Table S1. Biological parameters of B. meridionalis and S. laietanus collected in
different stations: R1 to R3 (reference sites) and P1 to P3 (impacted sites)
along the Ripoll river. Values are expressed as mean + SEM.

Fish species Site N Length (cm) Weight (g) CF!
Barbus R3 10 11.3+9.1 21.0+51  1.3+0.03
meridionalis R2 10 13.5+6.0 32.7+3.9*  1.3+0.02
R1 10 11.4+4.7 19.6+2.8  1.3+0.12
P1 10 10.4+5.3 157433  1.3+0.05
P2 10 11.0+ 4.2 18.6+2.6  1.3+0.02
P3 10 10.1+2.9 150+1.3  1.4+0.03
Squalius R3 6 11.4+7.7 18.5+4.6*  1.1%0.10
laietanus R2 10 13.8+2.4 31.5+15  1.2+0.04
R1 10 13.9+7.4 33.6+6.6  1.1+0.03
P1 10 12.5+4.6 263+28  1.3+0.02
P2 15 12.2£9.0 31.7+54  1.3+0.07
P3 10 12.6+3.2 262+21  1.3+0.03

* Significant differences (p < 0.05).
! Condition factor (CF) was calculated as (weight/length3) x 100
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Table S2. Biliary levels of galaxolide (HHCB), hydroxylated polycyclic aromatic hydrocarbons (2-napthol and 1-
pyrenol) and alkylphenols (nonylphenol (4-NP) and octylphenol (OP)), together with selected biomarkers, EROD (7-
ethoxyresorufinO-deethylase) and BFCOD (7-benzyloxy-4-trifluoromethyl-coumarin O-debenzyloxylase) activities,
determined in liver microsomal fraction in B. meridionalis and S. laietanus collected along the Ripoll River under the
influence of urban and industrial effluents (P sites) and upstream (R sites). Concentrations of the compounds are

reported as ng-g'1 of bile; activities are reported in pmol/min/g of protein.

Fish species  Site NP oP Naphtol Pyrenol HHCB EROD BFCOD
Barbus R3  18+0.2 n.d* n.d 6+1.7 n.d 35+6 181+30
meridionalis o) 9404 n.d n.d 4107 9£0.4 20£3 15136
RL  33+10  23+15 32:01 6+14 44+ 9 3145 14422
PL  340+151 67+18 77+29  38%13 391£49  184+32 387:48
P2 1557+176 56+4  95+9.0 3917 443+55  120+18 357:34
P3  975+181  45+10 226+22  56+10 19074991 150+16 431+40
Squalius R3 3212 n.d n.d 23+0.7 4+0.2 10+2 50+7
laietanus R2  61+14 n.d n.d 0903 n.d 11+1 5646
RL  35+18  32%23 25:04 25%02 5+3.4 10t3  57%8
Pl  249%53 26+7 22413 1912 255 £+59  48+12 155418
P2 2157+292  42+3  44t14 19+4 245£23  63+11 207+26
P3  761+170  28+4  156+29  34%5 1277£470  104:26 250424

*n.d: below detection limit
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Table S3. Lipid molecules, theoretical mass (Da), elemental composition,
measured mass (Da), retention time (minutes), experimental error (ppm) and
percentage from total lipid content of PC, PC-P, PC-O, LPC, CE, TG, DG and SM
detected in muscle tissue of B. meridionalis and S. laietanus. All identified
compounds in accordance to criteria of maximum permissible mass error of 5
ppm, with atom constraints and with -0.5 < DBE < 15.0. DBE: double-bond
equivalent. Elemental composition of PC, PC-O/PC-P, LPC and SM refers to the
[M+H]+ ions whereas TG, DG and CE refers to ammonium adducts [M+NH4]+.

Lipid Theoretical Elemental Measured Error Rt B . S. laietanus
species mass (Da) composition mass (Da) (ppm) DBE (min) meridionalis % total lipids
% total lipids
PC 30:0 706.5387 C38H77NO8P  706.5386 -0.1 15 6.85 0.51 0.63
PC 30:1 704.5230 C38H75N0O8P  704.5224 -1 25 6.02 0.06 0.03
PC 32:0 734.5700 C40H81INO8P  734.5714 1.9 1.5 8.20 141 2.40
PC32:1 732.5543 C40H79NO8P  732.5538 -0.7 25 7.26 3.18 3.47
PC32:2 730.5387 C40H77NO8P  730.5380 -1 3.5 6.36 0.18 0.19
PC 34:0 762.6013 C42H85NO8P  762.6016 0.4 1.5 9.56 0.10 0.19
PC34:1 760.5856 C42H83NO8P  760.5842 -1.8 25 864 9.35 8.32
PC 34:2 758.5700 C42H81INO8P  758.5726 3.4 3.5 7.69 2.04 3.67
PC 34:3 756.5543 C42H79NO8P  756.5563 2.6 45 6.84 0.68 1.95
PC 36:1 788.6169 C44H87NO8P  788.6165 -0.5 25 997 2.30 1.19
PC 36:2 786.6013 C44H85NO8P  786.6018 0.6 3.5 9.09 0.78 0.98
PC 36:3 784.5856 C44H83NO8P  784.5863 0.9 45 8.12 0.58 1.61
PC 36:4 782.5700 C44H81INO8P  782.5706 0.8 55 7.77 3.87 1.55
PC 36:5 780.5543 C44H79NO8P  780.5538 -0.7 6.5 6.94 9.26 5.05
PC 36:6 778.5387 C44H77NO8P  778.5387 0.3 7.5 6.09 1.59 0.59
PC 38:0 818.6639 C46H93NO8P  818.6627 -1.5 1.5 12.01 0.01 0.00
PC38:1 816.6482 C46H91INO8P  816.6495 1.6 25 11.18 0.20 0.02
PC 38:2 814.6326 C46H89NO8P  814.6312 -1.7 3.5 10.22 0.05 0.03
PC 38:4 810.6013 C46H85NO8P  810.6013 0 55 9.17 1.69 0.20
PC 38:5 808.5856 C46H83NO8P  808.5847 -1.1 6.5 836 1.28 0.89
PC 38:6 806.5700 C46H81INO8P  806.5703 0.4 7.5 7.58 8.77 5.90
PC 40:1 844.6795 C48HI95NO8P  844.6792 -0.4 25 12.28 0.06 0.01
PC 40:2 842.6639 C48H93NO8P  842.6642 0.4 3.5 11.40 0.03 0.01
PC 40:5 836.6169 C48H87NO8P  836.6167 -1.1 6.5 9.30 0.63 0.03
Total PC 48.61 38.93
PC-P 32:0 718.575 C40H81INO7P  718.5776 3.5 1.5 9.14 0.05 0.02
PC-P 32:1 716.5593 C40H79NO7P  716.5599 0.7 25 821 0.06 0.01
PC-P 34:1 744.5907 C42H83NO7P  744.5909 0.3 25 951 0.25 0.03
PC-P 36:1 772.622 C44H87NO7P  772.6259 49 2.5 10.78 0.02 0.00
PC-P 36:2 770.6084 C44H85NO7P  770.6056 -1 35 984 0.02 0.00
PC-P 36:4 766.5751 C44H81INO7P  766.5756 0.7 55 861 0.33 0.01
PC-P 38:6 790.5747 C46H8INO7P  790.5723 -3.5 7.5 841 1.95 0.64
Total PC-P 2.68 0.72
PC-0 30:0 692.5594 C38H79NO7P  692.5585 -1.3 05 7.78 0.02 0.03
PC-0 32:0 720.5907 C40H83NO7P  720.5906 -0.1 0.5 9.13 0.05 0.18
PC-032:1 718.575 C40H81INO7P  718.5784 4.6 1.5 8.24 0.19 0.15
PC-0 32:2 716.5593 C40H79NO7P 716.559 -0.6 25 7.67 0.03 0.01
PC-O 34:1 746.6064 C42H85NO7P  746.6077 1.7 1.5 9.56 0.48 0.59
PC-0 36:1 774.6377 C44H89NO7P  774.6403 3.4 1.5 10.82 0.07 0.03
PC-0 36:2 772.622 C44H87NO7P  772.6249 3.8 25 9.88 0.05 0.03
PC-O 36:5 766.5751 C44H81INO7P  766.5779 3.7 55 841 0.75 1.20
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Lipid Theoretical Elemental Measured Error B 9 S. laietanus
species mass (Da) composition mass (Da) (ppm) DBE (min) mendlor_wa_lls % total lipids
% total lipids
PC-O 38:5 794.6061 C46H85NO7P  794.6064 0 55 8384 0.38 0.55
PC-O 38:6 792.5885 C46H83NO7P  792.5891 -2 6.5 8.48 1.73 1.89
Total PC-O 3.74 4.66
LPC 16:0 496.3403 C24H51INO7P  496.3399 -0.8 0.5 2.54 1.34 1.90
LPC 16:1 494.3247 C24H49NO7P 494.324 -1.4 15 212 0.58 0.87
LPC 18:0 524.3716 C26H55N0O7P  524.3699 -3.2 0.5 317 0.17 0.11
LPC 18:1 522.356 C26H53NO7P  522.3553 -1.3 1.5 271 3.03 3.56
LPC 18:2 520.3403 C26H51INO7P  520.3389 -2.7 25 226 0.78 1.55
LPC 18:3 518.3246 C26H49NO7P  518.3252 1 35 199 0.19 0.58
LPC 20:1 550.3873 C28H57NO7P  550.3864 -1.6 15 334 0.04 0.02
LPC 20:2 548.3716 C28H55NO0O7P 548.369 -4.7 25 289 0.05 0.08
LPC 20:3 546.356 C28H53NO7P  546.3553 -1.3 3.5 260 0.44 0.57
LPC 20:4 544.3403 C28H51INO7P  544.3385 -3.3 45 2128 4.44 2.60
LPC 20:5 542.3246 C28H49NO7P  542.3256 1.7 55 1.99 10.38 8.36
LPC 22:4 572.3716 C30H55N07P  572.3725 -3.1 45 281 0.16 0.04
Total LPC 21.60 20.24
CE 16:0 642.6189 C43H80NO2 642.6202 2 45 16.69 0.02 0.05
CEl6:1 640.6033 C43H78N0O2 640.6032 -0.2 5.5 16.07 0.03 0.02
CE 18:0 670.6500 C45H84N02 670.6502 0.1 45 17.58 0.01 0.01
CE 18:1 668.6337 C45H82N02 668.6340 -0.4 5.5 16.85 0.10 0.14
CE 18:2 666.6189 C45H80NO2 666.6206 2.6 6.5 16.28 0.05 0.10
CE 18:3 664.6057 C45H78N0O2 664.6027 4.5 7.5 15.69 0.04 0.06
CE 20:1 696.6659 C47H86N02 696.6642 -24 55 17.71 0.02 0.01
CE 20:3 692.6346 C47H82NO2 692.6346 0 7.5 16.47 0.03 0.03
CE 20:4 690.6190 C47H80NO2 690.6184 0.9 8.5 15.95 0.17 0.17
Total CE 0.47 0.59
TG 44:0 768.7081 C47H9406N 768.7108 3.5 1.5 15.18 0.05 0.05
TG 44:1 766.6925 C47H9206N 766.6943 2.3 2.5 1463 0.07 0.12
TG 46:0 796.7394 C49H98NO6 796.7394 0 1.5 15.87 0.11 0.15
TG 46:1 794.7238 C49H96N06 794.7236  -0.2 2,5 1538 0.33 0.41
TG 46:2 792.7081 C49H94NO6 792.7087 0.6 3.5 14.83 0.24 0.35
TG 46:3 790.6925 C49H92NO6 790.6926 0.1 45 1431 0.06 0.14
TG 48:0 824.7707 C51H102NO6  824.7715 1 1.5 16.52 0.33 0.50
TG 48:1 822.7551 C51H100NO6  822.7554 0.4 2.5 16.05 0.85 1.30
TG 48:2 820.7394 C51H98NO6 820.7408 1.7 3.5 1555 1.16 1.34
TG 48:3 818.7238 C51H96N06 818.7234  -0.5 45 15.05 0.57 0.71
TG 48:4 816.7081 C51H94N0O6 816.7088 0.9 5.5 14.53 0.15 0.33
TG 50:0 852.8020 C53H106NO6  852.8027 0.8 1.5 17.20 0.12 0.19
TG 50:1 850.7864 C53H104NO6  850.7871 0.8 2.5 16.70 0.97 2.29
TG 50:2 848.7707 C53H102NO6 848.7704 -0.4 3.5 16.23 1.87 2.69
TG 50:3 846.7551 C53H100NO6 846.7540 -1.3 45 15.74 1.36 1.97
TG 50:4 844.7394 C53H98NO6 844.7401 0.8 5.5 15.25 0.86 1.29
TG 50:5 842.7238 C53H96N0O6 842.7247 1.1 6.5 14.73 0.25 0.54
TG 50:6 840.7081 C53H94N0O6 840.7078 -0.4 7.5 14.47 0.09 0.17
TG 52:0 880.8333 C55H110NO6 880.8326 -0.8 1.5 18.01 0.06 0.06
TG 52:1 878.8177 C55H108NO6  878.8193 1.8 25 17.39 0.29 0.89
TG 52:2 876.8020 C55H106NO6  876.8038 2.1 3.5 16.86 1.40 3.31
TG 52:3 874.7864 C55H104NO6  874.7878 1.6 45 16.39 1.34 2.59
TG 52:4 872.7707 C55H102NO6  872.7715 0.9 5.5 15.92 0.68 1.22
TG 52:5 870.7551 C55H100NO6  870.7552 0.1 6.5 15.7 0.27 0.41
TG 52:6 868.7394 C55H98N0O6 868.7433 4.5 7.5 15.22 0.57 0.59
TG 52:7 866.7238 C55H96N06 866.7249 13 8.5 14.69 0.35 0.33
TG 54:1 906.8490 C57H112NO6 906.8516 2.9 2.5 18.18 0.06 0.13
TG 54:2 904.8333 C57H110NO6  904.8334 0.1 3.5 17.59 0.25 0.79
TG 54:3 902.8177 C57H108N0O6 902.819 1.4 45 17.05 0.58 1.78
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Lipid Theoretical Elemental Measured Error Rt . B . S. laietanus
species mass (Da) composition mass (Da) (ppm) DBE (min) elidiondl % total lipids
% total lipids
TG 54:4 900.8020 C57H106NO6  900.8025 0.6 5.5 16.56 0.39 1.17
TG 54:5 898.7864 C57H104NO6  898.7875 1.2 6.5 16.11 0.43 1.06
TG 54:6 896.7707 C57H102NO6  896.7703 -0.4 7.5 15.89 0.62 0.79
TG 54:7 894.7551 C57H100NO6  894.7553 2.5 8.5 15.40 0.66 0.71
TG 54:8 892.7394 C57H98NO6 892.7416 2.5 9.5 14.90 0.33 0.44
TG 54:9 890.7238 C57H96NO0O6 890.727 3.6 10.5 14.36 0.14 0.18
TG 56:2 932.8647 C59H114NO6 932.8674 3 3.5 18.38 0.04 0.05
TG 56:3 930.8490 C59H112NO6  930.8497 0.8 45 17.77 0.06 0.07
TG 56:4 928.8333 C59H110NO6  928.8348 1.6 55 17.22 0.05 0.07
Total TG 17.99 31.20
DG 32:0 586.5411 C35H7205N 586.5384 -4.6 05 971 0.05 0.10
DG 32:1 584.5255 C35H7005N 584.5242 -2.1 15 8.76 0.15 0.13
DG 32:2 582.5099 C35H6805N 582.5117 3.4 25 7.77 0.08 0.03
DG 32:3 580.4943 C35H6605N 580.4927 -2.4 3.5 691 0.02 0.01
DG 32:4 578.4787 C35H6405N 578.4758 -4.5 45 6.27 0.02 0.01
DG 34:0 614.5724 C37H7605N 614.5699 -4.1 0.5 10.99 0.03 0.03
DG 34:1 612.5567 C37H74NO5 612.5566 -0.2 1.5 10.06 0.25 0.97
DG 34:2 610.5411 C37H72NO5 610.5411 0 25 9.16 0.17 0.22
DG 34:3 608.5256 C37H7005N 608.5269 2.5 35 831 0.09 0.11
DG 34:4 606.51 C37H6805N 606.5108 1.8 45 7.33 0.05 0.02
DG 36:1 640.588 C39H78NO5 640.5878 -0.3 1.5 11.28 0.06 0.08
DG 36:2 638.5724 C39H76N0O5 638.5723 -0.2 25 10.44 0.10 0.15
DG 36:3 636.5569 C39H7405N 636.5554 -2 3.5 954 0.05 0.09
DG 36:4 634.5413 C39H7205N 634.5413 0.3 45 8.73 0.05 0.05
DG 36:5 632.5254 C39H70NO5 632.5246 -1.3 55 835 0.11 0.08
Total DG 1.28 2.09
SM 16:0 703.5754 C39H80N206P 703.5739 -2.1 1.5 6.99 1.04 0.75
SM 16:1 701.5598 C39H78N206P 701.5607 13 25 6.22 0.71 0.01
SM 24:0 815.7006 C47H96N206P 815.7007 0.1 1.5 12.25 0.05 0.12
SM 24:1 813.6850 C47H94N206P 813.6853 0.3 25 11.20 0.42 0.49
SM 24:2 811.6690 C47H92N206P 811.6697 0.4 3.5 10.52 1.42 0.21
Total SM 3.63 1.58
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Figure S1. Map of the sampling sites in the Ripoll River (Catalunya, NE Spain).
Arrows indicate effluent inputs from sewage treatment plants coming from the
city of Sabadell (208,000 inhabitants), the main urban site.
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Figure S2. 3D Principal component analysis (PCA) scores plot between PC1, PC2
and PC3 for A) Barbus meridionalis and B) Squalius laietanus lipidomics data.
The explained variances are shown in brackets. Red and blue dotted lines
confine samples from P and R sites, respectively.
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CAPITOL 3

La discussio dels resultats es divideix en quatre seccions: (a) comparativa de les
tres técniques analitiques utilitzades per I'analisi dels perfils lipidics dels
diferents models biologics, (b) associacié de les alteracions lipidiques
detectades amb els mecanismes d’accié dels compostos quimics estudiats, (c)
deteccidé d’alteracions lipidiques en peixos exposats a mescles complexes de
compostos amb diversos origens (descarregues urbanes i industrials)
mitjancant la realitzacio d’un estudi de camp i (d) utilitat dels estudis lipidomics

per la seva implementacié en I'avaluacié del risc quimic.

3.1 METODOLOGIES ANALITIQUES UTILITZADES PER ALS
ESTUDIS LIPIDOMICS

En aquesta Tesi l'analisi de lipids s’ha dut a terme mitjancant diferents
tecniques analitiques; (1) injeccié directa de I'extracte de lipids a la fase mobil
acoblat a un espectrometre de masses d’alta resolucio amb analitzador
Exactive-Orbitrap amb adquisicié en full scan (FIA-ESI(+/-)-HRMS), (2)
cromatografia de liquids d’ultra alta eficacia acoblades a I'espectrometria de
masses d’alta resolucio, utilitzant un analitzador de temps de vol (ToF) i
adquirint les dades en mode de full scan (UHPLC-ESI(+)-HRMS) i (3)
cromatografia de liquids d’ultra alta eficacia acoblades a I'espectrometria de
masses d’alta resolucid, usant un espectrometre de masses hibrid Q-Exactive
Orbitrap i treballant en mode de full scan i ddMS2 (UHPLC-ESI(+/-)-HRMS/MS).

L'analitzador de I'espectrometre de masses i el mode d’adquisicié de les
dades utilitzat per I'analisi dels lipids determina la naturalesa de la informacid
qgue s’obté, és a dir, el grau d’identificacid de les diferents especies lipidiques.
Aixi, els meétodes analitics FIA-Orbitrap i UHPLC-ToF, en les que s’ha utilitzat

I’adquisicié en full scan, proporcionen el valor de m/z de I'ié base de I'espectre
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de masses, corresponent al compost parental, donant informacié del nombre
de carbonis i del grau d’insaturacié de les espécies lipidiques. En canvi, amb la
tecnica UHPLC-HRMS/MS en mode d’adquisicid6 ddMS2, s’obté el patrd de
fragmentacid dels lipids analitzats, i per tant, la composicié molecular dels
lipids, confirmacio de I'espeécie lipidica i els acids grassos que formen els lipids
identificats. En alguns casos s’arriba a identificar també la posicié dels acids
grassos dins la molécula (sn-1, sn-2, sn-3).

A més, les dades obtingudes amb els diferents métodes es poden tractar (a)
des d’un enfocament dirigit (suspected screening), que consisteix en I’ls d’una
base de dades generada a priori per la identificacié dels lipids d’interes, que
inclou propietats com els valors de m/z esperables, la polaritat dels ions, els
adductes més abundants i en els casos que apliqui, el temps de retencié o (b)
des d’un enfocament no dirigit, mitjancant I'Gs de diferents softwares (apartat
1.3.3) per la deteccidé de compostos desconeguts.

Aixi, en aquesta Tesi, les dades obtingudes amb el metodes FIA-HRMS s’han
tractat des d’una aproximacid dirigida, amb el métode UHPLC-HRMS s’han
aplicat els dos tipus d’aproximacions, dirigida i no dirigida emprant el software
online XCMS, i per ultim, les dades obtingudes a partir de la técnica UHPLC-
HRMS/MS s’han tractat des de una aproximacié no dirigida, fent us del
programari LipidMatch. Comparant el perfil lipidic de les cel-lules PLHC-1
obtingut amb les técniques FIA-HRMS i UHPLC-HRMS mitjancant I'analisi de
dades des d’una basant de suspected screening, es confirmen algunes
diferéncies en la informacié que s’obté amb els dos métodes. A la Taula 3.1 es
mostren les especies lipidiques que s’identifiquen amb les dues técniques i les

gue es reporten exclusivament per una de les tecniques.
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Taula 3.1 Especies lipidiques identificades en les cél-lules PLHC-1 mitjangant les tecniques analitiques FIA-

Orbitrap i UHPLC-ToF, unicament amb la primera o Unicament amb la segona.

Ambdues técniques

Només FIA-Orbitrap

Només UHPLC-ToF

TG 46:1, 46:2, 48:0, 48:1, 52:5, 56:7, 58:7, 58:8 44:0, 46:0, 46:3, 48:4,
48:2,48:3,50:0,50:1, 52:0, 56:2, 58:4
50:2, 50:3, 50:4,52:1,
52:2,52:3,52:4,54:1,
54:2,54:3,54:4, 545,
54:6, 56:3, 56:4, 56:5,
56:6, 58:5, 58:6
DG 32:0, 32:1, 32:2, 34:1, 30:0, 30:1, 34:0, 38:2, 24:4, 28:4, 36:0
34:2, 34:3, 36:1, 36:2, 38:6, 40:3, 40:4, 40:5,
36:3, 36:4, 38:3, 38:4, 40:6, 40:7
38:5
PC 32:0, 32:1, 32:2, 340, 36:0 28:0, 28:1, 30:0, 30:1,
34:1, 34:2, 34:3, 34:4, 30:2, 32:4, 38:7,40:1,
36:1, 36:2, 36:3, 36:4, 40:2, 42:2,42:3,42:4,
36:5, 36:6, 38:1, 38:2, 42:5,42:6,42:7,42:8
38:3, 38:4, 38:5, 38:6,
40:3, 40:4, 40:5, 40:6,
40:7, 40:8
LPC 18:1 16:0, 16:1, 18:0, 18:2,
20:4
PC-O/PC-P  0-32:1/P-32:0, O- 0-34:2/34:1, 0-36:5/36:4, 0-30:0, 0-30:1/P-30:0,
32:2/P-32:1, 0-34:1/P-  P-36:5, 0-38:5/P-38:4, 0O- 0-32:0, 0-36:1/P-36:0,
340, 0-34:3/P-34:2, O- 38:6/38.5, P-38:6, P-40:6  0-38:1/P-38:0, O-
36:2/P-36:1, 0-36:3/P- 38:3/P-38:2, 0-38:4/P-
36:2, 0-36:4/P-36:3, O- 38:3, P-38:7
38:5/P-38:4
PE 34:1, 34:2, 36:1, 36:2,
36:3, 36:4, 38:1, 38:2,
38:3, 38:4, 38:5, 38:6,
40:2, 40:3, 40:4, 40:5,
40:6
PE-O/PE-P 0-32:1, P-32:1, 0-34:2/P-
34:1, 0-34:3/P-34:2, O-
36:2/P-36:1, 0-36:3/P-
36:2, 0-36:4/P-36:3, O-
36:5/P-36:4, P-36:5, O-
38:4/P-38:3, 0-38:5/P-
38:4, 0-38:6/P-38:5, P-
38:6, 0-40.5/P-40:4, P-
40:6, P-40:7
PG 34:0, 34:1, 36:1
Pl 34:0, 34:1, 34:2, 36:2,

36:3, 36:4, 38:3, 384,
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38:5, 40:3, 40:4

PS 36:1, 36:2, 38:2, 38:3,
38:4, 40:3, 40:4, 40:5,
40:6, 40:7
SM 16:0, 18:0, 22:0, 22:1,
24:0, 24:1, 24:2
CE 18:1, 18:2, 20:6

Mitjancant I'espectrometre de masses Exactive-Orbitrap s’ha emprat una
ionitzacid per electrosprai en polaritat positiva i negativa, obtenint bona
sensibilitat, mentre que amb el sistema ToF, I'electrosprai amb polaritat
negativa presentava una molt baixa sensibilitat, cosa que no ha permes la
deteccié d’aquells lipids que s’ionitzen majoritariament en polaritat negativa,
com és el cas de la majoria de subclasses de GPs (PE, PG, Pl i PS).

Pel que fa a les especies de SMs, al ser espécies minoritaries només s’han
detectat amb el meétode UHPLC-ToF. La tecnica FIA presenta una elevada
supressid ionica, ja que tots els ions presents a I'extracte arriben a la font
d’ionitzacié (electrosprai) a la vegada, dificultant la ionitzacié de les espéecies
minoritaries presents a I'extracte de lipids, entre les que es troben les SMs. El
motiu pel qual les SMs representen una fraccid minoritaria dins I'extracte de
lipids, pot estar relacionat amb el tipus d’extraccié realitzat, ja que les
condicions genériques emprades en els estudis lipiddomics no sén adients per
I'analisi de SPs. Per la deteccid de SPs mitjancant FIA, s’acostumen a eliminar
els lipids majoritaris (GPs) mitjancant hidrolisi alcalina suau (Farwanah et al.,
2011). A més, el métode d’extraccié de SPs més generalitzat és mitjancant
cloroform:metanol en proporcid 1:2, al contrari del métode Folch, utilitzat per
I'extraccié simultania de varies classes de lipids, que segueix la proporcié 2:1
(Farwanah et al., 2009). De la mateixa manera, les poques especies de CEs

detectades amb el metode UHPLC-ToF no es detecten mitjangant FIA-Orbitrap.
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Aquesta diferencia s’associa de nou a I'’elevada supressié ionica en el metode
FIA, i al fet que per 'analisi de CEs, siguin més adients altres extraccions més
especifiques, com podria ser la mescla binaria isoocta:acetat d’etil (75:25)
(Krank et al., 2007)

Pel que fa a les subclasses lipidiques TG, DG, i PC, que s’ionitzen
preferentment en polaritat positiva, la gran majoria d’espécies s’han pogut
analitzar amb les dues técniques. Les espécies no detectades amb una de dels
dues técniques corresponen, de nou, a les espéecies menys abundants de cada
classe lipidica.

Gorrochategui et al. (2014) van comparar el comportament d’un analitzador
ToF (mateixa técnica emprada en aquesta Tesi) amb el d’un analitzador
Orbitrap per la deteccié d’espécies lipidiques en les cél-lules JEG-3. Del total
d’espécies identificades, el 88% dels lipids van ser identificats amb els dos
analitzadors, i el 4% i el 8 només amb I'analitzador ToF i I'Orbitrap,
respectivament. Aixi, els autors afirmen que els dos analitzadors mostren una
capacitat equivalent per I'analisi de lipids en el model cel-lular JEG-3. Val a dir,
pero, que en el seu cas els dos espectrometres de masses anaven precedits de
UHPLC i, per tant, no patien I'efecte de supressié ionica que produeix la manca
de deteccid dels lipids minoritaris, com succeeix amb la técnica FIA-Orbitrap.
Tot i aixi, la técnica FIA-Orbitrap ha permés cobrir un nombre més elevat de
subclasses lipidiques que la tecnica UHPLC-ToF gracies a la ionitzacié en
polaritat negativa i positiva conjuntament, permeten la deteccié d’un elevat
nombre de lipids en només dos minuts d’analisi per mostra.

Un dels inconvenients que presenten les técniques amb deteccié en full
scan és la impossibilitat de diferenciar entre espécies isobariques, amb

funcions biologiques diferents. Aquest és el cas per exemple de les espécies
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amb enllag eter de GPs (plasmanil- / plasmenil-). Aquestes espécies només es
diferencien entre elles en la posicié d’'un doble enllag¢ dins la cadena alifatica
dels acids grassos. Mentre que els plasmenils o plasmalogens (PC-P, PE-P),
contenen un éter vinil O-(1-alquenil) a la primera posicido de la cadena de
glicerol, els plasmanils (PC-O, PE-O) no presenten aquest doble enllag, sind que

la insaturacio es troba al llarg d’un dels dos acids grassos (Figura 3.1).

A
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Figura 3.1 Exemple de I'estructura de dues espécies isobariques de lipids: A) PC-O 34:1 i B) PC-P 34:0.
(Estructures extretes de LIPIDMAPS).

Per resoldre I'ambigiitat en la identificacié d’aquestes espécies s’ha dut a
terme la derivatitzacio de I'extracte de lipids amb iode i metanol, ja que I'enllag
vinil dels plasmalogens és reactiu al iode, i per tant, les especies romanents a
I’extracte poden ser tentativament identificades com a PC-Os o PE-Os (Figura

3.2) (Lydic et al., 2015).
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Figura 3.2 Reaccio de derivatitzacié de les espécies plasmenil- GPs mitjangant reaccié amb iode. (Lydic et
al., 2015)
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Aquesta derivatitzacid es va aplicar en algunes de les mostres de muscul de
peix per una anotacid més exacte de les espécies lipidiques, després d’observar
gue aquestes especies es trobaven desregulades en els individus mostrejats a
les zones contaminades (article V). La separacié cromatografica dels lipids
presents a I'extracte va facilitar la identificacid de les especies, ja que

s’observava desaparicié del pic cromatografic de les espécies PC-P, i no de les

PC-0, com es mostra a la Figura 3.3.
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Figura 3.3 Cromatograma extret per la m/z teorica 790.5747, que correspon a I'espécie PC-P 38:6
(IM+H]"), per una mostra A) no derivatitzada i B) derivatitzada amb I,. S’observa com el pic
cromatografic que es troba a temps de retencié 8.41 minuts no es detecta a la mostra
derivatitzada, confirmant la seva identitat com a PC-P.

Tot i que en aquesta Tesi no s’ha realitzat el procés de derivatitzacid quan la
tecnica d’analisi de lipids escollida era el FIA-HRMS, i per tant, els lipids han
estat anotats com a PC-O/PC-P (o PE-O/PE-P), es va dur a terme un estudi
preliminar amb les cel-lules PLHC-1 per comprovar si la derivatitzacido de
I'extracte de lipids amb iode permetia la diferenciacié de les espécies
isobariques, tot i I'abséncia de separacié cromatografica. Un elevat nombre

d’espécies no es va detectar després de la derivatitzacid, i conseglientment, es
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podrien anotar com a PC-Ps (Figura 3.4). En canvi, les espécies que es
segueixen detectant després del procés de derivatitzacié poden ser, o bé PC-
Os, 0 bé mescles de PC-Os i PC-Ps, si la seva concentracié ha patit una lleugera
disminucid. Aixi, la derivatitzacié amb iode i metanol dels extractes de lipids
per la diferenciacié entre plasmanils i plasmenils podria ser d’aplicabilitat
també en técniques que no separin els lipids cromatograficament abans de

I’analisi a I’espectrometre de masses.
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Figura 3.4 Contingut d’eter-PCs abans (gris) i després (blau) de derivatitzar les cel-lules PLHC-1 amb
iode/metanol. Les espécies lipidiques que es detecten en |'extracte derivatitzat corresponen a
PC-Os, mentre que les que deixen de detectar-se, corresponen a PC-Ps.

La diferenciacid entre espécies isobariques és possible en espectrometria de
masses si s’aprofiten els patrons de fragmentacid caracteristics de les
subclasses lipidiques. Aixi, mitjancant UHPLC-HRMS/MS, s’aconsegueix
confirmar la identitat de molts dels lipids detectats. Per una banda,
I'ambigiliitat entre diferents subclasses de GPs, p.ex. entre PCs i PEs, que fins el
moment s’havia resolt escollint I'espécie que incorporés només acids grassos
amb un nombre parell de carbonis, ja que sén els més comuns en éssers vius,
es poden diferenciar clarament per fragmentacid. En polaritat positiva
([IM+H]") les dues subclasses de lipids, PC i PE, es diferenciarien per el fragment

corresponent al cap apolar de la molécula, m/z 184.0733 per PCs i m/z
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142.0264 per PEs, perd en el cas de les PEs, no s’acostuma a observar aquest
i6, sind la perdua neutre del cap apolar (NL, 141.0019) ja que I'etanolamina és
menys competitiva per el H" (Pulfer and Murphy, 2003; Hsu and Turk, 2009).
Per altra banda, les PEs s’ionitzen majoritariament en polaritat negativa ([M-H]
), i presenten I'ié producte tipic a m/z 196.0375.

Aplicar fragmentacié en l'analisi de lipids permet la identificacié de les
espécies a nivell molecular, ja que la pesencia a I'espectre de masses de
fragments tipics corresponents als acids grassos permet diferenciar les
espécies isomeriques que s’agruparien amb una anotacid a nivell de
composiciéd suma. A mode d’exemple, en la fragmentacié de GPs ionitzats en
polaritat negativa ([M-H]') s’obtindra la pérdua d’acils grassos que formen ions
carboxilats desprotonats (Hsu and Turk, 2009). L'espectre de fragmentacié de
GPs que presentin acids grassos tipics com 16:0, 16:1, 18:0 i 18:1 incorporara
les m/z dels ions [FA-H]', sent, 255.2324, 253.2167, 283.2637 i 281.2180,
respectivament. Per altra banda, espécies com els TGs o els DGs, que s’ionitzen
en polaritat positiva formant adductes d’amoni, els seus substituents
s’identifiquen per la NL dels acils grassos més amoniac (Han and Gross, 2001).
En aquest cas, la NL dels acids grassos 16:0, 16:1, 18:0i 18:1, s’observaran com
a [FA+NHs], corresponent a la pérdua de 273.2661, 271.2505, 301.2973 i
299.2817, respectivament.

A més, I'analisi no dirigit proporciona una major caracteritzacié del perfil
lipidic de les cél-lules al considerar un nombre més ampli de classes lipidiques.
Per exemple, comparant el perfil lipidic de les cél-lules ZFL obtingut mitjancant
FIA-HRMS (120 especies) o UHPLC-HRMS/MS (558 espeécies), amb la segona

tecnica es descriuen lipids de les subclasses AcCar, Cer, CE, DMPE, eter-TG i
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formes oxidades de TG i LPC, que no s’havien incorporat a la base de referéncia

amb la que s’han tractat les dades obtingudes per FIA-HRMS.

Aquestes subclasses van ser alterades per l'exposici6 a BPA, BPF i
BADGE-2HCI (article Ill), efecte que s’haurien omes amb un analisi dirigit. La
Taula 3.2 incorpora les espécies lipidiques pertanyents a les subclasses
detectades per els dos metodes i mostra la informacié que s’obté amb
cadascun dels métodes. Tot i que mitjangcant UHPLC-HRMS/MS s’obtenen més
de 4 vegades més especies lipidiques que amb el metode FIA-HRMS, hi ha
algunes subclasses de lipids detectades correctament amb aquest darrer
metode, com és el cas dels DGs, PCs, Pls i eter-GPs (tot i que no es distingeixi
entre plasmaldgens i plasmanils). En canvi, amb el métode FIA es detecta un
nombre molt reduit d’espécies lipidiques de subclasses com les LPCs, LPEs, SMs
o TGs, possiblement degut a I'elevada supressid idnica que comporta una
menor deteccid de les espécies minoritaries a I'extracte. Per contra, la baixa
deteccio de les espécies de TGs amb el metode FIA, pot estar relacionada amb
el tipus d’adducte monitoritzat, ja que com és ben sabut, els TGs formen
adductes molt estables amb amoni ([M+NH.]*) i mentre que la fase mobil
utilitzada en UHPLC-HRMS/MS incorpora el modificador i per tant
s’identifiquen aquests adductes, amb el FIA-HRMS es reporten els adductes de
sodi ([M+Na]®).

Amb el meétode UHPLC-HRMS/MS s’ha confirmat la preséncia d’acids
grassos amb nombre de carbonis senars com a substituents de PCs i PEs,
suggerint, que les espécies que s’han reportat amb els dos métodes que no
inclouen fragmentacio, en realitat sén el resultat del sumatori de diverses

espécies isobariques i que una fraccié pertany a GPs amb acids grassos de

173



CAPITOL 3

cadena senar. L'origen d’aquests acids grassos, s’acostuma a relacionar amb les
bacteries, tot i que una de les maneres d’obtenir-los és mitjancant oxidacié a,
procés que té lloc als peroxisomes, i constitueix un pas important en el
catabolisme dels acids grassos ramificats i també dels de cadena llarga
(Popkova et al., 2019). Aquest tipus d’oxidacid s’ha detectat en models
cel-lulars com els preadipocits 3T3-L1, que durant el procés de diferenciacié a
adipocits, tendeixen a acumular acids grassos senars en totes les classes

majoritaries de lipids (Su et al., 2004).

Taula 3.2 Especies lipidiques identificades en les cél-lules ZFL mitjangant les técniques analitiques FIA-
HRMS i UHPLC-HRMS/MS. S’incorporen només les classes lipidiques que s’han detectat amb les dues
tecniques (DG, LPC, LPE, PC, PE, PG, PI, PC-O, PE-O, PC-P, PE-P, PS, SM i TG) i no s’incorporen les classes
lipidiques detectades Unicament per UHPLC-HRMS/MS (AcCar, Cer, CE, DMPE, éter-TG i formes oxidades
de TG i LPC).

FIA-HRMS UHPLC-HRMS/MS FIA-HRMS UHPLC-HRMS/MS
DG DG 32:0 LPC(20:4)
DG 32:1 LPC(20:5)
DG 32:2 LPC(22:6)
DG 34:1 DG(16:0_18:1) LPE LPE(16:0)
DG 34:2 DG(16:0_18:2); LPE(17:0)
DG(16:1_18:1) LPE 18:0 LPE(18:0)
DG 34:3 LPE 18:1 LPE(18:1)
DG(17:1_18:1) LPE(18:2)
DG 36:1 DG(18:0_18:1) LPE(20:2)
DG 36:2 DG(18:0_18:2); LPE(20:3)
DG(18:1_18:1) LPE(20:4)
DG 36:3 DG(18:1_18:2) LPE(22:3)
DG 36:4 LPE(22:5)
DG 38:3 DG(16:0_22:3); LPE(22:6)
DG(18:1_20:2) PC PC(14:0_16:0)
DG 38:4 DG(18:1_20:3) PC(14:0_16:1)
DG 38:5 DG(18:1_20:4) PC(15:0_16:0)
DG(18:1_22:3) PC(15:0_16:1)
LPC LPC(14:0) PC 32:0 PC(16:0_16:0)
LPC 16:0 LPC(16:0) PC 32:1 PC(16:0_16:1)
LPC(16:1) PC 32:2 PC(14:0_18:2);
LPC(17:0) PC(16:1_16:1)
LPC(17:1) PC(16:0_17:0)
LPC(18:0) PC(15:0_18:1);
LPC 18:1 LPC(18:1) PC(16:0_17:1);
LPC(18:2) PC(16:1_17:0)
LPC(18:3) PC(15:0_18:2);
LPC(19:0) PC(16:1_17:1)
LPC(20:1) PC(16:0_18:0)
LPC(20:2) PC 34:1 PC(16:0_18:1)
LPC(20:3) PC 34:2 PC(16:0_18:2);
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FIA-HRMS UHPLC-HRMS/MS FIA-HRMS UHPLC-HRMS/MS
PC(16:1_18:1) PC 40:7 PC(18:1_22:6)
PC 34:3 PC(16:0_18:3); PC 40:8 PC(20:4_20:4)
PC(16:1_18:2) PE PE(16:0_16:1)
PC 34:4 PE(16:1_16:1)
PC(17:0_18:0) PE(33:0)
PC(17:0_18:1) PE(33:1)
PC(17:1_18:1) PE(33:2)
PC(15:0_20:3); PE 34:1 PE(16:0_18:1)
PC(17:1_18:2); PE 34:2 PE(16:0_18:2);
PC(17:2_18:1) PE(16:1_18:1)
PC(15:0_20:4) PE(16:0_18:3);
PC(18:0_18:0) PE(16:1_18:2)
PC 36:1 PC(18:0_18:1) PE(35:0)
PC 36:2 PC(18:0_18:2); PE(17:0_18:1)
PC(18:1_18:1) PE(17:1_18:1)
PC 36:3 PC(16:0_20:3); PE(35:3)
PC(18:0_18:3); PE(35:4)
PC(18:1_18:2) PE 36:1 PE(18:0_18:1)
PC 36:4 PC(16:0_20:4); PE 36:2 PE(18:0_18:2);
PC(16:1_20:3); PE(18:1_18:1); PE(36:2)
PC(18:2_18:2) PE 36:3 PE(16:0_20:3);
PC 36:5 PC(16:0_20:5); PE(18:1_18:2)
PC(16:1_20:4) PE 36:4 PE(16:0_20:4);
PC(18:1_19:0) PE(16:1_20:3);
PC(17:0_20:2); PE(18:1_18:3);
PC(18:2_19:0) PE(18:2_18:2)
PC(17:0_20:3); PE(16:0_20:5);
PC(17:1_20:2) PE(16:1_20:4)
PC(17:0_20:4); PE(36:6)
PC(17:1_20:3) PE(18:1_19:0)
PC(17:0_20:5) PE(37:2)
PC(15:0_22:6) PE(17:0_20:4);
PC(18:0_20:1) PE(17:1_20:3)
PC 38:2 PC(18:0_20:2); PE(17:0_20:5)
PC(18:1_20:1); PE(38:1)
PC(18:2_20:0) PE 38:2 PE(18:0_20:2);
PC 38:3 PC(16:0_22:3); PE(18:1_20:1)
PC(18:0_20:3); PE 38:3 PE(18:0_20:3);
PC(18:1_20:2) PE(18:1_20:2)
PC 38:4 PC(16:0_22:4); PE 38:4 PE(18:0_20:4);
PC(18:0_20:4); PE(18:1_20:3)
PC(18:1_20:3) PE 38:5 PE(18:0_20:5);
PC 38:5 PC(18:1_20:4) PE(18:1_20:4)
PC 38:6 PC(16:0_22:6); PE 38:6 PE(16:0_22:6);
PC(18:2_20:4) PE(18:1_20:5);
PC(17:0_22:6) PE(18:2_20:4)
PC 40:4 PC(18:0_22:4); PE(16:1_22:6)
PC(18:1_22:3); PE(19:0_20:3)
PC(20:0_20:4) PE(39:4)
PC 40:5 PC(18:1_22:4); PE(39:5)
PC(20:1_20:4); PE(17:0_22:6)
PC(20:2_20:3) PE(39:7)
PC40:6 PC(18:0_22:6); PE 40:3 PE(18:0_22:3);
PC(18:1_22:5); PE(18:1_22:2)
PC(20:2_20:4) PE 40:4 PE(18:1_223);
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FIA-HRMS UHPLC-HRMS/MS FIA-HRMS UHPLC-HRMS/MS
PE(20:1_20:3) 18:1/18:2)
PE 40:5 PE(20:2_20:3) PC-P 36:3/PC-0 36:4* PC(0-16:0/20:4); PC(O-
PE 40:6 PE(18:0_22:6); 16:1/20:3)
PE(18:1_22:5); PC-P 36:4/PC-0 36:5* PC(0-16:0/20:5); PC(O-
PE(20:2_20:4); 16:1/20:4)
PE(20:3_20:3) PC-P 38:2/PC-0 38:3* PC(0-16:0/22:3); PC(O-
PE(18:1_22:6); 18:0/20:3) PC(0-18:1/20:2)
PE(20:2_20:5) PC-P 38:3/PC-0 38:4* PC(0-18:0/20:4); PC(O-
PE(18:2_22:6); 18:1/20:3)
PE(20:4_20:4) PC-P 38:4/PC-0 38:5* PC(0-18:1/20:4)
PE(42:3) PC-P 38:5/PC-0 38:6* PC(0-16:0/22:6); PC(O-
PE(42:4) 18:1/20:5)
PE(42:6) PC-P 38:6/PC-0 38:7* PC(0-16:1/22:6)
PE(42:7) PC(0-18:1/22:3); PC(O-
PE(20:2_22:6); 20:0/20:4)
PE(20:3_22:5) PC(0-18:0/22:5); PC(O-
PE(20:3_22:6) 20:1/20:4)
PE(44:10) PC-P 40:5/PC-0 40:6* PC(0-18:0/22:6); PC(O-
PE(44:11) 18:1/22:5)
PG PG 32:0 PC-P 40:6/PC-0 40:7* PC(0-18:1/22:6)
PG 34:0 PC(0-22:1/20:5)
PG 34:1 PG(16:0_18:1) PC(0-20:1/22:6)
PG(16:0_18:3) PE-O PE-032:1
PG 36:0 PE-0 34:1 PE(0-34:1)
PG 36:1 PE-P 34:1/PE-O 34:2*
PG(18:1_18:1) PE-P 34:2/PE-O 34:3*
PG(16:0_20:3) PE-P 34:3/PE-O 34:4*
PG(18:1_18:2) PE-O 36:1 PE(0-36:1)
Pl Pl34:1 PI(16:0_18:1) PE-P 36:1/PE-O 36:2*
PI(34:2) PE-P 36:2/PE-O 36:3*
PI(18:0_18:1) PE-P 36:3/PE-O 36:4*
Pl 36:2 PI(18:1_18:1) PE-P 36:4/PE-O 36:5* PE(0-36:5)
Pl 36:3 PE(0-38:1)
Pl 36:4 PI(36:4) PE(0-38:2)
Pl 38:3 PI(18:0_20:3) PE(0-16:0/22:3)
Pl 38:4 PI(18:0_20:4); PI(18:1_20:3 PE-P 38:3/PE-O 38:4*
PI38:5 PI(18:1_20:4) PE-P 38:4/PE-O 38:5* PE(0-38:5)
PC-O PC(0-16:0/14:0) PE-P 38:5/PE-O 38:6* PE(0O-38:6)
PC(0-16:1/14:0) PE(0-40:3)
PC-032:0 PC(0-16:0/16:0) PE-P 40:4/PE-O 40:5*  PE(0-40:5)
PC-032:1 PC(0-16:0/16:1) PE-P 40:5/PE-O 40:6*  PE(0-40:6)
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PC-P 32:1/PC-0 32:2*

PC(0-16:1/16:1)

PC(0-16:0/17:0)

PC(0-16:0/17:1); PC(O-

16:1/17:0) PC(0-18:1/15:0)

PC-P

PC(P-16:0/15:0)

PC-P 32:0/PC-0 32:1*

PC(P-16:0/16:0)

PC-P 32:1/PC-0 32:2*

PC(P-16:0/16:1)

PC(P-16:0/17:1)

PC-0 34:1

PC(0-18:1/16:0)

PC-P 34:1/PC-0 34:2*

PC(P-16:0/18:1)

PC-P 34:1/PC-0 34:2*

PC(0-16:1/18:1); PC(O-

18:1/16:1)

PC-P 34:2/PC-0 34:3*

PC(P-16:0/18:2)

PC-P 36:1/PC-0 36:2*

PC-P 34:2/PC-0 34:3* PC(0-16:0/18:3); PC(O- PC-P 36:2/PC-0 36:3* PC(P-18:0/18:2); PC(P-
16:1/18:2) 18:1/18:1)
PC(0-18:1/17:0) PC-P 36:3/PC-0 36:4* PC(P-16:0/20:3)
PC(0-18:1/17:1) PC-P 36:4/PC-O 36:5*
PC(0-18:0/18:1) PC-P 36:5 PC(P-16:0/20:5)

PC-P 36:1/PC-0 36:2* PC(0-18:1/18:1) PC-P 38:2/PC-O 38:3*

PC-P 36:2/PC-0 36:3* PC(0-16:0/20:3); PC(O- PC-P 38:3/PC-0 38:4* PC(P-18:0/20:3)
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FIA-HRMS UHPLC-HRMS/MS FIA-HRMS UHPLC-HRMS/MS
PC-P 38:4/PC-O 38:5% PC(P-16:0/22:4); PC(P- SM(d18:1/16:0)
18:0/20:4) SM(d18:2/16:0)
PC-P 38:5/PC-0 38:6* PC(P-18:1/20:4) SM(d18:1/17:0)
PC-P 38:6/PC-O 38:7* PC(P-18:1/20:5) SM(d18:0/18:1)
PC(P-18:0/22:4) SM(d18:2/18:1)
PC-P 40:5/PC-0 40:6* PC(P-18:1/22:4) SM(d18:2/20:1)
PC-P 40:6/PC-0 40:7* PC(P-18:0/22:6) SM(d18:1/20:3)
PC(P-18:1/22:6) SM(d18:1/22:0)
PC(P-22:1/20:4) SM(d18:2/22:1)
PE-P PE(P-16:0/16:1) SM(42:1)
PE(P-16:0/18:1); PE(P- SM(d18:1/24:1)
18:0/16:1) SM(d18:2/24:1)
PE-P 34:1/PE-O 34:2* TG TG(8:0_8:0_8:0)
PE-P 34:2/PE-O 34:3* PE(P-16:0/18:2); PE(P- TG(10:0_8:0_8:0)
18:1/16:1) TG(10:0_10:0_8:0)
PE-P 34:3/PE-O 34:4* PE(P-16:0/18:3) TG(12:0_12:0_8:0)
PE(P-18:1/17:0) TG 46:1
PE(P-18:1/17:1) TG 48:1
PE(P-18:1/17:2) TG 48:2
PE-P 36:1/PE-O 36:2* PE(P-16:0/20:1); PE(P- TG 483
18:0/18:1) TG(12:0_16:0_20:4);
PE-P 36:2/PE-0 36:3* PE(P-16:0/20:2); PE(P- TG(14:1_16:0_18:3)
18:1/18:1) TG(15:1_16:0_18:2)
PE-P 36:3/PE-O 36:4* PE(P-16:0/20:3) TG 50:1 TG(16:0_16:0_18:1)
PE-P 36:4/PE-O 36:5* PE(P-16:0/20:4) TG 50:2 TG(16:0_16:1_18:1)
PE-P 36:5 PE(P-16:0/20:5) TG 50:3 TG(16:0_16:0_18:3);
PE(P-18:0/20:1) TG(16:1_16:1_18:1)
PE(P-16:0/22:2); PE(P- TG(16:0_16:1_18:3);
18:1/20:1) PE(P-20:0/18:2) TG(16:1_16:1_18:2)
PE-P 38:3/PE-O 38:4* PE(P-16:0/22:3); PE(P- TG(14:1_16:0_20:4)
18:0/20:3) PE(P-18:1/20:2) TG(12:0_16:0_22:6);
PE-P 38:4/PE-O 38:5* PE(P-16:0/22:4); PE(P- TG(14:0_18:2_18:4);
18:0/20:4) PE(P-18:1/20:3) TG(14:1_16:1_20:4)
PE-P 38:5/PE-O 38:6* PE(P-18:0/20:5); PE(P- TG(16:0_17:0_18:0)
18:1/20:4) TG(16:0_17:1_18:1)
PE-P 38:6 PE(P-16:0/22:6); PE(P- TG(15:0_18:1_18:2);
18:1/20:5) TG(17:1_17:1_17:1)
PE(P-18:0/22:2) TG(16:0_18:0_18:1)
PE(P-18:0/22:3); PE(P- TG 52:2 TG(16:0_18:1_18:1)
18:1/22:2) TG 52:3 TG(16:0_18:1_18:2)
PE-P 40:4/PE-O 40:5* PE(P-18:1/22:3); PE(P- TG52:4 TG(16:0_18:1_18:3);
20:0/20:4) TG(16:0_18:2_18:2);
PE-P 40:5/PE-O 40:6* PE(P-18:0/22:5); PE(P- TG(16:1_18:1_18:2)
18:1/22:4) TG(16:0_16:0_20:5);
PE(P-18:0/22:6); PE(P- TG(16:0_16:1_20:4);
18:1/22:5) TG(14:0_16:0_22:6);
PE(P-18:1/22:6) TG(16:0_16:1_20:5);
PS  PS34:1 TG(16:0_18:2_18:4)
PS 36:1 PS(18:0_18:1) TG(17:0_17:0_19:0)
PS 36:2 TG(17:0_18:1_18:1)
PS(40:6) TG(17:0_18:1_18:2)
SM  SM 16:0 TG(17:0_18:2_18:2);
SM 24:1 TG(17:1_18:1_18:2)
SM 24:4 TG(18:0_18:1_18:1)
SM(d16:1/16:0) TG 54:3 TG(16:1_18:1_20:1);
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FIA-HRMS UHPLC-HRMS/MS FIA-HRMS UHPLC-HRMS/MS
TG(18:0_18:1_18:2) TG(18:1_19:0_20:3)

TG 54:4 TG(18:0_18:1_18:3); TG(18:1_19:0_20:4)
TG(18:1 18:1 18:2) TG(17:0_18:2_22:4)

TG 54:5 TG(16:0_18:2_20:3); TG(17:0_18:2_22:5)

TG(18:1_18:2_18:2)

TG(16:0_16:0_22:6);
TG(16:0_18:1_20:5);
TG(16:0_18:2_20:4);
TG(18:1_18:2_18:3)

TG(17:0_20:4_20:4)

TG(18:1_18:1 22:1)

TG(16:1_18:2_20:5)

TG(15:0_16:0_24:0)

TG(18:0_20:0_20:4);
TG(18:0_20:2_20:2);
TG(18:1_18:1_22:2);
TG(18:1 18:2 22:1)

TG(18:1_18:1_19:0)

TG(18:0_20:1_20:4);
TG(18:1_18:1_22:3)

TG(17:0_18:0_20:3);
TG(17:0_18:1_20:2);
TG(17:1_18:1_20:1)

TG(18:0_18:0_22:6);
TG(18:1 18:1 22:4)

TG(17:0_18:0_20:4);
TG(17:1_18:1 20:2)

TG(17:0_18:1_20:4)

TG(18:0_18:1 22:6);
TG(18:1_18:1_22:5);
TG(18:1_18:2_22:6);
TG(18:3_20:4 20:4)

TG(17:1_18:1_20:4)

TG(17:0_18:2_20:5)

TG(18:1_18:1_22:6);
TG(18:1_20:3_20:4)

TG(16:0_18:0_22:0)

TG(16:0_20:4_22:5)

TG(16:0_18:1_22:0);
TG(18:0_18:1_20:0);
TG(18:0_18:1_20:4)

TG(16:0_18:0_25:0)

TG(18:0_18:1_23:0)

TG(18:2_18:2_23:0)

TG(16:0_18:1_22:1)

TG(18:0_18:0_20:3);
TG(18:1_18:1_20:1);
TG(18:1_18:2_20:3)

TG(18:0_18:1_24:0);
TG(18:1_18:2_24:0)

TG(18:0_20:4_22:6)

TG(18:0_18:1 20:3);
TG(18:0_18:2_20:2)

TG(18:1_18:2_24:1)

TG(18:1_18:1 24:1)

TG(16:0_18:1_22:4);
TG(18:1_18:2_20:1);
TG(18:1 18:2 20:2)

TG(16:0_20:4_24:0);
TG(18:2_18:2_24:0)

TG(18:1_20:0_22:4)

TG(16:0_18:1_22:5);
TG(18:0_18:2_20:4)

TG(18:1_20:4 22:1)

TG(16:0_18:1_22:6);
TG(18:1_18:2_20:4)

TG(18:1_20:2_22:5);
TG(18:2_20:2_22:4)

TG(18:1_18:1_25:0)

TG(16:1_18:1 22:6)

TG(18:1_18:3_26:0)

TG(16:1_18:3 22:5)

TG(18:1_20:1_24:0)

TG(18:1_18:2_21:0);
TG(18:1_19:0_20:2)

TG(18:0_20:4_24:0);
TG(18:2_20:2_24:0)

*|somers que no es poden diferenciar amb el métode FIA-HRMS.

Amb la técnica UHPLC-HRMS/MS s’ha obtingut la identificacid dels lipids a
nivell molecular, determinant la identitat dels acids grassos substituents, pero
només en el 30% de les espécies s’ha aconseguit elucidar la posicié d‘unioé dels
substituents dins la molecula (sn-1, sn-2, sn-3). Una digestié enzimatica amb
PLA,, que a causa de la seva estéreo-especificitat, escindeix I'acid gras que es

troba en posicid sn-2, i I'analisi per espectrometria de masses de I'extracte
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digerit proporcionaria la informacié de les posicions del acils (Popkova et al.,
2019).

En resum, les tres tecniques analitiques tenen aplicabilitat en estudis
lipidomics, segons el seu objectiu. Els metodes FIA-HRMS i UHPLC-HRMS, que
son eines comparables i proporcionen informacié similar sobre el perfil lipidic
dels models cel-lulars, amb I'avantatge addicional en el metode FIA de que
I’analisi només dura 2 minuts per mostra, serien recomanables per al cribratge
dels efectes de contaminants ambientals, permetent observar tendencies a
nivell de subclasse lipidica, mentre que si l'objectiu de I'estudi és la
identificacid de les especies lipidiques, seria necessaria la confirmacié de la
seva identitat per fragmentacid i per tant el métode UHPLC-HRMS/MS
juntament amb un analisi no dirigit en el tractament de dades seria la técnica

recomanada.
3.2 MECANISMES D’ACCIO DELS XENOBIOTICS ESTUDIATS

En aquesta Tesi s’ha investigat 'alteracid del lipidoma de diversos models
cel-lulars per exposicié a compostos model (TBT, ATRA), additius plastics (BPA,

BPF, BADGE, BADGE-H,0, BADGE-2HClI) i el progestagen sintetic DRO.

TBT:
El TBT ha estat classificat com a obesogen ambiental en diferents models de
mamifers i en peixos, motiu pel qual en aquesta Tesi s’ha escollit com a model
per avaluar la resposta de les linies cel-lulars PLHC-1 i ZFL i el seu potencial com
a eina per la deteccio de disruptors lipidics al medi aquatic (article II).

Les respostes de les dues linies cél-lulars a I'exposici6 a TBT soén
comparables. A la concentracid més baixa testada (50 nM), en els dos models

s’aprecia una lleu acumulacid de TGs. Al augmentar la concentracio d’exposicié

179



CAPITOL 3

a 100 nM, lI'increment de TGs és més evident, ja que augmenta tant el nombre
d’espécies com la concentracid, i s’aprecia una acumulacié de DGs. A 200 nM
de TBT, s’observa I'acumulacié de TGs i DGs, juntament amb una disminucid
d’eters de GPs, pero mentre que en les cel-lules PLHC-1 disminueixen les
espécies PE-O/PE-P, en el model ZFL sén les espécies PC-O/PC-P les que
decreixen. Aquests efectes, responen a dos tipus d’alteracions diferenciades,
per una banda, es proposa |'activacié de la lipogénesis de novo, traduida en
I’'acumulacié simultania de TGs i dels seus precursors, DGs, en les cel-lules, i per
I'altra, la disminucio de éters de GPs suggereix una resposta protectora enfront
d’un augment de ROS.

En concordanca amb els resultats aqui presentats, s’ha descrit que 1 nM TBT
indueix el desenvolupament d’adipocits en larves de peix zebra exposades
durant 6 dies (Broeder et al., 2017), i que adults exposats durant 90 dies a 100
ng-L'1 de TBT desenvolupen esteatosis al fetge, amb acumulacié de TGs,
colesterol i increment del contingut total de lipids (Zhang et al., 2016). El
mecanisme pel qual el TBT indueix la diferenciacié de preadipocits a adipocits i
acumulacié de TGs és mitjancant activacio dels receptors PPARy i RXR (Capitdo
et al.,, 2017). Aixi doncs, els resultats obtinguts en els models PLHC-1 i ZFL,
permeten detectar I'efecte del TBT com a disruptor lipidic, promovent
I’'acumulacio intracel-lular de GLs.

Els eter-GPs, especificament els plasmalogens (PC-Ps o PE-Ps), actuen com a
protectors davant d’oxidacio d’altres GPs, ja que, incorporen un enllag vinil en
posicid sn-1 que s’oxida en presencia de ROS abans que els dobles enllagos de
les cadenes dels acids grassos. Diversos estudis han mostrat la capacitat del
TBT d’induir la generacié de ROS en el fetge de peixos exposats (Li et al., 2016).
Aixi, es creu que aquesta disminucio dels nivells de plasmalogens exerceix una

funcid protectora que permet mantenir els nivells basals de lipids de
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membrana (p.ex. PCs, PEs) i assegurar la integritat cel-lular davant un excés de
ROS.

ATRA:

El compost ATRA, pot alterar el metabolisme dels lipids mitjancant la seva unid
als receptors RAR i PPAR B/, els quals formen heterodimers amb RXR. En
aquesta Tesi, les cél-lules PLHC-1 exposades a 1 uM ATRA, han mostrat
acumulacié d’un elevat nombre de TGs, en canvi, en el model ZFL aquest efecte
no ha estat tant notori, ja que el nombre de TGs significativament alterats ha
estat molt inferior. En la literatura disponible a dia d’avui, no s’han trobat
gaires precedents en que s’investigui I'efecte de I’ATRA sobre el metabolisme
de lipids d’organismes aquatics, pero els resultats es veuen corroborats per
estudis realitzats en models de mamifers, en els que s’han detectat increment
de gotes de lipids en preadipocits humans AML-1 (Morikawa et al., 2013), i
tendéncia de les ceél-lules Ob1771 de ratoli a adquirir un fenotip del tipus
adipocit amb acumulacié de TGs (Safonova et al., 1994).

La diferent sensibilitat de les cél-lules podria ser deguda al contingut basal
de TGs de les cel-lules, ja que aquest era molt superior en PLHC-1 que en ZFL
(Figura 1, article 11), condicié que s’ha relacionat amb I'origen carcinogen de les
PLHC-1, i per tant és possible que I'alteracié d'aquesta subclasse lipidica sigui
més destacada en les cél-lules que presenten un contingut basal de TGs
superior (PLHC-1). Una altra hipotesi que podria explicar la diferent resposta
d’ambdds models cel-lulars és que I'efecte de I’ATRA sigui espécie-especifica,
conduint a diferéncies en I'expressié de receptors nuclears de les dues
espécies. Aixi, a la literatura s’han descrit diferents mecanismes d’accié de
I'acid retinoic depenent del model biologic escollit, mentre que el compost va
induir I'acumulacié de lipids en embrions de peix zebra, va causar la inhibicié

de la diferenciacié de preadiposits 3T3-L1 (Fraher et al., 2015).
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En la linia cel-lular ZFL, s’ha detectat una disminucié de I'expressié del gen
dgatla, i per tant, una possible inhibicié de la sintesi de TGs en aquest model
cel-lular. Seria interessant, en un futur, estudiar I'expressié d’aquest i d’altres
gens involucrats en el metabolisme de lipids en la linia cel-lular PLHC-1, pero0 el
fet de que les cel-lules provinguin d’una especie (Poeciliopsis lucida) sense el

genoma seqlienciat ha dificultat realitzar I'estudi dins el marc d’aquesta Tesi.

Additius plastics:

L'efecte dels additius plastics s’ha investigat en dos models cel-lulars: (a)
Cel-lules JEG-3 (article 1), derivades d’un carcinoma de placenta humana; s’ha
escrit la capacitat de diversos additius plastics de creuar la barrera placentaria,
i ha estat detectats en placenta (ng-g™) i en sang fetal (ng:-mL™?) (Schénfelder et
al., 2002), i (b) ZFL (article Ill), cél-lules hepatiques de peix zebra, per tal
d’avaluar si la preséncia d’additius plastics en sistemes aquatics pot causar
alteracions en el metabolisme de lipids en el fetge de peixos exposats, i com a
consequiencia, desregular-ne el perfil lipidic.

Amb el model huma, JEG-3, s’ha estudiat I'efecte del BADGE i dos dels seus
derivats, BADGE-H,O i BADGE-2HCI. Tot i que s’anticipava una forta
desregulacié de I'homeodstasi dels lipids per I'accié del BADGE, ja que s’ha
descrit que té la capacitat d’induir adipogénesi en cel-lules mare mesenquimals
MSCs i en preadipocits 3T3-L1, després de 14 dies d'exposicidé a concentracions
baixes (nM), I'alteracio observada en les cél-lules JEG-3 ha estat moderada. En
aquesta Tesi s’ha detectat un augment significatiu d’algunes espécies de TGs, i
la corresponent disminucié de DGs i PCs. Aquestes desregulacions estan
relacionades, ja que una via de sintesi de TGs és mitjancant la reaccié de PCs i

DGs, generant LPCs en el procés (Figura 3.5). En aquest cas no s’ha observat
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I'augment de LPCs, possiblement degut al baix nombre d’espécies

significativament desregulades.

Mk LPC
NN

L < 16

FA

Figura 3.5 Una de les vies de sintesi de TGs, alterada en el model JEG-3 per exposicid a BPA. Lipids en
verd indiquen disminucié dels nivells, vermell augment, i negre, no alteracid respecte a les
cél-lules control.

Pel que fa al BADGE-H,0, aquest va causar una disminucié de DGs i un
augment de PEs a les cel-lules JEG-3 exposades a 80 uM. La conversio de DGs a
PEs possiblement és catalitzada per una activacié de la colina/etanolamina
fosfotransferasa (CEPT1) (Carrasco and Mérida, 2007). L’activacio de la sintesi
de PEs pot conduir a I'alteracié de la funcionalitat de membrana mitjancant la
disminucié de la relacid6 PCs/PEs (Li et al., 2006), hipotesi recolzada per la
disminucié de la viabilitat cel-lular (~50%) a aquesta concentracié (80 uM
BADGE-H,0).

Sorprenentment, dels tres compostos derivats del BPA, testats en JEG-3, el
BADGE-2HCI és el que produeix una major desregulacid dels lipids a menor
concentracié d’exposicié (20 uM), causant una forta disminucié dels nivells
cel-lulars de TGs i en menor mesura de DGs i PC-O/PC-Ps. De manera similar,
aquest compost ha produit la disminucié de TGs en les cel-lules hepatiques de
peix PLHC-1, a 5 uM d’exposicio (Pérez-Albaladejo et al. dades no publicades).
En un primer moment, es va generar la hipotesis de que el compost causava la
hidrolisi de TGs, per aixo els seus nivells es veien reduits. Durant I'analisi no es

va detectar un augment simultani dels nivells d’acids grassos lliures, pero
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aquests poden haver estat catabolitzats mitjangant oxidacié B. Una altra
possible hipotesi és que el compost afavoreix el transport de TGs mitjancant la
formacié de lipoproteines.

Amb la finalitat d’indagar més en el fort efecte del BADGE-2HCl sobre el TGs,
es va estudiar el seu efecte en el model ZFL, on es va estudiar I'expressio de
gens involucrats en el metabolisme de lipids mitjangcant RT-PCR.
Sorprenentment, en aquest model cel-lular, I'exposici6 a BADGE-2HCI va
generar una empremta lipidica, totalment diferent a la observada en els
models JEG-3 i PLHC-1, es va detectar I'augment de TGs i les seves formes
alquil i alquenil (TG-P, TG-0), augment de Cer-NDS, AcCar i SMs i la disminucid
de PCs i TG-O/TG-Ps amb elevat contingut de PUFAs. Mitjancant RT-PCR, es va
detectar una disminucié de I'expressid del gen ppara, que regula I'oxidacié
d’acids grassos mitocondrials i peroxisomics (Knight et al., 2005). Aguest
resultat obre la hipotesi de si el mecanisme d’accié d’aquest compost és a
través de ppara i seria interessant estudiar I'expressié del gen en els altres dos
models cel-lulars.

L'efecte dels additius plastics BPA i el seu analeg BPF es va investigar en la
linia cel-lular ZFL. El BPA ha estat classificat com a obesdgen en models de
mamifers, perdo en models aquatics, la seva accid sobre el metabolisme de
lipids mostra controversia. S’ha descrit que el contingut de TGs en fetge de
Gobiocypris rarus exposats a BPA, pot augmentar o disminuir en funcié de si en
el balan¢ pren més importancia la sintesis de TGs de novo, o el catabolisme
d’acids grassos (Guan et al.,, 2016, 2019). A més també s’han detectat
respostes no monotoniques en la sintesis de lipids total en el fetge de peix
zebra exposats durant 21 dies a diferents concentracions de BPA (Santangeli et
al., 2018); a la dosis baixa i alta, el contingut de lipids total va incrementar

respecte al control, ja que les vies de sintesi d’acids grassos es trobaven
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activades, mentre que a la dosis mitja, el contingut de lipids no va variar
respecte al control, degut a una menor sintesi i oxidacié d’acids grassos. De
manera similar, en aquesta Tesi (article 1ll), el BPA ha causat una resposta no
monotonica en el contingut de TGs de les cél-lules ZFL; augmentant el
contingut de TGs en cel-lules exposades a 5 i 50 UM de BPA, pero no a 20 uM.
Per contra, el mateix estudi realitzat en cel-lules PLHC-1 exposades a les
mateixes concentracions (5 i 20 pM) de BPA no van causar canvis en el
contingut de TGs (Pérez-Albaladejo et al. dades no publicades).

Pel que fa a I’exposicié a BPF, les alteracions que produeix a nivell lipidic sén
diferents a les del seu analeg BPA. Recentment, s’ha reportat que el BPF causa
una disminucié de I'expressié de gens involucrats en la diferenciacié de
preadipocits en el model 3T3-L1, mentre que el BPA els augmentava (Drobna
et al., 2019). En el model ZFL, després de I'exposicid a 50 uM BPF s’observa una
disminucié de TGs altament insaturats (4-10 dobles enllagos), TGs oxidats, éter-
TGs i algunes espécies de PEs i PCs, i un augment de Cer-NDS i TGs amb poques
insaturacions (formats majoritariament pels acids grassos 18:1/2). Aquests
resultats estan en concordanca amb les alteracions lipidiques observades en
les cél-lules PLHC-1 exposades a 100 uM BPF, disminucio de TGs insaturats (de
4 a 7 dobles enllagos), GPs com PEs, Pls i PSs i eters de PCs i PEs i augment de
TGs amb poques insaturacions (1-3 dobles enllagos) (Pérez-Albaladejo et al.
dades no publicades). Sent un compost que indueix la generacié de ROS (Figura
1, article Ill), és raonable pensar que les cel-lules estan utilitzant els acids
grassos provinents dels TGs més insaturats per la sintesi de GPs i aixi mantenir
els lipids de membrana a nivells funcionals per assegurar la integritat de
membrana de les cel-lules que podria veure’s afectada per I'excés de ROS.

A més, I'analisi no dirigit utilitzant la técnica UHPLC-HRMS/MS, ha permes la

deteccié d’alteracions de classes de lipids que no es contemplaven amb
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I’'aproximacio dirigida, ja que aquestes especies no s’havien inclos a la base de
dades de referencia. Aixi, amb aquesta técnica s’han detectat alteracions
comuns en el perfil lipidic de les ZFL exposades a BPA, BPF i BADGE-2HCI, com
sén l'increment dels nivells de dihidroceramides (CER-NDS), i de éter-TGs.
L'augment de les CER-NDS, lipids implicats en processos de proliferacié cel-lular
i autofagia (Siddique et al., 2015), suggereix que aquests tres compostos sén
capacos d’inhibir la dihidroceramida desaturassa 1 (DES1), que catalitza la seva
conversié a CER durant el procés de sintesi de SPs de novo. A més, els nivells
alts en éters-TGs es poden relacionar amb processos de tumorigenicitat
(Snyder and Wood, 1969; Lin et al., 1978).

Amb tot, queda de manifest que els diferents additius plastics estudiats
presenten mecanismes d’accié diversos que condueixen a diferents tipus
d’alteracions lipidiques. Aquests resultats ratifiquen la controvérsia que es
troba en la literatura sobre I'efecte que té el BPA en el metabolisme dels lipids,
ja que també s’han detectar respostes diferents segons el model cel-lular i la
concentracio del additius plastics. Per aix0 es creu que seria interessant creuar
la informacié lipidomica obtinguda fins al moment amb altres estudis dmics (p.
ex. protedomica, transcriptomica, metabolomica) que permetin explicar d’on
deriven les diferéncies i crear un mapa més exhaustiu de les vies metaboliques

alterades.

DRO:

Els farmacs son compostos dissenyats per ser biologicament actius, i el seu
desti al medi aquatic, genera la necessitat de caracteritzar els efectes sobre la
biota habitant aquest sistema ja que a part, I'abocament d’aquests compostos

al medi és continu i els organismes s’hi troben exposats de manera cronica. Aixi
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doncs, I'estudi realitzat exemplifica la utilitat de la lipidomica en models in vitro
per I'estudi de mecanismes d’accié de farmacs en organismes aquatics.

L’estudi temporal de I'efecte de la DRO sobre el lipidoma de les cél-lules
PLHC-1 ha permes detectar una acumulacié significativa dels TGs més
insaturats (Figures 3 i 4, article IV), sobretot en les cél-lules exposades a 10 uM
durant 48 h. A la literatura només s’ha trobat un precedent que investigui
I’efecte de la DRO sobre el metabolisme de lipids d’organismes aquatics, pero
investigaven l'alteracié que produia exposicid cronica a una mescla de
progestagens (DRO, progesterona i levonogestrel) en els lipids presents al
serum de Rutilus rutilus, concloent que aquests no es veien alterats (Maasz et
al., 2017). En canvi, en humans, concretament en dones sanes administrades
amb contraceptius orals que contenien estradiol i drospirenona, es va observar
un augment dels nivells de TGs presents al serum (Kowalska et al., 2017). La
informacidé obtinguda amb I'analisi lipidomic ha permés detectar que els TGs
alterats, en el cas de les PLHC-1 sén els que presenten elevats continguts en
PUFAs, i tot i que no es coneixen les afectacions a nivell fisiologic d’aquesta
alteracio lipidica, s’ha reportat que I'administracié d’una dieta rica en greixos a
ratolins resistents a desenvolupar obesitat mostraven acumulacié de TGs amb
més de quatre insaturacions al fetge (Nam et al., 2015). L'augment de TGs amb
contingut en PUFAs ha causat I'augment de la relacié TG/DG, index que s’ha

vist incrementat també en fetges patint esteatosis (Puri et al., 2007).

3.3 EMPREMTES LIPIDIQUES DE CONTAMINACIO AMBIENTAL
DETECTADES MITJANCANT ESTUDI DE CAMP

En I'apartat anterior s’han descrit diferents empremtes lipidiques de
contaminants ambientals detectades a nivell cel-lular. Per validar I'ds dels

models cel-lulars com a eina en la deteccié d’alteracions lipidomiques, s’ha
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realitzat un estudi de camp amb organismes exposats a mescles complexes de
contaminants en el qual s’ha comparat el lipidoma del teixit muscular de dues
especies de peixos del riu Ripoll mostrejats en zones de referéencia i en zones
afectades per deposicions d’aigua provinents de plantes de depuracio (article
V). El tractament de les dades obtingudes en I'analisi de lipids s’ha dut a terme
des de dos enfocaments diferents, un no dirigit utilitzant el programari online
XCMS i un de dirigit utilitzant una base de dades de referéncia generada a
partir de LIPIDMAPS, que aplicades complementariament han permés detectar
alteracions dels perfils lipidics dels peixos de les zones contaminades.

A la Figura 3.6 s’han plasmat les principals alteracions observades en el
lipidoma de les dues espécies de peixos en les zones contaminades. El
metabolisme del colesterol, segueix una altra via, i per tant no s’ha inclos a la
figura, pero I"'augment del nivell d’algunes especies de CEs és una alteracio
comu tant en B. meridionalis com en S. laietanus, i un possible indicador de
gue I'exposicio a xenobiotics esta desregulant el metabolisme del colesterol, i
s’indueix un emmagatzematge de colesterol en gotes de lipids en la seva forma
esterificada (CEs) en el muscul dels pexos exposats (Simons and Ikonen, 2000).

Una de les alteracions observades en el lipidoma de les dues especies de
peixos, és la hidrolisi de PCs amb elevat contingut en PUFAs, possiblement
mitjancant I’enzima PLA,, i el conseqlient augment en els nivells de LPCs, que
en el cas del S. laietanus, a més venia acompanyat per un consum de DGs i
sintesi de TGs. De manera similar, un estudi recent, on s’investigava I'efecte
d’efluents de descarregues urbanes sobre el metabolisme de lipids en el fetge
de llug de riu, s’ha descrit una correlacié entre el ratio LPCs/PCs amb elevats
continguts en PUFAs i I’exposicié al compost éter difenilic polibromat (Dépatie

et al., 2020). L'alteracié d’aquesta ruta metabolica és un clar indici d’estres
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oxidatiu, i ja s’havia detectat en cel-lules ZFL exposades a BADGE-2HCI i a BPF
(article 1l1), compostos que indueixen la generacié de ROS.

Una altra alteracié observada en el lipidoma dels B. meridionalis de les
zones contaminades que recolza la hipotesi de I'estres oxidatiu és la disminucid
de les especies PC-Ps. Aquestes especies de lipids s’han descrit com a espécies
protectores enfront d’un atac oxidatiu. Aquesta empremta lipidica també s’ha
detectat en els models cel-lulars utilitzats en aquesta Tesi, concretament, en
les cel-lules PLHC-1 i ZFL exposades a TBT (article Il) i en les JEG-3 exposades a
BADGE i els seus derivats (article I).

Per tant, I'estudi de camp confirma que és possible detectar, mitjancant
I'estudi lipidomic, una empremta de |’exposicié a contaminants en el muscul de
peixos associada a processos d’estrés oxidatiu induit per I'exposicié a mescles
de contaminants, aixi com una alteracid del metabolisme del colesterol, i que
els models cel-lulars utilitzats sén capagos de descriure diferents mecanismes
d’accié de contaminants ambientals de manera similar al que s’observaria en

estudis in vivo.
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Figura 3.6 Rutes del metabolisme dels lipids alterades en el teixit muscular de Barbus Meridionalis i
Squalius Laietanus mostrejats en les zones contaminades, respecte a les zones de referencia.
Nivells de lipids que han augmentat s’indiquen en vermell mentre els que han disminuit, en

verd.

A més, aquest estudi posa de manifest la possibilitat de desenvolupar

metodes no invasius per la caracteritzacié del lipidoma d’organismes vius per

mitja de biopsies i evitar el sacrifici dels peixos.
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3.4 IMPLEMENTACIO DELS ESTUDIS LIPIDOMICS EN PROCESSOS
D’AVALUACIO DEL RISC QUIMIC

En aquest darrer apartat es discuteix la idoneitat d’utilitzar les tecniques
lipidomiques utilitzades en aquesta Tesi amb finalitats reguladores, per a
I'avaluacié del risc quimic tant en un context ecotoxicologic, com en un de
salut humana.

En l'actualitat els requisits normatius per l'avaluacié del risc quimic
involucren estudis in vivo, amb un cost i un temps d’execucié molt elevats,
pero la necessitat de valorar un nombre cada vegada més elevat de compostos
guimics tot reduint I'Gs d’animals, els costos i el temps necessari per realitzar
els assajos toxicologics, esta generant la necessitat d’avancar cap a
enfocaments més predictius per 'avaluacio del risc.

Per una banda, hi ha la proposta de la creacié dels adverse outcome
pathways (AOPs), que consisteix en un marc dissenyat per vincular
conceptualment un esdeveniment d’inici molecular (MIE), a través d’una serie
d’esdeveniments clau (KEs) (que abasten diversos nivells d’organitzacié
biologica com les respostes a nivell cel-lular, d’organ i d’individu), per donar
lloc a un resultat advers (AO) (Ankley et al., 2010; Collier et al., 2016). La
creacié d’aquests AOPs proporciona una millor comprensié de quins sén els
vincles entre els MIEs i els AOs, que son de vital importancia en un context de
regulacid, i permet predir els efectes de compostos que tenen un mateix MIEs
o comparteixen KIEs. De fet, una de les funcions dels AOPs és |'establiment del
gue s’ha anomenat read-across, classificacié de substancies estructuralment
analogues o amb propietats compartides per I'obtencié d’'una hipotesis sobre
I'activitat del nou producte quimic, és a dir, predir la seva toxicitat sense

proves experimentals.
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Per altra banda, des del REACH, hi ha la voluntat d’incrementar el nombre
d’assajos in silico, in vitro i ex vivo en detriment dels assajos in vivo per a la
presa de decisions reglamentaries. | tot i que de moment els assajos in vitro no
s’accepten com a substituts directes a la generacié d’informacié in vivo,
comencen a apareixer iniciatives, com el programa de cribratge de disruptors
endocrins de I'agéncia de proteccid6 mediambiental d’Estats Units (US EPA)
(https://www.epa.gov), que proposa I'is d’una bateria d’assajos in vitro per
decidir quines substancies son prioritaries per ser testades en models in vivo
(Brockmeier et al., 2017). En aquest context, la implementacié de les técniques
lipidomiques utilitzant cultius cel-lulars com a model biologic pot tenir un
paper clau a I’'hora d’identificar aquests MIEs i KEs a nivell molecular, ajudant a
omplir els buits de coneixement que hi ha fins al moment. A més, la seva
utilitzacio per portar a generar hipotesis, a fer un Us més eficac de les dades
mecanicistes, i a I'establiment de relacions amb els efectes toxics.

Per aix0, és de vital importancia la validacié dels métodes de cribratge de
disruptors lipidics, i com indica [I’Organitzaci6 de Cooperacié i
Desenvolupament Economic (OECD), dedicat a la validacié de metodes amb
finalitat de regulacio, la validacié d’'un metode de cribratge per detectar
disruptors lipidics necessitaria, primordialment, de dues etapes, una validacio
intralaboratori i una d’interlaboratori. Fins a dia d’avui, tinc coneixement de la
realitzacid, Unicament, de dos exercicis interlaboratoris per I'analisi de lipids. El
primer, al 2016, va consistir en la repeticié d’analisis lipidomics no dirigits en
pacients amb malaltia coronaria calcificada realitzats per dos centres
independents (Djekic et al., 2016), i en el segon, al 2017, es va realitzar un
exercici de comparacid interlaboratori per analisis lipidomics utilitzant el
material de referéncia estandard (SRM) 1950 —Metabolits en plasma huma

congelat—, disponible comercialment (NIST), en el que van participar 31
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laboratoris diferents, cadascun d’ells utilitzant un flux de treball lipidomica
diferent (Bowden et al., 2017). Aixi doncs, amb aquests precedents tan
escassos, i degut a la importancia que estan prenent els estudis lipidomics,
s’haurien de continuar realitzant aquests tipus d’exercicis, perd amb la
voluntat de cobrir altres matrius biologiques d’interes, si en un futur es volen

proposar els estudis lipidomics amb finalitats reguladores.
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CONCLUSIONS

La utilitzacié de diferents técniques analitiques ha permes estudiar el lipidoma

de diversos models biologics i detectar alteracions del perfil lipidic per

exposicié, tant a compostos aillats, com a mescles ambientals complexes. A

continuacid es mostren les conclusions que deriven de la realitzacié d’aquesta

Tesi:

Les técniques analitiques basades en espectrometria de masses d’alta
resolucié (FIA-HRMS i UHPLC-HRMS) han permeés la identificacié d’un
ampli ventall d’espécies lipidiques. L'Us de fragmentacid per
espectrometria de masses en tandem (MS/MS) ha possibilitat la
confirmacié de la identitat dels lipids i la diferenciacié d’espécies
isobariques, mentre que el metode FIA acoblat a bioassaigs cel-lulars
representa una metodologia rapida i efica¢ per al cribratge de disruptors

lipidics.

L'analisi del lipidoma de cél-lules de placenta exposades a BADGE i els
seus derivats mostra una major toxicitat d’aquests compostos en
comparacio al BPA i la capacitat d’alterar el metabolisme de lipids de
BADGE i BADGE-2HCI a concentracions baixes (uM). El treball posa de
manifest la necessitat d’investigar i/o regular I'exposicié a aquests
composts al menys amb la mateixa intensitat amb la que s’ha minimitzat

i regulat I'exposicid a BPA.

L’exposicio de les linies cel-lulars PLHC-1 i ZFL a compostos model com el
TBT i I’'ATRA, ha permeés detectar una induccié significativa dels nivells
cel-lulars de lipids neutres i la desregulacié de gens que codifiquen

enzims involucrats en la lipogénesis (fasn, scd, elovl6). A més, I'elevada
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VI.

198

resposta del gen cyp26b1, deixa de manifest la idoneitat del model ZFL
per detectar compostos capacos d’alterar el metabolisme de retinoides.
Es proposa I'is de les linies cel-lulars PLHC-1 i ZFL com a models in vitro

per el cribratge d’alteradors lipidics en sistemes aquatics.

L’additiu plastic BPA actua com a ‘obesogen’ en cel-lules ZFL, al induir
I'acumulacio de TGs a 5 i 50 uM. Per contra, el seu substitut BPF, causa
una disminucié de TGs i PCs poliinsaturats, mostrant un patré indicatiu

d’estres oxidatiu.

El progestagen sintétic drospirenona desregula el metabolisme dels lipids
neutres, augmentant la relacié TGs/DGs en cél-lules PLHC-1 a una
concentracio intracel-lular de drospirenona de pocs ng-mg'1 proteina. El
treball mostra per primera vegada la interaccid d’aquest farmac amb el

metabolisme de lipids en cél-lules hepatiques d’una especie no diana.

L'estudi lipidomic ha permeés la detecci6 d’empremtes lipidiques
associada a processos d’estreés oxidatiu i alteracions en el metabolisme
del colesterol en el muscul de peixos exposats a mescles complexes de
contaminants, mostrant el potencial de la lipidomica en estudis

mediambientals per a la deteccié d’alteracions a nivell molecular.
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CONCLUSIONS

The use of different analytical techniques has allowed to investigate the

lipidome of several biological models and the detection of alterations in the

lipid profile by exposure to both isolated compounds and complex

environmental mixtures. From the scientific research performed in this Thesis,

the following conclusions can be drawn:

The analytical techniques based on high resolution mass spectrometry
(FIA-HRMS and UHPLC-HRMS) have allowed the identification of a wide
range of lipid species. The use of fragmentation in tandem mass
spectrometry (MS/MS) has enabled the confirmation of lipid identities
and the differentiation of isobaric species, while the FIA method coupled
to cellular bioassays represents a fast and effective methodology for the
screening of lipid disruptors.

The analysis of placenta cells lipidoma exposed to BADGE and its
derivatives shows a higher toxicity of these compounds compared to BPA
and the ability of BADGE and BADGE-2HCI to alter the lipid metabolism at
low concentrations (uM). The work shows the need to investigate and/or
regulate exposure to these composts at least as intensely as exposure to
BPA has been minimised and regulated.

Exposure of PLHC-1 and ZFL cells to the model compounds TBT and ATRA
has allowed the detection of a significant induction of neutral lipids in
exposed cells and the deregulation of genes encoding enzymes involved
in lipogenesis (fasn, scd, elovl6). Moreover, the high response of the
cyp26b1 gene shows the suitability of ZFL cells to detect compounds that
alter retinoid metabolism. PLHC-1 and ZFL cell lines are proposed as in

vitro models for the screening of lipid disruptors in aquatic systems.
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The plastic additive BPA acts as an ‘obesogen’ in ZFL cells by inducing the
accumulation of TGs at 5 and 50 uM. On the other hand, its substitute
BPF induces a decrease in TGs and polyunsaturated PCs, showing a
pattern indicative of oxidative stress.

The synthetic progestagen drospirenone deregulates the metabolism of
neutral lipids, increasing the ratio TGs/DGs in PLHC-1 cells at an
intracellular concentration of drospirenone of a few ng-mg™ protein. The
work shows for the first time the interaction of this drug with the
metabolism of lipids in hepatic cells of a non-target species.

The lipidomic study has allowed the detection of lipid fingerprints
associated with oxidative stress processes and alterations in the
metabolism of cholesterol in the muscle of fish exposed to complex
mixtures of contaminants, showing the potential of lipidomics in
environmental studies for the detection of alterations at the molecular

level.
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