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Agraiments.

Per comencgar aquest apartat, primer cal complir amb les formalitats. Aixi doncs,
agraeixo als directors de tesis, al tutor, a la universitat i al CSIC per la oportunitat que m’han

donat per fer aquesta tesi.

| ara si, comencem amb el que toca. Obviament, a qui primer he d’agrair és a la meva
familia: la meva mare i la meva germana. Crec que no cal donar gaires explicacions, ma mare
gue sempre m’ha recolzat i empes a fer el que vull, malgrat que amb 33 anys segueixo sense
feina, sense projecte de futur i la meva Unica aspiracié és poc més que passar un mes més. Tot
i aixi alla esta ella amb el seu “perd neen! Que ja tens péels a la... aix és que em fas dir unes
coses...”. Gracies. | a la meva germana, perqué esta. No cal més, segurament les coses més
importants de la vida no necessiten de res més, simplement ser-hi i la resta son floritures que

de vegades volem donar-li, pero ens sobren. Amb ella no sobra res. Mil gracies també.

| als amics que m’han acompanyat durant aquesta tesi. Amics, companys, gent que ha
anat i ha vingut, gent que, per sort o per desgracia ha desaparegut, gent que ha sigut molt
important i fins i tot gent que no ho ha estat tant, a tots ells gracies. | sobretot, gracies als que
havien de marxar i ho han fet. Pero com que aquesta part de la tesis és la Unica realment

important, la que s’escriu perqué sabem que sera llegida, seré una mica més precis.

Primer a tota la colla d’amics que s’ha anat format com una de les millors que es pot
aconseguir. A tots els Barna-culs: Alba, Anto, Carmen, Diego, Lluna, Marc, Parra, Valber i
Virginia. M’ajuden, m’acompanyen, em distreuen i sobretot fan que sigui una miqueta més
feli¢c. S"acostuma a dir que ningu no és imprescindible, que sempre podras trobar algu altre...
és mentida. Vosaltres sou imprescindibles i potser poden haver més amics, gent que en
moments sigui més propera o que s’allunyi una mica, pero tots vosaltres sou imprescindibles

per mi.

Seria injust, també, no recordar els companys de feina. Dit aixi sembla com menys
important, pero potser és de la gent que més ha influit en aquesta tesi. Giselle, Paqui,
Aleksandra, Kike, Jaume, tot gent que ja ha marxat del CSIC i, potser, poc a poc també de la
meva vida (espero que no hagin marxat lluny) pero que sense ells el meu pas pel CSIC no
hagués valgut la pena. Evidentment, hi ha més gent del CSIC que encara hi sén i a que es
mereixen estar aqui, Marga, Oscar, Dani, Marianne, Gabriella, Josep i Marta, Nuria (una chica

de verdad que le gusta el pollo frito), Jenny, Mar, i tants altres que no nombro perqué me’n



deixaré algun de important i un cop impres segur que me’n penedeixo d’oblidar-me’l. A tots
ells moltes gracies per amenitzar les meves jornades, distreure’m quan havia de treballar (si,
Ethel, és su culpa si no trabajé mas) i sobretot ensenyar-me que per “xocar-te” un dia amb una

bici ja guanyes una fama totalment falsa!

Hi ha algu que mai no m’oblidaria en uns agraiments com cal. Algd amb qui he
compartit de tot, riures i plors, ens hem apuntat junts a esport, hem compartit llit, secrets que
no oloren si els guardes en un armari, ... i encara després de tot ens tirem al coll quan ens

veiem. Dra. Boschi gracies per creuar-te en la meva vida.

| com no agrair a la musica tota la llibertat que m’ha donat. Comencar a cantar amb
The New Zombis va ser una experiéncia rara, maca pero rara. Ho feia fatal, pero alla em van
aguantar. S6n molt grans tots. Podria citar noms concrets que m’han marcat més que d’altres,
Bleiki, Bambi, Alvaro potser sén dels que més moments importants podria citar, perd no és just
per la resta. Tots fan que cada assaig, cada concert, cada moment junts sigui especial. Fins i tot
aquells que potser semblarien més allunyats, amb qui menys relacié tinc, em fan viure

moments Unics i especials (ni que sigui donant material criticable, jejeje).

Perd no puc parlar de musica sense fer referéncia a la “querida”. Els que van comencar
com Holly Family (apuntava maneres el nom), van ampliar-se cap a bé com a Good Vibes i
seleccionem un grup VIP de Guachis, amb qui no hi haura Fornication, pero si que molt de
guachi guachi. Amb ells no es pensa. Saben com fer inoblidables moments absurds, fer que
dies i setmanes horribles acabin a dalt de tot, sense arribar a fer un Klevin (per favor!), pero

amb una sensacid inesperada de saber que estas vivint moments irrepetibles que et marquen.

Ja per anar acabant, gracies a tota la gent random que passa per la meva vida, ara per
exemple se m’acut Cris Fdez i Sergio Carneado, pero segur que aqui me’n deixo mil. Gent que
apareixen, i que tenen una importancia que no ho sembla. Serien com els personatges
secundaris d’'una peli, aquells que molta gent ni recorda el nom pero que sén claus en
I'argument global i van apareixent de tant en tant per donar sentit a tot plegat. Per

entendre’ns, els Rafiki de la vida.

Crec que em deixo algu... ah no, sdlo es un detallito final sin importancia. Noelia. Nos
conocimos y sudaste un poco de mi, confiesa, creo que no te caia muy bien y, la verdad, a mi
me importaba mas bien poco. Pero antes de irte algo cambid. Y empezamos con sms vy
llamadas (qué tiempos aquéllos sin whaps) y visitas que hacias cada poco tiempo para ver a tus

amigos del CSIC, y llegd whats app y ya no hay dia que no me cuentes tus mierdas. Y yo las



mias claro. Y luego, si nos vemos, al 22 dia discutimos, pero qué mas da, si somos
insoportables. Tu hipocondriaca, paranoica y bipolar, y yo... la mejor persona del mundo
mundial, perfeccion y humildad personificada, (ironia grande, aclaracién por si alguien que no
sabe de qué va el tema lo lee). Pero bueno, cada uno con sus defectos, nos complementamos
bien. Que igual somos un poco obsesivos y acosadores, si, {y qué? Que muchos me dicen que
eres una amiga imaginaria porque no paro de hablar de ti y nunca te conocen, pues también.
Pero no hay nada mejor que una amistad asi. Si tengo que decir qué te agradezco y por qué, no
puedo. No hay nada concreto, es simplemente todo. Te debo mucho pero es algo que no se
paga (por suerte, porque como soy cataldn...). Me has acompainado en momentos de todo
tipo, buenos, malos, da igual, siempre. Y espero que esto continle siendo asi muchos afios
mas. (Por cierto, si, tu nombre estd ahi puesto con calzador porque no lo iba a poner, pero

entonces me matas, asi que toma ahi lo tienes en medio de dos frases sin sentido).
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Summary.

The present thesis is a compilation of publications. Under this summary, all sections

are briefly described and publications included in each one are related.

From 2012 to 2017 the present thesis was carried out under the supervision of Dr.
Ethel Eljarrat and Prof. Damia Barceld. The aim of this work was to understand the behaviour

of pyrethroid insecticides in environment.

Pyrethroids are very common pesticides. The use of PYRs is widespread around the
globe. They are very common in agricultural and livestock sectors but also they are used for
domestic purposes, as well for disease control programmes to ensure Public Health,
controlling mosquito vectors of diseases such as dengue and malaria. Over 11500 tonnes of

pyrethroids were quantified in Spain 2007 just in retail sales products (INE, 2015).

Pyrethroids are semi-synthetic compounds, derived from the natural pyrethrins. These
last ones are the active compounds of pyrethrum, an extract of Chrysantemum spp. flowers.
They are related with chrysanthemum acid. Pyrethroids are different functional esters derived
from this acid. In the acidic part, they generally present a propyl ring in their structure, which
give to them 2 chiral centres. They can contain a cyano group in the o’ position of the alcohol
part. If it is the case, they are classified as Type |l pyrethroid. In case the cyano group is
missing, they are considered as Type | pyrethroid. This cyano group adds a third chiral center

to the pyrethroid structure.

Uses of pyrethroids and their levels in food is regulated by international organizations
like UE, FAO and FDA. Some pyrethroids such as bifenthrin are banned in agriculture almost all
European countries but most pyrethroids are allowed (EC, 2014). Their toxicology in non-target
organisms is relatively low because most of mammals, birds, fungus and bacteria, among
others can metabolize them. However, in aquatic ecosystems pyrethroid toxicology is a

problem because zooplankton and fishes are very sensible to these insecticides.

Nonetheless, recent studies about non-lethal doses of pyrethroids described endocrine
disruptions, fat accumulation and carcinogenic behaviour in mice, worms and other animal
laboratory species (Bassil et al., 2007; Yuanxiang Jin et al., 2012; L. L. Li et al., 2017; P. Y. Shen
et al., 2017). Moreover, different toxic effects are been described for different isomers and
enantiomers of pyrethroids. Generally, cis isomers used to be less metabolizable and more
toxic (Y. Jin et al., 2016; R. Lavado, J. W. Li, J. M. Rimoldi, & D. Schlenk, 2014; S.-Y. Zhang et al.,
2008).
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Pyrethoids are been detected in environmental samples such as water, sediments and
even dust. Given that they are lipophilic molecules, they used to be found in bigger proportion
in sediments with high TOC (total organic carbon) than in water. Though, there are reports of
pyrethroids in water, usually linked to particulate. In atmosphere, they used to be present in
the dust deposition more than in air fraction. Besides, their presence in matrices such as river

water depends on the temporal proximity of their dump.

In organic samples, levels of pyrethroids have been reported usually in food matrices,
both animal and vegetal tissues. Usually levels were under the legal recommendations even
when some higher levels were found in food from Ghana or Tanzania markets (Blankson, Osei-
Fosu, Adeendze, & Ashie, 2016; Mahugija, Khamis, & Lugwisha, 2017). Nevertheless, until the

start of this thesis there were no reports about pyrethroid levels in wild fauna.

About human exposure, some authors had been able to describe levels of pyrethroids
in breast milk samples of exposed populations (Bouwman, Sereda, & Meinhardt, 2006).
However, metabolites of pyrethroids were also evaluated in human urine and blood (Olsson et

al., 2004; Ostrea et al., 2009).

More extended information about pyrethroids is described in the Chapter 1 of this

thesis.

In this context, this thesis was begun in order to understand the pyrethroid behaviour
in environment, specifically in biota. This work pretended to demonstrate and explain
bioaccumulation, biomagnification and even transport of pyrethroids in they were.
Characterization of pyrethroids in all samples in order to describe potential isomer or
enantiomero-selectivity was included in this thesis plan. Furthermore, human exposure to
pyrethroids was another important issue. Finally, some toxicological studies were needed to fill
some toxic information gaps. All specific objectives are further explained under Objectives

section.

First of all, we needed to increase the number of pyrethroids included in analytical
methodology. The best choice to pyrethroid analyses was gas chromatography with mass
spectroscopy in tandem. Previously, the group had optimized a 12 pyrethroid method
analyses with negative ion ionization but, at the end of these thesis, the method was able to
determine 19 different pyrethroids and one organophosphorate pesticide (chlorpyrifos)

simultaneously.



Besides, a completely new method was performed to discriminate enantiomers. For
the first time, one analytical method was able to separate all enantiomers of a pyrethroid: the
tetramethrin. For five more pyrethroids, this new method discriminate all cis enantiomers and
clearly categorize cis and trans isomers of bifentrhin, cyfluthrin, cyhalotrhin, cypermethrin and
permethrin. All these isomers and enantiomers of the six pyrethroids were determined in one

run.

Both instrumental analyses requires the same sample treatment, which was adjust to
each different matrix as needed, i.e., commercial insecticides, eggs of different bird species,

fish, dolphin tissues and breast milk.

These analytical requirements and improvements accomplished are described in
Chapter 3. Besides, in this chapter, the first publication of this compilation (Publication 1) is

included.

In the Chapter 4, results of determination of pyrethroids in biota are described. Three

different media were separately studied and discussed: terrestrial, river and sea waters.

Under terrestrial fauna, we analysed bird eggs from Natural Reserve of Dofana. There,
a lot of migratory protected birds nest. It made that our study had a high ecological value. We
found that 96% of eggs sampled presented pyrethroid residues. The higher values were
described in gulls. Analyses with stable isotopes of N and C didn’t let us describe
biomagnification either refuse it completely. However, diet seemed to be the main way of
exposure. This study was published and here is included as Publication 2. A first attempt to
find pyrethroids in Antarctic fauna showed that pyrethroids presumably could not be

transported long distances, as expected due to their physico-chemical properties.

In the river water study, we analysed different edible fish species of four Iberian rivers.
In all samples we found pyrethroids at levels higher than in terrestrial samples (bird eggs). It
was of highly interest because fishes are very sensible to levels of pyrethroids in water.
However, similar pattern of isomeroselective behaviour was described. Concretely, cis isomers
were more present than trans, except for the case of tetramethrin pyrethroid. However, it is
known that for this pyrethroid trans isomer is commercially enhanced, which meant that
higher concentration of trans isomers in this pyrethroids was probably due to exposure. This

study was published and here it is reported as Publication 3.

Publications 4 and 5 reported levels of pyrethroids in dolphin tissues. Even when these

studies considered different dolphin species, results showed a different exposure to

11
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pyrethroids. In Brazil, they seemed to be more exposed to permethrin and cypermethrin
whereas in Spain coast, dolphins presented more permethrin and tetramethrin. Results
showed a distinct metabolic balance of pyrethroids through dolphin life. High loads are
received at the beginning of their lives and, when they reach sexual maturity, these mammals
seem to degrade/metabolize pyrethroids. Maternal transfer of these compounds was also
evaluated through the analysis of breast milk and placenta samples. Pyrethroids were detected
in both matrices, and for the first time, a study shows mother-to-calf transfer of pyrethroids by
both gestational and lactation pathways in dolphins. Moreover, these studies reported for the
first time distribution of pyrethroids in different tissues of the same individual i.e., blubber,
brain, breast milk, kidney, liver and muscle. They showed a general diffusion of pyrethroids in
all body. It was clear that pyrethroids were lipophilic compounds and that they had some
preference for lipid tissues. However, pyrethroid could be linked to some proteins and their
solubility in not fatty tissues increased. This fact made us to recommend not expressing the

levels of pyrethroid in lipid weight basis but in dry weight.

Chapter 5 describe human exposure to pyrethroids. In it, last published article of the
thesis can be found, Publication 6. This publication is an international monitoring of human
breast milk. Pyrethroids were found in 100% of samples, of general population. Relations
among pyrethroid levels and offspring were described even when deeper studies on this
should be necessary. Besides, a risk evaluation for breastfed babies was carried out and

discussed.

Finally, in this last chapter, a human cell toxicology study is described. It was
performed in Universitdat des Saarlandes in a three months stage. However, a bacterial

infection of laboratory invalidated all analyses and there were no time to repeat them.

At the end of thesis, the Conclusions section is found. In it all discussions are

summarized and general conclusions of all these studies related together.
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Sigles, acronims i abreviacions

3PBA — acid 3-fenoxibenzoic.

ADI — Ingesta diaria acceptable (de I'angles, Acceptable Daily Intake).
CE — Energia de col'lisid (de I'angles, Collision Energy).

Cl — lonitzacid quimica (de I'anglés, Chemical lonization).

DBCA — Acid 3-2,2-diclorovinil-2,2-dimetilciclopropano-1-carboxilic.
DCCA — acid 3-2,2-diclorovinil-2,2-dimetilciclopropano-1-carboxilic.

DDT —1,1,1-Tricloro-2,2-bis(4-clorofenil)-eta (de I'anterior nomenclatura, dicloro-difenil-
tricloroeta).

DTyx— Temps de degradacié (de I'anglés “degradation time”) on X indica el percentatge de
substancia degradada.

ECso — Concentracid mitjana de maxim efecte (de I’'anglés, half maximum Effect Concentration).
ECD — Detector de captura d’electrons (de I'anglés, Electron Capture Detector).

EF — Factor enantiomeric (de I’anglés, Enantiomeric Factor).

El — lonitzacid electronica (de I'anglés, Electronic ionization).

FAO — Organitzacié de les Nacions Unides per I’Alimentacié i I’Agricultura.

FDA — Food and Drug Agency.

FMIP — Impressié molecular flourescent de polimers (de I’angles, Fluorescence Molecularly
Imprinted Polymers).

FPBA — acid 4-fluoro-3-fenoxibenzoic.

GC — Cromatografia de gasos.

Kow — Coeficient de reparticiod octanol-aigua.

LC — Cromatografia liquida.

LCso — Concentracié mitjana letal (de I'anglés, half Lethal Concentration).
LLE — Extraccid liquid liquid (de I'anglés, Liquid-Liquid Extraction).

LOD - Limit de deteccio (de I'anglés, Limit Of Detection).

LOQ - Limit de quantificacié (de I'anglés, Limit Of Quantification).

m/z -- Relacié massa/carrega.
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MASE — Extraccid assistida amb microones (de I'angles, Microwave-Assisted Solvent
Extraction).

MIP — Impressié molecular de polimers (de I'anglés, Molecularly Imprinted Polymers).

MMIP — Impressié molecular magnetica de polimers (de I'anglés, Magnetic Molecularly
Imprinted Polymers).

MRL — Limit maxim residual (de I'anglés, Maximum Residue Level).

MS — Espectrometria de masses (de I'anglés Mass Spectrometry).

MS-MS — Espectrometria de masses en tandem.

MSPD — Dispersié en matriu solida (de I'angles, Matrix Solid-Phase Dispersion).

NCI — lonitzacid quimica d’ions negatius (de I'anglés, Negative Chemical lonization).

NOAEL — Dosi d’efecte advers no observable en algun ésser viu (de I’anglés, No Observable
Adverse Effect Level).

PBS - solucié tampod de fosfat (de I'anglés, Phosfate Buffer Solution).

PLE — Extraccié amb liquids pressuritzats (de I'anglés, Pressured Liquid Extraction).
POP — Pol-luents Organics Persistents.

ppb — parts per bilié anglosaxé, 10°.

ppm — parts per milio, 10°°.

QIT — Quadrupol acoblat a una trampa ionica (de I'anglés, Quadrupole lon Trap).
QqQ — Triple quadrupol.

QUECHhERS — Acronim de rapid, senzill, barat, efectiu, robust i segur (de I'anglés, Quick, Easy,
Cheap, Effective, Rugged, Safe).

R — Ratio.

SBSE — Extraccid absortiva amb agitacié magneética (de I'angles, Stir-Bar Sorbtive Extraction).
SFE — Extraccié amb fluids supercritics (de I'anglés, Supercritical Fluid Extraction).

SPE — Extraccio solid liquid (de I'anglés, Solid-Liquid Extraction).

SPME — Microextraccid en fase solida (de I'anglés, Solid-Phase MicroExtraction).

SVOC — Compostos organics semi-volatils (de I"anglés Semi Volatile Organic Compound).

TDI — Ingesta diaria tolerable (de I'anglés, Tolerable Daily Intake).

TOC — Carboni organic total (de I'anglés, Total Organic Carbon).



TOF — temps de vol (de I'anglés Time Of Flight).

UAEE — Extraccid d’emulsions assistida per ulta sons (de I’anglés, Ultrasounds-Assisted
Emulsification Extraction).

UF — Factor d’incertesa (de I’anglés Uncertainty Factors).
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1.1. Elsinsecticides.

Els insecticides sdn biocides emprats en molt diferents ambits amb la finalitat d’eradicar o
reduir poblacions d’insectes no desitjats en determinats entorns. Els usos més comuns soén els
agricoles i ramaders on gran quantitat d’artropodes poden malmetre collites i transmetre
malalties entre el bestiar. De manera similar, s’empren també en I'ambit de Salut Publica per a
controlar vectors de malalties humanes. Finalment, I'iUs domeéstic dels insecticides també ha
sigut molt habitual en les darreres décades, ja sia a jardins i interiors, sobre mascotes i fins i tot

per al control de parasits humans.

Tenint present tots aquests usos, la industria dels insecticides ha desenvolupat diferents
compostos sintetics o semi-sintétics amb la finalitat de millorar i potenciar |'activitat
insecticida aixi com combatre resisténcies que els potencials organismes diana han anat

adquirint amb els anys.

Durant les decades dels 50 i 60 els pesticides organoclorats van ser els més populars en tots
els ambits possibles arreu del mén. Malgrat aixo, amb el pas del temps, van comencar a
emergir estudis on es va relacionar alguns d’ells amb problemes mediambientals. Arrel
d’aquests, es va comencgar a elaborar tractats internacionals per tal de reduir la produccid, I'Us
i 'abocament al medi ambient de determinats contaminants. Actualment, la Convencid
d’Estocolm regula un llistat de compostos quimics anomenats Pol-luents Organics Persistents
(POPs) I'Us del qual és il-legal en la majoria de paisos, excepte en casos especials (UNEP & FAOQ,

2014).

Degut a les legislacions derivades d’aquests acords, sorgeixen nous compostos quimics per

tal de satisfer les necessitats de les societats actuals. Ara bé, avui dia les demandes sén més

I “« Ill

exigents i la cerca del “insecticida ideal” és continua. Els candidats formen part de diferents
families de compostos, com ara els carbamats, els nicotinoides, els piretroides o inclis de les
families dels organoclorats i organofosforats. D’aquestes families els piretroides sén una de les

més prometedores.

Els organofosforats sén molécules organiques que contenen fosfor. Actuen inhibint certes
colinesterases dels insectes i provocant-li la mort per disfuncié neuronal. Aquesta inhibicié és
irreversible, a diferencia d’altres insecticides que també actuen de manera
parasimpaticomimeética. Alguns dels representants d’aquest grup sén el paration, altament

toxic i actualment prohibit i el malation, substitut de I’anterior.
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Els insecticides carbamats sén derivats de I'acid carbamic (NH,COOH). Aquest grup actua de
forma molt similar als organofosforats pero el seu enllag amb I'acetilcolinesterasa o d’altres
proteases similars és reversible de tal manera que els seus efectes toxics sén menors, tot i que,
de vegades, importants. L'aldicarb és un exemple de carbamat d’us restringit per la seva

toxicitat.

Els neonicotinoids sén derivats de la nicotina, I'efecte insecticida de la qual és for¢a conegut.
Aguesta familia de compostos també actuen sobre el sistema nervids tant d’insectes com de
mamifers. De la mateixa manera, la nicotina actua estimulant el sistema nervids degut a la
seva natura agonista sobre els receptors d’acetilcolina. Sobre els insectes, que tenen menor
nombre d’aquests receptors en el sistema nervids central, produeix un bloqueig dels “sites”
produint paralisis per sobreestimulacio. La toxicitat d’aquests compostos és més baixa que la

dels citats anteriorment. Actualment, el imidacloprid és el més utilitzat d’aquesta classe.

Els organoclorats sén espécies quimiques que es caracteritzen per tenir un gran nombre
d’atoms de clor en la seva estructura. Acostumen a bloquejar o alterar el normal funcionament
dels canals de sodi de les cel-lules nervioses dels insectes. Tot i aix0, certs insectes, com ara
alguns tipus de mosquits, han desenvolupat certa resisténcia als insecticides que actuen
d’aquesta manera. Alguns dels pesticides d’aquest grup sén el DDT, el mirex, I'aldrina i el linda.
L’Us agricola de molts d’ells esta prohibit en la majoria de paisos i sén classificats com a POPs.
Val a dir, pero, que en I'Us farmaceutic i control de plagues amb repercussions per a la Salut
Publica alguns d’ells encara es fan servir. Clars exemples d’aix0 poden ser el DDT que alguns
paisos d’Africa, on la malaria és encara prevalent, es pot continuar emprant; i el linda que per

al tractament de polls i sarna la FDA (Food and Drug Agency) aprova el seu Us.

Els piretroides tenen un mecanisme d’accié que afecta principalment a cel-lules nervioses.
En insectes, aquests compostos alteren, i poden arribar a bloquejar, els canals de sodi
cel-lulars, impedint aixi la correcta sinapsi entre cel-lules nervioses provocant, per exemple,
I’efecte conegut com de “multiples descarregues” (de I'anglés repetitive firing). Els efectes a
nivell organisme pot ser des de paralisi fins a la mort. Aquest mecanisme, és el mateix, o molt
similar, al dels insecticides organoclorats, com per a aquets, també s’han descrit certes
resisténcies per part d’alguns insectes. L'adaptacid a aquest tipus d’insecticides sovint inclou
una reaccié conductual coneguda com knock down, la qual consisteix en un estat de paralisi

temporal després del qual el insecte es capag de recuperar-se.

Els piretroides es caracteritzen per una série de caracteristiques que s’aniran discutint al

llarg d’aquesta introduccid. Ara bé, cal saber que la seva eficacia en organismes diana és forca



elevada, aixo és, que la dosi letal sobre la poblacié de individus que es vol eliminar és baixa.
Aix0 no obstant, es consideren relativament especifics, és a dir, que en general la toxicitat per
la resta d’organismes, humans inclosos, acostuma a ser baixa, amb algunes excepcions que ja
es comentaran més endavant. A més, es consideren letargics pero no persistents, rad per la
qgual poden romandre temps suficient en el medi com per dur a terme el seu objectiu pero,
amb el temps, es (bio)degraden. Finalment, una rad també prou important per fer dels
piretroides uns insecticides desitjables és el baix cost de producci6. Amb totes aquestes
caracteristiques esmentades, els piretroides sén una de les families d’insecticides més

emprada a tots nivells.

1.2. Els piretroides.

L'extracte de flors de piretre (Chrysanthemum cinerariifolium), i d’algunes altres espécies del
mateix genere, és un insecticida i repel-lent natural mundialment conegut des de principis del
segle XIX, i fins i tot s’"ha documentat el seu Us a la Xina fa més de 2000 anys. Durant els ultims
anys, paisos com Kenya i Tanzania han produit milers de tones I'any d’aquest insecticida

natural.

Els principis actius d’aquest extracte sén uns compostos anomenats piretrines. A partir
d’aquestes, s’han sintetitzat d’altres molécules d’estructura molt similar. Els nous compostos
derivats s"anomenen piretroides. L'avantatge d’aquests productes sintetics o semi-sintetics és
gue posseeixen una activitat insecticida superior, ja sigui gracies a una persistencia més
elevada en el medi, una selectivitat major de I'organisme diana o fins i tot una toxicitat

superior.

Actualment, als EEUU, es comptabilitzen una aplicacié anual d’'unes 900 tones de permetrina
i 450 tones de cipermetrina, dos dels piretroides més comuns, només en usos agricoles i
domestics. De fet, d’aquestes quantitats, més del 70% de la permetrina i del 85% en el cas de
la cipermetrina s’empren en I'ambit domestic. Pero la industria dels piretroides no només es
limita als EEUU. A Alemanya, per exemple, al 2009 es van etiquetar unes 100 tones de
piretroides com a ingredient actiu en productes protectors de les plantes (Pfeil, 2014).
D’aquests, els piretroides d’is domestic més comu varen ser la B-ciflutrina, la A-cihalotrina,
I'etofenprox, la bifentrina, I'a- i la &-cipermetrina, la deltametrina, I'esfenvalerat i la teflutrina.
Per ultim, no es pot menysprear I'Us per a la Salut Publica d’aquests compostos. En tot el mén,
es calcula que anualment s’empren unes 520 tones de piretroides dins els programes de

control de vectors de malalties com ara malaria, dengue, etc (Pfeil, 2014).
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Cal esmentar, que també en I’Us agrari i ramader s’empren els piretroides, tot i que el seu Us
és regulat per les legislacions vigents, sobretot per les normatives europees i americanes. Com
és d’esperar, la majoria de paisos compleixen aquestes normatives pero estudis recents
realitzats paisos com Ghana o Tanzania demostren que els nivells de residus de piretroides en
aliments vegetals dels seus mercats poden arribar a ser superiors als de la normativa europea
(Blankson et al., 2016; U.S. EPA, 2011; Mahugija et al., 2017), la qual deu ser, per tant, més
restrictiva(EC, 1991). Tot i aixi, un cop avaluat el risc d’aquests nivells per al consumidor, tenint
en compte la ingesta real de cada aliment, és dificil trobar casos on els nivells acumulats de
piretroides consumits es puguin considerar no segurs i, només considerant el pitjor dels
escenaris possibles, en el qual els consumidors s’alimenten basicament dels productes més

contaminats (Z. X. Li et al., 2016).

Un altre dels usos habituals dels piretroides és en aquicultura. En les darreres decades I'Us
de piscifactories ha augmentat considerablement i, en dades de 2012, la FAO (Organitzacio de
les Nacions Unides per I’Alimentacid i I’Agricultura) estimava que el 42% del peix consumit a
nivell mundial provenia d’aquest tipus de procediment tecnologic, el que suposa uns 66,6
milions de tones I'any (FAO, 2014). El fet de tenir molts peixos confinats en un espai reduit
implica la necessitat de productes com ara antibiotics i pesticides per tal d’evitar malalties i
propagacié d’epidemies dins el piscicultiu. En aquest sentit, els piretroides juguen un
important paper ja que, com a insecticides que son, s’ha comprovat la seva eficacia en la cria
del salmd, per exemple. Estudis recents han demostrat que el medi contigu a aquestes
piscifactories s’hi acumulen residus de piretroides (SEPA, 2007; Tucca et al., 2017). En el cas de
la salmonicultura, és molt habitual I'Gs de la cipermetrina i la deltametrina, rad per la qual en
sols propers i en organismes o altres cultius confrontants, com ara de musclos, s’hi ha

demostrat la preséncia d’aquests piretroides (Gowland et al., 2002; Tucca et al., 2017).

1.2.1 Estructura.

Les piretrines naturals sén ésters derivats de I'acid crisantémic. La figura 1 mostra
I'estructura d’aquest acid (Figura 1a) i la seva relacié amb I'anomenada piretrina | (Figura 1b).
Com ja s’ha comentat, els piretroides son productes derivats d’aquestes molécules. Malgrat
que l'estructura basica dels piretroides és semblant, es diferencien dos grups, els de tipus | i els
de tipus Il. Aquests ultims es caracteritzen per tenir un grup ciano a la posicié o del grup
alcoholic de I'ester, mentre que els piretroides tipus | no tenen aquest grup. A la Figura 1ci 1d

se’n mostren les estructures generals més comunes d’aquestes molécules.
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Figura 1: Estructures relacionades amb els compostos estudiats.

Val a dir, pero, que hi ha una série de piretroides de nova generacié que tot sovint han
perdut I'anell propilic caracteristic de I'estructura de l'acid crisantémic basica. Tot i aixo,
aquests es poden continuar classificant com a piretroides de tipus | o Il segons si contenen el
grup ciano en la posicié concreta esmentada. Per exemple, el fenvalerat, el flucitrinat i el
fluvalinat, que es consideren tipus Il, o el halfenprox i el etofenprox que podrien considerar-se
tipus I, com es pot comprovar a la Taula 1.1 (els dos ultims els hem considerat a part perqué

han perdut completament les seves propietats isomeriques).

L’estructura quimica de cada piretroide i, com a conseqliéncia, el tipus de piretroide, té
efectes importants en el isomerisme i la toxicitat, entre d’altres, d’aquestes molécules. Per

tant, a continuacio s’aprofundira més en el tema.

1.2.2 Isomeria.

Els isomers son estructures moleculars diferents sobre una mateixa composicié elemental.
Aix0 pot donar casos de molécules que tot tenint la mateixa férmula empirica tinguin
propietats completament diferents. De isomeria n’hi ha de diferents tipus, pero principalment
podem diferenciar la isomeria estructural i I'estereocisomeria. La primera es refereix a
compostos quimics diferents que comparteixen una mateixa férmula empirica mentre que
I'estereoisomeria es déna com a variacions d’un mateix compost quimic. La isomeria que ens
interessa estudiar en el cas dels piretroides és aquesta ultima ja que d’'un mateix piretroide es
coneixen diferents isomers amb propietats lleugerament diferents, tot i pertanyer a un mateix

compost.

L’estereoisomeria, al seu torn, també té diverses causes, principalment dues. Una és la que
provoca la isomeria geomeétrica. Aquesta es presenta quan una estructura rigida (com ara un
doble enllag o un anell ciclic) té substituents diferents, és a dir, no es repeteixen. Depenent de
la disposicid dels substituents es parla de isomers cis i de isomers trans dins aquesta

classificacié. La segona causa de estereoisomeria és la quiralitat. Quan un atom tetravalent,
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com ara el de carboni, té 4 substituents diferents aquest carboni es diu que és quiral. Aixo és
perque l'estructura resultant de la seva imatge especular no és superposable a la seva
estructura original. Dit d’una altra manera, depenent de la disposicid espacial dels substituents
es tracta d’'un isomer o d’un altre. Aquest tipus d’isomeria s"anomena isomeria Optica o
enantiomeria i provoca sempre dos isomers diferents, un la imatge especular de I'altre, que

s’anomenen enantiomers o parell enantiomeric per a referir-se a ambdés alhora.

La nomenclatura dels centres quirals i dels enantiomers poden ser diferents segons els
criteris emprats. Segons |'activitat optica, es poden classificar en enantiomers (+) o (-) segons si
polaritzen el pla de la llum en sentit horari o antihorari. Tot i aixi, donat que en el cas dels
piretroides tenim diversos centres quirals, preferim un altre tipus de nomenclatura. La que en
la present tesi farem servir és la nomenclatura R/S. En aquesta cada centre quiral, per
definicio, té dues formes possibles, la R i la S. Aquest s’assigna segons I'ordre dels substituents
del carboni quiral. Primer, cal donar un ordre de prioritat als substituents assignant-ho segons
les regles de Cahn-Ingold-Prelog, relacionades amb el nombre atomic dels atoms que el
conformen. El substituent amb menor prioritat se situa a la banda contraria a I'observador i els
altres 3 substituents queden directament exposats. Si per seguir I'ordre de prioritat en sentit
creixent d’aquests tres substituents cal seguir el sentit horari el centre quiral és R (Rectus, del
llati dreta) mentre que si el sentit a seguir és antihorari es tracta d’un centre S (Sinister, del

llati esquerra).

Com es pot comprovar a la figura 1, I'estructura general dels piretroides inclou un anell
propilic, que és una estructura rigida, provocant isomeria geomeétrica. En aquest cas parlem de
isomers cis i trans de piretroides concrets segons la orientacié dels substituents (per exemple,
cis-bifentrina o trans-tetrametrina). Com que els dos atoms de carboni implicats en aquesta
isomeria també sén quirals, els piretroides presenten, a més, enantiomeria. Es a dir, cada
piretroide cis i cada piretroide trans, en realitat, esta format per un parell enantioméric.
D’aguesta manera, parlem de 4 isomers diferents, sabent que sén dos parells enantiomeérics,
per a un piretroide on tota la seva isomeria sigui donada només per I'anell propilic. Aquest és

el tipic cas d’un piretroide tipus | (veure Figura 1c).

Nogensmenys, els piretroides tipus Il tenen encara un tercer centre quiral. Aixo implica que
per a cadascun dels 4 isomers ja esmentats tenim possibilitat de que el tercer centre quiral
tingui 2 disposicions diferents, és a dir, un piretroide tipus Il té un total de 8 isomers o 4 parells
enantiomerics. Generalitzant més, la combinatoria diu que el nombre d’isomers optics d’'una

molécula quiral és igual a 2", on n es el nombre de centres quirals. Aixi doncs, els piretroides



tipus I, que tenen dos centres quirals, tenen 4 isomers, com ja s’ha justificat i, evidentment, els
tipus Il, que tenen 3 centres quirals, tenen 8 isomers, com també s’ha vist. Vist amb aquesta
férmula i entenent la procedeéncia i la diferencia entre isdmers, d’altres piretroides que no
s’ajusten a l'estructura general com ara el halfenprox o fins i tot el fenvalerat, que no té I'anell
propilic, també es pot saber de forma rapida el nombre d’isdbmers geomeétrics i Optics que

tenen.

Sovint, per diferenciar si ens referim a isomers enantiomeérics o a la suma d’isbmers en
general, en aquesta tesi farem servir el terme “diasterecisomer” o “diasteredmer” per a
referir-nos a tots aquells isomers no necessariament enantiomeérics, mentre que reservarem el
mot “enantiomer” a la seva definicié estricta, és a dir per fer referéncia Unicament a la

distincid d’isomers que formen parells enantiomerics i sén, doncs, imatges especulars.

Per a fer referéncia a enantiomers concrets de piretroides hi ha diferents tipus de
nomenclatura. Exceptuant els parells enantiomérics amb nom propi (com ara I'esbiotrina i
I’esfenvalerat que sén parells enantiomerics corresponents a la fixacid d’un carboni quiral de
I'al-letrina i del fenvalerat respectivament en el seva posicié S) generalment, es prefereix una
nomenclatura completa en la que s’indica la posicié de cada centre quiral. Un exemple podria
ser, la (1-S,3-R) — tetrametrina o la (1-R,3-R,a-S) — ciflutrina. Com aquesta nomenclatura és
molt feixuga, tot sovint en aquesta tesi es fara una petita simplificacié segons la qual els

enantiomers esmentats serien el (1S,3R) de la tetrametrina i el (1R,3R,aS) de la ciflutrina.

1.2.3 Propietats fisico-quimiques.

En I'estudi de tota substancia és basic coneixer les seves propietats fisico-quimiques per tal
d’entendre i, en alguns casos predir, el seu comportament dins el sistema estudiat. La Taula
1.1, ens mostra algunes d’aquestes propietats que tot seguit es desenvolupen. Tot i que a la
taula no s’indiquen tots els piretroides coneguts (la familia dels piretroides és encara en
expansié i sorgeixen de nous continuament), s’hi inclouen aquells més importants tant per I'Us
que se’n fa com per la quantitat d’estudis trobats a la bibliografia. Derivat d’aix0, tots aquells

piretroides que s’estudien en aquesta tesi s’inclouen a la taula.
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Taula 1.1: Classificacio dels piretroides, estructura i propietats fisico-quimiques basiques (dades extretes de (UH, 2011)).

Piretroides N. parells Pes SOIUb.IIItat DTsg
. Estructura Molecular L molecular | log Kow en aigua .
Tipus | enantiomerics ) ) (dies)
(g mol ) (mg L)
. T -4

Al-letrina #Jk o 4 302.4 4.96 10 60
Bifentrina 1 ‘% A‘/‘ 2 4229 6.6 107 26

Fenotrina YMX /\©/ \© 2 350.5 6.01 9.7-10° 1

/
Imiprotrina /g 2 3184 2.43 93.5 5
7 o
Kadetrina S&/,“LX % 2 396.5 - - -
o
Permetrina C‘Y F*‘L ° 2 391.3 6.10 0.2 13
Cl
Pral-letrina W o 4 300.4 4.49 8.03 -
Y /*‘-FLO AN\,
Resmetrina — 2 338.4 5.43 10° 30
o F
Cl / F 5
Teflutrina ) . 2 418.7 6.40 1.6-10 37
0] . o
PN
Tetrametrina Y%O )“% 2 3314 4.60 1.83 3
o)
Transflutrina 2 371.2 5.46 5.7-10° -

U Py
T
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Taula 1.1: Classificacio dels piretroides, estructura i propietats fisico-quimiques basiques (dades extretes de (UH, 2011))(continuacid).

P Solubilitat
Piretroides N. parells es o .I ' DTsg
. Estructura L molecular | log Kow en aigua .
Tipus Il enantiomerics ) ) (dies)
(g mol") (mgl)
N
o .
Ciflutrina YMX;JK o : 4 4533 6.00 | 6.6:10° 33
Cl
.
Cihalotrina CmHJLO °\© 4 449.9 6.80 4-10° 57
N
o
Cipermetrina CY%XNL OO 4 416.3 5.30 9-10° 60
O
Cl
o
. . -2
Cifenotrina YRXNJKO o. : 4 375.5 6.62 10 R
.
Deltametrina BYEXHJL o, : 4 505.2 4.60 2:10* 13
o
ol
Empentrina Yﬁyﬁko = 4 274.4 6.21 0.11 -
o
Fenpropatrina /%‘\ o. : 1 349.4 6.04 3.3.10" 34
(¢)
c . H
Fenvalerat o. : 2 419.9 5.01 10’ 44
° ol
Flucitrinat /( . o\© 2 541.5 4.70 0.5 60
.
Fluvalinat X@/“ﬁo °\© 2 502.9 3.85 2:10° 4
Tralometrina 4 665.0 5.00 8-10” 3

N
Br o ‘ ‘
Br
0.
Br o
Br

29




Taula 1.1: Classificacio dels piretroides, estructura i propietats fisico-quimiques basiques (dades extretes de (UH, 2011)) (continuacio).

Altres N. parells Pes SO|Ub.I|Itat DTsq
. . Estructura L molecular | logKow | en aigua .
piretroides enantiomerics ) ) (dies)
(g mol ) (mgl)
0.
O
Etofenprox AQ/ O 0 376.5 6.90 | 225107 | 11
N
(o}
(e}
Halfenprox F><F /\©/ \© 0 477.3 7.70 5.10° 10
(o}
Br
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Kow: coeficient de particié octanol-aigua.
DTso: Temps de degradacio mig.

Tot i que al referir-se als piretroides cal matisar que hom es refereix a un conjunt molt
nombrds i relativament heterogeni de compostos, es pot generalitzar sobre algunes de les
seves propietats fisico-quimiques basiques. Una de les que més ens afecta a la present tesi, és
la seva hidrofobicitat. Tots els piretroides tenen coeficients de reparticié octanol-aigua (Kow)
amb valors entre 10" i 10’, aproximadament. Aixo implica que la seva afinitat sera major
sempre amb les substancies relativament apolars, amb els dissolvents organics i amb substrats
biologics més que no pas amb aquelles substancies més polars, dissolvents aquosos i substrats

inorganics, respectivament.

Una altra de les propietats que més importancia té dins el context d’aquest estudi és la
persisténcia en el medi ambient. Aquesta és clau a I’hora de legislar i normativitzar compostos
que s’avoquen al medi ambient. Com a demostracié d’aquest fet, es pot citar el cas d’altres
compostos insecticides organoclorats com el DDT o el mirex que, a més de la seva toxicitat, la
seva llarga persisténcia provocava grans problemes mediambientals que van promoure la seva

substitucid per altres tipus de insecticides i productes.

La persisténcia dels contaminants ambientals se sol relacionar amb el temps necessari per a
degradar una quantitat especifica de producte respecte de la inicial i es coneix com a temps de
degradacié (DTy, de I'anglés “degradation time”, on X indica el percentatge de substancia
degradada). Concretament, molts autors i autoritats parlen de la vida mitjana d’un compost
referint-se al DTs,, és a dir, el temps en que la meitat del producte s’ha degradat. Les
organitzacions internacionals consideren que una substancia contaminant es pot considerar
persistent si el seu DTsq és superior a 90 dies. En el cas dels piretroides, pero, és important
remarcar que habitualment la seva vida mitjana és inferior als 3 mesos. De fet, alguns d’ells
tenen DTsq de pocs dies. La relativa fotosensibilitat d’aquests compostos i la seva facil

hidrolitzacid poden explicar el perqué als estudis de degradacié es determinen un DTs, tan




baixos. Amb tot, es conclou que, en la gran majoria de casos, els piretroides no es poden

considerar com a substancies persistents.

En contra d’aquests fets, estudis recents demostren la presencia de piretroides en diferents
matrius ambientals com ara aiglies de riu i sediments (M. L. Feo, Ginebreda, Eljarrat, &
Barcelo, 2010; Xue, Xu, & Jin, 2005) i fins i tot en humans(Bouwman et al., 2006; Channa et al.,
2012) i animals (dell'Oro et al., 2014; Gowland et al., 2002). L’explicacié més plausible és que
degut al gran Us, tal vegada abusiu, d’aquests productes, entren als ecosistemes a tal velocitat
que no hi ha temps per a la seva degradacié completa, de tal manera que sempre hi ha una
quantitat més o menys residual de insecticida en el medi. Amb d’altres contaminants
ambientals amb qué s’ha demostrat aquest fet, s’ha considerat una nova classificaciéo de
pol-luents anomenats pseudo-POPs (Daughton, 2004). Aquests es caracteritzen per ser
contaminants que es troben en el medi ambient de forma continuada, tot i que no compleixen
amb els requeriments de persisténcia en el medi ambient per tal de ser considerats POPs. Un
clar exemple d’aquests son alguns farmacs i productes de higiene personal (Bu, Shi, Yu, Huang,
& Wang, 2016; Daughton, 2003). Els problemes que aquests presenten sén diferents als dels
POPs ja que sovint no tenen les mateixes propietats de bioacccumulacié i biomagnificacio,
perdo degut a la seva interferéncia en el metabolisme dels éssers vius, ja sigui del propi

compost o d’algun metabolit, creen grans problemes als ecosistemes.

1.3. Toxicitat dels piretroides.

Com a biocides que soén, els piretroides no sén innocus per als ecosistemes. Evidentment, els
insectes sén els éssers més afectats per aquests compostos ja que son els organismes diana.
En aquests, la interferéncia sobre els canals de sodi i, per tant, en el seu sistema nervids, és tan
efectiva que arriba a ser letal. Aquest efecte tan pot ser per la ingesta del producte com pel
contacte directe amb el mateix. Aix0 no obstant, tradicionalment es considera que els
piretroides sén insecticides forga especifics, és a dir, que a part dels organismes diana, afecta

poc o gens a altres éssers, amb algunes excepcions.

Per a mesurar la toxicitat de les substancies en els organismes s’utilitzen diferents
parametres. Entre els més estudiats estan el ECs, (de I'anglés, half maximum effect
concentration) i el LC5, (de I'anglés, half lethal concentration). El primer fa referencia a la
concentracié a la qual la substancia obté el 50% del resultat desitjat. El segon terme és la
concentracié a la qual una substancia és letal per a la meitat de la poblacié. Com que I'efecte
esperat en un piretroide és que mati els invertebrats, per a insectes es parla de ECsqg mentre

que hom es refereix a LCso quan es refereix a efecte sobre mamifers, per exemple, entenent,
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pero, que es tracta de dades completament equivalents. D’altres casos menys evidents, com
ara amb crustacis aquatics, els autors anomenen aquesta dada toxicologica dels piretroides
com LCsy 0 ECsy depenent de l'objectiu de I'estudi. En la Taula 1.2, es presenten valors

d’aquestes dades de toxicitat per a 3 organismes diferents.

Com a excepcid a I'especificitat biocida dels piretroides, és destacable la dels ecosistemes
aquatics. Els invertebrats d’aquests medis solen patir conseqliencies mortals en contacte amb
aquestes substancies a concentracions baixes de piretroides en aigua (inferiors als pug L
!)(Gowland et al., 2002). A més de I'efecte negatiu sobre 'ecosistema que aixo produeix, els
propis peixos solen ser també forca sensibles a I'efecte neurotoxic d’aquests contaminants, tot
i que depen de I'espécie i del piretroides concret que I'efecte sigui mortal (Amin & Hashem,
2012; Goulding, Shelley, Ross, & Kennedy, 2013; Richterova et al., 2014). Alguns piretroides
com la bifentrina, a més, poden tenir efectes de disruptors endocrins per als peixos a nivells no
letals(J. S. Li, Luo, Liu, Ruan, & Wang, 2017). Per posar un exemple de la diferéncia toxicologica
entre espeécies dins aquest ecosistema, segons la Taula 1.2, el ECso d’un crustaci com ara la
puca d’aigua (Daphnia Magna) per a la cipermetrina és de 0,0003 mgL™; per a un altre crustaci
com ara la gambeta anglesa (Americamysis bahia) el LCso és de 0,005 mgL™; mentre que per a
una truita irisada (Oncorhynchus mykiss) és de 0,39 mgL™. Ara bé, d’un piretroide a un altre,
tot i ser de la mateixa familia, els valors d’aquestes concentracions també sén molt diversos i
sovint un mateix piretroide per a una especie pot ser més toxic mentre que per a una altre la
toxicitat disminueix. Per exemple, la tetrametrina és menys toxica per a la puca d’aigua (ECs
de 0,045 mgL™) que no pas la cipermetrina esmentada abans, perd per a la truita irisada és

més letal la tetrametrina (LCso de 0,016 mgL™).

Donat que aquest ecosistema és molt susceptible a la preséncia de piretroides, la legislacio
tant internacional com local fa referéncia a I'Us d’aquests insecticides. Per exemple, a Regne
Unit, es limita la concentracid de permetrina i ciflutrina a la columna d’aigua en 0,01 i 0,001

ugL™ respectivament (Cole, Codling, Parr, & Zabel, 1999).

En mamifers, pero, la toxicitat d’aquests compostos és molt més baixa, generalment. Les
concentracions de dosis de toxicitat aguda de piretroides acostumen a ser d’uns centenars de
mil-ligrams per kilogram de pes corporal (UH, 2011). Aixo és degut a que habitualment els
piretroides son facilment metabolitzables per les carboxilases i pels sistemes de destoxicacié
relacionats amb el citocrom P450 i excretats per la orina com a metabolits directes o algun
derivat glicosidic. Com a conseqliéncia, els efectes de toxicitat aguda, per exemple, en humans

acostumen a descriure episodis d’urticaria, problemes gastrics o respiratoris i molt rarament



Taula 1.2: Toxicitat dels piretroides per a organismes aquatics en mgL™ (dades extretes de (UH, 2011).

Daphnia Americamysis Oncorhynchus
Piretroides magna bahia mykiss
Tipus | ECso LCso LCsq
(Custaci) (Crustaci) (Peix)
Al-letrina 2.1-10° - 19
Bifentrina 1.110" 4-10° 0.15
Fenotrina 4.310° 2:10” 2.7-10°
Imiprotrina 5.1-10° - 3.8-10”
Kadetrina - - -
Permetrina - 0.02 0.62
Pral-letrina 6.2:10° - 1.2-10°
Resmetrina 3.7-10° - -
Teflutrina 7-10° 5-10” 6-10°
Tetrametrina 4.5-10° - 1.6-10”
Transflutrina - - -
Daphnia Americamysis Oncorhynchus
Piretroides magna bahia mykiss
Tipus Il ECso LCso LCsq
(Custaci) (Crustaci) (Peix)
Ciflutrina 1.4-10" 0.0024 0.3
Cihalotrina 0.38 - 0.24
Cipermetrina 310" 0.005 0.39
Cifenotrina 4.3-10 - 3.4-10"
Deltametrina 5.6:10" 0.0017 0.25
Empentrina 2-10” - >1.7-10°
Fenpropatrina 5.3-10" - 2.310°
Fenvalerat - 3.8:10° 7107
Flucitrinat 8.3-10” 8.3-10” 0.32
Fluvalinat 7.4-10° 2.9-10° -
Tralometrina 3.810° - 1.6-10°
Daphnia Americamysis Oncorhynchus
Altres magna bahia mykiss
piretroides ECs LCso LCsg
(Custaci) (Crustaci) (Peix)
Etofenprox 1.2-10° - 2.7-10°
Halfenprox 3.1-10° - -

inclouen convulsions i efectes neurotoxics en casos d’exposicié directa i manipulacié de grans
quantitats de producte. Tot i aixi, donat que els tipus | i Il es metabolitzen diferent, els quadres
clinics per intoxicacié per ambdds tipus de piretroides és diferent, a saber, amb el tipus | es
provoquen tremolor fina, hiper-excitabilitat, ataxia i, excepcionalment, convulsions i paralisis;
mentre que amb tipus Il irritabilitat, hipersensibilitat a estimuls externs, convulsions i sialorrea,
majoritariament (San Roman, 2003). Estudis recents demostren que a dosis relativament
habituals de ingesta o contacte amb piretroides, el risc toxicologic és molt baix i els casos de
intoxicacio poc habituals (Chedik et al., 2017). Tot i aixi si que de tant en tant es descriu algun

cas rar d’intoxicacié per piretroides.
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D’altra banda, si que s’han descrit problemes toxicologics puntuals en alguns mamifers. Un
exemple molt evident d’aquest fet és la letalitat de la permetrina per als gats (Felis silvestris
catus). L'explicacié de la seva indefensié davant aquest efecte rau, probablement en la diferent
via metabolica que tenen els gats per a la destoxicacié de substancies estranyes. Com s’ha
comentat, habitualment els mamifers compten amb enzims, generalment hepatics, que
glicosilen certes substancies toxiques. Els gats, per0o, no tenen una de comU anomenada
uridinadifosfat glucuroniltransferasa. Per aquesta rad, el toxic queda més temps en
I'organisme de I'animal i produeix els efectes neurotoxicologics letals, sense que s’arribi a

neutralitzar i eliminar via metabolitzacié (Hollmann & Touster, 1962).

En altres vertebrats no mamifers, com ara les aus, sembla ser que els efectes toxicologics
també son lleus i la toxicitat només es presenta a concentracions elevades. Per exemple, s’han
descrit LCso per a la ciflutrina de I'ordre dels grams per kilogram de pes corporal per a diverses
especies d’aus (Khan, Ahmad, & Khan, 2012). Malgrat aix0, també en aquest conjunt
d’espécies trobem algunes de més sensibles. Es el cas per exemple dels canaris (Serinus
canaria). Els LCsy d’aquesta espécie per a la ciflutrina estan calculats entre els 68 i els 274 mg

kg™ pes corporal (U.S. EPA, 2014).

Ara bé, en parlar de toxicitat no es pot oblidar fer referéencia a la toxicitat cronica també, és
a dir a aquella toxicitat produida per quantitats d’una substancia inferiors a les dosis letals
perd amb la que I'organisme estudiat entra en contacte de forma repetida al llarg del temps.
Aguesta toxicitat no sol ser letal a curt termini sind que els seus efectes es manifesten
perjudicant la salut del ésser viu en estudis a llarg termini. Exemples de substancies on la seva
toxicitat cronica és important estudiar son els disruptors endocrins i els carcinogens, per

exemple.

Respecte d’aquest tipus de toxicitat, els piretroides encara estan sota estudi. En ratolins i
rates hi ha estudis que demostren que I'exposicié a piretroides provoca disminucié en la
fertilitat i possibles alteracions hormonals (Aouey et al., 2017; Yuanxiang Jin et al.,, 2012;
Yuanxiang Jin et al., 2011; Pawar, Badgujar, Sharma, Telang, & Singh, 2017; Vardavas et al.,
2016; S.-Y. Zhang et al., 2008).

Els treballs de toxicitat cronica o a llarg termini en humans, no solen ser concloents. En
part, es pot trobar una explicacid d’aquesta ambigliitat dels resultats al tipus d’estudis
realitzats en humans. Aquests solen ser estudis de casos i controls o de cohorts. Ambdads tipus
tenen forga limitacions ja que depenen de mesures indirectes de I’exposicié al contaminant, i

fins i tot és dificil de saber el compost que s’esta avaluant amb exactitud. A més, en els estudis



de casos i controls, el biaix memoristic (recall bias) pot alterar significativament els resultats
(Bassil et al., 2007). Tot i aixi, hi ha treballs que apunten a que alguns piretroids poden estar
relacionats, per exemple, amb I'augment del nombre de casos de tumors cerebrals en nens
(Pogoda & Preston-Martin, 1997) i el del nombre d’aberracions cromosomiques en poblacions
exposades (Sanborn et al.,, 2007). A més, els experts recomanen comprovar la relacié de
I’exposicid humana a aquests insecticides amb la incidencia de malalties coronaries (Han et al.,
2017) i neuronals com ara el Parkinson (Hansen et al., 2017), aixi com I’efecte en edats infantils

(Viel et al., 2017).

Recentment, a més, els estudis toxicologics inclouen la toxicitat del compost sobre cultius
cel-lulars in vitro. Amb aquest tipus d’estudis s’han descrit, entre d’altres, efectes toxics
d’alguns piretroides com ara el fenvalerat en cél-lules neuronals (Varro, Kovacs, & Vilagi, 2017)
o en cel-lules hepatiques de ratolins i humans (Edward J. Scollon, Starr, Godin, DeVito, &

Hughes, 2009).

Com a mesura de precaucio els piretroides s’han inclos en el llistat de la Unié Europea de
substancies sospitoses de ser disruptores endocrines (EC, 2005). Seguint la mateixa linia
d’accio, I'EPA ja va classificar alguns d’ells com a possibles carcinogens humans, alguns d’ells

tan comuns com ara la cipermetrina, la permetrina i la bifentrina (Cox, 1996).

Actualment s’estudien noves tecniques per tal de fer els piretroides més selectius i evitar la
toxicitat en organismes no diana, respectant, d’aquesta manera, la biodiversitat dels
ecosistemes i interferint de manera menys important sobre aquests. Un exemple d’aquestes
noves técniques és la hidrodispersié dels piretroides en nanogotes. Alguns autors apunten que
aquesta técnica podria inclis augmentar I'eficacia dels piretroides sobre alguns mosquits i
larves, és a dir, es podria emprar a dosis encara inferiors. A més, sembla que les nanogotes
serien menys toxiques per a la resta d’organismes no diana (Balaji, Sastry, Manigandan,

Mukherjee, & Chandrasekaran, 2017).

1.3.1 Toxicitat vs. isomeria.

Per tal de finalitzar amb el tema de toxicitat dels piretroides, cal destacar que, com es pot
veure a la Figura 1, I'estructura d’aquests insecticides té diversos centres quirals, rad per la
qual tenen factors isomeérics que cal tenir en compte. De fet, diversos estudis sobre toxicitat de
piretroides centren els seus esforgos en diferenciar I'isdmer concret que provoca els efectes
adversos o, si és el cas, quina és la forma isomérica més perjudicial per a I'ésser estudiat

(Yuanxiang Jin et al., 2012; Y. Jin et al., 2016; S.-Y. Zhang et al., 2008). Per tant, doncs, és
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important entendre bé la isomeria dels piretroides per tal de ser capa¢ de continuar

aprofundint en la toxicitat.

De fet, és sabut que la toxicitat esta intimament lligada amb la isomeria i, per tant, cada
isomer té una capacitat toxicologica propia. Basant-se en aix0, la indUstria dels piretroides crea
les diferents mescles comercials amb isomers d’'un mateix piretroide i forca vegades contenen
només els isomers més actius o una barreja d’aquests. D’altres mescles comercials, pero,
prefereixen les proporcions establertes dels diferents isomers s’expliquen segons altres factors

com ara la isomero-especificitat durant la sintesi.

L’explicacié a per qué determinats isomers sdn més actius/toxics pot ser, en part, a la
facilitat de degradacié enzimatica dins I'organisme, que sovint es estéreo-selectiva (Huang,
Fleming, Nishi, Redinbo, & Hammock, 2005). Estudis de toxicitat en ratolins, rates i
microsomes d’aquests animals, o fins i tot d’humans, han demostrat que certs piretroides com
la bifentrina i la permetrina acostumen a mostrar més toxicitat degut als seus isomers cis que

no pas als trans (Y. Jin et al., 2016; Tange et al., 2014; S.-Y. Zhang et al., 2008).

Tot i aixi, donat que els isomers cis consten, en realitat, d’un parell enantiomeéric, cal saber
gue també hi ha un dels enantiomers més toxic que l'altre. D’altres estudis se centren en
demostrar-ho per als mateixos piretroides estudiats amb la isomeria geométrica (Yuanxiang Jin
et al,, 2012; V. Jin et al., 2016; X. Lu, 2013; L. Wang et al., 2007; M. Zhao et al., 2014), pero
també amb d’altres com ara la cipermetrina (Diao, Xu, Liu, Lu, & Zhou, 2011; Xu, Tu, Lou, Hong,
& Zhao, 2010; Q. Zhang et al., 2012). En principi, observant els resultats d’aquests estudis
sembla que els isomers S-cis dels piretroides tipus | podrien ser els més toxics, pero no és facil
de generalitzar ja que, per exemple, el isomer més actiu de la tetrametrina és trans,
concretament el (1R-3S)-tetrametrina. En cas de piretroides tipus Il és més dificil encara
generalitzar. Aixo, per tant, implica que depenent de cada piretroide i del metabolisme de

cada ésser viu el isomer més toxic pot variar i cal estudiar cada cas en concret.

Altres estudis que estudien el catabolisme dels piretroides apunten tots cap a la mateixa
direccio: els isomers trans de la majoria de piretroides es metabolitzen més rapidament que
els cis pero la proporcié enantiomeérica depén de cada espécie (Huang et al., 2005; Nakamura

et al., 2007; Edward J. Scollon et al., 2009).

Estudis referents a la metabolitzacié dels piretroides i dels efectes d’aquesta indiquen que la
toxicitat dels seus metabolits pot arribar a ser fins i tot més problematica que els compostos

inicials. També en aquest cas, pero, sembla que la toxicitat dels metabolits provinents de



compostos cis és més alta que els trans donat el caracter estrogeénic i anti-androgenic

d’aquests productes (R. Lavado et al., 2014; Tange et al., 2014).

1.4. Metabolitzacio dels piretroides.

Els piretroides sén esters que els mamifers i d’altres éssers vius poden metabolitzar per les
rutes habituals detoxificants de xenobiotics. Com que aquestes sén molt variades i depenen de
cada espécie, aqui només es presentara la base general de la detoxificacié en humans, sabent,
pero, que per a molts altres mamifers les rutes sén equivalents. En altres organismes com ara
bacteris o fongs, els piretroides poden servir de substrat nutritiu i les rutes sén completament

diferents.

En humans I'0rgan encarregat de la detoxicacio és el fetge tot i que d’altres organs i teixits
poden tenir —i de fet tenen- alguns dels enzims necessaris per tractar xenobiotics. En el fetge,
la detoxicacié de xenobiodtics lipofilics se sol donar en dues fases. La primera tracta de produir
metabolits on es modifiquen alguns grups funcionals de la molécula augmentant la seva
polaritat. Exemples d’aquestes modificacions poden ser la hidroxilacid, la desaminacié o N-
oxidacié. La segona fase tracta de conjugar aquests metabolits amb productes endogens de la
cél-lula, com ara grups metil, acetil, monosacarids o aminoacids. Amb aquesta addicid, en la
majoria de casos, la solubilitat augmenta encara més i els metabolits es poden excretar via

urinaria sense gaires interferencies més en |’organisme.

En la Fase |, per al cas dels piretroides, trobem dues rutes diferenciades. Una d’elles és
mitjangant carboxilesterases. Com indica el seu nom, aquests enzims tenen la funcié d’actuar
sobre grups ester. La seva accidé provoca I'aparicié de dos metabolits que corresponen a la
formacié de I'acid carboxilic corresponent més I'alcohol. Per exemple, per al cas de la
permetrina, les carboxilesterases donarien lloc als metabolits coneguts com a acid 3-2,2-
diclorovinil-2,2-dimetilciclopropano-1-carboxilic (DCCA) i el 3-fenoxibenzol el qual, després
d’una oxidacié posterior, déna lloc a I'acid 3-fenoxibenzoic (3PBA) (veure Figura 2)(Satoh &

Hosokawa, 1998).

Carboxilesterasa “

Permetrina DCCA 3-fenoxibenzol
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Figura 2: Metabolitzacioé de la permetrina mitjangant carboxilases i oxidacié posterior de I'alcohol.

Generalment, hi ha diferents tipus de carboxilesterases. Les encarregades de tractar
compostos xenobiotics com els piretroides en humans solen ser les de tipus 1. Tot i que al
fetge se’n troben en major quantitat, en mamifers els nivells en plasma d’aquests enzims sol
ser relativament més elevat que en peixos o aus (Hosokawa, Maki, & Satoh, 1990). Aquesta
podria ser una explicacié senzilla i molt simplificada del perqué en peixos els piretroides
presenten major toxicitat. Malgrat aixo, cal destacar que hi ha altres vies de metabolitzacio

que poden explicar aquest fet.

Val a dir, pero, que les carboxilesterases es presenten com a diferents isoenzims, és a dir, el
mateix enzim general que catalitza la mateixa reaccid es pot sintetitzar amb diferents
isoformes. La preséncia o proporcié de determinats isoenzims pot variar segons factors com
ara I'especie i I'individu o fins i tot el sexe i I’edat (Cantalamessa, 1993; Hosokawa et al., 1990).
Cada isoenzim pot tenir una activitat diferent respecte als isomers de cada piretroide concret, i
per tant, el fet de metabolitzar més o menys un determinat isomer de piretroides concrets
podria venir determinat no només per |'espécie estudiada siné també per factors com ara si
I'individu és adult, infant o lactant (Huang et al., 2005). Tot aix0 afecta directament a la

toxicitat que pugui presentar cada compost.

L'altra via de metabolitzacid, encara en Fase |, és la hidroxilacié mitjancant monooxigenases,
concretament el citocrom P450. Aquest, basicament, hidroxila el piretroide. En I'exemple de la
permetrina, la hidroxilaciéd donaria lloc a la permetrina hidroxilada en la posicié 4 del grup
fenoxibenzilic. De fet, sovint les dues rutes metaboliques, mitjancant carboxilesterases i
monooxigenases, son complementaries. Aixo dona productes secundaris com ara el 4-hidroxi-
3-fenoxibenzol i el 4-hidroxi-3-fenoxibezaldehid (Tange et al., 2014).. Aquests productes
hidroxilats semblen tenir efectes com a disruptors endocrins en major mesura que no pas els
no hidroxilats (R. Lavado, J. Li, J. M. Rimoldi, & D. Schlenk, 2014; R. Lavado et al., 2014; Tange
et al., 2014).

1.5. Legislacio.

Per tot el que s’ha esmentat, la legislacié actual regula els nivells permesos de residus de
piretroides en aliments. La Taula 1.3, relata la permissivitat de la Unié Europea en front d’un
llistat de piretroides forca comuns. A més, també es relaciona amb el limit maxim residual de
piretroide en el aliment (MRL, de I'angles, maximum residue level), concretament en llet de
vaca comercial. Per ultim, aquesta taula també recull la ingesta diaria acceptable (ADI, de

I’anglés acceptable daily intake) de cada piretroide segons aquest organisme internacional.



Taula 1.3: Limits permesos a la UE per a diferents piretroides (EC, 2014).

Piretroide MRL (llet) ADI Permes a la UE
(mg kg’) (mg kg™ bw day™)

Al-letrina 0.01 - No
Bifentrina 0.01 0.015 No*
Bioal-letrina (S-Al-letrina) 0.01 - No
Bioresmetrina (S-Resmetrina) 0.01 0.03 No
Ciflutrina 0.02 0.003 Si
Ciflutrina (B-ciflutrina) 0.02 0.003 Si
Cihalotrina 0.01 0.005 No
Cihalotrina (A-cihalotrina) 0.05 0.005 Si
Cipermetrina 0.05 0.05 Si
Cipermetrina (z-cipermetrina) 0.05 0.04 Si
Cipermetrina (o~ cipermetrina) 0.05 0.015 Si
Deltametrina 0.05 0.01 Si
Esfenvalerat 0.02** 0.02 Si
Fenpropatrina - 0.03 No
Fenvalerat 0.02** 0.0125 No
Fenotrina 0.05 0.07 No
Flucitrinat 0.05 0.02 No
t-fluvalinat 0.05 0.005 Si
Permetrina 0.05 0.05 No
Piretrines 0.05 0.04 Si
Resmetrina 0.1 0.03 No
Teflutrina 0.05 0.005 Si
Tetrametrina 0.01 - No
Tralometrina 0.01 - No

* Tot i que en la UE en general no és permeés, hi ha paisos on si ho és. ** Valor de la suma dels isomers.

Aquest concepte ADI és forga interessant per a I'estudi de substancies no alimenticies que
entren en la cadena alimentaria en algun moment. Sovint es parla de TDI (de I'anglés, tolerable
daily intake) quan el producte es un contaminant alimentari no aplicat intencionadament. Aixo
podria ser el cas de la transferencia d’additius plastics de I’envas a I'aliment. En cas d’additius
alimentaris, residus de farmacs veterinaris i pesticides tradicionalment s’ha emprat més el
terme ADI ja que hi ha una intencionalitat d’aplicar el producte a I'aliment, tot i que, en els
ultims anys, per als pesticides alguns autors prefereixen parlar de TDI. En qualsevol cas, en
ambdds casos el valor és el mateix. Per a calcular-ho es determina la dosi d’efecte advers no
observable en algun ésser viu (NOAEL, de I'angles, no observable adverse effect level) i es
divideix per un valor de seguretat (UF, de I'anglés uncertainty factors) el qual acostuma a ser
d’entre 100 i 10000 depenent de I'especie de I'organisme sobre el qual s’ha determinat el

NOAEL, I'exactitud i la precisio del valor, etc.

En el nostre cas, faré servir el ADI com a llindar per tal de determinar la innocuitat o no d’un

producte alimentari pel que fa a la concentracid de piretroides.
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1.6. Metodes d’analisi de piretroides.

A I’hora d’analitzar els piretroides cal tenir en compte les seves propietats quimico-fisiques.
Com ja s’ha exposat es tracta de molecules organiques hidrofobiques i preferentment
lipofiliques. Aix0, ja indica en gran mesura el tipus de mostra on trobarem aquests compostos.
Pel que fa a aiglies i sols inorganics, la seva concentracid en aquests sera baixa i si cal analitzar
aquestes matrius precisara metodologia molt sensible amb limits de deteccié (LOD, de I'anglés

limit of detection) i quantificacié (LOQ, de I'angles limit of quantification) molt baixos.

D’altra banda, donat que es tracta d’insecticides amb aplicacié a les industries agraria i
ramadera, tot sovint les mostres seran matrius alimentaries més o menys greixoses. Aquestes
matrius poden tenir un grau de complexitat molt més elevat que les primeres donada la seva
heterogeneitat, la diferent composicid entre mostres similars i la presencia de interferencies
que poden dificultar I’analisi. Per si fora poc, aquests metodes han de ser capacos d’arribar a
LOQs de l'ordre dels ppm (parts per milié, 10°) o fins i tot de pocs ppb (parts per bilid
anglosaxo, 10”). Aquesta sensibilitat és la requerida per la legislacié europea vigent ja que en
el seu reglament inclou el valor per defecte de 0,01 mg kg™ com a MRL d’un aliment, essent

més concret en determinats aliments (EC, 2005).

També cal esmentar, les mostres ambientals organiques. A més d’aiglies i sols, I'avaluacié
mediambiental pot incloure fauna i/o flora salvatge. Tot i que tedricament aquest tipus de
mostra pot ser semblant a les matrius alimentaries, per la seva natura, és de preveure que
aquests organismes estiguin menys exposats als pesticides que els de granja o horta i, per tant,
en cas de presentar concentracions de piretroides, s’ha de suposar que els nivells seran
inferiors als que es podrien trobar en poblacions exposades. Aixo implica, altre cop, métodes

molt sensibles i selectius.

Per tot aix0, s’entén que els autors hagin provat d’optimitzar molts métodes diversos
d’analisi de piretroides amb diferents metodes de pre-tractament de mostra i preparativa,
multiples tecniques cromatografiques i fins i tot metodes de deteccié diversos. Tot seguit, en
els proxims subapartats, es detallaran i explicaran diversos métodes d’analisi de piretroides en
diferents matrius. Un cop tots aclarits, la Taula 1.5 mostrara un resum d’alguns dels metodes

més rellevants emprats en la literatura més recent (abans de comencar I'apartat 1.7.).

1.6.1 Preparacio de mostres
Donat que la majoria de mostres esmentades sdn complexes, la preparacié de mostra més

tipica és una extraccié per tal de descartar el contingut més hidrofilic de la mostra. Per fer-ho



habitualment s’empren tecniques d’extraccié liquid liquid (LLE, de I'anglés liquid-liquid
extraction) emprant dissolvents organics com ara I’'hexa (Hx) (Corrion, Ostrea, Bielawski,
Posecion, & Seagraves, 2005; Mekebri, Crane, Blondina, Oros, & Rocca, 2008), I'acetonitril
(ACN) (X. Wu, Zhang, Meng, Liu, & Ma, 2012), el diclorometa (DCM) (Mekebri et al., 2008),
entre d’altres o fins i tot diferents mescles de dissolvents (Maria Luisa Feo et al., 2012; Ramesh
& Ravi, 2004a), o metodes d’extraccid en fase solida (SPE, de I'angles solid phase extraction)
amb I'Us de sorbents com ara la silice (Bouwman et al.,, 2006), I'alimina (Esteve-Turrillas,
Pastor, & de la Guardia, 2005) o el C18 (Maria Luisa Feo et al., 2012), entre d’altres. Algunes
mostres que presenten més complexitat, requereixen diverses d’aquestes extraccions en serie
0 una extraccid i una purificacié. A més, els metodes SPE es poden emprar de dues maneres
diferents, una coneguda com a “catch and release” i I'altre com a “clean up”. El primer
consisteix en introduir la mostra en una fase solida, rentar amb un dissolvent que elimina
impureses pero permet que I'analit desitjat romangui a la fase solida, i finalment diluir I'analit
amb un altre dissolvent. El segon es pot entendre més aviat com una purificacié i consisteix a
fer passar la mostra dissolta en un dissolvent per una fase solida que reté les impureses i deixa
passar els analits dissolts en el dissolvent. Com es pot comprovar a la Taula 1.5, tot i que el
metode de SPE es pot emprar com a meétode d’extraccid, sovint en la determinacié de
piretroides es prefereix utilitzar com a metode de purificacid un cop s’han extret els analits de

la mostra amb alguna altra técnica extractiva.

Altres metodologies utilitzen sistemes d’extraccié tipus SBSE (de I’angles, stir-bar sorbtive
extraction), extraccié assistida amb microones (MASE, de I'anglés microwave-assisted solvent
extraction), dispersié en matriu solida (MSPD, de I'anglés matrix solid-phase dispersion) i fins i

tot extraccions amb fluids supercritics (SFE, de I'anglés supercritical fluid extraction).

El métode SBSE consisteix en I'extraccié dels analits per sorcié directa amb un sorbent. La
mostra (liquida) es posa en contacte amb el sorbent i s’agita magnéeticament durant un temps
determinat, que acostuma a ser de més de mitja hora. Aquest metode requereix, per tant,
molt de temps i grans volums de mostra (Ochiai, Sasamoto, Kanda, & Pfannkoch, 2008; Van

Hoeck, David, & Sandra, 2007).

L'extracci6 amb microones requereix d’aparells especifics que no es troben a tots els
laboratoris, tot i que no sén excessivament cars. Ara bé, implica forga tractament de mostra no
automatitzat amb les conseqlients repercussions (Regueiro, Llompart, Garcia-Jares, & Cela,
2007). Recentment s’han desenvolupat altres métodes de MASE que permeten una extraccio

més senzilla i que superen parcialment aquests desavantatges sobretot gracies al fet que en un
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sol pas aconsegueixen unificar I'etapa d’extraccid i de purificacié afegint sorbents i amb I'ajut

de l'ultrasons (H. S. Wu, Qian, Wang, Zhang, & Li, 2017).

El MSPD consisteix en posar en contacte directe la mostra amb un sorbent que capturi els

analits. En aquest cas, la técnica també requereix d’un procés de manipulacié important

El métode SFE ha demostrat ser una bona técnica extractiva. Tot i aixi, I'Us de fluids
supercritics no és senzill, requereix d’aparells molt especifics i de sistemes poc convencionals.

Tot aixd encareix la técnica considerablement (Rissato, Galhiane, Apon, & Arruda, 2005).

Tot i aixi, en els darrers anys els diferents investigadors procuren trobar noves
metodologies “QUEChERS”. Aquest és I'acronim, adoptat de I'anglés, de les paraules “quick”
(rapid), “easy” (senzill), “cheap” (barat), “effective” (efectiu), “rugged” (robust) i “safe” (segur)
i fa referéncia a aquells metodes que compleixen amb aquests mateixos criteris esmentats.
Com a consequéncia, actualment els métodes empren volums inferiors de dissolvents organics
aconseguint abaratir I'analisi i essent més respectués amb el medi ambient. Exemples
d’aquests poden ser els anomenats SPME (de I'anglés solid-phase microextraction), extraccio
d’emulsions assistida per ultra sons (UAEE, de I'anglés ultrasounds-assisted emulsification
extraction) i la coneguda com a PLE (de I'anglés, pressurized liquid extraction) en la qual

s’extreuen els analits a altes pressions.

Basada en el mateix principi que la SPE, la SPME aconsegueix resultats similars o fins i tot
millors amb una quantitat de mostra molt inferior. També la quantitat de dissolvents requerits
és inferior(Casas, Llompart, Garcia-lares, Cela, & Dagnac, 2006; Fernandez-Alvarez et al.,,
2008). Tot aixdo sumat als avantatges propis del a SPE fa que el metode sigui indiscutiblement
considerat QUEChERS. Ara bé, depenent de la matriu i de les propietats dels diferents analits,
pot ser dificil posar en practica la SPME. De fet, en matrius complexes, la majoria d’autors es

decanten per altres processos extractius.

L'UAEE és un metode que optimitza la quantitat de dissolvent necessari per extreure els
analits (M. L. Feo, Eljarrat, & Barcelo, 2010b). Es basa en augmentar la superficie de contacte
entre dos liquids immiscibles, un dels quals pertany a la mostra i I'altre és el dissolvent
extractor, mitjancant les microgotes que es formen a les emulsions per tal d’afavorir la
transferéncia dels analits i, per tant, I'extraccié. L'optimitzacid de la transferencia dels analits
d’un solvent a I'altre permet la disminucié de volums de dissolvent d’extraccié. A més, I'is de

I'ultrasons afavoreix aquesta formacié d’emulsions inestables i la centrifugacié posterior per



tal de diferenciar les dues fases és molt simple i eficag. Aquest metode, a més, no requereix de

instruments de laboratori complexos ni especifics.

Un altre metode QUEChERS que s’empra sovint en I'analisi de contaminants organics
ambientals és el PLE (Eljarrat et al., 2009; Van Emon & Chuang, 2012). Aquest consisteix en
I'extraccié de la mostra amb dissolvents a pressions i temperatures elevades. Aquestes
afavoreixen la transferéncia dels analits cap als dissolvents augmentant l'eficiencia de
I’extraccié. D’aquesta manera, el volum requerit de dissolvent és inferior al que es necessitaria
en condicions normals. A més, si a la cel-la d’extraccié se li afegeix un sorbent adient, el procés
de purificaci6 que habitualment es precisa es realitza en aquest mateix pas, evitant aixi,
posteriors manipulacions. Un altre avantatge d’aquest métode és que és automatitzat. Amb els
piretroides, pero, poden haver problemes d’estabilitat a les temperatures i pressions de
treball, rad per la qual es fa dificil d’emprar. Tot i aixi alguns autors han aconseguit posar

meétodes PLE a punt amb resultats forca prometedors (Van Emon & Chuang, 2012).

Com es pot comprovar a la Taula 1.5, totes aquestes metodologies esmentades s’han
emprat per a I'analisi de piretroides amb éxit. Tot i aixi, previ a la determinacié instrumental
del analit, cal introduir una tecnica cromatografica que permeti discriminar entre els diferents

piretroides que es troben a les mostres.

Hi ha una nova técnica que pretén ser molt més selectiva i que podria evitar I'Us de
técniques cromatografiques (no en tots els casos). Es la impressié molecular de polimers (MIP,
de I'anglés, molecularly imprinted polymer). Aquesta técnica es basa en sintetitzar un polimer
capag de reconéixer determinades molécules, de forma analoga als sistemes antigen-anticos
dels immunoassaigs. Aquest polimer s’'uneix a nanoesferes de silice o nanotubs de carboni i
aixo permet crear un sorbent per SPE molt especific (L. X. Chen, Xu, & Li, 2011). Ara bé, alguns
autors van més enlla. En la sintesi del polimer inclouen alguna propietat com ara la magnetica
(és el cas dels MMIP, de I'anglés, Magnetic Molecularly Imprinted Polymer). Quan el polimer
esta unit a la molecula que reconeix (en el nostre cas seria un piretroide concret o un grup
d’aquests molt especific) aquesta propietat del polimer canvia. Aixd permet, una extraccié
molt més simple gracies al magnetisme del polimer (Ma & Chen, 2014; Yu & Yang, 2017). A
més, seria possible imprimir el polimer per un piretroide concret de tal manera que, tot i la
similitud estructural d’altres piretroides, les interferencies amb d’altres moléecules serien
minimes. Els problemes d’aquesta técnica, evidentment, sén, entre d’altres, que al ser una

tecnica encara incipient no és facil posar-la a punt en un laboratori qualsevol. A més, la seva
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gran especificitat pot ésser també negatiu en cas de voler avaluar la presencia de més d’un

compost alhora.

1.6.2 Tecniques cromatografiques

Malgrat les técniques selectives, la majoria de técniques d’extraccid requereixen de
técniques cromatografiques per diferenciar els analits, sobretot en el cas de metodes
multiresidu. Les técniques emprades son basicament la cromatografia liquida (LC) i la de gasos
(GC). Ambdues tecniques semblen ser optimes per a I'analisi de piretroides i presenten pros i

contres.

La LC presenta com a major avantatge que requereix menys pretractament de mostra.
Permet, en general, una extraccid més simple o fins i tot eliminar el procés de purificacié de
I'extracte. Aixd0 és deu a que els piretroides tenen una gran afinitat per les fases solides
reverses tipiques de les columnes habituals en LC mentre que les substancies més polars que
podrien ser interferents solen eluir-se amb molta facilitat en aquests sistemes. Malgrat aixo,
generalment amb LC s’acaben establint uns LODs forca elevats, rad per la qual I'aplicabilitat a
mostres ambientals és limitada. Alguns treballs que prefereixen emprar LC, degraden els
piretroides als seus metabolits, principalment a 3PBA (McCoy et al., 2012). Aquest producte té
alts nivells de recuperacié i alta sensibilitat, aixi doncs els metodes aixi desenvolupats sén forca
utils. Per contra, aquests tenen el inconvenient de ser molt inespecifics. Aquest metabolit és
molt comu per gran quantitat de piretroides d’ambdds tipus | i Il, i és molt dificil, sind
impossible, discriminar de quin piretroide prové. Aixi doncs, aquest sistema no permet avaluar
la presencia d’un piretroide concret sind de piretroides en general. Per si fora poc, tampoc no
tots els piretroides tenen com a metabolit el 3PBA, és a dir, aquest analisi tampoc no seria
representatiu de I'exposicié a piretroides sind a un grup d’ells, en cap cas ni complet ni

representatiu del conjunt de piretroides.

D’altra banda, la GC requereix una purificacié dels extractes més exhaustiva. Aixd0 no
obstant, en general els métodes de GC solen ser més sensibles i arribar a descriure nivells de
concentracié més baixos. Com s’ha comentat previament, és de suposar que els nivells de
piretroides a les mostres son molt baixos, aixi que aquest avantatge en I'analisi és clau i

fonamental.

Donat la quantitat de isomers dels piretroides cal diferenciar aquelles metodologies que

tenen per objectiu la separacié dels enantiomers i aquelles que només pretenen la deteccid



del piretroide en qualsevol dels seus isomers. Es més, també trobem un tercer grup d’analisis,

el qual ens permet separar els diasteredmers pero no els enantiomers.

Les columnes preferides a la bibliografia per a I'analisi d’aquests insecticides sén aquelles
polars de siloxans funcionalitzats. Els autors que prefereixen columnes semi-polars com ara la
SPB-608 (35% difenil i 65% dimetilpolisiloxa)(Oudou & Hansen, 2002), la HP-608 (metil 50%
fenilpolisiloxa)(Rissato et al., 2005) o la DB1701 (7% metil, 7% cianopropil, i 7%
fenilpolisiloxa)(Bondarenko, Spurlock, & Gan, 2007) descriuen problemes com la baixa
resolucido dels diferents isomers (Oudou & Hansen, 2002) o una retencié excessiva dels

compostos (Rissato et al., 2005).

Per contra, les columnes polars preferides a la bibliografia son les DB5 (5% fenil 95%
metilpolisiloxa) que fins i tot permeten la discriminacié entre isomers d’'un mateix piretroide.
Els diferents autors han emprat diferents longituds d’aquesta columna des dels 60 fins els
10m. Es clar que, al disminuir la longitud, els temps de retencié també disminueixen
significativament, de forma general. Per exemple, en el cas de la permetrina i del fenvalerat,
en una columna de 60 m es van optimitzar uns temps de retencié de 18 i 36 min (Mekebri et
al., 2008), respectivament. Els mateixos compostos en una columna de 30m eluien a 18 i 22
mins (Sichilongo, 2004), a 9,1 i 10,3mins en una columna de 15m (M. L. Feo, Eljarrat, & Barcelo,
2011) i a 5,56 i 6,00mins en una de 10m (Ochiai et al., 2008), respectivament. Tot i aixi, a
menor longitud la resolucié entre isomers d’un mateix piretroide es veu disminuida podent
arribar a co-eluir. Per tant, la tria d’aquesta columna sera depenent de les necessitats de

resolucid vs. temps de retencio.

En els casos de major resolucié, amb aquesta columna podem aconseguir el maxim de
diastereomers de cada piretroide. Aix0 sol suposar que per els piretroides amb dos centres
quirals, habitualment els de tipus I, elueixen 2 pics per a cada insecticida, un corresponent al
compost cis i I'altre al trans. En els piretroides tipus Il que tenen 3 centres quirals, aquesta fase
estacionaria ens permet diferenciar 4 pics corresponents a dues estructures cis i dues trans per
a cada piretroide. Cal recordar que cada pic eluit en aquestes columnes no enantio-selectives

corresponen a un parell de isomers enantiomers no resolt.

D’altres autors han inclos els piretroides en un monitoratge més exhaustiu de residus de
pesticides. Donat aquest caracter multiresidu de I'analisi i per evitar co-elucions alhora que
s’aconsegueixen millors resolucions s’han decantat per la GCXGC, és a dir, la cromatografia de
gasos bidimensional. Aquesta técnica consisteix en eluir la mostra per dues columnes

cromatografiques seguides. A la sortida de la primera part de la mostra s’analitza i la resta
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passa a la seglient columna per eluir-se i separar els components en la segona fase
estacionaria. A la sortida de la segona columna la mostra es torna a analitzar. Aixo permet uns
resultats que es representen en grafics 3D on els compostos se separen segons els dos temps
de retencié de cadascuna de les columnes. Els LODs aconseguits amb aquesta metodologia sén
entre 2 i 10 vegades millors que els de GC simple gracies a que s’aconsegueixen uns pics molt
més estrets (Banerjee et al., 2008). Un exemple de les columnes optimes per aquests analisis
serien una primera columna DB5 de 30m seguida d’una columna més polar, la DB-17ht (50%
fenil i 50% metilpolisiloxa) (X. Wang et al., 2012). El principals problemes d’aquests sistemes
és, per una banda, el requeriment tecnologic del propi cromatograf i la deteccié requerida.
Donat el esquema d’un sistema GCxGC explicat, la deteccid ha de ser obligatoriament molt
rapida, rad per la qual el detector de masses més adequat és un de temps de vol, TOF (de
I'anglés, Time of Flight). Per integrar aquestes dades cal un software avangat i menys intuitiu
que els habituals. A més les especificacions dels ordinadors que emmagatzemen les dades
també han de ser millors ja que la quantitat de dades obtingudes i a integrar és molt superior a
d’altres sistemes més simples. Tot aix0, encareix la técnica i no permet que sigui a I'abast de
gualsevol laboratori d’analisi ambiental. A més, un altre gran problema és que els analisis per
GCxGC s6n de tipus qualitatiu de tal manera que no és possible quantificar la concentracié de
contaminant a la mostra. Per ultim, la interpretacié dels resultats és molt menys clara que amb
els altres sistemes i els autors que l'utilitzen s’esforcen en, cada cop, fer métodes que siguin

més comprensibles i entenedors (Banerjee et al., 2008; X. Wang et al., 2012).

Malgrat que molts autors prefereixen la GC per a I'analisi de piretroides, en el cas de la
deltametrina i la tralometrina aixo és més qliestionable. Com mostra la Figura 3, aquests dos
piretroides sdn molt similars. De fet, a altes temperatures la tralometrina pateix una reaccié
d’eliminacié en la qual es perd una molécula de brom. Aixi, aquesta reaccié transforma aquest
piretroide a deltametrina. Les condicions de temperatura del injector del sistema
cromatografic de gasos son prou elevades com per a que aquest procés tingui lloc. Com a
conseqliencia, la tralometrina no arriba a la columna de gasos com a tal sind com a
deltametrina, fet que impossibilita la diferenciacié d’ambdues. Per al cas concret d’aquests
piretroides, alguns autors prefereixen I'Gs de la LC per a la seva analisi (Valverde, Aguilera,

Rodriguez, & Boulaid, 2002).

Com ja s’ha esmentat previament, quan I'objectiu de I'analisi és la separacié enantiomérica,
els requeriments sén diferents. Per a analisis quirals, les columnes cromatografiques han de

contenir fases estacionaries diferents.



Tralometrina Deltametrina
Figura 3: Reaccio d’eliminacio de la tralometrina a altes temperatures

1.6.3 Deteccio i determinacio

Generalment, els compostos halogenats acostumen a tenir altes sensibilitats en les
deteccions amb els sistemes de captura d’electrons ECD (de l'anglés, electron capture
detector). Aixi és com una primera temptativa d’analisi de piretroides podria realitzar-se amb
aquests detectors. Malgrat aix0, en l'estudi de piretroides s’"ha demostrat que els detectors
que inclouen espectrometria de masses (MS, de I'angles mass spectrometry) poden millorar
els LODs en un ordre de magnitud gracies a la reduccid del senyal del soroll de fons i, per tant,
de la linia base del cromatograma (Bondarenko et al., 2007). Una altra solucié per a millorar el
LOD, seria emprar un detector micro-ECD. Aquesta opcid, pero, requereix una resolucié de pics
molt més bona que la de MS aixi que, en realitat, implica columnes més llargues amb temps de

retencié més grans.

Per tant, els sistemes de MS, i encara més els de MS en tandem (MS-MS), sén prou
sensibles per a I'analisi de piretroides i, a més, més selectius que altres metodes de detecci,
rad per la qual, el sistema cromatografic acoblat pot ésser més simple i I'analisi de la mostra

més rapid.

Per tal d’analitzar la mostra per MS cal ionitzar els compostos. En els sistemes de GC-MS es
poden triar la ionitzacié electronica (El) i la quimica (Cl). A més, segons el interes de |'analista,
es pot triar detectar els ions positius o negatius. En el cas de Cl amb deteccié d’ions negatius
s’anomena NCI (Negative Chemical lonization) o NICI (Negative lon Chemical lonization). La Cl,
que ionitza les molécules mitjangant un gas reactiu, sol ser un tipus de ionitzacid molt mes
suau que la El, i, per tant, el nombre de fragments aconseguits pot ser menor i els ions
aconseguits solen ser de relacié massa/carrega (m/z) superiors. En el estudi de piretroides cal
tenir en compte que molts compostos d’aquesta familia tenen estructures molt similars. Per
aquesta rag, el fet de realitzar un analisi MS amb El fa perdre molta selectivitat al métode ja
gue molts piretroides diferents es fragmenten resultant en els mateixos ions de m/z petits. A
més, respecte de la sensibilitat, el metode de ClI disminuia els LOD fins a 3 ordres de magnitud
per a alguns piretroides. En cap dels casos estudiats es van obtenir LODs inferiors emprant El
respecte dels descrits per Cl amb equips GC-MS-MS equivalents (M. L. Feo, Eljarrat, & Barcelo,
2010a).
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A més, com s’ha dit, el Cl, en ambdds modes positiu i negatiu, empra un gas reactiu que
fragmenta les moléecules. La tria d’aquest Cl també s’ha d’optimitzar. D’entre els que se solen
emprar a la bibliografia hi ha el meta i el amoni. Per a piretroides trobem metodes que
utilitzen metanol (Sichilongo, 2004) i amoni. Previament al inici d’aquesta tesi, el grup ja havia
estudiat I'eficiencia del metode de NCI per a piretroides i havia optimitzat I’analisi emprant

amoni com a gas reactiu (M. L. Feo et al., 2011).

Respecte a triar una analisi per MS o MS-MS, els autors que fins aleshores havien estudiat
els piretroides, coincidien en preferir MS-MS ja que els LODs eren inferiors. Per exemple, Feo
et al. (2011) van quantificar aquesta millora. El cas on la millora va ser major era per a la
deltametrina que de tenir un LOD de 1125 fg injectats emprant MS va assolit un de 8,10 fg amb
MS-MS. Aquests autors només van trobar algun cas d’algun isomer concret com ara el trans

del fluvalinat on practicament no hi havia diferéncia quantitativa entre ambdds LODs.

Tot i aixi, diferents autors proposaven metodes diversos amb diferents equips
d’espectrometria. Alguns empraven un metode d’'un quadrupol acoblat a una trampa ionica
QIT (de I'angles, quadrupole ion trap) (Esteve-Turrillas et al., 2005; Sichilongo, 2004), mentre
que d’altres es decantaven pel triple quadrupol (QqQ) (M. L. Feo et al.,, 2011). Donada la
diferencia temporal entre les publicacions la comparativa entre equips no és gaire fiable ja que

la sensibilitat d’aquests ha anat augmentant gracies al desenvolupament tecnologic.

Com a comparativa numerica d’aquests parametres, en la Taula 1.4 es presenta un resum
dels LODs obtinguts amb els metodes MS-MS aplicats per la bibliografia fins al inici d’aquesta
tesi. Comparant els metodes, es comprova que el metode de EI-QIT presentava LODs millors

que els de CI-QIT. Tot i aixi, els métodes d’aquest grup amb QqQ, tant El com NCI presentaven



Table 1.4: Comparativa dels diferents métodes d’analisi per piretroides emprant MS-MS: QIT (mode CI (MeOH) MS-MS (QIT) (extret de (Sichilongo, 2004)) i mode EI MS-MS (QIT) (extret de (Esteve-Turrillas et al.,

2005)) i QqQ (El and NCI (amoni) (extret de (M. L. Feo et al., 2011)).

PCI (QIT) El (QIT) El (QgQ) NCI (QgQ)
Compost 1° 2 iLOD 1° 2 iLOD 1° 2° iLOD 1° 2° iLOD
transicié | transicio (pg transicid | transicio (pg transicié | transicid (pg transicid | transicio (pg
MS>MS® | MS>MS® | injectats) | MS>MS’ | MS>MS® | injectats) | MS>MS® | MS>MS® | injectats) | MS>MS® | MS>MS® | injectats)
Bifentrina 3612344 340 181->166 1 181->166 | 181->165 87 205>141 | 205>121 0.2
Ciflutrina 2262206 400 226>199 3 197>141 | 197>161 187 205>141 | 205>121 0.2
A-Cihalotrina - - 197>141 3 2262206 | 226>199 229 207235 209->35 2
Cipermetrina 208->181 160 1632127 4 1632127 | 163291 64 207235 209->35 2
Deltametrina - - 172->77 5 253>172 | 2532174 300 297279 297>81 450
Esbiol(Al-letrina) | 303->285 160 - - - - - - - -
Fenvalerat 167° - 180 225->147 2 1672125 | 167>139 27 211->167 | 2132169 0.4
D-t-fenotrina 351->333 140 1832165 4 - - - - - -
Flucitrinat 4125413 340 225->147 2 - - - - - -
Fluvalinat 503->457 170 250->200 2 250200 | 250->208 190 294->250 | 294>194 64
Permetrina 365183 140 1832165 2 1832168 | 1832165 349 207235 209->35 6
Resmetrina - - - - - - 123->81 123593 617 337->149 | 337>187 7
Tetrametrina 314->164 110 164->77 5 164>77 | 164->107 106 331->167 - 45

®La selecci6 de la transicié es va fer segons I'abundancia relativa dels fragments.
b P
No es va trobar cap transicio.

iLOD: LOD instrumental
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valors de LOD encara inferiors. Finalment, el NC| era el métode més sensible de tots. Cal tenir
en compte que, com ja s’ha esmentat, probablement els equips emprats en els estudis de QIT
eren molt més antics i menys sensibles que el QqQ emprat pel nostre grup, donat que els anys
de publicacié dels treballs es diferencien en més de 6 anys. Aixi doncs, aquesta comparativa no

té valor entre QIT i QgQ sind més aviat entre els diferents sistemes d’ionitzacio.

Val a dir que alguns autors s’havien decantat pel métode de MS-MS anomenat de temps de
vol (TOF, de I'anglés time of flight) amb un quadrupol previ (qTOF) (Banerjee et al., 2008; X.
Wang et al,, 2012). Aquest metode és molt més rapid per al que fa a I'obtencié i analisi de
dades. Per aquest motiu, com s’ha comentat préviament, s’acostuma a emprar acoblat a una
cromatografia de GCxGC. Are bé, aquesta tecnica requereix una inversi® economica molt
superior aixi com una major formacié especifica dels analistes donada la complexitat de la
teécnica. Per aquesta rad, els autors que empraven aquest metode ho feien dins un analisi
multiresidu de pesticides amb gran nombre d’analits amb propietats molt diverses i per als
quals GCxGC era la Unica opcid per a analitzar-los tots alhora aplicant un sol metode. Per tant,

analitzaven a més d’alguns piretroides, altres families de pesticides.

Altres metodes de deteccidé alternatius que no requereixen d’una técnica cromatografica
prévia sén els immunoassaigs. Aquests és basen en el reconeixement especific d’una molécula
per part d’un sistema biologic antigen-anticos. Aquests sistemes, poden arribar a ser molt
especifics i selectius, rad per la qual, sovint no és necessari la diferenciacié cromatografica. La
lectura d’aquests metodes d’'immunoassaig pot ser a través d’un sistema de deteccidé de
luminesceéncia (fluorimetria, UV-vis, etc)(Taheri et al., 2016), o altres sistemes com ara. Tot
aixo fa que el tractament de mostra acostumi a ser molt senzill i 'obtencié dels resultats molt

rapida, rad per la qual aquests metodes sén molt atractius.

Ara bé, la part de la molécula que activa el sistema del immunoassaig, és a dir I'antigen, pot
ser més o menys especific i amb alguns metodes desenvolupats la deteccié és general per a
diversos piretroides. Per exemple, hi ha alguns que la molécula reactiva és el 3-PBA o una
fraccio d’aquest. Aixo, pot donar interferencies entre metabolits i piretroides nadius, aixi com
entre diversos piretroides diferents que comparteixen una estructura quimica relacionada amb
el 3-PBA (Ki Chang et al., 2011). En aquest sentit, també hi ha meétodes que, precisament,
pretenen la deteccid d’'un determinat tipus de piretroides. Aixi, trobem el metode
desenvolupat per Taheri et al. (2016) que és capag de detectar piretroides tipus Il en aliments
vegetals, tot i que només el van testar amb fenpropatrina, deltametrina, i A-cihalotrina

obtenint LODs de 1,9, 3,4, i 4,3 ng/mL respectivament.



Tot i aixi, alguns autors han desenvolupat métodes de immunoassaig més especifics per
detectar piretroides com ara la fenpropatrina, la cipermetrina, la deltametrina, i la cihalotrina
en diferents vegetals arribant a limits de deteccié de 5,0 microg-mL™ essent necessari només
una extraccié solid-liquid del vegetal amb ACN i una dil-lucié de I’extracte amb PBS (solucié

tampd de fosfat)(Hu et al., 2016).

Amb un raonament semblant al de la técnica dels immunoassaigs, estan les ja esmentades
tecniques MIP. Alguns autors aposten per concedir al polimer de impressié una propietat com
ara la fluorescéncia que permet directament la deteccié. En aquest cas, quan el piretroide
s’acobla sobre el polimer aquest perd o guanya fluorescéncia de forma proporcional a la
concentracié de piretroide. Aixi, simplement fent una lectura de fluorescéncia sobre una
mostra amb aquest MIP (en aquest cas FMIP, de I'anglés Fluorescence Molecularly Imprinted
Polymer) es pot determinar la concentracié de piretroide de manera molt exacta i precisa. Per
a b-ciflutrina s’han arribat a LODs de 10,11nM en mostres d’aigua i recoveries per sobre dels

93% (H. J. Lietal, 2017; Qiu et al., 2017).

Aguestes técniques de MIP sén molt prometedores per la seva selectivitat. Tot i aixi, com
que els polimers encara sén en fase de desenvolupament, el cost és elevat o, en cas de
sintetitzar-los en el propi laboratori d’analisi, els passos a realitzar molt nombrosos. A més, en
el cas de la fluorescéncia el rang de linealitat pot ser un factor limitant de les concentracions

que es poden detectar (Qiu et al., 2017).

Per ultim, destacar que d’altres autors prefereixen estudiar els metabolits dels piretroides
ja que és més senzill d’emprar metodes de LC amb bons LODs donat que el poden acoblar a
sistemes MS o fins i tot MS-MS. Aquests estudis poden determinar els metabolits en restes
biologiques com ara orines (Olsson et al., 2004; Tao, Chen, Collins, & Lu, 2013), sang o plasma
(Corrion et al., 2005; Thiphom et al., 2014), pero també mostres no biologiques com ara aigua

de riu (Rousis, Zuccato, & Castiglioni, 2017).
1.7. Presencia ambiental i comportament.

Aguest apartat pretén donar una visido global de la preséncia dels piretroides al medi
ambient. Com es comprovara, d’estudis que avaluen la preséncia de piretroides en matrius
tipus sol, aigua, particulat i sediments se’n poden trobar forca. També n’hi ha molts d’analisis

alimentaries on s’avalua la presencia de residus d’aquests insecticides en vegetals o animals de
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Taula 1.5: Resum de metodes analitics per a la determinacié de piretroides.

Matriu Extraccio Purificacio . Analisi Rec.upe- LOD Referéncies
instrumental racions
MATRIU MEDIAMBIENTAL
. i i 11c0 i 1 (Mekebri et al.,
Aigua LLE GC-ECD 75-115% 1-3nglL 2008)
(Oudou &
- - - 0, -
LLE GC-ECD 94-105% Hansen, 2002)
SPE - GC-HECD 70-103% | 5-10%-2-10%°ng L™ | (Xue et al., 2005)
i i 19c0 i 1 (Casas et al.,
SPME GC-pECD 81-125% 0.05-2nglL 2006)
1 (Ochiai et al.,
_ : - >
SBSE GC-MS 82-113 10nglL 2008)
i i ono i 1 (Van Hoeck et
SBSE GC-MS 40-80% 0.02-1nglL al., 2007)
(M. L. Feo,
UAEE - GC-MS 63-100% 0.03-36 ng L* Eljarrat, et al.,
2010b)
e 080 i 1 (Ye, Yao, Wang,
UAEE LLuE GC-MS-MS 80-98% 0,89-1,39 pg L Nie, & Li, 2016)
(Moschet, Lew,
LLE (prévia " » 1 Hasenbein,
filtracid) i GC-QTOF i Menor”1ngL Anumol, &
Young, 2017)
Sediment Sonicacié Florisil GC-pECD 71-103% | 3-10°-2-10°ngg’ | (Xue et al., 2005)
- i 1aco : 1 (Woudneh &
Soxhlet Florisil GC-MS 90-135% 0.16-1.5ngg Oros, 2006)
i a0 1 (Rissato et al.,
SFE C18 GC-ECD 70-97% <l0ngg 2005)
(Fernandez-
SPME - GC-pECD 81-122% 4-10°-1 ngg” Alvarez et al.,
2008)
i Mekebri l.
PLE GPC+Florisil GC-ECD 84-108% 0.54ngg" (Mekebri et al,
2008)
Aire Sonicacié - GC-MS - 0.4-1.7 pgm’> (Yoshida, 2009)
(Egea Gonzalez,
Mena Granero,
R Glass, Garrido
_ _ _ o _ 3 % ’
SPE Tenax GC-MS-MS 67-117% 0.5-27 pg m Frenich, &
Martinez Vidal,
2004)
i R i l.
Pols MASE Florisil GC-MECD 84-117% 1-7ngg* (Regueiro etal,
2007)
. i 1010 i 1 (Sichilongo,
Sonicacio C18 GC-MS 51-101% 1-60ngg 2004)
. (Van Emon &
LE - - -1209 1-1 !
P GC-MS 85-120% ongg Chuang, 2012)

52




Taula 1.5: Resum de metodes analitics per a la determinacid de

piretroides (continuacio).

Matriu Extraccio Purificacio . Analisi Rec.upe- LOD Referéncies
instrumental racions
MATRIUS BIOLOGIQUES
Rata -1
sangi LLE SPE HPLC-MS-MS | 80-120% 0,05 ng ml (E.J. Scollon et
(sang
cervell) 0,3ngg ww al,, 2011)
LLE (prévia (Kim, Bartlett,
i Anand
.. .2 _ _ _ 0, 1* ’
(plasma) preiloilé?:;)de HPLC-UV 93-103% 0,01 pg ml Bruckner, & Kim,
P 2006)
(plasma, LLE (previa (Gullick et al.,
cervell i precipitacio de SPE GC-MS-MS 68-113% 0,3-0,5 ng ml* 2016; Gullick et
muscul) proteines) al., 2014)
Ous de o 1 (Y.G. Lietal.,
pollastre LLE SPE GC-MS 87-118% 1,2-40ng g~ ww 2016)
Carn de o 1 " (Chung & Lam,
vedella SPE HPLC-MS-MS 70-120% 1ugkeg ww 2012)
Rebutjos (Coleman et al
d’aus de UAEE SPE LC-MS-MS 79-85% 1 ng ml™* 2013) N
corral
- Ty -
Peix LLE SPE GC-MS-MS 60-127% 213 neks (Chatterjee et
al., 2016)
Peix PLE GPC+Florisil | GC-ECD 74-98% 1-4ngg’ (Mekebri et al.
2008)
(Y. Zhang, Wang,
Vegetals SPME - GC-ECD 67-94% 0.21-0.49 ng g'1 Lin, Fang, &
Wang, 2012)
R X. W l.
LLE Graphene GC-ECD 44-92% 25-10ngg” (X Wu etal,
2012)
(Farina,
LLE SPE GC-ECD 60-128% 0,02-4,5 ng g'1 ww | Abdullah, Bibi, &
Khalik, 2017)
(unificada al 1
UA/MASE procés GC-MS-MS 72-118% | %% 9\'55 nee (H. 5'2\3’1“7;“ al,
d’extraccio)
(Garcia-
Rodriguez, Cela-
Torrijos,
Algues MSPD Florisil GC-MS 82-109% 0.3-2.4ng g'l Lorenzo-
Ferreira, &
Carro-Diaz,
2012)
Olide " (X. Wang et al.,
llavors MSPD Florisil GCxGC-TOF - - 2012)
. NS 140 i 1 (Esteve-Turrillas
Oli vegetal SPE C18 GC-MS-MS 91-104% 0.3-1.4ngg et al., 2005)
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Taula 1.5: Resum de métodes analitics per a la determinacié de piretroides (continuacio).

Matriu Extraccio Purificacio . Analisi Rec.upe- LOD Referéncies
instrumental racions
MATRIUS HUMANES
] Ch t al.
Plasma SPE silica GC-MS 100-120% 4-8ng L™ (Channa etal.,
2012)
- _ 1940 . 1 (Perez et al.,
SPE GC-MS 88-128% 17-93ngL 2010)
i i 1020 i 1 (Ramesh & Ravi,
Sang LLE GC-MS 91-103% 0.2-5nglL 2004b)
i i 1940 1 (Corrion et al.,
LLE GC-MS 108-124% <10’ ngL 2005)
(Zehringer &
Llet humana LLE Florisil GC-ECD 30-92% 15-30ng g':l lw Herrmann,
2001)
" : ) i I (Bouwman et
LLE silica GC-ECD 0.2-0.6ng L Iw al., 2006)
Basic . .
UAEE alimina+ | GC-MS-MS 48-91% | 4.10%1.1nggtlw | (MariaLuisa Feo
c18 etal., 2012)
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*Aquest valor es refereix a LOQ enlloc de LOD.
ww = pes humit, dw = pes sec, Iw = pes lipidic

consum huma, generalment cultivats o criats sota condicions de la indUstria agraria i amb
exposicié controlada als piretroides. Com es pot comprovar, en general aquestes matrius no
son les que s’han estudiat durant la tesi ja que s’ha cregut convenient coneixer els nivells en
biota salvatge per tal de ser capag de descriure el comportament en el medi ambient, evitant
I'avaluacié d’aliments si no eren representatius d’'un ecosistema o poblacié. En aquests punts

era on la bibliografia tenia més buits.

Tot i aixi, a continuacié es relataran i resumiran alguns dels nivells ambientals descrits a la
bibliografia tant en matrius d’aigua, sol i aire, com en biotiques, incloent I'avaluacié de

I’exposiciéd humana a piretroides.
1.7.1 Contaminacio a I'aigua, el sol i I'aire

Els piretroides son compostos basicament hidrofobics (veure apartat de propietats
fisicoquimiques). Aixo ja indica que aquelles matrius on més presencia de piretroides hi haura
seran aquelles en les que hi hagi aportacié organica. Per tant, en les columnes d’aigua cal
esperar uns nivells molt baixos. En cas de que hi hagi materia suspesa en l'aigua, pero, és
provable que els piretroides s’acumulin en aquestes obtenint nivells superiors en aquest

particulat que en I'aigua filtrada.

En sols, provablement el nivell de carboni organic total (TOC, de I'anglés Total Organic

Carbon) pot ser un factor a tenir en compte per entendre els nivells de piretroides. També en



sediments de rius, aquest factor se sol tenir en compte a I’hora d’avaluar la preséncia de

contaminants organics com els piretroides.

Pel que fa a l'aire, també és esperable que es trobin associats a particules de pols , tot i que
cal estudiar bé la distribucié entre particules depositades i aeries per comprovar amb quina
grandaria de particula es troben més quantitat de piretroides i saber, aixi, si els piretroides

tendeixen a depositar-se rapidament o a quedar-se en la fase aéria.

A totes tres matrius, afectara també si I'exposicié a la que estan sotmesos és puntual,
periodica o continua i, en cas que no sigui continua, el temps transcorregut des de I'Ultima
aplicacié. L'explicacié a aquests diferents tipus d’exposicions dependra de I'ambit d’Us. Per
exemple, en el medi agrari, se solen aplicar els insecticides en determinats moments del
desenvolupament del cultiu. Per tant, a més dels camps de conreu, el medi que els envolta
rebra una dosis de insecticida periodicament coincidint amb I'aplicacié sobre els conreus.
D’altra banda, en I'ambit domestic, els usos poden ser més continus durant els periodes de

major preséncia de mosquits i altres insectes generalment no desitjats en llars i jardins.

El temps transcorregut des de I'Gltima aplicacié de pesticida fins a la presa de mostra és
important ja que els piretroides sén relativament inestables en el medi ambient. Des de fa
molts anys s’ha estudiat I'estabilitat d’aquests insecticides en el medi ambient, no només amb
finalitats ambientals siné també per determinar el temps de duracié del seu efecte per a
determinar I'aplicacio més adequada (Class, 1991; Roberts & Standen, 1981). Un dels tipus de
degradacié al que es veuen sotmesos els piretroides és la hidrolisi que ddéna lloc a I'acid i
I'alcohol. Aquest alcohol, alhora, s’oxida a I'acid corresponent (Roberts & Standen, 1981).
Aquesta hidrolisi és equivalent a la que es produeix catalitzada gracies a les carboxilases en els
éssers vius (veure apartat de metabolitzacié). Justament, la biotransformacié és un altra dels
meétodes més comuns de degradacid d’aquests compostos ja que molts son facilment
biodegradables per fongs i bacteris que es podrien trobar al medi. Aquests bacteris i fongs
sovint sén capacos de aprofitar els piretroides, com tantes altres substancies, com a substrat
per extreure’n energia. El resultat final d’aquesta biotransformacié déna lloc a CO,. (Cycon &
Piotrowska-Seget, 2016; Mir-Tutusaus et al., 2014). Tot i aixi hi ha un altra mecanisme de
degradacié molt més rapid que la hidrolisi o la biotransformacio: la fotodegradacié. Aquesta, al
ser radicalaria, inclou molts mecanismes diversos i isomeritzacions possibles. Tot i aixi, els
productes finals de reaccié sén els mateixos que amb la hidrolisi o algun isomer funcional dels

mateixos (Fernandez-Alvarez, Lores, Lliompart, Garcia-Jares, & Cela, 2007; P. Liu, Liu, Liu, & Liu,
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2010). Tot aix0 fa que els temps de vida mitjans dels piretroides en el medi ambient

s’acostumin a estimar en menys de 90 dies (UH, 2011).

Els diferents estudis verifiquen els nivells relativament baixos a sistemes aquatics, de
I'ordre 0,1 ppb. Per exemple, en un estudi de Portugal, al riu Tajo es van descriure nivells de
553 ngL™ de cipermetrina, 276 ngL™ de deltamentrina i 282 ngL™ de cihalotrina (Rocha, Ribeiro,
Cruzeiro, Figueiredo, & Rocha, 2012). Al riu Ebre, els nivells trobats es reduien fins als 30 ngL™
de cipermetrina i 49 ngL’1 de deltametrina (M. L. Feo, Ginebreda, et al., 2010). En aquest ultim
estudi, es va relacionar el nivell de piretroide trobat amb el periode d’aplicacié. D’aquesta
manera, demostraven que durant el temps posterior a |'aplicacié del pesticida es podia trobar
residus pero que al cap d’uns mesos els nivells de insecticida a I'aigua era molt inferior o fins i
tot inexistent. A escala mundial, altres estudis van trobar els mateixos piretroides i, per
exemple a Beijing, a més, el fenvalerat amb nivells que arribaven al 4,9 ngL™ (Xue et al., 2005).
A California, es van descriure nivells de fins a 17,5 ngL'1 de bifentrina i cihalotrina (Weston &
Lydy, 2010). Val a dir, pero, que California és un estat on s’estima que anualment s’apliquen

més de 1,6 milions de kilograms d’ingredients actius de pesticides només per professionals. A

aquests valors cal afegir I'aplicacio per part de particulars (CDPR, 2012).

Alguns d’aquests estudis de residus de piretroides en aigua dolca van incloure també
I'estudi dels sediments de riu. A I'Ebre, per exemple es va trobar exactament els mateixos
piretroides a l'aigua i al sediment, amb nivells que anaven des dels 8,27 to 71,9 ng g (M. L.
Feo, Ginebreda, et al., 2010). A Beijing nivells de fins 0,30 ng g™ (Xue et al., 2005) i a California
d’entre 1,48 ng g i 365,5 ng g * (You, Weston, & Lydy, 2004). Recentment també s’han
comprovat els nivells de cyhalotrina en sediments marins de mostres de la costa de Portugal.
Els autors no van ser capacos de trobar nivells superiors als LODs (Rodrigues, Pardal, Salgueiro-
Gonzalez, Muniategui-Lorenzo, & Alpendurada, 2016). En sediments extrets en
salmonicultures xilenes on s’empren piretroides (cipermetrina i deltametrina) o vora
d’aquests, s’han trobat residus en el cas de la cipermetrina amb rang des dels 18,0 ng g™ als
1323,7 ng g"* pes sec (dw). En el cas de la deltametrina no es va trobar en nivells superiors al
LOD (10,4 ng g" dw) (Tucca et al., 2017). Altres estudis realitzats en piscifactories d’altres
paisos els nivells obtinguts han sigut inferiors a aquests (a Escocia: 0,03-7,19 ng g '(SEPA,

2007), indetectables a Noruega (Langford, Oxnevad, Schoyen, & Thomas, 2014)).

En mostres d’aire, molts treballs es basen en estudis d’aire d’interior un cop aplicat un
insecticida comercial conegut (H. Z. Li, Lydy, & You, 2016; Sukiene et al., 2017; Yoshida, 2009).

Per tant, els nivells no son representatius de la possible contaminacié de I'aire per piretroides.



Tot i aixi, expliguen comportaments dels piretroides com ara la capacitat en ambients
d’interior de reduir-se les concentracions de piretroides a nivells similars als mesurats

préviament a I'aplicacié en unes 12-16h si hi ha ventilacié. (H. Z. Li et al., 2016)

Respecte a la distribucié fase aéria / particulat, alguns treballs han demostrat la major
presencia de piretroides en el particulat i en la pols depositada, més que no pas en la fraccio
més gasosa, tot i que depén del piretroide en concret la relacié entre aquestes fraccions (H. Z.

Li et al., 2016; H. Z. Li, Ma, Lydy, & You, 2014).

Pel que fa a pols, a Franca es va dur a terme un mostreig de pols a cases representatiu de
tot el pais analitzant diferents contaminants organics semi-volatils (SVOC, de I'anglés Semi
Volatile Organic Compound). De piretroides van incloure la permetrina i van descriure nivells
mitjans de 55,9 pg m>, amb un 76% de mostres amb nivells superiors al LOD (20,9 pg m™) i un
54% superiors al LOQ (41,8 pg m™). Respecte de la relacié amb altres SVOC, la permetrina
n’era independent de la resta dels 40 compostos estudiats (PAHSs, pesticides organoclorats i
organofosforats, PBDEs, PCBs, ftalats i alquilfenols, entre d’altres), indicant que la seva
preséncia s’explica per fonts independents a les de la resta (Mandin et al., 2016). En mostres
de pols recollides amb un aspirador a cases de Carolina del Nord i Ohio, es va analitzar la
presencia de 13 piretroides. A totes les mostres es va trobar permetrina, amb una
concentracié mitjana de 1454 ng g'. La resta de piretroides trobats presentaven
concentracions mitjanes inferiors a 100 ng g”. La resmetrina, la pral-letrina i la fenpropatrina
no es van detectar a cap mostra (Starr, Graham, li, Andrews, & Nishioka, 2008). Un estudi
recent de pols urbana en exteriors a California descrivi nivells de permetrina de fins a 8,852 ug
g’ i nivells maxims del mateix ordre per a altres piretroides com la deltametrina, la
cipermetrina, la A-cihalotrina, la fenpropatrina i la ciflutrina (Richards, Reif, Luo, & Gan, 2016).
Aguest estudi, complementat per un altre del mateix grup, va comprovar la preséncia més o
menys uniforme de piretroides al voltant de les cases per zones pavimentades que no sén
objecte d’aplicaciéd directa d’insecticides, la qual cosa va fer pensar als autors que la
persisténcia i la redistribucié dels piretroides per tota la zona eren relativament grans. També
van estudiar la preséncia d’aquests piretroides en diferents époques de I'any arribant a la
conclusié que en I'época de pluges aquestes eren capaces de reduir significativament els

nivells de insecticides al voltant de les cases (Jiang et al., 2016; Richards et al., 2016).

1.7.2 Mostres alimentaries
Evidentment, en aliments és on més s’ha estudiat la preséncia de piretroides. Com s’ha

exposat, els nivells permesos per la UE actualment depenen de I'aliment perd com a valor
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estandard es pot prendre els 0,01 mg kg™ (EC, 2005). En algues marines es van trobar nivells de
tetrametrina, empetrina i cipermetrina pero tots ells inferiors als nivells de LOQ del metode
aixi que no es van poder quantificar aquests nivells. De tota manera, aquests nivells estarien
per sota del MRL marcat per la Unié Europea. En te de la Xina es van trobar bifentrina,
permetrina, cipermetrina, tetrametrina, cihalotrina, fenvalerat, fluvalinat i fenpropatrina. Es va
demostrar que tant la seva preséncia com I'isomer més present de cada piretroide depenia del
tipus de te. Els nivells acostumaven a estar al voltant de les desenes de ng g™, pero el nivell
maxim superava els 3 pg g~ per a la bifentrina en te aromatic (Kuang et al., 2010). Tot i aixi, en
el cas dels tes, diferents autors asseguren que a la infusié d’aquests tes no hi ha residus de
piretroides en nivells importants, en part per la baixa solubilitat dels piretroides a I'aigua

(Manikandan, Seenivasan, Ganapathy, Muraleedharan, & Selvasundaram, 2009).

Els productes vegetals també han sigut tema de molts estudis de piretroides. A la india un
estudi realitzat sobre diversos productes com tomaquets i coliflors comprats a mercats
habituals van trobar piretroides (fenpropatrina, cihalotrina, cipermetrina i deltametrina, en el
rang dels 1 als 3 ng g*, és a dir, per sota dels MRL que marca la EU (Choudhury, Das, & Baruah,
2013). Un altre estudi, aquest a Carolina del Nord, va comprovar que els tomaquets, enciams,
pomes, raim i platans comprats al mercat, i que provenien de EEUU., Canada i Méxic, hi havia
residus de piretroides. De fet el 75% de les mostres contenia residus d’almenys 1 compost i un
20% de al menys dos. Tot i aixi, tots els valors eren dins el rang de MRL permés (W. Li, Morgan,
Graham, & Starr, 2016). Al Singapur també es van trobar resultats similars en 10 productes
vegetals diferents (Yu & Yang, 2017). Un altre estudi fet a Tanzania, amb espinacs, cogombres i
cebes van detectar cipermetrina en el 25%, 33% i 16,9% de les mostres. Només una de les
seves va obtenir un nivell que excedia el MRL en 1,4 vegades (Mahugija et al., 2017). Per
contra, un estudi semblant a Ghana, va determinar 8 piretroides comuns en alberginies, xili i
okra. Van trobar que el 62,3% del total de 155 mostres eren positives per algun dels
piretroides estudiats i que un 30% d’aquestes sobrepassaven els MRL de la EU. Val a dir que a
Ghana el 41% dels insecticides emprats en cultius alimentaris sén piretroides (Blankson et al.,
2016). Tots aquests estudis posen en relleu que en els productes vegetals dels mercats de gran
part del mdén hi ha residus de piretroides tot i que, els MRL se solen respectar a la majoria de

paisos.

Un altre aliment que també s’ha estudiat és el musclo, per exemple. Concretament en un
estudi al laboratori sobre I'espécie Mytilus edulis, es va comprovar la bioacumulacié de

cipermetrina. Es va comprovar que la relacié entre els dos isomers canviava de la mescla



comercial al trobat en els musclos. Aixi doncs, I'isomer trans disminuia mentre que el cis, que
en moltes especies animals es descriu com el més toxic per ser menys metabolitzable,
s’acumulava en més quantitat (Gowland et al., 2002). D’altres estudis també han comprovat
gue en exposicions controlades al laboratori els musclos acumulen la cipermetrina, la qual
repercuteix en el seus sistemes biologics (Khazri et al., 2015). Sobre I'espécie Unio gibbus es va
demostrar que l'acumulacid, a més, era diastereoselectiva, sent el isomer cis el més
bioacumulat degut a la menor metabolitzacid. També es va comprovar la enantioselectivitat
del metabolisme d’aquest bivalve, resultant que els isomers cis (1R-3R-aR)i el (1S-3S-aR)
s’acumulaven més que no pas els seus parells enantiomérics (1S-3S-aS) i (1R-3R-aS),
respectivament. Aquest comportament, pero, variava segons la concentracié a la qual era
exposat el musclo. A concentracions molt elevades el metabolisme semblava sobrepassat i la

relacié enantiomerica dels parells eren equivalents als del medi (Khazri et al., 2016).

Recentment, en granges alguns autors han descrit nivells de piretroides en els ous recollits
de pollastres sempre dins dels limits permesos per la EU (dell'Oro et al., 2014; dos Reis Souza,
Moreira, de Lima, Aquino, & Dorea, 2013; Y. G. Li et al., 2016). Al Brasil, es van analitzar 132
mostres llet de vaca extretes directament del tanc de mescla. Aquests autors van trobar que el
12,9% dels mostrejos eren positius per cipermetrina i el 2,2% per deltametrina tot i que no

inclouen els nivells concrets al seu treball (Picinin et al., 2017).

1.7.3 Bioacumulacié en fauna silvestre

En d’altres éssers vius també s’han realitzat alguns estudis. En fauna silvestre, hi ha molt
pocs estudis sobre piretroides. Al inici de la tesi no se’n va trobar cap. Actualment, a part dels
duts a terme pel nostre grup pocs més se’n troben. Un dels pocs exemples de determinacid en
biota salvatge sén uns estudis sobre poblacions de perdius de Franga. Aquestes son exposades
directament a piretroides donat que el seu habitat coexisteix amb cultius de cereals. Els
diferents estudis d’aquestes mateixes aus, demostren que aquestes efectivament eren
exposades a piretroides i els acumulaven. Els nivells trobats en ous d’aquests animals
arribavena 0,01 ugg 1 de A-cihalotrina (Bro, Devillers, Millot, & Decors, 2016), mentre que en
cossos morts es van trobar nivells d’entre 0,01 fins a 0,11 pg g'1 de teflutrina, ciflutrina i

cipermetrina (Millot, Berny, Decors, & Bro, 2015).

La presencia de piretroides en teixits tant animal com vegetal d’espécies diferents
demostra que els organismes absorbeixen i assimilen aquests insecticides i els poden
acumular, és a dir, que no es metabolitza completament tota la quantitat de piretroides als

gue son exposats.
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1.7.4 Exposicié humana

Veient la persistencia al medi dels piretroides i els nivells ambientals i en aliments, es pot
deduir que les principals fonts de exposicid humana seran I'aplicacié directa de piretroides i la
ingesta d’aliments contaminats. El primer cas pot repercutir sobretot en grups de risc com ara
treballadors que estiguin exposats als piretroides de forma continua o a nivells relativament
elevats i també infants. Com s’ha exposat ja previament, els enzims carboxilesterases i
monooxigenases encarregats de la detoxicacié dels xenobiotics depen de I'edat i a edats de
fins a 6 anys és possible que no sigui tan eficient com els dels adults (Huang et al., 2005; Song
et al., 2017). A més, referent a la ingesta, fins que s’arriba a la pubertat la relacié quantitat
d’aliment ingerit diariament amb el pes corporal és més gran que no pas els adults. Aixo fa

que, també per aquest aspecte, els infants siguin una poblacié de risc a tenir en compte.

Per tal de comprovar I'exposicié humana als piretroides, molts autors s’han decantat per la
comprovacié en orina de metabolits dels piretroides. Els metabolits més habituals son el 3PBA
i el DCCA (provinents tots dos de la permetrina i la cipermetrina, tot i que no sén exclusius
d’aquestes) i alguns autors també inclouen algun altre com el DBCA (acid 3-2,2-diclorovinil-2,2-
dimetilciclopropano-1-carboxilic) o el FPBA (acid 4-fluoro-3-fenoxibenzoic). Altres metabolits
concrets també s’han avaluat pero sén estudis molt aillats. Aquests estudis en orina s’han
realitzat tant en poblacié de risc, treballadors (fins a 12umol-(mol creatinina)™®) (D. Lu et al.,
2013; Ratelle, Coté, & Bouchard, 2016) i nens (rangs de 0,06 to 0,86 ng mL'l) (Tao et al., 2013),
com poblacié general (nivells fins a 1,97 pg L") (Barr et al., 2010; Géen, Schmidt,
Lichtensteiger, & Schlumpf, 2017; Han et al., 2017). Alguns dels estudis inclos han tractat de
relacionar els nivells de metabolits de piretroides en orina amb malalties diverses (Han et al.,
2017; J. Zhang et al., 2013). Els avantatges d’aquestes técniques és evident. Les mostres son
relativament simples d’obtenir i no requereixen cap mesura invasiva per al mostreig. Aquesta
tecnica, pero, té algunes deficiencies com ara la poca reproduibilitat donades les
caracteristiques de l'orina, tot i que estandaritzant els protocols de presa de mostra i de dades
referides a substancies més constants en la orina com la creatinina, potser es podrien evitar en
part (Morgan et al., 2016). També presenta dificultats evidents per poder conéixer I'exposicio
real als piretroides i la dificultat per relacionar dades de metabolits en orina amb exposicio real
(Goen et al., 2017). Tot i aixi, per a esbrinar tendéncies més o menys qualitatives si que podria
ser Gtil. Altres autors han preferit comprovar la preséencia dels metabolits en sang (Channa et
al., 2012; Ramesh & Ravi, 2004b). Fins i tot, alguns autors han decidit comprovar la quantitat
de metabolits en rius per tal de relacionar-ho amb els nivells d’exposicié humana (Rousis et al.,

2017). Tot i aixi, com ja s’ha discutit préviament, els metabolits solen ser molt generals de



molts piretroides aixi que es fa dificil reconeixer el piretroide concret i la font d’exposicié en

poblacions en general.

Per tant, d’altres autors decidiren comprovar els nivells de piretroides directament en
matrius humanes. Just al 2012, inici d’aquesta tesi, es va publicar un article on trobaven nivells
de permetrina, ciflutrina, cipermetrina i deltametrina a nivells de 86, 78, 18 i 102 pg mL™ a
plasma de dones de zones rurals de Sud-Africa (Channa et al., 2012). Préviament, perd uns
altres autors no havien detectat piretroides en sang ni en cabell huma (només analitzaren
cipermetrina i ciflutrina). Tot i aixi, si que en van detectar en el meconi (Corrion et al., 2005;
Ostrea et al., 2009). Un estudi del 2010 realitzat amb plasma sanguini de dones de Nova York
recollit del 1999 al 2004, troba nivells de piretroides massa baixos per quantificar-los, tot i que
justificaren aquest fet a la possible degradacié durant els anys d’emmagatzematge (Perez et

al., 2010).

També s’havia estudiat la preséncia de piretroides en llet materna. Els primers estudis al
respecte daten del 2001 en un estudi a Suissa. Els autors van trobar alletrina, bifentrina,
ciflutrima, cihalotrina, cipermetrina, fenpropatrina, flucitrinat, fluvalinat, permetrina i
tetrametrina. La permetrina va ser el piretroide més abundant i que es trobava a més quantitat
de mostres, arribant a nivells de 152 ng g* en pes lipidic (Iw, de I'anglés lipid weight)
(Zehringer & Herrmann, 2001). Un altre estudi realitzat a Sud-Africa sobre dones treballadores
dels camps de cotd, on s’utilitzaven pesticides, va descriure nivells de permetrina, ciflutrina,
deltametrina i cipermetrina (en ordre decreixent de prevaléncia) en nivells de fins a 13,9
microg g” Iw (Bouwman et al., 2006; Sereda, Bouwman, & Kylin, 2009). Per ultim, el grup amb
el qual s’ha fet aquesta tesi també havia estudiat la preséncia de piretroides en llet materna en
una poblacié de Mogcambic que estava exposada a piretroides per lluitar contra la malaria,
malaltia endéemica alla. En ordre decreixent de nivells descrits, els piretroides per als quals els
analisis van ser positius foren la cihalothrina, la permetrina, el fenvalerat, la cipermetrina, la
tetrametrina, la bifentrina i la ciflutrina. Els nivells trobats van arribar als 695 ng g™ Iw. Un
estudi en poblacié no exposada d’Atlanta, no va trobar nivells detectables de piretroides a llets

maternes recollides durant el 2010-11(X. Chen et al., 2014).

Tots aquests estudis, van posar en evidencia la necessitat d’estudiar els piretroides des d’un

altre punt de vista, des del qual ja no es tracta de substancies inndcues per a la biota no
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objectiu dels insecticides sind que podria ser que s’acumulin en els organismes de manera
similar que fan altres contaminants organics. A més, tal com succeeix amb la resta de
mamifers, els humans sén capacos de metabolitzar els piretroides, com s’ha exposat a I'apartat
de Metabolitzacid. Malgrat aix0, aquests estudis esmentats posen en relleu que una part dels
piretroides que entren a I'organisme huma s’acumula, probablement en les estructures més
greixoses, donada I'afinitat lipofilica d’aquests compostos. En productes greixosos (com ara la
llet materna) segregats per aquests humans exposats a piretroides, doncs, no ha de ser estrany

trobar restes d’aquests piretroides.

Amb aquest context és com es planteja l'inici d’aquesta tesi, resaltant la necessitat de
comprendre millor, per una banda, el comportament ambiental dels piretroides, i, per I'altre,
com afecta I'exposicié dels piretroides als diferents organismes, terrestres i aquatics, sense

oblidar el cas particular dels mamifers i, concretament, dels humans.



Capitol 2

Objectius
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2.1. Objectius Generals i especifics.

Amb el context introduit es va dissenyar el plantejament d’aquesta tesi amb I'objectiu
principal de comprovar el comportament dels piretroides com a contaminants ambientals. Una
de les hipotesis inicials era que podrien arribar a ser considerats pseudo-POPs donada la seva
presencia ubiqua en el medi ambient. Per tant calien més estudis per tal de discernir aquesta

possibilitat.

Comprovant la manca de informacié sobre la isomeria dels piretroides en mostres
ambientals, un punt que requeria més investigacié era I'analisi isomeérica en els diferents medis

i calia aprofundir-hi, donades les implicacions toxicologiques.

Per dltim, un cop conegut aquest comportament, era interessant dur a terme una
avaluacié del risc per a humans, tot comprovant I'exposicié real en poblacions generals no de

risc.
Per tot aix0, es van plantejar els seglients objectius especifics:
Referents a metodologia analitica:

e Dissenyar una metodologia més completa de piretroides d’us habitual, des d’un punt
de vista d’analisi instrumental i tractament de mostra.

e Optimitzar una metodologia instrumental per a la discriminacié enantiomeérica dels
piretroides.

e Adaptar les metodologies a cada nova matriu a analitzar, tenint en compte diferéncies

en composicid
Referents a analisi ambiental:

e Verificar la preséncia dels piretroides en diferents medis i ecosistemes, ja siguin
terrestres, aquatics, propers a civilitzacions, allunyats o protegits per interés
bioambiental.

e Comprovar si els piretroides es transporten a llargues distancies.

e Assenyalar la presencia de piretroides en fauna salvatge, si es donés.

e Descriure diferéncies inter-espécie i intra-espécie a les exposicions de piretroides.

e Demostrar la bioacumulacié dels piretroides en especies de diferents nivells trofics i
habits alimentaris.

e Comprovar si els piretroides es poden biomagnificar.
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e Reportar comportaments isomero- i enantiomero-selectius en |'acumulacié dels
piretroides, si fos el cas.

e Caracteritzar la distribucid dels piretroides dins els organismes.
Referents a exposiciéd humana:

e Identificar la potencial presencia de piretroides en mostres humanes de poblacions
generals i de risc.

e Avaluar el risc en poblacions lactants de la preséncia dels piretroides en la llet
materna.

e Comprovar els factors que afecten a la bioacumulacié de piretroides en humans.

e Testar la toxicitat en humans gracies a assaigs amb cel-lules.

e Constatar els efectes de I'exposicié a més d’un piretroide alhora.

2.2. Estructura de la tesi.

Com que la tesi opta a mencié internacional aquesta tesi esta escrita en catala com a
llengua vehicular i anglés com a segona llengua. En anglés es trobaran tots els articles , el

resum i les conclusions.

Aquesta tesis es divideix en quatre grans capitols. El primer inclou una introduccié als

piretroides, tant des del punt de vista mediambiental com de la quimica analitica.

El segon capitol se centra en la metodologia desenvolupada i aplicada durant aquesta

tesi. Inclou la Publicacio 1.

El tercer capitol, bioacumulacié en biota salvatge, exposa els estudis de preséncia i
comportament dels piretroides dins organismes vius, concretament tots ells del regne
animal. Aquest capitol inclou les Publicacié 2, Publicacid 3, Publicacié 4 i Publicacio 5,

aquesta darrera recentment enviada a la revista.

El darrer gran capitol d’aquesta tesi tracta sobre I'exposici6 humana als piretroides i

inclou la Publicacio 6.

Finalment, les conclusions resumeixen en grans trets les fites de tots aquests estudis

en conjunt.



Capitol 3

Metodologia analitica
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3.1. Introduccié.

Com s’ha presentat préviament, els piretroides es poden determinar per diferents
metodologies analitiques. Donats els requeriments de LODs baixos, les més adequades sén
aquelles que corresponen a GC-MS i GC-MS-MS. A més, donat que el métode de deteccié amb
MS-MS també presenta gran millora respecte a d’altres deteccions, sembla logic que en el grup
on es va realitzar la tesi ja s’hagués optimitzat la metodologia d’analisi de piretroides amb
aquest tipus d’equip instrumental (M. L. Feo, Eljarrat, et al., 2010b). Aquesta metodologia,
pero era limitada a uns 12 piretroides. En aquest capitol es presentara I'ampliacié d’aquesta
metodologia que, malgrat no va donar lloc a una publicacié propia, si que posteriorment s’ha
emprat en altres treballs. Es important entendre, doncs, que la metodologia va anar variant
minimament i modificant-se per introduir diferents piretroides, fet pel qual durant aquesta
tesi, es poden trobar treballs que comproven la presencia d’un nombre diferent de piretroides.
En aquest capitol, pero, se sintetitzara tota I'optimitzacié dels nous piretroides i es mostrara

gue el metode final obtingut va ser emprat en d’altres publicacions.

A més, cada nova matriu de mostra requeria unes petites modificacions que, en general, es
limitaven a optimitzar la quantitat de mostra emprada. Per tant, aquests detalls, també van ser

optimitzats en cada nou treball i en aquest capitol també se’n fara un resum.

D’altra banda, aquesta metodologia, no permetia la discriminacié enantiomérica. Com s’ha
discutit, 'enantiomeria és un factor clau per a entendre la toxicologia i, probablement, el
comportament ambiental. Per tant, un de les primeres fites de la tesi va ser I'optimitzacié d’un

meétode que permetés la separacio enantiomerica dels piretroides.

Fins al inici d’aquesta tesi cap metode reportat havia sigut capa¢ de separar tots els
enantiomers d’un mateix piretroide. Els primers intents consistien en cromatografia en
tandem de dues columnes, una CDX-8 i una DB1701. Aquest metode, perd era capag de
separar els enantiomers trans de I'al-letrina pero no de la cipermetrina, els dos piretroides
estudiats. De la cipermetrina només foren capacos de diferenciar diastereomers (Kutter &
Class, 1992). Posteriorment, uns altres autors van desenvolupar un metode quiral per
piretroides amb una columna BGB-172, la fase estacionaria de la qual consisteix en un
recobriment de B-ciclodextrina. Aquest pero, és un recobriment no enllagat amb la silice de la
columna i, per tant, es tracta d’'una columna molt sensible que canvis importants en la
temperatura i que a temperatures relativament baixes per a GC, com ara 150°C es pot fer
malbé. Aquests autors, en diferents treballs, van aconseguir separar els enantiomers cis de la

permetrina, bifentrina cipermetrina i ciflutrina (W. P. Liu & Gan, 2004a, 2004b).
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Els cromatogrames resultants eren, doncs de la seglient manera. Per a la bifentrina van
analitzar la cis-bifentrina aixi que resoleren un cromatograma amb dos Unics pics. Per a la
permetrina obtingueren 3 pics, els dos primers corresponents als dos enantiomers cis i el
tercer la mescla dels dos enantiomers trans, ja que al ser un piretroide tipus I li corresponen 4
enantiomers. A la Figura 4.a, es mostra un cromatograma tipic d’un piretroide tipus | separat
per aquest meétode diasterisomericament i enantiomeérica. Els cromatogrames de la ciflutrina i
la cipermetrina resultaren ser molt similars entre ells. Com que el métode només separava
enantiomers cis, els 8 isomers tipics d’un piretroide tipus Il es distribuien en 6 pics
corresponents, en ordre creixent d’elucid, els primers dos pics a dos enantiomers cis, un a una
mescla d’un parell enantiomeéric trans, dos pics a un altre parell d’enantiomers cis resolt i un
ultim pic corresponent a la mescla de I'altre parell enantiomeric trans (veure exemple tipic a la

Figura 4.b).

T
46 48 50 52

Figura 4: Exemples tipics de la separacid disatereisomeérica (1) i enantiomeérica (2) de piretroides tipus | (a) i Il (b).
Per a piretroides tipus I: | —isomers cis, Il — isomers trans, i — (1R-3R), ii — (1S-3S). Per a tipus II: I i lll isomers cis, Il i
IV isomers trans, i — (1R-3R-aR), ii — (1S-3S-aS), iii — mescla isomers (1S-3R-aR) i (1R-3S-aR), iv — (1R-3R-aS), v — (1S-
3S-alR), vi — mescla isomers (15-3R-aR) i (1R-3S-aS). Exemples de la permetrina i la cipermetrina extrets de (W. P.

Liu & Gan, 2004a, 2004b)

Com a resultes de tot I'exposat, a continuacié s’inclou la publicacié cientifica en la qual es
detalla el desenvolupament analitic de la metodologia enantio-selectiva. Tot seguit, s’exposara
les condicions optimes per a I'analisi de piretroides que es va anant desenvolupant durant

aquests anys.

Per ultim, es discutiran i resumiran tant els resultats obtinguts com els avantatges

d’aquesta metodologia.



3.2. Determinaci6 quantitativa dels piretroides.

Pel que fa al nombre de piretroides, es va posar a punt un nou metode capag d’analitzar-ne
20, tot i que es va decidir no incloure un d’ells, rad per la qual va quedar un métode per 19
piretorides. Els 12 ja inclosos en la metodologia previament a l'inici de la tesi eren: cis-
bifentrina, ciflutrina, A-cihalotrina, cipermetrina, deltametrina, fenotrina, fenvalerat, fluvalinat,
permetrina, resmetrina, tetrametrina i tralometrina. Amb el nou métode, es van incloure 8
piretroides nous. Aquests Ultims eren: alletrina, etofenprox, flumetrina, halfenprox,

imiprotrina, kadetrina, pral-letrina i transflutrina.

3.2.1 Condicions instrumentals del detector MS-MS
A la Taula 3.1 es mostren els parametres optims per a cadascun d’aquests nous piretroides,

incloent les transicions seleccionades i les seves energies de col-lisié (CE, de I'anglés collision

energy).

Taula 3.1: Condicions instrumentals basiques del MS-MS per als nous piretroides analitzats.

PM 1° transicio 2% transicié

(g/mol) | (quantificacid) CE1 (confirmacid) CE2
Transflutrina 371 207235 10 209->35 20
(Ess_t;'flteft':’iia) 300 | 301>167 | 15 | 301>133 | 20
Pral-letrina 298 2992167 20 299>131 20
Imiprotrina 318 317>167 15 317->149 5
Halfenprox 477 3472147 25 347293 45
Etofenprox 375 175146 5 175>131 30
Kadetrina 396 395229 10 395->165 15
Flumetrina 510 283235 15 247->35 25

A més, pero, es va comprovar que el métode era optim per a altres isomers de piretroides
com ara la cis-cihalotrina, de la qual fins al moment només s’avaluava la presencia del parell
enantiomeéric conegut comercialment com a A-cihalotrina, amb I'adquisicié de nous patrons
que incloguessin també aquests isomers. També es va fer la comprovacid en el cas de

I'al-letrina.

Donat que instrumentalment era necessari, I'analisi era dividit en tres blocs segons el
temps de retencid. A cada bloc, s’especificava una série de transicions concretes pertanyents
als piretroides que s’inclouen en aquell rang de temps d’elucié. Aquest procediment és molt
emprat per tal d’augmentar la sensibilitat dels equips de MS-MS. Aix0o, no obstant, requereix,
en teoria, que a cada bloc, o “finestra” com s’acostuma a anomenar en el llenguatge comu, hi

consti com a minim un patré intern. Fins al moment s’havien utilitzat només dues finestres i
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dos patrons interns que eren dos dels piretroides més comuns deuterats, la dg-permetrina i dg-
cipermetrina. Per temps de retencid, per presencia en el medi ambient i per disponibilitat
comercial es va triar la ds-bifentrina com a nou patré intern. Aquesta seleccié, pero, no fou la

més adient.

En el métode emprat, les transicions de la bifentrina eren 205>141 i 205>121, les
mateixes que per a la cihalotrina. El fragment on la molécula ds-bifentrina es troba modificada
isotopicament, pero, és fora de la seleccié d’aquest fragment majoritari, com es troba
representat graficament en la Figura 5. Aixo implicava, que amb la metodologia descrita per a

la bifentrina era impossible diferenciar el compost nadiu del deuterat.

Figura 5: Estructura de la bifentrina. Encerclat, fragment amb PM de 205. En vermell, marcats els punts deuterats en
la ds-bifentrina.

Per tal de solucionar aquest contratemps, es va procurar optimitzar altres transicions per a
la bifentrina que permetés la diferenciacioé de la molécula nativa. A la Taula 3.2 es comproven

les diferéncies entre ambddés metodes.

Taula 3.2: Seleccid de noves transicions per a la bifentrina i comparativa d’arees obtingudes per un patré de 91ppb.

Transicid bif. Transicié bif Area pic
E (eV
Nativa Deuterada CE (eV) (nadiu)
. 3872205 392205 5 130971
Metode nou
387>141 392->141 25 24448
. . 205->141 205->141 20 1563110
Metode antic
205->121 205->121 10 1948176

Com es comprova a la taula, la pérdua de sensibilitat és de dos ordres de magnitud per a la
transici6 més intensa. A més, el pic de confirmacié és encara 6 cops menys intens. Aix0
afectaria als LODs del nou métode augmentant-los fins a valors indesitjables, ja que els nivells
descrits arriben a concentracions que forga vegades eren properes de I'antic LOD. Aixi doncs,
emprant el nou métode es perdria molta informacié ambiental. Per aquesta raé es va decidir

no utilitzar la ds-bifentrina com a patré intern.

Aix0, pero continuava plantejant un problema de manca de patrons interns en la nova
metodologia. Finalment, com que els piretroides és una familia dins dels insecticides, es va

decidir emprar un altre insecticida de propietats similars ampliament conegut i descrit a la



bibliografia, el clorpirifos. L'objectiu d’aquest, pero, era Unicament el control instrumental dins
la finestra pertanyent. Aixo implica que no calia tenir en compte les seves diferéncies respecte
a la familia dels piretroides i el seu comportament ambiental, que probablement implicaria
llargues discussions fora del marc d’aquesta tesi. El patrd intern escollit, per tant, fou el

dyo-clorpirifos.

Per ultim, un dels nous piretroides optimitzats, el halfenprox, presentava uns valors de LOD
gairebé mil cops inferiors a la resta. Aixd ens va fer retirar-lo dels nostres estudis habituals ja

que els nivells de presencia de piretroides en el medi ambient no arriben a aquests valors.

3.2.2 Meétode definitiu per a la determinacio de piretroides

Tot i que amb aquest metode la diferenciacié de piretroides es deu a la massa dels
diferents fragments de cada compost, es van canviar les condicions cromatografiques per tal
d’aconseguir una elucié dels compostos sense allargar el metode previ de forma excessiva i,
alhora, permetre, encara, una bona discriminacié dels diastereoisomers d’aquells piretroides
gue en presenten. Els parametres d’injeccid, pero, romangueren iguals que el métode anterior,
és a dir, mode splitless i 270°C. La nova rampa de temperatura comencava a 100°C durant 1
min i augmentava a 12°C/min fins als 160°C. A continuacié s’augmentava aquest pendent a
20°C/min fins als 230°C. Per tal d’eluir els dltims compostos, perd la temperatura havia
d’augmentar encara fins els 265°C a un pendent de 10°C/min. Finalment, per acabar d’eluir
qualsevol altra impuresa s’augmentava el pendent a 20°C/min altre cop i es mantenia a 310°C
durant 2 min. La Figura 6 resumeix aquesta rampa de temperatures tot indicant les diferents

finestres d’adquisicié de dades i el rang de temps d’elucié dels analits.

Temperaturade la columna

Temperatura
oC|
(e0) 340

Finestra Finestra Finestra
1 2 3

290 /‘
240 /
190

__—

920 " == y —A T 1
0 3 Eluciodel 6 9 12 Eluciode 15 18
primer I"altim

compost compost

Temps (min)

Figura 6: Rampa de temperatures del forn del cromatograf. Distincié de les finestres d’adquisicié de masses i rang de
temps d’elucid.
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Com a resultes de tot el descrit, el métode de deteccié de piretroides, separat per finestres,

amb la integracié de tots els piretroides, fou el resumit en la Taula 3.3.

Taula 3.3: Resum de les condicions i temps de retencié del meétode final. En negreta, els patrons interns.

. 1° transicio 2% transicio
PM” | 1% | ta2* # pics (quantificacid) CE1 (confirmacio) CE2
Transluthrin 371 | 4,93 - 1 207235 10 209235 20
Clorpirifos 349 | 5,19 - 1 313->189 25 313295 15
dyo-Clorpirifos 359 | 5,19 - 1 323->189 25 323295 15
Finestra 1 f;—t:fl:’l?iia) 300 | 5,69 | 5,75 2 301>167 | 15 | 301133 | 20
Pral-letrina 298 | 6,00 - 1 2992167 20 299>131 20
Imiprotrina 318 | 6,68 6,76 2 317>167 15 317-149 5
Resmetrina 338 | 7,10 | 7,16 2 3372149 10 3372187 10
Tetrametrina 331 | 7,30 | 7,39 2 331->167 2 - -
cis-Bifentina 422 | 7,38 - 1 205->141 10 205->121 10
Finestra2 | Fenotrina 7,57 | 7,64 2 294->250 15 294->194 15
Cihalotrina 449 | 7,79 7,89 2 205->141 10 205->121 10
Permetrina 390 | 8,27 | 8,35 2 207235 2 209235 2
ds-Permetrina 396 | 8,35 - 1 21335 2 215->35 2
Ciflutrina 433 | 8,63 8,77 4 207235 2 209235 2
Cipermetrina 415 | 8,82 8,96 4 207235 2 209235 2
ds-Cipermetrina | 421 | 8,90 | 8,96 2 21335 2 215->35 2
Halfenprox 477 | 8,84 | 9,02 2 3472147 25 347293 45
Etofenprox 375 | 9,02 - 1 175146 5 175>131 30
Finestra3 | Fenvalerat 419 | 9,38 | 9,54 2 2112167 10 2132169 10
Fluvalinat 502 | 9,54 9,44 2 294->250 15 294->194 15
Deltametrina 503 | 9,94 - 1 297>79 2 297>81 2
Tralometrina 661 | 9,94 - 1 297->79 2 297->81 2
Kadetrina 396 | 10,44 | 11,00 2 395->229 10 395->165 15
Flumetrina 510 | 12,56 | 12,67 2 283235 15 247->35 25

* Temps de retencié del primer pic eluit (tg1) i de I'Gltim (tg2).
Spes Molecular calculat amb els isotops 3¢li Br.

3.3. Adaptacio de la metodologia a diferents matrius.

Durant la tesi es va treballar amb diferents mostres que implicaven, cada una d’elles un

repte nou a nivell d’extraccid i purificacié. El laboratori ja tenia a punt diversos metodes per a

I’analisi de piretroides en aiglies (M. L. Feo, Eljarrat, et al., 2010b), sediments (M. L. Feo,

Ginebreda, et al., 2010) i llet materna (M. L. Feo et al., 2011).

Per a I'analisi de les matrius analitzades durant aquesta tesi es van emprar els mateixos

meétodes d’extraccid de mostra ja publicats pel grup quan va ser possible, pero va caldre

I’adaptacié del métode en el cas de noves matrius com ara ous d’aus, peixos i diferents teixits




de dofins. Per similitud en la composicid de la mostra, per aquestes matrius es va utilitzar el

metode d’analisi de llet materna com a referéencia.

El tractament de mostra d’aquesta metodologia consistia en una extraccié6 amb hexa i
diclorometa (Hx:DCM) assistida amb ultrasons. Previament s’havia comprovat al laboratori que
altres metodes d’extraccié (com el PLE) tenien deficiencies de recuperacid d’analits degut,
segurament, a la facilitat dels piretroides en degradar-se en una molecula acidica i una

alcoholica.

Donat que les mostres biologiques a analitzar contenien una fraccié de greixos important,
aquesta extraccié requeria d’una posterior purificaci6 amb dos cartutxos en serie, un de C18 i
I'altre d’alimina basica. Ara si, aquest extracte ja era a punt per ser redissolt en el dissolvent

emprat en el instrument, I'acetat d’etil.

Aguests tractaments, es van haver d’adaptar a les matrius concretes a tractar. Basicament,
optimitzant la quantitat de mostra s’obtenia una purificacié correcta i unes concentracions en
I’extracte purificat adient per a I’analisi instrumental. En el cas de mostres de baix contingut de
greix (al voltant del 5%) la quantitat de mostra podia augmentar fins a 0,5 g sense perjudici de
la recuperacié (mostres de muscul o de peix, per exemple). Per a mostres de contingut lipidic
superior era important reduir la quantitat de mostra ja que els cartutxos es podien obturar
amb el greix. Mostres de continguts entre 10-20% de greix (ous) es podien pesar sobre 0,3 g
tot i que si se suposava que la mostra podia contenir-ne més de greix, com era el cas de les
llets maternes, era millor pesar només 0,1 g. En el cas de mostres amb molt de greix (teixit
adipds) la quantitat de mostra s’havia de reduir fins a 0,05 g i petites quantitats de més podien
fer, depenent de la mostra, que el cartutx no fos capag de retenir tot el greix i I’extracte no fos

valid per a I'analisi instrumental.

3.4. Determinacié enantiomerica dels piretroides.

Amb la mateixa preparacié de mostra es va posar a punt una metodologia instrumental per
tal de discriminar els enantiomers d’alguns piretroides. Com s’ha introduit previament, el
comportament de cada enantiomer podria ser diferent en el medi ambient ja sigui degut a
biodisponibilitats diferents, metabolitzacid enantio-selectiva o fins i tot bioacumulacié
selectiva degut a qualsevol de les anteriors. A continuacid, a la Publicacid 1, es desenvolupa la
metodologia enantio-selectiva optimitzada per tal de dur a terme estudis ambientals i

reconeixer el comportament dels piretroides tenint en compte el seu caracter quiral.
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Concretament, en aquesta publicacid, un cop optimitzada la metodologia instrumental, es
considera una serie de mostres amb les que comprovar l'eficiencia de la metodologia. Les
primeres mostres estudiades foren uns insecticides comercials adquirits en un supermercat de
Barcelona. Amb aquests es pretenia comprovar si les mescles comercials eren racemiques o

algun dels enantiomers s’incrementaven per sobre d’altres industrialment.

A continuacid es valora una serie de mostres de llet materna de donants de Barcelona
també, per tal de comprovar l'adequacié de la metodologia amb mostres biologiques.
Evidentment, es va pretendre relacionar els valors de les mostres de llet materna amb una
potencial exposicié a través de les mostres comercials analitzades, tot i que donada que
I’exposicié a piretroides de les donats era completament desconeguda, aquestes relacions no

podien ser gaire fiables.
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Abstract Recently, some works point out the bioaccumula-
tion of pyrethroids in humans. Given the chiral properties of
pyrethroids, our goal in this work was to develop a gas
chromatography (GC)-MS-MS methodology for the
enantioselective analysis of six common pyrethroids. For the
first time, we separate the enantiomers of bifenthrin,
cyhalothrin, cyfluthrin, cypermethrin, permethrin and
tetramethrin in a single analysis of less than 75 min and with
resolutions greater than 0.58 in all cases. The developed
method proved to be reproducible (with relative standard
deviations under 3 %) and sensitive (with instrumental limits
of detection from 4 to 49 fg) enough to evaluate the enantio-
meric distribution of these pyrethroids. The developed meth-
odology was applied to commercial insecticides and human
breast milk samples. Some potential selective bioaccumula-
tion for cyhalothrin, cyperpermethrin and tetramethrin was
described in humans.
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Introduction

Pyrethroids are synthetic or semisynthetic compounds related
to the natural insecticides pyrethrins. Traditionally, pyre-
throids have been classified in two groups depending on their
structure: type I and type II, where the difference is an addi-
tional cyano group in type II (see Fig. 1). The use of both types
as pesticides is extensive around the world. For instance, they
are commonly used in agronomics (on both crops and stored
grain) and with veterinarian purposes. Additionally, they find
much use as domestic insecticides for public health aims
against scabies, lice and even against vectors of some dis-
eases, such as malaria or tiphus. Therefore, their presence in
the environment is not strange because of these several uses.
Recent works point out this ubiquity in the environment [ 1, 2],
even in edible vegetables [3]. Moreover, some authors have
already published works showing the presence of pyrethroids
in biotic samples, such as dolphins [4], but as well in human
matrices, i.e. blood [5] and milk [6-8].

Usually, pyrethroids are chiral compounds. Generally, they
have two or three chiral centres depending on the type of
pyrethroid (Table 1). Therefore, type I pyrethroids commonly
present two diastereoisomers (or enantiomeric pairs) and type
II tends to have four. Isomerism is an important property of a
lot of common compounds. It is known that most of the
physical and chemical behaviours of isomers are identical.
However, different biological activities depending on the iso-
mer studied were also identified [9]. That fact would entail, for
example, isomeric-selective biodegradation, bioaccumulation
or even biomagnification. Recently, some studies showed
different toxicology of the same pyrethroid depending on the
enantiomer [10, 11]. However, until today, few studies have
described the isomeric behaviour of pyrethroids, and less have
discussed about their enantiomeric properties in real environ-
mental and biological samples. Feo et al. [12] and Corcellas
et al. [8] included some isomeric characterization in their
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XA

Fig. 1 Typical structure of pyrethroids classified by types I and I1

Type | : Type Il |'|‘|
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studies about pyrethroids in human breast milk; concretely,
they described the diastereoisomeric distribution for some
pyrethroids. Liu and Gan [13] and Kuang et al. [3] quantified
enantiomers of permethrin and cypermethrin from water and
tea, respectively.

Lately, many studies focus on the isomeric separation
(concretely in the enantiomeric separation) of pollutants and
pesticides given the potential different properties in toxicity,
degradation and accumulation. For example, persistent organ-
ic pollutants in the environment [14, 15], human tissues [16]
and even human breast milk [17-19] have been largely stud-
ied. Moreover, some authors have taken into account not only
the presence of these chiral pollutants in human samples but
also their metabolites [20].

In the literature, there were only two enantioselective meth-
odologies developed based on gas chromatography (GC).
Both of them used the same chromatographic column because
it showed to be the better choice. The first method was
optimized for cis-bifenthrin and cis-permethrin [13], while

the second one for cyfluthrin and cypemethrin [21]. However,
this last method takes more than 150 min to obtain good
resolved peaks. Because of the difficulty of resolving pyre-
throid enantiomers by GC, a large number of authors prefer to
work with LC-MS [22, 23] or even with micellar electroki-
netic chromatography [24] despite their higher limits of de-
tection (LODs).

With this background, the objective of the present study
was to develop a new GC method in order to separate and
determine simultaneously the different enantiomers of six
pyrethroids (bifenthrin, cyhalothrin, cyfluthrin,
cypermethrin, permethrin and tetramethrin). For the first
time, the enantiomeric separation of tetramethrin and
cyhalothrin will be studied. Once the method will be opti-
mized, it will be applied to the determination of enantio-
mers in real samples, including some commercial insecti-
cides and human breast milk samples.

Material and methods
Standards and reagents

All standards were purchased from Dr. Ehrenstorfer (Augs-
burg, Germany). They include cis-bifenthrin, cyhalothrin, A-
cyhalothrin, cyfluthrin, cypermethrin, permethrin and
tetramethrin. Solid-phase extraction (SPE) cartridges, C18
(2 g/15 mL) and basic alumina (5 g/25 mL) were obtained

Table 1 Description of the pyrethroids studied and summary of chromatography achievements

Pyrethroid Chiral ‘ Pea_ks P eak_s .
Pyrethroid Structure Type centres Enantiomeric pairs® described | in this Observations
before work
Bifenthrin o r/\‘
L ,:m“_h,rlkﬂ N »\) I ) cis (1R,3R; trans (1R,3S; By 2 trans- isomers
I X \ J/ 15,35) 15,3R) were not analysed
Cyhalothrin i cis (1R,3R-0R; | transl (1R,3S-0R;
o AA 0 g 15,35-05) 15,3R-01S) " trans- isomers
1, /\< J cis2 (1R,3R-0S; | trans2 (1S,3R-0R; were not analysed
b - N 15,35-0R) 1R,35-0S)
Cypermethrin i cis1 (1R,3R-0R; | transl (1R,35-0R;
. ) ’ n 3 15,35-0) 1S,3R-0S) 6 6 trans- enantiomers
T cis2 (1R,3R-0S; trans2 (15,3R-0R; were not separated
15,35-0R) 1R,35-0S)
Cyfluthrin ':i cis1 (1R,3R-0R; | transl (1R,3S-0R;
. ﬂﬂ\ " 3 15,3S-0S) 1S,3R-0S) 6 6 trans- enantiomers
F 7 Y i cis2 (1R,3R-0S; | trans2 (1S,3R-0R; were not separated
= X 15,35-0R) 1R,35-0S)
Permethrin o PR A | 2 cis (1R,3R; trans (1R,3S; trans-enantiomers
\T /\< L L , 1S,35) 1S,3R) 3 3 were not separated
Tetramethrin H’L g
\‘/"L(,_c, o Ny | 2 ¢is (1R,3R; trans (1R,3S; ) 4
)( | /z > 15,35) 15,3R)
o

Diastereoisomers are named as cis and #rans for type I pyrethroids and cis1, cis2 and trans1, trans2 for type II pyrethroids. The exact chirality of both

enantiomers of each diastereoisomer is described in parenthesis, following Fig. | nomenclature
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from Isolute Biotage and Interchim, respectively. Organic
solvents were obtained from Sigma-Aldrich (St. Louis, MO,
USA). Standard solutions were prepared in ethyl acetate.
Calibration curves ranged from 1 to 100 ng mL .

GC-NCI-MS-MS analyses

The GC instrument was an Agilent Technologies 7890A
coupled to a 7000A GC/MS Triple Quad (Agilent Technolo-
gies. Palo Alto, CA, USA). As regards the chromatographic
conditions, we selected a BGB-172 (20 % tert-
butyldimethylsilyl-p-cyclodextrin dissolved in 15 %
phenyl-, 85 %-methylpolysiloxane) of 30 m»0.25 mm and a
column with 0.25 pm of film thickness (BGB Analytik,
Switzerland). Previously, Liu and Gan [21] showed that this
chromatographic column was the best one for the enantiomer-
ic separation of pyrethroids. The carrier gas was helium at
1.5 mL min ' of constant flow. This means an average veloc-
ity of 47.1 cms '. The GC was operating in the splitless mode
during 0.8 min with an inlet temperature of 270 °C.

For the enantiomeric separation, the temperature program
was optimized, starting from 160 to 230 °C, and modifying
slopes and remaining times. The optimal temperature program
was as follows. The initial temperature was selected at 180 °C
and held for 2 min. Then, the temperature was increased up to
220 °C remaining for 30 min. After that, the temperature was
increased till 230 °C and held for 25 min. Finally, the temper-
ature was ramped at 240 °C for 5 min more. The total analysis
time was 74 min. All temperature ramps were at 5 °C min ',
which was the maximum allowed by the chiral column used.

As regards the mass spectrometric parameters, we applied
those previously optimized by Feo et al. [7] for the same
instrument. The selected ionization mode was negative chem-
ical ionization (NCI). The ion source temperature was 250 °C,
and ammonia was the reagent gas at 2.04x10™* torr. Addi-
tional information related to selected transitions and collision
energies could be found in the previous publication.

Enantiomeric factor and diastereoisomeric ratio

The enantiomeric factor (EF) is defined as the proportion of
one enantiomer per unit (Eq. 1) [25].

EF — A,/Ar (1)

where A, is the area of the selected enantiomer (in this work,
the selected enantiomer is always the first eluting), and Ay is
the sum of areas of both enantiomers. In the present work, we
defined an EF for each enantiomeric pair: EFeis and EFtrans
for type I pyrethroids, and EF ., EF 0, EF,..1 and EF,,.,00

for type II pyrethroids. A racemic mixture of enantiomers is
always represented by an EF equal to 0.5.

Moreover, we also defined similar useful factors to com-
pare diastereoisomers. First of all, we defined the R, s
which is just the ratio between the cis- and frans-isomers of
the same pyrethroid. In the case of type II pyrethroids, this
relationship is defined by the ratio (cisl+cis2)/(trans1+
trans2). However, for the type Il pyrethroids, we can also
establish another factor: the Ry /.2, defined as the proportion
of the 1somer cis1 with respect to the 1somer cis2. Analogous-
1V, Riyanstirans2 18 defined as the proportion of the isomer
trans1 with respect to the isomer frans2.

Quality assurance

In order to evaluate our developed method, some tests were
done. First of all, precision of the method was determined by
repeated intra- (three consecutive injections) and inter-day
(four consecutive days) analyses. Moreover, the reproducibil-
ity of EF values was also checked at five different concentra-
tion levels, ranging between 4 and 104 ppb of each analyte in
the vial. Finally, the LOD of each enantiomer was defined as
three times the noise level.

Sample collection and preparation

In 2009, seven human breast milk samples were collected
under a signed donor consent. Mothers were from the metro-
politan area of Barcelona (Spain) and corresponded always to
the first or second time of breast-feeding. The breast milk
(between 10 and 50 mL) was collected either by use of a
breast pump or by hand-expressing the milk into pre-washed
glass containers. Previously, blanks of this material proved the
absence of pyrethroids on it. Afier milk collection, samples
were frozen at =20 °C, lyophilized, homogenized and stored at
—20°C in pre-washed glass containers until analysis in the
laboratory. Extraction were carried out by sonication with
hexane:dichloromethane (2:1) with a following cleanup step
consisting in two SPE in tandem with basic alumina and C18
cartridges, in the order indicated, using acetonitrile as eluent
[8]. The eluted was evaporated with N, stream and
reconstituted with 50 puL of ethyl acetate.

Moreover, we analyse eight domestic insecticides, one pet
insecticide solution and one human skin cream against crabs
and scabies. All the commercial insecticides were purchased
in a regular supermarket. Their formulation includes any of
the studied pyrethroids, e.g. tetramethrin, permethrin and
cypermethrin, but none of them contains bifenthrin,
cyhalothrin or cyfluthrin. The Electronic Supplementary Ma-
terial Table S1 summarizes some relevant information of these
samples. For their enantiomeric evaluation, aliquots of each
product were qualitatively added in a vial, evaporated under
N and resolved in ethyl acetate. For the skin cream, a simple
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liquid-liquid extraction was directly carried out with ethyl
acetate and diluted with the same solvent. Recoveries for the
human breast milk samples were checked by spiking infant
formula milk with standards. They ranged from 48+8 % to
100+7 % with a mean recovery of 72+17 %. The non-
isomero-specific behaviour of the sample preparation was
carefully confirmed for each pyrethroid.

Results and discussion
Chromatographic separation

Results about chromatographic achievements are summarized
in Table 1. Four of the selected pyrethroids were already been
enantiomerically separated before [13, 21]. Generally, our
method obtained similar separations to those described in the
bibliography. This implied that chromatograms from type |
pyrethroids showed three peaks corresponding to the two
enantiomers from cis-stereoisomer and one peak correspond-
ing to the mixture of the two trans-enantiomers. For type Il
pyrethroids, there were two cis- and two trans-enantiomeric
pairs. This chromatography allowed to separate all cis-enan-
tiomers (two pairs, four peaks), but for rrans-isomers, the
enantiomeric separation was not possible, and we obtained
two peaks corresponding each one to each pair.

Results were different for the other two pyrethroids we
added for the first time in our study (Fig. 2). In the case of
cyhalothrin, a type II pyrethroid, our standard presented only
the two cis-isomers. As predicted, they were enantiomerically
separated in four peaks following the same pattern than
cyfluthrin and cypermethrin. For tetramethrin, a type I pyre-
throid, the same behaviour of permethrin or bifenthrin was
supposed, with the separation of cis-enantiomers but coelution
of trans-enantiomers. However, with our method, we could
separate all of its four enantiomers, including also the rrans-
ones. It is the first time that a chromatographic method is able
to separate the frans-enantiomers, leading to a total separation
of all the enantiomers for a selected pyrethroid.

Figure 2 shows the different peaks obtained for each pyre-
throid and their assignation. For cis-bifenthrin, cyfluthrin,
cypermethrin and permethrin, the correspondence of peaks
was done following the works of Liu and Gan [13, 21]. The
assignation of frans-permethrin and trans-cypermethrin was
corroborated with our labelled standards (Fig. 2(a)).
Cyfluthrin peak assignation was checked by comparing the
abundance peak proportions of 3-cyfluthrin (it is known that
this commercial mixture was enriched in ¢is2 and frans2
diastereoisomers). For cyhalothrin, as mentioned before, our
standard presented only the two cis-isomers. Additionally,
with the A-cyhalothrin standard, we can assign the enantio-
meric pair corresponding to A-cyhalothrin (cis2
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diastereoisomer), and thus, the other two peaks must corre-
spond to cisl. Moreover, and with another standard (y-
cyhalothrin), we could make the assignation of vy-
cyhalothrin (1R-3R-aS-isomer). So, we prove that the enan-
tiomeric elution order in all type Il pyrethroids was always the
same. If it was so, we could suppose that trans1 and trans2
cyhalothrin diastereoisomer peaks would appear at retention
times around 37 (just before the elution of ¢is2) and 38.5 min
(just after the elution of ¢is2), respectively, in the Fig. 2(b).
Knowing the composition of our standards, the first couple
of peaks of tetramethrin corresponded to the eis-enantiomers
and the second pair to the frans. Additionally, we could assign
the 1R-enantiomer peaks with the d-tetramethrin standard
(Fig. 2(c)). We observed the same elution pattern for cis-
isomers as bifenthrin and permethrin, so we also could assume
that all type [ pyrethroid should have the same elution order.

Quality parameters

Precision of the method was determined by repeated intra-
(three consecutive injections) and inter-day (four consecutive
days) analysis of standards. Table 2 shows the mean EF for
each pyrethroid and its standard deviation (SD). All relative
SD (RSD) values are lower than 2 %, indicating the acceptable
reproducibility of our method. For type | pyrethroids, we
defined EF ., as the proportion of (1R-3R) in the enantiomeric
pair cis (1R-3R, 1S-3S) following Eq. 1. With the same
equation, we named EF,,,, as the fraction of the first eluting
trans-enantiomer of tetramethrin in the pair trans (1R-38S, 1S-
3R). On the other hand, for type Il pyrethroids, EF, ., corre-
sponds to the proportion of (1R-3R-R) in the enantiomeric
pair cis] (1R-3R-R, 1S-3S-a8). Finally, EF,;» corresponds
to the proportion of (1R-3R-«S) in the enantiomeric pair cis2
(IR-3R-aS, 18-35-aR).

EF variation with the concentration level of pyrethroids
was also been studied. Table 2 shows the EF values calculated
for a concentration range between 4 and 104 ppb, too. In this
case, RSD values were always below 3 %, indicating the
applicability of our method in the concentration range studied.

Moreover, we calculate the instrumental LOD as well
as the resolution (Rs) obtained for each enantiomeric pair
(Table 3) calculated as follows:

IRa—Ip)
Aw (2)
2

Rs

where 1, is the retention time and Aw is the wide of the two
peaks.

Resolutions were upper than 0.58 in all cases. As regards
the sensitivity of the method, our instrumental LODs ranged
from 4 to 49 fg injected, being tetramethrin the less sensitive.
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Fig. 2 Peak assignation (all trans-isomers are shaded): I, IR-3R-aR; 11,
1S-3S-«S; 111, 1S-3R-aS; IV, 1R-3S-R: V. IR-3R-aS; VI, 1S-3S-aR;
VI, 1R-3S-S; VI, 1S-3R-aR. i, IR-3R; ii, 1S-3S; iii, 1S-3R; iv, IR-3S.
(al) (Transition, 207 —> 35) permethrin, cyfluthrin and cypermethrin;

As expected, when chiral and achiral methodologies are com-
pared, our LOD values were higher than those obtained by
Feo et al. [1] in their achiral methodology. However, the
sensitivity obtained in our chiral method is still appropriate
for the determination of pyrethroids in real samples such as
human breast milk samples.

Application to real samples

The developed chiral method was applied to the analysis of
commercial insecticides and human breast milk samples.

Table 2 Reproducibility of EF values

(a2) (transition, 213 —> 35) isotopically labelled #rans-permethrin and
trans-cypermethrin; (b /) (transition, 205 —> 141) cis-bifenthrin and cis-
cyhalothrin; (52) (transition, 205 —> 141) é-cyhalothrin; (¢/) (transition,
331 —> 167) tetramethrin; (¢2) d-tetramethrin

Single results of these analyses were summarized in the Elec-
tronic Supplementary Material Table S2.

Enantiomeric discussion

Different EF values were calculated for commercial insecti-
cides and human breast milk samples. Even when there was
no evidence of the source of contamination of these breast
milk samples, a simple comparison among their enantiomeric
ratios was done, just in order to describe different behaviours.
The intention was to know the enantiomeric pattern in the

Pyrethroid Inter-day (n=4) Intra-day (n=3) Concentration level (7=5)
(type)
EF('I:\‘/(‘L‘\"G EF cis2 EFImn.\' EFu:\-/cll\'ln EF(':'.\’Z EF trans EF ('A‘\‘»’('ixl“ EFCIZQ EFIrun.\'

cis-Bifenthrin ~ 0.495+0.005 — - 0.494+0.002 — - 0.513£0.011 — -

@
Cyfluthrin (I)  0.483+0.014 0.489+0.014 — 0.482+0.009 0.485+0.013 — 0.501+0.006 0.504+0.016 -
Cyhalothrin (II) 0.492+0.001 0.496+0.005 — 0.492+0.013 0.494+0.008 — 0.492+0.001 0.495+0.001 —
Cypermethrin ~ 0.485+0.006 0.505+0.005 — 0.482+0.005 0.507+0.003 — 0.478+0.008 0.510£0.010 —

4y
Permethrin (I)  0.501£0.004 — - 0.500+0.001 - - 0.502+0.007 - -
Tetramethrin (I) 0.482+0.009 - 0.498+0.005 0.489+0.010 - 0.494+0.005 0.498+0.002 - 0.500+0.015
“This EF corresponds to EF,; for type I pyrethroids and EF ., for type II
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Table 3 Quality parameters (detection limits and chromatographic resolution) of the developed chromatographic method

LOD (fg) Rs"

Present chiral method” Achiral method [7]

| 11 1I+Iv AY VI VII+VII

1 1l i+iv
cis-Bifenthrin 13 13 0.18 0.74
Cyfluthrin 4 4 3 4 e 5 1.99 0.77; 0.98
Cyhalothrin 12 12 - 4 4 - 0.18 0.58: 090
Cypermethrin 7 6 5 6 7 1.84 0.85: 090
Permethrin 30 30 17 - - 9.9 0.89
Tetramethrin 49 47 49 49 15.5 1.21: 0.87

“See Fig. 2 for peak nomenclature

® The resolution (Rs) is given in the elution order when more than one enantiomeric pair was separated

different kinds of matrices. Enantiomeric results are graphi-
cally represented in Fig. 3. Type [ and type Il pyrethroids are
differentiated as subpanels a and b of Fig. 3, respectively.

Firstly, we tested our analytical standards, and we verify
that all standards are racemic (EF value of 0.50). Then, we
tested some commercial mixtures of pyrethroids. These do-
mestic insecticides contain tetramethrin in racemic mixtures
for the two pairs of enantiomers, cypermethrin in racemic
mixtures for cis-isomers and permethrin in non-racemic mix-
tures of cis-isomers, with EF,_;; values ranging between 0.35
and 0.38 and showing the enrichment of the (15-35)-
enantiomer.

Finally, we analyzed seven human breast milk samples. It
was easy to describe a racemic behaviour for cis-bifenthrin in
all seven samples with a mean EF . value 0f0.47 and a SD of
0.09 (RSD of 19 %). Mean value of EF for cis-permethrin was
0.43+0.02, in contrast of the EF ., value 0of 0.35+0.04 obtain-
ed in commercial insecticides. This indicated a higher con-
centration of the first eluting enantiomer in breast milk, which
would mean a higher accumulation of (1R-3R)-permethrin.
For cis-tetramethrin, both commercial insecticides and breast
milk samples showed racemic mixtures (EF_;,=0.53+0.06
and 0.51+0.01, respectively). However, in the case of rrans-
tetramethrin, the second eluting enantiomer was more

Fig. 3 Mcan EF of the analysed 3)

pyrethroids in breast milk

samples. commercial insecticides

and standards used for the

analyses. They are classified in a

type I pyrethroids and b type 11 0,50 -
ones

3

0,00 - J
Bifenthrin (EFcis) Permethrin
(EFcis)
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Tetramethrin
{EFcis)

abundant than the first one in human milk samples. Concrete-
ly, EF,,..,.s values ranged from 0.15 to 0.40, with a mean value
of 0.32.

On the other hand, type Il pyrethroids showed different
enantiomeric patterns depending on the EF studied. In the case
of cyhalothrin, only the enantiomeric pair known as A-
cyhalothrin (EF .;») was abundant enough to be discussed in
breast milk samples. The enantiomer (1S-3S-aR) seemed to
show more abundance in the cyhalothrin mixture (EF,»=
0.20+0.12) for human samples. In the case of cypermethrin,
the EF ., value (0.45+0.09) indicated no significant differ-
ence to the racemic standard neither to the commercial insec-
ticides. Nonetheless, EF_,,, showed a different behaviour. Its
value in human milk samples ranged from 0.15 to 0.35. It was
clearly lower than the commercial insecticide which presented
a value of 0.50=0.01. These results pointed to a potential
selective bioaccumulation of the (15-3S-aR) enantiomer in
the human samples. Cyfluthrin was never detected at quanti-
fiable levels in any human sample.

Diastereoisomeric discussion

Previous works described diastereoisomeric distribution for
some type I pyrethroids in breast milk [12, 8]. Even so, for

1,00

b)

0,50+ T

0,00+ |

Tetramethrin Cyhalothrin (EFcis2)  Cypermethrin Cypermethrin
(EFtrans) (EFcis1) (EFcis2)

BBreast Milk @ Commercial Insecticides B Standard
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Fig. 4 Diastercoisomeric results. 500 - 2,00
a Rc.-‘t- b Rg'i.tl.-’ci.‘l ﬂ“d anm.\l frarrs2 ) b,
of cypermethrin
4,00 [
1,50 T
3,00 |
|
1,00
2,00
|
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1,00
|
0,00 ___ﬁ_ 0,00 + S :
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type 11 pyrethroids, our work is the first one in which the
diastereoisomeric proportion was completely calculated.

Ascan be seen in Fig. 4, R, for permethrin was 2.52+0.91
in breast milk samples. However, for the commercial insecti-
cides, this parameter ranged from 1.03 to 2.09. That could
point out a possible selective accumulation of ¢is-isomers in
human samples. By contrast, for tetramethrin, the R, values
were similar for both breast milk samples and commercial
mixtures, being 0.15+£0.01 and 0.32+0.09, respectively. Fi-
nally, cis-cypermethrin isomers were more abundant than
trans- in both breast milk and commercial insecticides (R,
of 3.54+1.22 and 2.84=1.04, respectively).

Since cypermethrin is a type I1 pyrethroid, it made sense to
calculate also R /i2 and R,51/mans2. Figure 4b shows these
factors. It was easy to see that contribution of ¢is2-isomer is
twice the abundance of any other isomer in breast milk sam-
ples. Given that in commercial mixtures both ¢is-isomers
seemed to be used in the same proportions, these results could
point out a selective bioaccumulation in humans.

Conclusions

Our goal in this work was to develop an enantiomeric separa-
tion method of some of the most common pyrethroids. At the
moment, published methods were optimized for only a couple
of pyrethroids at a time, while our methodology allows the
separation of enantiomers of six different pyrethroids in one
single run. Moreover, the analysis time was strongly reduced.
After the optimization of initial temperature and slopes, our
analytical method is completed in 74 min, while published
works took at least 150 min [21].

Moreover, the developed method proved to be reproducible
and sensitive enough to evaluate the enantiomeric distribution
of these pyrethroids in commercial insecticides and even in

human breast milk samples. Some enantiomeric and diaste-
reoisomeric differences were described between commercial
insecticides and human breast milk samples. This behaviour
could indicate a potential human trend to accumulate prefer-
ably one specific enantiomer and diastereoisomer. However, it
should be noted that very few human breast milk samples
were analysed in our study. So, these tendencies need to be
further studied using a great number of samples in order to be
confirmed.
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Table 51 Information about the analysed commercial insecticides (data about other substances not involved in this work is not included)

Composition
Bifentrhin Tetramethrin  Permethrin  Cyhalothrin  Cyfluthrin  Cypermethrin

1 Mites - 0.10% 0.10% - - -
Beetles and
2 - - - . - 0.10%
ants
Beetles and
3 - - - - - 0.10%
ants
Home and
4 .
indoors
5 Beetles - 0.28% - - - _
6 Flies and
mosquitoes
7 Pet insecticide - - 0.24% - - -
8
9

Insecticides Used for

- 0.35% - - - -

= 0.20% . = ) A

Flying insects - 0.20% 0.10% = - o
Home - 0.20% 0.05% - - -
Beetles, ants
10 and flying - - 0.25% - - -
insects
Scrubs and
scabies o
1 (human skin i ) 5% i i i
cream)
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Table S2

Results obtained with the enantiomeric-selective analyses (INS: Insecticides, HBM: Human Breast Milk samples)

Code Sample Bifentrhin Tetramethrin Permethrin Cyhalothrin  Cyfluthrin Cypermethrin
EFcis EFcis EFtrans R:!t EFcis cht EFcisl EFcisl EFcisi EFcis! Rc;‘t R:Islf:isz Rtransl,“trans:
INS1 051 048 021 038 1.03 - - - - - -
INS2 - - - - - - - - 0.52 0.51 3.58 0.97 1.20
INS3 - - - - - - - 0.48 049 2.10 1.15 1.46
INS4 - 0.51 046 0.29 - - - - - - - - -
INSS - 0.75 1.00 0.04 - - - - - - - - -
INS6 0.52 046 0.29 - - - - - - - - -
INS7 - - - - 0.38 1.89 - - - - - - -
INS8 - 050 049 044 036 1,47 - - - - - - -
INS9 - 051 048 038 027 1,11 - - - - - - -
INS10 - - - 0,35 1,22 - - - - - - -
INS11 - - - - 0,38 2,09 - - - - - - -
HBM1 0.51 046 040 016 044 229 - 0.09 0.35 0.15 4.40 0.31 1.14
HBM2 0.42 - 0.25 - 043 194 - 0.08 0.50 0.35 2.67 0.53 0.85
HBM3 0.49 - 0.15 - 042 3.45 - 0.29 - 0.35 0.19 - 0.10 -
HBM4 0.29 - 0.40 - 040 3.88 - - - 0.15 - - -
HBM5 0.58 - 0.32 - - - - 0.38 - - - - -
HBM®6 0.52 0.55 037 014 044 177 - 0.25 0.47 0.23 - 0.58 -
HBM7 0.46 058 039 015 042 1.82 - 0.14 0.56 0.19 - 0.30 -



3.5. Discussio de resultats.

Com a resultat dels desenvolupaments de métodes analitics durant la tesi, es van concretar
dos metodes instrumentals per a I'analisi de piretroides. Un d’ells permet la quantificacié de
19 piretroides diferents i, alhora, del clorpirifos, un altre insecticida de la familia dels
organofosfats. Aquest métode és rapid (15 min.) i prou sensible per detectar els piretroides a
nivells ambientals. Com a comprovacié que el metode optimitzat era valid i atil, el grup ha
publicat recentment aquest métode que s’ha descrit amb I'aplicacié a diferents matrius
alimentaries (llet, peix, ous, carn de vaca i pollastre) i emprant les técniques extractives també
exposades i optimitzades en aquest capitol, sempre que la matriu fos la mateixa a les
desenvolupades durant aquesta tesi (llet, peix i ous) (Dallegrave, Pizzolato, Barreto, Eljarrat, &
Barcelo, 2016). En aquesta publicacié de 2016 es comparen els LODs assolits amb aquesta
metodologia (depenent de la matriu i el piretroide tots es trobaren dins el rang de 0,006 a 21,4
ng g* ww) amb altres publicats préviament per a matrius equivalents per altres autors. Els
obtinguts amb aquesta metodologia foren sempre aproximadament 3 ordres de magnitud
inferiors, arribant a 5 ordres en el cas de la cihalotrina trobada en carn. Val a dir que aquesta
comparativa es va realitzar amb una publicacio relativament antiga (2009) mentre que la resta

amb publicacions més properes temporalment (2013-14)(Dallegrave et al., 2016).

D’altra banda, durant la tesi també es va desenvolupar un métode enantioselectiu que
permet la discriminacio total dels diferents isomers per a la tetrametrina i la separacié parcial
en el cas de la resta dels altres 5 piretroides testats. Per a aquests, el metode separa tots els
parells enantiomerics tipus cis pero no els provinents dels isomers trans. Aquesta informacio
és forca interessant a nivell biologic i ambiental ja que, com ja s’ha comentat, segons la
bibliografia, els isomers cis sdn els menys metabolitzables (Tange et al., 2014; S.-Y. Zhang et al.,
2008) (Nakamura et al., 2007) i més perillosos pel que fa a toxicologia cronica (Yuanxiang Jin et

al., 2012).

Per tant, per a aconseguir separacions enantiomeriques dels isomers trans, la columna
proposada no era eficient. Només en el cas de la tetrametrina va ser Util, pero no per a la resta
de piretroides testats. Degut a la fragilitat de la fase estacionaria, la columna no permetia
gaires modificacions més a les ja provades pel que fa a gradients de temperatures, la qual cosa
impedia la separacié enantiomérica d’altres piretroides i dels isomers trans. El
desenvolupament de noves columnes quirals pot ser, sens dubte, la clau per poder continuar
en aquesta linia d’investigacid i de desenvolupament de noves metodologies enantio-

selectives.
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Un cop amb aquest meétode instrumental enantioselectiu a punt, els resultats son
complexos d’entendre, d’exposar i de comparar entre estudis. Aixi doncs, es va exposar una
manera clara i concisa de calcul de les proporcions d’enantiomers i diastereomers per als
piretroides. La clau va ser diferenciar la informacié que es pot extreure: per una part la

diastereoisomeérica (cis/trans) i per una altra la enantiomeérica.

En el cas dels parells enantiomerics, es va concloure que el més Uutil i intuitiu era emprar els
factors enantiomérics (EF, de I'anglés, enantiomeric factor). Aquest parametre es defineix a la
Publicacid 1 com a l'area del primer enantiomer eluit dividit per la suma d’arees de tots dos
enantiomers. Amb el resultat d’aquest valor és molt simple entendre quin enantiomer es troba
en major proporcio. Els rang de resultats d’aquest parametre es descriu des del 0, si només hi
ha I'’enantiomer que elueix ultim, fins a 1, quan només hi ha I’enantiomer que elueix en primer
lloc. El punt intermedi, 0,5, correspon a la mescla racémica, en la qual la distribucié de
piretroide es déna en 50% d’abundancia de cada enantiomer. Aixi és com només amb aquest
valor clarament es dedueix quin enantiomer esta en major proporcié. L'EF, perd, només té

sentit comparant un enantiomer amb el seu parell pero per als diastereomers no.

Per als diastereomers els parametres definits son relacions o ratio (R) entre 2 grups. Els R,
per contra dels EF, indica la proporcié en la qual un diastereomer esta referent a un altre. Aixi
doncs, com a minim el R sera de 0 entenent no hi ha el diastereomer concret estudiat. Un R de
1 implica que tots dos grups de isomers es troben en la mateixa proporcié. Com a diferéncia
basica amb els EF, no hi ha limit superior. El primer R que es pot definir és el produit per la
diferenciacié de cis/trans, el Res/rans: COM s’ha discutit préviament, és molt Gtil des d’un punt
de vista toxicologic comprendre si els diastereomers que s’acumulen en major proporcié son
cis o trans. Aquest parametre és el que ens indica clarament si hi ha acumulacié
isomeroselectiva respecte cis - trans. A més, en el cas dels piretroides tipus Il tenim diferents
isomers cis i trans fent necessari la definicid del Rgsi/cisa | Ruansijtrans2- EN aquests casos, la
definicid de cis1 i cis2 es va fer segons I'ordre d’elucid, pero, donat que es van caracteritzar
tots els isomers, aquesta nomenclatura és facilment traslladable als isomers concrets als quals
es refereix, aixo és, el cis1 correspon al parell enantiomeéric 1R-3R-aR i 15-3S-aS, mentre que el

cis2 correspon als enantiomers 1R-3R-aS i 1S-3S-aR.

Val a dir que altres autors prefereixen fer una relacié entre pics i donar solament aquest
valor (Kuang et al., 2010). Aquesta relacid és I'abundancia relativa d’un pic, més concretament,
I'area d’un pic cromatografic relativa a la suma de totes les arees de la resta de pics d’aquell

piretroide. Tot i que sembla un métode més simple que el descrit abans, té inconvenients



apreciables. El primer, i més evident, és que per als piretroides que el métode no permet
separar tots els enantiomers, hi ha pics que sén enantiomers aillats i d’altres pics que fan
referéncia a parells d’enantiomers co-eluits. Es a dir, aquets sistema valora per igual els
enantiomers que els parells enantiomérics sense fer distincié de si la isomeria és quiral o
geometrica o de si hi ha co-elucié. Per si féra poc, comparar aquests resultats directament amb
els extrets d’un resultat cromatografic diferent és inviable. Només si s’aconsegueixen els
mateixos pics cromatografics es podria comparar valor a valor els resultats. Per ultim, en cas
de voler comparar amb una composicié teorica comercial, cal recalcular els resultats per
acabar comprovant si la mescla és racémica per a un parell enantiomeéric concret o si la

proporcid cis/trans s’ajusta a les prescripcions teoriques.

D’altra banda, la nostra sistematitzacié en la nomenclatura permet la comparativa simple
entre diferents métodes cromatografics, fins i tot permet comparar composicions obtingudes
amb metodes quirals i métodes aquirals ja que la relacid cis/trans i entre cis o entre trans
s’especifica de forma clara. Aixi doncs, tot i que a priori pot semblar més complex definir tots
els parametres, el valor i significat d’aquests, aixi com la seva versatilitat per ser emprats en
condicions cromatografiques molt diverses, fan d’aquests parametres els més optims per a

I’estudi d’aquests compostos.
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Capitol 4

Bioacumulacio en biota
salvatge
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4.1. Introduccio.

En aquest capitol es presentaran els resultats dels treballs sobre biota salvatge que s’han
dut a terme al llarg de la tesi. Com ja s’ha introduit préviament, durant la tesi es van evitar
mostres alimentaries que no fossin representatives d’algun ecosistema. Amb aquesta condicio,
s’aconseguia descriure per primer cop la bioacumulacié en espécies exposades a piretroides

degut a la contaminacié ambiental i no per exposicid directa humanament desitjada.

Durant aquest capitol es discutiran termes com la bioacumulacié (acumulacié de
contaminant en un ésser viu) i la biomagnificacié (acumulacio progressivament més elevada de
contaminant en els essers vius de nivells trofics superiors). Respecte de la primera, una analisi
de teixits o restes biologiques dels éssers pot ser util, tot i caldria també demostrar que no es
tracta d’una acumulacid6 momentania deguda a una exposicid recent dels piretroides. Sobre
biomagnificacid, per contra, cal una analisi de diverses espécies de diferents estrats de la xarxa
trofica per tal de comprovar I'augment dels nivells residuals de insecticides en els nivells

superiors.

Un altra concepte clau dels contaminants ambientals que es discutira en aquest capitol és
el transport a llarga distancia. Els contaminants anomenats POPs es caracteritzen per, entre
d’altres, ser capacos d’afectar ecosistemes llunyans a la font d’emissid, el qué provoca grans
dificultats a I’hora d’avaluar el focus d’exposicid i les implicacions ambientals reals d’'una accio
concreta amb aquests contaminants com per exemple, la creacié d’una fabrica on s’hi apliquen
o s’empren, per no parlar de les industries que els sintetitzen. Aquestes afectacions al medi

ambient poden donar lloc a perjudicis en biomes que, a priori, semblarien aillats.

Donada la diferent natura de les mostres, aquest capitol es subdivideix en dos segons el
biotop del que es tracta: el medi aquatic i I'aeri o terrestre. Del medi aquatic es comprovaren
la presencia dels piretroides en la biocenosi tant en el medi mari com el d’aigua dolg¢a, mentre
que del medi terrestre es limita basicament a la d’una zona acotada del Parc Natural de

Dofiana i una petita mostra de la biocenosi de I’Antartida.

Nogensmenys, aquest el medi terrestre presenta forca complicacions donat que moltes de
les espécies estudiades eren migratories i protegides, la qual cosa feia, d’'una banda, que
només es conegués la dieta durant els mesos que eren a la zona de mostreig i, de I'altra, que
fos impossible de triar un mostreig ja que les mostres només podien ser les que estaven
disponibles amb clares deficiencies mostrals, dificultant les analisis estadistiques i Ia

interpretacié de les dades. Tot i aixi, com que les relacions de la biocenosi del Parc de Dofiana
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eren relativament conegudes, aquest treball tenia com a objectius comprovar les potencials

bioacumulacié i biomagnificacié dels piretroides en aquest ecosistema.

Dins del medi terrestre també s’inclogué I'analisi d’unes mostres d’elefants i lops marins de
I’Antartida amb la intencionalitat de comprovar si els piretroides podien afectar a la biota

d’ecosistemes allunyats i, per tant, transportar-se llargues distancies.

Per tant aquest capitol esta dividit en dos grans blocs segons el medi que envolta la biota
estudiada. En el primer bloc, referit a fauna terrestre, es podra trobar I'article publicat sobre
I’estudi de piretroides en ous d’aus del Parc de Dofiana i els resultats de I'analisi de mostres
d’animals antartics, que fou un treball no publicat. El segon bloc, bloc del medi aquatic, a més,
es subdividira també en medi mari i medi d’aigua dolca. Referit a aigua dolca s’incloura el
tercer treball publicat dins el marc d’aquesta tesi sobre I'analisi de piretroides en peixos de rius
Ibérics. Al sub-bloc d’ecosistemes marins, s’inclouran dos treballs publicats sobre I’analisi de
piretroides en dofins, el primer referent a la costa del Brasil i el segon a la costa del sud

d’Espanya.

Cada bloc per separat estara discutit per ressaltar els punts més importants de I'estudi o
estudis i al final de tot del capitol es podra trobar una discussid global del capitol. Per ultim, se
n’extrauran les conclusions pertinents sobre la bioacumulacié dels piretoides en biota

salvatge.

4.2. Medi terrestre.

En aquest medi terrestre es van estudiar principalment especies d’aus que pertanyen a
diferents nivells trofics. Hi havia una espécie estudiada que era clarament pertanyent al grup
de consumidors primaris pero la resta eren diferents tipus de consumidors secundaris i
terciaris dins d’una xarxa trofica molt complexa. També hi havia espécies carronyaires o que
combinaven ser consumidor secundari/terciari amb carronyaire, segons disponibilitat. Davant
aquesta varietat, es va cercar una manera de classificar les espéecies segons la posicié dins la
xarxa trofica. Una eina util per classificar les espécies correctament dins el nivell trofic que els
correspon és I'analisi del ratio 8N (d’ara en endavant només *8N) (Caron-Beaudoin et al.,
2013; Colabuono, Barquete, Taniguchi, Ryan, & Montone, 2014). Aquest parametre és la
relacié entre I'abundancia relativa de I'isotop N respecte del *N a la mostra i a I'atmosfera

per mil. L'equacié 1 mostra la formula d’aquest parametre.



SISN — ( (ISN/MN)mostra

— 1) -1000
(15N/14N)atmosfera

Equaci6 1: Definicié del ratio 8N

A priori, dins una xarxa trofica, son els productors els que incorporen el nitrogen a la
cadena alimentaria. Per tant la quantitat i proporcid de isotops estables de N que hi ha dins Ia
xarxa depén dels productors. Aixi, els consumidors primaris acumularien una quantitat de §°N
superior a la propia dels productors, degut al consum de moltes concentracions més baixes
continguda en el seu aliment. Al seu torn, els consumidors secundaris haurien de contenir una
proporcié d’aquest isotop encara superior i aixi fins arribar al cim de la xarxa trofica. Seguint
aquest raonament, dins un ecosistema determinat i concret, avaluant els 3°N es pot situar a
cada especie dins el nivell trofic que li correspon (Florin, Felicetti, & Robbins, 2011). Aix0, no
obstant, té forca inconvenients a la practica. Per comencar, |'ecosistema ha de ser
relativament tancat, de tal manera que no hi hagi entrada de nitrogen per altres fonts alienes
als productors. A més, si les especies poden conviure entre diferents medis o viure en un medi
pero alimentar-se d’un altre, com per exemple les espécies pescadores, aquests nivells trofics
son més dificils d’acotar segons els valors d’aquest isotop (Florin et al., 2011). Aixo és degut a
qgue una font de nitrogen aliena (com ara la nitrificacid de les aiglies per escorrentia de camps
de cultiu propers) o la inclusié de productors de diferents medis (algues i fitoplancton vs.
plantes terrestres, per exemple) déna lloc a una diferent linia basal del 5°°N de la xarxa i, per
tant, tot i ser tots productors primaris tindrien nivells de SN diferents (Robbins, Felicetti, &

Sponheimer, 2005; Symes & Woodborne, 2011).

D’altra banda, tenint especies que teoricament competeixen per I'aliment és interesant
comprovar si realment ho fan dins d’aquest ecosistema estudiat. Aixo es pot comprovar amb el
ratio 8°C, que es defineix d’una manera equivalent al 3°°N, perd amb els isotops *C i *°C. De
forma similar que amb el "N, els productors de la xarxa sén els encarregats de introduir el C
dins la xarxa alimentaria. Aix0, no obstant, és més complex que amb el N. Les espécies vegetals
se solen dividir segons si la incorporacié del C la fan a través de la sintesi de productes inicials
de 3 C o de 4 (McConnaughey & McRoy, 1979). Aquest fet, provoca que diferents productors
tinguin diferents nivells de 8'*C segons si sintetitzen uns productes o uns altres. Donat que la
introduccié del carboni dins la xarxa sempre sera una mescla de les dues, esbrinar el nivell
trofic de les espécies gracies a aquest isotop estable no seria viable. Ara bé, com que
I'alimentacié general de cada espéecie en un ecosistema sol ser més o menys rutinaria, si

especies diferents tenen valors de §'*C molt similar implicara que la seva dieta és, igualment,
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molt similar. Per contra, valors molt diferents d’aquest isotop poden indicar dietes molt

diferents (Prochazka et al., 2010; Symes & Woodborne, 2010).

Les aus del Parc de Dofana se suposa que no estan exposades a |'aplicacio directa dels
piretroides. Per tant, la via d’exposicié hauria de ser I'alimentaria mitjancant la contaminacié
de l'aliment. Amb aquest context, en I'estudi realitzat en els ous d’aquestes aus també es

realitza I'analisi dels isotops estables del N i C per tal de comprovar si hi havia relacions.

D’altra banda, la disponibilitat de mostres d’animals de I'Antartida ens permeté Ia
comprovacié de si els piretroides sén capacos de traslladar-se grans distancies des del focus

d’emissio.
4.2.1 Piretroides en ous d’aus salvatges

En aquest apartat es presenta la Publicacié 2. En ella es varen analitzar ous d’aus salvatges
del Parc Nacional de Dofiana. Aquest parc és una reserva natural considerada patrimoni de la
humanitat i protegit. Aix0 és aixi perque és una zona de gran interes biologic. A més de la
fauna perenne de la zona, la seva situacié entre Africa i Europa és clau per la migracié de
moltes espécies d’aus. Moltes d’elles només en les époques de migracid s’aturen breument

durant el seu viatge. D’altres, pero, es queden al parci hi nien.

De les especies que empren el parc com a zona de nidificacid, moltes sén especies en perill
d’extincié i protegides. En el nostre estudi es van incloure moltes espécies en aquesta condicid.
Aix0 implica que el mostreig no era dirigit sind que es va veure limitat a la disponibilitat de
mostres, ja que només es podien obtenir ous infértils, ja fos perqué no fossin fecundats o

perque per la rad que sigui haguessin estat rebutjats pels progenitors.

A més, com s’acaba d’introduir, les analisis no només van incloure la determinacid i
caracteritzacié enantiomeérica dels piretroides sind també dels isotops estables mitjangant els

valors de 8"°N i 83C.
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Recent studies demonstrated that the common pyrethroid insecticides are present in aquatic biota tis-
sues. In this study, 123 samples of unhatched eggs of 16 wild bird species collected from 2010 to 2012 in
Donana National and Natural Park were analysed to determine 13 pyrethroids. This study represents the
first time that pyrethroids are detected in tissues of terrestrial biota, 93% of these samples being positive
to those pollutants. Levels of total pyrethroids ranged from not detected to 324 ng g ' Iw. The samples
were characterized by stable isotope analysis. Species with diets based on anthropogenic food showed
higher levels of pyrethroids and lower values of 3'°N. Finally, we characterized the isomers of pyrethroids
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Pyrethroids and discerned some isomeric- and enantiomeric-specific accumulations. In particular, tetramethrin and
Cypermethrin cyhalothrin showed an enantiomeric-selective accumulation of one enantiomer, highlighting the need to

Wild bird eggs assess toxicological effects of each enantiomer separately to be able to make a correct risk assessment of

Bioaccumulation pyrethroids in birds.
Isomer-selectivity

Insecticides
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1. Introduction

Pyrethroids are semisynthetic insecticides very common
worldwide. They derive from the natural pyrethrins and are related
to chrysanthemic acid. Given their chemical structure, they are
chiral molecules with 2 or 4 enantiomeric pairs depending on their
number of chiral centres (2 or 3). Their use is extensive in several
different fields such as agronomics, veterinarian and domestic use.
They are even used in public health against human parasites like
lice, scabies or mosquito vectors of some diseases (Barr et al., 2010).

The increased usage of these pesticides is due to their properties
and the current regulation of other organochlorine and organo-
phosphate insecticides which have been banned in several coun-
tries around the world. One of these properties is their
environmental persistence, generally lower than 90 days (UH.
2011). Their toxicity is another important issue. Aquatic ecosys-
tems seem to be especially sensitive to these compounds (Corcellas

“ This paper has been recommended for acceptance by Dr. Chen Da.
* Corresponding author.
E-mail address: eeeqam@cid.csic.es (E. Eljarrat).

http://dx.doi.org/10.1016/j.envpol.2017.05.035
0269-7491/© 2017 Elsevier Ltd. All rights reserved.

et al., 2015a; Weston et al, 2014). However, pyrethroids have
demonstrated low acute toxicity in mammals and birds, in part
because of their easy metabolization (Demoute, 1989: Scollon et al.,
2009).

However, recent studies have shown that the abuse of pyre-
throids could make them ubiquitous in environment (Xue et al.,
2005:; Feo et al., 2010a; Kuivila et al., 2012; Weston and Lydy.
2010). Pyrethroids have been detected in biota tissues of fish
(Corcellas et al., 2015a), dolphins (Alonso et al., 2012, 2015) and
even humans (Corcellas et al., 2012; Sharma et al., 2014; Ostrea
et al., 2009). Moreover, maternal transfer of pyrethroids by both
gestational and lactation pathways has been observed in mammals
(Alonso et al., 2012, 2015). The exposure of pyrethroids in wild birds
near farmlands was even determined (Bro et al., 2015). Addition-
ally, some authors, described disruptions of the endocrine system
and depression of male fertility (Cinzia et al., 2013; Zhang et al.,
2008: Jin et al., 2011) in rats and mice at non-acute toxic doses of
pyrethroids. Besides, these studies showed different toxicological
behaviour depending on the specific isomer of each pyrethroid,
remarking the importance of taking into account the isomerism in
risk assessment studies.
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In bird species toxic doses and effects have also been described
(Khan et al., 2012). For example, the lethal dose (LDsg) of cyfluthrin
in most of the studied bird species is in the order of thousands of
mg kg, Only canaries seemed to be especially sensible to this
pyrethroid with LDsp from 68 to 274 mg kg ! (EPA, 2014). More-
over, even when direct toxicity for birds is low, indirect environ-
mental effects of their residues are not negligible. For instance, they
could indirectly affect insectivorous birds in their behaviour and
physiology, as well as through decline in their prey base (Pendleton
and Baldwin, 2007).

There are few studies that have evaluated pyrethroid residues
in avian eggs. Furthermore, these studies have been conducted
on poultry so that their results are not environmentally repre-
sentative (dell'Oro et al., 2014; dos Reis Souza et al., 2013). Some
studies with wild grey partridges analysed eggs and carcasses of
these birds with multiresidue methods and they found low
amounts of lambda-cyhalothrin (Bro et al, 2016), tefluthrin,
cyfluthrin and cypermethrin (Millot et al., 2015). The aim of our
work was to evaluate for the first time the occurrence of pyre-
throids in unborn eggs from wild birds of a National Park and
surrounding areas in order to evaluate the presence of pyrethroid
in wild fauna. That meant the quantitative determination of 13
common pyrethroids (cis-bifenthrin, cyfluthrin, cypermethrin, A-
cyhalothrin, deltamethrin, fenvalerate, fenpropathrin, fluvalinate,
permethrin, phenothrin, resmethrin, tetramethrin and tralo-
methrin) in egg samples, the isomeric and enantiomeric char-
acterization of these residues, and the relation of all these data
with the determination of 3'>C and 3'°N in the same samples, in
order to assess the influence of trophic level and food sources in
pyrethroid content.

2. Materials and methods
2.1. Sampling

Donana (National Park and Natural Park) is a nature reserve
located in southwestern Spain and inscribed as a World Heritage
Site, a Ramsar Site, a Biosphere Reserve and a European Community
Special Protection Area. More than 360 bird species are estimated
to live or breed inside its limits (UNESCO). In fact, its location is in
the middle of the East Atlantic Flyway and it is considered a key site
of this migratory route.

In consecutive campaigns in 2010, 2011 and 2012, we collected
14, 22 and 87 eggs that had failed to hatch, respectively. All eggs
came from different nests. The 123 eggs belonged to 16 different
species from several trophic levels and seven Orders (Table 1).
However, when statistical analyses needed it, we grouped these
samples in few categories. In order to test for variations in pyre-
throid concentrations by ecological role, we grouped species by
their taxonomical Order, such as Accipitriformes and Falconi-
formes (diurnal raptors), or Ciconiiformes (herons, storks and
ibises). This allowed us to group together species with broadly
similar ecological requirements. However, the Order Strigiformes
(i.e. owls) was composed by one only sample and was pooled with
the Order Falconiformes given their similar predatory trophic
level.

Egg samples were collected opportunistically during nest checks
and chick ringing operations, so that the number of samples per
species depended on local abundance in the three study years. All
the eggs were frozen and sent to the laboratory in individual and
protected containers. Egg samples were measured (larger diam-
eter) and broken. The egg content was weighted, homogenized and
freeze dried. Lyophilized samples were weighted and homogenized
again and stored at —20 °C until analysis.
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2.2. Analytical methodologies

Sample treatment was adapted from previously developed
methodologies for biota samples (Corcellas et al., 2015a; Feo et al.,
2011). Briefly, an exact amount (0.2—0.3 g) of freeze-dried sample
was spiked overnight with 2.5 ng and 1.25 ng of dgs-trans-
permethrin and dg-trans-cypermethrin, respectively. Extraction
procedure was carried out twice with 20 mL of hexane:dichloro-
methane 2:1 and assisted by ultrasound for 15 min. All solvent was
dried by a N stream. A following tandem SPE cleaned up (basic
alumina and C18 cartridges, 30 mL acetonitrile as eluent) was car-
ried out. The eluent was evaporated under N, and the sample
reconstituted in 100 pL of ethyl acetate. Analyses were performed
on an Agilent Technologies 7890 A coupled to a 7000 A GC—MS
Triple Quad. The selected mass spectrometry (MS) mode was
negative chemical ionization with ammonium as reagent gas. The
columns chosen were a DB5-ms (Agilent Technologies, Santa Clara,
CA, USA) (15 m = 0.25 mm x 0.1 pm) for the quantitative analysis
and a BGB-172 (BGB Analytik, Switzerland) (30 m x
0.25 mm = 0.25 pm) for the enantiomeric determination. Details of
chromatographic conditions and MS-MS parameters to both achiral
and chiral analyses are reported elsewhere (Corcellas et al., 2015b).

In parallel, lipid content was determined gravimetrically. An
equivalent extraction procedure used for pyrethroid de-
terminations was applied to 1 g of sample, Then, solvent extract
was removed under a Ny stream and the resulting residue was
weighted.

2.3. Standards and reagents

Analytical standards were purchased from Dr. Ehrenstorfer
(Augsburg, Germany). dg-trans-permethrin and dg-trans-cyper-
methrin were chosen as surrogate standards. Standard solutions
were prepared in ethyl acetate (“for gas chromatography” quality
from Merck, Darmstadt, Germany). Calibration curves were pre-
pared at different concentrations ranging between 0.4 and
150 ng mL". The rest of organic solvents were obtained from J.T.
Baker “for use in HPLC” quality (Deventer, The Netherlands). Solid
phase extraction (SPE) cartridges (C18, 2 g 15 mL™') were obtained
from Isolute Biotage (Uppsala, Sweden) and cartridges of basic
alumina (5 g 25 mL™") from Interchim (Montlucon, France).

2.4. Quality assurance/control

For each batch of 12 samples, one methodological blank was
carried out. Levels of blanks were subtracted to all corresponding
samples in case the blank signal was higher than 1% of the sample
signal. Linearity in the selected range of concentration was verified
obtaining correlation coefficients higher than 0.98 for all analytes.
The mean recovery was 79%, being 53% the lower value, obtained
for deltamethrin. Limits of detection (LOD) ranged from 0.03 to
0.46 ng g'! lipid weigh (Iw) and limits of quantification (LOQ) from
0.10 to 1.54 ng g " Iw.

2.5. Isomeric and enantiomeric analyses

After quantitative analysis, representative samples of species
were selected in order to be analysed with the chiral column. This
method allowed discerning the isomeric proportion of bifenthrin,
cyhalothrin, cyfluthrin, cypermethrin, permethrin and tetrameth-
rin. In our previous work we described the peak assignation and the
correspondences between both analyses (Corcellas et al., 2015b).
Enantiomeric factors (EFs) for each enantiomeric pair were calcu-
lated with Eq. (1).
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Table 1
Classification for this work, sample inventory, feeding classification and migratory behaviour of the 16 bird species under study.
Classification  Order Species  Scientific name Mumber of  Feeding habits Feeding Migratory behaviour
for this work samples (1rs; classification  of breeding
2nd; 3rd population.
campaign)
Falconiforme  Falconiformes Peregrine Falco peregrinus 0; 1:0 Medium-sized birds. Terrestrial Resident.

group

Ciconiiforme
group

Charadriiforme Charadriiformes

group

Anseriforme

Accipitriformes

Strigiformes

Ciconiiformes

Pelecaniformes

Anseriformes

Falcon

Common Ftinnunculus ~ 3; 3;18
Kestrel

Red Kite  Milvus milvus ~ 0; 0;2
Black Kite M. migrans 0; 5:15
Black- Elanus 0; 0:2
winged caeruleus

Kite

Western  Circus 0; 0:1
marsh aeruginosus

harrier

Booted  Aquila pennata 2; 04
Eagle

Barn Owl Tyto alba 0; 0:1
White Ciconia ciconia 0; 13; 10
Stork

Glossy  Plegadis 5; 0:0
Ibis falcinellus

Purple  Ardea purpurea 3; 0;0
Heron

Gull- Gelochelidon 0; 0;10

billed tern nilotica

Slender-  Chroicocephalus 0; 0;4
billed gull genei

Black- C 0; 0;7
headed ridibundus

gull

Common Glareola 1. 0:0
pratincole pratincola

Gadwall  Anas strepera  0; 0;13

Their preys are usually small size mammals, small  Terrestrial

birds, reptiles and insects.

Predator and scavenger. It feeds on small or medium Anthropogenic

sized mammals, birds, reptiles, amphibians, large
insects and carrion (including meat from rubbish
dumps, and road killed animals).

Predator and scavenger. It feeds on rabbits, birds
(especially young), reptiles, amphibians, fish, insects
and carrion (including meat from rubbish dumps, and
road killed animals).

It feeds on small-sized mammals, birds and lizards.  Terrestrial
It feeds mainly on rabbits, rodents, medium-sized  Terrestrial
birds, their offsprings and eggs.

It feeds mainly on medium-sized birds; rabbits, Terrestrial

reptiles and occasionally large insects.

It feeds mainly on small mammals, Pelobates cultripes Terrestrial
and small birds.

It feeds on red-swamp crayfish (Procambarus clarkii), Anthropogenic

large insects, rodents, lizards, snakes, frogs, fish, bird
eggs and nestlings, remains of human food.

It feeds mainly on aquatic beetles and dragonfly
larvae; also Sharp-ribbed salamanders (Pleurodeles
waltl) and small Carp (Cyprinus carpio).

Aquatic

It feeds mainly on fish, amphibians, Odonata nymphs Aquatic
and aquatic beetles. Occasionally birds.

It feeds mainly on insects and crustaceans; also
amphibians and fish.

Aquatic

Mainly fish and invertebrates (brine-shrimps Artemia Aquatic
spp., Diptera larvae, beetle larvae and adults).

Mainly insects and earthworms, but commonly
supplemented by plant material and household or
industrial waste.

Insectivore. Terrestrial

It mainly feeds on the vegetative part of plants (roots, Herbivorous

Anthropogenic

Anthropogenic

Resident and
dispersive, and
possibly partially
migratory.
Resident and
dispersive,

Migratory, wintering
in sub-Saharan
Africa.

Potentially resident,
but some individuals
make large-scale
nomadic
movements.
Resident and
dispersive,

Migratory, wintering
in sub-Saharan
Africa.

Resident, but young
birds make
dispersive
movements.

Mainly migratory,
but a part of the
population is
resident.

Migratory and
dispersive. Part of
the population
winters in Donana,
Migratory, wintering
in sub-Saharan
Africa,

Migratory, wintering
in sub-Saharan
Africa.

Mainly migratory,
but a small part of
the population is
resident.

Dispersive or
partially migratory.

Migratory.

Resident.

group leaves, tubers, bud and seeds of aquatic plants) and
algae, with infrequent animal material, probably
accidental,
all, Rejsjtrans was defined as the ratio between cis and trans isomers
EF = Ai (1) of tI!e same pyrethroid. In the case of type Il pyrethroids, this
T Ar relationship corresponded to the ratio (cis1 + «cis2)/

where A; is the area of the first eluting enantiomer and Aris the sum
of areas of both enantiomers. A racemic mixture of an enantiomeric
pair is always represented by an EF equal to 0.5. Since type | py-
rethroids present 2 enantiomeric pairs, 2 EF were defined and
named as EF¢s and EF;yans. For type Il pyrethroids 4 EF were needed:
EFcis1, EFgis2, EFtrans1 and EFyrans-

Moreover, diastereoisomeric factors were also defined. First of

(trans1 + trans2). Reisi/cis2 and Riransijtrans2 were also calculated in
case of type Il pyrethroids.

2.6. 4"°C and 6"N determinations
In a first step the fat content of the eggs was removed from

samples because it may interfere in 3'>C determination. It was done
following a simple liquid extraction of 0.5 g of sample with
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chloroform:methanol (2:1) repeated three times. Samples were
dried at 50 °C for 24 h. Then, 0.35 mg of this dried sample was
exactly weight in tin capsules ready for the isotope determination.
Isotopic analyses were carried out at the Laboratorio de Isotopes
Estables of the Estacion Biologica de Donana (LIE-EBD, Spain; wwuw.
ebd.csic.es/lie/index.html) with a Flash HT Plus elemental analyser
coupled to a Delta-V Advantage isotope ratio mass spectrometer via
a CONFLO IV interface (Thermo Fisher Scientific, Bremen, Ger-
many). Stable isotope ratios are expressed in the standard §-nota-
tion (%) relative to Vienna Pee Dee Belemnite (3'*C) and
atmospheric N (3'°N). Analytical measurement errors are quanti-
fied in +0.1%0 and +0.2%. for 3'3C and 3'°N, respectively.

2.7, Statistic treatment

Results were tested with typical statistical tools such as Spear-
man's correlation, ANOVA tests and the Bonferroni correction of
probability values for multiple tests on the same dataset. Type |
error (o) was always less than 0.05 or less when it is specified. All
statistics was carried out with IBM SPSS Statistics 22 software.

3. Results and discussion
3.1. 6'°C and 6N analyses

Results of 3'°C and 8N are included in Table A (supporting
material). 5"*C values differed between species, with data ranging
from —17.9 for slender-billed gull (Chroicocephalus genei) to —28.0
for glossy ibis (Plegadis falcinellus). The same occurred for 3'°N
values, with data ranging from 10.9 for barn owl (Tyto alba) to 15.0
for western marsh harrier (Circus aeruginosus). The relation among
stable isotopes and species was studied. Fig. 1a represented 315N vs.
8'3C for all species. Fig. 1b and d showed the same representation
taking into account our species groupings. In order to make clearer
potential differences among species, a test of multiple correlations
with Bonferroni correction was applied. The results of correlations
suggested that there were no statistical differences in stable iso-
topes between Falconiformes and Ciconiiformes at 0.05 of signifi-
cance, However, Anseriformes were different to the rest in both
3'3C and 3'°N. Charadriiformes were a differentiated group
regarding 8'>C values but in relation to 5'°N were similar enough to
Ciconiiformes when considering the high dispersion exhibited by
this parameter. Fig. 1e shows the representation of median values of
85N vs 5'3C per group. In this graph, Falconiformes and Ciconii-
formes are characterized by lower levels of 3'°N which were very
close, as expected taking into account the results of the test of
multiple correlations. Traditionally, high levels of 3'°N are related
to higher trophic levels in the same ecosystem; however, in this
case, the opposite occurred. It is widely known that the basis of
3'°N can be different in each area and/or ecosystem. Inputs of nu-
trients from exogenous sources, both natural (such as nitrification
or denitrification) and anthropogenic (such as human sewage and
agriculture), are common in many ecosystems. These nutrients
often have distinct isotopic ratios and, as a result, can cause changes
in baseline isotope ratios. Fluctuating baseline "N have the po-
tential to confound interpretation of trophic differences within
species when one compares across systems (Jardine et al., 2006).
Precisely, water that flows from the Donana National Park is sus-
ceptible to NO3 contamination from small urban areas in the sur-
roundings of the park and agricultural practices allowed in the
ecotone, where farming of strawberries and rice is common
(Tortosa et al., 2011). Due to this fact, an important factor that ex-
plains the low levels of 3"°N is the food origin. Some authors have
demonstrated that anthropogenic sources of food tend to present
lower 3N (Florin et al. 2011: Caron-Beaudoin et al. 2013).

104

Therefore, birds which feed from rubbish dumps or other human
sources could have low levels of 3'°N. Besides, starvation, migration
and increased protein catabolism in general can modify levels of
8N (Karnovsky et al., 2012). Thus, determining the trophic level
just from this isotopic parameter is difficult with migratory species.

In order to check the anthropogenic effect in our samples, the
feeding of our species was labelled in 4 categories following the
known preferences of each species. These categories were terres-
trial for those birds which feed from animals mainly from the
terrestrial ecosystems; anthropogenic, for those whose feeding
habits are composed in a certain proportion by food from human
sources; aquatic, for those dependent for food from aquatic eco-
systems; and herbivorous for those birds whose feeding habits were
mainly based on plants and algae (see Table 1 for feeding classifi-
cation). An ANOVA with post-hoc Bonferroni test was carried out.
When 8N was examined, the results showed that two groups
seemed separate from the rest: terrestrial and anthropogenic
sources presented the lower values of 3'°N (114 + 1.8 and 11.4 + 1.7,
respectively) whereas aquatic and herbivorous feeders had values
significantly higher (13.5 + 1.5 and 14.6 + 1.1, respectively), as it was
supposed given the nitrification problem in Donana waters.

Furthermore, regarding 3'°C, it has been usually related to diets
by different authors, as well (Colabuono et al, 2014;
McConnaughey and McRoy, 1979). Therefore, knowing both
isotope values, it could be possible to describe some feedings and
discriminate anthropogenic sources from natural ones. Applying
the same test as for the other stable isotope, herbivorous group was
statistically different to all the other groups, concerning &'>C values.
The mean values were of —18.8 + 1.6, —22.5 + 2.0, —-23.0 + 3.3
and —-23.7 + 1.0 for herbivorous, anthropogenic, aquatic and
terrestrial groups respectively.

3.2, Levels of pyrethroids

Concentration levels obtained for each bird egg sample analysed
are presented in Table A (supporting information). 115 samples
were positive to pyrethroids from the 123 analysed ones. This
means that we have a 93% of detection frequency of at least one
pyrethroid in levels upper the LOQ. This is the first time that levels
of pyrethroids were detected in wild bird eggs. Table 2 summarized
the range of pyrethroid concentrations found by species. The most
polluted species were black-headed gull (mean = 162 ng g~ ' lw),
gull-billed tern (mean = 615 ng g 1 Iw) and black Kkite
(mean = 48.5 ng g~ ' lw), respectively. On the other side, purple
heron (mean = 1.49 ng g ' Iw), glossy ibis (mean = 1.59 ng g~ ' Iw)
and black-winged kite (mean = 1.93 ng g~ ' lw) were the species
with the lower concentration of pyrethroids, respectively.

Furthermore, the levels found were very dispersive and ranged
from the not detected to 324 ng g~' lw. This variation can be
explained by many factors. First of all, diet is a very common way of
intake of pollutants. In this context, having variation in levels of
species with different feeding habits was not surprising, as it was
previously described by other authors and other lipophilic con-
taminants (Baron et al., 2014; Voorspoels et al,, 2007). Moreover,
deviation is as well very high in the intra-species comparison,
explained by differences in age, body condition, habitat and
migratory behaviour, among others (Herzke et al., 2002). Another
explanation for deviation could be metabolism. We didn't evaluate
metabolite concentration in samples because we hypothesise that
in these infertile eggs metabolism would be negligible, overall in
those eggs that were at first stage of development. However, this is
an issue that need to be further studied in following works.

Our study represented the first attempt to evaluate the pyre-
throid contamination in eggs of different bird species. Therefore, it
is difficult to make a comparison of levels. There are only few recent
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Fig. 1. Representation of 3'°N vs. 5'*C for different species. Key: Round: Falconiformes, Square: Accipitriformes, Cross: Strigiformes, Dash: Ciconiiformes, Triangle: Pelecaniformes,

Romb: Charadriiformes, Star: Anseriformes.

Table 2
Basic statistics of pyrethroid levels in bird egg samples (ng g Iw).
Classification Species N Mean + standard deviation Geometrical Mean Range % Positives
Falconiforme group Barn owl 1 545 - - 100
Booted eagle 6 230+ 43 2,77 0,14-110 100
Black kite 20 48,5 = 54 234 ND-198 20
Black-winged kite 2 193+12 1,74 1,10-2,77 100
Common kestrel 24 6,17 + 9.7 2,10 ND-32.8 83
Peregrine falcon 1 19,1 - - 100
Red kite 2 714 £95 2,46 044-1338 100
Western marsh harrier 1 4,88 - - 100
Ciconiiforme group Glossy ibis 5 159+ 20 0,74 0,15-4,97 100
Purple heron 3 149+ 15 0,93 0,24-3,15 100
White stork 23 31,4 + 39 14,6 0,84-140 100
Charadriiforme group Black-headed gull 7 162 + 128 118 324-324 86
Common pratincole 1 178 - - 100
Gull-billed tern 10 61,5 + 80 292 240-256 100
Slender-billed gull 4 335420 2,38 0,40-4,75 100
Anseriforme group Gadwall 13 579+ 34 4,77 1,24-127 100

ND - below limit of detection.

works that have determined pyrethroid levels in samples of
chicken eggs (Gallus gallus domesticus) and they found cyper-
methrin at levels of 22 ng g"1 wet weight (ww) (dell'Oro et al,,
2014) and bifenthrin at 4 ng g~ ww (dos Reis Souza et al,, 2013).

It is difficult to make a comparison due to the different units used,
lw vs. ww, and also because of different sample treatment. For
example, dell'Oro et al. (dell'Oro et al., 2014). analysed only the
yolk. However, we can compare the pyrethroid profile: while in our
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study we detect a wide range of pyrethroids (12 different com-
pounds), chicken egg samples were contaminated by only one
pyrethroid (cypermethrin or bifenthrin). This result was expected
because it is the consequence of a specific insecticide treatment in
poultry. However, wild bird eggs should be polluted by general
contamination of the environment, leading to a presence of a wide
variety of pyrethroids. In grey partridges, some authors evaluated
the presence of different pesticides used in near farmlands. They
found levels lower than 0.01 mg kg~ ! of lambda-cyhalothrin in eggs
(Bro et al., 2016) and levels of tefluthrin, cyfluthrin and cyper-
methrin from 0.1 to 0.11 mg kg~ in carcasses of these birds (Millot
et al, 2015). These levels are in concordance with ours having into
account that probably these partridges lived more exposed to
farmland pesticides than ours species.

It is also interesting to make a comparison with other pollutants.
Precisely the same samples were previously analysed to evaluate
the content of halogenated flame retardants (HFRs) (Baron et al.,
2014). HFRs were detected in all the samples analysed (100% fre-
quency detection), similarly to our 93% of frequency detection for
pyrethroids. But, we must take into account the difference between
both families of contaminants, being HFRs persistent organic pol-
lutants (POPs), whereas pyrethroids have low environmental
persistence (<90 days) (Feo et al., 2010b). However, its continued
use makes them ubiquitous in the environment, and they are
considered pseudo-persistent pollutants. Total concentration levels
of polybrominated diphenyl ether (£PBDEs) and halogenated nor-
bornene (EDechloranes) ranged from 1.40 to 90.7, and from 0.77 to
260 ng g ' lw, respectively. These concentration values were
similar to those found in our study, with total pyrethroid levels
ranging between nd to 324 ng g~' Iw. However, the specie most
contaminated by HFRs was the white stork, whereas the most
contaminated by pyrethroids was the black-headed gull. To un-
derstand this difference, we must take into account various aspects
such as potential different sources of contamination, as well as
some processes such as biomagnification along food chain. Bio-
magnification was well described for POPs (Baron et al, 2014;
Baron et al., 2015), and high HFR levels in white storks were in
accordance with their high trophic level. However, in the case of
pyrethroids, only recent studies showed their bioaccumulation
potential (Corcellas et al., 2015a; Alonso et al., 2015; Alonso et al.,
2012; Corcellas et al, 2012), but it is still unclear whether bio-
magnification occurs along food chain.

3.3. Pyrethroid distribution

We analysed 13 different pyrethroids. Of these, resmethrin,
fluvalinate and fenproprathrin were never detected. The rest of
pyrethroids were found in different patterns of distribution. The
more frequently present pyrethroid was cypermethrin (89% posi-
tives) followed by A-cyhalothrin (81%) and bifenthrin (77%). Tet-
ramethrin, permethrin, fenvalerate and cyfluthrin were found in
more or less half of the samples with a 65, 56, 56 and 48% of pos-
itives, respectively. Finally, deltamethrin/tralomethrin and pheno-
thrin were found only in 27 and 17% of samples, respectively.

However, different patterns of distribution were observed for
each species (Fig. 2), and they did not seem to vary with taxonomic
Order. When examining the relation among different pyrethroids
by Spearman correlation coefficient at < 0.05 (Table B Supporting
information), all pyrethroids were related to the rest except for
phenothrin. This could suggest that the source of contamination is
the same for all pyrethroids. Donana National Park is susceptible of
contamination from small urban areas in the surroundings of the
park and agricultural practices, such as farming of strawberries and
rice (Tortosa et al., 2011). More information about the use of py-
rethroids would be necessary in order to describe a relationship
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between its dumping and bird bioaccumulation. Nonetheless, the
presence of some pyrethroids like bifenthrin, whose agrarian use is
banned (EC, 1991), supports the hypothesis that non-agricultural
sectors could also contribute to the pyrethroid contamination in
this area, or that the substance is still used illegally in the sur-
rounding areas or farther ones during dispersal and migration.
Although we should not forget specific properties of each pyre-
throid. For instance, estimated DTsg values are longer than one year,
and bifenthrin is reported as “not easily degradable” in water.

Correlations among single pyrethroid levels and isotopes were
not always strong enough. This aspect made it difficult to relate
pyrethroid accumulation to dietary habits and suggested that there
were other aspects to control, such as habits during migration,
number of eggs laid, etc. However, because diet is generally known
to have an effect on bioaccumulation, we examine it more in detail
below.

3.4, Pyrethroid levels vs years

Levels of pyrethroids for each species were tested through
ANQVA (p < 0.01) in order to detect significant differences among
campaigns. Significant annual variations were observed only for
storks. In this species, mean concentration of total pyrethroids was
7.80 ng g Iw~! for 2011 samples while it was of 62.1 ng g lw ! for
2012 ones. In order to understand the origin of this difference, we
checked, with the same test conditions, the difference of stable
isotopes ratios in white storks samples among the two campaigns.
In this case, we could also see a significant difference among years
when the 8'3C ratio was evaluated. Mean value for 2011 was higher
than the one of 2012, being —24.24 and —22.84, respectively. 5'°N
mean ratios were 11.99 and 10.20, respectively, that meant that this
isotope ratio decrease among that period, as well. However, a more
marked difference (p < 0.01) between 2011 and 2012 for 5'3C than
for 3'°N (only significant at p < 0.05) was observed. At this moment,
authors cannot explain these facts. However, some factors could be
related. Whereas general factors such as migration effects and
nitrification of waters should not explain these differences given
that it was expected to be the same in that period, other parameters
such as age of parents or number of eggs laid could explain some
deviation in some samples. However, it would be difficult to assure
that they lead to a statistical change in isotopes ratio because they
should not be so different between both campaigns. All this, made
us to guess that this change in stable isotopes values could point out
different punctual feeding habits, such as more contribution of
anthropogenic food, and, given our results, this change could imply
variation in exposure to pyrethroids.

For the other species there were no significant differences either
in pyrethroid levels or stable isotopes among years.

3.5. Dietary effects

Given that the general correlations between isotopes and py-
rethroid levels were not significant, we examined diet more in
detail. Therefore, we conducted a multifactorial ANOVA among the
four feeding guilds. Median levels of pyrethroids were 5.79 (range
between 1.24 and 12.7), 9.47 (range between ND—110), 29.1 (range
between 0.15 and 256) and 49.6 (range between ND—324) ng g™}
lw for herbivorous, terrestrial, aquatic and anthropogenic sources
of food. Birds with anthropogenic feeding habits showed signifi-
cantly higher levels of pyrethroids in their egg samples. This could
indicate that the proximity to urban areas, and the interaction with
human population and its waste products, increased the exposure
of these birds to pyrethroids. This hypothesis supports the previous
suggestion of a single source of pollution for all pyrethroids. This
could also explain the second more polluted group was the aquatic
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Fig. 2. Percentage (%) contribution (mean values) of each pyrethroid in each species.

one. The run-off from dumping areas could contaminate nearby
aquatic ecosystems, most of which eventually drain into the sea-
sonal marshes of Donana, used by most species for feeding at some
point of their annual cycle. In fact, a recent study in Iberian rivers
demonstrated the presence of pyrethroids in their aquatic biota
(Corcellas et al., 2015a). In this previous study, different aquatic
species were analysed finding different levels in species from the
same sample point. Therefore, different dietary habits should mean
different pyrethroid intake even among species classified in the
same group and belonging to the same ecosystem.

3.6. Isomeric and enantiomeric discussion

43 samples were selected to be analysed with the enantiomer-
selective method. This methodology allowed us to characterize
enantiomerically mixtures of bifenthrin, cyhalothrin, cypermeth-
rin, cyfluthrin, permethrin and tetramethrin. The selected samples
corresponded to different species from all three campaigns. Given
that toxicology could depend on the enantiomeric mixture of the
contaminant (Zhao et al., 2014; Jin et al., 2012), this characterization
in wild bird eggs, conducted for the first time, was especially
important. For example, cis isomer usually presents more toxicity
for permethrin and cypermethrin in mice and rats (Jin et al., 2012;
Lestremau et al,, 2014; Liu et al,, 2004), However, insecticide ac-
tivity is higher in the trans 15,3R-tetramethrin, demonstrating that
the most toxic isomer depends on the pyrethroid and even the
species studied (Shinjo et al., 1981), Besides, other studies have
demonstrated that species from the same habitat may present
different accumulation on pyrethroid isomers (Corcellas et al,
2015a). This could be explained by the fact that pyrethroids are
usually metabolized by biota. Some pyrethroids are easily degra-
dated by hydrolization of ester group or oxidation via cytochrome

P450 (Mikata et al., 2012). Depending on metabolic process some
enzymatic catalyzation is enantio- or isomer-selective, However, it
seemed not to be a complete biotransformation. Because of these
different ways of metabolization and its substrate selectivity, a lot
of patterns of isomer occurrence in biota were found and described
in this work.

Isomeric results of both diasterecisomeric and enantiomeric
analyses are summarized in Table C (Supporting information). Fig. 3
shows the general trend of enrichment of each isomer for the five
studied pyrethroids, Our study showed that Reisjirans values were
greater than 1 for permethrin and cypermethrin, implying that cis
isomers were more accumulative than trans ones. This finding is in
agreement with our previous work with other biota samples such
as human breast milk and river fish (Corcellas et al., 2012, 2015a).
Some authors have demonstrated that cis isomers are less metab-
olizable in mice and thus more toxic (Zhang et al., 2008). However,
for tetramethrin, our bird egg samples showed ratios below 1 and
always around 0.25. The same behaviour was observed in our
previous work (Corcellas et al., 2015b), and is probably due to the
fact that commercial mixtures are usually enriched in trans-tetra-
methrin. Concretely, trans-tetramethrin enantiomer (1R—3S-iso-
mer) is enhanced in some common domestic insecticides because it
is the enantiomer with more insecticide efficacy. Therefore, it is
supposed that trans-tetramethrin could be released more
frequently into environment. Type Il pyrethroids have another
isomeric ratio that could be of interest, the Reisijcis2. For both
cypermethrin and cyhalothrin this ratio was very close to 1
(0.82 +0.22 and 0.91 + 0.26, respectively) indicating that there was
no preference between both cis isomers. Only in the case of
cypermethrin, gadwalls presented a Rejsy/cis2 value that indicated an
enrichment of cis2 isomers (0.58 + 0.16).

Furthermore, we evaluated the enantiomeric factors.
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Pyrethroids of type I, permethrin and tetramethrin, showed a
racemic mixture of cis enantiomers (median EF values were
0.51 + 0.15 and 0.48 + 0.13, respectively) which means that there
was no preference in accumulation of these enantiomers. However,
there was one exception in the case of permethrin: for two species
(black kites and black-headed gulls) EFs values were 0.63 + 0.19
and 0.78 + 0.02 respectively, indicating a selective accumulation of
the second eluting enantiomer (cis-(1S,1S)-permethrin). Contrary,
glossy ibis presented EFs values of 0.37 + 0.03, showing the
opposite behaviour. On the other hand, bifenthrin presented a
racemic mixture in white storks (0.53 + 0.10) but a preference for
the 1S,1S-enantiomer when black-headed gull and black kite spe-
cies where studied (EF¢s = 0.78 and 0.68 + 0.10, respectively).
Regarding EFyans Of tetramethrin, values in wild bird eggs were of
0.38 + 0.08, showing an enantiomeric-selective accumulation of
the second eluting enantiomer, trans-(1S,1R)-tetramethrin. In
Spanish human breast milk samples, an accumulation of the same
tetramethrin enantiomer was described (Corcellas et al., 2015b).

Concerning type II pyrethroids, only EF of cyhalothrin and
cypermethrin could be evaluated. Both EFgs; values were close to
0.5 (0.44 + 0.14 and 0.55 + 0.09 respectively) showing no prefer-
ence for any enantiomer. As regards EFgs, cypermethrin also
showed no enantiomeric preference (0.44 + 0.11), whereas cyha-
lothrin presented a slight preference for the second eluting enan-
tiomer (0.38 + 0.12). A similar selective enatiomeric-accumulation
was observed in previous studies in biotic samples such as human
breast milk (Corcellas et al., 2015b) and river fishes (Corcellas et al.,
2015a).

Because of the results exposed here and those of previous
studies, we conclude that, even if pyrethroid insecticides are very
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commonly used, their safety has to be more studied. In this study,
we analysed for the first time unhatched eggs from wild birds
breeding in an ecologically important area, finding clear evidence
for the accumulation of pyrethroids in wild terrestrial fauna, given a
93% of detection frequency in the sampled birds of 16 different
species covering several different trophic guilds. Although pyre-
throid levels may be due to an occasional exposure, we do not
believe that, since our study includes samples of different species
and different habitats (aqueous and terrestrial), and also includes
some migratory species. Even when the observed levels (up to
324 ng g ! Iw) were below acute toxicity limits, chronic exposure
and toxicity have not been well described yet. Moreover, and
depending upon metabolization and excretion rates, transfer rate
to the eggs may be more or less high, so the dose ingested by the
laying female may be high. Potential harmful effects on the
offspring that hatch from eggs with high pyrethroid content must
to be evaluated in order to determine whether this level of
contamination could endanger some populations. Attempts have
been made to find relationships between pyrethroid levels and
parameters such as stable isotopes and feeding habits. These re-
lations suggested anthropogenic factors (most probably food from
garbage dumps and agricultural runoff) as the main source of high
levels of pyrethroid contamination in the sampled avian species.
Because of that we suggest awareness campaigns for the local
population as a way to decrease pyrethroid contamination in this
area. Additionally, some isomeric- and enantiomeric-selective
accumulation was observed for some pyrethroids. More studies
are necessary to understand the isomeric behaviour of these
compounds given that toxicity depends on their enantiomeric
characteristics.
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Table A (Supporting information): Concentration levels (expressed in ng g! Iw)of pyrethroids in bird egg samples.

SPECIES BIFENTHRIN CYHALOTHRIMN TETRAMETHRIN PERMETHRIN CIFLUTHRIN CYPERMETHRIN FEMVALERATE DELTAMETHRIN FLUVALINATE RESMETHRIN PHEMOTHRIN FENPROPATHRIN IPYR d¥c d¥N
Booted Eagle 1 004 0.02 ND 003 0.10 012 0.02 ND ND ND ND ND 033 | 2541 | 8¢
Booted Eagle 2 ND ND 0.51 0.48 ND 0.07 0.02 WD MND ND MD ND 108 =26.10 11.32
Booted Eagle 3 ND ND ND ND 357 NG ND N ND ND ND ND 357 | 2440 | 1024
Booted Eagle 4 ND ND ND 108.56 ND 103 ND ND ND ND ND ND 10959 | 2340 | 1151
Booted Eagle 5 ND 0.14 ND ND ND NQ WD WD ND ND MD ND 0.14 =24.55 13.30
Booted Eagle & 0.60 0.02 ND ND 1.00 217 ND ND ND ND ND ND 23.52 -23.54 11.96
prestern . 488 ND ND ND ND NQ ND ND ND ND ND ND 488 | 2386 | 1498
f““'“‘”‘ pratincole 0.06 051 ND 1.29 ND 15.94 ND ND ND ND ND ND 1780 | 2381 | 1270
Common kestrel 1 o4 ND 0.20 1.11 ND 046 WD ND MND ND 1.67 ND 247
Common kestrel 2 ND ND ND 0.94 ND 0.68 D ND ND ND ND ND 162
Common kestrel 3 002 001 032 301 ND 003 ND ND ND ND ND ND 339 | 2318 | 1361
Cornmon kestrel 4 ND D 015 ND ND ND ND ND ND ND ND ND 015 | 2346 | 1315
Comman kestrel 5 ND ND 019 ND 001 ND ND ND ND ND ND ND 020 | -2301 | 1153
Common kestrel & 004 002 001 019 ND 001 ND ND ND ND ND ND 026
Common kestrel 7 ND 0.06 ND ND 097 NG 108 ND ND ND ND ND 212 | 2375 | 8s
Common kestrel 8 ND ND ND ND ND NQ 0.66 ND ND ND ND ND 0é6 | 2360 | 877
Common kestrel ND ND 0.35 ND ND NQ WD ND MND ND ND HD 0.35 =23.45 12,45
Common kestrel 10 135 0.80 0.00 2.78 061 24.10 0.9% 219 ND ND ND ND 3282 | 2420 | 1248
Common kestrel 11 ND ND ND ND ND NQ 0.93 ND ND ND ND ND 093 | 2391 | 1169
Commaon kestrel 12 ND ND ND ND ND NQ 0.95 ND MND ND ND ND 0.95 =22.38 7.96
Commeon kestrel 13 ND ND ND 32156 ND NOQ ND ND ND ND ND ND 32,156 -23.13 13.55
Comman kestrel 14 ND 193 ND ND ND NQ 1.05 ND ND ND ND ND 298 | 2304 | 1160
Common kestrel 15 ND ND ND ND ND ND ND ND ND ND MND ND .00
Common kestrel 16 ND ND ND ND ND ND ND ND ND ND ND ND .00 -24.28 12.05
Common kestrel 17 ND ND ND 5.80 ND 651 ND ND ND ND ND ND 1231 | -2226 | 1337
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Common kestrel 18 MO HD ND ND ND ND ND ND ND ND ND ND Q.00 -22.62 12.63
Commoan kestrel 1% ND 216 1.06 ND ND NQ 1.03 ND ND ND ND ND 4.25 -23.99 .53
Commeon kestrel 20 e} ND 1.18 4.76 ND NQ ND ND ND ND ND ND 594 2409 B892
Common kestrel 21 MO ND ND ND ND ND ND ND ND ND ND ND 0.00 24.29 B.58
Comman kestrel 22 ND HND 0.40 ND ND 425 ND ND ND ND ND ND 465 -23.73 11.44
Common kestrel 23 0.76 1.60 ND ND ND 10.00 101 ND ND ND ND ND 13.37 -23.41 11.45
Commen kestrel 24 MO ND 0.71 ND ND NQ ND ND ND ND ND ND 071 -22.88 11.2%
White stork 1 13.93 1.46 ND ND 314 64,75 298 ] ND ND ND MND B6.26 -21.80 .38
White stork 2 14.94 125 ND ND 339 60.61 315 WD ND ND ND ND 8334 -22.09 B8.84
White stork 3 18.66 1.52 MD HND 4.99 78.09 437 ND ND ND ND ND 107.63 =21.55 F.04
White stork & 24.64 209 71.32 ND 293 90.20 35% 5.08 ND ND ND ND 139.84 -22.18 B8.81
White stark 5 0.23 0.76 1.61 ND 389 34.00 311 ND ND ND ND ND 43.60 -23.90 11.78
White stork & 2.85 0.69 ND ND 4.57 NQ 421 ND ND ND ND ND 12.32 -23.34 10.48
White stork 7 272 0.59 MD ND F.07 NQ 261 ND ND ND ND ND 12.98 -23.34 10.94
White stork & 5.87 0,70 22.94 ND 1.02 2872 112 D ND ND ND ND 60,37 -22.90 .62
White stork ¢ 6,53 0,53 5.62 ND ND NG 705 L ND ND ND D 19.73 -23.44 12.37
White stork 10 7.60 125 ND ND 130 42.80 185 HND ND WD ND ND 54.90 -23.88 10.711
White stork 11 0.76 0.0% 0.55 2.61 0.18 1.47 012 0.20 ND ND 0.41 ND 640 -24.37 .13
White stork 12 2.32 0.18 0.36 1.62 118 0.67 0.05 0.18 ND ND ND ND 6.56 -24.17 12.14
White stork 13 0.52 0.09 0.97 3.12 0.10 1.85 013 032 ND ND 1.51 ND 861 -23.79 10.27
White stork 14 0.36 0.20 0.46 3.16 0.17 9.52 0.08 025 ND ND 0.62 ND 14.83 -25.10 11.60
White stark 15 0.34 0.05 0.03 2.39 0.13 1.63 0.14 0.07 ND ND 0.46 ND 525 - o

White stork 16 0.68 0.15 0.21 3.85 220 3.01 013 ND ND ND ND ND 10.23 -24.71 14.28
White stork 17 0.76 0.35 0.27 6.69 002 728 664 0.29 ND ND 0.80 ND 23.09 -22.18 8.96
White stork 18 0.23 0.03 0.50 274 0.14 0.91 006 010 ND ND ND ND 472 -23.7% 11.50
White stork 1% 0.37 0.06 0.31 4.34 0.33 2.18 053 015 N ND 0.72 ND 898 -24.79 13.20
White stork 20 0.42 0.03 0.40 2.67 0.15 1.18 050 ND ND ND 0.37 ND 572 -25.00 12.80




White stork 21 0.27 0.03 0.06 0.67 0.42 1.0 0.10 ND NI ND HND ND 257 -23.32 13.01
‘White stork 22 0.06 0.01 0.11 0.34 ND 0.26 001 0.04 ND WD ND ND 0.84 ~24.07 13.00
White stork 23 015 0.02 0.17 1.94 0.06 1.06 0.06 ND NI ND 0.19 ND 366 -25.53 13.61
Black-winged kite 1 ND 0.21 ND 2.56 ND NQ ND ND NI ND HND ND 237 -23.82 B.95

Black-winged kite 2 ND 0.14 0.96 ND ND NQ ND ND ND WD HND ND 110 -24.27 14.12
Glossy bis 1 ND ND 0.12 ND 0.06 0.04 001 ND ND ND ND ND 0.24 -29.14 11.61
Glossy ibis 2 0.31 ND WD 0.00 0.43 0.32 002 ND N ND WD ND 108 -27.09 13.80
Glossy ibis 3 015 ND 2.67 ND 0.32 ND 001 ND ND ND HND ND 315 -27.65 12.70
Slender-billed gull 1 0.53 ND 3.20 ND ND NG ND ND NI ND KD ND 373 -18.87 12.37
Slender-billed guill 2 2.40 ND ND ND ND 2.14 ND ND ND ND ND ND 4.53 -18.61 1151
Slender-billed gull 3 183 0.67 ND ND 226 NO ND ND ND ND ND ND 4.75 =17.36 13.83
Slender-billed gull 4 0.40 ND ND ND ND NG ND ND N WD HD ND 0.40 -16.58 12.66
Black-headed gull 1 3987 1.40 NI ND ND 56.88 ND 53.75 ND ND ND ND 151.90 -19.05 FA47

Black-headed gull 2 12.18 1.50 ND ND ND 10.94 ND 50.27 ND ND ND ND T74.88 -18.08 F.92

Black-headed gull 3 ND ND ND ND ND NG ND ND ND HD HD ND 0.00 -17.51 11.42
Black-headed gull 4 12.35 1.36 ND ND 107 15.77 ND 42.02 N WD HND ND 7256 -17.57 13.43
Black-headed gull 5 12.71 353 ND ND 128 34.48 ND 262,69 ND ND ND ND 314.69 -17.62 10.22
Black-headed gull & 12.22 388 L] ND 159 37.35 ND 26%.18 ND ND HND ND 324.22 -18.02 11.39
Black-headed gull 7 6.38 ND ND ND ND 11.94 ND 14.08 NI ND KD ND 32.39 2349 13.43
Peregrine falcon 1 0.08 0.01 005 12.98 315 2.42 ND ND ND ND 0.42 ND 19.12 -20.20 11.76
Barn Owl 1 0.33 ND ND ND ND 5.12 ND ND ND WD ND ND 5.45 -25.44 10.87
Black kite 1 0.36 0.04 0.04 2.36 0.69 0.67 ND ND NI WD 0.37 ND 4.53 -18.30 13.94
Black kite 2 0.45 583 0.30 2.25 0.04 2.80 005 0.13 ND ND 1.97 ND 13.81 -23.47 12.14
Black kite 3 0.23 0.13 ND 347 ND 0.53 ND ND ND MO ND ND 4.36 -22.88 11.20
Black kite 4 010 071 0.10 233 0.02 1.96 0.15 012 MO ND 121 ND 6.6% -22.33 14.13
Black kite 5 0.55 0.75 0.21 621 0.01 1.89 023 0.3% NI ND D ND 10.25 -24.14 14.598
Black kite & 6.23 453 112 3376 641 8878 679 ND ND ND ND ND 147.63 -21.71 10.48
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Black kite 7 4.45 3.80 0.00 2236 0,00 &7.01 1.39 ND ND ND ND ND $9.01 -22.26 11.20
Black kite & 6.09 4.10 1.20 0.00 0.00 38.93 141 ND ND ND ND ND 51.74 22.43 9.26
Black kite 9 147 0.62 0.27 21 HND 3829 2.52 ND ND ND ND ND 46.37 -23.26 11.98
Black kite 10 114 1.10 HD HND ND 14.42 ND ND ND ND ND ND 16.66 -22.82 13.61
Black kite 11 0.09 56.65 3.34 ND ND 15.32 ND ND ND ND ND ND 75.39 -22.41 11.81
Black kite 12 ND ND ND ND ND NQ ND ND ND ND ND ND 0.00 -23.76 996
Black kite 13 NIy ND 1.13 ND ND NQ 213 ND ND ND ND ND 326 <2331 13.34
Black kite 14 ive 262 ND ND ND 66,40 0.75 NE ND ND ND ND 73.55 -21.40 11.60
Black kite 15 0.37 0.32 0.84 1.98 ND 16.48 1.74 ND ND ND ND ND 21.73 -22.58 11.82
Black kite 16 0.52 0.95 0.568 157 HD 171.47 1%.42 79 ND ND ND ND 197.80 -21.52 10.09
Black kite 17 1.67 0.26 6,20 .51 WD 25.43 WD 3.81 ND ND ND ND 51.28 -23.04 10.99
Black kite 18 047 0.38 0.42 8.20 ND 37.87 ND ND ND ND ND ND 47.33 -21.63 B8.51
Black kite 1% 1.55 0.56 ND ND ND NQ ND ND ND MND ND ND 210 -21.58 10.75
Black kite 20 M ND ND WD ND ND WD ND ND ND ND ND ND -23.34 8.27
Red kite 1 ND ND ND 5.79 579 225 ND ND ND ND ND ND 13.84 -22.89 13.37
Red kite 2 0.07 ND 0.36 HD ND WD ND ND ND ND ND ND 0.44 -23.47 13.00
Purple heron 1 0.24 0.03 042 385 0.04 0.40 ND ND ND ND ND ND 4.97 -24.42 13.12
Purple heron 2 ND ND 1.2% 0.5% 007 0.10 ND ND ND ND ND ND 205 -26.21 16.22
Purple heron 3 NDv 0.03 0.22 HND 0.03 0.08 ND ND ND ND ND ND 0.36 - -
Purple heron 4 0.04 ND ND ND 0.11 ND ND ND ND MND ND ND 0.15

Purple heron 5 0.15 0.02 002 ND 0.20 ND WD ND ND ND ND KD 0.40

Gull-billed tern 1 1.72 ND ND HD ND 57.84 WD ND ND ND ND ND 39.56 -22.88 12.80
Gull-billed tern 2 NI 288 ND ND ND 14.48 ND ND ND ND ND ND 17.36 -23.73 11.12
Gull-billed tem 3 079 1.35 0.53 ND 232 5.71 1.05 ND ND ND ND ND 1174 -22.96 14.20
Gull-billed tern 4 053 0.66 ND WD 1.84 18.57 1.97 ND ND ND ND ND 23.59 -22.59 15.40
Gull-billed tern 5 297 146 0.56 5.25 2.26 55.12 1.03 .84 ND ND ND ND 75.48 -23.68 13.17
Gull-billed tern & 1.93 ND ND ND 423 11.68 1.00 ND ND ND ND ND 18.85 -23.23 14.21




Gull-billed tern 7 0.63 ND 1.16 ND 0.61 NQ HD ND ND ND ND ND 2.40 -22.51 16.03
Gull-billed tern 8 283 0.80 ND ND 281 247.08 052 ND ND ND ND ND 256.04 -22.11 12.34
Gull-billed tern % 0.1% 0.66 153 ND 0.56 13254 184 ND ND ND ND ND 133.02 -23.66 15.31
Gull-billed tern 10 0.79 ND ND ND 1.08 10.47 0.68 ND N ND ND ND 13.03 -23.92 15.07
Gadwall 1 ND ND 0.29 ND ND 12.42 HND ND ND ND ND ND 1271 -18.42 15.85
Gadwall 2 ND ND 121 1.87 ND 6.58 ND ND ND ND ND MND 9.66 -17.86 14.64
Gadwall 3 MO 0.01 ND ND ND 477 045 2.66 WD ND ND ND 7.88 -20.46 13.04
Gadwall 4 ND ND 0.02 ND ND ND ND 2.14 ND ND WD ND 216 -20.20 14.51
Gadwall 5 ND 0.01 0.21 ND ND 293 ND ND ND ND ND ND 316 -16.05 14.54
Gadwall & ND ND ND 1.43 ND NO WD 5.12 ND ND ND ND &55 -20.15 14.59
Gadwall 7 ND ND 0.63 0.45 ND g2 ND ND ND ND D ND 2.00 -16.72 15.70
Gadwall 8 ND 0.02 0.15 MWD ND 1.68 HND 1.89 ND ND WD ND a7 -19.20 14.04
Gadwall 9 ND o.02 0.38 WD ND 447 WD ND ND ND ND ND 4.87 =20.07 13.00
Gadwall 10 ND o.02 0.22 ND ND .66 WD ND ND ND ND ND £.90 -20.92 13.32
Gadwall 11 ND 0.03 0.43 ND ND 5.26 HD ND ND ND ND ND 572 -16.55 15.68
Gadwall 12 (e} 0.02 0.35 ND ND 8.25 HND ND ND ND ND ND 862 -19.14 14.81
Gadwall 13 ND 0.03 ND WD ND 121 HD ND ND ND WD ND 124 -19.25 16.63
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Table B (Supporting information): Spearman correlations among different pyrethorids and stable isotopes.

Correlations

Bifenthrin Cyhalothrin Tetramethrin Permethrin Cyfluthrin Cypermethrin Fenvalerate Deltamethrin Phenothrin 813C BN
N Correlation 1.000 0.648°* 0.510** 0.571°" 0.655%* 0.650** 0.657** 0.913** 0.066 0.388°* | -0.350""
Bifenthrin coeficient
N 77 65 42 35 49 65 46 23 13 72 72
Correlation
. X K 611%* .309 .532%* .680** 4917 531 776 099 -0.374**
Cyhalothrin coeficient 1.000 0.611 0.30 0.532 0.680 0.491 0.531 0.776 0.0 37
N 81 46 34 45 69 45 25 12 77 77
| Correlation 1,000 0.185 0.420°* 0.486** 0.389°* 0.525* 0.231 0061 | -0.285
Tetramethrin coeficient
N 65 36 33 51 34 18 13 60 60
, Correlation 1.000 0.437" 0.551°* 0.625%* 0.368 -0.088 0.193 -0.192
Permethrin coeficient
N 48 26 42 25 17 13 44 44
Correlation s “s . .
Cyfluthrin coeficient 1.000 0.668 0.651 0.586 -0.503 0.490 0.150
N 56 46 38 17 12 51 51
Correlation
. J71** 0.805"* .39 343 .317**
Spearman’s Rho Cypermethrin coeficient 1.000 0.771 805 0390 0.343 031
N 89 45 25 13 B84 84
Correlation 1,000 0.725** 0.018 0571** | -0.319"
Fenvalerate coeficient
N 56 17 10 55 55
Correlation e
Deltamethrin coeficient 1.000 0.143 0.699 189
N 27 8 26 26
Correlation
Phenothrin coeficient 1.000 0.245 -0.273
N 13 11 11
Correlation
. . 094
& °C coeficient 1.000 0.0%
N 115 115
Correlation
BN coeficient 1.000
N 115

** . Significant correlation at level 0.01 (2tales).

*. Significant correlation at level 0.05 (2 tales).
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Table C (Supporting information): Summary of isomeric results.

Pyrethroid Parameter Species N  Mean Stand‘?‘rd
eviation
Bifentrhin EF.s White stork 3 0.53 0.10
Black-headed gull 1 0.78 .
Black kite 4 0.68 0.10
All samples 8 0.64 0.13
Cyhalothrin Reis1/cis2 White stork 0 . .
Black kite 5 0.91 0.26
All samples 5 0.91 0.26
EFgs1 White stork 0 . .
Black kite 5 0.44 0.14
All samples 5 0.44 0.14
EF.s2 White stork 2 0.29 0.11
Black kite 5 0.42 0.11
All samples 7 0.38 0.12
Permethrin Reisitrans Gull-billed tern 1 1.28 .
Gadwall 6 2.60 0.86
White stork 2 4.29 4.65
Black-headed gull 1 6.80 .
Black kite 5 9.36 9.47
Peregrine falcon 1 1.28 .
Common krestel 3 2.65 1.10
Glossy ibis 5 1.61 0.21
All samples 24 401 5.10
EF.s Gull-billed tern 1 0.48 .
Gadwall 6 0.48 0.06
White stork 2 0.53 0.13
Black-headed gull 2 0.78 0.02
Black kite 5 0.63 0.19
Peregrine falcon 1 0.51 .
Common krestel 3 0.46 0.08
Glossy ibis 5 0.37 0.03
All samples 25 0.51 0.15
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Table C (Supporting information): Summary of isomeric results (continuacio).

. . Standard
Pyrethroid Parameter Species N  Mean Deviation
Cypermethrin Reisitrans Gull-billed tern 1 2.05

Gadwall 6 5.57 2.62
White stork 3 8.17 5.75
Black-headed gull 2 1447 0.90
Black kite 5 19.75 13.86
All samples 17 11.04 9.87
Reis1/cis2 Gull-billed tern 1 0.97 .
Gadwall 6 0.58 0.16
White stork 4 0.93 0.08
Black-headed gull 2 0.87 0.26
Black kite 5 0.91 0.16
Peregrine falcon 1 1.15 .
All samples 19 0.82 0.22
EFgs1 Gull-billed tern 1 0.49 .
Gadwall 6 0.51 0.07
White stork 4 0.59 0.11
Black-headed gull 2 0.49 0.02
Black kite 5 0.62 0.05
Peregrine falcon 1 0.48 .
All samples 19 0.55 0.09
EF:s Gull-billed tern 1 0.42 .
Gadwall 6 0.37 0.07
White stork 4 0.38 0.04
Black-headed gull 2 0.43 0.04
Black kite 5 0.60 0.06
Peregrine falcon 1 0.44 .
All samples 19 0.44 0.11
Tetramethrin Reisitrans White stork 8 0.25 0.05
Black kite 2 0.20 0.03
Common krestel 3 0.25 0.04
Booted eagle 1 0.26 .
Glossy ibis 5 0.22 0.03
Purple heron 1 0.20 .
All samples 20 0.24 0.05
EFgs White stork 7 0.42 0.20
Black kite 4 0.41 0.18
Common krestel 3 0.49 0.05
Booted eagle 1 0.46 .
Glossy ibis 5 0.55 0.04
Purple heron 1 0.61 .
All samples 19 048 0.13
EFans Gadwall 1 0.35 .
White stork 8 0.38 0.04
Black kite 3 0.39 0.01
Common krestel 4 0.39 0.02
Booted eagle 1 0.36 .
Glossy ibis 5 0.37 0.02
Purple heron 1 0.40 .
All samples 24  0.36 0.08
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4.2.2 Analisi de mostres de I’Antartida

Mostreig i metodes.

Al 2013 es varen recollir mostres d’animals morts de I’Antartida, concretament de elefants
marins i de llops marins. D’aquestes dues especies es tenien mostres del sistema nervids, de
greix corporal i de greix de 'aleta. El grup de la Universitat de Rio de Janeiro ens va cedir 11
d’aquestes mostres per comprovar la preséncia de piretroides. La Taula 4.1 descriu les mostres

analitzades.

Taula 4.1: Mostres d’animals de I’Antartida analitzades.

Espécie Sistema nervids Greix Greix de l'aleta TOTAL
Elefant mari 4 2 1 7
Llop mari 3 1 0 4
Total mostres analitzades 7 3 1 11

Per tal d’analitzar-les es van tractar igual que d’altres matrius similars, emprant els
mateixos metodes que amb altres mostres i que estan ja explicats. El metode permetia avaluar
la presencia, i quantificar si era el cas, de 13 piretroides: bifentrina, cihalotrina, ciyflutrina,
cipermetrina, deltametrina, fenvalerat, fluvalinat, fenpropratrina, permetrina, fenotrina,

resmetrina, tetrametrina i tralometrina (Alonso et al., 2012).

Resultats.
Per a aquestes mostres els rang de LODs amb el que es treballava era des de 0,03 a 0,46 ng

g ' Iw. El rang de LOQs erade 0,10 a 1,54 ng g ™" Iw.

Cap de les mostres analitzades va donar positiu a la preséncia de piretroides.

4.2.3 Discussio de resultats

El primer resultat i més destacable d’aquest estudi fou, sens dubte, que aquestes aus
bioacumulen piretroides i els transfereixen als ous i, per tant, estan exposats a aquests
pesticides. Només un estudi recent en perdius de camps de cultiu de cereals francesos havia
donat algun indici de que aix0 podia ser aixi (Millot et al., 2015). Malgrat aix0, tant aquest
estudi en perdius com els de ous i pollastres de granja (dell'Oro et al., 2014; Y. G. Li et al.,
2016) estudiaven aus que estaven directament exposades als piretroides mentre que, en el
nostre cas, I'exposicié als piretroides dins del la reserva Natural de Dofiana no se suposa
directa. La conclusié que es pot extreure és, doncs, que la dieta ha de ser la via d’exposicid. A

més, hi ha d’haver una dispersid pel medi, ja sigui natural per escorrentia de les aigles de
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cultiu o possible dispersio aéria en particulat, com dispersié antropogénica amb I'abocament
de residus contaminats en abocadors on algunes d’aquestes aus s’alimentaven. De fet, al
dividir les espécies segons els habits alimentaris, es va comprovar que les espécies que
s’alimentaven de fonts principalment antropogeniques tenien uns nivells de piretroides

superiors.

Referent a I'analisi dels isotops, es va dur a terme una extraccio amb metanol dels lipids.
Aixo va ser perque els lipids interfereixen negativament en I'analisi del 5'“C, fent que I'analisi
no sigui reproduible. Aquesta extraccid, perd podria afectar també al resultat de 8N. Aixi
doncs, es va fer una primera comprovacié de que els nivells de 3N no es veien excessivament
afectats per I'extraccid lipidica de les mostres. La Taula 4.2 mostra la comparativa dels valors
de 8N i 8"C obtinguts de per a la mateixa mostra tractada amb metanol i no tractada. Com
s’observa, mentre els valors de 8N romanen practicament inalterats, per al 8'C varien

significativament amb el tractament.

Taula 4.2: Comparativa de valors de de 5N i 8'C entre mostres tractades amb metanol i no tractades

5'°N mostres 5 5'C mostres "
.. 4 "N mostres no o C mostres no
Especies extretes amb extretes amb
tractades tractades
MeOH MeOH
Agré roig 11,6 11,4 -29,1 -31,0
Agré roig 13,8 13,9 -27,1 -29,5
Agré roig 12,7 12,6 -27,7 -30,8
Morito 13,1 12,8 -24,4 -27,4
Morito 16,2 16 -26,2 -29,6
Xoriguer comu 13,6 13,3 -23,2 -24,7
Xoriguer comu 11,5 11,5 -23,0 -26,8
Cigonya blanca 9,13 8,9 -24,4 -27,3
Falcd peregri 11,7 11,4 -20,2 -22,4
Mila negre 10,6 10,7 -24,7 -26,4

En aquest estudi també es va comprovar que situar aquestes aus, part d’elles migratories,
dins la xarxa trofica gracies als isotops estables de N i C en els seus ous no era gaire viable. A

més el fet de que algunes espécies fossin migratories complicava més I'analisi ja que els



periodes de deju i de esforg fisic poden alterar el catabolisme de les proteines i, per tant, el
SN (Karnovsky, Hobson, & Iverson, 2012). Tot i aixi, la comparativa intraespecie en diferents
anys en algun cas si que va donar bons resultats. Va ser el cas de les cigonyes que en dues
campanyes de mostreig en anys consecutius van observar-se un decreixement dels nivells de
S™N. Aixo podria explicar-se per canvis en la dieta ja que fonts alimentaries antropogeéniques
solen tenir nivells de 8N inferiors (Caron-Beaudoin et al., 2013; Florin et al., 2011). A més,
que el 8"C també va variar entre aquestes dues campanyes, tot i que no de forma tant

significativa com el 8*°N, també corrobora la hipotesi del canvi de dieta.

Referent a I'analisi de mostres de I’Antartida, es pot deduir que aquests animals que viuen
tan apartats de fonts de emissid de piretroides no estan exposats a ells o que, en cas que ho
estiguessin, els nivells que els arriben sén tan baixos que soén capacos de metabolitzar-los
completament. En qualsevol cas, aquests resultats impliquen que els piretroides no sén
capacos de traslladar-se grans distancies en quantitats suficients per ser un problema en
ecosistemes llunyans, potser gracies a la seva baixa persisténcia i facil degradacié. Aquest fet
ens permet assegurar, com ja succeia amb la persisténcia, que els piretroides no poden ser

considerats POPs.

4.3. Mediaquatic.

Com s’ha discutit a la introduccid d’aquesta tesi, els piretroides sén principalment hidrofobs
per tant, en el medi aquatic sera dificil trobar-ne nivells a I'aigua. Tot i aixi, si que en podrem
trobar als sediments i a la biota de I'ecosistema. A més, com s’ha discutit, en peixos solen ser
forga toxics aixi que aquest ecosistema és especialment sensible a la presencia de piretroides
(veure apartats de propietats fisico-quimiques dels piretroides i de presencia ambiental i

comportament del capitol de Introduccio).

En el cas d’aquesta tesi, es va centrar en I'estudi de la preséncia de piretroides en diverses
especies de peixos dels rius espanyols i en dofins de diverses especies. La seleccié de les
mostres respongué al interes de coneixer els nivells en els rius espanyols sobre biota. Ja
estudis previs havien detectat nivells en aigua i sediments d’algun d’aquests rius, tot i que de
forma intermitent depenent de I'epoca de I'any i la coincidéncia amb els periodes de cultiu
propers (M. L. Feo, Ginebreda, et al., 2010). Per tant, la poblacié de peixos dels rius podia estar

exposada i era una bona candidata per monitorejar la seva exposicié a aquests insecticides.

A més, també es volien comprovar si la biota marina també era exposada als piretroides.

Per fer-ho es va triar un “super-depredador” (en angles, top predator), és a dir, aquelles
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especies que es consideren que estan en el nivell superior de les cadenes alimentaries i les
xarxes trofiques. Aquesta tria respongué a la hipotesi de que la dilucié dels mars i oceans
provocaria que els nivells en biota marina siguessin molt baixos pero, si els piretroides es
bioacumulen i biomagnifiquen, els nivells superiors de la xarxa trofica serien els més adients
per comprovar si hi ha residus de piretroides acumulats en aquesta biocenosi evitant falsos
negatius per nivells inferior als LODs de la metodologia que podrien donar-se en els estrats

inferiors de la xarxa trofica.

4.3.1 Piretroides en biota d’ecosistemes d’aigua dol¢a

En aquest apartat es pretén presentar I'estudi de la preséncia de piretroides en peixos de
rius ibérics de la Publicacio 3. Concretament, I'estudi fou emmarcat dins el projecte
CONSOLIDER “Evaluacién y prediccion de los efectos del cambio global en la cantidad y la
calidad del agua en rios ibéricos (SCARCE)”. Sota el paraiglies d’aquest projecte que englobava
gran nombre d’estudis, el presentat en aquesta tesis fa referéncia a la preséncia de piretroides

en la biota de rius de 4 conques diferents.

Com ja es coneixia el caracter temporal de la preséncia de piretroides en les conques dels
rius, 'estudi de I'acumulacié dels piretroides en biota podia donar una visié més general i a
llarg termini de I'exposicid d’aquests ecosistemes als insecticides estudiats. A més, el fet de
comprovar la preséncia a diverses espécies permetia fer una analisi més detallada de I'efecte

interespecie de I’enantioselectivitat en 'acumulacio.

Cal remarcar, també, que algunes d’aquestes espécies sén de consum habitual entre els
pescadors de riu, aixi que els nivells de piretroides d’aquests animals poden passar
directament a ser ingerits per humans. Per tant, en aquest cas podem parlar de contaminacio
per piretroides en mostres que eventualment, poden entrar en I'alimentaciéo humana i ser, per

tant, una font de ingesta humana de piretroides.
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For the first time, this work described pyrethroid bioaccumulation in edible river fish samples. We analyzed 42
whole fish samples collected in 4 different Iberian rivers. All samples were positive to these insecticides. Levels
of concentration ranged from 12 to 4938 ng g ' lipid weight (lw). Moreover, isomeric characterization was car-
ried out. Our results remarked a general preference of cis isomers in bioaccumulation. Finally, the enantiomeric
evaluation showed that there was an enantioselective bioaccumulation of some pyrethroids, depending on the
studied species. Pyrethroid concentrations were compared with levels obtained for other common pollutants,
such as flame retardants, personal care products, hormones and pharmaceuticals. The highest values
corresponded to pyrethroid insecticides, even though, pyrethroid levels are safe for human consumption taken

Pyrethroids into account the current regulations.
River fish © 2014 Elsevier Ltd. All rights reserved.
1. Introduction pointed out that pyrethroid presence in river water and sediments be-

Pyrethroids are synthetic insecticides derived from the natural pyre-
thrins. Structurally they have 2 or 3 chiral centers. This means that they
have 2 or 4 diastereomers and 4 or 8 enantiomers. The use of pyre-
throids is extensive around the world. They are common in agronomics
both on crops and directly over grain to store, in veterinary on cattle and
pets, as domestic insecticides and even for health purposes against
scabies, lice or vectors of some diseases such as malaria or typhus
(Barr et al., 2010).

These insecticides were the alternative to other biocides, e.g. organ-
ochlorines and organophosphates, because of their low persistence and
toxicity. However, even when it is known that pyrethroid environmen-
tal persistence is usually lower than 90 days (UH, 2011), it is also true
that they are found in environmental samples, such as water and sedi-
ments (Feo et al., 2010b; Weston et al., 2013; Xue et al., 2005), food
(Esteve-Turrillas et al., 2005; Garcia-Rodriguez et al., 2012), mammals
(Alonso et al., 2012) and even human samples (Bouwman et al., 2006;
Corcellasetal, 2012; Channaet al,, 2012). The explanation to these find-
ings may be the continuous, and sometimes excessive, use of these
compounds.

The origin of these pyrethroids in the environment is very diverse.
Agronomics should be an importance source. Despite this, some works

Abbreviations: dw, dry weight; LCsq, Lethal Concentration at 50%; Iw, lipid weight; LOD,
limit of detection; LOQ, limit of quantification; MRL, Maximal Residue Level; MS, mass
spectrometry.

* Corresponding author.
E-mail address: eeeqam@cid.csices (E. Eljarrat).

http://dx.doi.org/10.1016/j.envint2014.11.007
0160-4120/© 2014 Elsevier Ltd. All rights reserved.

cause of the agronomic workings is punctual and it depends on how
long the pesticides were applied (Feo et al., 2010b). Besides, a lot of
countries have already banned some of these insecticides in agronomics
(EC, 1991; EPA, 1991). However, the usage of these biocides is also very
common in non-agricultural sectors such as industry, government, and
home and garden. For example, the last Pesticide Industry Sales and
Usage Report (EPA, 2011) estimated that in 2007, over 1500 t of pyre-
throids was used only in the U.S. Home and Garden market sector.
Therefore, domestic and urban uses might be other focal points of
their environmental presence (Kuivila et al.,, 2012; Lu et al., 2013;
Weston and Lydy, 2010).

Moreover, pyrethroid toxic effects in water ecosystems are not
negligible. For instance, LCsq of bifenthrin in Daphnia and trout are 0.11
and 150 pg/L respectively (UH, 2011). Some authors had studied LCs; of
some other pyrethroids in fishes. Their values ranged from 0.06 pg/L
(tefluthrin on trouts) to 19 pg/L (allethrin on trouts) (UH, 2011). Even
when in literature there were no studies of pyrethroid bioaccumulation
in wild fish tissues, some authors had studied the bioaccumulation in
exposed fishes. The main objective of most of these studies was to calcu-
late the Bioconcentration Factor (BCF) in fishes for concrete pyrethroids.
These studies demonstrated high bioaccumulation but, as well, the
possibility of depuration in appropriate conditions (Devillers et al.,
1996; Jackson et al., 2009; Muir et al,, 1994; Schimmel et al., 1983).

Lately, pyrethroid toxicology and exposition in mammals are being
further investigated (Goulding et al., 2013; Jin et al,, 2012; Xu et al,,
2010; Zhang et al.,, 2008; Zhao et al., 2010). These works included new
data about isomer-toxicology, even some of them were focused on
enantioselective toxicology. For instance, cis-isomer of permethrin

125



C. Corcellas et al / Environment International 75 (2015) 110-116 m

seems to be less metabolized and, consequently, more toxic than trans-
permethrin in mice (Zhang et al., 2008). Besides, one of the cis-
enantiomers presented more toxicity than the other (Jin et al., 2012).
Moreover, human exposure to pyrethroids has been widely studied by
urine analysis of their metabolites and related with some diseases,
such as leukemia (Ding et al,, 2012). However, these analyzed metabo-
lites are nonspecific, so it was not possible to know the contribution of
each pyrethroid (Barr, 2008; Barr et al.,, 2010; Ding et al,, 2012;
Koureas et al., 2012; Olsson et al., 2004) or their isomers.

With this background, we studied for the first time the potential
bioaccumulation of pyrethroids in wild river fish. We analyzed 42
pooled edible fish samples from four Iberian river basins. In these sam-
ples we determined 12 different pyrethroids: cis-bifenthrin, cyfluthrin,
cypermethrin, cyhalothrin, deltamethrin, fenvalerate, fluvalinate, per-
methrin, phenothrin, resmethrin, tetramethrin, and tralomethrin. In
addition, given the relevance of isomerism on toxicology, we reanalyzed
these samples with an enantiomeric-selective methodology.

2. Materials and methods
2.1. Standards and reagents

All analytical standards were purchased from Dr. Ehrenstorfer
(Augsburg, Germany). As surrogate standards dg-trans-permethrin
and dg-trans-cypermethrin were chosen and purchased from the same
commercial firm. Organic solvents were obtained from J.T. Baker “for
use in HPLC” quality (Deventer, The Netherlands). Standard solutions
were prepared in ethyl acetate (“for gas chromatography” quality
from Merck, Darmstadt, Germany). Calibration curves were prepared
at different concentrations ranging between 0.4 and 150 ng mL™".
Solid phase extraction (SPE) cartridges were obtained from Isolute
Biotage (Uppsala, Sweden) (C18,2 g 15 mL™") and from Interchim
(Montlucon, France) (Basic alumina, 5 g 25 mL™").

2.2. Sampling

In the frame of the project SCARCE-Consolider-Ingenio, four Iberian
river basins were sampled in 2010. Fig. 1 showed the distribution of

Guadalquivir River
4 Sampling Points
n=5

these four basins in the Iberian territory as well as the sampling points.
Only one of this sample points corresponded to a reservoir. For each
river, two fish species were selected for monitoring along the river.
These species used to be one carp and one barbel species, when it was
possible. Other species were also sampled, e.g. trouts, gudgeons and
catfishes. Fish samples were collected, homogenized for species by a
meat grinder, freeze-dried and stored at — 20 °C until analyses. More
details of this procedure were specified in previous works (Jakimska
et al., 2013; Santin et al., 2013). Table A summarizes sample details
such as species, sampling point and pool composition. With some spe-
cies, for example barbels, juvenile and adult samples were differentiated
by fork length; in this particular case, barbels with length lower than
30 cm were considered as juvenile.

2.3. Analytical methods

Sample treatment was adapted from Feo et al. (2012). Briefly,
0.3 g of freeze-dried sample was spiked overnight with 10 uL of a so-
lution 0f 0.025 ng L™ " and 0.0125 ng L~ ' of dg-trans-permethrin and
dg-trans-cypermethrin, respectively. Extraction procedure was carried
out with 20 mL of hexane:dichloromethane 2:1 and assisted by ultra-
sound for 15 min. This extraction was repeated twice and all solvent
dried by a N, stream. A following tandem SPE (basic alumina and C18
cartridges, 30 mL acetonitrile as eluent) cleaned up. The eluent was
evaporated under N and the sample reconstituted 100 pL of ethyl
acetate,

Analyses were performed on an Agilent Technologies 7890A
coupled to a 7000A GC-MS Triple Quad. The columns chosen
were a DB5-ms (Agilent Technologies, Santa Clara, CA, USA) (15 m
x 0.25 mm x 0.1 um) for the quantitative analysis and a BGB-172
(BGB Analytik, Switzerland) (30 m x 0.25 mm x 0.25 um) for the enan-
tiomeric determination. Details of chromatographic conditions to both
achiral and chiral analyses are found in Corcellas et al. (in press). The se-
lected mass spectrometry (MS) mode was negative chemical ionization
with ammonium as reagent gas. All MS parameters are found in Feo
et al. (2011).

In parallel, 1 g of sample was extracted with an equivalent extraction
procedure in order to determine the lipid content gravimetrically.

Llobregat River
5 Sampling Points
+ 1 Reservoir

n=1

Ebro River
5 Sampling Points
n=13

Jucar River
5 Sampling Points
n=13

Fig. 1. Map of the four Iberian river basins, and sampling stations selected for each one (n = number of samples).
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24. Quality assurance/control

For each batch of 12 samples, one methodological blank was carried
out. Levels of blanks were always negligible (lower than 1% of the sam-
ple signals). Linearity was proven obtaining correlation coefficient
higher than 0.98 in the studied concentration interval for all pyre-
throids. The mean recovery was 79%, being 53% the lower value, obtain-
ed for deltamethrin. Limits of detection (LOD) ranged from 0.03 to
046 ng g ' Iw and limits of quantification (LOQ) from 0.10 to
154ngg " Iw.

2.5. Isomeric and enantiomeric analyses

After quantitative analysis, representative samples of each river and
species were selected in order to be analyzed with the chiral column.
This method allowed discerning the isomeric proportion of bifenthrin,
cyhalothrin, cyfluthrin, cypermethrin, permethrin and tetramethrin.
Fig. 2 showed the results obtained by both analyses for type [ and type
Il standard pyrethroids.

Following Corcellas et al. (in press) indications, enantiomeric factors
(EFs) for each enantiomeric pair were calculated with Eq. (1).

EF = A;/Ar (M

where A; is the area of the first eluting enantiomer and Ay is the sum of
areas of both enantiomers. EF was defined for each enantiomeric pair:
EFcis and EFtrans for type | pyrethroids, and EFcis1, EFcis2, EFtransi
and EFtrans2 for type Il pyrethroids. A racemic mixture of an enantio-
meric pair is always represented by an EF equal to 0.5.

Moreover, diastereoisomeric factors were also defined. First of all,
Rcis/trans was defined as the ratio between cis and trans isomers of
the same pyrethroid. In the case of type II pyrethroids, this relationship
was the ratio (cis1 + cis2)/(trans1 + trans2). For type Il pyrethroids
more ratios are possible. For instance, Rcis1/cis2 was the proportion of
the isomer cis1 with respect to the isomer cis2. Analogously, Rtrans1/
trans2 was defined as the proportion of the isomer trans with respect
to the isomer trans2.

Type | pyrethroids

3. Results and discussion
3.1. Quantification analyses

Our study is the first one reporting pyrethroid levels in wild non-
treated fish tissues. Pyrethroids were detected in all the analyzed sam-
ples. Table 1 summarized the results obtained as a sum of pyrethroids
in each river basin (for individual sample results see Table B).

Total pyrethroid concentrations ranged from 12 to 4938 ng g~ ' Iw.
The highest value corresponded to a trout sample from a reservoir.
In river course sample points, the highest concentration was of
1508 ng ¢~ ! lw, corresponding to a carp sample. Generally, carps
were the fishes with more pyrethroid bioaccumulation capacity.

Other studies about pyrethroids in fish samples were not about wild
biota, so the comparison of our levels with previous published was dif-
ficult. In a previous work, we found median concentrations for total py-
rethroids of 7.04 and 68.4 ng g ' Iw in adults and calves of Brazilian
liver dolphins, respectively (Alonso et al., 2012). Thus, levels in dolphins
were even two orders of magnitude lower than those found in the
present work for river fish. The lower values obtained for dolphins
could be explained by the capability of mammals to metabolize pyre-
throids, with the conversion to non-toxic metabolites by hydrolysis
(Demoute, 1989; Scollon et al., 2009). However, it should be also
taken into account that samples were completely different (liver dol-
phin sample vs. whole fish sample) and came from different ecosystems
(ocean vs. river) and water conditions, such as dissolved organic matter,
could affect the bioaccumulation of pyrethroids (Haitzer et al., 1998).
Regarding studies in fishes, the levels reported in exposed fishes
where quite high, as well. For example, Muir et al. (1994) described
levels of almost 30, 20, 40 and 20 ng g~ ' ww of cis-cypermethrin,
fenvalerate, cis-permethrin and deltamethrin, respectively, in rainbow
trout. These levels are in the same order of magnitude of our maximum
levels (taking into account the transformation from Iw to ww).

Nine pyrethroids out of the 12 included in the analytical work were
detected. Bifenthrin, cyhalothrin and cypermethrin were ever present.
Detection frequencies of the rest of the detected pyrethroids were
88%, 83%, 81%, 57% and 31% for fenvalerate, tetramethrin, permethrin,
cyfluthrin and deltamethrin/tralomethrin, respectively. Tralomethrin

Type Il pyrethroids
I

L t;.ci_!‘.-rnm e

“‘t:‘:{r: o7 @ TRy
0 R
A i
Achiral
2 diastereomers Permethrin Cypermethrin 4 diastereomers
1. cis 1 3 1. cist
2. trans A 2 B 2. trans1
/ al 3. cis2
|-+ 4. trans2
1
2
Chiral
4 enantiomers 8 enantiomers
i. 1R-3R M4V I.  1R-3R-aR
ii. 1s8-3s VIV Il. 15-35-uS
iii. 18-3R . 15-3R-uS
iv. 1R-35 —L— IV. 1R-38.aR
a i V. 1R3R-aS
iiv Vi. 15-35-aR
),f\f\ Vil. 15-3R-aR
Dl Vill. 1R-38-a$

Fig. 2. Peak assignation for the chromatograms obtained in diastereomeric and enantiomeric analyses of type | and type Il pyrethroids.
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Table 1

Summary of pyrethroid levels (expressed in ng g~ ' lw) obtained in fish samples collected from the four Iberian river basins (SP: sampling point).
River basin (SP) Barbels Carps Trouts Other

Species name Range Mean Species name Range Mean Species name Range Mean  Species name Range Mean

Ebro L graellsii (5) 53-154 114 C carpio (4)  46-1017 307 - - - Silurus glanis (2) 147-329 23§
Llobregat L graellsii (2 + 1°)  102-504 356 C carpio (5)  152-1508 551 Salmo trutta (1*) - 4938 - - -
Guadalquivir L sclateri (4) 20-843 608 C carpio (1) - 140 - - - - - -
Jacar B. guiraonis (2) 12-123 68 - - - Salmo trutta (2)  379-583 481 Gn Lozanoi (5) 114-670 327

* This sampling point is a reservoir.

is converted to deltamethrin in a GC injector (Feo et al., 2010a), which
means that results of deltamethrin are always the undifferentiated
sum of these two pyrethroids. Samples never presented detectable
levels of fluvalinate, phenothrin and resmethrin.

Pyrethroid distribution was different depending on the sampling
point. Fig. 3a shows the median contribution of each pyrethroid to the
total contamination for each river basin. For instance, permethrin was
the predominant pyrethroid in the Ebro and Llobregat river basins,
whereas the Guadalquivir and Jucar river basins were dominated by
cypermethrin and tetramethrin, respectively. This fact could be due to
different local insecticide practices. A confirmation of this hypothesis
would be the similarity of patterns between Llobregat and Ebro rivers,
because they are the geographically closest basin rivers. More local in-
formation about the use of pyrethroids would be necessary in order to
describe a relationship between its dumping and bioaccumulation.
Nonetheless, the presence of some pyrethroids like bifenthrin, whose
agrarian use is banned (EC, 1991), supports the hypothesis that non-
agricultural sectors contribute considerably to the pyrethroid contami-
nation of the environment.

However, it should be pointed out that also differences in pattern
distribution were observed between species collected at the same sam-
pling point. As an example, Fig. 3b shows the pattern distribution for
different species collected in the same sampling point of the Jacar
River. In this case, the contribution of cyhalothrin decreased from barbels
to gudgeons and trouts. In contrast, the highest contribution of permeth-
rin was observed in trouts, followed by gudgeons, whereas it was not de-
tected in barbels. It was supposed that each species bioaccumulates
distinctly pyrethroids. For instance, Jackson et al. (2009) estimated the
BCF of cyhalothrin for Lepomis macrochirus in 19 while the IUPAC data-
base of agrochemicals (IUPAC, 2011) assumed that this value reach
1950 for the whole fish samples. In the case of fenvalerate, Schimmel

a)

100

a0 -

80 -

o

40 -

0 -

10 -

EBRO LLOBREGAT  GUADALQUIVIR JOCAR

et al. (1983) estimated its BCF with carps in 1100 but Devillers et al.'s
(1996) estimation with sheepshead minnow (Cyprinodon variegatus)
was of 570. These divergences could be due to different parameters like
the dissolved organic carbon and the pyrethroid exposition (Muir et al.,
1994). Given that our comparison is among individuals equally exposed,
more studies are necessary to identify the exact causes of our results. One
potential explanation could be the different metabolism of these species.
Even when pyrethroids are structurally similar, small differences in
metabolism could make some of them more bioavailable, more
bioaccumulative or even more metabolizable. Other reasoning is
about fish habits, Species monitored had different diet preferences
and various strata. This could mean divergent direct exposure even
when they came from the same river zone.

No significant differences were found between juvenile and adult
samples, in both levels (ANOVA test, o > 0.01) and profiles. No general
trends on concentration were described against physical characteristics
such as weight, longitude or even Fulton's condition factor. However,
given that finding these trends was not the main objective of this first
study, to check these results should need a more exhaustive sampling
with a larger number of samples specifically selected in order to study
these potential trends.

3.2. Pyrethroids versus other emerging pollutants

Levels of pyrethroids were compared with those of other pollutants
analyzed in the same fish samples. Fig. 4 represented the comparison
with levels of flame retardants, personal care products, hormones and
pharmaceuticals. In this figure pyrethroid levels are recalculated in
ng g~ ' dry weight (dw) in order to be compared with the rest of the
published values. The first important difference among pyrethroid and
most of other families was the detection frequency. Pyrethroids were

D) o
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ODFLTAMETHRIN 79
F
CIFENVALERATE c0 |
ECYPERME THRIN
BCYFLUTHRIN 50 -
DPERMETHRIN
40
O TETRAMETHRIN
DICYHALOTHRIN 30 4
QBIFENTHRIN
20
10 |
D +

Barbels

Gudgeons

Fig. 3. Percentage (%) contribution of each pyrethroid by different a) river basins, and b) fish species (fishes collected at the same sampling point, JUCE).
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Pyrethroids (11)
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Fig. 4. Levels of different emerging pollutants analyzed in the same fish samples. Pyrethroid data corresponded to the present work, and data for the rest of the compounds were adapted
from ref. Santin et al. (2013), Huerta et al. (2013), and Jakimska et al. (2013). Number of analytes of each family in parenthesis.

detected in all the samples. Only some of the flame retardants such
as polybrominated diphenyl ethers (PBDEs) and dechloranes had
frequencies near to 100% (Santin et al., 2013). The rest of the contami-
nants presented frequencies lower than 50% (Huerta et al., 2013;
Jakimska et al., 2013). Moreover, pyrethroid concentrations were
the highest, followed by parabens and organophosphorous flame
retardants, whose maximum levels were third and sixth of pyrethroid's,
respectively. All these results remark the importance of including
pyrethroids in environmental quality and monitoring studies, given
that, even at non-lethal doses, pyrethroids are known as stressors
(Forsgren et al., 2013).

3.3. Chiral analysis

Results obtained with the chiral column are summarized in Table 2.
This method is less sensitive than the isomeric one, so, even when sam-
ples presented quantitative levels of pyrethroids, sometimes it was not
possible to evaluate the enantiomeric contribution. This was the case of
bifenthrin and tetramethrin.

3.3.1. Diastereomeric evaluation
Almost all the samples showed accumulation preference of the cis
pyrethroid isomers. Thus, ratios among cis and trans isomers (Rcis/

Table 2

Diastereomeric ratios and enantiomeric fractions obtained for different pyrethroids in different fish species.

Pyrethroid Species  EFcisT (EFcis) EFcis2 Reis1/cis2 Rcis/trans

Range Enhanced enantiomer Range Enhanced enantiomer Range Enhanced diastereomer Range Enhanced diastereomer

Permethrin ~ Barbels  0.27-0.47 SPD - - - - 2.65-11.1 cis
Carps - - - - - - - -
Trouts 0.41-045 Rac - - - - 0.60-220 SPD
Gudgeons 0.58-0.76 SPD - - - - 1.18-4.08 cis
Catfishes - - - - - - - -

Cyhalothrin ~ Barbels 0.20-0.38 1l 0.46-049 Rac 0.38-0.57 SPD - -
Carps - - - - - - -
Trouts - - - - - - - -
Gudgeons 0.42-0.46 Rac 0.29-040 VI 0.29-0.35 cis2 - -
Catfishes  0.38 ] 0.46-047 Rac 0.64-0.65 cis2 - -

Cyfluthrin Barbels 0.2 1} - - - cis1 - cis
Carps - - - - - - - -
Trouts 0.39 ] 0.60 v 1.61 cis1 1.31 cis
Gudgeons 0.20-0.37 Rac 0.12-023 VI - - - -
Catfishes - - - - - - - -

Cypermethrin  Barbels  0.21-0.47 SPD 0.25-0.43 SPD 0.90-1.32 SPD 3.01-29.7 cis
Carps 0.44 Rac 0.40 VI 0.92 - 3.16 cis
Trouts 0.38-0.45 SPD 0.25-045 SPD 0.78-0.87 cis2 227-423 cis
Gudgeons 0.36-0.37 1 0.11-0.14 VI 0.39-042 cis2 12.0-15.0 cis
Catfishes 0.48-0.49 Rac 0.22-024 VI 1.14-1.15 cisl 11.5-16.7 cis

Rac: racemic mixture; SPD: sampling point depending.
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trans) were from 2.3 to 30 for cypermethrin, 1.3 for cyfluthrin, and from
0.6 to 11 for permethrin. The only exception was the case of
tetramethrin. However, it is known that commercial mixtures are usual-
ly enriched in trans-tetramethrin. Concretely, it is habitual to find the d-
trans-tetramethrin enantiomer (1R-3S-isomer) enhanced in some
common domestic insecticides because it is the enantiomer with more
insecticide activity (Corcellas et al., in press). Therefore, it is supposed
that trans-tetramethrin could be more dumped to the environment.

Regarding permethrin, in previous works with biological matrices
(dolphin liver and human breast milk) (Alonso et al., 2012; Corcellas
et al., 2012), it was found always enriched in cis-isomer, which is also
consistent with our findings in fish samples. In fact, some works
revealed that in the case of mice, the cis-permethrin isomer was less
metabolized than trans-permethrin, and it was also more accumulative
and more toxic (Jin et al., 2012; Zhang et al., 2008). This selective accu-
mulation of cis-permethrin we have described in our study, needs to be
confirmed with further studies. More studies must be carried out in
order to fill the gap of knowledge regarding potential selective bioavail-
ability and metabolism of permethrin in fishes.

Isomers of cyhalothrin, cyfluthrin and cypermethrin were evaluated
in this work for the first time in not exposed biota samples. Again, re-
sults showed that cis isomers were more abundant than trans isomers.
However, even when generally cis isomers were enhanced, it should
be taken into account that commercial mixtures could be enriched in
cis isomers having, for example, Rcis/trans = 2 (Corcellas et al., in
press). In this case, we cannot confirm a cis/trans selectivity in bioaccu-
mulation of pyrethroids, without prior knowledge about the origin of
the pyrethroids to which fishes are exposed and their Rcis/trans.

Moreover, the Rcis1/cis2 for these 3 pyrethroids was also calculated.
This parameter ranged from 0.29 to 0,65 for cyhalothrin, indicating
a higher contribution of the cis2 isomer (commonly known as h-
cyhalothrin). It is important to remark that this isomer has the greatest
insecticide power and it is enhanced in some commercial mixtures.
In contrast, for cyfluthrin and cypermethrin, the preferential accumula-
tion of cis1 or cis2 seemed to depend on the species. For instance, the
cis1-cypermethrin was enhanced in catfish samples whereas the cis2-
isomer was enriched in trout and gudgeon species. Nevertheless,
given that this is the first study to describe diastereomeric behavior, dif-
ferences in this ratio among species need to be further studied and those
trends confirmed.

3.3.2. Enantiomeric interpretation

In order to analyze the enantiomeric accumulation, different EF
values were calculated (Table 2). EFs could get values between 0
(there is no presence of the first eluting enantiomer) and 1 (there is
no presence of the second eluting enantiomer). The medium value of
0.5 corresponds to the racemic mixture, indicating that both enantio-
mers are in the same proportion. Even when the standard deviation of
EF ranged from 0.001 to 0.016 in standards (Corcellas et al., in press),
for further discussions, we generally consider racemic mixtures to
those with EF values of 0.5 & 0.1 (a medium deviation value of 0.01
multiplied by a factor of 10 in order to include all those variables out
of control that could affect differently in real samples).

Looking at the permethrin, calculated EFcis values were very dissim-
ilar. They ranged from 0.27 to 0.76. Values for trouts seemed to suggest
racemic mixtures. In some sampling points, both gudgeons and barbels
presented values too close to 0.5 to clarify any enantioselectivity. Not-
withstanding, in other sampling points, these two species showed
EFcis values significantly higher (gudgeons) and lower (barbels) than
0.5, revealing clear enrichments of first eluting enantiomer and second,
respectively. Those general differences among sampling points could
show different commercial mixture uses. Additionally, in previous
works (Corcellas et al., in press), we had described an enrichment of
(15-3S)-enantiomer in domestic permethrin mixtures. Results of gud-
geon samples seemed to suggest either that the origin of their contam-
ination was not the domestic use, or that the { 1R-3R)-enantiomer was
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enhanced in the environment. Otherwise, the enantioselective trend de-
pending on the species needs to be proved. More studies involving
higher number of samples should be carried out in order to corroborate
these tendencies.

EF values of both cis enantiomeric pairs of cyhalothrin were lower
than 0.5, with mean rates of 0.37 and 0.43 respectively. In this case,
behaviors in barbel and catfish samples were similar. For EFcis1, these
species showed the first eluting enantiomer (1R-3R-«R-isomer) en-
hanced but EFcis2 showed a racemic enantiomeric mixture. On the
other hand, gudgeon samples presented the opposite behavior: EFcis]
showed no enantiomeric selectivity but EFcis2 could indicate an (1R-
3R-wS)-cyhalothrin enrichment. Knowing that, the gudgeon samples
came from other rivers, different exposures are most probably the
explanation to their different cyhalothrin patterns.

For cyfluthrin, EFcis1 was always lower than 0.39. EFcis2 of this pyre-
throid could be calculated only for one sample, being 0.60. On the other
hand, all samples presented concentrations of cypermethrin higher
than the LOQ of the chiral method and all their EF values were lower
than 0.5. Thus, cis1 cypermethrin enantiomeric pair was enriched in
the second eluting enantiomer (15-35-«S). Though, in the case of
catfishes, this value was clearly near to racemic mixture. This indicated
different enantio-accumulation of the same pyrethroid depending on
the species, even in the same sampling point. Fig. 5 shows the chro-
matograms of cypermethrin for a barbel and a catfish in order to show
graphically those results. Nonetheless, the cis2 enantiomeric pair always
presented an enhancement of the second eluting enantiomer (1S-
35-aR), as well for the catfish samples. Therefore, there was no correla-
tion between enantioselectivity of one enantiomeric pair and the other.
In commercial mixtures, only racemic patterns have been described
(Corcellas et al,, in press).

Barbel |

A
IH+1V
VII+VIII
v \
1] VI
Catfish
| \Y
k M VII+VIINI
e - = el ..,‘\'.'.Q.T‘ Sl

Fig. 5. Chromatograms obtained for the chiral determination of cypermethrin of barbel
and catfish samples. Peak assignation following Fig. 2. (cis isomers shadowed).
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4. Conclusions

Our work represents the first study showing the real bioaccumulation
of pyrethroids in river wild fishes. Thus, the assumption of the safety of
these insecticides is questioned. Nowadays, both European and
American legislations establish maximum residue levels (MRL) of these
pesticides for wild terrestrial animal products (EC, 2014; FAS, 2014).
However, there is no legislation for fish. For example, the European Coun-
cil laid down a MRL of 0.05 mg kg ™" of cypermethrin for wild game food.
After doing the required unit conversion, in this study, the sum of pyre-
throid concentrations in wild fishes is near to 0.03 mg kg~ ! wet weight.
Consequently, our study shows the importance of establishing new insec-
ticide controls and the extension of their coverage to include edible fish
groups. Besides, more investigations are necessary to evaluate this con-
tamination in other sampling areas around the world, in which
pyrethroids are extensively applied, as well.

At the same time, our results show that some enantioselective accu-
mulation might be given in biota samples. Moreover, even if a concrete
fish species showed enantioselective bioaccumulation for one specific py-
rethroid, it did not mean that the fish presented the enantioselective bio-
accumulation for other pyrethroids. Therefore, more research regarding
enantioselective accumulation and enantiomeric toxicology is needed in
order to establish which enantiomers cause a greater environmental risk.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.envint.2014.11.007.
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Sampling o Number of | Sampling L Number of

) Common Name Scientific Name o . Common Name Scientific Name o
Point individuals Point individuals

JUCAR RIVER EBRO RIVER
1 Iberian Gudgeon (adult) 3 El Ebro Barbel (adult) 3
Gobio lozanoi Barbus graellsii
Iberian Gudgeon (juvenile) 6 Ebro Barbel (juvenile) 4
Brown Trout (adult) 3 E2 Ebro Barbel (juvenile) B. graellsii 3
Salmon Trutta
Brown Trout (juvenile) 5 Common Carp Cyprinus carpio 1
12 Iberian Gudgeon (juvenile) G. lozanoi 13 E3 Ebro Barbel (adult) 3
B. graellsii
Brown Trout (adult) S. Trutta 1 Ebro Barbel (juvenile) 3
13 Iberian Gudgeon (adult) 4 Common Carp C. carpio 3
G. lozanoi
Iberian Gudgeon (juvenile) 10 E4 Ebro Barbel (adult) 3
B. graellsii

J4 Iberian Gudgeon (adult) G. lozanoi 14 Ebro Barbel (juvenile) 3

Mediterranean Barbel Barbus guiraonis 1 Common Carp C. carpio 3

14 Iberian Gudgeon (juvenile) G. lozanoi 7 Wels Catfish Silurus glanis 2

Mediterranean Barbel (adult) 1 ES Common Carp C. carpio 3

B. guiraonis
Mediterranean Barbel (juvenile) 2 Wels Catfish S. glanis 2




LLOBREGAT RIVER

L1 Ebro Barbel (adult)
Brown Trout (adult)

L2 Ebro Barbel (adult)
Ebro Barbel (juvenile)

Common Carp

L3 Ebro Barbel (adult)

Ebro Barbel (juvenile)

Common Carp

L4 Common Carp
L5 Common Carp
L6 Common Carp

Table A: Details of pooled fish samples analyzed in each river basin.

Barbus graellsii

Salmon Trutta

B. graellsii

Cyprinus carpio

B. graellsii

C. carpio
C. carpio
C. carpio

C. carpio

GUADALQUIVIR RIVER

Gl

G2

G3

G4

Andalusian Barbel
Andalusian Barbel
Common Carp
Andalusian Barbel

Andalusian Barbel

Luciobarbus sclateri
L. sclateri
Cyprinus. carpio
L. sclateri

L. sclateri
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Table B: Results of quantification analyses obtained for each sample (ng g lw™).

SAMPLE Bifenthrin  Cyhalothrin  Tetramethrin Permethrin Cyflutrhin Cypermethrin Fenvalerate Deltamethrin* TOTAL
JUCAR
J1_ GL_ a 0.83 35.2 111 152 nd 118 8.04 nd 425
J1_GL j 0.88 12.1 66.5 39.2 2.06 65.3 3.96 nd 190
J1.ST a 2.50 9.36 14.8 69.2 nd 38.4 5.37 nd 140
J1 ST j 3.22 27.5 297 182 6.37 95.6 6.36 nd 618
J2_GL_a 5.43 16.0 115 324 3.62 161 22.4 23.3 670
J2_ST_a 37.1 23.3 165 230 nd 95.9 14.1 18.6 583
J3_GL_a 0.65 18.4 109 ng 5.15 25.4 4.60 nd 163
J3_GL j 1.19 22.2 17.4 ng 6.93 32.6 3.70 nd 84
J4 BG_a 0.42 13.1 98.2 ng nd 4.82 6.70 nd 123
J4_GL_a 0.69 34.4 310 nqg nd 66.1 8.63 nd 420
J5 BG_a 1.68 5.75 ng ng nd 4.92 ng nd 12
J5_GL_a 1.75 27.8 82.7 nqg nd 52.3 ng nd 165
J5_GL_j 0.59 21.6 26.9 ng nd 7.89 5.57 nd 63
EBRO
E1_BG_a 4.87 1.89 nd 59.9 1.70 84.8 7.26 nd 160
E1 BG_j 5.37 1.58 nd 72.4 1.43 63.7 3.84 nd 148
E2_CC 1.92 3.54 3.47 24.1 nd 13.1 nqg nd 46
E2_BG_j 0.75 2.02 325 nq nd 17.4 nq nd 53
E3_BG_a 1.21 19.5 49.8 51.5 nd 43.7 2.74 nd 168
E3_BG_j 1.04 3.04 6.08 40.7 nd 19.7 0.77 nd 71
E3_CC 1.66 0.97 nd 32.7 nd 13.1 ng nd 48
E4_BG_a 8.73 17.7 44.8 72.0 nd 27.8 2.07 nd 173
E4_BG_j 6.30 14.3 4.01 25.0 nd 29.3 2.66 nd 82
E4_CC 20.1 10.8 6.14 40.6 nd 30.7 6.33 nd 115
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E4_SG
E5_CC
E5_SG
LLOBREGAT
L2_CC
L2_BG_a
L2 BG_j
L3 BG_a
L3 BG_j
L3_CC
L4 CC
L5_CC
L6_CC
L1 _BG
L1 ST
GUADALQUIVIR
G1_LS
G2_CC
G2 1S
G3_LS
G4 LS

*These results correspond to the mixture of deltamethrin and tralomethrin.

29.2
66.5
12.0

16.8
12.8
13.8
6.28
12.0
9.18
18.5
5.13
5.36
6.02
72.9

0.64
14.5
81.4
31.5
68.9

70.9
12.0
30.4

40.3
30.6
17.8
12.0
22.9
14.8
13.2
11.9
10.4
9.04
67.6

9.50
2.11
4.77
2.94
8.31

34.5

ng
19.2

11.0
28.1
39.8
16.6
42.6
10.1
12.3
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11.0
22.6
169

1.12
1.79
97.7
nq
4.01

61.2
501
24.7

855
308
368
203
485
218
422
93.1
99.9
0.00
0.00

3.95
20.1
169
279
142

3.46
2.33
1.09

1.89
1.34
0.18
0.85
1.62
1.05
6.01
1.05
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41.7
3059

nq
3.80
35.2
3.60
2.78
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411
49.6

422

60.6
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314
71.8
35.6
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48.7
17.9
13.0
1520

3.82
93.8
351
407
608

11.4
24.7
4.46

65.6
6.44
6.94
4.13
4.24
4.58
11.6
5.65
6.94
10.0
49.8

0.79
3.00
28.2
24.5
3.64

9.75
nd
5.23

96.2
5.31
nd
3.05
8.98
7.65
20.1
nd
nd
nd
nd

nq
0.92
25.7
27.5
5.39

329
1017
147

1508
453
554
278
649
301
630
166
152
102

4938

20
140
793
776
843
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4.3.2 Piretroides en biota d’ecosistemes marins

En aquest apartat es presentaran dos treballs sobre biota en medis marins. Com s’ha
discutit préviament, en ambdds casos es va triar estudiar dofins ja que sén considerats super-
depredadors i podia ser més senzill trobar nivells fins i tot amb la dilucié produida pel mar. A
més, el fet de tractar amb mamifers, implicava que el comportament esperat dels piretroides
en aquests animals podia ser més similar al huma que no pas les altres espéecies estudiades

(aus i peixos).

4.3.2.1 Determinacio en dofins del Plata

La publicacio 4, va ser el primer treball a la bibliografia en trobar nivells de piretroides en
dofins. Fins que vam publicar aquest treball, no hi havia cap article cientific sobre nivells de
piretroides en fauna salvatge, menys encara del medi mari. Els nivells presentats fins aleshores

es limitaven a algun estudi en humans i en animals de granja exposats expressament.

En aquest cas es tractava de dofins de lI'espécie Pontoporia blainvillei, comunament
coneguts com dofins del Plata o dofins franciscans. El treball va ser una col-laboracié amb la
universitat de Rio de Janeiro, els quals ens van cedir les mostres. Es tractava d’individus varats
a les costes Brasileres o morts en xarxes de pescadors que no havien pogut ser alliberats abans
de la seva mort. Les zones de mostreig comprenien les zones costeres de S3o Paolo i de I'estat

Rio Grande do Sul.
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The present study constitutes the first investigation to demonstrate pyrethroid bioaccumulation in marine
mammals, despite the assumption that these insecticides are converted to non-toxic metabolites by hydroly-
sis in mammals. Twelve pyrethroids were determined in liver samples from 23 male franciscana dolphins
from Brazil. The median concentration values for total pyrethroids were 7.04 and 68.4ng/g lw in adults
and calves, respectively. Permethrin was the predominant compound, contributing for 55% of the total pyre-
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Franciscana dolphin degrade/metabolize pyrethroids. Maternal transfer of these compounds was also evaluated through the anal-
Liver ysis of breast milk and placenta samples. Pyrethroids were detected in both matrices, with values between
Maternal transfer 2.53-477ng/g lw and 331-1812ng/g Iw, respectively. Therefore, for the first time, a study shows
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mother-to-calf transfer of pyrethroids by both gestational and lactation pathways in dolphins.

© 2012 Elsevier Ltd. All rights reserved.

1. Introduction

During the 1990s the pesticide use in Brazil rapidly increased
as a consequence of globalization (trade liberalization) and
agroindustrialization. Pesticides have been extensively used on crops
in the country, including soybeans, sugarcane, tobacco, cotton and fruits
(Dasgupta et al, 2001). According to Martinelli and Omoto (2006) in-
sect control in cotton crops is responsible for an annual application of
approximately 10,000kg of insecticide active ingredients in Brazil. The
major insecticide use in crops occurs in the Southeastern (SE) and
Southern (S) Brazilian regions. In this context, the Brazilian states of
Sdo Paulo (SE region) and Rio Grande do Sul (S region) accounted for
81% of all pesticide use in the country during the 1990s (Dasgupta
et al, 2001).

Besides the agricultural use, insecticides are also used for control-
ling insect-borne diseases, such as malaria, dengue, typhus and leish-
maniasis, in Brazil. During the 1950s and 1960s the use of DDT was
thought to be appropriate for achieving this goal (D'Amato et al.,
2002). After a rapid spread of DDT resistance, other chemical insecti-
cides including pyrethroids were introduced. However, resistance to
these compounds has also been developed, becoming a big challenge

* Corresponding author.
E-mail address: eeeqam@cid.csic.es (E. Eljarrat).

0160-4120/% - see front matter © 2012 Elsevier Ltd. All rights reserved.
doi:10.1016/j.envint.2012.06.010

in vector control strategies (Hemingway and Ranson, 2000). Since
1996, the Brazilian Government Health Agency has supported the
use of pyrethroids as vector control (Santos et al., 2007).

Pyrethroids are organic contaminants with high hydrophobicity
(log K, ranging between 5.7 and 7.6) and very low water solubility
(of a few pg/L) (Laskowski, 2002). For these reasons this group of in-
secticides tend to rapidly bind to suspended particulate matter or
sediments (Hill, 1989; Solomon et al,, 2001) and low concentration
is generally present in water (Feo et al., 2010). Applied to land or
for domestic purposes as vector control, pyrethroids can enter the
aquatic environment through different processes such as atmospheric
deposition, river runoff and municipal treatment discharges. Once as-
sociated with sediments, benthic organism exposure of pyrethroids
can be via sediment particles (by ingestion or contact) or from inter-
stitial water (Power and Chapman, 1992). In fish, exposure to pyre-
throids can be through gill absorption due to their lipophilicity or
through food webs.

Historically, concern has existed regarding aquatic organism ex-
posure to pyrethroids, particularly arthropods and fish, because of
the high degree of toxicity observed in standard laboratory studies
(Mauck and Olson, 1976; Osti et al., 2007; Ural and Saglam, 2005). Py-
rethroid 96 h LC50 for fish is typically in the range of 400-2200ng/L
(Stephenson, 1982; Werner and Moran, 2008). Moreover, a number
of recent studies have also suggested the carcinogenic, neurotoxic,
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immunosuppressive and reproductive potential toxicity of pyre-
throids in mammals (Jin et al., 2012; Schafer et al., 2008; Scollon
et al, 2011).

However, pyrethroids are considered to be safe because they are
converted to non-toxic metabolites, such as phenoxybenzoic acid,
by oxidative metabolism in fish and by hydrolysis in mammals
(Chambers, 1980; Demoute, 1989; Godin et al., 2007). This seems to
be a consequence of the fact that most studies on exposure to pyre-
throids are based on the determination of this metabolite in urine
samples. Contrary to this assumption, recent works have shown the
presence of pyrethroids in human breast milk, with levels up to
1200ng/g lipid weight (lw) (median value) (Bouwman, 2009; Feo
et al., 2012). However, no investigations have been found related to
pyrethroid levels in tissues of aquatic organisms. There is only one
study reporting the concentration level of cypermethrin in one mus-
cle sample and one liver sample of crucian carp (5.4ng/g and
7.2ng/g, respectively) (Zhao et al., 2011).

Marine mammals are at the top of the food chain, which results in
high exposure to a number of toxic compounds. Cetaceans have long
been used as sentinel species for environmental contamination by or-
ganic pollutants. They have a large reserve of energy in the blubber,
making them the ideal repository for high concentrations of lipophilic
pollutants. Small odontocete cetaceans have also relatively low mo-
bility and a long life span (Bjerge, 2001). Franciscana dolphin
(Pontoporia blainvillei) is a small cetacean that occurs exclusively in
western Atlantic coastal waters. They have limited movement pat-
terns and a small home range (Bordino et al., 2007). Due to its near-
shore distribution, this dolphin species are especially vulnerable to
the effects of human activities.

The present study investigated the occurrence of twelve pyrethroid
compounds (resmethrin, tetramethrin, bifenthrin, A-cyhalothrin,
deltamethrin, tralomethrin, fluvalinate, esfenvalerate, fenvalerate, per-
methrin, cyfluthrin, cypermethrin) in liver samples from franciscana
dolphins along the Brazilian coast, Southwestern Atlantic. The present
investigation is the first attempt to determine pyrethroid insecticide
levels in marine mammal tissues, supporting their bioaccumulation.

2. Materials and methods
2.1. Area of study

Fig. 1 shows the selected area for this study. The Southeast Brazil-
ian region, where Sao Paulo State is located, is one of the most devel-
oped areas in South America and many coastal ecosystems have
historically received discharges of chemical contaminants from do-
mestic, industrial and agricultural wastewaters (Bicego et al,, 2006;
Yogui et al., 2010). However, Rio Grande do Sul State, in the South
Brazilian region, is characterized as an agricultural region, that re-
ceives organochlorine pesticides (e.g. DDT) discharges from the
Plata River and Patos Lagoon drainages (Leonel et al., 2010; Menone
et al., 2001).

2.2, Sample collection

A total of 23 liver samples from male dolphins were collected from
two locations along the Brazilian Southeastern Coast (Sio Paulo State,
SP — n=12, from 2004 to 2008), and from the Southern Coast (Rio
Grande do Sul State, RS — n=11, from 1994 to 2000). Sampling loca-
tions ranged from a highly urbanized area (e.g. SP Coast) to a more
agricultural zone (e.g. RS coast) (Fig. 1).

The collected samples come from individual dolphins found inci-
dentally caught in fishing nets along the Brazilian coast by a broad
set of cetacean research groups. The carcasses were classified as
early decomposition stage following Geraci and Lounsbury (2005).
Liver samples collected were placed in aluminum foil and stored fro-
zen until lyophilization. Liver samples collected were placed in alumi-
num foil and stored frozen until lyophilization.

Information on sexual maturity stage was estimated from total
length rather than generated by reproductive organ analyses.
Franciscana dolphin is a small cetacean that can reach up to 175cm
(Bastida et al., 2007). It was assumed that males were sexually ma-
ture whenever longer than 115cm for SP (Bertozzi, 2009) and
124cm for RS (Danilewicz et al., 2000, 2004). Multivariate analysis

FMA I

| Franciscana Distribution Range
0 150

Kilomeler N

Fig. 1. Map of South America showing the Brazilian sampled states: SP — 53o Paulo (Southeastern coast) and RS — Rio Grande do Sul (Southern coast).
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Fig. 2. Chromatograms obtained for the two monitored transitions (SRM1 (207> 35) and SRM2 (209> 35)) for permethrin (isomers a and b), cyfluthrin (isomers c, d, e and f) and
cypermethrin (1somers g, h, 1 and j), in (A) standard solution and (B) breast milk dolphin sample,

of osteological features (Pinedo, 1991) and a study of molecular biol-
ogy using mitochondrial DNA (Secchi et al., 1998) suggested the exis-
tence of at least two genetically and geographically separated
franciscana populations. Individuals were separated in 3 groups of
maturity: adults (sexually mature individuals), juveniles (immature
animals from 100cm up to the total length of sexual maturity) and
calves (immature dolphins smaller than 100¢m).

Only male dolphins were analyzed in this study in order to inves-
tigate potential differences in pyrethroid concentrations among loca-
tions and to analyze the metabolic imbalance during the life cycle, in
an attempt to avoid the well-known high variation in the burden of
lipophilic pollutants of females due to reproductive stage (Dorneles
et al,, 2010; O'Shea and Tanabe, 2003).

In addition, and in order to assess the mother-to-calf transfer of
pyrethroids, three samples of breast milk and three other of placenta
were collected from pregnant and lactating dead females incidentally
caught that inhabited Sao Paulo coastal waters from the same popula-
tion in the same period that the males were sampled. The limited
sampling number is a consequence of the great difficulty in obtaining
these samples.

2.3. Standards and reagents

All certified pyrethroid standards were obtained from Dr. Ehrenstorfer
(Augsburg, Germany). They consist of a standard mixture of six pyre-
throids containing cyfluthrin, cypermethrin, deltamethrin, fenvalerate,
permethrin and tetramethrin, and single analytical standards of
bifenthrin, lambda-cyhalothrin, esfenvalerate, tau-fluvalinate, resmethrin
and tralomethrin. ds-trans-permethrin and ds-trans-cypermethrin, used
as internal standard, were also purchased from Dr. Ehrenstorfer. Hexane,
dichloromethane and acetonitrile were obtained from Sigma Aldrich (St.
Louis, MO, USA). The solvents used in this study were all pesticide grade.

Standard solutions were prepared in ethyl acetate. In order to
check the linearity of the method, calibration curves were prepared
at different concentrations ranging between 0.13 and 40 pg/uL.

2.4. Sample preparation

Hepatic pyrethroid analyses were performed using a previously
described method (Feo et al., 2012). Liver samples (0.1g dry weight)
were placed in 40mL glass-centrifuge tubes. Samples were fortified
with dg-t-PERME (4ng) and de-t-CYPE (2ng) as surrogate standards.
Samples were stirred and extracted by sonication with 20mL of hexane:

dichloromethane (2:1) in a Raypa, UCI-200 bath for 15min. Then, samples
were centrifuged at 3500rpm for 20min. The organic phase remained at
the top of the conical tube and was entirely transferred to a vial and evap-
orated under a nitrogen stream. This extraction step was repeated twice
and all the solvent residues were collected together. The lipid content
was determined gravimetrically. Extracts were cleaned up by elution
through C18 (2g/15mL) coupled to basic alumina cartridges (5g/225mL)
and conditioned with 25mL of acetonitrile. Samples were eluted with
30mL of acetonitrile. The acetonitrile extract was evaporated under a ni-
trogen stream and the residue was dissolved in 100pL of ethyl acetate for
GC-NCI-MS-MS analysis.

2.5. Instrumental analysis

GC-MS-MS analysis was performed in negative chemical ioniza-
tion (Feo et al., 2011) mode on an Agilent Technologies 7890A GC sys-
tem coupled to 7000A GC/MS Triple Quad. A DB-5ms capillary
column (15mx0.25mm id. 0.1um film thickness) containing 5%

Table 1
Analytical quality parameters of pyrethroid methodology applied to male franciscana
dolphins liver samples.

Blank Recovery RSD mLOD mLOQ
(ng/g lw) (%) (%) (ng/glw) (ngiglw)
Resmethrin® nd 91 16 033 1.11
Isomer | 0.44 1.46
Isomer 11 0.44 148
Tetramethrin 149 78 16 0.4 0.46
Bifenthrin 0.22 70 20 003 0.10
A-Cyhalothrin ng 82 20 007 0.25
Deltamethrin/tralomethrin - 4.99 53 6 002 0.08
Fluvalinate nd 68 20 046 1.54
Esfenvalerate/fenvalerate 339 57 6 016 0.54
Permethrin® 249 87 18 022 072
Isomer | 024 0.80
Isomer 11 0. 2.38
Cyfluthrin® 172 91 7 006 0.21
Isomer | 011 037
Isomer 11+ 111+ IV 0.09 0.30
Cypermethrin® 11.0 116 2 o 037
Isomer | 0.18 0.60
Isomer 1+111+1V 0.10 0.34

nd = below mLOD: nq = below mLOQ,

* mLODs and mLOQs were estimated for each isomer.

® mLODs and mLOQs were estimated for the first eluting isomer and the three other
isomers that coeluted.
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Table 2
Basic statistics of pyrethroid concentrations (expressed in ng/g Iw) in livers from franciscana dolphin males of Southeastern and Southern Brazil.
n  Tetramethrin  Bifenthrin  M-Cyhalothrin  Delta/tralomethrin -~ Fluvalinate  Es/Fenvalerate  Permethrin  Cyfluthrin  Cypermethrin  Total
Sao Paulo
Adults 7
Mean 5.24 1.08 1.06 229 093 0.18 189 0.58 373 339
Median 3.56 1.01 0.31 2.68 ng ng 18.7 0.56 434 315
Range 0.59-15.4 007-256 ng-4.10 nd-5.93 nq-4.36 nq-1.27 448-418 nd-1,72 nq-6.05 7.04-595
SD 5.22 0.83 1.46 237 172 - 134 0.66 242 19.0
Juveniles 2
Mean 0.96 0.64 2.90 0.16 1.02 048 11.0 0.23 1.58 19.0
Median 0.96 0.64 2.90 0.16 1.02 048 11 0.23 1.58
Range 0.62-1.30 ng-1.29 0.40-5.39 ng-0.32 nq-2.04 ng-0.95 924-128 ng-0.46 1.22-1.94 125-25.5
sD 0.48 0.91 3.53 023 1.44 067 253 0.32 0.50 920
Calves 3
Mean 3.09 0.77 0.39 0.98 1.07 0.50 316 1.10 4.02 436
Median 2.59 0.85 0.35 0.96 nq 0.57 312 1.61 3.28 41.2
Range 2.40-4.28 0.24-1.22 ng-0.83 nd-1.99 ng-3.22 ng-0.93 9.08-546 ng-1.70 3.05-5.75 21.1-68.4
sD 1.04 049 0.42 0.99 1.86 047 228 0.96 1.50 238
Rio Grande do Sul
Adults 5
Mean 4.21 0.21 0.47 0.86 ng 0.36 9.66 0.40 234 185
Median 4.75 0.10 0.51 0.96 nq ng 7.66 nq 247 16.8
Range 0.86-8.99 nq-0.83 nd-0.98 ng-1.65 nd-nq nq-0.93 5.08-204 nd-1.43 1.59-2.98 9.85-28.6
sb 3.42 0.35 0.47 0.77 - 0.49 6.12 0.63 0.60 7.21
Juveniles 5
Mean 2.78 0.10 0.18 024 1.66 045 104 1.00 7.10 228
Median 1.82 nq ng nq nq 0.48 9.04 1.33 2.54 18.0
Range 1.60-4.91 nd-0.28 nd-0.92 nd-0.72 nq-5.58 ng-0.91 7.70-18.0 ng-1.81 2.03-248 14.1-46.0
sSD 1.85 0.14 041 0.34 249 044 432 0.74 991 13.1
Calf 1
6.67 0.10 ng 5.36 ng 364 11.1 3.45 493 353

nd = below mLOD; nq = below mLOQ.

phenyl methyl siloxane was used with helium as carrier gas at con-
stant flow of 1mLmin~". The temperature program was from 100°C
(held for 1min) to 230°C at 15°Cmin ", then from 230 to 310°C
(held for 2min) at 10°Cmin ™", using the splitless injection mode
during 0.8 min. Inject volume was 3 L. The inlet temperature was
set at 275°C and ion source temperature at 250°C. Ammonia was
used as reagent gas at 2x 10 9Torr. More details on M5-MS condi-
tion and selected transitions were reported elsewhere (Feo et al,
2010, 2011).

2.6. Quality assurance
Quality parameters of the method had been evaluated. For this

purpose, recovery tests were carried out by addition of each pyre-
throid to a liver sample. These samples were previously analyzed in

order to determine pyrethroid presence before spiking (blank).
Three replicates were prepared for the evaluation of the reproducibil-
ity of the method. The limits of detection of the method (mLOD), de-
fined as 3 times the noise level, and the limit of quantification of the
method (mLOQ), defined as 10 times the noise level, were calculated.

2.7. Statistical analyses

Statistical analyses were conducted using the SPSS 17.0 statistical
package. The level of statistical significance was defined at p<0.05.
Non parametric statistical tests were used since the data were found
to have a non-normal distribution (Shapiro Wilk's W test). Individual
one-way analysis of variances (ANOVAs) followed post hoc by
Tukey's honestly significant difference (HSD) tests were then used
to determine which locations were significantly different between

100
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Fig. 3. Percentage contribution of each pyrethroid to total contamination in liver {calves, juveniles and adults), breast milk and placenta samples from franciscana dolphins of S3o

Paulo coast.
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Fig. 4. Pyrethroid concentrations (ng/g lw) according to total body length (cm) of males franciscana dolphins from Sio Paulo coast, Brazil.

the concentrations and profile of pyrethroid compounds in age-groups
(adults, juveniles and calves). Spearman’s coefficients were calculated
to understand the correlation between age groups. locations and con-
centrations and profiles of pyrethroid insecticides.

3. Results and discussion
3.1. Quality control

Quality parameters of the methodology applied for the determina-
tion of pyrethroid insecticides in liver dolphin samples were summa-
rized in Table 1. Recoveries ranged between 53 and 116%, with
relative standard deviation (RSD) values lower than 20%. mLODs
ranged between 0.02 and 0.71ng/g lw, and mLOQs ranged between
0.08 and 2.38ng/g Iw.

The GC-MS-MS identification of pyrethroids was based on the fol-
lowing criteria: (i) simultaneous responses for the two monitored
transitions (SRM1 and SRM2) must be obtained at the same retention
time than those of available standards; (ii) signal-to-noise ratios must
be =3; and (iii) relative peak intensity ratio must be within +20% of
the theoretical values obtained with standard solutions. As an exam-
ple, Fig. 2 shows the chromatograms obtained for permethrin,
cyfluthrin and cypermethrin in a breast milk sample. Relative peak in-
tensity ratios (SRM1 (207 >35)/SRM2 (209> 135)) were calculated for
the milk sample, with values of 3.03, 2.43 and 2.79 for permethrin,
cyfluthrin and cypermethrin, respectively. Similar values were
obtained for the standard solution (3.06, 3.02 and 2.93), with RSDs
lower than 20%.

3.2, Pyrethroid levels in dolphin livers

Hepatic pyrethroid concentrations in franciscana dolphins from
two Brazilian states, SP and RS, are presented in Table 2. Results
were expressed in lw and the dolphin samples were separated by
age classes (adults, juveniles and calves). The lipid content in liver
ranged from 2 to 16% (mean 5.9%, 5D 4.2) and from 6 to 13% (mean
7.7%, SD 2.2) in Sdo Paulo and Rio Grande do Sul male dolphins, re-
spectively. No significant differences among states or sexual maturity
were observed. All targeted pyrethroid compounds were detected in
liver samples, with the exception of resmethrin that was not found
in any sample, Deltamethrin and tralomethrin were detected in 73-
75% of the samples and cyfluthrin in 82-83% of the samples from
both states. In RS, tetramethrin and A-cyhalothin were detected in
82% of the samples while bifenthrin and fluvalinate were detected
in 91%. The other pyrethroids were found in all samples from both
study areas.

Total pyrethroid concentrations ranged from 7.04 (adult from SP)
to 68.4 (calf from SP) ng/g Iw. Permethrin was the compound that

presented the highest concentrations, which ranged from 4.48ng/g
Iw (adult from SP) to 54.6ng/g lw (calf from SP). The next compounds
in descendent order of concentrations were cypermethrin (below
mLOQ (nq) to 24.8ng/g Iw), followed by tetramethrin (0.59 to
15.4ng/g Iw), deltamethrin/tralomethrin (below mLOD (nd) to
5.93ng/g lw), fluvalinate (nq to 5.58ng/g Iw), A-cyhalothrin (nq to
539ng/g lw), esfenvalerate/fenvalerate (nq to 3.64ng/g Iw),
cyfluthrin (nd to 3.45ng/g Iw) and bifenthrin (nq to 2.56 ng/g lw).

Fig. 3 shows the mean percentage contribution of each pyrethroid
to the total pyrethroid content in calf, juvenile and adult dolphins.
Permethrin was the predominant pyrethroid in all samples, with
mean percentage contribution of 73%, 58% and 56% in calf, juvenile
and adult dolphins, respectively. The next contributing compounds
are tetramethrin and cypermethrin, with contribution values be-
tween 5-15% and 8-11%, respectively.

To be able to compare concentrations in the two dolphin
populations from the two selected areas, it is important to remark
that franciscana dolphins have limited movement patterns and a
small home range (Bordino et al., 2007). It is worth mentioning that
a correct comparison should be carried out with samples collected
in the same period. This is not the case, since the RS samples were col-
lected during 1994-2000, while SP samples were taken between
2004 and 2008. As no information regarding the use of pyrethroids
over these years, and assuming that such use has remained constant,
we compare the concentration values obtained in the two different
locations selected for this study. We found higher pyrethroid levels
in dolphin samples collected in SP. This fact may indicate a greater
use of pyrethroids in urban areas (SP) compared with their applica-
tion for agricultural purposes (RS). Similar findings were observed
by Weston et al. (2009a) in California, where the urban runoff con-
tributed more to pyrethroid input than the discharge of irrigation
runoff. Although, in the colder areas, as the temperate zone of RS, py-
rethroids could become more toxic (Weston et al., 2009b, 2011) and
could put franciscanas from Southern Brazil at risk even at lower con-
centrations. Regarding specific pyrethroids, significantly higher con-
centrations were found in dolphins from SP than in individuals from
RS for bifenthrin and permethrin (p=0.003 and 0.043, respectively).
Also deltamethrin/tralomethrin concentrations presented significant
differences, with values up to 5 times higher in calves from RS than
in those from SP coast. These could be related to their use in Rio
Grande do Sul State since 1980s for controlling stored grain insects
(Lorini and Galley, 1999).

Total pyrethroid concentrations had a peculiar pattern of distribu-
tion according to the total length of the sampled dolphins (Fig. 4). The
major concentrations appeared in the smallest individuals (calves)
and decreased until dolphins reached youth. Then, the concentrations
started to increase again when approaching the age of sexual matura-
tion. Finally, concentration levels began to decline again. This profile

143



104 M.B. Alonso et al. / Environment International 47 (2012) 99-106

Es/Femvalerate M Isomerl | [somerll

07
06

04
03
02
01

Permethrin Misomer[ | Isomer II

Juveniles @ Adunls

Bisomerl | [somersIl+ O+ IV

08 4
0.7
0.6 -
05

s €2

0.1 4

Calves

Adnlts

Juveniles

Fig. 5. IF values of esfenvalerate/fenvalerate, permethrin and cypermethrin isomers in
calf, juvenile and adult liver samples from franciscana dolphins collected in Brazilian
coast (SP and RS).

could be explained as follows: the high levels in calves may be due to
a high load of pyrethroids received by the dolphin from maternal
transfer. According to animal growth, pyrethroid concentrations
could dilute in its body and then return to accumulate with predation
on squids and fish until the sexual maturity. When adults, these

Table 3
Pyrethroids concentrations (expressed in ng/g Iw) in milk and placenta from
franciscana dolphin of Southeastern Brazil.

Breast Milk Placenta

n=1 n=2 n=3 n=1 n=2 n=3

Tetramethrin 0.6 0.2 0.1 37 25 96
Bifenthrin 0.7 0.4 0.6 38 51 86
h-Cyhalothrin nq ng ng 22 9.3 49
Deltamethrin/tralomethrin 0.3 0.4 0.6 nd 13 39
Fluvalinate nq ng ng 20 7.1 nq
Esfenvalerate/fenvalerate 04 0.2 0.2 6.9 12 10
Permethrin 23 09 0.8 259 103 385
Cyfluthrin 0.2 0.1 0.1 14 15 42
Cypermethrin 0.3 0.2 0.3 459 96 1106
Total 4.8 25 27 856 331 1812

nd = below mLOD; ng = below mLOGQ.
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mammals seem to be able to degrade/metabolize pyrethroid com-
pounds. This would be the explanation for the fact that the lowest
concentrations were found in the longer franciscana dolphins. How-
ever, it should be noted that this hypothesis is based on a very limited
sample number. Therefore, future studies involving a larger number
of individuals are required. Moreover, some other assumptions must
be also confirmed through additional determinations. For instance,
there are not currently available data reporting pyrethroid levels in
fish in order to support the accumulation by food intake.

It is known that isomeric composition is an important toxicologi-
cal parameter for a number of compounds. In order to quantify the
weight of each isomer of selected pyrethroids in dolphin samples,
the isomeric factor (IF) was calculated as the proportion of one iso-
mer relative to the total of analyte:

IR = Ay /A (2)

where i is a pyrethroid, j is one isomer, A;; is the area of the isomer j
and A;r is the total area of pyrethroid i. In this study, these IF values
have been calculated in order to detect potential isomer-specific
mechanisms. For instance, to determine whether there is a greater ac-
cumulation of a specific isomer or if there is a greater degradation of
one of the isomers in the mammalian metabolism. Fig. 5 shows the IF
values obtained for three different pyrethroids (esfenvalerate/
fenvalerate, permethrin and cypermethrin) separated by age classes
(calves, juveniles and adults). As can be seen, the behavior of
esfenvalerate/fenvalerate was similar, with no significant differences
between IF values for calves (0.53-0.67), juveniles (0.54-0.61) and
adults {0.48-0.63). Also for cypermethrin there are no differences be-
tween the contribution of isomer I and the sum of isomers 1+ III + V.
In this case, the first eluting isomer is the less contributing, with IS
values between 0.33 and 0.38 for calves, 0.30-0.49 for juveniles and
0.28-0.42 for adults. However, some differences can be observed for
permethrin. IF values are similar for juveniles (mean value of 0.60)
and adults (mean value of 0.69) indicating that there is no
isomer-specific metabolization of this pyrethroid when dolphins
reach sexual maturity and become able to degrade/metabolize pyre-
throids. In contrast, IF values for calves (mean value of 0.84) showed
a higher contribution of the first isomer compared with juveniles and
adults. These results indicate that there may be an isomer-specific ac-
cumulation of the isomer Il during the pyrethroid accumulation by
food intake in juvenile dolphins. Obviously, it would be necessary to
study a larger number of individuals in order to confirm this behavior.
However, an enrichment of the isomer Il of permethrin was also ob-
served in a recent study on humans (Feo et al., 2012).

3.3. Maternal transfer of pyrethroids

Based on these results, we proceeded to evaluate the potential
maternal transfer of these compounds through the analysis of breast
milk and placenta samples. Breast milk reflects maternal body burden
and the post-natal transfer of pyrethroids from mothers to calves,
whereas placenta provides a good indication for pre-natal exposure.
Three milk and three placenta samples of franciscanas from SP were
analyzed. Pyrethroids were detected in both matrices, with values be-
tween 2.5-4.8ng/g lw and 331-1812ng/g lw, for breast milk and pla-
centa, respectively (Table 3). So for the first time, this study shows
the maternal transfer of pyrethroids by both gestational and lactation
pathways.

It is interesting to note that pyrethroid distribution presented
some differences between milk and placenta samples (Fig. 3). Similar
to the distribution observed in liver samples, permethrin is the dom-
inating pyrethroid in milk samples, with a mean contribution of 40%
of the total. In placenta samples the contribution of permethrin de-
creased to 25%. Also for bifenthrin, the contribution decreased when
we move from milk (17%) to placenta (6%) samples. Similar behavior
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was also observed for tetramethrin (from 10% to 5%), deltamethrin/
tralomethrin (from 13% to 3%), esfenvalerate/fenvalerate (from 8%
to 1%) and cyfluthrin (from 5% to 2%). In contrast, other compounds
presented higher contributions in placenta compared with those of
milk samples. The most prominent was the case of cypermethrin,
which becomes the dominant pyrethroid in placenta with a mean
contribution of 55%, whereas their contribution in milk samples was
only 8%. Moreover, h-cyhalothrin and fluvalinate were not detected
in milk samples, and their contributions in placenta were 3% and
1%, respectively. Analyzing this scenario we can assume that some py-
rethroids, such as permethrin, bifenthrin, tecramethrin, deltamethrin/
tralomethrin were maternally transferred through both gestational
and lactation pathways, but mainly through the breast milk. In con-
trast, other pyrethroids, such as cypermethrin were basically trans-
ferred through gestational pathways by the placenta. The different
pyrethroid behavior may be due to their physico-chemical properties.

4. Conclusions

Contrary to the assumption that pyrethroid insecticides converted
to non-toxic metabolites by hydrolysis in mammals, the present
study showed for the first time the presence of different pyrethroids
in marine mammal tissues, supporting their bioaccumulation. The ef-
fects of these compounds are still unknown, but cypermethrin, per-
methrin and biphenthrin were classified by EPA as possible human
carcinogens (Cox, 1996). In addition, it is known that cypermethrin
is harmful to aquatic life even in low levels (Friberg-Jensen et al.,
2003; Gowland et al., 2002; Jaensson et al., 2007).

Results showed a distinct metabolic balance of pyrethroids in the
different life stages of dolphins: high levels in calves may be due to
the maternal transfer, and when adults, these mammals seem to be
able to degrade/metabolize pyrethroids. Maternal transfer was evalu-
ated through the analysis of breast milk and placenta samples. And,
for the first time, this study shows mother-to-calf transfer of pyre-
throids by both gestational and lactation pathways. However, it
should be noted that the hypothesis of a lack of metabolism in
young specimens is based on a very limited sample number. There-
fore, future studies involving a larger number of individuals are re-
quired before strong conclusions are drawn.

Taking into account the potential toxic effects of pyrethroids and the
exposure to these pollutants in an early period of life, the need for fur-
ther studies related to marine mammal exposure to these compounds
becomes clear. Some recent works have also raised a similar concern
in humans, as the presence of pyrethroids was found in human breast
milk samples from different geographical areas (Africa, America and
Europe) (Corcellas et al,, 2012; Feo et al., 2012; Sereda et al., 2009).
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4.3.2.2 Determinacio en dofins comuns

El segon treball en ecosistemes marins es va fer amb la col-laboracié de I'Estacidé Biologica de
Dofana i el CIRCE (Conservacio, informacid i recerca de cetacis). Gracies a ells es van aconseguir les
mostres de dofins comuns varats en les costes andaluses de la Publicacio 5. Els dofins comuns
(Delphinus delphis) sén una espécie que esta en perill d’extincié en el Mediterrani. Per aquest motiu
molts autors intenten entendre els contaminants als quals aquests cetacis estan exposats i tractar
d’aclarir els factors pels quals el nombre d’individus d’aquesta espécie en el Mediterrani esta

decreixent.

L'objectiu d’aquest estudi era evidentment, comprovar la preséncia de piretroides en dofins del
Mediterrani. Tot i aixi, també hi havia un objectiu més ambicids: ser capag d’entendre la distribucio
dels piretroides pels diferents organs d’aquests odontocets i, per extrapolacid, dels mamifers en
general. Amb aquesta informacid, es pretenia obtenir unes directrius per tal de esbrinar el millor

teixit per monitorejar la preséncia de piretroides en possibles campanyes posteriors.
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Abstract

Recently, pyrethroid insecticides (PYR) have been proposed to be included in environmental quality
and monitoring studies in the Mediterranean Sea due to its occurrence in dolphin samples in similar
concentrations than some persistent organic pollutants. Here, eleven specimens of common dolphin
(Delphinus delphis) were analysed for determination of pyrethroid insecticides in their tissues. All
individuals were found stranded in the Spanish Mediterranean coast. Samples of blubber, brain,
kidney, liver and muscle were processed to assess the PYR exposure and their distribution among
different dolphin tissues. PYR residues were found in all samples, with permethrin being the main
contributor to the pyrethroid burden. Levels of PYRs in liver ranged from 17.1 to 155 ng g * dry
weight (68.8-2306 ng g lipid weight). Total body burden was estimated between 1.25 and 6.64 mg
of PYR, being blubber the main tissue contributor. Besides, distribution of PYR in tissues showed that
the preferred matrix to monitor these pollutants should be liver in dead animals. However, blubber
could be used in live specimens. The convenience of expressing results in dw basis was also

discussed.

Keywords: Delphinus delphis, Insecticides, Marine pollution, Pyrethroids, Permethrin, Tissue

distribution.
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Introduction

Pyrethroids (PYRs) are semi-synthetic insecticides derived from pyrethrins, with high lipophilic
behaviour. They are structurally related with the chrysanthemic acid and their esters. They are
classified as Type | and Il depending on their structure. Both types have chiral centres, which makes
them optically active. Type | usually present 2 enantiomeric pairs whereas Type Il can have 4

enantiomeric pairs, what it means 8 isomeric configurations.

The use of PYRs is widespread around the globe. They are very common in agricultural and
livestock sectors but also they are used for domestic purposes, as well for disease control
programmes to ensure Public Health. In the 2011, it was estimated that 1500 tonnes were used in
the home and garden sectors in the United States of America (U.S. EPA, 2011). Information on PYRs

use in Spain highlight that 11570 tonnes were packed as retail sales products in 2007.(INE, 2015).

Although PYRs can be mostly metabolized by mammals, birds and other species (Barr et al.,
2010; Demoute, 1989; Mir-Tutusaus et al., 2014), the huge quantities which are dumped into the
ecosystems make them ubiquitous in the environment (M. L. Feo, Ginebreda, et al., 2010; Weston &
Lydy, 2010; Yoshida, 2009) and even in biota (Alonso et al., 2012; Corcellas et al., 2016; Corcellas,
Eljarrat, & Barceld, 2015b) and humans (Corcellas et al., 2012; Channa et al., 2012). However, PYRs
are highly extended because of their low toxicity for mammals and birds. Nevertheless, recent
studies in mammals at non-lethal doses points out to their potential carcinogenic behaviour (Bassil et
al., 2007) as much as their endocrine disruption activity (Cinzia et al., 2013; Yuanxiang Jin et al.,
2011). Moreover, this toxicity could depend on the isomerism. Therefore, cis diastereoisomers would
be more toxic than trans (S.-Y. Zhang et al., 2008) and possibly, one of the enantiomers more active

than the other (Yuanxiang Jin et al., 2012).

Recently, it was demonstrated the presence of PYRs in aquatic ecosystems, both in rivers
(Corcellas et al., 2015b) and the seas (Alonso et al., 2012; Aznar-Alemany, Giménez, de Stephanis,
Eljarrat, & Barceld, 2017). In top predators such as dolphins, pyrethroids were found in liver (Aznar-
Alemany et al., 2017), breast milk, placenta, muscle, blubber, cord and even foetuses (M. B. Alonso
et al., 2015; Alonso et al., 2012). Liver median values in adults were 300 ng g™ Iw in Spanish coastal
specimens (Aznar-Alemany et al., 2017) and 7.04 ng g Iw in other species of Brazilian dolphins
(Alonso et al., 2012) with 87% and 100% of positive samples, respectively. These studies
recommended the monitoring of these pesticides in aquatic ecosystems due to their toxicity. For
some contaminants, such as persistent organic pollutants (POPs), the importance of monitoring
these contaminants in marine ecosystems had been largely proved (Hall, Hugunin, et al., 2006;
Reijnders, 1986), and even some models had been tested (Hall, McConnell, et al., 2006). In marine

ecosystems, studies have been mainly performed in odontocetes because these species are top



predators (de Moura, Hauser-Davis, Lemos, Emin-Lima, & Siciliano, 2014; Kucklick et al., 2011) and
have been proposed as sentinels of the health of marine habitats (Santos & Pierce, 2015).
Nevertheless, other species such as whales have also been monitored (Godard-Codding et al., 2011).
For these monitoring, biopsies of free-ranging animals are preferred but these samples are
composed basically of skin and the outer blubber layer (Fossi, Casini, & Marsili, 2007). The
distribution of POPs in dolphin tissues has been hardly studied in several species (Gui, Yu, He, Tu, &
Wu, 2014; Tornero, Borrell, Forcada, & Aguilar, 2004; Yordy, Wells, et al., 2010). Firstly, it was
assumed that these lipophilic compounds tended to accumulate in fat tissue such as the blubber
layer due to their high lipid content (Aguilar, 1985). After that, some studies criticised this
assumption arguing that in mammals there were some tissues that accumulated more POPs than
others (H. Shen et al., 2012) and even the blubber was not always homogeneous (Yordy, Pabst, et al.,
2010). Because of that, and in order to clarify a good methodology for PYRs monitoring in marine

ecosystems, determining the distribution of PYRs in cetacean tissues is necessary.

In the present study we studied the endangered subpopulation of Mediterranean short-beaked
common dolphins (Delphinus delphis) from the Alboran Sea. Common dolphins used to be abundant
and widespread all over the Mediterranean but in the 1970s its numbers began to decrease rapidly.
Its decline has been attributed to several factors such as overfishing, habitat degradation, climate
change, bycatch and contamination (Bearzi et al.). Then, the assessment of its contaminant burden is

important in order to properly conserve this endangered subpopulation.

Our goal was to determine the PYR distribution in common dolphins tissues in order to show
some potential differences among tissues, check the lipophilic tissue preference and elucidate which
tissue is more suitable for monitoring and future analyses. Therefore, we determined 13 common
PYRs (cis-bifenthrin, cyfluthrin, cypermethrin, A-cyhalothrin, deltamethrin, fenvalerate,
fenpropathrin, fluvalinate, permethrin, phenothrin, resmethrin, tetramethrin, tralomethrin) in

blubber, brain, kidney, liver and muscle of eleven stranded common dolphins.

Materials and methods

Standards and Reagents

All analytical standards were purchased to Dr. Ehrenstrofer (Augsburg, Germany). As surrogate
standards de-trans-permethrin and dg-trans-cypermethrin were chosen and purchased to the same
commercial firm. Organic solvents were obtained from J.T. Baker “for use in HPLC” quality (Deventer,

The Netherlands). Standard solutions were prepared in ethyl acetate. Calibration curves were
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prepared at different concentrations ranging between 0.4 and 150 ng mL™. Solid phase extraction
(SPE) cartridges were obtained from Isolute Biotage (Uppsala, Sweden) (C18, 2 g / 15 mL) and from

Interchim (Montlugon, France) (Basic alumina, 5g / 25 mL).
Sampling

Eleven individuals were analyzed in order to determine levels of PYRs in different tissues. A total of
38 samples were analyzed including 10 samples of muscle, 10 of kidney, 7 of liver, 6 of blubber and 5
of brain tissues (see Table 1). Samples of stranded individuals were collected from 2004 to 2009 in
the Spanish coast of the Alboran Sea (western Mediterranean Sea). Samples were collected and kept

frozen at -202C until the analyses were carried out.

Table 1: Information about the analysed samples.

Tissues
Individual # Matrices
Blubber Brain Kidney Liver Muscle
A X X 2
B X X X X 4
c X X 2
D X X X 3
E X X 2
F X X X X X 5
G X X X X 4
J X X X X 4
K X X X 3
L X X X X 4
M X X X X X 5
TOTAL 10 7 10 38

Analytical methods

Sample treatments were adapted from Feo et al. (Maria Luisa Feo et al., 2012). Briefly, different
amounts between 0.05 to 0,3 g of sample was exactly weight depending on the fat content of the
sample, i.e., the fattier the tissue was the less amount of sample was weight. These were spiked over
night with 0.25 ng and 0.125 ng of ds-trans-permethrin and ds-trans-cypermethrin, respectively.
Extraction procedure was carried out with 20 mL of hexane:dichloromethane (2:1) and assisted by
ultrasounds during 15 minutes. This extraction was repeated twice and the solvent was dried by a N,
stream. The solvent was cleaned-up by a tandem SPE (basic alumina and C18 cartridges, 30 mL
acetonitrile as eluent) cleaned the dried extract up. The eluent was evaporated under N, and the

sample reconstituted in 100 uL of ethyl acetate.



Analyses were performed on an Agilent Technologies 7890A coupled to a 7000A GC-MS Triple
Quad. The chosen column was a DB5-ms (15 m x 0.25 mm x 0.1 um). Details of chromatographic
condition analyses are found in Corcellas et al. (Corcellas, Eljarrat, & Barceld, 2015a). The selected
mass spectrometry (MS) mode was the negative chemical ionization, with ammonium as reagent gas.
All MS parameters are found in Feo et al. (M. L. Feo et al., 2011). It was remarkable that deltamethrin
and tralomethrin were indiferenciated with these methodologies because the high temperature of

the GC inlet convert tralomethrin in deltamethrin (Valverde et al., 2002).

The lipid content in samples was determined gravimetrically in parallel with an equivalent

extraction procedure of 1 g of sample.

Quiality assurance/control

These methodologies were previously tested and details of its reproducibility and linearity can be
found in previous studies (Corcellas et al., 2015a; M. L. Feo et al., 2011). The mean recovery with our
matrices was 79%, being 53% the lower value, obtained for deltamethrin. Limits of detection (LOD)
ranged from 0.02 to 0.71 ng g* lipid weigh (Iw) and limits of quantification (LOQ) from 0.08 to 2.38
ng g 'lw. For each batch of 11 samples, one methodological blank was carried out. Levels of blanks
were subtracted to all corresponding samples in case blank signal was higher than 1% of the sample

signal.

Total Body load calculation

In order to study the accumulation process in each tissue, an approximation of the total body (TB)
load was calculated. As the weight of different organs was not measured in the studied specimens,
the relationship between organs weights and individual length was used as a proxy (Ridgway &
Brownson, 1984; Tornero et al., 2004). With these proportional parameters among tissues, the
weight of each organ of each individual was estimated based on its length. After that, multiplying this
estimated weight by the 5:3PYR in ww basis, the amount of PYR in each organ was obtained. All

tissue values were summed to obtain the TB load.
Results and discussion

Levels of Y 13PYRs in samples

Detection of PYRs was positive for all samples considered. General levels of 5,3PYR ranged from 20.5
to 6730 ng g™ lw (0.73 — 218 ng g wet weight (ww), 2.92 to 360 ng g™ dry weight (dw)). Individual
values can be found in Supplementary Information A to C. A summary of basic statistics of these

results can be found in Table 2, expressed in the three weight basis, i.e. dw, Iw and ww.
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Table 2: Basic statistic of results. Concentration of $13PYRs in dolphin tissues (ng g™7).

Wet weight (ww) Dry weight (dw) Lipid weight (Iw)
Arlthmet Geometr | Rang Anthmet Geometr | Rang Arlthmet Geometr | Rang
Ic mean ic mean e Ic mean ic mean e Ic mean ic mean e
(xSD) (xSD) (xSD)
+ + +
Blubb 653+ 42.9 11.7- 121t 81.5 16.9- 145+ 99 20.5-
er 76.0 218 122 360 149 437
10.1 40.3 + 253 ¢
Brain 5.69 0.73- 22.8 2.92- 160 28.0-
8.17 183 | 327 731 | 213 551
176 77.6 £ 22 +
Kidne 6 11.3 1.42- 6 49.8 6.82- 8 531 67.2-
Y 14.1 37.2 61.3 162 734 2460
+ + +
Liver 23.6% 18.3 6.39- 7651 60.0 17.1- 942 £ 628 68.8-
16.8 489 | °17 155 752 2310
18.6 68.6 2550
Muscl 10.1 1.49- 36.8 5.98- 1420 192-
e 18.6 51.9 71.2 208 2490 6730

In other odontocete species analyzed (Mariana B. Alonso et al., 2015; Alonso et al., 2012; Aznar-
Alemany et al., 2017) levels of PYRs in liver were found to be up to 68.4 ng g’lw in Franciscana
dolphin (Pontoporia blainvillei) samples and to 5210 ng g' Iw in striped dolphin (Stenella
coeruleoalba) ones. In blubber and muscle tissues they reach up to 101 and 860 ng g’ Iw,
respectively, in samples of Franciscana dolphin, and to 135 and 620 ng g™ Iw, respectively, in samples
from Guiana dolphin (Sotalia guianensis). All these values were in concordance with the range of our
studied matrices (i.e. 68.8-2306 ng g Iw in liver, 20.5-437 ng g"* Iw in blubber, and 192-6725 ng g™ Iw
in muscle). Franciscana and Guiana dolphins tends to present mean levels a little bit lower than ours,
but several factors may explain this fact. First of all, those species were from Brazil coast and the PYR
dumping in there could probably not be the same as Spanish. Moreover, the dilution effect in the
Atlantic Ocean is presumably bigger than in the Mediterranean Sea. Furthermore, comparing
different species is always difficult due to differences in diet, habitat and even some metabolic

mechanisms.

From the same Alboran Sea, striped dolphins presented levels of pyrethroids much similar to
common dolphins. Mean value of PYR levels in liver for all individuals of common dolphins was 76.50
+ 51,64 ng g Iw, while for striped dolphins it was 300,00 + 934,24 ng g™ Iw with and differences
were significant (Kruskal-Wallis test, H=1.11, 1 d.f., P=0.29). However, when only adult females were

compared, means were 84.94 + 51.01 and 398.12 + 525.15 for common and striped dolphins,




respectively, without significant differences in distribution (H=0.11, 1 d.f., P= 0.74). In Figure 1 are

both comparisons represented.

Figure 1: Levels of PYR in striped and common dolphin livers. a) All individuals included b) only adult
females’ values.
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Regarding specific PYRs, 100% of samples presented permethrin and 61% tetramethrin, both of
them belonging to type | PYRs. Only 63% of samples presented some of type Il PYR. For instance, in
61% of samples cypermethrin was quantified, while fenvalerate was determined in 47% of samples.
Cyhalothrin and deltamethrin/tralomethrin were present in 13% of samples, whereas cyflutrhin only
in 2.6%. The rest of PYRs (cis-bifenthrin, fenpropathrin, fluvalinate, phenothrin, resmethrin) were
never detected at quantifiable amounts. In Figure 2, the content of each pyrethroid in each matrix is
represented as a percentage. It was clear that permethrin was the main PYR in all samples with more
than 89% of contribution in the total PYR sum in all matrices. In the same coastal area, permethrin
and tetramethrin were the main contributors of pyrethroid pollution in liver of striped dolphins
(Aznar-Alemany et al.,, 2017). This similar pattern could be due to a similar exposition to these

insecticides through diet (Edwards, Millburn, & Hutson, 1987) because both species seems to feed on
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similar preys due to its overlap in stable isotope signatures (Giménez et al.). However, the profile
corresponding to Brazilian dolphins was differently dominated by permethrin and cypermethrin (M.

B. Alonso et al., 2015), perhaps due to different pyrethroid dumping.

Figure 2: Contribution of each PYR to the total sum in each matrix.
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Regarding the distribution of the rest of PYR in tissues, it seemed to respond to some physico-
chemical characteristics of these pollutants. For instance, the most hydrophilic tissues (muscle,
kidney and liver) presented different proportions of deltamethrin/tralomethrin and fenvalerate, but
they were not detected in brain and blubber. It would be related with the log K., of these PYR (lower
than 5,01). However, the lipophilic behaviour was not the only reason for these results. On the
contrary, recent studies with human brain cells showed that deltamethrin permeation through the
blood brain barrier is a passive transport concentration-dependent. Moreover, the binding with
serum albumin and plasma proteins/lipoproteins could limit this transport (Amaraneni et al., 2016;
Bruckner, 2014). Cypermethrin presented higher contributions in brain than in blubber showing more
affinity for this tissue. This might suggest that cypermethrin is able to penetrate the

hematoencephalic barrier more easily than other pyrethroids.

Given the length of the animals, we could know that all males were juveniles and young adults,
while females were young adults and adults (Borrell & Aguilar, 2005; Hall, McConnell, et al., 2006;
Murphy, Pinn, & Jepson, 2013). Because of these differences in age, both sexes were not comparable
in the present study. After sex classification, statistical analyses were carried out and no correlation
was found among PYR level and length nor tissue (at 99% of confidence). Figure 3 shows the levels of
pyrethroids in tissues versus the individual length by sex. As it is clear, in case of males the lack of
samples didn’t let describe a trend. In the case of females, dispersion was too high to detect any
tendency. The variability in pollutant values in females could be due to losses of body burden
pollution through births, the consequential maternal transfer and lactation (Alonso et al., 2012;

Borrell & Aguilar, 2005).



Figure 3: Distribution of PYRs in different tissues for two individuals: a) ww basis, b) dw basis, c)
Iw basis.
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Expression of PYRs results in ww, Iw or dw

Results expressed in different weight basis were compared for each tissue. Only two of the
individuals were sampled for all the 5 different studied tissues. Therefore, comparison among tissue
was done with these two dolphins. In Figure 4 the contribution (%) of 513PYRs in each tissue relative
to the total amount of >13PYRs in the individual is represented. Dry weight and wet weight bases
presented similar profiles except for the contribution of blubber, which was lower in dw
normalization. With this dw basis, blubber was the tissue in which most of PYRs were found (=40%),
as expected given the lipophilic behaviour of PYRs. The rest of tissues presented between 12 to 17%
of the total >13PYRs in each individual. On the other hand, Iw normalization presented a completely
different pattern. The blubber presented only the 5% of PYRs but the highest concentration of PYRs
per lipid unit was in the muscle (47%). The rest of tissues presented between 10% (brain) and 24%

(liver) of contribution to the total.

These results mean that changing bases produce important differences in result discussion.
Even when lipid weight normalization is valid for most of POPs, for PYRs it seemed not to be so
suitable. One important characteristic of POPs is that they are accumulated preferably in lipid tissues
(Gui et al., 2014; Yordy, Pabst, et al., 2010). Therefore, most of tissues presented similar POP
amounts in lipid weight basis, even when some differences were described in some special tissues.
For example the outer blubber layer of cetaceans presented a slow equilibrium with the inner
blubber layer, which is more metabolically active (Herman et al., 2008). Nonetheless, PYR are more
easily metabolized not only by the common cytochrome P, complexes (Godard-Codding et al.,
2011; Nakamura et al.,, 2007) but as well by other enzymes involved in this process, i.e., the
carboxylesterases (Crow, Borazjani, Potter, & Ross, 2007). That fact could make that in some tissues
the metabolization of PYRs were more effective. Besides, it is known that pyrethroid distribution
through mammalian bodies are helped by lipoproteins bindings, what could interfere in permeation

through tissues (Amaraneni et al., 2016). For that reason, the lipophilic character is not so
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Figure 4: Representation of levels of
(green) and females (red).
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conclusive in the PYR distribution in tissues. Given those difficulties in the understanding of lipid-
normalized PYR levels, lw basis is not the best choice in order to compare levels among individuals or

even species.

Since water content is also depending on a lot of undesirable factors such as tissue
characteristics, decomposition condition, between others, the best option to compare data about

levels of PYRs in biota should be dw normalization.

Total Body load

The TB load was calculated only for the two individuals that presented all 5 matrices. In Table 3 TB
results are presented as well as reference values used in this estimation. The TB load was of 1.25 and
6.64 mg of PYRs. In the blubber, near the 80% of the total of PYRs would be accumulated while in the
muscle it would be around the 18%. In both individuals the contribution of the rest of analyzed
organs contribute in less than 5% of the total amount of PYRs. These results have to be treated

carefully because the calculation is just an approximation due to the lack of real organ weights and it



was calculated only for two individuals. Even that, this is a first approach to understand PYR

behaviour in dolphin tissues.

When authors have evaluated total body load of POPs in cetaceans, they have estimated than
more than 90% of this value corresponded to blubber contribution. However, since lipid is mobilized
constantly, this tissue became the main source of these contaminants for the rest of tissues (Yordy,
Wells, et al., 2010). This is in concordance with our results. For pyrethroids contribution of blubber

was a little lower than for POPs but it may also be due to estimation of each tissue contribution.

PYR levels by tissues

As it is showed in Table 2, brain was the tissue with lower levels of PYRs, with a geometric mean of
22.8 ng g" dw. This could point out that the blood-brain barrier is able to partially avoid the
penetration of pyrethroids in brain, which would be very useful taking into account that PYR main
effect as insecticide is to act in the nervous system and its effects in nervous system could be toxic
for mammals (Hansen et al., 2017; Islam, Zaman, Duarah, Raju, & Chattopadhyay, 2017; Varro et al.,
2017). Following, muscle, kidney and liver presented similar ranges (5.98-208, 6.82-163 and 17.1-155
ng g dw, respectively) and geometrical means of 36.8, 49.8 and 60.0 ng g™ dw, respectively. Thus,
liver seemed to present less inter-individual variation in PYR levels than the other two tissues
(standard deviations of muscle, kidney and liver were 71.1, 61.3 and 51.7 ng g™ dw, respectively).
Finally, the most polluted tissue was the blubber (geometrical mean = 85.1 ng g dw, range from

16.9 to 360 ng g™ dw) which is consistent with the lipophilic behaviour of PYRs.

Altogether, for monitoring purposes, blubber seemed to be the suitable tissue to analyse due to
its high amount of pollutant and the possibility of obtaining this tissue in free ranging animals
through remote biopsy (Giménez, De Stephanis, Gauffier, Esteban, & Verborgh). However, the
extraction procedure carried out in the present study present some analytical difficulties with very
fatty samples. Moreover, because of the small amount obtained in regular monitoring sampling
schemes through biopsy darting, this matrix could show false negatives. Furthermore, some authors
have discussed about differences in blubber composition and potentially different accumulation of
organic compounds in different animal blubber layers or even the body area this blubber was taken
(Gui et al., 2014; Tornero et al., 2004; Yordy, Pabst, et al., 2010). On the other hand, liver tissue
seemed to give consistent information, with amounts of pollution high enough to show the exposure
of dolphins to PYRs. Even when levels of pyrethroids in liver could represent better the recent
exposure to this compounds, levels in liver were usually close to muscle and kidney ones, what gave
a general idea of pollution exposure of the internal organs of the individual, regardless it was recent

or long term exposure. To sum up, we recommend the monitoring of liver as the preferred tissue in

161



162

stranded animals while blubber would be the suitable tissue for the monitoring of free ranging

individuals.

Conclusions

In the present study pyrethroid residues were found in tissues of all the dolphins analysed.
Concretely, permethrin was found in 100% of samples. Levels of pyrethroids were in the range of
previous studies. Given the ever-presence of these insecticides in dolphin samples, the main
achievement of this study was to compare different dolphin tissues in order to clarify the best matrix
to monitor these pollutants. Results point out that blubber could be a good tissue for these purposes,
even though the present analytical methodology could show some false negatives. For stranded
individuals, liver would be a better choice, given that this tissue showed representative levels of
internal organs. However, it is important to understand that there were differences among tissues
such as liver, blubber and brain. That meant that levels found from studies which analysed different

tissues would be not directly compared.

As expected because of the lipophilic behaviour of pyrethroids, the main amount of pyrethroids
was accumulated in blubber while internal organs accumulations represented less than 5% of the

total load.

Finally, this study showed as well the importance of the basis in which results are provided. Lipid
weight was not the better option for these metabolizable pollutants. Dry weight basis would be the

selected normalization procedure due to present PYR levels results.
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Table 3: Reference values and results of TB load calculation for the F and L individuals.

. Length . ) . TB load
Individual Parameter Blubber Brain Kidney Liver Muscle
(cm) (ng)
Refl(Tornero .
187 Reference weight (kg) 22,34 - 3,4 2,2 34,87 -
et al., 2004)
Ref2(Ridgway
& Brownson, 193,1 Reference weight (kg) - 0,8356 - - - -
1984)
Estimated weight (kg) 21,86 0,79 3,33 2,15 34,12
F 183 S13PYRs (ug) 1077 13,16 11,21 34,51 112,5 1248
% TB load 86,3 1,1 0,9 2,8 9,0
Estimated weight (kg) 21,62 0,78 3,29 2,13 33,75
L 181 >13PYRs (ug) 4710 9,89 122,5 42,58 1753 6637
% TB load 71,0 0,1 1,8 0,6 26,4
Mean - % TB load 79 0,6 1,4 1,7 18 -
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Supplementary Information A.: Results of quantification analyses (ng g™ ww) (quantified PYRs only).

Type | PYRs

Type Il PYRs

Individual Tissue TOTAL
Permethrin Tetramethrin | Cyfluthrin Cyhalothrin Cypermethrin Deltamethrin® Fenvalerate

A Blubber 49.8 ND ND ND NQ ND ND 49.8
Brain 18.3 ND ND ND NQ ND ND 18.3

B Blubber 32.7 0.74 ND ND NQ ND ND 335
Brain 1.57 ND ND ND 0.56 ND ND 2.13
Kidney 3.89 ND ND 0.10 1.42 ND ND 5.31
Muscle 2.82 0.04 ND ND 0.47 ND 0.02 3.35

C Kidney 1.42 ND ND 0.07 NQ ND ND 1.42
Muscle 4.10 ND ND ND ND ND ND 4.10

D Kidney 32,5 1.61 ND ND 2.50 0.27 0.09 37.0
Liver 41.1 0.40 ND ND 1.92 0.31 0.10 43.9
Muscle 254 0.73 ND ND 2.52 4.05 0.07 32.7

E Kidney 10.5 0.04 ND ND 0.39 ND ND 10.9
Muscle 13.9 ND ND ND ND ND ND 13.9




Supplementary Information A.: Results of quantification analyses (ng g ww) (quantified PYRs only) (continuacid).

Type | PYRs Type Il PYRs
Individual Tissue TOTAL
Permethrin Tetramethrin | Cyfluthrin Cyhalothrin Cypermethrin Deltamethrin® Fenvalerate

F Blubber 48.2 1.05 ND ND NQ ND NQ 49.2
Brain 16.6 NQ ND ND NQ ND ND 16.6
Kidney 3.36 NQ ND ND NQ ND 0.01 3.37
Liver 14.5 0.15 ND ND 1.11 0.19 0.08 16.0
Muscle 2.66 ND ND 0.13 0.63 ND ND 3.30

G Blubber 29.2 0.62 ND ND NQ ND NQ 29.8
Kidney 25.6 0.95 ND ND 3.92 ND 0.12 30.6
Liver 20.9 NQ ND ND 1.98 0.42 0.08 233
Muscle 235 0.53 ND ND 3.87 ND 0.11 28.0

J Blubber 11.3 0.34 ND ND NQ ND ND 11.7
Kidney 17.2 0.13 ND ND 1.19 ND NQ 18.5
Liver 5.13 0.11 0.21 ND 1.26 ND 0.03 6.74
Muscle 1.49 ND ND 0.07 ND ND ND 1.49
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Supplementary Information A.: Results of quantification analyses (ng g ww) (quantified PYRs only) (continuacid).

Individual Tissue Type | PYRs Type Il PYRs TOTAL
Permethrin Tetramethrin | Cyfluthrin Cyhalothrin Cypermethrin Deltamethrin® Fenvalerate

K Kidney 5.64 ND ND ND 0.48 ND 0.03 6.15
Liver 6.22 0.10 ND ND NQ ND 0.07 6.39
Muscle 5.30 ND ND 0.08 0.34 ND ND 5.64

L Blubber 213 4.37 ND ND NQ ND NQ 218
Brain 11.7 0.05 ND ND 0.91 ND NQ 12.6
Kidney 34.8 0.29 ND ND 2.08 ND 0.08 37.2
Liver 15.8 1.55 ND ND 2.53 ND 0.13 20.0
Muscle 47.5 0.84 ND ND 3.52 ND 0.13 51.9

M Brain 0.69 0.04 ND ND NQ ND NQ 0.73
Kidney 22.7 NQ ND ND 3.07 ND 0.07 25.8
Liver 45.4 0.88 ND ND 2.52 ND 0.09 48.9
Muscle 38.7 0.58 ND ND 2.48 ND 0.11 41.9

% of positives samples 100 61 2.6 13 61 13 47 100

® Deltamethrin label included both deltamethrin and tralomethrin.
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Supplementary Information B.: Results of quantification analyses (ng g™ Iw) (quantified PYRs only).

Lipid Type | PYRs Type Il PYRs
Individual Tissue o - - - — TOTAL
% Permethrin Tetramethrin | Cyfluthrin Cyhalothrin Cypermethrin Deltamethrin® Fenvalerate

A Blubber 56 88.66 ND ND ND NQ ND ND 88.66
Brain 3.3 550.7 ND ND ND NQ ND ND 550.7

B Blubber 49 67.28 1.52 ND ND NQ ND ND 68.79
Brain 3.0 51.94 ND ND ND 18.62 ND ND 70.56
Kidney 1.4 277.57 ND ND 7.15 101.66 ND ND 379.22
Muscle 1.0 269.62 4.29 ND ND 44.86 ND 2.14 320.92

C Kidney 2.1 67.18 ND ND 3.31 NQ ND ND 67.18
Muscle 0.8 538.78 ND ND ND ND ND ND 538.78

D Kidney 2.3° 1393.92 69.14 ND ND 107.3 11.68 4.06 1586.1
Liver 1.9 2162.5 21.28 ND ND 101.1 16.38 5.1 2306.37
Muscle 0.7 3663.95 105.15 ND ND 364.42 585.33 10.82 4729.67

E Kidney 2.3° 450.37 1.66 ND ND 16.77 ND ND 468.8
Muscle 0.8° 1803.18 ND ND ND ND ND ND 1803.18
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Supplementary Information B.: Results of quantification analyses (ng g™ Iw) (quantified PYRs only) (continuacid).

N - Lipid Type | PYRs Type Il PYRs

Individual Tissue % Permethrin Tetramethrin | Cyfluthrin Cyhalothrin Cypermethrin Deltamethrin® Fenvalerate TOTAL

F Blubber 41 116.32 2.54 ND ND NQ ND NQ 116.32
Brain 4.9 341.33 NQ ND ND NQ ND ND 341.33
Kidney 2.9 114.95 NQ ND ND NQ ND 0.45 1154
Liver 2.2 659.46 6.79 ND ND 50.44 8.81 3.65 729.14
Muscle 0.5 491.21 ND ND 24.72 116.26 ND ND 607.47

G Blubber 21 141.66 3.01 ND ND NQ ND NQ 144.67
Kidney 4.2 612.99 22.83 ND ND 93.82 ND 2.79 732.43
Liver 3.3° 632.15 NQ ND ND 60.1 12.77 2.28 707.3
Muscle 1.1 2155.81 48.93 ND ND 355.43 ND 10.49 2570.66

J Blubber 57 19.87 0.59 ND ND NQ ND ND 20.46
Kidney 2.3° 737.12 5.63 ND ND 51.07 ND NQ 793.82
Liver 21 247.47 5.45 10.06 ND 60.63 ND 1.35 324.97
Muscle 0.8° 192.34 ND ND 8.64 ND ND ND 192.34




Supplementary Information B.: Results of quantification analyses (ng g™ Iw) (quantified PYRs only) (continuacid).

N . Lipid Type | PYRs Type Il PYRs

Individual Tissue % Permethrin Tetramethrin | Cyfluthrin Cyhalothrin Cypermethrin Deltamethrin® Fenvalerate ToTAL

K Kidney 1.2 469.65 ND ND ND 39.63 ND 2.29 511.57
Liver 9.3 66.95 1.08 ND ND NQ ND 0.8 68.83
Muscle 0.3 1635.47 ND ND 24.12 105.05 ND ND 1740.52

L Blubber 50 427.75 8.76 ND ND NQ ND NQ 436.51
Brain 4.5 257.34 1.17 ND ND 19.98 ND NQ 278.5
Kidney 1.5 2298.18 19.3 ND ND 137.81 ND 5.18 2460.46
Liver 21 770.38 75.84 ND ND 123.69 ND 6.42 976.33
Muscle 0.8° 6144 .4 108.55 ND ND 455.34 ND 16.37 6724.67

M Brain 2.6 26.5 1.54 ND ND NQ ND NQ 28.04
Kidney 2.3° 972.34 NQ ND ND 131.65 ND 2.83 1106.82
Liver 3.3° 1375.68 26.52 ND ND 76.3 ND 2.66 1481.16
Muscle 0.7 5820.46 87.39 ND ND 372.04 ND 16.65 6296.54

® Deltamethrin label included both deltamethrin and tralomethrin.
® The lipid content of these samples was estimated.
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Supplementary Information C.: Results of quantification analyses (ng g™ dw) (quantified PYRs only).

i Type | PYRs Type Il PYRs
Individual ~ Tissue |  Pried i i TOTAL
Residue % | permethrin Tetramethrin Cyfluthrin Cyhalothrin Cypermethrin Deltamethrin® Fenvalerate

A Blubber 68.1° 73.08 ND ND ND NQ ND ND 73.08
Brain 25.0° 73.06 ND ND ND NQ ND ND 73.06

B Blubber 59.0° 55.47 1.25 ND ND NQ ND ND 56.72
Brain 25.0° 6.28 ND ND ND 2.25 ND ND 8.53
Kidney 25.7 15.16 ND ND 0.39 5.55 ND ND 20.71
Muscle 27.5 10.26 0.16 ND ND 1.71 ND 0.08 12.21

C Kidney 20.8 6.82 ND ND 0.34 NQ ND ND 6.82
Muscle 29.5 13.91 ND ND ND ND ND ND 13.91

D Kidney 22.7 143.08 7.10 ND ND 11.01 1.20 0.42 162.81
Liver 32.7 125.86 1.24 ND ND 5.88 0.95 0.30 134.23
Muscle 27.8 91.29 2.62 ND ND 9.08 14.58 0.27 117.85

E Kidney 19.2 54.60 0.20 ND ND 2.03 ND ND 56.83
Muscle 25.1 55.57 ND ND ND ND ND ND 55.57




Supplementary Information C.: Results of quantification analyses (ng g™ dw) (quantified PYRs only) (continuacid).

Individual ~ Tissue | Dried Tvee I PYRs : ____Type T PYRs , TOTAL
Residue % | Permethrin Tetramethrin | Cyfluthrin Cyhalothrin Cypermethrin Deltamethrin® Fenvalerate

F Blubber 50.3° 95.90 2.09 ND ND NQ ND NQ 97.99
Brain 25.0° 66.46 NQ ND ND NQ ND ND 66.46
Kidney 22.3 15.04 NQ ND ND NQ ND 0.06 15.10
Liver 28.6 50.74 0.52 ND ND 3.88 0.68 0.28 56.10
Muscle 24.6 10.82 ND ND 0.54 2.56 ND ND 13.38

G Blubber 25.0° 116.78 2.48 ND ND NQ ND NQ 119.26
Kidney 25.1 102.14 3.80 ND ND 15.63 ND 0.46 122.04
Liver 30.3 68.85 NQ ND ND 6.55 1.39 0.25 77.03
Muscle 33.6 69.90 1.59 ND ND 11.52 ND 0.34 83.35

J Blubber 69.1° 16.38 0.49 ND ND NQ ND ND 16.87
Kidney 22.6 75.98 0.58 ND ND 5.26 ND NQ 81.83
Liver 26.1 19.70 0.43 0.80 ND 4.83 ND 0.11 25.87
Muscle 24.8 5.98 ND ND 0.27 ND ND ND 5.98

K Kidney 26.4 21.39 ND ND ND 1.80 ND 0.10 23.30
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Supplementary Information C.: Results of quantification analyses (ng g™ dw) (quantified PYRs only) (continuacid).

Individual ~ Tissue | Dried TveelPYRs : ____Type T PYRs , TOTAL
Residue % | Permethrin Tetramethrin | Cyfluthrin Cyhalothrin Cypermethrin Deltamethrin® Fenvalerate

K Liver 373 16.67 0.27 ND ND NQ ND 0.20 17.14
Muscle 29.7 17.86 ND ND 0.26 1.15 ND ND 19.01

L Blubber 60.5° 352.62 7.22 ND ND NQ ND NQ 359.84
Brain 25.0° 46.67 0.21 ND ND 3.62 ND NQ 50.50
Kidney 23.7 146.60 1.23 ND ND 8.79 ND 0.33 156.96
Liver 28.4 55.52 5.47 ND ND 8.91 ND 0.46 70.36
Muscle 25.0 189.71 3.35 ND ND 14.06 ND 0.51 207.62

M Brain 25.0° 2.76 0.16 ND ND NQ ND NQ 2.92
Kidney 19.8 114.22 NQ ND ND 15.46 ND 0.33 130.02
Liver 31.6 143.77 2.77 ND ND 7.97 ND 0.28 154.79
Muscle 26.7 145.17 2.18 ND ND 9.28 ND 0.42 157.04

® Deltamethrin label included both deltamethrin and tralomethrin.
® The dried residue of these samples was estimated.
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4.3.3. Discussio de resultats

4.3.3.1 Exposicio a piretroides

Els resultats de tots tres estudis mostren que el 100% dels individus presentaven nivells de
piretroides als seus teixits. Aquest resultat ens permet afirmar que els piretroides sén
bioacumulables tot i que els estudis de metabolitzacié en mamifers feien preveure el contrari
(R. Lavado et al., 2014; Nakamura et al., 2007; Satoh & Hosokawa, 1998). Una hipotesi per tal
d’explicar aquests dos fets contradictoris alhora podria ser que la sobre-exposicié de
piretroides, junt amb d’altres possibles contaminants, saturin els sistemes de metabolitzacié
de xenobiotics i aquests no siguin capacos d’eliminar completament els piretroides. D’aquesta
manera, els piretroides s’anirien metabolitzant continuament en el cos del individu perd mai
s’arribarien a eliminar completament ja que I'exposicid a ells seria superior a la seva capacitat
metabolica. Malgrat que, potser, semblaria que aquesta hipotesi no seria viable en un medi
tan diluit com un mar o ocea, la contaminacid dels cetacis és un fet i la seva exposicié a molts
contaminants antropogénics també tant al Mediterrani (Borrell & Aguilar, 2005; Fossi et al.,
2007) com a oceans com I'Atlantic (Mariana B. Alonso et al., 2015; Gui et al., 2014) o I'Indo-
Pacific (Gui et al., 2014). Fins i tot alguns autors han proposat métodes d’avaluacid de la
contaminacié marina fent un seguiment de I'expressié de les monooxigenases en biopsies de
cetacis (Godard-Codding et al., 2011). Evidentment, aquest métode de control de la salut
ambiental és molt poc especific i només és capa¢ de determinar I'exposicié global a

xenobiotics.
Exposici6 dels peixos de riu

Els nivells que es van arribar a trobar en peixos de riu (de fins a 4938 ng g™ Iw) estan en
concordanga amb altres estudis que s’han realitzat posteriorment a la publicacié d’aquest
article. Per exemple, a més dels dofins analitzats ens les Publicacio 4 i 5, en dofins ratllats que
es van trobar varats a les costes andaluses es van arribar a quantificar nivells de piretroides de
fins a 5210 ng g" Iw (Aznar-Alemany et al., 2017). Tot i aixo cal tenir en compte que aquests
peixos es van mostrejar completament, es a dir, la mostra era representativa de tot I'individu.

Per contra, I'analisi dels dofins analitzava Unicament el fetge.

Tenint en compte que les espécies de peix estudiades eren comestibles, seria pertinent
calcular I'exposicid humana a aquests insecticides per aquesta via i estimar un TDI. A més, i
com a conseqliéncia, caldria regular un maxim permes, com en el cas d’altres aliments.

Actualment la legislacié de la UE al respecte no es pronuncia en el cas concret de la presencia
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de piretroides sobre els productes de la pesca (EC, 2014). Aixd0 no obstant, si que hi ha
legislacié sobre MRL de determinats piretroides, com la cipermetrina, en animals de caca. En
aquest cas, el maxim permes seria de 0,05 ug g* ww. En el pitjor dels casos estudiats, en
aquest estudi es van trobar nivells de piretroides totals de 0,03 pg g' ww. Tot i que,
considerant aquests valors, semblaria que no hi ha risc per als humans, la proximitat en 'ordre
dels valors fa pensar que també en pesca lliure caldria verificar aquests nivells permesos i fer

avaluacions i estudis per tal d’assegurar la innocuitat per als consumidors.

D’aquest estudi, també cal destacar la comparativa referent a d’altres contaminants. Com
es pot comprovar a l'article, els piretroides eren els contaminants més abundants en els peixos
de riu, tant pel que fa a la omnipresencia en les mostres com pels nivells maxims assolits.
Només alguns POPs i contaminants emergents com els PBDEs i els declorans tenien una
ubiqlitat propera al 100%. Aquest perfil, és estrany comparat amb altres descrits. En llet
materna, per exemple, es van descriure nivells mitjans de DDT 7,6 vegades superiors als
mitjans per a piretroides sobre les mateixes donants de Sud-Africa (Bouwman et al., 2006). Val
a dir, pero, que el DDT tenia gran preséncia degut al control del vector portador de la malaria.
En estudis recents en dofins ratllats, els piretroides ocupaven el 3r lloc en nivells mitjans més
elevats de contaminants, darrera dels productes naturals halogenats i dels PBDEs (Aznar-

Alemany et al., 2017).

Cal recordar, a més, que la toxicitat dels piretroides en els peixos és superior a la d’altres
animals i que els ecosistemes aquatics sén molt sensibles a aquests contaminants (veure
apartat de toxicologia del capitol Introduccid). En aquest sentit, trobar aquests nivells de

piretroides en la biocenosi d’aquest medi és preocupant pel que fa a la salut d’aquest medi.

Per ultim, en aquest estudi es va comprovar que animals pescats en la mateixa area del riu
presentaven perfils diferents de piretroides. Aquest fet, pot implicar que segons I'estrat dins el
riu que el peix ocupa I'exposicié a piretroides podria ser diferent. No només aix0, peixos del
mateix punt de mostreig presentaven perfils isomerics diferents, la qual cosa sembla més
degut a una bioacumulacio selectiva segons I'especie. En qualsevol cas, d’aquests resultats se
nextreu la conclusié que als rius mostrejats hi arriba un coctel de piretroides al qual esta

exposada tota la biota que hi habita.

Exposici6 dels dofins

En piretroides, a més, cal recordar que la metabolitzacié mitjancant citocroms provoca

I'aparici6 de metabolits que han demostrat ser disruptors endocrins per a mamifers



(Yuanxiang Jin et al., 2011; R. Lavado et al., 2014). Aixi doncs, donat que els mamifers, i en
aquest cas els dofins, acumulen els piretroides i els van metabolitzant lentament, I'exposicié a
aquests productes estrogénics sera continua al llarg de la seva vida, tant si I'exposicid a
piretroides és continuada com si sén exposicions periodiques. A més, amb els nostres estudis
es va demostrar la presencia dels piretroides al cervell dels dofins i, donat que aquests
insecticides interfereixen sobre el sistema nervids, caldria avaluar millor I'efecte dels
piretroides sobre organ. Per tant, els efectes toxicologics a llarg termini dels nivells de
piretroides reportats en aquesta tesi és una linia d’investigacié que requerira molta més

dedicacid per part de la comunitat cientifica.

En els nostres estudis vam comprovar que semblava haver una tendéncia, en mascles, en
tenir gran quantitat de piretroides al néixer, anar-los eliminant poc a poc mentre sén
considerats cries lactants i de bioacumular major quantitat de piretroides durant el creixement
del dofi per, un cop arribat a I'adultesa, anar disminuint els nivells. Tot aix0, segons el publicat
en la publicacio 4. La gran exposicié al néixer només por explicar-se amb la transferencia
materna, fet estudiat en molts altres estudis de mamifers (M. B. Alonso et al., 2015; Corrion et
al., 2005; Viel et al.,, 2017; M. Zhao et al., 2014). El increment de piretroides durant
I'adolescencia i decreixement a I'adultesa podria explicar-se per dues vies. La primera faria
referéncia a la dependeéncia dels enzims metabolitadors de contaminants amb I'edat. Com ja
s’ha discutit, I'eficacia dels enzims i, inclos, la seva preferéncia isomero-selectiva, depén de les
isoformes que el caracteritzin, les quals, en mamifers, poden canviar amb I'edat (Hines,
Simpson, & McCarver, 2016; Song et al., 2017). Amb aquesta hipotesi, al arribar a I'adultesa els
individus serien capagos de metabolitzar millor els piretroides. Aquesta explicacid, no obstant,
té la contra de qué implica que fins a I'adultesa les isoformes dels enzims no sén les definitives,
mentre que els estudis citats sobre aquest tema durant diferencien les isoformes infantils amb
les adultes, amb el que semblaria que durant la dltima infancia i I'adolescencia hi hauria una
transicié de isoformes dels enzims que no explicaria I'increment de nivells de piretroides. A
més, durant la primera infancia els nivells eren decreixents aixi que caldria donar alguna altra
explicacid com la dilucié dels piretroides pel cos del infant gracies al creixement rapid del

individu.

La segona explicacid, podria ser un balan¢ entre I'exposicié a piretroides via dieta i
eliminacié lenta a través dels mecanismes de metabolitzacié. Segons aquesta explicacid,
després del input inicial de piretroides via transferencia materna, I’exposicid a piretroides seria
baixa, ja que només es deuria a la transferencia via llet materna. A més, com en el cas de

I'anterior hipotesi, el rapid creixement del individu provoca una dilucié de la concentracié de
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contaminant per tot el cos. Aixi doncs, la diferéencia de pendent entre cria i adolescent es
donaria en el moment de canvi de dieta. Es sabut que els infants i adolescents tenen una
relacio de ingesta alimentaria per kilogram de pes corporal superior al dels adults. Si els
piretroides s’ingereixen via alimentaria, 'exposicié relativa al pes corporal durant I'adultesa
sera inferior que en els estadis previs. Aixi doncs, es podria explicar que els nivells de
piretroides augmentin fins a I'adultesa, moment en el qual lentament el metabolisme tendeix
a buscar un equilibri entre quantitat de piretroides ingerits amb metabolitzats. Aquesta
hipotesi quedaria reforcada per la resta d’estudis que també fan preveure que la principal via

d’exposicié de piretroides és I'alimentaria.

Per acabar aquesta discussio, cal matisar, pero, que en d’altres estudis realitzats sobre a la
presencia de piretroides en dofins, aquesta tendéncia descrita en aquesta publicacid 4 no ha
sigut reproduible (M. B. Alonso et al., 2015; Aznar-Alemany et al., 2017). Tot i aixi, factors com
poca la disponibilitat de mostres recollides en periodes similars de temps i que la quantitat de
mostres sigui representativa de cada grup (cries, juvenils i adults) és un problema en tots
aquests estudis. Per tal de poder garantir aquest fet caldria fer un estudi molt més

representatiu.

4.3.3.2 Preses de mostra per a la determinacio de piretroides

Referent a la publicacié 5, a més dels nivells trobats, es varen estudiar una séerie de factors
que afectaven fins aleshores als nostres estudis. Per comencar, calia saber si I'exposicié
mesurada en els diferents estudis sobre dofins es referia a una exposicié proxima al mostreig o
una de representativa a I'exposicio a llarg termini. També hi havia dubtes sobre el millor teixit

per analitzar i, per ultim, I'expressié de les dades.

Com s’exposa en aquesta publicacié, es van analitzar diferents teixits. Els resultats
demostraren la necessitat de mostrejar organs amb alt contingut en greix ja que en teixits com
ara el muscular la preséncia de piretroides era més escassa (de 3,30 ng g* a 51.9 ng g”* ww) i
els valors facilment podien ser falsos negatius. El cervell, és un tipus de mostra dificil d’obtenir
aixi que ja no es plantejava com a potancial teixit per a monitorejos. A més, el cervell sovint no
és representatiu de la contaminacié acumulada ja la barrera hemo-encefalica acostuma a
evitar la penetracié d’alguns xenobiotics al cervell. A |la bibliografia s’"ha comprovat I'efecte
filtrador d’aquesta barrera amb els piretroides (Amaraneni et al., 2016). Per tant, quedaven
per triar el greix, els ronyons i el fetge. Entre els valors de piretroides el fetge acostumava a
donar uns valors amb menors dispersions amb la qual cosa, per estudis a llarg termini, seria un

organ més adient ja que les tendéncies serien molt més facils de comprovar i atribuir a factors



ambientals i d’exposicié i no tant a diferéncies interindividuals o factors puntuals del mostreig
gue deurien afectar als nivells en ronyons perd que no som capacos de controlar. Per ultim, el
greix semblava la matriu més adient per al mostreig ja que la preséncia de piretroides era en
uns nivells acceptables (de 11,7 ng g* a 218 ng g™ ww). Tot i aixi, per al seu analisi I'extraccié
dels piretroides era més complexa. Degut al contingut en greix, la quantitat de mostra que es
podia analitzar era molt petita (0,05 g) ja que una major quantitat saturava els cartutxos de
SPE. Per tant, amb la metodologia emprada aquesta matriu també podria donar falsos

negatius degut a la poca quantitat de mostra analitzada.

Aixi doncs, es determina que la millor opcié de presa de mostra per a la determinacié dels
piretroides en dofins era prendre una biopsia del fetge. Ara bé, aquest procediment només es
pot dur a terme en animals morts. Tenint aixd com a limitacid, es va proposar la presa de
bidpsies cutanies en animals vius per al mostreig d’aquests cetacis, metode molt emprat en la
determinacié d’altres contaminants en dofins i balenes (Bardén et al., 2015; Kucklick et al.,
2011). D’aquestes biopsies caldria prendre la part greixosa per tal d’analitzar-la. El fet de
requerir molt poca quantitat de mostra per a I'analisi, en aquest cas, és oportu ja que la resta

de mostra es pot emprar per d’altres analisis sobre aquests individus vius.

Finalment, pel que fa als resultats obtinguts, es va comprovar que per als piretroides no és
representatiu triar una base lipidica per expressar-los. Donat que sén metabolitzables per
diversos teixits, que es poden unir a proteines amfifiliques, i que es troben en dispersio
continua per l'organisme, donar-los amb la referéncia lipidica produeix dificultat alhora
d’entendre els resultats. Per exemple, en base lipidica el muscul semblaria ser on més
quantitat de piretroides s’acumulen, arribant a valors de gairebé 6725 ng g™ Iw. Aixo,
realment, no és aixi. El muscul era on es quantificaven menys piretroides perd, donat que
aquest teixit té molt poca quantitat de greix, al fer la relacié de la quantitat de piretroides
respecte del greix apareixien valors molt grans. Per tant, malgrat que fins al moment en que es
va fer aquest estudi la base triada sempre era la lipidica, per similitud amb altres contaminants

organics, no és la més adient.

Evidentment, la base de ww és la més representativa de la quantitat de piretroides a la
mostra. Aquesta no deixa entreveure problemes de malinterpretacié de dades obtingudes ja
que el nivell de piretroides és proporcional a la quantitat de mostra. Malgrat aixo, s’ha de tenir
en compte que sovint es tracta de mostres obtingudes d’animals morts i varats a les costes,
raé per la qual, des de que l'animal es mori fins que es va mostrejar poden haver

deshidratacions. A més, per tal d’aturar els processos metabolics i de degradacié de les
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mostres, aquestes es congelen i préviament a I'analisi es descongelen. Aquest fet provoca
I’efecte de I'exudacio, és a dir, la péerdua d’aigua del teixit degut a la ruptura de cél-lules i la
pérdua de les estructures terciaries i quaternaries de les proteines que mantenen l'aigua
lligada del teixit. Aixi doncs, aquests resultats en ww podrien no ser reproduibles degut a la
perdua d’aigua des de que I'animal mor fins a que la mostra s’analitza. Aixi doncs, la base més

adient per expressar els resultats dels nivells de piretroides en mostres biologiques seria el dw.

4.4. Discussio global bioacumulacio a la biota salvatge.

Com s’ha comprovat els residus de piretroides es presenten en totes les espécies no
antartiques estudiades d’ambdés medis, terrestres i aquatics. Aixd permet confirmar que
encara que molts éssers vius siguin capacos de metabolitzar-los, I'exposicié als piretroides per
part de la fauna salvatge és massa gran com per a qué puguin eliminar-los completament del
seu organisme. Per tant, es pot confirmar la bioacumulacié dels piretroides en aquests éssers.
Els nivells als ecosistemes aquatics semblen presentar nivells més elevats en la biota que no
pas els terrestres, com senyala graficament la Figura 7, en la qual es representen els rangs de
piretroides obtinguts en aquests estudis. Cal tenir en compte, perd, que no sén valors
comparables ja que uns fan referéncia a ous, els altres a fetges i els altres a individus

homogeneitats.

Nivells de piretroides determinats en biota
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Figura 7: Comparativa simple dels rangs de concentracié de piretroides trobats en els estudis de biota salvatge.

S’ha observat també que a diferents zones hi ha una exposicié diferent de piretroides, com
ara a les costes del Brasil hi ha major preséncia de permetrina i cipermetrina mentre que a les

costes d’Andalusia hi havia més preséncia de permetrina i tetrametrina. Tot i aixi, també es



veuen diferéncies segons el medi estudiat. Per exemple, a I'area de Dofiana, que, a priori
semblaria que les exposicions en medi terrestre i aquatic de la zona haurien de ser similars,
mentre que en dofins es trobava la permetrina com a piretroide en major quantitat, en ous
d’aus del Parc Nacional era la cipermetrina i la permetrina només es troba en el 56% de les
mostres. Pel que fa als rius ibérics, la bifentrina, la cihalotrina i la cipermetrina es van trobar en
totes les mostres mentre que la tetrametrina i la permetrina en el 83 i 81%, respectivament.
Evidentment, hi ha molts factors que poden afectar a aquest fet, des de I'exposicié deguda a
diferents fonts de contaminacié fins a diferéncies metaboliques. Per evidenciar més encara
aquest fet, en peixos pescats en el mateix punt de mostreig la distribucié de piretroides també

era diferent.

Referent a la diferenciacid isomeérica, es va comprovar que en totes les espécies estudiades
la permetrina i la cipermetrina s"acumulaven els isobmers cis en major proporcid que els trans.
Per contra, en el cas de la tetrametrina era just al contrari, amb una bioacumulacié preferent
del isbmer trans. En aquest piretroide, perd, no necessariament implica una bioacumulacié
selectiva ja que és precisament el isomer trans el més actiu i el que més s’empra a nivell de

mescles comercials.

Enantiomeéricament, és més complex trobar patrons comuns a totes les espécies. Tot i aixi,
es poden assenyalar tendéncies generals. Els piretroides tipus | solen acumular els
enantiomers cis de forma racémica, es a dir, sense cap preferéncia clara per cap dels dos
enantiomers. En piretroides tipus Il el primer parell enantiomeéric cis semblava tenir un
comportament similar al cis dels piretroides tipus I. Aixd, no obstant, en alguns peixos
semblava comprovar-se una tendéncia a acumular-se el enantiomer (1S-3S) depenent del punt
de mostreig. L'acumulacio selectiva d’aquest enantiomer de la cipermetrina també s’ha descrit
a la bibliografia en musclos (Khazri et al., 2016). Del segon parell enantiomeric cis, semblaria

que el isomer (1S-3S-aR) seria el que més es bioacumularia tant en aus com en peixos.

Tots els resultats semblen apuntar cap a que la principal via d’exposicid a piretroides seria
la dieta, tot i que en cap dels estudis s’ha observat biomagnificacid, probablement degut a que
la metabolitzacié dels piretroides en els diferents organismes de tots els estrats impedeix un

augment progressiu dels nivells dins les cadenes trofiques.

També s’ha vist que malgrat animals propers a les fonts de contaminacié presenten nivells

relativament elevats de piretroides, aquests contaminants no sén capacos de traslladar-se
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grans distancies, rad per la qual, els ecosistemes més allunyats, com els antartics, serien lliures

d’aquesta contaminacié.

Per aquestes raons, malgrat que els piretroides clarament no sén POPs, es podrien tractar
com a pseudo-POPs, sobretot pel que fa a potencials problematiques mediambientals,
alimentaries i de toxicologia cronica, ja que semblaria que la tendéncia dins els organismes és

d’anar-se metabolitzant lentament i aquests metabolits podrien ser disruptors endocrins.

Finalment, s’ha estudiat la millor manera de determinar els piretroides en especies de
mamifers (mitjangant biopsies hepatiques en organismes morts i cutanies en vius) i s’ha
demostrat que per aquests contaminants la millor manera d’expressar els resultats és en base

de dw.
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Exposicio en humans
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5.1. Introduccio.

Aguest Ultim capitol de la tesi esta dedicat a I'avaluacié de I'exposicid i efecte dels
piretroides sobre els humans. Com ja s’ha introduit préviament, al inici d’aquesta tesi hi havia
uns pocs treballs sobre determinacié de piretroides en sang humana i en llet materna (Channa
et al., 2012) (Maria Luisa Feo et al., 2012; Sereda et al., 2009). Aquests, pero, es varen realitzar
sobre poblacid de risc altament exposada a piretroides. També existien molts altres estudis
d’exposici6 humana realitzats sobre mostres d’orina humanes analitzant la presencia de
metabolits de piretroides (Barr et al., 2010; Olsson et al., 2004). Préviament ja s’ha discutit les
deficiencies i limitacions que presenten aquests metodes (veure capitol d’Introduccié apartat

Presencia ambiental i comportament, Exposicié humana).

En el nostre cas, es pretenia comprovar, per una banda la preséncia de piretroides en llet
materna humana en poblacions no necessariament exposades a nivell global. D’altra banda,
també es volia estudiar els nivells toxics a nivell hepatic dels piretroides. Per fer-ho calia posar-

nos en context sobre els estudis de toxicitat en humans realitzats fins aleshores.

Diversos treballs al respecte aillaven els enzims metabolitzadors dels piretroides i feien
I’estudi sobre aquests per tal de descriure la metabolitzacio i els metabolits (Abass et al., 2012;
Crow et al., 2007; Edward J. Scollon et al., 2009). D’altres, feien estudis sobre els microsomes
hepatics (Das et al., 2008; R. Lavado et al., 2014; Nakamura et al., 2007), els quals sén organuls
cel-lulars encarregats del tractament de xenobiotics. Aquests estudis eren capagos, també, de
descriure la preferencia isomeérica del substrat, és a dir, si hi havia isomero-selectivitat en la

metabolitzacid.

Alguns estudis, també, exposaven cultius cel-lulars a piretroides per tal de veure no tan sols
la degradacio dels piretroides sind també |'efecte sobre les propies cel-lules. Aquestes podien
ser cél-lules fagocitiques (Gabbianelli et al., 2009), de carcinomes cervicals (linia cel-lular Hela),
carcinomes de pit (linia cel-lular MCF-7) (M. R. Zhao et al., 2010) o de cel-lules d’hepatomes

tumorals (An et al., 2010; Van den Hof et al., 2014; ZeljeZi¢ et al., 2016).

Els estudis amb cel-lules hepatiques, doncs, feien servir una linia cel-lular anomenada
HepG2, molt coneguda i estudiada en estudis toxicologics, aixi com per aconseguir enzims o
microsomes com els emprats en els estudis anteriorment esmentats. En els Ultims anys, pero
una nova linia cel-lular es presenta com una millor alternativa a la HepG2. Aquesta és una linia
més completa anomenada HepaRG que conté més tipus de cél-lules hepatiques diferents

(Andersson, Kanebratt, & Kenna, 2012), permetent fins i tot el creixement 3D de la linia
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cel-lular sota condicions especials (Gunness et al., 2013). Aquest fet permet que errors que es
poden produir en els estudis toxicologics en linies bidimensionals degut a la manca de
transport o dificultat en el mateix es puguin corregir i obtenir uns resultats in vitro molt més
representatius de la realitat dels efectes en humans (Gunness et al., 2013). Per tant, aquesta
nova linia sembla ser molt més adient per a I'estudi de toxicologia de xenobiotics (Antherieu,

Chesne, Li, Guguen-Guillouzo, & Guillouzo, 2012; Le Hegarat et al., 2014).

Ara bé, en els estudis realitzats en aquesta tesi, es va comprovar que generalment els
organismes presentaven més d’un piretroide alhora. Alguns autors descriuen I'exposicié a
contaminants com un “coctel” de contaminants (King, Grue, Grassley, & Fisk, 2013), referint-
se, precisament, a la mescla de molts toxics diferents. Durant les discussions dels resultats dels
estudis d’aquesta tesi, a més, s’havia argumentat que la quantitat de contaminants era massa
elevada com per que I'organisme fos capa¢ de metabolitzar-los completament, i, per tant, els
acumulava fins ésser capa¢ de metabolitzar-los, si era possible. Aix0 deixava clarament un
dubte obert. Davant la preséncia de més d’un piretroide alhora, quins efectes toxicologics es
podien descriure? Els efectes que es podien suposar eren, per exemple, la sinérgia, la

competéncia i I'antagonisme.

Amb la realitzacié d’una estada a l'estranger, s’obria la porta a realitzar un estudi
completament diferent als previs realitzats durant la tesi per tal de continuar la formacié en
ambits complementaris de la investigacié que s’havia dut a terme fins aleshores. Amb aquest
objectiu, es va realitzar una estada a la Universitat de Saarbricken (Alemanya) en un grup

especialitzat en estudis toxicologics amb linies cel-lulars hepatiques HepG2 i HepaRG.

El plantejament de I'estudi va ser comprovar la toxicologia de 4 piretroides comuns sobre
aquestes dues linies tant i comprovar les possibles conseqiiencies de I'exposicid conjunta a
més d’un piretroide sobre ambdues. Aquest piretroides eren la cis-bifentrina, la cis-cihalotrina,
la permetrina i la cipermetrina. La tria d’aquests quatre responia al fet que eren molt comuns,
que s’havien trobat residus en quantitat en llet materna en estudis previs i que disposavem de

metodologia adequada per avaluar-ne I'enantio-selectivitat de la metabolitzacio.

En aquest capitol es presentaran els resultats del treball realitzat amb llets maternes i amb
cél-lules hepatiques durant I'estada. A continuacié es discutiran els resultats de tot plegat
incloent discussions sobre enantioselectivitat dels piretroides en llet materna gracies als

resultats de la Publicacio 1.



5.2. Piretroides en llet materna.

En aquest apartat es presentara un ultim treball publicat dins el marc d’aquesta tesi sobre
I'estudi en llet materna dels piretroides, la Publicacié 6. Aquest estudi es va realitzar sobre
poblacié principalment no exposada de diferents paisos on, presumiblement I'exposicid a

piretroides podia ser diferent.

Per dur-lo a terme es va col-laborar amb la universitat de Rio de Janeiro (Brasil) i la
Pontificia Universidad Javeriana de Cali (Colombia). Ambdues ens van cedir una serie de
mostres de llet materna que arribava al laboratori liofilitzada i congelada a -20°C. Un cop al
laboratori es desaven en condicions de temperatura i humitat controlades fins a I’analisi per a
la determinacid de piretroides. Per tal de tenir més informacid a nivell global, es va mostrejar,
a més, mares de Barcelona per tal de completar I'estudi. En aquest cas, la liofilitzacio i

congelacié de les mostres es duia a terme en el mateix laboratori d’analisi.

Per tal de coneixer les repercussions d’aquesta exposicid, es va fer una avaluacio del risc
per als lactants que prenien aquelles llets. Amb els valors estimats de llet materna ingerida
diariament per un lactant, es van calcular els EDI de determinats piretroides i es van avaluar
per considerar si aquestes mostres de llet materna eren segures per a un lactant, prenent els

valors d’ADI suggerits per la UE.
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ARTICLE INFO ABSTRACT
Article history: There is an assumption that pyrethroid pesticides are converted to non-toxic metabolites by hydrolysis in
Received 29 February 2012 mammals. However, some recent works have shown their bioaccumulation in human breast milk collected
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- ! in areas where pyrethroids have been widely used for agriculture or malaria control. In this work, thirteen
Available online xxxx

pyrethroids have been studied in human breast milk samples coming from areas without pyrethroid use
for malaria control, such as Brazil, Colombia and Spain. The concentrations of pyrethroids ranged from 1.45

g%:,:::t.hnn to 242 ng g~ ' Iw. Cypermethrin, N-cyhalothrin, permethrin and esfenvalerate/fenvalerate were present in
Esfenvalerate all the studied samples. The composition of pyrethroid mixture depended on the country of origin of the
Fenvalerate samples, bifenthrin being the most abundant in Brazilian samples, A-cyhalothrin in Colombian and permethrin
Lambda-cyhalothrin in Spanish ones. When the pyrethroid concentrations were confronted against the number of gestations, an
Permethrin exponential decay was observed. Moreover, a time trend study was carried out in Brazil, where additional
archived pool samples were analyzed, corresponding to years when pyrethroids were applied for dengue
epidemic control. In these cases, total pyrethroid levels reached up to 128 ngg~' Iw, and concentrations
decreased when massive use was not allowed. Finally, daily intake estimation of nursing infants was calculated
in each country and compared to acceptable WHO levels. The estimated daily intakes for nursing infants were
always below the acceptable daily intake levels, nevertheless in certain samples the detected concentrations

were very close to the maximum acceptable levels.
© 2012 Elsevier Ltd. All rights reserved.
1. Introduction Pyrethroids contain 2-3 chiral centers depending on their structure,

Pyrethrins are natural insecticides produced by certain species of
chrysanthemum such as Chrysantemum cinerariaefolium. Chemically,
they are ethers from chrysanthemic acid. In order to increase their
stability in the environment, some different derivates have been
synthesized. These semi-synthetic compounds are named pyrethroids.
Their success as pesticides is due to its neurological toxicity slowing
the kinetics of sodium channels in the neuronal membranes. Structurally,
there are two types of pyrethroids: type Il with a cyanic group in position
« respect the carboxylic group, and type | without it (Gosselin, 1984).

These pesticides had been intensively used for malaria and dengue
control against Aedes spp., among other vector mosquito species. But
these mosquitoes developed resistance to pyrethroids (Lima et al.,
2011). For instance, in Brazil in 1999, pyrethroids were introduced to
replace organophosphate insecticides such as temephos and malathion.
However, three years later there was evidence of resistance against
cypermethrin (da-Cunha et al., 2005).

* Corresponding author.
E-mail address: eeeqam@cid.csic.es (E. Eljarrat).

0160-4120/S - see front matter © 2012 Elsevier Ltd. All rights reserved.
doi:10.1016/j.envint.2012.05.007

so each pyrethroid could contain 2 or 4 enantiomer pairs and different
diastereoisomers. They are hydrophobic compounds with log octanol-
water partition coefficient (Kqy) values near to 6 (Feo et al., 2010a)
and their environmental persistence uses to be short (between 12 and
197 days) (Feo et al, 2010b). Nevertheless, since in the last decades
the usage of pyrethroids has increased widely in the indoor as house-
hold insecticides, insect-control products, pet shampoos and lice treat-
ments, and in the outdoor as agricultural pesticides and for pest control,
they are almost ubiquitous and, as long as they are dumped continuously,
they will be always present in the environment.

One of the most important aspects in pollutant studies is the
toxicity of the compound on non-target organism. For pyrethroids,
they are known to have high toxicity in fish (San Francisco Estuary
Project, 2003). However, in mammals it is unclear but it seems that
they have carcinogenic and endocrine disrupting effects (Cox, 1996;
George et al, 2011; Liua et al, 2011). Toxicity in humans was
expected to be low because pyrethroids are converted to non-toxic
metabolites, such as phenoxybenzoic acid, by hydrolysis in mammals
(Chambers, 1980; Demoute, 1989; Godin et al., 2007). That explains
why most of pyrethroid exposure studies are based on the analysis
of this metabolite in urine samples. Contrary to this assumption, in
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Table 1
Information about milk donors.

Country Number Year of Mother's age Parity
of mothers recollection (range) (range)

Brazil

Rondénia 9 2009/10 15-35 1-4

Sdo Paulo 8 200910 - -

Colombia

Santiago de Cali 27 2010/11 16-40 1-8

Spain

Barcelona 6 2009 =1 1-2

* In these cases, range have not been included because values are not available for all
the collected samples.

2001, Zehringer and Herrmann found pyrethroids in human breast
milk in urban Swiss population. Other recent works have also
shown the bioaccumulation of pyrethroids in human breast milk,
with levels up to 2000 ngg ™" Iw (Sereda et al., 2009; Feo et al.,
2012). These studies were carried out with population from areas in
which pyrethroids were mostly applied as insecticides in agriculture,
domestic use and for malaria control. However, there are very few
works reporting pyrethroid levels in human breast milk.

The objective of this work is to study the presence of 13 different
pyrethroids in human breast milk samples collected from different
countries in Europe (Spain) and South-America (Brazil and Colombia),
including urban and rural areas where different pyrethroids are used.
Fifty six human milk samples were collected and analyzed by GC-MS-
MS, for the determination of concentration levels of pyrethroids as
well as their isomeric composition.

2. Materials and methods
2.1. Study areas

Twenty human breast milk samples from Brazil, 27 from Colombia
and 6 from Spain were collected. Samples coming from Brazil
corresponded to two different zones: Sao Paulo (urban), a big city
with an associated large metropolitan area, and Ronddnia (rural), a
state near to Amazon. All samples collected during 2009 and 2010
were individual samples. Moreover, three additional samples were
included in the study, corresponding to archived pools of different
individuals: pool 1, a pool of 10 individuals from Rondénia collected
in 2003; pool 2, a pool of 2 individuals from Amazonia collected in
2004; and pool 3, a pool of 4 individuals from Rondonia collected in
2006. Samples from Colombia were collected during 2011 in Santiago

de Cali, a city with more than 2 million inhabitants. Rural, urban, and
industrial areas were considered. In the industrial area, there is a
factory producing insecticides based in cypermethrin pyrethroid for
use in cattle. Finally, samples from Spain were collected from the
metropolitan area of Barcelona during 2009.

2.2. Sample collection

All samples were collected under the signed donor consent. The
mothers were asked to complete a questionnaire for information
about residence, home use of pesticides, maternal age, parity, new
born weight and sex. The most relevant information for this study
was summarized in Table 1. The breast milk (between 10 and 50 mL)
was collected either by use of a breast pump or by hand-expressing
the milk into pre-washed glass containers. Previously, blanks of this
material proved the absence of pyrethroids on it. That operation was
carried out in enabled medical centers. After milk collection, samples
were frozen at —20°C, lyophilized, homogenized and stored at
—20 °Cin pre-washed glass containers until analysis in the laboratory.
Samples from South America were shipped lyophilized in glass bottles,
and on arrival to the analytical laboratory, they were preserved in the
same way as mentioned above, until analysis.

2.3. Standards and reagents

The pyrethroid standards used were the commercial analytical
standards of bifenthrin, A-cyhalothrin, esfenvalerate, resmethrin and
a mixture of cyfluthrin, cypermethrin, deltamethrin, fenvalerate,
permethrin, phenotrhin and teramethrin. As surrogate standards
ds-trans-permethrin and dg-trans-cypermethrin were chosen. All of
them were purchased from Dr. Ehrenstorfer (Augsburg, Germany).
Organic solvents were obtained from Sigma-Aldrich (St. Louis, MO,
USA).

Standard solutions were prepared in ethyl acetate. In order to
check the linearity of the method, calibration curves were prepared
at different concentrations ranging between 0.15 and 40 ng mL .

2.4. Sample preparation

The sample preparation methodology was based on the previously
published method by Feo et al. (2012). According to that, each homo-
geneous freeze-dried sample was exactly weighed (0.1 g) in a glass
container and fortified with 4 ng of dg-trans-permethrin and 2 ng
of dg-trans-cypermethrin, After an adequate time for surrogate
diffusion, samples were extracted by sonication with 20 mL of
hexane:dichlorometane (2:1) in a Raypa, UCI-200 bath for 15 min.

Table 2
MS-MS and analytical quality parameters.
e 1st transition” 2nd transition® Cce’ Recovery LOD LoQ
(min) (ev) (%) (pgg ' Iw) (peg'lw)
Bifenthrin 799 205—121 205—141 10 70 32 a7
A-cyhalothrin 887 205—121 205— 141 10 82 36 11
Permethrin 9.03:9.13 207135 209135 2 30 1100:1100 3200:3200
Cyfluthrin 9.43:9.51;9.59 207135 20935 2 60 160;160;3.1 480;480;9.2
Cypermethrin 9.65;9.74;9.81 207135 209-+35 2 72 140;140;140 430;430;430
Es/fenvalerate 10.28;10.45 211167 213169 2 70 63;63 190:190
Deltamethrin/tralomethrin 10.88 29779 297 —81 2 48 28 83
Tetramethrin 792:8.01 331—=167 Not detected 2 36 45 140
Phenothrin 8.2 349— 149 349169 2 50 1100;1100 3200:3600
Resmethrin 7.68:7.75 337—149 337 —187 10 91 800,780 2400:2300
Fluvalinate 10.43;10.50 294 — 250 294 —194 15 68 19;24 62;81
dg-trans-permethrin 9.10 21335 21535 2 - - -
dg-trans-cypermethrin 9.72:9.78 21335 215-35 2 - - -

* Retention time in minutes. Values for each resolved isomer.
 Quantification transition.

© Confirmation transition.

@ Collision energy.
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Table 3
Pyrethroid concentrations (expressed in ng g~ ' Iw) in each group of studied samples.

Milk fat (%) Tetramethrin Bifenthrin  A-Cyhalothrin Deltamethrin/tralomethrin Esfenvalerate/fenvalerate Permethrin Cypermethrin  Total

Brazil

Ronddnia (n=9)
Mean 3.01 0.36 1.44 1.99 0.50
Median 2.76 039 0.65 098 0.49
Min 1.01 nd nd nd 0.20
Max 5.46 0.82 748 8.77 0.92
sD 1.49 0.30 252 286 0.22
Num positives (%) 78 78 89 100

Sao Paulo (n=8)
Mean 3.18 0.45 2.80 0.29 0.14
Median 333 nd 163 0.19 nd
Min 0.46 nd 021 0.05 nd
Max 5.42 0.96 6.71 0.78 0.57
sD 1.51 0.4 258 0.24 0.28
Num positives (%) 38 100 100 13

Colombia

Santiago de Cali (n=27)
Mean 2.88 220 0.02 1.06 0.23
Median 248 0.83 nd 0.6 nd
Min 1.22 nd nd 0.05 nd
Max 6.43 14.8 048 449 1.86
sD 1.22 3.22 0.09 1.09 047
Num positives (%) 85 8 100 22

Spain

Barcelona (n=6)
Mean 317 1.28 0.19 0.31 042
Median 3.50 0.56 012 0.14 0.40
Min 143 nd nd 0.04 0.09
Max 4.36 4.54 047 085 0.71
sD 1.16 1.74 0.22 035 023
Num positives (%) 83 67 100 100

0.20 3.57 1.48 9.54
0.18 408 122 8.34
0.06 092 022 273
0.38 519 4.05 19.1
0.12 1.64 1.25 568
100 100 100 100
0.05 0.36 1.44 523
0.02 017 132 451
0.01 0.03 0.61 1.84
0.17 1.70 2.89 964
0.06 0.56 073 30
75 100 100 100
0.46 09 425 9.29
0.22 042 2.59 6.02
nd nd 0.70 145
3n 512 164 242
0.73 1.15 422 7.13
70 93 100 100
0.08 2.20 0.40 489
0.04 229 031 4384
nd 1.30 0.09 263
033 37 1.01 7.79
0.13 073 035 2.00
67 100 100 100

Subsequently, extracts were centrifuged at 3500 rpm for 5 min. The
organic phase remained at the top, and was collected in a vial and
evaporated under nitrogen stream. The entire extraction step was
performed twice in order to assure the quantitative extraction, taking
care to collect both solvent residues together.

The breast milk extract was cleaned up by solid phase extraction
with a cartridge of basic alumina (5g, 25 mL) and a C18 cartridge
(2g, 15mL) in tandem, conditioned with 25 mL of acetonitrile and
eluting the sample with 30 mL of acetonitrile. The extract was evapo-
rated under a nitrogen stream and the residue reconstituted with
100 pL of ethyl acetate, ready for GC-NCI-MS-MS analysis.

2.5. GC-NCI-MS-MS analyses

An Agilent Technologies 7890A GC system coupled to 7000A GC/
MS Triple Quad was the instrument used for the analysis in NCI
mode. The capillary column used was a 15 mx>0.25 mm id., 0.1 um
film thickness DB-5 ms containing 5% phenyl methyl siloxane. The
carrier gas was helium at 1 mLmin~" constant flow. The GC was
operating in the splitless mode during 0.8 min with an inlet temper-
ature of 270 "C. The ion source temperature was 250 °C and ammonia
was the reagent gas at 2.04x 10~ % Torr. The temperature program
was from 100 °C (held for 1 min) to 230 °C at 15 °Cmin !, next at
10 °*Cmin ' to 310 °C (held for 2 min). The injection volume was
3 pL. MS-MS parameters were selected as those optimized by Feo et
al. (2011). Operation conditions are shown in Table 2. The mass reso-
lution was set in wide mode in order to increase sensitivity. Limits of
detection and quantification ranged between 2.3-1100pgg~' Iw
and 83-3600pgg ' Iw, respectively. Method recoveries were
between 48% and 100% with relative standard deviations between 3
and 20%.

2.6. Lipid content

Given that pyrethroids are lipophilic compounds, they are mainly
present in the fat fraction. Therefore, and because of the little unifor-
mity in human milk composition, the concentrations of pyrethroids
are given per gram of lipid weight (Iw) instead of wet weight (ww).
Thus, the lipid content had to be determined for each sample. This
was done by an equivalent organic extraction of 1 g of each sample,
followed by further gravimetric measurement.

2.7. Estimation of daily intake
World Health Organization (WHO) and Food and Agriculture
Organization (FAO) defined the Acceptable Daily Intake (ADI) as a

“measure of the amount of a specific substance on food or drinking
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Fig. 1. Percentage of contribution of each pyrethroid to the total pyrethroid content in
each country.
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Table 4
Pyrethroid concentrations (expressed in ng g~ ' Iw) in human pool samples collected in the rural Brazilian area in 2003, 2004 and 2006.
Tetramethrin Bifenthrin A-cyhalothrin Deltamethrin/ Esfenvalerate/ Permethrin Cypermethrin Total
tralomethrin fenvalerate
Brazil
Pool1 (2003) 6.20 6.73 6.52 nd nd nd 93.0 112
Pool2 (2004) 5.57 6.37 6.31 nd 6.44 188 84.2 128
Pool3 (2006) 1.51 nd 5,66 nd 391 nd 414 152

water that can be ingested on a daily basis over a lifetime without an
appreciable health risk” (WHO and FAO, 1962). In order to know if
the dose ingested is upper or lower than the legislated parameter, it
is necessary to estimate the daily dosage from concentrations of sub-
stance in feed. The estimated daily intake (EDI) was calculated for
each pyrethroid following WHO recommendations as:

EDI, = C,FMb 1)

where i is a pyrethroid, C is the concentration in samples (pg per gram
of lw), Fis the lipid content fraction in breast milk and Mb is the daily
consumption of milk (grams per kilogram of body weight). This last
value was taken as 175 g kg~ 'day "' assuming the considerations
from US EPA (US Environmental Protection Agency, 2002): the daily
intake rate of breast milk and body weight for a 1-month-old infant
were on average 702 mL of milk per day (723 g of milk per day)
and 4.14 kg, respectively.

3. Results and discussion
3.1. Pyrethroid levels in human breast milk

Basic statistics of pyrethroid levels found in breast milk samples are reported in
Table 3. Each batch of samples analyzed together included one procedure blank.
None of those showed levels with upper LOQ for any analyte. Pyrethroids were
detected in all the human milk samples analyzed, at concentration levels ranging
between 1.45 and 242 ng g~ "' lw. Similar total results were obtained for the three
different countries. Results from the urban Spanish area (mean value of 489 ngg ' Iw)
were very close to those obtained in the urban Brazilian area (mean value of
523ngg~" Iw). Slightly higher values were obtained for a rural Brazilian area (mean
value of 954 ngg ' Iw). Finally Colombian levels (mean value of 9.12ngg ') were
similar to those obtained in the rural Brazilian area. Nevertheless, it should be pointed
out that these differences were not statistically significant following a two tail t-test
P=0.05.

When the mother's ages were confronted with pyrethroid concentrations, the
correlation coefficients were around 0.010, indicating that there was no relationship
between pyrethroid concentration and mother age. No connection was found between
domestic use of insecticide and levels of pyrethroids in breast milk samples.

Cypermethrin was detected in all the samples, and permethrin, A-cyhalothrin and
fenvalerate/esfenvalerate were also nearly ever-present. Resmethrin, fluvalinate,
cifluthrin and phenotrin were not found in any milk sample. The highest concentrations
were found for cypermethrin with values up to 16.4 ng g~ ' Iw, followed by tetramethrin
with values up to 148ngg ' Iw, A-cyhalothrin with values up to 877ngg ' Iw,
bifenthrin with values up to 7.48 ngg ' Iw, permethrin with values up to 5.19ng g’
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Fig. 2. Percentage of contribution of each isomer in human breast milk samples. (Isomer
1 corresponded to the first eluting isomer and Isomer 2 to the second one, with the
exception of cypermethrin and cyfluthrin, where Isomer 2 corresponded to the sum of
the second, third and fourth eluting isomers).
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Iw, esfenvalerate/fenvalerate with values up to 3.11 ngg ' lw and finally deltamethrin/
tralomethrin with values upto 186 ngg ' Iw.

Fig. 1 shows the mean percentage contribution of each pyrethroid to the total
pyrethroid content. Regarding the distribution pattern of the different pyrethroids
analyzed, we observed some differences depending on the studied area. For instance, the
high contribution of bifenthrin in human samples collected in Brazil was remarkable,
with values up to 45% and 74% for samples collected in Rondonia and Sdo Paulo respectively.
On the other hand, this compound was rarely found in the other regions, indicating a higher
use of bifenthrin in Brazil with respect to Colombia or Spain. Cypermethrin was the pyre-
throid most ubiquitous, with the most important contribution found in Columbian samples
with values from 9.4% to 93% and with a mean value of 50%. This fact could be explained by
the known Colombian use of cypermethrin on cattle and the fact that the most common
commercial products used in Colombia for home pest control do contain this pyrethroid.
Being a tropical country, the presence of undesirable insects in home is controlled by abused
use of commercial insecticides whose active ingredients are pyrethroid mixtures, Finally, in
Spanish samples, permethrin was the pyrethroid present in highest concentration with a
mean contribution of 45% to the total mixture of the pyrethroids analyzed.

The number of published studies related to pyrethroid concentration levels in
human breast milk is limited. Zehringer and Herrmann {2001) reported levels of pyre-
throids slightly higher than those obtained in the present study, ranging from not
detected to 42 ng g~ ' Iw, depending on the pyrethroid. Bouwman et al. (2006) and
Sereda et al. (2009) detected pyrethroids in human samples collected in South Africa in
concentrations, between 5.00 and 19826 ng g~ ' lw. More recently, Feo et al. (2012) ana-
lyzed samples of human breast milk collected in Mozambique during 2002. They detected
various pyrethroids at concentrations ranging from 87 to 1200 ng g~ ' Iw. The concentra-
tions reported in these three last studies appear to be higher. That could be because of the
extensive use of pyrethroids both for malaria control and for agricultural activities.

Table 4 shows the results obtained for the three archived pool samples collected in
the rural Brazilian area: pool 1 (Rondénia, 2003), pool 2 {Amazonia, 2004) and pool 3
(Ronddnia, 2006). Total pyrethroid concentrations were 112, 128 and 152 ngg ™' Iw
for the samples corresponding to 2003, 2004 and 2006, respectively. Results obtained
for 2003 and 2004 are higher than those of 2006, and the latter are similar to those
obtained in 2009-2010 (mean value of 954 ngg ' Iw). These results could be in
accordance with the pyrethroid use in this region. One of the major dengue epidemics
in Brazil happened in 2001. Until this year, the organophosphorous (OP) insecticides
were used for the dengue control. However, since mosquito developed resistance to
OP, the National Health Foundation decided to change them for pyrethroid insecti-
cides. Cypermethrin was the most applied pyrethroid (da-Cunha et al.. 2005), and
also was the compound showing the highest concentrations in the pool samples
corresponding to 2003 and 2004, with values of 93.0 and 84.2 ng g~ ' Iw, respectively.
The high concentrations found in the post-epidemic periods (2003/04), and the lower
ones afterwards, may indicate a good start up of Programa Nacional de Controle da
Dengue (PNCD). In 2002, Brazil government approved the PNCD with specified guide-
lines to control dengue. This program, although allowed the extensive use of certain
insecticides such as OP and pyrethroids under epidemic conditions in order to eradicate
the vector of this kind of diseases, promoted the continuous good practices to minimize
the mosquito populations with the aim of controlling the vector (Ministério da Sadde,
2002).

3.2. Isomeric ratios

It is known that hydrolytic enzymes work uniquely between different isomers of
same pyrethroid in mice cells (Nakamura et al., 2007). That could cause distinct toxicity
for eachisomer (Jin et al,, 2011; Zhang et al., 2008). This is why isomeric proportion was
also evaluated in this study. The weight of each pyrethroid isomer on human breast
milk samples was calculated as the relative abundance of one isomer against the sum
of all isomers.

The isomeric ratio was determined for five pyrethroids: tetramethrin, permethrin
and esfenvalerate/fenvalerate (with two different isomers), and cypermethrin and
cyfluthrin (with four different isomers). As Fig. 2 shows, the mean percentage contri-
butions of the first eluting isomer for permethrin and esfenvalerate/fenvalerate were
65% and 53%, respectively. In contrast, the percentage contributions for cyfluthrin,
cypermethrin and tetramethrin were 37%, 29% and 10% respectively, indicating charac-
teristic isomeric proportions. Regardless of the results observed, isomeric-specific
accumulation in humans was not proved as there was no information available about
isomeric pyrethroid composition in commercial mixtures. Such data would also
allow us to understand the isomeric ratios of cypermethrin, which were statistically
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Fig. 3. Concentration levels (ng g~ ' lw) of pyrethroids in human milk samples grouped by the number of gestations, in Brazil and Colombia.

different (two tail t-test, P<0.05) depending on sample origin (mean value of 34 and
24%, for Colombian and Brazilian/Spanish, respectively).

3.3, Relationship between hurnan milk levels and parity

In the cases of Brazil and Colombia, we have analyzed milk samples at different
parities (Table 1). However, in the case of Spain we have only primipara and bipara
mothers, so the relationship between pyrethroid levels and parity could not be studied.
With this correlation, we evaluated whether the pyrethroids behave similarly to other
families of pollutants, such as PCBs or PBDEs, where the increased pollutant load is
transferred to the first child, and then milk levels decreased with the following child
breast-fed (Haraguchi et al., 2009; Tanabe and Kunisue, 2007).

Fig. 3 showed the total concentration levels of pyrethroids in breast milk samples
grouped by the number of breast-fed children, in Brazil and Colombia. As expected, the
contamination in milk decreased with the parity, and an exponential decay was
observed. The behavior was very similar in both studied areas: an exponential function
with a pre-exponential factor near to 12 and a negative exponent near to —0.17, with
correlation coefficients (R*) of 0.999 and 0.996 for Brazil and Colombia respectively,
which were acceptable correlations.

However, some studies showed that there could be differences in pollutant levels in
breast milk during lactation. Even so, it is not clear if that effect depends on lactation
period itself or on other variables (LaKind et al., 2009). Since our samples were collected
in a wide range of lactation periods (between 2 and 20 weeks), it was important to con-
sider whether this variable was affecting the above results. In this sense, the correlation
between pyrethroid levels in milk and lactation week was studied for each parity group.
For both primipara and bipara mothers, correlation factors indicated that there was no
significant influence of this parameter (0.244 and 0.162, respectively).

These results should be taken as an example of a potential trend. However, it is
obvious that it would be necessary to conduct future studies in order to be able to con-
firm this observed behavior. Those studies would include a larger number of samples,
and samples of different parities from the same mother so as to decrease personal
factors such as diet and mother's habits. Nonetheless, following the same mother
during different lactations would be difficult, especially when high parities will be
studied. Moreover, since regulations change continuously, these comparisons between
lactations could depend on sampling periods as results about archived Brazilian sam-
ples seem to show.

3.4. Nursing infant dietary intake estimation

Mursing infants are considered a risk group for several reasons. Firstly, their only
food intake is breast milk. Secondly, their metabolism could not be mature enough to
eliminate the pollutants they are exposed to. Thirdly, their ratio food ingested per
body weight is the highest in humans. And fourthly, they are at a life stage of great
growth and development, so they may be more affected by the presence of various pol-
lutants such as pyrethroids. For all that, and to understand the magnitude of exposure
to pyrethroids by infants, it is important to assess the nursing infant dietary intake.

Table 5 shows the established ADI values following European directions, as well as
the EDI values {mean and range) calculated from the results obtained in our study for
each country. Generally, samples collected in 2009/10 presented EDI values one or two
orders of magnitude lower than ADI values, indicating no appreciable risk, Neverthe-
less, some specific samples presented certain EDI values close to the corresponding
ADI. For instance, the higher EDI for A-cyhalothrin observed in Brazil samples
(2009-2010) was 3.90 ug kg~ "bwday~' which was very close to the ADI value
established at 5 pg kg~ 'bw day~ . The situation observed for archived Brazilian sam-
ples is similar (2003 and 2004). Cypermethrin, the main applied pyrethroid for the
dengue control, resulted on EDI values of 48.8 and 44.2 ug kg™ ' bw day ™' for 2003
and 2004, respectively. These values were very close to ADI, established at
50 ug kg~ "bw day~ '. Furthermore, A-cyhalothrin also presented EDI values (3.42
and 3.31 pg ke~ "bw day ") very close to the ADI value (5 pg kg™ "bw day~ ).

Nevertheless, since EDI is an estimated value, it depends on day-to-day variation in
the composition milk, and even when results were relative to lipid content, levels of
chemicals in breast milk could vary during lactation. At any rate, these results indicate
the need to conduct controlled applications of pyrethroids, and highlight the need to
carry out monitoring studies of these contaminants in human breast milk samples.

4. Conclusions

In view of the present study, pyrethroids seem to be ubiquitous
contaminants in human breast milk samples. This could point out
their potential for bioaccumulation, contradicting the assumption
that all pyrethroids are metabolized by hydrolysis in mammals.
Their presence is not just restricted to those cases in which pyre-
throids were applied for malaria or dengue control, but also is
reflected in samples collected in areas where pyrethroid use is
reduced to agricultural and domestic applications in both rural and
urban areas.

In this study we have shown that the highest pollutant load could
be transferred from the mother to the first child, and then milk levels
decreased with the following child breast-fed. Moreover, and consid-
ering human breast milk as the main food for nursing infants, pyre-
throid levels should be studied carefully in this matrix in order to
avoid an additional risk to infants. Limit levels were observed for
certain pyrethroids, such as cypermethrin, when they were broadly
used. However, also in areas without extensive use, currently, we
found concentrations close to maximum safety levels, e.g. for
N-cyhalothrin.

Table 5
Estimated daily intake (EDI) of pyrethroids (expressed as g (kg bw) ™' day ") calculated from the breast milk concentrations of these compounds in Brazil, Colombia and Spain.
Brazil Colombia Spain ADI
Poal Pool Pool (2009-2010) (2010-2011) (2009)
(2003) (2004) (2006) Min. Max Mean Min. Max. Mean Min. Max Mean
Bifenthrin 353 3.34 - - 1.33 118 - 030 0.0 - 033 012 15
Cypermethrin 48.8 44.2 217 0.21 1.80 0.62 0.78 4.60 1.85 0.07 0.25 0.19 50
Deltamethrin - - - - 0.16 0.15 - 1.30 0.12 0.07 0.27 0.20 10
h-cyhalothrin 3.42 33 297 - 3.90 0.55 0.03 0.96 0.53 0.02 021 0.15 5
Permethrin - 9.86 - 0.03 138 091 - 3.19 045 0.99 1.66 1.21 50
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All these findings together, with the proved toxicology in little
mammals by literature, make it important and necessary to include
pyrethroids in human breast milk monitoring programs.
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5.3. Estudi de la toxicitat en cel-lules hepatiques.

Com s’ha explicat I'estudi es realitza en paral-lel en dues linies cel-lulars, la HepG2 i la
HepaRG. En elles es va estudiar la toxicitat de 4 piretroides que s’havien trobat en llet
materna: la bifentrina, la cihalotrina, la permetrina i la cipermetrina. A la Taula 5.1 es
presenten aquests piretroides i se’n destaca I'estructura i el tipus de piretroide que és. Com es
pot comprovar a la taula, aquests piretroides permetien fer comparatives respecte toxicologia
de piretroides tipus | vs. tipus Il, comparant permetrina vs. cipermetrina, les estructures de les
quals sén identiques excepte pel grup ciano caracteristic dels piretroides tipus Il; comparatives
respecte I'efecte de la part alcoholica del piretroide, amb I'estudi de la bifentrina vs. la
cihalotrina; i comparatives respecte de lI'efecte de la part acidica, amb I'estudi de la

cipermetrina vs. la cihalotrina.

Taula 5.1: Estructures dels piretroides estudiats en I’estudi toxicologic

Piretroide Estructura Tipus

Bifentrina iyk I
g

Cihalotrina ry . o I

Cipermetrina ) Jk J\@/ Il
TX &

Permetrina YMXJL/\Q/ :

L’estudi per a cadascuna de les dues linies cel-lulars era idéntic, llevat de les necessitats de
cultiu propies de cada linia. Per aquest estudi es realitzaren diferents proves. Primer
s’estudiaren els efectes a diferents concentracions (des de 0,01uM fins a 1mM) de piretroide.
Aix0, en principi creava problemes. Els piretroides sén forca insolubles en medis aquosos com
els medis cel-lulars. Per tal de solubilitzar-los s’afegia al medi un 1% de DMSO. Aquest era
suficient per solubilitzar concentracions de fins a 0,15mM, aproximadament. En el cas de
concentracions majors el piretroide era insoluble i comencgava a apareixer com a precipitat o

particules en suspensio.
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En el cas dels humans, tal com en el cas d’altres animals, aquests productes insolubles
sovint s'uneixen a proteines plasmatiques per tal de transportar-se per la sang. La proteina per
excel-léencia encarregada d’aixo sol ser I'albumina. Per tant, a més dels estudis de viabilitat
cel-lular a diferents concentracions, es va provar de fer-ne més a altes concentracions emprant
albimina humana en el medi i, d’aquesta manera comprovar si els piretroides eren més

biodisponibles, i potser més toxics, gracies a aquesta proteina.

Tots els estudis es realitzaven a 24h, 48h i 72h d’exposicié al piretroide després d’haver

adaptat les cel-lules al medi durant el temps necessari per a cada linia cel-lular.
5.3.1 Planificacio de I'estudi

Durant I'estada es van planificar i dur a terme diversos experiments responent als
objectius marcats. Aquests experiment havien de ser curosament preparats amb antelacié
donat que les cél-lules requerien uns temps concrets d’adaptacié al medi previs a les

exposicions i als analisis.

Ambdues linies cel-lulars requerien tractaments previs diferents ja que les HepG2 es
podien fer proliferar en el laboratori i, per tant, necessitaven d’'una reproduccié prévia per
tal d’assolir la quantitat de cél-lules viables requerides. Un cop el nombre de cel-lules era
suficient, es duia a terme la sembra en plats amb 96 pous on a cada pou s’hi duia a terme

una experiencia concreta.

Per contra, les HepaRG no es podien reproduir al laboratori i, per tant, era necessari
descongelar-les dels vials a -80°C on es conservaven i sembrar-les als plats destinades a
I'adaptacié i posterior exposicid a l'experiment. Aquests plats, pero, requerien un

recobriment previ amb col-lagen.

Tot seguit s’inclou un exemple de planificacié6 d'un d’aquests experiments per tal de
mostrar la previsié temporal, el cultiu cel-lular, tant per linies HepG2 com per HepaRG.
Aquest cas concret era per comprovar l'efecte de l'albimina sobre la toxicitat dels

piretroides.



HepG2 and HepaRG exposure to high concentrations of 4 common

pyrethroids.

General Objectives

1. Determine ECs, for HepG2 for the 4 selected pyrethroids (Pyrs).

2. Determine ECs, for HepaRG for the 4 selected Pyrs.

3. Test the viability of Human Albumin (HA) to solubilise highly hydrophobic compounds.

Specific Objectives

e Test cell viability at different concentrations of Pyrs solved in medium with HA (50 uM,
100 uM, 150 uM, 500 uM, 1000 uM).

e Test cell viability at different times of exposure to Pyrs (24h, 48h, 72h).

e ATP determination at different exposure concentrations.
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WORKING PLAN SCHEME

HepG2 line:

l AIamarB . ATP AlamarBl

AIamarBIu¢’,[ ATP
/

Each plate: J

* Assay for 2 pyrs %ff
conc.

+ 5.10° cells/wel/t"

HepaRaG line:

/
{

- mma's'ue ATP ‘ \

AlamapB‘tue, ATP

\ N\ Alamarélpe. ATP

\




Cell viability and ATP response.

6 plates for each cell line as follows (3 with PYR 1 and 2, and 3 with PYR 3 and 4):

1 2 3 4 5 6 7 8 9 10 [ 11 12

W W W W W W W W W W " W
PYRA | PYRA | PYRA | PYRA | PYRA

" g:':;l) Cotd PI(?A Pr &)A '?Eff.f +HA | +HA | +HA | +HA | +HA | W
| 50 | 100 | 250 | 500 | 1000
PYRA | PYRA | PYRA | PYRA | PYRA

w | G | o | PYRA | PYRA|PYRA | L™ n | oA | A | A | W
50 | 100 | 250 | 500 | 1000
PYRA | PYRA | PYRA | PYRA | PYRA

w :l:gtl) Cntr PgoRA Pf(%A %36‘ +HA | +HA | +HA | +HA | +HA | W
50 | 100 | 250 | 500 | 1000
cntrl | cntrl | PYRB | PYRB | pyRg | PYRE | PYRB | PYRB | PYRB | PYRB

Wl kin | HA | 50 | 100 | 1000 | HA | A | HHA L HHA D A LW
50 100 | 250 | 500 | 1000
cntrl | cntrl | PYRB | PYRB | pYRg | PYRE | PYRB [ PYRB | PYRB | PYRB

Wl kit | HA | 50 | 100 | 1000 | *HA | *HA | #HA G SHA T HA T W
50 | 100 | 250 | 500 | 1000
cntrl | cntrl | PYRB | PYRB | pyRg | PYRB | PYRB | PYRB | PYRB | PYRB

w kil | HA 50 | 100 | 1000 | THA | *HA | #HA | +HA | 4HA LW
50 | 100 | 250 | 500 | 1000

W W W W W W W W W W W "

Cntrl: Cells without PYRs.
Cntrl DMSO: Cells + 1%DMSO but no PYRs.
Cntrl kill: cells with a detergent to kill them.

Cntrl HA: Cells + 1%DMSO and HAbut no PYRs.

PYRA: Cells exposed to X uM conc of PYR 1 or 3.
PYRB: Cells exposed to X uM conc of PYR 2 or 4.
PYRA+HA: Cells exposed to X uM conc of PYR 1 or 3, with HA in the media.
PYRB+HA: Cells exposed to X uM conc of PYR 2 or 4, with HA in the media.
W: Water
PYR 1: Bifentrhin; PYR2: Cyhalothrin; PYR3: Cypermethrin; PYR4: Permethrin.
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1 Plates as follows

1 2 3 4 5 6 7 8 9 10 11
AW W W W W W W W W W W
Cntrl | Cntrl | Cntrl Cntrl
Bl W W | PYR1 | PYR1 | PYR1 | PYR1 W
50 | 1000 | HA50 | HA1000
Cntrl | Cntrl | Cntrl Cntrl
Cw W | PYR1 | PYR1 | PYR1 | PYR1 W
50 | 1000 | HA50 | HA1000
Cntrl | Cntrl | Cntrl | Cntrl
Dl W W | PYR1 | PYR1 | PYR1 | PYR1 W
50 | 1000 | HA50 | HA1000 A10(
Cntrl | Cntrl | Cntrl | Cntrl Cntrl
E|l W W | PYR2 | PYR2 | PYR2 | PYR2 PYR4 W
50 | 1000 | HA50 | HA1000 HA1000
Cntrl | Cntrl | Cntrl | Cntrl Cntrl
F| W W | PYR2 | PYR2 | PYR2 | PYR2 PYR4 W
50 | 1000 | HA50 | HA1000 HA1000
Cntrl | Cntrl | Cntrl | Cntrl Cntrl
G| W W | PYR2 | PYR2 | PYR2 | PYR2 PYR4 w
50 | 1000 | HA50 | HA1000 HA1000
HI W W W W W W W W W W W

Cntrl PYRX: Media+PYRX but no cells.

Cntrl PYRX HA: Media+HA+PYRX but no cells.

W: Water

PYR 1: Bifentrhin; PYR2: Cyhalothrin; PYR3: Cypermethrin; PYR4: Permethrin.

Assays to do with them:

(The media have to be Serum-free).
AlamarBlue + ATP

Do tests after 24h of exposure in one plate, after 48h in other plate and after 72 in the last one.
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5.3.2 Métodes d’assaig i resultats

Els métodes triats sobre la viabilitat cel-lular van ser dos de complementaris: per una part
comprovar 'activitat de I’ATP i per I’altra la quantitat de céel-lules intactes mitjan¢ant una tincié
cel-lular. Ambdds es podien realitzar sobre el mateix suport on es trobaven les cél-lules de
forma correlativa, primer el métode de tincié i després el de I’ATP. A més, el fet d’emprar dos

meétodes, reduia els potencials errors dels métodes i verificava els resultats.

La viabilitat mitjancant tincid, tenyeix les membranes cel-lulars trencades mentre que deixa
les cél-lules intactes sense tenyir. Aixd0 és aixi perqué el reactiu anomenat AlamarBlue,
CellTiter-Blue® conté una molecula, resazurin, que tenyeix les membranes cel-lulars. En
cel-lules viables, perd, aquesta és reduida pel metabolisme cel-lular a resofurin, que és un
compost fluorescent. En canvi, les cel-lules no viables perden aquesta capacitat metabolica
rapidament. El resultat és que amb la tincid i la posterior lectura fluorimetrica obteniem un

valor proporcional a la quantitat de cél-lules viables.

El metode d’activitat d’ATP, emprava el reactiu anomenat comercialment CellTiter-Glo®. El
reactiu conté un enzim que provoca la lisis cel-lular i un altre que, gracies a I'accié del ATP és
luminescent. Com més activitat d’ATP més luminiscencia de forma proporcional. Donat que
I'activitat de I’ATP també esta relacionada amb la quantitat de cél-lules viables, aquest métode
determina la viabilitat cel-lular a través d’una simple addicié d’una mescla preparada de
reactius i una lectura de luminiscéncia. Aquesta técnica és destructiva, rad per la qual

s’emprava en segon lloc.

Per Gltim, un cop obtinguts els assajos de viabilitat, el sobrenedant es congelava a -20°C i es
va transportat al laboratori habitual de Barcelona per a I'analisi de piretroides quantitativa i
enantiomerica de tots els sobrenadants. Aixi es podia determinar la quantitat no

metabolitzada i esbrinar si hi havia hagut enantioselectivitat.

Cap al final de I'estada, es va comprovar que hi havia una contaminacid bacteriana en totes
les linies cel-lulars del laboratori. Aquest fet invalidava tots els resultats obtinguts i els analisis

realitzats.

5.4. Discussio de resultats.

Com es pot comprovar a la publicacio, els piretroides es varen trobar a totes les llets
maternes analitzades, independentment del pais d’origen. En estudis anteriors ja s’havien

trobat nivells de piretroides en llet humana tot i que en quantitats molt superiors en poblacid
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exposada (Bouwman et al., 2006; Maria Luisa Feo et al., 2012; Sereda et al., 2009). Per primer
cop es va realitzar un estudi internacional i es va comprovar la preséncia de piretroides en
aquesta matriu humana. Els nivells de poblacions no exposades a tots tres paisos resultaren
baixos (el maxim assolit van ser 24,2 ng g* Iw). Aquest resultat, es contradiu amb un estudi
posterior realitzat a Estats Units, en el qual es varen analitzar 10 mostres de llet materna i en
cap es va trobar piretroides (X. Chen et al., 2014). Tot i aixi, els limits de deteccié d’aquest
estudi eren d’entre 0,03 ng ml™i 1,67 ng ml™ en llet de vaca fresca, el qué, suposant que la llet
de vaca conté un 3% aproximadament de greix i la densitat és 1 g ml™, seria un LOD de 0,01 ng
g'i0,55ngg" Iw. Per a molts piretroides aquests LODs sén molt elevats aixi doncs, és possible

gue en part aquest resultat negatiu sigui donat per manca de sensibilitat analitica.

Per comprovar que els nivells en poblacié exposada eren superiors als de la poblacio
general, es van analitzar unes mostres de llet materna del Brasil d’anys anteriors, durant els
quals el dengue havia brotat amb forga i les autoritats havien posat en marxa plans de control
del mosquit vector de la malaltia. Aquests plans de control incloien I'Us dels piretroides i la
poblacié, doncs, es va exposar a nivells superiors dels habituals. Els resultats demostraren que
progressivament els nivells de piretroides en llet humana decreixien al allunyar-se

temporalment de I'eépoca d’exposicid.

L’estudi també va voler comprovar la relacié del contingut de piretroides en la llet materna
i el nombre de fills. Donat que es disposava de mostres de mares amb gran quantitat de fills, es
va poder descriure una tendéncia decreixent en el contingut de piretroides segons si les mares
eren primipares o multipares. Tot i que aquest resultat era només una primera aproximacio,
obre la possibilitat a un estudi més a fons sobre aquest fet amb mostrejos millor enfocats a

aquest estudi.

Referent a I’enantioselectivitat, només les mostres de Barcelona es van analitzar amb
aquest métode. Comparant amb productes comercials, semblava que els piretroides tipus Il
acumulaven en major proporcié I'enantiomer (1S-3S-aR). Aquest comportament molt similar
al ja descrit per a la biota salvatge, ja discutida previament. Respecte dels piretroides tipus | els
comportaments enantioselectius eren diferents per a cadascun: la bifentrina no en presentava,
la permetrina s’acumulava en major proporcié I'enantiomer (1R-3R) i la tetrametrina el

conegut com a d-tetrametrina (el més actiu comercialment).

Tot i aix0, d’aquest estudi enantiomeric, no resultava clar que es bioacumulessin els

piretroides de forma enantioselectiva ja que no es coneixia la font real d’exposicio als



piretroides per poder comparar els EF de la font d’exposicié amb els EF trobats a la llet

materna.

Amb tot, es comprova que, excepte pel cas de la tetrametrina, per la resta de piretroides
semblaven bioacumular-se més els isomers cis. Cal recordar que tant els estudis in vitro com in
vivo en diferents espécies animals, assenyalen aquests isomers com els menys metabolitzables
i, potser per aix0, els més toxics (Diao et al., 2011; Y. Jin et al., 2016; Khazri et al., 2016; R.
Lavado et al., 2014; L. L. Li et al., 2017; Tange et al., 2014; S.-Y. Zhang et al., 2008). Com s’ha
comprovat en el capitol anterior, en aus, peixos i fins i tot uns mamifers com els dofins es

trobava el mateix patrd de isomero-selectivitat en la bioacumulacid.

De I'estudi de toxicitat, tot i que no es van poder extreure resultats viables, romangué com

un possible treball futur que seria molt interessant poder dur a terme.
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Capitol 6

Conclusions
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6.1. General conclusions.

After all the studies presented and discussed in this Thesis, here | expose the general

conclusions.
About analytical environmental chemistry:

e A novel methodology for pyrethroid determination was successfully optimized. It
was quick, easy, robust and reproducible for the analysis of 19 different
pyrethroids.

This new method was tested for different matrices such as eggs, milk and fish. It was

increased the number of analytes from 12 to 19 and included another environmental

pollutant, the chlorpyrifos, an organophosphorate pesticide. LODs ranged from 0.006

to 21.4 ng g ww, which were low enough to analyse environmental levels of

pyrethroids.

e A new enantio-selective instrumental method was developed. This GC-MS-MS
methodology was able to discriminate all cis-enantiomers of bifenthin, cyhalothrin,
cyfluthrin, cypermethrin, permethrin. It allowed distinguishing all cis from trans
isomers. Finally, for the first time, an enantio-selective method was able to
differenciate all enantiomers of one pyrethroid, it was the case of tetramethrin.

The methodology was tested commercial insecticides, bird eggs, river fish and human

breast milk samples. Both methodologies were adapted to each new matrix. These

methodologies demonstrated to be very robust for all biota samples. Adjusting the
sample amount was usually enough to use them. Recoveries were always higher than

55% in all cases, which is accepted for isotopic dilution quantification methodologies.
About environmental presence of pyrethroids:

e Pyrethroids were positively determined in most of samples. They were found in
both aquatic (100% of positives) and terrestrial samples (93% of positives). Only
Antarctic biota was exempt of pyrethroid levels in their analysed samples.

It was clear that all ecosystems could potentially accumulate pyrethroids insecticides if

they were exposed to. Biocenoses of aquatic biotopes could be good indicators of

levels of pyrethroids in these ecosystems. Other matrices, such as sediment or water,
presented levels of pyrethroids depending on the time passed from last exposure.

However biota seemed accumulate these contaminants for longer periods.
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It seemed that age of individual could be related with total pyrethroid body load, at
least in dolphins. However more studies are needed to corroborate these first results.
These other studies, should also consider different organisms in order to explain a

general behaviour.

e Given that Antarctic biota did not present any pyrethroid residue at detectable
levels, it was assumed that these animals were not exposed to pyrethroids, so

these pollutants were not transported long distances.

Pyrethroids are biodegradable and metabolizable compounds. This fact would explain
that they were not found in samples from Antarctic and their inability to be

transported long distances.

e Wild fauna was exposed to pyrethroids, potentially by diet habits.

Even biota from Natural Reserves was exposed to these pollutants. Proximity to
human sources of pollution such as agrarian fields and dump sites could explain levels
of pyrethroids in wild bird eggs up to 198 ng g™ Iw. Though, since aquatic birds egg
such as seagulls eggs, presented even higher levels (up to 324 ng g Iw), other factors
will also be considered. Besides, biota from aquatic medium was exposed to
pyrethroids as well. Coastal dolphins presented high levels of pyrethroids, up to 2306
ng g Iw. In rivers, fishes presented pyrethroids levels ranged from 12 to 4938 ng g™
Iw.

Maternal transfer would be the main factor to explain levels of pyrethroids in calves of

mammals and wild bird eggs.

e Pyrethroid accumulation was different for each species from the same sample
area. In samples of fishes from the same sample point of the river, different
pyrethroids were found in different proportions. These could be because of
different diet habits or different metabolism.

In all studies of these thesis pyrethroid accumulations seemed to be related to

exposure through diet.

e When pyrethroid vs. trophic levels was checked, no correlation seemed to be
described. This fact could imply that pyrethroids are not biomagnificable
pollutants.

Even though main pyrethroid exposure would be diet, their metabolization make

easier to eliminate them from organism, so no biomagnification could be described.



However, in our studies on this topic were too many uncertain factors that make

impossible to describe biomagnification or assure the contrary.

e The most present pyrethroids depended on the area sampled. However,
permethrin and cypermethrin usually were the more common pollutants followed,

depending on the sample, by tetramethrin, cyhalothrin or even bifenthrin.

Some differences in pyrethroid distribution were described comparing samples from
different geographical areas. For example, in Brazilian dolphins permethrin and
cypermethrin were the more present pyrethroid but for Spanish dolphins they were

permethrin and tetramethrin.

e Bioaccumulation of pyrethroids was mainly isomer-selective. Most of pyrethroids
were accumulated with a preference for cis isomer. Only tetramethrin was
preferentially by trans isomer, even when it may be due to the commercial

mixtures.

trans-Tetramethrin is the most active isomer of this pyrethroid. Usually, commercial
tetramethrin mixtures enhance this isomer in order to produce a more powerful
insecticide. Despite that, other pyrethroids such as bifenthrin, cyfluthrin,
cypermethrin, cyhalothrin and permethrin presented more toxic effect with the cis

isomer.

e Enantio-selective accumulation was described for second cis enantiomeric pair in
Type Il pyrethroids. (1S-3S-aR) seemed to be the isomer more accumulated in

most species.

Type | pyrethroids were mainly accumulated in a racemic mixture. Type Il pyrethroids
accumulated in a racemic mixture the first cis enantiomeric pair, as well. These results
were just general trend but not always followed in all samples. They could depend on

the sampled area and the species.

e Studies of pyrethroid in mammalian tissues were carried on tacking dolphins as
example. Lower levels in brain showed the efficiency of blood-brain barrier.

Blubber was the preferred tissue to pyrethroid accumulation.
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It was estimated that near 80% of pyrethroids were accumulated in blubber and in
muscle around the 18%. However, in lean tissues such as muscle, levels of pyrethroids

were lower than in fatty ones.

e For analysing purposes, liver was the better organ to sample, even though, in live

specimens superficial blubber from biopsy could be used.

About human exposure:

e General population is exposed to pyrethroids. In our non-exposed human studies,
human breast milk presented levels of pyrethroids at levels up to 24.2 ng g™ Iw.

All breast milk samples were positive to pyrethroids. Cypermetrhin, cyhalothrin,

fenvalerate and permethrin were always present in all samples from Brazil, Colombia

and Barcelona (Spain). Levels were lower than those of exposed people reported by

other authors. Breast milk from exposed mothers reached levels of pyrethroids of 128

ngg’lw.

e Similar isomer and enantiomer-selective accumulation was described for wild
biota and humans.

e Levels of pyrethroids seemed to be related to number of children. Another
important factor to take into account would be how long was from exposure.

Breast milk samples taken in periods close to big exposures to pyrethroids presented

higher levels of these insecticides (up to 128 ng g™ Iw ) while some years after samples

collected showed lower levels (15.2 ng g* Iw). These could mean that pyrethroid

metabolization is slow but constant.

e The risk evaluation of breastfed babies who consumed the breast milk samples
analysed demonstrated that levels consumed would be lower than ADI, even
though, some EDI from exposed population could be very close (EDlqpermethrin =
48.8 ng (kg bw) ™ day™, ADlqpermethrin = 50 pig (kg bw) ™ day™).

Taking into account that ADI is a save value calculated for adults, studies about them in

babies would be considered. Besides, these samples presented more than one

pyrethroid but there are no studies about toxicology of exposure to more than one
pyrethroid at a time. These results showed that children of exposed population could

be in risk of intoxications of pyrethroids.



6.2. Future studies.

The present thesis work points out that there still is a gap in pyrethroid toxicology
knowledge. Besides, more information about exposure and bioaccumulation is needed. Finally,
implications of all this in environment and chronical toxicology in humans requires to be

further studied.

Biomagnification of pyrethroids need to be confirmed or refuted by studies in a closed
controled trophic chain. Further, this study let understand all these factors determine this
biomagnification, in case it was, and how exposure through diet explain pyrethroid

accumulation.

Regarding human exposure to pyrethroids, recalculations of ADI values are essential.
These new ADI values should take into account all wild edible fauna, such as fishes, and
toddler adjustments given that their major risk. Our study with Brazilian dolphins
demonstrated that levels of pyrethroids in calves could be higher than adult ones. It is easy to
assume that in humans could be similar. In fact, in Brazilian breastfed babies, values of EDI

were too close to ADI for adults. These exposure topics need to be further studied and solved.

Inter-compound studies should be remake in order to describe the toxicological effect

IM

of this “cocktail” of pyrethroid that we found in organisms. Repeat all these test in hepatic cells

could give a first general idea of these unknown effects.
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